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Cable Connection Scheme Optimization for Offshore
Wind Farm Considering Wake Effect

Peng Hou, Guangya Yang

Center for Electric Power and Energy
Technical University of Denmark
Lyngby, Denmark

Abstract—: In order to reduce the levelised cost of energy
(LCOE) of the offshore wind farm, many optimization works
should be done to reduce the investment and increase the energy
production. As one of the main expenses, the electrical system can
take up more than 15% of the total investment while cable costs
take a large proportion. In order to make a cost-effective wind
farm, the cable connection layout should be optimized. This
paper proposes a novel way for offshore wind farm cable
connection layout design. The LCOE, which concerns three
aspects: electrical power losses, power captured by wind turbines
(WT) and investment, is selected to set up the objective function.
Since all the optimization variables are integers, a heuristic
algorithm, integer particle swarm optimization algorithm (IPSO),
is adopted to find a near optimal solution. To improve the
performance of the IPSO, an adaptive method for parameter
control is used to help to find a better solution. Comparisons are
made with results obtained by the Norwegian center for offshore
wind energy (NORCOWE) reference wind farm and the
presented method. From the simulation, it can be noticed that
the presented approach can help to find a cable connection
scheme which can reduce the LCOE by 1.75%.

Weihao Hu, Cong Chen, Mohsen Soltani, Zhe Chen

Department of Energy Technology
Aalborg University
Aalborg, Denmark

Sresi [m?] sectional area of cable i
N the total quantity of cables that connect wind turbines in
awind farm
Pwir [MW] total power production during interval t
Piotiosst [MW] total power losses during interval t
Te duration interval for energy yields calculation
T [h] duration when the wind farm generating power of Py
Etorav [MWh] mean energy yields in one year
t [hour] energy yields calculation time
Ci [MDKK/Km] i cable’s unit cost
AL A A the coefficient of cable cost model
lirated [A] i" cable’s rated current
Ui raeed [V] i cable’s rated voltage
Hi [km] i" cable’s length
Qi the quantity of cable i
Xi selected WT’s sequence
Ca capital investment
Coq [DKK] the present value of capital cost
Ny economic lifetime, 20 years
r discount ratio, 0.02
w inertia weight
I 1, learning factors
nn stochastic variables in the range of [0, 1]
xik xik+1 [m] the position of particle i at iteration k and k+1 respectively
vik vik+1 [m] the speed of particle i at iteration k and k+1 respectively
Icik [m] the best solution obtained from particle i at iteration k
g|k [m] the best solution obtained from all particles at iteration k

Keywords—LCOE; cable  connection layout; IPSO;
NORCOWE
NOMENCLATURE
C trust coefficient
Cp power coefficient
Vo [m/s] incoming wind speed
ind speed in the wake at a distance x along the wind
Vy [m/s] win atar
direction
Vam [M/s] wind speed reached the wind blade at row n, column m
Ro [m] WT’s rotor radius
Seit [m?] effective wake region
Solml wind blade swept area
Vaerjj [M/s] the wind speed deficit for WT at row i, column j
kq decay constant
Ponn [MW] power extracted from the wind by WT at row m, column
m,mn n
Nrow the quantity of WTs in a row
Neol the quantity of WTs in a column
Niie lifetime of wind farm
" number of wind turbines
Piossi [MW] power losses along cable i
li [KA] current in cable i
Rresi [ohm/m] resistance of cable i
[ohmgﬁvmmz] resistivity of selected cable i
lresi [M] length of cable i

l. INTRODUCTION

With the increasing capacity of offshore wind farms, more
and more expensive cables are required to transmit the power
generated by each wind turbine (WT) to an onshore substation.
On the other side, the technology development in wind power
field makes the costs of WTs and foundations cheaper than
before which makes the percentage of electrical system
investment can reach up to 30% of overall investment [1].
Hence, the importance of optimizing cable connection scheme
is becoming more and more prominent in reducing the LCOE
of the wind farm.

