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A B S T R A C T   

This paper presents an adapted particle swarm optimization model for the electrical layout planning of floating 
offshore wind farms (FOWFs). A comprehensive model is considered by taking into account the entire wind 
turbine connection possibilities as well as stochastic wind speed and wind direction and the computation of the 
wake effect within the wind farm. Furthermore, dynamic power cables used for the connection of floating 
offshore wind turbines are considered as well as their respective acquisition and installation costs. The reliability 
assessment of the electrical components and the influence on the energy generation are also taken into account. 
The developed optimization model is validated in this paper at first against a reference model developed by 
Banzo et al. Then the model is applied on a 500 MW FOWF case. The optimized collection grid results in a 
decrease of 4.5% of the total costs and a reduction of the energy losses by 6.4% compared to the existing layout of 
the FOWF. Finally, the use of either solely dynamic power cables or a combination of static and dynamic cables is 
studied. The findings show that for this particular case the use of solely dynamic power cables is favorable due to 
the avoidance of cost-intensive submarine joints and additional installation activities.   

1. Introduction 

The increasing demand for clean energy to reduce carbon emissions 
and reach defined energy targets based on renewable energy sources has 
been one of the key drivers of the formation and rapid growth of the 
offshore wind industry in Europe. As the wind speeds tend to be faster 
and steadier offshore, wind farms at sea can reach higher capacity fac-
tors compared to their onshore counterparts. Furthermore, fewer re-
strictions regarding land use, visual impact, and noise favors the 
application of this technology [1]. It is expected that the offshore wind 
industry will continue growing and expand worldwide [2]. However, 
most of today‘s offshore wind farms use bottom-fixed foundations that 
limit their feasible application to shallow water depths. Floating sub-
structures for offshore wind turbines are a suitable solution to harness 
the full potential of offshore wind as they have less constraints to water 
depths and soil conditions and can be applied from shallow to deep 
waters [3]. 

It is estimated that 80% of all the offshore wind resource in Europe is 
located in water depths greater than 60 m. Moreover, floating offshore 
wind turbines (FOWTs) allow countries such as Japan, Spain, Portugal 
and Norway that lack of shallow water sites to construct offshore wind 

farms and enter the offshore wind market [4]. Recently, WindEurope 
has outlined in its policy blueprint [5] the large potential of floating 
offshore wind and the ability to reach a levelized cost of energy of about 
40€/MWh to 60€/MWh for commercial floating offshore wind farms 
(FOWFs) by 2030. However, this is only achievable by significant cost 
reductions along the whole supply chain. 

The cost of the electrical system of bottom-fixed offshore wind farms 
(BOWFs) can take up to 15% to 30% of the total investment in which the 
cost of cables takes a large portion [6]. For FOWFs the costs might be 
even higher since new technologies and installations procedures are 
applied. For instance, dynamic power cables are used that include 
additional buoyancy components and joints. Furthermore, floating 
substations are needed, which represent a crucial component of the 
electrical system. Besides that, commercial scale FOWFs will likely 
include wind turbines with power ratings ranging from 6 MW to 10 MW 
or more, which require dynamic power cables with higher voltage 
levels. Hence, it is desirable to optimize the electrical layout to obtain 
the most cost-effective solution. The offshore substation location and the 
export cable are also considered. The electrical layout impacts both the 
energy yield and the costs. The energy yield of the wind farm takes into 
account the energy generation by each wind turbine and the losses 
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appearing in the power cables. The energy generation is based on the 
wind speed available at the location and is impacted by the wake effect 
occurring within the wind farm. The costs are a function of the cable 
length and the configuration as well as the installation procedure [7]. 

The optimization methods applied in literature to this kind of 
problem can be classified in deterministic and metaheuristic methods. 
Mixed integer programming, as a classic deterministic optimization 
method, has been used in [8–16]. A common approach for deterministic 
methods is to solve the cable routing optimization problem as a mini-
mum spanning tree. However, it has been found that the computational 
time increases significantly with the amount of turbines. The problem 
becomes essentially complex to unsolvable as more turbines and, 
therefore, potential connections are added [7]. Besides that, as the 
power loss calculation is based on a nonlinear equation of the current 
flowing in the cable, the problem becomes more difficult to solve by, for 
instance, a mixed integer linear programming method [17]. Power los-
ses have been included in [12–14], however, in order to solve the 
problem for a larger wind farm constraints have been added to reduce 
the complexity of problem. For instance, in [14] the amount of possible 
cables entering a turbine has been reduced to one and in [12] the 
connection is restricted to the subsequent turbine in a row. Moreover, 
the stochastic characteristics of wind speed and direction are not taken 
into account in [12]. Due to the complexity, a number of studies have 
investigated the use of heuristic methods [18–22] or a combination 
[7,17,23,24]. The authors have opted to a model that may not find a 
proven optimal solution but a feasible one in a reasonable time with less 
constraints [7]. 

