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Abstract

This study proposes a novel angle-based partition design method to optimize the collector system of offshore wind farms. It
highlights the importance of improving the reliability of the collector system while reducing overall costs. By integrating the
minimum spanning tree algorithm with angle-based partition theory, this method minimizes subsea cable lengths and reduces
failure risks under constraints such as the number of feeders, subsea cable current capacity, balanced feeder power, and avoidance
of cable crossings, thereby enhancing system efficiency and reliability. A case study on a recent 1-GW offshore wind farm in
Guangdong, China, was used to validate the effectiveness of the proposed method. A multi-criteria decision analysis approach
was used to evaluate the proposed method. The evaluation results showed that the design scheme generated by the angle-based
partition method performed the best. This design scheme demonstrated a more balanced distribution of turbines per feeder,
with virtually no increase in subsea cable length compared to traditional methods such as Improved Prim and Angle-based

K-means Clustering.



Highlights

An angle-based partition design method for offshore wind farm collector systems

Xingru Ye,Ronghua Zhu,Chenghong Gu,Haining Xing, Yiwei Hu,Cailiang Zhang

e Proposes the angle-based partition theory for offshore wind power collector systems to reduce cable failure risks.

e Achieves reduced cable lengths and a balanced distribution of turbines per feeder in the case study, enhancing
system stability and cost-effectiveness.

e Simplifies the complexity of traditional approaches and improves scalability through a structured partition
framework, making it suitable for multi-phase and multi-zone offshore wind farm projects.

e The application of multi-criteria decision analysis confirms the superior performance of the proposed design
across multiple evaluation criteria, highlighting its reliability and efficiency.
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ARTICLE INFO ABSTRACT

Keywords: This study proposes a novel angle-based partition design method to optimize the collector
Offshore wind system of offshore wind farms. It highlights the importance of improving the reliability of
Collector system the collector system while reducing overall costs. By integrating the minimum spanning tree
Cable failure algorithm with angle-based partition theory, this method minimizes subsea cable lengths and
Minimum spanning tree reduces failure risks under constraints such as the number of feeders, subsea cable current
PROMETHEE capacity, balanced feeder power, and avoidance of cable crossings, thereby enhancing system

efficiency and reliability. A case study on a recent 1-GW offshore wind farm in Guangdong,
China, was used to validate the effectiveness of the proposed method. A multi-criteria decision
analysis approach was used to evaluate the proposed method. The evaluation results showed
that the design scheme generated by the angle-based partition method performed the best. This
design scheme demonstrated a more balanced distribution of turbines per feeder, with virtually
no increase in subsea cable length compared to traditional methods such as Improved Prim and
Angle-based K-means Clustering.

Nomenclature and acronyms definition
ABKMC Angle-based K-means Clustering
ABPT Angle-based Partition Theory

AC Alternating Current

CCW  Counter-Clockwise

HV High Voltage

HVAC High Voltage Alternating Current
HVDC High Voltage Direct Current

LV Low Voltage

MST Minimum Spanning Tree

MV  Medium Voltage

SOP  Soft Open Points

i Index for feeder

Jj Index for turbine

N, Node count in a sector

€ Cable segment connecting the j-th wind turbine on the i-th feeder
F Objective function

f Number of feeders

Smax ~ Maximum number of feeders

Smin ~ Minimum number of feeders

L Total length of the collector system
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N Number of wind turbines connected to each feeder in a regular wind farm
N; Number of turbines on the i-th feeder

Py Rated power per turbine

P,.x Maximum active power allowed for the cable

P, Allowable deviation in power transmission between any two feeders

P, Power transmitted through the i-th feeder

1. Introduction

1.1. Offshore wind power system

To use the electricity generated by the wind turbines in an offshore wind farm, the electrical system employs subsea
cables to interconnect the turbines and transmit power to the grid. Structurally, this system can be divided into three
main components: the collector system, the offshore substation, and the transmission system. As shown in Fig. 1, the

Sea L an d ) Offshore Substation

) Onshore Substation

HVAC: <750 MW, <80km

HVDC: =750 MW, = 80km

Collection System Transmission System

Fig. 1. General representation of offshore wind power system.

collector system typically starts with a transformer located at the base of each wind turbine tower, which steps up the
voltage from Low Voltage (LV) to Medium Voltage (MV). The collector system always uses AC inter-array subsea
cables to collect energy from wind turbines. Then, an array of MV subsea cables connects the output from wind turbines
to the offshore substation. The offshore substation aggregates power from multiple feeders arranged in a specified main
wiring configuration and steps up the voltage as required. Finally, the transmission system employs High Voltage (HV)
subsea cables to integrate the offshore wind farm with the onshore substation [1, 2].

