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Abstract

Wind farm layout optimisation (WFLO) is carried out
in this study considering the wake effect, and cabling
connections and losses. The wind farm micro-siting
optimisation problem is formulated with the aid of
Jensen's wake model. Cabling between the wind
turbines and the point of common coupling is an
important aspect of the wind farm design as it
affects the capital investment as well as income over
the lifetime of the wind farm. The cabling layout
must satisfy the connection of the wind turbines to
the point of common coupling in such a way that the
total cable length is reduced while reliability is
maintained. Introducing the cabling layout
optimisation to the WFLO, further complicates the
optimisation problem. An integrated tool is
developed to optimise the wind farm layout and
cabling simultaneously. The main contribution of this
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work is the development of an integrated tool that
maximizes the energy production of the wind farm
via optimal allocation of wind turbines with optimal
cable routing. This tool considers the capital cost of
wind turbines and cabling, wind farm power
production, and power losses in the cabling over the
lifetime of the wind farm. The proposed co-
optimisation problem is solved using genetic
algorithm. The decision variables are the wind farm
layout, cable paths and sizes, and the location of the
point of common coupling within the land perimeter.
A case study incorporating a multi-speed and multi-
direction wind profile is carried out to demonstrate
the applicability of the proposed approach.
Moreover, the proposed methodology is compared
to the separate optimisation method where the
WFLO and cabling optimisation are solved
sequentially with two separate steps. It is shown that
the co-optimisation method is superior in terms of
cable power losses, overall wind farm cost, and
compactness (land use).

1 INTRODUCTION

The integration of renewable resources in power

generation, and wind energy in particular, has become a

primary focus in investments in the power generation
sector. Wind farms (WFs) play a significant role in
satisfying the demand for energy, but constructing a WF
still involves technical challenges, as well as cost
implications. Wind profile is crucial in defining the
turbine's capability in energy production. For instance,
the cubical relationship between wind speed and wind
output power means that any deviation in wind speed
leads to a severe impact on the turbine's output power
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Therefore, a hierarchy of the turbine's specification,
wind profile, and site geography of the WF are required
to build a farm that utilizes resources efficiently and
provides a better performance. One of the main
challenges in WF design is the allocation of wind
turbines with the aim of decreasing the ambiguity in
output power [2].

The main steps involved in the design of a WF are as
follows: site identification, technical and economic
analysis, regulatory compliance, micro-siting, and
construction [3]. In general, the wind farm layout
optimisation (WFLO) problem is complex because many
factors have to be involved. The wake effect in the farm
is one of the main factors that affect the WF output
power. The wake effect is the change in the effective
wind speed that powers downstream turbines, as a
result of the turbulence caused by upstream turbines.
The complexity of the WFLO problem necessitates the
use of optimisation techniques to obtain an optimal
layout. The WFLO problem has been tackled in the
literature with different fitness functions and different
optimisation techniques. Heuristic techniques
demonstrate superior performance compared with
analytical optimisation methods, even for optimising a
simple objective such as maximizing the farm's output
power [4]. According to the literature, genetic algorithm
(GA) is one of the heuristic methods commonly used to
solve such a mixed-integer problem. This is due to its
ability to avoid local optima and its high likelihood of
locating global optima [5, 6]. The authors in [7] used GA
to find the optimal number and location of wind
turbines and obtaining optimal power production.

The wake effect has been introduced in the WFLO
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problem using aifrerent modeils. various models have
been developed to represent the wake effect, namely,
Gaussian's [8, 9], Jensen's [10, 11], Larsen's [12], and
Frandsen's [13]. These models differ in their level of
complexity and, therefore, computational burden. An
early attempt to use Jensen's model in WFLO was
carried out by Mosetti et al. [7, 14] in 1993, employing
GA to minimize the cost per unit energy produced. They
investigated the problem for different wind scenarios
with varying complexities. The wind scenarios

commonly evaluated in the literature comprise wind
with a constant speed and direction, wind with a
constant speed but variable direction, and wind with a
variable speed and variable direction. Grady et al. [15]
improved the WFLO using the same objective function,
the same wake-effect model, and the same grid strategy
of Mosetti et al. [14]. The improvement in results is
attributed to the usage of different GA parameters.
Most of the published research work [16-18] for solving
WF optimisation used Jensen's wake-effect model that
assumes a uniform velocity inside the wake cone.

A recent study [19] used Jensen's wake-effect model and
optimised the layout using the binary real coded GA
(BRCGA) based on a local search approach. The
underlying principle is to find the turbine location with
the power output of each turbine. The GA solution was
improved using the local search technique to find the
optimal solution near the solution found by BRCGA. The
researchers tested their method on two wind scenarios:
wind with multiple directions and multiple speeds and
wind with multiple directions but constant speed. They
demonstrated that using BRCGA, the output power is
slightly increased compared with the results achieved
by [15] but incurs a higher computational burden.
Similar observation is reported by [20]. Particle swarm



optimisation (PSO) was used in [21] to solve a multi-
objective WFLO problem by maximizing the power
output and minimizing the costs. The optimisation
formulation constraints are the dimensions of the land
lot and a clearing distance of eight times the rotor
diameter between any two wind turbines, according to
the industry standard.

