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Abstract

The objective of the present research is to find out the optimized dimensions of the wind farm area and turbines layout
to reduce the overall cost per unit power. The velocity deficits caused by the wakes of each turbine were calculated by
using Jensen’s wake model. The optimal positions of wind turbine placement are evaluated by using genetic algorithm,
while sustaining the obligatory space between adjacent turbines for operation safety. The research on the wind farm area
dimensions and fully utilization of upstream wind velocity is currently lacking in literature. The logical application of area
dimensions and genetic algorithm improved the overall efficiency of the wind farm. It is concluded that proposed duel level
optimization method outperforms the existing ones. The total wind farm area (2km x 2km) was divided into 100 identical
cells, with each cell having dimensions 200m x 200m . The performance of the proposed method is compared with the
results from previous studies. The simulation results showed that power output of the wind farm was increased by using
same area with different dimensions. It was observed that by using the same number of wind turbines, the total efficiency
of wind farm was increased by 7 %.
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1. Introduction

Renewable energy system is an environment friendly,
consistent and economical system that remarkably
employs the local means. All types of sustainable energy
systems (i.e., ocean, geothermal, solar, wind, hydroelectric,
and biomass energy) have their own specific benefits that
make them distinctively suitable for specific applications’.

The installation demand of wind energy and the
related research activities has experienced a tremendous
increase in the past decade’. The Global Wind Energy
Council Report® stated that wind energy has become the
most rapidly rising source of energy in the world, having
a steep increase in development from 2009. Such prompt
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expansion of the wind energy industry has led to many
challenges for reduction the cost of producing power.
The fundamental task of a wind turbine is to extract
the kinetic energy from wind and converting it into
mechanical energy at the rotor axis, and then the conver-
sion of mechanical energy into electrical energy*’. In the
primary process, when wind turbines extract the energy
from wind, the rotation of wind turbine rotor can reduced
the wind speed behind it and swirls the air flow, which is
known as ‘Wake Effect’ of wind turbine. Because of this
effect, the area behind the wind turbine is experienced a
modified wind flow both in terms of mean velocity and
turbulence intensity. There have been several models
developed aiming for a better understanding on wake
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dynamics. These can be divided into two main categories,
namely analytical/explicit wake models®”® and computa-
tional/implicit wake models'®.

The world is moving towards the construction of
wind farms comprising of many wind turbines instead of
single wind turbine. Modern wind farms consist of tens
of wind turbines arranged on the sites for the purpose of
maximum utilization of wind energy. As the size and the
number of turbines increases in wind farm, the cost will
also increase. Thus, the main challenge is to reduce the
cost per unit power of the wind farm'2. The cost of wind
farm depends on the number of factors, for example, the
site layout design, the site selection, predictive mainte-
nance, and optimal control system design. However, the
aerodynamic behavior of wind turbines will generate
large scale wakes in the downwind field, while excessive
wind disturbance leads to low energy production in wind
farms, and high turbulence intensities lead to high level
of velocity fluctuation'®. Therefore, it is very important to
optimize the wind turbine positions in the wind farm to
reduce the uncertainty in power output'*".

There are several researchers that addressed the wind
farm layout optimization in the literature'!. Mosetti
et al.’® used a discretized solution space in the wind
farm area to optimize wind turbines location. The wind
turbine wake effect calculation has been done by using
Jensen’s analytical wake model®. The genetic algorithm in
which each row of the grid considered as a binary string
is utilized for wind turbine positioning. The framework
developed in'® has been continuously used for compari-
son purposes in the proceeding research, including the
wind scenario, the use of the Jensen’s wake model, and
objective function. Grady et al.".attempted similar but
improved approach of genetic algorithm which integrated
heuristic knowledge about the layout of wind farms for
power optimization. Grady et al.’” showed that the results
obtained by Mosetti et al’s were not optimum. They sug-
gested that the probable cause, that the solution was not
allowed to evolve for sufficient generations (i.e., it was not
converged to the optimum point).