Inter-array and export cables are critical components of offshore wind farms. Specifically, inter-array cables
transmit electricity from turbines to offshore substations, while export cables carry the collected power from offshore
substations to onshore substations. A study conducted by the University of Strathclyde [3] found that the average rate
of cable failure in European offshore wind farms is approximately 0.003 failures/km/year. This statistic translates to a
30% chance of cable failure for an offshore wind farm with 100 km of cables in any given year. The consequences of
such failures can be significant; the average downtime for repairing inter-array cables is around 40 days, while export
cable repairs take about 60 days. This prolonged repair time exacerbates energy losses and incurs substantial economic
costs. To address these challenges, reducing cable lengths can be beneficial as it reduces operation and maintenance
expenses by reducing failure risks. However, the layout of turbines and the placement of substations are influenced by
multiple factors, including offshore wind resources, terrain, and navigation-restricted areas [4], all of which limit the
extent to which the total length of export cables can be minimized. In contrast, there remains significant potential for
optimizing the layout of inter-array cables within the collector system, allowing for reductions in overall cable length
and enabling substantial cost savings.

There are generally two typical topologies for collector systems: radial and ring [5], as shown in Fig. 2a and Fig.
2b. Some literature also mentions star topology [6, 7] as shown in Fig. 2¢c, characterized by each generator having its
dedicated feeder. However, independent commercial applications of star topology are rare; it is often combined with
radial topology to form tree variant, as shown in Fig. 2d. Another hybrid variant, mesh, combines the topologies above,
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shown in Fig. 2e. The characteristics, advantages, disadvantages, and typical cases of the four common grid topologies
are summarized in Table 1, among which the offshore wind farm figures are from the KIS-ORCA Project [8].

Substation Substation Substation Substation Substation
A o8 o

(a) Radial. (b) Ring. (c) Star. (d) Tree. (e) Mesh.

Fig. 2. Collector system topologies.

Notably, in a general ring topology, all cables need to be designed for a maximum current to ensure power
transmission to the substation in the event of a cable fault. Another special ring topology only uses a cable with
the smallest cross-section to tie feeder-terminal turbines. The adjacent feeder provides basic power through the tie
cable after a feeder failure to ensure continuous operation of critical turbine systems such as heating, dehumidification,
control, and yaw, thereby maintaining turbine safety. These two ring types are not commonly used in offshore wind
farms due to high investment costs and low economic feasibility. In recent years, most commercial offshore wind farms,
whether fully commissioned, under construction, or consent-authorized, have adopted either a radial or tree topology.

1.2. Optimization of collector systems

Most optimization problems of the collector system aim to minimize the total cable length [9]. Several feasible
strategies for optimizing collector systems have been proposed based on various demands and constraints like restricted
areas, power generation, cable networks, and energy loss. For instance, Dutta and Overbye present three new algorithms
for designing wind farm cable layouts: improving the Minimum Spanning Tree (MST), limiting turbine connections per
feeder, and optimizing cable sizes based on power flow [10]. However, introducing Steiner points can make branches
more vulnerable [11]. Huang et al. optimize and solve the problem on its sub-regional levels using the combination of
graph theory and the improved fuzzy C-means algorithm [12]. Hou et al. optimize the location of offshore substation
and the collector system layout by Prim algorithm [13]. Later, they use the fuzzy C-means algorithm to partition the
wind farm and optimize the location of offshore substations in each sub-region instead of relying on clustering centers
and apply the adaptive PSO-MST algorithm to create uncrossed cable connection layouts for both the collector system
and transmission system [ 14, 15]. Also, some research introduces the obstacle constraint and uses mixed integer linear
programming to solve the optimization problem [16, 17]. Wu et al. present a hybrid optimization approach combining
meta-heuristic algorithms and geographic information systems to simultaneously optimize the site selection, three-
dimensional wind turbine layout, and cable routing for offshore wind farms [4]. Song proposes a bi-level constrained
optimization model based on maximum profit and the shortest route of cable and uses a differential evolution and
improved Prim algorithm to optimize the model [18]. Zuo et al. design a hybrid GA-ST-MST optimization approach
in wind farm cable system optimization [19].

