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Abstract There is more wind with less turbulence offshore
compared with an onshore case, which drives the devel-
opment of the offshore wind farm worldwide. Since a huge
amount of money is required for constructing an offshore
wind farm, many types of research have been done on the
optimization of the offshore wind farm with the purpose of
either minimizing the cost of energy or maximizing the
total energy production. There are several factors that have
an impact on the performance of the wind farm, mainly
energy production of wind farm which is highly decided by
the wind condition of construction area and micro-siting of
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wind turbines (WTs), as well as initial investment which is
influenced by both the placement of WTs and the electrical
system design, especially the scheme of cable connection
layout. In this paper, a review of the state-of-art researches
related to the wind farm layout optimization as well as
electrical system design including cable connection
scheme optimization is presented. The most significant
factors that should be considered in the offshore wind farm
optimization work is highlighted after reviewing the latest
works, and the future needs have been specified.

Keywords Energy production, Wake modelling, Wind
farm layout optimization, Cable connection
scheme optimization, Offshore wind farm

1 Introduction

Due to the increasing demand for clean energy, the
utilization of prolific renewable energy such as wind
energy becomes more and more popular. The wind energy
can be offshore or onshore. Though much more investment
is required for an offshore wind farm, it still attracts more
interests of researchers and engineers all over the world
due to the public preference and high wind speed with low
wake turbulence. Based on the study in [1], the total
investment for array cables can be up to 9%. With the
decreasing cost of wind turbine (WT) and installation, it is
expected that this percentage will increase. In addition, the
overall investment for the offshore wind farm is huge
which means that even a small improvement in the WT
placement or electrical system topology design would save
a large sum of money. Hence, many works targeted at
maximizing the energy production of a whole wind farm or
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minimizing the cost of energy to get a lower levelized cost
of energy (LCOE) of the wind farm.

The wind speed deficit calculation is a complex process
which is related to the micro-siting of WTs, the wind
condition as well as the control strategy of WTs. The
analytical model of wind in the wake involves a mass of
constraints that make the wind farm layout optimization
problem (WFLOP) as an NP-hard (nondeterministic poly-
nomial time) optimization problem [2]. For solving such a
problem, the classic optimization algorithm would flop
because of excessive computation time. Hence, the
heuristic optimization algorithm becomes popular in solv-
ing the large-scale WFLOP [3]. Compared with WFLOP,
the electrical system design concerns about the investment
on electrical components and the power losses associated
with them. In [4-9], an optimized strategy of electrical
components including voltage level selection was pro-
posed, while [10-33] focused on the internal cable con-
nection layout optimization. To decide the quantity and
location of offshore substation (OS), several works
[8, 14, 18, 20, 25] presented different optimization
methodologies. The above three parts composed the main
content of the electrical system optimization of the offshore
wind farm. Within these, the cable connection layout are
mainly optimized by deterministic method as minimum
spanning tree algorithm [34], travelling salesman problem
[35] algorithm and open vehicle routing problem (OVRP)
[36], which are the classic algorithms in graphic theory
[37] or hybrid method using genetic algorithm (GA) or
particle swarm optimization (PSO) combined with deter-
ministic algorithm [22-37]. The decision variables for
electrical system optimization are both discrete and con-
tinuous which is hard to guarantee the optimality. Without
considering the OS locating, the optimal cable connection
layout could be achieved if there are only tens of wind
turbines. With the increasing number of WTs in the large-
scale offshore wind farm, the computational time for get-
ting the optimal layout is increasing exponentially which
challenges the application of such methodologies, since the
modern offshore wind farms are developing towards large
capacity with hundreds of WTs.

In this paper, the most promising and effective methods
for offshore wind farm optimization have been reviewed
and highlighted by their strengths and weaknesses. The
paper is organized as follows. Section 2 gives the general
framework of offshore wind farm design. Section 3 pro-
vides the review of the research works for WTs micro-
siting. The algorithms for electrical system optimization of
the offshore wind farm are specified in Section 4 while the
co-optimization problem of an offshore wind farm is also
presented at the end of Section 4. Section 5 summarizes
the main conclusions.
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2 Optimization framework of offshore wind farm

The optimization works regarding the above two aspects
can be illustrated in Fig. 1.

