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ABSTRACT: This study presents a numerical investigation of a point absorber wave energy converter (WEC) with a focus on
improving its performance through the utilization of a vertical wall and latching control in the power take-off (PTO) system. Prior
to numerical evaluations, experimental data incorporating PTO considerations and numerical simulation results were examined to
validate the accuracy of the numerical methodology employed in this research. This study introduces a numerical PTO model and
latching control for a further investigation. Comparative analyses were carried out on the displacement, velocity, and force of the
PTO, absorbed power, and capture width ratio (CWR), considering the incorporation of a vertical wall and latching control. The
results confirm that the introduction of both vertical wall and latching control significantly improves the CWR of the WEC, showing
the effectiveness of incorporating a vertical wall and latching control in enhancing power extraction.
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1. Introduction

Harnessing the power from the ocean, wave energy converters (WECs) have an important role to play in energy
generation. Due to a rapid changing climate, the quest for sustainable and clean energy sources is crucial. In the aca-
demic and industrial fields of WECs, numerous methodologies have been suggested for harnessing wave energy, and
considerable endeavours are underway to reach its commercialisation.

Efforts to enhance the efficiency of Wave Energy Converters (WECs) have been made by numerous researchers,
and one approach involves integrating WECs with other marine structures. According to Mustapa et al. [1], coupling
WECs with coastal structures can yield notable advantages. Firstly, it can lead to cost savings in construction, installa-
tion, and maintenance. Secondly, this integration allows for the establishment of energy production facilities while
simultaneously providing infrastructure for coastal protection.

According to Zhao et al. [2], various studies on the combination of hybrid floating breakwaters and Wave Energy
Converters (WECs) were examined. The primary objective of these studies was to enhance synergy by combining the
wave-damping effects achievable from floating breakwaters with the energy production obtained from WECs. Strate-
gies for increasing the efficiency of WECs through the integration of breakwaters included altering the natural frequency
of WECs using Power Take-Off (PTO) mechanisms and using stationary effect induced by reflection waves of incident
waves from breakwater. Several papers have reported the phenomenon of increased motion in WECs due to stationary
waves. According to the findings of some studies based on the linear potential flow theory [3], an increase in WEC
motion was observed at specific periods, and substantial performance improvements were achieved when optimal PTO
damping was applied. Coiro et al. [4] discussed the establishment of a stationary wave effect in front of a breakwater
wall, resulting from the interaction between the incident wave and the wave reflected from the wall. They anticipated
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that this stationary wave system would be highly sensitive to the incident wavelength, influencing the power output
performance. In a related study, Reabroy et al. [5] examined the impact of the distance between the Wave Energy
Converter (WEC) and the breakwater wall within a specific wave period. Their findings indicated that the breakwater
effect, especially in the case of a point absorber-type WEC, could enhance the hydrodynamic performance, particularly
the heave motion of the WEC. However, it is worth noting that the distance range explored in their study to determine
the optimal distance was relatively shorter than the wavelength. This limitation suggests that the motion amplification
of the WEC due to the stationary wave may not have been fully realized within the tested distance range. Yang et al.
[6] assessed the hydrodynamic performance of WEC in intermediate water depth using Computational Fluid Dynamics
(CFD). The study investigated how the performance of the WEC varied with changes in the distance between the break-
water and WEC over a wide range. Through this analysis, it was confirmed that the performance of the WEC can be
improved by leveraging the effects of stationary waves, which are influenced by the presence of the breakwater.

Another approach to improve the efficiency of WEC is to choose the control of the PTO force. The latching control
used in WEC was proposed by Budal and Falnes [7]. It involves fixing the oscillating body when its velocity reaches
zero, then releasing the body after a specific delay time when the motion of a WEC and the wave force are in a favour-
able phase. This control strategy aims to maximise the movement of the WEC. There are many control systems such as
Declutching control and Latching control suggested by Babarit et al. [8]. Research on latching control has commonly
been conducted by analytical methods based on linear potential flow theory. The study by Ringwood and Butler [9]
proposed an optimised latching duration for regular and monochromatic waves, establishing a foundation for a constant
latching duration without prediction of future incoming waves. This approach is particularly useful in investigations
where wave predictions over time are not necessary, as in the case of regular wave studies. In a study by Giorgi and
Ringwood [10], the research delved into latching control strategies using OpenFOAM software (version 2.3) based on
computational fluid dynamics. The outcome of this study facilitated the analysis of the nonlinear motion of WEC and
the interpretation of WEC movements under the influence of latching control. The results revealed a pronounced man-
ifestation of nonlinear effects, especially at the natural period of the WEC.

This study aims to devise a method to maximise power extraction from a WEC by leveraging latching control to
enhance the motion of the system and capitalizing on the stationary wave effects generated from a vertical wall. Using
CFD techniques, the research validates the proposed methodology through a verification process based on experimental
results [11] that include an existing Power Take-Off (PTO) system. The investigation involves CFD simulations to
assess how the presence of a vertical wall, variations in the damping coefficient of the PTO, and the implementation of
latching control influence the performance of the WEC. By systematically analysing these factors, the study aims to
provide insights into how the power extraction efficiency can be maximized under different conditions. This research
contributes to the understanding of WEC dynamics and lays the groundwork for optimizing the design and operation
of wave energy conversion systems.