However, previous studies focus on certain extreme constraints, without considering the balance of feeder power
capacity or the standardization of subsea cable installation and maintenance. In addition, the optimization of the
collector system relies on clustering algorithms and metaheuristic algorithms, making the established models overly
complex. Some multi-layer models and synchronized optimization designs lack practical feasibility in engineering
applications. This leads to poor scalability of the collector system, especially in the context of multi-phase and multi-
zone construction of offshore wind farms.

1.3. Contributions

To address the issue above, the Angle-based Partition Theory (ABPT) is proposed to optimize cable layouts in
collector systems. Although primarily developed for offshore wind farm grids, this method is also applicable to other
scenarios, such as exhaustive foraging for stationary targets, demonstrating its contribution to advancements in graph
theory algorithms.
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Table 1
Comparison of collector system topologies.
Typical
Topology Radial Ring
Characteristic ~ Several generators are connected along a single feeder  Similar to the radial grid but with the back ends of the
that travels to the substation, along with other feeders. feeders connected together.
Advantage Simple and cheap: The system structure is the simplest, More reliable: If one path fails, another path can be
the total length of cables is small, and the cost can  used.
be effectively reduced by reducing the diameter of the
subsea cable.
Disadvantage Lack of reliability: If one feeder fails, all generators More costly: To account for any cable failure, the
connected to that feeder will not produce power. current flow is not constant; all cables must handle
maximum current, requiring a larger cross-section and
higher investment.
y I
s |
N
VN N
Case N— / <
¢ 9 P, D/?
Hornsea 1 (West), UK, 2019 Rampion, UK, 2018
Topolo Variant
pology Tree Mesh
Characteristic ~ Similar to the radial grid, but allows branches. A combination of the previous three topologies.
Advantage Similar to the radial grid, however, it is more flexibleand = The system has higher reliability and redundancy.

Disadvantage

Case

can further reduce the cable length, thereby lowering the

cost.

Lack of reliability and more complex in route planning.

Westermost Rough, UK, 2022

The grid structure is complex, and the cost is high.

Triton Knoll, UK, 2022

The rest of this paper is organized as follows. Section 2 details the optimization process for collector systems using
ABPT. Section 3 presents case studies to illustrate the application of ABPT, and Section 4 concludes the paper.

2. Collector system optimization

2.1. Optimization objective
As we mentioned in Section 1, minimizing the total length of the collector system can help reduce cable failure
risks, so the optimization aims to minimize the total length. The objective function can be represented as:

f f Ni
F=minL=min21,~=minzz
i=1

ei,j|
i=1 j=1

E={e;|i€l2...f,j€L2...N}

(6]

@
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In the equation, L is the total length of the collector system; f is the number of feeders; N; is the number of turbines
on the i-th feeder. The set E represents all cable segments in the system, where each element e; ; represents the cable
segment connecting the j-th wind turbine on the i-th feeder.

The lengths of the cables are calculated according to the geometrical distance without considering practical usage,
such as barriers or restrictions in the sea. The condition of two or more cables failing in one feeder can be neglected
since the probability is minuscule.

2.2. Optimization constraints
2.2.1. Feeder amount constraints

In a collector system, the number of cable entries at the substation is limited by the number of input terminals on
the transformer. Too many cable entries can affect the topology’s economic efficiency. At the same time, too few entries
can result in excessive power transmission through the incoming subsea cables, compromising the safe operation of
the entire topology. Therefore, the number of feeders connected to the substation must lie within the permissible range:

fmin < f < fmax (3)

where f,.;, and f,,., are the minimum and maximum numbers of feeders to the substation, respectively.

