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Abstract

The development of wave energy is of great ecological and commercial value. This paper
studies the linear vertical array arrangement of the slope-pendulum wave energy con-
version device (S-PWEC). Based on the WEC-Sim open-source program, we build four
wave energy-generating devices with linear vertical array distributions to study the power
generation performance of the array platform and establish the factors influencing the array.
S-PWEC is affected by radiation and a shading effect from neighboring devices in a linear
vertical array configuration. The overall and individual power generation efficiencies are
similar. An increase in the number of devices in the linear vertical array exacerbates the
fluctuation of wave excitation moment and output power, indicating that there exists an
optimal array configuration for maximizing the power generation efficiency. The perfor-
mance of the array devices is significantly affected by the direction of incoming waves, and
the spacing of the arrays should therefore be adjusted according to the periods of the sea
state: increasing the spacing in small periods and decreasing the spacing in large periods
can effectively improve the overall power generation. In the future, we will continue to
study other array forms of S-PWEC to improve the conversion efficiency of array wave
power generation devices.

Keywords: wave energy; linear array layout; power generation optimization; interaction
factor

1. Introduction

The marine environment, covering over 70% of the globe, is rich in energy resources
and thus holds significant strategic value for development [1]. Compared with conventional
solar and wind energy, wave energy is characterized by a wider distribution range and
higher energy storage density, which is more reliable for capturing and converting energy.
As one of the most promising marine renewable energy sources, the sustainable capture
and efficient conversion of wave energy are core topics [2,3].

Despite the many advantages of wave energy, the large-scale exploitation and utiliza-
tion of ocean wave energy still faces two technical bottlenecks. The non-stationary nature
of the wave field at sea makes it difficult for wave energy conversion devices to efficiently
capture waves and smoothly convert wave energy into mechanical energy [4-6]. There
are two main meanings of optimization. One is to optimize the floats to achieve a higher
capture width ratio [7-9], and the other is to optimize the float array layout to quantitatively
increase wave energy capture and form a large-scale wave power farm [3,10-12].
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In 2009, Wave Star installed a large-scale wave energy converter (WEC) with two
floats on one side on the west coast of Denmark. This was used as a demonstration to
propose a commercial version of the Wave Star device. The commercial version of the wave
farm comprised an array of 20 floats and was expected to be installed in water depths of
10-20 m, with a power generation capacity of up to 600 kW [11]. In 2014, the ‘Hailing’
hybrid oscillating float WEC was installed in the southern waters of Huangdao District,
Qingdao, with a rated capacity of 10 kW, and consisted of four conical floats [13]. Tay [14]
investigated the power generation performance of multiple pendulum-type WECs in arrays
under conditions with regular waves, unidirectional irregular waves, and multidirectional
sea states. Then, Tay [15] systematically investigated the power output characteristics
of single-device, 5-device and 21-device point-suction wave energy conversion (WEC)
device arrays, focusing on the coupling mechanism between the moon pool resonance
effect and the hydrodynamic interaction between the arrays. Yang et al. [16] proposed
a multi-body wave energy converter consisting of a floating central platform, multiple
oscillators, and driving arms. The numerical results show that the dynamic characteristics
and energy conversion efficiency are not only related to the circumferential frequency
of incident waves but also related to the connection length between individuals and the
central platform, the total number of vibrating objects, the PTO damping coefficient, and the
PTO elastic coefficient. It is pointed out that automatically adjusting the connection length
results in a higher wave energy absorption efficiency. Zhao et al. [17] proposed that seesaw
WEC can improve the power generation capacity by increasing the single-cell area and
producing an array. By controlling a single variable, it was found that the power generation
performance per unit area of the single-cell array was better than that of the large-area
single-cell device. All of the above studies demonstrate that controlling the distribution
parameters of the array is beneficial in enhancing the capture efficiency of WECs. The
research and development of array-type WEC is in a period of rapid acceleration. The goal
of researchers across many countries keen on developing wave energy is to optimize the
array layout of WEC to improve conversion efficiency [2,18,19].

