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Abstract: Integrating wave energy converters (WECs) onto floating offshore wind turbine platforms
has emerged as a recent focal point of research aiming to achieve synergistic marine energy utilization
and enhance the spatial efficiency of renewable energy. The power performance of WECs relies on
hydrodynamic interactions with the floating platform. However, the coupled dynamic response and
power generation mechanism remain unclear. This study establishes a multi-body model for the
constrained motion of floating-platform and point-absorber WECs in the frequency domain. The
power performance of WECs under different arrangements is compared and optimized. The perfor-
mance of different hydrodynamic models in the South China Sea is analyzed further. The results
indicate that exceptional peak performance is achieved when a single point absorber is placed on
the floating platform. However, its performance under the full spectrum of wave frequencies in real
sea conditions is suboptimal. Conversely, as the number of point absorbers on the floating platform
increases, the performance of the hybrid system becomes more stable in real sea conditions. Fur-
thermore, the array arrangement of point absorbers on the floating platform leads to multiple peaks
in their power performance, and in selected array arrangements, the average power generation at
specific frequencies is significantly superior to that of a single point absorber on the floating platform.

Keywords: floating wind-wave power generation platform; frequency domain; constrained motion;
wave energy converter; optimization

1. Introduction

In recent years, the development of floating offshore wind turbines has progressed
rapidly as a crucial trend. A significant number of commercial and demonstrative projects
have been constructed, such as Hywind Scotland wind farm (30 MW) in UK [1], Hywind
Tampen wind farm (88 MW) in Norway [2], Floatgen (2 MW) in France [3], the Kincardine
offshore wind farm (50.4 MW) in Britain [4], and “Haiyou Guanlan” demonstration project
recently completed in China [5]. However, there are some limitations in the utilization of re-
sources, construction cost, and energy stability of floating offshore wind turbines, and these
limitations restrict their further development. Integrating WECs into a floating platform
can address the variability in wind energy, allowing for the synergistic utilization of both
energy sources and enhancing power generation stability and reliability [6]. Additionally,
WECs can restrain the motion of the platform to a certain extent and improve the safety
and stability of the overall structure [7].
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(a) SFC

Numerous scholars have undertaken conceptual designs and research for wind-wave
power generation platforms. Based on different forms of floating foundations, wind—wave
power generation platforms can be roughly categorized into four types. The first type is
spar-type foundations with WECs, with typical representatives such as the “Spar-Torus
Combination” (STC) [8-13] that combines a spar-type floating wind turbine with a torus
point-absorber WEC, as shown in Figure 1a; the “Wind WEC” [14], which combines a spar-
type floating wind turbine with the “Wavestar” WEC; and the “Hywind-Wavebob-NACA
Combination” (HWNC) [15], which combines a spar-type floating wind turbine with wave
energy and tidal energy converters. The second type is semi-submersible foundations with
WECs. Typical representatives are the “Semi-submersible Flap Combination” (SFC) [16-20],
which combines a semi-submersible floating wind turbine with three elliptical flap-type
WECs, as shown in Figure 1b; “Wind-to-power” (W2P) [21], which combines a semi-
submersible floating wind turbine with retractable blades and three-degrees-of-freedom
(3-DOF) WECs; and the “Sea Flower” [22], which features gyro-stabilized devices on semi-
submersible floating wind turbines with multiple WEC installations. The remaining two
types are barge-type foundations with WECs and Tension Leg Platform (TLP) foundations
with WECs, respectively. These are typically represented by the “D-Hyp” [23], which
combines a barge floating platform with a semi-circular base with an oscillating water
column WEC, which generates power using pitch motion, as shown in Figure 1c; the
“C-Hyp” [24], which combines a barge floating platform with a WEC with a circular base;
the “TWindWave” [25], which combines a TLP with four point-absorber WECs, as shown
in Figure 1d; and the “ TLP-WT-WEC-Combination” (TWWC) [26], which combines a TLP
with a heave-type WEC.

(b) STC (c) D-Hyp (d) TWindWave
Figure 1. Four concepts of floating wind—wave power generation platforms.

Among the above-mentioned wind-wave power generation platforms, the combi-
nation of a semi-submersible floating platform and a WEC is the most widely studied.
The primary reasons for this widespread focus likely include the adaptability and high
stability of a semi-submersible foundation, its ease of construction and maintenance, and
its suitability for accommodating multiple WECs. In these studies, Luan et al. [16] carried
out time-domain numerical simulation for an SFC, and linear rotational damping was used
to simulate the influence of a Power Take-Off (PTO) system. The results show that the
PTO damping coefficient and the mass of the WEC have great influences on the power
generation of the WEC. Based on the concept of an SFC proposed by Luan [16], Michailides
et al. [17] studied the influence of the WEC on the motion of the floating platform. They
considered two different flap plate layouts and compared them with the case of a single
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floating wind turbine. The results show that power generation can be effectively improved
by combining the flap WEC with the semi-submersible platform without significantly
affecting the critical response of the semi-submersible platform. Gao et al. [18] carried
out numerical simulation and experimental tests on an STC and SFC. The numerical and
experimental results obtained under the combined action of wind and waves, considering
the wind and wave conditions in operation and survival conditions, were compared for
selected responses (such as motion, PTO force, and power generation efficiency). The re-
sults show that compared with the STC, the SFC had lower motion response under extreme
conditions. Michailides et al. [19] conducted an experimental study on the survivability of
the SFC and compared it with the numerical results. The results show that the numerical
simulation overestimated some motion of the combined power generation system, which
proves its good survivability in extreme sea conditions. Michailides et al. [20] conducted a
study on the performance of an SFC under operating conditions through numerical analysis
and physical model tests. The results indicate that when wind load is applied, the response
of the platform in roll and pitch motion is greater under regular waves, while the power
generation of the WEC is improved under irregular waves.

