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Abstract 8 

An array of compact, portable and stable Wave Energy Converters (WECs) integrated with an 9 

offshore floating platform can reduce the platform’s motion response to waves, and extract wave 10 

energy simultaneously through multiple Power Take-Off (PTO) units. This paper proposes an 11 

innovative hybrid system composed of a cylindrical free-floating platform and four point-absorber 12 

type WECs hinged at the external structure of the cylindrical platform. The relative motions between 13 

a WEC and the platform drive a PTO-system, and thus desirable wave energy conversion is achieved 14 

from combining multiple WECs with multi-mode motions constructively. To confirm feasibility and 15 

hydrodynamics performance of the proposed concept, multi-body computational models for 16 

different scenarios are developed. The wave focusing toward WECs are realized by the array 17 

reflection, while the presence of near-trapping waves amplifies energy dissipation. The seaward and 18 

leeward WECs are more sensitive on the array interval than those lateral WECs. Additionally, 19 

shallower and deeper submergences are preferred for WECs, respectively, resulting into multi-body 20 

resonances across a broadband wave period. For the discrete PTO system, different optimized 21 

damping coefficients are recommended to guarantee the high energy absorption regardless of wave 22 

periods. The present WEC-platform system can harvest wave energy in an omnidirectional manner. 23 
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28 

Nomenclature 

Symbols Abbreviations 

bpto Energy extraction damping [Nms/rad] AG Anti-pitching Generating 

D Diameter of the platform [m] CFD Computation Fluid Dynamics 

d Diameter of the WEC [m] D-HRWEC Designed Hinged Raft Wave 

Energy Converter d1 Draft of the platform [m] 

d2 Draft of the WEC [m] M-WEC Multi-mode Wave Energy 

Converter dg Gap distance [m] 

Hi Incident wave height [m] MEWEC Multi-mode Exciting Wave Energy 
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h Water depth [m]  Converter 

L1 Height of the central hinge from the water  

surface [m] 

OB Oscillating Buoy 

 OWSC Oscillating Wave Surge Converter 

Power Take Off L2 The length from two ends of the hydraulic 

piston cylinder to the central hinge point [m] 

PTO 

 RANS Reynolds-Averaged Navier-Stokes 

Salter’s Duck ηs Energy conversion efficiency of the seaward 

WEC 

SD 

 VLFS Very Large Floating Structure 

ηb Energy conversion efficiency of the 

backward WEC 

VOF Volume of Fluid 

 WEC Wave Energy Converter 

ηl Energy conversion efficiency of the lateral 

WEC 

  

   

ηo Energy conversion efficiency of the overall 

system 

  

λ Wavelength   

c Damping coefficient of PTO   

1 Introduction 29 

Substitute traditional oil, coal and natural gas with renewable and sustainable energy can 30 

significantly accelerate the process of achieving the net-zero greenhouse gas emissions target by 31 

2050 [1], which is consistent with efforts to limit the long-term rising global average temperature 32 

by 1.5o [2]. Ocean energy exploitations [3], as a technically feasible, cost-effective and socially 33 

acceptable pathway of the clean energy transition, are gradually drawing wider attention [4], 34 

especially for the sustainable energy supply for isolated islands or coastal communities. Nonetheless, 35 

for wave energy systems, the industrialization progress needs to be consolidated [5], in terms of 36 

reliability, longevity, affordability and maintainability [6]. Many researchers and engineers deepen 37 

their efforts to evaluate the pertinence of wave energy harvesting capacity [7] which is the one of 38 

most prominent hurdles [8]. It is the motivation of this paper to end up with solutions that are 39 

practical, affordable and with an exemplary hydrodynamic efficiency analysis. 40 

Generally, when waves propagate toward nearshore zones, only approximately 30% of wave 41 

energy can be retained due to wave refraction, breaking and sea-bed friction [9], and most of wave 42 

energy is concentrated at offshore zones. Deploying geometrically simple Wave Energy Converters 43 

(WECs) near a floating offshore platform could provide daily power need of onboard equipment 44 

and sensors. Besides, such a configuration can also promote more efficient ocean space utilization 45 

and create synergies between the offshore platform and the WEC, e.g. sharing mooring systems [10]. 46 

Dan et al. [11] investigated the motion characteristics of an Anti-pitching Generating Wave Energy 47 

Converter (AGWEC) and a floating platform in waves using the Computational Fluid Dynamics 48 

(CFD) method and viscosity-corrected potential flow theory. By comparing the computational 49 

results of the CFD method using Star CCM+ with the viscous modified potential flow theory method, 50 

the versatility of the two methods was confirmed. Additionally, Zhang et al. [12] developed a WEC 51 

that uses a hydraulic PTO mechanism. In order to capture wave energy and prevent the platform 52 

from tilting, this WEC device is used in conjunction with a modular floating platform. Zhang et al. 53 

[13] proposed an integrated WEC to be installed on a very large floating platform consisting of 54 

several modular semi-submersible type units. By placing the PTO system in the gap between each 55 

semi-submersible platform module, this integrated system effectively reduces the platform's 56 

pitching motion and offers a high power capture coefficient. Moreover, Nguyen et al. [14] proposed 57 
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the use of modular raft WEC on the leading edge of a rectangular Very Large Floating Structure 58 

(VLFS) to mitigate the hydrodynamic response of the VLFS under wave excitation and extract wave 59 

energy. This modular design makes installation easier and more flexible for adapting to different 60 

forms. Following the same approach, Nguyen et al. [15] introduced an Oscillating Wave Surge 61 