In this paper, the Zhoushan Sea area of Zhejiang Province in China is taken as the
study’s sea area. Based on the original stand-alone S-PWEC device, the optimization study
of linear array layout is carried out. Section 2 of the article presents and describes in detail
the mathematical concepts of array modeling. Next, Section 3 describes the steps and
methods used in the simulation of this device and discusses the relevant experimental re-
sults. Finally, in Section 4, meaningful results are obtained from these numerical simulation
experiments. Based on these results, relevant substantive conclusions are presented on the
array arrangement of wave energy to promote the commercialization and industrialization
of wave power generation plants.

2. Theoretical Model
2.1. Individual and Linear Array Layout of S-PWEC

As shown in Figure 1, a single S-PWEC device comprises three core functional mod-
ules: a hydrodynamic capture module, a hydraulic transmission module, and a power
conversion module. The hydrodynamic capture module converts the kinetic energy of
waves into mechanical energy via a pendulum. When waves hit the device, the floating
pendulum moves back and forth around a fixed pivot point. This forces the hydraulic rod
connected to the pendulum to reciprocate, and slope setting can effectively enhance the
pendulum’s capture power [20,21]. In the hydraulic transmission module, the hydraulic rod
reciprocates to push hydraulic oil into the high- and low-pressure accumulators, converting
the mechanical energy captured by the floating pendulum into hydraulic energy. Finally,
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the power conversion module uses a generator to convert the captured wave energy into
electrical energy.
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Figure 1. Schematic of single S-PWEC.

The array layout of the S-PWEC directly affects hydrodynamic performance and the
wave energy capture efficiency. As shown in Figure 2, we adopt a linear vertical array
layout for the current study. In this layout, the opening direction of each device is consistent
with the direction of the incident wave. The distance between the two devices is defined as
D, and for an individual S-PWEC the pendulum length (L) is 8 m, the pendulum width (B)
is 4 m, and the slope inclination angle is 60°. The initial spacing (D) between two adjacent
S-PWECs is set to 8 m, and the four pendulums are labelled sequentially as V1, V2, V3 and
V4 in the direction of the incident wave.

Wave Direction

Figure 2. Schematic of linear vertical array layout of S-PWEC.

2.2. Motion Response

In this paper, we study the linear vertical array layout of S-PWEC, which is fixed
on a platform over water, without considering the effect of slope and platform motion
on the device power generation; only the motion in the longitudinal rocking direction of
the floating pendulum is considered. Therefore, according to the Cummins time-domain
equation [22], the motion response equation of the S-PWEC device in an array layout reads
as follows:

(I + Aoo)g(t) + Mr(t) + Ms(t) = Mex(t) + MPTO(t) + Mvis(t) + Mes(t) (1)

In the above Equation (1)

o M, Mg, My, and ¢ are the column vector of the radiative moments to which the units
are subjected, the hydrostatic recovery moment matrix, the wave excitation moment
matrix in the longitudinal rocking direction, and the column vector of the displacement
response, respectively. &(t) is the column vector of the velocity response and &(t) is
the acceleration response vector in pitch direction.
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I={. . . | is the mass matrix of array wave energy conversion device, n
0 0 ... Iy
A1 0 ... 0
0 Aw2 ... O
is the number of array devices, and A = . . ) . | represents the
0 0 ... An
additional moment of inertia in the longitudinal direction.
The wave radiation moment M,;(i = 1,2,...,n) is given as follows:
t .
n n
Mri = =1 Mrij = Zj:l A Kl]<t - T)C](t)df (2)

M,; represents the radiation moment on the jth pendulum caused by the motion of
the ith pendulum. K;; is the delay function of the radiative force on the ith floating
pendulum caused by the motion of the jth floating pendulum, characterizing the
memory effect of the fluid; this can be solved by the spatial equation of state. dt
represents an integral variable, which is a differential element in time integration.
The hydrostatic restoring moment M is the combined moments of gravity and static
buoyancy of the generating unit:

Ms = My, — Mg 3)

where M, and Mg are the moments of buoyancy and gravity, respectively.