In [19] a genetic algorithm (GA) has been used to optimize the 
electrical system of an offshore wind farm considering the capital cost of 
the cables, energy production and reliability of system components due 
to failures. However, three predefined collection grid layouts have been 
considered to reduce the complexity and the wake effect is not taken into 
account. In [18] a particle swarm optimization (PSO) model has been 
applied as well as a single wake model considered. However, the fluc-
tuations in wind speed and wind direction have not been taken into 
account as well as no installation cost and reliability. In [25] an adaptive 
PSO algorithm has been applied that addresses the stochastic charac-
teristics of wind speed and direction. PSO possesses many similarities 
with evolutionary optimization methods such as GA but differs in the 
optimization algorithm, which is based on swarm intelligence. The 
implementation of PSO tends to be simpler with less parameters to 
adjust [26]. Investigations have also been performed on the joint opti-
mization of both cable layout and wind turbine positions as for instance 
in [27,28] by applying either a mixed integer particle swarm optimi-
zation algorithm or a multi-objective random search. 

The previous work has addressed mainly the optimization of the 
electrical layout of BOWFs. The objective of this paper is to solve the 

electrical layout problem of a FOWF by applying an adapted particle 
swarm optimization model. The complexity is increased by considering 
the stochasticity of wind speed and wind direction and taking into ac-
count the entire wind turbine connection possibilities. Besides that, a 
comprehensive wake model is included. Furthermore, dynamic power 
cables used for the connection of FOWTs are considered as well as their 
respective acquisition and installation costs. The reliability assessment 
of the electrical components and the influence on the energy generation 
are also taken into account. The paper is organized as follows. Section 2 
presents the models considered for the FOWF. The developed optimi-
zation algorithm is described in Section 3 and the optimization function 
is defined in Section 4. The application cases of the model are presented 
in Section 5 and the conclusions of the paper are provided in Section 6. 

2. Floating offshore wind farm model 

In this section, the FOWF model is described including the electrical 
system, wake effect model and the computation of the energy losses in 
the power cables. Furthermore, the reliability assessment due to failures 
is outlined. 

2.1. Electrical system 

The electrical system of an offshore wind farm includes the inter- 
array cables, offshore substation and the export cable as illustrated in 
Fig. 1. Inter-array cables are used to connect the FOWTs and to transmit 
the generated energy to the offshore substation. They are typically three- 
core copper conductors with steel wire armored and insolation compo-
nents. The nominal operating voltage of the inter-array cable system of 
current offshore wind farms is typically 33 kV. However, with the 
development of larger wind turbines with higher power ratings, higher 
voltage levels are required such as 66 kV [29]. The offshore substation is 
equipped with a transformer to increase the medium voltage of the 
collection grid to high voltage in order to reduce losses during trans-
mission to the shore. In a floating offshore wind farm the topside of the 
substation is also mounted on a floating substructure. The export cable 
transmits the collected energy from the offshore to the onshore sub-
station and may operate with HVAC or HVDC technology depending on 
the distance and power rating of the wind farm [29]. While power cables 
for BOWFs are buried under the seabed and connected to the structure 
by a J-tube or J-tubeless interface, the cables for FOWTs have a dynamic 
section that moves with the floating substructure [30]. 

The dynamic cable requires a high level of flexibility and mechanical 
strength in order to withstand the combined impacts of waves, currents, 
seabed interactions and floater motions [29]. Potential configurations of 
dynamic cables can be derived from offshore risers used in the oil and 
gas industry and include, e.g. lazy wave, steep wave, lazy S among 

Fig. 1. Electrical system of a floating offshore wind farm.  
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others [31]. The lazy wave has been the preferred configuration in 
demonstration projects such as Hywind Scotland [32] and Fukushima 
[33] and is shown in Fig. 1. 

The lazy wave configuration applies buoyancy modules to reduce the 
load on the cable by providing mid-water suspension. In this way, the 
substructure motion is decoupled from the cable touchdown at the 
seabed and the dynamic responses and tension of the cable are reduced 
[29]. A single dynamic cable can be used for a FOWT connection or a 
combination of static and dynamic cables. Static cables are lower priced, 
but a submarine joint is required to connect both cable types. Section 5.3 
of this paper analyzes and compares the two connection options. The 
optimization of the electrical layout of FOWTs gains additional impor-
tance because the length of a power cable is increased due to the dy-
namic cable section, spatial requirements of the mooring system and the 
offset of the floating substructure. For bottom-fixed wind turbines a 
common approach in literature is to simply calculate the geometric 
distance between wind turbines without considering the water depth 
[12,18,34]. The length of the power cable used for the connection of 
FOWTs can be obtained by the following equation, which is based on a 
collaboration with the floating wind industry. 