To launch an offshore wind farm project, the wind farm
construction area should be defined at first, which is called
the wind farm macro-siting. In this phase, the political and
regulatory issues are the main concerns, which takes the
distance to shore, restriction area such as military forbidden
area, fishing farm, natural reserve area, main channel, and
wind resource distribution into account. Then, based on the
measured wind speed, the wind turbines will be located in
an optimized way. In this phase, the wake effect [38] which
incurs the wind speed deficit on the downstream WTs and
thereby the total power production reduction of the whole
wind farm is the main concern. Considering the wake
losses, the energy production model of the whole wind
farm is extremely non-convex. Since the estimation of
wake losses is the critical part of the micro-siting opti-
mization of WTs, in another term, WFLOP [39], it
becomes quite challenging to ensure the optimality of the
solution. The fundamental elements of WFLOP can be
summarized as follows [40]:

1) Variables: the positions of each WT which can be
modelled via grid model (partition the whole area into
grids and the center of each grid represents the
potential location of wind turbine) or coordinate model
(WTs are given in x and y coordinates).

2) Objective function: the objective function is either
minimizing the LCOE which accounts for the capital
cost, operational and maintenance (O&M) cost and
annual energy production or maximizing the energy
production considering wake losses.

3) Constraints: some offshore restriction areas might be
defined. In order to ensure a longer lifetime of WTs,
the minimum distance between each pair of WTs
should be considered.

| Cost effective offshore wind farm

| Wind farm layout optimization |

——

Wind farm WT micro- Electrical system
macro-siting siting optimization
|
Cable Offshore Electrical Voltage
connection | | substation | |components level
layout locating selection selection

Fig. 1 Dominant factors related to the offshore wind farm layout and
electrical system optimization
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4) Methodology: heuristic optimization method is widely
applied, whereas the recent works start to use math-
ematical programming method to solve the problem
via wake model linearization.

3 Micro-siting of WTs

The wake losses can take up to 10%—15% [41] of annual
energy production (AEP) which will make the wind farm
owner lose a large sum of money. Hence, it is critical to
estimate the energy yield of an offshore wind farm con-
sidering wake losses accurately so that a solid background
and basis can be provided to the wind farm optimization
research.

3.1 Energy production estimation of wind farm

The wind speed at the downstream WT will be reduced
when the wind bypasses the upstream WT which incurs the
reduction of the energy yields of a wind farm. This is the
simple description of the wake effect [42, 43]. To estimate
the wake losses, the wind resource distribution of the
construction area will be measured via years of sampled
onsite wind speed at first. The uncertainty of wind power
levels off when it is considered for a long time span in wind
farm planning and design phase. Then, the measured wind
speed will be represented statically via Weibull distribution
[4] and used as the input for the wake model for energy
production calculation. Currently, the works of wake
modelling can be categorized into two sorts: one is using
computational fluid dynamic (CFD) technology which can
obtain the dynamic wind flow characteristic accurately by
discretizing the continuous field, however, the computa-
tional time is quite long [44]; the other is using an ana-
lytical model instead of differential equations to estimate
the wind speed deficit [45-50]. The long calculation time
keeps the CFD technology away from involving into wake
loss estimation for the whole offshore wind farm while
analytical wake models are widely used as Jensen model,
Ainslie model and G. C. Larsen model [45]. In the Jensen
model, the generated wakes are assumed to have a char-
acteristic of linear expanding along wind flowing direction
while vertical to wind direction, while the wind speed
within the wake is considered to be identical. A parabolic
eddy viscosity model was proposed by Ainslie in which the
two-dimensional wake model was assumed to be axially
symmetric. Though the calculation process has already
been simplified by solving an axisymmetric form of Navier
Stokes equations, it is still quite slow for the optimization
work. Similarly, Larsen provided a semi-analytic wake
model which was recommended for solving wake loading
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problem [46]. Recently, a binary matrix calculation method
is proposed for wake loss calculation based on the Jensen
model [47] which is applicable for WFLO. Based on the
existing wake models, some commercial software has
already come out, such as Wind Atlas Analysis and
Application software [48] which is the most popular one
[39], WindSim [49] and Meteodyn [50]. The above-men-
tioned works provided vital information for wind resource
assessment. However, the Jensen model is most frequently
used for solving the WFLOP due to its simplicity and
accuracy [39]. The analytical equations are specified in the
following.

