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In this study, a novel wind-wave energy hybrid concept is proposed, consisting of
a Three Gorges Leading semi-submersible floating wind turbine and multiple
point absorption wave energy converters (WECs). Based on three-dimensional
potential flow theory, numerical simulations are conducted using the
hydrodynamic analysis software AQWA. The existing experimental data are
used to validate the reliability of the numerical model by comparing and
analyzing the hydrodynamic responses of the semi-submersible platform and
WECs. Subsequently, the Y-shaped WECs microarray form and the Triangular
WECs microarray form are designed based on the different connection methods
between WECs and the turbine platform. Numerical simulation is conducted to
study the influence of these WECs microarrays on the hybrid system’s
performance. The results show that WECs microarray significantly affects the
wave contours under short waves. Regarding platform motion stability, the Y-
shaped microarray shows superior performance. Regarding mooring line
tension, the hybrid system has an advantage under short waves. Regarding
absorbed power, multi-body hydrodynamic interactions significantly enhance
the WECs' power absorption capacity. Overall, this study will contribute to the
design of wind-wave energy hybrid systems.
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1 Introduction

Given the continuous growth in global energy demand and the
heightened focus on renewable energy, marine renewable energy
has emerged as a crucial research field, owing to its abundant
resources and substantial development potential (Rehman et al,
2023). Among these, wave energy, as one of the primary forms of
marine renewable energy, offers considerable advantages, including
high energy density, predictability, and broad availability (Mork
et al, 2010; Mahdy et al., 2024).

Based on the principle of energy conversion, wave energy
converters (WECs) can be categorized into three main types:
oscillating water columns (OWCs) (Falcio and Henriques, 2016),
oscillating bodies (Guo et al., 2022), and overlapping systems
(Contestabile et al., 2020). Although there have been numerous
studies on WEC technology, it remains in the early stages of
development. The high costs of equipment manufacturing,
installation, and maintenance significantly increase overall
expenses (Mustapa et al., 2017; Bhuiyan et al., 2022). This
economic disadvantage hampers its competitiveness against
traditional fossil fuels, slowing the pace of its commercial
application (Castro-Santos et al., 2017; Felix et al., 2019).

Compared with WEC, offshore wind power technology is more
mature, and the rapid expansion of large oftshore wind farms in
recent years has been notable (Wu et al., 2019; Soares-Ramos et al.,
2020). However, the installed capacity of offshore stationary wind
turbines is nearing saturation. Meanwhile, wind energy resources
are more abundant in deep and distant sea regions, prompting a
shift towards developing floating wind turbines in these areas (Zhou
et al, 2023). In this background, the combination of floating
offshore wind turbine (FOWT) with WECs microarray to create a
wind-wave energy hybrid system is a highly promising
technological approach. According to the study of Chozas et al.
(2012), compared with single wind energy, the combination of wind
and wave technologies led to a reduction of more than 35% in the
balancing costs. This is mainly attributed to the fact that, by sharing
infrastructure, mooring system, and power transmission system,
such hybrid systems can significantly reduce the cost of
construction and maintenance, thereby underpinning the
sustainable development and long-term utilization of marine
renewable energy sources (Wan et al, 2024). In addition, these
hybrid systems can achieve a smooth power output and increase the
energy production per unit area of ocean space by combining two
distinct marine energy sources (Pérez-Collazo et al., 2015).

Over the years, researchers have extensively explored hybrid
systems that combine FOWT with WECs, proposing various
innovative concepts and assessing their feasibility and
performance through both experimental and numerical studies.
One of the earliest concepts is the combination of Spar-type wind
turbine with WECs. Muliawan et al. (2012, 2013b, 2013a)
investigated the concept of Spar-type floating turbine combined
with Torus-type point absorption WECs through numerical
analysis. They found that integrating WECs enhances the
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platform’s kinematic behavior and significantly boosts the
system’s total power output. Homayoun et al. (2019) analyzed the
combination of monopile wind turbine with different geometries of
WEC, and discovered that WECs with a curvature inward in the
bottom performed the best in terms of wave energy absorption
efficiency. Wan et al. (2020a) presented three concepts of column
turbine and heave-type WEC combinations for deep, intermediate
and shallow water conditions, respectively. The findings revealed
significant differences in the dynamic response characteristics of the
three concepts under different environmental effects. Ghafari et al.
(2021b) studied a hybrid system that integrates Wavestar point
absorption WECs around a Hywind platform, and found that
increasing the number of WECs optimizes the platform motion.
Meanwhile, the system’s energy capture efficiency is enhanced,
exemplified by the case of 12 WECs, where the system’s total
wind-wave energy increases by 4.25% in comparison with a single
wind turbine.

