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Abstract

The growing demand for wind energy drives rapid expansion in the offshore
wind sector, while high costs remain a significant barrier to the deep-sea de-
ployment of floating wind farms. Shared moorings, which use either shared
anchors or shared lines to reduce mooring-related costs, provide a promising
alternative to conventional configurations. Although shared anchors have al-
ready been utilized in the real-world project, shared line designs that connect
two floaters with a single line and could further reduce costs, remain in the

early study phase.

Existing stiffness-linearized design methods for shared line configurations are
constrained by small prescribed floater offsets, and their simplification of moor-
ing lines as linear springs can lead to unrealistic chain diameters or mooring
masses. At the same time, simulation tools that capture fluid-structure inter-
actions in floating wind farms demand high computational resources, which
limit their use for large number of simulations. As a result, the feasibility and

cost-saving potentials of shared line designs remain largely unexplored.

This study establishes a comprehensive framework to address key challenges
in the design, simulation, and optimization of shared line configurations, pro-
viding insights for their evaluation and implementation in floating wind farms.
Firstly, a nonlinear design method is introduced for cost-effective shared line
configurations. Unlike linearized methods that model mooring lines as lin-
ear springs and rely solely on small prescribed floater offsets, the proposed
method incorporates configuration properties, mooring elasticity, and geome-

try features, which collectively govern load distribution and mooring stiffness,



enabling more reliable designs than linearized methods. It can also accom-
modate conventional configurations, offering flexibility in front-end mooring

evaluation for floating wind farms.

Secondly, a simplified simulation tool is developed for efficient prediction of
floating turbine dynamics. It integrates a low-order multi-body solver, a quasi-
static mooring model, and a Gaussian wake model. Verification against a
relatively higher-fidelity tool (FAST.Farm) shows that the simplified model
significantly enhances computational efficiency by over 75-fold, and keeps pre-
diction differences below 9% under various loading conditions. Results indicate
that the simplified model effectively captures fundamental dynamics, and its
flexible wind modeling supports wind-free simulations, such as decay tests,

while FAST.Farm (v3.5.1) terminates due to its reliance on wind dynamics.

Thirdly, this study comprehensively evaluates shared line and conventional
designs in terms of dynamic performance and mooring cost. Existing studies
often neglect wake effects, mooring fatigue or examine only a narrow set of
configurations. In contrast, this study explores a broader design space using
the nonlinear design method, incorporates wake effects through the simplified
modeling approach, and accounts for mooring fatigue in feasibility evaluations.
Results show that two-turbine arrays with shared line moorings yield about

3% higher costs but achieve over 35% lower fatigue damage at cost extremes.

Finally, two optimization strategies are proposed for shared line configurations.
Unlike previous studies that often focused on single turbines and frequency-
domain analyses, this study applies the simplified modeling approach to capture
floating array dynamics, and incorporates wake effects and mooring fatigue for
more solid feasibility assessments. The cost-driven strategy employs Parti-
cle Swarm Optimization (PSO) algorithm to minimize mooring material cost,
while the cost-fatigue trade-off strategy uses the Non-dominated Sorting Ge-
netic Algorithm IT (NSGA-II) to balance mooring material cost with fatigue
resistance. Two optimal solutions are evaluated in terms of performance and
mooring cost, and provide insights for mooring optimization in floating wind

farms.
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Kurzfassung

Die steigende Nachfrage nach Windenergie treibt das Wachstum im Offshore-
Windsektor voran, wahrend hohe Kosten den Einsatz schwimmender Wind-
parks in der Tiefsee noch begrenzen. Shared Line Verankerungen, bei denen
Anker oder Leinen zwischen mehreren Turbinen geteilt werden, bieten eine
vielversprechende Alternative zu herkémmlichen Konfigurationen. Wahrend
gemeinsame Anker bereits eingesetzt werden, befinden sich gemeinsam genutzte

Leinen, die zwei Schwimmkorper verbinden, noch in der frithen Forschungsphase.

Linearisierte Entwurfsmethoden fiir Shared Line, die kleine Verschiebungen
annehmen und Leinen als lineare Federn approximieren, konnen unrealistis-
che Kettendurchmesser oder Ankergewichte erzeugen. Hochauflosende Simu-
lationswerkzeuge sind zudem rechenintensiv, wodurch grofie Parameterrdume
schwer untersuchbar sind. Dies erschwert die Bewertung von Machbarkeit,
Dynamik und Kosteneffizienz solcher Designs. Diese Studie entwickelt einen
Rahmen fiir Entwurf, Simulation und Optimierung von Shared Line Konfigu-
rationen. Zunéchst wird eine nichtlineare Entwurfsmethode vorgestellt, die Ve-
rankerungseigenschaften, Leinenelastizitdt und Geometrie beriicksichtigt, und

zuverlassigere Designs als bei linearen Methoden erzielt werden.

AnschlieBend wird eine nichtlineare Entwurfsmethode fiir kosteneffiziente Shared
Line Konfigurationen vorgestellt. Im Gegensatz zu linearen Methoden, die
ausschliefllich auf kleine Floater-Verschiebungen stiitzen, beriicksichtigt die
vorgeschlagene Methode Verankerungseigenschaften, Leinenelastizitat und Ge-
ometrie, die gemeinsam die Lastverteilung und Verankerungssteifigkeit bestim-

men. Dies ermdglicht zuverlassigeren Entwurf sowohl fiir Shared Line als auch
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flir herkommliche Konfigurationen und bietet Flexibilitat bei der Front-End-

Analyse schwimmender Windparks.

Zweitens wurde ein vereinfachtes Simulationswerkzeug zur effizienten Vorher-
sage der Dynamik schwimmender Turbinen entwickelt. Es kombiniert einen
Multi-Body-Solver niedriger Ordnung, ein quasistatisches Verankerungsmod-
ell und ein Gauflsches Nachlaufmodell. Die Validierung gegen FAST.Farm
zeigt, dass das vereinfachte Modell die Recheneffizienz um iiber das 75-fache
steigert und die Vorhersageabweichungen unter verschiedenen Belastungsbedin-
gungen unter 9% hélt. Die Ergebnisse belegen, dass das Modell die grundle-
gende Dynamik zuverlassig erfasst und flexible Windfeldsimulationen, wie z.B.
Abklingtests, unterstiitzt, wahrend FAST.Farm aufgrund der Abhéngigkeit von
der Winddynamik abbricht.

Drittens bewertet die Studie Shared Line und herkémmliche Konfigurationen
umfassend hinsichtlich dynamischer Leistung und Verankerungskosten. Im
Gegensatz zu bisherigen Arbeiten, die Nachlaufeffekte und Mooring Ermiidung
oft vernachlassigen oder nur wenige Konfigurationen untersuchen, analysiert
diese Studie einen breiten Konstruktionsraum unter Nutzung der nichtlin-
earen Entwurfsmethode, beriicksichtigt Nachlaufeffekte und integriert Mooring
Ermiidung in Machbarkeitsbewertungen. Die Ergebnisse zeigen, dass Zwei-
Turbinen Shared Line Designs etwa 3% hohere Kosten verursachen, aber iiber

35% weniger Ermiidungsschaden aufweisen.

Abschlielend werden zwei Optimierungsstrategien vorgestellt. Friithere Stu-
dien beschrankten sich haufig auf einzelne Turbinen und Frequenzbereichs-
analysen, nutzt diese Arbeit den vereinfachten Modellierungsansatz, um Tur-
binendynamik, Nachlaufeffekte und Mooring Ermiidung in Machbarkeitsbew-
ertungen einzubeziehen. Die kostenorientierte Strategie minimiert die mate-
rialkosten mittels PSO, wahrend die Kosten-Ermiidungs Kompromissstrategie
NSGA-II verwendet, um Materialkosten mit Ermiidungsbesténdigkeit in Ein-
klang zu bringen. Zwei optimale Losungen werden hinsichtlich Leistung und
Kosten bewertet und liefern wertvolle Hinweise fiir die Mooringsoptimierung

in schwimmenden Windparks.
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1 Introduction

Renewable resources, such as solar and wind, significantly reduce carbon emis-
sion and facilitate global energy transition to net-zero emission by 2050. How-
ever, current commitments to reducing greenhouse gas emission are insufficient
to effectively mitigate global warming [1]. To limit warming to 1.5°C, the share
of solar and wind energy in electricity generation, which grows at an annual
average rate of 14%, must accelerate to 24% annually to achieve the targets by
2030 [2]. This ambitious demand for wind energy expects to add at least 320
GW of new capacity in 2030, a hike from the 117 GW of new global installations
in 2023 [3].

The promising outlook for wind energy signals rapid expansions in both onshore
and offshore wind sectors, although the current offshore wind market stays
relatively small compared to the onshore sector. In 2023, the offshore wind
capacity increased by 10.8 GW, which was less than 10% of the total new
installations worldwide [3]. However, offshore turbines possess advantages over
onshore turbines, by accessing stronger wind speeds with less interference from
nearby human communities. The compound annual growth rate for offshore
wind capacity is expected to be approximately 4 times that of the onshore wind
sector over the next five years [3]. This optimistic growth rate highlights the

long-term potential of the offshore wind market.

With the majority of offshore wind resources located in waters exceeding 60 m,
floating wind technology offers the potential to meet future demands for off-
shore wind energy. However, currently, floating wind projects suffer from high
costs and increased risks induced by harsh environmental conditions. Tech-

nological innovations, such as large scaled turbines and improved structural
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designs, present opportunities to reduce both costs and risks. Studies indicate
that floating wind energy can be cost-competitive. For instance, the averaged
Levelized Cost Of Energy (LCOE) of a 125-MW floating wind farm in water
depths exceeding 100 m, falls at the lower bound of the typical LCOE range of

offshore bottom-fixed wind farms [4].

Floating Offshore Wind Turbines (FOWTs) rely on mooring systems to main-
tain stability and ensure safe operation. Beyond station-keeping, mooring sys-
tems influence the overall costs of FOWTs. [5] reported that mooring costs
per turbine range from below 0.5 and over 3 million EUR per meter of water
depth. Installed at a water depth of 200 m, a recent 15-MW FOWT project
with a six-line mooring configuration incurred anchor and mooring line costs of
35000 and 174000 GBP per MW, respectively [6]. An exchange currency rate
of 1.15 is used to convert the anchor and mooring line costs to an estimated
total of 3.6 million EUR. This highlights the importance of developing feasible

and cost-effective mooring solutions.

1.1 Motivation

In conventional mooring systems, each FOWT is independently supported by
its own mooring lines, and each line is individually secured by an anchor to
the seabed. These conventional designs have been employed in floating wind
projects, such as Kincardine offshore wind farm [7] and Hywind Scotland [8].
While the floating wind sector has leveraged mooring design expertise from the
offshore oil and gas industry, it accepts non-redundancy configurations that
arrange three lines per FOW'T, fewer than those used by the Mobile Offshore
Drilling Units (MODUs), to achieve cost-effective mooring solutions for floating

wind projects.

Shared moorings can be broadly categorized into shared anchor and shared line
configurations. Shared anchor designs use a single anchor to secure multiple

mooring lines, while shared line designs employ a single line to connect and
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support two floaters. These designs provide a promising alternative to con-
ventional moorings, with the potential to reduce mooring-related costs. The
shared anchor design has been implemented in the Hywind Tampen floating
wind project [9], where 11 FOWTs are stabilized using 19 anchors [10], sig-
nificantly fewer than the 33 anchors that would be required for conventional
three-line configurations. Compared to shared anchor designs, shared line con-
figurations can further reduce mooring-related costs, by replacing two lines
connected to a shared anchor with a single line, which eliminates the need for

shared anchors.

However, studies on shared line configurations are still in the early stages.
Compared to conventional mooring designs, they face increased challenges re-
lated to mooring forces and floater motions, due to altered load distributions
and reduced mooring stiffness. Shared lines introduce coupling effects between
connected FOWTs and increase mooring forces in the upwind lines, which
counterbalance the cumulative environmental loads from multiple connected
FOWTs. They also reduce overall mooring stiffness, which leads to increased
floater motions of connected FOWTs. These challenges may collectively pose
risks to the safe operation of FOWTs, which highlights the importance of com-

prehensive assessments for shared line configurations.

Existing performance and cost assessments often rely on simplified analyses or
a narrow set of configurations. The lack of robust design methods and efficient
frameworks for dynamic simulation and time-domain optimization prevents
comprehensive evaluation of shared line configurations. As a result, their per-
formance and cost-saving potential remain insufficiently explored. This study
addresses these gaps by developing robust design methods, efficient simulation
tools, and tailored optimization strategies. By enabling more reliable designs
and comprehensive evaluations, this study investigates the performance and
cost-saving potential of such innovative configurations to support their broader

development and practical adoption.
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1.2 Research questions

Chapter 2 reviews existing studies on shared line designs used for FOWTs and
identifies three major research gaps. To address these gaps, three research
questions are formulated accordingly, focusing on design method, simulation

framework, and optimization analysis.

e How can a practical and cost-effective shared line configuration be deter-

mined for a floating wind farm?

A reliable design method is critical for developing practical and cost-
effective mooring configurations. Previous approaches linearize mooring
stiffness under the assumption of small offsets, but there is a lack of design
consensus on acceptable offset limits. Moreover, studies have shown that
shared line designs tend to increase floater offsets. This raises concerns
about the validity of the small-offset assumption, and the reliability of
the stiffness-linearized method that uses small offsets as the only design
constraint. Besides, previous studies demonstrate that this method can
lead to unrealistic mooring lines with chain diameters or masses exceeding
the feasible limits. This further raises questions on the applicability of

this method for shared line configurations.

Furthermore, mooring material cost is an important design criterion for
evaluating shared line designs, as the primary motivation is to reduce
mooring-related expenses. Although some studies have demonstrated
the economic advantages of certain shared line designs over conventional
baselines, they do not capture the overall potential or broader impact
of shared line designs. Some studies rely on simplified analyses, such as
static tests, which overlook the dynamic responses of connected FOWTs,
raising questions about their cost-saving evaluations. Therefore, a wider
design space and robust design constraints are essential to fully assess

the performance and cost-saving potential of shared line configurations.
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This research aims to improve the design reliability, by incorporating
practical constraints and realistic mooring properties into a nonlinear de-
sign method. Design parameters neglected in existing stiffness-linearized
methods are evaluated, and their impacts on floater motions and mooring
forces are investigated through sensitivity analysis. A comparison with
the stiffness-linearized method demonstrates the improved design relia-
bility of shared line configurations using the proposed approach. To com-
pare the performance of mooring configurations, both static and dynamic
analyses are performed to provide a more robust evaluations. Details of

the method and results are presented in Chapter 5.

How can an efficient simulation tool be developed for evaluating shared

line designs in floating wind farms?

An efficient simulation tool is essential for evaluating the performance of
a broad range of shared line designs in floating wind farms, particularly
when accounting for their dynamic responses. Although existing studies
have developed various tools to predict FOWT and mooring performance,
they are often limited in scope. Some focus on static or frequency-domain
analyses, which may fail to capture extreme floater motions and mooring
forces, while some time-domain approaches overlook wake effects that
can significantly affect wind thrust forces on downstream FOWTs. These
limitations reduce prediction accuracy and prevent reliable evaluations of

FOWTs using shared line designs.

Moreover, simulation tools that capture fluid-structure interactions of-
ten require high computational resources. This challenge becomes more
pronounced when large numbers of simulations are needed, such as in
parametric studies and optimization of mooring configurations. As the
wind-farm scale increases, the computational burden further grows, which
limits existing studies to a narrow set of mooring configurations and pro-
vides insufficient attention to mooring fatigue. Experience from the oil
and gas industry indicates that mooring fatigue is the primary failure

mode for mooring systems. Therefore, it is important to improve the
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computational efficiency of simulation tools, while still capturing both
dynamic FOWT responses and wake effects, for reliable evaluations of

floating wind farms employing shared line designs.

To address these challenges, this research develops a simplified simula-
tion tool that balances computational efficiency with prediction accuracy
for the early-stage analysis of shared line designs in floating wind farms.
This tool is verified against a relatively higher-fidelity simulation tool
(FAST.Farm), by comparing their computational time for the same test
case and dynamic predictions of a two-turbine array under different envi-
ronmental conditions. Its extension to four-turbine arrays further demon-
strates its applicability to larger-scale floating wind farms. Details of the

framework, code hierarchy, and verification are presented in Chapter 6.

How can a tailored optimization strategy be developed for shared line

designs in floating wind farms ?

As research on shared line designs remains at an early stage, their opti-
mization has received limited attention. Existing mooring optimization
studies for individual FOWTs with conventional moorings often rely on
frequency-domain analyses, which may overlook the extreme response of
the turbine, floater and mooring lines. Time-domain analyses offer more
accurate predictions, but they demand significant computational effort,
which limits their application in optimization studies for both individual
FOWTs and floating wind farms.

Although some time-domain optimization studies have been conducted
for other types of floating structures, they primarily focus on extreme
loading conditions and pay limited attention to mooring fatigue. Since
shared lines connect two FOW'TSs, failures can cause more severe con-
sequences than those for the single FOWT with conventional configura-
tions. Therefore, to mitigate fatigue-related mooring failures, it is impor-
tant to incorporate mooring fatigue considerations into the optimization

study.
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In addition, unlike mooring optimization for individual FOWTs, shared
line mooring optimization for floating wind farms should account for wake
effects on downstream FOWTs for more accurate prediction of FOWT
and mooring performance. Wake effects and the coupling between con-
nected FOWTs through the shared line strongly influence the dynamics
of the turbine, floater, and mooring system. These responses differ from
those observed in individual FOWT scenarios and affect long-term moor-
ing fatigue resistance. Such complexities emphasize the need for tailored

optimization strategies for shared line designs in floating wind farms.

To address these gaps, this research develops two strategies for shared
mooring optimization. Time-domain analyses are performed using the
simplified modeling approach, incorporating wake effects in simulations
and mooring fatigue in evaluations. The cost-driven strategy minimizes
mooring material costs, while the cost-fatigue trade-off strategy balances
mooring costs with long-term fatigue resistance. Two algorithms, PSO
and NSGA-II, are applied for these single-objective and multi-objective
problems, respectively. Optimal solutions are compared to support the
comprehensive evaluation and the broad adoption of shared line con-
figurations in floating wind farms. Further details of the optimization

framework, implementation, and results are presented in Chapter 7.

1.3 Thesis structure

The thesis is divided into three main parts. The first part introduces the re-
search questions (Chapter 1), reviews the state of the art on mooring designs,
simulation tools, and FOWT optimization (Chapter 2), and presents the fun-
damental background for modeling FOWT arrays under various environmental
conditions (Chapters 3 and 4).

The second part addresses the three core research questions, focusing on the

nonlinear design method for shared line configurations (Chapter 5), simplified
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modeling approach for simulating the floating wind farms with different moor-
ing configurations (Chapter 6), and shared line mooring optimization (Chap-
ter 7). These questions are interrelated, as shown in Figure 1.1. For example,
the nonlinear design method introduced in Chapter 5 is used to generate shared
line configurations for two-turbine arrays in Chapter 6, where the simplified
modeling approach is verified against FAST.Farm to assess both prediction
accuracy and computational efficiency. Furthermore, the simplified modeling
framework developed in Chapter 6 is incorporated into the shared line moor-
ing optimization in Chapter 7. The final part summarizes the conclusions and
contributions to the community, and discusses future directions for the design,

simulation, and optimization of shared line configurations in Chapter 8.

Generate shared line designs for
verification against FAST.Farm

Simplified
modeling

approach

Nonlinear
| design method

Enable dynamic simulations in

i i i Improve
a mooring comparative study /
Imprreol;;ebiclj;ygn computational
/ efficiency

. Enable large numbers
Shared line of dynamic simulations
mooring in mooring optimization

optimization

Generate shared line
configurations at each
iteration in mooring
optimization

Minimize mooring cost
& Cost-fatigue trade-off

Figure 1.1: The interrelated research questions.
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This chapter briefly introduces previous work associated with mooring systems,
including mooring design and analysis for FOWTs in Section 2.1, simulation
tools developed for both individual and arrays of FOWTs in Section 2.2, and
optimization strategies applied to the turbine, floater and mooring system in
Section 2.3.

2.1 Mooring design and analysis for FOWTs

This section reviews mooring design for FOWTs, with a focus on the use of
quasi-static and dynamic mooring analyses, the selection between steel chain
links and synthetic fiber ropes for mooring lines, and the stiffness-linearized
design method for shared line configurations. This review forms the basis for
applying the quasi-static mooring analysis for shared line designs using steel

chains in this study.

2.1.1 Quasi-static and dynamic mooring analyses

Mooring systems have been employed for Mobile Offshore Drilling Units (MODUs)
in the oil and gas industry since 1954, when a submersible barge started drilling
operations [11]. The expertise developed in mooring analysis within this sec-
tor has naturally transitioned to the floating wind industry. As noted by [12],
mooring line response analyses can be generally categorized as either quasi-

static or dynamic. The key difference is the inclusion of hydrodynamic forces
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on mooring line components, as further discussed in Section 4.1.4. This trans-
fer of knowledge in mooring analysis is relevant, because the four main types
of platforms utilized for FOWTs, including semi-submersible, tension leg, spar

and barge, have all been used in offshore oil and gas operations.

However, since MODUs rely more heavily on manned operations and face
more severe consequences in the event of mooring failure, their mooring de-
sign philosophies differ from those of FOWTs. Generallyy, MODUs follow
stricter strength criteria than FOWTs, and require redundancy checks under
both intact and one-line damaged loading conditions. These checks evaluate
the station-keeping capability of mooring systems. In contrast, FOWTs are
not required to perform one-line damage redundancy tests, as they can adopt
non-redundancy mooring configurations, typically consisting of three or four
mooring lines per FOWT, fewer than those used by MODUs, to reduce cost
and complexity. Examples of non-redundancy configurations can be found in

floating wind projects such as Hywind Scotland [8] and Kincardine [13].

Despite different priorities in mooring design between these two industries,
the quasi-static mooring analysis has been widely used in mooring designs of
FOWTs. In this analysis, mooring line loads are calculated based on floater
motions, while neglecting hydrodynamic forces on the line segments. For exam-
ple, [14] applied the quasi-static mooring analysis to determine the mooring line
length for a 5-MW semi-submersible FOWT. [15] analyzed the effect of adding
clump weights to the mooring configuration for a 15-MW semi-submersible
FOWT, with the configuration determined using the quasi-static mooring anal-
ysis. Similarly, [16] used quasi-static mooring analysis to determine the moor-

ing pretension and anchor position for a 15-MW spar FOW'T.

The quasi-static mooring analysis considers only the spatial positions of the
anchor and fairlead as determined by floater motions, making it well-suited
for early-stage design and analysis. In contrast, the dynamic mooring analysis
accounts for additional hydrodynamic forces associated with damping, inertial

effects, and the relative motion between the mooring line and the surrounding
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fluid. Despite simplifications, the quasi-static analysis has demonstrated pre-
diction accuracy in various studies. For instance, [17] developed a quasi-static
mooring model for a 3-line configuration used in CFD simulations of a 5-MW
spar FOWT, and validated this model against experimental results from free-
decay tests. Similarly, [18] used the quasi-static mooring analysis to simulate
mooring forces at fairleads, and validated the results against experimental data
from free-decay tests of a 10-MW semi-submersible FOW'T.

The exclusion of hydrodynamic forces such as inertia and drag on the mooring
line, limits the use of the quasi-static mooring analysis under certain conditions.
For instance, [19] compared simulations using both quasi-static and dynamic
mooring analyses against experimental results for a 7-m mooring line made
of steel chains. Linear harmonic motions with different natural periods were
imposed to represent 2-D floater motions in surge, heave, and pitch. The
quasi-static analysis accurately predicted mooring forces and floater motions for
long-period excitations (7.9 s), but it underestimated the maximum forces and
introduced phase shifts in floater motions for short-period (1.6 s) excitation.
Similar observations were reported in a validation study, which compared both
quasi-static and dynamic mooring analyses against experimental results of a

semi-submersible platform [20].

Assuming a length scale of 100, given that typical mooring line lengths ex-
ceed 700 m in floating wind projects [7, 8], the corresponding time scale is
10. This implies the real motion periods scale to approximately 16 s and 79
s, respectively, for the short and long period excitations used in [19], which
fall within the natural period ranges of floater heave and surge motions for
semi-submersible FOWTs. Under normal operating conditions, surge typically
dominates over heave, while heave is more significant during high-wave events
or under extreme loading conditions. Therefore, the quasi-static mooring anal-
ysis can provide accurate predictions of mooring forces under normal operation

scenarios.

Moreover, under extreme loading conditions, the damping and inertia coeffi-

cients used in the dynamic mooring analysis for hydrodynamic force calcula-
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tions are highly sensitive to both environmental conditions and floater motions.
These coefficient should be determined by experiments or high-fidelity simula-
tions, making dynamic analysis less practical for early-phase mooring design
studies. This understanding forms the basis for the mooring design and analy-
sis of shared line configurations used in arrays of FOWTs. This understanding
supports the use of quasi-static mooring analysis for the design and evaluation

of shared line configurations in floating wind farms.

2.1.2 Selection of mooring line material

The choice of line material is not limited to steel chain in mooring designs
for FOWTs. For example, [21] introduced a semi-taut mooring configuration,
consisting of steel chains and polyester ropes for a 10-MW spar FOWT at a
water depth of 180 m. Similarly, [22] studied 7 configurations considering both
steel chains and synthetic fiber ropes for a 5-MW semi-submersible FOWT
in shallow waters of 50 m. In addition, [23] compared the performance of
nylon and polyester ropes in the single-point mooring configuration for a 10-
MW twin-hull FOWT at a 120-m site, and found favorable use of nylon over

polyester ropes in reducing mooring fatigue damage and extreme load.

A key feature of synthetic fiber ropes, compared to steel chains, is their visco-
elastic properties, which lead to varying stiffness. This nonlinear stiffness is
highly dependent on loading conditions, such as load amplitude, load frequency
and load history. To account for these properties, several methods have been
proposed in mooring design for FOWTs. [21] applied iteratively the elastic
catenary and taut equations for steel chains and polyester ropes, respectively,
to reach a smooth force-displacement relationship for the mooring line. [22]
utilized the elastic catenary equation to examine the influence of water depth
for steel chains, and employed a spring-dashpot model for synthetic fiber ropes.
[23] determined the quasi-static and dynamic stiffness properties of nylon and
polyester ropes through tension tests, and fitted the results to the Syrope model

to generate the force-elongation relationship.
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Polyester mooring has become the most common solution for deep-water pro-
duction platforms in the offshore oil and gas industry, as it provided the most
cost-effective choice under harsh environmental conditions [11]. In the floating
wind project Floatgen, a mooring configuration consisting of 6 nylon lines was
used for a 2-MW FOWT at a water depth of 33 m [24]. While expertise in
using synthetic fiber ropes can be leveraged from offshore oil and gas appli-
cations, floating wind projects encounter unique challenges due to differences
in water depths, environmental conditions, platform dimensions, and mooring
design requirements. Studies have highlight these challenges in the application

of fiber ropes in floating wind, related to cost, strength, and stiffness modeling.

For example, [22] evaluated the manufacture and installation costs of mooring
configurations using steel chains and fiber ropes, and found that the reference
design using only steel chains at a water depth of 200 m, was most cost-effective.
Although synthetic fiber ropes provided potential cost advantages, the need for
suction anchors increased overall expenses. In terms of strength, [25] conducted
residual strength tests of polyester ropes and found a 2.9% reduction in strength
after one year of sea trials. This raises questions about the long-term reliability
when applying synthetic fiber ropes in floating wind projects and underscores

the need for further validation and monitoring.

Furthermore, regarding stiffness models, [26] fitted the laboratory tension test
results of fiber ropes to both the Syrope and bi-linear models, and observed
different mooring ultimate forces and fatigue damage during the dynamic anal-
ysis of a 10-MW FOWT. This raises concerns about the appropriate selection
and parameter tuning of stiffness models for synthetic fiber ropes under var-
ious loading conditions. Similarly to strength, this also casts uncertainty on
the adoption of stiffness models derived from the offshore oil and gas applica-
tions for FOW'Ts, as there is a lack of publicly available data to validate these
models in mooring force predictions against on-site measurements in floating

wind projects.

Therefore, based on the literature review of the key challenges associated with

using synthetic fiber ropes, particularly in terms of cost, strength, and stiffness
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modeling, this study focuses on mooring lines made of steel chains. Steel
chains have been suggested as a more cost-effective solution at water depths
around 200 m, offering higher strength stability and simpler stiffness modeling

compared to the synthetic fiber ropes.

2.1.3 Shared line design

Shared line design has been proposed for marine structures such as fishing
cages and wave energy converters, and subsequently extended to floating wind
farms. For instance, [27] analyzed a four-cage grid mooring system designed for
ocean aquaculture operations, in which anchor lines were connected to grid lines
through buoy elements. The mooring forces of anchor lines and the static shape
of the grid were determined using quasi-static mooring analyses. Similarly, [28]
studied a shared line configuration for 9 wave energy converters, and found that
this design had a slight impact on heave and pitch motions under operational

conditions but resulted in a large mooring force under survival conditions.

Studies on shared line designs in floating wind farms have explored various
topics, including configuration design, cost-benefit estimation, and the use of
stiffness-linearized design method. For example, [29] proposed three shared
mooring layouts and evaluated the resulting floater motions for the 5-MW semi-
submersible FOWTs. In their study, the mooring system was modeled as a set
of springs with a linearized stiffness matrix for frequency-domain calculations,
while the quasi-static mooring analysis was used for time-domain simulations.
Results showed no motion resonance within the wave-frequency range, but
surge displacements exceeded 100 m in shared mooring layouts, significantly

larger than those with conventional configurations.

To reduce floater displacement, studies have incorporated buoys and clump
weights into mooring designs to increase mooring stiffness. For instance, [30]
investigated the effects of buoys and clump weights in shared mooring configu-
rations for a 2 x 2 floating array, where each 5-MW barge FOWT was fastened

by 8 lines. They employed the finite element method to account for mooring
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dynamics, and the comparison highlighted the benefits of these elements in
reducing floater motions. However, there is a lack of studies on the impact of
buoys and clump weights on mooring costs and stress concentration at their

connection points along the line.

In terms of cost-benefit estimation, [29] used data from a specific report and
estimated a reduction of up to 60% in mooring costs with proposed shared
mooring layouts. [31] applied a sizing tool to assess the minimum overall pro-
curement costs for mooring chains and drag anchors. [32] analyzed a 2 x 2
floating array at different water depths, and developed a cost model for ma-
terial and installation costs of mooring lines and drag anchors. Their findings
showed significant cost savings with shared moorings compared to conventional

configurations in water depths exceeding 400 m.

While shared line designs offer cost-saving potentials, they also alter load dis-
tribution in mooring lines by coupling multiple FOWTs, which affects their
dynamic responses. Existing stiffness-linearized approaches often assume small
floater offsets and employ a linear spring model to represent the mooring sys-
tem [32, 33]. In these approaches, a small prescribed offset is chosen as the
only design constraint. The static offset is calculated by dividing a constant
wind force over the linearized stiffness matrix, and the mooring line mass per
unit length is linearly scaled to meet this offset requirement. These approaches

have been adopted in subsequent studies, such as [34, 35].

The stiffness-linearized design method is useful for conceptual designs of shared
moorings due to its simplicity. However, it can lead to impractical mooring
designs, because it overlooks the key characteristics of mooring lines. Specially,
it neglects the nonlinear mooring stiffness that arises from line geometry and
material elasticity, and inaccurately scales mooring mass based on linearized
mooring stiffness rather than determining it from the chain diameter. For
example, [32] calculated a mooring line mass density (mass per unit length)
of 26 kg/m, while [33] reported 872 kg/m for shared lines. Both densities fall
outside the typical range observed in mooring lines for existing floating wind

projects.
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Moreover, the reliability of shared line designs generated using the stiffness-
linearized method, is highly dependent on the prescribed floater offset. This
offset serves as the only design constraint and determines the line mass density
by linearly scaling with the linearized stiffness. The offset limit, defined as
the maximum allowable floater displacement, is important for dynamic cable
design, as excessive displacements can increase cable curvature. However, while
larger floater motions lead to greater curvature, studies suggest that this is not
a critical factor in determining the fitness of dynamic cables. Instead, the

cable’s orientation relative to the floater plays a more significant role [36].

Supporting this, 1-year field observations of a 100-kW FOW'T have shown that
dynamic cables remained safe operation without failures, even as the floater
moved up to 21 m during typhoon seasons, in water depths ranging from 80
m to 100 m [37]. In addition, simulations of a 2-MW FOWT at the same site
indicated that dynamic cable could operate safely even when offsets reach up
to 40 m [37]. These findings raise doubts about the validity of assuming small
floater offset, as well as the reliability of the stiffness-linearized method that

considers the floater offset as the only design constraint.

Furthermore, there is no consensus in current studies on the appropriate offset
limit for mooring designs. For example, [38] set an admissible offset of 10 m
for a 5-MW tri-floater FOW'T using mooring configurations consisting of 6, 9,
and 12 lines at various water depths between 50 m to 300 m. Similarly, [32]
used a fixed offset of 20 m for shared mooring designs across four different
water depths, ranging from 200 m to 800 m. In contrast, [39] optimized a
conventional mooring design at a water depth of 330 m, where the optimized
design resulted in the maximum dynamic displacements of 49 m in surge and
31 m in sway. In addition, [33] chose 10% of water depth as the offset limit to
calculate the linearized shared mooring stiffness, and defined the offset limit as

12% of water depth to adjust the mooring line length.

Therefore, although the stiffness-linearized method is simple and useful for con-
ceptual shared line designs, its reliance on small floater offsets and omission of

detailed mooring line characteristic restrict its applicability for reliable shared



2.2 Simulation tool for FOWTs 17

line designs. To advance the design and analysis of shared line configurations, a
more comprehensive design framework is needed, which should take account for
both line and chain parameters, and accommodates a wider range of practical

design constraints, rather than relying only on an uncertain offset limit.

2.2 Simulation tool for FOWTs

This section reviews studies on simulation tools developed for FOWTs, includ-
ing both uncoupled and fully coupled analyses. In addition, the current status
of modeling floating wind farm is outlined, to highlight the research gap in de-
veloping a more efficient simulation approach for the floating wind farm with

shared line designs.