Converter (OWSC)-type device, which includes an underwater vertical flap connected to the front 62 

of a floating platform using a hinge and a PTO system. The device's power capture factor is high for 63 

most wave periods, and the OWSC is more effective at reducing the platform's hydrodynamic 64 

response than fixed underwater vertical damping flaps [16]. Zhang et al. [17] suggested placing a 65 

PTO system between the runway of a floating flexible runway and the supporting floating columns. 66 

This mechanism can convert a portion of the flexible runway’s vertical deformation into useful 67 

energy and minimize the overall vertical displacement. Zhou et al. [18] looked into a hybrid system 68 

consisting of a floating wind turbine and an array of WECs. Power extraction enhancement was 69 

observed in their design whenever the floating wind turbine and the WECs are in synchronous mode, 70 

irrespective of the detailed configuration of the WEC array 71 

A practical challenge of improving the energy conversion efficiency of WECs is related to 72 

harvesting modes. For example, the theoretical maximum power capture width of a point-absorber 73 

type WEC is 𝜆/2𝜋 for heave only motion, where 𝜆 is the wavelength. On the other hand, for surge 74 

or pitch type WEC, the theoretical maximum capture width is doubled. The theoretical maximum 75 

capture width can even be tripled if both heave and surge/pitch is used for power generation [19], 76 

indicating the superiority of multi-mode extraction WECs over single-mode ones in terms of 77 

theoretical potential. Ma et al. [20] investigated the wave energy conversion and the period of 78 

amplitude variation of a multi-degrees-of-freedom Oscillating Buoy (OB) type WEC. Their findings 79 

suggest that the periodic variation in the amplitude of floater motion is primarily caused by the surge 80 

motion. The elastic and damping coefficients' contributions to energy conversion efficiency are 81 

influenced by the wave height. In addition, in contrast to most raft devices and point absorbers, Liao 82 

et al. [19] suggested a multi-float Multi-mode Wave Energy Converter (M-WEC), which provides 83 

a number of degrees of freedom for power extraction. A self-contained, comprehensive, non-causal 84 

optimum control system that can precisely forecast the excitation force of incident waves has been 85 

devised to further enhance the power extraction performance. P. Stansby et al. [21] proposed a three-86 

float broadband resonant line absorber which included the surge response for wave energy 87 

conversion. A 1:8 scaled experimental results indicate the importance of surge force and heave 88 

resonance in terms of drag reduction and widening the capture width. Based on this investigation, 89 

Stansby et al. [22] optimized the power capture of the three-float line absorber WEC M4 through 90 

experiments and linear diffraction modelling. It was discovered that when a separation between the 91 

front two floats is at least 1.5 times longer than that of the back two floats can lead to better power 92 

capture performance. After that, D.R. Lande-Sudall et al. [23] laid the foundation of a numerical 93 

methodology which integrates hydrodynamic forces into a moving frame. The method was applied 94 

to simulate a 3 floats, a 6 floats and a 8 floats WECs, respectively, in both regular and irregular 95 

wave conditions. Results were successfully validated against both the vector method and 96 

experimental measurements. This approach offers a more natural and versatile solution for complex 97 

multi-body, multi-hinge fluid dynamics systems. As an extension, Tran et al. [24] proposed a design 98 

strategy in which the surge, heave, and pitch degrees of freedom were decoupled and were designed 99 

to have to different natural frequencies. This configuration can significantly enhance the absorbed 100 

power of multi-mode WEC, especially in terms of capture bandwidth. 101 
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In order to accurately assess the total energy conversion of WEC arries, three-dimensional 102 

interaction between each WEC should be taken into consideration, particularly when the spacing 103 

between each WEC in the array is comparable with the incident wavelength. Zeng et al. [25] 104 

proposed a WEC with five degrees of freedom and studied the power generation capacity of a single 105 

WEC, a two-WEC array, and a five-WEC array. The results show that the fixed array layout is 106 

advantageous for suppressing power output fluctuation. Through numerical simulations, Fuat Kara 107 

[26] examined the impact of separation distance between WECs in array systems and wave heading 108 

angle on energy absorption, where the WEC extracts energy in both sway and heave mode. 109 

Numerical simulation indicates that the sway mode has a broader energy absorption bandwidth 110 

compared to the heave mode. Wave interactions are stronger when WECs in the array system are in 111 

close proximity, and as separation between WECs increases, these wave interactions decrease 112 

significantly. Yazdi et al. [27] proposed a new wave energy device, which comprises a floating semi-113 

submersible platform and a set of Salter's duck (SD) WECs. The performance of the integrated 114 

system was then studied with varying numbers of WECs under different wave periods and wave 115 

heights. He et al. [28] examined the performance of a trussed octagonal platform coupled with 116 

multiple WECs and investigated the multibody hydrodynamic interaction between the platform and 117 

