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Abstract: By optimizing the positions of wind turbines in a wind farm, the power loss caused by wake
effects can be reduced maximally. A new methodology of layout optimization is proposed utilizing a
full-field wake model that integrates the near-field and far-field wake models after modifications,
and a random search (RS) algorithm improved with a scale factor for acceleration in high-density
layouts. The methodology is applied to a floating wind farm composed of modular platforms, which
have a novel configuration and the ability to face toward the wind direction. The applicability and
efficiency of the methodology and the improved RS algorithm are validated. The power production
of optimized layouts shows a flat crest with an increased number of wind turbines. There is a layout
with maximal output power in the wind farm. The real optimal layout should be determined in
consideration of both output power and cost. Two sizes of platforms with different number of
modules are compared in the application. The wind farm with smaller platforms produces more
power. For comparison, a pattern search (PS) algorithm is also implemented in the application. The
improved RS algorithm shows outperformance compared with the original RS and the PS algorithm.

Keywords: wind farm; floating wind farm; offshore; layout optimization; wake model; full field;
random search

1. Introduction

In the context of decreased demand of global energy, the wind industry, one of the
renewable energy industries, still broke a growth record in 2020 with 53% year-over-year
growth [1]. Nevertheless, the wind industry has problems that it must face such as power
losses caused by the wake effects, which appear in the downwind side of wind turbines
and mainly refer to wind velocity deficits. The power loss can reach approximately 23%
in a dense offshore wind farm like Lillgrund wind farm [2]. The layout optimization of a
wind farm is a feasible way to tackle this problem, which optimizes the positions of wind
turbines to reduce the power loss at the design stage of the wind farm.

The analytical wake model becomes an important tool of the layout optimization, because
of acceptable accuracy to forecast the power production at low computational cost. Various
wake models have been proposed in the last decades. Jensen [3] and Katic et al. [4] devel-
oped an analytical model with a top-hat profile of the wake velocity deficit based on the mass
conservation. The model has been widely implemented in many works and commercial pro-
grams, such as WAsP, WindPRO, WindSim, Windfarmer and OpenWind, due to its acceptable
performance and simplicity [5]. Larsen et al. [6] proposed a simple analytical model with a
self-similar velocity profile. Frandsen et al. [7] introduced another kind of top-hat shape wake
model by applying the conservation of momentum to a control volume around the turbine.
Bastankhah and Porté-Agel [8] used mass conservation coupled with momentum conservation
to propose an analytical model with a self-similar Gaussian profile of the velocity deficit. Tian
et al. [9] improved the Jensen model to present the 2D_k Jensen model with a cosine shape
deficit profile, considering the effect of the turbulence on the wake growth. Zhang et al. [10]
derived an analytical model with the same cosine shape and a non-linear wake growth rate,
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by implementing mass conservation and momentum conservation. Liu et al. [11] developed a
full-field wake model with a cosine shape and a non-linear wake expansion, which is able to
calculate wake velocities of both near and far fields.

Mosetti et al. [12] firstly investigated the layout optimization of a wind farm by a
genetic algorithm (GA). The site was divided into grids and the distribution of wind tur-
bines was limited at the center of grids. This kind grid-based distribution method and
the GA were also adopted by Beyer et al. [13] and Grady et al. [14] in their research. The
grid-based methods have advantages in integrating with the algorithm. However, the
coordinate-based method has been preferred in the last decade. Feng and Shen [15–17]
proposed a random search (RS) algorithm to solve the layout optimization with the Jensen
model in an ideal wind farm and the Horns Rev I wind farm. Hwang et al. [18] stud-
ied the layout optimization using a non-dominated sorting genetic algorithm (NSGA2)
with the Larsen model. Kirchner-Bossi and Porté-Agel [19] utilized a Gaussian wake
model and a GA and applied them to the layout optimization of two real wind farms.
Farajifijani et al. [20] introduced a conditional value at risk (CVaR) optimization model
with the fmincon solver in the MATLAB optimization toolbox and the Jensen model for
the layout optimization. Zhang and Jiang [21] optimized a wind farm by a bi-level model
with an improved quantum-behaved particle swarm optimization (IQPSO) algorithm and
the Jensen model. Shin et al. [22] performed the layout optimization by an evolutionary
algorithm (EA) and particle swarm optimization (PSO) algorithm with the Jensen model.
Gonzalez-Rodriguez et al. [23] presented a non-genetic evolutionary algorithm (NGEA) to
optimize the layout of the Horns Rev I wind farm by the Jensen model. Besides, some opti-
mizations have been completed in recent years considering the properties of floating wind
farms, such as the limited unfixed position and the flexible yaw angle because of the soft
constraint. Kheirabadi and Nagamune [24] investigated repositioning of floating wind tur-
bines in an offshore wind farm by a sequential quadratic programming (SQP) method and a
wake model from the FLOw Redirection and Induction in Steadystate code (FLORIS) based
on the Jensen model. González et al. [25] proposed a method for optimizing weathervaning
turbines in a floating offshore wind farm with a GA and the Frandsen model.