Lcable = 1.05*DFOWTs + 2*(Ldynamic − Dx), (1)  

where DFOWTs is the distance between FOWTs, Ldynamic represents the 
length of the dynamic cable section and Dx accounts for the horizontal 
distance from the substructure to the touchdown point at the seabed. 
The equation considers a 5% increase of the static part of the cable to 
allow for routing around the mooring system anchors, as based on dis-
cussion with the industry. For the sack of clarity, the variables are 
illustrated in Fig. 2. 

The length of the dynamic cable part can be determined by a seg-
mentation into three catenary lines and calculating the arc length of 
each catenary assuming the curvature as a hyperbolic cosine function. 
The numerical modeling of deep sea risers has been widely discussed in 
marine engineering literature. For the computation of the lazy wave 
catenary riser length one may refer to [35]. 

2.2. Wake model 

A comprehensive wake model has been included in the optimization 
model to calculate the wind speed for the power generation calculation 
at each FOWT. The model considers single, partial and multiple wake 
effects among turbines. Besides that, it takes into account the wind di-
rection of the free-stream wind speed. It is based on the wake concept 
developed by Jensen [36]. Furthermore, the global momentum conser-
vation in the wake downstream of the wind turbine is considered as well 
as a linear expansion of the wake downstream. However, turbulent 
behavior caused by wakes is neglected. A detailed description of the 

model is provided in [37,38]. 

2.3. Energy loss computation 

The power generated by a wind turbine can be calculated as follows 

Pgen =
1
2
ρaArotorCp(vwind)v3

wind, (2)  

where Arotor accounts for the rotor swept area and ρa for the density of 
air. Cp is the power coefficient and vwind represents the wind speed at hub 
height. The power loss in any power cable of the FOWF can be deter-
mined by 

Ploss = 3
(

Pgen + Ptrans
̅̅̅
3

√
*U

)2

*Rcable*Lcable, (3)  

where Pgen is the power generated by the FOWT from which the cables 
exists. Ptrans represents the power that has been transmitted to this FOWT 
from other wind turbines. U is the voltage applied, for example, medium 
voltage for inter-array cables and high voltage for the export cable. The 
resistance of the power cable is represented by Rcable and Lcable defines 
the length of the cable. The energy loss can, finally, be obtained by 

Eloss =
∑vout

vwind=vin

∑360∘

α=0∘

Ploss*Hws*Hwd*T, (4)  

where vin and vout are the cut-in and cut-out wind speed, respectively. T is 
the expected lifetime of the FOWF. Wind speed and wind direction are 
included as stochastic variables. The occurrence probabilities of wind 
speed and wind direction are defined by Hws and Hwd, respectively. The 
total energy losses are obtained as the sum of energy losses according to 
different wind speeds and wind directions (α). 

2.4. Reliability assessment 

Certain components of the electrical infrastructure of an offshore 
wind farm may fail and interrupt partially or completely the energy 
generation. These unexpected losses due to unforeseen equipment fail-
ures are very important in offshore wind farms since severe weather 
conditions can lead to a long downtime for maintenance and implying 
significant undesired associated costs [38]. The resulting energy losses 
are defined as expected energy not supplied (EENS) and the calculation 
of these losses is based on reliability multi-state models as explained in 
detail in [39]. The models consider that each component has several 
states of service with a respective probability of occurrence. In this 
study, the reliability assessment is carried out for the inter-array cables 
connecting to the offshore substation, the export cable as well as the 
transformers in the offshore substation. The states of service are avail-
able and unavailable. Furthermore, the N-1 criterion is considered, 
which defines that at most one component can be unavailable at a time 
[12]. The probability of being available A is given by 

A =
MTBF

MTBF + MTTR
=

1
1 + λ*MTTR

=
μ

μ + λ
(5)  

where MTBF is the mean time between failure and MTTR represents the 
mean time to repair with MTBF=λ− 1 and MTTR=μ− 1. The failure rate of 
a component is defined by λ and the repair rate is μ [39,40]. Conse-
quently, the unavailability probability U is expressed as U = 1-A and the 
EENS can be obtained as 

EENS =
∑n

k=1
Pcons

k *Uk*T, (6)  

where Pcons
k is the power constrained or not delivered in the electrical 

component k (i.e., power cable or substation transformer) due to a 
failure. The number of electrical components is defined by n [38]. 

Fig. 2. Power cable length illustration.  
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Likewise the calculation of EENS considers the unavailability, the 
computation of the energy losses takes into account the availability of 
the components. 