Heuristic optimisation techniques are most commonly
used to tackle such WFLO problems [9, 22]. In [23], a
fast approach is developed for optimising the layout of
a large WF, whereas the approach in [24] is applicable
for a WF with few wind turbines. Other techniques such
as quadratic integer programming, multi-population GA,
and non-linear programming were used in [25], [26],
and [27] respectively. A heuristic ant-colony
optimisation algorithm is presented in [28] for the
layout optimisation of a WF with eight turbines and a
cost-integrated model. Amaral et al.[29] used GA and
PSO in solving offshore WFLO and compare the
performance of each approach. It has been concluded
that PSO performs faster while GA yields better results.
A comprehensive review is presented in [30] for the GA,
PSO, and fuzzy methods. These heuristic techniques are
widely used in the optimal design of hybrid renewable
energy systems. The algorithm and mechanism of GA
are explained, in detail, in [31]. GA is widely used in
solving WFLO problem, which represents 75% of the
WEFLO studies [32]. Thus, according to the literature
surveyed; to solve this nonlinear, constrained
optimisation problem, most of the previous studies
used heuristic algorithms. Therefore, GA is adopted in
this paper to solve the WFLO problem.

Cabling work is a significant part of the total cost of a
WEF construction. Cabling work includes small cabling



among wind turbines and a large collector cable that
connects the wind turbines to the point of common
coupling (PCC). During WF construction, cabling
between the wind turbines is one of the debatable
design tasks. As stated in [33], the installation and
capital cost of the cabling work significantly contributes
to the total cost of the project. In addition, energy losses
constitute an operation cost, which affects the long-
term financial profitability of the project. Hence, cable
work should not be neglected. Simple techniques such
as geometric programming were used in [34] to obtain
the optimal electrical layout. The first attempts in WF
cabling adopted a greedy algorithm [35]. The greedy
algorithm starts by adding a turbine to a location that
provides maximum power output. This process is
repeated for all the turbines while considering the wake
effect of the existing turbines. The process ends when
the maximum number of turbines is reached [36]. This
algorithm connects each turbine to its closest
neighbour, which is not necessarily optimal. In other
words, the solution provided by the greedy algorithm is
far from optimal because each step depends on the
formation created by the preceding step and lacks a
holistic view of the land layout.

A mixed-integer linear program (MILP) is used in [37] to
optimise the WF's electrical network. The optimisation
process takes into account the cost of cable material,
civil works (i.e. trenches), and energy losses. However,
the optimal location and number of turbines is out of
their scope. The authors in [35, 38] optimise the cabling
between the wind turbines while the number and layout
were optimised a priori. The authors justify optimising
the number and layout WTs separately and beforehand
by highlighting the large cost of wind turbines in
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and energy losses that correlated with the cable work
must be incorporated in the WFLO problem. Gonzalez
et al. [39] optimise the cable work using GA, with the
objective of minimizing the capital cost of a WF,
inclusive of the costs of transformers, substations, and
cables. The cable losses and wake effect are not
included in this model. Furthermore, GA was used in
[40, 41] to optimise the levelised production cost to find
the optimal electrical system design for a fixed number
of turbines. Lehmann et al. [42] use simulated annealing
(SA) for solving the minimum cost problem in the whole
WF cabling and comparing the performance of this
approach with MILP. However, the authors do not
incorporate cable losses in their model. Besides,
different cable routing scenarios are investigated in [43]
but with a fixed number of turbines. The
implementation of GA is more efficient compared to the
MILP in solving the WFLO problems. Most of the
previous studies used heuristic optimisation techniques
(i.e GA) due to the complexity of the problem.
Furthermore, GA has the ability to get the global optimal
solution in a reasonable computational time. In virtue of
the previous studies, in this paper, the integrated
optimisation approach used heuristic optimisation
techniques to get an optimal cabling layout and optimal
wind turbines layout simultaneously.

As observed in the aforementioned studies, none of the
works in the literature incorporate cabling work in the
WFLO problem. The two problems are tackled
sequentially, rather than simultaneously. This is based
on the claim that the WF construction cost is
disproportionately larger than the cost of cabling.
However, cabling work constitutes a considerable part
of WF cost [37, 39] and has a sustained effect on the



WF's operation cost. This sustained effect is associated
with the wind farm power losses during the farm's
entire lifespan. The electrical infrastructure that
includes cabling and substations represents roughly 15-
30% of the total capital cost of the WF [44]. Hence, this
study tackles this problem by co-optimising the layout
of a WF and cabling. Jensen's wake-effect model is used
to formulate the WFLO problem. A model for WF cabling
is developed and included in the WFLO which considers
active power losses, costs, and lengths of the main cable
and service cables. The optimisation problem is solved
using GA to obtain the minimal cost per unit power of
the entire WF. The proposed methodology enables to
define the optimal wind turbine layout, cabling layout,
and location of the PCC. This paper is different from [37]
as it uses GA, does not fix wind turbines, does tackle the
problem simultaneously instead of separate
optimisation problems.