Compared to Spar-type turbines, semi-submersible floating
wind turbines offer more installation locations and greater
flexibility for the arrangement of WECs, making them more
suitable as a foundational platform for constructing wind-wave
hybrid systems. Alla Weinstein et al. (2012) explored multiple
design options for supporting different types of WECs based on
the WindFloat platform. They confirmed the technical feasibility of
these design options under regular wave conditions through
numerical simulations and experiments. Michailides et al. (2014)
analyzed how flap-type WECs affect the dynamic response of a
semi-submersible wind power platform. The study showed that
integrating WECs can increase the energy output of the system with
minimal impact on platform stability. Legaz et al. (2018) proposed a
W2Power hybrid system and analyzed the independent and
coupled characteristics of wind and wave energy devices,
respectively. By conducting modeling experiments, Kamarlouei
et al. (2020) found that concentrically arranged WECs can
effectively reduce the amplitude of the vertical and longitudinal
oscillations of the floating platform, thereby improving motion
stability. Ghafari et al. (2021a) discovered that increasing the
number of Wavestar WECs around the DeepCwind platform can
enhance the total energy output, but it also intensifies the amplitude
of the platform motion. A study conducted by Ghafari et al. (2022b)
showed that the capture width ratio (CWR) of the Wavestar is
directly proportional to its diameter and inversely proportional to
wave height. Zhang et al. (2023) proposed a novel SPIC-Wavestar
hybrid platform and investigated the effect of varying numbers of
WECs on the system performance. Wu et al. (2024) compared the
impact of three distinct shapes of WECs on the dynamic response
and energy capture of the system and revealed that the hybrid
system with the circular truncated conical WECs performed best.

Obviously, current studies focus more on the design and
analysis of the number and shape of WECs in a single microarray
form. However, studies examining the effect of different WECs
microarray forms on system performance are relatively scarce,
limiting the in-depth exploration of the collaborative design
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optimization for multiple devices. Based on the idea of previous
work (Cao et al., 2023; Yu et al., 2024), a novel WEC-TGL wind-
wave energy hybrid concept is proposed in this study. The system
comprises a Three Gorges Leading semi-submersible floating
platform (TGL) with symmetrically distributed point absorption
WECs microarrays. Two WECs microarray forms, Y-shaped and
Triangular, are designed based on the different methods of the
connection between the WECs and the FOWT. Numerical analysis
is conducted to evaluate the effects of different WEC microarray
forms on surrounding wave elevation, motion response, mooring
line tension and the absorbed power of WECs within the hybrid
system. The analytical approach and research framework used in
this study can provide some references for the design and research
of other hybrid systems.

The remainder of this paper is organized as follows: Section 2
outlines the theoretical background of the study. Section 3 describes
the TGL semi-submersible floating platform and the point
absorption WEC, and based on their integration, proposes two
new wind-wave hybrid systems. Section 4 validates the
hydrodynamic response using available experimental data. Section
5 presents and discusses the results of the study. Section 6
summarizes the main conclusions of the study.

2 Theoretical background

In order to determine the interaction between hydrodynamic
loads and floating structures, this study utilizes AQWA, a
hydrodynamic analysis software based on three-dimensional
potential theory and diffraction/radiation theory. This section
presents the theoretical background of AQWA.

2.1 Potential theory

Assuming that the fluid field is irrotational, inviscid and
incompressible, the corresponding velocity potential function can
be shown in Equation I:

DX, 1) = A, p(X)e " (1)

where X denotes the coordinates of the water particles in the
fluid field. A,, and @ denote the amplitude and frequency of the
incident wave, respectively.

The velocity potential consists of the incident potential ¢, the
diffraction potential ¢, and the radiation potential ¢,, which can be
shown in Equation 2 (Barltrop, 1998):

PX)e ™ = [(¢r + @a) + 35, @yixjle 2

where ¢,; denotes the radiation potential induced by a motion
with unit amplitude and j-th degree of freedom.

Laplace’s equation and several boundary condition equations can
be used to determine fluid-structure interaction (Newman, 1979), as
shown in Equations 3-7:
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Boundary element method (BEM) is used for solving velocity
potential functions governed by boundary conditions (Ghafari and
Dardel, 2018).

2.2 Mooring line dynamics

The mooring line dynamics problem is solved by the pooled
mass method (Hall and Goupee, 2015). This method discretizes
each mooring line into multiple finite elements with mass
concentrated at the center. The motion equation for each element
is shown in Equation 8:

9T, 9V _ o PR
ase+ase+w+Fh—meat2

(8)
oM

oR _
a_se+a_se><V+‘1_0

where T, V, M and R denote the tension, shear force, bending
moment and position vectors at the first node of the element,
respectively. w, F, and q denote gravity, hydrodynamic force, and
distributed bending moment loads of the element per unit length,
respectively. S, and m, denote the unstretched length of the element
and the mass per unit length, respectively.

The M and T in Equation 8 can be shown in Equation 9:

_ oR ., 2’R
M_EI'T&XW 9
T=EA ¢

Where EI and EA denote the bending stiffness and axial stiffness
of the cable respectively. £ denotes the tensile length.