The earlier studies, as summarized in Table 1, indicate that most of them applied the
Jensen model for the layout optimization. However, the distribution of the velocity deficit
is coarse in the Jensen model compared with the realistic distribution. The Gaussian model
and the cosine models perform better than the top-hat models [8–11]. More importantly, for
the layout optimization of an offshore floating wind farm, different densities of arbitrary
wind turbine arrays might be installed within a limited space. However, the densities of
the layouts were limited in the earlier studies, and the investigations focusing on the layout
optimization with different densities were insufficient. This requires a full-field wake
model to calculate the wake velocities in not only the far field but also the near field, and to
perform completely and efficiently a layout optimization of every possibility. Based on these
considerations, the present work introduces a new methodology of layout optimization,
which first combines a full-field wake model [11] and a modified RS algorithm. Details
of the optimization scheme are introduced with the power output being the objective
of layout optimization. Then, the proposed methodology is first applied to an offshore
floating wind farm composed of novel modular platforms [26]. Two types of floating
platform with different densities and numbers of modules are adopted during the layout
optimization. Finally, the applicability and performance of the methodology are analyzed
in the application with variable number of wind turbines.
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Table 1. Summary of earlier studies.

Earlier Study Wake Model
Optimization

Algorithm
Feature

Distribution Number of Turbines

Mosetti et al. [12] Jensen GA grid variable
Beyer et al. [13] Jensen GA grid variable
Grady et al. [14] Jensen GA grid variable

Feng and Shen [15–17] Jensen RS coordinate specified or fixed
Hwang et al. [18] Larsen NSGA2 coordinate fixed

Kirchner-Bossi and Porté-Agel [19] Gaussian GA coordinate fixed
Farajifijani et al. [20] Jensen fmincon coordinate fixed
Zhang and Jiang [21] Jensen IQPSO coordinate variable

Shin et al. [22] Jensen EA, PSO coordinate fixed
Gonzalez-Rodriguez et al. [23] Jensen NGEA coordinate fixed

Kheirabadi and Nagamune [24] modified FLORIS SQP coordinate fixed
González et al. [25] Frandsen GA coordinate fixed

2. Methodology of the Layout Optimization

In order to calculate the power output, a full-field wake model proposed by Liu et al. [11]
is implemented during optimization, which is able to quickly calculate the near-field and
far-field wake velocities in a wind farm with arbitrary densities of turbine arrays. The
optimization algorithm adopted in this work is based on a random search (RS) algorithm,
introduced by Feng and Shen [16]. However, it is modified with a scale factor to improve
the applicability and efficiency in a crowded layout. The RS algorithm is one of the best
algorithms for the layout optimization of a wind farm, as confirmed by the investigation of
Brogna et al. [27].

2.1. Full-Field Wake Model

The full-field wake model modified the inviscid near-field model and the Jensen
model [3,4], and integrated the two models by the step function, expressed by:

u = {u∗[1− sgn(r− ris)]/2 + um[1 + sgn(r− ris)]/2}[1− sgn(dx − dis)]/2
+um[1 + sgn(dx − dis)]/2

(1)

sgn(x) =
{
−1 x < 0
1 x ≥ 0

(2)

where, u is the wake velocity of the calculated point; r is the radial distance between the
calculated point and the rotor shaft of the wind turbine in the radial direction; ris is the
radial distance of the intersection; dx is the axial distance of the target point from the wind
turbine; dis is the axial distance of the demarcation point of the near and far field from
the wind turbine; and u∗ and um are the wake velocities before and after modification,
respectively.

In the near field, u∗ is calculated by the inviscid near-field model, expressed by:

u∗ = u0

1− a

1 +
dx/D√

(dx/D)2 + 0.25

 (3)

where, u0 is the freestream velocity; a is the induction factor; and D is the rotor diameter.
In the far field, u∗ is calculated by the Jensen model.