2.2.1 For an individual FOWT

Numerous simulation tools have been developed to analyze individual FOWTs
under various environmental conditions. Some of these are uncoupled simula-
tions, which focused on specific aspects such as turbine performance, and often
neglected the couplings among structural components. For instance, [40] sim-
ulated the power output of a TLP FOWT using three different aerodynamic
models, which predicted higher variation than experimental results. In that
study, the first-order derivative of measured floater surge motion was used to
adjust the relative wind speed, while hydrodynamic forces on the floater and
the structural dynamics were neglected. In contrast, fully coupled simulations
can capture more dynamic responses of the entire FOWT system than those
uncoupled analyses, by considering the fluid-structure interactions and cou-
plings among the structural components. Common simulation tools used for
fully coupled analyses of individual FOWTSs range from high-fidelity Compu-
tational Fluid Dynamics (CFD) solvers to mid- and lower-fidelity engineering

models.
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High-fidelity tools are better suited for in-depth investigations of unsteady
dynamics and fluid-structure interactions. They are often used for verification
studies, with complicated simulation setup and high computational demands.
For instance, [41] developed a coupled CFD tool to analyze a semi-submersible
FOWT, with focuses on mutual interactions between the turbine performance
and platform motions. Similarly, [42] investigated the impact of dynamic floater
motions on unsteady aerodynamic power, and the effect of aerodynamic forces
on hydrodynamic responses through fully coupled simulations of a 5-MW semi-
submersible FOWT. These studies highlight the advantage of CFD tools in
detailed aerodynamic phenomena, which cannot be accurately captured by

mid- and lower-fidelity engineering models.

Compared to high-fidelity CFD simulations, mid-fidelity tools provide advan-
tages in computational efficiency and often simplify aerodynamic, hydrody-
namic, and structural elastic calculations. For instance, the aerodynamic mod-
ule in OpenFAST [43] simplifies the complex 3-D flow around turbine blades
by approximating it as local 2-D flow at blade cross sections. [44] validated a
physics-based digital twin solution using OpenFAST simulations against mea-
surements from the TetraSpar prototype. Results showed that the averaged
errors in predicted tower damage equivalent loads ranged from 10% to 15%),

which is acceptable for preliminary performance evaluation.

Lower-fidelity numerical tools, such as reduced-order models, are often more
appropriate than high- and mid-fidelity tools in the early design stages, due
to their computational efficiency. These tools are useful when fast simula-
tions, broader parametric explorations, and large numbers of tests are required.
While they simplify the physical modeling, they still capture the fundamen-
tal dynamics of FOWTs and provide acceptable accuracy. For instance, [45]
applied a reduced-order model to simulate a scaled 10-MW FOWT equipped
with tuned liquid multi-column dampers, and validated the simulation results

against experimental data from wave tank tests.
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2.2.2 For an array of FOWTs

Expanding the simulation from a single FOW'T to an entire floating wind farm
introduces several challenges, such as modeling the operating environment, in-
cluding the farm-scale wind field, the wake dynamics, and the interactions be-
tween FOWTs, particularly in shared mooring designs. To predict the dynamic
performance of floating wind farms with shared line designs, various simula-
tion tools have been proposed in existing studies to meet different research

objectives.

Some studies have neglected wake effects and focused on the influence of dif-
ferent mooring configurations. For example, a four-turbine floating array with
shared line designs was analyzed using integrated simulations with FAST and
ANSYS AQWA [30, 46]. Similarly, two semi-submersible FOWTs with a shared
line design were simulated in Simpack [47], while dynamic simulations of two
spar-type FOWTs were performed using HAWC?2 [48] and SIMA [49]. In each
of these studies, the wake effects from upstream turbines were not considered,

as the research objective was to evaluate mooring configurations.

However, studies have proved that the wake effect is significant for the per-
formance of the downstream turbine [50, 51|, and for the overall wind power
production of the entire wind farm [52, 53]. Therefore, to accurately predict
the dynamic performance of the floating turbine array with shared line designs,
it is essential to take wake effect into considerations. In FAST.Farm, the dy-
namic wake model is utilized to capture the wake-deficit evolution, the wake
meandering and wake-added turbulence, all of which are crucial for the pre-
dictions of loads and performance [54]. Examples of FAST.Farm applications
for dynamic analysis of a floating wind farm include the investigations into the

influence of shared mooring designs on a ten-turbine floating array [34, 35].

As a mid-fidelity simulation tool [54], FAST.Farm requires considerable com-
putational effort to account for wake interactions during the dynamic analysis
of floating wind farms. This issue becomes more pronounced when large-scale

wind farms are analyzed or parametric studies of system-level investigations
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are conducted, as dynamic simulations can be both computationally intensive
and time-consuming. Therefore, an efficient simulation tool that significantly
reduces computational effort while maintaining sufficient prediction accuracy

is highly beneficial for early-stage analysis of floating wind farms.

2.3 Optimization strategy for FOWTs

This section reviews the optimization strategies applied to the wind turbine,
floater, and mooring system for FOWTs. A focus is placed on the mooring op-
timization, aiming to identify current research objectives and methodologies.
The review also highlights a critical research gap: a limited investigation of
long-term mooring integrity through time-domain analyses of FOWTs that ac-
count for both the wake effects and the dynamic interactions among connected
FOWTs.

2.3.1 Turbine optimization

The optimization strategies for wind turbines have been thoroughly reviewed
by [55]. According to this review, in turbine performance optimization, the
objective function has evolved from maximizing the power coefficient in earlier
studies, to enhancing annual energy production and minimizing the cost of
energy, with the goal to improve cost-competitiveness. The cost of energy refers
to the cost per kWh, taking into account the total expenses incurred over the
lifetime of the wind turbine. In addition to the single-objective optimization
that minimizes the cost of energy, multi-objective optimization approaches have
also been explored, which typically integrates cost minimization with objectives

related to airfoil shape design and blade performance refinement.
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2.3.2 Floater optimization

The evolution of platform designs employed in FOWTs has been reviewed by
[56], with a focus on the floater configurations across wind farm, prototype and
demonstrate scales. According to this review, two dominant goals of platform
designs are maintaining stability and minimizing costs. For the first objective,
hydrostatic analysis is useful for stability evaluation, while controlling platform
motions under extreme environmental conditions remains a primary design fo-
cus. Since the four main floater types exhibit different dynamic responses, their
motion-reduction strategies differ accordingly. For instance, semi-submersible
platforms exhibit larger heave motions than other types. To address this, heave
plates are used in WindFloat platform, which is a typical semi-submersible

floater, to mitigate heave motions.

The second design objective focuses on reducing material costs and enhancing
turbine performance to lower the Levelized Cost Of Energy (LCOE). The re-
view highlights that FOW'T designs tend to be more cost-driven than those in
the offshore oil and gas industry. An example is the Hywind Tampen project,
which utilizes a concrete-based floater from a local supply chain to reduce cap-

ital expenditure per MW.

2.3.3 Mooring optimization

Mooring optimization in the offshore oil and gas industry typically aims to
reduce the number of mooring lines and adjust their dimensions to minimize
material and installation costs, as well as platform offsets. Design variables
such as anchor radius, chain length, and pretension are considered in the op-
timization process [11, 57]. While these design principles are carried over to
the floating wind sector, the focus shifts from reducing the number of lines to

optimizing line orientation and length.

For example, [58] applied a gradient search method to optimize the spar, moor-

ing lines, and cables. The mooring design variables included line direction, pre-
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tension and anchor radius, while their constraints accounted for mooring load
limit and minimum fatigue life. The FOWT was analyzed in frequency domain,
with the mooring forces calculated by the quasi-static model, the aerodynamic
forces proportional to relative velocity, and the hydrodynamic coefficients ob-
tained from an external tool. During the spar and mooring optimization, power
cables were not included. Their findings highlight the importance of consider-

ing mooring fatigue in optimization process.

Similarly, [39] optimized catenary mooring lines for a semi-submersible FOWT
using Nelder-Mead simplex algorithm. Design parameters included horizontal
distance between fairlead and anchor, as well as mooring line length and orien-
tation. Design constraints included ultimate mooring load, platform offset and
the safety requirement of drag embedded anchors, which can only withstand
horizontal loading. Mooring forces were calculated by the quasi-static catenary
equations, and the mooring stiffness was linearized at the equilibrium position.
Their study suggests that the linearized mooring stiffness leads to overesti-
mated floater motion, and recommends to perform time-domain simulations

for more accurate mooring optimization.

While frequency-domain analysis is computationally efficient and commonly
used, time-domain analysis provides a more detailed representation of dy-
namic responses. Despite this advantage, the high computational demand
of time-domain analysis has limited its application in mooring optimization
for FOWTs. This challenge is further amplified when it comes to optimizing
shared line systems. Few studies have conducted FOW'T mooring optimization
in time domain. Simplified models have been employed in existing studies, for
instance, a simplified mooring model has been combined with a low-order sim-
ulation tool to support FOWT substructure optimization in time domain [59].
Although some studies have applied time-domain analysis to other types of
floating structures, these optimization studies have focused on extreme loading

conditions rather than long-term fatigue performance.

For instance, [60] optimized a single-point mooring system for a vessel-shaped

fish farm using time-domain analysis. Design variables included horizontal dis-



2.3 Optimization strategy for FOWTs 23

tance between fairlead and anchor, segment length and size, and design con-
straints were similar to those in [39], with additional requirements on floater
excursion and wire rope clearance from the seabed. To reduce the compu-
tational effort, a quasi-static mooring model was used for screening analysis,
which reduced the sample number by 40%. A gradient-based optimization
algorithm, Sequential Quadratic Programming, was employed in conjunction

with the Kriging metamodels to search for the optimal design.

In addition, [61] integrated mooring-riser designs for a deep-water floating pro-
duction system in the oil and gas industry, and optimized the platform offsets to
match the safe operation zone for risers through time-domain analyses. Design
variables for the mooring system include the line orientation, line radius, pre-
tension and polyester cable diameter. Design constraints involve the maximum
offset, the maximum and minimum line tension, and touch-down point clear-
ance. Particle Swarm Optimization (PSO) is employed with the e -constraint

method to search for the feasible solution of mooring configurations.






3 FOWT systems and performance
factors

This chapter provides a fundamental background on FOWTs in Section 3.1
and explores several key factors influencing FOWT performance. These include
mooring systems in Section 3.2 and environmental conditions in Section 3.3. A
solid understanding of these factors is essential for evaluating the performance
of FOWTs, as introduced in Section 3.4.

3.1 Offshore wind turbines

A wind turbine is a power generation device that converts the wind kinetic
energy into the rotor mechanical energy, then transforms this rotational energy
into the electrical energy. As the demand for renewable energy continues to
grow, FOWTs presents a promising solution to harness wind power in deep

waters, where fixed-bottom turbines are not economically feasible.

A typical FOWT mounts a single turbine on top of a tower, while a new FOWT
concept with dual turbines has been installed [62]. The turbine and tower are
supported by a floating platform, and their station-keeping forces are provided
by the mooring system, to ensure floater motions within allowable limits. The
primary structural components, such as the nacelle, rotor and tower, remain

similar to those used in bottom-fixed turbines.



26 3 FOWT systems and performance factors

Unlike offshore bottom-fixed turbines, which are limited to shallow waters,
FOWTSs can operate in deep-sea environments, with their substructures an-
chored to the seabed using mooring systems, allowing deep-sea deployments
to harvest stronger and more consistent wind resources. Typical examples of

offshore wind turbines are illustrated in Figure 3.1.
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Figure 3.1: Examples of offshore wind turbine concepts, from left to right: bottom-
fixed wind turbines using a monopile and a jacket, and FOWTs using a
barge, a spar, a semi-submersible, and a Tension Leg Platform (TLP).

As the majority of offshore wind resources are located in deep waters, the
advancement of FOWTs presents a promising opportunity to meet future wind
energy demands. Prototypes such as Hywind Demo (later renamed “Unitech
Zefyros” [63]) paved the way for commercial-scale projects. Since then, various
FOWT concepts have been introduced. Examples include Hywind Demo [64],
WindFloat 1 [65], Floatgen [24], and TetraSpar [66]. These designs focus on
improving power production and reducing the high costs associated with the

deep-sea deployment.

Several floating wind projects have demonstrated the technical feasibility of
FOWTSs, such as Hywind Scotland [8], Kincardine Offshore Wind Farm [7],
and WindFloat Atlantic [67]. Large wind turbines have been developed to
reduce the LCOE, which is strongly influenced by capital cost factors, such
as the manufacture costs of the wind turbine, platform, and mooring system
[68]. The rated capacity of individual FOWTs has increased from 2.3 MW in
Hywind Demo [63] to upgraded 8.6 MW in Hywind Tampen [9]. Recently, a
20-MW FOWT prototype has been installed [69].
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To accommodate the growing size of wind turbines, supporting platforms have
been designed to improve their stability and reduce costs. Four main types
of supporting platforms, as shown in Figure 3.1, including barge, spar, semi-
submersible, and Tension Leg Platform (TLP), have been employed in existing
floating wind projects from 2007 to 2023 [56]. Barges have a wide water-plane
area with a shallow draft, while spars use a ballasted cylinder with a deep draft.
TLPs use taut mooring systems, while semi-submersibles often use catenary
mooring designs. Among these four types, semi-submersibles are the most
widely deployed in floating wind farms, followed by spars. Semi-submersibles
offer advantages during tow-out and installation, and often require less material
than spars. However, they have drawbacks, such as a large seabed footprint
and a large heave motion. TLPs have only been demonstrated in the Blue H
project [70], which install a two-bladed turbine. They remain at a low technical

readiness level and are not yet considered as a proven solutions for FOWTs [56].

3.2 Mooring systems

Mooring systems are essential for the stability and safe operation of floating
wind farms, providing station-keeping forces to counteract harsh environmental
loads and maintain floater motions within allowable limits. Figure 3.2 shows
the basic conventional mooring systems for FOWTs. Both taut and catenary
mooring configurations include fairleads that connect mooring lines to the plat-

form, and anchors fasten the lines to the seabed.

Compared to taut mooring systems, catenary mooring systems possess larger
seabed footprints, with part of the line resting on the seabed. This design
has been adopted in semi-submersible FOWTs, such as in the floating wind
projects Hywind Scotland [8] and Kincardine [13]. In contrast, taut mooring
systems often depend on line tensile stretch and have no lay-down length at
static equilibrium, as demonstrated in the TLP FOWT of Blue H project [70].
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Figure 3.2: Basic conventional mooring systems for FOWTs, from left to right: taut
mooring without a lay-down length on the seabed, and catenary mooring
with a footprint on the seabed.

3.2.1 Fairlead

The fairlead can be either fixed or rotational, with the latter allowing pitch and
yaw rotations around its bearing axis. Fixed fairleads may cause chain wear
in the short term, whereas rotational fairleads can reduce loads and mitigate
fatigue damage. Figure 3.3 illustrates an example of an eccentric chain fairlead

that can be used in the drilling and production structures.

Figure 3.3: An eccentric chain fairlead [71].
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3.2.2 Anchor

Among the anchor types used in offshore oil and gas projects, drag embedment
anchors are most commonly applied for drilling units, because of their ease of
deployment and retrieval without specialized assistance [11]. In the floating
wind sector, both drag embedment anchors and suction anchors, as shown in
Figure 3.4, are widely deployed. For example, drag embedment anchors have
been used in the projects of Floatgen [72] and WindFloat Atlantic [73], while
suction anchors have been employed in the Hywind Scotland Pilot Park [8] and
Tampen [10] projects.

Figure 3.4: Examples of drag embedment anchors (left, adapted from [74]) and suction
anchors (right, adapted from [75]). The dashed line indicates the mooring
line fastened by the anchor.

Two primary considerations for anchor designs are the structural maximum
load and the geo-technical holding capacity associated with soil-structure in-
teraction. Drag embedment anchors are not designed to withstand vertical
loads, while suction anchors are limited to soft clay soil and require a longer
installation time [11]. Beyond structural and geo-technical considerations, cost
also plays a role in anchor selection, as both the material and installation costs

of suction anchors are higher than those of drag embedment anchors [76].
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3.2.3 Line material

Similar to anchor designs, the choice of mooring line materials, such as steel
chains, wire ropes and synthetic ropes (nylon, polyester and high-modulus
polyethylene), is also influenced by the environmental condition, such as water

depth. Examples of mooring line materials [77] are shown in Figure 3.5.

Figure 3.5: Mooring line materials [77]: (a) steel chain links; (b) wire ropes; (c) syn-
thetic ropes.

The mooring line materials employed in the floating wind projects [78] are
summarized in Table 3.1, with increasing water depths. Steel chains, wires,
and synthetic ropes have been used in the mooring configurations at water
depths of up to 300 m. In contrast, for offshore oil and gas structures at
similar depths, the all-chain catenary mooring design is the most cost-effective

solution [11].

Wire rope is lighter than steel chain and is often used as the suspended portion
of the mooring configuration. But it could suffer from excessive bending when
it is placed at the touch-down point on seabed. Synthetic ropes can reduce
mooring weight, but some materials, such as polyester ropes, experience per-
manent elongation due to bedding-in and creep, which affects the rope length
and stiffness [11].
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Table 3.1: Mooring designs for floating wind projects (adapted from [78]).

Project Depth Floater Mooring system

Three Gorges 30m  Spar 9 lines: wire, chain

Floatgen 33 m  Barge 6 lines: synthetic fiber
Eolink demonstrator 36 m  Semi*  Single point: polyester
WindFloat 1 49 m  Semi 4 lines: wire, chain

Hibiki 50 m  Barge 4 lines: chain

Fuyao 65 m  Semi 9 lines: R3 chain, M2 chain
Kincardine 80 m  Semi 4 lines: polyester
DemoSATH 85 m  Barge Single point, 6 lines: fiber, chain
WindFloat Atlantic 100 m Semi 3 lines: HMPE, chain
Hywind Scotland 105 m Spar 3 lines: R4s-chain
Fukushima Mirai 120 m  Semi 6 lines: chain

Hywind Demo 220 m Spar 3 lines: wire, R4-chain
TetraSpar 220 m Spar 3 lines: synthetic rope, chain
Hywind Tampen 300 m Spar 3 lines: wire, R3-chain

*“Semi” is an abbreviation for semi-submersible floater.

3.2.4 Chain link type

For mooring lines made of steel chains, their links can be either stud or stud-
less types. A stud chain link is shown in Figure 3.6, where the term “Stud”
refers to the component welded to the chain link. The cross-sectional diameter
corresponds to the chain nominal diameter D,., while the equivalent diameter,
derived from the volume per unit length of the line, is 1.8 x D, for studless
links and 1.89 x D, for stud links [79].

The design and manufacturing requirements for stud and studless mooring
chains are detailed in offshore standards. The presence of stud increases the
submerged mass per unit length and axial stiffness compared to those studless
links of similar chain diameters [80, 79, 11]. As a result, adding a stud can help
mitigate the stress concentrations in the stud links. However, after prolonged
use, the frequent loosening of the stud may result in high stress concentration

at the connection point, reducing the fatigue performance of the chain link [11].
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Figure 3.6: A stud chain link (adapted from [80]).

3.2.5 Mooring in oil & gas and floating wind sectors

Compared to floating wind projects, offshore oil and gas applications typically
use more robust mooring designs governed by stricter safety requirements.
These designs often feature more lines to withstand harsher environmental
conditions in deeper waters. Table 3.2 compares mooring configurations of a
deep-water drilling and production project, Hoover-Diana spar, and of a float-
ing wind project, Hywind Scotland, to highlight key design differences between

these two sectors. Both projects utilize spar-type platforms.

Table 3.2: Project and mooring differences between the Hoover-Diana spar [81, 82]
and the Hywind Scotland projects [83, 75, §].

Variable Hoover-Diana spar Hywind Scotland
Project cost 1.1 billion USD 2.0 billion NoK
Production start-up in 2000 in 2017

Site water depth [m] 1463 from 98 to 117
Spar hull weight [t] 35000 10000

Mooring line number 12 3

Mooring line length [m] 2164 from 691 to 875
Mooring line material chain + wire rope  chain

Table 3.2 indicates the distinct mooring design requirements of the offshore
oil & gas industry compared to the floating wind sector. Assuming a currency

exchange rate of 10, the project cost of the Hoover-Diana spar is approximately
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5.5 times that of the Hywind Scotland project. With its heavier structure and
operation in water depths exceeding 1000 m, the consequences of mooring fail-
ure are far more critical for the Hoover-Diana, compared to those of FOWTs
in the Hywind Scotland project, which are located in water depths shallower
than 200 m. As a result, to ensure safe operation under harsher environmen-
tal conditions, the Hoover-Diana spar employs a more robust mooring system
comprising 12 lines made of both chain and wire rope. In contrast, the lighter
FOWTs in the Hywind Scotland project are anchored by three mooring lines

made up of steel chains.

3.2.6 Shared mooring designs

The shared mooring concept has been developed in two forms: using either a
shared anchor for multiple mooring lines or a shared line for multiple FOWTs.
The shared anchor design, where a single anchor secures multiple lines, has
been implemented in the floating wind project Hywind Tampen [9], where 11
FOWTs were fastened by 19 anchors [84, 85], compared to the 33 anchors that
would be required using conventional three-line configurations for each FOWT.

Part of the shared anchor layout [85] is shown in Figure 3.7.
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Figure 3.7: Shared anchor layout for the Hywind Tampen project (adapted from [85]),
illustrated with an example array of three FOWTs using a shared anchor.
The dashed lines represent mooring lines.
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The shared line design is still in the research stage. Compared to conventional
configurations, a shared line design has the potential to reduce both the number

of anchors and the length of mooring lines.

Figure 3.8 shows a two-FOWT array using a shared line and 4 anchor lines. In
this configuration, the shared line connects fairlead 1 on FOWT1 to fairlead
2 on FOWT?2, eliminating the need for an anchor. This shared line configura-
tion has been investigated through both numerical simulations [47, 86, 48] and
experimental studies [87] to assess FOWT performance. The shared line may
be partially in contact with the seabed [47] or entirely suspended in seawater
[47, 86].
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Figure 3.8: Shared line layout for a two-turbine array using a shared line and 4 anchor
lines.

3.3 Environmental conditions for FOWTs

A floating wind farm operates in the open sea and is continuously subjected
to environmental loads from wind and waves. As a power generation device,
the turbine converts wind energy into electricity, while these environmental
forces act on the turbine, tower, platform and mooring system, and excite

motions that affect power output and cause fatigue damage to the structural
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components over time. Therefore, it is essential to understand the nature and
influence of these environmental factors in order to maintain safe and efficient
operation of FOWTs.

3.3.1 Wind

Wind is the movement of air, with a wide range of scales in time and space. For
example, a spring breeze in a park may last for a few minutes, while a catas-
trophic typhoon can persist for several hours. Turbulence of wind describes
speed variations and results from friction with the Earth’s surface and thermal
effects. On a large scale, the spatial variability of wind reflects the diversity of
global climate regions, while within a specific region, geography affects solar
radiation, which in turn influences surface temperatures and humidity. For a
given site of interest, the long-term variability makes it difficult for accurate
wind prediction, but within a shorter time frame, such as shorter than 1 year,

the seasonal variations become more predictable [88].

Wind plays a critical role in FOWT performance, as the primary function of
a FOWT is to harvest wind energy and generate electricity. The produced
power changes cubically with wind speed. To maximum power production
while preventing mechanical overload, it is important to control the FOWT,
for instance by adjusting the rotor speed and blade pitch of the turbine. In
addition, as the wind direction changes, the turbine’s yaw system aligns the
rotor, since a yaw misalignment can lead to unbalanced loads on the blades
and reduce power production. Wind also induces cyclic loadings on structural
components such as blades, which can result in fatigue damage and compromise
structural safety over time. Therefore, accurate wind reconstruction is essential

for assessing FOW'T performance and ensuring FOW'T safe operation.
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3.3.2 Wake

Within the wind field of a floating wind farm, the presence of a turbine slows
the upstream inflow, causing the wind to propagate downstream with reduced
speed and decreased static pressure. This region of the distributed flow is
known as wake. Between the far-upstream and far-wake regions, static pres-
sure maintains approximately constant, but kinetic energy drops. Wake char-
acteristics are collectively determined by the upstream inflow conditions and
FOWT performance, and are typically featured reduced wind speed and in-

creased turbulence [88].

Due to the limited spacing between FOWTs, downstream turbines are often
located within the near-to-far wake regions of upstream turbines. These wakes
significantly reduce the power production of downstream turbines. Measure-
ments from the offshore wind farm Middelgrunden [89] indicate that the second
turbine, located within the wake region of the first turbine, produces only 20%
of the power generated by the upstream turbine under two main wind direc-
tions. For floating wind farms, it has been observed that the wake of a 6-MW
FOWT remains detectable at a distance of 9Dr downstream [90]. Therefore,
it is important to account for wake effects when evaluating the performance of

floating wind farms.

3.3.3 Wave

Ocean waves are undulations of the sea surface, primarily generated by winds
blowing across it. Sea waves are created by local winds, while swells denote
the waves produced from distant sources. Earthquakes can create tsunamis or
seismic waves, while the gravitational pull of moon and sun produces tides.
Waves are characterized by their periods, wavelengths, heights, and propaga-

tion directions. A wave classification [91] is presented in Table 3.3.

In general, wind-induced waves have a period of less than 25 s, and gravity is

important to wave propagation. In deep seas, the wave traveling speed depends
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Table 3.3: Waves classified by their periods ranging from seconds to days (adapted

from [91]).

Wave Period

Cause

Chop 1-10 s
Swell 10-30

Seiche 10 min - 10 hr
Tsunami 10 min - 1 hr
Tide 0.5-1 day

Local winds
S Distant storm

Wind, tsunami, tidal resonance
Underwater disturbance
Gravitational attraction of Sun and Moon

on its period, and the wave particles beneath the surface move in circular

orbits. However, in shallow waters, the wave orbital movements interacts with

the seabed, which creates friction, and consequently wave propagation depends
on the water depth [92].

Waves can continue to grow in size until they reach a maximum limit deter-

mined by the wind speed and its fetch, which represents the sea area where the

wind blows. At this growing stage, the sea is considered fully developed [91].

The sea state codes for marine crafts [93] are summarized in Table 3.4.

Table 3.4: Definition of sea state codes with worldwide occurrence probability for ma-
rine crafts (adapted from [93]).

Code Sea condition Wave height Probability
0,1,2 Calm, smooth up to 0.50 m 11.2486

3 Slight 0.50-1.25 m  31.6851

4 Moderate 1.25-2.50 m  40.1944

5 Rough 2.50-4.00 m  12.8005

6 Very rough 4.00-6.00 m  3.0253

7 High 6.00-9.00 m  0.9263

8 Very high 9.00-14.00 m  0.1190

9 Phenomenal over 14.00 m 0.0009

Waves excite floater motions and influence the stability of the turbine. Exces-

sive floater motions can reduce power production and even lead to structural
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failure. For example, floater pitch motion affects the relative wind speed and
directly impacts turbine performance. In addition, excessive floater surge can
increase cable curvature and the risk of cable failure. Furthermore, waves affect
mooring dynamics and generate cyclic loading on mooring lines, which induces

fatigue damage over time.

3.3.4 Current

Currents describe the continuous movement of seawater, varying in strength
and scale across different regions. The current connectivity is important for
marine ecosystems. Currents are driven by wind, Earth’s gravity, and Earth’s
interactions between the Moon and the Sun. In addition, spatial differences in
seawater, such as temperature and salinity, as well as interactions with eddies
and internal friction, can generate currents. Earth’s rotation further causes the
turning of currents on time scales beyond a few hours [94]. In coastal regions

and fjords, the speed of tidal currents can reach 2-3 m/s or higher [93].

Three types of currents affect the operation of floating structures, including
ocean, tidal, and storm surge currents. Ocean currents refer to the movement
of both surface and deep ocean waters, driven by gravity and variations in
seawater properties. Tidal currents are strongest in straits and deep waters.
Similarly, storm surge currents reach their peak strength in confined areas and
deep waters, generated by wind shear and barometric pressure gradients over
storm-affected regions [11]. These currents generate drag forces on both the
floating platform and its mooring system, proportional to the square of the
current velocity. The current force increases the mean static load, produces
low-frequency excitation and damping, and contributes to the slow-drift motion
of the floater. In addition, currents can cause vortex-induced motion of the

cylinder columns, which is relevant to spar and TLP platforms [11].
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3.4 FOWT performance evaluation

This section provides a brief overview of the measurements, experiments, and
simulations carried out on FOWTs. Since only a few floating wind projects
publicly share real-time performance data on the turbine, tower, floater, and
mooring system, the available information is limited. Model tests have been
conducted for various FOWT concepts, with real-time hybrid models used to
address the mismatch scaling issue. Numerical simulations are categorized by

different fidelity levels to meet design targets at various design phases.

3.4.1 Measurement-based evaluation

Lidar measurements have provided reliable wind speed estimates and produced
a power curve comparable to that obtained from sonic measurements. For ex-
ample, [95] utilized a nacelle-based lidar to measure the power curve of a 2-MW
FOWT. During the five-month measurement campaign, wind data collected by
the lidar was used to reconstruct the wind field. Similarly, [90] investigated the

wake of a 6-MW FOWT using lidar measurements.

In addition to lidar-based wind speed measurements, temperature has also been
used as an indicator to study wake influences on the dynamic performance of
downstream FOW'Ts. For instance, measurements from the Hywind Scotland
floating wind farm showed clear wake effects on the standard deviations of
floater motions. They further revealed that wake impacts vary under differ-
ent atmospheric stability conditions, as indicated by temperature differences

between the measurements at the nacelle and the wave buoy [51].

Finally, to maintain FOWT structural integrity is crucial for safe operation,
making it important to monitor the loading conditions of key components.
For example, [44] investigated the tower structural health of the TetraSpar
prototype by monitoring the tower bending moment using load cells installed
at the top, middle, and bottom of the tower, along with nacelle wind speed

measurements.
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3.4.2 Experimental investigation

FOWTs endure multi-disciplinary loads, including aerodynamic forces from
wind on the turbine and tower, hydrodynamic forces from waves and currents
on the floater and mooring system, and elastic forces between their structural
components. This multi-disciplinary nature poses challenges in model tests,
since the aerodynamic and hydrodynamic loads follow the Reynolds and Froude

scaling laws, respectively, which cannot be satisfied simultaneously.

For model tests that adhere to the Froude scaling law, the primary challenge
is accurately modeling aerodynamic loads. This scaling mismatch can be ad-
dressed either by a physical model in a wave basin with equivalent treatment
for aerodynamic loads under the Froude scaling law, or by a real-time hybrid
model that uses simulation results to replace actual loads [96]. Physical models
include a thrust disk, geometry-match blades, and performance-match blades.
They have been used in the model tests for floating wind projects, such as the
thrust disk in WindFloat [97], geometry-match blades in OC3-Hywind [98],
and performance-match blades in GICON [99].

Two types of real-time hybrid models have been used in FOWTs experiments
[96]. The first type replaces the turbine model with a system that computes
equivalent aerodynamic forces, and applies these forces to the scaled substruc-
tures in the wave tank for real-time measurements. For instance, [100] com-
puted the aerodynamic thrust by running simulations in FAST, based on the
measured floater motions from the wave tank tests. And the calculated thrust

was applied to the fan controller to adjust the fan status.

The second type models the substructures (platform and mooring system), and
conducts tests on the scaled turbine and tower in the wind tunnel, with the
floater motions controlled by actuators. An example is the wind tunnel test
of a scaled 10-MW turbine [101]. In their tests, the aerodynamic forces were
measured from the wind tunnel tests of the scaled turbine, while the forces

measured at the tower-base together with the hydrodynamic loads, served as
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inputs for numerical simulations of platform and mooring line. The resulting

floater motions were then imposed to the turbine model.

3.4.3 Numerical simulation

Compared to measurements and experiments on FOWTs, most studies have fo-
cused on numerical simulations. Fully coupled analyses have been conducted to
investigate the performance of different FOW'T concepts under various environ-
mental conditions. These simulations capture the fluid—structure interactions
by solving equations, providing an initial assessment of the FOWT design.
They encompass a broad range of research topics and serve as an important

complement to experimental tests and prototype operations.

Research topics include design refinement of FOWT structural components,
such as airfoils [102], towers [103], platforms [104], mooring lines [16], and an-
chors [105]. Other studies focus on structural response prediction, for instance,
tower-base fatigue [106], floater motion [47], and mooring performance [15].
In addition, research has also addressed control design, including active blade

pitch control [107], generator torque control [108], and tuned dampers [45].

Simulation tools can be classified by fidelity level, ranging from low to high.
High-fidelity tools have the highest prediction accuracy in capturing fluid—structure
interactions but require the highest computational resources. They are typi-
cally employed in the final verification stage, where detailed modeling of the
FOWT is essential. Examples of high-fidelity approaches include coupled CFD

simulations and real-time hybrid experimental models [96, 109].

Middle-fidelity tools are often applied in the validation and refinement design
phases, as they can account for structural flexibility, analyze system dynamics,
and capture aero-hydro-servo-elastic coupling. Compared to high-fidelity tools,
they offer a balance between prediction accuracy and computational efficiency.
Examples of middle-fidelity tools include OpenFAST [43] and HACW2 [110].
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Low-fidelity tools are commonly used in the preliminary design stages to pro-
vide quick assessments, making them suitable for parametric study or analyses
that require iterative or computationally intensive runs. These tools often rely
on quasi-static or steady-state analyses, empirical methods, or reduced-order
state-space models [109]. Examples include SLOW [111] for modeling individ-
ual FOWTs and FLORIS [112] for wind farm control.
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Wind turbines convert wind kinetic energy into mechanical energy through
blade rotation. The mechanical energy drives the rotor and generator to pro-
duce electrical power. To ensure stability in deep waters, FOWTs are connected
to mooring systems that provide station-keeping forces under varying environ-
mental conditions. As a result, the modeling and simulation of FOWTs involve
multiple disciplines. This chapter focuses on FOWT modeling and simulation,
covering system dynamics in Section 4.1, environmental modeling in Section

4.2, and simulation tools in Section 4.3.

4.1 System dynamics of FOWTs

The multi-disciplinary nature of FOWTs results in complex fluid-structure
interactions and dynamic responses, primarily involving the turbine, tower,
floater, and mooring lines under varying wind and wave conditions. To accu-
rately capture these phenomena, it is essential to understand the main dynam-
ics of the FOW'T system, including aerodynamics, hydrodynamics, structural

elasticity, and mooring dynamics.