2.3 Equations of motion

In a floating system with N structures, the frequency-domain
motion equation for the i-th mode can be shown in Equation 10:

6N 2 .
Ejzl [_m (my + aij) - lw(cij + Cvis,ij) + khys,ij}xj =Fpyi (10)

where m;; and a;; denote the mass matrix and added mass
matrix, respectively. ¢; and ¢,;; are the radiative damping matrix

and the structural damping matrix, respectively. kj, ; represents the
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hydrostatic stiffness matrix. F,, ; represents the Froude-Krylov force
and diffraction force.

The time-domain motion equation of the floating structure can
be shown in Equation 11 (Cummins, 1962):

t
Ej:’j (M + Ay3;(8) + Cy; () + A R;(D)x;(t — T)d7T + Kyjx;(t)] + F, 5(8)
=F,(t) (11)

where M,j,
damping matrix and the total stiffness matrix, respectively. R;(7) is

C,-j and Kij denote the mass matrix, the structural

the retardation function. F,,;(t) and F,,;(t) represent the mooring
force and the wave force, respectively.

3 Characteristics of the WEC-TGL
hybrid system

This section describes the TGL semi-submersible floating platform
and the point absorption WEC, followed by the presentation of two
proposed WEC-TGL wind-wave energy hybrid systems.

Wave = 0°

—)

SWL

Heave plate 2

Cross bracing 1

o

Heave plate 1

= Cross bracing 3

Hox beam 3
Heave plate 3

FIGURE 1

Three Gorges Leading semi-submersible floating wind turbine. (A) Component structure of the TGL concept. (B) arrangement of the mooring
system. (C) Top view of the TGL platform. (D) Side view of the TGL platform.
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3.1 Semi-submersible floating platform

The semi-submersible floating platform utilized in this study
is the Three Gorges Leading (TGL). The TGL concept comprises a
semi-submersible platform, a flexible tower and a 5SMW wind
turbine. Figures 1A, B illustrate the composition of the TGL semi-
submersible floating platform and the arrangement of the
mooring system, respectively. The mooring system comprises
three sets of mooring lines, each spaced 120° apart, with two
mooring lines per set separated by a 10° spacing angle.
Supplementary Table S1 (Cao et al., 2023) provides the specific
geometric parameters of the platform. Figures 1C, D depict a
schematic of the TGL platform design based on the detailed
parameters provided in Supplementary Table S1. The mooring
system anchors the TGL platform in 40 m water depth. The key
parameters of each mooring line are listed in Supplementary Table
S2 (Cao et al., 2023), in which segment 1 of the chain is connected
to the fairlead and segment 6 is connected to the anchor. The exact
locations of the fairleads and anchors are given in Supplementary
Table S3 (Cao et al., 2023).

B
D
Column | —=
SWL
H d H
7 = (Cross bracing 3 Heave plate |
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3.2 Semi-submersible floating platform
point absorption WEC

Wavestar is a point absorption wave energy conversion device.
As waves pass, the hemispherical float oscillates, transferring
motion through a connecting rod to a hydraulic system, which
drives a power generator to convert the float’s mechanical motion
into electrical energy. Figure 2 presents a scale diagram of the
Wavestar and all its components (Ghafari et al., 2022a), while
Windt et al. (2020) provide the specific geometric parameters. In
order to fit the dimensions of the TGL platform, the WEC used in
this study is scaled up at a 2:1 ratio relative to the Wavestar
prototype, with its properties detailed in Table 1. The PTO
system is simulated by setting the rotational damping coefficient
at the hinge node, and its force and power can be shown in
Equations 12, 13:

Fpro(t) = ~BproB(t) (12)

Ppro(t) = —Bpro6*(t) (13)

where Bpyo and @ denote the damping coefficient and the
angular velocity, respectively.

3.3 WEC-TGL hybrid system concept

Figure 3 illustrates two WEC-TGL wind-wave energy hybrid
systems: the Y-shaped microarray in Figure 3A and the Triangular
microarray in Figure 3B. In both microarray forms, a WEC is installed
at the central area on both sides of each TGL platform columns, with a
distance of 5.9m from the outside of the column. WECs of the same
serial number are kept in an identical position relative to the FOWT,
but their connection methods differ. Specifically, WECs in the Y-
shaped microarray are connected to the platform through box beams,
while WECs in the Triangular microarray are connected to the
platform through external crossbeams.

PTO system
(Hinged joint)

FIGURE 2
[llustration of the Wavestar WEC model (Ghafari et al., 2022a).
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TABLE 1 Properties of the point absorption WEC.

Item Value

Draft 10 m

Mass 220000 kg

Mass moment of inertia about the hinge point 12400000 kg m*

Centre of mass relative to the hinge point (13.954, 0, -13.305)

4 Validation

To ensure the reliability of the numerical model for the hybrid
system, this section validates the TGL semi-submersible floating
platform and the point absorption WEC, respectively.