3.1.1 Common wake models

The Jensen wake model is the most popular model in
this research area due to its high simplicity and practicality.
The wind speed deficit due to upstream WT is calculated
by identifying the effective wake influence area which is
illustrated in Fig. 2.

In Fig. 2, O;, O;, and O_,-’ represent the position of
upstream WT, the position of downstream WT and the
centroid of the generated wake at distance x along the wind
blowing direction, respectively. Due to the wake effect, the
wind speed decays when it bypasses the WT rotor (as
indicated by the black filled object in Fig. 2a). As can be
seen in Fig. 2a, the red lines indicate the shape of the wake
expansion while the blue area in Fig. 2b shows the effec-
tive wake area, which means that only the blue area of the
downstream WT is actually taken into account in the wind
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(a) Wind speed development in a wake
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(b) Partial wake

Fig. 2 Schematic representation of wind speed deficit
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speed deficit calculation process [51]. The mathematical
formulations are as follows [43]:

Vi:VO—Vo<1—M) (@)T%) (1)

R;
R, =Ry + kx (2)

where V,, and V; are the incoming wind speed and wind
speed at distance x along wind flowing direction in the
wake; C, is the thrust coefficient of the WT; S is the rotor
swept area; Spyeqp 15 the wake swept area; Ry and R, are
the rotor radius and the generated wake radius at distance
x along wind flowing direction; and k is the wake decay
constant. The recommended value of k is 0.04 for the
offshore environment [52].

Another popular wake model is the Larsen model which
defines the boundary conditions using the results of the
full-scale experiment. The mathematical formulations are
calculated as follows:

Vi= - %KZ (RR2C,x — 2)° (3)
2 -1 (35 i0 _1L
K = R} (3¢iCmRix) *— (ﬁ) (3ct) (4)

The wake swept area is expressed as:

2
35\ 2
Soveriap = n<%> (3c7)*(CnRGx)

where ¢ is a constant that is defined empirically; K is an
intermediate variable. Additionally, the multiple wake
effects are superposed using the linear sum for Larsen
model. There are other four widely used wake models
developed by Technical University of Denmark: Dynamic
Wake Meandering, Fuga, Ellipsys3D LES and RANS.

Wity

3.1.2 Wake combination

The wake speed deficit can incur the energy loss within
the wind farm, and this effect will be more severe in a large
wind farm with large numbers of WTs. Figure 3 shows two
examples of multiple wake effect [53]. If the WTs are
aligned as Fig. 3a, the calculation will be simpler com-
pared to Fig. 3b, since in Fig. 3b, the effective wake area
should be identified one by one.

Normally, the multiple wakes are calculated by using
the following four approaches [54]. Then the wind speed
deficit corresponding to multiple wakes can be formulated
as:

1) Geometric sum:
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(a) Several WTs in a line

(b) Scattered WT placement

Fig. 3 Schematic multiple wake model

Varl _ T Vit1 (6)

V() il Vi

2) Linear sum:
Vn+1 . Vit1
l———= 1—— 7
W2 () L

3) Energy balance:
Vi — Vﬁﬂ = Z (VLZ - Vi2+1) (8)

4) Quadratic sum:
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2 n 2
Vn+1 Vit+1
1-— = E 1-— 9
< VO) i—1 ( Vi ) ( )

where n is upstream turbines number; v, is the wind
speed at the calculated WT; v; and v;;; are the wake
velocities of wind turbine i and i+1, respectively. Refer-
ence [55] emphasizes the importance of wake combination
methods which are compared in four different offshore
wind farms. The result shows that the linear and quadratic
wake combination methods have the best results.

3.2 Wind farm control strategy

In general, the power of a single WT is calculated by its
power curve and the frequency distribution of the wind
speed at the hub height. The effect of other factors on the
wind farm power production, such as the wake effect, is
estimated by the approximation formula [56]. The advan-
tage of this method is that it is easy to calculate, but the
impact of the turbine control and wind farm control strat-
egy on power production is ignored.