Marmidis et al."®also attempted the same wind farm
layout optimization by Grady et al.”” for analyzing con-
stant direction and speed of wind. They used the Monte
Carlo algorithm for optimization; however, description
on their method was not given. Mittal"® recommended
the use of micro siting technique with Genetic Algorithm
(GA) in order to find more precise locations of turbines
inside a wind farm. He simulates the wind farm layout for
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three scenarios and proposed the increased size of wind
farm equal to 2km x 2.2km rather than 2km x 2km as used
in'®". The spacing between the positions of wind turbines
reduced by using condense grid size with each cell dimen-
sions equal to 1m x 1m. The reduction of grid spacing
resulted in the decrease of overall cost per unit power of
wind farm. The reference'® compared the obtained results
with the results from the studies by Grady et al.”’and
Mosetti et al.'* for all three wind scenarios.

Emami et al.?? proposes an improvement in wind farm
layout optimization with the Jansens’s wake model by
modification of the objective function, which takes into
account the efficiency of wind turbines and the wind farm
deployment cost. Reference? show that this amendment
leads to improved results than earlier methods. Samina
et al.” employ the genetic algorithm and spread sheet to
solved the same wind farm layout optimization prob-
lem. In reference®, the authors studied the influence of
the wind turbines with different hub heights (50 m to 78
m) on the power production of a wind farm. Chen et al.**
found that the wind farm wake losses can be minimize
and power output became better by installation of vary-
ing hub heights wind turbines. Turner et al.*® assuming a
flat terrain for wind farm and develop a quadratic integer
program and a mixed integer linear program for layout
optimization.

The literature review gives a clear vision that mostly
research in the field of wind farm layout optimization
focused only on the wind turbine positioning within the
specific area of wind farm?. However the research on
the wind farm area dimensions and fully utilization of
upstream wind velocity is currently lacking in literature.
The present research proposes a method to obtained the
best wind farm area dimensions (maximum width of area
was become perpendicular to the dominant wind direc-
tion) for the given wind scenario. After that, the first 19
grid cells are filled by installation of wind turbines to
utilize the all available free-stream wind velocity while
satisfying the necessary distance between the wind tur-
bines. The placement of the remaining wind turbines has
been done by using the genetic algorithm?” in the continu-
ing portion of the wind farm. For validation, the obtained
results in present study had been compared to the results
of related previous studies.

The remaining parts of this paper are arranged as
follows: Section 2 describes the proposed design mod-
els of the wind farm. Section 3 describes optimization
steps. Section 4 presents the obtained results and gives
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a comparison with previous research. Finally, Section 5
presents the conclusion.

2. Wind Farm Modeling

This section describes power, cost and wake models of the
wind farm proposed in present research work. These models
are based on some assumptions which also given in detail.

2.1 Power Model

Available power in wind farm for each turbine can be
estimated by using follows equation:

1 3
szyg/)Aua C, (1)

where P is the electrical power produced (W), n is the
overall efficiency of the wind turbine, p is air density (kg/
m?), A is swept area of wind turbine (m?), u_ is the free
stream wind velocity (m/s), and Cp is the power coefficient,
its value will be given as;

o / ®)

e

Where P, represents the aerodynamic power output of a
wind turbine. In present study, by assuming that the wind
turbine efficiency # is 40 %, the wind turbine produced
power can be calculated as:

40
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P =0.3xu, kW (4)

The above equation shows that the produced power is
directly proportional to the cube of available wind velocity
at the position of wind turbine. Therefore, in a wind farm
the wind turbines facing free-stream velocity will give the
maximum power output, however the downstream wind
turbines will give the reduced power output because of
the wake effect of upstream wind turbines. To determine
the produced power from a wind turbine, it should be
ensured whether the wind turbine under consideration
lies in the wake of other wind turbine or not.