A case study is carried out to demonstrate the proposed
WFLO method. Thus, the paper highlights the following
points:

- Anintegrated tool for wind farm layout with cables
routes is developed.

- Jensen's wake-effect model is used as a parameter in
the wind farm layout.

- Multi-speed and multi-direction wind scenario is
used to test the developed approach.

- The optimisation yields an optimal number and
location of wind turbines, optimal routes of cables
and optimal location of the point of common
coupling.

- The results for co-optimisation and separate
optimisation of wind farm and cables routes are
compared and reported.
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Ine remaining sectons In tnis paper are organizea as
follows: Section 2 formulates the optimisation problem
including the wake-effect model and optimal cable
design. Section 3 carries out a simulation for a case
study with multi-speed and multi-direction using co-
optimisation and separate optimisation for WF micro-
siting and cabling connections. The main factors
considered in this study among all the other factors that
affect WF layout are characteristic of the installed wind
turbines, magnitude and direction of wind speed, wake
effect, active power losses of cables, and power output
from the WF. Finally, Section 4 shows another case for a
site in south of Oman, and Section 5 presents the study
conclusion.

2 PROBLEM FORMULATION

This study tackles the WFLO problem by co-optimising
the wind turbine layout, cabling layout, and location of
the PCC. The co-optimisation features a single-level
optimisation process with the objective of minimizing
the cost of energy. The objective function considers the
active power losses in the WT connection cables. This
section presents the problem formulation with main
factors embedded in this WFLO problem. The proposed
methodology is also benchmarked using the previous
case studies.

2.1 Jensen's wake-effect model

The wake effect is the effect of upstream wind turbines
on the speed of wind that reaches downstream
turbines. A mass of air flowing has kinetic energy which
is proportional to the air mass and flow rate (i.e. wind
speed). Part of the kinetic energy is extracted by wind
turbines when air passes through its blades. Therefore,
there is a reduction in the energy content of air behind



the turbine. This reduction exhibits as reduced speed of
the air after it passes through the wind turbine blades.
However, the further behind the turbine, the more the
speed of air recovers to its original value. Accordingly,
an upstream wind turbine can affect the wind speed on
downstream turbines. This aerodynamic interaction
between wind turbines has been the subject of many
studies. Jensen's model is based on the energy
momentum concept and characterized by its
dependence on the distance behind the rotor and linear
expanding wake with the velocity deficit. It is the most
common model in the literature [7, 45] due to its
simplicity and relatively good accuracy, particularly for a
far wake zone which is equal to or more than (D,0)
length [46].

Jensen's model is used in this paper to model the wake
effect in WF. An illustration of Jensen's model is shown
in Figure 1. Itis representing a single wake of a turbine.
The (7T} ) located at ( x;, y; ) and ( T,,) located at ( x,,, Vy,
) are the upstream and downstream turbines,
respectively. The wake flow is axis-symmetric and linear
which depends only on the distance behind the rotor
toward the wind direction, as shown in the blue dashed
line with a radius of (rj,). In this model, the wind speed
at T, is give as:

U, = 0ol 1 — ZN 2—a2

(1)
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FIGURE 1 Open in figure viewer ‘ ¥ PowerPoint

Principle of Jensen's wake-effect model (top view of the wind

farm)

where
Fin = QYin + ro (i)

The dimensionless scalar (a), known as a decay
constant, defines the growth of wake width with
distance which is given by Equation (2). The fractional
decrease in wind speed between the free stream wind
speed (vp) and the turbine is presented by the axial
induction factor (a) as depicted in Equation (3). Based on
the turbine hub height, surface roughness and thrust
coefficient, the values of the decay-constant and the
axial induction factor can be calculated as 0.094 and
0.3268, respectively.

(2)



a=05[1-+1-C]
(3)

Thus, the reduction in wind speed at ( T}, ) for multiple
turbines in the farm is represented mathematically
using Equation (4):

(4)

where

2
r=\11+ i Yin
25 In( 22 ) (o # yin + 70 (1))

20

A linearly expanding disc analogy is used in Jensen's
wake model. Accordingly, the area of influence of wake
effect behind a turbine expands by moving away from
it. However, the severity of this influence also drops by
moving away from the turbine. For example, assuming
turbines diameter of 40 m, a downstream turbine
(T,,)200 m away from the upstream turbine (7;) and
fully affected by its wake, experiences a velocity deficit
of 29.66% compared to the velocity in the upstream
turbine. Moreover, using turbines diameter of 60 m with
200 m spacing leads to a velocity deficit of 34.06% in the
speed reaching the turbine (T},).

