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The collection system design in floating offshore wind farms (FOWFs) significantly influences both economic
viability and operational reliability. This study proposes a two-stage optimization approach to minimize cable
costs while ensuring high system performance. In Stage I, floating offshore wind turbines (FOWTs) are grouped
using a fuzzy C-means (FCM) clustering algorithm that accounts for both angular separation and spatial prox-
imity. For each resulting cluster, an initial cable layout is generated by constructing a minimum spanning tree
(MST) using Prim’s algorithm. Stage II applies the Whale Optimization Algorithm (WOA) to refine the routine of
dynamic and static cables, optimizing connection points while considering cable parameters and system con-
straints. In particular, the model ensures that dynamic cables bypass mooring line movement areas (MLMAs) to
enhance operational safety. Case studies validate the effectiveness of the proposed method in bypassing MLMAs
and reducing overall cable costs. Furthermore, the impacts of loop configurations and seawater depth on cable
expenditures are analyzed, providing valuable insights for the planning and design of FOWF collection systems.

1. Introduction

The increasing demand for renewable energy has propelled the
development of offshore wind as a vital component of sustainable en-
ergy strategies worldwide. The FOWFs have emerged as a promising
solution to harness wind resources in deep waters where wind speeds are
higher and more consistent, owing to the lower levelized cost of energy
(LCOE) of the FOWTs [1,2]. Since the deployment of the world’s first
MW-scale FOWT in the North Sea in 2009, followed by the commercial
operation of the pioneering Hywind project in 2017, the global installed
capacity of FOWFs is predicted to reach 31 GW by the end of 2033 [3].

The collection system of an FOWF, which includes the cables and
connectors that gather and transmit electricity from individual FOWTs
to the offshore substation (OS) is critical to the overall performance and
financial viability of the FOWF. As illustrated by Fig. 1, the electricity
generated by each FOWT is collected and transmitted through a cable
connected to the end of the floating platform. The static section of the
cable is buried beneath the seabed while the dynamic section is sus-
pended in seawater using buoy. The movement of the dynamic cable is
significantly affected by the motion of the FOWT and by the dynamic

loads from the wave and ocean currents. There is a substantial cost
difference between dynamic and static cables. Dynamic cables require
special materials and reinforced structures to resist more complex and
extreme mechanical stresses, with more sophisticated production pro-
cesses compared to static cables. Cable length is primarily influenced by
FOWT spacing, seawater depth, and environmental loads. If the dynamic
cable is too long, it results in material waste and increased cost; if too
short, it may not withstand the tensile forces caused by FOWT motion,
increasing the risk of fracture and restricting the safe motion range of the
FOWT. Therefore, optimizing the dynamic cable length is crucial.
Additionally, to prevent collisions, dynamic cable routine must bypass
MLMAs, making cable trajectory optimization equally important. In this
backdrop, the traditional two-dimensional (2-D) static cable layout
optimization methods are no longer sufficient. Instead, a three-
dimensional (3-D) spatial layout model that balances the project’s
safety and cost considerations must be developed and applied.

The design and optimization of collection systems for offshore wind
farms (OWFs) have been extensively studied, particularly for fixed-
bottom installations, which currently dominate the offshore wind en-
ergy sector. Stationary offshore wind farms (SOWFs), typically installed
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Fig. 1. The FOWT structure and interconnection.

in shallow waters, commonly adopt a well-established 2-D planar
planning approach for their collection systems. This approach aims to
optimize cable routine while minimizing energy losses [4,5], reducing
investment, installation and maintenance costs [6,7], curtailing wind
power [8,9] and minimizing environmental impact [10,11], improving
revenue [10,12] and system reliability [13,14]. To achieve these ob-
jectives, a variety of methodologies have been explored, including
heuristic algorithms [15,16], mixed-integer linear programming (MILP)
[14,17], mixed-integer quadratic programming (MIQP) [8], double
Q-learning (DQL) [11], and graph theory-based approaches [18]. These
techniques aim to balance technical feasibility with economic efficiency.
For near-shore, shallow-water SOWFs, three typical structures, i.e., the
star [19,20], radial [17,21], and ring [8,21] topologies have been widely
investigated. Additional efforts have addressed obstacle avoidance [7,
17] and the joint optimization of wind turbine (WT) micro-siting and
collection system layout [22]. In planning collection systems for
far-shore, deep-sea SOWFs, recent studies have considered wind power
curtailment due to wind fluctuation [9] and challenges related to com-
plex seabed topography [21]. Moreover, advanced collection system
architectures beyond traditional alternating current (AC) collection
system, such as the direct current (DC) series-parallel topology [9], and
the DC series-parallel-parallel (SPP) topology [11] have been proposed
and optimized.