WECs. Numerical results indicate that multi-body interactions have a significant effect on power 118 

absorption. Afterward, He et al. [29] examined the impact of platform motion on power absorption 119 

of a circular array of WECs. They discovered that the heave motion of the platform enhanced the 120 

power absorption of the WEC array for most tested wave frequencies, whereas the pitch motion of 121 

the platform had the opposite effect. Kamarlouei et al. [30] found that positioning arrayed WECs 122 

around a floating platform can generate restoring moments for the platform and thus contribute to 123 

pitch motion control. Furthermore, a preliminary experiment [31] was conducted on concentrically 124 

arranged WECs connected to a floating offshore platform. The experiment revealed that the 125 

reduction of the heave and pitch motion of the platform depends on the equivalent damping 126 

introduced by the power generation of the WECs. Zhao et al. [10] developed a frequency-domain 127 

model based on multi-body dynamics and beam bending theory to analyze the hydroelasticity and 128 

coupling dynamics of a floating platform in waves, as well as the wave power extraction 129 

performance. They found that neglecting hydroelasticity at a specific frequency leads to an 130 

overestimation of the hydrodynamic efficiency of the buoy array. 131 

Although the interference effects of WECs-platform integrated systems are crucial, most of the 132 

existing works mainly focused on a single model wave energy harvesting manner, i.e. heave motion 133 

of WECs installed on a fixed platform. The effect of the proximity between WECs in such a WECs-134 

platform is not well understood, particularly when multiple degrees-of-freedom of WECs are used 135 

for energy production. In this paper, an array of point-absorber type WECs hinged to a cylindrical 136 

offshore platform is considered. Each in the array WEC is connected to the floating platform through 137 

a PTO unit, and the Power generation is driven by the relative motion between the WEC and the 138 

floating platform. The current study aims to complement and address some fundamental questions 139 

though numerical simulations, i.e. How do the in-phase and out-of-phase motions between WECs 140 

and the platform affect wave energy extraction? Would it be possible to enhance the power 141 

generation by arrange the WECs in an optimized configuration? 142 

This paper is arranged as follows. Section 2 presents the development of a multi-body 143 

hydrodynamic model based on the nonlinear mode expansion method in time domain. The 144 

numerical results with convergence analysis are compared with published experimental results in 145 
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Section 3. Section 4 discusses the nonlinear numerical results. Finally, conclusions are drawn in 146 

Section 5.  147 

2 Numerical model 148 

In this research, the Eulerian multiphase flow model employs the incompressible Reynolds-149 

Averaged Navier-Stokes (RANS) equations for water-air mixtures, using the Volume of Fluid (VoF) 150 

method to track interface motion between the air and water phases. In this section, a three-151 

dimensional numerical wave tank and hybrid system were built by using Star CCM+ software to 152 

investigate the interaction of the wave with hybrid systems.  153 

2.1 Governing equation 154 

Fluid in nature can be governed by mass conservation and momentum conservation law. 155 

Equation (1) gives the mass conservation equation (also known as continuity equation), 156 

( ) 0
t





+  =


u                                                              (1) 157 

where ρ refers to the fluid density, t refers to the time, ( / , / , / )x y z =       is the differential 158 

operator. For incompressible fluids ρ is constant, and the above formula can be simplifed as: 159 

0 =u                                                                      (2) 160 

The momentum conservation equation can be expressed as: 161 

( )
( )T

b
t





+  =  +



v
v v σ f                                                (3) 162 

where  fb  refers to the resultant force of various volume forces acting on the unit volume of the 163 

continuum, σ refers to the stress tensor. For fluids, the stress tensor is usually written as the sum 164 

of normal stress and shear stress, so p= − +σ I T . Among them, p is the pressure, T refers to the 165 

viscous stress tensor, and we get: 166 

( )
( ) ( )T

bp
t





+  = − + +



v
v v I T f                                     (4) 167 

The total mass conservation equation for all phases is given by: 168 

A

V V

dV d SdV
t

 
 

+  = 
  
 ∮ v a                                                  (5) 169 

where a refers to the surface area vector, v is the mixture (mass-averaged) velocity, S is a mass 170 

source term that is related to the phase source term as follows: 171 

ia ii
S S =                    (6) 172 

The VOF wave model is used to simulate surface gravity waves at the interface between air 173 

and water. Fifth order Stokes wave theory was adopted for wave generation in the current simulation 174 

to account for wave non-linearity. This wave is closer to a true wave than a wave generated by first-175 

order methods. Wave shape and wave phase speed depend on water depth, wave height and current. 176 

The Ursell number UR is defined as: 177 

2

3

λ
R

H
U

d
=                                                                    (7) 178 

where H is the wave height, λ is the wavelength, and d is the water depth. 179 
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2.2 WEC-platform integrated system and numerical PTO model 180 

 181 

  182 

 183 

Fig. 1. A diagram of MEWEC in a 3-D wave tank: (a) bird’s-eye view (b) Side view (c) Top view  184 

(d) simulation domain 185 

As mentioned previously, the maximum theoretical capture width of a multi-degree freedom 186 

WEC is much higher than that of a heave only type WEC. The current study therefore proposes a 187 

Multi-mode Exciting WEC (MEWEC) as illustrated by Fig. 1, where 4 WECs are symmetrically 188 

deployed around a central cylindrical floating platform and are connected through articulated 189 

mechanisms. The articulated mechanism consists of an "L" shape beam fixed to the platform, and 190 

an inverted ‘L’ shape beam rigidly connected to a WEC (Fig. 1(a)). The two beams are then 191 

connected together through a central hinge denoted as shown in Fig. 1. Between the two beams, a 192 

Hydraulic PTO system is installed, with one end hinged to the L beam and the other hinged to the 193 

inverted L beam. When subject to waves, the relative motion between the WEC and the platform 194 

forces the two beams to rotate about the central hinge point o and drives the hydraulic PTO system, 195 
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power can thus be generated. It should be noted that in addition to heave responses of the WEC and 196 

the platform, any other degrees-of-freedom motion response that will cause relative rotation 197 

between the two beams will contribute to energy production, e.g. pitch motion of the platform. 198 