It should be noticed that not all the energy from the wind
can be converted into electricity and transferred to the main
grid, and that this quantity is in part decided by the control
strategy. If the WT is controlled to generate the maximum
power at any wind speed, in other words, the WT is con-
trolled to catch its maximum power point, this control
strategy is called maximum power point tracking (MPPT)
strategy [57], which is widely used for WT control. Based
on this strategy, the power generated by each WT can be
calculated as [58]:

P = 0.50Cp ot (B, Zopt) IRGV? (10)

where p is air density; Ry is the rotor radius; and v is the
wind speed in hub position. The generated power P is
obtained by following the maximum power coefficient
C,,0pr» Which is dominated by two factors: pitch angle ff and
optimal tip speed ratio A,,. The MPPT can ensure the
maximum power to be obtained for each WT. However,
taking wake effect into consideration, the MPPT might not
be the optimal control strategy for the whole wind farm.

In recent years, many researches focus on maximizing
the power production of wind farm. The basic idea is to
reduce the impact of the wake by derating the upwind
turbines so as to maximize the total power production of
wind farm. This concept is named as active wake control
(AWC) in [59]. There are basically two methods: one is
pitch-based AWC; the other is yaw-based AWC. Pitch-
based AWC reduces the wake effect by adjusting the pitch
angle or decreasing the active power reference. Yaw-based
AWC controls the upwind turbine operating with rotor yaw
misalignment to divert its wake away from the downwind
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turbine [60]. Most of the research belongs to the former
method. Because an inappropriate yaw-based AWC will
lead to the increase of the loads. Reference [61] tried to get
a higher total power production compared with MPPT by
tuning the pitch angle of each WT. GA was adopted to find
the optimized pitch angels which contributed to a higher
power production. The methods were validated through a
simple array layout wind farm and the power production
estimation was accomplished by blade element momentum
(BEM) theory and eddy viscosity model (EVM). In the
meantime, a simultaneous optimization method of tip
speed ratio and blade pitch angle was specified in [62] and
validated using Horns Rev I wind farm layout. Similarly,
the pitch angle optimization for maximizing the overall
power production of the wind farm was done in [63] with a
simplified wake model. Recently, an optimized power
dispatch strategy for a scatter wind farm layout was pro-
posed with the purpose of minimizing the levelized pro-
duction cost [64]. Compared with [61-64] where meta-
heuristic optimization method was adopted to benefit the
objective function, a gradient-based optimization has been
reported in [65] to improve the power production of the
offshore wind farm.

3.3 Optimization of wind farm layout

As mentioned in the previous text, the estimation of
energy production of an offshore wind farm highly depends
on the wake model and control strategy. Though many
works [61-65] have presented the possibility of increasing
the energy yields of whole wind farm using new control
strategy, there is no evidence for its application in real
farms. Hence, the WFLOP is always done based on
assuming a MPPT control strategy. From (1) to (5), it can
be seen that the wake model is highly related to the relative
positions of WTs and the input wind speed. That explains
why the wind farm is selected to be constructed in a good
wind resource distribution zone, and why the wind farm
layout requires to be optimized.

At the beginning, the WTs within the wind farm are
designed to be distributionally well-regulated. Thus, the
dominant wind direction of the local area becomes an
important factor for WT placement [66]. It can be imagined
that the distance between WTs along prevailing wind
direction should be longer than the weak wind direction so
that the wake loss can be reduced. As stated in [67], the
proper distance between WTs in dominant wind direction
is 8 times rotor diameter (8D) to 12D, while in the direction
perpendicular to dominant wind direction, the distance
should be 3D to 5D [67]. In the initial stage, the placements
of WTs are based on this empirical conclusion. In practice,
the wind farm layout is usually designed manually. The
wind resource engineer will initialize some blueprints
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according to individual experience, and compare the
energy production of them using commercial software
before making the final decision. However, the positions of
WTs are actually not in the optimization procedure. A
mathematical derivation between WT positions and the
objective function (annual energy production or cost of
energy) should be specified so that a clear rule for wind
farm layout design can be further determined.

