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ABSTRACT: The rapid expansion of offshore wind energy necessitates robust and cost-effective electrical collector
system (ECS) designs that prioritize lifetime operational reliability. Traditional optimization approaches often simplify
reliability considerations or fail to holistically integrate them with economic and technical constraints. This paper
introduces a novel, two-stage optimization framework for offshore wind farm (OWF) ECS planning that systematically
incorporates reliability. The first stage employs Mixed-Integer Linear Programming (MILP) to determine an optimal
radial network topology, considering linearized reliability approximations and geographical constraints. The second
stage enhances this design by strategically placing tie-lines using a Mixed-Integer Quadratically Constrained Program
(MIQCP). This stage leverages a dynamic-aware adaptation of Multi-Source Multi-Terminal Network Reliability
(MSMT-NR) assessment, with its inherent nonlinear equations successfully transformed into a solvable MIQCP
form for loopy networks. A benchmark case study demonstrates the framework’ efficacy, illustrating how increasing
the emphasis on reliability leads to more distributed and interconnected network topologies, effectively balancing
investment costs against enhanced system resilience.

KEYWORDS: Offshore wind farm; feeder layout optimization; network reliability; nonlinear optimization;
probabilistic graphical model

1 Introduction

The global energy landscape is undergoing a transformative shift towards renewable sources to mitigate
climate change and reduce dependence on fossil fuels [1]. Within this transition, wind energy, particularly
offshore wind, has emerged as a critical component, recognized for its potential to generate substantial
electric power with lower environmental impact compared to traditional sources [2]. The offshore wind
sector is experiencing unprecedented growth and falling costs [3]. As of December 2023, global installed
offshore wind capacity reached 75.2 GW, with projections indicating a substantial increase to 138 GW by
2028. This expansion is evident in various regions, including established markets and emerging areas like
Vietnam, which aims for 10 GW by 2030 [4], and Taiwan, targeting 5.7 GW by 2025 [5]. The increasing
integration of offshore wind into national grids, especially in European nations, highlights the need for robust
infrastructure [6].

A crucial aspect of designing and operating cost-effective and efficient offshore wind farms (OWFs) lies
in optimizing the internal electrical infrastructure, specifically the feeder layout [7]. This optimization is a
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key challenge in the global design process for modern offshore wind farms [8]. Efficient feeder layouts are
essential for maximizing power output while minimizing energy losses [1], and they also play a vital role in
ensuring system reliability and reducing overall project costs [9].

However, optimizing these layouts is a complex task due to the need to balance numerous, often
conflicting, objectives [10]. This complexity is amplified by the broader challenges inherent in large-scale
oftshore wind development [11]. The problem involves a range of electrical considerations, from fundamental
aspects like power transfer capacities and voltage rise [9] to ensuring high power quality [12]. A primary
concern is designing for fault tolerance [13], which can be enhanced with modern solutions such as smart
switch configurations to improve system reliability [14]. Economic factors like cable installation costs, the
cost of lost energy production, and operational expenditures are also significant drivers. Furthermore,
technical challenges are posed by harsh marine environments, especially concerning the dynamic cable
requirements for floating turbines [15]. Finally, grid integration issues and the sheer complexity of managing
large-scale systems with numerous components must be considered, requiring robust frameworks to ensure
reliability [16].

Existing research has addressed various aspects of wind farm optimization, including wind tur-
bine placement to maximize power output and minimize wake effects [17], and cable routing primarily
focused on cost and reliability for onshore farms using methods like Mixed Integer Linear Programming
(MILP) [9]. Optimization studies for offshore cable layouts have utilized mathematical programming like
MILP, focusing on objectives such as minimizing cost and power losses, or balancing cost and network
robustness. Other multi-objective approaches have been applied to related problems such as site selection
considering conflicting criteria [4] and grid integration including energy storage sizing and control co-
design. While these studies provide valuable insights into specific challenges and objectives, there is a notable
gap in comprehensive, integrated frameworks that simultaneously consider the diverse range of electrical,
economic, environmental, technical, and potentially social factors relevant to offshore wind farm feeder
layout optimization within a unified approach. The complexity arises from the need to optimize multiple,
often conflicting objectives, which requires advanced modeling and solution methods [18].

