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ABSTRACT

This study focuses on analysing the effects of wave energy converter (WEC) geometry on the performance of an integrated
system comprisinga WEC array and a very large floating structure (VLES). A numerical model of the integrated system
is established based on multi-body potential theory, the discrete-module-beam (DMB) method, and the Lagrange
multiplier technique. After validating the accuracy of the simulation approach, the present study examines the energy
capture efficiency and hydroelastic response of the integrated system with various WEC geometry parameters, including
length, width, draft, and shape. Owing to the complexity of the physical model of the integrated system, it is difficult to
determine the optimal Power Take-Off (PTO) damping coefficient analytically. Therefore, a numerical search method
is employed to obtain the PTO damping coefficients corresponding to different WEC geometry parameters. After
a series of numerical simulations, the results reveal that, compared to the other three geometry parameters, the power
output of the integrated system is more sensitive to the WEC length. Moreover, the incorporation of the WEC array
leads to a significant reduction in the hydroelastic response of the VLFS. In addition, the draft and shape of the WEC
exhibit limited influence on the structural response of the VLES. All in all, the analytical methodology and framework
presented in this paper can offer some insights for the design of similar integrated systems.

Keywords: WEC geometry, WEC array-VLFS integrated system, energy capture performance, hydroelastic response

INTRODUCTION

The extensive consumption of traditional energy sources and
increasingly severe environmental issues has led to growing
worldwide emphasis on the development of renewable energy
[1,2]. Among these, the ocean is one of the significant sources of
renewable energy [3,4]. It should be noted that, among various
forms of renewable marine energy, wave energy has attracted
considerable attention due to its high energy density and all-
day operational capability [5,6]. Based on energy conversion
mechanisms, wave energy converters (WECs) are mainly

categorised into oscillating bodies, oscillating water columns,
and overtopping devices [7]. Of these three types, oscillating-
body devices have become one of the most favoured options,
owing to their simple geometric structure and suitability for
array configurations [8]. Although scholars have extensively
researched oscillating-body WECs, their commercial
development has not yet been fully realised, primarily due to
high energy costs [9]. Therefore, integrating oscillating-body
WEC arrays with other marine structures may present a viable
solution, as it can save space, share facilities, reduce costs, supply
energy, and provide structural protection.
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When incident waves interact with the WECs, a portion of the
wave energy is absorbed, while the remaining unabsorbed energy
transmits through the WECs. Consequently, the transmitted
wave height downstream of the WEC is significantly reduced.
Breakwaters are designed to attenuate waves from the open
sea and provide sheltered areas for marine aquaculture and
port engineering. Therefore, WECs and breakwaters share
a common principle in wave absorption, which has drawn
increasing attention to hybrid systems integrating oscillating-
body WECs with floating breakwaters. Moreover, integrating
the WECs into a breakwater can further enhance wave energy
conversion through relative motions between the floating bodies.
Zhao et al. [10] applied an analytical potential model to conduct
a hydrodynamic analysis of a WEC-breakwater hybrid system,
demonstrating that the incorporation of WECs can absorb wave
energy without compromising the wave attenuation performance
of the breakwater. Ning et al. [11] established a two-dimensional
mathematical model of a dual-floater system serving as both
breakwater and WEC. Their simulations revealed that, compared
to a single floater, the two-floater system significantly broadens
the effective frequency band for energy capture. Zhangetal. [12]
developed a frequency-domain potential model that accounts
for viscous effects in a system consisting of a WEC array and
a floating breakwater. Their results indicated that a WEC array
positioned close to the breakwater can capture more energy and
substantially reduce the horizontal forces on the breakwater.
Zhou et al. [13] conducted experimental studies to determine
the optimal gap width and WEC dimensions in an integrated
WEC-breakwater system, with particular emphasis on evaluating
the effects of narrow-gap resonance.