4.1.1 Aerodynamics of wind turbines

To formulate aerodynamic loads on turbine blades, three dominant theories
implemented in simulations of FOWTs are Blade Element Momentum (BEM)
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theory, Vortex Lattice Method (VLM), and Computational Fluid Dynamics
(CFD) [109].

Details on BEM theory can be found in [88]. In BEM theory, the blade is dis-
cretized into small elements, each acting as an independent 2D airfoil, without
radial interaction between the flow and annuli. The aerodynamic thrust and
torque on the blade elements depend on the lift and drag coefficients of each
airfoil. Various correction models have been proposed to refine BEM theory,
such as dynamic stall for yawed rotors at low tip speed ratios, and tip/root

loss factors to account for the effect of a finite number of blades.

Detailed descriptions of VLM are available in [113]. VLM models the wing
as a surface with a series of superimposed horseshoe vortices, each inducing
velocities at a specific control point. The vortex strengths at all these points
satisfy the boundary condition of no-flow through the wing, and they are related
to the wing circulation and the pressure differences between the wing surfaces.
The integral of these pressure differences determines total aerodynamic loads.

Moreover, VLM has been extended to capture the turbulent wake vortex [109].

CFD is a numerical approach that solves the Navier—Stokes equations and com-
putes pressure and velocity at each point within a computational domain. Both
direct numerical and large eddy simulations resolve the smallest flow eddies us-
ing fine meshes. To reduce computational effort, two simplified rotor modeling
methods have been implemented in CFD simulations of wind turbines: the

actuator disc model and the actuator line model [109].

4.1.2 Hydrodynamics of platforms

Three dominant methods have been developed to compute hydrodynamic loads
on the platform, including potential flow theory, Morison equation method, and
CFD method [109]. Descriptions of free-surface flow based on potential theory,

Morison equation, and wave-induced loads on the platform are detailed in [114].
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Potential flow theory assumes that sea water is incompressible and inviscid,
with irrotational fluid motion. The velocity of fluid motion is determined by
the gradient of a scalar velocity potential. Mass conservation requires a zero-
divergence of the velocity, ensuring the velocity potential satisfies Laplace’s
equation. It must also satisfy the boundary conditions within the fluid domain.
Bernoulli’s equation establishes the relationship between the hydrodynamic
pressure and the velocity potential, so that the wave-induced hydrodynamic

forces depend on the fluid motion and the wet surface of the structure.

Potential flow theory neglects viscous effects, which are important for pressure
forces due to flow separation, particularly in slender cylindrical structures under
extreme wave conditions. The Morison equation is used to account for these
viscous effects, with the corresponding hydrodynamic forces determined by the
mass and drag coefficients of the structure, as well as the relative velocity and
acceleration to the fluid. The empirical mass and drag coefficients depend on
both the characteristics of the structure and fluid, such as body form, roughness

number, fluid Reynolds number, and the Keulegan-Carpenter number.

Similar to the modeling of aerodynamic loads, CFD method is used to compute
the hydrodynamic loads on platforms by solving the Navier—Stokes equations.
In contrast to potential flow theory that considers the mean surface, CFD
can capture instantaneous free-surface effects, for instance, by the volume of
fluid method. In addition, the Reynolds Averaged Navier-Stokes Equations are

commonly employed to solve the wave-structure interaction problem [109].

4.1.3 Structural elasticity

Details of beam theory for wind turbine blades can be found in [115]. Turbine
blades are constructed from multiple layers of different materials, and exhibit
elastic deformation (twist and bending) under aerodynamic loads. Beam the-
ory can be applied to compute this structural deformation and capture its

eigenmodes in absent of external loads. In turn, blade deformation influences
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the aerodynamic forces acting on it, highlighting the aero-elastic interactions

for the wind turbine.

Similarly, tower structural flexibility is influenced by both material proper-
ties and geometrical design. Further details on tower design can be found in
[88]. Tower stresses are dominated by bending stress. Similar to elastic blade
analysis, beam theory can be used to model tower elastic deformation. In ad-
dition, aero-elastic coupling is important for the tower response. For instance,
tower-top displacement affects blade orientation and induces a local velocity,
which in turn influence the aerodynamic forces on the blades. Consequently,
the varying aerodynamic forces change floater motions, which ultimately affect

the tower-base stresses and overall tower deformation.

4.1.4 Mooring dynamics

Figure 4.1 illustrates the coordinate system and spatial positioning used for
mooring line analysis, including a detailed inset showing the mooring tension
force (Ty,) on a line segment of unstretched length (ds). The spatial angle
between the line segment and the horizontal plane is denoted as ¢, with ¢ =0
at the touch-down point. The distance from the anchor position to the floater
center is defined as the anchor radius, while the distance from the fairlead

position to the floater center is defined as the fairlead radius.

The governing equations for calculating mooring line tension forces are given in
Equation 4.1. For lines made of steel chains, it is reasonable to neglect bending

and torsional stiffness [114].

dTr, — pgAdz = [wsinp — Fyp(1 + T /EA)]ds,

(4.1)
Trdy — pgAzdp = [wcosp + Dyp(1 4+ T/ EA)]ds.

where T7, is the mooring line tension force, and its variation due to the un-

stretched line length ds is denoted as d717,. The variables dz and ds represent
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Figure 4.1: Spatial positioning for mooring line analysis, with detailed mooring force
components shown on a line segment (adapted from [114, 11]).

the vertical and suspended lengths of the mooring line segment, respectively.
The terms pgAdz and wds are the change in buoyancy and mooring line weight
in water, respectively, due to the segment variables dz and ds. The mean hy-
drodynamic forces per unit segment length, Fj, and D}, are disregarded in the

quasi-static mooring analysis but are included in dynamic mooring analysis.

Mooring elasticity, which accounts for the elongation of mooring lines under
mooring tension forces, plays an important role in mooring performance, but is
neglected in the stiffness-linearized design method [32, 33|. The axial stiffness
of mooring lines (F'A, in kN), accounts for this elastic effect, and can be used
to estimate the elongation of mooring lines under tension forces (77,/EA x ds).
The axial stiffness is the product of the Young’s modulus of the chain (E) and
the equivalent cross-sectional area of chain link (A), as defined in Equation 4.2

[79], where D, represents the chain diameter.

0.854 x 108 x D%, for studless chain
A = (4.2)
1.010 x 10® x D?, for stud chain

where constant coefficients incorporate the necessary unit conversion so that
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EA is directly related to D.. The Young’s modulus of the chain is 5.44 x 107
kN/m? for studless chains, and 6.40 x 107 kN/m? for stud chains, respectively,

with the equivalent cross-sectional area equals to 0.5 x D? (in m?).

To incorporate F} and Dy, a common numerical approach applies the Morison
equations while treating the mooring line as a slender body. [20] introduced a
lumped-mass method for modeling lines, where Fj and Dy are computed for
line segments using the Morison equations. This lumped-mass model serves
as the theoretical basis for MoorDyn, the mooring module of OpenFAST and
FAST.Farm, enabling the prediction of dynamic mooring forces [116].

Under turbulent wind and irregular wave conditions, cyclic mooring tension
forces can induce significant fatigue damage in mooring lines in the long term.
Experiences from offshore oil and gas applications indicate that mooring fatigue
is one of the primary sources of failure [11]. Therefore, estimating mooring
fatigue damage is essential for ensuring FOW'T system integrity and reliability.
In this study, fatigue damage is evaluated using an S—-N curve, where the stress
cycles are identified through the Rainflow-counting method. The relationship

between stress and the number of cycles is expressed in Equation 4.3.

N, = % (4.3)
where N, represents the number of stress cycles to failure, and S is the stress
range expressed in MPa, calculated as the mooring line force divided by the
cross-sectional area of the steel chain links. For studless chains, the S—N curve
slope (m) is 3, and the intercept (ap) is 6 x 1010 MPa3, where the units of ap
follow from the relationship in Equation 4.3. Both the S—-N curve formulation

and its parameters are based on the offshore industry standard [12].

The cumulative fatigue damage from all stress cycles is then calculated using

Miner’s rule, as shown in Equation 4.4.
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n

p=%" X[— (4.4)
=1

where D represents the total mooring fatigue damage calculated as the sum
of the individual damage. Each individual damage is obtained by dividing the
number of stress cycles n;, corresponding to the stress range S;, by the number
of cycles to failure N;, which is derived from the S-N curve for the given stress

range S;.

4.2 Environmental modeling

A FOWT harnesses wind energy in deep waters and is typically subjected to
combined forces from wind, waves and currents. To capture dynamic responses
of FOWTs, it is essential to accurately model these environmental conditions.
This section presents the models used to represent wind, waves, and currents

affecting FOWT performance.

4.2.1 Wind model

In analysis of turbines, wind models represent the wind speed variation over
time and space. The descriptions of turbulence intensity are based on [88].
Turbulence intensity is defined to quantify the overall turbulence level, as a
ratio of the standard deviation of wind speed to the mean wind speed, typically
calculated over ten minutes or an hour. This variable is influenced by the
ground surface roughness and height above the surface. It also depends on
topographical features and thermal effects. Under neutral conditions, wind
shear that describes the increase in wind speed with height can be expressed

by either a logarithmic or a power law wind profile.

Time series of wind speeds at a specific location can be decomposed using

a discrete Fourier transformation, so that the variance of the time history
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equals to the spectral power across all frequency samples. Conversely, a time
history can be reconstructed for a given power spectral density function, using
the inverse discrete Fourier transform. Further descriptions of wind statistical

properties can be found in [115].

The descriptions of turbulence spectra and coherence functions are based on
[88]. The Kaimal and von Karman spectra are commonly used to characterize
the distribution of longitudinal component of wind turbulence, capturing wind
speed variations across different frequencies. The Kaimal spectrum features a
lower, wider peak compared to the von Karman spectrum. In addition, the
Kaimal spectra share the same expression for the lateral and vertical compo-

nents as the longitudinal component but with different length scales.

Both the Kaimal and von Karman spectra describes the wind variation on one
specific point. The cross-correlations between turbulent fluctuations at two
specific points can be described by coherence functions, in terms of frequency
and separation. An analytical expression for the coherence of speed fluctuations
can be derived from the von Karman spectrum, while for the Kaimal spectrum,

a simpler and purely empirical exponential model of coherence is often used.

In contrast to the Kaimal and von Karman spectra, the Mann model is derived
from a three-dimensional spectral tensor representation of the turbulence, and
considers the correlation between the longitudinal and vertical components due
to Reynolds stresses. Three-dimensional Fourier transform is used to produce
all three components of turbulence simultaneously. Further descriptions of the

Mann model can be found in [88].

4.2.2 Wake model

The wake effect from an upstream turbine reduces wind speed and increases
turbulence for downstream turbines, which results in power losses and higher
structural loading on turbines within the wake. In addition, the wake effects

of multiple upstream turbines are superimposed within a floating wind farm,
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collectively influencing downstream turbines. Therefore, it is significant to

model wake effects for simulations of a floating wind farm.

Descriptions about turbulence in wakes are based on [88]. Shear-generated
turbulence arises from the velocity gradient between the reduced-speed wind
flow in the wake and free flow outside the wake. This speed difference induces
mixing between the wake and free flow, which expands the wake region. As
the mixed flow propagates downstream, it spreads in a broader but shallower
manner until it fully recovers. In addition, turbine-generated turbulence results

from tip vortices, characterized by high frequency and rapid decay.

Wake can be broadly classified into near wake and far wake, with further details
available in [117, 88]. The near wake region, located close to the upstream
turbine, is characterized by complex 3-D unsteady flow behavior. The BEM
theory fails to capture these unsteady aerodynamics, while CFD methods that
solves the Reynolds-averaged Navier-Stokes equations, are better suited for

modeling these dynamic behaviors at a higher computational cost.

Analytical wake models have been proposed for power prediction and the layout
design of wind farms. Jensen model is the most widely used [52], and it defines
the wind speed deficit as a function of a constant wake decay factor, with
the assumption of a linear wake expansion. However, the wake dynamics are
not considered in the Jensen model, and require higher fidelity calculations for

accurate description of wake.

The Dynamic Wake Meandering (DWM) model [118] has been proposed for
predicting both loads and power, incorporating the modeling of quasi-steady
wake deficits, wake meandering, and wake turbulence effects. In this model,
the wake is treated as a passive tracer, driven by the large-scale turbulence
structures within the atmospheric boundary layer. The principles of DWM

have been implemented in the reference simulation tool FAST.Farm [54].

Since wind farm layouts are designed to minimize wake losses, downstream tur-
bines are typically located in the far wake, where the velocity deficit follows an

approximately Gaussian axisymmetric shape [119]. An analytical wake model
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has been proposed to predict the average velocity deficit in turbine wakes, with
further details available in [119]. In this model, an exponential function is used

to describe the normalized velocity deficit % as:

A —r?
U—U = C(rg)ez? (4.5)

where AU is the velocity deficit, Uy, is the upstream undistributed inflow.
C(rz) denotes the maximum normalized velocity deficit at the downstream
wake center, r is the radial distance from the wake center, o refers to the stan-
dard deviation of the Gaussian-based velocity deficit profiles at each down-

stream location of r,.

By applying the principles of mass and momentum conservation, C(r,) is de-

rived as a function of the thrust coefficient C'r and the wake region expansion

g

D,
pansion is assumed to describe - in terms of downstream location r;, so that
.

Here, D, represents the diameter of the wind turbine. A linear wake ex-

C(ry) is written as:

Cr
Clry) =1 \/1 o (ol e (4.6)

where the wake growth rate is defined as k = aa%, and e denotes the velocity

deficit just behind the rotor, which approaches - as r, equals zero. ¢ is a

function of the wake area parameter 3, expressed as:

€e=0.25x /B (4.7)

where [ represents the ratio of the wake cross-sectional area at r, = 0 to the

turbine swept area. It depends on the thrust coefficient Cr as:

o 1++1-Cr

B=05 A
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4.2.3 Wave model

Time series of wave elevation can be decomposed into multiple regular wave
components, each with an wave amplitude described by a specific wave spec-
trum. The instantaneous wave elevation follows a Gaussian distribution with a
zero mean, and its variance corresponds to the wave spectrum integrated across
all frequencies. Wave height is assumed to follow a Rayleigh distribution, so
that the significant wave height (H,) and peak period (T},) properties can be
determined by the wave spectrum. Further details on statistical descriptions

of waves can be found in [114, 93].

Waves can continue to grow in size until they break. Various wave spectra
have been proposed to model waves at both developing and fully developed
stages, as well as those generated by different sources, such as storms or tides.
Commonly used wave spectra include the Pierson-Moskowitz (PM) spectrum
and JONSWAP spectrum. Descriptions of these two wave spectra are provided
in [114, 93).

The PM spectrum is a two-variable wave spectral function that describes fully
developed wind-generated waves. It is derived from wave analyses in the North
Atlantic Ocean. In contrast, the JONSWAP spectrum is based on the mea-
surements from the Joint North Sea Wave Project, and used to model non-fully
developed seas, where waves are generated by wind over the region with finite
water depth and limited fetch. The PM spectrum serves as the basis for several
spectral expressions, including the JONSWAP spectrum, with modifications to
its two spectral variables. The JONSWAP spectrum features a sharper peak

in its spectral density function compared to the PM spectrum.

4.2.4 Current model

The surface current velocity is contributed by various factors, including tidal
influence, local wind, ocean circulation, and water density differences. Of these

components, the velocity components associated with tide and local wind vary
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with the water depth. Additional details on current velocity components and

their variations with water depths can be found in [114].

To simulate the impact of ocean currents on floating structures, the current ve-
locity is incorporated into the motion equation by considering the relative fluid
velocity, which is defined as the velocity difference between the floater and the
current. Further details on calculating the relative fluid velocity, considering
current velocity and direction using 3-D and 2-D current components, can be
found in [93].

In this study, the current model is not included in the dynamic simulations,
because the specific design load cases considered for evaluating FOW'T perfor-
mance do not require it. The simulation of a single FOWT using OpenFAST
shows that the most critical floater surge occurs at the rated wind speed, rather
than at the highest wind speed, under comparable wave height and period con-
ditions [120]. At the highest wind speed with a 50-year return period, the
corresponding wind-induced current velocity is 0.57 m/s, while the tidal cur-
rent with the same return period reaches 0.49 m/s [121]. At the rated wind
speed, the current velocity is considerably smaller, and its influence on the

relative fluid velocity is therefore limited.

4.3 FOWT simulation

To simulate the multi-body system of FOWTs, different simulation tools have
been developed to capture the dynamic response of the turbine, tower, floater,
and mooring lines. This section first reviews two simulation models for FOWTs,
including a low-order modeling approach and a relatively higher-fidelity tool,
both of which integrate the nonlinear aero-hydro-servo-elastic characteristics
of FOWTs. The reference FOW'T model and the design load cases considered
for simulation, analysis and optimization in this study are then introduced. Fi-
nally, the optimization algorithm applied for FOWT performance and mooring

cost evaluation is presented.
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4.3.1 Low-order modeling approach

The low-order modeling approach captures the essential dynamics that govern
the performance of the FOWT to reduce the system complexity and computa-
tional effort. This tool solves the motion equations of the FOW'T subjected to
the environmental and mooring line forces, and predicts dynamic responses of
the FOWT with a reduced set of degrees of freedom. It was initially developed
from a structural model in the 2-D plane, which only considers surge, heave
and pitch motions of the floater, the rotor azimuth and the fore-aft motion
of the tower top [111]. This reduced-order modeling approach was validated
against the wind-wave tank experiments of a 10-MW semi-submersible FOWT
[122]. It was later updated by including sway and roll motions of the floater,
along with the pitch angle of the rotor blade for control design purposes [45].

In the structural model, each FOWT is represented as a flexible multi-body
system comprising a rigid rotor disk, a flexible tower, and a rigid floater. This
model is based on the assumption of a large rigid body motion and a small elas-
tic deformation. Newton’s second law is applied to translational motion, while
Euler’s law governs rotational motion of each structural component, with the
momentum equations formulated directly.[111] provided detailed descriptions
of the kinematic quantities, including translational and rotational velocities
and accelerations, as well as the Newton-Euler equations for each rigid body.

The global Newton-Euler equations for the rigid bodies can be expressed as:

M(q)d + N(q,4q) = p(q,q) (4.9)

where q denotes the generalized coordinates representing the degrees of freedom
of each FOWT, M is the mass matrix, N represents the Coriolis, centrifugal
and gyroscopic forces, and p corresponds to the applied forces including trans-
lational forces and torques, such as the aerodynamic and hydrodynamic forces.
For efficient numerical calculations, Equation 4.9 can be transformed into state

space by solving for the second derivative of the generalized coordinates q.
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The tower is modeled as a flexible beam, with its elastic deformation estimated
using a characteristic shape function. Only the motion of the tower top in the
fore-aft direction is considered as a degree of freedom. This module defines
a translational spring-damper element at the tower top, and calculates the
overall stiffness of the tower by integrating each sectional stiffness, assuming
a static shape with prescribed structural damping. [111] provided detailed
descriptions of the shape function and the kinetics for a linear Bernoulli beam
with only one degree of freedom. Including the flexible beam, g in Equation 4.9
represents a combination of rigid body motion and small elastic deformations

of the structural components.

For the aerodynamic modeling of the turbine, the rotor is treated as a rigid
disk, without explicitly modeling each blade. The thrust force and shaft torque
are calculated based on the rotor effective wind speed, rotor diameter, and the
thrust and power coefficients, which are derived from the mid- or high- fidelity
tools such as AeroDyn used in OpenFAST, for specific tip speed ratios and
blade pitch angles. The rotor effective wind speed is defined as the averaged

speed across the rotor swept area.

In the hydrodynamic modeling of the FOWT, Cummins’ equation is used to
transform the motion equations from the frequency domain to the time domain.
To reduce the computational effort associated with the direct convolution of
the radiation memory effect, a linear transfer function is employed to fit a state-
space model. In the time-domain motion equation, the frequency-dependent
added mass is neglected. Instead, a constant added mass interpolated at its
eigenfrequency of the floater motion is used, and the frequency-dependent ra-
diation damping is disregarded. The Morison equations are used to account for
viscous forces that are neglected in potential flow theory. In addition, second-
order slow-drift forces are included using Newman’s approximation, avoiding

the complexity calculations of full Quadratic Transfer Function (QTF).

Mooring forces are computed either by linear interpolation of fairlead positions
using a look-up table that is pre-generated from external quasi-static mooring

software with considering a wide range of fairlead positions [111], or through
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direct coupling with external mooring software [45]. These mooring forces,
combined with the linearized stiffness derived from the force-displacement re-
lationship database, are incorporated into the global Newton-Euler equations

in Equation 4.9.

This low-order simulation model captures the fundamental interactions be-
tween FOWT components and external forces from the environment and the
mooring system. The benefits of using such a low-order model for FOWT
analysis include high computational efficiency and ease of tuning and modifi-
cation. In the early research stages of shared line designs, this low-order model
is further integrated into a broader workflow for wind farm analysis, which is
described in detail in Chapter 6.

4.3.2 Reference simulation tool

This study uses FAST.Farm (v3.5.1), a relatively higher-fidelity simulation
tool compared to the simplified model, for analyzing floating wind farms.
FAST.Farm uses OpenFAST to calculate the system dynamics of each FOWT
and incorporates the Dynamic Wake Meandering model (DWM) to account
for wake dynamics [54]. The DWM model captures the wake-deficit evolution,
wake meandering, and wake-added turbulence, which are important for predict-
ing loads and performance. Full-field turbulent wind velocities are generated
by TurbSim [123], and incorporated into FAST.Farm as ambient inflow data.
As this study focuses on assessing shared line designs rather than wake mod-
eling, consistent wake parameters are applied across simulations of the FOWT

array with different mooring configurations.

OpenFAST is an open-source simulation tool designed for modeling individ-
ual FOWTs with conventional mooring configurations. It provides a modular
framework that couples Aerodyn, ElastoDyn, HydroDyn, ServoDyn, and Mo-
orDyn, enabling nonlinear aero-hydro-servo-elastic simulations of FOWTs in
the time domain. Descriptions about each OpenFAST module are based on

[43, 116, 54]. AeroDyn computes aerodynamic loads on both the blades and
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the tower using the actuator line method. Each blade and the tower are dis-
cretized into nodes, where 2D lift and drag forces, as well as pitching moments,
are calculated at each node. The 3D aerodynamic loads are then obtained by
integrating these 2D distributed forces along the structure. ElastoDyn defines
the structural properties of the tower, nacelle, drivetrain, blades, and floater,
as well as the initial conditions of each structural component. Beam theory
is applied to both the blades and the tower to calculate elastic forces and

deformations.

HydroDyn calculates the hydrodynamic loads on the floater using potential
flow theory or strip theory, depending on the structural dimensions relative to
the wavelength. The radiation memory effect is computed either through direct
time-domain convolution or using a state-space model for a more efficient lin-
ear representation. Second-order drift forces are derived using either full QTFs
or the modified Newman approximation. The Morison equation is applied to
determine distributed inertia, added mass, and viscous drag forces. Servo-
Dyn defines the controller characteristics of the FOWT. MoorDyn computes
mooring forces using a lumped-mass approach to discretize the mooring line dy-
namics. The mooring model accounts for internal axial stiffness and damping,

weight and buoyancy, hydrodynamic forces, and seabed contact forces.

4.3.3 Reference FOWT model

The FOWT is based on a preliminary model developed in the EU Horizon
Project COREWIND, targeted for a site with a water depth of 200 m. It
incorporates the IEA 15-MW wind turbine [124], a semi-submersible platform,
and a conventional three-line mooring configuration [120]. The reference semi-

submersible platform with the coordinate system is illustrated in Figure 4.2.

In the conventional mooring layout, three lines are arranged with a 120° angle
between two adjacent lines. Principal parameters of the structural components,

including the turbine, tower, floater and mooring lines, are summarized in
Table 4.1.
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Figure 4.2: The reference semi-submersible platform (adapted from [120]).

Table 4.1: Principal parameters of the reference FOWT model.

Principle parameter Unit  Value
Rated power MW 15
Rotor diameter (D) m 240
. Cut-in/ cut-out wind speed m/s 3/ 25
Turbine Rated évind speed (V) m?s 16.6
Minimum,/ maximum rotor speed rpm 5.0/ 7.6
Hub height above sea level m 135
Tower Length m 120.5
Base height m 9
Center of gravity from keel m 15.4
Displaced volume of water m3 36431
Floater Center of buoyancy from keel m 10.7
Metacentric height m 6.4
Operational draught m 26.5
Fairlead radius m 42.5
Mooring system Anchor radius m 600
Line mass kg/m 561.2
Line length m 614

The 15-MW FOWT model has been analyzed using OpenFAST under different

environmental conditions to assess its performance, including eigenfrequencies,
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floater motions, and power output, as part of the COREWIND project. The
selection of load cases follows the IEC standard, using a reduced set of Design
Load Cases (DLCs). Details on the OpenFAST simulations for the 15-MW
FOWT are available in [120].

Mooring design evaluation have selected DLCs 6.1 and 6.2 to assess station-
keeping capability under extreme events. These load cases represent idling tur-
bines with yaw misalignment under extreme sea states, and correspond to the
Ultimate Limit State (ULS). In addition, DLCs 1.3 and 1.6 cover turbine op-
erational scenarios, while DLCs 2.1 and 6.1 account for shut-down and parked
turbine conditions. These DLCs are used to evaluate the global performance
of the FOW'Ts.

Simulation results from OpenFAST show that in DLC 1.6, under rated wind
speed and extreme wave conditions, the floater experiences a maximum surge
of 20 m. In contrast, for the idling turbine scenario in DL.C 6.1 with a 50-year
return period wind speed, the maximum surge is approximately 17 m, lower
than the peak value observed in DLC 6.1. Therefore, this study adopts the
operational scenario at rated wind speed for mooring design, as it produces
the most critical floater surge, which serves as a key design constraint and

influences the safe operation of dynamic cables.

The FOWT model is employed in the wind-farm analysis, with each FOWT
sharing similar structural properties for the turbine, tower, and platform as
outlined in Table 4.1. The initial three-line mooring configuration did not
specify the anchor type. However, it fails to maintain the safety of the drag
embedment anchors, when the floater experiences surge exceeding 18 m, caus-
ing a negative lay-down length of the upwind anchor line on the seabed. This
indicates that the drag embedment anchor is subject to a vertical lift force,
which it is not designed to withstand. Therefore, new configurations using the

drag embedment anchors are designed for the FOWT model in Chapter 5.
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4.3.4 FOWT mooring optimization

The multi-discipline nature of FOWTs poses challenges in their optimization
design, due to the large number of design parameters, the nonlinear system
responses, and the high computational effort of time-domain simulations. The
substructure optimization in the floating wind sector is driven by cost consid-
erations [125, 5, 78, 56]. This process typically involves a geometric parame-
terization of the FOWT with a cost-reduction objective. The balance between
optimization quality and computational effort is addressed by using various

fidelity simulation models [125].

Both frequency-domain and time-domain simulations have been performed for
FOWT substructure optimization. The frequency-domain method is widely
used in the offshore oil and gas sector, and relies on the response spectrum de-
rived from the environmental spectrum and the response amplitude operator of
the floating structure. This method is also employed in mooring optimization
for FOWTs [58, 39]. However, frequency domain analysis is limited in capturing
the dynamic performance of FOWTs under extreme environmental conditions,
as it assumes linear systems of FOWTs. Time-domain FOWT mooring opti-
mization remains relatively scarce, mainly due to the nonlinear fluid-structure
interactions that demand high computational effort. In contrast, mid-fidelity
time-domain analyses have been applied to mooring optimization of other ma-

rine structures under irregular wave conditions [60, 61].

Mooring optimization consists of three main steps: formulation of the objective
function, definition of key environmental and system variables, and establish-
ment of constraints [58, 39, 60, 61]. The objective function defines the goal,
such as minimizing mooring cost. Key variables influence both mooring perfor-
mance and cost, such as the number and orientation of mooring lines. Design
constraints specify the requirements that mooring solutions should satisfy, for
example, mooring forces must remain within allowable limits. All these can
be expressed mathematically, allowing optimization algorithms to identify the

optimal solution.
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Optimization algorithms can be broadly categorized into gradient-based and
gradient-free methods. The gradient-based method is guided by gradients of the
objective function and iteratively searches for an optimal solution. This method
is efficient to identify local minima but requires the objective function to be
continuous and differentiable. It has been used in frequency-domain mooring
optimization for a FOWT [58] and in time-domain mooring optimization for
fish farms using surrogate models [60]. In contrast, the gradient-free method is
more flexible and robust when handling complex nonlinear objective functions
[125]. Common gradient-free methods include Nelder-Mead method, Particle
Swarm Optimization (PSO) algorithm, and Evolutionary Algorithms.

The Nelder—-Mead method is a local search algorithm suited for simple and
smooth objective functions. For example, it has been applied in frequency-
domain FOWT mooring optimization to minimize line length with a constant
chain diameter [39]. The PSO algorithm is a global, stochastic, population-
based approach. It has been used in time-domain mooring optimization of a
floating production platform in the oil and gas sector to minimize floater offset
[61]. Evolutionary Algorithms, such as the Non-dominated Sorting Genetic
Algorithm IT (NSGA-II), are nature-inspired methods that can handle multi-
objective problems with a high computational cost. For instance, NSGA-II has
been employed in FOW'T mooring optimization using a low-order simulation
tool [59]. In that study, the objective function balanced tower-top displace-

ment, mooring fatigue damage, and material cost.



5 Shared line design for floating wind
farms

As discussed in Chapter 2, stiffness-linearized design methods have several
limitations when they were applied to early-stage design and static analysis of
FOWTs with shared line configurations. These methods assume small floater
movements, linearize mooring stiffness, neglect mooring elasticity, and consider
the prescribed floater offset as the only design constraint. All these parame-
ters are important to govern load distribution, and such simplifications can
lead to impractical mooring designs. To address these challenges, this chapter
introduces a nonlinear design method that incorporates practical design con-
siderations, realistic configuration properties, and multiple design constraints,

providing a more robust and reliable framework for shared line designs.

The design considerations, parameters, constraints, and the overall process are
discussed in Section 5.1. Section 5.2 investigates the sensitivity of different
variables related to shared line designs and their influence on the performance
of the FOWT array. The generated shared line configurations from static
analysis are presented in Section 5.3, and some of them are compared with
those obtained using the stiffness-linearized method in Section 5.3.3. Finally,
comparative studies between conventional and shared line designs are presented
in Section 5.4, based on dynamic simulations of a two-FOWT array using a

simplified modeling approach (detailed in Chapter 4).
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5.1 Nonlinear design method

Conventional mooring design is an iterative process that typically starts with
a preliminary mooring configuration. Based on the initial configuration, the
detailed mooring profile is defined through static analysis, which determines the
material and size of line components, the arrangement of line orientations, the
selection of anchor type, and the anchor radius to define the anchor position.
Dynamic analyses are then performed to examine key parameters, such as
floater motions and mooring forces under different environmental conditions.

This process is also applied to shared line designs for floating wind farms.

5.1.1 Difference from stiffness-linearized methods

The key differences between the proposed nonlinear and the existing stiffness-
linearized design methods for shared line configurations used in floating wind

farms are summarized in Table 5.1.

Table 5.1: Differences between the nonlinear and stiffness-linearized design methods.

Feature Stiffness-linearized Nonlinear
Assume small floater offset  yes no
Linearize mooring stiffness  yes no
Apply only offset constraint yes no
Scale line mass linearly yes no
Neglect mooring elasticity yes no
Neglect anchor radius yes no
Neglect floater pitch yes no
Neglect wake deficit yes no

5.1.2 Mooring design considerations

In offshore oil and gas applications, mooring design typically begins with a

reference configuration. The number and dimensions of mooring lines are then



5.1 Nonlinear design method 65

adjusted to optimize four key factors: vessel offset, line forces, fatigue damage,
and clash avoidance [11]. However, since shared line concepts are still in the
early design phase, few feasible reference designs are available. As a result, the
static design process begins with anchor lines, while properties of the shared

lines are determined based on static force equilibrium with these anchor lines.

Static analysis serves as an initial screening tool to reduce the computational
effort required for subsequent dynamic evaluations. This combined approach of
static analysis and dynamic simulation is widely adopted. Previous studies have
applied static analysis to generate conventional mooring designs [14, 15, 16] and
have performed dynamic simulations to evaluate the performance of floating
structures with specific configurations [30, 46, 49, 48]. However, an integrated
design approach that addresses the unique challenges associated with shared

line configurations is still lacking.

Compared to conventional moorings for individual FOWTs, shared line designs
modify the mooring load distribution within the floating array, and introduce
coupling between connected FOWTs. This results in higher loads on upstream
anchor lines, and different floater motions due to the altered mooring stiff-
ness and coupling effects. Consequently, shared line designs require thorough

feasibility checks to ensure mooring integrity.

In static analyses, the most critical load case at rated wind speed produces the
maximum wind thrust and induces the largest static floater offset. This ap-
proach has been employed in stiffness-linearized methods [32, 33]. In dynamic
simulations, most existing studies focus on extreme loading conditions and pay
insufficient attention to mooring fatigue. Mooring fatigue is important for the
integrity of shared line designs, as upstream anchor lines experience heavier
loads, while downstream turbines are subject to different wind field with in-
creased turbulence intensity due to wake effects, and rely on shared lines to

resist environmental forces.

Finally, since the primary motivation for developing shared moorings is cost
reduction, cost evaluation is integrated into the nonlinear design approach to

effectively demonstrate the potential for cost savings. In contrast, existing
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cost estimates consider only a limited number of shared line and conventional

mooring designs, and do not provide a comprehensive cost assessment.

5.1.3 Mooring design parameters

The mooring design parameters are summarized in Table 5.2. Since mooring
design is site-specific, water depth is a key consideration. A water depth of
200 m is selected in this study, consistent with the TetraSpar floating wind
project [66] and slightly shallower than that of the Hywind Tampen project
[9]. To emphasize cost-effective solutions, all mooring lines are made of steel
chain links with the lowest grade R3, and drag embedment anchors are used

across all configurations.

Table 5.2: Mooring design parameters.