4.1 Verification of the mesh convergence
of the numerical model

It is necessary to conduct a mesh convergence analysis before
validating the numerical model. In AQWA, mesh convergence is
usually verified by comparing the second-order steady drift forces
calculated using near field and far field methods (Yue et al., 2020).
The near field method determines the second-order steady drift
forces by integrating the pressure over the mesh, while the far field
method calculates them based on the momentum flux. When the
calculation results of the two methods are in good agreement, it
can be confirmed that the mesh quality of the numerical model
meets the requirements. In this study, the element sizes of FOWT
and WEC are 0.9m and 0.5m, respectively. Figure 4 demonstrates
the surge second-order steady drift forces of the FOWT and WEC
in the frequency domain. This indicates that the mesh
convergence requirement has been satisfied for both
research objectives.

4.2 Validation of the FOWT

Cao et al. (2023) carried out a 1:40 scale experiment on the TGL
semi-submersible platform, and the results are used to validate the
numerical model in this study. The experiment is conducted in a
basin measuring 50 x 40 x 10 meters with wave makers and wave-
absorbing beaches. The validation is performed by comparing the
statistical values of the motion response under loaded condition, as
presented in Table 2. The experiment uses JONSWAP spectra to
simulate irregular wave, with a duration of 4000 seconds. Numerical
simulation is performed with five different random seeds to obtain
the average statistical properties. Figure 5 demonstrates the relative
error analysis between the experimental and numerical results. Due
to the random nature of irregular waves, the relative error values
obtained in this study are slightly larger than those reported in the
study by Cao et al. (2023). Nonetheless, the errors remain within
acceptable limits, and the numerical model can be considered
credible. The relative error can be shown in Equation 14:
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FIGURE 3

WEC-TGL wind-wave energy hybrid systems. (A) Y-shaped microarray. (B) Triangular microarray.

I-L

y=—p x100% (14)

where ¥ is the relative error, [ is the value calculated numerically
and L is the actual value measured by experiments.

4.3 Validation of the WEC

Figure 6 demonstrates the position and velocity of the 1:5 scale
Wavestar under regular wave with linear PTO damping of 0 and
200 N.m.s, respectively. The wave height is 0.1 m and the period is
1.4 s. Comparison of the numerical simulation results with the
experimental data provided by Windt et al. (2020) reveals a high
degree of consistency, thus verifying the validity of the WEC
numerical model. The results also show that the PTO damping
has a significant limiting effect on the motion of the WEC.

10.3389/fmars.2025.1563310

Compared with the case of 200 N.m.s damping condition, the
position and velocity of the WEC at 0 N.m.s damping increase to
about 4 times and 4.5 times, respectively.

5 Results and discussions

This section investigates the effects of WECs microarray layouts
on wave elevation, motion response and absorbed power under two
wave directions and five regular wave conditions.

5.1 Wave condition setting

The novel wind-wave hybrid system concept proposed in this
study is expected to be deployed in the Yellow Sea of China in the
future. Wan et al. (2020b) conducted calculations on the probability

200 T T e
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180 + — Far field mathod

[x]
(=)

Steady drift force of the FOWT (kN»

40

1 L =
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FIGURE 4
Surge second-order steady drift force in the frequency domain.
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TABLE 2 Validation load condition.

Item Prototype Scaled
Significant wave height (m) 5.17 0.1294
Spectral peak period (s) 10.19 1.6112
Spectral peak factor 33 33

Wave direction (deg) 180 180

of occurrence of sea conditions in the Yellow Sea. The joint
probability distribution of the annual mean effective wave height
and the mean wave period is presented in Figure 7A, where the
numbers indicate the annual average occurrence times for each
wave condition. It can be seen that the dominant wave period is
distributed between 3 and 8 seconds, while the average meaningful
wave height is below 3.5 meters for the vast majority of sea

20

10.3389/fmars.2025.1563310

conditions. The energy of the waves per unit width can be
expressed as follows:

pg*H’T
321

Pwave -

(15)

Using the midpoint values of period and wave height for each
interval in Figure 7A in combination with Equation 15, the wave
energy contribution ratio for each sea state is estimated, and the
results are presented in Figure 7B. Based on the joint distribution of
wave height and period, as well as the distribution of the percentage
of energy contribution, five groups of representative environmental
conditions with regular wave types are identified comprehensively,
with their specific parameters detailed in Table 3. From Figure 7B, it
can be seen that the RLC3 environmental condition has the largest
percentage of energy contribution and is therefore selected as the
representative regular wave.