Very large floating structures (VLES) have emerged as an
efficient solution for marine space utilisation, owing to their
low environmental impact, independence from specific seabed
conditions, flexible construction, and cost-effectiveness. In recent
years, such structures have been progressively applied in various
fields, including floating airports, oil storage facilities, artificial
floating islands, and floating piers [14]. Due to their high length-
to-depth ratio, VLFSs undergo significant elastic deformation
under wave action, implying that their safety and serviceability
are directly governed by their hydroelastic response. Building on
the advantages of integrating WECs with breakwaters, Tay [15]
employed a frequency-domain finite element-boundary hybrid
method to investigate an articulated plate-VLFS hybrid system,
elucidating the dual role of the articulated plate as both WEC
and breakwater. Nguyen et al. [16] extended this numerical
approach to optimise the dimensions and layout of an array of
articulated-plate WECs installed at the weather-side of a VLFS.
Their study demonstrated that energy capture performance can
be significantly improved by adjusting the number of WECs
and the PTO damping coeflicients. Cheng et al. [17] developed
a numerical model for an integrated system of a heaving-type
WEC array and a VLEFS, based on fully nonlinear potential
theory and Mindlin thick-plate theory. They further examined
the effects of nonlinear interactions and wave resonance in the
WEC-VLES gap on the hydrodynamic performance of the
system. Zhao et al. [18] proposed a hybrid concept involving
a flexible floating platform integrated with a WEC array. Their
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frequency-domain simulations revealed that neglecting platform
flexibility leads to an overestimation of the energy capture
efficiency of the WEC array.

Although some studies have evaluated the hydrodynamic
performance of integrated WEC-VLES systems, the influence
of WEC geometry on such integrated systems has not yet been
thoroughly investigated. For instance, while Cheng et al. [17]
conducted a parametric study on WEC geometry, the wave
energy capture in their configuration did not rely on the relative
motion between the WEC array and the VLES. Moreover, in the
studies by Tay [14] and Nguyen et al. [15], the impact of WEC
dimensions on system performance was primarily limited to
variations in WEC length. Therefore, the motivation or novelty
of this study lies in systematically examining the effects of
WEC shape and other dimensional parameters—under the
operational mechanism that utilises relative motion for wave
energy absorption—on the performance of a WEC array-VLES
integrated system, including both the energy capture efficiency
and the hydroelastic response. The analytical methodology and
framework presented in this work are expected to provide new
insights for the design of WEC-VLEFS integrated systems, with
the potential to enhance both marine space utilisation and the
economic viability of wave energy development.

THEORETICAL BACKGROUND

Fig. 1 illustrates a schematic diagram of an integrated system
comprising a WEC array and a VLFS. The WEC array consists
of three identical oscillating bodies connected to the VLES via
Power Take-Off (PTO) units. It should be noted that, in this study,
each PTO unit was simplified as a hinge joint with an equivalent
linear damping coefficient. To predict the motion response of
the integrated system, a numerical model was established based
on the three-dimensional potential theory, employing the DMB
method and Lagrange multiplier technique. The core concept of
the DMB method involves discretising the VLES into multiple
rigid sub-modules, each with its mass concentrated at the centre
of gravity, which are then interconnected by equivalent beam
elements following Euler-Bernoulli beam theory [19]. The
Lagrange multiplier technique is applied to impose kinematic
constraints at the connection points, connecting each WEC to
the first sub-module of the VLES through a constraint matrix
and internal force vectors [20]. The modelling procedure for the
integrated system is summarised as described below.

First, based on multi-body hydrodynamics, the added mass,
radiation damping, and wave excitation force matrices for the
N+3 floating bodies (N sub-modules of VLES and three WECs)
are computed. Simultaneously, the mass and hydrostatic stiffness
matrices of the integrated system are constructed. Then, the
structural stiffness matrix of the entire VLES is derived according
to Euler-Bernoulli beam element theory. Subsequently, the
constraint matrices for the PTO units are formulated using
the Lagrange multiplier technique and, finally, all matrices are
assembled to form a coupled frequency-domain model of the
integrated system. A flowchart summarising the numerical
modelling process is provided in Fig. 2. It should be noted that



the numerical simulations are carried out using an in-house
code developed in MATLAB, which is capable of solving coupled
multi-body hydrodynamics and structural dynamics.

WEC array

z (a) Top view

PTO (hinge joint)

(b) Side view

Fig. 1. Schematic diagram of the WEC array-VLFS integrated system
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Fig. 2. Flow diagram of the numerical simulation

MULTI-BODY HYDRODYNAMICS

Within the framework of three-dimensional potential flow
theory, the fluid velocity potential satisfies the Laplace equation.

VD=0 ™

The fluid velocity potential is composed of the incident
potential @, the diffraction potential @, and the radiation
potentials @ from all bodies. Specifically, the radiation potential

®4" of the m-th body can be expressed as:

6
o = iw Z, M o @)
£

where ™ denotes the complex motion amplitude of the m-th
body in the j-th degree of freedom (DOF) and @ represents
the corresponding radiation potential induced by its motion.