However, the aforementioned methods are primarily tailored to the
static nature of fixed-bottom structures, where seabed conditions and
WT positions remain relatively stable. In contrast, research on layout
optimization of collection systems for FOWFs is still in its early stages. A
design approach for dynamic inter-array cables comprising fatigue
analysis and performance assessment in extreme weather conditions
were proposed in Ref. [23]. Also, an engineering approach and pro-
cedure of designing suspended collector cable configuration for FOWFs
was proposed in Ref. [24] with array effects on cable bending radii and
tension being investigated [24]. These pioneering studies [23,24] have
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laid the foundation for FOWF collection system optimization.

Lerch et al. introduced optimization methods using the Particle
Swarm Optimization (PSO) algorithm to determine FOWF collector
cable layouts [25,26]. While their model separates cables into static and
dynamic sections with respective lengths calculation, it assumes that
FOWTs are fixed at the platform centers, thereby neglecting the effects
of hydrodynamic forces such as wind, wave, and ocean current loads on
dynamic cable tension [25,26]. To address economic performance, a
techno-economic multi-parametric layout optimization model was
developed for an FOWF collection system solved using a gradient-free
heuristic optimizer based on a random-search algorithm [27]. Song
developed a bi-level optimization model for the FOWF collection sys-
tems design. The upper level uses the Binary Particle Swarm Optimi-
zation (BPSO) algorithm to optimize the FOWT-OS connections, while
the lower level applies the Improved Monte Carlo Tree Search (IMCTS)
for determining the inter-FOWT connection [28]. Additionally, Far-
aggiana investigated the optimization of FOWFs on Mediterranean
islands and found that the type of FOWT has a significant impact on the
optimal LCOE [29].

Despite these advances, the aforementioned studies overlook a crit-
ical constraint: the need to prevent collisions or interference between
dynamic cables and mooring lines. The transition from SOWFs to FOWFs
represents a paradigm shift in collection system design, necessitating
innovative approaches that address the interplay between hydrody-
namic forces, cable dynamics, and spatial constraints. While SOWFs
benefit from decades of research and practical experience, FOWFs
require novel methodologies to ensure efficient power transmission,
cost-effectiveness, and long-term reliability. This gap in the literature
highlights the need for further research into 3-D spatial planning and
optimization techniques tailored to the unique challenges of FOWFs,
paving the way for the next generation of offshore wind energy systems.

This study aims to fill the gap by focusing on the 3-D spatial planning
and optimization of FOWFs. The innovation lies in enabling cables to
bypass MLMAs by optimizing the positions of dynamic-static cable
connection points and the mooring angles. The dynamic cable length is
optimized according to the movement range of the FOWTs which are
installed on semi-submersible platforms. Minimizing the maintenance
and replacement costs of cables and additional power losses caused by
increased cable failure rates due to collisions between dynamic cables
and mooring lines. In Section 2, the mathematical model of the FOWF
collection system is formulated; in Section 3, the overall mathematical
model along with the solution procedure of the two-stage optimization
problem is proposed. Section 4 discusses the simulation results of the
case studies and lastly the conclusions are drawn in Section 5.

2. Modeling of the FOWF collection system
2.1. Dynamic cable

As the FOWT has a relatively extensive range of motion, it must be
ensured that the dynamic cable can operate safely even when the hori-
zontal distance between the FOWT and its connection joint between the
dynamic and the static cables reaches its maximum value. Once the
position of the connection joint of the dynamic-static cables and the
mooring parameters are determined, the movable range of the FOWT
(Fig. 2), the maximum horizontal distance between the joint and the
FOWT can be precisely defined. Also, the length of the dynamic cable
can be derived. When ensuring that the rectilinear distance from the
connection point of the dynamic-static cables to the FOWT does not
exceed the maximum allowable distance, a margin ranging from 10 % to
20 % is reserved for the cable length to address installation inaccuracies
and extreme scenarios, as expressed by (1).

Lin=(11 ~ 1‘2)max(g/Hﬁ,+D,2,max> (€))
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where Lgy, is the length of the dynamic cable, H, = H + AZ is the ver-
tical distance between the bottom of the FOWT and the seabed which is
not fixed in this context, where H is the seawater depth and AZ is the
maximum vertical displacement of the floating platform due to waves.
Dy max is the maximum horizontal distance between the connection joint
and the FOWT. As influenced by waves, the FOWT undergoes movement
in the vertical direction. Once the mooring parameters are determined,
the horizontal movement range of the FOWT changes with the variation
of H,,. Thus, it is essential to calculate the cable length by means of the
maximum linear distance.