M, is the secondary viscous drag moment. In the field operation, the wave energy
conversion device undergoes vortex detachment during its interaction with waves,
leading to viscous interaction [23]. This is modeled as follows:

Myis = (_CD|V - VO|(V - VO)) X Lyjs (4)

In Equation (4), Cp = %pCdAdl- is the coefficient of the secondary damping term
in viscous moment. Cp can be obtained from the published data or hydrodynamic
experiments. V is the velocity of the floating plate, V} is the velocity of the surrounding
fluid, and L,;s is the moment of the viscous force on the pivot point.
Mpro is the damping torque of the hydraulic power take-off (PTO):

Mpro = APpistanApisifun X Lpro 6)

where Appision is the pressure difference on the piston in the hydraulic rod, Ap;ss is
the force area of the piston in the hydraulic rod, and Lpr is the length of the force
arm from the hydraulic rod to the floating pendulum.

M, is the braking torque of the limiting device, which is achieved by installing springs
with large stiffness coefficients at the articulation point. Assuming that the braking
torque is proportional to the angular velocity of the floating pendulum, M, is given by

Mes = *keséH [6 - ges} - keséH [—g - ges} (6)
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where ks is the large stiffness coefficient of the limit spring, ¢ is the limit angle, and
H {x} the step function. This is given as

ali] = {0750 g

e  Coupling the above equations yields the overall time-domain equation for the arrayed
wave energy conversion device:

1 -1 ; 1
[t Aw - 0 ity Jo Kl(t_T)g(t)dT M!
+ | + |- =
. -1 n—1 _
ety At é?t) fot K" 1(t — T)@Z) at Myt
N t -n n
0 ax "+ As ]| &y Jo Kt = T)¢pdT M; 8)
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e Inorder to determine the rationality of the array field and the superiority of the wave
energy-generating device’s power generation performance, it is necessary to introduce
the dimensionless array impact factor 4. The array impact factor g is an important
index to measure the performance of array device, which is defined as follows:

Parmy

q= ©)

P isolated

In Equation (9), Piso1ateq is the power generated by a single S-PWEC at normal operation
conditions, and Ermy is the average of the total power of all S-PWECs at the following
array layout:

= 1
Purray = EZT DPs (10)
where P; is the generating power of each S-PWEC.

If g > 1, it means that the array arrangement scheme is favorable to capturing wave
energy. The wave energy captured by a single unit in this array is greater than that captured
by a single device placed in the same sea area. This suggests that the array arrangement
scheme promotes wave energy conversion. If ¢ < 1, it indicates that the array arrangement
scheme is not conducive to wave energy capture; then, the overall average wave energy
captured by a single device in this type of array is less than that captured by a single device.
If g = 1, it indicates that the array layout has no effect on wave energy capture by wave
energy generators.

3. Results & Discussion
3.1. Setup of Initial Sea State Parameters

The Zhoushan Islands are in the north-eastern part of the East China Sea and consist
of numerous islands. The eastern part of the islands has unique marine resources and
a superior marine environment, which belongs to an areas with high levels of wave
energy resources [24]. Sea condition data near the Zhoushan Sea in Zhejiang Province
(30° N, 123° E) were obtained from the official NOAA website [25] for the period from
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1 January 2024 to 1 January 2025. The statistical distribution of sea condition data is shown
in Figure 3.
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Figure 3. Statistical distribution of sea condition data.

Across one year, the main sea conditions in the target sea area concentrates on a
period of 5-9 s and a wave height of 0-2 m. This aligns with the statistical results of the
sea conditions in the Zhoushan Sea area in recent years [24,26]. These baseline sea state
parameters provide a realistic hydrodynamic environment for optimizing the S-PWEC
array layout, thereby enhancing the reliability and applicability of the following findings.

3.2. Full-System Modeling for Arrayed S-PWEC
3.2.1. Power Integration System Design

Figure 4 shows the arrangement of the four S-SPWEC arrays for electrical energy
integration. Each S-PWEC array converts the output current into direct current (DC) via a
rectifier, which then outputs the DC current via a DC bus. The DC current is then converted
into alternating current (AC) at a specific frequency by an inverter and transformer while
performing voltage step-up. Finally, the converted power is fed into the electrical grid.