In addition to the extensively studied concepts of the STC and SFC, Chen et al. [21]
conducted research on the W2P, showing the best wind coefficient of retractable blades can
be achieved by adjusting the blade diameter and rotation speed, and a WEC with three
degrees of freedom can effectively absorb wave energy. They integrated them and tested
the power generation efficiency of the combined power generation platform under different
arrangements. Fenu et al. [22] conducted a numerical simulation on the “Sea Flower” in
adverse sea conditions, and the results indicate that the gyro device could significantly
improve the pitch stability of the platform. Wang et al. [27] proposed combining a semi-
submersible floating wind turbine with WECs. The study analyzed the hydrodynamic
response of a combined structure through numerical simulation and analysis, focusing
on the interaction between wind energy and wave energy. The difference between the
scattering force and radiation force was compared with and without consideration of the
hydrodynamic coupling effect. The results indicate that the combination of wind and
wave energy alters the diffraction force and radiation force on the structure, ultimately
affecting its hydrodynamic response. Gaspar et al. [28] analyzed the feasibility of using
WECs to assist in the hydrodynamic compensation of floating platforms. The experimental
results demonstrate that WECs can aid the hydrodynamic compensation system under
the tested sea conditions and even expand the operating sea conditions. Additionally, it
was observed that WECs located on the downwind and upwind sides of a platform have
distinct functions in the dynamic compensation of the platform. Hallak et al. [29] combined
DeepCwind with conical point-absorber WECs to investigate the linear hydrodynamic
interaction between the platform and WECs. They explored the influence of changes in
WEC diameter on the overall motion. Li et al. [30] studied the dynamic response of the
system and investigated the influence of wind-wave coupling effects. They used numerical
simulation and analysis to study the interaction between wind energy and wave energy
in the combined system. The results show that the wind—-wave coupling effect has a
substantial influence on the dynamic response of the hybrid system. Si et al. [31] proposed
the combination of a semi-submersible floating platform with three point absorbers. They
conducted a preliminary feasibility study on the concept by performing verified numerical
simulations of aero-hydro-servo-mooring dynamic integration. Shi et al. [32] presented a
dimensionless optimization approach for shaping a hollow cylindrical WEC tailored for a
wind-wave power generation platform. The optimal configuration was achieved using
the differential evolution (DE) algorithm. Wang et al. [33] combined a semi-submersible
floating wind turbine with a torus-type WEC. The results indicated that the use of a
concave-type WEC led to improved dynamic response and increased power generation
for the integrated system. The study examined four distinct geometries for WECs. Tian
et al. [34] also investigated the impact of the number of WECs on motion, based on the
model of Wang et al. [33]. The finding demonstrated that the combination concept with
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three WECs had the highest power generation efficiency. However, the authors only
conducted time-domain numerical simulations for a limited number of WECs, without
extending the model to address a frequency-domain model for an arbitrary number of
WECs. In a comprehensive analysis, the primary challenges of a floating wind-wave power
generation platform lie in determining the optimal combination of floating wind turbine
platforms and WECs to achieve maximum performance. The aim is to find a balance
between the high power generation efficiency of the hybrid system under typical sea states
and its robust survivability in extreme sea states. Furthermore, it is crucial to explain how
WECs reduce the motion response of floating platforms, allowing for peak-shaving and
valley-filling electricity generation from the upper wind turbines.

Recently, Chen et al. [35] conducted a study on a wind-wave power generation plat-
form consisting of an OC4 semi-submersible floating platform and a single point-absorber
WEC positioned at the platform’s center. Zhang et al. [36] expanded on this by using
computational fluid dynamics (CFD) to implement viscous damping corrections for the
point absorbers. Additionally, extensive analysis was conducted on the hydrodynamic
characteristics of the hybrid system. The study also investigated the impact of different
sizes of floaters on wave energy conversion efficiency. However, if the point absorber is
not centrally located, the motion of the platform interacts with the heave motion of the
point absorber, affecting its response and power generation characteristics. Furthermore,
the configuration of multiple point absorbers can also affect the performance of the hybrid
system [37-41]. Hence, it is essential to investigate the coupled dynamics of this hybrid
system. In this study, the work of Zhang et al. [36] has been reconsidered, and the effects of
wind loads have been ignored. The research of Chen et al. [42] and Zou et al. [43] indicated
that wind loads and the hydrodynamic interactions of a multi-body system had minimal
impact on the performance of point absorbers in a floating wind-wave power generation
platform. The primary focus was on investigating the variations in the power performance
of point absorbers under non-centralized array configurations. The novelty of our research
lies in the following aspects: While considering the placement of non-centralized point
absorbers on the floating platform, a multi-body constrained motion model for the platform
with an arbitrary number of point absorbers is established in the frequency domain. The
parameters of the PTO system are optimized for different arrangements of WECs, revealing
the best performance for various point-absorber configurations. Thirdly, this study calcu-
lates the expected power output of various models in the South China Sea, revealing the
performance of different configurations under real sea conditions.