2.2 Wake Model

The calculation of the reduced wind speed from each
wind turbine has been done by using an alytical wake
model proposed by N.O. Jensen, which is based on the
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law of conservation of momentum?®. The near field behind
the wind turbine is neglected, making it possible to model
the resulting wake as a negative jet. The mostly research in
wind farm layout optimization used Jensen’s wake model,
because of its accuracy of results. The velocity deficit (u,)
in the wake of a wind turbine can be given as the fractional
reduction of free-stream wind velocity.

weu,[1-,] ®

The radius of the wake just behind the wind turbine
will be equal to the radius of the wind turbine rotor.
Figure 1 shows the wake effect of a wind turbine facing
wind speed u_ . The wake radius r, depends on the down-
stream distance, x, and increases linearly, as the wake
propagates downstream. The downstream wind speed
due to the wake effect of a single wind turbine is given by
following equation,

2a

2
1+ &
"

The induction factor, «, can be calculated from thrust
coefficient , C of the wind turbine, C = 4a(1-a). The,qa,
in above equation is known as entrainment constant
and defined as rate of wake expansion. The value of, «, is
empirically given by equation.

(6)
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Figure 1. 'Wake behind a wind turbine.
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Where, H, is the wind turbines hub height and, z,
represents the surface roughness of wind farm area. For
present study it is 0.3 m.

The wake radius just behind the wind turbine, Ty is
called the downstream radius of the turbine. It can be
determine by using equation 8, where, r, is the radius of
wind turbine.

(8)

r=r
4\ 1-2a

The radius of wake at any distance, x, from a wind
turbine is directly depends upon the value of r, and
entrainment constant , a , as given in following equation.

n=r,+ax 9)

In a wind farm when a number of wakes occurs
together, the resultant velocity u, can be calculated by
equating the sum of the kinetic energy deficits of each
wake to the kinetic energy deficits of the mixed wake at
that point , as given in the following equations;

14i 2 N, y 2
SR 1

(11)

Figure 2 shows a wind farm of having 7 wind tur-
bines. The wind turbines T1, T2, T3 are facing free-stream
velocity while the wind turbines T4, T5, T6 are operat-
ing in a single wake effect. The wind turbine T7 faces the
wake effect from two upstream turbines T1 and T4. The

(327
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Figure 2. Multiple wake effect of wind farm.
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calculation of wind speed deficit at the position of T7 has
been done by using Equation no (11).

2.3 Cost Model

The cost model used in present study gives non-
dimensional cost of the wind farm as a function of the
number of wind turbines'”*®, The total cost is calculated
using the following expression:

2 1 _
Cost=N, [§+§e 0'00174N‘2:| (12)

Where N, is the number of wind turbines purchased.
The objective function used to minimize the total cost
per unit power of the wind farm and is given as follows:

objectivezminimize( cost ) (13)

power

2.4 Efficiency Model

Efficiency is determined as a ratio between the amount of
energy extracted from the wind farm and the total energy
without wake. The numerator represents the actual energy
extracted from the rotor of each wind turbine, consider-
ing the Betz limit of aerodynamic theory. The wind farm
efficiency can be formulated using the equation depend-
ing on the number of wind turbines.

Total power produced in wind farm when considering
walke effect can be calculated by using equation14:

Nt

power, ., = z (0.3 X uf) (14)

i=0

Equation 15 is used to calculate the wind farm total
power without wake effect:

power, . =p*N, =N, (0.3xu03) (15)

Where, p, is the rated capacity of each wind turbine.
The overall efficiency of the wind farm is calculated by
using equation 16 and 17, as follows:

power,

Efficiency = otel (16)
power,;
Nf
> (037w
Efficiency = =—"="——~ (17)
N, (0.3%x,)
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The wind farm characteristics used in present
research are given in Table 1. The characteristics of wind
distribution can be described using Weibull probability
distribution. In order to compare the obtained results the
parameters of wind farm were similar as used in previous
studies'®2,

3. Optimization

In the wind farm layout optimization problem the basic
and the most important thing is the land availability and
its specific area dimensions. The wind farm layout optimi-
zation is a discrete problem and solving by using classical
techniques makes it further complex and also requires
using more variables.