2. Geometry and Conditions
2.1. Target Wave Energy Converter

The focus of this investigation centres on a Wavestar-like wave energy converter (WEC) characterized as a pivoted
point absorber. The Wavestar WEC comprises a buoy with a hemisphere shape, possessing a singular degree of freedom
(DOF) in pitch motion, and incorporates a hydraulic power take-off (PTO) cylinder, as illustrated in Figure 1. Table 1
details the physical properties of the designated WEC. The buoy is configured with a pivotal point, denoted as point A,
where an arm is connected, allowing for pitch motion along a fixed axis. The PTO cylinder’s displacement S, (t), the dis-
tance between the moving point B and fixed point C, varies based on the WEC device’s position. S(t) is the angle between
the WEC’s arm and the PTO, which will be discussed in more detail later when introducing a numerical PTO model.
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Figure 1. Schematic of the WEC (not at scale) including the centre of rotation (Point A) and the position of the hydraulic PTO

cylinder (Point B and C).

Table 1. Physical properties of the target wave energy converter.

Physical Properties Value Unit
Mass 220 kg
Centre of Mass:
X —0.2886 m
Y 0 m
Z 0.3245 m
Moment of Inertia 124.26 kgm?
Centre of rotation (Point A)
X —1.684 m
Y 0 m
V4 1.655 m
Point B (relative to the centre of mass)
X —0.5684 m
Y 0 m
Z 0.8635 m
Point C
X —-1.147 m
Y 0 m
V4 3.004 m
Submergence (in equilibrium) 0.4 m
Diameter of a buoy (at SWL) 1.0 m
Water depth 3.0 m

2.2. Wave Conditions

The numerical simulations were performed at 9 different wave conditions as detailed in Table 2, featuring varying
wave periods ranging from 1.4 to 2.8 s. For the validation study, wave case 1 is selected for comparison with the
experimental results [11], which have been performed on a 1:5 scale model of the Wavestar WEC, and numerical results
[11,12]. For the case study for this research, the wave height was 0.25 m, and the water depth was maintained at 3.0 m.
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Table 2. Wave conditions, the wave conditions used for validation were marked in bold.

Wave Case Number Wave Period [s] Wave Frequency[rad] Wavelength [m] Wave Height [m]
C T w A H
1 14 4.49 2.19 0.10
2 1.4 4.49 2.19 0.25
3 1.6 3.93 2.50 0.25
4 1.8 3.49 2.81 0.25
5 1.9 3.31 2.97 0.25
6 2.0 3.14 3.12 0.25
7 2.2 2.86 3.43 0.25
8 2.5 2.51 3.90 0.25
9 2.8 2.24 4.37 0.25

They should be described with sufficient detail to allow others to replicate and build on published results. New
methods and protocols should be described in detail while well-established methods can be briefly described and ap-
propriately cited. Give the name and version of any software used and make clear whether computer code used is
available. Include any pre-registration codes.

3. Numerical Modelling

3.1. Governing Equations

The governing equations, including mass and momentum conservation, were solved using an unsteady Reynolds-
Averaged Navier-Stokes (URANS) approach within the commercial CFD software Star-CCM+ (version 17.04). For
unsteady, incompressible flows without body forces, the averaged continuity and momentum equations are represented
in tensor notation and Cartesian coordinates as follows [13]:

d(pw,)
T — 0
ox, (1)
0w 9 . 9 0y
ot + a_xj(putu] + puluj) = _a_xi + ox; (2)
where T;; represent the components of the mean viscous stress tensor, as indicated in Equation (2)
Tij = /i(axj axi) (3)

and p represents the mean pressure, #; refers to the averaged Cartesian components of the velocity vector, pu;u; de-
notes the Reynolds stresses, p is the fluid density and p is the dynamic viscosity.

To solve the fluid flow in the computational domain, a RANS solver was employed using the finite volume method,
which discretises the integral form of the governing equations. The continuity and momentum equations were solved
sequentially through a predictor-corrector approach. A second-order upwind scheme was used for the spatial discreti-
sation of convection and diffusion terms, while a second-order temporal discretisation was applied for time-dependent
terms. The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm was implemented to solve the
pressure-velocity coupling.

For turbulence modelling, a realizable k — & model was selected, which is widely used in numerical simulations
in ocean engineering. The turbulence model also incorporates a two-layer approach, first proposed by Rodi [14], to
account for low Reynolds number meshes (with y*~1) or wall-function meshes (with y* > 30). In this study, the
Reynolds number varied between 1.5 X 10° and 3.4 x 10°, placing the flow in a turbulent regime. To simulate the
motion of the WEC under the influence of external wave forces and moments, the Dynamic Fluid Body Interaction
(DFBI) scheme was applied, enabling the WEC to undergo pitch motion. The DFBI scheme calculates hydrodynamic
forces and moments acting on the rigid body and solves the rigid body motion equations to predict its position at each
time step.

Furthermore, the Volume of Fluid (VOF) technique, introduced by Hirt and Nichols [15], was employed to repre-
sent the free surface, i.¢., the air-water interface. This method captures the free surface around the WEC and models the
regular waves within the computational domain.
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3.2. Numerical Simulation Setup
3.2.1. Computational Domain and Boundary Conditions

The computational domain was constructed using STAR-CCM+, a commercial software package employing the
Cartesian cut-cell method. The numerical simulation was conducted using a 1:5 scale model under the same conditions
as the experiments [11], and Froude similarity has been applied. In this research, two different computational domains
were employed: One computational domain focused on simulating conditions without a vertical wall, while the other
was taken account for the presence of a vertical wall. Figure 2 shows a present computational domain and selected
boundary conditions for a simulation without a vertical wall. For a simulation case without the vertical wall, the WEC
is positioned in the centre of the computational domain of 64 (A: wavelength) length, 14 width, 3 m water depth, and
3.75 m gap between the SWL and the top boundary. In order to avoid unnecessary numerical reflection from the bound-
ary, wave-forcing scheme has been implemented as suggested and investigated thoroughly by several authors [16—-19].
The length of the relaxation zone, where the wave forcing scheme is applied, is set to 24, meeting the minimum re-
quirement for the length of this zone. Notable, this zone is implemented in both the inflow and outflow areas of the
simulation, the strength of the forcing coefficient, denoted as f;, varies smoothly from zero to the maximum value at
the boundary (See Figure 3). The optimum forcing coefficient f;, as suggested by Peri¢ and Abdel-Maksoud [17], is
derived from Equation (4).

fi = mw 4)
(a) Top view
symmetry
Velocity inlet Pressure outlet
WEC
symmetry
(b) Side view o
Velocity inlet

¥ | Overset boundary

Wall

Figure 2. Present computational domain and boundary conditions for a simulation case without the vertical wall: (a) top view, (b)
side view.