2.2.2. Cable carrying capacity constraints

Due to the limited carrying capacity of subsea cables, each feeder should not connect too many wind turbines to
exceed the carrying capacity. Since the turbine models and voltage levels in the same wind farm are usually consistent,
the constraint on the maximum number of turbines per feeder can be expressed as:

P
< max .
N,\[—PO | vie{l,2,....f} )
where P, .. is the maximum active power allowed for the cable; P, is the rated power per turbine.

2.2.3. Balancing power

Ensuring similar power input from each feeder to the substation offers several benefits, particularly in facilitating
the economic selection of subsea cables. The procurement of cables can be optimized to ensure uniform specifications,
simplifying the selection process and reducing costs. Additionally, this standardization improves resource allocation
and load distribution, enhancing system stability by preventing over-load or under-load conditions. Thereby, it reduces
power losses, improves transmission efficiency, and simplifies maintenance. Finally, evenly distributed power extends
the lifespan of equipment by avoiding overloading specific components. Overall, balancing power input improves
operational efficiency and reliability and facilitates cost-effective cable selection. To ensure power balance among
feeders:

P,.-Pj(gAPb vi,j e ({1,2,....f} )

where P, is the power transmitted through the i-th feeder and A P, is the allowable deviation in power transmission
between any two feeders. Equation 5 can be written in another way:

AP,
‘Ni—Nj‘S[TObJ Vij € (1,2,...,f) ©)

2.2.4. Cross-avoidance constraints
The crossing of cables in the subsea environment poses significant challenges for construction and can also impact
the safe operation of the collector system. Therefore, the collector system should avoid subsea cable crossings.

Ne; =0 Veil-]]’ei?_qu €E, (i1’j1)3é(i2aj2) (7)

Ciyjt i2.)2

2.3. Flowchart of proposed method

The optimization problem is simplified into a shortest-path design problem. It is realized by efficiently distributing
tasks and minimizing resource consumption. Fig. 3 illustrates the flow of the proposed method, consisting of several
key stages:

1. Divide nodes into sectors based on angles.
2. Distribute unassigned nodes to nearby sectors.
3. Use MST algorithm.

4. Calculate the total path length.
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Input: All nodes,
including the central hub

l

Calculate angles and sweep
sectors for Ng nodes

l Remove the sector of

Min. angle from the zone
A sector of Ny nodes? A

No

Original sectors

Assign the remaining
nodes to nearby sector

Updated sectors

’Generate MST and calculate edges ‘

Total length

Fig. 3. Flowchart of ABPT.

2.4. Divide nodes into sectors based on angles

The initial phase of the method focuses on dividing nodes into sectors according to their angles relative to the
central hub, as shown in Fig. 4. To begin, assign an initial node count N, to each sector based on the limits of the
final path. Then, using the central hub as the centre of the sweep, sweep the entire zone to identify sectors that can
cover N, nodes while minimizing the angle. Once a sector is found, sweep the remaining zone for the next sector that
can also cover N, nodes with the smallest angle. Continue this process iteratively until no additional sectors meeting
the criteria can be found. Fig. 4c shows the first three sectors swept in a counterclockwise direction. To help readers
understand better, we take N, = 5 as an example. At this stage, the initial segment of sectors and assignment of nodes
is complete. Most nodes will have been distributed to their respective sectors, while a few may remain unassigned.
As shown in Fig. 4d, S; and .S, are the two sectors with the smallest angles that can cover N nodes, and two nodes
remain unassigned.

2.5. Distribute unassigned nodes to nearby sectors

Angular differences between each unassigned node and assigned nodes relative to the central hub are calculated.
Each unassigned node is then assigned to the sector that corresponds to the assigned node with the smallest angular
difference. As a result of the assignment, the sectors .S and .S, update into S; and Sé. The new partition is shown in
Fig. 5a.