Key geometry dimensions of the hybrid system include: the diameter of the platform D, the 199 

diameter of the floater d, the draft of the platform d1, the draft of the floaters d2, the gap distance 200 

between the platform and the WEC dg. the height of the central hinge from the water surface L1, the 201 

length from two ends of the hydraulic piston cylinder to the central hinge point o L2 and L3. The 202 

distance between the central hinge point and the center of the platform is equal to the distance 203 

between the central hinge point and the WEC.  204 

The simulation domain is illustrated by Fig. 1 (d), with coordinate system indicated in both 205 

figures. In the simulations, wave propagates along the positive x-axis direction, pitch motion is 206 

defined as rotation about the y-axis, and the heave response is along the z-axis. The length of the 207 

computational domain in the x direction is approximately equal to 6 wavelengths, and the width is 208 

slightly larger than the sway response of the hybrid system in the y direction, which is approximately 209 

5 times the diameter of the platform. The array is placed in the center of the flow field. In order to 210 

analyze the interaction between waves and floating bodies, overlapping grids were established on 211 

the outside of the platform and the four WECs. The left and right boundaries of the computational 212 

domain are defined as velocity inlets, top boundary of the domain is defined a pressure outlet, 213 

bottom boundary of the domain and the floater surface boundaries are both defined as non-slip walls. 214 

Lateral boundaries of the simulation domain in the y direction are defined as symmetry boundaries. 215 

The hybrid system may drift with the incident wave because the mooring system of the device is 216 

not considered in this paper. With this in mind, the x-direction freedom of the central floating 217 

platform is locked so that the device does not drift with the incident wave and the motion response 218 

will be more stable. 219 

 220 
Fig. 2. A diagram of the articulated mechanism with hydraulic energy storage PTO system 221 

The mechanical coupling between the WEC, the platform and the PTO system is achieved 222 

through a Dynamics Fluid Body Interaction (DFBI) model and mechanical joint module built in the 223 

software (see Star CCM+ user manual for details). Where the PTO system is simplified by imposing 224 

external damping moments onto the WEC and the platform respectively. The magnitude of the PTO 225 

damping moment [11] can be calculated by: 226 

˙ ˙
2

2 1 2

2

2
PTOM cL  

 
=  − 

 
                                    (7) 227 
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where, the damping coefficient c of PTO is set as 300 (N/(m/s)), the length from the two ends 228 

of the hydraulic piston cylinder to the central hinge point is L2=0.1m, 
2

22 / 2ptob cL= , 
˙

1  and 229 

˙

2  refers to angular velocity of the platform and the floater which is determined by θ1, θ2 ( rotation 230 

angles of the floating body and the floating platform as indicated by Fig. 2). 231 

2.3 Wave energy capture factor 232 

Capture factor is an important indicator equivalent to efficiency for WEC power capture 233 

performance evaluation, which is defined as the ratio between the captured power Ep to the wave 234 

power available to the WEC Ew. 235 

The captured power Ep can be calculated by: 236 

2 21
Ω

2
p ptoE b =                                                               (8) 237 

Where, bpto is the PTO damping converted to a rotational damping, for the above PTO model, 238 

2

22 / 2ptob cL= , ω is the relative rotation frequency, Ω refers to the amplitude of the relative 239 

pitch angle between the platform and the WEC. 240 

The average energy flow rate Ew of a linear wave can be expressed as: 241 

2
1 2

1
16 sinh 2

i y

w

gH D kh
E

k kh

   
= + 

 
                                            (9) 242 

Where, ρ refers to the water density, g denotes the acceleration of gravity, Hi refers to the 243 

incident wave height, h refers to the water depth, Dy refers to the longitudinal width of the wave 244 

energy device and k is the wave number. 245 

The capture factor η can be calculated by: 246 

p

w

E

E
 =                                                                      (10) 247 

3 Convergence study and validation 248 

3.1 convergence study 249 

Prior to assessing the performance of the proposed hybrid system, a convergence test of the 250 

numerical simulation is conducted, and the detailed model parameters are listed in Table 1. 251 

Hereinafter, the whole length and height of the numerical tank are adopted as 6 times incident 252 

wavelength and 2 times the water depth, respectively, where both tank ends are imposed by wave 253 

forcing damping zone with 1.5 times incident wavelength. The tank height is set as 2 times water 254 

depth. Three different grid schemes i.e. coarse, moderate and fine cells are examined with wave 255 

period T=1s, wave height Hi=0.08 m, where the time step is fixed as dt=T/1000. The dynamic grid 256 

region near the hybrid WEC-platform system is further refined by using a trimmed grid generation 257 

to accurately simulate the multi-floater and multi-mode motions. Thus the cells in the dynamic grid 258 

region is shrunk to 3 times than those in the stationary region. The information exchange of two 259 

regions is interpolated on the interface based on the overset grid distinction. Fig. 3 presents the 260 

motion response series of respective devices for different grid schemes, i.e. the pitch of the seaward 261 

and leeward WECs, the roll of the lateral WEC and the heave of the central platform, where due to 262 

the symmetry of flow field and floaters, only the results of one lateral WEC are presented. The 263 
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numerical simulation lasts for 10 wave periods T which make the simulation present steady-state 264 

results. The results indicate that the coarse grid scheme affect the numerical accuracy compared 265 

with the fine scheme, especially for the seaward WEC with the relative difference exceeding 7%. 266 