Parameter Input value

Water depth 200 m

Line material Steel chain links

Anchor type Drag embedment anchor
Fairlead number 3 per FOWT

FOWT spacing 6D,

Static length ratio Ry, [0.3: 0.1: 1.5]
Chain diameter D, [70: 1: 220] mm
Chain grade G. [R3, R3S, R4, R4S]
Mass ratio Ry [1/3: 1/60: 3.5/3]%

A two-turbine array represents the smallest floating array unit capable of im-
plementing shared line designs, as illustrated in Figure 5.1. Each FOWT is
equipped with three fairleads: two are connected to anchor lines fastened to
the seabed, and the third supports a shared line that links two FOWTs.

The initial spread angle between any two adjacent lines is set to 120°. The hor-
izontal spacing between the centers of the upstream and downstream platforms
is defined relative to the rotor diameter (D, ). The distance of 6D, is adapted
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Figure 5.1: Mooring layouts for a two-FOWT array: (a) conventional configurations;
(b) a shared line configuration.

from the layout of the Kincardine Offshore Wind Farm [7]. Two FOWTs have
similar dimensions, except that the downstream platform is rotated 180° rel-
ative to the upstream floater in the shared line layout. The fairlead positions
on the platform remain fixed, while anchor positions at seabed are determined
by the anchor radius, which can vary across different mooring configurations.

A flat seabed is assumed to ensure uniform vertical positions of all anchors.

To ensure the safety of drag embedment anchors, a portion of the mooring line
must remain in contact with the seabed. Anchor lines refer to those non-shared
lines and have similar chain and length properties in each configuration. The
static length ratio Ry, is defined as the suspended length Lg divided by the
lay-down length Ly on the seabed, without wind forces, as shown in Figure
4.1. Since no specific guidelines exist for Ry, the range used in this study are

based on experiences from the individual FOWT scenarios [15].

Unlike anchor lines, Ry, is not prescribed for the shared line, as its total line
length is determined by the spacing between two FOWTs and pretension.
Given a pretension and the chain diameter or line mass, the suspended length
and thus Ry, are obtained by solving Equation 4.1. Instead, a design constraint

related to Ry, is imposed on the shared line to ensure that an adequate portion
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remains in contact with the seabed, as discussed in Section 5.1.4. The range
of chain diameter (D.) and chain grade (G.) for both anchor lines and shared

lines are based on existing floating wind projects.

The mooring mass ratio (Rjs) defines the mass of one anchor line relative to the
displaced mass of the floater. Vertical mooring forces pull the floater downward,
changing its displacement. Although active ballast or dynamic positioning
systems can compensate for this change, no guidelines exist to define allowable
limits in mooring design. In this study, a 5% change in displaced floater mass
is set as the upper bound for the added weight imposed by three anchor lines.
Since no line attachments, such as buoys and clump weights, are included in
configurations, the mooring mass of each anchor line (M}) is determined by the
chain mass per unit length (p.), total length (Lr), and number of lines. The
mass of the shared line is not prescribed, instead, a design constraint addresses

its mass within a specific range relative to the anchor line mass.

5.1.4 Mooring design constraints

The mooring design constraints are summarized in Table 5.3. Constraints 1-4
are applied during static analysis without wind forces, while Constraints 57
are used under steady wind loading conditions. The first constraint is related
to the anchor line length Ly, which is set to a range between 600 m and
1000 m. This range is equivalent to 3 to 5 times the water depth of 200 m,
which aligns with practices in the offshore oil and gas industry [11], and keeps
consistent with existing floating wind projects. For instance, the anchor line
is approximately 900 m in Hywind Scotland [8]. In Kincardine Offshore Wind
Farm, the line lengths are 9 times the water depth of 60 m to 80 m [13].

The second constraint is pretension limit. Pretension (M F') is the initial moor-
ing force at static equilibrium in the absence of environmental forces. Its
acceptable range is defined relative to the chain’s Minimum Breaking Load
(MBL), between 10% to 20%, in alignment with practical installation con-

cerns in the oil and gas industry [11].
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Table 5.3: Design constraints.

Test Constraint Description Range

1: Anchor line length Lp 600-1000 m
o wind 2: Pretension M F 10%-20% M BL

3: Shared line mass ratio Rg 0.5-1.5

4: Shared line length ratio Ry, > 0.3

5: Maximum force 77, < 50%MBL
rated wind  6: Minimum lay-down length Ly, > 0.1Lp

7: Maximum offset X < 60 m

8: Maximum force T7, < 50%MBL
extreme 9: Minimum lay-down length Ly, >0

10: Maximum horizontal X < 60 m

11: Maximum force T, < 50%MBL
operation 12: Minimum lay-down length Ly > 0

13: Maximum horizontal X < 60 m

14: Mooring fatigue damage <0.1*

*A damage of 0.1 corresponds to a safety factor of 10.

The third and fourth constraints address the shared line length and mass prop-
erties. A limit of 30% of the total length (Ly) is imposed on the static lay-down
length (L) on the seabed. The horizontal M F on the shared line is balanced by
those on the anchor lines. Given M F', the suspended length (Lg) of the shared
line can be derived from Equation 4.1, with knowledge of its chain diameter.
The shared line may differ from anchor lines, causing weight imbalance and
induce additional floater rotation. To mitigate this effect, the shared line mass
is limited to 150% of the combined mass of two anchor lines. This mass ratio
is denoted as Rg. Under this upper mass limit, the shared line configuration

results in a maximum change of 5.8% in the displaced floater mass.

Under both steady wind and dynamic loading conditions, the maximum moor-
ing force must remain below 50% of the chain’s M BL. This force limit is
consistent with partial safety factors used in ULS checks for quasi-static moor-
ing analysis [12]. In addition, the lay-down length (L) is introduced to ensure
the safety of drag embedment anchors and to validate the use of the catenary

equation for shared lines. When a shared line lifts off the seabed, the catenary
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assumption is invalid, and the cable equation proposed by [126] should be em-
ployed, as demonstrated in [86]. Since no specific guidelines define an allowable
limit for Ly, this study adopts 10% of the total line length as a lower bound
under under steady wind conditions, while under dynamic loading conditions

a positive Ly, is required to allow for a wider range of potential configurations.

The horizontal floater offset (X)) is defined as the Euclidean distance that cap-
tures both surge and sway motions from the initial equilibrium position. Its
allowable limit is mainly governed by dynamic cable design requirements, as
excessive floater offset can increase cable curvature. However, studies indicate
that this increased curvature is not a critical factor, instead, the cable orien-
tations relative to the floater bring a more significant impact [36]. Due to the
lack of consensus on allowable limits, this study adopts 30% of the water depth
as the upper bound. This 60-m limit is informed by simulations of a 2-MW
FOWT, which showed safe cable performance when the floater moved up to 40
m in water depths between 80 m to 100 m [37].

The fatigue constraint addresses the long-term shared mooring integrity. The
cumulative fatigue damage over the service life must remain below 0.1, corre-
sponding to a safety factor of 10. According to [12], a fatigue safety factor of
5 is acceptable when the adjacent fatigue damage ratio is below 0.8, while for
damage ratios between 0.8 and 1, the safety factor is linearly increased up to 8.
In this study, a more conservative safety factor of 10 is adopted to account for
two key considerations: (1) the simplified modeling approach neglects mooring
and wake dynamics, which tends to underestimate fatigue damage, and (2) the
use of non-redundant shared line configurations requires an additional margin

to ensure the mooring reliability.

5.1.5 Mooring design process

The workflow consists of three main steps to generate a shared line configura-
tion using static analysis, as illustrated in Figure 5.2. Steps 1 and 2 determine

the anchor line and shared line profiles, respectively, without considering wind
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forces. In Step 3, a constant wind force is applied, and the resulting static
floater offset, mooring line forces, and lay-down lengths are calculated. After
mooring static analysis, the mooring cost of each configuration is estimated,
and dynamic simulation are conducted using the simplified modeling approach

to evaluate the performance of the floating array.

In step 1, the anchor line length (L) is calculated by dividing the line mass
(ML) by its mass per unit length (p.). Given the chain diameter (D., measured
in mm), p. for chain links in air (in kg/m) is defined in Equation 5.1 [79],
where the constant coefficients account for unit conversions, allowing p. to
be directly related to D.. In contrast, the stiffness-linearized design method
[32, 33| linearly scales the line mass by its stiffness, rather than by the chain

properties.

0.0199 x D2, for studless chain (5.1)
’ 0.0219 x D%, for stud chain .

The mass ratio (Rys) is quantifies the relationship between the mass of one
anchor line relative to the displaced mass of the floater, accounting for the
downward force from the mooring lines that changes the floater displacement.
The resulting total length (L7) is then evaluated against the first constraint,
to ensure that it meets the design requirement of 3 to 5 times the water depth.
Once Lp is calculated, the static line length ratio (Ry), defined as the ratio
of the lay-down length on the seabed (L) to the suspended length in water
(Lg), is applied to determine Lg. Given Ly, Lg is calculated as Ly/ (1 + Ry).
With Lg, p., water depth, and fairlead positions known, the anchor radius and
pretension are calculated using the elastic catenary equation (Equation 4.1),
neglecting the hydrodynamic forces on the line segment. The pretension is
further evaluated against the chain’s M BL (measured in kN), as expressed in
Equation 5.2 [80].

MBL = f, x D? x (44 — 0.08 x D,) (5.2)
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Figure 5.2: The design workflow using static analysis.

configuration
from step 1
and 2

where f; is a factor dependent on chain grade and equals to 0.0223, 0.0249,
0.0274, and 0.0304 kN/m? for R3, R3S, R4 and R4S chains, respectively [80].

Step 2 begins by establishing static force equilibrium between the anchor lines
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and the shared line. Given the shared line chain diameter and horizontal
pretensions on anchor lins, the characteristic length (L,) of the shared line
is calculated by dividing the total horizontal force by its weight per unit length
in water. With L,, water depth, and fairlead positions known, the shared line
suspended length and the horizontal distance from the touch-down point to the
fairlead are then derived from Equation 4.1. The spacing between two FOWTs
is used to determine the lay-down length of the shared line by subtracting the

horizontal touch-down-to-fairlead distance and the fairlead radius.

A constant wind force of 2.2 MN, derived from OpenFAST simulations of the
15-MW FOWT under steady rated wind conditions, is applied in step 3, to
calculate the static offset, line force, and lay-down length. After the static
analysis, an empirical cost model for mooring material costs (Cy,) is employed
to estimate the minimum costs (in USD) of mooring lines and anchors. The
cost of each mooring line (C7) depends on the total line length (L) and the
minimum break load (M BL) of the mooring chains, while the cost of each

anchor (Cy) is expressed as a linear function of M BL in Equation 5.3 [31].

C = (0.0591 x MBL — 87.6) x Lr,

(5.3)
Cy=10.198 x MBL.

where the constant coefficients are empirically derived from an in-house tool for
different FOWT concepts across various water depths [31]. These coefficients
account for the necessary unit conversions of input parameters, including M BL
(in kN) and Ly (in m), so that the resulting cost values for both mooring lines
and anchors are directly given in USD. This cost model is applied only to
mooring lines of steel chain links and drag embedment anchors. For a three-
line configuration, the total mooring material cost (Cy,) is calculated as three
times the sum of Cr, and Cy. A real-world floating wind project benchmark,
which features the 15-MW turbine and a six-line mooring configuration [6],
is used to illustrate the uncertainty of this cost model under evolving price

conditions, as discussed in Section 5.5.3.
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5.2 Parameter sensitivity test

Following static tests without wind forces, conventional configurations with the
smallest chain diameters are selected for parameter sensitivity tests, with their
properties listed in Table 5.4. A small chain diameter typically corresponds
to lower mooring stiffness, making the system more responsive to external
forces. Their static length ratios range from 0.7 to 1.5, in increments of 0.1,

representing different pretensions at the fairleads.

In addition, Table 5.4 presents the shared baseline designs, of which their
anchor line profiles use the smallest chain diameter that meets requirements
under both extreme and operational conditions. To investigate the critical
shared line mass ratio, 59 designs covering a wide range of chain diameters and
mass ratios are analyzed. For the direction, pitch, wake, and stiffness tests, five
representative samples from these 59 designs, which have uniformly distributed

mass ratios, are evaluated. All mooring lines use the lowest chain grade (R3).

Table 5.4: Properties of the baseline designs for sensitivity tests.

Shared line mass ratio - Shared line
Chain diameter D.; [mm] - 144
Length ratio Ry, - 0.7
Mass ratio Rys [%)] - 0.92
Chain diameter D.y [mm] - [128:1:186]
Shared line mass ratio - [0.69:1.48]
Other variable Conventional Shared line
Chain diameter D.; [mm] 80 144
Length ratio Ry, [0.7:0.1:1.5] 0.7
Mass ratio Rys [%)] 0.33 0.92
Chain diameter Do [mm] ; (128, 143, 157, 172, 186]

Shared line mass ratio - [0.69, 0.86, 1.04, 1.26, 1.48]
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5.2.1 Shared line mass ratio

In a shared mooring layout, the shared line may differ from the anchor lines in
chain diameter, chain grade, and line mass. The shared line mass ratio is de-
fined as the mass of the shared line relative to the combined mass of two anchor
lines. The selection of an appropriate mass ratio is critical, as it determines the
mooring mass distribution and stiffness of the shared line configuration, which
ultimately influence the global performance of the floating turbine array. This
study investigates the critical mass ratios of shared lines, and the effect of this
ratio on FOWT dynamic responses is illustrated in Figure 5.3 for the upwind
anchor line (L2S) and the shared line (LS), at a wind direction of 30° under
extreme loading conditions. This wind direction, defined in Figure 5.4, is con-
sidered critical because it induces both the maximum horizontal offset and the

highest mooring line force ratios, as shown in Figure 5.5.
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Figure 5.3: Static and dynamic responses across the 59 shared baseline configurations.
Dynamic results are averaged across six seeds. Five representative samples
with uniformly distributed mass ratios are highlighted. Force ratios are
rounded to two decimals, so close values may appear identical.
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In the 59 baseline configurations, the chain diameter of LS increases from 128
mm to 186 mm, resulting in a corresponding rise in the mass ratio of LS from
0.69 to 1.48. Despite the slight change in LS total length, which is constrained
by the fixed spacing distance between FOW'Ts, its static length ratio increases
significantly from 0.33 to 0.87. This is because, under constant pretensions from
given anchor lines, a large chain diameter leads to a higher line mass density,
which reduces LS suspended length required to maintain force equilibrium, and

consequently increases its static length ratio.

However, as its chain diameter increases, the pretension ratio in LS decreases,
as this ratio is defined relative to chain M BL, which also significantly rises
with increasing chain diameter. The reduced pretension ratio indicates lower
shared mooring stiffness, resulting in a larger floater offset of the downstream
FOWT that consequently reduces mooring forces in the downwind anchor lines
connecting the downstream FOWT. As a result, the force in LS also reduces
to maintain equilibrium with these reduced anchor line forces. Similarly, the
mooring forces in the upwind anchor line (L2S) decline in response to the

reduced LS force.

In addition, Figure 5.3 clearly demonstrates a monotonic relationship between
the shared line mass ratio and FOW'T dynamic responses, including both the
maximum floater offset and the highest mooring force ratios. Therefore, by
selecting 5 representative mass ratios, which are uniformly distributed across
the full range from the lowest to the highest, it can effectively capture the

influence of various shared line mass ratios for a given anchor line profile.

5.2.2 Wind direction

The tested wind direction (#) varies from 0° to 90°, in increments of 15°. To
ensure that the wind always blows toward the turbine along the positive X-axis,

the mooring layout is rotated by 6 accordingly, as shown in Figure 5.4.

Figure 5.5 shows the effect of wind direction on floater offsets and mooring force

ratios of the most heavily loaded anchor lines (L1 and L2) for the individual
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Figure 5.4: Mooring layout rotated clockwise by 30° to align the wind direction to 0°:
(a) Conventional mooring layout; (b) Shared mooring layout.

FOWTs across nine conventional baseline designs. In addition, Figure 5.6
illustrates the effect of wind direction on floater offsets and force ratios of the
three most heavily loaded lines (L3S, L2S, and LS) in the floating array using

the shared baseline design.

In the static analysis, a constant floater pitch of 5° is imposed on the two
FOWTs, and the static wake deficit is considered at 0° wind direction, by ap-
plying a 40% reduction to both the wind force and floater pitch for the down-
stream FOWT. For the floating array with conventional baseline configurations,
although the floater offsets exceed the 60-m limit, the results still provide in-
sight into wind direction sensitivity. At 60°, both static and dynamic analyses
indicate a maximum floater offset. Meanwhile, the static analysis identifies the

maximum force ratio at 15°, but the dynamic results indicate it occurs at 0°.

For the floating array with five shared baseline configurations, the static offset
remains within the 60-m limit, while the dynamic offset exceeds this limit.
This highlights the limitation of relying solely on static analysis, which may
underestimate floater offsets and produce designs that are not fully reliable, as
is the case with the stiffness-linearized method. Furthermore, the static analysis

identifies the maximum offset at 15°, while dynamic responses indicate it occurs
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Figure 5.5: Floater offsets and line force ratios as a function of wind directions across

nine conventional baseline configurations, with maximum values labeled
and highlighted in each subplot. Dynamic results are averaged across six
seeds.

at 30°. The highest mooring force ratios on anchor line L2S is observed at

30°. In contrast, for the highest shared mooring force ratio, the static analysis

predicts it at 15°, while the dynamic responses indicate it occurs at 0°.

This wind direction test shows the effectiveness of static analysis as a lower-

bound screening tool, but also indicates that solely relying on static analysis

can underestimate system responses and misidentify critical wind directions.

Dynamic simulations demonstrate that the most critical wind directions are 0°

and 60° for conventional baseline moorings, while for the shared line baseline

design, th

ey are 0° and 30°. These directions are subsequently used to evaluate

mooring configurations through both static and dynamic analyses.
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Figure 5.6: Floater offsets and line force ratios as a function of wind directions across
five shared baseline configurations, with maximum values labeled and high-
lighted in each subplot. Dynamic results (“Dyn” for short) are averaged
across six seeds.

5.2.3 Floater pitch motion

To investigate the influence of floater pitch, three pitch angles (from 0° to 6°)
are examined for the floating array. Wind directions of 60° and 30° are applied

to the nine conventional and five shared line configurations, respectively, with
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their corresponding static offsets illustrated in Figures 5.7 and Figure 5.8.
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Figure 5.7: Static offsets as a function of floater pitch across nine conventional baseline
configurations (“Config” for short) at the wind direction of 60°.

The stiffness-linearized method considers only horizontal translations and ne-
glects floater pitch. However, floater pitch affects fairlead positions, and conse-
quently influences static mooring forces The static analysis shows that including
floater pitch has only a limited impact on the static FOW'T offset of the float-
ing array using the nine conventional baseline configurations, with a maximum
deviation of 0.2 m. In contrast, the floating array with the five shared baseline
configurations exhibits a larger offset variation as floater pitch increases, with
offset differences of up to 0.6 m for the downstream FOWT.

However, including floater pitch does not always increase the static offset, since
floater pitch affects both vertical and horizontal positions of fairleads that gov-
ern the mooring forces and influence floater offsets. A positive pitch decreases

the horizontal distance but increases the vertical distance between the fair-
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Figure 5.8: Static FOWT?2 offsets as a function of floater pitch across five shared line
baseline configurations at the wind direction of 30°.

lead and the anchor for the upwind lines, while having the opposite effect on
the downwind line. These position changes affect the mooring pretension and
stiffness at static equilibrium, which ultimately determines the rise or drop
in static offset. Including floater motion tends to increase the static offset
of FOWTs with conventional configurations, but decrease the offset of down-

stream FOWTs with shared line configurations.

The investigation on static floater pitch effects confirms the importance of
including them in shared line designs. These effects are often neglected in
existing design methods. Unless otherwise stated, a constant floater pitch of
5° is applied in the static analysis of the FOWTs. This pitch angle is based on
OpenFAST simulations of a single FOWT at rated wind speed.
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5.2.4 Wake effect

For conventional configurations, wake effects have little influence on the maxi-
mum floater offset and mooring force ratio of the floating turbine array, since
both upstream and downstream FOW'Ts employ similar mooring configura-
tions. In contrast, for shared line moorings at a wind direction of 0°, the
reduction in wind thrust force caused by wake effects has a pronounced impact

on the static performance of the downstream FOWT2, as shown in Figure 5.9.

At a wind direction of 0°, the downstream FOWT?2 is entirely within the wake
region of the upstream FOWT1, causing a decreased wind speed at the hub
height of FOW'T2 that consequently reduces the wind thrust force. The mag-
nitude of this force reduction is determined by the spacing between the two
FOWTs, the wind conditions, and the performance of the upstream turbine.
In the static analysis, three reduction ratios are considered for comparison pur-
poses. FAST.Farm simulations of the same floating turbine array with a similar
spacing (6D,) between FOWTs under steady rated wind conditions indicate
that the wind thrust on the downstream turbine is reduced by approximately
21%.

Accounting for wake effects significantly reduces the static offsets across the
five shared baseline configurations. The maximum deviation reaches over 7 m
at the thrust reduction of 20%, and 15 m at 40%. Changes in the downstream
offset also influence the load distribution and the upstream offset, leading to
deviations over 4 m at a thrust reduction of 40%. In contrast, the mooring
force ratios of anchor line L3S, which is the most heavily loaded line in the
shared line configuration at 0°, exhibit only limited reductions across the five
configurations, dropping by less than 2% at a 20% thrust reduction, and 4%
at 40%. This minor change occurs because the mooring force ratio is defined
relative to the chain’s M BL, which exceeds twice the rated wind thrust force,

as the force ratio limit is set below 50% under extreme loading conditions.

This investigation highlights the importance of including wake effects in shared

line FOWT designs, which are often neglected in design methods. In the non-
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Figure 5.9: Static offsets of the upstream FOWT1 and downstream FOWT2, as well
as the mooring force ratios of anchor line L3S as functions of thrust force
reduction caused by wake effects at 0° for the five shared baseline config-

urations.

linear design approach, a 20% thrust reduction is adopted for static analyses
of the downstream FOW'Ts with shared line configurations at a wind direction

of 0°, based on FAST.Farm simulations of two-turbine arrays with shared line
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5.2.5 Mooring axial stiffness

The stiffness-linearized method [33] neglects the axial stiffness (£'A) of mooring
lines in shared line designs. In contrast, the nonlinear design method considers
EA in both conventional and shared mooring configurations. Including FA
captures the elongations of mooring lines, which decreases mooring stiffness
and directly increases static offsets. To examine the influence, static analyses
of the floating turbine array using mooring configurations with and without
E A are compared in Figure 5.10 and Figure 5.11, for the nine conventional

and five shared baseline configurations, respectively.
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Figure 5.10: Influence of EA on the static FOWT offsets of the floating turbine array
across the nine conventional baseline configurations at three wind direc-
tions.

The static analysis applies a constant wind force of 2.2 MN and a floater pitch
of 5° to the floating turbine array. At a wind direction of 0°, the thrust force is
reduced to 1.7 MN (drop by 21%) to account for wake effects. Three directions

of 0°, 60°, and 90° are examined for FOWTs with conventional moorings, while
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Figure 5.11: Influence of E'A on the static offsets of the downstream FOW'T across the
five shared baseline configurations at two critical wind directions.

two wind directions of 0° and 30° are analyzed for FOWTs with shared line
moorings.

For FOWTs with the nine conventional configurations, including F' A increases
the static offset under all three wind directions. For example, in configuration
7 (Figure 5.10), neglecting E A results in an offset below the 60-m limit, while
including F' A produces a offset of 62 m, exceeding the design limit. This high-
lights the importance to include F A in the conventional mooring configurations
for FOWTs to ensure a more reliable mooring design. A similar impact of £ A
on static offsets is observed for FOWTs with the five shared line configurations.
Including F A significantly increases the static offset of the downstream FOWT
across all five configurations, which underscores the necessity of including F'A

in shared line designs.
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5.3 Static analysis in mooring design

5.3.1 Conventional configurations

The nonlinear design method initially generates 29600 anchor line designs that
meet the static test constraints under no-wind conditions, which are then fur-
ther examined under three wind directions (0°, 60°, and 90°) to filter down
to 17532 designs. Exceeding the offset and lay-down length limits are two
main reasons to discard designs. Figure 5.12 shows the density distributions
of 17352 configurations across line properties and static performance metrics.
Line properties include chain diameters, line lengths, chain grades, and length
ratios. Static results include pretension ratios, maximum offsets, maximum
mooring force ratios, and minimum lay-down length ratios across three lines
and three directions under steady wind conditions. Darker shading bins indi-

cate higher occurrence, while white areas indicate no such design.

As the anchor line mass ratio increases, the 17352 configurations accommodate
a wider range of chain diameters. Large diameters with low mass ratios and
small diameters with high mass ratios are infeasible due to line length con-
straints. Line length generally decreases with increasing mass ratio, though
designs with higher mass ratios show a wider spread. Long lines with low mass
ratios or short lines with mass ratios above 1.0 are absent. Most design use the
lowest chain grade (R3) and have a length ratio below 0.95. Pretension ratios
concentrate between 0.1 to 0.15, and increase slightly with higher mass ratios.

High pretension ratios with small mass ratios are less common.

Static offsets decrease as mass ratio increases, with major designs clustered
at moderate mass ratios (from 0.6 to 1.0) and offsets below 48 m. Very low
offsets at low mass ratios and very high offsets at high mass ratios are not
observed. Similarly, maximum force ratio decreases with increasing mass ratio,
concentrating between 0.18 to 0.32. When mass ratio exceeds 1.0, additional

anchor line mass brings a minor effect to further reduce the upper bounds of
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88 5 Shared line design for floating wind farms

offset and force ratio. In contrast, the minimum lay-down length ratio increases

with mass ratio, showing longer lay lengths at heavier masses.

The distribution indicates that heavier masses allow for larger chain diameters,
longer lay-down lengths, lower maximum force ratios, and smaller static offsets.
Most feasible designs are concentrated within anchor line mass ratios from 0.6
to 1.0. For steel chains, mooring stiffness is strongly affected by line mass,
with heavier lines producing smaller offsets. As a result, static offsets and line
force ratios of heavier mooring designs are near the lower bound, while their

lay-down length ratios are near the upper bound.

5.3.2 Shared line configurations

Figure 5.5 shows that static analysis underestimates both offsets and mooring
forces compared to dynamic simulations. As a result, designs that meet static
criteria may still fail dynamic tests. This issue is pronounced for upwind lines
in shared moorings, which experience the highest loads that static analysis
underestimates. To address this, 5604 anchor lines that meet dynamic crite-
ria under extreme loading conditions (Section 5.4.2) are used for shared line
designs. For each anchor line, five shared line mass ratios are uniformly sam-
pled across the full range, producing 28020 initial designs. Subsequent static
wind tests (0°, 15°, and 30°) reduce this set to 4268 qualified designs, whose

properties and static performance are shown in Figure 5.13.

The configuration properties illustrated include chain diameters and pretension
ratios for both the anchor lines and the shared line, as well as anchor line
length, anchor line chain grade, and shared line mass ratio. Static performance
metrics comprise maximum offset, maximum force ratio, and minimum lay-
down length ratio, each evaluated across all lines and three wind directions.
Since the anchor line mass interval of 1/60 is slightly larger than the bin width
along the X-axis (20 bins), an apparent stepping effect is observed, and the

distribution appears divided into five blocks.
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Figure 5.13: Grayscale 2D histograms of the line properties and static performance as
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Shading indicates the count in each bin, with 20 bins along both X and
Y axes. Each subplot reports the maximum bin count and its location of

bin centers.



90 5 Shared line design for floating wind farms

As the anchor line mass ratio increases, the 4268 shared line designs accom-
modate a broader range of chain diameters with higher upper bounds. Anchor
lines peak at a mass ratio of 1.00 with a diameter of 153 mm, while shared lines
reach their peak at a higher mass ratio of 1.14 with a larger diameter of 207
mm. At the same mass ratio, the spread of anchor line diameters falls within
that of the shared line, since the shared line adopts a wider range of mooring

mass relative to the anchor line mass.

A K-shape region is observed in anchor line length as a function of mass ratio,
with no feasible designs at small mass ratios for lengths above 910 m or below
731 m. Line lengths span a wider range with increasing mass ratio, and peak
at a mass ratio of 0.98 and a length of 802 m. The shared line mass ratio is
uniformly distributed, with a peak at an anchor line mass ratio of 1.13 and
a shared line mass ratio of 1.47. Lower shared line mass ratios (from 0.5 to
0.75) at higher anchor line mass ratios (from 1.07 to 1.15) are also apparent,

reflecting the diverse mass distribution within shared line designs.

Anchor line pretension ratios are concentrated between 0.14 and 0.18, peaking
at a mass ratio of 1.14 and a pretension ratio of 0.16. In contrast, shared line
pretension ratios cluster around 0.20 across the entire mass ratio range, with
the highest occurrence at a mass ratio of 1.12. Most anchor line use the lowest

chain grade, a choice that is consistent across all shared lines.

Static offsets decrease as the anchor line mass ratio increases, with most designs
clustered at high mass ratios and peaking at a mass ratio of 1.13 with an offset of
45 m. Offsets below 37 m are absent at mass ratios lower than 0.99, but offsets
above 45 m can still occur at mass ratios above 1.07. This occurs because the
shared line governs the maximum offset, so a lighter shared line can produce
a large offset even with a relatively heavy anchor line. The maximum force
ratio follows a trend similar to that of the offset. In contrast, the minimum
lay-down length ratio increases with mass ratio, with a peak of 0.10 at a mass
ratio of 0.98.

The distribution shows that while heavier anchor lines can accommodate larger

chain diameters for both the anchor lines and shared lines, as well as longer
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anchor line lengths, static performance such as offsets and mooring force ratios,
is strongly influenced by the shared line mass relative to the anchor line mass.
Because the shared line mass ratio spans a wide range from 0.5 to 1.5, the
resulting mass distribution within the shared line designs is highly diverse.
As a result, combinations of heavier anchor lines with lighter shared lines can

produce larger offsets and higher mooring force ratios.

5.3.3 Mooring design by the stiffness-linearized method

To highlight the differences from the nonlinear design method, the stiffness-
linearized method [32, 33| is employed to generate shared line configurations
for the two-turbine array. In their approach, the floater offset is assumed to
be small, allowing each mooring line to be modeled as a linear spring with a
linearized stiffness matrix. A constant wind force is applied to each floater to

determine its horizontal offset.

A case study is conducted on the shared line layout shown in Figure 5.4(b),
where anchor lines L2S and L3S connect the upstream FOWT1, and L5S and
L6S connect the downstream FOWT2. The distance between the two turbines
remains 6, with a steady wind force of 2.2 MN applied to both FOWTs. The
line properties of L2S, L3S, and the shared line LS are initially unknown, while
L5S and L6S are assigned properties similar to the anchor lines in the shared
line configurations, as listed in Table 5.4. The stiffness-linearized method is

then applied to determine the line properties for L2S, L3S, and LS.

The prescribed offsets are obtained from the static analysis of the two-turbine
array with shared line configurations, as shown in Figure 5.9. The steady
wind condition without wake effect results in X7 of 32 m and X5 of 45.8 m.
Considering the static offset limit of 60 m for a water depth of 600 m [33], these

offsets generally comply with the assumption of small displacements.

To calculate the mooring stiffness for the unknown lines, static force equilibrium
is considered under both no-wind conditions, where pretensions balance each

other, and steady wind conditions, where mooring forces counteract the wind
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force. As a result, the mooring stiffness of each line depends on the prescribed
offsets (X; and X3), the wind force (WFy), and the known stiffness of the
downwind lines, which can be derived from the force—displacement relationship
based on line characteristics. Details of the force equations are provided in
Appendix A. Finally, the line mass densities are linearly scaled according to

their respective mooring stiffness.

The mooring stiffness for the downwind lines (L5S and L6S) are derived through
the linearized force-displacement relationship, as expressed in Equation 4.1,
excluding mooring axial stiffness (F'A). Since the stiffness linearized neglects
the radii of both the anchor and fairlead, but the mooring stiffness is highly
sensitive to the displacement range, three displacement ranges are considered,
as displayed in Figure 5.14, starting at three surge displacements (Xy) of 0 m,

20 m, and 40 m, respectively.

A linear fit is first performed to determine the slope in Figure 5.14, which
represents the mooring stiffness of the downwind anchor lines (L5S and L6S).
This linearized stiffness is then used in Equation A.1 to compute the mooring
stiffness of the upwind lines (L2S and L3S) and the shared line (LS). Finally,
the mass density (p.) is scaled linearly based on the mooring stiffness, and the
chain diameter (D.) is calculated using Equation 5.1. The resulting stiffness
and chain properties for the upwind lines and shared line, determined by the

stiffness linearized design method, are presented in Table 5.5.

The stiffness linearized design method generates three chain diameters for the
upwind anchor lines and shared line that exceed the upper limit of available
chain diameters on the market. This outcome highlights the limitation of
the existing stiffness linearized design method. Although straightforward and
simple for preliminary mooring designs, the stiffness linearized design method
neglects mooring elasticity, fairlead and anchor radii, and relies solely on the

small floater offset assumption, which can lead to unrealistic shared line designs.
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Figure 5.14: The force-displacement relationship for the downwind line without moor-

ing axial stiffness (EA). X, represents the start point to linearize K.

Table 5.5: The calculated mooring stiffness (K) and chain diameter (D.) for upwind
line L2s and shared line Ls using the linear design method.

Xo [m] K [10* N/m] D, [mm]
LS L2S LS L2S LS

0 -1.3 50 7.2 261.1 3135

20 -1.0 55 95 318.7 419.2

40 -0.8 58 11.0 373.0 512.7

Nonlinear design method 144.0 128.0
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5.4 Dynamic simulation in mooring design

As discussed in Section 5.3, the nonlinear design method generates 17352 con-
ventional and 4268 shared line designs through static analysis. To evaluate
their dynamic responses, simulations are conducted for the two-turbine floating
array with these designs under turbulent wind and irregular wave conditions.
The simplified modeling approach, detailed in Chapter 6, is used for these dy-
namic simulations. The goal is to assess the peak floater offset, maximum line

force ratios, minimum lay-down length ratios, and mooring fatigue resistance.

5.4.1 Load cases and environmental conditions

The tested load cases consider both extreme and operational conditions, as
summarized in Table 5.6, with corresponding environmental parameters in-
cluding mean upstream wind speed (V,,,), wind direction (6), significant wave
height (H,), and peak wave period (T},). The wind direction 6 is measured
from the positive X-axis, and the array layout is rotated so that the inflow is

aligned with 0°, as illustrated in Figure 5.4.