2.6. Use MST algorithm

In this stage, generating an MST for each sector helps determine the shortest paths that connect nodes to the central
hub, as shown in Fig. 5b. MST is a concept from graph theory and is commonly used to solve problems related to
network design, optimization, and minimizing connection costs [20]. It aims to find a subset of edges in a weighted
graph that connects all vertices together without forming any cycles while minimizing the total edge weight. This
loopless edge selection feature, combined with the minimization of total edge weight, ensures no crossings in the
MST. Kruskal and Prim are two common algorithms for finding the MST. Kruskal algorithm selects the smallest
weight edge at each step and adds it to the tree until all vertices are connected, making it well-suited for sparse graphs.
Prim algorithm, on the other hand, starts from a specific vertex and expands the tree by adding the minimum weight
edge that connects a vertex inside the tree to one outside, making it more efficient for dense graphs. For each sector’s

Xingru Ye et al.: Preprint submitted to Wind Energy Page 6 of 15



An angle-based partition design method for offshore wind farm collector systems

[
L‘ ® Central hub ° L‘ @® Central hub * 3 o
\
N \ / , ’
[ ) ° N . .\ . P ,
\ Yy ,
AN
® . \ ! I, , 2
N \ ! 1y ’, ’
[ ] \. \ ' 1y 7
) ® 'Y LN 4
\ Y,
~ R A Y \ \ , ’,
® AN ) R . g /2,
\\ N I’//
~ \\\ \ II'
° s -
T -e
(a) Nodes layout. (b) Calculate the angle.

® Central hub

[ @® Central hub

(¢) Sector sweeping.

(d) Sectors of N, nodes.

Fig. 4. Divide nodes into sectors based on angles.
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Fig. 5. Distribute unassigned nodes and generate MST.
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MST generation, the central hub should be added to the sector first to guarantee the sector nodes are connected from the
central hub. Utilizing MST’s acyclic and non-intersecting characteristics, we ensure that paths within each sector do
not cross. Additionally, by previously ensuring the sectors themselves do not overlap during the partitioning process,
the entire generated path remains free of intersections.

2.7. Calculate the total path length

Finally, the total path length of the entire system is calculated. This involves summing the lengths of the edges
generated by the MSTs across all sectors. By minimizing the total path length, the method ensures that the distance
from the central hub to all other nodes is optimized under the initial N, thus reducing resource usage.

3. Case study

3.1. Dataset

This paper selects a two-zone offshore wind farm project in Guangdong, China. Zone 1 has an approximate total
installed capacity of 400 MW, with 37 units of 11-MW turbines numbered 1 to 37. Zone 2 has an approximate total
installed capacity of 600 MW, with 55 units of 11-MW wind turbines numbered 38 to 92. The offshore wind farm is
equipped with a 500 kV offshore substation, 16 feeders of 66 kV array cables, and 2 feeders of 500 kV export subsea
cables. The original collector system of the offshore wind farm is shown in Fig. 6, and the connection details for each
feeder are provided in Table 2. This wind farm is arranged in a radial layout, with a total feeder length of 141,958.00
meters for the collector system.

£ 38
92
39
40
41
42
46
47
48
49
50
51
62 32
63 s3

Note: Lines of the same color belong to the same feeder. Colors are used for clarity and do not indicate functional differences.

Fig. 6. The original collector system of the offshore wind farm.

3.2. Parameter setting

Parameters are set based on the constraints in Section 2.2. For cable carrying capacity, a single-core 1600 mm?
cross-linked polyethylene cable with a rated voltage of 66 kV can theoretically transmit a maximum power of 174 MW
[21]. According to Equation (4), N < [174 MW /11 MW | = 15 turbines. The minimum limitation of incoming cables
of the substation f,;, = [92/15] = 7. The maximum limitation of incoming cables of the substation can be assumed
at the original feeder amount, i.e., f,,, = 16.

In Section 2.4, the initial number of nodes assigned to each sector is N . If the nodes are unevenly distributed around
the central hub, the final number of nodes assigned to each sector should fall within the range [N, N +2(N,—1)],i.e.,
[N, 3N, —2]. However, in practice, the layout of offshore wind farms tends to be more regular, so it can be assumed
that after reallocation, the number of wind turbines connected to each feeder, denoted as N, most likely will be within
the range [N, N,+2(N,—1)/2],i.e., [N,,2N,—1]. Itis appropriate to set the initial value of N to an integer between
4 and 8.