Constraints in MILP models for feeder layout ensure the feasibility and operational integrity of the
electrical network. These constraints can incorporate various factors vital for network design, such as
ensuring a feasible electrical network topology, accounting for power transfer capacities, and considering
power quality issues. In broader energy system contexts, MILP constraints also include meeting demand,
respecting operational limits of generators, and transmission capacity limits [18]. Reliability considerations
can also be integrated into the MILP formulation for cable routing optimization. Beyond layout, MILP has
been applied to optimize system configurations for economic profit based on factors like electricity price
profiles and costs [6].

Recent research has begun to address this gap more directly, though limitations remain. A notable
contribution [19] by proposed an ECS planning method that incorporates network reconfiguration following
faults, utilizing a two-stage stochastic programming approach to optimize network reliability under N-1
contingency scenarios. While this was a significant step towards reliability-aware design, its methodology
lacks effective consideration of higher-order contingencies. Such cascading or concurrent failures, though
less frequent, can have a disproportionately large impact on lifetime energy production and financial viability.
This limitation highlights the need for a planning framework capable of optimizing the ECS topology
based on a more comprehensive and nuanced assessment of network reliability under a wider range of
failure scenarios.

Therefore, the primary objective of this paper is to develop and validate a reliability-centered collector
network planning framework that comprehensively accounts for the varying reliability levels of different
network topologies. To achieve this, we proposed a novel, two-stage optimization framework for OWF
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electrical collector system design that fully integrates lifetime operational reliability. The key contributions
of this work are threefold:

(1) Weadapted a Multi-Source Multi-Terminal Network Reliability (MSMT-NR) assessment for the plan-
ning stage, where the complex issue of network reliability can be incorporated into the optimization
problem during the planning stage.

(2) A bifurcated optimization strategy is proposed. The first stage determines an optimal radial network
topology through Mixed-Integer Linear Programming (MILP) considering linearized reliability con-
straints and geographical constraints. Subsequently, this design is enhanced by strategically placing
tie-lines using a Mixed-Integer Quadratically Constrained Program (MIQCP) that incorporates the
more complex, nonlinear MSMT-NR equations for loopy networks.

(3) The proposed framework is benchmarked through a case study that demonstrates how varying the
emphasis on reliability impacts the resulting network topology, leading to more distributed and
interconnected designs as reliability becomes paramount.

This paper is organized as follows. Section 2 introduces the problem description of the reliability-
centered ECS system design. Section 3 develops a detailed mathematical model and proposes corresponding
solution methods for the complex nonlinear optimization problem. Section 4 presents case studies,
while Section 5 discusses the extension method and limitations of the proposed method. Section 6 concludes
the paper.

2 Reliability-Centric Feeder Layout Design
2.1 Feeder Layout Design Problem Description

The planning of a wind farm is typically carried out in two stages. In the first stage, the optimal layout
of wind turbines is determined based on local meteorological conditions, using simulation and analysis
methods such as flow field dynamics modeling. Once the specific locations of the turbines have been
established, the second stage involves planning the wind farm’s collector network. This paper focuses solely
on the network planning problem under the premise that the turbine locations have already been determined.
The design of the electrical collector system (ECS) for an offshore wind farm (OWF) is a critical and complex
optimization task. It involves determining the optimal layout of inter-array cables connecting individual
wind turbines (WTs) to one or more offshore substations (OSSs). The primary goal is to ensure efficient
power transmission while minimizing overall lifetime costs and maximizing system reliability. This problem
is inherently NP-hard due to the vast combinatorial search space of potential cable connections, especially
for large-scale OWFs. The challenge lies in striking a balance between the significant capital expenditure
(CAPEX) for submarine cables and their installation, operational expenditure (OPEX), and the economic
impact of energy losses or curtailment due to cable failures.

Traditional ECS designs often adhere to predefined structures like radial or ring configurations. Radial
layouts are cost-effective in terms of initial investment but offer low reliability, as a single cable fault can
disconnect multiple turbines. Loopy layouts enhance reliability by providing alternative power flow paths
but incur higher cabling costs. Therefore, it is necessary to balance the following two objectives through
optimization methods.