This article is arranged as follows: Section 2 outlines the derivation process of the multi-
body constrained motion model in the frequency domain and provides a methodology for
assessing the power generation of point absorbers as well as the computation procedure for
expected power in real sea conditions. Section 3 introduces the key parameters of the wind-
wave power generation platform and relevant structural features, presenting a comparative
analysis of hydrodynamic coefficients in free-floating states among different hydrodynamic
models. Section 4 presents the validation of the constructed frequency-domain model for
constrained motion, which is followed by a parametric analysis of PTO system parameters
for different hydrodynamic models, with performance evaluations conducted in the South
China Sea. Finally, Section 5 summarizes the principal research findings.

2. Theory Background
2.1. Frequency-Domain Model for Multiple Floating Bodies with Constraints
For a single point absorber, considering the effect of linearized fluid viscosity and a

PTO system, the frequency-domain motion equation in the heave DOF can be expressed as
follows [44]:

—~exc

[~w?(Mss + Asz(w)) — iw [Bsz(w) + Bpto + By | + (Ca3 + KPtO)];B(W) = f;3 (iw) (1)
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—~exc
where M33, C33,and f, (iw) represent the mass, hydrostatic stiffness, and wave exciting

force of the point absorber. As3(w) and Bs3(w) represent the added mass and radiation
damping of the point absorber. Ky, Bpto, and B, represent the stiffness and damping

coefficients of the PTO and the viscous coefficient matrix. x3 (iw) is the heave motion of

the point absorber. The force applied to the PTO £, can be expressed as follows:

£ proiw) = —iwBpto X3(iw) — Kpro x3(icw) )

Based on the frequency-domain model, considering the non-central placement of
the point absorber, as shown in Figure 2, the two-body coupling model comprises seven
degrees of freedom. However, it is the two DOFs associated with the roll and pitch of
the floating platform that exert a substantial coupling influence on the heave motion of
the point absorber. Considering the DOFs of heave, roll, and pitch for the platform, as
well as the heave DOF for the point absorber, and based on the small-angle assumption, a
transformation matrix E is defined to describe this coupling term:

E=[1 (COG2,—-COGl;) —(COG2;—COGly) -1}, , 3)
where COG1 and COG2 represent the position of the center of gravity for the platform
and point absorber. Subscripts x and y denote the specific values of the center of gravity
positions in the x- and y-directions. Therefore, the relative displacement between the

platform and the point absorber X Relative €an be expressed as follows:

x3(iw)
X Relative (iw) = E- | =7 4)
x5(iw)
xo(iw)
Support \_,j\ Support
o T e
: 5 / /—\/ Floater /—\/
Incident wave T : 1 S
1 T L i i s
Column| {7777 Column
Figure 2. Schematic of non-central placement of point absorbers on a floating platform.
The forces acting on the PTO can be determined as follows:
f pto3(iw)
M4 iw . T - . T - .
~ ( . ) = —iwE Bpto x Relative(lw) —E Kpto xRelative(lw) (5)
M;s(iw)

fpto9(iw)
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where f pto3 and f pio9 represent the PTO forces exerted on both the floating platform and

the point absorber; M4 and M5 represent the moments exerted on the floating platform in
the roll and pitch DOFs.

A coupled heave DOF frequency-domain hydrodynamic model under heave, pitch,
and roll motions for the wind-wave power generation platform can be established as follows:

Mz + Az (w)  Asg(w) Ass(w) Azg(w)
2 Ag(w) My + Ap(w)  Ag(w) Agg(w) -~
Asz(w) Asy(w) Mss + Ass(w)  Asg(w)
Agz(w) Agy(w) Ags(w) Mog + Agg(w)
3335 % + By3 B34Ew; Bss Ewi Bsg Ewi
. 43 (W By (w) + Byy  Bys(w By (w
"N | Bss(w) Bsg(w) Bss(w) + Bys  Bso(w) FE BBt (6)
By (w) Boy(w) Bgs(w) Bgg(w) i,ﬁ?
Cs3 23 (iw) Zigxc(iW)
Cu , . x4(iw) | _ | fq (iw)
Css +ET Kpto E 25 (z'cu) = }\ixc(iw)
e ||

If we apply this model to a semi-submersible platform with N point absorbers, the
frequency-domain hydrodynamic model for heave motion must consider (3 + N) degrees of
freedom. The first three degrees of freedom are allocated to the platform in the heave, roll,
and pitch DOFs, while the next N degrees of freedom are allocated to the point absorbers in
the heave DOF. The mass matrix M, hydrostatic stiffness matrix C, viscous damping matrix
Bv, damping coefficient matrix of the PTO Bpto, and stiffness matrix of the PTO Kpto are
all diagonal and can be expressed as follows:

M = diag(M11, M, Mz, Maa, -+, M(n43)(N+3)) @)
C = diag(C11,C,C33,Ca4, -+, C(n43)(N+3)) (8)

V - dlag( vls ‘U2/ B‘U3/ BU4/ ttty BU(N+3)) (9)
Bpto = diag(Bptolr Bytoz, Bptoz, -+ -, BptoN) (10)
Kpto = diag(Kptolr Kptoz, Kptos, -+, KptoN) (11)

The added mass matrix A(w) and radiation damping matrix B(w) with coupling
terms can be expressed as follows:

[ An(w) Ap(w) A (w) Ayg(w) Az (@) T
An(w) Axn(w) Ax(w) A (w) Ayny3)(w)
Az(w) Az (w) Az (w) Azg(w) Az(ny3)(w)
Alw) =1 Ay (w) Ap(w) Ag(w) Ay (w) Ayny3)(w) (12)
Ansan(w) Angap(w) Anispw) Angsu(w) A(N+3)(N+3) (W)
[ Bui(w) Bi2(w) Bi3(w) Bia(w) Biny3)(w) ]
By (w) By (w) B3 (w) By (w) By(ny3)(w)
Bs1(w) Bsp(w) Bsz(w) Bss(w) By(Ny3) (w)
B(w) =1 By(w) By (w) Byz(w) Bu(w) Byny3)(w) (13)
-B(N-&-E;)l(w) B(N+e)z(w) B(N+e)3 (w) B(N+3:)4(w) B(N+3)(I.\J+3) (w).

where the viscous coefficient in the heave DOF for the point absorber was determined
through a free decay test conducted using STAR-CCM+ [36]. The viscous damping coeffi-
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cients By1, Byp, and By3 for the floating platform are all set to 8% of their critical damping
values [45,46]. Additionally, the constraint matrix E can be rewritten as follows:

1 (COG2, — COG1,) —(COG2, — COG1y) -1 0 0 - 0
1 (COG3, — COG1,) —(COG3, — COG1,) 0 -1 0 - 0

s 1 (COG4, — COG1,) —(COG4, — COG1,) 0 0 -1 - 0 (14)
1 (COG(N+1),~COGl,) —(COG(N+1),-COGL) 0 0 0 - —1f

where COG(N + 1) represents the center of gravity of the Nth point absorber.

2.2. Assessment of Point-Absorber Power Generation
Based on the multi-body frequency-domain hydrodynamic coupling model for multi-
ple point absorbers, the average power generation of the Nth point absorber P,y can be
determined as follows [47]:
. 1.8 202 /. ~ N
Pave(N) (lw) = EBptow .’)C3(ZOJ) — X (6N+3) (lw) (15)
The g factor represents the impact of wave interactions on power absorption for the
WEC arrays and can be expressed as follows [48]:

Pazze(l)(w) + Puve(Z) (w) +ot Pave(N) (w)
NPisolated(w)

If g < 1, it indicates that the average power generation of each WEC in the array is
less than the power generation of an isolated WEC. Therefore, it can be considered that
wave interactions have an adverse effect on the energy absorption of WECs in the wave
field. Conversely, if ¢ > 1, this effect is considered advantageous.

Additionally, the Capture Width Ratio (CWR) is a crucial metric for assessing the
efficiency of a WEC in capturing wave energy. It can be expressed as follows [49]:

q(w) = (16)

p
CWR = —— 17
DD, (17)
where P represents the output power of the point absorber. D is the capture width, which
refers to the diameter of the point absorber. P, is the incident power of the wave per unit
width and can be expressed as follows:

Pu = 7608 1 (1 + sinthOd) (18)

where kg represents the wave number, d is the water depth, and H is the wave height.

To estimate the power generation of the point absorber in real sea conditions, the
use of the Power Spectral Density (PSD) spectrum to describe the wave energy density
and obtain the probability distribution of waves at different frequencies is proposed. This
will be combined with information about the wave conditions at the testing site and the
average power generation obtained from Equation (15) to obtain the expected power in the
target marine area. The widely used JONSWAP spectrum, with its wave spectral density
function S(w), can be expressed as follows [50]:

5 _ 5wy
S(w):E-HSng-w 5exp<—4wz> Ay (19)
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}

where H; represents the significant wave height, wy, is the peak frequency, <y is the peak
factor, A, = 1 —0.2871In(y) is a normalizing factor, and the coefficient a can be expressed
as follows:

a=ex [—7((0 _ wp)z} (20)
P 202w

When w < w), ¢ = 0.07, and when w > wy, 0 = 0.09.
Therefore, the expected power of the point absorber Wy pecteq in the target marine area
can be calculated as follows [51]:

P .
WExpected = ( Wy, Hs / e )dw> (21)

where F (wp, Hs) is the two-dimensional probability distribution related to the peak fre-
quency and significant wave height, which is based on the wave conditions at the test-
ing site.

3. Layout of Wind-Wave Platform and Hydrodynamic Analysis
3.1. Layout of Floating Wind—Wave Power Generation Platform

The floating wind-wave power generation platform consists of an OC4 semi-
submersible floating wind turbine [52] and point absorbers with identical sizes, as shown
in Figure 3. The point absorbers and the floating platform only experience vertical relative
motion. The PTO system is installed on top of the platform support, utilizing the relative
motion for power generation. Tables 1 and 2 provide detailed dimensions of the platform
and point absorbers.

("
[
‘ ‘ Wave (0°)
‘ \
‘ N
| X‘Poml absorber ‘
Wave (0°) 2m 12m :‘
- : A . | MSL _}
3y 14m
{ —_— 1o
(a) Side view (b) Top view

Figure 3. The wind-wave power generation platform comprising the combination of the OC4
platform and point absorbers.
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Table 1. Dimensions of OC4 platform.

Item Value Unit
Diameter of base columns 24 m
Diameter of upper columns 12 m
Length of base columns 6 m
Length of upper columns 26 m
Column center to center 50 m
Operating draft 20 m
Bracing diameter 1.6 m
Distance between COG and SWL 13.46 m
Displacement tonnage 1.3473 x 10* t

Table 2. Dimensions of point absorbers.