However, the moderate scheme can provide almost identical results in reasonable computational 267 

time, where the relative amplitude and phase differences is smaller than 5% compared with the fine 268 

scheme. Similarly, after conducting different temporal schemes i.e. dt=T/800, dt=T/1000 and 269 

dt=T/2000, dt=T/1000 and moderate grid scheme are applied in Section 4 unless particularly 270 

specified.  271 

 272 

Table 1 Key parameters of the numerical model. 273 

Parameters Value 

Diameter of the platform (D) [m] 0.5 

Diameter of the floater (d) [m] 0.2 

Draft of the platform (d1) [m] 0.3 

Draft of the floater (d2) [m] 0.15 

Gap distance (dg) [m] 0.35 

Height of the central hinge from the water surface (L1) [m] 0.15 

Water Depth (h) [m] 0.7 

Damping coefficient of PTO (c) [N/(m/s)] 300 

The length from the two ends of the hydraulic piston cylinder to the central hinge 

point (L2, L3) [m] 

Duration of the CFD simulation 

0.1 
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Fig. 3. Mesh convergence of moving responses i.e. (a) the pitch of seaward WEC, (b) the pitch of leeward WEC, 277 
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(c) the roll of lateral WEC and (d) the heave of central platform 278 

3.2 Validation 279 

A two-floater hinged raft WEC system , D-HRWEC, as shown in Fig. 4, is considered to 280 

validate the presented numerical model. This WEC system consists of two geometrically identical 281 

floater connected by a hinged arm combined with a controllable PTO unit which provides a linear 282 

rotational damping of bpto=20 Nms/rad to the system. The numerical mesh for the simulation is 283 

shown in Fig. 5, where mesh refined are applied around the free surface and the floater to ensure 284 

accuracy. The corresponding experiments are conducted by Jin et al. [32]. Fig. 6 presents a 285 

comparison of the relative pitch response between the numerical simulation and Jin’s experiment 286 

results. As indicated, good agreement between the numerical simulation and the experiment are 287 

achieved. The slight over-prediction of numerical values at trough is probably due to the physical 288 

friction of the controllable PTO mounted inside the WEC device is not included in the numerical 289 

simulation. 290 

 291 

Fig. 4. Schematic of the D-HRWEC. 292 

 293 

Fig. 5. Mesh generation for the validated model. 294 
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Fig. 6. Numerical and experimental comparison of relative hinge angles between floaters. 296 

4 Numerical results 297 

This section presents the numerical simulation results of the proposed hybrid system. The effect 298 

of the platform displacement on the capture factor of WECs is firstly examined, followed by an 299 
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investigation of the near trap wave effect among multiple floating bodies. The effect of the draft of 300 

WECs, PTO and incident wave angles are also examined in this section. This paper selects the 301 

dimensionless period range of 2.4-6.4 because in this range MEWEC has better energy capture 302 

factor than other period range and it is easier to analyze the hydrodynamic performance of the device. 303 

4.1 Coupling effect between WECs and the floating platform 304 

The motions responses of the hybrid system are heavily dependent on the damping torque 305 

generated by the PTO unit, which, in turn, have a great impact on the radiated waves caused by the 306 

system’s motion in waves. In addition, due to the relative larger size of the central cylindrical 307 

platform, diffraction is expected when subject to waves. Both those radiated and diffracted waves 308 

are dissipating energy and hence will lead to a lower power capture performance. On the other hand, 309 

due to the configuration of the current hybrid concept, it is possible that some of the radiated and 310 

diffracted waves generated by, say the front WEC, can be captured by other members in the system 311 

(i.e., the central platform and the other three WECs). To investigate the above, three different 312 

cylindrical diameters of the central platform are considered (the diameters are non-dimensionlized 313 

by the water depth here) i.e. D/h=0.4, 0.7 and 1.4, and other parameters are consistent with Table 1 314 

in Section 3.1.  315 

Fig. 7 presents the capture factor of the seaward WEC (ηs), the backward WEC (ηb), the lateral 316 

WEC (ηl) and the overall system (ηo) against dimensionless wave period T(g/h)0.5. The values from 317 

Fig. 7 (a) show that the maximum capture factor of the seaward WEC is enhanced when the diameter 318 

of the central platform increased, and the wave period at which the peak happens shifted from a 319 

lower to a higher wave period. Since waves transmit over a thinner platform more easily due to high 320 

penetrability and moves in phase with the hybrid system, a fatter platform directs to a constructive 321 

interaction and the out-of-phase motions between waves and the hybrid system are realized, causing 322 

the higher energy conversion. This illustrates a phase difference of motions between WECs and 323 

platform, thereby allowing it to harvest more long-period waves power. Inversely, a destructive 324 

effect on the wave energy conversion of the leeward WEC waves is observed, and the downside 325 

influence becomes stronger as the platform diameter increases, as presented in Fig. 7 (b). This can 326 

be explained from the point of view of the shielding effect. The front platform provides a shielding 327 

area, and the WEC behind it receives less wave energy when the diameter of the platform increase. 328 

As shown in Fig. 7 (c), the maximum capture factor of the lateral WEC placed nearby the cylindrical 329 

platform increases and shifts toward lower wave period for a fatter platform. What is more, when 330 

the platform diameter increases to D/h=1.4, apart from the maximum conversion at the WEC 331 

resonant period, there is a second peak capture factor (ηl =0.15) occurring at long-period waves, 332 

which is induced by the out-of-phase motions of waves and platform and contributes to the 333 

amplification of scattering waves. 334 

It is remarkable that the double peak phenomenon would exist in the overall capture factor of 335 

the hybrid system, more significant i.e. ηt=0.23 and 0.26 when the platform diameter increasing to 336 