Inverter Electrical Grid
nminOm
DC bus Transformer

111
NN

Selenium Rectifier

Figure 4. SSPWEC array integration system.
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3.2.2. Simulation Platform for Arrayed S-PWEC

The array-type S-PWEC simulation platform was developed using the WEC-Sim
program. The hydrodynamic coefficients of the SSPWEC were obtained using the Boundary
Element Method (BEM) in the ANSYS AQWA hydrodynamic software in the prepared
stage. These coefficients were then imported into the WEC-Sim platform as fundamental
input parameters. The main sea conditions analyzed in Section 3.1 are used to determine the
wave environment conditions for the time-domain calculations of the array-type S-PWEC.

A constrained WEC-5im model was used in the simulation to represent the experi-
mental conditions, since determining certain device parameters requires us to constrain
the available degrees of freedom and range of motion. In this study, four individual units
are arranged in an array configuration, as shown in Figure 5. The Global Reference Frame
from the WEC-Sim library serves as the reference system for the marine environment. The
pendulum and slope (yellow module, Hydrodynamic Body) act as hydrodynamic bodies,
while motion constraints (grey module, Constraint) are applied to restrict the movement of
the pitching float and the entire device, ensuring the validity of their dynamic responses.
The motion of the pendulum is transmitted to the PTO-Sim hydraulic response module (the
white module, Response-torque), the mechanical energy is converted into hydraulic energy
by the hydraulic module, and then the electric energy is output [27]. The motion constraints
are applied to the entire module to simulate the process of capturing and converting wave
energy into an electrical energy output.

Bascline
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Environment
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1 1
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Figure 5. WEC-Sim modeling for arrayed S-PWECs.

3.3. The Effect of Array Scale on System Output Characteristics

As shown in Figure 6, the number of devices on the array characteristics of the power
generation are studied in the direction of the incoming wave, with the number of power
generation devices arranged in different working conditions. The spacing distance between
two neighboring S-PWECs is set to 8 m. Figure 7 shows the numerical results for the wave
period of 5 s and wave height of 1 m.
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Figure 6. Working conditions in terms of the number of devices.
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Figure 7. Effect of number of devices on array power generation characteristics.

As shown in Figure 7a, the performance of S-PWECs varies depending on the number
of devices in the array configuration. As the number of devices increases, the wave
excitation moment acting on the first SSPWEC’s welcoming wave gradually decreases. This
phenomenon has a positive impact in terms of the long-term use and fatigue resistance
of the device, indicating that the array layout of the S-PWECs affects the wave excitation
moment of the pendulum.

As shown in Figure 7b, two adjacent S-PWECs in the proposed array configuration
will directly affect each other’s power generation performance. Under the tested spacing
arrangement, the array impact factors are all greater than one. In addition, the hydrody-
namic performance shows a phase growth trend, which improves wave energy capture
and electrical energy output efficiency.

In summary, the array configuration exerts varying degrees of influence on the power
generation performance of individual wave energy conversion devices. Due to hydrody-
namic interactions, including scattering and radiation effects, each wave energy conversion
unit in the array experiences scattering and radiation forces from the other units. The
position and motion of the units within the wave field can strongly affect the intensity and
structure of the scattered and radiated waves from the wave energy conversion devices,
which in turn affects the interactions between the S-PWECs. Further research is required to
determine whether there is a specific quantitative relationship between the array layout
and the motion response of the wave energy conversion devices.
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3.4. Power Generation Characterization of Linear Vertical Arrayed S-PWECs

As described in Section 3.2, the array configuration involves arranging four S-PWECs
with a linear vertical spacing of 8 m. A series of wave energy capture efficiency tests are
conducted under different sea conditions.

In Figure 8a, the power generation profile of a vertical row of array units in different
periodic sea states follows the same trend as the power generation characteristic profile
of an individual unit. This shows that the interaction between the power generation
units in the array does not change the peak position of the total power captured from the
waves. This provides theoretical support for computational studies of the relationship
between interaction among a large number of wave energy generators and overall perfor-
mance, reducing the workload for subsequent array wave energy generators in practical
engineering applications.

T6) T

(a) Power generation (b) Array impact factors

Figure 8. Overall performance of vertical array S-SPWECs.