The modified wake velocity um is expressed by:

um =

{
u∗ r ≤ ris and dx < dis
π
2 (u0 − u∗) cos

(
πr
2rd

+ π
)
+ u0 r > ris or dx ≥ dis

(4)
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where rd is the wake radius at dx.
The model of sum of squares is used to account for the interaction of multiple wakes

in the wind farm, expressed by:

u = u0

1−

√√√√ n

∑
j

(
1− uj/u0j

)2

 (5)

where, uj is the wake velocity of the target position under the influence of the wind turbine
j; u0j is the inflow speed of the wind turbine j; and n is the number of the wind turbines
which can impact the target point.

2.2. Optimization Algorithm

The RS algorithm was proposed by Feng and Shen [16] to seek the optimal layout of a
wind farm. It optimizes the wind farm layout iteratively by moving a randomly chosen
wind turbine from its original position to a new position step by step.

In the original algorithm [16], the distance of a random move ∆S is determined by:

∆S = krandLmax (6)

where, krand is a random number in the interval from 0 to 1; and Lmax is the length of the
long edge of the wind farm.

If there are dense turbines in a wind farm, the RS algorithm will barely find a feasible
position of the chosen turbine, which should satisfy the constraint conditions. A scale
factor ks is introduced, especially for crowded layouts, to control the random move distance
for accelerating the computational speed and increasing the possibility of finding feasible
positions in the iteration, defined by:

ks =


1 ns ≤ 2nwt
0.5 ns > 2nwt
0.25 ns > 3nwt

(7)

where, ns is the number of steps of the infeasible random move before a feasible move; and
nwt is the total number of turbines in the wind farm.

Then, the distance of a random move ∆S with the scale factor ks is expressed by

∆S = kskrandLmax (8)

The loop of the random move will be terminated if ns is larger than 4nwt to avoid the
endless loop.

One iteration step is defined once a feasible layout is found.

2.3. Optimization Framework

In the present work, the objective function of the optimization is the power output
Psum of the wind farm. That means the problem of the optimization is to find a wind farm
layout of turbines to maximize the power production, formulated as

maxPsum = Psum(X, Y) (9)

where (X, Y) is the wind turbine locations [(x1, y1), (x2, y2), . . . , (xnwt , ynwt)].
In the optimization, two constraints should be satisfied, which are the boundary

constraint and the constraint of the minimal distance between turbines.
The boundary constraint can be defined as:

(xi, yi) ∈ U for i =1, 2, . . . , and nwt, (10)



Energies 2022, 15, 809 5 of 15

where, (xi, yi) is the location of the turbine i; and U is all the points within the wind
farm boundary.

The minimal distance constraint between the turbine i and the turbine j is expressed as:√(
xi − xj

)2
+
(
yi − yj

)2 ≥ dmin for i, j =1, 2, . . . , nwt and i 6= j (11)

where dmin is the minimal distance between turbines.
Figure 1 shows the flowchart of the proposed optimization methodology. As shown

in Figure 1, there are two initialization methods of the initial layout. One is the random
layout generated by random numbers. The other is the specified layout. The initial layout
must match the constraint conditions.
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Specifically, for a wind farm with a rectangular boundary, a method can be introduced
to generate a uniform layout. First, the turbines are uniformly arranged on the upwind
boundary with maximal density in line. Then, other turbines are arranged row by row with
uniform space.

3. Layout Optimization of a Modular Floating Wind Farm
3.1. Structural Module

The methodology of layout optimization is applied to an offshore floating wind farm,
composed of the structural modules proposed by Zhang and Liu [26]. A sketch of the
module is shown in Figure 2. The structure of the platform has arrow-shaped axisymmetric
arms. An arrow-shaped layout of wind turbines is adopted on the module with the center
of yawing (COY) on a module without a turbine. The platform, as illustrated in Figure 2b,
is able to adjust its heading toward the wind direction, i.e., possesses the self-adaptive
property, because of this unique configuration. The classical NREL 5 MW wind turbine [28]
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is adopted on the module. The number of the turbine modules can be varied according to
the demand.
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3.2. Problem Description

An offshore wind farm with a rectangular boundary is postulated to arrange the
floating platforms. The side of the wind farm is 49 × 35D. The area of the wind farm
can accommodate 48 wind turbines with a uniform layout of 7D, which is common for
offshore wind farms [29,30]. To assess the flexibility of the proposed methodology, modular
floating platforms with different numbers of wind turbines are considered in the following
analytical cases.