3.1 Points of Zero Wake Effect

The overall power production of a wind farm can be
increased by utilizing the whole available wind resource.
This can be done by installing the maximum number of
wind turbines at the all possible upstream positions. The
zero wake effect points in the wind farm area can be cal-
culated by using the following method.

Figure 3 shows the two wind turbines, WT, and WT,
located within the wind farm with an arbitrary orange,
O. and the given wind direction . The vector OWT1
represents the position of wind turbine WT1 and the
position vector OWT2 represents the position of wind
turbine WT2. Let point, B, is the first cone vertex of the
WT1’s wake in the direction of wind velocity. The angle,
3, between the two vectors, originating from the cone ver-
tex B of the wind turbine WT1 to the vector originating
from B to the wind turbine WT2. The value of angle f3 is
calculated as:

Table 1. Parameters and characteristics of wind farm

Hub height 60m
Rotor radius (r)) 40 m
Thrust coefficient (C,) 0.88
Swept area (m?) 5080
Wind farm area (km?) 2km X 2km
Cell size (m?) 200 x 200
Length of Surface roughness (m) 0.3
Free stream velocity (m/s) 12
Air density (kg/m?) 1.2253
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BWT1)(BWT2)

f=cos”! (L (18)

BWT1 BWT1

If the angle 3 between the the vectors BWT1 and
BWT?2 is grater than the angle, «, the wind turbine WT2
will be not lay in the wake effect of the wind turbine WT1
(21). For the multiple wake effect condition the angle f3
will be calculated by using the following equation.

(xi —xj)cosﬂ+(y,. —yj)sin6'+%

\/(xi —x].+%cosﬂ)2+(yi—yj+%sin0)2

3.2 Parameters of Genetic Algorithm

-1
ﬁj.j =cos

(19)

Genetic Algorithm is based on the principles of chromo-
some genetic process. It comprises of randomly generated
population (in this case, farm layouts). The steps in genetic
algorithm involved for wind farm layout optimization are
described below.

o The chromosome string constitutes a fixed wind farm
area and a fixed number of wind turbines.

o Using the constraints given in Table 1, the defined
number of chromosomes is generated. In this study,
the number of chromosomes was set to 200, generating
200 (10 x 10) individuals. Each individual contained
(N, — 19) randomly placed wind turbines, where N, is
the total numbers of wind turbines.

+ To place (N, — 19) wind turbines in the aforemen-
tioned wind farm area, the objective function (cost
per unit area) for each individual is calculated using

Equation 13.
] I WT,
7

Y| l wWT, / A

:: A;_ .
0]

Figure 3.  'Wind turbine outside the wake effect of another
wind turbine.
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+ Atleast 2 members of each individual need to be set to
be reproduced in the next generation in this case.

o Crossover is the main step in GA. It is responsible for
the execution of crossover of replicated chromosomes
in the form of pairing. Crossover has many types. Two
crossover methods utilized in this study were single-
point crossover and two-point crossover, as shown in
Figure 4 and 5, respectively.

o The fitness function is then computed for all individu-
als. Each generated fitness function will be compared
with those of next generation. If the next generation
fitness function is lower than the previous ones, they
will be replaced by the last ones as new function. The
previous fitness function is retained and this process is
continued until the last generation.

Figure 6 presents the flowchart of the proposed pro-
cess, where the objective is to find the least cost per unit
area for the aforementioned wind farm dimensions.

Figure 7 shows the wind farm with proposed optimized
layout of total 32 wind turbines. The first 19 wind turbines
was placed at upstream wind positions and the genetic
algorithm was used in the wind farm area left behind for
the installation of remaining 13 wind turbines.

Table 2 enlists the power output of each turbine and
shows the objective function values and the efficiency of
wind farm, as well as addition of the wind turbines. It is

parent B

+

crossover

Figure 4. Single-point crossover.

parent A

parent A parent B
R

crossover

Figure 5. Two-point crossover.
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Figure 7. Proposed wind farm layout.

observed that as we increase the number of wind turbines
after 19", the efficiency will decrease continuously.