Under finite water depth conditions, @;can be expressed as:

igA coshk(z+h)

@, = w  coshkh

1 (xcos@+ysinf) 3)
where g is gravity acceleration; A, w, and 0 represent the
wave amplitude, angular frequency, and incident direction,
respectively; h denotes the water depth; and k is the wave
number, which is given by the dispersion relation:

wZ

k= gtanh(kh) “)

For the boundary value problem governing the velocity
potential, the following boundary conditions must be
considered:

lod
- Q" + 957 = 0, onSy{z=0) (5)
acp =0, onSyz=-h) (6)
8<D 1L0))

270 =~ g OnS ™

oD 0, m#q
aﬁ(;) = {—iwnj, m=q ° on Sq (8)
Vo*>0, onS. 9

where S, Sp, S;, and S.. denote the free surface, seabed, and
wetted surface of the g-th body, and the far-field boundaries,
respectively; for @, it may represent either @, or @éj"). 719 is the
normal vector on the surface of the g-th body and #; denotes
the component of the surface normal vector in the j-th DOF.

Subsequently, based on the boundary conditions outlined
above, the boundary element method (BEM) is employed to
numerically solve for the velocity potential [21]. The radiation
potentials are then used to derive the added mass and radiation
damping coefficients,

A= _ P ff Im(@)nds (10)
B#Y = —p [/, Re(®,

where Aﬁj’-’k) and Bﬁf}’k) represent the added mass and radiation
damping induced on the i-th DOF of the g-th body by the j-th
DOF of the k-th body, respectively.

The wave excitation forces acting on the bodies, comprising the
Froude-Krylov and diffraction components, are simultaneously
obtained by integrating the incident and diffraction pressures
over the wetted body surface,

Fo=[[, Sq(P,+PD)n,-(q)ds =—ipwf/, Sq(QDI+<DD)n,-(q)dS (12)

Nn,ds (1)

Based on Egs. (10)-(12), the added mass, radiation damping,
and wave excitation force matrices of the integrated system can
then be derived as:

AL A2 ALN+3)
AGD A2 A@N+3)
Alw)=| SR (13)
A(N+3,1) A(N+3,2) e A(N+3,N+3)

6(N+3)x6(N+3)

POLISH MARITIME RESEARCH, No 1/2026 65



B(l,l) B(l,z) B(I,N+3)
B(z,l) B(Z,z) . B(Z,N+3)
B(w)=| : S (14)
(N+3,1) (N+3,2) o (N+3,N+3)
B B B 6(N+3)x6(N+3)
1
FO
N
Fiiw)=| - (15)
(N+3)
FE 6(N+3)x1

where A®) and B%) denote the added mass and radiation
damping coefficients induced on the i-th body, due to the
motion of the j-th body, and F{” represents the wave excitation
force acting on the i-th body.

STRUCTURAL DYNAMICS

As illustrated in Fig. 2, the VLEFS is simplified into N
concentrated mass points interconnected by beam elements.
Consequently, the hydroelastic problem is transformed into the
structural deformation analysis of a segmented beam subjected to
external forces at its nodes [22]. This segmented beam is modelled
using Euler-Bernoulli beam elements, whose axial, bending, and
torsional stiffness properties are equivalently derived based on
the structural parameters of the VLFS.

First, the displacements of the two nodes i and j of the beam
element ¢; are defined as &; and &, respectively. Then, the forces
generated at nodes i and j, due to structural deformation, are
defined as F{? an F{. Finally, the relationship between the
displacements and forces at the two nodes of beam element
e; can be expressed through the structural stiffness matrix as:

[F(x)] & Kéi,i) K0P
FY f(/) Ke(/;i) Ki»

where K, is the element structural stiffness matrix [23], and
K0, K@), K¢ and K¢ are four 6x6 sub-matrices of K..

It should be noted that the beam elements e, and ey
(at both ends of the VLFS) should also be considered. For
beam element e, the relationship between the displacements
and forces at its two nodes can similarly be described by the
structural stiffness matrix as:

0 E(O) KO0 KO
F® & (1 0 KD
After manipulating Eq. (17), the equivalent structural

stiffness submatrix K{"" applied to lumped mass 1 by beam
element e, can be obtained.