Forcing Strength Indicator
1

Figure 3. Distribution of forcing strength for wave forcing scheme in the computational domain without vertical wall for T = 2.5 s.
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To generate regular waves accurately and consistently throughout a calculation time, three types of refinement
zones have been defined (See Figure 4). The first refinement zone has the same length as the computational domain and
has above and below the SWL by the wave height of a wave case. The mesh resolution for the first refinement zone is
set to 12 cells per wave height and over 100 cells per wavelength. The second refinement zone has the same length as
the first zone but has a height twice that of the first zone. The mesh resolution for the second zone is 6 cells per wave
height. The third refinement zone is centred around the buoy, with a length three times the buoy diameter and a width
1.5 times the diameter. This zone consists of the same grid resolution as the first zone per wave height.

The computational domain consists of a background mesh region and an overset mesh region. For the boundary
conditions for the background mesh region, a velocity inlet boundary condition was established at the inflow boundary.
This condition specifies the known distribution of velocity and fluid properties. The horizontal and vertical velocities,
along with surface elevation for the inflow properties, were calculated using a fifth-order wave model proposed by
Fenton [20]. To reduce computational resources, a symmetry plane was placed at the centre of the buoy. At the outflow
boundary, a pressure outlet condition was implemented. As for the buoy, a no-slip wall boundary condition was applied.

A dynamic overset mesh approach was employed to study the movements of the WEC model, enabling the accurate
representation of its interactions with the surrounding fluids. To implement the overset mesh technique, a minimum of
two different mesh regions was necessary. In this research, the computational domain included a background mesh
region for simulating regular waves and an overset mesh region, which involved cutting a hole from the background
mesh to simulate the body-fluid interaction. To ensure smooth interpolation of fluid data between the two mesh regions,
it is essential to minimise the difference in mesh sizes for the corresponding meshes in both regions. Therefore, the size
of the third refinement zone has been configured to sufficiently cover the overset mesh region, which moves in response
to the motion of the WEC.

(a) (b)

Figure 4. Cells around the free surface and the distribution of cells along the z-direction: (a) Grid resolution in free surface, (b)
Grid resolution around the buoy.

Figure 5 shows the distribution of forcing strength for the wave force scheme when a simulation case with a vertical
wall. The boundary located in the x+ direction is subjected to a wall condition, and the WEC is positioned 3 metres
away from this boundary. In this simulation case, the wave forcing scheme is applied to the inflow, and the thickness
of the relaxation zone remains the same with the simulation case without the vertical wall. The length of the computa-
tional domain for the simulation case with the wall is 5A. Similar to the simulation case without the wall, the same three
types of refinement zones have been established. It is highlighted that the size of the third refinement zone has been
extended to the vertical wall. This extension is aimed at accurately capturing the wave runup at the vertical wall and the
standing waves generated between the wall and the buoy. The numerical simulations were performed on a system equipped
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with Intel Xeon Gold 6138 (Skylake) processors operating at 2.0 GHz, utilizing 16 cores per simulation case through a
High-Performance Computing (HPC) system. Each simulation case required approximately 1 to 3 days to complete.

Forcing Strength Indicator

Figure 5. Distribution of forcing strength for wave forcing scheme in the simulation case with the vertical wall for T =1.6s.

3.2.2. Numerical PTO Model

In the study of Windt et al. [11], the focus is on implementing resistive control in PTO model in order to matching
the numerical result against their experimental data. The PTO torque is defined by Equation (5),

Tpro = BPTO(‘)WEC + KPTOOWEC (5)

where Bpry represents the angular damping constant, exerting a force opposite to the body’s angular velocity (wy gc).
This damping force is associated with a resistive or dissipative effect, and it is directly linked to the WEC capacity to
harness wave energy. Meanwhile, Kpry denotes the rotational spring stiffness, representing a reactive force propor-
tional to the rotational angle around a pivot point, typically negligible due to resistive control in the PTO system. Ini-
tially, an attempt was made to approximate PTO effects using an angular damping constant at the WEC’s pivot point,
applying the theoretical PTO torque [21,22]. However, this simplified model fell short in accurately replicating the PTO
system in the numerical simulation.

Consequently, as reported in the study by Windt et al. [11], a more robust approach has been implemented. In this
refined approach, the PTO force is now precisely applied to the WEC arm at the location of Point A. This adjustment
aims to enhance the simulation’s accuracy, ensuring a more accurate representation of the actual physical system dy-
namics. A linear spring-damper system is implemented for the numerical PTO model (See Equation (6)).