The offshore wind farm electrical system optimization
research can be categorized into two sorts: discrete
optimization problem including combinatory optimization of
electrical components, voltage level selection, number of
offshore substations (OS) determination as well as cable
connection layout design while the other sort is the OS location
optimization which is a continuous optimization problem. A
combinatory optimization of the offshore wind farm electrical
system was presented using a genetic algorithm (GA) in [2]



with the objective of minimizing overall cost. Similarly,
different electrical system topology concerning voltage level,
electrical equipment selection and internal cable network
design were compared in [3] considering power losses, the
reliability of the system and total investment within the
objective function. [2][3] contributed to the electrical system of
the offshore wind farm by reducing overall investment.
However, it can be noticed that the internal cable connection
pattern is simply selected from a database, which contains
several industrial designs. As one of the main expenses of the
electrical system, the cost of cables can be further reduced if
the cable connection scheme can be designed optimally. In [4],
the collection system (CS) cable connection layout of was
optimized using a cluster-based algorithm. Based on the graph
theory, the similarity of cable connection layout and minimum
spanning tree (MST) formulation was compared in [1][6].
Through greedy algorithm [5], the CS cable connection layout
with the minimal cost was found in [1][6]. In addition to that,
GA is also widely adopted in optimizing the internal cable
connection scheme for offshore wind farm [7][8]. In [7], the
CS layout was optimized with multi-objectives: minimizing
total cable length, capital investment or power losses.
Compared with the scheme found by Prim’s algorithm, the
proposed method show [7] it’s superior in finding a better
solution which benefits the objective function. In [8], a larger
capacity offshore wind farm with four OS was selected as the
case study. The GA was introduced and integrated with the
traveling salesman problem (TSP) algorithm [8] to optimize the
cable connection schemes in each sub-region associated with
one OS. To minimize the expense of submarine cables, [9]
proposed an improved GA algorithm which combines immune
algorithm to help get an optimized cable connection scheme.

The location of OS plays an important role in internal cable
connection pattern design [12]. From the conclusion of [12], it
is more economical to build up the OS in the center of an
offshore wind farm. Compared with the engineering work [12],
an optimization method is introduced in [13] to decide the OS
location from several available positions. From [12][13], it can
be known that the OS location and the cable connection
scheme are two dominant factors in internal cable system
scheme design which are interrelated and should be considered
in the optimization of the electrical system of offshore wind
farm simultaneously.

Besides investment, energy production, which can really
generate benefits, is another point that should be considered
when designing an offshore wind farm. However, in [5] to
[13], the cable connection layout was optimized only by
minimizing the total cable cost without considering the power
losses. Though power losses were considered in [3] and [4], the
wake effect is not included. In previous work [14], a method to
calculate the energy yields regarding various wind velocity and
direction has already been proposed which is the basis of wake
losses estimation in this paper. The main contributions are as
follows: 1) The cable connection layout without crossings is
ensured based on the sign of cross product, which is a new
contribution. 2) For a given wind farm micro-siting, the
location of OS, the cable routes and type have been optimized
simultaneously. 3) LCOE is used to evaluate the performance
of each cable connection scheme which concerns both energy

yields and investment. The proposed method is implemented in
the Norwegian Centre for Offshore Wind Energy
(NORCOWE) reference wind farm and the results show that
1.75% LCOE reduction can be realized.

This paper is organized into the following. The
mathematical models are introduced in section Il at first while
section 1ll specified the objective function. The proposed
optimization procedure is given in section IV. Section V is the
case study where the NOCOWE reference offshore wind farm
(NRWEF) is selected as the benchmark. Section VI summarizes
the dominating conclusions.

Il.  MATHEMATICAL MODELS

A. Wake Model

Presently, Jensen model is widely used to describe the
attribute of wind when it encounters the WT Dblades
quantitatively [15]. Based on the momentum conservation, the
wake is assumed to be expanded linearly in this model. Then
the wind speed in the wake can be expressed as follow [16].
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The decay constant, kg, is the slope rate of wake expansion.
For the offshore environment, the suggested value is 0.04 [22].
As described in [15], the wake can be regarded to be expanded
linearly and the wake losses estimation of the whole wind farm
is based on the ‘sum of square’ method [16]. Based on the
finding in [17], Jensen model shows less prediction error for
wake losses estimation. Besides, the Jensen model is widely
used in wind farm layout optimization [14], [18]-[21] due to its
simplicity in the calculation which results in less computational
time as mentioned in [14][19][22].