As implied in the Jensen model, only a part of a turbine
swept area may be affected by the wake. A turbine that



is partially aerodynamically affected by the upstream
turbine is said to be under the shadowing of the
upstream turbine. Shadowing is a measure of the
degree of overlap between the area swept by the
affected downstream rotor and the area spanned by the
wake's shadow cone. The shadowing ratio ( A, ) is given
by Equation (5). The ratio ( A, ) is 0 if there is no wake
effect. Furthermore, a ratio of 1 means that the
downstream wind turbine rotor is totally inside the
wake. Whether the turbine is under the wake effect (
MWwake ) OF Not is specified according to the conditions
given by Equation (6). Thus, the corresponding wind
speed (V) approaching downstream wind turbine ( 7,,)
is expressed by Equation (7).

2 N2 2
X +ro(i)=r, )_ﬁ

N2 ]
ro(i)” cos ( 2xmro)

w(ro (i))?

2 2 2
_ Xt —ro(i)"+r!
ri cos™! (— n )

2xin Fin

m(ro (i)

(5)

where

=" {0.5[(=xin + 7o (i) + rin) (Xin + 70 (i) — Fin)
X (xin — o (i) + rin) (xin + 70 (0) + rin)]?}

1 ifg?in()S,}’_ 3ino‘g(yn_yi>0

Wywake = 1 if ERiHO S I+ 31110 & Yn — )i > 0

0 otherwise



(6)

where

Ring = Xi —Fin, ¥ =X, —Fo(n)

+
Sing = Xi + Fin » X =Xxp+ron)

[ 2
1-4/1-C
Uy = Uo| 1 — *lej\il [a)wakeA;{[ e .

(7)

2.2 Cabling layout design

The importance of optimising the cable routes is not
less than the importance of optimising wind turbine
siting. Hence, it is advantageous to co-optimise the
cable work along with the number and locations of the
wind turbines. Selection of the cable must comply with
the technical requirements needed to ensure the
reliability of the system like the current carrying capacity
during normal operation conditions.

Dutta and Overbye in [47] review the different types of
cable layouts. The main cable topologies that exist are
ring cabling and radial cabling. In this paper, the radial
topology is adopted to connect the turbines to the PCC.
In this topology, a collector cable is laid straight across
the WF, with smaller cables connecting each wind
turbine to the main cable through the shortest path
possible. This topology is illustrated in Figure 2. The
route of the collector cable across the WF is the decision
subject in this problem. The cable route is represented
by the two parameters of a straight-line Equation (8).



These two parameters are the decision variables ot the
cable routing problem. The connection point of each
turbine's service cable to the main collector cable is a
ring main unit (RMU), which also facilitates the
protection equipment and isolates a wind turbine for
maintenance or protection. The red dashed line
represents the main collector cable, with length ( Lg ).
The black dashed lines are the small service cables for
each wind turbine, each with its own length (Ls).
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FIGURE 2 Openin figure viewer | ¥PowerPoint

lllustration of cabling connections and PCC model

The main cable is modelled as a straight line
characterized by its slope (Mpig) and y-intercept (Bpig) as
stated in Equation (8).

Ymain = Mbyig (xpcc1 — Xpcc2) + Bbig

(8)



Thus, two intersection points between the main cable
and the land's borders are identified as
PCCI(XPCCIJPCC]) and PCC2(XPCC2,yPcc2) . The length of
the main cable (Lg) is calculated using the formula of the
distance between two points in Euclidian space.

Ly = \/[(XPCC1 — xpcca)” + (Ypee | — yeec, )]

9)

One service cable is laid for each single wind turbine.
The routing of the service cable is determined using the
shortest distance between the wind turbine location (
X;, ¥i ) and an intersection in the straight line (i.e. the
main cable). This formula is illustrated in Equation (10).

| Myigxi — yi + Buig|
Ls =

(Mg, +1)

(10)

For WTs located near the border, this formula leads the
service cable to cross outside the land's border. In such
cases, the connection point between the service cable
and the main cable is adjusted to be the nearest point
on the main cable located inside the land. The new
length of the service cable is calculated accordingly. This
can be observed for the WT at the top and bottom of
the farm in Figure 3.
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WTs whose service cable extends outside the farm's land lot

The losses are calculated based on the amount of
electrical current flowing through both the main and
service cables using Equation (21). The main collector
cable intersects with the land's borders at two points.
These two points are candidates for serving as the WF's
PCC. Either one can be chosen, but not both. Losses on
the main cable are calculated for the two candidate PCC
points: PCC; and PCC, . The intersection point
corresponding to less expected losses is chosen as the
PCC of the WF. While the expected cable losses over all
wind scenarios are considered in the objective function,
the size of the main collector cable is based on the
maximum current flow scenario among all wind
scenarios. This maximum current flow scenario is based
on the total power output of the wind turbines
incorporating the wake effect. Moreover, service cables
are sized based on the maximum current of each
individual wind turbine over all wind scenarios,
incorporating the wake effect as well. A lookup table for
cable sizes and maximum current carrying capability is
used. The cost of each cable type per unit length is also
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calculated using Equation (11) as a function of the
turbine's power output in each wind scenario. The
connection point of each turbine's service cable on the
main collector cable divides the main collector cable to
segments, such that each segment observes a different
current magnitude. Segments of the main cable which
are closer to the PCC observe larger current
magnitudes. The WTs generate power at a nominal
voltage of (V) and a power factor of cos(f). The cable
selection process is shown in the whole process for
solving WFLO in Figure 4.