FPTO (t) = _Bnum ' VPTO(t) - Knum ' Sc(t) (6)

The overall strategy of the numerical PTO model in this study followed the model presented by Windt et al. [11].
The PTO force is modelled as a linear spring-damper system, which is defined in Dynamic fluid body interaction (DFBI)
solver via a Point C, fixed throughout the simulation, and a Point B, moving with the buoy of the WEC. The DFBI
solver can calculate the hydrodynamic forces and moments acting on the rigid body and solve the governing equations
of the rigid body motion to determine the next position of the rigid body for the next time step. It is highlighted that the
same calibrated coefficients of damping and stiffness were used in this study, as in Windt et al. [11]. Since resistive
control is employed in the Wavestar device, only damping and no reactive force should be applied by the PTO. However,
an equivalent linear damping coefficient cannot lead to the expected results of their numerical simulation during a
validation process against their experimental data. Similarly, Coiro et al. [4] mentioned a mismatch between numerical
results based on CFD and experiment results even though an equivalent linear damping coefficient has been applied in
their PTO system. From the experiments by Windt et al. [11], the inspection of the zero damping cases revealed that a
PTO force was still being applied. It is concluded that the delays of the controller and hardware between target and
actual force, in the physical tank, cause the residual reactive power. Another possible cause can be friction in the me-
chanical part. To overcome the gap between numerical simulation and experimental measurements, the calibration of
the PTO coefficients is required. The numerical PTO coefficients of Bprp and Kprp can be achieved through a least
square regression, with a detailed process available in the study of Windt et al. [11]. The outcome of this process yields
the following equations:

Kpum = 184Bpp — 4700 (7)
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Bnum = 70BPTO (8)

In order to accurately calculate the PTO force, Vpro(t) and S.(t) must be determined precisely. Two straight-
forward methods are available for determining the velocity of PTO. The first method involves transforming the calcu-
lated angular velocity of the buoy, while the second method utilizes the rate of S.(t). In the case of the second method,
to calculate the velocity of PTO, a continuous time series of S.(t) values is required, however, it yields a delay of one-
time step. Although this approach may be simpler when the time step is very small, the first method is applied to mitigate
potential errors associated with this delay. When the buoy of the WEC moves with a certain velocity, the angular ve-
locity of WEC can be described as in the following equation:

1%
Wwge = TL )

where V| is cross-radial speed and r is the length of a lever arm and all relevant parameters are depicted in Figure 6.
As point B is moving along the WEC motion, cross-radial speed of Vp at point B can be obtained by multiplying
distance between point A and point B and the angular velocity of the buoy (see Equation (10)).

Vg = ABwygc (10)
Point B, which the velocity of the PTO is implemented at, follows the movement of the WEC. Consequently, the

velocity of the PTO device varies in accordance with B(t). The value of S(t) is determined along with geometrical
transformations through the following equation:

_, (SE@®) +c* = b?
B(t) = cos <W> (11)
Vero(t) = V() cos G—ﬁ(t)) = V(©sing(t) (12)

Introducing a new local coordinate system with the x-axis aligned with segment AB and the origin at point B (See
Figure 6b, this coordinate system follows the motion of the WEC. The PTO force acting at point B in this coordinate
system is expressed as follows:

Forox = Fpro- COS(_ﬁ(t)) = Fpro " cos B(t) (13)

Foros = Fpro+sin(=B(t)) = —Fpro - sin B(t) (14)

In this study, an ideal PTO model is used, which does not account for losses such as friction, heat dissipation, or
the dynamic system of the PTO. As a result, the absorbed power (P,;) and the generated power are assumed to be
equal since no losses are considered. The absorbed power (P,js) can be expressed as:

Pups(t) = =Vpro(t)Fpro(t) (15)
Available power of a wave may be expressed as follows.
1
Pyave = gngZCg (16)

where H is the wave height, ¢, is the wave group velocity, p is the water density and g is the acceleration of grav-
ity. The capture width ratio (CWR) is a non-dimensional performance ratio used to express the performance of a wave
energy device. It is defined as the ratio of the absorbed power by the device (P,s) to the available wave power to the
device (P, 4e) multiplied by the active width of the device (Width,.tie) as shown in the following equation:

Pabs
CWR = - 17
Brave - Wldthactive ( )

This non-dimensional parameter allows for consistent comparison of performance across different devices with
different scaling ratios, as only the wave parameters need to be adapted correspondingly to the scaling ratio and site. In
this study, the active width of the device is the same as the diameter of the buoy.
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Figure 6. Definition of variables for the numerical PTO model: (a) Variables for the buoy of the WEC movements, (b) Variables

for PTO movements.

3.2.3. Latching Control

The purpose of the latching control strategy is to improve the efficiency of WECs by ensuring that the velocity is
in phase with the excitation force. An example of operating latching control can be seen in Figure 7. The device is
stalled at time t;, t; and ts where absolute value of displacement maximised, in other words when its velocity van-
ishes, and is held for a latched duration T;. After the latched duration, the device is released at times t, and t,. Ring-
wood and Butler [9] have investigated the optimal latched duration for regular and monochromatic wave. When the
wave period Ty, exceeds the natural period of the device T, the optimal calculation for a constant latched duration is
as follows:
ts — 1y Tw T, (18)

—(ts—ty) = ———
2 (5 4) 2 2

TL=

0.5
- = =Velocity

Displacement

0.4

’
0.3 \ 5 5

1 \
0.2 ) \

0.1 !
A i 1
' \ ' m
3y | S it g M8

-0.1

-0.2 1 \ ! S
03 b i \ ' %

-0.4

-05
Lot t3 Uy ts

Figure 7. Operation of latching control in present numerical simulation. Latching instants when the velocity is zero: t;, t; and ts;
latching duration: T;; unlatching instants: t, and t,.
When the wave period is shorter than the natural period of device, an alternative latching control strategy can be

considered to enhance the efficiency of a WEC system. This strategy includes options such as declutching [8,23], ramps
with alternated maxima, and equal ending ramps [24,25]. The natural period of the device T,, in Equation (18) does not

account for the influence of damping on PTO.
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Figure 8 illustrates the numerical latching control strategy through a logical flowchart. After the start of simulation,
the latching control does not execute until t;rgpnsirion, Which is approximately the time it takes for the buoy to reach a
steady state. As mentioned earlier, the trigger of latching control occurs when the PTO velocity is zero. While it would
be feasible with infinitely small-time steps, for discrete time step, finding the point where PTO velocity is exactly zero
is challenging. Therefore, the time after the measured PTO velocity zero-crossed is defined as the starting point of the
latching control. From this time onwards, the latching control becomes active, and t,.0;045¢ 1S established. Afterward,
if the latching control is already active, its continuation or termination is determined by comparing the current simula-
tion time with ;07005