3. Numerical optimization model 

3.1. Particle swarm optimization algorithm 

PSO is a population-based metaheuristic optimization algorithm that 
was chosen due to its simplicity and high computational efficiency in 
solving non-linear complex problems [23]. In PSO, a possible solution is 
defined as a particle and is randomly initialized at the beginning. Each 
particle has its own position vector xj = (xj1, xj2,…, xjd) and velocity 
vector vj = (vj1,vj2, ..,vjd), where j refers to the number of particles and 
d to the amount of dimensions [41]. A set of particles is called popula-
tion and moves around in a multi-dimensional search space. The velocity 
and position of the particles are updated every iteration k according to 
Eqs. 7 and 8 in order to move the particles through the search space to 
find new and better solutions. Similar to how a bird of a swarm recon-
figures its behavior based on its own experience and the experience of 
the rest of the birds, each particle updates its position based on its 
personal best solution Pbest found so far, the global best solution Gbest 
found by all particles and according to its velocity of the subsequent 
iteration vk+1

j [41]. 

vk+1
j = wk*vk

j + c1*r1*(Pbestk
j − xk

j )+ c2*r2*(Gbestk
j − xk

j ) (7)  

xk+1
j = xk

j + vk+1
j (8)  

wk represents the inertia weight. c1 and c2 are positive constants with the 
value 2 and r1 and r2 are randomly distributed numbers in the range 
[0,1] [42]. The first term of Eq. 7 is called inertia and ensures that the 
particle moves in its path and does not change too abruptly. The second 
represents the memory of a particle and ensures that it moves towards its 
personal best solution (Pbest). The last term includes the cooperation 

and attracts the particle to a global best solution (Gbest), which is the one 
found by all particles [41]. The inertia weight changes with the itera-
tions and can be determined as follows 

wk = wmax −
wmax − wmin

kmax
*k, (9)  

where wmax and wmin are the maximum and minimum inertia coefficients 
and kmax represents the maximum number of iterations [43]. The PSO 
algorithm updates within an iteration loop the particles position, ve-
locity and Pbest as well as Gbest until convergence is obtained or a 
maximum number of iterations is reached [34]. 

3.2. Model implementation 

The optimization model, based on PSO theory, has been imple-
mented using MATLAB programming language and has been adapted in 
order to solve the collection grid optimization problem of this paper. The 
algorithm is illustrated in Fig. 4. The developed PSO model initializes 
with the definition of the main parameters and information about the 
wind farm layout such as the location of the wind turbines. Afterwards, 
an initial population is created consisting of particles with a three- 
dimensional position matrix. 

x(a, 4, b), a ∈ {1, 2,…,Nwt}, b ∈ {1, 2,…, j}, (10)  

where Nwt is the number of FOWTs and j the number of particles. The 
particles represent potential solutions, which have been created initially 
based on an iterative and stochastic process. For a particle the connec-
tion of wind turbines is determined by the distance between turbines 
and an associated probability distribution. This means for a specific 
turbine the probability of connecting to another wind turbine in the 
vicinity is higher than to a distant one. The allocation of the wind tur-
bine connections is realized by using the MATLAB function Randsample. 
The sampling weights of the function considers the connection proba-
bilities based on the distance between turbines. 

In the second dimension of the position matrix four types of essential 
information are saved, namely the number of the turbine from which the 
power cable leaves, the number of the turbine or substation to which the 
cable is being connected, the type of cable used for a connection and the 
maximal power transmitted. The maximal power transmitted refers to 
the power at the inlet of the cable, which includes the rated power of the 
wind turbine plus the rated power transmitted to that wind turbine from 
previous connections. For the sake of clarity, Table 1 represents the 
matrix solution for a possible cabling connection for the wind farm 
illustrated in Fig. 3. 

Fig. 3. Wind farm connection example.  

Table 1 
Exemplary illustration of a matrix solution.  

Turbine out Turbine/OSS in Cable type Maximal power (MW) 

1 2 1 3 
2 5 2 6 
3 4 1 3 
4 5 2 6  
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After the initialization, each particle is checked if it provides a 
feasible solution to the problem by complying with a set of pre-defined 
constraints. In case a particle does not comply with a specific constraint, 
the model reallocates the connection of the FOWTs until the constraint is 
satisfied. The constraints presented in Section 4.2 are included in the 
optimization model. When the feasibility of all particles is ensured, the 
population is searched for the best solution. This can be mathematically 
described by the minimization of a function, called objective function. 
This subroutine computes the costs of each particle’s solution and de-
termines the one with the lowest total cost, which is then proposed as the 
initial Pbest and Gbest. In the next step, the PSO algorithm updates the 
position and velocity of all particles according to Eqs. 7 and 8 and enters 
into a loop until a maximum number of iterations is reached. At each 
iteration the feasibility of the particles is checked as well as Pbest and 
Gbest updated by using the objective function. 