T T
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5.2 PTO damping coefficient

In order to maximize the wave capture power of the WEC,
Figure 8 illustrates the power capture of a single WEC under the
representative regular wave RLC3 with 11 different damping
coefficients. The values at the ends are taken at large intervals to
ensure the uniqueness of the power extreme, and the values in the
middle are taken at smaller intervals with the aim of finding the
optimal damping coefficient. The results clearly demonstrate the
PTO damping coefficient has a significant effect on the power
capture of the WEC. The power of the WEC tends to increase at
damping coefficients from 1le5 to 1.3e6 N.m.s, and decreases at
damping coefficients from 1.3e6 to 4e6 N.m.s. At a damping
coefficient of 1.3e6 N.m.s, the WEC achieves its peak
performance, capturing a power of 47.9 kW. Therefore, the
damping coefficient of the WEC is kept constant at 1.3e6 N.m.s
in all subsequent studies.

5.3 Wave elevation

The motion of WECs and platforms generates radiation and
diffraction, resulting in pronounced wave-structure interaction.
These interactions alter the wave elevation and significantly
influence the wave propagation direction. As a result, the local
wave characteristics within the flow field can be changed by
different structural layouts. In order to investigate the effect of
different microarrays on the wave elevation around the systems,
Figures 9-11 depict the wave contours under three regular wave
conditions (RLC1, RLC3 and RLC5). Combining the results under
the three regular wave conditions, it is clear that the difference in
microarray forms exerts minimal impact on the flow field around the
hybrid system. However, the disparity in maximum wave amplitude
between the two wave directions is more pronounced for the hybrid
system compared to the without microarray, indicating that the
presence of WECs microarrays improves the sensitivity of the flow
field around the hybrid system to the wave direction.

Frontiers in Marine Science 08

Under the RLCI environmental condition with a 0° wave
incidence, the high wave elevations for the without microarray
are observed on the weather side of side columns 2 and 3 (SCs 2 and
3). For the hybrid system, the high wave elevations appear on the
weather side of WECs 2 and 5 as well as on the weather side of SCs 2
and 3. In addition, the distribution areas of high wave elevations
near the WECs are significantly larger than those near the side
columns. This phenomenon is more pronounced when the wave
direction is 180°. The high wave elevations for the without
microarray system still appear on the weather side of SCs 2 and
3, while for the hybrid system, the high wave elevations are
concentrated only on the weather sides of WECs 2 and 5. This
observation suggests that the hybrid system can effectively reduce
the wave amplitudes near the FOWT and amplify the wave
amplitudes near the WECs under short waves, which is beneficial
for both system motion response and absorbed power.

Under RLC3 and RLC5 environmental conditions, it can be
observed from the figure that the differences in flow fields between
the without microarray and the hybrid system are negligible. This is
mainly due to the fact that under long period wave conditions, the
wave-structure interactions are predominantly governed by the size
of the structure. In the hybrid system, the stiffness and size of the
WEC are significantly smaller than those of the FOWT, resulting in
a much weaker influence on the wave contours compared to the
FOWT platform. Under the RLC3 regular wave with a 0° wave
incidence, high wave elevations are observed on the weather sides of

TABLE 3 Environmental conditions.

Load case Wave height (m) Wave period (s)
RLCI 0.75 35
RLC2 125 45
RLC3 1.75 5.5
RLC4 225 6.5
RLC5 3.25 7.5
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FIGURE 8
Power generation by a single Wavestar at different damping coefficients.

both SCs 2 and 3. When the wave direction is 180°, the high wave
elevations all appear in the weather side of SC1 and within the flow
field surrounded by the three side columns. However, for the hybrid
system, the wave elevations around the WECs are all lower than the
incident wave amplitude. Under the RLC5 regular wave, the high
wave elevation distributions are located on the weather side of SC1

for both wave incident directions. A significant portion of the flow
field between the three side columns exhibits a low wave elevation
distribution due to mutual interference of the structures. Most of
the WECs are positioned to avoid the low wave elevation flow field
and are surrounded by wave elevations exceeding the incident
wave amplitude.

FIGURE 9
Wave contours of three microarray systems under RLC1 regular wave.
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FIGURE 10
Wave contours of three microarray systems under RLC3 regular wave.

5.4 Motion response

To examine the effect of microarrays on the motion of the
platform, Figures 12-14 show the FOWT motion response spectra
of the three systems under three constant regular waves (RLCI,
RLC3 and RLC5) with the incidence directions of 0° and 180°,
respectively. Owing to the symmetry of the structure and loads, the
motion amplitudes of the sway, roll and pitch degrees of freedom
are very small. Consequently, this section only discusses the surge,
heave and roll degrees of freedom.