Item Value Unit
Radius 4 m
Length 5 m
Operating draft 3 m
Distance between COG and SWL 1 m
Displacement tonnage 1.5457 x 10? t

3.2. Multi-Body Hydrodynamic Analysis

Four models for different layouts were established in hydrodynamic analysis: single
point absorber (SPA), single point absorber combined with a floating wind turbine platform
(SPA-WP), three point absorbers (TPA), and three point absorbers combined with a floating
wind turbine platform (TPA-WP), as shown in Figure 4. The wave exciting forces and
hydrodynamic coefficients were determined using commercial software ANSYS-AQWA
version 2023, and the simulation flow chart is shown in Figure 5. Waves with a frequency
range of w = 0.03 rad/s — 3.00 rad /s were selected, and an increment of 0.03 rad/s was
used to ensure the accuracy of frequency-domain calculations. The results of the added
mass and radiation damping for the point absorbers with different layouts are shown
in Figure 6. Overall, the added mass of the point absorbers in different layouts tends
to remain constant at high wave frequencies. When a floating platform exists (SPA-WP
and TPA-WP in Figure 6), the added mass of the point absorbers increases slightly at a
low wave frequency, and this effect is further amplified when three point absorbers are
arranged. Additionally, regardless of whether a floating platform or an array arrangement
is being considered, the radiation damping of the point absorbers tends to approach zero
at low and high wave frequencies, with varying degrees of peak increase. Due to the
presence of the platform, multiple peaks in radiation damping become significant, with the
SPA-WP model demonstrating the most significant impact. When comparing the surface
contour of waves for different layouts under an incident wave heading of 0 degrees, as
illustrated in Figure 7, it becomes apparent that the floating platform induces a pronounced
wave-focusing effect. This effect leads to a substantial increase in wave crest amplitudes
within the interior of the platform. Further investigation into the changes in the Response
Amplitude Operator (RAO) for the motion of each model is shown in Figure 8. It is
observed that considering a floating platform significantly increases the peak RAO of the
point absorbers, and a secondary peak of similar magnitude appears due to hydrodynamic
interference. Additionally, when considering a point-absorber array, the peak RAO of two
of the point absorbers is enhanced, while the peak of the other one decreases. Therefore,
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the impact of array arrangement on the performance of the power generation platform
requires further study.

Wave (0°) // O\\

(a) SPA (b) SPA-WP
/,/ /"\\

| \
[ |
|

y
4

y o y @
Wave (0°) PAl 'PA2 J/ \ PAl .PA2
_— . o X 3 Q ] . o X
.PAS \\7 » y .P{\E
/

Y
10

(c) TPA (d) TPA-WP

Figure 4. Four different layouts of the point absorbers.

Start <+
/ Read Geometry Data /
v
Read Hydrodynamic
Properties Data
v
' Construct Meshing IQ—
v

Construct Matrix Element for Distributions
of Sources and Normal Dipoles

v

Solving the Wave Potential by using Green
Function and Bessel Function

v

Sum Up the Wave Exciting Force, Added
Mass and Radiation Damping

y Free Decay Test Data:
I Execute viscous Damping Damping Coefficient,
1 Nature Period

I Execute the Coupled Motion I

v

/ Display Result /

Figure 5. Simulation flow chart for ANSYS-AQWA.
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Added Mass A33 [ka]
Radiation Damping 833 [Ns/m]

0.9 * * * * * : * * *
0 0.5 1 1.5 2 25 3 0 0.5 1 15 2 25 3
Wave Frequency w [rad/s] Wave Frequency w [rad/s]
(a) Added mass (b) Radiation damping

Figure 6. Comparison of the hydrodynamic coefficients of the point absorber models.
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Figure 7. Surface contours under different layouts (H = 2 m, w = 0.66 rad/s).
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Figure 8. Comparison of RAO for the point absorbers.

4. Optimization of Power Generation in Frequency Domain
4.1. Verification of Motions of Multiple Floating Bodies with Constraints

To validate the accuracy of the developed frequency-domain model, a linear PTO was
added to the hybrid system. Taking the TPA-WP model as an example, a PTO stiffness of
5000 N/m and a PTO damping coefficient of 45,000 Ns/m were selected. The research of
Zou et al. [43] shows that the numerical simulation results of ANSYS-AQWA for a multi-
body system have good agreement with the experimental data when in open water. Thus,
a time-domain model for constrained motion was established using ANSYS-AQWA, and
the Fender module was utilized to simulate the PTO system. An infinite distance Hinged
Joint module was employed to represent the vertically constrained motion between the
floating platform and the point absorber, as illustrated in Figure 9a, in ANSYS-AQWA. The
heave motion of the point absorbers and platform under regular waves from a direction
of —180° with a height of 2.0 m and frequency of 0.6 rad/s was calculated as shown in
Figure 9b. The time histories of heave motion were statistically analyzed to derive response
amplitudes. These amplitudes were then compared with the RAO directly computed
through the frequency-domain model, as depicted in Figure 10. It can be observed that
excellent agreements have been achieved between the results from present frequency-
domain calculations and those obtained from the time domain using ANSYS-AQWA.
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(b) Time history curves of heave motion calculated us-
ing the ANSYS-AQWA time-domain model

Figure 9. Time-domain simulation in ANSYS-AQWA.
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Figure 10. Comparison of RAO between present frequency-domain model and time-domain model
in ANSYS-AQWA.