4. Problem statement 

4.1. Objective problem 

The objective is to minimize the cost of the electrical layout 
considering the cost of acquisition Cacquisition, the installation cost Cin-

stallation as well as the costs associated to the energy losses in the cables 
Closs and the cost of EENS CEENS as shown in Fig. 4. 

The objective of this optimization problem can be stated for a single 
particle as follows. 

min(Cacquisition +Cinstallation +Closs +CEENS) (11) 

The acquisition cost takes into account the initial investment cost for 
the inter-array and export power cables as well as the transformer in the 
offshore substation. Furthermore, amortization is included considering 
the expected lifetime T of the FOWF as described by the following 
equation.  

Fig. 4. PSO algorithm applied.  

Cacquisition =

(
∑Niac

1
(Ciac*Liac + Caux) +

∑Nexc

1
(Cexc*Lexc + Caux) +

∑Nt

1
Ct

)

*
(

T
i(1 + i)T

(1 + i)T
− 1

)

(12)   

M. Lerch et al.                                                                                                                                                                                                                                   



International Journal of Electrical Power and Energy Systems 131 (2021) 107128

6

where Ciac represents the cost per meter of the inter-array cables and Liac 
the length of the cables used to connect between the FOWTs and the 
offshore substation. Likewise, Cexc defines the cost of the export cable 
and Lexc the length of the export cable. The dynamic power cable re-
quires auxiliary equipment such as buoyancies, bend stiffners and con-
nectors, which cost is taken into account by Caux. The cost of the 
transformer is given by Ct. The number of inter-array, export cables and 
transformers are defined by Niac, Nexc and Nt, respectively. The interest 
rate used for the calculation of the amortization is defined by i. The 
installation cost includes the cost for installing the power cables and is 
obtained as 

Cinstallation=

(
(∑Niac

1
Liac+

∑Nexc

1
Lexc)*Cvessel*rinstal+CMob/Demob

)

*
(

T
i(1+i)T

(1+i)T
− 1

)

,

(13)  

where Cvessel is the day rate of the cable laying vessel and rinstal represents 
the installation rate in days per meter. The mobilization and demobili-
zation costs of the vessel are defined by a single fixed rate CMob/Demob. 

The cost associated to the energy losses in the cables can be deter-
mined by 

Closs = (
∑Niac

1
Elossiac +

∑Nexc

1
Elossexc)*Cenergy, (14)  

where Elossiac and Elossexc are the energy losses in the inter-array and 
export cables, respectively. Niac and Nexc are the number of inter-array 
and export cables. The total cost of energy losses is obtained as the 
sum of energy losses multiplied by the cost per unit of energy Cenergy. 
The cost of EENS can be obtained as follows 

CEENS = T
∑n

k=1
Pcons

k *Uk*Cenergy. (15)  

4.2. Constraints 

The optimization model includes several constraints that have to be 
satisfied by all particles in order to count as a suitable solution.  

• The energy leaving a turbine must be supported by a single cable.  
• A maximum of one cable can be placed between two turbines.  
• The crossing of power cables is not allowed. For more information on 

cable crossing and implementation solutions one may refer to [44].  
• The building of a ring connection is not allowed. A ring is a 

connection between several FOWTs that does not end in a connection 
to the offshore substation.  

• The power transmitted by a cable cannot exceed the capacity of the 
installed cable. 

5. Application 

5.1. Validation case 

At first, the developed optimization model is validated against an 
existing model used in [12]. The electrical layout of the Barrow BOWF is 
optimized in [12] by the use of a mixed integer quadratic constraint 
programming (MIQCP) method. Several constraints and restrictions 
have been included in order to reduce the complexity of the problem. 
However, these constraints cause the solution to be less realistic. For 
instance, cable crossing is allowed, which is not recommended in 
practice due to potential cable damages [17]. Furthermore, wake effect 
as well as wind direction are not considered and the range of wind 
speeds is reduced to 5 scenarios with corresponding power generations. 
Besides that, the wind turbine connection possibilities have been 
restricted to the adjacent wind turbine of its row and no installation 
costs are taken into account. In order to validate and compare the 
developed PSO model, a simplified version is created containing the 
before mentioned constraints. At first, the simplified model is used to 
solve the optimization problem and the results are compared with the 
reference. Then, the full PSO model is applied to search for a more 
realistic solution. The Barrow BOWF consists of 30 wind turbines with 
each having a rated capacity of 3 MW. The collection grid is operated at 
33 kV and the export cable transmits the energy at 132 kV. Two possible 
locations are considered for the offshore substation as shown in Fig. 5. 
Furthermore, two different transformer capacities (60MVA and 
120MVA) are considered with respective costs and availability values. A 
complete description of the case study and the input data is provided in 
[12]. In order to match the criteria of the validation case (i.e., two 
substation locations and two transformer types) the optimization algo-
rithm has been slightly adapted by adding an initial step that assigns 
randomly to each of the particles a location and a transformer type. The 

Fig. 5. Wind turbine (WT) placements and offshore substation (OSS) locations at Barrow offshore wind farm.  