The energy production of downwind WT could be
influenced by the wakes generated by the upwind WTs.
Considering the wind velocity and direction’s impacts, the
energy production program will involve lots of superposition
and judgment procedure which makes the calculation process
more complex. In [14], an efficient method of wake losses
estimation has already been proposed. Based on that, the wind
velocity of the WT at n" row, m" column can be written as:

Vom=Vo — )

B. Loss Calculation

The power extracted from each WT is calculated by
assuming a maximum power point tracking (MPPT) control
strategy [23] which is the same model that we used in [14]. The
wind speed arrived at the downwind WT was calculated using
(2), the power production of this WT will be calculated by
interpolating the C, v.s. wind speed lookup table in [24].
Finally, the overall power production can be summarized in the
following:
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It is assumed that the operating voltages for all cables are
one per unit and then the power losses of cables can be written
as:

2

n n-1
e PI _; PIoss,i
Possi =l == Rresi (4)
o ﬁui,rated Y
_ Ires,i
Rres,i - pres,i S_ (5)

res,i

The overall power losses of cables are the summation of
each cable loss which can be expressed in the following.

N
Ptol,loss :Zploss, i (6)
i=1

Combining (3) to (6), the energy production reached the
onshore substation is expressed in the following:

Te
Z(Ptol,t - F)tol,loss,t )Tt

Etol,av == TT (7)
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C. Cost Model

In this work, the cost model proposed in [25] is adopted.
Then the cost of each cable can be expressed as:

2
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The cable’s sectional area is decided under the limitation of
cable current carrying density. Usually, the sectional area
changes from the further WT to the closer one. The further the
WT locates, the smaller the cable sectional area is. The
maximum current that each cable would undertake will be
decided by the selected voltage level as well as the number of
WTs that connected after it. Once the maximum current is
calculated, the sectional area will be decided according to its
current carrying ability which can be found as a lookup table in
[38].

1. METHODS FOR CABLE CONNECTION LAYOUT DESIGN

In this section, the line segments judgment method which is
used to ensure the cable connection layout without crossings is
introduced at first. After that, a heuristic algorithm, integer
particle swarm optimization (IPSO) which is widely used to
solve non-linear problems is specified.

A.  Spanning Tree

In graph theory, the concept of a tree is a connected graph
with no circuit while the spanning tree is regarded as a tree

which connects all vertices [26]. For the offshore wind farm
case, a configuration without crossings is desirable since lower
investment can be realized. Hence, the cable connection layout
problem can be described mathematically as finding a spanning
tree layout without crossings for an offshore wind farm with
minimum LCOE.

B. The judgment of Line Segments Intersection

The classic method to determine whether two line segments
intersect is to check whether each segment straddles the line
containing the other or not [27]. The realization of this line
segment judgment method is based on the concept of the cross
product. The general idea can be explained using a simple
example as illustrated in Fig. 1

P2

PO PO P1 P2
a b
P2 Q1
P1
P1 P2
PO Q2
c d

Fig. 1. The illustration of the cross product. (a) POP2 obtained by moving
POP1 anti-clockwise. (b) PO, P2 and P1 are in a line. (c) POP2 obtained by
moving POP1 clockwise. (d) P1P2 and Q1Q2 are intersected.

Assume there are two line segments P1P2 and Q1Q2 which
are required to be judged. The red dots in Fig. 2 show the
endpoints of these line segments. To determine whether each
segment straddles the other, in other words, whether they are
intersected, the cross product can be used as is shown with a
simple example as Fig. 2 (a) to (c).

Fig. 1 (a) shows that if (P2-P0) x (P1-P0)<0, then P2P0 can
be obtained by rotating P1P0 anti-clockwise. (b) shows that if
(P2-P0) x (P1-PO) = 0, then P1, P2, and PO are on the same
line. (c) shows that if (P2-PQ) x ( P1-P0) > 0, then P2 PO can be
obtained by rotating P1P0 clockwise. By using this method, it
can be easily known whether two points (P2 and P1 or Q2 and
Q1) are on the same side of one segment (P1P2 or Q1Q2).