Besides, the dynamic cable also includes buoyancy components and
bend stiffeners. The specific quantity of the additional components
varies with the length of the cable. Here, only the unit cost of the dy-
namic cables is roughly considered which is 50 % higher than that of the
static cables as given by (2) [29]. The price difference arises from the
demanding operational environment of dynamic cables. When applied
to the FOWF, they endure constant mechanical stress from waves and
currents. To survive these conditions, they require a more robust design
including enhanced armoring, greater flexibility, and superior fatigue
resistance. These specialized materials and complex manufacturing
processes result in a higher unit cost compared to static cables.

Co_dyn = 1.5¢0_stc 2

where cy_gyn, and co_s are the prices per unit length of dynamic and
static cables, respectively.

2.2. Static cable

The connection between two FOWTs consists of two sections of dy-
namic cables and one section of static cable. The dynamic cables are
directly connected to the FOWTs, and the static cable connects the
sections of dynamic cables of two different FOWTs. Assuming that the
seabed is flat, the length of the static cable is the Euclidean distance
between the two connection heads as calculated by (3).

Ly =||La— Liz ||, 3
where L, is the length of the static cable, L;; and L;; represent the co-

ordinates of the two connectors at the end of the i-th static cable,
respectively.
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3. Two-stage optimization framework
3.1. Optimization model

This paper proposes a two-stage optimization framework. In Stage I,
the connection topology between FOWTs is optimized. In Stage II, the
connection points and lengths of static-dynamic cables are optimally
designed with the goal of bypassing MLMA. The reason for using the
two-stage optimization instead of simultaneous optimization of FOWT
connections and bypassing MLMA is the dimensionality of optimization
variables. Suppose there are N, FOWTs. Then the optimization problem
in Stage I involves connecting N, nodes. If optimized simultaneously,
there will be 2N,,, nodes including the positions and connections to be
optimized. This leads to exponential complexity in cable connections,
significantly reducing optimization efficiency, and may even get stuck in
an infinite loop without feasible solutions due to cable crossing con-
straints. Although in Stage II, 2N,,, nodes are also required to be opti-
mized, the basic topological connections determined in Stage I make the
optimization variables relatively independent in Stage II, avoiding
exponential complexity. This is the reason why for this optimization
problem, the proposed two-stage optimization is far superior to the
conventional single-stage optimization.

In Stage I, the FCM algorithm and the MST model are applied to
generate the basic topology. In Stage II, the novel WOA [30] is applied,
which has gained increasing popularity due to its fewer input parame-
ters, stronger exploration capability, and characteristic of gradually
transitioning from global search to fine-grained search. Existing studies
have proven that the WOA outperforms the conventional heuristic al-
gorithms [31], e.g., the PSO and the GA.

The two-stage optimization framework of the FOWF collection sys-
tem planning is illustrated in Fig. 3. In Stage I, the parameters of the
FOWF are firstly initialized. An improved FCM based on angle and dis-
tance is utilized to cluster the FOWTs. Then, an MST model is established
for the FOWTs in each cluster. The topology here merely represents the
position of the cables in the horizontal plane, and the distinction be-
tween the dynamic and the static cables is not considered in this stage.
The topology here only considers linear connections between FOWTs,
and only the static cables are used. In Stage II, a group of reasonable
mooring angles are calculated according to the cable connections be-
tween FOWTs. The mooring angles are configured primarily to bypass
MLMAs and minimize cable length as well. Cable segments whose initial
linear paths intersect with the MLMAs are assigned offsets. The opti-
mization of the dynamic-static cable connection points ensures the
revised path maintains the required separation from the MLMAs. The
WOA is used to minimize the total cable cost on the basis of evading the
MLMAs, and improvements are made to the specific steps. Finally, the
optimal collection system topology, the dynamic-static cable connection
points coordinates, cable types and lengths, the mooring angle and the
total cable cost are obtained.

3.2. Stage I
1) Model Formulation

The objective of the optimization model in Stage I is to minimize the
projection of the collector cables’ total length on the O-XY plane, LG *¥
as given in (4). The constraints include the cable type uniqueness
constraint, the cable ampacity limitation, the power balance constraint,
the topological connectivity constraint, the cable intersection avoidance
constraint, and the location constraint of the OS, as sequentially stated
in (5).