Regarding the surge response, it can be observed from the
figures that the WECs microarray under the RLCI condition led to
an increase in the response amplitude, whereas the response
amplitude of the hybrid system is smaller than that of the without
microarray under the RLC3 and RLC5 conditions. Figure 15
demonstrates the percentage increase or decrease in the

Y-shaped microarray, wave direction = 180 deg

10.3389/fmars.2025.1563310

maximum wave excitation force experienced by the FOWT in the
hybrid system relative to the without microarray. It can be seen
from the figure that both hybrid systems increase the wave
excitation force experienced by the FOWT under the RLC1
condition. However, under the RLC3 and RLC5 conditions, the
presence of the WECs microarray decreases the wave excitation
force acting on the FOWT. Additionally, under the RLCI and RLC3
conditions, the maximum wave excitation forces experienced by the
FOWT in both hybrid systems show minimal difference. Under the
RLC5 condition, the hybrid system with a lower maximum wave
excitation force also exhibits a smaller surge response. It can be
inferred that the WECs microarray influences the surge motion
characteristics by altering the magnitude of the wave excitation
force experienced by the FOW'T. Notably, when the wave is incident
at 180°, the Y-shaped microarray exhibits a lower surge amplitude
than the Triangular microarray under all regular wave conditions.

Without microarray, wave

Without microarray, wave

FIGURE 11
Wave contours of three microarray systems under RLC5 regular wave.
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FIGURE 12

FOWT motion response spectrum under RLC1 regular wave.

Regarding the heave response, it can be observed from the
figures that a slight low-frequency component appears under the
RLC1 condition, with the amplitudes of both hybrid systems being
identical and larger than that of the without microarray. Under
RLC5 conditions at 0° wave incidence, a slight high-frequency
component appears in the hybrid system, with the amplitude of
the Triangular microarray being greater than that of the Y-shaped
microarray, while no such component is observed in the without
microarray. The heave amplitude of the FOWT in the hybrid
system is larger than that in the without microarray under both
the RLC1 and RLC3 conditions. When comparing the two hybrid
systems, the Y-shaped microarray exhibits a more stable heave
response at 0° wave incidence, while the Triangular microarray has
a smaller heave amplitude at the 180° wave direction. Interestingly,
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under the RLC5 condition at 0° wave incidence, the amplitude of
the without microarray lies between those of the Y-shaped
microarray and the Triangular microarray, a phenomenon not
observed under any other loading conditions.

Regarding the pitch response, it can be observed from the
figures that the Y-shaped microarray exhibits more stable motion
characteristics, with response amplitudes smaller than those of the
Triangular microarray under all loading conditions. The WECs
microarray increases the response amplitude under RLC1
condition, however, differences in the performance of the hybrid
system are found under different wave incidence directions under
RLC3 and RLC5 conditions. Figure 13, Figure 14 indicate that
under RLC3 and RLC5 conditions, the hybrid system reduces the
pitch amplitude of the FOWT at 180° wave incidence. Figures 16
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demonstrates the pitch motions of WECs and FOWT in the time
domain under RLC3 and RLC5 conditions. Since the structure is
symmetric and the waves are incident along the symmetry axis, only
WECs1, 2 and 3 among the WECs are analyzed. The motion
direction of WEC3 in the Y-shaped microarray is perpendicular
to the incident wave directions, causing its pitch motion curve to
nearly coincide with that of the FOWT. It can be inferred from the
figures that a restoring moment is generated when the pitch motion
phase difference between the WECs with large amplitudes and the
FOWT exceeds 1/4m. Taking the RLC3 condition as an example, at
0° wave incidence, the phase difference between the pitch motion of
all WECs and the FOWT is less than 1/4 m. When the wave
direction is 180°, the phase difference between the pitch motions
of WECs 1 and 2 in the Y-shaped microarray, and WECs 1 and 3 in

10.3389/fmars.2025.1563310

the Triangular microarray relative to the FOWT exceeds 1/4m.
Under these conditions, the pitch amplitude of the FOWT in the
hybrid system is smaller than that in the without microarray.
Although the phase differences in pitch motion between WEC2 in
the Y-shaped microarray and the FOWT, as well as between WEC3
in the Triangular microarray and the FOWT, are less than 1/4mw,
their pitch-increasing effects are outweighed by the combined pitch-
reducing effects of the other WECs on the FOWT. The same pattern
is observed under the RLC5 regular wave condition.

In summary, the WECs microarray has an effect on the motion
response of the FOWT, with more effective motion suppression
observed under long wave conditions, which enhances the
survivability of the hybrid system in complex sea states. The
primary contribution to the motion of the FOWT across all three
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FIGURE 13
FOWT motion response spectrum under RLC3 regular wave.
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FOWT motion response spectrum under RLC5 regular wave.

degrees of freedom originates from the wave-frequency component.
When comparing the two hybrid systems, the Y-shaped microarray
proves to be more favorable for enhancing the stability of the
FOWT. In particular, under the large amplitude RLC5 regular wave
condition, the motion responses across all the counted degrees of
freedom are reduced, except for the heave degree of freedom at 180°

wave incidence.