D/h=1.4. This is indicative of two-mode relative motions i.e. the lower period around T(g/h)0.5=3.1 337 

dominated by the heaving mode, the higher period around T(g/h)0.5=4.7 controlled by the pitching 338 

or rolling mode. There is a sudden switch of ηt between these two natural periods, which is due to 339 

the fact that when the cylinders are closely adjacent, the near-trapping waves are generated in the 340 

array to divide waves into two parts i.e. small amount of scattering waves outward and near-standing 341 

waves with large amplitude oscillations of water surface. This near-standing resonance strengthens 342 

the wave energy dissipation. Consequently, the WECs cannot continuously harvest wave energy 343 
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effectively in a wider range of T(g/h)0.5. 344 
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Fig. 7. Capture factor versus nondimensional wave period for different platform diameters. 347 

(a) WEC1 (b) WEC2 (c) WEC3 and WEC4 (d) Overall hybrid system 348 

4.2 Near-trapping wave effect among multiple floating bodies 349 

In this paper, the geometries of WECs and platform are adopted as vertical cylinders, and thus 350 

the near-trapping waves would appear between the cylinders for certain wave periods and deliver a 351 

local water-surface oscillation dominated mainly by the piston-type mode. In these wave periods 352 

only a small amount of scattered wave energy is radiated outwards to the far field: the wave is 353 

trapped within the local vicinity of the cylinders, forming a near standing wave with much larger 354 

amplitude compared with that at other frequencies [33]. Therefore, the near-trapping wave effect on 355 

the energy conversion of the WEC-platform hybrid system are discussed in this section in more 356 

details. A series of dimensionless gap distances dg/h between WECs and the platform are selected, 357 

and the efficiency contour of the overall system and respective devices is presented in Fig. 8 (a)-(d).  358 

It is remarkable from Fig. 8 (a) that there are two same maximum capture factors i.e. ηs=0.63 359 

over the calculated range of dg/h and T(g/h)0.5 for the seaward WEC, with one around dg/h=0.36, 360 

T(g/h)0.5=3.7, and another at dg/h=0.68, T(g/h)0.5=4.7. As gap distance increases, the conversion 361 

efficiency of the seaward WEC vanishes in short-period waves but first increases and then decays 362 

in long-period waves. This can be deduced from the relatively high ratio of the gap distance and the 363 

incident wavelength. It is conjectured that the WECs can be ultimately considered as isolated 364 

devices approximately in short-period waves when the gap distance increases. This would produce 365 

near-trapping waves in long-period waves, and further augment capture factor of WECs. Different 366 

near-trapping wave regions are generated as the gap distance increases. For the backward WEC, as 367 

presented in Fig. 8 (b), there are two maximum values of ηs in the computed period range regardless 368 

of the gap distance. More specifically, the larger peak occurs around T(g/h)0.5=3.5 but the smaller 369 
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peak is at T(g/h)0.5=5.0. In short-period waves, the backward-WEC performance is reinforced as the 370 

gap distance increases due to the mitigation of shielding effect provided the central platform. There 371 

is a period region 3.6<T(g/h)0.5<4.2 of near-trapping waves, which is dependent of gap distance. The 372 

lateral WEC works nearly in short-period waves, although the magnitude of the maximum value is 373 

merely ηs=0.24, as presented in Fig. 8 (c). This is because s the lateral WECs are inline with the 374 

platform, it moves almost in phase with the platform in long waves, resulting little relative motion 375 

between the two and hence little power can be captured. 376 

As a comparison, the overall capture factor as presented in Fig. 8 (d), are found to reach the 377 

maximum value 0.31 at the minimum gap distance dg/h=0.36. Actually, the gap distance less than 378 

dg/h=0.9 would be a good choice for the favorable performance of WECs over a broadband 379 

(3.1<T(g/h)0.5<5.5). These results illustrate that a floater is subjected to a pulse velocity in one mode, 380 

which will in turn produce the same mode force on the adjacent floater after a finite time t equal to 381 

waves propagating inside the gap between the two floaters, where scattering wave energy is blocked. 382 

This means that energy is trapped in the gap between the floating bodies. And when a wave reflects 383 

off the floating bodies, only a small portion of the energy is radiated outward. Therefore, the larger 384 

gap distance means the weaker multi-body interaction, weakening the multi-mode relative motions 385 

of WECs and platform. As the gap distance dg/h continues to increase, two higher energy conversion 386 

areas can be found, which is because long-period waves transmit inside the gap more easily and are 387 

focused to strengthen water column oscillation. However, energy conversion is suppressed at the 388 

region between the two high regions, generating a ‘V’ shape area of ηo>0.13. 389 
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Fig. 8. Capture factor versus nondimensional wave period for different gap distance dg/h. 392 

(a) WEC1 (b) WEC2 (c) WEC3 and WEC4 (d) Overall hybrid system 393 
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4.3 Submerged depth effects of WECs 394 

WEC draft is an important metric to affect the shielding effect among array WECs and the 395 

relative multi-mode motions. In this subsection, three simulation scenarios with WEC drafts d2/h = 396 

0.18, 0.21 and 0.25 are performed. Fig. 9 presents the effects of WECs on the capture factor.  397 

As plotted in Fig. 9 (a), the efficiency peaks of the seaward WEC decrease and shift toward 398 

lower wave periods with increasing WEC draft, which is not surprising since a larger d2/h means a 399 

larger volume of displacement occupied by the WEC, leading to a smaller natural period. What’s 400 

more, the maximum capture factor of ηs can retain as higher as 0.73, extending the theoretical limit 401 

0.5 of an isolated WEC with single rigid mode. For the leeward WEC, as presented in Fig. 9 (b), 402 

there is a wave blocking area at wave period T(g/h)0.5=4.1, which is independent of d2/h. When 403 

