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Abstract

In the context of escalating global climate change, many countries have proposed
carbon neutrality targets to reduce greenhouse gas emissions and promote a tran-
sition toward a low-carbon and sustainable energy structure. In this regard, the
development and utilization of renewable energy sources have become a critical
pathway, with marine energy gaining significant attention due to its abundant
reserves and minimal environmental impact. Compared with other types of ma-
rine energy, wave energy is featured for greater stability, high energy density,
and reduced susceptibility to diurnal and seasonal variations, making it a vital
component of the marine renewable energy sector.

However, standalone wave energy devices still face challenges related to en-
ergy capture efficiency, structural stability, and economic viability, which limit
their large-scale commercial deployment. In recent years, the integration of wave
energy converters (WECs) with some floating offshore structures has emerged as
a promising solution. Such integrated systems not only enhance energy utiliza-
tion efficiency but also enable infrastructure sharing, reducing construction and
operational costs. To promote the development of wave energy, this thesis pro-
poses a new floating wave-energy harvesting platform concept, which consists of
a SPIC concept semi-submersible floating platform and multiple point-absorber

WECs.

il



Abstract

Extensive studies about wave-energy capture platforms have been conducted
on the effects of WEC configurations, mooring systems, and PTO devices on
system performance under regular or long-crested wave conditions. However,
few works have considered wave—current interaction (WCI) and wave directional
spreading, despite the fact that these environmental factors are commonly en-
countered in realistic sea states. Exploring their influences on system performance
is of great significance for the design and assessment of wave-energy capture plat-
forms.

Accordingly, this paper primarily investigates the dynamic responses and en-
ergy capture performance of the proposed wave-energy capture platform under
WCI, short-crested waves, and their combined effects. To evaluate the effects of
WCI and wave directional distribution, as well as to facilitate future studies on
more complex multi-body connected systems, this work develops a coupled time-
domain hydro-connection-mooring analysis tool based on potential flow theory,
the Lagrange multiplier method, and the lumped mass method.

The results demonstrate that the wave directional spreading and WCI sig-
nificantly affect platform motions, mooring loads, and wave-energy conversion
efficiency, highlighting the necessity of considering these two environmental fac-
tors in realistic ocean conditions for the design and assessment of wave-energy

harvesting platforms.
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"As Heaven moves with strength and vigor, a noble person should strive
constantly for self-improvement; as Earth is broad and receptive, a noble person

should carry all things with great virtue."
——1I ching (The Book of changes)



Chapter 1

Introduction

1.1 Background

Replacing traditional fossil fuels with renewable energy can significantly accel-
erate the goal of achieving a carbon-neutral world by 2050 [1]. Wherein, ocean
energy is a crucial focus area for exploiting renewable energy. It is worth not-
ing that wind energy, wave energy, tidal energy, and photovoltaic energy are the
four primary types of ocean energy. Among them, wave energy is considered
much promising due to its higher energy density and capability for continuous
operation [2]. The theoretical global wave energy resource is considerable [3],
highlighting its potential to expedite the decarbonization of global electricity
supply. After years of development, five main types of WECs have emerged:
oscillating water column (OWC), overtopping, point-absorber, oscillating-surge
and raft-type devices, as seem in Figure 1.1 [4]. Among them, the point-absorber
WECs have garnered significant attention from academia and industry due to the
relatively high energy conversion efficiency, minimal environmental impact, low

construction and installation costs, and flexible deployment configurations [5].
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Figure 1.1: Various WECs: (a) OWC WEC, (b) overtopping WEC, (c) point-
absorber WEC, (d) oscillating-surge WEC, (e) raft-type WEC [4].

However, standalone wave energy devices still face challenges related to struc-
tural stability and economic viability, which limit their large-scale commercial
deployment. In recent years, the integration of the WECs with the offshore
wind turbines or platforms has emerged as a promising research direction [6].
Figures 1.2-1.4 illustrate various integrated systems capable of harvesting wave
energy [7-11]. Such concepts not only enhance energy utilization efficiency but
also enable infrastructure sharing, reducing construction and operational costs
[10]. More importantly, these integrated systems can play a crucial role in the
global carbon neutrality agenda by providing an innovative technological pathway
for offshore renewable energy development, thereby contributing to the transition
toward a cleaner and more sustainable energy future.

In the design and performance analysis of offshore structures, environmental
modeling and response assessment are typically conducted based on the actual
sea conditions of the region where the structure operates. Inaccurate represen-
tation of environmental conditions may lead to biased estimations of structural

responses, thereby reducing operational efficiency and even posing potential safety
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risks.

It is worth noting that short-crested waves and WCI are common and im-
portant physical phenomena in marine environments; therefore, they should be
properly represented and accurately modeled in related studies and engineering
analysis.

Regarding short-crested waves, they are generated by the superposition of
multiple wave components propagating in different directions with random phases
[12]. Unlike long-crested waves, short-crested waves exhibit finite crest lengths
and directional spreading characteristic.They are commonly described using a
two-dimensional (2D) frequency—direction wave spectrum [13], which more real-
istically represents the directional spreading of wave energy in natural seas and
constitutes the predominant form of actual sea states. Investigating the effects
of short-crested waves on the responses of marine structures is of significant en-
gineering importance. Directional wave spreading can markedly alter the load
and motion characteristics of structures [14]. Compared with the conventional
long-crested wave assumption, short-crested wave models generally provide more
realistic predictions of the dynamic responses of offshore systems under opera-
tional sea states. Therefore, incorporating short-crested wave effects is essential
for reliable performance assessment and structural design.

In addition, WCI can alter wave characteristics such as wave frequency, wave-
length, and propagation speed through current-induced modifications to wave dis-
persion and energy distribution [15,16]. Under WCI conditions, the wave actions
on marine structures are no longer governed solely by waves or currents acting in-
dependently, but instead exhibit pronounced coupled effects [17]. Consequently,

WCIT can significantly modify the wave loads and dynamic response characteris-
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tics of structures, thereby exerting a notable influence on their station-keeping
performance and mooring system loads [18]. If wave—current coupling effects
are neglected in engineering analyses, the resulting load levels and structural re-
sponses may be wrongly estimated, particularly under strong current conditions
or in complex sea states. Therefore, proper consideration of WCI is an essen-
tial prerequisite for improving the accuracy of load predictions and ensuring the
structural safety of marine structures.

To promote the development of wave energy utilization, this thesis proposes
a new floating wave-energy capture platform, which is composed of a SPIC semi-
submersible platform system and multiple oscillating-body WECs, aiming to
provide a promising option for efficient energy harvesting. Although numerous
wave-energy capture systems have been proposed and investigated, the effects of
short-crested waves and WCI on their performance have received limited atten-
tion. Therefore, the focus of this thesis is to evaluate the impacts of these two
factors on the dynamic response and energy capture of the proposed wave-energy
harvesting platform. Finally, the structure of this thesis is organized as follows:
Chapter 1 presents the introduction, Chapter 2 describes the methodology, Chap-
ters 3 through 5 constitute the core content, and Chapter 6 summarizes the main

conclusions.

1.2 Literature Review

Section 1.2.1 presents the related literature review of the wave-energy capture
platforms, consisting of a semi-submersible platform and oscillating-body WECs.

In addition, the works on short-crested waves and WCI is reviewed in Sections
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1.2.2 and 1.2.3, respectively.

1.2.1 Wave-energy capture systems with the floating semi-

submersible platforms and oscillating-body WECs

For wave-energy capture platforms based on semi-submersible foundations, exten-
sive studies have been conducted on WEC configurations, mooring arrangements,
and PTO systems.

Regarding WEC configurations, previous studies have mainly focused on the
effects of WEC shape, size, number, and layout. Ghafari et al. [19] presented
a hybrid concept mounting Wavestar WECs on a DeepCwind semisubmersible
platform, and evaluated the influence of WEC size on the platform motion and
captured power. Wang et al. [20] investigated the performance of a floating brace-
less semi-submersible wind turbine with different shapes of heaving-type WECs.
Chen et al. [21] evaluated the effects of the WEC number on the hydrodynamics of
a wave-wind hybrid concept, concluding that the WEC increase improved the sys-
tem stability under realistic sea states. Zhu et al. [22] investigated an integrated
system with a point-absorber WEC array and a semi-submersible platform. They
analyzed the influence of the WEC parameters on the platform response and the
energy conversion of the WEC array. Jin et al. [23] performed a optimization anal-
ysis to investigate the impact of the WEC layout on the performance of integrated
system composed of an oscillating-body WEC array and a semi-submersible wind
turbine.

In addition to WEC configurations, the mooring system has also been widely

investigated. Zhang et al. [24] designed a novel mooring configuration for an in-
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tegrated ocean energy system, consisting of catenary chains and counterweights,
and conducted a sensitivity analysis on the counterweights. Sun et al. [25] pro-
posed an integrated system consisting of a semi-submersible central platform
and multiple WEC buoys, and conducted a comparative analysis on the effects
of different mooring configurations on the performance of the system. Cui et
al. [26] investigated the effects of mooring line failure on the performance of the
wave-energy capture platforms consisting of the point-absorber WEC array and
the SPIC semi-submersible platform. Lee et al. [27] proposed a noval semi-taut
mooring system for an integrated system combining a semi-submersible platform
and a heaving-type WEC, and studied the influence of mooring parameters on
the platform motion and mooring line tension.

Another important research focus is the PTO system. Li et al. [28] proposed
a hybrid system composed of a semi-submersible platform and a torus-type WEC
array, and investigated the impact of PTO damping on the power capture perfor-
mance of the WECs. Chen et al. [29] adopted the numerical and environmental
analysis of the effects of the PTO control on the dynamic behavior of the floating
wind-wave integrated system. Homayoun et al. [30] studied a integrated energy
harvesting system composed of a heaving WEC array and a semi-submersible
wind turbine. The energy conversion was optimized by considering five PTO
damping coefficients under six environmental conditions. Liu et al. [31] com-
pared the wave capture performance and dynamic response of an integrated sys-
tem combining a semi-submersible platform and multiple point-absorber WECs
under different control strategies of the PTO system.

Although extensive studies have been conducted on WEC configurations,

mooring arrangements, and PTO systems, limited attention has been paid to
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the influence of complex environmental conditions on the performance of this
type of wave-energy harvesting systems. Investigating the dynamic responses
and power capture characteristics of wave-energy harvesting systems under com-
plex but common environmental conditions is also essential for their engineering
design and performance assessment. Accordingly, this thesis focuses on the ef-
fects of representative complex environmental conditions, including short-crested
waves and WCI, on the proposed wave-energy harvesting system. The litera-
ture on these two environmental factors is reviewed in Sections 1.2.2 and 1.2.3,

respectively.

1.2.2 Short-crested irregular waves

In marine environments, multidirectionally propagating short-crested waves are
commonly encountered, and their characteristics differ significantly from those of
long-crested waves [32]. Therefore, accounting for wave directionality is essential
for accurately predicting the response and ensuring safety of offshore structures.
In general, a short-crested wave spectrum can be simulated by the product of a
long-crested wave spectrum and a directional spreading function [33].

Numerous researchers have investigated the responses of various offshore struc-
tures in short-crested waves through experimental, analytical and numerical per-
spectives. Todter et al. [34] conducted the experimental tests on the effects
of short-crested wave conditions on the impact loads due to the tank’s sloshing.
Zhang et al. [35] experimentally analyzed the hydrodynamic interactions between
the short-crested waves and a vertical pile array. Jiao et al. [36] utilized an ex-
perimental study to identify the differences in ship motion and load response

under short-crested and long-crested wave conditions. Goteman et al. [37] com-
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pared the energy conversion of a point-absorber WEC array in long-crested and
short-crested waves with an analytical approach. Ji et al. [38] investigated the in-
fluence of wave directionality on the wave run-ups and forces of a vertically fixed
cylindrical array in short-crested waves. Sgrum et al. [39] predicted the fatigue
damage of bottom-fixed wind turbine under different wave parameters. Viuf et
al. [40] evaluated the impact of wave directionality on the extreme response of a
simplified end-anchored pontoon bridge. Li et al. [33] analyzed the the dynamic
response of a semi-submersible floating wind turbine under short-crested waves.

Despite extensive research on the effects of short-crested waves on various off-
shore structures, few studies have focused on wave-energy harvesting platforms.
To address this gap, one of the objectives of this thesis is to examine the dy-
namic responses and energy capture characteristics of the proposed wave-energy

harvesting system under different wave directional spreading conditions.

1.2.3 Wave-current interactions

With the action of currents, the irregular wave profile changes due to the wave-
current interactions, which may significantly affect the structural or hydrody-
namic response of the marine structures. Therefore, considering WCI is crucial
to maintain their safe operation in irregular waves with currents.

The spectral method is a widely used approach for simulating irregular waves
with current-induced modification. Tung and Huang [41], and Huang et al. [15]
proposed the spectral models that accounted for the random wave-current inter-
action. Hedges et al. [16] subsequently extended these models to solve for the
impact of opposing currents on wave spectrum. Soares and De Pablo [42], Lai et

al. [43], and Thomas [44] validated these models through numerical simulations
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and experimental tests, demonstrating their accuracy.

In recent years, numerous studies have adopted the spectral models to analyse
the dynamic response of the offshore structures based on potential-flow model.
Chen and Basu [45] investigated the structural behavior of an offshore wind tur-
bine with WCI. Sarkar et al. [46] proposed an innovative pitch control strategy for
a spar-type wind turbine, and analyzed its performance under WCI. Qu et al. [47]
established the coupled numerical model of a floating wind turbine, and simu-
lated its performance in freak waves with uniform currents. Elobeid et al. [18]
evaluated the influence of WCI on the performance of a semi-submersible wind
turbine.

In addition to the spectral method, another commonly used approach ac-
counts for WCI through incorporating a steady potential into the potential-flow
model. The wave loads exerted on offshore structures are calculated based on
the unchanged wave spectra. Xin et al. [48] analyzed the hydrodynamic loads
on a vertically-fixed cylinder under the decoupled and coupled effects of WCI.
Mazarakos et al. [49] studied the dynamic behavior of the semi-submersible FWT
under the uniform currents and regular waves. Dai et al. [17] conducted a para-
metric analysis to evaluate the effects of WCI on a large floating bridge. How-
ever, the steady-potential-based approach still has limitations in the calculation
of second-order wave forces under the influence of currents [50].

Although various offshore structures have been investigated under WCI, lim-
ited attention has been paid to wave-energy harvesting platforms. To address this
research gap, the remaining objectives of this thesis are to employ the spectral
method to examine the dynamic responses and wave energy capture character-

istics of the proposed wave-energy harvesting system under the combined effects

11
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of irregular waves and currents, including both long-crested and short-crested

irregular wave conditions.

1.3 Aim and objectives

Currently, commonly used commercial hydrodynamic analysis software has lim-
ited capability to directly simulate complex multi-body connected systems. Al-
though they can be simulated indirectly through user-defined development inter-
faces, the procedure is often cumbersome and requires complex mechanical deriva-
tions. Therefore, to enable more convenient future investigation of more complex
multi-body connected systems, this work develops a coupled hydro—connected-
mooring time-domain numerical model based on potential-flow theory, the La-
grange multiplier method, and the lumped-mass method. The detailed method-
ology and governing formulations are provided in Chapter 2.

The primary objectives are to investigate the effects of wave directional spread-
ing and WCI on the performance of this integrated system. Through the results
obtained from the developed numerical model, this thesis aims to provide useful
references for the performance assessment and engineering design of this type of

wave energy structures. The specific research objectives are as follows:

e to predict the performance of the wave-energy harvesting platform in short-

crested irregular waves in Chapter 3.

e to analyze the influence of WCI on the performance of the wave-energy

capture system under long-crested irregular wave conditions in Chapter 4.

e to investigate the effects of wave directional distributions on the perfor-

12



Chapter 1. Introduction

mance of the wave-energy capture system under WCI in Chapter 5.

1.4 Main contribution

The main contribution of this thesis lies in exploring the performance of a new
floating wave-energy harvesting platform under short-crested waves and WCI,
considered both individually and in combination. In previous studies on wave-
energy capture platforms, limited attention has been paid to wave directional
spreading and WCI, which are both commonly encountered in realistic marine
environments.

The key findings of this work demonstrate that WCI and wave directional
spreading significantly affect the performance of the proposed wave-energy har-
vesting system. Therefore, this thesis highlights the importance of accounting
for these two factors in the design and assessment of offshore structures, as con-
sidering only long-crested waves or neglecting WCI may adversely affect their

operational performance and safety.

1.5 Thesis outline

The structure of this thesis is illustrated in Figure 1.5, and a brief overview of

each chapter is provided below:

e Chapter 1 introduces the research background, presents a comprehensive
review of the existing literature, outlines the research aims and objectives,
highlights the main contributions of this work, and provides an overview of

the thesis structure.

13
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e Chapter 2 introduces the methodology background for developing the cou-
pled time-domain dynamic model of a floating multi-body connected sys-

tem.

e Chapter 3 predicts the performance of the floating wave-energy capture

system under short-crested waves with different directional distributions.

e Chapter 4 evaluates the influence of WCI on the performance of the float-
ing wave-energy harvesting platform under combined irregular wave—current

conditions.

e Chapter 5 compares the performance of the floating wave-energy harvest-

ing platform under long-crested and short-crested waves with WCI effects.

e Chapter 6 summarizes the main findings of this theis and outlines direc-

\
[ |

Chapter 6
Conclusions and
future research

tions for future research.