Obj.: min L™ €))

2,(Xos Yos Zos
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where the decision variable z;, indicates the connection status and cable
type between the i-th and j-th FOWTs, m indicates the cable type, m € {1,
2,---,M}, M is the total number of candidate cable types, the decision
variable (Xos,Yos, %os) is the coordinate of the OS. P is the rated ca-
pacity of the m-th type of cable, P, is the rated power of the FOWT, f; is

AD x AB

X

Fig. 4. Illustration of cable intersection avoidance.
stationary coordinate positions of FOWTs i and j, respectively.
2) Solution Procedure

Firstly, the parameters of the FOWF are initialized. Based on the
FOWT stationary positions, the centroid of the FOWF is determined.
Taking the safe operating distance into account, the location of the OS
near the centroid is determined.

The objective of the FCM algorithm based on angle and distance is to
minimize the weighted sum of the distances from each FOWT to its
respective clustering center, J as given by (6).

. . Nu C
the power flow or% the cable between tl.le i-th and j-th FOWTs. A, B, C and J— Z Z ug_ld d (xi7 cj) 6)
D are the endpoints of two cables, ie., the FOWTs to be connected = =

(Fig. 4). [Xmin, Xmax) and [Ymin,Ymax] represent the FOWF boundaries in
the x- and y-directions, respectively, (Xo, Yo, Zo) are the coordinates of
the FOWTSs’ stationary positions and [ is the length of the mooring line. A
distance of 8~12 times the rotor diameter D is set between FOWT pairs
to avoid aerodynamic interference. (Xo;, Yo;) and (Xoj, Yoj) represent the

where N, is the total number of FOWTs to be clustered, C is the total
number of clusters, d(x;,¢;) is the weighted comprehensive distance
between the azimuth angle difference and the Euclidean distance from
each FOWT to its clustering center, ¢; is the j-th clustering center, x; =
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(x;,y:) is the coordinate of the i-th FOWT, u; represents the membership
degree of the i-th FOWT to the j-th clustering center, md is the expo-
nential value of the membership degree matrix whose value is set 2 in
this study.

The termination criterion of the FCM algorithm is that the absolute
value of the maximum variation of the membership degree u; between
two consecutive iterations is smaller than the error threshold o, as given
by (7).

max

uj — ulfj’l ) <0 @

where t represents the number of the iteration being operated, and ¢ is
an extremely small positive number.

To execute the FCM, the C clustering centers are firstly randomly
selected, and the comprehensive distance from each FOWT to the clus-
tering centers, d; can be calculated by (8).

. —C: 2
dij—F}\/kﬂfjJr(lk)(bech) ve ®)

ref

where dj is the distance from the i-th FOWT to the j-th clustering center,
F; is the clustering center correction factor, which is initially set to 1. k is
the weighting factor for the angle and the distance which represents the
dominance in clustering, i.e., a larger value gives priority to angle, while
a smaller value gives it to distance. Xx; is the coordinate of the i-th FOWT.
Dy is the reference value of the average spacing between the FOWTs. &
is an extremely small positive number to prevent the clustering center
coinciding with the position of the FOWT, thus making the compre-
hensive distance d; = 0. 6; is the angle difference between the clus-
tering center ¢; and the FOWT position x;, which can be calculated by
(9).

05 = |mod(6; — 6;, 2n) — x| 9
where 6; is the angle of the i-th FOWT relative to the OS, ¢ is the angle of
the j-th clustering center relative to the OS, and “mod” is the modulo
function.

Then, the membership degree matrix U with elements u; can be
obtained according to all the comprehensive distances given by (10).

1
2

C —
Z ﬂ m-1
= \dn

where dj, is the distance from the i-th FOWT to the n-th clustering center.
The clustering centers are then updated according to (11).

ullx;
1] T
="

Nyt

A capacity detection of the clusters is conducted through the clus-
tering center correction factor F;. When the capacity of the FOWTs in a
cluster exceeds its upper limit, the value of F; increases to reduce the
membership degree of the FOWTs to the clustering center to achieve the
purpose of reducing the capacity as given by (12).

1, Cetust
Ft:Ft 1 cluster 12
j=E Corme 12)

where Cyser is the FOWTs capacity in the corresponding cluster, and
Chax is the upper limit of the cluster capacity.