Based on the theory mentioned above, the intersection
judgment of two line segments can be determined as follow:

{(Pl_Ql)X(QZ —Q)Q -Q)x (P, -Q)>=0
(Q-R)x(R,-R)(R,-R)x(Q, -R)>=0
where x is the symbol of the cross product.

©)

Simply speaking, if the two endpoints of one line segment
are not on the same side of the other line segment, then the two
lines are intersected as shown in Fig. 1 (d). The cable
connection layout without crossings obtained in this paper is
based on this method.

C. IPSO

Stochastic optimization method, for instance, GA and PSO
show good performance in solving a non-convex problem [28].



Initially, GA is proposed for solving integer optimization
problems while PSO aims at solving discrete optimization
problems. In order to increase the adaptation of these
algorithms, some modified versions have been proposed which
can cope with integer or mixed-integer optimization problems.
In this work, the IPSO is chosen to solve the problem since it
requires less computation time compared with GA [29]. The
mathematical expression is as follows:

Vg |:in1< oy, (Icik XK )+|2r2 <g|k XK )] (10)
k

Xi (12).

In PSO, inertia weight, w, is a control parameter which can

provide a balance between global and local explorations. In

order to reduce the sensitivity of the final solution to inertia

weight, an adaptive parameter control strategy is selected in

this work. The detailed explanation of adaptive PSO (APSO) is
specified in [30].

+_ Xik +Vik+1

IV. MATHEMATICAL FORMULATION OF THE PROBLEM

In this section, the mathematical model of the problem is
constructed at first. After that, the optimization is presented and
explained in detail.

A. Heuristic Method for Cable Connection Layout Design

In an offshore wind farm, there could be hundreds of WTs.
If the WT and OSs are imagined as vertices, then the number
of spanning trees of this graph will be huge and it is impossible
for a computer to exhaust all the solutions to find the optimal
one. In order to solve the above problem, a heuristic method is
proposed in this paper. This proposed method is explained with
a simple instance which is shown in Fig. 2.

Starting

point 2

Fig. 2. [Illustration of the proposed method. (a) - (d) are respectively the first,
second, third and last steps when generating a spanning tree for a graph with 5
vertices. (e) the final layout.

For this heuristic method, the layout is stochastically given
at the beginning by stating the branch numbers in every layout
formulation process. A simple example is made here to make
the layout formulation process understandable. In this example,
the final layout as shown in Fig. 2 (e) is given at the beginning
stochastically. It is assumed that five vertices (A to E)
represented by red stars are to be connected which means 4
decisions (the number of decisions equals the total number of
vertices in the graph minus one) have to be made. The number
alongside the line shows the order of decision making and the

nearest branch to this number is the selected branch in this
decision making step. Point A is assumed to be the starting
point for the search (in the simulation, the starting point is
always the OS). Fig. 2 (a) to (d) illustrated the feasible
solutions in each decision making step. It can be seen in Fig. 2.
(a) that the possible branches that can be chosen in this step are
illustrated with a black line. For a 5-vertex graph, there are
4*1=4 options at the first step of the spanning tree formulation
process; it is assumed that branch AC is selected in this step.
(b) shows the possible branches that can be chosen in second
decision making the step. Since vertices A and C has already
included in the present tree layout, two starting points (A and
C) can be selected. Since AC is already in the formulated tree
layout, it cannot be regarded as the potential solution anymore.
The possible branches that can be selected associated with A
and C are illustrated with black and blue lines respectively. It
can be seen that there are 3*2=6 options which can be chosen
in this step. As illustrated in Fig. 2. (b), branch AB is selected
in this step. After this step, only 2 points (D and E) are left and
required to be connected. By following the same procedure, ()
uses black (started from A), blue (started from C) and green
lines (started from B) to illustrate all the possible branches that
can be selected. (d) shows the last step and there are 1*4=4
options, that is, DA, DC, DE and DB in this case. One thing
that should be noticed that line DD (indicated with dotted line)
intersects AE which is already in the formulated tree. Hence, if
this line is selected, then the penalty function which will be
introduced in section 1V.C will be applied. When the entire
vertex is included in the formulated tree layout, then the layout
formulation process completes.