&
g@] (16)

(7

E(o)]

(1)

I_<0(1,1) — Kél,O)[K 00)] K(O D4 KD (18)

Likewise, the equivalent stiffness submatrix K¢V applied
to lumped mass N by beam element ey can be expressed as:

- -1
KI(\]I\T,I\T): _ KI(\JI\HI,N)[ K}(\}N,N)] K](VI\I,NH) + KI(\1]V+1,N+1) (19)

Finally, the structural stiffness matrix of the entire VLFS
can be derived as:

66 POLISH MARITIME RESEARCH, No 1/2026

Kél,l)_i_K%l,l) Kgl,z) 0 0
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(20
where K=Y, K=, Ki7-D and K¢ are the sub-matrices of the
structural stiffness matrix of the beam element e;.

COUPLED FREQUENCY-DOMAIN MODEL

After obtaining the hydrodynamic matrices and the structural
stiffness matrix, the Lagrange multiplier technique is employed
to establish the coupled frequency-domain motion equation of
the integrated system [24]:

[ M+A(w)]+iw[B(w)+C,]+Kiy + K D,T] [ E] _ [Rlio)
F

D,

(21)
where M and Ky, represent the mass and hydrostatic stiffness
matrices, respectively; C, denotes the damping coefficient
matrix of the PTO units in the integrated system; Kg; and
Dy are the global structural stiffness matrix and the kinematic
constraint matrix of the integrated system, respectively; & is
the displacement vector of the integrated system; and F; is the
internal constraint force vector of dimension (5x3)x1. £and F;
are the physical quantities to be solved in Eq. (21).

The mass and hydrostatic stiffness matrices (M and Ky,) can
be respectively formulated as:

m
m®
M= (22)
(N+3)
m 46(N+3)x6(N+3)
[ co
co
Ky, = (23)
C(N+3)

6(N+3)x6(N+3)

where the mass and hydrostatic stiffness matrices (m®™ and C™)
of the n-th body can be found in [25].

Indeed, Ky in Eq. (20) only represents the structural stiffness
matrix of the VLES. Therefore, it is necessary to assemble the
global structural stiffness matrix K, of the integrated system
by combining K, with zero matrices,

[k 0

Ki={o o (24)

6(N+3)x6(N+3)

C, can be expressed as:
'3/1ptu 0--0 _Apto _Apto _A'ptu‘

o 0--0 0 O O

G=l0 00 0 0 o

Ao 00 Ay O 0

Ao 00 0 Ay O
._/\P’” 0--0 0 0 Apto-s(N+3)><6(N+3) (25)




where A,, is the PTO damping coefficient matrix of the
individual WECs, which can be written as:

pto = (26)

S}

I
(e eNeNo N Nl
[ NeNoNo NN
[N eNeNo N Nl
[ NeNoNo NN}
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where C,, is the PTO damping coefficient of the individual
WECs in the 5-th DOE.

Based on the Lagrange multiplier technique, the kinematic
constraint matrix D; of the integrated system can be derived as:

Dyyq 00 Dy, O 0
DIZ Dy, 00 0 Dy, 0 (27)

DI,N+3 00 0 0 DN+3,1 SxX6(N+3)
where
1 00 0 2z
010 -z 0 x»
Dinyy,=]0 01 y” " 0 |, n=1~3 (28)
000 1 0 0
000 0 0 1
-100 0 -Z%, ¥y,
0-10 z(;qu)n 0 ~X N
D =[0 0 -1-y%u xp 0 |, n=1~3 (29)
Mo 00 “1 0 0
000 0O 0 -1

where (x{", y{", z{") are the coordinates of the hinge point
of the n-th PTO unit in the body-fixed coordinate system of
the first sub-module of the VLES and (x%,.,, y(}?m, Z%.) are the
coordinates of the hinge point of the n-th PTO unit in the
body-fixed coordinate system of the n-th WEC.

After solving Eq. (21), the energy captured by each WEC
can be obtained by:

PO =2 C, @[V ~EDR, n=123 @)
where C,, is the PTO damping coefficient of the WEC; and
ENem and £V represent the displacements of the n-th WEC and
the first sub-module of the VLES, respectively.