Chapter 1 Chapter 2 Chapters 3-5
Introduction Methodology Main body

Environmental
conditions

Short-crested
waves+Wave-current
interactions

Short-crested Wave-current
waves interactions

Figure 1.5: Thesis outline.
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Methodology

This thesis investigates a new floating wave-energy harvesting platform composed
of a SPIC concept semi-submersible platform system and multiple point-absorber
WECs, as seen in Figure 2.1. The figure also presents the numbering convention
for the individual WECs, WEC rows and mooring lines. In order to arrange the
WEC array symmetrically onto the platform, three horizontal cross braces are
set between each side column and the central column. The relative rotational
motion between the WECs and the platform can activate the PTO mechanism
for wave energy extraction, in which the PTO device is simplified as a hinge
connector equipped with rotational damping [21]. The main parameters of the
semi-submersible platform, mooring system and point-absorber WEC are listed
in Tables 2.1-2.3, respectively [26,51].

Basically, the proposed wave-energy harvesting platform is a floating multi-
body hinged system. To predict its dynamic responses and wave energy capture,
a coupled hydro-connected-mooring analysis model is established based on the 3D
potential flow theory, lumped mass method and Lagrange multiplier technique.

The current chapter introduces the theoretical background underlying this cou-
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Figure 2.1: Tllustration of the floating wave-energy harvesting platform: (a) plan
view, (b) side view.

Table 2.1: Main parameters of the SPIC concept semi-submersible platform [50].

Parameter Value
Draft (m) 30
Displacement (kg) 1.64 x 107
Mass (kg) 1.61 x 107
Center of gravity (CoG) below mean water line (MWL) (m) 9.68
Radius of gyration around z-axis (R,,) (m) 37.00
Radius of gyration around y-axis (Ry,) (m) 37.00
Radius of gyration around z-axis (R,.) (m) 20.00
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Table 2.2: Main parameters of mooring system [50].

Parameter Value
Number of mooring lines 6
Fairlead above MWL (m) 15
Anchor below MWL (m) 60
Angle between adjacent lines (deg) 5
Angle between each set of lines (deg) 120

Radius from platform center to fairleads (m) 54.5
Radius from platform center to anchors (m)  830.0

Length of mooring line (m) 800.0
Outer diameter of mooring line (m) 0.120
Mass in water (t/m) 0.303
Axial stiffness (kN) 1.243 x 10°

Table 2.3: Main properties of the point-absorber WEC [26].

Property Value
Radius (m) 4.402
Draft (m) 2.201
Elevation above MWL (m) 2.201
Elevation of hinge point above MWL (m) 5.987
Horizontal distance of hinge point from CoG (m) 10.696
Mass (kg) 1.484 x 10°
CoG below MWL (m) 0

Roll inertia (kg-m?) 1.097 x 106
Pitch inertia (kg-m?) 1.540 x 10°
Yaw inertia (kg-m?) 1.701 x 108

pled model, which is organized as follows: Section 2.1 presents the potential flow
theory, including the governing equations of the boundary value problem, as well
as the hydrodynamic coefficients and the wave excitation force transfer functions.
The irregular wave spectrum and the wave excitation forces in the time domain
are derived in Sections 2.2 and 2.3, respectively. The lumped mass method is
described to model the mooring lines in Section 2.4. Section 2.5 introduces the
principles of the Lagrange multiplier method regarding the hinge constraints. The

time-domain motion equation for this integrated system is given in Section 2.6.
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Section 2.7 derives the captured power of the individual WEC.

Before introducing the theoretical methodology, the coordinate systems need
to be defined. In the present study, two coordinate systems are adopted, namely
the global coordinate system (O-XYZ) and body-fixed coordinate system (o-zyz).
The global coordinate system is used as the reference frame for the analysis, while
the body-fixed coordinate system has its origin located at the CoG of the rigid
body and moves together with the body. In the global coordinate system, the
XOY plane coincides with the still water surface, and the Z-axis is oriented
upward normal to the still water surface. When the rigid body is in its initial po-
sition, the body-fixed axes are parallel to the global coordinate axes, as illustrated
in Figure 2.2. It should be noted that the rigid body has six degrees of freedom
(DoFs), namely surge, sway, heave, roll, pitch, and yaw. Among them, surge,
sway, and heave correspond to translational motions along the z-, y-, and z-axes,
respectively, with their positive directions defined as the positive directions of the
corresponding axes. Roll, pitch, and yaw represent rotational motions about the
x-, y-, and z-axes, respectively, and their positive directions follow the right-hand
rule.

Z Heave
}’ Zh
Sway

Yaw /'y
A
Pitch

X VT Suee

G
(CoG)  NRoll ¥

Figure 2.2: Schematic diagram of the global coordinate and body-fixed coordinate
systems.
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2.1 3D potential theory

Two commonly used approaches for investigating the dynamic response of large-
scale floating structures and the associated fluid field are the potential-flow method
and computational fluid dynamics (CFD). CFD can resolve viscous flow phenom-
ena and the detailed evolution of the surrounding fluid field, and is therefore
more suitable for capturing complex local flow features such as flow separation
and vortex shedding. These effects can be particularly important for structures
with sharp-edged geometrical features. In contrast, the potential-flow method is
based on the assumptions of inviscid and irrotational flow, and therefore cannot
directly capture viscous effects or detailed local flow evolution.

Despite these limitations, potential-flow-based models are widely used for pre-
dicting the global dynamic response of large-scale floating structures because of
their high computational efficiency. In mild to moderate sea states, where strongly
nonlinear viscous effects are not dominant, the potential-flow method with viscous
corrections can provide reasonably accurate predictions of the dynamic response
while requiring significantly lower computational cost than CFD [52]. The vis-
cous effects associated with the structure can be incorporated through empirical
formulations [53], or calibrated using CFD simulations [54] and experimental
measurements [55]. It should be noted that the viscous correction is not applied
directly during the solution of the velocity potential. Instead, the viscous damp-
ing estimated from aforementioned methods is incorporated into the equations of
motion of the structure.

Under extreme sea states, strongly nonlinear phenomena may reduce the accu-

racy of potential-flow-based models, even when viscous corrections are included.
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Nevertheless, fully resolved CFD simulations remain computationally expensive
for long-duration irregular-wave simulations, multi-degree-of-freedom motions,
incorporation of mooring systems and multiple environmental load cases. A
potential-flow model with viscous corrections can achieve a reasonable balance
between computational efficiency and response-prediction accuracy in practical
engineering studies [56]. Therefore, this method is adopted in this work to in-
vestigate the dynamic response of the wave-energy capture system under both

operational and extreme sea states.

2.1.1 Boundary-value problem

Based on the three-dimensional (3D) potential flow theory, the fluid is assumed
to be incompressible, inviscid, and irrotational. Under these assumptions, the

velocity potential satisfies the Laplace equation,

V20 =0 (2.1)

Additionally, the fluid velocity potential ® can be expressed as the superposi-
tion of the incident potential ®;, diffraction potential ®p, and radiation potential

dp [57],

(ID(t)ZCI>I+CI>D+<I>R:Re

M 6
(ereens 3 gmep )|

m=1 j=1

where M is the number of bodies; fj(m) denotes the complex motion amplitude in
the j-th DoF of the m-th body, and goi?) is the corresponding radiation potential

induced by unit amplitude. Under finite water depth condition, the incident
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potential can be expressed as [58]:

_igAcosh (k(z + h)) il
w cosh(kh)

o = x cos 0+y sin )] (23)
where ¢ is the gravity acceleration; A and w denote the amplitude and circular
frequency of the incident wave, respectively; h is the water depth; 6 is the incident

wave angle; k represents the wave number corresponding to w,

w2

b= b o) (2.4)

The boundary value problem (BVP) for the velocity potential is subjected to

the following conditions [59]:

X

dp

—w?p* +g 5 = 0, on Sp(z=0) (2.5)
a X
5’; =0, on Sp(z=—h) (2.6)
dpp Oy
W = a—n7 on Sb (27)
@ on S (2.8)

—iwnj, q=Fk,

Ve -0, on Sy (2.9)

where Sg, Sp, Sy, Ss represent the boundaries of the free surface, seabed, body
surface, and far field, respectively; ¢* can represent either the diffraction poten-

tial or the radiation potential; The generalized normal vector n; can be defined
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as:

n; = (2.10)

where 77 = (ny,n9,n3) is the inward-pointing unit normal vector on the body

surface, and 7 = (x,y, 2) is the position vector on the body surface.

2.1.2 Hydrodynamic coefficients and wave force transfer

functions

After resolving the BVP described in Section 2.1.1 using the boundary element
method (BEM) [60], the added mass and radiation damping induced on the ¢-th

body due to the motion of the k-th body can be expressed as, respectively [61]:

i = // Im gom nzds (i=1~6; j=1n~6) (2.11)
N —p//s Re(gar]; ) nids,  (i=1~6; j=1n~6) (2.12)
4
where S, denotes the mean wetted surface of the ¢-th body.
The first-order wave excitation forces acting on the body comprise both the
Froude-Krylov force and diffraction force. Based on the Bernoulli equation, the

first-order wave excitation force transfer function can be obtained by integrating

the incident and diffraction pressure over the wetted surface of the body [58],

F // pr+pp)n;dS = pr// (er +¢p)n;ds, j=1,...,6 (2.13)
Sq Sq

As for second-order wave forces, they consist of difference-frequency and sum-
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frequency components. However, for offshore structures such as semi-submersible
platforms, the natural frequencies of the platform motions generally do not fall
within the dominant frequency range of sum-frequency wave forces [62]. There-
fore, the sum-frequency forces are unlikely to excite resonant responses of the
platforms. In contrast, the influence of difference-frequency forces on the low-
frequency motions of the platforms cannot be neglected. Accordingly, in this
work, only the second-order difference-frequency wave forces are considered. Re-
garding the difference-frequency wave force and moment transfer functions, their

generalized forms can be expressed as, respectively [63]:

D 9 1 * -
(Pl Qi) = =709 / Gl L+ 5 / / Vol . el

oL"
el 1w gom
- p// [ v in_ gy ] d5+2 as) < ) (2.14)

( jkmn’Q]kmn> ipg/ C(I)Ckl)*( )dl

o ] [oo-wotr] @ xmas o f [0 925 @ as

1 — W, *
+5d < M) (2.15)

where ¢(\V. ¢ X0 70 FO) and MO denote the first-order relative wave eleva-
tion, velocity potential, displacement, rotation, hydrodynamic force and moment
under unit wave amplitude, respectively; m and j represent the m-th incident
wave direction and the j-th wave component under the corresponding direction,
respectively; Similarly, n and k£ denote the n-th incident wave direction and the
k-th wave component under the corresponding direction, respectively.

To improve computational efficiency, the Newman approximation method
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is widely employed in engineering applications when calculating second-order
difference-frequency drift forces [64]. The core of this approach is to approxi-
mate the off-diagonal elements of the second-order transfer function matrix using

its diagonal elements [65],

5(+) L 75 5(+)

(2.16)
A LA A()
ij:mn - 5 <ijmn - Qkkmn)

where * can denote F' or M.
It should be particularly noted that, in the unidirectional wave conditions,

the off-diagonal elements are given by [65]:
0 _ 1 (pm | pw
k=5 L
(2.17)

2.2 Irregular wave spectrum

In this work, the JONSWAP spectrum is used to model long-crested irregular

waves, which can be expressed as [66]:

) s . w —4 eXp|:f (w—;p2)2:|
S(w) = asH;w "w, " exp|—1.25 . 0% 207 (2.18)
P
where ay is the spectral parameter; H,, w, and v are the significant wave height,
spectral peak period and enhancement factor, respectively; As w < w,, the spec-
tral parameter o is equal to 0.07, while it is taken as 0.09 for w > w,,.

The stochastic WCI model can be obtained from the irregular wave spectrum
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and regular WCI model. Then, the long-crested irregular wave spectrum S(w, u)

with the current-induced modifications is formulated as [15]:

45(w)

(2.19)

where u refers to the current velocity, where positive and negative values repre-
sent the currents flowing along and opposite to the positive X-axis of the global
coordinate system, respectively.

It is worth noting that an opposing current increases the amplitude and de-
creases the wavelength of wave components, resulting in steeper waves. Under
sufficiently strong opposing currents, the wave steepness may reach the break-
ing limit (w = —g/(4u)), leading to wave breaking. Because Eq. (2.19) cannot
account for the wave-breaking effects, it may overestimate the spectral densities
at high frequencies. To overcome this limitation, an ”equilibrium range limit” is

adopted [16],
B*g? 1
w — keu)d 2u(w — keu)
9

SER((,L),U) = ( (220)

1+

where B* is a Phillips constant [67]. It should be noted that the spectral value at
any specific frequency is the minimum result from the calculations of Egs. (2.19)
and (2.20) [47]. In addition, the wave number in Eq. (2.20) is solved by the

dispersion function in the presence of current [16],

(w — keu)?

= k. tanh(k.h) (2.21)
g

Based on the aforementioned wave spectrum model considering WCI, the wave
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elevation can be expressed as follows [18]:
Ny
n(x,t) = Z A; cos(kejx —wit + o) (2.22)
j=1

where j denotes the index of wave component and «; is a random phase angle
uniformly distributed in [0, 27]; N, represents the total number of wave com-
ponents. The amplitude of the j-th wave is calculated by the formula A; =

V2 S(wj,u) Aw, and Aw is the frequency interval. Correspondingly, the resul-

tant wave velocities in the horizontal and vertical directions are

N,
- hlk.; h
uwaaw=u+§pm%—u@fﬁ$gf;)%wwﬂ—uﬁ+%>@zw
=1 “

N, .
- sinh|k.;(z + h)| .
i t) = 3 Ayl — ko) I il -t o) (220
cj

J=1

More discussions and demonstrations on the wave elevation and velocity under
the influence of the underlying currents can be found in [42].

For the short-crested irregular waves, they propagate along multiple direc-
tions. Therefore, a long-crested wave spectrum that takes into account both

frequency and direction is used to model the short-crested wave [57],

S(w,0) = D(0) S(w) (2.25)
where D(0) represents the directionality function, which can be expressed as:
<f9-6<

D(6) = Ccos™(0 — ), for — (2.26)

v |

s
2
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where n is the spreading exponent; § is the mean wave direction. It should be
noted that the integral of the short-crested wave spectrum over the range of wave
directions is equal to that of the long-crested wave spectrum, demonstrating their

wave energy is the same.
L
/ S(w,0)do = S(w) (2.27)
Therefore, the value of C satisfies the following condition,

40 z+0 B
/ D(0)do = C/ cos" (0 —0)df =1 (2.28)

240 -540

For short-crested waves under WCI, the directional spectrum is constructed
by combining the WCI-modified long-crested wave spectrum with the directional

spreading function,

S*(w,0) = D(0) S*(w) (2.29)

where S (w) represents the long-crested wave spectrum with the current-induced
modifications, such as Egs. (2.19) and (2.20).

In Eq. (2.29), the WCI-modified long-crested spectrum is used as the frequency-
spectrum component, while the directional spreading function redistributes the
wave energy over different propagation directions. Since the directional spreading
function is normalised, the total wave energy of the short-crested wave spectrum
remains consistent with that of the corresponding long-crested wave spectrum
under the same current condition. This enables a controlled comparison between
long-crested and short-crested wave cases.

It should be noted that this approach is an engineering approximation. In a
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fully direction-dependent WCI formulation, the influence of current would vary
among different directional wave components because each component has a dif-
ferent relative angle with respect to the current direction. However, a generally
applicable and validated spectral model with WCI effects for short-crested waves
is not currently available for the present application. Therefore, the adopted for-
mulation provides a practical way to include both WCI effects and directional
spreading while maintaining energy consistency. The direction-dependent modi-
fication of each wave component by currents is acknowledged as a limitation and

is recommended for future investigation.

2.3 Wave excitation forces in the time-domain

For irregular waves, the wave excitation forces include both first-order and second-
order components. Short-crested waves consist of irregular waves from multiple
incident directions, and each directional irregular wave is itself composed of mul-
tiple regular wave components. Therefore, under short-crested waves, the first-
order and second-order wave forces exerted on the body can be expressed as,

respectively [68]:

Ng Ny

Fe(l)(t) = E E A, FO (wj, Om) cos(—w;t + jm + Bim) (2.30)
m=1 j—1
Ny Ny No N

EE0 =305 D> A [P (0, O ) cos((5 — )+ (g — v

m=1n=1 j=1 k=1

+Q§'}?mn(wj> Wi, ema en) Sin((wj - wk)t + (ajm - O‘kn)) (231)
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where N, is the number of wave directions; 3;,, is the phase of FM(w;,0,,); Ajm
and Ay, are wave amplitudes; wj,, and wy, are the incident frequencies; ¢,, and
0, are the incident angles; o, and «j, are the random phases of the regular
wave components, which are uniformly distributed in [0, 27]; For A,,,, it can be

expressed as [69]:

Ajry = \/25%(w;.0) A A (2.32)

where S*(w, ) denotes the short-crested wave spectrum with WCI influence or
without WCI influence.

In this work, the directional range of 180° centred around the mean incident
wave direction is assumed to be uniformly divided into 20 intervals (A#), re-
sulting in 21 directional sub-spectra for the short-crested wave spectrum. Each
of these sub-spectra is further discretised uniformly into 500 frequency intervals
(Aw) over the range from 0.04 rad/s to 2.4 rad/s. To ensure the randomness of
the irregular wave realisation, the frequency w; of the j-th wave component is ran-
domly distributed within the j-th frequency interval [70]. Finally, the first- and
second-order wave-force transfer functions obtained from the frequency-domain
calculation are interpolated, which provides the second-order wave force induced
by any pair of wave components under two arbitrary incident directions, as well
as the first-order wave force induced by any wave component under one given
incident direction.