From the above example, it can be concluded as follows:
the complete graph on N vertices has (N-1)! spanning trees.
Since the number of self-intersecting spanning trees varies with
the positions of vertices, it is hard to conclude how many
spanning trees of a graph that do not self-intersect there are.
Hence, there are two problems that should be solved with the
proposed method. One is to reduce the computational cost for
the computer (the complexity of this problem is O (n!*2) which
means that it is an NP-hard problem [31]). Even though these
intersecting spanning trees can reduce the number of potential
solutions, the problem could still be NP-hard), the other is to
eliminate every spanning tree with intersecting line segments
but these depend on the specific layout and are impractical to
enumerate.

B. Objective Function

The target of this work is to minimize the LCOE of the
offshore wind farm. As mentioned in [32], the LCOE includes
two aspects: discounted investment and energy yields. In this
work, only discounted cable investment is considered. Based
on the model presented in section Il. C, the overall cable
investment can be expressed as follows:

Ca :ici (%) Hi (%)Qi (%)

As can be seen from (12), the cable cost is decided by the
selected spanning tree (cable connection layout) as introduced
in section IV. A and this spanning tree is formulated by the
decided optimization variable, x;.

12).



Then the objective function can be expressed as:
Carr(1+ rr)N'ife
[(1+ rr)N'ife - ] Etol av

St. 1<xi<N, (14).

min| LCOE = (13)

C. Penalty Function

As introduced in section Ill. B and Ill. C, the layout
formulation problem can be solved using knowledge of
computational geometry [33] while PSO algorithm has good
performance in solving the unconstrained optimization problem
when the problem is NP-hard. However, if the spanning trees
with intersecting line segments are merely deleted from the
simulation, the particles will not have explicit directions to
move in. As a result, there is a high possibility that a local
optimal solution will be found by PSO. To tackle this problem,
a penalty function is adopted which can be written as follows:

pQ) =1y (15).

If one set of crossed lines is found then the penalty function

will be triggered and thus the objective function will be

penalized by adding additional cost. Considering the penalty

function, the objective function should be rewritten in the
following:

(Cy+ INPF)Lr(1+ rr)iE g (16).
(l+ rr) life -1 Etol,av

D. Assumptions and Constraints

Some assumptions and constraints are made in this project
which is described in the following.

min (LCOE ) = min

e The voltage levels for the CS and the transmission system
(TS) are assumed to be 66 kV and 220 kV respectively.

e Yaw misalignment [34] that is the phenomenon that the
rotating speed of yaw cannot follow the speed changing
of wind direction; as a result, the nacelle will not be able
to face to the wind flowing direction all the time. In this
project, the yaw misalignment is not considered when
calculating the energy yields of the wind farm.

e To simplify the power losses calculation, all cables are
assumed to be operated in 1 p.u. which neglects the
voltage regulation constraint. This assumption is made
since in one of our previous works [35] we found that the
voltage deviation within offshore wind farm is very small
(around 1%).

e The impacts of reactive power for power losses are
neglected.

e The seabed structure’s impact on the cable length is
neglected which means that the cable length is calculated
by using the geographic distance between the
corresponding WTs.

e The reliability related impacts on energy yield are
neglected

E. Optimization Framework

In this work, the optimized cable connection scheme is
found by the proposed method. The optimization process to
reach the optimized scheme by proposed method can be seen in
Fig. 3.

Climatological Information: The time series wind farm
should be disposed of statistically before it can be used for
energy production calculation for a whole wind farm. Based on
the measured wind speed, the wind rose is generated
statistically in this work. The detailed information for the wind
rose and how to use it for wake losses evaluation is specified in
a previous work [14].