Table 2 
Power cable information [12,45].   

Inter-array 33 kV Export 132 kV 

Cross section (mm2) 95 120 300 400 630 
Power capacity (MW) 17.9 19.43 30.29 134.89 163.47 
Resistance (Ω/km) 0.246 0.196 0.079 0.063 0.042 
Cable cost (€/m) 210 258 354 450 578 
Failure rate (failures/km/year) 0.149 0.149 0.149 0.179 0.179 
Repair rate (repairs) 912.5 912.5 912.5 347.6 347.6  
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model performs then with standard algorithm for the assigned config-
urations an optimization of the electrical cable layout and provides the 
cost-optimal solution out of the possible configurations. 

The power cable information used as input data for this case study is 
presented in Table 2. 

The simplified PSO model is applied on the Barrow BOWF with the 
computation of 10 particles and 20 iterations. The cable routing layout 
obtained from the optimization is presented in Fig. 6. As expected the 
optimization model has obtained a cable routing where the turbines are 
connected in a straight row due to the constraint to connect to adjacent 
wind turbines. 

The model has selected offshore substation 1, because costs and 
energy losses are reduced since less cable length of the more expensive 
export cable is used. Despite 2 smaller transformers are slightly more 
expensive than a single larger transformer, the optimization model has 
chosen to install 2 units of each having 60MVA. This is mainly based on 
the lower costs of EENS due to failure of the transformers. In case a 
single large transformer fails, all the power generated by the wind farm 
would be lost and when a smaller transformer fails still half of the total 

power can be served. The electrical layout obtained by the simplified 
PSO model equals the one obtained in [12]. Table 3 presents the costs for 
this collection grid layout and compares to the results obtained by the 
MIQCP model of the reference study. The acquisition cost determined by 
the simplified PSO model matches the value obtained by the MIQCP 
model. A slight difference is observable in the cost of EENS and the cost 
of energy losses, which is based on differences in the methodology to 
calculate the power losses and how the wind speed distribution is 
considered in the calculation of the energy production. Nevertheless, the 
PSO model has correctly obtained the optimized electrical layout of the 
reference study with the same turbine connections and the offshore 
substation selection. Hence, the PSO model is considered as validated. 

The computation time of the simplified PSO model has been 14 s 
using a Intel Core i5 processor with 2.53 GHz, 4 GB memory and Win-
dows 7 operating system. In comparison, the MIQCP model requires 26 h 
for the same optimization problem [12]. This demonstrates the high 
efficiency in solving complex problems by the developed model. As it 
can be observed in Fig. 6, a cable crosses the connection between wind 
turbine 14 and 15, which would not be a recommended practice in a real 
offshore wind farm. Therefore, the full PSO model is applied next on the 
case study to obtain a more realistic solution. The solution obtained by 
the full PSO model is presented in Fig. 7. 

It is observable that cable crossing is avoided. Furthermore, the 
model has chosen to use a smaller cable cross section for the first 5 wind 
turbines in a row, which allows to reduce the cost of cable acquisition by 
2% as presented in Table 3. In addition, the optimized layout has pro-
vided a reduction of the total length of inter-array cables by about 2.6%, 
which causes both a decrease in acquisition costs and energy losses. 

Fig. 6. Optimized layout obtained from simplified PSO model.  

Table 3 
Comparison of costs.   

MIQCP [12] Simplified PSO Full PSO 

Acquisition cost (M€) 25.23 25.23 24.71 
Cost of EENS (M€) 5.29 6.39 6.36 
Cost of energy loss (M€) 4.09 4.19 4.17 
Total cost (M€) 34.61 35.81 35.24 
Inter-array length (km) 17.04 17.04 16.60  

Fig. 7. Optimized layout obtained from full PSO model.  
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5.2. Floating offshore wind case study 

A 500 MW FOWF has been considered for the application of the 
optimization model to the case of floating offshore wind. It consists of 50 
FOWTs with each having a rated power capacity of 10 MW. The DTU 10 
MW reference wind turbine has been considered and related specifica-
tions are given in [46]. Golfe de Fos has been chosen as offshore site. It is 
located in the south of France in the Mediterranean Sea. The reference 
water depth is about 70 m. The wind rose of the offshore site is presented 
in Fig. 8 and shows how wind speed and wind direction are distributed 
at the location. 