Pcable (Ui, 9’ N)
\/3ViL cos (6)

1 cable —

(11)

where

P cable € [P small » P, rnain] 5 1 cable — [I small » 1 main]

~ S
£ 4 N\
= Sart Input data e
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2
Cables data
Cakulate wake effect

Calculate current (et Jon cach service
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.
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Calculate the total current on main cable
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FIGURE 4 Openin figure viewer | $PowerPoint

Process of solving WFLO using co-optimisation

2.3 Optimisation problem

The optimal design of a WF is dependent on the location
of wind turbines and total length of cable work. The
WFLO problem has technical and cost limitations. The
objective function is to minimize the cost of energy
(CoE). The WF's power output for each wind scenario is
weighted by this scenario's probability, and the
expected power output is incorporated in the
optimisation objective. This section presents the
optimisation model to minimize the WF's cost, as a
function of WT's number, location, cable layout, and
PCC location.

The optimisation model is presented in Equations (12)-
(21).

% + %e(—0.001741v2) ) costy + €

N pl
Pryym — Zi:l P,' o

&
Min (CoE) = Min

subject to

Din = {\/ [t = xa T + i = yal? = (5Ds0)

Xis Yis Xns Yn €S9 Vi,n: 1"--"N’i;én}

(13)

0<xx<! & 0L yw<w Vkelin], [, w = 2000



(14)

N>0

(15)

xpccy X (W — xpccy) X ypecy X (I — ypecy) =0

(16)

xpccy X (W — xpcca) X ypecy X (I — ypec,) =0

(17)

\/(XPCCI — xpcca)’ + (ypec | — yeec,): > 0

(18)

where

N
% = LgCp +C52Ls
i=1

(19)

360° N
Pfarm = {Z Z[Pz [(x’ y)an,Bk]Pr (Ui, Ok)]

k=0 i=1

05P,§1,ZP,=1}

(20)
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(21)

The numerator of the objective function in Equation (12)
is composed of three terms. The first term corresponds
to the cost of wind turbines, and it considers economy
of scale [15]. The other two terms correspond to the
cost of cable work. The denominator of the objective
function represents the net power produced.

The total output power of all wind turbines is defined in
Equation (20), as a non-linear function of the turbines'
locations ( x, y) within the farm, the probability of
occurrence (P,) of each wind scenario ( v, 8). Wind
speed (v) is calculated using Jensen's wake-effect model
given in Equation (7). Turbines which do not fall in the
wake-effect cone of any upstream turbines experience
the full speed of a wind stream (vp). Losses in the main
and service cables are calculated using Equation (21). A
minimum clearing distance (D) between two turbines is
set for safety distance [9, 48] and is equivalent to five
times the turbine's radius. This constraint is described
by Equation (13). The other inequality constraints are
the terrain's width and length constraint, and the
minimum number of turbines in the farm, illustrated by
Equations (14) and (15), respectively. The PCC must lies
in one of the land's borders where this is presented in
Equation (16) for PCC; and Equation (17) for PCC, .
The constraint in Equation (18) forces the locations of
PCC; and PCC, not to be in the same location.

The WFLO problem is non-linear and highly non-convex.
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It is computationally expensive to solve such mixed-
integer nonlinear problem with analytical algorithms.
Therefore, the heuristic optimisation technique GA is
used for solving this optimisation problem. The decision
variables are locations of wind turbines (x, y), and for
the cable design part, the slope (My;g) and cable
intercept (Byg) of the main cable.

Two design cases are considered:

1. Co-optimisation: Solving of WFLO and cabling
connections simultaneously.

2. Separate optimisation: Solving of WFLO and
cabling connections sequentially as two separate
problems.

The wind turbines layout objective is presented in
Equation (22) without cabling items. For the cabling
work optimisation, an objective function given by
Equation (23) is used to connect all the turbines toward
the PCC.

- Wind turbines layout optimisation

2 4 1 (-0.00174N?)
N<3+3e )x costr

Feny = Min
P farm

subject to Equations (13)-(15)
- Cabling connections optimisation:

] LgCg + Cs Zz]il Lg
Fcne = Min

N loss
Pryym — zi:l P,' o



subject to Equations (14),(16)-(18)
The integrated tool will be investigated under a single
optimisation scenario, as illustrated in Figure 4. It is
divided into three stages: input, inner, and evaluation
stages. The input stage involves importing WT design
data, terrain property, wind profile, cable properties,
and costs of WTs and cables. The inner stage involves
the calculation of the main parameters to evaluate a
fitness value. The main parameters in the inner stage
are calculated in sequence as a single optimisation
problem. The last stage, the evaluation stage, involves
evaluating the fitness value and making a decision to
terminate the optimisation or produce a new candidate
solution. The optimisation process stops when the
improvement in the fitness value has been below a
threshold for a number of consecutive steps or if the
maximum number of iterations is reached.