3.3. Benchmarks
This paper uses two methods, Improved Prim and Angle-based K-means Clustering (ABKMC), as benchmarks for
comparison. Both methods share certain similarities with our proposed methods.

Xingru Ye et al.: Preprint submitted to Wind Energy Page 8 of 15



An angle-based partition design method for offshore wind farm collector systems

Table 2
Feeders of the collector system.

Line No. Connection sequence from the substation

27 - 26 - 35 - 67 — 66 — 36
25—-534-533-532-31-30
24 - 23 522 - 21 - 20 - 29
17-16->15-> 14— 13
18->7—-6->5
19-8—-1-2-53-4
37-9—-10—- 12 - 38
92 539 -540—->41 - 42
48 - 49 - 50 - 51 - 52 - 53
47 - 61 - 62 - 63 - 64 — 65
45 - 46 - 60 > 75> 76 > 77
44 - 58 - 59 - 73 - 74 - 86
43 572 -71 - 83 - 84 — 85
57 - 56 - 82 - 90 — 89 — 91
28 - 70 - 81 - 80 — 87 — 88
55-554-569 - 68 —>79—>78

N R Do - 000NN R W=

3.3.1. Improved Prim
Improved Prim is an enhancement of Prim that incorporates the constraints on the number of feeders. The specific
steps of Improved Prim are as follows.

Distance calculation and sorting Calculate the distances from all turbine nodes to the substation and sort the nodes
in ascending order based on their distances.

Connection of closest nodes According to the number of feeders f, connect f nodes closest to the substation and
mark them as visited, adding these connections into the array Edges.

Edge selection For each unmarked node, select the edge with the minimum weight connecting them to the marked
nodes. Check whether this edge intersects with any edge in the array Edges. The Counter-Clockwise (CCW) orientation
test [22, 11] is often used to check whether two edges intersect:

1. Check Shared Endpoints: Assume A and B are endpoints of edge E;, and C and D are endpoints of edge E,. If
any endpoints are identical between E;| and E, (e.g., A = C), then we define the edges as not intersecting in a
strict geometric sense, as they merely share a point without truly crossing.

2. Check Relative Orientation: Calculate the CCW values for (A, B, C) and (A, B, D) :

CCW(A, B,C) = (C, — A,)(B, — A,) — (B, — A)(Cy — A,) ®)
If CCW(A, B, C) > 0, the points are in a counterclockwise orientation. If CCW(A, B, C) < 0, the points are in
a clockwise orientation.

If the orientations of (A, B, C) and (A, B, D) differ, C and D lie on opposite sides of edge E;.

Similarly, the CCW values for (A, C, D) and (B, C, D) are computed. If these orientations differ, A and B lie on
opposite sides of edge E,.

3. Determine Intersection: The two edges intersect only if the orientations of (A, B, C) and (A, B, D) differ and the
orientations of (A, C, D) and (B, C, D) differ.

If they do not intersect, mark the turbine node as visited and add the edge to the array Edges; if they intersect, discard
this edge and select the next smallest edge, repeating the intersection check.

Optimization completion Once all nodes are marked, the optimization of the collector system is complete.
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Table 3
Characteristics of the collector system for different initial node count using the ABPT method.
Initial No. of nodes N, 4 5D 6 7(3) 8@
No. of feeders f 17 13 12 11 10
Total length (m) 149975 130403 124873 117037 116029

Min. length of feeders (m) 4232 6938 7167 7167 7664
Max. length of feeders (m) 13587 16541 16541 15922 16541

Min. turbine count per feeder 4 5 6 7 8
Max. turbine count per feeder 7 12 12 12 12
Meet the limit? No Yes Yes Yes Yes

3.3.2. ABKMC

The ABKMC method we propose is inspired by Angle-based clustering [23], but it differs fundamentally in its
approach. This method clusters wind turbine nodes based on their angular relationships to the substation. The specific
steps of ABKMC are as follows.

Angle calculation Calculate the angle of each turbine node relative to the substation.