The clustering process iterates until the termination criterion in (7) is
satisfied. Finally, the Prim’s algorithm is applied to solve the MST model
in each loop, which is ultimately combined to form the cable topology of
the entire FOWF.

Renewable Energy 257 (2026) 124787

3.3. Stage II
1) Model Formulation

The objective of the optimization model in Stage II is to minimize the
total cable cost, C, constrained by the requirement that cables do not
intersect the MLMAs and are within their length limitations, as given in
(13) and (14), respectively. The decision variables include the lengths of
the static and dynamic cables, Ly, and Lgy, and the positions of their
connectors (Xq_s, Yq_s,Z4-s)-

Obj : min

. ch = Cstc + Cdyn (13)

Lste; Layn-(Xd—s:Yd-s-Zd—s)
—

Ldyn n Smoor =g

—
s.t. Lgic N\ Spoor = @ 14
Ldyn,min < Ldyn < Ldyn.max
Lstc,min < Lstc < Lstc,max

where Cy. and Cgy, are the total costs of the dynamic and static cables,
respectively, i.e., Csc = Y Co_stciLstci and Cgyn = Y Co_dynj*Layn,j- Smoor iS
the projection of MLMA on the O-XY plane, th)yn and l?t; are the vectors
of the dynamic and static cable routines. If one of the ends of the dy-
namic cable is connected to the FOWT, then I.;},, = (%we, Ywe, Zwe) —
(Xd—s, Yas, Za_s), where (X, Ywe, %) are the FOWT possible positions
which are within its moving rage (Fig. 2); if connected to the OS, then
Im'i—)yn =<xos7 Yos, Zos) - (Xd—m Yis, Zd—s)- th; = (Xd—sa Yd—S7Zd—s)1 -
(X4—s, Yq_5,Z4_s), and its length can be obtained from (3). Lgyn minLstc,min»
Lgynmax and Ly max are the lower and upper bounds of the dynamic and
static cables’ lengths, respectively. As illustrated by Fig. 5, according to
the minimum and maximum FOWT movement ranges, Lgynmin and
Lgynmax can be calculated by (15) and (16), respectively. The L max and
L min are the corresponding static cable lengths in Fig. 5(a) and (b),
respectively.

Ldyn.min :Hw + AL (15)

| |

‘Wind turbine 2
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Sea level
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Fig. 5. Determination of the lower and upper bounds of cable length.
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Loynmax = \/H2, + AX? + AL (16)
where AL denotes the safety margin length which is 10 %-20 % the total
dynamic cable length.

Here, the dynamic cable is of the lazy-wave configuration. If the
dynamic cable is too long, the cost will increase significantly; if too
short, it may not withstand the stress on the cable, leading to breakage. If
the connection head is too close to the stationary position of the FOWT,
the curvature of the bent part of the dynamic cable with the buoyancy
will be too large, which will significantly impair the mechanism of the
cable and shorten its service life. The first two constraints in (14) prevent
dynamic and static cables from intersecting MLMAs, thereby ensuring
long-term safety for the dynamic cable and reducing installation costs
for the static cable. The last two constraints in (14) ensure the optimized
lengths of the static and dynamic cables are in their allowable ranges.

2) Solution Procedure

The WOA is employed to solve the optimization model in Stage II.
There are two main approaches to optimize cable routine for bypassing
MLMA: I) Adjustment of the positions of the two static-dynamic cable
connection points between FOWTs to detour cable paths around the
MLMA; II) Modification of the mooring angles to eliminate the MLMA-
cable intersections which complement each other to achieve the opti-
mum. For ease of initialization and code implementation, the positions
of static-dynamic cable connection points are represented as complex
numbers. The real part corresponds to the relative x-offset, and the
imaginary part to the relative y-offset, both measured from the dynamic
cable’s connection point of the FOWT.

The optimization procedure is illustrated in Fig. 6 and its key steps
are described in detail as follows.

Step 1: Receive the optimization results of Stage I, that is the sta-
tionary position coordinate matrix of the FOWF WEpgion including
the OS coordinate whose node serial number is 1, and the node to-
pology matrix All trees of the MST, All_trees € RM*2_ Initialize the
population size Np,, and the maximum number of iterations MaxIt.
Step 2: Based on the optimal topology on the O-XY plane obtained in
Stage I, the reasonable mooring angles are to be optimized for each
FOWT’s mooring line configuration.

Step 3: Initialize the positional offsets of the dynamic and static
cable connectors. The offsets are made to the length and the angle in
the direction of the original line as a random initialization. Also, the
mooring line angle matrix M, is randomly initialized by (17).