As for long-crested waves, they consist of multiple regular wave components
in a single incident direction. Therefore, based on Egs. (2.30) and (2.31), the

expressions for first-order and second-order wave forces under long-crested waves
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are as follows [71]:

Ny
FO() = Y0 A F 0 (wj) cos(~wit + a; + ) (2.33)
j=1
Ny Ny
FP(t) = Z Z A Ay []%(;:) (wj, wi) cos((w; — wi)t + (a; — o))
=1 k=1
QU g ) sin((wy — i)t + (o — ) | (2:34)

where A; = /2 5*(w;) Aw, and S*(w) represents the long-crested wave spectrum
J j

with WCI influence or without WCI influence; 3; is the phase of F'(w;).

2.4 Lumped mass method

Mooring line dynamics are commonly simulated using three main approaches:
the quasi-static method, the lumped-mass method, and the slender-rod method.
The quasi-static method offers high computational efficiency, but it generally ne-
glects the inertia and dynamic response of the mooring line [72]. In contrast,
the slender-rod method can provide a more detailed representation of the con-
tinuous deformation and dynamic behaviour of the line, but this is achieved at
the expense of greater modelling complexity and higher computational cost [73].
The lumped-mass method provides a practical compromise between these two
approaches by discretizing the mooring line into a series of nodes and segments.
This approach enables the main dynamic effects of the mooring line to be cap-
tured while maintaining relatively high computational efficiency [74].

Since this work focuses on the global dynamic response of the mooring sys-

tem and its coupling with the platform motions, rather than local bending be-

30



Chapter 2. Methodology

haviour or cross-sectional structural response of the mooring line, the lumped-
mass method proposed by Hall and Goupee [74] is adopted in this thesis to
simulate the mooring line dynamics. In this approach, the continuous mooring
line is discretized into N uniform segments and N+1 nodes. The mass assigned
to each node is taken as half of the total mass of the two adjacent segments. By
solving the equations of motion for each mass node, the mooring forces and dy-
namic response of the entire mooring line can be obtained. At each time step, the
nodal states are updated to capture the global dynamic behavior of the mooring
system. Let r; and 7;,, denote the global position vectors of two adjacent mass
nodes. The segment connecting these two nodes is denoted as segment i+1/2.

The strain of segment i+1/2 is given by the following expression:

T —T;
87;+1/2 = % -1 (235)

where |r;, 1 — r;| represents the current length of the segment, and [ denotes the
initial length of the segment.

The unit tangent vector of segment i+1/2 is given by:

Tit1 — T4

i, — 2.36
di+1/2 |Tz'—|—1 _ Ti’ ( )
The tension in segment i+1/2 can be calculated as:
wd? R
Tz‘+1/2 = T i+1/2 €i+1/2 it1/2 (237)

where E; /5 is the Young’s modulus of segment i+1/2, and d denotes the equiv-

alent volume diameter. The tension exists only when the segment is in tension,
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acting in the direction from node ¢ to node i+1; it vanishes when the segment is
under compression.
The strain rate €;,1/2 can be expressed as:

. O€it1/2 0 Tit1 — T4
Eit1/2 = 8—;/ =5 <|+1[—|> (2.38)

To enhance numerical stability, an internal damping force is further introduced
for this segment,

m
. 2 . ~
Cz‘—l— =—d Cint5i+%qi+

™ T —T;
T N e BRCE )

1
2 8 Ty — 74

where Cj,; is the internal damping coefficient of the mooring line, with units of
stress per unit strain rate.

The drag force and added mass acting on node i are calculated using the
Morison equation [75]. The unit tangential vector at node i, defined between its

two adjacent nodes, can be approximately expressed as:

g = LT (2.40)

B |7“z'+1 —7“1'\

The transverse drag force component acting on mass node i is given by:
1 CaNA e oAva
D, = épC’dndl [(74.Gi)Gs — 7 [(7-G:) G5 — 74] (2.41)

where Cy, denotes the transverse drag coefficient. 7; represents the relative flow

velocity at mooring node ¢ under still-water condition. Similarly, the tangential
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drag force component at mass node ¢ can be calculated as:
1 A AN
Dy = 5pCadl |(=7:.6:)ail [(=74.G:) i (2.42)

where Cy; denotes the tangential drag coefficient.
The surrounding fluid around mass node 7 generates an added mass force aj,
which consists of both transverse and tangential components. It can be expressed

as:

a; = Qp, + QAq; = %de [Can (I - ququT) + Cat (quAzT)} (2'43)

where C,,, and C}; denote the transverse and tangential added mass coefficients,
respectively; I represents the identity matrix.

When the mooring node interacts with the seabed, horizontal friction is ne-
glected, and the vertical reaction force is transmitted through a linear spring-

damper system, which can be expressed as:
Bi =dl [(zbot — Zi)k'b — 5i0b] éz (244)

where z,,; denotes the seabed elevation, while z; and 2z; represent the vertical
position and velocity of the node, respectively; k; is the seabed stiffness coefficient
per unit area, ¢, is the viscous damping coefficient per unit area, and é, is the
unit vector in the positive z-direction.

W; denotes the submerged weight, i.e., the net buoyancy or weight acting on

mass node 7. The net buoyancy of segment i+1/2 is given by:

™

Wiy = 7d°Up = p)g (2.45)
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where p is the density of mooring line.
Since this force is uniformly distributed between the two mass nodes, the

vector form of the submerged weight W; acting on mass node i is given by:

)

1 .
VVz‘:§<W-+%+VVi,%> €. (2.46)
Finally, the equation of motion for mass node 4 can be written as:

(mi—i—ai)h :T;Jr% T %+Ci+% —CF% —i—Wi—l—Bi—FDpi —i—in (2.47)

71—

where m; + a; represents the sum of the mass and added mass; T 1/0 — Ti—1/2 +
Cit1/2 — Ci_1/2 corresponds to the internal stiffness and damping forces; W; + B;

represents the weight and contact forces; D,; + D, denotes the drag forces.

2.5 Lagrange multiplier technique

For this wave-energy harvesting platform concept, the WEC array is rigidly
mounted on the platform through hinged connections. For such a multi-body
connected system, it can generally be modelled using methods such as the New-
ton—Euler method, Lagrange’s equations, the Lagrange multiplier method, and
Kane’s method. The Newton—Euler method, Lagrange’s equations, and Kane’s
method formulate the dynamic model of the system based on force equilibrium,
energy relationship, and generalized velocity, respectively [76-78]. However, when
applied to multi-body connected systems, these approaches often require rel-
atively complex mechanical derivations. In contrast, the Lagrange multiplier

method explicitly represents the connections between rigid bodies by introducing
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constraint equations, thereby enabling the dynamic model to be formulated in a
more direct manner [79].

Owing to its simplicity in modelling the connections in multi-body systems,
this thesis adopts the Lagrange multiplier method to establish the time-domain
dynamic model of the wave-energy capture system. The core of the Lagrange
multiplier method lies in enforcing displacement continuity for dynamic mod-
elling, which can be realized by introducing the constraint matrix and the vector

of hinge internal forces [80],

DT Fy = R
’ (2.48)
D; P =0

where D; is the constraint matrix for the two connected floating bodies at the
j-th hinge; Fj. is the internal force vector at the j-th hinge; F®9 represents the
reaction force vector acting on the two connected bodies at this hinge; £P9 is
the displacement vector composed of the p-th and ¢-th bodies.

The constraint matrix D; can be expressed as [81]:

D;=A;[L, L, (2.49)
where, i i
cosal  sinad 0 0 0 0
—sina/ cosal 0 0 0 0
Aj= 0 0o 1 0 0 0 (2.50)
0 0 0 cosa? sinad 0
0 0 0 0 0 1
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0 (28— 2])
(2P — 29) 0

—(h =) (o — )

1 0
0 1
0 0
0 (zg —27)
-0
(v —v2) —(af—al)
-1 0
0 —1
0 0

(b —yl)

(et~ 22)

—1

(2.51)

(2.52)

where A; is the coordinate transformation matrix; «; is the relative angle between

the hinge rotational axis and the y-axis of global coordinate system; L, and L, are

block matrices; (x,y?, 2F) and (21, y, z7) denote the center of mass coordinates

of the p-th and ¢-th bodies, respectively; zJ, 47, zJ represents the coordinates of

the j-th hinge. More details on deriving the constraint matrix for multi-body

connected system can be found in the literature [82].
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2.6 A coupled hydro-connected-mooring dynamic
model

Due to the hinge connectors in a multi-body floating system, the displacement

continuity condition should be considered in its time-domain motion equation

[83]7

;

[Mf + /”L(OO)}GMXGM [é(t)}6M><1 + [/0 R(t —7)é(7) dﬂ 6Mx1

+ [Cv + CPTO]GMXGM [é(t)}GMxl + [Kh + Klock](sMxﬁM [g(t)}ﬁMxl

+ [D]EMXW [Fc(t)]mxl = [Fe(t)] 6M x1 + [Fm<t>] 6M x1 + [Fd(t)}6M><1

| (Dl [E(0)] gy = Ol
(2.53)

where My and ju(oo) are the mass and added mass matrix at infinite frequency,
respectively; C, and Cpro refer to the linearized viscous damping and PTO
damping matrices, respectively; K}, is the hydrostatic stiffness matrix; F.(t) and
Fy(t) are the wave excitation force and current drag force, respectively; F),(t)
is the mooring force, which can be solved by the lumped mass method; F,(t)
are the internal forces of the hinge connectors, and D refers to the constraint
matrix; m=>5(M-1) denotes the number of DoFs constrained. It is worth noting
that, under severe sea states, the WECs should be locked to remain stationary
relative to the platform, thereby preventing damage to the PTO system. In the
numerical simulation, this locking condition is realized by introducing a stiffness

matrix K. As for the retardation function matrix R(t), which represents the
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fluid memory effects, it can be expressed as [84]:
R(t) = — /000 Aw) cos(wt) dw (2.54)
The drag force of the current can be generally expressed as [85]:
Fy(0) = Cy(0) |ur|uy, j=1~6 (2.55)

where Cy;(6) denotes the current coefficient corresponding to the relative heading
angle 6 between the current incident direction and the integrated system; wu, is
the relative current velocity along the incident direction. Generally, the current
coefficients can be obtained through model tests, CFD simulations, or empirical
formulas. For example, under a known relative heading angle 6, and current
velocity wu, if the forces and moments at the center of mass (k = 1 ~ 6) are
obtained via experiments, CFD, or empirical methods, the drag coefficient for

that specific heading angle can then be derived as [65]:

Cy(h) = dﬁf t) (2.56)

Regarding the derivations of Cpro and K., a reference is provided by de-
scribing the PTO damping and locking stiffness matrices associated with the j-th

WEC and the platform at the corresponding hinge,

Cy —Cy
ej ej

—Cgi Cyj —Ci; Gy

(2.57)
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K,

9j

— Ky, _ Ky =Ky

ej ej
—Kg; Ky —Ki; K

(2.58)

where Cj; and Kj; are the PTO damping and locking stiffness matrices imposed
at the j-th hinge; Cy; and Kg; represent the PTO damping and locking stiff-
ness matrices in the global coordinate systems; T¢; is the element transformation
matrix for the j-th hinge. The matrices Cj;, K;; and T,; can be expressed as,

respectively:

Cy = (2.59)

Ky = (2.60)

dy 0 0 0
0 dj 0 O
Tej - (261)
0 0 dy O
(0 0 0 dy]
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where ¢,; is the PTO damping coefficient imposed at the j-th hinge; k,; is the
PTO locking stiffness coefficient imposed at the j-th hinge, which is assigned a
sufficiently large value; d.; is the direction cosine matrix of the j-th hinge local

coordinate system relative to the global coordinate system [86],

cos(X;X) cos(X]Y) cos(X}Z)
dej = | cos(Y/X) cos(Y]Y) cos(Y]Z) (2.62)

cos(Z;X) cos(Z;Y) cos(Z;Z)

where O — XY/ Z denotes the local coordinate system of the j-th hinge.
Figure 2.2 presents the flowchart of numerical simulation of the coupled dy-
namic model. First, the hydrodynamic coefficients of the integrated system are
obtained from frequency-domain calculation using the potential-flow software
AQWA. These coefficients are then transferred to the time-domain simulations
as external load inputs, which are implemented in MATLAB. In addition to the
hydrodynamic loads, the external loads also include the current drag force, PTO
damping force and PTO locking force. The mooring system is simulated using
the open-source module MoorDyn, which is developed based on the lumped-mass
method. The hinged constraints within the integrated system are modeled using
the Lagrange multiplier method. It should be noted that, after combining the
Cummins equation with the constraint equation, the resulting governing equa-
tions form a second-order differential-algebraic equation (DAE) system, which
can be solved using the fourth-order Runge-Kutta method. MoorDyn solves the
mooring line dynamics using a second-order Runge-Kutta scheme. It is worth
noting that the coupling between the motion equation of the integrated system

and the mooring equation is implemented using a loosely coupled strategy [74].
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Figure 2.3: Flowchart of numerical simulation of the coupled dynamic model.
2.7 Captured power of the individual WEC

By solving Eq. (2.53), the PTO damping force acting on the integrated system

can be obtained.

[CPTO]GMXGM [{(t)} = [FPTO(t)]GMxl (2-63)

6M x1

Accordingly, the PTO damping force acting on the j-th WEC related to its

local hinged coordinate system can be expressed as:

Flon) =/ (Fo.) + (Fihos)’ 2.0

where F}(>jT)o,4 and FF(,jT)O’5 denote the PTO damping force components acting on
the 7-th WEC in the roll and pitch DoFs, respectively.

Finally, the average power captured by the j-th WEC over a time interval T
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can be formulated as [87]:

dt (2.65)
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Chapter 3

The floating wave-energy
harvesting platform in

short-crested irregular waves

The primary objective of this chapter is to investigate the dynamic behavior
of the wave-energy harvesting platform under short-crested irregular wave con-
ditions. To ensure the reliability of the numerical analysis, a mesh convergence
study was first carried out for the hydrodynamic models of both the platform and
the WEC, followed by damping corrections for the hydrodynamic models. Fur-
thermore, to verify the developed coupled dynamic model and the short-crested
wave spectrum, this chapter compares the response results obtained from the de-
veloped numerical model with those predicted by AQWA. Finally, time-domain
simulations using the proposed dynamic model are adopted to evaluate the effects
of wave directionality on the platform motion, mooring line tension, and power

absorption of the WECs. The results show that the wave directionality has a
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significant influence on the dynamic response and power capture of the wave-
energy capture platform. Since short-crested waves are commonly encountered in
marine environments, it is recommended that the wave directional distribution
be considered in the design and performance assessment of this type of offshore

structures.

3.1 Viscous corrections for the hydrodynamic
models

Before the viscous corrections, the mesh convergence of the hydrodynamic models
needs to be verified. In this thesis, the wetted surfaces of the platform and
WEC are discretized into 14000 and 2640 panel elements, respectively. There
are two methods calculating the steady drift forces in AQWA, namely, the near-
field and the far-field methods. By comparing the steady drift force results with
these two methods, it can be determined whether the mesh discretization reaches
convergence [53]. Figure 3.1 illustrates the surge steady drift forces of the platform
and WEC. It can be inferred from the figure that the results with the two methods
agree well.

Figure 3.2 shows the physical model of the platform [88]. Cao et al. [89]
obtained the damping ratios of the six DoFs through the experimental tests.
Based on these damping ratios, the viscous damping of the platform is considered
in its hydrodynamic model. The platform response amplitude operators (RAOs)
were measured by Cao et al. [88] under the white noise test. The RAOs could be
obtained from the measured motion response and wave spectra. The white noise

wave has a significant wave height of 5 m and a spectral peak period ranging from
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Figure 3.1: Comparison of the surge steady drift forces of the platform and WEC
with near-field and far-field methods.

5 to 20 s. After the viscous correction for the platform, this work adopts the time-
domain simulations to obtain the RAO results. A comparison of the numerical
and experimental RAOs for the platform motions is presented in Figure 3.3. From
the figure, it can be observed that the numerical and experimental results agree

well.
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Figure 3.2: Illustration of the physical model of the platform [88].

Figure 3.4 illustrates the physical model of the WEC [90]. He et al. [90]
conducted the experimental studies on the heave DoF. In their work, the heave
RAOs of the WEC floater were tested at four specific frequencies. Zhou et al. [91]
found that the effects of viscous damping on the response of WEC buoy are much
less pronounced than those of radiation damping when its diameter-to-draft ratio

is large. However, to ensure an accurate estimate, 6% critical damping is still
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Figure 3.3: Comparison of the motion RAOs of the platform between the numer-
ical and experimental results.

Wave gauge Displacement sensor Hinge point

Figure 3.4: Schematic diagram of the physical model of the WEC [90].

introduced for viscous correction in the heave DoF [92]. It should be noted that
there is no PTO damping at the hinge point. Figure 3.5 shows the heave RAOs
of the WEC from both experimental and numerical studies. As seen in the figure,

the numerical results agree with the experimental data well.

3.2 Verifications of the coupled dynamic model
and the short-crested wave-spectrum model

To ensure the reliability of all the studies presented in this thesis, the coupled hy-

drodynamic-connected-mooring dynamic model is verified in this section. Mean-
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Figure 3.5: Comparison of the heave RAOs of the WEC between the numerical
and experimental results.

while, as the focus of this chapter is to investigate the wave-energy capture plat-
form under short-crested wave conditions, the short-crested irregular wave spec-
trum model introduced in Chapter 2 also requires verification. It is worth noting
that AQWA provides the function to simulate short-crested waves [66], with a
wave-spectrum model that is consistent with that introduced in this thesis.