K-means clustering Perform K-means clustering on the angle values. To enhance the stability and reliability of K-
means clustering on angle values, multiple runs are performed to build a consensus matrix, accounting for variations
in the initial clustering centers. The number of clusters is set to match the number of feeders f.

Hierarchical clustering Apply a hierarchical clustering algorithm to the consensus matrix to obtain the final cluster
labels.

MST generation Finally, augment each cluster with the substation to generate their respective MST.

3.4. Results and analysis

Using the ABPT method proposed in this paper, setting the initial number of sector nodes N from 4 to 8, the
automatic optimization results of the collector system are shown in Fig. 7. The first subfigure in each row represents
the initial sector partition under N, where the turbine nodes connected to the substation by solid lines of the same
colour indicate that they are assigned to the same sector, while the remaining blue points connected to the substation by
dashed lines represent unassigned points. The second subfigure shows the result of updated sectors. The third subfigure
illustrates the result of generating an MST for each sector, where the feeder connects all the nodes within the sector.
It’s hard to tell the difference of the final scheme directly from the figure, so we compare the characteristics in Table 3.
When N is set between 5 and 8, the feeder constraints are satisfied. Increasing N typically leads to a reduction in the
number of feeders and total length. This is because during the partition process, the more nodes assigned to each sector,
the fewer sectors there are to divide, leading to fewer limitations on the entire system, which approaches the process
of creating an MST for the entire system. When N is set to 8, the difference between the maximum and minimum
number of turbines connected to a single feeder is the smallest, which best meets the power balance requirements.
There are no significant differences in other characteristics when N varies from 5 to 8.

Fig. 8 shows the results of two benchmarks. From Fig. 8a, we can see that the Improved Prim method has significant
weaknesses. It leads to a very uneven distribution of wind turbines on the feeders. Particularly in cases where there are
too many turbines on a single feeder, it exceeds the cable’s power transmission limits. As shown in Fig. 8b, the ABKZ
method results in a more balanced distribution of wind turbines across the feeders compared to the Improved Prim.
However, it’s hard to distinguish its differences from the ABPT method, so the characteristics are also listed in Table
4. It shows that when the number of feeders f is set between 11 and 16, the maximum limit of turbines connected
to a single feeder is satisfied. However, the number of turbines connected to each feeder is uneven, with differences
reaching up to 3 to 4 times.

Since the design scheme @- all meet the design constraints, and the difference in total length is not particularly
significant, this research uses a multi-criteria decision analysis (MCDA) method to rank the design schemes from best
to worst. The weights of the criteria are found by the analytic hierarchy process (AHP) and then the Preference Ranking
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Fig. 7. Automatic optimization process using the ABPT method.

Organization Method for Enrichment of Evaluations (PROMETHEE) 11 is applied by using those weights to select the
best scheme [24].

The evaluation is based on six criteria: 1. Number of feeders, 2. Total length, 3. Maximum difference of feeder
lengths, 4. Maximum difference of turbine count on feeders, 5. Standard deviation (SD) of feeder lengths, and 6. SD of
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7

(b) ABKZ (f from 7 to 16).

Fig. 8. Results of benchmarks.

Table 4

Characteristics of the collector system for different feeder counts using the ABKZ method.
No. of feeders f 7 8 9 10 1nG
Total length (m) 97821 99503 102711 109644 109749

Min. length of feeders (m) 6721 4312 4312 4312 4312
Max. length of feeders (m) 27646 27646 24519 20282 19540

Min. turbines per feeder 6 5 5 5 4
Max. turbines per feeder 26 26 22 16 15
Meet the limit? No No No No Yes
No. of feeders f 126 130 14 1509 16
Total length (m) 112868 118618 126929 128086 137031

Min. length of feeders (m) 4312 4312 4109 4109 4312
Max. length of feeders (m) 19420 19420 16541 17938 16509

Min. turbines per feeder 4 4 3 3 3
Max. turbines per feeder 15 15 10 12 11
Meet the limit? Yes Yes Yes Yes Yes

turbine count on feeders. Table 5 presents the pairwise comparison matrix used in the AHP to determine the weights
of the six evaluation criteria. Each element in the matrix represents the relative importance of one criterion compared
to another, using Saaty’s 9-point scale. For example, the importance of "total length" compared to "number of feeders"
is rated as 7, indicating that "total length" is considered much more significant. After processing the matrix through
AHP calculations, the normalized weights for each criterion are derived as follows: 0.080, 0.463, 0.031, 0.039, 0.134,
and 0.253. The criterion "total length" (0.463) and "SD of turbine count on feeders" (0.253) have the most significant
impact on the rankings, while "Max Diff. of feeder length" (0.031) and "Max Diff. of turbine count" (0.039) have less
influence.