In Figure 8b, the array impact factor of the vertically arrayed S-PWECs fluctuates more
in short-period wave sea states and less in long-period wave sea states. This is because
the wavelength increases significantly as the period increases, indicating that long waves
have a greater ability to penetrate and diffract through the first wave energy generator
to encounter the wave, bypassing the generator behind it. Therefore, under long-wave
conditions, the interaction between the wave energy generators in the vertical array has
less influence, and the array influence factor approaches one.

However, it is also worth noting that the wave period at peak power with the linear
vertical array row is not the same as the wave period at peak power achieved by a single
S-PWEC, suggesting that the sea state at the resonance period is not the peak power sea
state of the wave energy generator with the linear vertical array.

3.5. Characterization of S-PWEC Power Generation by Individuals in an Array

The hydrodynamic performance and electrical energy output of S-PWECs at different
locations varied in the above wave capture simulations, and the specific results are shown
in Figure 9.
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Figure 9. Evaluation of power generation characteristics at different locations.

Figure 9a shows the results of the excitation moments applied to the floating pendu-
lum of the four S-PWECs. The results demonstrate that the forces acting on the power
generators vary depending on their location, particularly in short-period wave conditions.
The excitation moment of pendulum V1 is greater than that of V4; the first pendulum is sub-
jected directly to wave action, whereas the wave action on subsequent floating pendulums
is weakened due to the shadowing effect of the device array arrangement.

Figure 9b shows the S-PWEC’s output power results at different locations, which
are consistent with the overall power generation curve’s trend. Therefore, the S-PWEC
under an array arrangement behaves similarly to a stand-alone wave energy generator,
and an optimal wave period exists for generating power under different state cycles. As
the wave period increases, the power generated by the four S-PWECs approaches that of
the stand-alone wave energy generator, and the variance decreases, indicating reduced
interaction between the devices. This is favorable for stable wave energy conversion and
output, but the output power is reduced massively (see Figure 10).

P, (kW)

— — E e — —
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Figure 10. Stability analysis of four SSPWECs under different wave periods.
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3.6. Effect of Wave Incidence Angle on Power Generation Characteristics

To investigate the effect of different incident wave directions on the linear vertical
array S-PWECs, seven sets of simulations were implemented using different incoming
wave directions: 0°, 10°, 20°, 30°, 40°, 50° and 60°.

Under regular sea conditions, with waves having a period of 5 s and a height of 1 m,
the direction of the incident wave significantly affects the hydrodynamic performance
and power output of the S-PWECs in a linear vertical array. As shown in Figure 11a, the
results demonstrate that, as the angle between the incident wave direction and the array
increases, the wave excitation moments acting on all four S-PWECs decrease dramatically.
This significantly weakens the hydrodynamic performance of the array device.

4
4210 : L1

09

<08

Force (Nm)
>

0.6

s " ! 1 L I 05 L L . L L
20 10 20 30 10 0 60 0 10 20 30 40 50 60
4 (deg) 8 (deg)

(a) Wave excitation moment (b) Array impact factor

Figure 11. Characterization of S-PWECs with different incidence angles.

Figure 11b shows the array impact factor versus incoming wave directions. As the
wave incidence angle increases, the array impact factor obviously weakens, indicating that
the electrical energy output of the four S-PWECs is ineffective. This is primarily due to the
unique structure of the S-PWEC device, which uses a floating pendulum and a slope to
open and close. This method requires frontal impact of the incident wave to optimize wave
energy capture.

The wave direction is not constant in actual sea conditions. Therefore, subsequent
simulations should prioritize the circular array arrangement of S-PWECs, while the linear
arrangement should be positioned near the shore or equipment such as breakwaters.

3.7. Influence of S-PWECs Array Spacing on System Power Generation Characteristics

To investigate the optimal spacing between the vertical array rows of S-PWECs, four
sets of simulations were implemented with different spacing ratios: D/L = 0.5, D/L =1,
D/L=15,D/L=2.