4.2. Optimization of PTO

The influence of the PTO on the performance of the point absorber was investigated.
With a given PTO damping coefficient of 45,000 Ns/m, the contour diagrams in Figure 11
show the CWR of the point absorber under different PTO stiffness values and wave
frequencies for a —180° head wave. In the simulated scenarios, the range of PTO stiffness
was from 0 to 5 x 10° N/m. The maximum CWR values in Figure 11 were statistically
analyzed, as shown in Table 3. It can be observed that the CWR of the point absorber
decreases as the PTO stiffness increases in all four models. The optimal PTO stiffness
values are found within the range of 0-10* N/m, with the maximum CWR occurring at
a stiffness value of 0, corresponding to wave frequencies near the natural frequency of
the point absorber. Furthermore, comparing Figures 11b and 11f, it is noted that when a
floating platform is considered, the CWR exhibits a secondary peak near a wave frequency
of 1.7 rad/s. The stiffness values corresponding to this secondary peak are different from
those at the primary peak. Figure 12 illustrates the relative motion RAO comparison
between the two models at the frequency corresponding to the secondary peak. It is
observed that the RAO at the secondary peak frequency has increased, and the spectral
width is wider compared to the case with a stiffness value of 0. This reflects that considering
the floating platform alters the system’s motion characteristics and alters the original power
generation mode of the point absorber. Therefore, to determine the optimal PTO parameters,
a PTO stiffness of 107® N/m is selected for further research.
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Figure 11. Contour diagram of the CWR of the point absorber for varying PTO stiffness values and
wave periods under different models.
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Table 3. The maximum CWR for each point absorber with optimal PTO stiffness.

Model Number of Point Absorbers

Maximum Optimal PTO Stiffness  Optimal Wave Frequency

CWR (N/m) (rad/s)
SPA 0.4122 0 135
SPA-WP 0.6873 0 1.29
on PAT 02993 0 129
PA2 and PA3 0.4831 0 1.44
PAT 0.2887 0 1.29
TPA-WP PA2 and PA3 0.4969 0 1.38
3 : : :
— SPA-WP KPTO =0
_ 51
E2.5 — SPA-WP KPTO—3.3><10
E —=== TPA-WP KPTO =0
2t i} 5|
9( ——m—= TPA-WP KPTO =4.0x10
e
% 15}
(0]
o
2 1t
©
(]
Cos
. , , , Neo
0 05 1 15 2 25 3

Wave Frequency w [rad/s]

Figure 12. Comparison of relative RAO between the peak and secondary peak of CWR.

Further research on the influence of the PTO damping coefficient is presented. The
contour diagrams in Figure 13 depict the CWR of the point absorber for different PTO
damping coefficient values and wave frequencies. The statistical results for the maximum
CWR are shown in Table 4. It is evident that considering the floating platform leads to a
significant increase in CWR, regardless of the number of point absorbers. When a single
point absorber is placed on the floating platform, the CWR increases 82%. Furthermore,
when three point absorbers are placed on the floating platform, a more pronounced bimodal
pattern in the CWR emerges. One peak is close to the natural frequency of the point
absorber, indicating the dominance of the individual point absorbers in relative motion.
The maximum CWR tends to reach another peak, with the corresponding wave frequency
shifting towards the natural frequency of the platform. Additionally, the optimal PTO
damping coefficient increases 372.3% and 386.7% separately. Comparing the CWR under
the optimal damping coefficient for each model, as shown in Figure 14, it is evident that the
SPA-WP model outperforms the SPA model overall. Under the TPA-WP model, the peak
frequency shifts significantly towards lower wave frequency, and with increasing wave
frequency, the CWR decreases more gradually compared to the other models. This suggests
that placing point absorbers in an array configuration on a floating foundation can alter its
working conditions to adapt to a wider range of wave frequencies.
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Figure 13. Contour diagram of the CWR of the point absorber for varying PTO damping coefficients
and wave periods under different models.
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Table 4. The maximum CWR for each point absorber with optimal PTO damping coefficient.

. Optimal PTO Damping .
Model Number of Point Absorbers Maximum Coefficient Optimal Wave Frequency
CWR (rad/s)
(N's/m)
SPA 0.4193 5.80 x 10% 1.35
SPA-WP 0.7633 8.50 x 10% 1.29
PA PA1 0.3044 6.50 x 10% 1.26
PA2 and PA3 0.4787 4.50 x 10% 1.41
PA1 0.3634 3.07 x 10° 0.87
TPA-WP PA2 and PA3 0.5017 2.19 x 10° 1.05
1.2 : . r r .
——SPA
7l ——SPA-WP |
-TPA(PA1)
TPA(PA2 and PA3)
08l —— TPA-WP(PA1) 1
TPA-WP(PA2 and PA3)

Capture width ratio
o
o

041 :
0.2t ]

0l —a= : : e
0o 05 1 15 2 25 3

Wave Frequency w [rad/s]

Figure 14. Comparison of CWR under the optimal PTO damping coefficient for different models.

To investigate the impact of array placement on the power generation performance
of point absorbers placed within a floating platform, based on the TPA-WP model, two
placement schemes were considered: the second placement scheme for three point ab-
sorbers combined with a floating wind turbine platform (TPA-WP2) and six point absorbers
combined with a floating wind turbine platform (SIXPA-WP), as shown in Figure 15. Based
on the previous analysis of PTO parameters, the contour diagrams in Figure 16 depict
the total power generation of point absorbers in each model as a function of the PTO
damping coefficient and wave frequency for a —180° head wave. The maximum total
power generation for each model is recorded in Table 5. It is evident that the total power
generation of point absorbers with a floating platform is significantly greater than without
a floating platform. Additionally, in both array placement schemes, the number of peak
power generation points increases as the number of point absorbers increases. This demon-
strates that array placement enables point absorbers to adapt to a wider range of wave
frequencies, expanding the operational range of the hybrid system.
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Figure 15. The other two layouts for the point-absorber array.
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Figure 16. Contour diagram of the total power generation of the point absorber for varying PTO
damping coefficients and wave periods under different models.