At first, the platforms with six wind turbines are adopted to investigate the optimal
layout and maximal power output of the wind farm. The total number of turbines in the
wind farm are variable, from 48 to 180. In other words, the number of the platforms in the
wind farm varies from 8 to 30. Then, the platforms with eight wind turbines are arranged in
the wind farm. The layouts with a total of 48, 72 and 96 turbines, i.e., 6, 9 and 12 platforms,
respectively, are optimized. A summary is listed in Table 2.

Table 2. Summary of analytical cases.

Type of Platforms Number of Platforms Number of Turbines

6-turbine 8–30 48, 54, 60, . . . , 180
8-turbine 6, 9, 12 48, 72, 96

All the platforms in the wind farm are assumed to yaw synchronously with the same
angle. Thus, the minimal distance of the platform is set to 1.05 times of the projected length,
as illustrated in Figure 2b.

A steady uniform inflow wind is considered. The necessary input parameters can be
found in Table 3.
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Table 3. Parameters for optimization.

Parameter Value

u0 8
z0 0.003
I0 0.07
Ct 0.97
H 90
D 126

Range of x [0, 4410]
Range of y [0, 6174]

dmin of 6-turbine platform 994.78
dmin of 8-turbine platform 1311.78

The densities of the wind farms with 16 to 30 six-turbine platforms and 12 eight-turbine
platforms are large. These cases cannot be initialized by a random number to form a feasible
layout within an acceptable time. Therefore, they are initialized by the uniform layout using
the method introduced above. All other cases are initialized by a random layout.

The power curve of the NREL 5 MW wind turbine [28], which was obtained by the
CFD simulation of Jonkman et al. [28], is fitted by a cubic polynomial with a mean relative
error of 2.1%, as shown in Figure 3. Therefore, as a function of wind speed, the power
output P of a NREL 5 MW wind turbine is formulated by:

P =

{
0 u0 < 3
2.36u3

0 + 20.34u2
0 − 110.77u0 + 146.34 3 ≤ u0 < 11.4

(12)
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Each presented optimization result, calculated by the proposed methodology, is the
best in 100 optimizations with 100,000 iterations. The optimization methodology is devel-
oped in the MATLAB and runs in parallel in a PC with Intel Core i5-9400 CPU 2.90 GHz
with six cores and 16 GB RAM. About 50 h are needed to complete all cases.

4. Results and Discussion

Applying the parameters in Table 3, the layouts are optimized following the procedure
in Figure 1. The cases are initialized by random layouts for the six-turbine platforms from 8
to 15 and the eight-turbine platforms from 6 and 9. The other cases are initialized by the
specified layouts using the method introduced above. The power production is calculated
by the full-field wake model and Equation (12).
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4.1. Optimization of Six-Turbine Platforms

The power productions of each optimized layout from 8 to 30 six-turbine platforms
are presented in black points in Figure 4. The power outputs of each initial layout are also
presented in white points. Obviously, the production of every initial layout is improved
after optimization. The results show good performance of the optimization methodology.
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As shown in Figure 4, the optimized power output has a rapid increase at the first,
then a very slow increase, and a decrease at last, with increasing number of platforms. The
maximal number of platforms in the cross-wind direction is six in a row. The wind turbine
wakes of added downwind platforms will not affect other platforms until the number
of platforms is 12, as shown in Figure 5. The output power of every added platform is
directly counted in the total output power of the wind farm before 12 platforms. Therefore,
the optimized output power has a fast linear increase between 8 and 12 platforms. When
the number of platforms is between 13 and 18 in the wind farm, the platforms cannot
be arranged in only two rows in the cross-wind direction, as illustrated in Figure 6a,b.
Downstream wind turbines are affected by the wakes of two upstream wind turbines at
most. With an increasing number of wind turbines, more turbines generate power while
more turbines are in the wakes of other upstream turbines. A very slow increase of output
power in this section means the increase is nearly counteracted by the deficit. When the
number of platforms is larger than 18, more wind turbines are in the wakes of multiple
upstream turbines, as illustrated in Figure 6c. The power production begins to decrease
with the increase of platforms, meaning that the deficit becomes the dominating effect.
Even with a special uniform initialization, all initial layouts have room to improve the wind
resource utilization. However, obviously, there are more potentials in the sparse layouts.
The proposed methodology has indeed the ability to tap these potentials.
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Compared with the optimized outputs between 8 and 12 platforms, the power outputs
of uniform layouts show a similar increasing way. With increasing turbines of the last
row, as shown in Figure 6b,c, the power outputs of uniform layouts also increase linearly.
However, the increase slows down with the increase of rows. At last, in the fifth row, the
added platforms cannot output any power, meaning that the inflow velocity of the last row
is smaller than the cut-in wind speed of the turbine because of strong wake effects.