Further information about the offshore site is provided in [47]. The 
collection grid of the FOWF is operated at 66 kV and the transmission 
voltage is 220 kV. Fig. 9 presents the FOWF and the electrical layout, 
which is based on work performed in the Lifes50+ project [48]. 

The FOWTs are placed in direction to the prevailing winds. The 
offshore substation is located to the east of the FOWF. The objective is to 
optimize the inter-array cable layout by applying the developed PSO 
model. For this particular case, the offshore substation and export cable 
are not taken into account in the optimization. The power cable speci-
fications and costs that are considered for the study are presented in 
Table 4. Additional parameters for the calculation of the installation cost and the reliability are shown in Table 5. 

The full optimization model is applied on the FOWF case. The 
number of particles is set to 15 and a total of 40 iterations is considered. 
The inter-array connection layout obtained from the optimization is 
presented in Fig. 10. 

The optimized collection grid is similar to the Lifes50+ layout but 
some changes are observable. For instance, the number of FOWTs con-
nected to the offshore substation has decreased from 10 to 8. Further-
more, there exist strings of cables where a higher number of FOWTs are 
connected. For example, a string of 7 FOWTs exists that requires the use 
of inter-array cables with larger cross sections up to 800 mm2. Fig. 11 
presents the result for the total cost corresponding to each iteration of 
the optimization model. Furthermore, the results are shown for 5 
different runs of the PSO model. 

It can be seen from Fig. 11 that the optimization model obtains the 
final result already after 18 iterations in the first run of the model. 
Moreover, it can be observed that the model successfully converges to 
the minimum total cost in each of the performed runs. Table 6 presents 
the costs and energy losses for the obtained collection grid layout and 
compares to the Lifes50+ one. 

In comparison to the Lifes50+ layout, it can be seen that the total 

Fig. 8. Wind speed and wind direction distribution at Golfe de Fos.  

Fig. 9. Lifes50+ Golfe de Fos electrical layout [47].  

Table 4 
66 kV inter-array power cable information [49].  

Cross section (mm2) 95 150 300 400 630 800 

Power capacity (MW) 23 30 40 50 63 71 
Resistance (Ω/km) 0.25 0.16 0.08 0.06 0.04 0.03 
Static cable cost (€/m) 219 300 423 474 554 689 
Dynamic cable cost (€/m) 238 323 456 512 603 748 
Buoyancy components (K€) 59 63 81 90 126 159 
Stiffner and connectors (K€) 135 145 172 190 231 262  

Table 5 
Installation and reliability parameters [49–51].  

Installation rate (d/km) 1.5 
Vessel day rate (€/d) 60,000 
Vessel mobilization (€) 400,000 
Vessel demobilization (€) 400,000 
Submarine joints per WT connection (€) 200,000 
66 kV cable failure rate (failures/km/year) 0.0094 
66 kV cable mean time to repair (months) 2  
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cost of the inter-array cables has decreased by more than 4.5% and the 
energy losses by about 6.4% despite the use of more expensive larger 
cross sections. This is mainly due to the decrease in the total length of the 
cables since fewer cables are used and less connections to the offshore 
substation exist. Consequently, the shorter total length of cables has 
resulted in a decrease in acquisition and installation cost as well as cost 
of energy losses. 

5.3. Power cable configuration study 

The electrical connection of two FOWTs is made by a combination of 
a dynamic cable that is designed to withstand the stresses applied by the 
moving structure and a static cable that is buried in the seabed and 
transports the power between the turbines [52]. The dynamic cable 
section has typically a larger outer sheath and increased armor resulting 
in a higher cost in comparison to the static cable [53]. The connection of 
the static and dynamic cable can be made through either a permanent 
factory splice or a submarine joint that enables a separation and re- 
connection. The submarine joint can be further classified in dry-mate 
or wet-mate connectors depending on the ability to perform the 
connection on board of a vessel or under water [50]. 

Theoretically, the connection of the FOWTs could be done by using 
only dynamic cables without a static section and by burying a section of 
the dynamic cable. This would avoid the use of submarine joints, but 
would lead to higher costs for the cables. In this section, a comparison is 
made between the two configurations of cable connections. One option 
is to use only a dynamic power cable for the connection of two FOWTs 
and burying one section of the cable in the seabed. The second option 
would be to use the combination of dynamic and static cable with a dry- 

Fig. 10. Golfe de Fos optimized collection grid.  

Fig. 11. Total cost corresponding to each iteration for optimized collection grid layout.  

Table 6 
Comparison of results for Lifes50+ and optimized collection grid layout.   