The wave-energy capture platform is modelled separately in AQWA and in
the developed model. The dynamic responses and captured power of this system
under short-crested wave condition are then calculated using these two numerical
tools. The parameters of the short-crested wave are specified as follows: the
significant wave height is 3.8 m, the spectral peak period is 8.3 s, the enhancement
factor is 2.4, the spreading exponent is 2, and the mean incident direction is 0°.
Figure 3.6 presents the surge, heave, and pitch responses of the platform, while
Figure 3.7 shows the tension response of #5 and the power captured by WEC
1. It can be observed from these figures that the results obtained using the two
numerical tools are generally in good agreement. Therefore, the dynamic model
developed in this thesis, together with the adopted short-crested wave-spectrum

model, is demonstrated to be accurate for the subsequent studies.
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Figure 3.6: Comparison of the platform motions under short-crested wave condi-
tion using AQWA and the developed model.
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Figure 3.7: Comparison of #5 tension and absorbed power of WEC 1 under
short-crested wave condition using AQWA and the developed model.

3.3 Results and discussion

This section focuses on the dynamic responses and power capture characteristics
of the wave-energy capture platform under short-crested wave conditions. The
operating site is assumed to be located 20 km offshore in the north of the South
China Sea. Five design environmental conditions (ECs) are reported for this

site in the previous work of Cao et al [93]. It’s assumed that there are no wind
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and current loads, and only the irregular waves are considered in this study.
Table 3.1 lists the parameters of EC1-EC5, where EC1-EC3 represent operational

conditions, and EC4-EC5 denote severe conditions.

Table 3.1: Five ECs.

Hy(m) T,(s) v
EC1 2.0 6.2 2.0
EC2 3.8 83 24
EC3 6.8 10.1 3.7
EC4 8.1 114 3.1
EC5 103 141 20

Cao et al. [93] conducted a dynamic response analysis of the SPIC semi-
submersible platform under long-crested wave conditions for the aforementioned
five ECs. However, multidirectional wave propagation is commonly observed
in real marine environments, and short-crested waves exhibit markedly different
characteristics from long-crested waves. Therefore, it is meaningful to further
investigate the effects of wave distribution on the dynamic responses and en-
ergy capture features of the wave-energy harvesting platform, for the design and
engineering application of this type of offshore structure.

Although directional wave spectra for this site are not available, different
spreading exponents (n = 2 — 8) are introduced to represent various degrees
of directional spreading. Meanwhile, it’s assumed that the mean incident wave
direction is 0°.

In the time-domain simulations, the total simulation duration is set to 4100
s. The Cummins motion equation is solved using a time step of 0.1 s, whereas a
smaller time step of 0.01 s is adopted for solving the mooring dynamic equations.
Furthermore, to eliminate the influence of initial transient responses, the first 500

s of the time history from each simulation are excluded.
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3.3.1 Characteristics of short-crested wave conditions

To characterize the short-crested waves, this section introduces the 2D wave spec-
tra of EC2 for various spreading exponents, as shown in Figure 3.8. As demon-
strated in the figure, the spectral value of the wave spectrum is maximal at the
spectral peak frequency. In addition, it can be inferred that a larger spread-
ing component indicates less energy is focused around the peripheral direction,
and more around the dominant direction. Furthermore, since the total energy
of the wave spectrum remains constant, the spectral value around the dominant
direction increases as the spreading exponent becomes larger.

@ n=2

(b)n=5 S(o, 0) [ml-z,;adj (c) n=8 S(o. 0) [mz-i/rﬁadj

S(o, ) [m*-s/rad]
20
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Figure 3.8: 2D wave spectra of EC2 with various spreading exponents.

3.3.2 Determination of PTO damping coefficients

Based on the layout of the WEC array, all WECs have only two distinct relative
angles with respect to the mean wave incident direction. The WECs with the
same relative angle are classified into the same group. Accordingly, the WECs in
Row 3 are assigned to another group, denoted as Group A, while the WECs in
Rows 1 and 2 are assigned to another group, denoted as Group B. In addition,
it’s assumed that all WECs within each group have the same PTO damping

coeflicient.
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WEC-A and WEC-B are defined to represent the WECS in Groups A and B,
respectively. To determine the PTO damping coefficients that maximize the ab-
sorbed power of WEC-A and WEC-B, namely the optimal damping coefficients,
a parametric analysis is conducted under EC1-EC3 with different spreading ex-
ponents.

Figure 3.9 presents the absorbed power of WEC-A with various PTO damping
coefficients. In this figure, it can be observed that under EC1-EC3, WEC-A
absorbs the most power at the PTO damping coefficients of 2.5x10* kN.m.s/rad,
4.6x10* kN.m.s/rad and 6.7x10* kN.m.s/rad, respectively. In addition, it can be
found that under EC1, the variation pattern of the absorbed power regarding the
spreading component is different from those under other two ECs. The absorbed
power exhibits a decreasing trend across the spreading exponents under EC1, but

it shows an opposite trend under the other two ECs.

PTO damping (kN.m.s/rad)
PTO damping (kN.m.s/rad)
PTO damping (kN.m.s/rad)

1881 1885

Figure 3.9: Absorbed power of WEC-A for various spreading exponents versus
different PTO damping coefficients under three operational ECs.

Figure 3.10 shows the absorbed power of WEC-B with various PTO damp-
ing coefficients. It can be seen in this figure that under EC1-EC3, the absorbed
power of WEC-B reaches maximal at the PTO coefficients of 2.5x10* kN.m.s/rad,

4.4x10* kN.m.s/rad and 6.7x10* kN.m.s/rad, respectively. In addition, the ab-
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sorbed power shows a decreasing trend across the spreading components under
EC1-EC3. It is noteworthy that under the identical EC, WEC-B absorbs more

power than WEC-A.
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Figure 3.10: Absorbed power of WEC-B for various spreading exponents versus
different PTO damping coefficients under three operational ECs.

In the subsequent analysis, under EC1-EC3, the PTO damping coefficients of
the WECs in Rows 1 and 2 are set to the optimal damping coefficients of WEC-B,
whereas those of the WECs in Row 3 are set to the optimal damping coefficients

of WEC-A.

3.3.3 Platform motion response

To analyze the platform motions under short-crested wave conditions, the mean
values and standard deviations (STDs) of the surge, heave, and pitch responses
are presented in this section, as shown in Figures 3.11-3.13.

From Figure 3.11(a), it can be observed that under EC1, the mean surge value
remains nearly constant under different spreading exponents, which implies that
the wave directionality hardly changes the equilibrium position of the platform
in the surge direction. However, as n=2, the surge response has a smaller STD

compared to a larger spreading component, which is due to the fact that for n=2,
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the scattered wave distribution is unable to stimulate a larger motion in the surge
direction.

As seen in Figures 3.11(b)-3.11(e), under EC2-EC5, the mean surge value
shows a slight increasing trend across the spreading component, which indicates
the differences in the mean drift force caused by variations in the spreading ex-
ponent are large enough to affect its equilibrium position. In addition, under
EC5, the variation pattern of the surge STD regarding the spreading component
is different from that under EC2-EC4. Under EC2-EC4, the short-crested waves
with larger spreading exponents can excite a larger surge slow-drift force , which
leads to a more intense surge response. As a result, the surge STD has an in-
creasing trend across the spreading component. However, under EC5, the surge
STD decreases as the spreading component increases. This may be attributed to
the fact that the restraning effect of the mooring system outweighs the excitation
effect of the surge slow-drift force.

In Figure 3.12(a), it can be observed that there is a obvious jump from n=3
to n=4 in the mean response of the heave motion under EC1, and it remains
constant when n > 3. This indicates that as the spreading component exceeds a
certain threshold, the constraint forces at the hinges are sufficiently large to push
the platform upward from its initial heave equilibrium position. In addition, the
heave STD increases as the spreading exponent increases. This is due to the fact
that the short-crested waves with more focused distribution excites a larger heave
oscillation.

As shown in Figure 3.12(b), under EC2, the mean value and STD of the heave
response for n=2 are similar to those for n=8, but smaller than those for n=3-7.

This may be attributed to the fact that the phase differences among the hinge
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Figure 3.11: Surge mean value and STD of the platform for various spreading
exponents under five ECs.

constraint forces lead to a relatively small upward excitation, when the wave
distribution is significantly scattered or focused.

It can be found from Figures 3.12(c)-3.12(e) that under EC3-EC5, the vari-
ation patterns of the mean value or STD of the heave response regarding the
spreading component are similar. For the mean value, it remains almost constant
for different spreading components. This means that the differences in wave exci-
tation caused by variations in wave directional spreading are insufficient to alter
the heave equilibrium position. As for the STD, it has an upward trend across
the spreading component, which is due to the fact that the more focused the wave
distribution is, the more intense the heave response is.

It is worth noting from Figure 3.13 that the variation pattern of the pitch
STD across the spreading component under EC1 is similar to that of the surge

STD (as shown in Figure 3.11(a)). This phenomenon is attributed to the coupling
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Figure 3.12: Heave mean response and STD of the platform for various spreading
exponents under five ECs.

effects between the surge and pitch motions. In addition, the variation trends of
the pitch mean value under EC1, and the pitch mean value and STD across the
spreading component under EC2-EC5 are similar to those of the heave response.
This indicates that the coupling effects between the heave and pitch motions are

significant.

3.3.4 Mooring line tension

To analyze the dynamic response of the mooring line under short-crested wave
conditions, Figure 3.14 shows the mean value and STD of the #5 tension response.
The reason for selecting #5 as the object is that its tension response is maximal
under this mean wave incidence direction, which is crucial for assessing the safety
of the mooring system.

From Figures 3.14(a)-3.14(c), it can be observed that under EC1-EC3, the
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Figure 3.13: Pitch mean response and STD of the platform for various spreading
exponents under five ECs.

tension mean response remains almost constant regarding the spreading compo-
nent. This is due to the fact that although the longitudinal equilibrium position
of the platform varies for different spreading components, it is not able to make
a significant change in the average suspended length of #5 in the water. For the
tension STD, it can be found in Figure 3.14(a) that it is maximal for n=3 and
minimum for n=8. This implies that the tension oscillation is more intense as the
wave directionality is relatively scattered. However, a different situation occurs in
Figure 3.14(b), which is that the tension STD reaches maximal for n=8. This in-
dicates that under EC2, the tension can be excited with a more intense response
under a short-crested wave with more focused energy. From Figure 3.14(c), it
can be seen that there is a decreasing trend in the tension STD from n=>5 to
n=8 under EC3. This reflects that the more focused the wave distribution is, the

weaker the tension oscillation is.
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As seen in Figures 3.14(d)-3.14(e), under EC4-EC5, the mean value and STD
of the tension response show an overall decreasing trend across the spreading
component. This can be attributed to the fact that the arrangement of #5 is more
aligned with the direction perpendicular to the mean incident wave direction.
Consequently, a broader wave distribution is more likely to induce a larger tension

response of #5.
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Figure 3.14: The mean value and STD of #5 tension response for various spread-
ing exponents under five ECs.

3.3.5 Power capture performance

To investigate the power capture performance of point-absorber WECs under
short-crested wave conditions, this section analyzes the power absorption of the
individual WEC, WEC row, and WEC array in the following studies. In addition,
the effects of multi-body hydrodynamic interactions and the platform motions on

power capture are also demonstrated. Since the wave-energy capture platform is

57



Chapter 3. The floating wave-energy harvesting platform in short-crested
irregular waves

symmetric about the mean wave incidence direction, only five individual WECs
(WECs 1-3, WEC 7, and WEC 8) are considered, while only two rows of WECs,
Rows 1 and 3, are investigated. It is worth noting that, in order to evaluate
the effects of the hydrodynamic interactions and platform motion on the wave
energy conversion, another three scenarios are set up as ”Single WEC”, ”Wave
farm”, ” Wave-energy capture system (fixed)”. For the convenience of subsequent
studies, these four scenarios are defined as Scenarios 1-4, respectively. Scenario
1 corresponds to the individual WECs, Scenario 2 represents the WEC array,
Scenario 3 is the fixed wave-energy capture platform, and Scenario 4 refers to the

floating wave-energy capture platform.

The individual WEC

Figure 3.15 demonstrates the mean absorbed power of the individual WECs
among four scenarios for various spreading components under EC1.

The influence of the wave distribution on the power capture performance of
the individual WECs is first investigated. From Figures 3.15(a)-3.15(b), it can be
observed that the absorbed power of WECs 1 and 2 decreases as the spreading
exponent increases. This can be attributed to the fact that the layouts of WECs
1 and 2 are more aligned with the direction perpendicular to the mean incident
wave direction. As a result, a more focused wave distribution tends to reduce
their vertical responses relative to the hinges.

It can be found from Figure 3.15(c) that the variation pattern of the absorbed
power of WEC 3 regarding the spreading component is consistent among the latter
three scenarios, and WEC 3 absorbs the most power for n=3. As the spreading

exponent gradually increases, the power absorbed by WEC 3 no longer exhibits
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significant variations.

From Figure 3.15(d), it can be seen that among all scenarios, WEC 7 ab-
sorbs the most power for the intermediate spreading exponents. The absorbed
power exhibits an first increasing and then decreasing trend across the spread-
ing component. This indicates that both excessively focused and scattered wave
distributions cannot induce large vertical response of WEC 7 relative to the hinge.

it can be noticed in Figure 3.15(e) that among the latter three scenarios, the
absorbed power of WEC 8 has an increasing trend across the spreading compo-
nent. However, starting from n = 6, the power absorbed by WEC 8 shows no
significant increase with further increase in the spreading exponent. This may be
attributed to the fact that the wave distribution at n = 6 is already sufficient to
induce its near-maximum vertical response relative to the hinge, such that further
increase in the spreading exponent have only a limited influence.

The effects of hydrodynamic interactions and platform motion on the power
capture of individual WECs are then explored. It can be observed from Figure
3.15(a) that the absorbed power of WEC 1 gradually decreases from Scenario 1 to
Scenario 4. This phenomenon demonstrates that the hydrodynamic interactions
have an adverse influence on the power capture of WEC 1.

From Figure 3.15(b), it can be found that WEC 2 absorbs the most power
among Scenario 1 and the least among Scenario 2. Meanwhile, the power captured
by WEC 2 among Scenario 3 is more than that among Scenario 4. These phe-
nomena indicate that although the hydrodynamic interactions within the WEC
array have an adverse impact on the power capture of WEC 2, the hydrodynamic
interference induced by the platform can partially improve its power absorption.

As seen in Figure 3.15(c), the captured power of WEC 3 gradually decreases
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among the latter three scenarios. In addition, the performance of WEC 3 among
Scenario 1 experiences from the best to the worst as the spreading exponent in-
creases, which implies that the more focused the wave distribution is, the more
significant the impact of hydrodynamic interactions has on enhancing power ab-
sorption of WEC 3.

It can be observed from Figure 3.15(d) that the power absorbed by WEC
7 among the latter three scenarios is much larger than that among Scenario 1.
Meanwhile, WEC 7 exhibits the best and the worst performance among Scenarios
3 and 4, respectively. This suggests that the hydrodynamic interference induced
by the platform enhances the performance of WEC 7, while the platform motion
has the adverse effects on its power capture.

In Figure 3.15(e), the performance of WEC 8 among Scenario 1 gradually
transitions from being much better to being slightly weaker than that among
Scenario 2 as the spreading component increases. This suggests that the hydro-
dynamic interactions within the WEC array can enhance the power absorption of
WEC 8 as the wave distribution becomes focused. In addition, for large spreading
exponent, WEC 8 absorbs more power among Scenario 4 than among Scenario
3, while its captured power among Scenarios 1 and 2 is significantly lower than
that under Scenarios 3 and 4. These phenomena demonstrate that the pres-
ence of platform can improve the power capture of WEC 8 under focused wave
distribution.

To quantify the influence of multi-body hydrodynamic interactions and plat-

form motion on the power capture of the individual WECs, an influence factor
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Figure 3.15: Absorbed power of the WECs among different scenarios for various
spreading exponents under EC1.

(s is proposed, of which the calculation formula can be expressed as:

= (3.1)

where P! and P! denote the capture power of the i-th WEC among multi-body
scenario (including Scenarios 2-4) and Scenario 1, respectively.

Figures 3.16 illustrate ¢, of the individual WECs among Scenarios 2-4 under
EC1 with different spreading components. From Figure 3.16(a), it can be ob-
served that the value of g, of WEC 1 are smaller than 1 among three scenarios,
indicating that hydrodynamic interactions are not conducive to the power ab-
sorption of WEC 1. Furthermore, ¢, decreases progressively from Scenario 2 to
Scenario 4, implying that the presence of platform negatively affect the power

capture of WEC 1. The discrepancy of ¢, between Scenario 2 and Scenario 3 is
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more pronounced than that between Scenario 3 and Scenario 4, suggesting that
the hydrodynamic interference induced by the platform has a more significant
impact on the power absorption of WEC 1. Notably, among three scenarios, the
variation trend of g, across the spreading component is consistent, with n=2 and
n==8 representing the points of maximum and minimum values, respectively.