Various methods exist for implementing a numerical model for the latching control strategy, but from a practical
and efficient standpoint, two approaches seem prominent. The first method, often utilized in studies based on potential
flow theory, involves the calculation of the damping by utilizing a function known as a damping profile, which repre-
sents the variation of the damping over time [8,23]. Alternatively, there is a method involving imposing constraints on
the motion of the body to achieve effects similar to latching control [10]. When using a damping profile, employing
CFD becomes somewhat challenging as the damping coefficients need to be increased significantly in a short time for
latching control to be active. Therefore, in this study, when latching control is active, constraints are applied to the body
motion to observe its effects.

simulation start
tsim=0

No
tsim > Yransition

Time update

Yes
Zero crossing VpTo
S

Ye!
treleased = tsim + TL
Already latching?
Yes
Isim >= lreleased
Yes No

Continuous
latching

4[ Dynamic fluid body interaction scheme ]47

Figure 8. Latching control strategy. Simulation time: tg;,; transition time: t;,qnsition; latched duration: T;; released instant:

4

Start latching Stop latching

treleased-

4. Results
4.1. Verification and Validation

A similar verification and validation studies have been conducted in a prior investigation [6], although this inves-
tigation focused on a different aspect and did not consider a PTO system. This current study introduces a numerical
modeling of the PTO system, necessitating the validation of the present CFD model against experimental results.

To validate the numerical methods employed in this study, comparisons were made with experimental and numer-
ical results from other studies which include experiments with a hydraulic Power Take-Off (PTO) [11], numerical
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studies using the CFD-based OpenFOAM [11], as well as the Boundary Element Method (BEM)-based AN-
SYS/AQWA software [12].

The comparisons were carried out under identical wave conditions, specifically with a wave period of 1.4 s and a
wave height of 0.1 m. Three different cases were considered for comparisons, which correspond to PTO damping values
of 50, 100, and 200 Nms. Figure 9 illustrates the cylinder displacement for the case with PTO damping set to 50 Nms.
Here, Experiment and Numerical 1 are the results from Windt et al. [11] and Numerical 2 is the result from Ghafari et
al. [12]. Overall, the CFD results shows good agreement with experimental measurements, accurately capturing both
peak and trough well.

In Figure 10, the cylinder displacement is presented for the case with PTO damping set to 100 Nms. It is observed
that the amplitude is slightly smaller compared to the case with PTO damping set to 50 Nm - s. Consequently, the CFD
results shows a close match to the experimental data, while the numerical simulation based on the Boundary Element
Method (BEM) predict somewhat lower values. For the case with PTO damping set to 200 Nms, as shown in Figure
11, the displacement shows the smallest amplitude. The pattern is similar to the case with PTO damping set to 100 Nms.

Quantitative comparisons were made by recording the peaks and troughs over five cycles, calculating the average
amplitude for each case. The results of these amplitude values are presented in Table 3. Overall, the CFD results con-
sistently predicted values that closely approximated the experimental data.

= = — Experiment - - = Numerical 1

— - = Numerical 2

Present Numerical
—V

displacement [m]

10 1 12 13 14 15 16 17 18 19 20
Time [s]

Figure 9. Comparison of cylinder displacement for validation (Bpry = 50 Nms).

= = = Experiment =« = Numerical 1

— - = Numerical 2 Present Numerical

ol )
N g
\.
Ns

10 1 12 13 14 15 16 17 18 19 20
Time [s]

displacement [m]
°

Figure 10. Comparison of cylinder displacement for validation (Bpry = 100 Nms).

= = = Experiment - - = Numerical 1

— - =Numerical 2

Present Numerical

displacement [m]

10 1 12 13 14 15 16 17 18 19 20
Time [s]

Figure 11. Comparison of cylinder displacement for validation (Bpry = 200 Nms).

Table 3. Difference of cylinder displacement, PTO velocity and PTO force in the validation study.

. . . Experiment Numerical 1 Numerical 2
VCV::: Wav; ll):l“"d WaZIe [frlrfl'ght PBT oD ;‘I:I"r‘::]g (Windtetal.  (Windtetal.  (Ghafari et al. Present
pro [11]) [11]) [12])
50 0.034 0.029 0.026 0.031
1 1.4 0.1 100 0.024 0.023 0.017 0.022

200 0.011 0.013 0.009 0.012
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4.1.1. Mesh

A mesh convergence study was conducted to optimise the mesh size, focusing on mesh size relative to both wave
height and wavelength under selected wave conditions. Notably, our wave conditions range from 1.4 to 2.8 s, twice the
difference between the shortest and longest wave conditions. This approach was adopted to avoid employing a fixed
mesh size, which could result in an excessive number of unnecessary mesh elements. The determination of mesh size
per wavelength and per wave height is crucial for enhancing the precision and efficiency of the computational model.
For a mesh convergence study, the longest wave period in this research was selected and investigated. The minimum
mesh size for z-direction is defined by the number of cells per wave height (CPH). Three mesh resolutions were inves-
tigated, where the number of CPH was doubled between each mesh configuration, with the number of CPH of 6, 8.5,
and 12, respectively. For the number of cells per wavelength (CPL), there are two conditions to determine. Firstly, CPL
must always be 100 or higher. Secondly, the mesh size for the x-direction is determined to be a multiple of 2™ of the
mesh size for the z-direction. Figure 12 illustrates the cylinder displacement according to the mesh resolution. For the
crest of the displacement, very little difference was observed between the three meshes, however, the result of the coarse
mesh shows slight difference at troughs from the other two meshes, which are in good agreement with each other.

