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Abstract. Renewable energies have ig of great interest in recent years
because the natural sources used for i
and non-polluting. In fact, enviro ility requires a considerable
reduction in the use of fossil fuels, wh i uting and unsustainable [1]. In
addition, serious environmental pollution human health, and many public
concerns have been raised [2 countries have proposed ambitious
plans for the production of ¢ including wind power, and consequently, the
market for wind energy is worldwide [3]. In this research, an
evolutionary metaheuristic i fically genetic algorithms.

Keyword(s): Wind
Genetic Algorithms:

Wake Effect, Combinatorial Optimization,

1. Introduction

The transformation of wind ener ical energy is carried out through wind turbines,
which are generally group wind farms with the purpose of exploiting the
yields associated with ecdnomie scale, such as: lower installation and maintenance costs [4].
Design optimization is
farm [5]. Besides, t
simultaneously guarante

od wind farm design increases energy production
profitability. Inadequate design or distribution of wind

design is to find an optimal allocation of wind turbines at a
output is maximized. This strategic problem is extremely difficult
e of the instances in real applications as well as the presence of
0 be considered [6]. A very important non-linear aspect to take into account
ign of a wind farm is a phenomenon of interaction between two or more wind
e effect is a phenomenon derived from the interaction where, if two turbines
are located nea other, the first turbine that interacts with the incident wind creates a
shadow or turbulence@ver a second turbine behind the first one.

The scientific community has catalogued the wind farm design optimization problem as an NP-
Hard optimization problem, which means that there is no algorithm that can solve it in a
polynomial computational time. Despite the enormous growth of projects related to the
construction of wind farms, there is little information about the optimization of the wind turbine
positioning problem [7]. Because of this, the idea of implementing a metaheuristic approach
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arises to provide a good quality solution in a reasonable computational time to this optimization
problem. In the literature, a considerable amount of heuristic techniques and methods have been
implemented to solve the wind field optimization problem, among which the genetic algorithms
[7] [8] stand out, although other algorithms such as the ant colony algogithm [9] and the particle
swarm algorithm [10] are also presented.
Therefore, this paper proposes the implementation of an evolutionary meta
the locations of wind turbines in order to achieve the best configuratio
field, ensuring the highest amount of installed energy considering the ¢
the wake effects through the Jensen model.

istic to optimize

2. Methods

This section explains each of the methods used in this researg roblem of wind
field design. It is worth mentioning that for the purposes of this ility analysis of
the land or windy site where a field is to be built is omitted bé interest is focused on

optimizing installed wind fields, in installation plans
or configuration is counted [11].

The first method corresponds to the discretization of ield..In order to reduce the
complexity of the optimization problem, the discretizati
small cells or grids is proposed. In the present resea
whether square or rectangular, and wind turbine
shows a proposed design or small instance for
discretization of the terrain can be seen [12]. The
location called centroid (represented by a ring), i
installed.

For this particular scenario there is a p
dimensions of 250 x 250 m each. In thi
installed (represented by the black filled
initial speed 1o and with a dominan
number of possible combinations or
[13]. Discretization is a very usef od because if a wind farm will not be discretized, the
algorithm would invest a lgt.of time i a solution within a continuous solution space.

an initial design

ation of flat wind fields,
ight is considered. Figure 1
d farm. In this figure, the
id corresponds to a possible
turbine could be assigned or

), there is a total of 8 wind turbines
as considering an incident wind with
to West. For this small instance, the

1km

Figure 1. Discrete wind field.

The second met sponds to the modeling of the wake effect. The modeling of the wake
effect for calculating“the wind speed deficits has been the cause of many studies, so several
models have been proposed to analyze the characteristics of this aerodynamic phenomenon,
such as: speed with which the wake effect expands, diameter of the effect, etc. Therefore, for the
modeling of the wake effect, this research considers the Jensen model proposed in [14], which is
an equivalent model to the one proposed in [15].

The third method corresponds to genetic algorithms [16]. The equations in (1) present the
objective function to be optimized. This function represents the total energy produced by the
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wind field by means of the individual sum of the energy generated by each wind turbine. Table
1 shows the pseudocode of the genetic algorithm.

Max Z = Z P; x;
s.a. x; =<1
x; € {0,13} (1)
Where: Z = Total energy produced.
Pi = Instantaneous energy generated by the i-turbine.
N = Number of wind turbines to be installed.
xi = 1 If awind turbine is installed at site i.
xi = 0 Other case.
3. Results

to an instance with
ws the characteristics
otal of 16 km2 (4 x 4
of 400 x 400 m. The
rotors of the wind turbines considered in the opti i a radius of 40 m. The height
of the wind turbines is 60 m. The surface rough red to be 0.14 m, which is
typical for wind farms built on land with some low

This section optimizes a hypothetical wind farm case.
100 possible locations and 30 wind turbines to be inst
and dimensions of the wind farm. In this case, the wi

Genetic Algorithm
1: t «— 0; /* iteration counter "
2: initialize(Pa) / "Initialize the po
3: while there is no stop crite
Parent <— selection(
Children <«— repro
mutation(Chil
evaluate (Chil
: newGeneration ent(Pa, children)/*replacement the population by the
current one*/
9: te—t+1/*0
10: end while
11: Retracing: &

T

Nk

solution: 400 m and prop: 0.99
Total Area: 15.999 km~2
Number Grids: 100
Sum Grid size: 15.999 km*2

34+ |4+ |5+ |64+ 7+ (84 9+ 10+

34+ 144 15+ 16+ 17+ 18+ 19+ 20+

34 244 254 264+ 27+ 28+ 29+ 30+

33+ 34+ 35+ 36+ 37+ 38+ 39+ 40+

34 444 454 46+ 47+ 48+ 494 50+

3+ 44+ 55+ 86+ 47+ 58+ 59+ G0+

14 62+ 63+ 644 65+ 6+ 67+ 68+ 69+ 70+

T+ 12+ 13+ 14+ 15+ 16+ 17+ 18+ 719+ 80+

g1+ 82+ §3+ g4+ 85+ §6+ 7+ §8+ §9+ 90+

91+ 92+ 93+ 94+ 95+ 96+ 97+ 98+ 99 +100 +

Figure 2. Characteristics and dimensions of the wind farm to be optimized.
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The values of the parameters or input variables used in the algorithm to execute the optimization
run are presented in Table 2.