Table 5.6: Environmental conditions.

Load case mooring Vi [m/s] 6 [°] Hg [m] T, [s]

Extreme conventional 11 [0,60,90] 5.1 9
shared line 11 [0,15,30] 5.1 9

Operation conventional 11 [0,60,90] 1.5 7
shared line 11 [0,15,30] 1.5 7

Extreme loading conditions are selected based on OpenFAST simulations of
an individual FOWT [120]. The results indicate that the most critical floater
surge occurs at the rated wind speed (11 m/s) combined with extreme wave
conditions corresponding to a 50-year return period under Design Load Case
(DLC) 1.6. This surge exceeds that found at the highest wind speed (41 m/s)
with a parked turbine status under DLC 6.1.
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Normal operation conditions correspond to DLC 1.2, with an approximate 20%
probability of the sea states near the rated wind speed [121] (Figure 6.2). Figure
5.15 illustrates the mooring fatigue damage for mean wind speeds ranging from
3 m/s (cut-in) to 25 m/s (cut-out), based on 1-hour simulations of a single
FOWT with a conventional configuration. In OpenFAST simulations, three
yaw misalignment angles and three random wind seeds were considered for
each wind speed. Mooring fatigue damage (Equations 4.3 and 4.4) is calculated

following the procedure described in Section 4.1.4.
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Figure 5.15: Mooring fatigue damage under DLC 1.2 for a single FOWT with a con-
ventional configuration, for mean wind speeds ranging from 3 to 25 m/s.

Figure 5.15 shows that the highest mooring fatigue occurs at the mean up-
stream wind speed of 11 m/s, while fatigue remains relatively low at mean
speeds below 7 m/s and above 13 m/s. The total normalized fatigue consid-
ering the occurrence probability of each mean speed reaches 1.3x1075, while
the contribution from 11 m/s, given its occurrence of 18%, is approximately
0.7x1075. This indicates that the 11 m/s wind speed dominates the mooring
fatigue of the single FOWT.

In addition, Figures 6.14 and 6.15 show that, for the floating turbine array

with shared line designs, a mean upstream wind speed of 11 m/s produces the
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highest mooring fatigue. Using a single sea state underestimates the normalized
fatigue by approximately 50% for the three shared baseline designs with the
smallest chain diameters (Tables 6.2 and 6.3), however, it provides a practical
and efficient approach for large-scale simulations. Such underestimation is less
pronounced for heavier mooring designs with larger chain diameters (Figure
5.19). Applying a higher fatigue safety factor of 10 (double the standard factor
of 5 [12]) further compensates for the underestimation to ensure a reliable

assessment.

Consistent with the static analysis, three wind directions are considered in the
dynamic simulation, with the mooring layout rotated clockwise accordingly, as
shown in Figure 5.4. The IEC Kaimal turbulence model, Class C, is used to
represent moderate wind turbulence, with a mean upstream wind speed equal
to 11 m/s. TurbSim V2 is employed to generate the synthetic turbulent inflow
for the floating turbine array. The grid discretization for the TurbSim input
file follows the guidelines of [54], while the distributed scripts [127] are used
to specify the inflow generation parameters for each wind farm layout. Irregu-
lar waves are modeled using the Pierson-Moskowitz spectrum. Each dynamic
simulation runs for 4800 s, with final 3600 s of simulation results are post-
processed to extract variables for comparison. Six wind seeds are considered

for each wind speed, and the results are averaged across all random seeds.

5.4.2 Conventional designs without wake or fatigue

The 17352 conventional configurations that meet the static design criteria are
assessed under extreme loading conditions for three directions (60°, 90°, and
0°). Wake effects are excluded from dynamic simulations, and mooring fatigue
is not considered under these extreme load cases. The number of qualified de-
signs decreases to 14148, 8401, and 5604, respectively, for the three directions.
Line properties of these 5604 designs, along with simulation results for the
floating turbine array, are shown in Figure 5.16. These designs are also used

for shared line designs described in Section 5.3.2. Results are averaged across
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six seeds and represent extreme values across all lines and directions rather

than any specific case.
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Figure 5.16: Grayscale 2D histograms of the 5604 anchor line properties and simulation
results without wake or fatigue as functions of anchor line mass ratio.
Shading indicates the count in each bin, with 24 bins along both X and
Y axes. Each subplot reports the maximum bin count and its location of

bin centers.

In general, the line properties and FOWT performance follow trends similar to
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those observed in the static analysis (Figure 5.12) as functions of anchor line
mass ratio. As the mass ratio increases, anchor lines accommodate larger chain
diameters, smaller offsets, lower force ratios, and longer lay-down length ratios
under extreme loading conditions. However, compared to static results, the
starting point for both line properties and dynamic performance shift toward
heavier designs. For example, feasible designs in static analysis begin at a mass
ratio of 0.4 with a chain diameter of 85 mm, while in the dynamic simulations,
they start at a heavier mass ratio of 0.7 with a larger chain diameter of 135 mm.
The trends for length ratios increase with mass ratio in dynamic simulations,
in contrast to the decreasing trend in static analysis, and the lower bounds for
offsets and force ratios are higher, highlighting the limitations of relying solely

on static analysis for determining feasible mooring designs.

5.4.3 Wake-free conventional designs including fatigue

The 5604 conventional designs that meet extreme design criteria are subse-
quently evaluated under operational conditions for three directions. Dynamic
simulations exclude wake effects, but mooring fatigue damage is calculated fol-
lowing the procedure described in Section 4.1.4. After the fatigue analysis, the
design set is reduced to 5016, of which line properties, together with simula-
tion results for the floating turbine array, are shown in Figure 5.17. Results
are averaged over six seeds and represent the extreme values across all lines

and directions, rather than individual cases.

The distribution of the 5016 anchor line profiles remains generally consistent
with that of the 5604 designs (Figure 5.16), which were previously evaluated
without considering wake effects or mooring fatigue. However, shifts are ob-
served in the locations of peak occurrences for line properties. In particular,
both length and pretension ratios move toward higher mass ratios in the 5016
designs, reflecting the need for adequate fatigue resistance under operational
conditions. The reduction in qualified designs and the observed shifts in line

properties underscore that mooring fatigue is a critical factor in configuration
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assessment. Therefore, mooring fatigue should be incorporated into the design

evaluation to ensure reliable mooring performance.
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5.4.4 Conventional designs with both wake and fatigue

Including wake effects in dynamic simulations reduces the 5016 conventional
configurations to 2206 designs that maintain sufficient fatigue resistance across
three wind directions. Figure 5.18 presents their line properties and dynamic
performance, which are averaged over six seeds and represent extreme values

across all lines and directions.

The 2206 anchor line profiles cluster around mass ratios of 0.98, 1.06, and 1.14
across all subplots, and their line properties and dynamic responses generally
remain consistent with those of the 5016 configurations shown in Figure 5.17.
However, including wake effects shifts the line properties toward higher mass
ratios with increased parameter values. The starting mass ratio rises to 0.80,
compared to 0.68 for the 5016 lines. The most frequent chain diameter in-
creases from 150 mm to 162 mm, with the lower bound rising from 135 mm
to 155 mm. These increases in anchor line diameter and mass significantly
improve mooring fatigue resistance, particularly for upwind lines supporting
downstream FOW'Ts, which experience higher wind turbulence due to wake ef-
fects, resulting in greater load fluctuations and increased fatigue damage. This
increased fatigue damage is the primary reason some of the 5016 configurations

fail to meet the design criteria.

The increased chain diameter also influences the length distribution. The upper
bound for anchor line length decreases from 1000 m in the 5016 configurations
to 887 in the 2206 profiles, with the peak shifting downward from 730 m at a
mass ratio of 0.88 to 710 m at a mass ratio of 0.98. Similarly, the length ratio
drops from 0.71 to 0.63. While the pretension ratio generally keeps consistent
with that of the 5016 configurations.

The upper bound for extreme offset reduces from 59 m in the 5016 configura-
tions to 53 m in the 2206 profiles, with the peak dropping from 37 m to 20
m. Similarly, the upper bound for maximum mooring fatigue under normal
operation conditions decreases slightly from 0.1 to 0.09, with the peak falling
from 0.04 to 0.03. These reductions reflect improved station-keeping capability
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Figure 5.18: Grayscale 2D histograms of the 2206 anchor line properties and simulation
results including wake and fatigue as functions of anchor line mass ratio.
Shading indicates the count in each bin, with 18 bins along both X and
Y axes. Each subplot reports the maximum bin count and its location of
bin centers.

due to the higher mooring stiffness and fatigue resistance of these profiles. In

contrast, compared to the 5016 configurations, the extreme mooring force ratio
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displays an increased lower bound from 0.21 to 0.23, and a slight growth in the
peak force ratio from 0.26 to 0.27 in the 2206 profiles. Changes in lay-down
length ratio are more pronounced, with the lower bound rising from 0 to 0.11
and the peaks from 0.11 to 0.15.

5.4.5 Shared line designs with both wake and fatigue

The 5604 anchor line profiles that satisfy the extreme criteria and exclude
fatigue assessment, rather than the 5106 profiles that pass both extreme and
fatigue checks, are used to explore a broader range of potential shared line
profiles. This approach is based on the understanding that shared line designs
can change mooring stiffness and load distribution, which ultimately influence

mooring fatigue performance.

For each of the 5604 anchor line profiles, five shared line mass ratios are uni-
formly sampled across the full range, producing 28020 initial shared line de-
signs. Static wind tests reduce this set to 4268 qualified designs (Section 5.3.2).
Dynamic simulations, including wake effects and mooring fatigue at three di-
rections (0°, 15°, and 30°), further narrow the set to 510 designs. Their configu-
ration properties and corresponding simulation results are presented in Figure
5.19. Results are averaged over six seeds and represent the extreme values
across all lines and directions, rather than from any specific case. All lines use
the lowest chain grade (R3).

Compared to the 4268 designs derived from static analysis (Figures 5.13), the
510 shared line designs evaluated by dynamic simulations show generally similar
trends in line property distribution. Heavier anchor lines allow for larger chain
diameters in both anchor lines and the shared line. Designs with anchor line
lengths below 782 m or above 908 m at low mass ratios are less common.
Pretension ratios in both anchor lines and the shared line cluster at higher
mass ratios, with shared line pretension ratios reaching 0.20 across the full

mass ratio range.
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Figure 5.19: Grayscale 2D histograms of the 510 shared line designs, showing line
properties and simulation results (with wake effects and mooring fatigue)
as functions of anchor line mass ratio. Shading indicates the count in
each bin, with 10 bins along both X and Y axes. Each subplot reports
the maximum bin count and its location of bin centers.

The line properties and dynamic responses of the 510 designs consistently peak
at a mass ratio of 1.14, with the minimum anchor line mass ratio shifting

upward from 0.92 in static analysis to 0.98. The 510 designs also exhibit a



104 5 Shared line design for floating wind farms

narrower spread of anchor line chain diameters, with the peak diameter rising
from 153 mm in static analysis to 169 mm. Conversely, the most frequent
shared line chain diameter decreases from 207 mm to 143 mm, although the

minimum diameter grows from 113 mm to 139 mm.

The narrow diameter range of anchor lines in the 510 designs leads to a narrower
range of anchor line lengths compared to the 4268 designs in static analysis,
with the upper bound decreasing from 999 m to 971 m and the lower bound
increasing from 642 m to 719 m. The minimum shared line mass ratio rises
from 0.5 to 0.65, while the peak anchor line pretension ratio shifts from 0.16

to 0.19. The peak shared line pretension ratio remains unchanged at 0.20.

The minimum offset for the 510 designs reaches 46 m, significantly higher than
the 29 m observed in static analysis. The extreme offset peaks at 59 m, com-
pared with a peak static offset of 45 m. This difference highlights the limitation
of using static analysis for shared line designs, which tends to significantly un-
derestimate offset. The stiffness-linearized method uses the static offset as the
only design constraint, leading to unrealistic shared line designs. The pro-
nounced increase in offset for the 510 designs result in a noticeable rise in the
extreme mooring force ratio and a reduction in the minimum lay-down length
ratio. However, mooring fatigue under normal operation conditions peaks at
only 0.03 at the highest mass ratio, indicating that fatigue is not a critical

concern for most 510 shared line designs.

5.5 Conventional vs. shared line designs

5.5.1 Configuration characteristics

Figure 5.20 compares chain diameters, line lengths, and pretension forces of
anchor lines, as well as mooring masses per FOWT across 2206 conventional
and 510 shared line designs. Shared line designs tend to use smaller chain

diameters and longer anchor lines, with higher and more narrowly distributed
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pretension forces. They also tend to have heavier mooring masses per FOWT,

while conventional designs exhibit a wider range of pretension ratios.
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Figure 5.20: Comparison of configuration characteristics between the 2206 conven-
tional (“C”) and 510 shared line (“S”) designs. Each subplot shows the
bin size, data range, and the X-axis bin center at the maximum proba-
bility for both designs. Histograms use 20 bins along the X-axis.

Shared line designs show a leftward shift in chain diameter distribution, with
peaks at 161 mm. Anchor line lengths in shared line configurations shift right-
ward, clustering around 805 m, while conventional designs are more evenly
distributed up to 730 m, with a peak at 668 m. Shared line configurations also
exhibit a rightward shift in mooring mass per FOWT, ranging from 1.02x 106 kg
to 1.50 x 10° kg, with a peak at 1.17 x 10° kg. In contrast, conventional con-
figurations span a narrower range, starting at 0.9 x 10% kg, with increasing
occurrence toward heavier mass and peaking at 1.26 x 10% kg. Anchor line pre-
tensions in shared line configurations are more tightly distributed between 2.89
MN and 3.81 MN, with a peak at 3.10 MN, while conventional configurations
cover a broader range from 1.70 MN to 4.01 MN, with a peak at 2.13 MN.
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5.56.2 FOWT dynamic performance

Figure 5.21 compares the dynamic performance of the two-turbine floating
array using 2206 conventional and 510 shared line designs under normal oper-
ation conditions at a wind direction of 0°. This wind direction has been used
for performance evaluations [49, 47], and is applied across both conventional
and shared mooring designs in this study. The simulations account for wake
effects, and the performance evaluation includes mooring fatigue. Reported

results are averaged over six random seeds.

The conventional mooring configurations produce maximum floater offsets rang-
ing from 13 m to 33 m. Due to stronger wake-induced turbulence, the down-
stream FOWT?2 reaches a higher peak offset (28 m) than the upstream FOWT1
(20 m). In contrast, the 510 shared line designs shift the offset ranges upward,
with minimum offsets of 30 m and 46 m, and peak offsets of 34 m and 56 m for
FOWT1 and FOWT2, respectively. While offsets for FOWT1 slightly overlap
between the two design sets, FOWT2 exhibits significantly larger offsets using

shared line designs.

The increase in floater offsets leads to higher mooring force ratios for the upwind
lines connected to FOWT1, rising from a starting ratio of 0.22 (conventional)
to 0.32 (shared) and a peak ratio from 0.26 (conventional) to 0.36 (shared). In
contrast, the maximum force ratio on the downstream FOWT?2 shifts leftward,
indicating lower force ratios using the 510 shared line designs. This behavior
results from the altered load distribution in the shared line configuration, which
reduces the load on the mooring lines supporting the downstream FOWT, as
the upwind anchor lines connected to the upstream FOWT experience the

highest environmental loading.

Despite the larger offsets and higher mooring force ratios in the upwind anchor
lines, the 510 shared line designs maintain sufficient mooring fatigue resistance,
comparable to the 2206 conventional designs. The upwind lines show a slight

increase in the lower bound of fatigue, from 0.01 (conventional) to 0.02 (shared),
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Figure 5.21: Comparison of dynamic performance across 2206 conventional (“C”) and
510 shared line (“S”) designs under operation conditions at a wind direc-
tion of 0°. Each subplot shows the bin size, data range, and the X-axis
bin center at the maximum probability for both designs. Histograms use
20 bins along the X-axis.

while the mooring lines supporting downstream FOWT2 exhibit notably im-
proved fatigue performance, with a reduced peak of 0.005 compared to 0.09 in

the conventional configurations.
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Finally, the mooring influence on power output is minor, with differences below
0.2 MW between conventional and shared line designs, and generally less than
0.1 MW within each type for both FOWT1 and FOWT2. The 510 shared line
designs exhibit slightly higher power, with approximately 1% rise in the upper
bound for FOWT1, and a rightward shift in FOWT2 power, raising its upper
bound from 10.70 MW (conventional) to 10.73 MW (shared).

5.5.3 Mooring cost evaluation

The mooring material cost is estimated using an empirical model (Equation
5.3) from [31]. In this model, the cost of mooring lines depends on both the
chain M BL and total length L7, while the anchor cost depends solely on the
chain M BL. The model was developed based on the structural mass of three
FOWT models, which were estimated using an in-house sizing tool, and it
predicts the minimum cost for mooring systems composed of chain lines and
drag-embedment anchors for semi-submersible FOWTs in water depths ranging
from 40 m to 1000 m [31].

A real-world floating wind project benchmark, which features the 15-MW tur-
bine and a six-line mooring configuration [6], is used to illustrate the uncer-
tainty of this cost model under evolving price conditions. Due to limited bench-
mark details, a conventional layout is assumed. An exchange currency rate of
1.34 is used to convert the anchor and mooring line costs of 3.5 x 10* GBP and
17.4 x 10* GBP per MW, respectively, to approximately 3.5 x 10> USD and
17.5 x 10° USD for a single 15-MW FOWT with a three-line configuration.

Figure 5.22 illustrates the relevance of the cost model to real prices. The
model predicts a minimum total cost of 22.3x 10° USD for conventional designs,
approximately 6 % higher than the benchmark cost of 21.0x10°> USD. Both the
anchor and mooring line costs for the real-world project fall within the predicted
range, validating the model. The difference between the real prices and model

estimates may be attributed to site-specific factors, as the benchmark assumes
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a water depth of 100 m, while this study considers 200 m, influencing the

mooring configuration and associated costs.
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Figure 5.22: Mooring material cost per FOWT between 2206 conventional (“C”) and
510 shared line (“S”) configurations.
Bottom-left: mooring line cost; (c) Right: total mooring material cost.
Each subplot shows the bin size, data range, and the X-axis bin center at

the maximum probability. Histograms use 20 bins along the X-axis.

(a) Top-left: anchor cost; (b)

The shared line design connects two FOW'Ts with a single line, reducing the

required number of anchors and lowering anchor costs compared to conventional

designs. However, the increased offsets induced by shared lines require heavier

anchor lines to withstand increased upwind mooring forces due to coupling

effects, which raises the mooring line cost. For the 510 shared line designs,

anchor costs range from 3.2 to 4.1 x 10° USD, narrower and lower than those of

the 2206 conventional configurations, which range from 5.2 to 7.0 x 10°> USD.

In contrast, mooring line costs for shared line designs shift rightward, with

higher minimum (about 13 %) and maximum (about 10 %) costs but a lower

peak cost (about 5 %) compared to conventional configurations.
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The increased mooring line cost raises the minimum mooring cost of the shared
line designs to 23.0 x 10° USD, about 3 % higher than the lowest cost of
the conventional configurations (22.3 x 10> USD). However, the overlap in
the cost distributions suggests that the 510 shared line designs can achieve a
similarly broad range as the 2206 conventional configurations. Most shared line
designs cluster around 25.3 x 10% USD, while conventional designs concentrate
near 29.8 x 10° USD, about 15 % higher than the most frequent shared line
cost. This finding refines previous static analyses by [32], which suggested that

conventional designs are more cost-effective at a 200-m water depth.

At both ends of the mooring cost spectrum, the 510 shared line designs exhibit
approximately 3 % higher costs than the 2206 conventional configurations.
A detailed comparison of the lowest and highest mooring costs as well the

configuration properties and dynamic responses is presented in Table 5.7.

Table 5.7: Configurations and dynamic responses for conventional and shared line
designs with the lowest and highest mooring material costs per FOWT.

Conventional Shared Line
Parameter lowest highest lowest highest
Mooring cost Cy, [10° USD] 22.30  30.00 22.09  30.94
Chain diameter D, [mm] 155 173 152 169
Length ratio Ry, 0.80 [0.5:0.1:1.1] 0.6 0.5
Mass ratio Rys [%)] 0.80 1.15 0.98 1.15
Chain diameter D.y [mm] - 141 210

*Mean power for FOWT1 [MW] 13.70  [13.72 13.74] 13.85 13.81
Mean power for FOWT2 [MW] 10.60  [10.63 10.69] 10.67  10.73
Maximum offset [m] 32.80 [14.79 30.03] 55.61  49.11
Maximum force ratio 0.26 [0.24 0.32] 0.39 0.36

Maximum fatigue damage 0.098  [0.050 0.060] 0.064 0.035

*Dynamic results for normal operation load cases.

At the lowest cost, the shared line designs employ heavier anchor lines with
smaller chain diameters than the conventional configuration. At the highest
cost, both conventional and shared line designs use similar anchor line masses,

but the shared line adopt larger chain diameters than the anchor lines to reduce
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the maximum offset. While conventional designs achieve slightly lower costs
at both bounds, these savings come at the expense of dynamic performance:
designs at the cost extremes experience over 30 % higher mooring fatigue and
deliver about 1 % less power output compared with shared line designs. The
enhanced fatigue resistance of shared line configurations may, in turn, enable

more cost-effective operation and maintenance over the array’s lifetime.

5.6 Summary

This chapter presents a nonlinear design method for shared line configurations
to address the limitations of stiffness-linearized approaches. The proposed
method integrates realistic line characteristics and practical design constraints,
ensuring more robust configurations by considering mooring forces and geom-
etry rather than relying solely on small prescribed offsets. While the stiffness-
linearized method produces chain diameters that exceed the limits of chains

available on the market, highlighting its shortcomings.

This chapter also investigates the influence of design parameters on shared
mooring designs, including shared line mass ratio, wind direction, floater pitch,
wake effects, and mooring axial stiffness. Sensitivity analyses indicate that
all these factors should be considered in the static design. For conventional
mooring designs, heavier line masses allow larger chain diameters, longer lay-
down lengths, lower maximum force ratios, and smaller static offsets. In shared
line designs, heavier anchor lines similarly support larger chain diameters and
longer lines, but static offsets and mooring force ratios are strongly influenced

by the shared line mass relative to the anchor line mass.

Using the simplified modeling approach, dynamic simulations of the two-turbine
array are performed across large sets of shared line and conventional mooring
designs. Accounting for mooring fatigue reduced the number of feasible conven-
tional designs from 5604 to 5016, while including wake effects further reduced
this to 2206, accompanied by shifts toward larger chain diameters, higher mass

ratios, and greater extreme offsets. These results demonstrate the significant
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influence of wake effects and fatigue on mooring design and performance eval-

uation.

Comparisons between static and dynamic analyses show that, while applying a
constant wind force in static analysis can effectively estimate offsets and moor-
ing forces, it significantly underestimates extreme responses. Consequently, the
stiffness-linearized method for shared line design, which relies on static offsets,

can produce unrealistic configurations that fail under dynamic simulations.

Despite larger offsets and higher mooring force ratios, the 510 shared line de-
signs maintain sufficient mooring fatigue resistance comparable to the 2206
conventional designs. Their cost-saving potential is evaluated using an em-
pirical material cost model, which is validated against a benchmark real price.
While shared line designs exhibit 3% higher costs at the minimum, due to heav-
ier mooring lines needed to withstand larger floater offsets, their most frequent
cost achieves a 15% saving. Moreover, at both the lowest and highest costs,
shared line designs demonstrate over 30% higher fatigue resistance, highlighting

their advantages over conventional moorings for floating wind farms.



6 Simplified modeling approach for
floating wind farms

This chapter introduces a simplified modeling approach for predicting the dy-
namic performance of floating wind farms with shared line designs. It addresses
research gaps identified in the literature (Chapter 2). To balance computational
efficiency and prediction accuracy, the simplified model employs a validated
low-order solver to compute structural dynamics, as well as the aerodynamic
and hydrodynamic forces on each FOWT, while mooring forces are calculated

using analytical catenary equations.

The modeling framework is outlined in Section 6.1. Its computational efficiency
and prediction accuracy are verified against a higher-fidelity simulation tool
in Section 6.2. Section 6.3 presents the simulation results for a two-turbine
floating array with both shared line and conventional mooring designs under
different environmental conditions. Section 6.4 demonstrates an application of

the proposed approach to improve the performance of shared line designs.

6.1 Framework of the simplified modeling approach

The simplified modeling method for the floating wind farm comprises three
main modules: a low-order multi-body simulation module that solves the mo-
tion equations for each FOWT; a quasi-static mooring model that accommo-

dates various configurations and computes mooring forces; and a Gaussian wake
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Figure 6.1: The framework of the simplified modeling approach (adapted from [128]).

model that calculates the mean wake deficits experienced by the downstream

turbines. The modeling framework is illustrated in Figure 6.1.

The environmental module processes time series of wind, waves, and ocean
currents, supplying input environmental variables to the low-order module to
compute the system dynamics of each FOWT. For downstream turbines, the
disturbed wind speed that accounts for the mean wake deficit, is used for aero-
dynamic force calculations. Given the sufficient spacing between turbines, wave
conditions are assumed to remain unaffected by the floater motions. Further
details about the low-order module are available in Section 4.3.1. This mod-
ule calculates the aerodynamic and hydrodynamic forces, as well as the elastic

deformation of the tower for each individual turbine.

Unlike the stand-alone implementations of the low-order simulation module
[111, 45], which compute mooring forces either by linearly interpolation from
a database or through coupling with external software, the simplified model-
ing approach delegates the calculations of mooring forces and moments to a
separate mooring module. The mooring module applies the elastic catenary
equations and provide the resulting mooring loads to the low-order simulation
module for each FOWTs.

The performance modules manage the post-processing of simulation results,

such as the body position and velocity vectors. They also support data analysis,
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such as a fatigue damage calculation (Section 4.1.4). In addition, these modules
provide essential spatial parameters to the wake and mooring modules. For
example, they compute the distances between the hub center of the upstream
turbine and each point on the downstream rotor grid for wake deficit estimation.
They also output fairlead positions for mooring force calculations. The entire
simplified modeling approach is implemented in MATLAB Simulink, and is

compatible with controller integration for individual FOWTs.

6.1.1 Quasi-static mooring module

This module calculates mooring forces using a quasi-static approach based on
floater positions (Section 4.1.4), making it well-suited for early-stage FOWT
studies. Unlike dynamic mooring analysis (Section 2.1.1), which accounts for
hydrodynamic forces such as inertia and drag on the mooring line, the quasi-
static mooring analysis does not require damping or inertia coefficients that are
highly sensitive to environmental conditions and floater motions. As a result,

it avoids the need for dedicated experiments or high-fidelity simulations.

The quasi-static mooring analysis has demonstrated reliable prediction, vali-
dated through physical experiments and verified against MoorDyn simulations
that account for mooring dynamics. [18] used MAP++ (version 1.10.0rc) to
model mooring forces for the validation of a scaled 10-MW FOWT model
against the wind-wave tank experiments. MAP++ employs a quasi-static
mooring model that excludes fluid drag and inertia forces. In addition, this
quasi-static modeling was verified against dynamic simulations in OpenFAST,
which employed MoorDyn to compute dynamic mooring forces for a 15-MW
semi-submersible FOWT. The results showed a maximum deviation of 3.6% in
mooring pretensions [15] and less than a 1% difference in mean mooring forces

[47] during steady wind and regular wave tests.

The mooring module can accommodate mooring lines that are either partially
in contact with the seabed or fully suspended in seawater, as discussed in Sec-

tion 3.2.6 for shared lines examined in the literature. The governing equations
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for these lines are provided by [114] and [126], respectively. For fully suspended
lines, the clearance from the seabed depends on their loading conditions, which
may require additional buoys or clump weights to adjust their configurations,
as studied by [34]. This requirement would increase the mooring system com-

plexity compared to shared lines with sufficient seabed contact.

Currently, the module can model only steel chain lines for both conventional
and shared line configurations. For synthetic fiber ropes, which feature visco-
elastic properties, the nonlinear stiffness depends strongly on loading conditions
such as load amplitude, frequency, and history. This stiffness must be deter-
mined through tension tests or fitted to specific models, which may not be
practical for early-stage investigations of mooring configurations, as discussed
in Section 2.1.2.

6.1.2 Gaussian wake module

The reconstruction of the wind field is crucial for assessing the power produc-
tion of the floating wind farm. When the inflow passes through the rotating
blades, the wind speed is reduced at the rotor plane and in the wake behind
the rotor. The rotation of the blades adds turbulence to the disturbed down-
stream airflow, leading to complex lateral and vertical expansion, as well as

meandering and dissipation of the wake.

The wake generated by the upstream turbines can affect the performances of
downstream turbines [50, 51], and consequently reduce the wind power produc-
tion of the wind farm [129, 52, 53]. From a power perspective, the analytical
wake model developed by [119] is implemented in the wake module to account

for the mean wake deficit on downstream turbine.

The Gaussian wake model (Equation 4.5, discussed in Section 4.2.2), which em-
ploys an exponential function with a wake expansion factor, effectively captures
mean wake profiles on downstream turbines while maintaining computational
efficiency [130]. It shows good agreement with LES simulations and wind tun-

nel measurements [119], and is flexible to integrate with the low-order solvers



6.1 Framework of the simplified modeling approach 117

for turbine dynamics when flow details are less critical than the overall velocity
deficit. It has been employed for wind farm layout optimization [130]. Details

of the deficit computation are provided in Section 4.2.2.

6.1.3 Comparison with FAST.Farm

FAST .Farm (version v3.5.1) is selected as the reference benchmark to evaluate
the computational efficiency and prediction accuracy of the simplified model-
ing approach. FAST.Farm provides a higher-fidelity simulation of the floating
wind farm than the proposed simplified approach, by employing OpenFAST to
compute the dynamics of each turbine and incorporating the Dynamic Wake
Meandering (DWM) model to capture wake dynamics within the farm [54].
Detailed descriptions of OpenFAST and FAST.Farm can be found in Section
4.3.2. Table 6.1 compares the simplified modeling approach and FAST.Farm

in terms of their modules.

Table 6.1: Comparison of modeling approaches.

Module Simplified modeling FAST.Farm (v3.5.1)
rigid blade flexible blade
rigid shaft flexible shaft
Structural
1 tower top movement 4 tower top movements
5 floater motions 6 floater motions
Aerodvnamic thrust & power coefficients Blade Element Momentum
y rotor averaged wind speed  full 3D wind field
a linear transfer function convolution integral
Hydrodynamic constant added mass dynamic added mass
no radiation damping radiation damping
. no seabed friction seabed friction
Mooring . . .
no dynamic forces Morison equations
Wake Gaussian-based wake Dynamic Wake Meandering

mean wake profile wake dynamics
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6.2 Verification against FAST.Farm simulations

This section analyzes a floating array of two semi-submersible FOWTs using
both the simplified modeling approach and FAST.Farm under various wind and
wave conditions. The two-turbine array serves as a case study, representing the
smallest unit for shared line designs used in floating wind farms. While this
analysis focuses on this minimal array, the simplified modeling approach is
not limited to two turbines and can accommodate larger arrays with more
turbines, making it applicable to a range of floating wind farm layouts. The
objective is to evaluate the computational efficiency and prediction accuracy

of the simplified modeling approach.

6.2.1 Two-FOWT array: smallest unit for shared line designs

The two-FOW'T array, representing the smallest unit for shared line designs,
consists of two FOWT models described in Section 4.3.3, with their principal
dimensions summarized in Table 4.1. Since the initial conventional mooring
design exhibits a negative lay-down length when the floater offset exceeds 18 m
(Section 4.3.3), new mooring configurations are adopted (Section 6.2.2). Fig-
ure 5.1 illustrates the array with both conventional and shared line moorings.
The two FOWTs have similar structural dimensions, with the upstream floater
oriented 180° relative to the downstream floater. The fairlead radius is 42.5
m, and the initial angle between each pair of mooring lines is 120°. Four an-
chor lines, all with similar characteristics, are secured to the seabed, while the

shared line connects the two floaters without anchors.

6.2.2 New mooring configurations for the floating array

The nonlinear design method proposed in Chapter 5 is used to generate new
mooring configurations. Rather than minimizing mooring costs, the design
target is to identify the configuration with the smallest chain diameter and

lowest mooring mass. As observed in Section 5.3, such a configuration results
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in the highest floater offsets and mooring force ratios, making it easier to evalu-
ate the differences between the simplified modeling approach and FAST.Farm.
Since the focus of this chapter is on modeling the floating array rather than

optimizing mooring design, this objective is considered appropriate.

Table 6.2 and Table 6.3 present the design parameters, constraints, and moor-
ing properties for the new anchor lines and the new shared line, respectively.
The site of interest has a water depth of 200 m, consistent with typical depths
for current floating wind projects, such as TetraSpar demonstration project
[66]. The variables are defined under static conditions, excluding wind and
wave forces. The mooring line is made of steel, and the fairlead radius remains

at 42.5 m. The vertical distance between fairleads and anchors is 185 m.

Table 6.2: Design parameters, constraints, and properties for new anchor lines.

Variable Range, unit Design 1
Length ratio [0.3:0.05:0.7] 0.3
Parameter Chain diameter [68:1:205] mm 124
Chain grade [R3, R3S, R4, R4S] R4S
Mooring mass 2eb kg 2eb
Constraint Total unstretched length [600 1000] m 987
Pretension ratio [0.1 0.3] 0.27
Mass per unit length in air kg/m 306
Property Mooring axial stiffness GN 2.5
Anchor radius m 1000
Mooring pretension MN 4.3

The length ratio is defined as the static ratio of the lay-down length to the
suspended length (Figure 4.1) and is used to calculate the total unstretched
length. The chain diameter determines the line mass per unit length (Equation
5.1), and along with the chain grade, decides the chain’s M BL (Equation 5.2).
The mooring mass refers to the suspended line mass, with a fixed mass of 2e5

kg based on the initial mooring design (Table 4.1).

Pretension refers to the initial mooring force without wind and wave loads, and
pretension ratio is the force ratio of pretension relative to the chain’s M BL.
The total unstretched length of the shared line is determined by the static
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length ratio and the spatial distance between FOWTs, which is measured in

terms of rotor diameter Dr.

Table 6.3: Design parameters, constraints, and properties for the shared line.

