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 The use of wind energy has rapidly increased in recent years. In parallel with this rapid 
increase, Wind Power Plant (WPP) installation has become an important research topic. The 
selection of wind turbine location in WPP installation effects turbine output power. If the 
appropriate turbine position is not selected, the total generation of WPP is decreased. The 
purpose of this study was to determine the locations that wind turbines can achieve the 
highest energy generation. In this study, an optimization model was proposed to achieve the 
best WPP layout. In the first stage, field data and Wind Atlas Analysis and Application Program 
(WAsP) software were used to obtain wind speed distributions in the region where the WPP 
will be installed. . These distributions were used in the developed optimization model in 
MATLAB. The actual power curve of a wind turbine was used in the model to calculate energy 
generation. In the second stage, the locations of the wind turbine were determined by particle 
swarm optimization (PSO) method. In the final stage, the results of developed MATLAB model 
were compared with WASP to check accuracy. The difference between MATLAB model and 
WAsP software was found as 0.04%. This result showed that this model performed a 
calculation with acceptable accuracy. In addition, it    was seen that wind turbines were located 
to the high wind velocity regions with the solution of the developed optimization model.    

 
 
 
 

1. INTRODUCTION  
 

In recent years, there has been a rapid development 
in the installation of wind power plants (WPP) all around 
the world. There has been a lot of studies about wind 
energy and WPP installation (Sekkeli et al. 2015a; Feng 
and Shen 2015; Long and Zhang 2015; Sekkeli et al. 
2015b; Karadöl et al. 2017; Abdelsalam and El-Shorbagy 
2018; Yang et al. 2019; Celik et al. 2019). Due to this rapid 
increase in WPP installation, wind turbines micro-siting 
has been an important research topic. Because turbine 
positions have an important effect on the output power 
of the wind turbines. 

In literature, it is seen that wind turbine micro-siting 
has been considered as an optimization problem in WPP 
installation ( Turner et al. 2014; Chen et al. 2015; Gao et 
al. 2015; Parada et al. 2017; Celik et al. 2018; Wang et al. 
2018; Sun et al. 2019). Generally, in modeling studies to 
solve the optimization problem has been used to the 
theoretical wind speed -power curve (Mosetti et al. 1994; 
Grady et al. 2005; Marmidis et al. 2008; Wan et al. 2010; 

Kusiak and Song 2010; Emami and Noghreh 2010). Only 
a few studies have been used the experimental wind 
speed - power curve (Garcia- Bustamante et al. 2009; 
González et al. 2010; González et al. 2011; Pagnini et al. 
2015). Also, the theoretical climate data has been used in 
models (Changshui et al. 2011; Chen et al. 2013;  Brusca 
et al. 2014; Yang et al. 2015; Chen et al. 2016). 

In this study, an experimental turbine power curve 
was used to obtain more realistic results. Also, field data 
and industry standard WAsP software were used to 
develop optimization model. The analyzed WPP 
installation area was in southern region of Argentine. 
Wind speed and direction data were site measurements 
of installation area. 

After modeling the wind distributions of WPP 
installation area and wind turbines power generations, 
the developed model was solved by using Particle Swarm 
Optimization (PSO). PSO method has been one of the 
most popular methods using to determine the location of 
the wind turbine (Pookpunt and Ongsakul 2013; Hou et 
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al. 2015; Pookpunt and Ongsakul 2016; Song et al. 2018). 
This method provides the highest possible benefit from 
the wind energy. 

This study aims to develop an optimization model 
for WPP installation. For this purpose, the optimization 
model was developed and solved in MATLAB 
environment. The solution of this model was obtained by 
the PSO method. This solution was the locations of the 
wind turbines, which could generate the highest power 
output. The detailed description of the model was given 
in Section 2. The PSO method was given in Section 3. 
Finally, the model outputs and WAsP outputs were 
compared to check the accuracy of the developed model.  

The contribution of this study to the literature has 
been the use of the PSO, which is an effective method, 
with real field data and a real turbine power curve in 
WPP layout optimization. 

This study consists of five sections. In the first 
section, the subject was generally explained. Also, used 
method and the summary of the literature was 
mentioned in this section. In the second section the 
theoretical background of the developed optimization 
model. In the section three, PSO method was described. 
In the fourth section, the field data and the wind turbine 
were presented. In the fifth section, the results of 
MATLAB model which was solved with the PSO method 
and the WAsP results of a commercial software were 
compared. In the last section, the results were evaluated.   