It can be seen from Figure 3.16(b) that the value of ¢; of WEC 2 are also
smaller than 1 among three scenarios. Additionally, ¢gs among Scenarios 3 and 4
are larger than that among Scenario 2, while ¢; among Scenarios 3 and 4 is almost
consistent. This suggests that the presence of platform mitigates the negative
impact of the hydrodynamic interactions within the WEC array on the power
absorption of WEC 2. Specifically, for n=5, due to the inclusion of platform,
the absorbed power of WEC 2 among Scenarios 3 and 4 is close to that among
Scenario 1. It is noteworthy that among Scenarios 3 and 4, ¢, initially increases
and then decreases with the spreading component, while among Scenario 2, it
shows a decreasing trend. This indicates that among Scenario 2, the negative
impact of hydrodynamic interactions within the WEC array increases with the
spreading component.

In Figure 3.16(c), it can be found that among Scenarios 3 and 4, the value
qs of WEC 3 is close to 1 as n=4, while that is smaller and larger than 1 for
n < 4 and n > 4, respectively. This indicates that the spreading component
(n=4) serves as a threshold for the platform to benefit the energy conversion of
WEC 3. Additionally, ¢gs of WEC 3 among Scenario 2 is larger than that among
Scenarios 3 and 4, suggesting that the inclusion of the platform is detrimental
to the energy conversion of WEC 3. For n < 4, ¢; of WEC 3 among Scenario 3

is larger than that among Scenario 4, while for n > 3, that is close among both

62



Chapter 3. The floating wave-energy harvesting platform in short-crested
irregular waves

scenarios. This implies that when the wave distribution is relatively scattered,
the platform motion further hinders the performance of WEC 3.

As shown in Figure 3.16(d), the value of ¢; of WEC 7 is larger than 1 among
three scenarios, indicating that the hydrodynamic interactions enhance its energy
absorption. ¢; among Scenario 2 is larger than that among Scenario 4 but smaller
than that among Scenario 3, which indicates that the hydrodynamic interference
induced by the platform significantly enhances the performance of WEC 7, while
the platform motion remarkably diminishes this advantage. Additionally, the
variation trend in ¢, across the spreading component is similar among three sce-
narios, initially increasing and then decreasing. This means that the maximum
advantage of hydrodynamic interactions is realized for a specific spreading com-
ponent.

It can be noticed from Figure 3.16(e) that, the value of ¢, of WEC 8 among
Scenario 2 is smaller than 1 for n < 6, and approximate to 1 for n > 5. For
n < 4, the value of ¢, of WEC 8 among Scenarios 3 and 4 is smaller than 1,
indicating that the inclusion of platform is detrimental to the power absorption
when the wave distribution is relatively scattered. Additionally, g; of WEC 8
among Scenario 2 is smaller that that among other two scenarios, suggesting that
the inclusion of platform improves its power capture. Furthermore, for n > 3,
qs among Scenario 4 is larger than that among Scenario 3. This means the
platform motion has a positive impact on the performance of WEC 8 as the wave

distribution is focused.
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Figure 3.16: ¢ of the WECs among different scenarios for various spreading
exponents under EC1.

The WEC row

Figure 3.17 illustrates the mean absorbed power of WEC rows among Scenarios
2-4 under EC1 with various spreading components. It can be observed from the
figure that, the absorbed power of Row 1 is larger than that of Row 3. This can
be attributed to the fact that Row 1 is arranged more perpendicular to the mean
incident wave direction. Under multidirectional short-crested wave conditions,
the vertical responses of the WECs in Row 1 relative to the hinges are larger
than those of the WECs in Row 3. The absorbed power of Row 1 decreases with
the spreading component, indicating that the more focused the wave distribution
is, the poorer the performance of Row 1 is. Additionally, the power absorption
of Row 1 is the highest among Scenario 2 and the lowest among Scenario 4,
suggesting that the presence of platform is detrimental to the performance of

Row 1.
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For Row 3, its performance is best among Scenario 3, implying that the hydro-
dynamic interference induced by the platform can enhance the power absorption
of Row 3, whereas the platform motion diminishes this advantage. The absorbed
power of Row 3 shows an initial increasing and then decreasing trend across the
spreading component among Scenarios 2 and 3. In addition, among Scenario 4,
the performance of Row 3 steadily improves for n < 7, while the power absorp-
tion of Row 3 remains almost unchanged for n > 5. Furthermore, the power
absorbed by Row 3 among Scenario 2 is more than that among Scenario 4 when
the spreading component is relatively small, and vice versa when the spreading
component is relatively large. This phenomenon suggests that whether the pres-
ence of platform is beneficial for the power absorption of Row 3 depends on the

wave distribution.
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Figure 3.17: Absorbed power of the WEC rows among different scenarios for
various spreading exponents under EC1.

To quantify the impact of hydrodynamic interactions and platform motion on
the power capture of WEC rows, an influence factor ¢, is proposed, which can be

formulated as:

Z]X] 1)x3+1 PZ
=S P

i=(j—1)x3+1

(3.2)
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where j denotes the index of WEC row.

Figure 3.18 illustrates ¢, of the WEC rows among Scenarios 2-4 under EC1
with various spreading exponents. It can be observed from the figure that, the
value of g, of Row 1 is smaller than 1, indicating that the hydrodynamic inter-
actions are detrimental to its power absorption. Additionally, ¢, of Row 1 is
the highest among Scenario 2 and the lowest among Scenario 4, suggesting that
the presence of the platform further diminishes the performance of Row 1. ¢, of
Row 1 among Scenario 2 does not vary significantly with the spreading compo-
nent. Meanwhile, among Scenarios 3 and 4, ¢, of Row 1 initially increases and
then decreases with the spreading component. These phenomena demonstrate
that the power absorption of Row 1 is more significantly affected by the wave
directionality among Scenarios 3 and 4 compared to Scenario 2.

For Row 3, the value of ¢, is larger than 1, which means that hydrodynamic
interactions promote its energy conversion. In addition, ¢, of Row 3 is the highest
among Scenario 3, reflecting that the hydrodynamic interference of platform en-
hance its performance, while the platform motion diminishes this advantage. It is
noteworthy that the spreading component (n=4) marks the point where the per-
formance of Row 3 among Scenario 2 begins to fall behind that among Scenario
4. Furthermore, ¢, of Row 3 shows an initial increasing and then decreasing trend
across the spreading component, while the decreasing trend is relatively moder-
ate compared to the increasing trend. This phenomenon indicates that compared
to focused wave distributions, the performance of Row 3 is more likely to be

influenced under scattered wave distributions.
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Figure 3.18: g, of the WEC rows among different scenarios for various spreading
exponents under EC1.

The WEC array

Figure 3.19 illustrates the total absorbed power of the WEC array among Scenar-
ios 2-4 under ECs 1-3 with various spreading components. From Figure 3.19(a),
it can be observed that under EC1, the power absorbed by the WEC array re-
mains almost constant for lower spreading components (n < 4), but declines as
the spreading component increases. This suggests that the performance of WEC
array decreases when the wave directionality is focused. Additionally, among Sce-
nario 3, the power absorbed by the WEC array is slightly lower than that among
Scenario 2 only at n = 2. For the other spreading exponents, the WEC array
among Scenario 3 demonstrates superior performance compared to that among
other two scenarios. Furthermore, the least power is absorbed among Scenario 4
compared to the other two scenarios. This phenomenon demonstrates that the
platform motion is detrimental to the performance of the WEC array.

In Figure 3.19(b), it is evident that under EC2, the WEC array absorbs the
most power among Scenario 3 and the least among Scenario 4. This indicates
that the hydrodynamic interference induced by the platform is disadvantageous

to power absorption of the WEC array. Overall, the power absorbed by the WEC

67



Chapter 3. The floating wave-energy harvesting platform in short-crested
irregular waves

(@) EC1 (b) EC2

1000 -

800 |-

600 |

400 |

Total absorbed power (kW)
Total absorbed power (kW)

200 |

(c)EC3

- Scenario 2
3500 ¢ - Scenario 3
- Scenario 4

3000 -

)
G
=3
3

2000

Total absorbed power (kW)
g

=)
S
3

o
=3
3

°

Figure 3.19: Absorbed power of the WEC array among different scenarios for
various spreading exponents under EC1-EC3.

arrays among Scenarios 2 and 3 shows an initially increasing and then decreasing
trend across the spreading component, while its absorbed power among Scenario
4 shows no clear trend across the spreading component. However, there is no
significant difference in power absorption of the WEC array for different spreading
components, which reflects that the wave directionality does not significantly
affect the performance of the WEC array.

As seen in Figure 3.19(c), the power absorbed by the WEC array is the highest
among Scenario 3 and the lowest among Scenario 2 under EC3. This implies
that the presence of platform enhances the performance of the WEC array, but
the platform motion diminishes this advantage. Additionally, among Scenario 2,

there is a slight downward trend in power absorption of the WEC array across the
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spreading component, whereas its performance among Scenarios 3 and 4 shows
slight variation for different spreading components. This indicates that the power
absorption of the WEC array is less affected by the wave distribution under EC3.

To quantify the impact of the hydrodynamic interactions and platform motion
on the power capture of the WEC array, an influence factor ¢; is proposed, of

which the calculation formula can be written as:

gt = 9 ;
Zi:l P;

Figure 3.20 illustrates ¢; of the WEC array among Scenarios 2-4 for different
spreading components under EC1-EC3. From Figure 3.20(a), it can be observed
that under EC1, the value of ¢; of the WEC array among scenarios 2 and 4 are
smaller than 1. Meanwhile, ¢; of the WEC array among Scenario 3 are smaller
than 1 for n < 5 but larger than 1 for the other spreading components. Ad-
ditionally, ¢; of the WEC array is minimal among Scenario 4. For n < 4, ¢
of the WEC array among Scenario 2 is larger than that among Scenario 3, but
the opposite trend is observed for the other spreading components. Furthermore,
for n > 5, the difference in ¢; of the WEC array between Scenarios 2 and 4 is
slight. These phenomena demonstrate that the hydrodynamic interference in-
duced by the platform can promote the performance of the WEC array under the
focused wave distribution, whereas the platform motion significantly diminishes
this advantages.

As shown in Figure 3.20(b), under EC2, the vlaue of ¢; of the WEC array is
larger than 1, indicating that the hydrodynamic interactions are favorable for its

power absorption. ¢; of the WEC array is the largest among Scenario 3 and the
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smallest among Scenario 4, which implies that the platform-induced interference
enhances the performance of the WEC array among Scenario 2, whereas the plat-
form motion has the opposite effects. Additionally, ¢; of the WEC array among
Scenarios 2 and 3 exhibits an increasing trend across the spreading component,
demonstrating that the hydrodynamic interactions among Scenarios 2 and 3 con-
tribute more to the power absorption of the WEC array under more focused wave
distribution.

It can be seen from Figure 3.20(c) that under EC3, the value of ¢; of the WEC
array is also larger than 1. In addition, ¢; of the WEC array is maximal among
Scenario 3 and minimal among Scenario 2, indicating that the presence of plat-
form enhances its performance, but the platform motion slightly diminishes this
advantage. Furthermore, ¢; of the WEC array shows an upward trend across the
spreading component among these three scenarios, which reflects that the power
absorption of the WEC array benefits more from the hydrodynamic interactions

when the wave distribution becomes more focused.
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Figure 3.20: ¢; of the WEC array among different scenarios for various spreading
exponents under EC1-EC3.
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3.4 Summary

This chapter investigates the dynamic response and power capture characteristics
of the floating wave-energy harvesting platform under short-crested wave condi-
tions. A series of time-domain simulations are conducted to analyze the effects
of the wave distribution on the platform motion, mooring line tension, and the
power absorption of this wave-energy capture system. Five ECs are selected,
including three operational conditions and two severe conditions. Based on the
results, some key conclusions are summarized as follows:

(1)Under EC1, the mean surge response shows slight variations across different
spreading components, whereas under EC2-EC5, it exhibits an increasing trend.
A transition occurs in the mean heave and pitch responses under EC1 when the
spreading component exceeds 3, while under EC2, they are relatively small for the
spreading components of 2 and 8. Additionally, under EC3-EC5, the mean heave
and pitch responses remain almost constant for various spreading components.

(2)Under EC1-EC4, the STD of the surge response shows an increasing trend
across the spreading component, whereas under EC5, it exhibits a decreasing
trend. Under EC1 and EC4, the STD of the heave response increases with the
spreading component, while under EC2-EC3 and EC5, it remains almost con-
stant. Additionally, the STD of the pitch response demonstrates an increasing
trend across the spreading component under EC1-EC5.

(3)For the #5 tension response, the wave distribution has a slight impact on
its mean value and STD under EC1-EC3. However, under EC4-EC5, both the
mean value and STD of the #5 tension response exhibit a decreasing trend across

the spreading component.
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(4)Under EC1, WEC 1 absorbs significantly more power among Scenario 1
compared to the other three scenarios, whereas the opposite trend is observed
for WEC 7. In addition, Row 1 exhibits a decreasing trend in power absorption
among Scenarios 2-4 across the spreading component under EC1. Furthermore,
Row 1 and Row 3 absorb the most power among Scenarios 2 and 3 under ECI,
respectively.

(5)For the WEC array, under EC1, there is a slight decreasing trend in its
power absorption across the spreading component. Under EC2-EC3, the power
captured by the WEC array among the three multi-body scenarios shows slight
variation with the spreading components. In addition, under EC1-EC3, Scenario
3 can be regarded as the best design for the WEC array.

Numerous works have been conducted on wave-energy capture systems in ir-
regular waves wave, but few of them consider the short-crested wave conditions.
This chapter investigates the proposed wave-energy harvesting platform in short-
crested waves, analyzing its dynamic responses and captured power under dif-
ferent wave distributions. Since multidirectional wave propagation is commonly
encountered in real ocean environments, this work provides useful reference for
the engineering design and performance evaluation of this type of offshore struc-

tures.
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Chapter 4

The floating wave-energy
harvesting platform under

wave-current interaction

This chapter explores the effects of WCI on the dynamic behavior of the floating
wave-energy harvesting platform under a typically operational condition. After
completing the verification of this spectral model input with WCI effects intro-
duced in Chapter 2, a series of time-domain simulations are employed to imple-
ment multiple loading scenarios, which consider the current direction, current
velocity as well as WCI. The findings demonstrate that the presence of current
significantly alters the wave excitation forces, leading to notable changes in the
platform motion, mooring line tension and power absorption of this wave-energy
capture system. Since the WCI is a common physical phenomenon in marine envi-
ronments, this study highlights the importance of incorporating it in the analysis

of wave-energy harvesting platforms under combined wave—current conditions.
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4.1 Verification of the spectral model input with

WCII effects

Since this chapter focuses on the proposed wave-energy capture platform under
combined irregular wave and current conditions, it is necessary to verify the
spectral model input with WCI effects introduced in Chapter 2.

Figure 4.1 compares the wave spectra with WCI effects obtained in the present
study with those reported by Qu et al. [47]. The irregular wave is modelled using
the JONSWAP spectrum, with the parameters set as H;, = 9.14 m, 7T}, = 13.6
s, and v = 1. The current is assumed to be uniform, and two velocity cases
are considered, namely u = —1 m/s and 1 m/s. As shown in the figure, the
results obtained in the present study are generally in good agreement with those
reported by Qu et al. Therefore, the spectral model with WCI effects adopted in

this thesis is considered reliable for the subsequent analysis.

u=-1 m/s (the current study)
20 e u=-1m/s (the work [47])
= u=1 /s (the current study)
£ u=1 /s (the work [47])
2154
g N\
2 £ )
A
B 5 ] A
0 - _.4/ i e = SV S P

T
0.0 0.4 0.8 12 1.6 20

Wave frequency (rad/s)

Figure 4.1: Comparison of the wave spectra with WCI effects between the current
study and the work presented by Qu et al. [47].
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4.2 Results and discussion

This section focuses on the influence of WCI on the performance of the floating
wave-energy harvesting platform under operational conditions. Under these ECs,
the wind is assumed to be negligible, while only the irregular wave and current
are considered. The irregular wave is simulated with H;=3.8 m, 7,=8.3 s, and
~v=2.4 [93]. For operational sea states at the selected site, the typical current
velocity ranges from 0.5 m/s to 0.7 m/s [93]. In this study, the maximum current
velocity is assumed to be 0.5 m/s for the present EC, and three current velocities
(u=0m/s, 0.25 m/s and 0.5 m/s) are considered. Additionally, the wave incident
angle is fixed at 0°, while the current incident direction includes 0° and 180°.

Cao et al. [93] investigated the dynamic behavior of the SPIC semi-submersible
platform under combined long-crested wave and current conditions without con-
sidering WCI. However, in real marine environments, WCI is commonly encoun-
tered and may significantly modify wave characteristics, thereby affecting the
dynamic responses and power capture of offshore structures. Therefore, further
investigation into the influence of WCI on the proposed wave-energy harvesting
platform is essential for improving the reliability of its design and performance
assessment.

For each time-domain simulation, the total simulation duration is set to 4100
s. The Cummins equation of motion is resolved using a time step of 0.1 s, while a
finer time step of 0.01 s is employed to solve the motion equations of the mooring
lines. To minimise the effects of initial transient responses, the first 500 s of time

history from each simulation are discarded.
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4.2.1 Characteristics of wave spectra

Figure 4.2 presents the wave spectra under various current velocities, which varies
from -0.5 m/s to 0.5 m/s with an interval of 0.25 m/s. As shown in the figure,
the spectral peak becomes larger under the opposing current, while the situation
is reversed under the following current. Additionally, the wave spectrum under
opposing current exhibits a wider frequency bandwidth compared to that under
following current. Furthermore, the figure shows that the spectral value is larger
under higher opposing current velocity, while the spectral value decreases as the

velocity increases under the following current.
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Figure 4.2: The wave spectra with various current velocities.