Table 5. The maximum total power generation under different models.

Maximum Total Optimal PTO Optimal Wave
Model Power Generation Damping Coefficient Frequency
W) (Ns/m) (rad/s)

SPA 6.2417 x 10* 7.60 x 10* 1.29
SPA-WP 1.1666 x 10° 8.50 x 10* 1.29
TPA 1.9231 x 10° 2.51 x 10° 0.99
TPA-WP 22623 x 10° 2.39 x 10° 0.99
TPA-WP2 2.7278 x 10° 8.40 x 10 1.26
SIXPA-WP 3.8422 x 10° 2.38 x 10° 0.99

To investigate the influence of wave angles on power generation, considering the
model’s geometric symmetry, only wave angles of —180°, —165°, —150°, —135°, and
—120° are considered. Figure 17 shows the comparison of the maximum total power
generation for each model. It can be observed that when the floating platform is not
considered, the maximum power generation of the three-point-absorber array is roughly
three times that of a single point absorber, and it is not significantly affected by wave
angles. However, when considering the floating platform, both single and multiple point
absorbers show a significant increase in their maximum power generation. For the single
point absorber on the floating platform, its maximum power generation at —120° wave
angle is even close to the total maximum power generation of the three-point-absorber
array. Nevertheless, it is significantly influenced by the wave angle, with a nearly two-
fold difference in maximum power generation observed between different wave angles.
When comparing the two layouts (TPA-WP and TPA-WDP2) for three point absorbers on the
floating platform, it was found that the first placement scheme has a slightly lower overall
maximum power generation than the second one. However, it is less influenced by wave
angles, demonstrating a more stable performance overall.
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Figure 17. The variation in the maximum total power generation of point absorbers in different
models.

Previous research has demonstrated that considering a floating platform can lead
to an improvement in the peak performance of point absorbers. A study was conducted
to investigate whether a floating platform leads to better average performance of point-
absorber arrays compared to a single point absorber. A PTO damping of 2.3 x 10° Ns/m
was selected, and two typical wave angles at —180° and —120° were compared in terms
of the total power for each model, as shown in Figure 18. Subsequently, a comparison of
the q factor for each model was conducted, as shown in Figure 19. The black dashed line
represents a q factor of 1. It can be observed that at wave frequencies lower than 1 rad/s,
the average performance of point absorbers in different arrays is close to that of a single
point absorber. Additionally, the q factors for all three array arrangements are very similar.
As the frequency increases, all three array arrangements display multiple peaks at the
same frequency. The maximum peak of the q factor can reach up to 70 and occurs at high
frequencies where the total power tends towards zero. This reflects that even though the
motion responses of each model are small at high frequencies, the hydrodynamic resonance
generated by the array of point absorbers on the floating platform significantly improves
their average power performance at certain specific wave frequencies. Therefore, when
conducting practical engineering design, it is advisable to select sea conditions that are
close to these peak frequencies, which will also be the subject of future research.
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Figure 18. The variation in total power with wave frequency for different models.

“3 : 70f i : : ——
—— TPA-WP —— TPA-WP | : : :
——TPA-WP2 6o ||[——TPA-WPZ | : | d

20 | |——— SIXPA-WP ——SIXPA-WP| ! ! ; ;

o o g
s 151 - | I . ;
3 3401 : : : i
© (o] 1 1 1 1
- L | | I . ;
10} =0T : : S | -
201 i A .
5 g=1 : : : :
O . 1 T -| = — L 1 1 e - e
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

Frequency w [rad/s]
(a) —180° wave angle

Frequency w [rad/s]
(b) -120° wave angle

Figure 19. The variation in q factor with wave frequency for different models.

4.3. The Expected Power in the South China Sea

Previous studies have concentrated on parameter optimization for point absorbers
under regular wave conditions, which may not be universally applicable. To predict the
performance of the model under real sea conditions, data from the South China Sea were
selected. Figure 20 presents wave scatter data obtained from multiple locations in the
northern part of the South China Sea, where water depths exceed 150 m [53]. The numbers
in the first row represent the peak wave period Tp (s), while the numbers in the first column
represent significant wave height Hs (m).
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Figure 20. Distribution of significant wave height and peak wave period.