2.4 Verification of the wake-effect model

To validate the wake-effect model and the formulation
of the optimisation problem, the proposed
methodology was benchmarked using the study cases
from Grady et al.[15]. In these study cases, the land size
is 2 x 2 km, and the grid size is 10 x 10 cells. The grid
size of 10 x 10 has been chosen to be able to compare
the results to Grady's results. However, higher grid
resolution requires more computational effort. The
benchmark was carried out for the first two scenarios of
Grady's paper, namely, constant wind speed-constant
direction and constant wind speed-variable wind
direction. To ensure the similarity of the problems, we
used the same fitness function as Grady. The results are
compared with Grady's in Table 1. Despite, in the
present study, different population size and generations
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are used compared to Grady's study, the fitness values
achieved are slightly better. In the present study, the
optimal number of wind turbines for both wind
scenarios are 31 and 41 turbines compared to 30 and
39 turbines in [15]. Accordingly, the wind farm
generation will be higher that leads to improve the
fitness values. Besides, fixed number of turbines are
used instead of optimising that. The numbers of
turbines (N) are 30 and 39 turbines as used in Grady's
study. As shown in Table 1, the present results for fixed
(N) are near to Grady's results. Therefore, the developed
model is sufficient to proceed for further analysis.

TABLE 1. Present results versus Grady's results

Fitness Total Turbines | Generation | Po
value power | (No.) siz
(kW
year)

Constant speed and direction

Grady's 0.0015436 14,310 30 3000 60

results

Present 0.0015111 14,961 31 100 50
results
(optimised

N)

Present 0.0015059 14,668 30 100 50
results

(fixed N)
Constant speed and variable direction

Grady's 0.0015666 17,220 39 3000 60

results



Present 0.001472 19,067 41 100 50
results
(optimised

N)

3 CASE STUDY: WIND TURBINES
LAYOUT INCLUDING OPTIMAL
CABLE DESIGN

A case study is performed to demonstrate the
applicability of the proposed methodology. A 2 x 2 km
land is chosen as a potential WF site. The site assumed a
flat terrain with a surface roughness length ( z, ) of 0.3
m. The histogram of wind speed and direction for this
site at 60 m high is given in Figure 5 [26]. Any change in
the wind direction from a predetermined direction will
result in a high wake effect that will affect the output
power and costs. Thus, the used wind direction is
discretised into 36 segments of 10° each with its
occurrence probability. As shown in Figure 5, there is a
high prevalence of wind directions between 270° and
360°, which means these directions have more effects
on the WFLO than other directions. The considered
wind speeds in this study are 8, 12, and 17 m/s. The site
area is divided into a grid of 10 x 10 cells, with a cell size
of 200 x 200 m. Due to land size, smaller wind turbines
are used. The properties of the turbines used and site
are given in Table 2. The cost of each wind turbine (
costy ) is around 554,793 (€/unit), according to the 2017
IRENA report [49]. The cable inventory with the size of
each cable, current carrying capacity, and cost is given in
Table 3. The WF layout and cabling optimisation
problem is solved using the GA in MATLAB software.
The results for the co-optimisation of the wind turbines
layout and cabling connections are compared with the



separate optimisation of the wind turbines layout and
cabling connections.

TABLE 2. Parameters used in the study [15]

Rated power [kW] 629 Cut-out speed [m/s] 18
Hub height [m] 60 Wind farm size [km?] 4
Diameter [m] 40 Thrust Coefficient 0.88
Cut-in speed [m/s] 2 Air density [kg/m?3] 1.225

TABLE 3. Parameters of 33 kV cables used [50]

Cable AC resistance | Current carrying Unit price
size (Q/km) capacity (A) (€/km)
3Cx 50 0.494 181 26,223
mm?

3Cx 70 0.343 220 32,806
mm?

3Cx 95 0.247 263 39,115
mm?

3Cx 120 0.196 298 44,968
mm?

3Cx 150 0.16 332 51,919
mm?

3Cx 185 0.128 374 61,884
mm?

3Cx 240 0.098 431 74,596

mm?