From 12 to 18 platforms, the number of wind turbines increases by 36, which is half of
12 platforms. More turbines and platforms mean higher cost, because of increased building
cost and maintenance cost. When the number of platforms is 18, the output power is the
largest. However, the increase of output power is not significant from 12 to 18 platforms,
only 1.7%. Obviously, the increased profit is far less than the increased cost. Therefore,
in consideration of both production and cost, the optimized layout of 12 platforms, as
illustrated in Figure 5, is probably the optimal layout of this wind farm in all cases.

The wake velocity of wind turbines will recover with increased distance from the turbine,
as illustrated in Figure 5b. Therefore, the downstream wind turbines can generate more power
if they are farther away from the upstream wind turbines in the wind direction or not in the
wakes of upstream turbines in the cross-wind direction. The two phenomena can be observed
in the optimized layout of 12 platforms (Figure 5). Because of the fixed wind direction, the
distance between upstream and downstream turbines reaches the maximum value allowed
in the wind farm. The majority of downstream turbines are not right behind the upstream
turbines as well. However, the situation is more complex with increased number of turbines.
As shown in Figure 6, the optimized layouts of the platforms from 15 to 25 are complicated
especially for the middle platforms. Most downstream turbines are still not directly behind
the upstream turbines. However, the position of the middle platforms is complex in the wind
direction. This illustrates the necessity of layout optimization for a wind farm. The optimal
layout cannot be derived easily from the experience especially for a wind farm with lots of
wind turbines and various wind directions. With the help of an optimization methodology,
the result can be obtained just in a few minutes.

As shown in Figures 5 and 6, most of the platforms arrange in line in the crosswind di-
rection and reach the constraint condition of minimal distance after the layout optimization.
This configuration can make the power output of the upstream turbines as large as possible.
The wind direction directly determines the direction of turbine wakes. The wakes are also
affected by the wind velocity and the turbulence intensity. Furthermore, the number of
platforms in a line is limited by the minimal distance of the platform. As a result, different
optimized layouts are probably obtained under different wind conditions and constraints
of the minimal distance.

4.2. Optimization of Eight-Turbine Platforms

The layout of the wind farm adopting the eight-turbine platforms with 48, 72 and
96 wind turbines is also optimized respectively. Figure 7 and Table 4 present the power
output of optimized layouts. It can be observed that the output power of all cases with
six-turbine platforms is larger than that with eight-turbine platforms. The eight-turbine
platform has a bigger size because it has more wind turbines. This means that there
are fewer eight-turbine platforms, which can be arranged in a line in the cross-wind
direction, than six-turbine platforms in the wind farm. The difference is four wind turbines.
In the situation with the same total number of wind turbines, the wind farm adopting
eight-turbine platforms has more turbines in the wakes than the wind farm adopting
six-turbine platforms. Therefore, the wind farm with eight-turbine platforms has lower
power production.

As shown in Table 4 and Figure 7, the optimization has different appearances for
different types of platform, although the total number of turbines is identical in the wind
farm. In addition, different types of wind turbines, which have different hub heights,
rotor diameters, ratings, etc., will generate different wakes. Therefore, different optimized
layouts are probably obtained due to these differences.
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Table 4. Optimized power of two kinds of platforms.