4.2.2 Determination of PTO damping coefficient

A parametric study is conducted to seek the optimal PTO damping coefficient
for the WEC to absorb the most power, which varies from 4.3x10* kN-m-s/rad to
5.8x10* kN-m-s/rad. Figure 4.3 presents the absorbed power of the WEC with
various PTO damping coefficients under different current velocities. As shown in
the figure, the maximum power of the WEC from u =-0.5 m/s to 0.5 m/s, is 131.3

kW, 118.2 kW, 110.5 kW, 101.2 kW, and 93.09 kW, respectively. Within this
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range of current velocities, the maximum power of the WEC shows a decreasing
trend. This is because the vertical response of the WEC decreases because of the
decreased amplitude of the wave components. Additionally, the WEC can absorb
the most power at multiple PTO damping coefficients. However, to facilitate
subsequent comparative studies on the impact of current velocity, the optimal

PTO damping coefficient is determined to be 5.06x10* kN-m-s/rad.
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Figure 4.3: Absorbed power of the WEC with various PTO damping coefficients
under various current velocities: (a) u=-0.5 m.s; (b) u=-0.25 m/s; (c¢) u=0 m/s;
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4.2.3 Wave excitation forces and moments acting on the
platform
Figure 4.4 presents the mean values and standard deviations (STDs) of the first-

order wave force and moment responses in the surge, heave, and pitch DoFs

with various current velocities. The figure reveals that the mean value of the
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Figure 4.4: First-order wave forces and moments in the surge (a), heave (b) and
pitch (c) DoFs under different current velocities.

first-order wave force response remains zero because the first-order wave force is
calculated as a linear superposition of harmonic wave components. Meanwhile,
the STD of the first-order wave force response shows a decreasing trend across
the current velocity range. This can be attributed to the gradual reduction in
spectral density as the current velocity changes from -0.5 m/s to 0.5 m/s (as
shown in Figure 4.2). Consequently, the amplitudes of the wave components
decrease, leading to a reduction in the corresponding first-order wave force.
Figure 4.5 illustrates the mean values and STDs of the second-order wave
force and moment responses in the surge, heave, and pitch DoF's under different
current velocities. For the semi-submersible platform, the second-order wave

forces involve the slow-drift and mean drift wave forces. As shown in the figure,
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Figure 4.5: Second-order wave forces and moments in the surge (a), heave (b)
and pitch (c¢) DoFs under different current velocities.

the second-order wave force response exhibits a non-zero mean value due to the
contribution of the mean drift force. Additionally, the mean value and STD of the
second-order wave force response exhibit a decreasing trend across this current
velocity range. This is also because the amplitudes of wave components gradually
decrease with the current velocity changing from -0.5 m/s to 0.5 m/s, leading to

a reduction in the corresponding slow-drift force.

4.2.4 Platform motion

Figure 4.6 shows the mean values and STDs of the platform responses in the
surge, heave, and pitch DoFs with and without WCI. In this figure, “without

current” denotes the reference case with (u=0 m/s), whereas “with WCI” and
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“without WCI” refer to the current cases with and without the current-induced
modifications on the wave spectrum, respectively.

In Figure 4.6(a), it can be observed that across the current velocity range
(u=-0.5 m/s - 0.5 m/s), the surge mean response exhibits an increasing trend.
The opposing current tends to weaken the excitation effects of the surge mean
drift force, leading to a reduction in the mean response without the current.
Meanwhile, when the wave and current directions are aligned, the surge mean
response increases significantly. Due to WCI, the opposing current increases the
surge mean drift force, while the following current reduce it. Therefore, when the
wave and current have opposite directions, the surge mean response with WCI is
larger than that without WCI, while the case is opposite when the current follows
the wave.

Generally, the surge STD is affected by both second-order slow-drift and first-
order wave forces, with the former playing a dominant role. Without WCI, the
surge STD is originally expected to be the same with that without current. How-
ever, the figure shows that the surge STD at u=0 m/s is larger than those at other
current velocities. Meanwhile, regardless of whether the current is opposing or
following, a higher current velocity lead to a smaller surge STD. This indicates
that the current acts as a damping mechanism, reducing the oscillation ampli-
tude of the response. A higher current velocity implies stronger damping effects.
When the velocity is the same, the opposing current results in a larger surge
STD with WCI compared to the following current. Meanwhile, the surge STD
with WCI is larger than that without WCI under the opposing current, while
under the following current, the situation is reversed. These phenomena are due

to the fact that the surge slow-drift and first-order wave forces with WCI have a
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decreasing trend across the current velocity range (u=-0.5 m/s - 0.5 m/s).

As seen in Figure 4.6(b), across the current velocity range (u=-0.5 m/s - 0.5
m/s), both the mean value and STD of the heave response show a decreasing
trend. Within this current velocity range, the surge mean response increases,
resulting in a longer suspension length of the upstream mooring line. Therefore,
the heave restoring stiffness also increases, which explains the reduction in the
heave response. Additionally, the heave mean value with WCI is similar to that
without WCI. This is because the hydrostatic restoring stiffness in the heave
DoF is relatively large, and the variation in the mean drift force is insufficient to
change the mean equilibrium position. However, the heave STD shows noticeable
changes due to WCI. When the current and wave have opposite directions, the
heave STD with WCI is larger than that without WCI, while the situation is
reversed when the current follows the wave. This is because the opposing current
increases the first-order wave force, while the following current has the opposite
impact.

From Figure 4.6(c), the pitch mean response decreases within the current
velocity (u=-0.5 m/s - 0.5 m/s). The excitation effects of the opposing cur-
rent exceed that of the pitch mean drift moment, causing the platform to rotate
clockwise around its CoG. In the absence of current, the pitch mean response is
negative due to the mean drift moment. When the wave is aligned with the cur-
rent, the platform continues to rotate counterclockwise. Furthermore, when the
current and wave have opposite directions, the pitch mean response with WCI is
slightly smaller than that without WCI, while the situation is reversed when the
wave is aligned with the current. Due to WCI, the opposing current increases

the pitch mean drift moment, partially counteracting the excitation effects of
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the current. Under the following current, the mean drift moment decreases with
WCI, which causes the pitch mean response to be larger than that without WCI.

It is worth noting that the current also has damping effects on the pitch
DoF. The figure shows that the pitch STD is maximal in the absence of current.
Without WCI, the damping effects are more pronounced in the opposing current
compared to the following current, and the damping effects increase with a higher
current velocity. However, with WCI, the damping effects are not prominent in
the opposing current due to the increase in the pitch slow-drift and first-order
wave moments. This can be inferred from the nearly identical pitch STD under
v = -0.5 m/s and v = -0.25 m/s. Additionally, the pitch STD with WCI is
larger than that without WCI under the opposing current, while the situation is
reversed under the following current. This is because with WCI, the following
and opposing currents respectively decrease and increase the pitch slow-drift and
first-order wave moments.

To further evaluate the influence of WCI on the platform DoFs, the significant
amplitudes (SAs) of the motion responses are selected. In this section, the SAs of
the low-frequency (LF) and wave-frequency (WF') responses in the surge, heave,

and pitch DoFs are presented, and they can be calculated using the following

A, = 2\//w2 Sy (@) dow (4.1)

where S,,-(w) is the motion response spectrum. w; and wy represent the start

formula [41]:

and end frequencies for calculating the LF or WF SAs. In the analysis of the
dynamic responses of floating structures, the frequency range of 0-0.2 rad/s is

commonly defined as the LF region, whereas the range of 0.2-2 rad/s is taken as
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Figure 4.6: Mean values and STDs of the platform surge (a), heave (b) and pitch
(c) responses with and without WCI.

the WF region [94]. Therefore, the same two frequency ranges are adopted in the
present study to calculate the LF and WF SAs, respectively.

Figure 4.7 illustrates the SAs of the WF and LF motion responses with and
without WCI. From Figure 4.7(a), the surge WF SA is much smaller than the LF
one. Particularly in the absence of current, the surge motion only exhibits the LF
response. This phenomenon suggests that the LF response dominates the surge
motion. Under the opposing current, the surge LF SA with WCI is larger than
that without WCI, while the situation is reversed under the following current.
This can be attributed to the fact that the second-order drift wave force with
WCT is enhanced under the opposing current, thereby inducing a larger surge LF

response, while for the following current, the situation is reversed.
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(¢) DoFs with and without WCI.

Additionally, as seen in Figure 4.7(a), the surge LF SA without current is
much larger than that with current, indicating notable damping effects of the
current. Regardless of whether the current is opposing or following, a higher
current velocity results in a smaller surge LF SA. This means that a higher
current velocity corresponds to stronger damping effects on the surge LF response.
Additionally, without WCI, the surge LF SA is larger under the following current
compared to opposing current, suggesting that the opposing current has stronger
damping effects. Due to the increase in the second-order drift wave forces with
WCI under the opposing current, the surge LF SA is larger compared to the
following current.

It can also be observed from Figure 4.7(a) that under the following current, the
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surge WF SA with WCI is smaller than that without WCI. This is attributed to
the reduction in the first-order wave force due to WCI, which consequently leads
to a weaker surge WF response. Under the opposing current, WCI increases the
first-order wave force; therefore, the surge WF SA should be larger as expected.
However, this figure shows the opposite situation. This is because that the en-
hanced second-order drift force with WCI produces a stronger LF excitation to
the surge motion, thereby reducing the relative contribution of the first-order
wave force and suppressing the WF response. Furthermore, a smaller current
velocity results in a smaller surge WF SA under both opposing and following
currents.

From Figure 4.7(b), the heave LF and WF SAs remain almost unchanged
with varying current velocities without WCI, indicating that the current has no
prominent influence on the heave response without WCI. This can be attributed
the fact that the current acts in the horizontal direction, whereas the heave
motion occurs in the vertical direction. Consequently, the current provides little
excitation to the heave DoF when the WCI is not considered. Meanwhile, with
WCI, both the heave LF and WF SAs exhibit a decreasing trend across the current
velocity (u=-0.5 m/s - 0.5 m/s). This is because that the second-order drift and
first-order wave forces decrease within this current velocity range. Furthermore,
the heave WF SA is significantly larger than the LF one, indicating that WF
response dominates the heave motion.

As shown in Figure 4.7(c), although the pitch WF SA is larger than the LF
one, the difference between them is not significant. This indicates that the pitch
motion can not neglect the LF response. Interestingly, the variation patterns of

the pitch LF SA regarding the current velocity and WCI are similar to those of the
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surge one. This is due to the coupling effects between the pitch and surge DoF's,
the former’s LF response is induced by the latter. As for the pitch WF SA; its
variation patterns concerning the current velocity and WCI are similar to those
of the heave one. This phenomenon is primarily attributed to the impainfluence

of WCI on the first-order wave force.

4.2.5 Mooring line tension

Considering #1 and #b5 are located at the downstream and upstream positions,
respectively, this section selects them to evaluate the impact of WCI on mooring
line tension response.

Figure 4.8 presents the mean values and STDs of the tension responses of #1
and #5 with and without WCI. The figure shows that the mean value of #5
tension exhibits the variation patterns with respect to the current velocity and
WCI consistent with the surge mean response, while the mean tension response
of #1 exhibits an opposite trend. These phenomena results from the positions of
the mooring lines. Furthermore, the STD of tension response without current is
larger than that with current, suggesting that the current has damping effects.

Figure 4.8(a) shows that regardless of the following or opposing current, a
larger current velocity causes stronger damping effects. Under the opposing cur-
rent, the STD of #1 tension response with WCI is larger than that without WCI,
while under the following current, the situation is reversed. Meanwhile, with
WCI, the STD of #1 tension response under the following current is smaller than
that under the opposing current. These phenomena are similar to those for the
surge STD.

It is evident from Figure 4.8(b) that With WCI, a higher current velocity
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Figure 4.8: Mean values and STDs of the tension responses of #1 (a), and #5
(b) with and without WCI.

implies stronger damping effects. Meanwhile, the STD of #5 tension response
under the opposing current is smaller than that under the following current,
indicating that the damping effects of the current are particularly prominent
under the opposing current. Additionally, without WCI, the damping effects
under the opposing current decrease with a smaller current velocity, whereas the
situation is reversed for the following current. Similar to #1, under the opposing
current, the STD of #5 tension response without WCI is smaller than that with
WCI, while under the following current, the situation is reversed.

To further explore the impact of WCI on the mooring line tension, the SAs
of the LF and WF tension responses of #1 and #5 are presented in Figure 4.9,
with their calculation formula identical with Eq. (4.1) for the platform motion.

In Figure 4.9(a), the LF SA of #1 tension is much larger than the WF one,
indicating that the LF response contributes more to the #1 tension. Particularly
in the absence of current, the #1 tension response only has the LF SA. However,
in the presence of current, the contribution of WF response cannot be neglected.
It is noteworthy that the variation patterns of the LF SA of #1 tension with

respect to current velocity and WCI are similar to those of the surge LF SA,
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Figure 4.9: SAs of the LF and WF responses of #1 tension (a), and #5 (b) with
and without WCL.

suggesting that the LF tension response of the downstream mooring line relies
on the surge LF response. When the current is opposing, the WFE SA of #1
tension is larger at a higher current velocity, while the situation is reversed for
the following current. Besides, under the opposing current, the WF SA of #1
tension with WCI is larger than that without WCI, while under the following
current, the situation is reversed. These phenomena can be attributed to the fact
that the opposing and following currents can respectively increase and decrease
the first-order wave forces.

It can be observed from Figure 4.9(b) that, for #5, the difference between the
WF and LF SAs of the tension response is smaller compared to the #1. Particu-
larly at u=-0.5 m/s, the WF SA of #5 tension with WCT is only slightly smaller
than the LF one, while without WCI, the WF SA even exceeds the LF one. Addi-
tionally, regarding the LF tension response, it is inferred that the damping effects
of the opposing current are more prominent compared to the following current.
Furthermore, when the current is opposing, the LF and WF SAs of #5 tension
response with WCI are larger than those without WCI, while for the following

current, the situation is reversed. This phenomenon is related to the fluence of
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current direction on the first-order and second-order drift wave forces. Moreover,
the WFE SA of #5 tension shows an increasing trend across the current velocity
range (u=-0.5 ~ 0.5 m/s). This suggests that for the WF tension response, the
opposing current exhibits damping effects, while the following current displays
amplifying effects. Besides, a larger current velocity causes more prominent cor-

responding effects.

4.2.6 Power capture performance

To evaluate the influence of WCI on the power capture of the wave-energy har-
vesting platform, the individual WEC, WEC row, and WEC array are selected for
the research objective, respectively. For the individual WEC, WECs 1-3, WEC
7, and WEC 8 are selected for analysis. Regarding the WEC row, Rows 1 and
3 are considered. These selections are based on the fact that this wave-energy
capture system is symmetric about the incident directions of wave and current
forces.

Figure 4.10 shows the power absorbed by individual WECs with and without
WCI. As seen in the figure, regardless of WCI, WEC 1 and WEC 3 absorb similar
power at the same current velocity. Meanwhile, WEC 2 absorbs less power than
WECs 1 and 3. This indicates that the vertical responses of WECs 1 and 3
relative to the hinges are larger than that of WEC2. Additionally, WECs 7 and
8 absorb much more power than WEC1-WEC3. This can be attributed to the
fact that WECs 7 and 8 are positioned on the wave-facing side, where they are
directly exposed to stronger incoming wave excitation. By contrast, the excitation
acting on WECs 1-3 is substantially weakened because of the shielding effect and

the energy absorption of the wave-facing WECs. Moreover, the performance of
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WECT is superior to that of WECS.
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Figure 4.10: Absorbed power the individual WECs with and without WCI.

It can be also observed from Figure 4.10 that without WCI, the power ab-
sorbed by the individual WECs remains nearly constant over the range of current
velocities (u=-0.5 ~ 0.5 m/s), while the capture power of the individual WECs
with WCI exhibits a decreasing trend across the current velocity. Furthermore,
under the opposing current, the power absorbed by individual WECs with WCI
is more than that without WCI, while under the following current, the situation
is reversed. These phenomena can ultimately be attributed to the effects of WCI
on the vertical excitation forces acting on the individual WECs.

Figures 4.11 and 4.12 respectively show the captured power of the WEC rows
and WEC array with and without WCI. From the Figure 4.11, without WCI,
the change in the current velocity does not alter the power absorbed by Rows 1
and 3. Meanwhile, with WCI, the power absorbed by Rows 1 and 3 gradually
decreases within the current velocity range (u=-0.5 ~ 0.5 m/s). Additionally,
Row 3 performs better in energy conversion compared to Row 1. Furthermore,
under the opposing current, the power absorbed by Rows 1 and 3 with WCI is
larger than that without WCI, while under the following current, the situation is

reversed.
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As seen in Figure 4.12, the captured power of the WEC array without WCI
remains unchanged under different current velocities. Meanwhile, with WCI, the
captured power of the WEC array presents a decreasing trend across the current
velocity range (u=-0.5 ~ 0.5 m/s). Additionally, under the opposing current, the
energy conversion performance of the WEC array with WCI is better than that

without WCI, while under the following current, the situation is reversed.
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4.3 Summary

This chapter investigates the dynamic responses and power capture characteristics
of the floating wave-energy harvesting platform under combined irregular wave
and current conditions. A series of time-domain simulations are conducted to
evaluate the effects of WCI on the platform motion, mooring line tension, and the
power absorption of this wave-energy capture system. Different current directions
and velocities are considered in the analysis. Based on the results, some key
findings are drawn as follows:

(1)The surge and heave motions of the platform are dominated by the LF and
WF responses, respectively, while both LF and WF responses dominate the pitch
motion. Additionally, the current exhibits damping effects on the LF responses of
surge and pitch, while it amplifies the surge WF response. Furthermore, without
WCI, the heave response and pitch WF response remain unchanged at different
current velocities, while with WCI, they gradually decrease from u=-0.5 to 0.5
m/s.