1. Investment Cost (Cynvy): This includes the cost of purchasing and installing submarine cables, along
with associated switchgear. It is directly dependent on the total length and type of cables selected.

2. Reliability Cost (Cgrgy): This quantifies the economic losses due to wind energy curtailment resulting
from cable contingencies (failures). It is a function of the probability of different fault scenarios, the
duration of outages, and the value of lost energy production.
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In summary, the general form of the topology optimization problem can be formulated as follows:

min  Cinv + CreL

s.t.  Reliability Evaluation Constraints
Operational Constraints
Geographical Constraints

@

2.2 Reliability Evaluation of ECS

ECS are critical infrastructure responsible for aggregating the power generated by individual wind
turbine generators (WTGs) and transmitting it to an OSS or directly to export cables. The reliability of this
network significantly impacts the overall availability and economic performance of the OWF. These networks
can feature various topologies, such as radial strings, star configurations, or increasingly, looped or meshed
designs to enhance redundancy against component failures (e.g., subsea cables, switchgear). Drawing upon
the probabilistic assessment frameworks like the one proposed by [20] for urban distribution grids, a rigorous
approach to quantify collector network reliability is essential.

2.2.1 Risk-Based Reliability Metrics

To evaluate the reliability of an OWF collector network, system-level risk metrics are crucial. Similar to
urban grids, metrics such as Loss of Load Probability (LOLP) and Expected Energy Not Served (EENS) are
highly relevant. For a collector network, LOLP can be interpreted as the probability that the power from a
specific WTG or a group of WTGs cannot reach the designated collection point (e.g., the OSS high-voltage
busbar). The EENS quantifies the expected amount of energy that fails to be delivered due to failures within
the collector system over a given period. Adapting the formulation from [20], the discretized EENS for an
OWF considering potential generation from WTGs can be expressed as:

(2 —Rit —Rin )
2

to—1
EENSowr = Z Z Pgen,i(t)
t=tg ieWW

At (2)

where W is the set of WTGs, Py i () is the potential power generation of WTG i at time ¢, and R;, is the
probability that WTG i is disconnected from the collection point at time ¢ due to collector network failures.
tp and t, define the assessment period.

2.2.2 Multi-Source Multi-Terminal Network Reliability (MSMT-NR) Modeling

The collector network can be modeled as a probabilistic graph G = (S,7T,C, Rs, R¢), where S repre-
sents the set of source nodes (individual WTGs), 7 represents the terminal node(s) (e.g., the connection
point at the OSS), C is the set of collector network components (cables, circuit breakers, transformers
within the collector array), Rs could represent the inherent availability of WTGs themselves (if not assumed
perfect), and R is the vector of reliabilities for components in C. The core problem is to assess the probability
that power from sources cannot reach the terminal(s), which aligns with the Multi-Source Multi-Terminal
Network Reliability (MSMT-NR) concept [20]. If d; is a random variable representing the disconnected state
of terminal j € 7 (or equivalently, the inability of a source i € S to deliver power), the objective is to:

infer R;, Vi e N (3)

given that component k € C has operational reliability Ry (i.e., P(component k is up) = Ry) and source s €
S is available with probability A;. Failures of distinct components are typically assumed to be indepen-
dent events.
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2.2.3 Analytical Inference and Decomposition for Complex Topologies

For simple radial or tree-like collector strings, the LOLP for each WTG connection might be expressed
analytically. For instance, if WTG k is connected to the OSS via a series of m components (cable segments,
switchgear), its successful connection probability is [];2; R;. However, modern collector networks often
employ rings or meshes to improve reliability, introducing loops. For these more general topologies, the
“deletion-contraction decomposition” method becomes a powerful tool. An arbitrary networkG can be
recursively decomposed based on the state of a chosen component ¢ € C with reliability R,:

Reliability(G) = (1 - R.) - Reliability(G\c) + R, - Reliability(G/c) (4)

where G\c is the graph with component ¢ deleted (failed state, probability 1 - R.), and G/c is the graph
with component ¢ contracted (operational state, probability R,). This recursion continues until all resulting
subgraphs are topologically simple enough for direct analytical solution (e.g., tree structures). The overall
reliability is the sum of reliabilities of these terminal subgraphs, each weighted by the probability of its specific
configuration occurring.