3.3.1 Grid model

In 1994, reference [68] proposed a method to minimize
the cost of energy for offshore wind farm using GA which
is the beginning of offshore WFLO. After that, several
works have been published using the optimized layout in
[68] as a benchmark [69-72]. By tuning the parameters of
GA, a better layout has been obtained in [69] and further
improved by Monte Carlo method [69]. Similarly, a binary
particle swarm optimization with time-varying acceleration
coefficients (BPSO-TVAC) algorithm to solve the WFLO
was presented and compared with five other heuristic
algorithms [71]. Also, using GA to solve the WFLOP was
presented in [72]. However, it adopted another wake model
instead of Jensen model to estimate wake losses, and the
final result was compared with commercial software
WindFarmer instead of benchmark [68]. A layout design
for a real offshore wind farm was addressed in [73] using
evolutionary computational approach. It should be noticed
that the final design is still with an array layout, though
many types of research have been done on making a
scattered WT placement. Hence, the same authors have
adopted coral reefs optimization method to make a better
design, which can generate more power production com-
pared with the layouts obtained by the evolutionary
approach, differential evolution and harmony search algo-
rithm [74]. A comparative study between GA and PSO in
solving WFLOP was done in [75] considering the irregular
boundary wind farms.

In addition to heuristic algorithms, mathematical pro-
gramming (quadratic integer program (QIP) and mix-inte-
ger linear program (MILP) in [76] while sequential
optimization in [77]) was also adopted to solve WFLOP.
The LP was adopted in [78] to optimize the positions of
WTs for the onshore case. The combined wake losses are
calculated by linear superposition of wind velocity deficit
incurred by each WT. This method was further developed
in [79] to solve the WFLOP for offshore case by using
MILP based heuristic algorithm. To increase the accuracy
of wake loss estimation, a CFD wake model was adopted in
[80] and used as the input of mixed input programming
(MIP) to solve the WFLOP. In [76-80], the wake model
was either linearized or modified to formulate a convex
optimization problem. However, the wake model itself is
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non-convex, while the modified model would give out a
larger error on energy production estimation. Thus, refer-
ence [81] suggested to combined the heuristic method with
the mathematical programming to solve the WFLOP. In
[81], the initial solutions were generated by the heuristic
method, and a nonlinear solver was implemented for
searching the local optimum. It was proved that the final
solution holds the Karush-Kuhn-Tucker optimality
conditions.

3.3.2 Coordinate model

In the above papers, the micro-siting of the offshore
wind farm was done by separating the construction area
into a number of grids, which simplified the problem and
thus reduced the computational cost. The number of pos-
sible solutions of wind farm layout can be expressed as
follows [82]:

_ Ncell!
Nwr!(Neen! — Nwr!)

(11)

s

where N; indicates the overall possible solutions; Ny and
N,y are the totally number of WTs to be installed and total
number of areas that the studied area has been divided into,
respectively. By using the grid model, the complexity of
WEFLO can be simplified. However, some potential solu-
tions will certainly be neglected. In order to get a more
cost-effective wind farm layout, some works solve the
WFLOP using the coordinate form to represent the position
of WT [83-93], which is the so-called coordinate model.
The two models are commonly used for wind turbine
micro-siting optimization. Under the constraint that the
distance between each pair of WTs should be larger than
4D, an evolutionary algorithm was used in [83] to find the
coordinate of WTs within a circular boundary profile wind
farm. Compared with [83], the ant colony algorithm was
proved to be more outstanding by getting a layout which
can produce more power in [84]. Two advanced PSO
techniques (Gaussian PSO algorithm in [85] and mixed-
discrete particle swarm optimization (MDPSO) algorithm
in [86]) were also implemented to solve the WFLOP. GA
was again used to get an optimized layout in [87, 88].
However, the proposed optimization model considered
more practical aspects as load-bearing capacity, WT hub
height, seabed condition and restricted area on sea were in
[87], while a scattered layout was proved to be with the
best performance in terms of LCOE within three common
layouts: aligned, staggered, scattered in [88], where an
offshore wind farm in Hong Kong was selected as the study
case. Based on the Jensen model, a continuous wake model
was proposed in [89] to formulate the wind farm power
function and calibrated using CFD simulation data.
Moreover, the optimized layout was found by sequential
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convex programming, which was demonstrated to be effi-
cient enough to tackle the large offshore wind farm opti-
mization problem with a large number of WTs. Using
Horns Rev I as the benchmark which was the same as [89],
reference [90] used a random search (RS) algorithm to get
the optimized layout. Due to the non-convex characteristic
of WFLO, no evidence shows that the existing work can
ensure the optimality. Hence, researchers took efforts in
improving the optimization algorithm to get a near optimal
solution which can benefit the wind farm owner more. In
[81], a combined optimization method was introduced
using the heuristic method to set an initial layout, and the
local optimal solution under each initial layout was
obtained using nonlinear mathematical programming
techniques. A comparative study in terms of layout model
(grid model and coordinate model) and cost model (model
in [68] and Chen’s model in [92]) was done in [91] using
GA. Recently, a WFLO has been done in [93] considering
the forbidden area offshore due to the gas pipe, oil well,
etc.