Consequently, the fine mesh, with 12 CPH, is used for all case study simulations. The total number of cells used
ranges from 3.3 to 5.0 million cells, depending on the wave period. The determination of this cell count range is man-
aged by the specific conditions of CPL according to wave period.

0.03 |

Coarse
Medium
— — —Fine

0.02

displacement [m]
: o
o 54

o
S

-0.02

17 18 19 20 21 22 23
time [s]

Figure 12. Displacement variation for increasing mesh refinement.

4.1.2. Time Step

A time step of T/512 is used in all case study simulations. To find the time step for capturing both the wave
generation within the background mesh and the dynamic interaction between the fluid and the body within the overset
mesh is important. To ensure the fidelity of the simulations and meaningful interpretation of results, a thorough inves-
tigation and careful selection of the time step are imperative, aligning with the goals and intricacies of this study. Time
step values of T/256, T/362, T/512, and T/724 are investigated, and the results are plotted in Figure 13. The temporal
convergence study adopts the finest mesh resolution determined in the mesh convergence study. From this analysis, a
time step of T/512 was selected as the optimal choice.

0.03 —_— YV
—dt=T/256
dt=T/362
——-dt=T/512
-=—-dt=T/724

0.02

0.01

0

displacement[m]

-0.01

-0.02

-0.03
0 0.5 1 1.5 2 25 3

time [s]

Figure 13. Cylinder displacement of the WEC for different time steps.
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4.2. Case Studies

To examine how the vertical wall affects the results, two simulation cases were investigated: one with the vertical
wall and the other without it. The results for the simulation without the vertical wall are presented first in Section 4.2.1,
confirming the performance of the WEC model with PTO. Following that, the results of the simulation with the vertical
wall are presented in Section 4.2.2, demonstrating the improvement of the performance of the WEC.

4.2.1. Case 1: Simulation without the Vertical Wall

Using the input wave series shown in Table 2, the PTO data (cylinder displacement, PTO velocity, and PTO force)
and absorbed power obtained by the numerical PTO model have been compared for different damping coefficients The
PTO data in Table 4, represent the mean height values, considering five consecutive peaks and troughs, and P,;¢ does
the averaged value during five consecutive wave periods. The table includes four different cases with different damping
coefficient (Boxp = 25, 50, 100,200 Nms) obtained from Windt et al. [11].

In Figure 14, the time traces for PTO data and absorbed power are plotted for wave case 3 (T =1.4 s and H=0.25
m), which is the shortest wave period in this research. Analysing the displacement data reveals that as the damping
coefficients increase, the amplitude of the displacement decreases. A similar trend is observed in the PTO velocity data.
Conversely, the PTO force data exhibit an opposite trend to the displacement and PTO velocity data. Lastly, the ab-
sorbed power derived by the product of velocity and force, demonstrates a distinct pattern, recording high values when
the damping coefficients are set to 50 and 100 Nms. It should be highlighted that maximising cylinder displacement,
PTO velocity and force are not directly related to achieving optimal performance in absorbed power. The crucial factor
for better performance is linked to the phase between PTO velocity and force, thus, the selection of the optimum damp-
ing coefficient is crucial to producing the higher absorbed power.

o

o X

T T
= ——wlowall, B 5 ;=25Nms — — —wi/o wall, B 7, =100Nms
wlo wall, B PTO=50Nms —-—-—wlo wall, B PTO=200Nm5

TN 227 TN T z N =3 Z 7 RN

displacement [m]
<)
T
|

PTO velocity [m/s]

1000

PTO force [N
)

=3
=3
=]

Power [W]

time [s]

Figure 14. Results of numerical simulations without a vertical wall for PTO data (displacement, PTO velocity, and force) and
absorbed power according to damping coefficient, wave case 2 (T = 1.4 s).

In Figure 15, the time traces for PTO data and absorbed power are depicted for wave case 5 (T = 1.8 s and H =
0.25 m). In a similar fashion of wave case 3, a comparative analysis of the PTO data and absorbed power is made based
on the numerical PTO damping coefficients. In general, the cylinder displacement, PTO velocity, and force show similar
behaviour to wave case 3, except for absorbed power. Particularly for wave case 5, the WEC device exhibits the most
significant mean height value of cylinder displacement, presenting maximum motion across all wave cases. It is note-
worthy that the natural period of this device, excluding the PTO system, approximates 1.9 s [26]. Regarding absorbed
power, an increase in the numerical PTO damping correlates with a decrease in the numerical PTO damping. The peak
value is observed when the numerical PTO damping is 25 Nms.
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Table 4. Results of PTO data, Power and CWR according to the wave cases and PTO damping coefficients without a vertical wall.