The total energy captured by the WEC array can then be
written as:

3
P, =% p» (31)
n=1

To characterise the energy capture performance of an
individual WEC or a WEC array, the capture width ratios
(CWRs) are introduced and defined as:

p(n)
nw = 2p > Nn=123 (32)
P,
M:=73B,p, (33)

where B,, is the equivalent width of an individual WEC and P,,
denotes the incident wave power per unit width, which can be
expressed as:

_ pghw 2kh
P, =5 (4 G (34)

Furthermore, Fig. 3 provides a schematic illustration for
determining the displacement at an arbitrary position x,,, on
beam element e. Accordingly, the relationship between the
displacements and forces at node i and the arbitrary point (any)
of the sub-beam element e, can be described by the sub-stiffness
matrix K; as:

F® (i) K@) g Gany) (i)
F{@ = Ks Elamy) = | Kanpi) R (anpany) Elamy) (35)

Beam element e

|
I 1

Lumped mass i Lumped mass j

Given location x,
Sub-beam element s any

Fig. 3. Schematic diagram to calculate the displacement at any location
along the VLFS

After manipulating Eq. (35), the displacement at position
Xany can be derived as:

g = [Kio | [P - Kigo] 9

where F{ can be calculated using Eq. (16). Additionally,
the hydroelastic response of the VLES is one of the primary
subjects of this study, of which the corresponding variable is
the component of @ in the 3-th DOF, denoted as &{*).

VALIDATION OF THE NUMERICAL
APPROACH

To ensure the accuracy of this study, this section presents
validations of the Lagrange multiplier technique and the DMB
method. For two hinged floating boxes, Fig. 4 compares the
dimensionless results of the vertical displacement at the hinge
and the relative rotation angle between the present simulation
and the work of Newman [26]. It should be noted that Newman
employed the modal expansion method to solve the motion
response of the articulated model. The close agreement between
the curves in Fig. 4 confirms the reliability of the Lagrange
multiplier technique. Regarding the DMB method, we applied
it to simulate the hydroelastic response of a typical VLES. Fig. 5
compares the Response Amplitude Operator (RAO) obtained
from this method with experimental data from Yago and
Endo [27] and numerical results from Fu et al. [28]. Notably,
Fu et al. employed a direct method to analyse the VLES. The
favourable agreement observed in Fig. 5 indicates that the
DMB method is an accurate approach for hydroelastic analysis.
Finally, detailed parameters of these two validation models can
be found in the three references mentioned above.
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RESULTS AND DISCUSSION

This study investigated the influence of WEC geometry on the
performance of a WEC array-VLEFS integrated system, focusing
on both energy capture efficiency and the hydroelastic response.
The integrated system was situated in a marine environment
characterised by a predominant wave period range of 5-12 s, with
T = 6 s representing the average wave period. To maximise energy
capture, the PTO damping coefficient of the WEC was generally
determined based on this average period [29]. However, due to
the complexity of the integrated system, an analytical solution
is difficult to obtain. Therefore, a numerical search method was
adopted in this study, to determine the optimal PTO damping
coeflicient for different WEC geometric parameters, with the
detailed procedure referenced from [30]. It should be noted that,
the wave amplitude and incident direction were setas A =1 m
and 0 = 0°, respectively. Furthermore, Table 1 summarises
the key parameters of the VLEFS in the integrated system. The
WEC parameters are individually introduced in the subsequent
subsections. It should be noted that the centre of gravity and
the radius of gyration of the VLES and the rectangular WEC
only depend on their shape. Meanwhile, the height of the WEC
relative to the still water level is the same as that of the VLFS.
Finally, this section analyses the system performance with respect
to four aspects of the WEC geometry: length (L), width (B,),
draft (d,,), and shape.

In order to ensure the reliability of the numerical investigation,
it was necessary to conduct a mesh convergence analysis for both
the VLES and the WEC, prior to performing the parametric
analysis on the WEC geometry. According to Lu et al. [19], for
a VLFS with a length of 300 m, sufficient accuracy can generally
be achieved by uniformly dividing the structure into eight
sub-modules along the longitudinal direction. Identical mesh
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Tab. 1. Key parameters of the VLFS

Parameter Unit Value
Length (Ly) m 300
Width (By) m 45
Height above still water level (h,) m 1.5
Draft (dy) m 1
Mass (My) kg 1.383¢7
Young’s modulus (E) N/m? 1.19e10
Poisson’s ratio (v) - 0.13

discretisation was applied to all eight sub-modules. Therefore, in
the mesh convergence analysis for the VLES, only the weather-side
module was considered. For the WEC, its geometric properties
were specified as L,, = 20 m, B, = 10 m, and d,, = 1 m, with
a rectangular shape. This configuration served as the reference
model for the subsequent parametric analysis. For both the VLES
sub-module and the WEC, three mesh discretisation strategies—
coarse, medium, and fine—were adopted. Under the coarse mesh
strategy, the total numbers of panels for the sub-module and the
WEC were 1212 and 482, respectively. Under the medium mesh
strategy, the corresponding numbers were 2496 and 704, while,
under the fine mesh strategy, they increased to 4848 and 1040,
respectively. After performing the hydrodynamic calculations
for both the sub-module and the WEC, Fig. 6 presents their
surge hydrodynamic coefficients, obtained under different mesh
discretisation strategies. It can be observed that the hydrodynamic
results obtained using the medium and fine mesh strategies are in
close agreement, indicating that mesh convergence was achieved.