Table 2. Input variables for optimization algorithm.

Variable Value
from
entry
Iteration 100 Number of iterations or generations
This value of the selection variable choo
Selection FIX of 50% of the total population to procreate
in the next generation
Crossing "RAN" This value of.the crossover vari es the genetic code into
random locations
Mutation rate that randomly
Mutation 0.006% genetic code of individuals to a
optimums
This value of the elit
Elitism "True” ensures that the best i
Figure 3 shows the wind rose, which indicates the i eed of the wind considered in
this scenario. Therefore, in this scenario, an incid i i irection of 45° (Northeast -
Southwest) with a uniform speed of 12 m/s is consi
The use of the values of the parameters of crossing, i selection is based on the fact

that a previous investigation revealed that
and converge towards very high-quality so
Therefore, considering the data and
configuration solution for the hypothetica

e algorithm is able to explore
ing little computational effort.

ibed above, the best design or
esented in Figure 4.

Wind Speed (m/s)
55-65 1-3

305-315
295-305

65-75 3-5
5-7
7-9
85-95 .
9-11
95-105 [ 11-13
105-115 [ 13-15
115-125 .15~17
125-135 . 17-19
135-145
145-155
- 165
- 185

ident wind direction and speed.

Best Energy: 1
Energy Output 92259.98 kW
Efficiency: 97.48

el

°
0

e (oo
oo

c® [c® o8 [ce®

o e
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L
167

©® [c® [c® [c® o9 oo

134 | 145
LJ 4 4 hd L d
311 | 275 | 237 | 167 167

minimal Distance 399.88
mean Distance 2485.08

Figure 4. Best design solution found by the algorithm
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The total energy expected with this configuration solution is 92259.98 kW with an efficiency of
97.48%. Likewise, Figure 5 presents the points (way of representing the wind turbines to scale)
within the grids where the wind turbines are installed according to the best solution found. The
colors and values shown below these points indicate energy loss ca by the wake effects.
The points where the energy losses caused by the wake effects are mi are represented in
green, while the points where the energy losses in red. Similarly, the belg
the minimum distance and the average distance at which the wing
according to the best solution found. The CPU time that the algorith
solution using 2-core parallel computing was 395.02 seconds.

Total Wake Effect

L 1 Best Wind Farm with: 92259.98 kWh J

. Vo

0
- 107.25
134.14
144 98
166.57
166.7
166.75
236.81
27528
311.35
Leaflet | © Open! ap contributors, CC-BY-SA
Figure 5. Alternative repre wind farm design
Above figure shows the identical solutlo ) gure 4, but from a more real or wind

farm-like perspective. In this figure i
green are the least affected by the
greater extent by the wake effects.
Figure 6 shows the percentage pro the amount of energy produced (energy eff|C|ency) in

see that the wind turbines shaded in
those shaded in red are affected to a

or solution in each generat
and the minimum values in

energy units.

T T T T T T T T T T T T T T T T T T T T T T A T T T T T T T T T T T T T T T T T T T T T T T T r v T T T T T v o
4 7 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78 82 8 90 94 98

Generation

Figure 6. Progress of the fitness values in percentage.
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Figure 7. Progression of proficiency values in units of

Figure 8 shows the number of individuals from each population throughot i ons. The

fter the fitness
and the green

and the crossing function. The black points represent the numb
function, the red points the number of individuals after the
points indicate the number of individuals after crossi

Amount of Individuals in:
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¢ Fitness
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Figure 9 shows the infl ion according to the energy efficiency values.
Similarly, the figure shows i efficiencies over all generations.

011743
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e
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-
/
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Index

fluence of variable mutation on the search for new solutions.

The maximum energy efficiency values found in each iteration are represented in green, the
average values in blue and the minimum values in red. The vertical lines indicate in which
iterations a variable mutation rate was used instead of a fixed mutation rate. In this case, the
algorithm just needed to activate the variable mutation once in order to explore other regions of
the solution space. The algorithm is designed to activate a variable mutation rate. Figure 10
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shows the evolution of the wind farm energy efficiencies during each generation, as well as
presents vertical green lines for the generations in which the selection percentage was higher
than 75%.

-

LR RN RN RN NN NN RN NE R RN RN RRNRR RN NR R R NI RR AR RR RN
14 710 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 7
Index

Figure 10. Influence of the selection of in

Figure 11 presents the energy efficiencies for each generati the vertical red lines
for the generations where the number of cross parts
this figure the algorithm used 3 cross parts with th
the population. The occasions in which the al
because, according to Figure 9, once the number

of avoiding the extinction of
crossbreeds were sufficient

Figure 11.

4, Discussion

problem, this paper focused on showing and attacking the
S the optimal use of the wind resource in order to obtain the
Of green energy. Despite the fact that a proposed scenario was solved in this
imization algorithm described in this manuscript can be implemented in
he wake effect model considered (Jensen's model) corresponds to an

by wind farm designets because they often resort to an inefficient design since they do not
consider the energy losses caused by the wake effects, resulting in the inability to achieve the
main objective of a wind farm, which is to generate the maximum amount of energy by
exploiting the wind resource from a defined number of wind turbines.
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