Lifes50+ Optimized Difference (%) 

Acquisition cost (M€) 122.75 118.17 − 3.73 
Installation cost (M€) 22.82 20.85 − 8.63 
Cost of energy loss (M€) 23.90 22.39 − 6.32 
Cost of EENS (M€) 8.93 8.92 − 0.11 
Total cost (M€) 178.40 170.33 − 4.52 
Annual energy loss (GWh) 14.94 13.99 − 6.36 
Total length of cables (km) 150.41 136.75 − 9.08  
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mate connector as submarine joints and where the static section is 
buried in the seabed. This option has been considered in Section 5.2. 
Fig. 12 demonstrates the two wind turbine connection configurations. 

The cost of cable acquisition and installation differs slightly between 
two power cable configurations. The cost calculations associated to a 
single power cable for each configuration (C1 and C2) without taking 
into account amortization are shown next. 

Cacquisition− C1 = Cstatic*Lstatic + Cdynamic*Ldynamic + Cbuoy
+Cstiff + Cjoint

(16)  

Cinstallation− C1 = Liac*Cvessel*rinstal*1.1+CMob/Demob (17)  

Cacquisition− C2 = Cdynamic*Ldynamic +Cbuoy +Cstiff (18)  

Cinstallation− C2 = Liac*Cvessel*rinstal +CMob/Demob (19)  

Cdynamic and Cstatic represent the cost per meter of the dynamic and static 
cable with the associated length of the cable Ldynamic and Lstatic, respec-
tively. The cost of the buoyancies required for the dynamic section are 
defined by Cbuoy and the cost of bend stiffners and connectors are rep-
resented by Cstiff. The cost of the submarine joints required by cable 
configuration C1 is defined by Cjoint. Furthermore, as the connection of 
the static and dynamic cable section is performed offshore, an increase 
of 10% is taken into account for the installation cost of C1. The opti-
mized collection grid layout obtained in Section 5.2 is considered and 
the cable configurations C2 is applied and compared to the results of C1 
that have been obtained in the previous section. Fig. 13 shows the 
comparison of the results for both cable configurations. It is observable 
that the acquisition cost of the cable configuration C2 has decreased 
despite using solely the slightly more expensive dynamic power cables. 
This is based on the avoidance of the submarine joints, which are 
required for cable configuration C1. Furthermore, the installation cost 
has decreased for C2, because no additional cost for the installation of 
the submarine joints is required. 

The energy losses are not influenced by the type of cable configu-
ration since the same resistance is assumed for both dynamic and static 
cables. The total cost of the collection grid has decreased by 6.5% 
considering the use of only dynamic power cables. 

6. Conclusion 

In this paper, an optimization model based on an adapted meta-
heuristic PSO algorithm has been presented for the electrical layout 
planning of FOWFs. The model possesses a high complexity by consid-
ering the stochasticity of wind speed and wind direction and taking into 
account the entire wind turbine connection possibilities. Besides that, a 
comprehensive wake model is included. Furthermore, dynamic power 
cables used for the connection of FOWTs are considered as well as their 
respective acquisition and installation costs. The reliability assessment 
of the electrical components and the influence on the energy generation 
are also taken into account. The developed PSO model has been applied 
on different case studies. At first, a validation of the model has been 
performed by the results obtained of a simplified version of the model to 
a reference one including the same restrictions and assumptions. 

The simplified PSO model has obtained the same electrical layout as 
the reference model but with a significant reduction in computation 
time. A slight difference has been observed for the cost of EENS and 
energy losses, which is based on a different approach for the energy loss 
calculation. Hence, the model has seen to be validated. Then the full PSO 
model has been applied with all its functionalities. The model has suc-
cessfully avoided a cable crossing in the obtained layout and provided an 

Fig. 12. Power cable configurations.  

Fig. 13. Comparison of inter-array costs and energy losses for different cable configurations.  
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optimized layout with a shorter total length of cables and a decrease in 
acquisition costs and energy losses. 

The second application case concerned a 500 MW FOWF. The inter- 
array cable layout has been optimized by applying the full PSO model. 
The total cost of the inter-array cables could be decreased by 4.5% and 
the energy losses by 6.4% due to a smaller amount of cables that are used 
in the optimized layout and fewer connections to the offshore substat-
ion. It can be concluded, that the developed optimization model has 
demonstrated its ability to optimize the electrical layout of FOWFs. As 
the PSO algorithm by nature does not guarantee to find the optimal 
solution it involves a risk of premature convergence. However, for the 
purpose of this study the model has fulfilled its objective by providing an 
optimized layout in an acceptable time frame. 

Finally, different options to connect FOWTs have been studied. The 
first configuration considered a combination of dynamic and static 
power cables for the collection grid whereas the second considered only 
dynamic power cables connected between two FOWTs. It has been 
shown that for this particular case, considering the predefined wind 
turbine layout and the specific water depth, the use of solely dynamic 
power cables results in decreased acquisition costs and installation costs 
due to the avoidance of cost-intensive submarine joints and additional 
installation activities. 
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