(2)The LF responses of #1 and #b5 tension are reduced due to the damping
effects of the current, while the WF response of #1 tension is amplified by the
current. Furthermore, the WF response of #5 tension shows an increasing trend
from u=-0.5 to 0.5 m/s.

(3)Without WCI, the power absorbed by the individual WECs, WEC rows,
and WEC array is almost unaffected by the variation in the current velocity. How-
ever, with WCI, their power harvesting performance gradually weakens within the
current velocity range (u=-0.5 ~ 0.5 m/s).

WCI is rarely considered in the existing studies on wave-energy capture sys-
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tems under combined irregular wave and current conditions. To address this
limitation, this chapter investigated the proposed wave-energy capture platform
under WCI, focusing on its dynamic responses and captured power under different
current directions and velocities. Since WCI is a common physical phenomenon
in marine environments, this work provides useful references for the design and

performance assessment of similar offshore structures.
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Chapter 5

The floating wave-energy
harvesting platform under
combined short-crested waves

and wave-current interaction

The focus of this chapter is to investigate the effects of the short-crestedness and
current on the dynamic behavior of the floating wave-energy harvesting platform
under both operational and severe conditions with WCI. Time-domain simula-
tions are conducted to analyze the platform motion, mooring line tension and
power absorption of this wave-energy capture system, which consider several fac-
tors such as the current velocity, current direction, and wave distribution. Ad-
ditionally, the hydrodynamic stability of the platform under severe conditions is
evaluated through the phase plots. The results demonstrate that the presence

of current and short-crested characteristic can alter the wave excitation forces,
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which significantly affects the dynamic response and power capture of this har-
vesting system. Given that the WCI and multidirectional wave propagation are
commonly encountered in marine environments, both factors should be taken
into account in the design and performance evaluation of this type of offshore

structures.

5.1 Results and discussion

Under operational and severe conditions, the winds are assumed to be negligible,
while only the irregular waves and currents are considered. For operational sea
states at the selected site, the typical current velocity ranges from 0.5 m/s to 0.7
m/s, while for severe sea states, the typical current velocity ranges from 0.9 m/s
to 1.3 m/s [93]. In this study, the current velocities for the operational and severe
conditions are assumed to be 0.5 m/s and 1 m/s, respectively. Meanwhile, the
current incident direction includes 0° and 180°. As for the specific information
for the considered ECs including the irregular wave parameters [93], they are
presented in Table 5.1. It is notable that the incident angle for the long-crested
waves and the mean incident angle for short-crested waves are both assumed to
be 0°. Besides, for short-crested waves, the spreading exponent (n) is taken as a
constant value of 2.

In the adopted directional spreading function, a smaller value of (n) corre-
sponds to a broader directional distribution of wave energy, whereas a larger value
indicates a more concentrated distribution approaching the long-crested wave
condition. Therefore, the use of (n=2) provides a clear distinction between long-

crested and short-crested wave conditions. This choice is also consistent with the
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Table 5.1: Operational and severe conditions (SCW: Short-crested wave; LCW:
Long-crested wave).

Operational conditions Hy (m) 7, (s) ~ Wave category u (m/s)

LC1-1-S 3.8 83 24 SCW -0.5
LC1-1-L 3.8 83 24 LCW -0.5
LC1-2-S 3.8 83 24 SCW 0
LC1-2-L 3.8 83 24 LCW 0
LC1-3-S 3.8 83 24 SCW 0.5
LC1-3-L 3.8 83 24 LCW 0.5
Severe conditions Hy (m) T, (s) ~ Wave category u (m/s)
LC2-1-S 8.3 114 3.1 SCW -1
LC2-1-L 8.3 114 3.1 LCW -1
LC2-2-S 8.3 114 3.1 SCW 0
LC2-2-L 8.3 114 3.1 LCW 0
LC2-3-S 8.3 114 3.1 SCW 1
LC2-3-L 8.3 11.4 3.1 LCW 1

objective of the present study, as it allows the influence of short-crestedness on the
performance of the proposed wave-energy capture system to be more clearly eval-
uated. Furthermore, WCI is a common phenomenon in real marine environments
and may substantially modify the hydrodynamic loads acting on offshore struc-
tures. Accordingly, incorporating WCI into the analysis is essential for achieving
a more reliable design and performance assessment of the proposed wave-energy
harvesting system.

For long-crested waves under WCI, the spectral model introduced in Chapter
2 is adopted, and its reliability has been verified in Chapter 4. The same spectral
modelling framework can also be extended to short-crested waves under WCI.
In order to ensure energy consistency between long-crested and short-crested
waves, the long-crested wave spectrum considering WCI is used as the frequency-
spectrum component in the short-crested wave-spectrum model. Although this

procedure enables a controlled comparison between long-crested and short-crested
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wave cases, it is an engineering approximation. Therefore, the development and
verification of a direction-dependent WCI spectral model for short-crested waves
is recommended for future research.

Each time-domain simulation is conducted over a total duration of 4100 s.
The Cummins equation of motion is solved using a time step of 0.1 s, while
the mooring-line dynamics are resolved with a finer time step of 0.01 s. To
minimise the influence of initial transient effects, the first 500 s of each simulated
time history are excluded. For the response spectra of the platform motion and
mooring line tension, they are obtained by applying the fast Fourier transform

(FFT) to the corresponding time histories of the dynamic responses.

5.1.1 Determination of PTO damping coefficients

Under operational conditions, the parametric studies are adopted to determine
the optimal PTO damping coefficients for the WEC to absorb the most power,
as shown in Figure 5.1. It is observed that at each current velocity, the most
power captured by the WEC under long-crested waves is much larger than that
under short-crested waves. Additionally, the optimal PTO damping coefficient
(5.06 x 10%) under long-crested waves is higher than that (4.7 x 10*) under short-
crested waves. Furthermore, the most power absorbed by the WEC decreases as
the current velocity ranges from -0.5 to 0.5 m/s, while the optimal PTO damping
remains unchanged. In the subsequent analysis, the PTO damping coefficients of
the WECs under short- and long-crested waves are set as 4.7 x 10* and 5.06 x 10*

kN-m-s/rad, respectively.
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Figure 5.1: Power absorption of the WEC with different PTO damping coeffi-
cients under various operational conditions.

5.1.2 Wave excitation forces and moments acting on the

platform

Figures 5.2 and 5.3 illustrate the responses of the surge, heave and pitch wave
excitation forces and moments of the platform under operational and severe con-
ditions. From these figures, it can be observed that the wave forces and moments
are larger under long-crested waves than under short-crested waves. This is be-
cause the energy of long-crested waves is more focused compared to short-crested
waves. Additionally, it is obvious that the average values of the first-order wave
force and moment responses are nearly zero.

In Figure 5.2, the STDs of the first-order, and the mean values and STDs of
second-order wave forces and moments exhibit a downward trend as the current

speed varies from -0.5 to 0.5 m/s. This indicates that under operational condi-
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tions, the opposing currents increase the first-order and second-order wave forces
and moments, while the following currents have the opposite effects.

Figure 5.3 shows that for the surge and heave DoF's, the STDs of the first-order
wave forces under both long-crested and short-crested wave conditions decrease
as the current speed varies from -1 to 1 m/s, as well as the STD of the pitch first-
order wave moment in long-crested waves. Regarding the STD of the pitch first-
order wave moment under short-crested wave conditions, it is larger at « = 0 m/s
than at v = -0.5 m/s and 0.5 m/s. These phenomena indicate that under severe
conditions, the surge and heave first-order wave forces increase under the opposing
currents, while the following currents have the opposite effects. Furthermore, the
presence of the currents reduces the pitch first-order wave moments.

It is also observed from Figure 5.3 that the heave second-order wave force re-
sponse decreases gradually as the current speed varies from -1 to 1 m/s. Similarly,
the pitch second-order wave moment response under long-crested waves follows
the same trend as that for the heave DoF. Additionally, the mean value of surge
second-order wave forces in both long-crested and short-crested waves decreases
under the opposing currents, while for the pitch DoF' in short-crested waves, the
opposing currents slightly reduce the STD of its second-order wave forces. This
implies that under severe conditions, the opposing currents reduce the surge mean
drift forces under both long-crested and short-crested wave conditions and the

pitch slow drift moments under short-crested wave conditions.
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various operational conditions.
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5.1.3 Platform motion

Motion response

Figures 5.4 and 5.5 respectively present the surge, heave, and pitch responses of
the platform under operational and severe conditions. From these two figures, it
can be found that the heave response in short-crested waves is smaller than that
under long-crested waves. This is because the heave wave excitation forces are
larger in long-crested waves. Besides, the opposing currents increase the heave

response, whereas the following currents have the opposite effects.
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Figure 5.4: Surge (a), heave (b) and pitch (¢) mean values and STDs under
different operational conditions.
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Figure 5.5: Surge (a), heave (b) and pitch (c¢) mean values and STDs under
different severe conditions.
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Under both operational and severe conditions, the surge mean response under
the opposing currents is negative. This indicates that for the surge, the excitation
of the opposing currents is stronger than the second-order mean drift forces.
Meanwhile, the surge mean value with the following currents is much larger than
that without the currents, suggesting that, although the following currents reduce
the mean drift forces, the current loads are the dominant factor determining
the surge equilibrium position. Furthermore, the difference in the surge mean
response between short- and long-crested waves is due to the variation in the
mean drift forces.

As seen in Figure 5.4, the positive pitch mean values are observed under the
opposing currents. This is attributed to the fact that the current-induced ex-
citation exceeds the contribution from the mean drift moment. Meanwhile, the
mean pitch response under long-crested waves is almost identical to that under
short-crested waves. Under the no-current and following-current conditions, the
pitch mean response is larger for long-crested waves than for short-crested waves,
owing to the larger mean drift moment induced by long-crested waves. In addi-
tion, although the following current reduces the mean drift moment, the pitch
mean response under the following currents remains significantly larger than that
without the currents. This indicates that the current plays a dominant role in
determining the pitch equilibrium position.

It is observed in Figure 5.4 that the STDs of the surge and pitch responses
without the currents are larger than those with the opposing currents. How-
ever, the first-order and slow drift wave forces and moments for these two DoF's
are smaller under the opposing currents. Thus, it can be inferred that the cur-

rent loads exhibit the damping effects under operational conditions. Moreover,
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compared to long-crested waves, the STDs of the surge and pitch responses are
smaller under short-crested waves, which is due to the larger excitation under
long-crested waves.

Figure 5.5 exhibits that the surge STD with the opposing currents is smaller
than that without the currents, implying that the current loads also act as a
damping role under severe conditions. However, when the waves and currents
are aligned, the STD of the surge response under short-crested waves is larger
than that under long-crested waves. It is due to the fact that the surge mean
displacement is larger under long-crested waves, leading to an increase in its
restoring stiffness. Regarding the pitch STD, its variation trends across different

wave and current conditions are similar to those of the heave response

Motion response spectrum

Figures 5.6-5.7 respectively illustrate the surge, heave and pitch motion response
spectra of the platform under operational and severe conditions. From these
two figures, it is evident that the surge response comprises both LF and WF
components. Although the bandwidth of the LF region is narrower than that of
the WF region, the spectral values in the LF region are much larger.

Under operational conditions, the surge response under short-crested waves
is smaller than that under long-crested waves. Furthermore, under severe con-
ditions, when the waves and currents are aligned, the surge LF response under
short-crested waves is slightly larger than that under long-crested waves. Further-
more, the surge LF response without the currents is significantly larger than that
with the currents. For the heave DoF', the WF component dominates its response.

Besides, the heave response under short-crested waves is smaller than that under
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Figure 5.6: Surge (a), heave (b) and pitch (c¢) motion response spectra under
various operational conditions.

long-crested waves. Additionally, the heave response exhibits a decreasing trend
across u=-0.5-0.5 m/s.

As shown in Figure 5.6, under operational conditions, unlike the surge re-
sponse, the pitch WF response is larger than its LF response. However, due to
the surge-pitch coupling effects, the LF response also makes a significant contri-
bution to the pitch DoF. In addition, the variation trends of the pitch LF and
WF responses under different wave and current conditions are similar to those of

the surge LF response and heave WF response, respectively. Figure 5.7 reveals
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that, under severe conditions, the WF response dominates the pitch DoF, which
is distinct from the operational conditions. Besides, similar to the surge and
heave WF responses, the pitch WF response under short-crested waves is smaller

than that under long-crested waves.

Motion significant amplitude

To further investigate the platform motion characteristics, Figures 5.8 and 5.9

respectively present the surge, heave and pitch SAs within the LF and WF regions
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(0 - 0.2 rad/s and 0.2 - 2 rad/s) under operational and severe conditions. The
formula for calculating the SA of the motion response is given in Eq. (4.1).
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Figure 5.8: Surge (a), heave (b) and pitch (¢) SAs within the LF and WF regions
under different operational conditions.
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Figure 5.9: Surge (a), heave (b) and pitch (c) SAs within the LF and WF regions
under different severe conditions.

From Figures 5.8 and 5.9, it can be observed that the surge WF SA exhibits
a downward trend across the current velocity range (u=-0.5-0.5 m/s). In addi-
tion, short of the damping effects, the surge LF SA is the largest without the
currents. Under operational conditions, the surge SAs in short-crested waves
are smaller than those in long-crested waves. However, it is worth noting that,
under severe conditions, when the waves and currents are aligned, the surge LF
SA under short-crested waves is larger than that under long-crested waves. This

is attributed to the stronger damping effects of the currents under long-crested
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waves. Furthermore, under LC2-1-S and LC2-3-L, the WF SA of the surge is
larger than its LF SA. Similar to the surge WF SA, the heave SA under oper-
ational conditions exhibits a decreasing trend across this current velocity range.
Besides, under severe conditions, the heave LF SA under long-crested waves is
the largest without the currents. This phenomenon can also be attributed to the
damping effects of the currents.

As for the pitch DoF, under operational conditions, its WF SA also shows
a decreasing trend across the current velocity range (u=-0.5-0.5 m/s). Besides,
under severe conditions, the pitch WF SAs under short-crested waves show a
similar trend across this current velocity range. However, short of the damping
effects, the pitch WF SA under long-crested waves reach its maximum without the
currents. Additionally, compared to severe conditions, the difference between the
pitch WF and LF SAs is significantly smaller under operational conditions. This
implies that, as the external forces increase, the sensitivity of the WF response
becomes more pronounced. It is notable that, under both operational and severe
conditions, the SAs of the heave and pitch under short-crested waves are smaller
than those under long-crested waves. This is attributed to the stronger excitation
associated with long-crested waves.

Furthermore, it can be noticed from Figure 5.8 that, the pitch LF SA with the
currents is smaller than that without the currents, which is due to the damping
effects of the currents. Figure 5.9 shows that, under long-crested waves, the pitch
LF SA exhibits a decreasing trend across the current velocity range (u=-1-1 m/s).
This indicates that the damping effects of the opposing currents are weaker than
the excitation of the second-order wave moments. However, under short-crested

waves, the pitch LF SA with the currents is larger than that without the currents.
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This phenomenon implies that the currents do not exhibit the damping effects

but the amplifying effects.

Motion phase Characteristics

Under severe conditions, the motion phase plots of the platform can be used to
evaluate its dynamic stability. A smaller and more compact phase trajectory
generally indicates better stability, whereas a larger and more scattered phase
trajectory suggests poorer stability [95]. Figure 5.10 shows the surge, heave and

pitch motion phase plots under severe conditions.
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Figure 5.10: Surge (a), heave (b) and pitch (¢) motion phase plots under various
severe conditions.

In Figure 5.10(a), it is obvious that the surge phase plot is non-periodic. This
is because both LF and WF components are prominent in the surge response, as
seen in Figure 5.9(a). Notably, the stability of the surge is optimal under LC2-1-S
and worst under LC2-2-L. Under LC2-2-L, the surge phase plot exhibits a large

span in the displacement and velocity. This is because, under this condition,
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the damping effects are absent, and the excitation from long-crested waves is
stronger.

It is shown in Figure 5.10(b) that the stability of the heave under short-
crested waves is better than that under long-crested waves. Besides, the stability
of the heave gradually weakens within the current velocity range of u=-1-1 m/s.
These phenomena can be explained by the variation trends of wave excitation
forces across this current velcocity. Unlike the surge motion, the heave motion
is mainly dominated by the wave-frequency (WF) response, as shown in Figure
5.9(b), and therefore its phase plot remains much closer to harmonic-like closed
orbits.

Figure 5.10(c) demonstrates that, under short-crested waves, the stability
of the pitch exhibits the same trend across u=-1-1 m/s with the heave stability.
Besides, under long-crested waves, the stability of the pitch is weaker without the
currents than with the currents. Similar to the stability of the surge under LC2-2-
L, this phenomenon is caused by the damping effects of the currents. Additionally,
similar to the heave motion, the WF component dominates the pitch response,
as demonstrated in Figure 5.9(c). Consequently, its phase plot also exhibits

harmonic-like features.