e
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Fig. 6. Mesh convergence analysis for surge hydrodynamic coefficients:
(a) Weather-side module of VLFS; (b) WEC

ANALYSIS OF DIFFERENT WEC LENGTHS

This subsection analyses the influence of WEC length (L,,)
on the performance of the integrated system, with values set at
20, 25, and 30 m. The corresponding width (B,,), draft (d,,), and
shape of the WECs were fixed at 10 m, 1 m, and rectangular,
respectively.

Fig. 7 presents the CWR of both individual WECs and the
WEC array with different values of L,, under various wave
periods. As shown in Fig. 7(a), for L, = 20, 25, and 30 m, the
peak CWR of the side WEC occurs at T'= 5.5, 7.0, and 8.0 s,
respectively. Moreover, when L, = 25 m, the side WEC almost



maintains a constant power output within the period range of
T=55-8.0s. At T = 6.0 s, the CWR of the side WEC varies
significantly with L,, with the highest value being observed at
L, =20 m. Fig. 7(b) indicates that, for any L,, the central WEC
achieves its maximum CWR at T = 6.0 s. Furthermore, the
energy capture efficiency of the central WEC is at its highest at
L, =30 m, compared to the other two values of L,. For T>6.0s,
the CWR of the central WEC increases with L,,. Notably, when
L, = 25 m, the CWR of the central WEC is nearly zero at
T = 5.0 s, suggesting a minimal relative angular motion at the
hinge under this wave period. From Fig. 7(c), it can be observed
that, for T> 6.0 s, the CWR of the WEC array generally increases
with L. Similar to the central WEC, the WEC array also exhibits
optimal energy capture performance at T'= 6.0 s. However, when
L, =25m, the CWR of the array is slightly higher than that with
the other two values of L.

CWR of central WEC

CWR of side WEC
CWR of WEC amay

] HER ) 5
Wave period [s] Wave period [s] Wave period [s]
[0} ®) ©

Fig. 7. (a) CWR of side WEC, (b) central WEC, and (c) WEC array with
different WEC lengths under various wave periods

Fig. 8 illustrates the effects of L, on the hydroelastic response
of the VLFS. Fig. 8(a) shows that, after integrating the WEC
array, the hydroelastic response of the VLES is significantly
reduced, which can be attributed to the absorption of wave
energy by the WEC array. As seen in Fig. 8(b), the maximum
response of the VLEFS in the integrated system is lower than
that of the standalone VLES across all periods. While the
maximum response of the standalone VLES exhibits a generally
increasing trend over the period range, that of the VLES in
the integrated system first decreases and then increases in the
lower period range. Additionally, for T> 6.0 s, the maximum
response of the VLES shows a slightly decreasing trend with
increasing L.
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Fig. 8. (a) Hydroelastic response along the VLFS under T=6.0 s and
(b) maximum hydroelastic response of the VLFS under various wave
periods with different WEC lengths

ANALYSIS OF DIFFERENT WEC WIDTHS

This subsection examines the influence of WEC width (B,,)
on the performance of the integrated system, with values set
at 10, 12, and 14 m. L,, was set at 25 m, while other geometric
parameters remained unchanged.

Fig. 9 presents the CWR of individual WECs and the WEC
array with different B,,. As shown in Fig. 9(a), the side WEC
achieves favourable energy capture performance within the period
range of T'= 5.5-8.0 s for all three B,.. At T'= 6.0 s, the CWR of
the side WEC with B,, = 12 m is generally higher than those at
the other two B,,. In the longer period range (7> 9 s), the CWR
of the side WEC with B, = 10 m decays more slowly compared
to the other B,. It should be noted that the CWR of the side WEC
starts from a very low value at T'= 5.0 s, then increases rapidly at
T'=5.5sand converges toward the curves of the other two values
of B,.. Fig. 9(b) indicates that, for B, = 10 m and 12 m, the central
WEC attains its peak CWR at T'= 6.0 s; whereas, for B, = 14 m,
the maximum occurs at T'= 5.5 s. For T'> 6.0 s, the CWR curves
for all three B, decline monotonically with nearly identical slopes.
Notably, at T'= 5.0 s, the central WEC, with B, = 10 m, captures
almost no energy. From Fig. 9(c), it can be observed that the CWR
of the WEC array reaches its maximum at either T=5.5s0r 6.0 s
for all three B,,. At T' = 6.0 s, the energy capture performance of
the array is optimal with B,, = 12 m, compared to the other B,
In the long-period region (T > 8.0 s), the CWR of the array with
B,, = 10 m s slightly higher than those with the other B,,, indicating