However, such a recursive decomposition approach cannot be incorporated into optimization problems
involving topology planning. This is because any change in topology necessitates re-decomposition, which
alters the problem structure. For solver-based optimization algorithms, this is impractical, as it results in
frequent changes of constraints. Therefore, traditional network reliability assessment methods are difficult
to integrate effectively with accurate optimization algorithms.

3 Mathematical Formulation

The optimization of ECS topology presents unique challenges due to the complexity of simultaneously
addressing reliability requirements, geographical constraints, and cost considerations. To manage this
complexity effectively, we propose a two-stage approach to the topology planning problem.

In this approach, the first stage focuses on determining an optimal radial topology that serves as the
primary operational structure of the wind farm. Radial topologies are preferred during normal operation for
their simplicity, lower cost, and reduced protection requirements. The second stage identifies strategic tie-line
placements that enhance system reliability by providing alternative power flow paths during contingencies.

This decomposition offers significant computational advantages by addressing the more tractable
radial network design first, before incorporating the nonlinear reliability constraints associated with loopy
networks. Additionally, it mirrors the actual operational paradigm of oftshore wind farms, where the network
primarily functions in a radial configuration but can reconfigure to utilize tie-lines during fault conditions.

The following sections detail the mathematical formulation for each stage, beginning with the con-
straints that ensure radiality and reliability in the first stage, followed by the more complex reliability
modeling required for networks with tie-lines in the second stage.

3.1 First Stage: Optimal Radial Topology Design
3.1.1 Radiality Constraints

In order to ensure the radial operation of the offshore wind farm collection network, topological
constraints need to be considered. To reduce the number of binary variables in the model and thus
enhance computational efficiency, reference [21] introduced a compact set of constraints for radial network
formulation. These constraints simultaneously reduce both the number of variables and constraints, thereby
improving the solution efficiency of the first stage problem. The mathematical expression for these constraints
is as follows:
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fij+ fi=cipV(ij) e L (5)

s N .
Z fji+ Z f11—|||||g||g| VZEN\g (6)

ji(jsi)eL ji(bj)eL

+ ~WVI-lgl
4 ol B (7)
iezé[j:(j,zi;sﬁfj j:(g):sﬁfjl |N| G| +1

+ - + - s
fip fi;2 0, fii fij €R V(i,j)eL (8)
where ¢; jis the binary status variable of branch. Here, 0 indicates that the line (i, j) is not planned, while 1

indicates that the line is planned. f;/ " are auxiliary variables. \V is the set of nodes and G is the set of OSSs.
L denotes the set of candidate lines. | - | operator means the cardinality of a set.

3.1.2 Reliability Constraints

In radial systems, the path from a node to the OSS node is unique. The power flow on each branch is
directed, as shown in Fig. 1. Thus, the series reliability equation can be adopted. Specifically, the reliability R;
of the downstream node i of node j can be expressed as R; = R;R;;. We will further introduce the method
of embedding this formula into the optimization problem while ensuring the accuracy of the reliability
assessment.

ROSS =1 (9)

R; = Z Ryjd;; (10)
jeN

d;;+dz_] =Cij (11)

R; €[0,1], df;,d;; € {0,1} (12)

where d; = 1 indicates that the direction of line (i, j) is from i to j. Due to the requirement of satisfying
the radial constraints in the system, each node is allowed to have only one parent node. Therefore, for
all possible neighboring nodes j € V; of node i, there exists one and only one d;; =1. This property can
thus be utilized to calculate the reliability of node i as shown in Eq. (10). However, Eq. (10) is a nonlinear
constraint, which is unfavorable for the efficient solution of the optimization problem. By adopting the
integer variable substitution method proposed in [22], Eq. (10) can be equivalently replaced by the following
linear constraints (where z;; is equivalent to d;;R;).

0<z;<d V(i,j)eL (13)

0<Rj—z;<1-d;, V(i.j) e L (14)

Under ideal numerical precision, the aforementioned constraints can precisely express the reliability
relationship. However, even established commercial optimization solvers may encounter numerical issues,
leading to problem structures that are difficult to solve. Therefore, it is imperative to employ the big-M
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method to relax the unique equality constraint at each node. Instead, a series of inequality constraints should
be used to express the reliability assessment embodied in Eq. (10).