M, =Mge + Aangle, Aangie € [—30 : 5 : 30] 17)

where Mg, is the most reasonable mooring angle calculated based on
the topology determined in Stage I, and Ag,g. is the discrete angle for
rotating the mooring angle.

Step 4: An individual whale is encoded as X = [Z1,Z,M,], where Z;
and Z, correspond to the positional offsets of the dynamic-static
cable connection points relative to the nodes in the first and sec-
ond columns of All_trees, respectively, M, is the mooring angle ma-
trix of the N,,; FOWTs, Z;,Z5, M, € RV*! where R represents the set
of real numbers. To realize bypassing MLMA, the objective function
incorporates penalties based on the number of cable-MLMA in-
tersections. A cable routine consists of two dynamic cable segments
and one static cable segment, all need to be checked for intersections
with the MLMA. This study uses an intersection degree matrix, X.
cross to measure the number of cable-MLMA intersections, with the
same dimension as X. The first and second columns of X indicate
whether the corresponding dynamic cables intersect with MLMA,
while the third column of X denotes whether the dynamic cables
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'

| Output the optimal whale when the maximum number of iterations is reached ‘

Fig. 6. Solution procedure of the Stage II optimization model.

connected to FOWTs and the adjacent static cables intersect with the
MLMA, where 1 represents an intersection while 0 no.

Step 5: Calculate the intersection degree matrix, X.cross based on the
information of whales, and simultaneously compute the fitness
function, X fitness as given in (18).

X fitness = (1 + sum(X.cross))*-Ce 18)

The fitness value is amplified based on the number of cable-MLMA
intersections and it equals the total cable cost only if the cable routine
contains no MLMA intersections.

Step 6: After the initialization of the first generation of the whale
population, the update path is selected based on the random number
p within the range of p € [0,1].

When p < 0.5, the whales’ positions are updated via the spiral
equation in (19).

X(t+1)=D-€""-cos(27 - ) + Xpe: (t) 19

where D= |Xp..(t) — X(t)| is the distance between the current optimal
solution and the current search agent, b is a constant defining the spiral
shape (typically set to 1), and r is a random number within the range of
[— 1,1]. t represents the iteration number.

When p > 0.5, the whales’ positions update following two modes
based on the 2-norm of the coefficient vector A. When ||A||, < 3, whales
search for prey according to (20).

X(t+1) =Xrana(t) — A-|CXrana(t) — X(t)| (20)

where A = 2a-r — a and C = 2-r are the two coefficient vectors, a is a
parameter that linearly decreases from 2 to 0 during iterations, and r is a
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random matrix whose elements are within the range of [0,1]. Both A and
C are matrices with dimensions consistent with X. This matrix operation
utilizes the Hadamard product, ie., an element-wise multiplication
operation. X;.,4(t) is a randomly selected whale individual in the t-th
generation.

When ||A||, > 3, whales encircle the prey and update their positions
according to (21).

X(t+1) = Xpese — A-|CXpese — X(8)| (21)

where X, denotes the current optimal individual with the minimum
fitness value.

After updating the positions of the whale population, calculate the
intersection degree matrix, X.cross and fitness function, X.fitness for all
the whale individuals.

Step 7: Repeat the position update and fitness function calculation in
Step 6 iteratively until the number of iterations reaches MaxIt. Then,
output the optimal whale individual.

4. Case study
4.1. Test system

In this paper, an FOWF in Golfe de Fos installed with 36 DTU-10 MW
FOWTs along with the OO-Star semi-submersible platform is set as the
test system [32]. The distance between the FOWTs is 8 times their rotor
diameter for safety consideration. The specific parameters for simula-
tion are given in Table 1 [32,33].

The FOWF to be planned adopts a 66 kV collection system [26] and
the cable parameters are shown in Table 2.

4.2. Results and discussion

Stage [ is firstly carried out in which only the projection of the cables
on the O-XY plane is considered. The clustering results have a decisive
influence on the generated power collection topology. There are two key
parameters involved, i.e., the number of clusters, C whose values are
from 6 to 9 with steps of 1, and the weighting factor of the distance and
angle, k whose values are from 0.1 to 0.9 with steps of 0.05. When the
cluster number is determined, the clustering degree is decided by k.
Thus, multiple values of k are tested to identify the minimal-cost
collection system topology of the FOWF under a specified cluster. The
corresponding collection system topologies with the best fitnesses are
generated respectively of different numbers of clusters.