better adaptability to long-period waves.
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Fig. 9. CWR of (a) side WEC, (b) central WEC and (c) WEC array with
different WEC widths under various wave periods

Fig. 10 illustrates the effects of B,, on the hydroelastic response
of the VLFS. As shown in Fig. 10(a), the integration of the
WEC array leads to a significant reduction in the longitudinal
response of the VLFS. For the integrated system, increasing B,
moderately suppresses the response at the left hand side of the
VLES. However, over most of the longitudinal span of the VLES,
alarger B, results in a slight increase in the structural response.
Fig. 10(b) demonstrates that, across the entire period range,
the maximum response of the VLEFS in the integrated system is
lower than that of the standalone VLFS. The maximum response
of the standalone VLES increases monotonically with the wave
period. A similar trend is observed for the integrated system
when B,, > 10 m. Moreover, at T = 6.0 s, the maximum response
ofthe VLFS is nearly identical for B,, = 12 m and 14 m but slightly
lower than that with B, = 10 m.
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Fig. 10. (a) Hydroelastic response along the VLFS under T=6.0 s and
(b) maximum hydroelastic response of the VLFS under various wave
periods with different WEC widths
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ANALYSIS OF DIFFERENT WEC DRAFTS

This subsection analyses the influence of the WEC draft
(dy) on the performance of the integrated system, with values
set at 1.0, 1.5, and 2.0 m. B, was fixed at 12 m, while other
geometric parameters remained consistent with those in last
section (Analysis of different WEC widths).

Fig. 11 illustrates the variation of the CWR for individual
WECs and the WEC array with different drafts. As shown in
Fig. 11(a), the overall trends of the CWR curves for the side
WEC are similar across the three draft conditions, with peak
values occurring in the lower period range (T < 6.0 s). Within
the period range T = 5.5-8.0 s, the CWR of the side WEC
with d,, = 2.0 m is higher than those with the other two d,,. For
T> 8.0 s, the three CWR curves nearly converge. Actually, the
CWR of the side WEC generally exhibits a decreasing trend
with an increasing time period. Fig. 11(b) indicates that the
CWR of the central WEC reaches its maximum at T'= 6.0 s
for all d,,, with the highest peak observed at d,, = 2.0 m. In the
period range of T'= 6.0-8.0 s, increasing d,, leads to a moderate
improvement in CWR; whereas, for T'> 8.0 s, the draft variation
has negligible influence. As seen in Fig. 11(c), the CWR of the
WEC array follows a similar pattern: the peak values occur
around T = 6.0 s, and within T = 6.0-8.0 s, the CWR with
d, = 2.0 m is slightly higher than those with the other two d,.
For T'> 8.0 s, the three CWR curves almost overlap, suggesting
that the energy capture performance of the array is insensitive
to draft variations in the long-period region.
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Fig. 11. CWR of (a) side WEC, (b) central WEC and (c) WEC array with
different WEC drafts under various wave periods

Fig. 12 presents the hydroelastic response of the VLES with
different d,.. Fig. 12(a) shows that, at T'= 6.0 s, the integration of
the WEC array significantly reduces the longitudinal response
of the VLEFS, although the response curves under different
d, are very close to each other. Fig. 12(b) demonstrates that,
across the entire period range, the maximum response of the
VLES in the integrated system is considerably lower than that
of the standalone VLFS. Moreover, the response monotonically
increases with the wave period. The differences between the
three draft conditions are minimal, indicating that draft
variation has limited influence on the structural response of
the VLFS.
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Fig. 12. (a) Hydroelastic response along the VLFS under T=6.0 s and
(b) maximum hydroelastic response of the VLFS under various wave
periods with different WEC drafts

ANALYSIS OF DIFFERENT WEC SHAPES

This subsection examines the influence of WEC shape on
the performance of the integrated system. Three configurations
are considered: rectangular-shape, awl-shape, and triangular-
shape, as illustrated in Fig. 13. It should be noted that all three
WEC types have identical mass, length, and width; their centres
of gravity and radii of gyration are also identical. The draft of
the rectangular WEC was set at 2.0 m, while other geometric
parameters remained consistent with those in last section
(Analysis of different WEC drafts).