Wave Bpro P ave Displacement PTO Velocity PTO Force ) CWR

Case No. [Nms] [W] [m] [m/s] [N] [W] [—]
25 0.088 0397 694.00 3411 0407
~ 50 0.080 0361 1310.88 5649 0674
2(T=14) 100 83.76 0.058 0.259 196434 5820  0.695
200 0.033 0.148 2301.28 37.81 0451
25 0.143 0.563 985.77 68.60 0718
~ 50 0.112 0.441 1622.80 8470  0.885
3(T=16) 100 95.73 0.070 0274 2135.92 6558  0.685
200 0.037 0.148 2385.87 3801 0397
25 0.188 0.666 1165.22 9530 0.885
- 50 0.129 0.453 1687.54 89.19  0.828
4(T=18) 100 107.69 0.075 0263 2107.36 60.52  0.562
200 0.040 0.142 2371.18 3469 0322
25 0.196 0.657 1149.68 0241 0813
- 50 0.131 0.436 1634.43 8259  0.726
>(T=19) 100 113.68 0.076 0253 2058.82 56.07 0493
200 0.041 0.138 2341.32 32.65 0287
25 0.197 0.628 109844 8417 0.703
~ 50 0.132 0416 1571.16 7519 0.628
6(T=2.0) 100 119.66 0.078 0.245 2019.42 5240 0438
200 0.042 0.135 233036 3131 0262
25 0.182 0.525 918.46 5018 0450
~ 50 0.127 0.363 1391.03 5709 0435
7(T=22) 100 131.63 0.079 0.225 1911.96 4416 0336
200 0.044 0.130 2296.76 2846 0216
25 0.154 0.389 681.07 3276 0219
- 50 0.116 0.294 1152.14 3750 0251
8(T=25) 100 149.57 0.078 0.198 1757.14 3416 0228
200 0.047 0.121 2247.65 2486 0.166
25 0.138 0313 548.19 2121 0.127
- 50 0.111 0250 1005.73 2712 0.162
9(T=28) 100 167.52 0.079 0.178 1654.32 2759 0.165
200 0.050 0.114 223233 202 0131
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Figure 15. Results of numerical simulations without vertical wall for PTO data (displacement, PTO velocity and force) and ab-
sorbed power according to damping coefficient, wave case 4 (T = 1.8 s).

For wave case 9, the PTO data and absorbed power show similar trend to the wave case 3, as illustrated in Figure
16. The plotted time traces show relatively decreased amplitude of PTO data, with velocity amplitude for wave case 9
being approximately half of that observed in wave case 5. Consequently, low amplitude of PTO velocity and power
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results in low absorbed power regardless of the numerical PTO damping coefficients. Table 4 shows the results of the
PTO data, absorbed power and CWR according to the wave cases and PTO damping coefficients, including the calcu-
lated available wave power based on each wave case.

o

T T
——wio wall, B, ,=25Nms — — —w/o wall, epmzmowms’;

= wio wall, B,;  =50Nms ——-w/o wall, B,; ,=200Nms
\s = = <

displacement [m]
S
S o

05 T T T T T

PTO velocity [m/s]
)
S
/2
N

=)
<3
3
T
)
1

PTO force [N]

Figure 16. Results of numerical simulations without a vertical wall for PTO data (displacement, PTO velocity, and force) and
absorbed power according to damping coefficient, wave case 9 (T =2.8 s).

In Figure 17, the mean value of the cylinder displacement, PTO velocity, PTO force, and absorbed power are
illustrated as a function of the wave period across various damping coefficients for the WEC. The mean values are
determined using the same analytical approach as employed in the validation study. The figure includes different line
colour and style representing damping coefficients ranging from 25 to 200 Nms.

It is evident from the graphs that the damping coefficients significantly influence the PTO data and absorbed power
of the WEC. S, is greatest with the lowest damping coefficient, and as the damping coefficient increases, S, decreases.
The damping coefficients of 25 and 50 Nms indicate a higher value of S, near the natural period of the WEC, which
is more evident with lower damping coefficients. On the other hand, with increasing damping coefficients, the change
in S, near the natural period the WEC becomes insignificant, indicating an overall reduction in S, in each wave con-
dition. This phenomenon aligns with general observations of increased damping in objects.

Figure 17b shows the variation in Vpr, with respect to the wave period. Overall, it mirrors pattern observed in .
However, a notable difference is that the wave period corresponding to the peak value of Vpro decreases as the damping
increases.

Figure 17 shows the displacement of the WEC as a function of wave period for different damping coefficients. The
mean height of values is obtained in same analysis method as employed in the validation study. The different lines
represent different damping coefficient from 25 to 200 Nms. The graphs show that the damping coefficient has a sig-
nificant impact on the displacement, PTO velocity, PTO force and absorbed power of the WEC. S, is greatest with the
lowest damping coefficient, and as the damping coefficient increases, S, decreases. The damping coefficients of 25
and 50 indicate a higher value of S, near the natural period of the WEC, which is more evident with the smaller the
damping coefficient. On the other hand, as the damping coefficient increases, the change in the S, is insignificant in
the vicinity of the natural period, and it can be seen that the overall response of S, according to the wave case becomes
smaller. This is a general phenomenon that occur as the damping of an object increase.

Figure 17b shows the change in Vpr( as a function of wave period. Overall, it shows a similar pattern to the change
in S,. The peak value of Vpry When Bprp = 25 Nms is observed at T = 1.8 s. As damping coefficient increases,
overall magnitude of Vpro decreases, and the gap between its maximum and minimum value of Vpro narrows. Moving
on the Figure 17c¢, it shows the variation of Fpro with respect to the wave period. The damping coefficient increases,
there is a decrease in the overall magnitude of Fpro. The overall magnitude is obviously correlated with the Bprq
rather than the magnitude of S, and Vpro. Figure 17d illustrates the results of P, in relation to the wave period.

Generally, but in the case of S, it can be seen that the wave period in which the maximum value of Vpro appears
decreases as the damping increases, whereas in the case of S, the peak value is mainly shown near the natural period.
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Figure 17. Comparison of numerical results for Case study 1: Simulation without a vertical wall according to different wave periods
and PTO damping coefficients ((a): mean height of cylinder displacement, (b): mean height of PTO velocity, (¢): mean height of
PTO force, (d): averaged absorbed power, (e): CWR).

4.2.2. Case 2: Simulation with the Vertical Wall

In this chapter, simulation results under the condition of a vertical wall were compared using the same methodology
as in the previous case of simulation without the vertical wall and a comparative analysis between Case 1 and Case 2
has also been included.