Variable and range Design 1
FOWT distance [6, 7, 8] Dr 6 7 8
Parameter Length ratio [0.3:0.05:0.7] 03 03 045
Chain diameter [60:1:200] mm 145 135 133
Chain grade [R3, R3S, R4, R4S] R3
. Mooring mass per turbine 2e5 k 2eb
Constraints Pretensfon ratio [0.1 0.3] ° 022 028 0.29
Total unstretched length m 1443 1664 1914
Property Mass per unit length in air kg/m 418 363 352
Mooring axial stiffness GN 3.4 3.0 2.9
Mooring pretension MN 3.30 3.71  3.81

6.2.3 Load cases and environmental conditions

Table 6.4 summarizes the load cases and environmental conditions, including
wind speed (V'), wave height (H), and wave period (T), along the simulation
details for each test. For the static, decay, and steady wind tests, V refers
to steady wind speed, while for turbulent wind tests, it denotes the mean
upstream undisturbed wind speed. Similarly, H and T represent the regular
wave height and period in steady wind and regular wave tests, but correspond

to the significant wave height and peak wave period in irregular wave tests.

In both the static and decay tests, a single FOWT with the new conventional
configuration is first analyzed in OpenFAST, excluding wind and wave loads.
The floating array with the shared line configuration is then simulated using
FAST .Farm under a low wind speed of 2 m/s. This low-wind scenario ensures
error-free simulations in FAST.Farm, which is not designed for simulations
without wind, and avoids high wind forces that could affect the static perfor-

mance or decay responses in these tests. In contrast, the simplified modeling
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Table 6.4: Load cases in the verification study.

Test V [m/s] H [m] T [s] Shared Tool! Ratio?

- - - no Simp 15.4

. - - - no Open 1.5
Static 2 - _ ves Simp  15.4
2 - - yes FAST 0.15

- - - no Simp 15.3

- - - no Open 1.6

Decay 2 - : ves Simp  15.3
P - ; yes FAST 0.16

) [3:2:13] - - yes Simp 15.4

Steady wind 3:2:13] - - yes FAST 0.16
Steady wind 7 [1.5:1:6.5] 7 yes Simp  15.2
regular wave 7 [1.5:1:6.5] 7 yes FAST 0.16
. [7,9,11] 1.5 7 yes Simp  15.0

Turbulent wind 170" 1) 5 7T yes FAST 0.15
irreeular wave 11 [1.5:1:6.5] 7 yes Simp  15.0
& 11 [1.5:1:65] 7 yes FAST 0.15

L “Simp” denotes the simplified modeling method, “Open” refers to OpenFAST v3.5.0 , and
“FAST” represents FAST.Farm version v3.5.1. % Time ratio is the averaged ratio between
the simulation time of each test case and its actual computational time.

approach does not have this no-wind limitation, and the analytical Gaussian

wake model is deactivated in the absence of wind to allow no-wind simulations.

The steady wind conditions range from 3 m/s (cut-in) to 13 m/s (above-rated),
covering over 90% of the wind distribution in Gran Canaria [121], as shown in
Figure 6.2 for the upper-bound wind speeds. Within this range, the combined
occurrence probabilities of upstream mean wind speeds at 7 m/s, 9 m/s, and 11
m/s are approximately 19%, 21%, and 18%, respectively. Based on the single
FOWT fatigue results (Figure 5.15), the fatigue contributions from these three
wind speeds are the highest, while those from wind speeds below 7 m/s and
above 13 m/s are relatively small. Therefore, turbulent wind tests focus on

these three wind speeds to efficiently assess turbine performance.
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Figure 6.2: Wind speed distribution at the site of Gran Canaria, adapted from the
10-m reference distribution [121], using the logarithmic law to scale to
hub-height. The occurrence probability is reported for each bin.

Regular wave heights span a broad range from 1.5 m to 6.5 m, covering both the
normal operational and extreme wave conditions. Irregular waves are modeled
using the Pierson-Moskowitz spectrum, consistent with the study on a single
FOWT [120]. To model turbulent wind, a Class C turbulence level is assigned
in the IEC Kaimal model, due to the lack of public turbulence intensity data

for this site, representing the moderate wind turbulence conditions [121].

Two sets of turbulent wind and irregular wave tests are conducted. The first
set keeps irregular wave conditions constant while changes the mean upstream
wind speed to investigate turbine performance. Three mean wind speeds pos-
sess the highest occurrence in Gran Canaria (Figure 6.2). While the second
set keeps the upstream turbulent wind fixed, but increases the significant wave

height to examine FOWT performance.
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6.2.4 Simulation setup and computational efficiency

FAST.Farm (v3.5.1) does not support no-wind simulations, as the coupling
between turbine and wake relies on wind dynamics. Therefore, no-wind and
decay tests are performed for a single FOWT in OpenFAST. For the floating
array, a low wind speed of 2 m/s is applied during the static and decay tests, and
the number of wake planes is set to 2, to minimize wake effects in FAST.Farm.
A wake plane represents a cross-section of the turbine wake where the velocity

deficit is calculated and is essential for analyzing wake interactions [54].

In addition, FAST.Farm encounters errors when wave heights exceed 4.5 m
at wind speeds below 7 m/s. These errors arise from limitations in the near-
wake correction, which becomes invalid when lower wind speeds result in a
high thrust coefficient. The near-wake correction calculates velocity deficits
using Blade Element Momentum (BEM) theory for thrust coefficient below
24/25. For higher thrust coefficients, the solution becomes unstable as the

rotor influence become more significant.

In contrast, the simplified modeling approach is not subject to these limita-
tions associated with the wind modeling and the wake model. The analytical
Gaussian-based wake model is deactivated in the absence of wind and remains
valid as long as the thrust coefficient is smaller than both 8(kz/D + €)? and
1, as shown in Equations 4.6 and 4.8, respectively. As a result, the simplified
model supports no-wind simulations for static or free-decay tests, and also al-
lows for scenarios combining low wind speeds with high wave conditions for

wave-dominated simulations.

TurbSim V2 is applied to generate the synthetic turbulence ambient flow for
the floating array. The grid discretization for the low and high resolution
domain in FAST.Farm followed the guidelines [54], and the distributed scripts
[127] were conducted to define the parameters for the inflow generation for each

wind speed and wind-farm layout.

The simulation-to-CPU time ratio is defined as the average ratio between the

simulation time and the actual computational time, for evaluating the compu-
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tational efficiency (Table 6.4). For example, the non-wind simulation of the
individual FOWT with a conventional configuration runs for 20 min, with a
total CPU time of 13.4 min in OpenFAST and 1.3 min using the simplified
model in Simulink. Consequently, the simulation-to-CPU time ratios are 1.5
for OpenFAST and 15.4 for the simplified method. The higher time ratio
achieved by the simplified modeling approach indicates a reduction of more

than 75-fold in computational effort.

The computational effort for simulations in OpenFAST and FAST.Farm is
strongly influenced by the number of output channels in the result files and the
minimum time step defined across all modules. To reduce the computational
demands, output channels are limited to turbine power, floater motion, and
mooring line force, and visualization files of disturbed winds are excluded in
FAST.Farm.

The module time step in FAST.Farm is set to 0.02 s, consistent with the global
time step defined in the simplified modeling approach. However, the module
time steps in the MoorDyn input files are set to 0.001 s and 0.0001 s, re-
spectively, for conventional moorings in OpenFAST and shared moorings in
FAST.Farm. These time steps ensure that MoorDyn conducts error-free cal-
culations, since sensitivity tests show that using a time step of 0.0002 s causes

errors during Moordyn dynamic relaxation.

The simplified modeling approach neglects mooring dynamics and enables a
time step of 0.02 s for error-free simulations. As a result, its computational
demand for simulating the floating turbine array with shared line configurations
is significantly reduced. Comparison of simulation-to-CPU time ratios in Table
6.4 demonstrates the superior computational efficiency of the simplified model
relative to the higher-fidelity FAST .Farm (v3.5.1). This efficiency enables faster
analysis, simulation, and evaluation of floating wind farms with shared line
configurations, making the simplified model a more practical choice for large-

scale simulations.



6.3 Simulation results and performance comparisons 125

6.3 Simulation results and performance comparisons

6.3.1 Static tests of a single FOWT and the floating array

First, the FOWT with a new conventional configuration is analyzed using both
OpenFAST and the simplified modeling approach, excluding wind and wave
loads. Each simulation runs for 20 min, and the static floater motions are

recorded over the final 10 min, as summarized in Table 6.5.

Table 6.5: Comparison of static floater motions and mooring forces on lines L3 and L1
for a single FOWT using OpenFAST (“Open”) and the simplified modeling
approach (“Simp”).

model *  Tool surge [m] heave [m] pitch [°] T3 [MN] T7; [MN]

Simp -0.14 0.10 -1.73 4.24 4.23
FOWT1 Open -0.13 0.11 -1.70 4.24 4.23

Tool  surge [m| heave [m] pitch [°] Tp4 [MN] Tre [MN]

Simp -0.16 0.10 -1.73 4.24 4.23
FOWT?2 Open -0.15 0.11 -1.70 4.24 4.23

Y 4FOWTI1” and “FOWT2” denote the upstream and downstream FOWTs, respectively.

Due to the symmetric mooring layout, the static sway, roll, and yaw motions
remains zero, while the differences between these two tools are minimal, surge
and heave motions differ by 0.01 m, pitch motion by 0.03°, and mooring forces
at fairleads by 0.01 MN. This good agreement shows that the simplified model
can accurately reproduce the response of a single FOW'T with a conventional

configuration, validating its reliability for static condition tests.

Next, the two-turbine array with shared line configurations is simulated using
FAST.Farm and the simplified modeling approach at a wind speed of 2 m/s.
This low-wind scenario ensures error-free simulations in FAST.Farm, which is
not designed for no-wind conditions, and avoids the influence of high wind
thrust forces on floater motions and mooring forces. Each test runs for 30 min,
and the mean motions are recorded over the final 10 min, as listed in Table
6.6.
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Table 6.6: Comparison of static floater motions and mooring forces on lines L3S, LS,
and L6S for the floating array with shared line designs at 2 m/s, using
FAST.Farm (“FAST”) and the simplified modeling approach (“Simp”).

Tool surge heave pitch Tr3s Trs

m] [m] [°] [MN]  [MN]

Simp -4.32 0.10 -0.93 3.78  3.80

OD"  pAST 436 012 -08) 3.78 3.80

Simp -0.20 0.08 -1.05 4.22 4.17

FOWTL — 7Dr FAST -0.26 0.09 -1.02 4.21 4.15
8D Simp -3.56 0.12 -1.11 3.86 3.78

FAST -3.71 0.13 -1.08 3.85 3.76

Tool surge heave pitch Trg Tres

] [m] [ [MN] [MN]

6Dr Simp 7.24 012 -1.62 3.80 3.50

FAST 7.29 0.13 -1.55 3.79 3.51

Simp  2.57 0.10 -1.46 4.17 3.94

FOWT2  7Dr FAST 2.63 0.11 -1.38  4.15 3.94
8Dy Simp 6.35 0.13 -143 3.78 3.58

FAST 6.56 0.15 -1.35 3.75  3.57

For static tests of the floating array under low-wind conditions, the symmetric
shared mooring configuration results in zero mean sway and roll motions. The
mean yaw motion predicted by FAST.Farm is 0.03°. Both simulation tools
produce similar static floater motions, with the maximum differences of 0.21 m
in surge, 0.02 m in heave, and 0.08° in pitch. The mean mooring forces exhibit
a maximum difference of 0.03 MN. This close agreement demonstrates that the
simplified model can accurately reproduce the static response of the floating

turbine array with shared line configurations.

Although the mean mooring forces show good agreement, significant differ-
ences are observed during the first 600 s of the simulations. Figures 6.3 and 6.4
compares the mooring forces predicted by the two simulation tools for the con-
ventional and shared line mooring configurations, respectively. Strong agree-
ment between OpenFAST and the simplified modeling approach in predicting

mooring forces for a single FOWT with the conventional configuration. At the



6.3 Simulation results and performance comparisons 127

start of the simulation, the predicted forces are close to the pretension value of
4.3 MN reported in Table 6.2. The OpenFAST results exhibit high-frequency
fluctuations during the first 100 s. Following this ramp-up period, the mooring
force converges to a stable value that closely aligns with the predictions of the

simplified model.
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Figure 6.3: Comparison of mooring forces for a single FOWT with the new conven-
tional configuration during the first 600 s of static no-wind tests, using
OpenFAST and the simplified modeling (“Simplified”).

However, as shown in Figure 6.4, at the start of the simulation, FAST.Farm
predicts mooring forces below 4 MN in anchor lines L3S and L6S, despite their
pretensions reaching 4.2 MN, while the simplified modeling approach predicts
forces closely matching that pretension. A larger discrepancy is observed in the
shared line, where FAST .Farm estimates forces below 1 MN, significantly below
the pretension of 3.7 MN at a 7D, spacing (Table 6.3), while the simplified

model provides a much closer match.

The shared line has over 500 m of its length suspended in water under static
conditions, generating a vertical mooring force exceeding 2 MN. The underes-
timated shared mooring force during initialization in MoorDyn (the mooring
module for OpenFAST and FAST.Farm) may result from an inaccurate quasi-

static calculation of node positions along the line.
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Figure 6.4: Comparison of mooring forces for the floating array with a shared line
configuration at 7D, spacing during the first 600 s of static low-wind tests,
using FAST .Farm and the simplified model (“Simplified”).

In MoorDyn input files, line ends are defined by the coordinates of fairleads
and anchors. The close agreement observed for the single FOWT with the
conventional mooring configuration (Figure 6.3) confirms the accuracy of the
fairlead and anchor coordinates for the anchor lines. In contrast, the shared
line has no anchors, and both ends share the same vertical coordinates. This
likely causes misinterpretation of the fairlead and anchor positions, and the
resulting zero vertical difference between the two ends leads to the small initial

mooring force predicted by FAST.Farm.

Compared to FAST.Farm, the simplified model predicts an initial force of 3.9
MN in the shared line, closely matching the pretension. While the different
initial forces have only a minor effect on the mean mooring force under low-
wind conditions, they cause a significant influence on the free-decay tests, as
discussed in Section 6.3.2. The mooring force comparison highlights the pre-
diction accuracy of the simplified model and its advantages over FAST.Farm

in terms of initial force estimation in the shared line.
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6.3.2 Decay tests of a single FOWT and the floating array

A single FOWT with a conventional configuration is simulated in OpenFAST
and the simplified modeling approach during the decay test, excluding wind
and wave loads. Initial displacements of 5 m in surge, sway, and heave motions,
and 5° in roll and pitch motions are applied. The floater motions, shown in
Figure 6.5, are compared over 20 min of free decay, with magnified time and

frequency axes to highlight differences between simulation tools.

Figure 6.5 shows strong agreement between OpenFAST and the simplified
model in the free-decay test for the single FOWT with the conventional configu-
ration. While the simplified model predicts slightly larger motion displacements
than OpenFAST, it maintains the same motion frequencies, as summarized in
Table 6.7. The displacement differences arise because the simplified model
neglects the wave radiation damping in its hydrodynamic modeling, which in-
creases motion amplitudes. Overall, the comparison demonstrates that the
simplified model accurately captures the fundamental dynamics of the FOWT,
providing responses comparable to OpenFAST.

Table 6.7: Comparison of motion eigenfrequencies (in Hz) for a single FOWT with
a conventional configuration, predicted by OpenFAST and the simplified
modeling approach (“Simplified”).

Tool surge sway heave roll pitch
Simplified 0.011 0.011 0.055 0.034 0.034
OpenFAST 0.011 0.011 0.055 0.034 0.034

During the free decay tests of the floating array with shared line configura-
tions, a low wind speed of 2 m/s is applied to ensure error-free simulations in
FAST.Farm. Figure 6.6 compares the decay response of the floating turbine
array with a shared mooring line using FAST.Farm and the simplified modeling
approach. An initial 5 m displacement is applied to translational motions and
55° to rotational motions. Since motion differences between the two simulation
tools appear across all three shared mooring designs, the floating array with

7D, spacing is chosen as the representative case.
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Figure 6.5: Comparison of motion decay tests for a FOWT with a conventional con-
figuration using OpenFAST and the simplified modeling approach.

Notable surge and pitch differences are observed in the floating turbine ar-
ray between FAST.Farm and the simplified model. Within the first 200 s,
FAST.Farm produces larger displacements than the initial values and exhibits
greater fluctuations. While FAST.Farm uses OpenFAST for individual FOWT
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Figure 6.6: Comparison of motion decay tests for the floating turbine array with a
shared line design at 7D, spacing using FAST.Farm and the simplified
modeling approach.

dynamics, the single-FOWT decay test (Figure 6.4) showed close agreement be-
tween OpenFAST and the simplified model, suggesting that the differences in
the array decay tests arise from the shared mooring configuration and low-wind

forces. At 2 m/s, the wind thrust force is below 0.2 MN and has minimal im-
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pact on floater motion, indicating that the larger displacements in FAST.Farm

are primarily induced by the shared line.

Figure 6.7 compares mooring forces at the fairleads for anchor line L3S and
shared line LS during the first 200 s of the array decay tests at 7D, turbine
spacing. FAST.Farm predicts an initial shared mooring force below 2 MN in
all four decay tests, significantly lower than the pretension of 3.7 MN at this
spacing. As discussed in Section 6.3.1, over 500 m of the shared line remains
suspended under static conditions, producing a vertical mooring force exceeding
2 MN. The underestimated initial force in MoorDyn (the mooring module of
OpenFAST and FAST.Farm) likely results from inaccuracies in quasi-static
node-position calculations. The misinterpretation of the fairlead and anchor
positions of the shared line eliminates vertical difference between these two
ends. In contrast, the simplified model predicts an initial shared mooring force

that closely matches the pretension.

The correct interpretation of fairlead and anchor positions is also reflected
in anchor lines of the shared line configuration, where both FAST.Farm and
the simplified model predict an initial force of 4 MN, closely matching the
pretension. However, in FAST . Farm, this creates a horizontal force imbalance
between the anchor lines and the shared line, which is not seen in the simplified
model. This force imbalance causes a larger negative surge of the upstream
floater and increases the surge of the downstream floater during the first 20
s, exceeding its initial displacement. The higher mooring forces in the anchor
lines also generate a bending moment on the floaters, resulting in a greater
negative pitch for the upstream floater and a reduced positive pitch for the

downstream floater during the first 15 s, compared to the simplified model.

Although larger motion differences appear during the first 200 s of the array
decay tests, the motion eigenfrequencies, analyzed through power spectral den-
sities (Figure 6.8) for 7D, spacing at 2 m/s, show strong agreement between
FAST.Farm and the simplified model. Table 6.8 summarizes these eigenfre-

quencies, confirming a good match.
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Figure 6.7: Comparison of mooring forces in anchor line L3S and shared line LS for the

floating array with a shared line design at 7D, spacing during the first 200
s, predicted by FAST.Farm and the simplified modeling approach. Each
row shows the motion decay and corresponding mooring forces.

Table 6.8: Comparison of motion eigenfrequencies (in Hz) for the floating array with

a shared line design at 7D, spacing, predicted by FAST.Farm and the sim-
plified modeling approach.

Tool surge 1 surge 2 sway heave roll pitch
Simplified 0.007 0.011 0.011 0.055 0.034 0.034
FAST.Farm 0.007 0.011 0.011 0.055 0.034 0.034
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Figure 6.8: Comparison of Power Spectral Density (PSD) of floater motions on a log-
arithmic scale during free decay tests of FOWTs with a shared line design
at 7D,. spacing, predicted by FAST.Farm and the simplified modeling ap-
proach.

The conventional mooring design produces an eigenfrequency of 0.011 Hz for
both surge and sway motions. In contrast, the shared line configuration with

7D, spacing introduces an additional surge frequency at 0.007 Hz, due to cou-
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pling with the downstream FOWT through the shared line. Overall, the agree-
ment observed in both single-FOWT and array decay tests shows that the
simplified model accurately reproduces the decay response and captures the
fundamental dynamics of the floating array, with the added advantage of more

accurate initial shared mooring force predictions compared to FAST.Farm.

6.3.3 Steady wind tests of the floating array

The floating array with shared line configurations is evaluated under steady
inflow conditions, with upstream wind speeds from 3 m/s to 13 m/s, to assess
turbine power performance. The velocity deficits due to wake effects cause
different downstream wind speeds and power outputs. Each test runs for 30
min, excluding wave loads, and the mean speed and power are recorded over
the final 10 min. Figure 6.9 compares power outputs for upstream FOWT1 and
downstream FOWT?2, as well as the downstream mean wind speed, predicted by
FAST.Farm and the simplified modeling approach, while Table 6.9 summarizes

the corresponding mean power.

In the simplified model, the Gaussian wake model (Equation 4.5) uses three
wake growth rates (Equation 4.6), 0.03, 0.04, and 0.05, denoted K3, K4, and
K5, to assess the effect of wake expansion on downstream wind speed and
turbine power. These rates are derived from the linear slopes of the normalized
standard deviations of the Gaussian curves fitted to velocity deficit profiles in
onshore turbine wakes. Experimental and LES studies have accounted for
different terrain roughness, with K3, K4, and K5 corresponding to roughness
of 0.005 m, 0.05 m, and 0.5 m, respectively [119]. A roughness of 0.006 m has
also been suggested as representative of the Nantucket Sound wind farm site
[131]. Due to the lack of publicly available site-specific data, future research
is recommended to investigate the influence of upstream wind conditions and

surface roughness on the wake expansion parameter for floating wind turbines.

Upstream turbine power, governed by the upstream wind speed, is independent

of shared line configurations, showing differences between the two simulation
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Figure 6.9: Comparison of mean power outputs and downstream wind speeds for the
floating turbine array with shared line designs under steady inflow con-
ditions, predicted by FAST.Farm (“FAST”) and the simplified modeling
approach (“Simp”) with three wake growth rates (K3, K4, and K5).

tools within 0.1 MW. This small power difference indicates that the simplified
model predicts comparable turbine power to FAST.Farm at the similar wind
speed. Downstream wind speed and power, however, are strongly influenced
by wake effects. Among the three wake parameters, K4 provides the clos-
est agreement with FAST.Farm for downstream turbine power when upstream
wind speed exceeds 5 m/s. Across three turbine spacings, the maximum down-
stream power difference occurs at rated wind speed of 11 m/s, ranging from
0.3 MW (3%) to 0.5 MW (5%) higher than FAST.Farm predictions.
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Table 6.9: Comparison of mean power outputs (in MW) for the floating array with
shared line designs under steady inflow conditions, predicted by FAST.Farm
(“FAST”) and the simplified modeling approach (“Simp”) with three wake
growth rates (K3, K4, and K5).

Speed m/s] 3 5 7 9 11 13

Simp 00 1.1 40 87 150 15.0

FOWTL - FAST 00 1.1 4.1 88 150 15.0
K3 00 03 14 39 82 150

6D, K4 00 04 1.7 46 9.1 150

K5 00 04 20 51 98 150

FAST 00 0.1 1.7 46 88 150

K3 00 03 16 44 89 150

K4 00 04 20 51 99 150

FOWT2 7D, K5 0.0 05 23 56 107 15.0
FAST 00 01 20 51 95 150

K3 00 04 19 49 96 15.0

8D, K4 0.0 05 22 55 106 15.0

K5 0.0 06 25 6.0 11.3 15.0

FAST 0.0 02 22 55 101 15.0

The steady inflow analysis demonstrates that the simplified modeling approach
accurately predicts upstream turbine power, with differences from FAST.Farm
within 0.1 MW, while accounting for wake effects, the maximum downstream
power difference remains within 5%, indicating that the simplified model pro-
vides accurate predictions of turbine performance in a floating array with

shared line configurations.

6.3.4 Steady wind and regular wave tests of the floating array

The steady wind and regular wave tests are conducted at a constant upstream
wind speed of 7 m/s, while wave heights range from 1.5 m to 6.5 m to evaluate
wave effects on the floating turbine array. The analysis focuses on mooring
forces in anchor line L3S and shared line LS, as these experience the largest

loads on each floater. Each test lasts 40 minutes, with maximum and mean
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forces extracted from the final 10 minutes of data. Figure 6.10 presents a
comparison between the mooring forces predicted by FAST.Farm and those
obtained from the simplified modeling approach using the K4 parameter in

the Gaussian-based wake model.
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Figure 6.10: Comparison of the maximum and mean mooring forces for the float-
ing array with shared line designs during steady wind and regular wave
tests using FAST.Farm (“FAST”) and the simplified modeling approach
(“Simp”). Differences in maximum forces are displayed as percentages of
the FAST.Farm results.

Figure 6.10 shows that the mooring forces predicted by the two simulation
tools are in good agreement across all wave heights, confirming the accuracy
of the quasi-static mooring model. The difference in mean mooring forces is
within 0.1 MN. For the maximum mooring forces, the largest deviations for
the most heavily loaded anchor line L3S are 5.5%, 6.0%, and 5.4% across the

three turbine spacings, while for the shared mooring line LS, the corresponding
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deviations are 4.8%, 0.6%, and 1.7%, all occurring at the highest wave height
of 6.5 m. In general, the differences in mooring forces between the two tools

increase with wave height.

Among the three turbine spacings, the 6D, spacing shows deviations exceeding
4% in the shared line mooring forces under the highest wave conditions. To
further present these force differences, Figure 6.11 illustrates forces in line L3S
and LS for the floating array with a shared line design at a 6D, distance,
under both the lowest and highest regular wave conditions. Forces from the
final 10 min of each test are used to calculate the power spectral density on a

logarithmic scale.

Figure 6.11 shows that FAST.Farm exhibits larger mooring force fluctuations
than the simplified model. As wave height increases from 1.5 m to 6.5 m, the
dynamic range in line L3S grows from 0.2 MN to 0.6 MN due to mooring dy-
namics captured by the Morison equation in MoorDyn. The simplified model,
using quasi-static mooring, neglects these dynamics and produces lower peak
forces. Within the wave frequency range (0.1 to 0.45 Hz), FAST Farm shows
three peaks in the L3S force PSD at 0.14 Hz, 0.29 Hz, and 0.43 Hz. The sim-
plified model, in contrast, exhibits a pronounced peak at 0.14 Hz and a weaker
peak at 0.29 Hz, with much smaller magnitudes. Because it neglects mooring
dynamics, the simplified model underestimates the contributions of fluid veloc-
ity and acceleration to mooring forces, corresponding to the PSD at 0.29 Hz
and 0.43 Hz. At higher wave heights, increased fluid velocity and acceleration

amplify the differences in L3S forces between the two models.

In FAST.Farm results, the shared line mooring forces show broadband energy
with multiple local maxima, rather than distinct peaks like the anchor line
forces. This reflects the influence of wake-induced turbulent wind loads on the
downstream FOW'T. However, these effects are not captured by the simplified
model, because the Gaussian wake model predicts only the mean wake deficit
using a constant wake parameter. In contrast, FAST.Farm accounts for wake

advection, deflection, and meandering [54]. And higher wave conditions amplify
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Figure 6.11: Comparison of mooring forces in lines L3S and LS for the floating turbine
array with a shared line design at a 6D, distance under steady wind and
regular wave conditions, predicted by FAST.Farm (“FAST”) and the sim-
plified modeling approach (“Simp”) with K4 in the wake model. Power
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spectral density is presented on a logarithmic scale.

the difference in wake models, increasing force deviation in the shared line

between the two tools.
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Overall, the steady wind and regular wave tests show that the simplified model
provides mooring force predictions comparable to FAST.Farm. Lower peak
forces in the anchor lines arise from the quasi-static mooring model, which
neglects inertia and damping effects, while the Gaussian wake model inability
to capture wake dynamics contributes to reduced peak forces in the shared line.
Deviations between the two models remain below 5% for wave heights under

5.5 m, and have a maximum deviation of 6% for the highest wave of 6.5 m.

6.3.5 Turbulent wind and irregular wave tests of the floating array

Two sets of turbulent wind and irregular wave simulations (Table 6.4) are
performed in FAST.Farm and using the simplified model with a wake growth
rate of 0.04 (K4), since K4 provides the closest agreement in power output in
steady wind tests. The first set maintains constant irregular wave conditions
while varies the mean upstream wind speed. The second set keeps the upstream
mean wind constant, but varies the significant wave heights. For each turbulent
wind condition, six random seeds are used, and each simulation runs for 70
min. Data on turbine power output, floater surge displacement, and mooring
line forces are collected from the final 20 min of each simulation, and then
averaged across six seeds. Figures 6.12 and 6.13 compares the dynamic response
of the floating array under two representative test conditions, predicted by
FAST.Farm and using the simplified model with K4.

The comparisons demonstrate that the simplified model effectively reproduces
the dynamic performance of the floating array with shared line configurations
under turbulent wind and irregular wave conditions, showing close agreement
with the results from FAST.Farm. Although the Gaussian wake model cap-
tures only the mean velocity deficit, leading to differences in downstream rotor-
averaged wind speeds, and the quasi-static mooring model neglects inertia and
damping effects, reducing peak mooring forces, the overall consistency between
the two simulation tools supports the validity of the numerical implementation

and the underlying modeling assumptions of the simplified approach.
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Figure 6.12: Comparison of the dynamic performance of the floating array with 7D,
spacing under the turbulent wind conditions with the upstream mean
speed of 9 m/s, and irregular waves with a significant wave height of 1.5
m, using FAST.Farm (“FAST”) and the simplified model with K4 (“K4”).

Table 6.10 summarizes the mean power output of the floating turbine array
as predicted by FAST.Farm and the simplified model with K4. The simpli-
fied model consistently underestimates the mean power of the upstream tur-
bine by about 0.3 MW across the three upstream mean wind speeds. For the
downstream turbine, it predicts roughly 0.2 MW lower at lower wind speeds

and 0.2 MW higher at an upstream mean wind speed of 11 m/s compared to
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Figure 6.13: Comparison of the dynamic performance of the floating array with 7D,
spacing under the turbulent wind conditions with the upstream mean
speed of 11 m/s, and irregular waves with a significant wave height of
6.5 m, using FAST.Farm (“FAST”) and the simplified model with K4

(“K4” ).

FAST.Farm. Overall, the results show that the simplified model reproduces

power production in close agreement with FAST.Farm.

Figure 6.14 compares the 20-minute mooring fatigue of anchor line L3S un-
der turbulent wind tests for three mean upstream wind speeds, as predicted

by FAST.Farm and the simplified model with K4. At a mean wind speed
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Table 6.10: Comparison of the mean power (in MW) of the floating array with shared
mooring configurations during the first set of turbulent wind and irregular
wave tests, predicted by FAST.Farm and the simplified model with K4

(“K477).
Speed [m/s] 7 9 11
K4 4.0 86 139
FOWTL - FAST Farm 4.3 89 14.2
6D K4 2.2 54 10.7
" FAST.Farm 2.4 5.6 10.5
K4 24 5.8 11.2
FOWT2  7D: FAST.Farm 2.6 6.0 11.0
8D K4 26 6.1 11.6

FAST.Farm 2.8 6.4 11.5

of 11 m/s, the mooring fatigue is highest across all three shared line designs.
FAST.Farm predictions exceed those from the simplified model that can not
capture the high-frequency fluctuations in mooring forces induced by dynamic
wake effect and mooring dynamic forces. For the floating array at three spac-
ings, the differences at 11 m/s reach 26 %, 17 %, and 43 %. These cases
correspond to designs with the smallest chain diameters, whose feasibility has
not been fully examined. Thus, the observed differences highlight the poten-
tial underestimation of fatigue by the simplified model, although such large

difference are not expected for all designs.

Figure 6.15 compares the normalized mooring fatigue calculated using the oc-
currence probabilities of three mean upstream wind speeds (approximately
19%, 21%, and 18%, Figure 6.2), with the fatigue contribution from only the
11 m/s mean wind speed, as predicted by FAST.Farm and the simplified model
with K4.

The results indicate that fatigue estimates are sensitive to the choice of sea
states, with the 11 m/s mean wind speed dominating the contribution. Be-
cause only three mean wind speeds are considered, additional lower-damage

and less frequent cases (Figures 5.15 and 6.2) from the remaining wind speeds
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Figure 6.14: Comparison of the 20-minute mooring fatigue of line L3S under turbulent
wind conditions, as predicted by FAST.Farm (“FAST”) and the simplified
model with K4 (“Simp”).
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Figure 6.15: Comparison of the 20-minute mooring fatigue of line L3S under turbulent
wind conditions and for the single mean speed at 11 m/s, predicted by

FAST.Farm (“FAST”) and the simplified model with K4 (“Simp”).
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would further reduce the total normalized fatigue. While using a single sea
state underestimates fatigue by up to 46 % for both FAST.Farm and the sim-
plified model, this remains a practical and efficient approach for large-scale
simulations. The fatigue differences are most pronounced in these shared base-
line designs with the smallest chain diameters, of which feasibility is uncertain,
while heavier designs with larger chains are less affected (Figure 5.19). Ap-
plying a higher fatigue safety factor of 10 (twice the standard factor of 5 [12])
further compensates for the underestimation, supporting the reliability of the

assessment.

For the second set of turbulent wind tests with different irregular wave condi-
tions, Figure 6.16 compares the mean power output, maximum floater surge
displacement, and maximum mooring line forces between the two tools for the
floating array with shared line configurations. The deviations in power, surge,
and mooring forces are presented as percentages relative to the FAST.Farm

results, analyzed at significant wave heights (H) of 1.5 m, 3.5 m, and 6.5 m.

Different H, have only a minor effect on the mean power output of the floating
array. The power differences between the two tools remain consistent with
those observed in the first set of turbulent wind tests. The simplified model
with K4 slightly underestimates the mean power of the upstream turbine by
up to 2.2% (0.3 MW) and overestimates the power of the downstream turbine
by up to 2.5% (0.3 MW) compared to FAST.Farm. However, different Hs have
a strong impact on the maximum floater surge and maximum mooring forces.
At the lowest Hj, the simplified model predicts a slightly higher surge of the
upstream FOWT (up to 2.9%) and a lower mooring force (less than 4.7%).
These deviations increase with rising H, but remain within 5% for Hs up
to 3.5 m. While at the highest Hy, the surge difference reaches 8.3% for the
downstream FOWT, corresponding to an increase of 2.2 m predicted by the
simplified model. Similarly, the mooring force deviation rises to 7% for the

shared line, with the simplified model underestimating the force by 0.4 MN.