The total efficiency of wind farm against the number
of wind turbines is shown in Figure 8. The first 19 wind
turbines faced the upstream wind velocity operated at
their maximum efficiency (100%). After that, the wind
farm efficiency decreases continuously with the place-
ment of the wind turbines because of the wake effect
losses.
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Table 2. Power and efficiency calculation with 4. Results and Discussion

number of wind turbines

3 In this section, the obtained results from present research
No of wind| Cost of Cost per . 0
turbine | turbine [PV &W)I power Efficiency (%) for constant wind speed 12m/s with uniform direction are
1 0.99911 518.4 0.00197 100 presented and compared to the results from earlier stud-
. - - i aql6-18, 20, 22, 25, 28 : ;
5 199471 184 0.00194 100 ies . In present stud)f, V\.Ie cons.ldered a lend
farm of total area 2km X 2km, similar as in all previous
3 2.98357 518.4 0.00191 100 . T . . .
studies, except Mittal’s work who used grid of dimensions
4 3.96222 >184 0.00191 100 of 2km x 2.2km. The wind farm area is divided into 100
> 492762 >18.4 0.00190 100 squares with each having dimensions of 5D X 5D, where D
6 587688 | 5184 0.00189 100 is the diameter of wind turbine rotor. A wind turbine can
7 6.80739 | 5184 0.00187 100 be placed at the center of each square, so that the distance
8 7.71686 | 5184 0.00186 100 between the two adjacent turbines will not exceed 200 m.
9 8.60332 518.4 0.00184 100 Figure 9 shows the proposed wind farm layout and
10 9.46519 518.4 0.00182 100 the optimal layouts proposed by'¢-'® 2222528 The authors
11 10.3012 518.4 0.00180 100 of 2% are proposed the same layout as given by Grady
L 11.1107 5184 0.00178 100 et al.”. The black boxes indicate the positions of wind
13 |11.8932| 5184 | 000176 100 turbines. . _
The optimal layout described by Mosetti et al.'® was
14 12.6486 518.4 0.00174 100 R .
not balanced, as shown in Figure 9. This was because the
1> 13.3773 o184 0.00172 100 wind was unidirectional and had a fixed speed. Therefore,
16 14.0800 5184 0.00169 100 for all columns, the wind conditions were identical. They
17 14.7576 5184 0.00167 100 utilized the first three rows for the placement of the first
18 154115 | 5184 0.00165 100 9 wind turbines, which showed that they could not utilize
19 16.0432 | 5184 0.00162 100 the space correctly. By using 26 wind turbines, Mosetti
20 16.6545 | 508.2344 | 0.00163 99.902 obtained a total power of 12,352 kW with objective func-
21 17.2471 | 505.5906 | 0.00162 99.789 tion value of 0.001197, while the proposed layout is able
22 17.8232 505.5906 0.00160 99.6862 to extract 13,36455 kW Wlth ﬁtness function Value Of
23 18.3849 | 5017759 | 0.00159 99.5604 0.001551 by using the same number of turbines. The effi-
v 18.9343 | 5017759 | 0.00157 99 4451 ciency difference between the results from the present
" 19'4735 495'9931 0'00157 99'2944 study and Mosetti results is listed in Table 3.
: : : - The values described by'”?»** were proportional
26 20.0046 | 495.9931 0.00155 99.1553 .. . .
because they optimized a single column and interpreted
27 20.5297 | 486.6481 | 0.00156 98.9598 the outcomes to all the other columns. The symmetri-
28 21.0507 | 486.6481 | 0.00154 98.7782 cal configuration had an objective function value lower
29 21.5695 | 486.6481 0.00158 98.4998
30 | 220877 | 486.6481 | 0.00156 | 98.2399 T [FERREER R FLp LT R (o Eser]
31 22.6068 | 470.2074 0.00155 97.9971 — T
32 |23.12825| 470.2074 | 0.001537 |  97.769 DOCoOooooC e R 0

o 0

Leyout by Tenr etal (05) Lagout by R et .20) Layent by Enars et l (2) Layout by Serano 22l Q8)