R; > RijR; - M(1-d5)) (16)

When d ij= 1, the equality holds. And when di‘j = 0, the R; is relaxed and does not affected by R;. To
ensure numerical stability and tighten the bounds, we select M as 1. If d;; = 0, then R; is relaxed to the interval
[0,1]. At the same time, since both R;; and R; are also within the interval [0, 1], these two constraints will
not deviate excessively from 0 or 1, and thus will not impose numerical problems.

)

®@ & & ©

Figure 1: Radial network with directed branches (S is OSS Node)

3.1.3 Network Capacity Constraints

Each feeder is subject to a certain capacity limit, beyond which power transmission is not permitted.
Therefore, it is necessary to impose overall network capacity constraints during the planning process to
prevent the occurrence of excessively long feeder lines.

%ljj—%l;jzpi, Vie N\G 17)
]E i ]E i
EJ:V I - 2}\:/ I;=Di, VieG (18)
]E i ]E i
OSl;j,li_jSL,’j'C,’j, V(Z,])€£ (19)

The network flow constraints utilize several variables: [; and I; represent power flows from node i to
node j in positive and negative directions, respectively; D; denotes the net power demand at node i. L;;
specifies the maximum capacity of the transmission line between nodes i and j.

3.1.4 Geographical Constraints

Since submarine cables are laid on the seabed surface, it is generally necessary to avoid cable crossings.
Therefore, the following constraint must be satisfied [19]:

Cij+ Crw <1, V((1, 1), (ks w)) € Xeross (20)

where Ao denotes the set of cable routes that geographically intersect. The formula for determining
whether two edges belongs to X, is as follows:
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(ﬁc)xl_;)(mxz_]))<0 (21)
(]?;;)(ﬁ;;)w (22)

Here, ik denotes the vector connecting geographical locations i and k, pointing from i to k. The two
lines are geographically intersecting if and only if conditions (21) and (22) are satisfied simultaneously. Two
approaches can be used to impose constraints on intersecting routes. The first approach involves defining
the set X055 in advance before solving the problem and incorporating all relevant constraints into the
set. The second approach dynamically adds lazy constraints at integer feasible solutions by invoking callbacks.
The latter method is commonly adopted in large-scale Traveling Salesman Problems (TSP) [23], as it
effectively circumvents the combinatorial explosion in enumeration complexity associated with large-
scale networks.

Thus, the overall problem for the first stage is:

min Z C,'jDiSt,'j + Z W,(l — Rl) (23)
(i,j)eL ieN
s.t.(5)-(9), (11)-(20) (24)

Here, Dist;; denotes the cost associated with constructing a new transmission line between nodes i and
j, while w; represents the reliability risk coeflicient of node i.

3.2 Second Stage: Optimal Tie-Line Placement
3.2.1 Loopy Network Reliability Constraints

In networks with tie-lines, the direction cannot be determined due to the topology reconfiguration.
The MSMT-NR method proposed in [20] enables reliability analysis for scenarios involving multiple OSSs.
However, the “deletion-contraction decomposition” approach adopted by this method is not suitable for
exact solutions to optimization problems. Therefore, this paper simplifies the calculation process of branch
variables in MSMT-NR, making it amenable to exact optimization via mathematical solvers. The constraints
of simplified MSMT-NR equations are as follows:

Xjsi = Cinij . [1 - H (1 - Xk_)j)] (25)

keNj\i
Ross =1 (26)

Ri=1-[](Q-xj-1) (27)
JjeN;

where x;_,; denotes the probability that node j can supply power to node i. A necessary condition for node
j to supply power to node i is that node j must be able to receive power from nodes other than i. Therefore,
this relationship can be expressed by Fq. (25). Once the edge variables x;_,; have been determined, the node
variable R; can be calculated. Node i will experience a power outage if and only if none of its neighboring
nodes are able to supply power to it.
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3.2.2 Overestimation of Nodal Reliabilities

The MSMT-NR algorithm requires deletion-contraction decomposition, which is infeasible for MIP
algorithms to implement. The above constraints may lead to overestimation for reliabilities. However,
the overestimation of most topologies does not significantly affect reliability-oriented planning (because
although reliability is overestimated, the resulting structure is still reliable). However, one triangular structure
will cause a significant (or problematic) overestimation of reliability, as shown in Fig. 2 below.