Number of Turbines
Power (kW)

6-Turbine Platform 6-Turbine Platform

48 72,524.39 72,448.36
72 93,167.43 90,752.69
96 94,506.95 93,635.89

4.3. Comparison of Algorithms

The pattern search algorithm is also adopted for comparison. The same method of
initialization is used. As shown in Figure 8, the performance of the RS algorithm is better in
all cases. A similar conclusion was obtained by Brogna et al. [27]. However, the difference
is not significant especially when there are few platforms. The time cost of the PS algorithm
is lower. However, the iteration steps of the RS algorithm can be reduced for some cases.
As shown in Figure 9, the RS algorithm can converge within 100,000 iteration steps.
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Each optimization of each case costs no more than a few minutes with the optimization
methodology above. The high efficiency of the methodology relies on two aspects. On
the one hand, the analytical wake model is an efficient model for optimization. During a
layout optimization, hundreds of thousands of layouts need to be analyzed by the wake
model to calculate the power production. Every power production value can be calculated
for no more than a second with the full-field wake model. This is a huge advantage of the
analytical wake model that the numerical simulation method cannot achieve. On the other
hand, an efficient optimization algorithm is indispensable. With the original RS algorithm,
finding just a few feasible layouts will take 20 h, or even longer, especially for the cases
with more than 100 wind turbines in the wind farm investigated above. With the help of
the scale factor, ks, the optimization can be completed in several minutes. Compared with
the PS algorithm, the performance of the improved RS algorithm is still good.

5. Conclusions

In the present work, a methodology is proposed to optimize the wind farm layout
aiming at maximizing the power production, by considering the wake effects based on
the full-field wake model and implementing the improved RS algorithm. The number of
wind turbines in the optimized wind farm can be fixed or variable within a range. The
initial layout, including a random layout or a uniform layout generated automatically, or a
specified layout, which must match the constraint conditions, are all allowable.

The present methodology is applied to an offshore floating wind farm composed of
novel structural modules. The analyses demonstrate the outperformance of the methodol-
ogy, and the efficiency of the improved RS algorithm is also validated. The methodology
presents the ability to optimize the layout of modular wind farms, even a crowded lay-
out, with low computational cost. The introduced scale factor significantly improves the
applicability and efficiency of the RS algorithm, especially for high-density layouts.

The application results demonstrate that there is an optimal number of wind turbines
in a wind farm with maximal power production. Furthermore, the larger modular platform
is probably not the better choice in an offshore wind farm, because of bigger size taking
up more space with lower output. The optimized layout is complex especially for a high-
density layout. The optimal layout cannot be derived easily from the experience, and
various wind directions will make the problem more complicated. This highlights the
necessity of the layout optimization for a wind farm. With the help of an optimization
methodology, the result can be obtained in just a few minutes. It should be noted that the
result after optimization is the layout with the maximal output power of the wind farm
with a certain number of wind turbines. However, this layout is probably not the real
optimal layout, which should be determined in consideration of both production and cost.
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During a layout optimization, hundreds of thousands of power productions of a
layout need to be calculated over and over again. The surface of the optimization problem
is a function problem to find the extreme value. The optimization algorithm provides
an efficient way to solve the problem. On the other hand, the root of the problem is a
complicated wake effect problem. An accurate, efficient and convenient wake model, to
analyze the wake effects inside the wind farm, is the key to ensure the success of the
optimization procedure.

In general, the development of the present optimization methodology relies on the
improvement of the optimization algorithm and the wake model. Some emerging problems
in the present work, such as the convergence judgment of the algorithm during iteration,
and the continuously variable wind conditions, will be further investigated in the future.
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Nomenclature

a induction factor (dimensionless)
Ct thrust coefficient (dimensionless)
D rotor diameter (m)
dis axial distance from the wind turbine to divide the near and far fields (m)
dmin minimal distance between wind turbines or platforms (m)
dx axial distance of the target point from the wind turbine (m)
H hub height of the wind turbine (m)
I0 freestream turbulence intensity (dimensionless)
krand random number (dimensionless)
ks scale factor (dimensionless)
Lmax length of the long edge of the wind farm (m)
n number of the wind turbines affecting the target point (dimensionless)
ns number of steps of the infeasible random move before a feasible move (dimensionless)
nwt total number of turbines in the wind farm (dimensionless)
P power production of the wind turbine (kW)
Psum power production of the wind farm (kW)
r distance between the calculated point and the rotor shaft of the wind turbine in the

radial direction (m)
rd wake radius at d x (m)
ris radial distance of the intersection (m)
∆S distance of a random move (m)
u wake velocity of the calculated point (m/s)
u0 freestream velocity (m/s)
x, y wind turbine position in the wind direction & cross-wind direction, respectively (m)
z0 surface roughness height (m)
Subscripts
i, j variables of the points or turbines i and j, respectively
m, * variables after modification and before modification, respectively
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