100 + + + &+ %+ 5 4 2 o+ o+ 4 o+ 2o+ 2 b+ o+ ~ wln/nln[u[u]u]u]u]n n] [m] [m ODOO0O0000 wiufuu]uu[u]u]a]n

Efficiency

o I L L L I L

25 30 35

15 20
No. of WTs
Figure 9. Proposed optimal layouts by earlier studies'®

Figure 8. Graph of efficiency against number of turbines. 1820222528 and present work.
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than that obtained by Mosetti et al.'. Table 4 lists the
comparison between results obtained by'**** and
present study. They used a total of 30 wind turbines in
the wind farm, and obtained a total power of 14,310 kW
with objective function value of 0.0015436 and efficiency
of 92.015%. In comparison, present wind farm layout
with 30 turbines gave a total power of 15,311.15 kW with
objective function value of 0.001513 and the efficiency of
the wind farm 98.2398%.

Table 5 shows the optimization comparison between
the results from the present research and Mittal" by
using 32 number of wind turbines. Mittal's optimized lay-
out gave a total power of 15,218.2 kW with efliciency of

Table 3. Efficiency difference between the present
study and Mosetti et al.'®

Mosetti et al. | Present results
No. of wind turbines 26 26
Total power (kW) 12352 13,364.55
Objective function 0.0016197 0.001551
Efficiency (%) 91.645 99.15534
Table 4. Efficiency difference between the present

Study and17’22’25'28

Reference (17, 22, 25, 28)| Present study
No. of wind turbines 30 30
Total power (kW) 14,310 15,311.15
Objective function 0.0015436 0.001513
Efficiency (%) 92.015 98.2398702

Table 5. Efficiency difference between the present
study and Mittal*’

Mittal Present study
No. of wind turbines 32 32
Total power (kW) 15,218.2 16,251.56
Objective function 0.00155 0.001537
Efficiency (%) 91.74 97.7688

Table 6. Efficiency difference between the present
study and Rahmani et al.*

Rahmani et al.?® | Present study
No. of wind turbines 26 26
Total power (kW) 12,819 13,364.55
Objective function 0.01539 0.1551
Efficiency (%) 95.11 98.2398
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91.74% and 0.00155 objective function value. The present
study shows that by using 32 wind turbines, the 16,251.56
kW power can be obtained with efficiency of 97.7688 %
and an objective function value of 0.001537.

The optimal layout of wind farm proposed by Rahmani
etal.”shows that they did not use wind turbine in Column
1 and 3, which is disputable, because these columns were
not employed as the direction of wind was along the col-
umn. Moreover, the tenth and sixth columns were filled
by placing the turbines back to back, which might have
distressed the power and efficiency from these turbines
because of great wake effect. By using 26 wind turbines,
they obtained 12,819 kW of power with objective func-
tion value 0.01539 and the efficiency 95.11 %. Meanwhile,
the proposed wind farm layout is obtained 13,364.55 kW
power with objective function value of 0.1551 and 98.2398
% efficiency with the same number of wind turbines.

5. Conclusion

Wind farm layout optimization is important for harness-
ing maximum wind energy. The present study proposed
the modeling of wind farm layout optimization for the
reduction of wake effect losses to obtain optimized layout
for onshore as well as offshore wind farms. The devel-
oped genetic algorithm programming formulations for
the wind turbine positioning problem was presented
that considered all interactions between turbines. The
presented layout shows effectiveness of the dimension
of the area used for a wind farm. The fixed placement of
the wind turbines is assumed to be beneficial for the use
of upstream wind. With the help of two level optimiza-
tion framework the obtained results noticeably improved
as compared to the mostly previous research in terms of
overall wind farm efficiency. The proposed wind farm lay-
out requires placement of 19 turbines where no wake effect
should affect the power output, whereas the remaining 13
turbines are placed using GA algorithm. The efficiency of
the proposed wind farm was found to be 97.7 % and total
power available was 16,251.56 kW for the placement of
32 wind turbines. The objective function (cost per unit
power) was calculated to be 0.001537.
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