Fig. 13. Schematic diagram of the integrated system with different
WEC shapes: (a) Rectangle-shape; (b) Awl-shape; (c) Triangle-shape

Fig. 14 presents the variation of the CWR for individual WECs
and the WEC array with different geometries. As shown in
Fig. 14(a), the CWR of the side WEC peaks at T'= 6.0 s for all
three shapes. Across the entire period range, the CWR of the
triangular WEC is generally larger than those of the rectangular
and awl WECs, which can be attributed to the fact that the
combination of a single wave-facing slope and a deeper draft
enhances effective wave excitation, whilst avoiding the dual-
sided energy leakage observed in the awl-shaped design. In the
longer period range (T > 8.0 s), all three CWR curves exhibit
a declining trend. Fig. 14(b) indicates that, similar to the side
WEC, the CWR of the central WEC also reaches its maximum
at T'= 6.0 s for all three geometries. For T' > 6.0 s, the CWR of
the triangular WEC is slightly higher than those of the other two
shapes, and all three curves decline rapidly. It is worth noting that
the rectangular WEC shows marginally better energy capture
performance than the other two shapes at T' < 6.0 s. This is
because short waves are primarily governed by shallow-water
pressure effects, such that the additional submerged volume
associated with a deeper draft is not effectively excited, while
the inclined faces promote wave sliding or refraction, ultimately
reducing the excitation moment. As seen in Fig. 14(c), for the
WEC array, the peak CWR values for all three shapes also occur
at T = 6.0 s. Throughout the period range, the CWR of the



triangular WEC array tends to be slightly higher than those of the
other two configurations. As the period increases (1> 8.0 s), the
differences in energy capture between the three shapes gradually
diminish. This suggests that the triangular shape can moderately
enhance the energy capture performance of the WEC array.
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Fig. 14. CWR of (a) side WEC, (b) central WEC and (c) WEC array with
different WEC shapes under various wave periods

Fig. 15 illustrates the hydroelastic response of the VLFS
with different WEC geometries. Fig. 15(a) shows that, after
integrating the WEC array, the longitudinal response of the
VLES is significantly reduced, while the differences between
the response curves for the three shapes are minimal. Fig. 15(b)
demonstrates that, across the entire period range, the maximum
response of the VLES in the integrated system is considerably
lower than that of the standalone VLFS. Moreover, the maximum
response gradually increases with wave period. Additionally,
the response curves for the three geometries nearly overlap,
indicating that the structural deformation of the VLFS is
insensitive to the shape variation of the WECs.
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(b) maximum hydroelastic response of the VLFS under various wave
periods with different WEC shapes

CONCLUSIONS

Based on the potential theory, this study establishes a numerical
model of a WEC array-VLEFS integrated system using the DMB
method and Lagrange multiplier technique, and investigates the
influence of WEC geometry on its overall performance. After
validating the accuracy of the numerical approach, a parametric
analysis is conducted, with respect to WEC length, width,
draft, and shape. According to the simulation results, the key
conclusions can be summarised as follows.

In the parametric analysis of WEC geometry, the optimal
energy capture performance of the WEC array consistently
occurs near the average wave period. Moreover, over the average
period, the energy capture efficiency of the array is more sensitive
to the WEC length, compared to other geometric parameters.

After integrating the WEC array, the hydroelastic response
of the VLFS is significantly reduced, compared to that of the

standalone VLFS. The maximum response of the VLES generally
exhibits an increasing trend over the entire period range. In
addition, compared to the length and width, the draft and
shape of the WECs have limited influence on the structural
deformation of the VLEFS.

Within the selected range of geometric parameters, the
evaluation based on the integrated system performance at
the average wave period indicates that an integrated system
composed of triangular-shaped WECs with L, = 25 m,
B, =12 m, and d,, = 2 m can be regarded as a comparatively
well-performing configuration.

Finally, it should be noted that this study only analyses the
performance of the WEC array-VLES integrated system in the
frequency domain. Future work should address more complex
challenges, such as investigating the dynamic response of the
integrated system under irregular wave conditions with mooring
configurations in the time domain.
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