*All cables are XLPE/SWA/PVC 33 KV type.
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Histogram of wind speed and directions

3.1 Results and discussions

The whole problem optimised the wind turbines layout
and cabling connections to obtain the optimal power
output with minimum power losses. This is achieved by
co-optimising the cables and turbine locations together
in every population of GA using the objective function
for minimising the CoE, as stated in Equation (12). The
process for solving the whole WFLO with cabling
connections is shown in Figure 4. Running the
simulation with the given data produces results of 48
optimal number of turbines which are located primarily
on the borders of the WF and in the prevailing wind
directions (270-360°). They are mostly distributed on
the borders of the WF to reduce the wake effects.
Figure 6 shows an example of the wake effects in the
farm for wind directions of 0° and 290°. The farm layout
is rotated counterclockwise with respect to the south-
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Wind turbines layout with wake-effect cones at different

wind directions

This configuration produced a total annual energy of
203.915 GWh with a fitness value of 801.099 €/ KWy, .
The selected cables are 3C X 240 mm? for the main
one and 3C x 50 mm? for the service cables. The
lengths of the main cable and service cables are 2.09
and 22.53 km, respectively. Moreover, the losses in the



service cables and main cable are 9.660 and 118.236
MWHh, respectively. The two ends of the main cable
PCC; and PCC, have losses of 118.236 and 146.082
MWh; thus, PCC; is selected as PCC. The PCC is
optimised in the north border of the WF. The ratio of
total losses to total generated energy is 0.063%. The WF
layout with cabling connections and PCC is presented in
Figure 7.

FIGURE 7 Openin figure viewer | $PowerPoint

Optimal configuration for the two cases

As mentioned in Section 2.3, to make a comparison
between the co-optimisation of WFLO and the separate
optimisation for wind turbines locations and cabling
connections, the objective functions given by Equation
(22) is used for wind turbines siting and Equation (23)
for cabling connections. Running the simulation of the
separate optimisation gives an overall layout as shown
in Figure 7. For the wind turbine layout objective, the
fitness value of 767.631 €/ kW e, has been achieved
with a total generated annual energy of 204.038 GWh..
In addition, the cabling fitness value is 37.736 €/kW with
total energy losses of 252.831 MWh. The distances
between the wind turbines are higher in an effort to
minimize the wake affect among the turbines in the

o



separate optimisation. As a result, the total length or the
cables reached 29.65 km with 252.831 MWh losses.
While using the co-optimised process, the length of the
cables reduced to 24.62 km with 127.896 MWh losses.
Consequently, the total cable losses for the separate
optimisation are higher compared to the co-optimised
one by 124.935 MWh. The total losses to the total
annual energy represent a percentage of 0.12%. The
location of the PCC is optimised in the upper border of
the farm.

Table 4 summarises the results of the simulated cases:
co-optimisation and separate optimisation. The results
provide an indication of the convenience of our
integrated approach (co-optimisation) for WFLO and
cabling connection instead of optimising each one
separately. The comparison of CoE between the two
cases shows that the cost of separate optimisation is
higher than the co-optimised one by 5.22 €/ KWy, . A
lower cost value of turbines is observed in the separate
optimisation because the first objective is to separate
the turbines far from each other to produce more
energy with less wake effect. In terms of annual energy
produced, the separate optimisation produced more
energy than the co-optimised one by 123 MWh.
However, the energy losses due to cabling are higher in
the separate optimisation by 124.935 MWh. Thus, the
difference ratio between the two cases in terms of the
energy losses is about 49.4%.

TABLE 4. Comparison of results for the co-optimised
and separate cases

Co- Separate Difference
optimisation | optimisation



Cost of energy 801.099 806.319 5.22
with losses (€/

kWyear)_ Equation

(12)

Cost of energy 769.044 767.631 -1.413
without losses (€/

kWyear)_ Equation

(22)

Cost of cables 32.055 37.736 5.681
(€/kW)_ Equation

(23)

Wind farm annual 203.915 204.038 0.123

energy at PCC

(GWh)

Cable energy loss 127.896 252.831 124.935
(MWh)

No. of turbines 48 48 0

Main cable length 2.09 2.1 0.02
(km)

To measure the compactness of the turbines in the
farm, the centroid of all the turbines locations in the
farm was calculated; then the total average distance
from the centroid of the WF to the locations of the
turbines was calculated. The centroid of the WF was
calculated by averaging the x- and y- coordinates of the
turbines locations. The lower average distance means
that the turbines are mostly compact near the centroid.
The lower average distance from the centroid is found
in the co-optimisation, which is expected because it tries
to minimize the cable losses and wake effect losses at

the same time, in contrast to the separate optimisation.
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separate optimisation and co-optimisation is 5.22 €/
KW yeqr - The difference ratio between the average wind
turbines distance to the centroid in the co-optimisation
compared with the separate optimisation is 12.49%. It is
an indicator that co-optimisation is useful in obtaining a
compact WF in a smaller portion of the land.

The effectiveness of the proposed approach is further
evaluated in terms of the turbines and cables costs in
the farm. A comparison is summarised in Table 5, where
the cost of wind turbines is similar in both cases
because the same number of turbines is obtained. The
cost of cables is calculated by multiplying the cable
length with its corresponding cost from Table 3.
Consequently, the costs of the main and service cables
in the co-optimisation are lower due to the length of
cables. In addition, the total cost of constructing the WF
using co-optimisation is lower by € 132,776.12. As
mentioned before, the difference between the co-
optimised and separate cases in terms of annual energy
produced is 123 MWh. Using this difference, the British
strike price for wind energy of 49.98 €/MWh, and the WF
lifetime of 20 years [51] yields a revenue of €
122,950.80, which is less than the difference between
the total cost of the two cases. This means even with
higher annual energy production in the separate
optimisation, the revenue could not compensate the
difference in the total capital cost. This result implies
that, also in terms of cost, the co-optimisation results
are better than the separate ones.