 

2. THEORETICAL BACKGROUND OF OPTIMIZATION 
MODEL 

 

In this study, an optimization model is developed to 
determine the highest generation locations of the wind 
turbines in a WPP installation. The constraints of model 
are given from the eq. (1) to (4). These constraints 
prevent to site the wind turbines to the same locations. 
The objective function is presented in eq. (5). In here, 
CRES and GRES represent the annual cost of a WPP and 
the annual total generation of a WPP.  
 

√(Xj − Xi)
2

+ (Yj − Yi)
2

> 0 
(1) 
 

  
1 ≤ i ≤ 10 ∀ i ∈  N (2) 
  
1 ≤ j ≤ 10 ∀ j ∈  N (3) 
  
i ≠ j  ∀ j, i ∈  N+ (4) 

 

fobj = (
GWPP

CWPP
) (5) 

 

The objective function is aimed to maximize the 
annual total generation. The number of wind turbines is 
kept constant in the developed model. Therefore, only 
increasing the annual total generation is meaningful in 
the objective function  

The annual total generation of WPP is calculated 
using eq. (6). In this equation, Nz is the number of the 
wind turbines. The cut in wind speed (Vci) is the wind 
speed that the turbine begins to generate power. The cut-
out wind speed (Vco) is maximum wind speed that the 
turbine can generate power. Besides, P (Vi) refers to wind 

turbine power curve. And f(Vi) is Weibull probability 
density function 
 

GWPP = ∑ 8760 [∫ f(Vi)P(𝑉i

Vco

Vci

)dvi]

i=Nz

i=1

 (6) 

 

The 2-parameter Weibull probability density 
function is shown in eq. (7). The k and A are shape and 
scale parameters respectively (Celik et al. 2018). These 
parameters are obtained from WAsP software. 
 

f(vi) = (k/A)(vi/A)k−1e−(
vi
A

) (7) 

 

In this study, Eq. 8 is used to calculate the annual 
cost of the WPP in objective function (Gao et al. 2015). 
 

CWPP  = Nz (
2

3
+

1

3
e−0.00174Nz

2
) (8) 

 

This developed optimization model is solved and 
optimum settlement locations for wind turbines are 
found. PSO method is used in this study to solve the 
model. 
 

3. PSO METHOD  
 

PSO method, which inspired by the movement of the 
bird flocks, was developed by Kennedy and Eberhart in 
1995. In this method, the initial population is created by 
random solutions. Then, to obtain the optimum solution 
this created population is updated from generation to 
generation. The stopping criteria of the search process is 
exceeding the number of generations. (Kennedy and 
Eberhart 1995; Engelbrecht 2005). 
 

 
Figure 1. PSO method operation steps 
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The detailed explanation of the PSO method steps 
are given in Fig.1. 
 
4. FIELD DATA AND WPP INSTALLATION AREA  
 

The installation area of WPP is in the southern of 
Argentina. This area is shown in Fig. 2. The field data for 
this area are obtained from WAsP library. This field data 
are used in all calculations of the developed model. 
 

 
Figure 2. WPP installation area 
 

The average wind velocity map of the installation 
area is given at the Figure 3. This map is divided into 20 
equal parts by accepting the horizontal axis (x) and the 
vertical axis (y). So, the number of 400 square area is 
obtained. Each center point of the square is a candidate 
wind turbine location. The distance between candidate 
locations is selected as 4 rotor diameters of the wind 
turbine. There should be an acceptable distance between 
the turbines which is equal to at least 4 times of the 
turbine rotor diameter. The wake effect is significantly 
decreased above this distance. So, the wake effect is 
negligible of in this study. This map is transferred to the 
MATLAB environment. The average wind velocity 
MATLAB map is given at the Fig. 4. 
 

 
Figure 3. The average wind velocity map of WAsP 
 

 
Figure 4. The average wind velocity map of MATLAB 
 

In this model, the number of wind turbine is kept 
constant as equal to ten. Some characteristics of the wind 
turbine are summarized in Table 1. 
 