T(g/h)0.5 is smaller than 4.1, the capture factor decreases with increasing d2/h, owing to short-period 404 

wave energy mainly distributed near water surface. However, when wave periods break barrier of 405 

wave-blocking period i.e. T(g/h)0.5>4.1, the capture factor first increases and then decreases, 406 

indicating a relatively more complex multi-body and multi-mode effects. The envelope curve of ηb 407 

merges into a ‘M’ shaped zone. As be expected in Fig. 9 (c), the deep submergence plays a 408 

destructive role in the energy conversion of the lateral WEC in short-period waves where the 409 

majority of surface waves is reflected toward the heading wave direction. Nevertheless, heavier 410 

water column is encased between array WECs with increasing d2/h, which enables more energy to 411 

be dissipated from the pumping motion of water. This explains the variation of the overall efficiency 412 

with d2/h as displayed in Fig. 9 (d). In order to weaken the wave-energy dissipation from the near-413 

trapping wave region and adequately convert wave energy into the multi-mode relative motion 414 

within rather wider periods, the WEC design should be as compact as possible. Indeed, the realistic 415 

heaving/pitching WEC can be devised as a flat device which can continuously extract the kinetic 416 

energy of water particles in waves and attenuate wave height at the leeward area of WECs. 417 
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Fig. 9. Capture factor versus nondimensional wave period for different WEC draft d2/h. 420 

(a) WEC1 (b) WEC2 (c) WEC3 and WEC4 (d) Overall hybrid system 421 

4.4 Optimization of the discrete PTO units 422 

As illustrated in Eq. (15), wave energy conversion of WECs is apparently affected by the 423 

damping parameters of PTO units. All PTO units are defined to possess the same damping 424 

coefficient whose sensitivity investigations are attempted in this subsection. The geometric 425 

parameters of WECs and platform are kept the constant with Table 1 in Section 3.1. Fig. 10 presents 426 

the efficiency contour of the overall system and respective devices as function of both wave period 427 

and PTO damping. 428 

The optimized PTO damping varies for each WEC depending on their locations relative to the 429 

central platform. More specifically, the efficiency peak and the optimized PTO damping, are (ηs, 430 

bpto)=(0.63, 3.5Nms/rad), (ηb, bpto)=(0.33, 3.5Nms/rad or 4.9Nms/rad or 6.4Nms/rad), (ηl, 431 

bpto)=(0.31, 4.9Nms/rad) for the seaward WEC, the leeward WEC and the lateral WEC, respectively. 432 

Within the simulated periods and damping, the seaward and leeward WECs perform outperform the 433 

lateral WEC in terms of efficiency as well as bandwidth. Note for these WECs with optimized PTO 434 

damping, the high wave conversion performance corresponds different period ranges, suggesting 435 

that the overall performance of the hybrid system can be broadened, which is preferred for 436 

broadband irregular waves in realistic environment. Despite the PTO unit adheres to a specific mode 437 

motion to harvest wave energy, the capture factor may be larger than the acquirable capture factor 438 

in this mode, since multi-body and multi-mode interferences augment wave reflection in the array 439 

configuration. 440 

As presented in Fig. 10 (d), for the WEC-platform hybrid system, if identical PTO damping is 441 

adopted for all WECs, the optimal damping coefficient is bpto=4.2 Nms/rad where the maximum 442 

capture factor can reach 0.26. As a comparison, no-uniform PTO damping coefficients are selected 443 

for these WECs. That’s to say, every WEC is restricted with respective optimized PTO damping 444 

coefficients, i.e. bpto=3.5 Nms/rad, 3.9 Nms/rad and 4.9 Nms/rad for the seaward, leeward and lateral 445 

WECs, respectively. Fig. 11 shows the comparison of capture factor for uniform and no-uniform 446 

optimized PTO damping. It can be learned that the array WECs provide a better energy extraction 447 

performance near resonant periods i.e. 3.7<T(g/h)0.5<5.2 for the no-uniform PTO but less sensitive 448 

to the bandwidth range compared with the uniform PTO damping.  449 
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Fig. 10. Capture factor versus nondimensional wave period for different PTO damping coefficients. 452 

(a) WEC1 (b) WEC2 (c) WEC3 and WEC4 (d) Overall hybrid system 453 
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Fig. 11. The comparison of overall capture factor for uniform and no-uniform optimized PTO damping 455 

coefficients. 456 

4.5 Dependence on incident wave direction 457 

The simulations in the previous scenarios all contrapose the heading wave cases i.e. incident 458 

angle 𝛼 = 0𝑜 as shown in Fig. 12. Since waves is random in subsistent circumstances, different 459 

incident directions are discussed in this subsection. Array WECs of N=4 numbered in Fig. 12 are 460 

uniformly deployed outward the central cylindrical platform, and thus the range of incident angles 461 

is selected over 0o to 45o according to the mirror principle of symmetry lines. Fig. 12 presents the 462 

capture factor contour of every WEC and the overall system. 463 
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 464 

Fig. 12. Different wave directions and the hybrid system. 465 

For any fixed period, there exists an 𝛼 which provides the optimized wave absorption for all 466 

WECs, and the optimized direction of waves is sensitive to wave period which is inconsistent with 467 

the results of an isolated axisymmetric WEC. This is attributed to the gap between WECs and the 468 

platform, i.e. the gap would lead to constructive or destructive effect on the power generation 469 

depending on the gap to wavelength ratio. Except the backward WEC2 which is found to obtain two 470 

maximum capture factors for 𝛼 = 0𝑜, there are merely one maximum capture factor for other WECs 471 

regardless of 𝛼. The maximum capture factor for WEC1 to WEC4 are 0.55, 0.33, 0.31 and 0.75, 472 

occurring at (𝛼, T(g/h)0.5) = (0o, 4.5), (45o, 4.5), (9o, 3.8) and (23o, 4.7), respectively. Generally, the 473 

facing-wave WECs i.e. WEC1 and WEC4 outperform the backing-wave WECs i.e. WEC2 and 474 