5.5 Mooring line tension
In order to investigate the effect of WECs microarray on the

mooring tension, Figures 17 shows the maximum tension responses
of mooring lines 1 (L1), L5, and L6 for the three systems under 0°
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and 180° wave directions, respectively. Due to the symmetry of the
systems relative to the wave incidence direction, analyzing half of
the mooring lines suffices to reflect the overall trend. It can be found
from the figure that the difference in microarray form has minimal
effect on the tension response. The maximum tension responses in
each system at 0° wave incidence are generally smaller than those at
180° wave incidence. This is primarily because, at 0° incidence,
more mooring lines are located upstream of the wave incidence
direction, providing greater mooring recovery for the FOWT and
thereby reducing the concentration of mooring tension responses.
The difference in tension responses between mooring lines in the
without microarray is small under all environmental conditions.
However, the presence of WECs microarray disrupts the balance of
mooring tensions, particularly under long wave conditions, as the
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transfer of larger wave forces through WECs to the mooring lines
exacerbates this imbalance. Consequently, some mooring lines
exhibit an increase in the peak tension response. Furthermore, the
WECs microarray enhances the sensitivity of the mooring tension
responses to the wave directions, resulting in a larger difference in
mooring tension between two different wave directions in the
hybrid system.

Regarding the 0° wave direction, under RLCI-3 conditions, the
tension response of L6 is the highest among all systems, and it is
lower in the hybrid system than in the without microarray. Under
RLC4-5 conditions, L5 consistently exhibits the highest tension
response in all systems, but it is greater in the hybrid system than in
the system without microarray. Regarding the 0° wave direction, the
impact of the WECs microarray on the tension responses follows a
similar trend to that at 0°, but with more pronounced differences
under certain conditions. Under RLC1-3 conditions, the highest
tension response in the hybrid system occurs at L1, while in the
without microarray, it occurs at L6, indicating that the highest
tension response is not always at the upstream position. Under
RLC4-5 conditions, L1 consistently exhibits the highest tension
response across all systems. The maximum tension response in the
hybrid system is lower than that in the without microarray under
the RLC1-2 conditions. Considering both wave directions, the
hybrid system demonstrates superior performance in tension
responses under short waves compared to the without microarray.

5.6 Absorbed power

Due to the symmetry of the hybrid systems relative to the wave
incidence direction, only half of the WECs are analyzed, with their
numbering consistent with Figure 3. Figures 18 shows the absorbed
power results of the WECs in the two hybrid systems under the five
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180°.
Combining with Figures 9-11, it can be found that the wave

regular wave conditions with wave directions of 0° and

elevation around the WECs does not directly determine their
absorbed power. The power distributions of WECs in the two
hybrid systems show significant similarity under the RLC3-5
conditions, while some differences are observed under the RLC1-
2 conditions. This suggests that the different connection methods
between the WECs and the FOWT influence the power distribution
of WECs under short wave conditions. While under long wave
conditions, the power distribution of the WECs depends more on
their position relative to the FOWT. In addition, in both hybrid
systems, each WEC becomes the most powerful device in the system
under at least one regular wave condition. This characteristic
ensures that each WEC can perform optimally under specific
conditions, enhancing the capacity of the entire system to adapt
to varying sea states for efficient energy capture.

Based on the data in Figure 18, the total and average power
generated by all WECs in the hybrid system under different regular
waves and two wave directions are shown in Figure 19. When
analyzing the microarray forms, the total power of the Triangular
microarray exceeds that of the Y-shaped microarray under all
regular waves at 0° wave incidence. At 180° wave incidence, the
Y-shaped microarray generates more total power under all regular
waves except for the RLC2 condition. When analyzed by wave
incidence direction, the total power is higher at 0° under RLC1 and
RLC4 conditions, whereas it is higher at 180° wave incidence under
the RLC2, RLC3 and RLC5 conditions.

To thoroughly investigate the energy conversion efficiency of
WECs in microarray form, the concept of capture width ratio
(CWR) is introduced in this study, which is shown in Equation 16:

Pyec

CWR=—"—"—
PWave -D

(16)
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FIGURE 16
Pitch motions of WECs and FOWT in the time domain under different regular waves. (A) RLC3 regular wave. (B) RLC5 regular wave.
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FIGURE 17

Tension response of the three systems under different wave directions. (A) 0° wave direction. (B) 180° wave direction.

where Pypc denotes the energy absorbed by the WEC, Py,
denotes the energy per unit width of the wave, and D denotes the
diameter of the WEC.

Figure 20 shows the CWR of each WEC under various regular
waves and wave directions, with a heatmap visualizing the
magnitude of the CWR values through a color gradient. It can be
observed from the figure that the CWR of the WECs in the hybrid
system is closely associated with the wave direction and their layout
within the microarray. Under RLCI-3 conditions, the CWR of
WECs in both hybrid systems are at low values. In contrast, the
CWR values significantly increase to higher levels under RLC4-5
conditions, indicating that WECs capture energy more efficiently

Frontiers in Marine Science

under long waves. Furthermore, the wave loading parameter has a
more pronounced influence on energy capture efficiency compared
to the wave direction. The maximum CWR values for both hybrid
systems occur at WEC2 under RLC4 conditions at 0° wave
direction, recorded as 0.971 and 0.972, respectively. The
minimum CWR value for the Y-shaped microarray is observed at
WECI under RLCI condition at 180° wave incidence, whereas the
minimum CWR for the Triangular microarray is recorded at WEC2
under RLC1 condition at 0° wave incidence.