According to Equation (19), the power density spectrum for each peak wave period
and significant wave height was calculated, with a peak factor y of 1.5 chosen based on
the condition in the South China Sea. Figure 21 shows the PSD diagram for Tp = 7.5 s and
Hs = 1.5 m. After the PSD was normalized and combined it with the total power generation
results calculated in the frequency domain, two typical wave angles, —180° and —120°,
were selected. The variation in expected power with PTO damping for each model was
obtained using equation 1, as shown in Figure 22. The dotted lines and asterisks represent
the coordinates of the highest expected power. It can be observed that, unlike regular wave
analysis in the frequency domain, under real sea conditions, the optimal PTO damping
coefficient for each model is around 3.5 x 10° N/m, showing significant differences from
the result in Table 1. Although the PA-WP model exhibits the best performance in terms
of power generation, its expected power is only slightly improved compared to SPA and
even occasionally falls below the performance of SPA. This suggests that while the SPA-
WP solution may have better peak performance, its performance stability across all wave
frequencies is relatively poor. Similarly, when comparing the two layout options for the
three point absorbers (TPA-WP and TPA-WDP2), it is evident that the second layout option
yields significantly higher expected power than the first. The first layout option also
exhibits performance close to that of TPA, indicating that it is more affected by the wave
angle. Finally, the model with six point absorbers (SIXPA-WP) demonstrates more stable
performance, suggesting that the placement scheme with six point absorbers is better suited
for the sea conditions in the South China Sea.
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This paper discusses the motion and power generation mechanisms of a floating
wind-wave power generation platform composed of multiple point absorbers and a semi-
submersible floating platform. A comparative analysis was conducted to investigate the
differences between different layouts in the frequency domain. The time-domain outcomes
obtained through ANSYS-AQWA were utilized to validate the frequency-domain model of
the multi-body constrained motion that had been established. Subsequently, a parametric
analysis of PTO parameters was carried out, leading to the determination of optimal PTO
parameters for each model, along with an analysis of the performance variations of point
absorbers under different layouts. Finally, the expected power in the South China Sea was
calculated for each model, revealing variations compared to the parameter analysis. From
this research, several conclusions can be drawn:

@

The hydrodynamic coefficients in the heave DOF of the point absorbers are signifi-

cantly influenced by the floating platform. Regardless of the arrangement of point
absorbers on the platform, both added mass and radiation damping exhibit varying
degrees of increase. This leads to higher RAO peak values compared to the model
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without a floating platform. The hydrodynamic coefficients of the floating platform,
however, are minimally affected by the point absorbers.

(2) Regardless of the arrangement of point absorbers, the optimal PTO stiffness that
maximizes the CWR tends towards zero. Only when the floating foundation is
considered does the CWR exhibit a secondary peak, with the corresponding PTO
stiffness of around 3 x 10°—4 x 10° N/m. This suggests that increasing stiffness can
change the resonance frequency of the hybrid system to some extent.

(3) When considering the optimal PTO damping coefficient, the CWR values of the
point absorbers all exhibit a peak near their natural frequencies. When a three-point-
absorber array is arranged on the floating platform, the peak shifts towards the natural
frequency of the platform, and the optimal PTO stiffness significantly increases. It can
be inferred that array arrangements can alter the working conditions and adaptability
range of point absorbers.

(4) When considering different arrangements of point-absorber arrays on the floating
platform, it is observed that when considering the floating platform, the point-absorber
array’s maximum total power generation is minimally affected by the wave angle but
offers little improvement over individual point absorbers. When considering a floating
platform, the maximum power generation of each model is improved compared to
that for individual point absorbers. The arrangement of a single point absorber on the
floating platform results in the highest increase in maximum power generation, but it
is significantly affected by the angle of waves. On the other hand, both arrangements
of three point absorbers exhibit more stable performance. Similarly, the arrangement
of six point absorbers is also significantly influenced by the wave angle. Additionally,
when considering whether the average performance of point-absorber arrays on a
floating platform is superior to that of a single point absorber on the same platform,
it was observed that due to the hydrodynamic resonance generated by the array
arrangements, multiple peaks occurred in the q factor at the same frequency.

(5) The expected power performance of point absorbers in different arrangements in the
South China Sea differs significantly from their performance in the maximum power
analysis. While arranging a single point absorber on a floating foundation yields the
best peak performance, its stability across all wave frequencies is poor, even dropping
below that of a single point absorber. The more point absorbers are arranged in an
array, the more stable their performance becomes, demonstrating better adaptability.

However, limitations still exist in this study. It is worth noting that this paper only
presents a frequency-domain analysis of the wind-wave power generation platform and
does not consider nonlinear factors such as end-stop [44] or mooring systems [53]. Fu-
ture research will develop corresponding time-domain analysis programs for this model.
Additionally, only limited numerical simulations were conducted; further investigation
of short-crested waves [54] and validation with physical model tests will be included in
future studies.
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Nomenclature
A(w) Added mass matrix [-] wp Peak frequency [rad/s]
B(w) Radiation damping matrix [-] X Relative The relative displacement between the
platform and the point absorber [m]
Bpto Damping coefficient matrix of PTO [-] 0% Peak factor [-]
Bv Viscous damping matrix [-] L
C Hydrostatic stiffness matrix [-] Abbreviations
d Water depth [m] CFD Computational fluid dynamics
D Capture width [m] CWR Capture Width Ratio
E Constraint matrix [-] DOF Degree of freedom
fpto The force applied to the PTO [N] PSD Power Spectral Density
H Wave height [m] PTO Power Take-Off
H; Significant wave height [m] RAO Response Amplitude Operator
Kpto Stiffness matrix of PTO [-] SIXPA-WP  Six point absorbers combined with
floating wind turbine platform
ko Wave number [-] SPA Single point absorber
M Mass matrix [-] SPA-WP Single point absorber combined with
floating wind turbine platform
PM,E( N) The average power generation of the Nth point absorber [W] TPA Three point absorbers
p The output power of the point absorber [W] TPA-WP Three point absorbers combined with
floating wind turbine platform
Py Incident power of the wave per unit width [W] TPA-WP2  The second placement scheme for three
point absorbers combined with floating
wind turbine platform
WExpected  The expected power [W] WECs Wave energy converters
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