Figure 12a shows the sum of the wave excitation moments received by the four S-
PWECs. The excitation moments of the S-PWECs at different spacing ratios are affected
to some extent. Under typical sea conditions with a wave period of 5 s and a wave height
of 1 m, the vertical array configuration demonstrates an optimal spacing that maximizes
the overall hydrodynamic performance of the device cluster, yielding the most favorable
wave excitation moment response. This finding provides crucial theoretical guidance for
the engineering optimization of S-PWEC arrays.
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Figure 12. Power generation characteristics of SSPWEC with different spacings (T =5s, H=1m).

Figure 12b shows the power generation of each device at various spacing ratios. D
denotes the distance from the aft end of the former device to the forward section of the
latter device, and L is the pendulum length. The overall sum of power generation is highest
when D/L = 1.5. This may balance the wave scattering and multi-body resonance between
the devices, maximizing the absorption and conversion of wave energy at this spacing.

The power generation output of the S-PWEC linear vertical array layout varies with
spacing. When the spacing between two S-PWECs is too small, the overall electrical output
of the array is adversely affected, although the hydrodynamic performance of the middle
and tail-end devices is enhanced.

In Figure 13, the D/L spacing ratio of 1.5 is optimal for vertical line array wave energy
conversion under short-period wave conditions, while a ratio of 1 is more favorable for
wave energy conversion under long-period wave conditions. Therefore, for main sea states
with shorter wave periods, it is recommended to increase the spacing between S-PWECs,
while for sea states with longer wave periods, reducing the spacing can effectively improve
the overall energy conversion performance of an array-type wave energy conversion device.
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Figure 13. Array impact factor of S-PWE line array layout at different spacing ratios.
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4. Conclusions

This study investigates the hydrodynamic characteristics and power generation per-
formance of four S-PWEC devices arranged in a linear vertical array based on a single
S-PWEC device. We summarize the conclusions:

e Inalinear vertical array configuration, the S-PWEC devices interact with each other. As
the number of devices in the array increases, the wave excitation moment and output
power of each individual S-PWEC undergo more pronounced variations, suggesting
the existence of an optimal array configuration for maximum power output.

e Incident waves arriving from different directions have a great impact on the linear
vertical array arrangement. Therefore, the linear vertical array configuration of S-
PWEC devices is not suitable for deep-sea areas, but can be used near the shore or
near breakwaters where incident waves mostly come from one direction only.

e  The spacing arrangement between S-PWEC devices is significantly influenced by sea
conditions. Increasing the distance between adjacent S-PWECs under smaller wave
periods, and decreasing it when the wave period is large, can effectively enhance the
overall power generation of the linear vertical array layout. Among these, the linear
vertical array device has the best power generation effect for the Zhejiang Sea area
when D/L =1.5.

In future work, we will continue to study the different array layouts and different
integration methods of array S-PWEC by numerical simulation and hydrodynamic testing,
so as to continuously optimize and improve the power generation efficiency and array
influence factors of array S-PWEC.
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Glossary

M, Column vector of the radiative moments

M Hydrostatic recovery moment matrix

M.y Wave excitation moment matrix in the longitudinal rocking direction
¢ Column vector of the displacement response

H{0) Column vector of the velocity response

& (t) Acceleration response vector in pitch direction

I Mass matrix of array wave energy conversion device

A Additional moment of inertia in the longitudinal direction
M,; Wave radiation moment

Kij Delay function of the radiative force

dr Differential element in time integration

M, Moments of buoyancy

Mg Moments of gravity

Myis Secondary viscous drag moment

Cp Coefficient of secondary damping term in viscous moment
Vv Velocity of the floating plate

Vo Velocity of the surrounding fluid
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Lyis Moment of the viscous force on the pivot point

Mpro Damping torque of the hydraulic power take-off

APpiston Pressure difference on the piston in the hydraulic rod

Abpiston Force area of the piston in the hydraulic rod

Lpto Length of the force arm from the hydraulic rod to the floating pendulum
Mes Braking torque of the limiting device

kes Large stiffness coefficient of the limit spring

Ces Limit angle

H [x] Step function

q Array impact factor

Pisolated Power generated by a single S-PWEC at normal operation conditions
Fu,my Average of the total power of all S-PWECs at the array layout

P Generating power of each S-PWEC
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