Table 1. Wind turbine characteristics 

Brand Vestas 
Model V-63 

Hub height (m) 60 
Rotor diameter (m) 63 
Cut in wind speed (m/s) 4 

Cut out wind speed (m/s) 25 

 

 
Figure 5. 1.5 MW wind turbine (Wind turbine model 
2019) 
 

General view of the turbine is as in Fig. 5. The 
nominal output power of each wind turbine is 1.5 MW. 
 

 
Figure 6. Wind turbine power curve 
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The power curve of the wind turbine is given in Fig. 
6. This figure shows the correlation between wind speed 
and power output. 
 

5. RESULTS  
 

The developed optimization model is solved by the 
PSO method and the optimal wind turbine locations are 
determined.. Objective function of this model is division 
of Cwpp and Gwpp. Cwpp is constant because number of the 
wind turbine is assumed to be 10. So, the Gwpp directly 
effects the objective function value.  

Power generation of first local best solution is find 
out as 56957 kWh. The annual power generation 
increase by iteration number is given in Fig.7. The wind 
turbine positions are given in Fig. 8.  Second local best 
solution value is 57949 KWh. The wind turbine positions 
of this solution are given in Fig. 9. The annual power 
generation increase by iteration during the second 
solution process are given in Fig.10. 
 

 
Figure 7. First power generation increase by iteration 
number 
 

 
Figure 8. First local best locations of the wind turbines 
 

 
Figure 9. Second power generation increase by iteration 
number 

 
Figure 10. Second local best locations of the wind 
turbines 
 

The global best power generation values for 150 
populations and 250 iteration are shown in Fig. 7. Fig. 11. 
The optimal solution (wind turbine locations) are given 
in Table 2. The MATLAB model and WAsP power 
generation results for these locations are compared in 
Table 3. Also, the layout of the wind turbines in average 
wind speed map of WAsP software and MATLAB model 
are given in Fig.12. and Fig. 13. respectively. 
 

 
Figure 11. Best power generations of the developed 
model 
 

Table 2. The locations of the wind turbines 
Axis T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

y 16 15 12 18 11 5 4 3 1 15 
x 1 5 10 10 11 14 15 16 17 20 
 

Table 3. The power generation results of the MATLAB 
model and WAsP model 

Turbine No WASP(GWh) MATLAB(GWh) Error (%) 
T1 5.125 5.152 0.52 
T2 5.977 5.968 0.15 
T3 6.184 6.205 0.34 
T4 6.002 6.012 0.16 
T5 6.296 6.272 0.38 
T6 5.883 5.883 0.00 
T7 5.737 5.764 0.47 
T8 5.650 5.630 0.35 
T9 5.498 5.471 0.49 

T10 6.041 6.063 0.36 

Total 58.393 58.420 0.04 
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Figure 12. The layout of the wind turbines in average 
wind speed map of WAsP 
 

 
Figure 13. The layout of the wind turbines in average 
wind speed map of MATLAB model 
 

6. CONCLUSIONS 
 

Wind turbine location selection is one of the most 
important subjects in WPP installation. In this study, the 
effect of settlement locations on wind turbine power 
output is examined. A WPP layout model is developed 
based on the relationship between the wind turbine 
settlement locations and total power output. The PSO 
method is used to obtain optimal solutions. The optimal 
locations are shown in Fig. 12 and Fig. 13. In this study, 
the wake effect is neglected. But wake effect loss of the 
obtained locations is determined for different best 
solutions in WAsP. This loss is maximum 0.64%. After 
that the global best solutions WAsP and MATLAB model 
results are compared in Table 3. These results showed 
that developed MATLAB model can calculate the annual 
power generation of the wind turbines.  The maximum 
error is 0.52%. Also, there is a very small error (0.04%) 
in total power generation. Furthermore, the PSO method 
has shown good performance in the developed 
optimization model for WPP installation.     

In this study, 10 wind turbines are tried to be sited 
in 400 settlement locations. Thus, the solution space is 

small. If WPP installation optimization is performed at a 
wide range of area with many of the wind turbines, the 
solution space will be big. In this case, it is thought that 
the developed model will gain importance in the WPP 
installation. Besides, the wind turbine output power is 
calculated with small errors in the developed model. By 
this means, it is possible to solve this optimization 
problem in MATLAB environment with different 
optimization methods. 
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