Under turbulent wind tests with a constant upstream mean wind speed and

irregular waves of six Hg, the deviations in floater surge and mooring forces
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Figure 6.16: Comparison of mean power output, maximum floater surge, and max-
imum mooring forces for the floating array with shared line configura-
tions, under turbulent wind and irregular wave conditions, as predicted
by FAST .Farm (“FAST”) and the simplified model with K4 (“K4”). De-
viations are displayed as percentages of the FAST.Farm results at Hg
values of 1.5 m, 3.5 m, and 6.5 m.

mainly arise from differences in the hydrodynamic and mooring models used by
the two tools. FAST.Farm accounts for wave radiation damping, while the sim-
plified model neglects these forces. The higher damping in FAST.Farm leads
to smaller surges compared to the simplified model, as observed in the free

decay test of a single FOWT (Figure 6.6), where including radiation damping
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reduces surge displacement. FAST.Farm also incorporates dynamic mooring
forces, while the simplified model relies on quasi-static mooring analysis. In-
cluding these mooring dynamic forces in FAST.Farm further restricts floater

motions, contributing to the reduced surge.

Overall, these two sets of turbulent wind and irregular wave tests demonstrate
the predictive accuracy of the simplified model compared to FAST.Farm in
terms of power production, floater surge, and mooring forces for the floating
turbine array with shared line configurations. Although differences in these
parameters are observed, the deviations remain within an acceptable range,
indicating that the simplified model can produce results comparable to those

of the higher-fidelity simulation tool.

6.4 Application of the simplified modeling approach

Section 6.3 demonstrates that the simplified modeling approach can effectively
capture the dynamic performance of a floating array with three shared line
configurations under various environmental conditions, producing results com-
parable to those from FAST.Farm. This section addresses two challenges as-
sociated with shared line designs and introduces a new configuration aimed at
reducing surge motion and increasing lay-down length. In addition, the ar-
ray is expanded from two to four FOW'Ts to highlight the applicability of the

simplified model for large-scale wind farm simulations.

6.4.1 Improved shared line design for the two-turbine array

The first challenge associated with shared line configurations is the increased
surge motion, which results from the reduced mooring stiffness compared to
conventional designs. This effect is evident in turbulent wind tests (Figures
6.12 and 6.13), where the downstream floater exhibits larger surge than the
upstream floater. Such increased surge presents challenges for cable design and

safety, as excessive motion may lead to cable damage.
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The second challenge concerns the lay-down length of the upwind anchor lines,
particularly those connected to the upstream floater, which experience the
highest loads in a shared line configuration. High mooring forces increase
the risk of lifting the dragged embedment anchor from the seabed. Figure
6.17 illustrates the lay-down length of anchor line L3S, which experiences the
highest load during turbulent wind tests.
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Figure 6.17: The lay-down length of the anchor line L3S in shared line Design 1 under
the turbulent wind conditions across six wind seeds.

The tests were conducted with a mean upstream wind speed of 11 m/s, a
significant wave height of 6.5 m, and 7D, spacing between the two FOWTs.
Negative lay-down lengths are observed, even though the maximum mooring
force remains within the allowable range (Figure 6.13). A negative lay-down
length indicates that the dragged embedment anchor has lifted off the seabed,

posing a significant risk to the mooring integrity of the floating array.

To enhance the dynamic performance of the floating array, a new shared line

design (Design 2) is proposed. Compared to Design 1 (Tables 6.2 and 6.3), De-
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sign 2 doubles the mooring mass to reduce maximum surge and ensure sufficient
minimum lay-down length. The design follows a similar workflow for selecting
the line with the smallest chain diameter, as described in Section 6.2.2. The

corresponding mooring properties are summarized in Table 6.11 for the anchor
lines and Table 6.12 for the shared line.

Table 6.11: Design parameters, constraints, and properties for refined anchor lines.

Variable Range, unit Design 2
Length ratio [0.3:0.05:0.7] 0.3
Parameter Chain diameter [68:1:205] mm 177
Chain grade [R3, R3S, R4, R4S] R4S
Mooring mass per turbine  4e5 kg 4eb
Constraint  Total unstretched length [600 1000] m 967
Pretension ratio [0.1 0.3] 0.30
Mass per unit length in air kg/m 623
Property Mooring tension stiffness GN 5.1
Anchor radius m 981
Mooring pretension MN 8.48

Table 6.12: Design parameters, constraints, and properties for the refined shared line.

Variable and range Design 2
FOWT distance [6, 7, 8] D, 6 7 8
Parameter Length ratio [0.3:0.05:0.7] 0.3 035 0.55
Chain diameter [60:1:200] mm 206 195 195
Chain grade [R3, R3S, R4, R4S] R3
. Mooring mass per turbine 4e5 kg 4eb
Constraint bt ension ratio [0.1 0.3] 026 0.30 0.30
Total unstretched length m 1443 1658 1903
Property =~ Mass per unit length in air kg/m 836 757 757
Mooring tension stiffness GN 6.8 6.2 6.2
Mooring pretension MN 6.60 7.18 7.18

The floating array with Design 2 is simulated using the simplified modeling
approach with a wake growth rate of 0.04, under turbulent wind conditions
with a mean wind speed of 11 m/s and irregular waves with a significant wave

height of 1.5 m. The simulation setup and post-processing procedures follow
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those described in Section 6.2.4. Figures 6.18 and 6.19 compares the maximum

floater surge and the minimum lay-down length of anchor line L3S between

Design 1 and Design 2.
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Figure 6.18: Comparison of the maximum floater surge averaged across wind seeds
between two shared line designs.
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Figure 6.19: Comparison of the minimum lay-down length of the anchor line L3S be-
tween two shared line designs.

Design 2 increases the mooring chain diameter and doubles the mooring mass,

significantly enhancing the mooring stiffness. As a result, the maximum surge

motion is reduced, and the minimum lay-down length across all six simulations
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exceeds 60 m, compared to Design 1 under identical environmental conditions.
This outcome suggests that while Design 2 provides improved stability, it may
be conservative, and further optimization is recommended to avoid over-design
of the shared line configurations. Overall, the rapid analysis of the two-turbine
array confirm the effectiveness of the simplified modeling approach and estab-
lish its strong potential as a practical tool for parametric studies and large-scale

floating wind farm simulations.

6.4.2 Power prediction of the four-turbine floating array

Figure 6.20 illustrates a four-turbine array. The properties of each FOWT
are described in Section 4.3.3, with the principal dimensions summarized in
Table 4.1. All four FOWTs have similar structural properties, with a fairlead
radius of 42.5 m. The initial angle between each pair of mooring lines is 120°.
All anchor lines share similar characteristics listed in Table 6.2. The turbine

spacing (D) is 8D.

FOWTB FOWT C FOWTD
Wind L3B L3C L3D
Wave Lic / L1D
L2B L2¢c
: L2D
Ds Ds

Figure 6.20: A four-turbine array using conventional configurations.

To estimate the disturbed wind speed at a downstream turbine located within
multiple wakes, the wake superposition model proposed by [53] is employed to
account for the combined effects of upstream turbine wakes, as expressed in
Equation 6.1. This wake overlap model is implemented within the wake module

of the simplified modeling approach.
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n 1/2
U= (Z Uf/n> (6.1)

where U is the disturbed wind speed at the downstream turbine affected by
multiple wakes, and U; is the reduced wind speed at the turbine due to the
wake from a single upstream turbine ¢. U; can be calculated using the Gaussian
wake model (Equation 4.5). The variable n is the number of upstream turbines
contributing to the wake. This wake overlap model is not based on the superpo-
sition of the wind speed deficits, such as linear or squared deficit superposition
models, but combines the reduced downstream wind speeds to ensure that the

disturbed wind speed remains positive and physically meaningful [53].

The four-turbine array is evaluated under steady upstream inflow conditions,
with a wind speed of 11 m/s. Wake-induced velocity deficits result in different
downstream wind speeds and power outputs. Each simulation runs for 4800
s, excluding wave loads, with the mean wind speed and power recorded over
the final 600 s. Figure 6.21 compares the power outputs of three downstream
turbines as predicted by FAST.Farm and the simplified modeling approach,
which uses different wake parameters applied to each downstream FOWT. K A,
K B, KC represent the wake parameters accounting for the contributions from
upstream FOWTs A, B, and C, respectively.

The power comparison demonstrates that the simplified model can provide pre-
dictions comparable to FAST.Farm for the four-turbine array. This case study
highlights the application of the simplified model for wind-farm simulations
with conventional mooring configurations. For instance, layout optimizations
are often based on static analyses rather than dynamic simulations of the entire
floating wind farm, due to high computational demands. However, static anal-
yses may underestimate floater motions and mooring forces. The simplified
model overcomes this limitation, enabling efficient evaluation of array dynam-
ics while providing power predictions comparable to those from higher-fidelity

simulation tools.
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Figure 6.21: Comparison of downstream turbine power outputs predicted by
FAST.Farm (“FAST”) and the simplified modeling approach (“Simp”)
with different wake growth rates, accounting for the contributions from
upstream FOWTs A, B, and C. The gray shading (FOWTs C and D)
indicates the FAST.Farm results.

6.5 Summary

This chapter introduces a simplified modeling approach for analyzing the dy-
namic performance of floating turbine arrays. Verification against FAST.Farm
(v3.5.1) demonstrate that this approach significantly enhances the computa-
tional efficiency and predicts comparable results of power output, floater surge,
and mooring force as those from FAST.Farm under various environmental con-

ditions.

The increased simulation-to-CPU time ratio represents a reduction of more
than 75-fold in computational effort. Such an advantage facilitates rapid anal-
ysis and enables large-scale simulations of floating wind farms with both con-
ventional and shared mooring designs. Findings from static and decay tests
indicate that the simplified model effectively captures the fundamental dy-
namics of the floating array. It is more suitable than FAST.Farm, which is
not designed for simulations that exclude wind loads. Both steady and tur-
bulent wind tests suggest that fine-tuning the wake expansion parameter in
the Gaussian-based wake model could improve the accuracy of turbine power

predictions.
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The limitations of the simplified model are also addressed. The Gaussian-based
wake model predicts only the mean deficit, while FAST.Farm accounts for wake
dynamics, which leads to differences in power output and mooring line forces
for the downstream turbine. Also, the omission of wave radiation damping and
mooring dynamics in the simplified model results in higher surge motions and

underestimated mooring forces.

In addition, this chapter demonstrates the application of the simplified model
for rapid analysis of an improved shared line design for a two-turbine array, as
well as power prediction for a four-turbine array accounting for multiple wake
effects. These case studies highlight the strong potential of the simplified model
for further shared line and wind-farm layout optimization. Overall, the study
provides a valuable framework for advancing shared line designs, paving the way

toward more cost-effective and sustainable floating wind energy production.






7 Shared mooring optimization for

floating wind farms

As discussed in Section 2.3.3, mooring optimization studies for individual
FOWTs often use frequency-domain analysis [39, 58]. However, time-domain
analysis provides higher accuracy in predicting dynamic responses, which is
critical for floating wind farms with shared line designs, where coupling and
wake effects amplify both floater motions and mooring force fluctuations. Such
dynamic flow-structure interactions may be underestimated by frequency-domain
analysis, while the high computational demand of time-domain analysis has

limited its application in mooring optimization for FOWTs.

Furthermore, as shared line research is still in its early stages, most studies eval-
uate only a narrow set of configurations, with limited systematic exploration of
optimal solutions for floating wind farms. Moreover, existing mooring optimiza-
tion primarily targets cost reduction under extreme loading conditions, with
limited consideration of mooring fatigue. As discussed in Section 5.4.3, how-
ever, mooring fatigue is a critical factor in feasibility assessments and should

be incorporated into mooring design to ensure structural integrity.

In light of these considerations, this chapter proposes two optimization strate-
gies for shared line designs: cost-driven and cost—fatigue balance. The non-
linear design method (Chapter 5) generates shared line configurations, while
the simplified modeling approach (Chapter 6) predicts FOWT responses under
both extreme and normal operating conditions. Wake effects are included in

dynamic simulations, and mooring fatigue is considered in design evaluations.
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Overall, the proposed optimization process provides robust support for com-
prehensive evaluation and practical implementation of shared line designs in

floating wind farms.

7.1 Shared mooring optimization strategy

As illustrated in Figure 5.22, the mooring cost comparison between conven-
tional and shared line configurations shows that, although shared line designs
exhibit approximately 3% higher cost at the lowest-cost end, they achieve over
30% lower fatigue damage (Table 5.7). This highlights the potential of shared
mooring optimization to minimize cost while maintaining a balance between

expense and fatigue performance.

7.1.1 Cost-driven optimization

The cost-driven optimization aims to identify shared line designs that minimize
mooring material costs (C,,) for floating wind farms. This strategy, widely
adopted in floating structures, follows a routine procedure similar to those in
the existing studies for conventional mooring systems [11, 57, 58, 39], where cost
reduction is achieved by adjusting the line properties and layout arrangement of
mooring lines. The design variables include chain mass and material properties,
subject to constraints related to line strength, floater offset, and anchor safety

requirements.

Particle Swarm Optimization (PSO) is chosen for this nonlinear single-objective
optimization problem, because it is more flexible than the gradient-based meth-
ods, especially when the objective function is discontinuous due to the presence
of two discrete design variables. Also, PSO has been successfully applied to
mooring optimization for a deep-water production structure [61]. The op-
timization objective, mooring material costs, can be explicitly formulated in
terms of the design variables, according to the Equation 5.3. However, a known

drawback of PSO is its tendency to converge prematurely to local optima and
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its relatively high computational cost compared with deterministic methods,
such as Nelder-Mead simplex algorithm used in frequency-domain mooring

analyses [39)].

7.1.2 Cost—fatigue balance optimization

In contrast to the cost-driven strategy, which focuses on a single objective,
the optimization for cost—fatigue balance addresses two objectives: minimizing
mooring material cost (Cy,) and minimizing mooring fatigue damage (D,,).
There is no single solution that simultaneously optimizes both objectives. De-
signs with lower mooring cost favor lighter mooring lines with smaller chain
diameters, while designs with lower mooring fatigue damage require heavier
lines with larger diameters, as discussed in Section 5.5. These two objectives
conflict, so improving one can worsen the other. Therefore, the optimal solu-
tion represents the best trade-off between mooring material cost and fatigue

damage.

At the current stage of shared mooring research, it remains challenging to
assign weighting factors to balance mooring material cost and fatigue damage
in the objective function. This difficulty arises from the lack of cost analyses
that quantify the relationship between expenses and fatigue damage for shared
mooring applications. Moreover, mooring fatigue damage cannot be directly
expressed in terms of the design variables for mooring configurations, adding

further complexity to this two-objective optimization.

To address these challenges, the Non-dominated Sorting Genetic Algorithm 1T
(NSGA-II) is selected. This algorithm allows simultaneous consideration of
both objectives and searches for a set of Pareto-optimal solutions. Each so-
lution is non-dominated and represents a trade-off between mooring cost and
fatigue damage. Unlike genetic algorithm, NSGA-IT does not require explic-
itly defined objective functions [132], making it well-suited for this problem.
The algorithm has been applied in [59] to investigate the influence of moor-

ing on platform optimization. However, NSGA-II requires evaluations of a
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large population over many generations, which is computationally expensive
for time-domain FOW'T analyses. In addition, for high-dimensional optimiza-
tion problems, NSGA-II may converge slowly and prematurely to sub-optimal

regions.

7.2 Two optimization algorithms for shared line designs

Studies on mooring optimization in the offshore oil and gas industry, as well
as platform optimization in the floating wind sector, have demonstrated the
effectiveness of using PSO and NSGA-II [61, 125, 59]. Prior to formulating the
optimization problems, the working principles of both algorithms are briefly

introduced in this section.

7.2.1 PSO algorithm

A detailed description of the PSO algorithm and its applications can be found in
[133, 134]. PSO is a stochastic search technique inspired by the social behavior
of animals and uses a swarm to represent a population of candidate solutions.
Each candidate within the swarm is called a particle. In this study, each particle

represents a shared line design for floating wind farms.

The algorithm seeks the optimal solution through interactions among particles,
with each moving towards its own best position (personal best) and the best
positions found by the swarm (global best). Particle positions correspond to the
design variables of each shared line configuration, and solutions are evaluated
based on both design constraints and the objective function, namely mooring

material cost. The workflow of the PSO algorithm is shown in Figure 7.1.

During initialization, a population of particles with random positions and veloc-
ities is generated. In this study, Latin hypercube sampling is used to initialize
the swarm, ensuring a spread distribution across the design space. Each par-

ticle is then evaluated using the objective function based on its position. If
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Figure 7.1: The workflow of the PSO algorithm (adapted from [134]).

a candidate particle, or a shared line design, violates any design constraints,
a penalty is applied to its objective function value to reduce its likelihood of

being selected as the best solution.

At each iteration, the positions, velocities, and corresponding objective func-
tion values of the particles are updated. When a particle identifies its personal
best fitness or lowest mooring material cost, its position is stored, and the
deviation between this best position and its current position is added to its ve-
locity. Simultaneously, the difference between the global best position within
the neighborhood and the current position of each particle is also incorporated

into its velocity. The velocity update model is presented in Equation 7.1.
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vit+ 1) =w-vi(t)+er-ri- (B —xi(t) +ca 12 (G —x4(t)) (7.1)

where v;(t) is the velocity of particle i at iteration ¢ and w, controls its impact
on the updated velocity. c¢; and co refer to the cognitive and social factors,
respectively for considering the particle and the swarm influence. r; and ro are
random numbers that uniformly distributed in the range [0, 1]. P; denotes the
best position of particle ¢, while G is the best position found by all particles in
the swarm. x;(¢) is the current position of particle i at time ¢, and the updated

position of the particle x;(t 4+ 1) is written in Equation 7.2 [135].

The parameters w,, ci, and ¢y in Equation 7.1 are set to 0.7, 1.5, and 1.5,
respectively, consistent with the study by [61]. Sensitivity tests are performed
using static analysis to investigate the influence of different w,, ¢1, and ¢ on

the optimal results, as discussed in Section 7.4.2.

The optimization proceeds for a maximum of 100 iterations, with the global
best solution gradually converging toward the optimal configuration. Although
the MATLAB PSO solver [135] can perform cost-driven optimization, high
memory usage during parallel execution caused premature termination at 20
iterations for a swarm size of 100. The default solver output does not include
particle velocity information, preventing continuation even with available po-
sition data. This limitation arises because each iteration involves dynamic
simulations of floating turbines under both extreme and normal operation con-
ditions, which process 4800-second wind and wave time series and generate
corresponding floater motions, line forces, and lay-down lengths. To address
this issue, the velocity update in Equation 7.1 was implemented manually in
MATLAB Simulink, bypassing the built-in toolbox and enabling error-free com-

pletion of all 100 iterations.
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7.2.2 NSGA-II

In optimization for cost-fatigue balance, a Pareto-optimal solution represents
the best trade-off between mooring cost and fatigue damage, such that no ob-
jective can be improved without simultaneously worsening the other. To seek
such non-dominated solutions, evolutionary algorithms are often used, due to
their ability to produce a diverse population of candidate solutions across the
search space. Both NSGA [132] and NSGA-II [136] are examples of evolu-
tionary algorithms, which are inspired by the principles of natural selection
and evolution, where the most competitive solutions survive and evolve over

generations.

Key steps in evolutionary algorithms include selection, crossover, and mutation.
Candidate solutions with higher fitness values are selected for reproduction to
pass their properties to the next generation. Crossover combines parts of two
selected solutions to produce offspring and explore new regions in the search
space. Mutation introduces random changes to design variables to ensure di-

versity and prevent premature convergence.

The main difference between NSGA and a simple genetic algorithm lies in the
selection process, while the crossover and mutation operations remain largely
the same [132]. Two critical parameters govern these operations: the crossover
probability (p.), which specifies the chance that crossover is performed on two
selected solutions to generate offspring, and the mutation probability (p,),
which defines the chance of updating variables in a solution [137]. In this
study, p,, is set to 0.9 to enhance diversity, while p. is set to 0.1 to reduce the

risk of premature convergence.

NSGA-IT solves the problems related to high computational complexity of
NSGA [136], and avoids the reliance on the user-dependent sharing param-
eter required by NSGA [132]. NSGA-II also improves efficiency by modifying
the non-dominated sorting procedure and assigning a crowd distance compar-
ison mechanism to ensure diversity across the search space. The workflow of
NSGA-II is shown in Figure 7.2.
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Figure 7.2: The NSGA-IT workflow, with key steps adapted from [138].

The NSGA-II procedure is detailed in [136]. First, a random initial popula-
tion Py is generated using the Latin hypercube sampling method to ensure
a well-distributed spread across the design space. Py is sorted according to
the non-dominant principles, with each candidate assigned a rank based on its
non-dominant level and a crowd distance to preserve diversity. An offspring
population Qg is then created from Py through selection, crossover, and muta-

tion. Py and @)y are combined to form population Ry.

In the t-th generation, the combined population, denoted as Ry, is formed by

combining the parent population P, and the offspring population Q. R; is then
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sorted according to the non-dominant principles, and produce a series of fronts.
The first front, Fi, contains the best non-dominant solutions, followed by the
subsequent fronts F» and F3, and so on, which are near-optimal solutions chosen
after F1. A new parent population Py is constructed by selecting solutions
from these fronts until the population size is reached. F is first chosen, followed
by the subsequent fronts F5 and Fj, and so on. In case the final front F;
not fully accommodated, the solutions in F; are sorted in descending order
by the crowded-comparison operator, and its best solutions are selected to
fill population slots. Then P;4 is used to produce a new offspring population
(Q¢+1 through selection, crossover and mutation. The procedure continues until

it reaches the maximum generation numbers.

Unlike the single-objective optimization that uses a penalty function to handle
the violation of design constraints, the multiple-objective optimization follows
the constraint-handling approach proposed by [136]. This approach uses the
binary tournament selection, where two solutions are compared based on their
feasibility and fitness. For shared mooring optimization problem with two
objective targets and 14 design constraints, as detailed in Section 7.3.3, each
candidate configuration can be either feasible or infeasible. The compared two
configurations can meet three situations, and the strategy for selecting between

two solutions in each situation is as follows:

1. For two feasible solutions, select the one with better fitness using the

crowd-distance comparison operator;
2. For one feasible and one infeasible solutions, select the feasible one;

3. For two infeasible solutions, select the one with less violations;

In this constrained approach, feasible solutions are assigned higher nondomi-
nant ranks than infeasible ones. While among infeasible solutions, those with
less constraint violations are ranked more favorably. NSGA-II is implemented
manually in MATLAB Simulink, rather than using the embedded solver, to
ensure error-free parallel execution of the dynamic simulations, similar as the

discussion in Section 7.2.1.
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7.3 Formulation of the shared mooring optimization

problem

7.3.1 Objective function

A general objective problem is formulated in Equation 7.3, where f(z) refers
to the target determined by design variables x, and the optimization algorithm
is employed to minimize or maximize f(z). In this study, the cost-driven
optimization aims at minimizing mooring cost (C,), while in optimization for
cost-fatigue balance, both mooring cost (C,,) and fatigue damage (D,,) are

considered in the objective function.

f(@) = f(z1,22, ..., 20) (7.3)

However, neither C,,, nor D,, can be expressed in a closed-form mathematical
equation. Cp, is derived from an empirical model (Equation 5.3), in which Cp,
depends on chain M BL and total line length (L7). Chain M BL (Equation 5.2)
is a function of chain grade (G.) and chain diameter (D.), while the calculation

of L differs between anchor lines and the shared line.

For anchor lines, Ly is calculated by dividing the line mass (M), which is
the product of the mass ratio (Rjs) and the floater displaced mass, by the line
mass per unit length (p., Equation 5.1), which depends on D.. In contrast,
the shared line length (L) is determined from force equilibrium (Figure 5.2),
where pretensions are balanced between the anchor lines and the shared line,
such that its characteristic length (L,) and suspended length (Lg) are obtained

from elastic catenary equations (Equation 4.1).

Pretensions in each anchor line is determined by its suspended length (Lg)
based on elastic catenary equations, and its Lg is a function of the total length
(Lt) and the static length ratios (Ry). The complete design workflow is pre-

sented in Section 5.1.5. Since shared line profiles are derived from nonlinear
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catenary equations, the shared line mooring cost (Cy,) cannot be expressed

mathematically in closed form.

As aresult, the objective function for mooring material cost, denoted as f(C),),
is written in Equation 7.4, where the subscripts 1 and 2 in the design variables

correspond to the anchor line and the shared line, respectively.

f(Cm) = f(Dcla D027 RL; RM7 G017 GCQ) (74)

Similarly, the objective function for the cost-fatigue balance optimization is

given in Equation 7.5.

f(Cm, D) = f(Det1, De2, Rr, Ry, Ger, Ge2) (7.5)

where D,,, represents the maximum mooring line fatigue damage (Equations
4.3 and 4.4) across the anchor lines and the shared line within each shared
line configuration under the given loading condition. Although these design
variables (Dc1,Dco,Rr,Rar,Ge1,Ge2) define the shared line configuration, there
is no direct analytical expression to quantify fatigue damage across all mooring
lines and loading conditions. These dependencies are interrelated and must be

resolved through dynamic simulation rather than analytical formulations.

Nevertheless, this expression issue does not affect the use of PSO or NSGA-II,
since both are population-based, derivative-free algorithms that evaluate objec-
tive functions directly from static analyses and dynamic simulations, without

requiring explicit analytical expressions.

7.3.2 Design variables

The design of the shared mooring line configurations follows the workflow of
the nonlinear design method (Figure 5.2). The design parameters used in the

shared mooring optimization are summarized in Table 7.1. The site has a
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water depth of 200 m. The mooring lines are composed of steel chains, and

drag embedment anchors are selected across all shared line designs.

The four input variables in Equations 7.4 and 7.5, including chain diameter
(De1), static length ratio (Rpr), chain grade (G.1), and mass ratio (Rys), are
used to define the anchor lines. The remaining two variables, chain diameter
(Dc2) and chain grade (G.2), are used for generating the shared line based on
the anchor line profile and the distance between two FOWTs. The bounds
for these variables are based on the static investigation of shared line designs

presented in Chapter 5. In the shared line designs, all anchor lines have similar

properties.
Table 7.1: Design parameters.
Parameter Input data
Water depth 200 m
Mooring line material Steel chain
Mooring anchor type Drag embedment anchor
Distance between two FOWT's 6D,
Chain diameter D 70 220] mm
Static anchor line length ratio Ry, [0.3 1.5]

[
[
Chain grade G [R3, R3S, R4, R4S]
Anchor line mass ratio Ry [1/3 5/3]%
[
[

Chain diameter Do 70 220] mm
Chain grade G R3, R3S, R4, R4S]

To define the position of a sample solution in the design space, the variable
bounds are first scaled using the normalized values. Specific rounding is then
applied to the continuous variables, allowing D.; and D. rounded to one
decimal place, while R;, and R); rounded to two decimal places. As for discrete
variables (G¢1 and G.2), the sampling method detects the closest predefined

values from the set of possible properties.
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7.3.3 Design constraints

In the optimization process, design constraints are used to filter feasible solu-
tions, and can be formulated as either equality constraints (h;(z)) or inequality
constraints (g;(z)), as shown in Equation 7.6. For the shared mooring opti-

mization problem, only g;(x) are applied.

hi(x) =0 for i=1,2,...m
(7.6)

gi(z) <0 for j=1,2,...,n
For each shared line configuration, design constraints ensure static equilibrium
between the anchor lines and the shared line, maintain structural safety under
extreme loading conditions, and provide fatigue resistance to dynamic cyclic
loads under normal operation conditions. Table 5.3 lists the constraints applied
for both static and dynamic feasibility checks. As discussed in Section 5.1.4,
a safety factor of 10 accounts for steel chain lifetime fatigue, using a quasi-
static mooring model for analyzing non-redundant mooring configurations, to
provide an additional reliability margin. This approach, including the safety
factor of 10, has also been applied in frequency-domain optimization study [58].
The design constraints are summarized in Table 7.2 as part of the mooring

optimization problem formulation.

7.3.4 Penalty function

Penalty functions are incorporated into the objective function, indicating the
violation of design constraints in the candidate samples. A general objective
function including penalty terms is written as Equation 7.7. In this study, the

penalty formulation includes only contributions from inequality constraints.

Fpen(x) = f(x) + Y pjmax(0, g; () (7.7)

J=1
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Table 7.2: Design constraints.

Category Constraint Formulation
Anchor line length 600 < g1(z) < 1000
. Pretension ratio 0.1 <go(x) <0.2
No-wind Shared line mass ratio 05< gggsc; <1.5
Shared line static length ratio ga(x) > 0.3
Maximum force ratio gs(x) <0.5
Static wind Minimum lay-down length ratio 96(1:) > 0.1
Maximum horizontal offset g7(z) < 60
Maximum force ratio gs(z) < 0.5
Extreme Minimum lay-down length ratio go(x) > 0.0
Maximum horizontal offset g10(z) <60
Maximum force ratio g11(z) <0.5
Operation Minimum lay-down length ratio g12(z) > 0.0
Maximum horizontal offset 913(1’) <60
Maximum Lifetime fatigue damage gi4(x) < 0.1

where f(z) is the objective function without any penalty. g;(x) represents the
inequality constraints, and p; is a weighting factor that indicates the conse-

quence of violation of design constraints.

The penalty function is only used in the cost-driven optimization problem. To
avoid the complexity of tuning individual weight factors for each inequality
constraint, the feasibility of a candidate shared mooring design is checked with
all design constraints. If a candidate design violates any design constraint
during the four evaluations (two static and two dynamic checks), a fixed penalty
of 3x10° USD is added to f(z). This value is selected based on the distribution
of mooring costs, as shown in Figure 5.22, where the upper bound falls at the
order of 3 x 10 USD.

7.4 Case study: two-turbine floating array

A case study of a two-FOWT array (Figure 5.1), which is the smallest unit

for shared line designs, is considered in shared mooring optimization prob-
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lems. The array uses the FOWT models described in Section 4.3.3, with key
dimensions in Table 4.1. The two FOWTs have similar dimensions, with the
upstream floater rotated 180° relative to the downstream floater. The fairlead
radius is 42.5 m, with an initial angle of 120° between mooring lines. Four
similar anchor lines are secured to the seabed, while the shared line connects

the two floaters without anchors.

7.4.1 Load cases for shared mooring optimization

Sensitivity tests (Figure 5.6) show that a wind direction of 30° results in the
largest floater offset and maximum mooring force ratio in anchor line L2S,
while a direction of 0° produces the maximum mooring force ratio in anchor
line L3S and in the shared line, among directions from 0° to 90°. Therefore, the
optimization study considers load cases at both 0° and 30°, as summarized in
Table 7.3. The environmental parameters include mean upstream wind speed
(Vin), wind direction (0), significant wave height (Hy), and peak wave period
(Tp). The wind direction 6 is defined relative to the positive X-axis, and the
array layout is rotated so that inflow aligns with 0°, as illustrated in Figure
5.4. No ocean current is included, as explained in Section 4.2.4, because the
current reduces relative fluid velocity and decreases hydrodynamic forces on

the floater and mooring lines.

Table 7.3: Environmental conditions for shared mooring optimization.

Load case Vi [m/s] [°]  Hg[m] T, [s]
Static, without wind - [0,30] - -
Static, rated-wind force - [0,30] - -
Dynamic, extreme 11 [0,30] 5.1 9
Dynamic, operation 11 [0,30] 1.5 7

The static no-wind test ensures force equilibrium between the anchor lines and
the shared line, while the static wind test applies a constant force of 2.2 MN to
the FOWTSs to determine static offset, mooring force, and lay-down length. At
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0°, the wake effect is included in analysis, by reducing the force on the down-
stream FOWT to 1.8 MN, following Section 5.2.4. In dynamic simulations,
the Kaimal model generates synthetic wind fields, using the Normal Turbulent
Model for the IEC turbulence type with Class C turbulence intensity. Irregu-
lar waves are modeled using the Pierson—-Moskowitz (PM) spectrum, consistent
with the single FOWT study [120]. The rationale for the selected sea states is

similar to that described in Section 5.4.1.

The simplified modeling approach (Chapter 6) is used to perform dynamic
simulations of the floating array with shared line configurations under both ex-
treme and normal operational loading conditions. This model has been verified
against the higher-fidelity simulation tool FAST.Farm (v3.5.1) for the same ar-
ray (Section 6.2). The simulation set-up follows Section 6.2.4. Each simulation
runs for 4800 s, with the final 1-hour of data used to extract the maximum
floater offset, maximum mooring line force, minimum lay-down length, and
stress cycles for mooring fatigue calculations. For studless mooring chains,
the fatigue damage (Equations 4.3 and 4.4) is calculated from all stress cycles
following the procedure in Section 4.1.4. Hourly mooring fatigue damage is
then extrapolated assuming that sea states near the rated wind speed occur

approximately 18% of the time (Figure 6.2) over the 25-year design life [121].

7.4.2 Sensitivity tests on the PSO velocity factors

To investigate the influence of control factors (w,) in the velocity update model
(Equation 7.1), three values of w, are examined, with constant cognitive (c1)
and social (c2) factors of 1.5. Figure 7.3 illustrates the evolution of the global
best solution and corresponding configuration parameters (Equation 7.4) for

three w, values under static optimization with a sample size of 100.

Tuning w, is critical for the PSO algorithm, as it controls the balance between
global exploration and local exploitation. A higher value guides a broader
search across the design space, while a lower value guides convergence toward

local regions. The results show that w, = 0.9 causes the highest mooring
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Figure 7.3: Evolution of the global best solution and configuration parameters for three
w, values under static optimization, with cognitive (¢;) and social (cg)
factors of 1.5.

cost, while w, = 0.7 produces the lowest. For feasible configurations out of
100 samples, w, = 0.5 generates the largest count after 100 iterations, while
w,; = 0.7 gives the least count. For line properties, w, = 0.9 leads to higher
chain diameters and mass ratios, while the remaining w, values produce rel-
atively similar properties. Although only static analysis is considered, Figure
5.6 demonstrates that it effectively captures trends in FOWT performance for
different shared line configurations, allowing meaningful comparisons. Overall,
w, = 0.7 is acceptable for controlling the PSO algorithm, and achieves the

lowest mooring cost with sufficient exploration.