Initial particle’s - " _ _
posit?on and \.NT IOC;F'OTS Climatological
5 i Matrix in coordinate >
velocity, set locations form Information
l1i=12=2, w=0.9

Cost Adjacency l .
Model Matrix Energy Yields
Calculation

k=1 l The OS location is the searching starting
node and the layout is generated following
the method described in Section IV.A.

Initial particle
- M
population

No Update particle
—*| position and

velocity Cable

Fitness
Function

Fitness

evaluation:
Minimal LCOE

Cable selection and
cost calculation using

Cost Model (8) Layout
Formation

Penalty Function: Line segments judgement
using the method described in Section 111.B

LCOE calculation

using (16)
L Stop criteria:
k>Maxiteration Fitness
Layout and LCOE Function
Minimal LCOE | |Selected OS locations
and corresponding corresponding to 1PSO
Optimized layout minimal LCOE Algorithm

Fig. 3. The optimization framework for the proposed method.

In the beginning, the particles’ location includes twofold
information: one is a series of randomly selected branches at
each step as described above, the other is two randomly given
OS location sequence numbers from the given available
positions. The particles will be delivered to the Fitness
Function and be utilized to create the coordinate matrix. Based
on the cost model and coordination matrix, the adjacency
matrix will be formed. The energy yields of each WT can be
calculated based on the coordinate matrix as well as the
Climatological Information [36]. The cable connection scheme
will be generated in the Layout Formation using the method
presented in section 1V. A. After that, the scheme will be
checked in the penalty function and then the LCOE will be
obtained using (16). The optimized layout with corresponding
LCOE value is regarded as the initial particle population and it
is also the basis for updating the particle position later.

It should also be noticed that the particles containing the
information of the selected branch sequence number at each
step as well as the OS location would be renewed and delivered
to the Fitness Function one by one. By obeying the same
process as in the first calculation, the obtained cable connection
scheme with homologous LCOE will be transferred to the



Fitness Evaluation for comparison. The optimization process
can also terminate when a maximum number of iterations is
reached. At last, a series of branch sequence numbers and the
selected locations for OSs which is with the lowest LCOE will
be chosen. The optimized layout is formulated according to the
selected branch number in each step during the layout
formulation process.

V. Case Study

The NEWEF is introduced at first. Then the simulation
results and discussion will be given. The WT locations are
fixed and the optimization is done by choosing the best
location to install offshore substation and the corresponding
cable connection layout. Several trials have been done in IPSO
and the best solution among all trials will be selected as the
final result.

A. NRWF

The NRWF [37] is assumed to be located 80km west of the
German island of Sylt. The installed capacity of the wind farm
is 800MW. The geographical distance between OS and onshore
substation is 80km. The illustration of WT positions is shown
in Fig. 4.
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Fig. 4. The WT positions’ illustration for NRWF.

In Fig. 4, the red stars represent the WTs and the
number alongside each WT is the sequence number. There are
82 positions in total which can be used to install WT or
establish OS. In the NRWF layout, the OS locations have been
selected and the cable connection layout is shown in Fig. 5.
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Fig. 5. NRWHF Cable Connection Scheme.

In Fig. 5, the two OSs are assumed to be located in
positions No. 46 and 49 respectively. The green squares are

OSs. The lines represent the cable connection scheme while the
line colors show the ratings of the cables as listed in Table 1.
The number of cables between some pairs of WTs is illustrated
with different types of lines. The current ratings for different
types of cables are listed in Table 2 [38].

TABLE I. SPECIFICATION OF CABLES COLOR
CS TS
Color blue | green purple | yellow | black | brown
Sectional Area 95/
240/300 | 400/500( 630/800| 1000 300
(mm2) 150

The NRWF is composed of 80, 10 MW DTU WT. The
detailed specification of this WT is concluded in Table 3. The
time series wind speed is drawn as a wind rose which is
illustrated in Fig. 6.

TABLE II. DTU 10MW WIND TURBINE SPECIFICATION [39]
Parameter 10 MW DTU Wind Turbine
Cut-in Wind Speed 4 mls
Rated Wind Speed 11.4 m/s
Cut-out Wind Speed 25 ml/s
Rotor Diameter 178.3m
Rated Power 10 MW
o Unit: m/s
© H30-35
B 25-30
[ 20-25
[ 15-20
@ 10-15
: M 5-10
L ISOUTH HWo-5

Fig. 6. Wind rose generated based on the measured data near FINO3.