5.1.4 Mooring line tension

This section selects mooring lines #5 and #1 as the study objects, which are in

the upstream and downstream directions, respectively.
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Tension response

Figures 5.11 and 5.12 show the tension responses of #1 and #5 under operational
and severe conditions, respectively. In Figure 5.11, it is observed that under
operational conditions, the #1 mean tension response exhibits a decreasing trend
across u= -0.5 to 0.5 m/s, and it is lower under long-crested waves than that
under short-crested waves. However, for the #5 tension response, the opposite
trend is observed. Additionally, under operational conditions, the STDs of the
#1 and #b5 tension responses are larger without the currents than those with
the currents. Besides, their STDs are larger under long-crested waves than under
short-crested waves. The above phenomena are closely related to the variation
trends of the surge response under different wave and current conditions, as the
surge DoF directly affects the suspended length of the mooring lines, thereby
influencing the resulting mooring tension. Based on the analysis of the surge
response in Figure 5.4(a), the variation trends of #1 and #5 tension responses

can be inferred.
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Figure 5.11: Mean values and STDs of the #1 (a) and #b5 (b) tension responses
under different operational conditions.

Figure 5.12 demonstrates that under severe conditions, the mean tension re-
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sponses of #1 and #5 exhibit a decreasing and increasing trend across u= -1 to
1 m/s, respectively, which is similar to that observed in Figure 5.11. When u=
-1 and 0 m/s, the #1 mean tension response under short-crested waves is smaller
than that under long-crested waves. Besides, when u= -1 m/s, the #5 mean ten-
sion response under long-crested waves is smaller than that under short-crested
waves. This is because, under severe conditions, the heave and pitch mean re-
sponses of the platform also begin to affect the suspension length of the mooring

lines, which is not solely determined by the surge mean response.
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Figure 5.12: Mean values and STDs of the #1 (a) and #5 (b) tension responses
under different severe conditions.

As for the STDs of the #1 and #5 tension responses under severe conditions,
their variation trends across this current velocity range are different from those
under operational conditions. The STD of #1 tension response shows a decreasing
trend across u= -1 to 1 m/s, whereas for #5, the trend is the opposite. Further-
more, the STD #1 tension response is smaller under short-crested waves than
under long-crested waves, while the opposite trend is observed for #5. These
phenomena can be attributed to the effects of the suspended length variation
on the restoring stiffness of the mooring lines. A larger suspended length leads

to higher restoring stiffness, thereby suppressing the oscillations of the tension
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response.

Tension response spectrum

Figures 5.13 and 5.14 exhibit the #1 and #5 tension response spectra under oper-
ational and severe conditions, respectively. In Figure 5.13, it is obvious that under
operational conditions, the tension response consists of the LF and WF compo-
nents. For the LF response, it is smaller in the presence of currents, compared to
the absence of currents, which indicates that the currents play a damping role in
suppressing the LF response. Additionally, the #1 WF tension response shows a
decreasing trend across u=-0.5-0.5 m/s, while for #5, the opposite trend is ob-
served. Notably, the #1 tension response under short-crested waves is generally

smaller than that under long-crested waves.
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Figure 5.13: Tension response spectra of #1 (a) and #5 (b) under different
operational conditions.

Figure 5.14 indicates that under severe conditions, the tension response con-
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sists of LF, WF and high-frequency (HF) components. Compared to u= -1 m/s
and 0 m/s, the #1 LF tension response is significantly small at u= 1 m/s. This
implies that, at this current velocity, the second-order drift forces exhibit a rel-
atively weak excitation on the #1 tension. For the #5 LF tension response,
under short-crested waves, it shows an increasing trend across u= -1 to 1 m/s.
Besides, under long-crested waves, it is smaller with the currents than without
the currents. Notably, in the presence of currents, the #5 LF tension response
under long-crested waves is smaller than that under short-crested waves. This
phenomenon indicates that the damping effects induced by the currents suppress

the excitation associated with the second-order drift forces.

(a)

response (N)

#1 tension

Figure 5.14: Tension response spectra of #1 (a) and #5 (b) under different severe
conditions.

Furthermore, under severe conditions, the variation trends of the #1 and #5
WF tension responses across u= -1 - 1 m/s are similar to those observed under

operational conditions. The #1 WF tension response is significantly smaller un-
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der short-crested waves than under long-crested waves. It is also noteworthy that,
HF components are induced in the #1 and #b5 tension responses by the external
excitation, which is not observed under operational conditions. Interestingly, the
variation trend of the double-frequency component of the #1 tension regarding
different wave and current conditions follows the same trend as that of its WF
component, which is also observed for #5. Moreover, for the tension response,
the components at the frequencies higher than the double-frequency are relatively

small.

Tension Significant amplitude

To further investigate the tension characteristics, Figures 5.15 and 5.16 show the
tension LF (0 - 0.2 rad/s) and WF (0.2 - 2 rad/s) SAs of the #1 and #b5 under

operational and severe conditions, respectively. The calculation formula for the

tension SA is identical with Eq. (4.1).
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Figure 5.15: LF and WF SAs of the #1 (a) and #5 (b) tension responses under
different operational conditions.

In Figure 5.15, under operational conditions, it can be observed that the WF
SA of the #1 tension response exhibits a downward trend across u= -0.5-0.5

m/s, while the situation for #5 is the opposite. Additionally, for the LF SAs
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of the #1 and #5 tension responses, they are larger in the absence of currents
than in the presence of currents, which can be attributed to the damping effects.
Furthermore, the SAs of the #1 and #b5 tension responses under short-crested
waves exhibit smaller than those under long-crested waves.

Figure 5.16 shows that under severe conditions, the variation trends of the WF
SAs of the #1 and #5 tension responses across u= -1-1 m/s are similar to those
observed under operational conditions. Additionally, the LF SA of the #1 tension
response exhibits a downward trend across this current velocity range, while for
#5 under short-crested waves, the opposite trend is observed. Notably, due to the
damping effects, the LF SA of the #5 tension response under long-crested waves is
smaller with the currents than that without the currents. Furthermore, with the
currents, the SA of the #5 tension under long-crested waves is smaller than that
under short-crested waves, suggesting that the damping effects of the currents are

significantly weaker under short-crested waves than under long-crested waves.
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Figure 5.16: LF and WF SAs of the #1 (a) and #5 (b) tension responses under
different severe conditions.

Figures 5.15 and 5.16 also reveal that, except for LC1-2-L, under all other op-
erational and severe conditions, the LF SAs of the #1 and #5 tension responses

are smaller than their WF SAs. This implies that, except for LC1-2-L, the WF
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component dominates the tension response under other ECs. Additionally, under
severe conditions, the difference between the tension WF and LF SAs is signif-
icantly larger than that under operational conditions. This can be attributed
to the fact that the first-order wave excitation is significantly enhanced under
severe conditions, leading to a more pronounced WF tension response. Although
the second-order drift force also increases, which is closely related to the LF
tension response, its contribution is insufficient to overcome the limiting effects
imposed by the mooring restoring characteristics and current-induced damping.
Consequently, the WF tension component increases more significantly than the

LF component under severe conditions.

5.1.5 Power capture performance

This section explores the power capture of the individual WEC, WEC row, and
WEC array under different operational conditions. For the individual WEC,
WECs 1-3 and WECs 8-9 are considered, while for the WEC row, Rows 1 and 3
are selected.

Figure 5.17 presents the power output of the individual WECs under various
operational conditions. It is found that the power output of each WEC exhibits
a downward trend across u=-0.5-0.5 m/s. Additionally, except for WEC 1, the
absorbed power of other WECs is less under short-crested waves than under long-
crested waves. As for WEC 1, its absorbed power is almost unaffected by the
wave distribution. Furthermore, among different operational conditions, WEC 9
absorbs the most power. Besides, WECs 8 and 2 absorb the least power under
short-crested and long-crested waves, respectively.

Since the PTO devices are driven by the vertical motion between the platform
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Figure 5.17: Power output of the individual WECs under various operational
conditions.

and WECs, the relative heave response of WEC 8 is used to explore the features
of its power absorption, as demonstrated in Figure 5.18. This figure shows that
the heave relative response is smaller under short-crested waves than under long-
crested waves, and it also exhibits a downward trend across u=-0.5-0.5 m/s.
These variation patterns of the relative heave response align with those of the

absorbed power of WEC 8 under various operational conditions.
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Figure 5.18: Mean values and STDs of the relative heave response between the
platform and WECS under various operational conditions.
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Figure 5.19 gives the absorbed power of Rows 1 and 3 under different opera-
tional conditions. The power absorption of the WEC rows exhibits a downward
trend across u=-0.5-0.5 m/s. Notably, Row 1 absorbs more power under short-
crested waves than under long-crested waves, whereas Row 3 exhibits the opposite
trend. Additionally, the captured power of Rows 1 and 3 is nearly identical under
short-crested waves, while under long-crested waves, Row 3 captures significantly

more power than Row 1.
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Figure 5.19: Power output of the WEC rows under various operational conditions.

Figure 5.20 shows the captured power of the WEC array under different op-
erational conditions. It can be seen that the power captured by the WEC array
also exhibits a downward trend across u=-0.5-0.5 m/s, and its power capture per-

formance under long-crested waves is superior to that under short-crested waves.
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Figure 5.20: Power output of the WEC array under various operational condi-
tions.

5.2 Summary

This chapter investigates the dynamic responses and power capture characteristics
of the floating wave-energy harvesting platform under operational and severe
conditions with WCI. A couple of time-domain simulations are carried out to
explore the influence of short-crestedness and currents on the platform, mooring
line tension, and the power absorption of this wave-energy capture system. For
the current conditions, different current directions and velocities are considered.
According to the results, some key findings are presented as follows:

(1)Under operational conditions, the surge, heave and pitch wave forces and
moments on the platform exhibit a downward trend across u=-0.5-0.5 m/s, and
they are smaller under short-crested waves than under long-crested waves. How-
ever, under severe conditions, the pitch wave moments and the surge second-order
wave forces exhibit different trends from those observed under operational con-
ditions due to the WCI.

(2)Due to the damping effects, the surge and pitch STDs are larger with no
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currents than with the currents under operational conditions. Besides, the heave
STD exhibits a downward trend across u=-0.5-0.5 m/s. Under severe conditions,
the surge STD is also larger without the currents than with the currents. Addi-
tionally, the heave and pitch responses under severe conditions exhibit the same
variation trends across u=-0.5-0.5 m/s as the heave response under operational
conditions. Furthermore, the platform motion responses are generally smaller
under short-crested waves than under long-crested waves.

(3)Under both operational and severe conditions, the #1 mean tension value
exhibits a downward trend across the considered current velocity ranges, while for
#5, the opposite trend is observed. Additionally, under operational conditions,
the tension STDs of #1 and #5 are smaller in the presence of currents due to the
damping effects. Under severe conditions, the STDs of #1 and #5 tension show
similar variation trends to their mean values across u=-1-1 m/s. Furthermore,
under operational conditions, the tension responses of #1 and #5 are generally
smaller in short-crested waves than in long-crested waves, while under severe
conditions, the situation is reversed for #b5 in the presence of currents.

(4)The power capture of the individual WEC, WEC rows, and WEC arrays
under operational conditions exhibits a weakening trend across u=-0.5-0.5 m/s.
In addition, the power output of the individual WECs, Row 3, and WEC array
is higher under long-crested waves than under short-crested waves, while for Row
1, the situation is reversed.

Although extensive research has been carried out on wave-energy capture sys-
tems subjected to irregular waves and currents, the combined influence of short-
crested waves and WCI on the performance of such energy-harvesting systems has

not been sufficiently investigated. Therefore, this chapter examines the proposed
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wave-energy capture platform under short-crested waves with WCI, focusing on
its dynamic responses and power-capture characteristics under different current
conditions. Given that multidirectional wave propagation and WCI are frequently
encountered in real ocean environments, this study provides useful insights for the

engineering design and performance evaluation of this type of offshore structure.
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Chapter 6

Conclusions and Future research

6.1 Conclusions

This thesis proposes a new floating wave-energy harvesting platform that inte-
grates a SPIC semi-submersible platform with an array of point-absorber WECs,
which provides another promising choice for the development of wave energy.
Owing to the limitations of existing potential-flow-based commercial software in
simulating WCI and multi-body connections, a coupled hydro-connected-mooring
dynamic model is established based on 3D potential flow theory, the Lagrange
multiplier technique, and the lumped-mass method.

For complex multi-body connected systems, the developed model can achieve
the constraint relationships in a more straightforward manner through the La-
grange multiplier method, avoiding the need for complicated mechanical deriva-
tions and secondary development within the interfaces of commercial software.
In addition, this model facilitates the investigation of various models for simula-
tion of complex ECs on the performance of multi-body connected systems. For

instance, the spectral model with WCI effects, as considered in this thesis, can
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be conveniently implemented within the present framework, whereas such mod-
elling generally cannot be directly achieved using commercial software without
secondary development.

Although extensive research has been carried out on wave-energy capture
systems subjected to irregular waves, and combined irregular waves and currents,
the influence of short-crestedness and WCI on the performance of such offshore
structures has not been sufficiently investigated. Given that multidirectional wave
propagation and WCI are frequently encountered in real ocean environments,
this thesis investigates these two factors on the dynamic responses and power
capture characteristics of the proposed wave-energy capture platform under the
corresponding ECs. Following the verifications of the established dynamic model
and the associated wave models, a series of time-domain simulations are carried
out. Based on the results, some key conclusions are summarised as follows:

(1) Chapter 3 investigates the influence of wave directional spreading on the
performance of the proposed wave-energy harvesting system under both opera-
tional and severe conditions. Although the wave energy of short-crested waves
becomes increasingly concentrated around the mean incident direction as the
spreading exponent increases, the platform motion response and mooring line
tension response do not increase as expected. Besides, their variation trends
across the spreading exponent differ among theses ECs. These phenomena can
be attributed to the fact that this harvesting system is a complex multi-body
connected system, in which the platform motions and mooring line tension are
affected not only by the corresponding wave forces, but also by multi-body hy-
drodynamic interactions and hinge constraint forces.

In addition, the power absorbed by the WEC array shows a slight decreas-
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ing trend with increasing spreading exponent under mild operational condition,
whereas it remains almost unchanged under moderate operational conditions.

(2)Chapter 4 investigates the influence of WCI on the dynamic responses
and power-capture characteristics of this wave-energy harvesting system under
operational conditions. The results show that the current has a damping effect on
the LF surge and pitch responses of the platform, while it amplifies the WF surge
response. When WCI is not considered, the heave response and the WF pitch
response remain almost unchanged with variations in current velocity. However,
after incorporating WCI, both responses become larger under opposing-current
conditions than under following-current conditions.

For the mooring system, the LF tension response is reduced due to the damp-
ing effect of the current, whereas the WF tension response of the downstream
line is amplified. Besides, the WF tension response of the upstream line is larger
under following currents than under opposing currents.

In terms of power capture, the absorbed power of individual WECs, WEC
rows, and the entire WEC array is almost unaffected by current velocity with-
out WCI. Once WCI is considered, however, the power-capture performance is
enhanced under opposing currents compared with following currents.

(3)Chapter 5 investigates the effects of short-crestedness and currents on the
dynamic behavior and power capture performance of this wave-energy harvesting
system under both operational and severe conditions with WCI. For the platform
motions, the results show that, under operational conditions, the STDs of the
surge and pitch responses are larger without the currents than with the currents,
owing to the damping effects of the current. The heave STD is larger under

opposing currents than under following currents. Under severe conditions, the
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surge STD also remains larger without currents than with currents, while the
heave and pitch responses exhibit trends similar to those of the heave response
under operational conditions. In general, the platform motion responses under
short-crested waves are smaller than those under long-crested waves.

For the mooring system, under severe conditions, the tension response of the
downstream line is larger under opposing currents than under following currents,
whereas the opposite trend is observed for the upstream mooring line. Under
operational conditions, the tension STDs of the mooring lines are reduced in
the presence of currents due to the damping effects of the currents. Moreover,
the mooring-line tension responses under operational conditions are generally
smaller in short-crested waves than in long-crested waves. However, under severe
conditions, this trend is reversed for the upstream line with the currents.

In terms of power capture, the individual WECs, WEC rows, and WEC array
show better performance under opposing currents than under following currents
under operational conditions. In addition, the power output of the individual
WECs and the entire WEC array is higher under long-crested waves than under

short-crested waves.

6.2 Future research

Although this thesis employs well-established theories and methodologies to con-
duct the coupled numerical simulations and analysis of the floating wave-energy
harvesting platform, several limitations remain. They will be investigated in
future research and include the following;:

(1)In this thesis, the hydrodynamic coefficients, wave forces, and restoring
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stiffness are evaluated using the potential-flow BEM based on the mean wetted
surface of the floating body. Future work should extend the present time-domain
model by incorporating the effects of the instantaneous wetted surface, particu-
larly for large-amplitude motions and extreme sea states.

(2)The PTO device is simplified as a hinged connection with rotational damp-
ing in this thesis. However, a practical PTO device is a relatively complex me-
chanical system. Therefore, a more detailed representation of its mechanical
characteristics should be incorporated in future work, which would be beneficial
for the practical design of this type of wave-energy harvesting systems.

(3)In this thesis, the short-crested directional spectrum under WCI is con-
structed by combining the WCI-modified long-crested wave spectrum with the
directional spreading function. Although this treatment ensures that the total
wave energy of the short-crested spectrum remains consistent with that of the
corresponding long-crested spectrum, it is an engineering approximation. There-
fore, future work should explore a fully direction-dependent WCI formulation for
short-crested wave spectrum with current-induced modifications.

(4)Compared with numerical simulations, experimental investigations can pro-
vide additional insight into the physical characteristics of the proposed system,
particularly those associated with nonlinear hydrodynamic effects, multi-body
coupling, PTO dynamics, and mooring-line behavior. Therefore, future experi-
mental studies would be valuable for further examining the dynamic responses

and power capture of the proposed wave-energy harvesting platform.
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