The second test evaluates the cognitive (c¢1) and social (cz) factors in the ve-

locity update model (Equation 7.1), with w, = 0.7 during static optimization.
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Figure 7.4 shows the evolution of the global best solution and configuration

parameters (Equation 7.4) for three values of ¢; and co.
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Figure 7.4: Evolution of the global best solution and configuration parameters for three
values of cognitive (¢1) and social (cz) under static optimization, with
w, = 0.7.

c1 controls the influence of a particle own best position (local best), while ¢y
controls the influence of the swarm best position (global best) on the updated
velocity. Setting ¢; = ¢z ensures balanced exploration of both local region and
global search space. The results indicate that ¢; = co = 1.5 produces the lowest
mooring cost (Cy,) and smaller design variables for chain diameter and mooring
mass ratio, while the number of feasible configurations out of the 100 samples
is comparable to ¢ = ¢o = 2.0 after 100 iterations. Therefore, c; = co = 1.5 is
acceptable for the PSO algorithm, as it offers an effective compromise between

local and global search.
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7.4.3 Cost-driven optimization of shared line configurations

The PSO algorithm is applied to the cost-driven optimization using a swarm
of 100 particles, in which each particle represents a possible shared line design
defined by specific properties of both the anchor lines and the shared line.
The particle positions are initialized using Latin hypercube sampling within
the defined range of each design variable. Figure 7.5 shows these initialized

particle positions along with the corresponding anchor line chain diameters.
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Figure 7.5: Initialized particle positions of the swarm in the PSO algorithm.

The particles are widely distributed across the bounds of each continuous vari-
able. For the discrete chain grade, the mapping method identifies the closet
predefined values within the bounds from the initialized options, resulting in
a relatively higher distribution around the middle two grades (R3S and R4).
This diversity in the swarm positions is important to promote exploration and

avoid clustering.
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Figure 7.6 illustrates the evolution of the global best solutions (mooring costs)

and the corresponding global best positions (configuration properties) over 100

iterations.
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Figure 7.6: Evolution of the global best solutions and corresponding positions.

At each iteration, the objective function (mooring cost) is evaluated for each
particle, and its feasibility is checked against the 14 design constraints de-
scribed in Section 7.3.3. For infeasible candidates that violate any constraints,
a penalty is added to their mooring costs to discourage infeasible solutions
during the optimization process. The global best solution found in the initial
swarm reaches 86 x 10° USD, as it violates design requirements, so penalties

are added to its mooring cost.



7.4 Case study: two-turbine floating array 177

The consistent reduction in mooring cost throughout the optimization process
indicates the convergence of the PSO algorithm. The global best solution pro-
gressively approaches the optimal mooring cost of 24 x 10 USD and reaches
convergence after 75 iterations. Within the first 25 iterations, the global best
solution decreases by 71%, down to 25 x 10° USD. Between the 25th and 50th
iterations, the improvement in mooring cost slows, with a modest 4% drop,
bringing the mooring cost to 24 x 10° USD at the 40th iteration. Slight im-
provements continue with a decrease of less than 2%, and by the 75th iteration
the global best solution reaches the optimal mooring cost. This indicates that

the swarm has effectively converged without further improvement.

The feasibility rate is measured as the ratio of the number of feasible solutions
to the swarm of 100 particles. Although the initial swarm consists entirely
of infeasible solutions, this rate exceeds 50% after 10 iterations and 60% by
the 25th iteration. This consistent increase in feasibility rate demonstrates
that the penalty function guides particles toward the feasible region, with less

constraint violations over iterations.

The positions of global best solutions, including chain properties and length
ratios, display fluctuation over 100 iterations. For instance, the chain diameter
of the anchor lines shows a local maximum within the first 25 iterations, and
then remains relatively stable, with a decrease of less than 1%, until it converges
to 153 mm around the 75th generation. The temporary rise does not increase
mooring cost, as the corresponding mooring mass follows a decreasing trend,

which shortens the total length and offsets the cost impact.

Chain grades for the anchor lines remain at the lowest grade throughout 100
iterations, as these four lines dominate the total mooring cost in shared line
configurations. Using the lowest chain grade minimizes the chain M BL and
mooring costs, which depend on the chain M BL for both anchor and mooring
line costs (Equation 5.3). In contrast, the shared line grade fluctuates between
R3S and R3 during the first 12 iterations, following changes in the remain-
ing configuration properties, before settling at the lowest grade to minimize

mooring cost.
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Figures 7.7 to 7.9 show the personal best positions of the particles and the
global best positions of the swarm at the 25th, 75th, and 100th iterations,

respectively. These figures illustrate the variability and convergence of the

swarm after initialization.
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Figure 7.7: Personal and global best positions at the 25th iteration.

By the 25th iteration (Figure 7.6), the PSO algorithm produces more than 60
feasible solutions out of 100 particles. The personal best positions maintain a
spread distribution across the design space, showing high diversity in configu-
ration properties. By the 75th iteration, the feasibility rate approaches 90%,
but the personal best positions of these feasible solutions become concentrated
around the global best, indicating strong convergence of the swarm. This con-
centration is most pronounced at 100th iteration, where most feasible solutions
cluster within a small region near the global best. These trends demonstrate

that the PSO algorithm effectively guides particles toward the optimal solution.
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Figure 7.8: Personal and global best positions at the 75th iteration.

The evolution of the global best solutions demonstrates convergence within 100
iterations. The mooring cost stabilizes after 75 iterations, with negligible im-
provements in subsequent iterations. The number of feasible solutions reaches
88, and design variables for shared line configurations show minor changes,
indicating effective stabilization of particle positions. This confirms that 100

iterations are sufficient for the cost-driven shared mooring optimal solutions.

7.4.4 Cost-fatigue balance optimization of shared line
configurations

NSGA-II is applied to the cost—fatigue balance optimization, with the goals
to minimize both mooring cost and fatigue damage. Solutions are ranked

into Pareto fronts based on the non-domination levels, with crowding distance
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Figure 7.9: Personal and global best positions at the 100th iteration.

introduced to maintain diversity. The next generation is selected by elitism
(best individuals) and diversity preservation. The initial 100 candidates (Figure

7.5) fail to meet the design constraints, leading to null offspring and premature
termination of the optimization.

To address this, a constrained initialization approach is employed. A total pop-
ulation of 3000 samples is generated using Latin hypercube sampling method
and evaluated against the design constraints. From these, 20 feasible solutions
are obtained and combined with 80 randomly chosen samples to form the new

population. The properties of these 100 samples are shown in Figure 7.10.

The constrained initialization ensures a broad distribution of 100 samples across
the design space, which promotes exploration and helps to prevent premature
clustering. While this initialization provides diversity, the occurrence probabil-

ities of these samples differ from those of the initial swarm positions shown in
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Figure 7.10: Properties of the initial population in NSGA-II.

Figure 7.5. For discrete chain grades, the mapping method assigns the closest
predefined values within the bounds of the initialized options, resulting in a

denser distribution around R4.

NSGA-II is performed over a population size of 100 over 100 generations. Fig-
ure 7.11 illustrates the evolution of Pareto fronts, showing progressive conver-
gence toward the optimal trade-off solutions. A grayscale gradient indicates
the progress, with darker shades representing earlier generations. The Pareto
fronts exhibit noticeable clustering during the first 50 generations, after that

improvements slow with only slight refinements observed.

As explained in Section 7.1.2, no single solution can simultaneously minimize
both mooring cost and fatigue damage. Designs with lower mooring cost fa-
vor lighter lines with smaller chain diameters that induce higher fatigue, while
designs with lower fatigue require heavier lines with larger diameters that in-

crease mooring cost, as discussed in Section 5.5. These two objectives conflict,



182 7 Shared mooring optimization for floating wind farms

0.1 0.06
L] G1 ® G&0
® G10 ® G70
® G20 . 0.05f ® G8o
0.08 ® G3o G 90
G 40 - G 100
o G 50 004 |
= 0.06 * A
e ¢ !
2 003} %
g 1
= 0.04 *
- 0.02f
.
0.02 in
0.01f " emeees
0] 0
25 30 35 40 45 50 26 30 34 38 42
Mooring Cost [10°§] Mooring Cost [10°§]

Figure 7.11: Evolution of Pareto fronts.

so improving one can worsen the other. Pareto fronts represent the trade-off

between mooring material cost and fatigue damage.

Pareto fronts in the first 10 generations are sparse, with relatively high moor-
ing costs and large fatigue damage compared to subsequent generations. This
dispersion results from the constrained initialization, which promotes wide ex-
ploration of the objective space. As the optimization progresses, Pareto fronts
gradually shift from the upper-right region (high cost and large fatigue) to-
ward the lower-left region (lower cost and small fatigue). Rapid convergence
occurs between the 10th and 40th generations, after that improvements slow
and the Pareto fronts become more compact. After 50 generations, reductions
in mooring cost are still noticeable, while improvements in fatigue resistance

are minimal.

The Pareto fronts maintain a diverse set of trade-off solutions throughout
the optimization process. This progression demonstrates the effectiveness of
NSGA-II in guiding the population toward optimal, non-dominated solutions
for the two conflicting objectives. To further illustrate this evolution, Figure
7.12 shows the feasible solutions and corresponding Pareto fronts at selected

generations.
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Figure 7.12: All feasible solutions and their Pareto fronts at selected generations.

In the first generation, feasible solutions are sparsely distributed, while some
located near the lower-left edge, featuring low mooring cost or low fatigue dam-
age, are not sorted in the Pareto front. This occurs because Pareto dominance
is determined by relative trade-offs, not absolute values. Each solution is com-
pared against all others, when no other solution has lower cost and fatigue,
then it is sorted into the first front. During the first 20 generations, feasible so-
lutions and their corresponding Pareto fronts distribute differently, with many
solutions scattered across regions featuring relatively high mooring costs and

fatigue damage.

As the evolution progresses, by the 40th generation, more Pareto fronts are
identified, and feasible solutions gradually cluster around the advancing fronts.
After that, the alignment between Pareto fronts and feasible solutions becomes
increasingly consistent. By the 80th generation, nearly all feasible solutions
are recognized as Pareto fronts, with significant reductions in mooring cost
achieved. At the 100th generation, the Pareto fronts maintain a similar upper
cost bound as at the 80th generation, but shift slightly toward lower costs

accompanied by higher fatigue damage.
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Figure 7.13 presents configuration characteristics of the Pareto fronts at the
100th generation using a dual-axis format. The x-axis represents key config-
uration parameters, the left y-axis shows mooring cost, and the right y-axis

indicates mooring fatigue.
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Figure 7.13: Configuration properties of Pareto fronts at the 100th generation.

For design variables such as anchor line chain diameter, line mass, and shared
line chain diameter, reductions in mooring cost are achieved at the expense of
increased fatigue damage. In contrast, the anchor line length ratio is strongly
constrained by pretension requirements, leading to a less consistent trade-off
between mooring cost and fatigue performance. All solutions use the lowest

chain grade (R3) for the anchor lines, while shared lines select either R3 or
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R3S, with the majority using R3. The distribution of the Pareto front also
indicates that no single optimal solution is identified by NSGA-II for this cost-
fatigue balance optimization problem. Instead, the algorithm identifies a set
of non-dominated solutions that represent the best trade-offs between mooring

cost (Cy,) and fatigue damage (D).

The evolution of the population reveals a distinct relationship: reductions in
C,, are accompanied by greater D,,. Equation 7.8 quantifies this trade-off
relationship based on the Pareto fronts at the 100th generation. Since the
relative weighting between mooring cost and fatigue damage is uncertain, this
trade-off relationship allows informed-decisions and highlights the limitations

of the single-objective optimization. The unit of C,, is 1 x 10°> USD.

Dy, = —0.0004 x C3, +0.0373 x C2, —1.1998 x C,, + 12.8752 (7.8)

The trade-off relationship is formulated by fitting a polynomial to the Pareto
front data at the 100th generation (Figure 7.12). The coefficient of determi-
nation R? is 0.9203, indicating a good overall fit. The polynomial predicts
well in the middle region of mooring costs, while its accuracy decreases near
the two ends of Pareto fronts. The knee point is the solution with the most
balanced trade-off between C,, and D,,, which is located at the region of high-
est curvature, where an improvement in one objective causes a relatively high
deterioration in the other. Using the cubic polynomial (Equation 7.8) to cal-
culate the maximum curvature, the knee-point solution has a mooring cost of
27.7 x 10° USD and a corresponding mooring fatigue damage of 0.058. This
knee-point solution is further used for comparison with the optimal solution

generated from the PSO algorithm.

7.4.5 Comparison

The global best solution obtained from the PSO algorithm at the 100th itera-

tion, and the knee-point solution on the Pareto fronts at the 100th generation
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identified by NSGA-II are compared in terms of mooring cost, fatigue dam-
age, and configuration properties. This comparison highlights the differences
between cost-driven and cost-fatigue balance optimization approaches, as sum-
marized in Table 7.4.

Table 7.4: Comparison of the optimal solutions obtained from the PSO algorithm and

NSGA-II.
Parameter PSO NSGA-II
Mooring cost Cy, [10° USD] 23.6 277
Mooring fatigue damage D, 0.09  0.06
Anchor line chain diameter D,y [mm] 153.2 167.1
Anchor line length ratio Ry, 0.65 0.66
Anchor line mass ratio Ry [%] 1.02  1.20
Shared line chain diameter D.y [mm] 141.5 160.1
Anchor line chain grade G R3 R3
Shared line chain grade Go R3 R3

The optimal design obtained from the cost-driven PSO optimization minimizes
mooring material cost but results in relatively high fatigue damage. This config-
uration features smaller chain diameters and lighter mooring mass compared to
the solution obtained from the cost—fatigue balance optimization using NSGA-
II, which is the knee point on the Pareto fronts at the 100th generation. The
NSGA-II solution balances the trade-off between mooring cost and fatigue dam-
age. While its mooring cost is slightly higher than the PSO solution, it main-
tains better fatigue resistance. This represents a compromise design, where

improvements in fatigue resistance inevitably lead to increased mooring costs.

7.5 Summary

This chapter presents two optimization strategies for floating turbine arrays
using shared mooring line configurations. The cost-driven strategy focuses on

minimizing mooring material cost and employs the PSO algorithm to identify



7.5 Summary 187

the lowest-cost design. In contrast, the cost—fatigue balance strategy aims to
minimize both mooring cost and fatigue damage. NSGA-II is applied to solve

this multi-objective optimization problem.

A case study of a two-turbine array is conducted to investigate shared moor-
ing optimization, addressing the research gaps that few studies optimize shared
mooring in time-domain analysis while accounting for wake effects and mooring
fatigue. Using a simplified modeling approach, the shared line design is devel-
oped following a nonlinear design method, and the resulting optimal solutions
are compared in terms of mooring cost, fatigue, and configuration properties.
The PSO algorithm produces the global best solution with the lowest moor-
ing cost, while NSGA-II generates the Pareto-optimal solution that balances

mooring cost and fatigue damage.






8 Conclusion

8.1 Summary of findings

This study addresses key technical challenges in the design, simulation, and op-
timization of shared line mooring configurations to comprehensively evaluate
their performance and promote the sustainable development of floating wind
farms. A nonlinear design method is first introduced to generate practical and
cost-effective mooring configurations. Compared with stiffness-linearized ap-
proaches, this method produces more robust shared line designs. A simplified
modeling framework is then developed to simulate dynamic responses of en-
tire floating wind farms. Its computational efficiency and predictive accuracy
are verified against FAST.Farm, demonstrating its applicability for early-stage
assessments of floating turbine arrays. Finally, the PSO and NSGA-II algo-
rithms are applied to investigate cost-driven and cost-fatigue balance optimiza-
tion problems, respectively. Supported by the simplified modeling framework,
the optimization study evaluates shared line designs under both extreme and

normal operating conditions, incorporating wake effects and mooring fatigue.

8.1.1 Nonlinear design method for shared line configurations

Sensitivity tests show that the shared line mass ratio has a monotonic influence
on the dynamic responses of FOWTs. Using five uniformly distributed ratios
across the full range can effectively capture these effects for given anchor line
profiles. Moreover, shared line and conventional mooring configurations exhibit

different critical wind directions, which should be considered in mooring design.
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To support more reliable designs, static analyses should also incorporate key

parameters such as floater pitch, wake effects, and mooring axial stiffness.

Comparisons between static and dynamic analyses highlight the strengths and
limitations of static approaches. While static analysis serves as an effective
lower-bound screening tool, relying solely on it can underestimate floater off-
sets and misidentify critical parameters such as wind direction. Similarly, com-
paring nonlinear versus stiffness-linearized methods for given anchor line pro-
files demonstrates that, although the linearized approach is simpler, neglecting
mooring elasticity and configuration properties can lead to unrealistic shared

line designs that exceed the limits of available chain diameters and line masses.

Using the nonlinear design method, over 2000 conventional and more than 500
shared line designs are generated for a two-turbine array, all satisfying design
requirements under both extreme and operation conditions. For conventional
moorings, heavier line masses allow larger chain diameters, longer lay-down
lengths, lower mooring force ratios, and smaller floater offsets. For shared
line configurations, heavier anchor lines provide similar benefits, however, the
floater maximum offsets and mooring force ratios are strongly influenced by the
ratio of shared line mass to anchor line mass. Incorporating mooring fatigue
into design evaluations reduces the number of feasible configurations from 5604
to 5016, and including wake effects in dynamic simulations further reduces the
number to 2206. These considerations are critical for mooring design, as they
shift designs toward larger chain diameters and heavier mooring masses, and

induce larger extreme floater offsets.

Comparative studies of 2206 conventional and 510 shared line mooring con-
figurations for the two-turbine array show that, although shared line designs
exhibit slightly higher costs (around 3%) at the extremes due to heavier masses
needed to withstand larger offsets, their most frequent cost achieves a 15% re-
duction compared to conventional moorings. At both extreme costs, shared
line designs demonstrate higher fatigue resistance, with over a 30% decrease
in mooring fatigue damage, highlighting their advantages in maintaining long-

term mooring integrity.
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8.1.2 Simplified modeling of the floating wind farm

The simplified modeling approach significantly improves the computational
efficiency. The simulation-to-CPU time ratio is increased from less than 0.2
(using FAST .Farm) to over 15 (using the simplified model), when simulating
a two-turbine array with various shared line moorings under similar loading
conditions. This increased time ratio represents a reduction of more than
75-fold in computational effort, which enables rapid analysis and large-scale

simulations of entire floating wind farms with shared mooring designs.

Results from static and decay tests show that the simplified model effectively
captures the fundamental dynamics of the floating array, and deliver floater
motions and mooring forces comparable to those from FAST.Farm. Its flexible
wind modeling makes it more suitable for such wind-free tests, in contrast to
FAST.Farm v3.5.1, which is not designed for no-wind simulations and requires

artificially low wind speeds to avoid simulation errors.

Comparisons under both steady wind with regular waves and turbulent wind
with irregular waves demonstrate that the simplified model provides reason-
able accuracy in predicting power output, floater motions, and mooring forces.
However, as the Gaussian wake model uses a constant wake expansion parame-
ter across different wind speeds, results from both tests suggest that fine-tuning

this wake parameter could improve the accuracy of turbine power predictions.

The quasi-static mooring model and Gaussian wake model used in the simpli-
fied approach overlook mooring and wake dynamics, respectively. In contrast,
FAST.Farm accounts for these dynamic effects, resulting in different power out-
put, floater surge, and mooring line forces for the downstream turbine. Also,
the absence of wave radiation damping and dynamic mooring modeling in the
simplified framework leads to higher surge motions and underestimated moor-

ing forces.

The simplified modeling approach is demonstrated in two applications: refin-
ing shared line designs to mitigate surge motions and ensure adequate lay-

down lengths, and verifying power predictions for a four-turbine array against
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FAST.Farm results. These examples highlight its broad applicability for shared
mooring and wind-farm layout optimization, which overcomes the high compu-
tational costs typically associated with dynamic simulations needed to capture

critical FOWT responses.

8.1.3 Shared mooring optimization framework

Two strategies are proposed for shared mooring optimization to address differ-
ent design priorities. The cost-driven strategy, widely used in floating struc-
tures, focuses on minimizing mooring costs and is well-suited for early-stage
planning and cost evaluation. In contrast, the cost—fatigue trade-off strategy
seeks solutions that balance two conflicting objectives: reducing mooring cost
and lowering fatigue damage. Comparative studies show that no single design
can optimize both objectives simultaneously. By balancing cost and fatigue,
the trade-off strategy is appropriate for detailed design stages, with consider-

ations of long-term mooring fatigue resistance alongside mooring cost.

Although design variables such as chain diameter, chain grade, mass ratio, and
length ratio define the shared line configuration, there is no direct analytical
expression to quantify mooring cost and fatigue damage. These dependencies
are highly interrelated and can only be resolved through dynamic simulations
rather than analytical formulations. This limitation does not affect the ap-
plication of PSO or NSGA-II, as both are population-based, derivative-free
algorithms that evaluate objective functions directly from static analyses and

dynamic simulations, without requiring explicit analytical expressions.

A case study of a two-turbine array is conducted to investigate shared mooring
optimization. Sensitivity tests through static optimization indicate that set-
ting the PSO control factor to 0.7 provides an effective compromise between
global search and convergence, while equal cognitive and social coefficients of
1.5 balance local and global search. Using the simplified modeling approach,
both cost-driven and cost—fatigue balance optimizations are performed in time-

domain analyses, accounting for wake effects and mooring fatigue.
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The cost-driven PSO optimization produces a design that minimizes mooring
cost but exhibits relatively high fatigue damage, with smaller chain diameters
and lighter mooring mass. In contrast, the NSGA-II optimization identifies
a knee-point solution on the Pareto front at the 100th generation, balancing
mooring cost and fatigue damage. Although its mooring cost is slightly higher
than the PSO optimal solution, it achieves improved fatigue resistance, repre-
senting a compromise design where enhanced fatigue resistance comes at the

expense of increased cost.

8.2 Contribution to the community

Reliable shared line mooring designs This study advances shared line de-
sign by introducing a nonlinear design method that integrates realistic con-
figuration characteristics and practical design constraints. Unlike existing ap-
proaches that focus solely on floater offset, this method incorporates moor-
ing line strength and geometric properties to ensure structural integrity and
avoid impractical configurations. A case study highlights the limitations of the
stiffness-linearized method, which results in chain diameters and masses ex-
ceeding current market availability, while the proposed method generates more

robust configurations that remain within allowable limits.

In addition, the nonlinear design method incorporates mooring cost and en-
ables a comprehensive evaluation of cost-saving potential across various shared
line configurations. Dynamic analyses reveal the limitations of static-only as-
sessments and refine previous conclusions regarding the cost benefits of shared
line designs. Contrary to claims that shared moorings always induce lower costs
than conventional designs, the study shows that at cost extremes, conventional
moorings may be more economical, while the most frequent mooring cost for
shared lines achieves up to a 15% saving. Collectively, these findings provide
a more reliable, scalable, and economically informed design framework for the

floating wind community.
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Efficient simulations of floating wind farms This study contributes to the
floating wind community by developing the simplified modeling approach, which
enables efficient and accurate dynamic analysis of floating wind farms. The
approach comprises three main modules: a low-order multi-body simulation
module, a quasi-static mooring model, and a Gaussian-based wake model.
This integrated approach captures more accurate dynamic responses of arrayed

FOWTs, compared to some of the existing studies that neglect wake effects.

In addition, compared to FAST.Farm, which provides higher fidelity in model-
ing, the simplified model significantly reduces computational effort while cap-
turing the comparable fundamental dynamics. Its flexible wind modeling capa-
bility makes it more suitable than tools like FAST.Farm, which cannot handle
wind-free scenarios. Moreover, its simple architecture and high computational
efficiency enable large-scale dynamic simulations, such as shared mooring and
layout optimization for extensive wind farms, which remain challenging for cur-
rent higher-fidelity simulation tools, further enhancing its utility for floating

wind farm design and research.

Tailored shared mooring optimization This study presents the first time-
domain shared mooring optimization that incorporates wake effects and moor-
ing fatigue, in contrast to existing optimization studies in floating wind sec-
tor that rely on frequency-domain analysis, which may overlook the dynamic
performance of arrayed FOWTs, as well as the optimization studies in other
floating structures that pay insufficient to mooring fatigue. Methodologically,
the study enhances optimization robustness through tailored initialization and

constraint handling techniques.

In addition, this study proposes two optimization strategies to advance floating
wind exploration by addressing both mooring costs and the trade-off between
mooring cost and fatigue performance. The single-objective, cost-driven strat-
egy minimizes mooring-related expenses and employs the PSO algorithm to
identify the most cost-effective design. This approach is valuable for early-stage

project planning and economic evaluation. In contrast, the multi-objective
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cost—fatigue balance strategy uses NSGA-II to explore trade-offs between long-
term mooring fatigue and material costs. This strategy identifies compromise

solutions that enable more sustainable and maintainable designs.

8.3 Three challenges in shared mooring design and

analysis

8.3.1 Mooring cost estimation

The first challenge in the design and analysis of shared line configurations lies
in the accurate estimation of cost savings compared to conventional moorings.
The cost model used in this study is based on empirical analyses for steel
chains and drag embedment anchors. Although its relevance to current prices
is supported by comparisons with an actual floating wind project, this model
is inadequate to evaluate alternative mooring configurations that use different
line materials and anchor types, which limits the exploration of cost-saving

potentials offered by shared mooring systems.

Moreover, there is a lack of comprehensive cost analyses that consider both
mooring fatigue and material costs. Cost evaluations in this study shows that
shared line designs improve mooring fatigue performance but slightly increase
material costs at the extremes of cost spectrum compared to conventional con-
figurations. Similarly, non-redundant mooring configurations is acceptable in
floating wind applications, while redundant configurations increase mooring
material costs but offer larger safety margins for long-term mooring fatigue
performance. Without a detailed assessment of both mooring-related cost and
fatigue performance, it is difficult to determine appropriate weighting factors

in shared mooring evaluations.
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8.3.2 FOWT performance prediction

Experimental validation of shared line configurations for floating turbine arrays
remains limited. Existing studies often rely on middle-fidelity or simplified
simulations, which may underestimate dynamic responses. For example, the
damping factor, which is typically prescribed from literature or experience,
strongly influences slow-drift forces. These forces are expected to bring a more
pronounced impact on shared mooring designs, which tend to exhibit lower
surge and sway eigenfrequencies than conventional moorings. Tuning such key

parameters in simulations requires more validations through experiments.

In addition, the multi-disciplinary nature of FOWTs leads to complex inter-
actions among the turbine, tower, floater, and mooring lines under varying
environmental conditions. Middle-fidelity or simplified models can efficiently
simulate shared moorings but may not fully capture coupled dynamics, such as
wake effects and higher-order hydrodynamic forces. High-fidelity tools provide
higher accuracy but at higher computational cost. As turbines and farm sizes
scale up, to balance accuracy and efficiency becomes essential for the practical

design and analysis of shared mooring systems.

8.3.3 Mooring integrity maintenance

Compared to conventional moorings, the shared line design introduces addi-
tional complexity to the multi-body systems of floating turbine arrays. Cou-
pling effects between the connected FOW'Ts, combined with altered mooring
stiffness, can result in higher floater offsets and increased mooring forces in the
upwind lines. These responses, in turn, affect the long-term mooring integrity
and FOWT operational safety. Improvement can be achieved, for instance,
by increasing mooring mass. However, given the cost-driven design philoso-
phy utilized for floating wind projects, it is crucial to strike a balance between

mooring cost and structural performance.
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In addition, shared mooring designs influence dynamic cable performance.
However, few studies have addressed this interaction, as mooring analyses are
typically decoupled from cable responses. Floater offset limits are applied in
shared mooring designs to ensure cable safety, but allowable offset ranges that
impact cable curvature and operational performance remain largely unexplored.
Moreover, shared mooring layouts alter floater orientation, which significantly
affects cable alignment and dynamics. This lack of mooring design constraints
and cable-mooring interaction poses challenges on mooring integrity of shared

line designs and structural safety of dynamic cables.

8.4 Recommendation for future researches

8.4.1 Mooring-related cost model extension

To improve the accuracy of mooring cost estimates, future studies should ex-
plore cost models to reflect the current prices for the growing use of diverse
mooring materials and anchor types in floating wind projects. Existing cost
models should be expanded to include alternatives beyond steel chains and
drag embedment anchors. Examples include combined mooring configuration
using both chains and fiber ropes, or the use of suction pile anchors. Such

updates can accommodate a broader range of shared mooring options.

In addition, comprehensive analyses of life-cycle mooring-related costs, consid-
ering material costs and mooring performance are recommended. The cost-
fatigue balance optimization shows that reductions in mooring material costs
are often accompanied by increased mooring fatigue. This highlights the need
for strategic balance between these competing objectives. Future studies could
explore how reduced fatigue can lower maintenance costs or how optimized ma-
terial costs can contribute to the overall savings, supporting informed decision-

making to achieve the overall cost efficiency.

Potential innovations may involve the development of a sophisticated life-cycle

cost model that incorporates current prices for diverse mooring line materi-
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als and anchor types, and accounts for both upfront mooring material costs
and long-term maintenance activities in relation to mooring fatigue. This cost
model could further integrate factors such as material degradation (e.g., fric-
tion during operation at pad-eye and fairlead positions), environmental im-
pacts (e.g., marine growth and sediment movement), and maintenance sched-
ules (e.g., tension adjustment and corrosion protection), to provide a more

realistic mooring cost estimation.

8.4.2 Improved predictions of FOWT responses

Simplifications in floating farm dynamics, such as neglecting wake effects and
mooring dynamics, can underestimate floater motions and mooring forces. In
the absence of physical experiments or prototypes, future studies are encour-
aged to adopt a hybrid approach that integrates high- and low-fidelity tools, us-
ing key parameters to calibrate lower-order models. For example, wake-deficit
correction factors derived from CFD simulations can improve wake modeling
in the lower-order tools such as simplified modeling approach. This integration
enhances the reliability of system-level assessments with manageable compu-

tational demands.

Future FOWT design should explicitly consider interactions between inter-
array cables and mooring lines. This is particularly important in shared moor-
ing layouts, where mooring arrangements can significantly influence cable con-
figurations and dynamic responses, such as through floater orientation. Con-
versely, mooring design is affected by cable operational requirements, including
allowable floater offsets. Despite these interactions, no clear design limits or
best practices exist. To address this gap, fully coupled simulations integrating
both cables and mooring lines are recommended. Such studies could provide
insights into constraints and dependencies between these two systems, and help

to define the design space for more robust cable and shared line designs.

Potential innovations such as scaled-down experiments, can advance floating

wind farm simulations by replicating floater motions and truncated mooring
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lines or cables to capture realistic dynamics. Hybrid approaches combining
physical tests and numerical simulations can also overcome aerodynamic and
hydrodynamic scaling challenges. For instance, wave-tank models of floating
turbine arrays can incorporate aerodynamic forces from simulations, with pa-
rameters such as damping coefficients and slow-drift forces used to calibrate
numerical tools, improving prediction accuracy of floating wind farm perfor-

mance.

8.4.3 Performance enhancement for floating wind farms

Floating wind projects often use non-redundant mooring configurations, un-
like oil & gas applications. Shared line designs use one line to support two
floaters and amplify failure consequences of non-redundant configurations. Fu-
ture studies should assess the need for redundancy and the cost—performance
trade-off. Cluster-spread configurations with multiple lines per cluster offer a
potential solution to mitigate failure risk. Analyses of these redundant designs
under single-line breakage scenarios can help define appropriate safety factors

for the design, analysis, and optimization of shared mooring systems.

Shared line mooring designs can increase floater offsets and amplify surge,
sway, and yaw motions compared to conventional moorings. These increased
motions affect wake dynamics, influencing power output, blade loading, and
mooring forces of downstream FOWTs. These effects, particularly the roll-yaw
coupling, remain unclear. Future studies should investigate the influence of
shared line designs on downstream turbine performance and explore different

turbine control strategies to optimize power output and FOWT performance.

Future work could leverage artificial intelligence, data-driven methods, and sur-
rogate models for long-term monitoring and advanced control of floating wind
farms. Given the limited experimental or measured data, machine learning or
surrogate models trained on high-fidelity simulations may effectively predict
mooring fatigue and turbine performance. Adaptive yaw control in shared line

configurations could steer wakes, enhance power output, and mitigate fatigue
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damage. In addition, co-design of shared mooring layouts with adaptive con-
trollers, using hybrid optimization techniques that combine evolutionary and
gradient-based methods, offers a pathway to balance competing objectives such

as maximizing energy production and minimizing structural degradation.



A Static design using the
stiffness-linearized method

Figure A.1 illustrates the mooring forces and the wind force acting on two
FOWTs along the X-axis. At a wind direction of 0°, the symmetric shared
line mooring configuration minimizes the sway offsets of the two FOWTs, as
the mooring forces in each line are balanced by the adjacent lines along the
Y-axis. In the stiffness-linearized design method, only surge and sway motions
are considered, and each mooring line is modeled as a linear spring. Assuming
small offsets, the total force on each line is the sum of its pretension and the
increased force, which is calculated as the product of its linearized stiffness and
the floater’s offset.

In the case study, the upwind anchor lines (L2S, L3S) have similar line prop-
erties, as do the downwind lines (L5S, L6S). Consequently, the mooring forces
within each anchor line pair are identical when the floater moves along the
X-axis. It is assumed that small surge displacements have a negligible effect
on the spacing angles between adjacent lines. Therefore, the fairlead forces
are summed for each anchor line pair along the X-axis. The static equilibrium
between the wind force and the mooring forces along the X-axis is expressed
for each FOWT in Equation A.1.

(Mng—‘rKgs X Xl) Xx2=WF +MFs + K x (X2 —Xl),

(A1)
MF, + K, x (X2 —Xl) =Wk + (MFGS + Kgs X X2) X 2.
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Figure A.1: Wind and mooring forces on each FOWT at a wind direction of 0°.

where M F represents the mooring fairlead pretension, and K denotes the lin-
earized mooring stiffness, with the subscription number indicating the anchor
line number. M F; and K correspond to the pretension and stiffness of the
shared line LS. In this case study, both M F and K only consider the X-axis
component. X; and X5 refer to the floater offset of the upstream FOWT1 and
downstream FOW'T2, respectively, measured from its static equilibrium posi-
tions. W F} denote the wind force acting on the turbines, since no wake effect
is considered in the stiffness-linearized method. The properties of the upwind
lines (L2S, L3S) and the shared line (LS) are unknown, whereas the down-

wind lines have properties similar to the anchor lines in shared line baseline

configurations, as listed in Table 5.4.
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