B. Scenario I: Optimized Scheme with Given OS Positions

In this scenario, the cable connection scheme is optimized
by assuming that No. 46 and 49 are the OSs which transmits
power to the onshore substation. The optimized layout using
the proposed method is shown in Fig. 7.
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Fig. 7. The optimized cable connection scheme for the scenario I.
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TABLE IIl.

CURRENT RATING FOR SUBMARINE CABLES [38]

66kV cable 220KV cable
Cross section (mm2) Current rating (A) Cross section (mm2) Current rating (A) Cross section (mm2) Current rating (A)
95 300 400 590 300 530
120 340 500 655 400 590
150 375 630 715 500 655
185 420 800 775 630 715
240 480 1000 825 800 775
300 530 1000 825

C. Scenario Il: Optimized Cable Connection Scheme and OS
Positions

In this scenario, the positions of the OSs are optimized
together with the cable connection scheme. The two OS
positions should be selected from the predefined 82 positions
and the other positions will be used to install WTs. The cable
details regarding voltage level as well as a sectional area for
transmission lines are the same as in the NRWF. The optimized
cable connection layout using IPSO is shown in Fig. 8.
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Fig. 8. The optimized cable connection scheme for scenario Il.

As shown in Fig. 8, positions No. 49 and 45 are selected to
construct the OSs instead of 49 and 46 in this scenario.

D. Results and discussion

Table 4 concludes the economic information of three
different cable connection schemes including scenario I, 1l and
the NRWF layout.

As listed in Table 4, the cost of connecting cables means
the cable used to connect OSs. The optimized layouts in the
scenario | and Il can reduce the LCOE by 1.02% and 1.75%
respectively compared with the NRWF layout. By taking the

OS locations into the optimization, the optimized layout in
scenario Il can further reduce the LCOE by 0.74% compared
with scenario . The best layout in this simulation is scenario 11,
which can reduce the energy losses and cable cost by 0.53%
and 1.73% respectively compared with the NRWF layout while
the energy reached PCC can be increased only by 0.02%.

Hence, the dominant factor in the reduction of LCOE is the
cable cost. It should also be noticed that the achieved reduction
in the simulation only concerns the expenses on the cables. If
more costs such as WT investment, installation and O&M
costs, etc are taken into account, then realized results should be
even smaller. However, considering the high price of
submarine cables, only a small percentage of reduction will
introduce a large amount of investment savings.

V1. Conclusion

To lower the LCOE of the offshore wind farm, the cable
connection scheme is expected to be carefully designed. In this
paper, the proposed algorithm can guarantee a cable connection
scheme without crossings which is desirable for offshore wind
farm planning. The simultaneous optimization of cable
connection scheme, cable section area, and OS positions
contributes to an optimized cable connection layout which
represents the best tradeoff between the required investment
and power transmitted to an onshore substation. The LCOE
index which is commonly used in wind farm micro-siting
optimization is adopted in this paper to give a comprehensive
analysis of the cable connection scheme performance.
Simulation results reveal that the designed layout using
proposed method outperformed than the NRWF layout in
reducing LCOE by 1.75%. It demonstrates the effectiveness of
the proposed method for cable connection layout design.
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TABLE IV. SPECIFICATION OF OPTIMIZED CABLE CONNECTION LAYOUT
Energy yield Energy losses  Energy yieldsat  Cost of collection Cost of transmission Total Cost of LCOE
(GWh) (Gwh) PCC (GWh) cables (MDKk) cables (MDkk) cables (MDkk)  (DKK/MWh)

NRWF 4015.17 87.5 3927.67 229.25 1187.93 1417.18 360.92

Scenario | 4015.17 87.01 3928.16 214.93 1187.93 1402.86 357.24

Scenario |l 4015.67 87.04 3928.63 215.24 1177.40 1392.64 354.59
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