Figure 2: Triangular structure in network design

While triangular topologies are mathematically common, they are seldom encountered in engineering
practice. Therefore, in this study, we eliminate triangular topologies from the final network planning
results, which effectively reduces the overall structural complexity and improves the efficiency of subsequent
reliability assessments. When R;; = 0.9, the overestimation of R, is 0.0901. When such a structure arises, lazy
constraints can be dynamically added by applying the sub-tour elimination technique. As shown in Eq. (28).
This constraint ensures that a topology formed by this triangle does not occur in the system.

Che+Cpg +Ccqg <2 (28)

3.3 MIQCP Transformation for the MSMT-NR Equations

Even the simplified MSMT-NR equations still contain complex multiplicative relationships. Such
general nonlinear constraints are not suitable for direct solution by solvers. We consider constraints of the
form:

I/;[\ (1-Xk~j) = q (29)
keNi\j

where g; is an auxiliary variable that represents the right-hand side of the constraint. Such nonlinear
constraints present significant challenges in optimization models, as they cannot be directly handled by
standard mixed-integer quadratic constrained programming (MIQCP) solvers. In this section, we present
a methodology to transform these constraints into an equivalent MIQCP formulation. The key insight of
our approach is to decompose the product constraint into a series of quadratic constraints through the
introduction of auxiliary variables that recursively capture partial products. This transformation preserves
the original constraint while ensuring that each new constraint is at most quadratic in the variables.

yi=(1-x1;)
:}’2 =y (1= x2-) (30)

Vn=Yn-1" (1 - xn—>j)
Additionally, we enforce:

Yn = qi (31)
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The transformation introduces » auxiliary variables and » additional constraints. While this increases
the size of the optimization model, the resulting MIQCP formulation can be solved efficiently using off-
the-shelf optimization solvers. It is worth noting that the numerical stability of this formulation depends
on the magnitude of the values involved. In our formulation, x;_, j€ [0,1], which is easier for this MIQCP
formulation to avoid numerical problems.

3.4 Overall Algorithmic Framework

The proposed optimization framework systematically designs the OWF feeder layout in a two-stage
process. The first stage establishes a cost-effective and operationally simple radial network by solving a
Mixed-Integer Linear Program (MILP). This stage approximates reliability and enforces geographical and
capacity constraints. The second stage takes this radial design as a baseline and enhances its resilience by
strategically adding tie-lines. This is achieved by solving a Mixed-Integer Quadratically Constrained Program
(MIQCP), which employs a more sophisticated loopy network reliability model. The complete procedure is
detailed in Algorithm 1.

Algorithm 1: Two-stage reliability-centric owf feeder layout design
Require: Set of turbine and OSS nodes: N, G;
Set of candidate cable routes: £;
Geographical data for crossing detection: X¢ross;
Cable installation costs: Dist
Component reliabilities: Ryj;
Turbine power generation: D;;
Cable capacities: Lij;
Reliability importance weights: w;;
Ensure: Final optimal feeder layout defined by binary variables c7;.
1: Stage 1: Optimal Radial Topology Design (MILP)
2: Solve the MILP model (Eqs. (23) and (24)) to obtain the optimal radial topology, C;.dial = {ng}d .
3: Stage 2: Optimal Tie-Line Placement (MIQCP)
4: Initialize the network topology based on Stage 1 results: ¢;; > cﬁd, V(i,j)eL.
5: Convert the product term [](1 - x4-,;) in Eq. (25) into a set of quadratic constraints by introducing a
recursive series of auxiliary variables.
6: The radial constraints from the first stage are removed, and the simplified MSMT-NR equations
are introduced in the second stage to formulate the optimization problem. (Objective: Eq. (23).
Constraints: Eqgs. (17)-(22) and (25)-(27))
7: Solve the resulting MIQCP model to obtain the final enhanced topology, Crina = {cl*]} Use a lazy
constraint callback to detect and eliminate any problematic triangular structures by dynamically adding
constraints of the form in Eq. (28).
8: return The final optimal feeder layout Cp,).