TABLE 5. Cost comparison between the co-optimised
and separate cases

Co- Separate Difference



optimisation | optimisation
wind turbines 17,901,817.84  17,901,817.84 0
cost [€]
Main cable 155,796.33 157,287.21 1,490.88
cost [€]
Service cables 590,390.54 721,675.79 131,285.25
cost [€]
Total capital 18,648,004.71 18,780,780.83 132,776.12
cost [€]
Revenue [€] 203,833,434 203,956,384.80 122,950.80

4 CASE STUDY, SOUTH OF OMAN

To evaluate the WFLO with and without cabling, a
comparison is conducted in terms of the wind farm
generation. Trying to make the comparison more
realistic, a 2-months wind profile in 10-min bases shown
in Figure 8 is used. This wind profile pertains to a site
located at Thumrait in the Sultanate of Oman. All the
other parameters including the WF layout used in the
sensitivity analysis are similar to the case study in the
previous section.
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Actual 2-month wind profile

Running the simulation yields a total energy of 3.8580
GWh for WF with cabling and 4.5317 GWh for WF
without cabling. These outputs are presented with the
difference in Figure 9. As noticed, the actual output of
WF with cabling is lower compared to the WF without
cabling. These results reflecting the co-optimisation and
separate optimisation outputs yielded in the above
section. Therefore, a decision for including the cabling in
the WFLO problem yields a more compacted WF which
decreases the WF generation due to the wake losses.
There is a total velocity deficit is 16.55% and 10.63% for
WEF with cabling and WF without cabling, respectively.
But, on the other side, the capital cost of the WF is lower
due to the shorter cables' lengths.
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5 CONCLUSION

This paper focused on illustrating the significance of
developing an appropriate integrated tool to design a
WF. Different constraints and parameters, including
Jensen's wake effect and cable power active losses, were
considered while optimising the overall WF layout.
Jensen's wake-effect model was implemented and
compared with previous studies to cross-check the
results. Magnitude and direction of wind speed are the
main factors that are utilized to mimic a real wind
scenario. The factors included in this study were, but
not limited to, wind direction, wind speed, site terrain,
turbine characteristics, and minimum spacing between
turbines. The wind profile is a natural phenomenon that
cannot be changed. Thus, allocating the turbines in the
WF and selecting the well-fit turbine characteristics are
the significant factors to reduce wake losses.

Two optimisation cases were evaluated in a case study
with multi-speed and multi-direction using GA to
achieve maximum annual energy production with
minimum wake-effect losses and cable active power
losses. The main and service cable connections were
optimised to obtain optimal cable losses. The developed
approach yielded an output to obtain the optimal wind
turbine locations, cabling routes, and PCC. Co-
optimisation provided better results than separate
optimisation in terms of cable power losses, capital cost,
and compactness. While separate optimisation provide
better results in terms of annual energy production. To
emphasize these results, a comparison between the co-
optimisation and separate optimisation in terms of the
wind farm generation has been conducted by using a



real multi-speed and multi-direction wind profiles
derived from historical 10 min resolution wind speed
and direction of a site in Oman.

Thus, this integrated tool is adequate and can be used
in the planning stage to perform a feasibility study of
the project that considers the economic and technical
aspects. The total cost and annual energy output are
used to justify the superiority of the co-optimisation
approach for wind turbine layout and cabling
connections instead of separate optimisation. The lower
average wind turbines distance to the centroid
emphasizes the usefulness of co-optimisation in
utilizing the WF area effectively.
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NOMENCLATURE
Ul’l
wind speed at position n (m/s)
Vo
free stream wind speed (m/s)
a
axial induction factor
a
decay constant
Ci
thrust coefficient
Yin

distance along the wind direction between
turbines i and n (m)



Xin
perpendicular distance along the wind direction
between turbines i and n (m)

T,
downstream wind turbine

Ptarm
total output power (MW)

wind farm space
generated power from each turbine (MW)

line-to-line voltage (kV)
Rs
service cable resistance ( Q2/km)
Pl_loss
total power losses due to turbine i (MW)
Lg
length of main cable (m)
lin
wake radius (m)

ro

downstream rotor radius (m)
Hwt

turbine hub height (m)
4

surface roughness length (m)
N

number of wind turbines
h

overlapping area of wake and a rotor ( m?)
T;

upstream wind turbine
0

wind direction angle (degree)



probability of occurrence (%)

DrO

downstream rotor diameter (m)
Rp

main cable resistance ( 2/km)
Cs

cost of service cable (€/km)
Cs

cost of main cable( €/km)
costt

cost of a wind turbine ( €/unit)
Ls

length of service cable (m)
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