Then, the basic topologies obtained from Stage I are separately
transferred to Stage II. The optimized total costs of the dynamic and
static cables are given in Table 3 where Ccp oy is the optimal FOWF
collector cable cost, Cgyp opr and Citc ot are the costs of dynamic and static
cables optimized in Stage II, respectively. It can be observed that the
changing trends of the cable costs in the two stages with different basic
topologies are the same. This demonstrates that the basic topology is the
main factor determining the cable cost. Also, for FOWF collection sys-
tems employing both dynamic and static cables, static cables constitute
the predominant portion of total cable length, making this cost domi-
nance self-evident.

The comparison of the optimal cable lengths after two-stage opti-
mization of the aforementioned cluster numbers (C = 6,7, 8,9) are
shown in Fig. 7. Among them, the ratio of the optimal length of the

Table 1
Simulation parameters.

FOWT rotor Seawater Maximum wave Mooring line
diameter (m) depth (m) amplitude (m) length (m)
178 70 7.5 380

Renewable Energy 257 (2026) 124787

Table 2

The 66 kV collector cable parameters.
Cross section (mm?) 95 150 300 400 630 800
Power capacity (MW) 23 30 40 50 63 71
Co_stc (€/m) 219 300 423 474 554 689
Co_dyn (€/m) 328.5 450 634.5 711 831 1033.5

Table 3

Optimized cable costs of different cluster numbers.
Number of clusters, C 6 7 8 9
Cepopr (ME) 22.095 21.4404 21.0734 20.3013
Csic.opt (ME) 14.4535 14.278 14.2471 14.0721
Cayn.opt (ME) 7.6415 7.1624 6.8262 6.2292

dynamic cable, Lgyy, o to that of the static cable, L o is approximately
between 0.3 and 0.4.

It can be seen from Fig. 7 that the optimal total length of the dynamic
cables decreases as the number of clusters increases, which is opposite to
the changing trend of the static cables. However, for the topological
structures with smaller number of clusters, power flows are higher in the
cables close to the OS in the FOWF, and their corresponding optimal
total cable costs are also higher. Therefore, the total length of the cables
in the FOWF collection system with 6 clusters is the shortest, but its
optimal total cable cost is the highest, with the value of Ce oy =
22.095 ME€. Therefore, compared with cable length, the power capacity
of the cable has a greater impact on the total cost in the FOWF collection
system. As can be seen from Table 3, the optimal total cable cost Cep, op¢ is
the lowest when the number of clusters C is the largest, Cnax = 9.

The projection of the optimal FOWF collection system topology on
the O-XY plane obtained from Stage I is shown in Fig. 8. It can be seen
that the FOWTs are partitioned into 9 groups each containing 3 to 6
FOWTs. However, this schematic only demonstrates basic 2-D planar
connection relationship between FOWTs and between FOWTs and OS.
The lengths and the detail routine of the dynamic and static cables in 3-D
space are to be optimized in Stage II on the basis of the optimal topology
in Fig. 8.

The optimal FOWF collection system topology that bypasses the
MLMAs obtained from Stage II is shown in Fig. 9.

Fig. 9 shows that even after optimizing mooring angles, some cables
may still intersect MLMAs. For these cases, a direct straight-line
connection between dynamic and static cable segments is infeasible.

“:| Dynamic cable [JIl Static cable [[1] Total length‘

70

61.862
50.136 60.372 60.905

D
(=}
T

W
(=}
T

47.172

45.518
42.621 4443

B
(=}
T

Length (km)
=
T

20

16.515 15.943 15.387 14.69

10

6 7 8 9
C (Number of clusters)

Fig. 7. Cable length of the FOWF collection system.
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Fig. 8. Projection of the optimal FOWF collection system topology on the O-XY
plane obtained from Stage I.

Relocating cable connection points to bypass MLMAs marginally in-
creases dynamic cable costs but can significantly reduce mooring line-
cable collisions during FOWT motion, extending cable service life.
This repositioning also lowers dynamic cable installation complexity
and cost. In Table 3, although the cable costs generally decrease with
loop number, the 10-loop has higher costs (20.5173 M€) than the 9-loop
topology. This means that maximizing loops cannot guarantee cost
minimization. As loop number rises, cable length grows disproportion-
ately, making length-driven costs dominate over power capacity sav-
ings. Furthermore, excessive loops force export cables near the OS closer
together. This proximity sharply increases MLMA avoidance complexity
and cost, sometimes making avoidance infeasible. Therefore, an optimal
loop number exists for FOWF collection topology optimization.