Figure 21 shows the average CWR values of the WECs in the
hybrid systems. For both hybrid systems, the highest average CWR
values are observed under the RLC4 conditions for both wave
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Absorbed power of WECs in microarray under various wave conditions. (A) Y-shaped microarray. (B) Triangular microarray.
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CWR of WECs in two hybrid systems under various wave conditions.

directions and exhibiting a trend of initially increasing and then
decreasing with changes in regular waves. Whereas, when the wave
direction is 180°, the average CWR value is somewhat influenced by
the method of connecting the WECs to the FOWT.

For the purpose of quantifying the effects of multi-body
hydrodynamic interactions on the performance of WECs microarray,
this study introduces an interaction factor (q), defined as follows:

q= EZIPi—WEC

0.5
.
| WEC3-180deg 0315 -
WEC2-180deg 0428 -
WEC1-180deg | 0641 -

WEC3-0deg

WEC2-0deg

RLC5

RLC1

RLC2 RLC3 RLC4
Triangular microarray

Where P;_yc is the power captured by the i-th WEC, Py, is the
power captured by a single WEC, and N is the number of WECs in
the hybrid system.

After calculating the captured power of a single WEC under
different regular waves, the q factor for the two hybrid systems is
derived using Figure 19 and Equation 17, as shown in Figure 22. It can
be observed from the figure that the q factor exhibits significant
fluctuations across the regular waves. The Triangular microarray
achieves the highest q-factor value among the hybrid systems under
the RLC2 condition with 180° wave incidence. Except for the
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Average CWR values of WECs in two hybrid systems under various wave conditions.
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g-factor of two hybrid systems under various wave conditions.

Triangular microarray under the RLC1 condition with 180° wave
incidence, where the g-factor value is less than 1, the g-factor
values for both hybrid systems exceed 1 under all other wave
conditions. This indicates that the hydrodynamic interactions
effectively enhance the power capture of the WECs, and the
absorbed power of the hybrid systems significantly exceeds that of a
single WEC combination.

6 Conclusion

This study proposes a novel wind-wave hybrid system concept
comprising a TGL semi-submersible floating platform combined
with point absorption WECs. In order to solve the multi-body
hydrodynamic interaction problem, the analysis program AQWA,
based on three-dimensional potential flow theory, is employed for
frequency and time domain analysis. Using available experimental
data, the numerical models of the TGL platform and WEC are
separately validated to ensure their reliability. Two microarray
forms, differing in the connection methods between the WECs
and the FOWT, are designed in this study. Through numerical
simulations, the effects of the WECs microarray forms on the
hybrid system’s performance under two wave directions in the
Yellow Sea environmental conditions are investigated. The main
conclusions are summarized as follows:

(1) Different WECs microarray forms have minimal influence
on the distribution of the flow field around the hybrid
systems, and the presence of WECs microarray affects the
system’s sensitivity to the wave direction. Under short
waves, the hybrid system effectively reduces the wave
elevations around the FOWT while increasing them
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around the WECs. Under long waves, the presence of
WECs microarray has a negligible effect on the flow field.

(2) The WECs microarray influences the motion response of
the FOWT, with more effective suppression of FOWT
motion observed under long waves. Compared to the
Triangular microarray, the Y-shaped microarray offers
greater stability of the FOWT, particularly under long
waves, where the motion response amplitudes are smaller
across most degrees of freedom.

(3) The presence of WECs microarray can reduce the
maximum mooring tension response in the entire system
under short waves. Under long waves, however, it increases
the variation in tension responses between different
mooring lines.

(4) Under short waves, the microarray form has a significant
effect on the power distribution of WECs. Conversely,
under long waves, the power capture mainly depends on
the position of the WECs relative to the FOWT. The
Triangular microarray achieves greater total power across
all regular waves at 0° wave incidence, whereas the Y-
shaped microarray captures energy more efficiently at 180°
wave incidence.

(5) The hybrid system’s average wave energy conversion
efficiency reaches its peak under RLC4 conditions. Multi-
body hydrodynamic interactions significantly enhance the
WECS’ power absorption capacity, with the hybrid system’s
energy capture efficiency obviously surpassing that of a
single WEC.

All in all, this study can provide some references for the design
and research of other wind-wave energy hybrid systems. In future
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work, we plan to further optimize this hybrid system by adjusting
the location and number of WECs. These optimizations are
expected to further enhance the overall performance of this
hybrid system.
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