4 Optimization of electrical system for offshore
wind farm

For offshore wind farms, many expensive components
should be used, which reduce the proportion of WT
investment, while the array cable cost is enhanced up to 9%
[1]. Due to the development of offshore wind energy
technology, the offshore WTs become bigger and bigger,
which requires a larger sea area for minimizing the wake
effect. On the other side, the offshore wind farm is moving
further to the sea. Both factors indicate that a large number
of submarine cables and electrical components would be
needed so that the power extracted from the wind can be
effectively transferred to the grid. The present optimization
work for the offshore wind farm electrical system can be
categorized into three parts: the algorithm development and
application for cable connection scheme design, the com-
binatory optimization of offshore wind farm electrical
system, as well as the determination of OS in terms of
quantity and location.

4.1 Electrical system optimization with given WT
positions

Reference [4] on a comparative study of the wind farm
electrical system is the initial work related to wind farm
electrical system design. Similar comparisons have also
been done in [5, 22]. Some typical AC and DC wind farm
topologies were compared and investigated in terms of
power losses, cost as well as reliability in [5], while dif-
ferent collection system designs for the offshore wind farm
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were analyzed and compared in [22]. The above works
concerned about the best electrical system design for off-
shore wind farm within a limited selection, and no opti-
mization method was applied, whereas there are many
factors that can have an impact on the performance of
offshore wind farm as voltage level, electrical equipment
type, cable connection layout, etc. If the input database is
so big that the traditional ergodic method will make the
computer out of memory, then some optimization method
should be considered to reduce the computational cost and
increase the computational efficiency. By thinking of
solving the problem efficiently, references [6, 7] presented
a heuristic optimization method which can help get an
optimized offshore wind farm electrical system with lower
cost and higher reliability [23]. However, the optimization
is actually done based on the selection of electrical
equipment regarding voltage level and type, and the cable
connection scheme is decided based on several typical
schemes (string clustering, star clustering, with or without
redundancy). It should be noticed that the cable connection
layout in [4-7, 20-23] is selected from a variety of
empirically designed layouts. If the cable connection lay-
out can be designed using some specific and suitable algo-
rithm, the cost of the whole electrical system can be
expected to be further reduced.

From the practical point of view, the cable connection
scheme should concern two aspects: no crossed layout
should be permitted, and the current in each cable under
full load condition should not exceed the current carrying
capability of responding cable. Some classical mathemat-
ical problem has been introduced to solve the cable con-
nection layout optimization problem (CCLOP), such as
minimum spanning tree (MST) problem [34], travelling
salesman problem (TSP) [35], and open vehicle routing
problem (OVRP) [36]. The cable connection layout was
optimized based on the concept of MST in
[8, 10, 15, 19, 24, 25]. Reference [8] presented an overall
work on the topic of offshore wind farm electrical system
optimization, which took voltage level and -electrical
equipment type selection, OS determination regarding
locations and quantity, as well as collection system cable
connection layout design into consideration. The fuzzy c-
means (FCM) clustering algorithm was adopted to decide
the number of WT groups and in each group the OS will be
centrally located. The cable connection layout was derived
by using the concept of MST and the large wind farm was
partitioned via FCM method [9]. A capacitated MST was
introduced in [25] to help find the cable connection layout
using mixed integer linear programming method, while
MST was applied in [8] to connect WTs in each WT group
which was decided by k-clustering algorithm with the
radial angle criterion. Moreover, local search method was
used to find some alternative layouts by which a better
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layout with lower cost was also found. Considering the
seabed condition, some sea area will not be suitable or
costly to lay cables. This problem was described and solved
by a convex hull based bypassing algorithm combined with
the MST algorithm in [24], while MST was modified by
introducing external splice locations in [10]. The same
authors [10] also proposed a quality threshold clustering
algorithm to solve the same problem [13]. The CCLOP was
formulated as a well-known OVRP with unit demands in
[20] and solved by Clarke and Wright savings heuristic
algorithm. However, only one cable is permitted to connect
a turbine, a condition that is not imposed in the real-world
cases. Similarly, the cable connection layout can also be
optimized by TSP [11, 12]. In [11], the GA was adopted to
optimize the layout considering the cable capital cost and
power losses. The simulation results showed that the
branched layout was superior to their radial counterpart. It
should be noticed that the CCLOP is non-convex, which
means the deterministic method can help find a better
layout compared with manual design. Hence, some authors
tried to use the heuristic algorithm as GA or PSO
[10, 12, 15, 16] to make a better design. The cable con-
nection layout of a 4-substation offshore wind farm was
optimized with GA in [17] and was treated as the bench-
mark to be compared within [12]. Though some improve-
ments for reducing cost were obtained by the layout
proposed in [12], some crossed cables which contribute to a
higher cost are not taken into account. PSO was firstly
introduced to solve CCLOP in [16] where the proposed
heuristic method was proved to be outperformed by a
deterministic algorithm (MST) by finding a layout with a
lower cost.