WEC3. This demonstrates that the platform can direct wave energy toward facing-wave WEC in a 475 

concentrating manner, generating constructive interference, where the significant diminution for the 476 

leeward WECs is caused by the shielding effect of platform. 477 

It is learned from Fig. 13 (e) that as 𝛼 increases from 0o to 27o, the overall maximum capture 478 

factor of the hybrid system first diminishes and shifts towards higher wave period, and then rises 479 

and shifts rapidly toward the same period in accordance with the peak capture factor of WEC4. 480 

Increasing further 𝛼, on the contrary, leads to the reduction of peak capture factor corresponding to 481 

lower wave period, which is basically dominated by the leeward WEC2. Note that, the WEC-482 

platform configuration heading to incident waves i.e. 𝛼 = 0𝑜  is most effective in terms of the 483 

maximum overall energy conversion in addition to harvesting bandwidth. What’s more, an 484 

additional maximum capture factor of ηo for 𝛼 = 0𝑜 can be excited, which is related to the WEC1 485 

performance. This appears to indicate that within all simulated periods, there is a general identity of 486 

the maximum overall capture factor for 𝛼 = 0𝑜  that the WEC-platform hybrid system should 487 

observe. 488 
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Fig. 13. Capture factor versus nondimensional wave period for different wave directions. 492 

(a) WEC1 (b) WEC2 (c) WEC3 (d) WEC4 (e) Overall hybrid system 493 

5 Conclusions 494 

A hybrid system of an array of point-absorber WECs uniformly distributed around a free-495 

floating central platform is proposed in this study. An inverted ‘L’ shape beam from every WEC is 496 

hinged to a ‘L’ shape beam that is rigidly fixed above the platform. A PTO unit is installed between 497 

the two beams to harvest wave energy from the WEC-platform relative motion of multiple modes 498 

i.e. heave, pitch and roll. Such a system, combing multi-gap resonance between adjacent floaters 499 

and multi-body resonances referring to WECs and platform, from which wave energy is extracted 500 

constructively, has not been studied before. To demonstrate the high capture factor across broadband 501 

periods, an unabridged hydrodynamic model is established based on the Computational Fluid 502 
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Dynamics (CFD)-based algorithm, where we add a moment MPTO to the center of mass of the rigid 503 

body to be equivalent to the damping of the rigid body in motion. After a series of systematic 504 

simulations, the main conclusions are as follows. 505 

(1) A hybrid system consists of a cylindrical platform and an array of cylindrical WECs are proposed. 506 

The resulting multi-body interference can be constructive or destructive depending on the spacing. 507 

More specifically, multiple reflection in the array converges wave energy, resulting a greatly 508 

enhanced relative motions of WECs and platform. However, at certain periods, a train of near-509 

trapping waves are generated to strengthen water oscillation within local vicinity of cylinders and 510 

led to lower energy conversion. 511 

(2) The wave energy conversion of individual WECs in the hybrid system can be balanced and the 512 

overall capture factor can substantially cover a broad period range providing an appropriate spacing 513 

between the platform and WECs. For example, short-period, moderate and long-period waves are 514 

mainly absorbed by the lateral, seaward and leeward WECs, respectively.  515 

(3) The WEC draft provides resonance over prominent wave periods and the larger submerged depth 516 

of the platform enables multi-body resonance occurring at somewhat long wave periods, which 517 

induces two-peak capture factor of the hybrid system.  518 

(4) Reducing WEC-platform or WEC-WEC gap distances can broaden the effective bandwidth for 519 

the seaward WEC, but has less impact on the leeward and lateral WECs. The sudden drop in the 520 

total of capture factor is induced by near-trapping waves, and shifts toward longer periods as gap 521 

distance increases. Generally speaking, a smaller gap distance is more beneficial to the overall wave 522 

energy conversion. 523 

(5) Shallow draft of WECs cannot reduce the incidence of near-trapping waves being identified in 524 

gap, but can augment the maximum conversion efficiency as well as broadening the harvesting 525 

period range. 526 

(6) Considering the layout of individual WECs in which the reflected, transmitted, diffracted and 527 

radiated waves by the platform play different roles, the discrete PTO system consists of different 528 

optimized PTO damping coefficients for every WEC. The results demonstrate that the optimized 529 

PTO damping coefficient increases in the order from the seaward, leeward to lateral WECs. 530 

(7) Compared with cases of oblique waves, the higher capture factor is associated with incident 531 

waves supposed to propagate heading toward the WEC-platform hybrid system.  532 

   The WEC-Platform hybrid system would be anchored in an offshore area using multiple 533 

mooring chains which have a strong effect on the low-frequency drifting motion of floating bodies. 534 

The present CFD model is developed within the context of ignoring mooring tensions. Hence, in 535 

future study, the interaction of multi-chain hydrodynamics will be registered as a continuation of 536 

this paper. 537 
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Highlights: 

1. Multi-mode exciting WECs are arrayed around a free-floating platform. 

2. The wave focusing toward WECs is realized by the array reflection. 

3. The presence of near-trapping waves in the array amplifies energy dissipation. 

4. The narrower array interval leads to the higher overall conversion efficiency.  

5. The hybrid system can harvest wave energy in an omnidirectional manner. 
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