The evaluation results are presented in Table 6. All the values have been normalized and each design scheme is
ranked according to the weighted sum of the criteria. Except for the criterion "No. of feeders", which is better when
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Table 5
Pair-wise comparison matrix.
Criterion No. of Total Max Diff. of Max Diff. of SD of feeder SD of turbine
feeders length  feeder lengths  turbine count lengths count on
feeders
No. of feeders 1 1/7 3 3 1/3 1/5
Total length 7 1 9 7 5 3
Max Diff. of feeder lengths 1/3 1/9 1 1/3 1/5 1/7
Max Diff. of turbine count 1/3 1/7 3 1 1/3 1/5
SD of feeder lengths 3 1/5 5 3 1 1/3
SD of turbine count on feeders 5 1/3 7 5 3 1

Table 6
Preference ranking of alternatives.

Criterion Original (1) @ ® @ 3 ® @ © Weight

No. of feeders 1.00 050 033 0.17 000 0.17 033 033 067 0.83 1.00
1-No. of feeders 0.00 050 0.67 083 100 083 067 0.67 033 0.17 0.00 0.08
Total length 1.00 064 047 023 0.19 000 0.10 0.28 053 057 0.85 0.46
Max Diff. of feeder lengths 0.84 043 027 005 000 0.18 027 045 070 0.74 1.00 0.03
Max Diff. of turbine count 0.00 056 044 033 022 1.00 100 1.00 056 0.78 0.67 0.04
SD of feeder lengths 0.21 0.06 0.00 0.11 0.12 1.00 078 0.62 057 042 0.27 0.13
SD of turbine count on feeders 0.00 052 052 045 029 1.00 082 0.76 059 059 048 0.25

Total 0.52 051 043 032 027 050 046 051 054 054 061

Preference ranking 8 7 3 2 1 5 4 6 10 9 11

larger, all other criteria are harmful. Therefore, the values of "No. of feeders" are inverted, and the alternative with the
smallest final score is considered the optimal solution.

The design scheme @ ranks the highest with the smallest score of 0.27, indicating it performs best across the
selected criteria. On the other hand, the design scheme , with a score of 0.61, ranks the lowest, showing it is the
least optimal.

4. Conclusion

In conclusion, the proposed angle-based partition method, integrated with the MST algorithm, effectively optimizes
the collector system for offshore wind farms by minimizing subsea cable lengths while ensuring a balanced distribution
of feeder power. It helps reduce cable failure risks, contributes to the standardized laying of feeders, and reduces
subsea cable installation and maintenance costs. The case study conducted on a 1-GW offshore wind farm in
Guangdong, China, demonstrated the method’s ability to generate a well-balanced design that minimizes cable length
while improving system reliability compared to traditional methods like Improved Prim and Angle-based K-means
Clustering. The multi-criteria decision analysis further confirmed the superior performance of the proposed approach
in terms of turbine distribution per feeder and system efficiency.

Unlike traditional optimization methods that often rely on complex clustering and metaheuristic algorithms, the
proposed method offers a simpler and more practical solution. Additionally, the angle-based partition method enhances
scalability by providing a structured yet flexible framework, making it well-suited for multi-phase and multi-zone
offshore wind farm construction. This ensures that the collector system can adapt effectively to evolving project scales.

However, the method does have limitations. Specifically, it can only generate the optimal design for a given initial
node count, which determines the starting partition of the system. While it finds the design with the smallest cable
length under the given constraints, it does not guarantee the absolute optimal solution. To obtain the truly optimal
design, multiple schemes must be evaluated and compared. Future research could focus on addressing this limitation
by exploring methods to dynamically adjust the initial node count.
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