ij>

4 Case Study
4.1 Benchmark OWF Scenario

The geographical information of the wind turbines is based on the WT30 wind power case study
presented in [19]. It is assumed that the capacity of each line in the network is 10 p.u., and the power output
requirement of a single wind turbine is 2 p.u. And the branch reliability R;; = 0.9. We define the reliability
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cost as:

Reliability Cost = Y w; Pyen,i(1- R;) (32)

i€

All experiments were conducted on a server equipped with an EPYC 48-core processor and 256 GB of
memory, utilizing Gurobi 12.0 as the solver. Furthermore, to accelerate the identification of feasible solutions,
the “No relaxation heuristics” option was enabled during the experiments, and sufficient lazy constraints
were added prior to the start of the solving process.

4.2 Optimal Radial Network Design

Under different reliability coefficients w;, the design results of the radial network topology are shown
in Figs. 3-5, respectively. It can be observed that when w; = 2, the system exhibits characteristics of distance-
based partitioning, with the emergence of long power supply paths in the planning scheme (e.g., at node
T30). As the reliability coefficient increases, the radial network topology demonstrates more pronounced
“distributed center” characteristics, where the OSS is first connected to a central wind turbine within a region,
which then links to multiple other turbines. This structure helps to enhance the reliability of power supply
to edge nodes.

Feeder Layout of 31 Wind Turbines

T30 R= 0.66 @ Wind Turbines
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Figure 3: Topology design results of WT30 case at w; = 2
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Feeder Layout of 31 Wind Turbines
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Figure 4: Topology design results of WT30 case at w; = 10
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Figure 5: Topology design results of WT30 case at w; = 100

4.3 Optimal Tie-Line Placement

The design results of the tie-lines are shown in Figs. 3-5 with dashed lines. When the reliability
requirements are low, the system adds three tie-lines almost exclusively at locations that are both close in
proximity and most effective in enhancing reliability. However, as the reliability requirements of the system
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increase, the basic topology can already provide a relatively reliable network structure. When w; = 10, the
number of tie-lines increases, and they begin to form more strategic cross-connections between different
feeder groups. Particularly notable are the connections between the northern and southern sections of the
wind farm, which provide alternative power flow paths should a main feeder experience a failure. At this
stage, tie-lines need to interconnect nodes across different regions to prevent reliability issues that may
arise from failures in the connection lines between the distributed center and the OSS. At this stage, a
denser meshed structure is formed, enabling the system to maintain a high level of reliability under various
operating conditions.

Reliability and investment cost results are shown in Table 1. The WT30 case provides additional evidence
that when reliability requirements are stringent (e.g., w; = 100), the optimal approach involves creating
multiple path options between critical infrastructure components, even at the expense of using longer cable
connections. This reinforces the trade-off between cable investment costs and system reliability that network
planners must carefully balance in offshore wind farm design. When only cost optimization is performed,
the minimum cost obtained is 34.86, while the reliability cost at this point is 2408.89. These results highlight
the necessity of employing a reliability-oriented planning approach. Based on calculations using results from
the [19], the value of investment is 40.03, and the reliability cost is 193.78 (at w; = 100). This indicates that the
proposed method demonstrates good applicability in scenarios with high reliability requirements.

Table 1: Comparison of investment and reliability

w Radial Tie-line
i
Investment Reliability cost Investment Reliability cost
2 35.34 12.46 39.50 732
10 39.02 53.04 49.98 14.01
100 43.49 497.99 70.39 89.15

4.4 Performance Validation of the Two Stage Formulation

In this section, we shall undertake a comparative analysis of the computational efficiency of the proposed
methods. Given the challenging nature of solving nonlinear and non-convex MIQCP, we have set a maximum
resolution time of 500 s for all problems, with heuristic feasible solution algorithms constrained to 60 s.
For comparison, we denote the complete second-stage model as Full-MIQCP, which implies that it is not
initialized with the radial topology planning results from the first stage. Table 2 presents the results of the
computation time (The time taken by the proposed method is expressed as the sum of stage 1 and stage 2):

Table 2: Performance comparison of modeling methods

w Proposed Full MIQCP
i
Time Obj.value MIPgap Time Obj.value MIP gap
2 74.18 + 62.45 =136.63 s 46.82 0.23% 500s 56.566 29.65%
10  301.54 + 61.96 = 363.50 s 63.99 0.30% 500s 88.78 38.55%
100 94.85 + 62.84 =157.69 s 159.54 0.29% 500s 272.79 89.96%