The simulation of a comparative case is carried out where cable to-
pology optimization excludes MLMA avoidance and the mooring angles
remain fixed at their initial configurations and the optimal FOWF
collection system layout is given in Fig. 10, with a total cable cost of
20.6202 ME, slightly higher than the 20.3013 M€ of the two-stage
optimization. This means that optimizing the positions of dynamic-
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Static cable

Fig. 9. Optimal FOWF collection system topology that bypasses the MLMAs
obtained from Stage IL

Renewable Energy 257 (2026) 124787

static cable connection points results in the cables not being the short-
est straight lines in the horizontal plane, but it is necessary that the
dynamic cables must accommodate the maximum movement distance of
FOWTs.

Therefore, when the FOWT movement areas are completely iden-
tical, directional imbalances of cable lengths may incur, that is to say,
the dynamic cables in certain directions may be forced to be excep-
tionally long which will lead to higher costs. From simultaneous opti-
mization of mooring angles and connection points in Stage II, cable
routine can bypass MLMAs while mitigating cost escalation.

As can be observed in Fig. 10, the MLMA intersections occur with 25
dynamic cable segments and 13 static cable segments which pose critical
risks. For dynamic cables, such intersections will induce potential col-
lisions with the mooring lines which will degrade their service life and
increase failure probability, resulting in high replacement costs and
significant power losses from cable failures. Intersections between static
cables and MLMA also substantially increase the installation costs of the
crossed cable sections. This validates that the inclusion of the MLMA
avoidance into the FOWF collection system planning is essential for its
operational efficiency and cost reduction.

To analyze the influence of seawater depth on the optimization re-
sults of the proposed model, four different seawater depth values are
tested (H = 70 m,90 m, 110 m, 130 m). Adjusting the mooring param-
eters for different water depths, and the results are given in Table 4 and
Fig. 11.

The simulation results in Table 4 indicate that dynamic cable length
grows substantially with seawater depth, while static cable length re-
mains relatively stable. It means that the dynamic cables are the primary
contributor to total cost growth.

Besides, the cost comparison of different seawater depth groups in
Fig. 11 reveal decreasing marginal costs for dynamic cables with the
increase of seawater depth. This is because the mathematical relation-
ship between the length increment of the dynamic cable and the
seawater depth increment approximately follows a negative quadratic
relationship, and the increment ratio gradually decreases.

5. Conclusions

This paper proposes a two-stage optimization model for the planning
of the collection system of a FOWF. The model successfully minimizes
the total cable cost while ensuring dynamic cables bypassing MLMAs,

thereby enhancing the safety of the FOWF collection system. Case
studies yield the following findings.
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Fig. 10. Optimal FOWF collection system topology without MLMA avoidance.
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Table 4
Optimization results of different seawater depths.
Seawater depth H (m) 70 90 110 130
Cep.opt (ME) 20.3013 21.289 22.1088 22.9226
Cite.opt (ME) 14.0721 14.0934 14.1199 14.1441
Cayn.opt (ME) 6.2292 7.1956 7.9889 8.7785
Lep,ope (km) 61.862 64.164 66.128 68.086
Lytc opr (km) 47.172 47.223 47.307 47.396
Lgyn,ope (km) 14.69 16.941 18.821 20.69
( | Static cable | | Dynamic cable
1000 966.4
800 793.3 789.6
@
=4
< L
©
=
5 600 -
5}
% L
o
‘g 400
o
200
21.3 26.5 24.2
0 1 | I —1
70-90 90-110 110-130

Seawater range (m)

Fig. 11. Cost differences under different seawater ranges.

1) In Stage I, the FCM clustering method based on angles and distances
has a remarkable effect on the optimization of the collection system
topology of the FOWF with OS located inside.

2) When partitioning and grouping FOWTs, there exists an optimal

number of clusters in Stage I for which the cable length and the

power capacity can achieve the best balance.

In Stage II, increased seawater depth significantly raises dynamic

cable costs in the FOWF, though the marginal cost increase di-

minishes with greater depth.

In Stage II, routing dynamic and static cables to bypass MLMAs

significantly reduces potential collisions with mooring lines,

extending cables’ service life, lowering installation difficulty and
cost.

3

—

4

-

Future work will prioritize cable optimization to minimize the LCOE
of the FOWF, integrating FOWT micro-siting into cable configuration
design. Particular attention will be paid to analysis of power fluctuations
from FOWT movement, topological power losses, and the economic
impacts of cable damage to establish a robust optimization framework.
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