The OS is usually located near the shore or in the center
of the offshore wind farm. The impact of the OS location
was not introduced until the presentation of [14]. In [14],
the benefit of centrally located OS was analyzed from a
practical point of view. Later, the real OS location opti-
mization was done by making the best decision from a
series of given positions in [18]. Reference [15] specified
the significant impact of OS location on the cost of offshore
wind farm cable connection layout optimization, which
permitted more free areas for OS. In addition to the
heuristic algorithm, deterministic optimization method,
such as linear programming [18], was also adopted to solve
CCLOP. In [25], the OS location was optimized using k-
means++ clustering method. The CCLOP was solved
using an MILP formulation. However, the OS location and
the cable connection layout were optimized separately and
only one type of cable was considered. In [19], FCM
method was adopted to cluster the wind turbines into
groups. The cable connection layout, voltage level, elec-
trical equipment type, and OS location were all taken into
account. However, the power losses were within the
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objective function. Compared to [25], different cable types,
voltage constraints, and power losses were considered in
[26-28]. The priority of [28] over [26, 27] is that the OS
location was optimized using PSO-FCM, while the CCLOP
was formulated as a mixed integer non-linear programming
(MINLP) problem and transformed into MILP problem
through Bender’s decomposition algorithm. In [29-31], the
same author presented a new MILP formulation model
which solved the CCLOP by considering technical con-
straints, OS location, cable types and obstacles within the
wind farm. It should be noticed that a new transformer
module was considered in [31] as an alternative solution to
collect wind power instead of OS, and optimized together
with the cable connection layout. Besides, some recent
works [32, 33] considered CCLOP using ring structure to
reduce the losses due to expected energy not supply
(EENS) during the lifetime [32] as well as the failure rate
and mean time to repair (MTTR) of cables [33].

4.2 Co-optimization for offshore wind farm

The works introduced in Section 3 show more interests
in harvesting the offshore wind farm without considering
the investment on the electrical system, while the CCLOP
was solved by the methods proposed in Section 3 with a
predefined wind farm layout. It could be imagined that if
two aspects of optimization work can be combined and
solved simultaneously, a better wind farm design could be
decided. The overall optimization in terms of WT positions
as well as the cable connection layout was conducted in
[94] to make reach the target of a cost-effective wind farm.
However, the highlighted innovation was not well
demonstrated through the case study. The wind farm layout
was optimized using a grid model, while the optimized
cable connection layout was obviously crossed. Recently, a
combined optimization for the offshore wind farm was
presented in [95] which made some progress in optimizing
the WT position using coordinate-based model, and the
uncrossed cable connection layout was also considered.
From the simulation results [95], it can be seen that the
simultaneous optimization for the offshore wind farm
outperforms the traditional way (which optimizes the WT
position first and design the cable connection layout based
on this layout) of finding a lower LCOE.