Itis apparent that within the 500-s limit, the Full MIQCP method struggles to provide optimal solutions,
resulting in a substantial MIP Gap, which indicates inadequate exploration of the entire solution space.
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On the other hand, ECS typically operates in a radial topology, and the proposed method ensures that the
selected lines can form the most reliable radial network, something that Full-MIQCP cannot guarantee.
It is important to note that, due to the complexity of integer programming, the results clearly indicate
that achieving radial topology planning when the reliability weight (w;) is high is challenging. Generally,
undertaking non-convex MIQCP tasks is an even more arduous endeavor. Thus, establishing the basic
constraints based on a radial structure and then generating tie-lines is consistent with physical principles.
In practical engineering applications, it is necessary to ensure that electrical paths are as short as possible to
achieve efficient power transmission. This requirement is analogous to the structural reliability mechanism
considered in radial network planning problems, making this approach suitable for such processing.

5 Discussions

5.1 The Impact of Variable Reliability on the Planning Stage

In engineering practice, submarine cables of the same model are often used for lines at different
locations. When the marine environmental conditions are similar, the failure rates of these lines are typically
comparable. Therefore, it is appropriate to characterize their reliability using the same parameters during the
planning stage. If the reliabilities of the various edges in the system differ, a stochastic programming approach
can be employed for optimization. First, representative failure probability scenarios can be generated based
on meteorological and seabed data around the wind farm. Subsequently, stochastic programming based on
these scenarios can be used to optimize the sum of the expected system-wide failure risk and investment
cost. This approach will substantially increase the scale of the optimization problem.

5.2 Common Cause Failures

Common mode failure refers to the simultaneous failure of multiple lines due to the same underlying
cause. Such occurrences are relatively rare in the stable environment of the seabed. When common-cause
failures need to be taken into account, conventional series network reliability models become inapplicable.
Instead, probabilistic graphical models that support joint distributions, such as Bayesian networks, should
be employed. Further research is required regarding the translation of these models into mixed-integer
programming frameworks.

5.3 Extension to Large Scale Cases

In practical engineering scenarios, a single OSS rarely serves more than 50 wind turbines, making the
30-node scale both reasonable and representative. For larger-scale wind farms, a partitioning approach is
typically adopted, whereby wind turbines located in close proximity are grouped and assigned to a specific
OSS. Therefore, in practical applications, the proposed method can be implemented by first optimizing the
topology for a single OSS, followed by coordinated design among multiple OSSs to reduce system complexity.
This approach facilitates the extension of the methodology to larger-scale wind farm systems. Therefore, in
future research, we will adopt advanced wind turbine partitioning methods for optimization planning, which
will enable the efficient handling of larger-scale optimization problems.

6 Conclusion

This paper presented a novel two-stage optimization framework for designing offshore wind farm
(OWF) electrical collector systems (ECS) with a central focus on lifetime operational reliability. Addressing
the limitations of existing methods, our approach offers a more comprehensive and integrated solution. Key
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contributions include: (1) the adaptation of a Multi-Source Multi-Terminal Network Reliability (MSMT-
NR) assessment parameterized with expected lifetime component behaviors for the planning stage; (2) a
bifurcated optimization strategy that first establishes an optimal radial topology via Mixed-Integer Linear
Programming (MILP) with linearized reliability, and subsequently enhances it with tie-lines determined
by a Mixed-Integer Quadratically Constrained Program (MIQCP) incorporating full MSMT-NR for loopy
networks; (3) the successful transformation of the nonlinear MSMT-NR equations into a tractable MIQCP
formulation; and (4) a demonstration, via a benchmark WT30 case study, of how varying the emphasis on
reliability directly influences the resulting network topology.

Future research could extend this framework in several promising directions. For increasingly large-
scale OWTFs, exploring advanced heuristic or metaheuristic algorithms, or hybrid approaches, to manage
computational complexity while maintaining solution quality is crucial. Furthermore, additional optimiza-
tion factors can be introduced, such as integrating the selection of cable types into the optimization model.
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