5 Conclusion

The offshore wind farm increasingly attracts worldwide
attention due to its contributions in reducing carbon
emission as well as the potential value of higher energy
production efficiency. In this paper, a review work has
been done based on earlier works related to the WT micro-
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siting and electrical system optimization of the offshore
wind farm. Generally, most of the recently published works
for WT micro-siting have been done based on a coordinate
model, which has been demonstrated to be a better model
than the grid model. The reason is that a coordinate model
allows the WTs to move within a continuous domain which
provides more potential solutions. As mentioned previ-
ously, the wind farm layout design is an NP-hard opti-
mization problem. Thus, most of the works were presented
by implementing a heuristic algorithm as GA, PSO, etc.,
while a new trend of adopting gradient-based or hybrid
optimization technology for wind farm layout design
appears. On the other hand, the method of solving CCLOP
has been updated from merely deterministic algorithms or
heuristic algorithms to hybrid methods, ending up with a
better layout with lower cost.

Based on a literature study, some potential future
research fields can be concluded as follows:

1) Most of the papers present the works considering
optimizing the electrical system topology solo, while
these two factors are actually co-related which should
be considered at the same time in wind farm planning
phase so that an overall cost-effective wind farm could
be found. However, the wind turbine micro-siting and
electrical system design usually belong to the different
sections or teams in the same company. Great efforts
should be put on the data exchange, and a new
management system may be needed to ensure the good
collaboration between different sections.

2) Fatigue load is the change observed in a material under
the influence of stress generated during cyclic loading.
It causes the reduction of wind farm lifetime due to the
wake turbulence. If closer spacing is arranged between
a pair of WTs, the fatigue load will increase. In
contrary to that, the larger distance will result in a
smaller fatigue load. This problem is never addressed
in any existing WFLO paper. Analytical models are
needed to estimate the fatigue load of the whole wind
farm, and it would be interesting to consider its impact
on the economic performance of the final layout which
could contribute to the further reduction of LCOE.

3) Reliability is an important factor for the performance
of offshore wind farm. Since the O&M is very
expensive and time-consuming for an offshore wind
farm, it would be nice to have a safe electrical system.
However, more reliability always responds to more
investment. Hence, the electrical system design should
concern about both aspects and find the trade-off
according to the practical requirements. From the
engineering point of view, the electrical engineers
expect more than one feeder to collect the energy
generated by the WTs. However, according to the real
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operation experience, the faults usually come from the
electronic devices and control system while the cable
is relatively reliable for the offshore case. Though
some works have addressed reliability problem in
wind farm design [4, 7], the quantitative relations
between reliability and economy of cable connection
layout has not been well addressed. Based on the
historical O&M data, it would be interesting to include
the reliability issue in the large-scale offshore wind
farm optimization so that a better design can be
proposed which contributes to the reduction of LCOE.

4) Heuristic algorithm and mathematical programming
method are both applicable in solving the CCLOP. For
wind farm with a limited number of WTs, mathemat-
ical programming method has its unique advantages as
fast convergence and robustness. However, the devel-
opment of offshore wind farm is towards large
capacity with more than 100 WTs. In such a case,
the heuristic algorithm will show its advantage since it
can get a new optimal solution faster, and high-
performance computing technology can be easily
adopted to further increase the computational speed.
It could be a breakthrough if a hybrid method can be
proposed for solving the CCLOP of the future offshore
wind farm.

The literature study is focusing on the optimization work
of an offshore wind farm. It can be imagined that there is a
great similarity between the offshore and onshore wind
farm optimization. The present algorithm and methodolo-
gies can be applied to onshore wind farm optimization if
the following problems can be resolved.

1) The terrain condition for the onshore case is much
more complex. The onshore wind turbines can be
installed in plain, mountainous region or forest, which
makes the present wake model inapplicable. More
accurate models are required to estimate the wake
losses accurately.

2) For an onshore wind farm, the overhead line is widely
used. For the sake of the possibility of overhead line T
connection, there will be more solutions for the
onshore wind farm electrical system layout optimiza-
tion. In addition, the design of construction road and
forbidden area for installation should also be consid-
ered, along with the overhead line routine optimization
work which is another challenge for using the present
optimization method. The well-known minimum
Steiner tree problem can be introduced to help
optimize the layout. However, new models and
algorithm should be applied to tackle this problem
and help find an optimal solution.
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