Figure 18 illustrates the displacement, PTO velocity, force, and power results of the WEC with respect to PTO
damping under the presence of the vertical wall. As observed in the results, similar to the case without the vertical wall,
the amplitude of PTO displacement gradually decreases with an increase in PTO damping. The overall trend of the
time-traced results closely resembles that of Case 1, with the only difference being the amplitude variation.
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Figure 18. Results of numerical simulations without a vertical wall for PTO data (displacement, PTO velocity and force) and
absorbed power according to damping coefficient, wave case 6 (T =2.0 s).

Figure 19 illustrates the performance of the WEC when installed on a vertical wall, while Table 5 lists detailed
numerical values. The results vary with the wave period and PTO damping, generally showing a significant motion
response and an absorbed power when the wave period is between 2 and 2.2 s. Despite the occurrence of stationary
wave phenomena around the WEC due to the presence of the vertical wall, the predominant influence is demonstrated
by the motion induced by the WEC’s characteristic of the natural period. In Figure 19e, a sudden change in values is
observed when the wave period is 1.8 s compared to periods of 1.6 s or 2 s. This abrupt change is attributed to the
positioning of the WEC buoy near the vertical wall. The presence of a vertical wall induces a stationary wave effect
around the WEC buoy, leading to the phenomenon of reduced wave height at specific locations. Furthermore, the area
around the WEC buoy is expected to exhibit complex wave pattern due to the coexistence of incident and reflected
waves, as well as waves generated by the WEC buoy and its corresponding reflected waves. It is highlighted that CWR
exceeds 1.0, which is attributed to the high absorbed power resulting from the stationary wave effect. Additionally, in
the absence of a vertical wall, low CWR was predicted for PTO damping values of 100 or 200 Nms. However, with
the presence of a vertical wall, it is noteworthy that a significantly respectable CWR was recorded even with high PTO
damping. However, even with the presence of the vertical wall, low CWR values were recorded for all PTO damping
values when the wave period was 2.8 s.

Figure 20 compares the CWR under the same PTO damping values, with a focus on the presence or absence of the
vertical wall. A comparison of results for the case where PTO damping is at its minimum value of 25 Nms can be seen
in Figure 20a. The most significant difference is observed in the wave period range of 1.8 s to 2.2 s, which corresponds
to the natural period of the WEC buoy. As the PTO damping increases, it can be observed that in the case of no vertical
wall, the wave period at which CWR exhibits its peak gradually shifts towards shorter periods. On the other hand, in
the presence of the vertical wall, regardless of changes in PTO damping, the peak of CWR mostly occurs when the
wave period is around 2 s. This indicates that adjusting the spacing between the vertical wall and the buoy appropriately
and utilizing stationary wave near the buoy effectively, it can be an effective method to enhance CWR.
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Figure 19. Comparison of numerical results for Case study 2: Simulation with vertical wall according to wave period and PTO
damping coefficient ((a): mean height of cylinder displacement, (b): mean height of PTO velocity, (¢): mean height of PTO force,
(d): averaged absorbed power, (e): CWR).
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Table 5. Result of PTO data, Power and CWR according to wave case and damping coefficients for the cases with the vertical wall.

Wave Bexp Py ave Displacement PTO Velocity PTO Force P,ps CWR
Case No. [Nms] [W] [m] [m/s] [N] W] [—]
25 0.09 0.40 694.21 33.67 0.40
2 50 3376 0.07 0.32 1157.08 44.28 0.53
100 ’ 0.04 0.22 1601.06 37.09 0.44
200 0.03 0.13 1844.57 28.20 0.34
25 0.15 0.58 1018.73 70.48 0.74
3 50 9573 0.12 0.49 1798.25 97.75 1.02
100 ’ 0.08 0.33 257537 86.75 0.91
200 0.04 0.20 3050.56 57.07 0.60
25 0.16 0.55 971.47 66.37 0.62
4 50 107.69 0.10 0.34 1266.48 49.95 0.46
100 ’ 0.05 0.18 1492.66 30.20 0.28
200 0.03 0.09 1723.35 18.18 0.17
25 0.26 0.83 1453.55 149.61 1.25
6 50 119.66 0.18 0.57 2153.87 142.68 1.19
100 ’ 0.11 0.35 2834.00 103.65 0.87
200 0.06 0.19 3259.05 62.29 0.52
25 131.63 0.27 0.80 1408.41 133.22 1.01
7 50 0.20 0.58 2207.63 140.90 1.07
100 0.12 0.36 3032.41 110.35 0.84
200 0.07 0.21 3712.62 74.61 0.57
25 0.19 0.49 866.20 49.44 0.33
] 50 149.57 0.14 0.36 1450.13 54.97 0.37
100 ’ 0.09 0.24 2160.96 48.98 0.33
200 0.06 0.15 2734.50 35.73 0.24
25 0.09 0.16 276.31 8.54 0.05
50 0.05 0.10 543.54 6.68 0.04
? 100 167.52 0.04 0.09 829.27 6.39 0.04
200 0.02 0.06 1052.76 4.87 0.03
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Figure 20. Comparison of CWR based on the presence of absence of the vertical wall ((a): Bpro
50 Nms, (¢): Bprg = 100 Nms, (d): Bprp = 200 Nms).
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4.2.3. Case 3: Simulation without Vertical Wall and under Latching Control

In this section, the results are presented under the condition of the absence of a vertical wall and the introduction
of latching control. These results are compared with a corresponding case (Case 1) where there is no vertical wall but
with no latching control, establishing a basis for the comparison between the two scenarios.

Figure 21 displays the time-dependent results of PTO displacement, velocity, force, and power for wave periods
of 2.8 s, considering PTO damping values of 25 and 50 Nms. It can be observed that latching control initiates after 8.5
s when the buoy’s velocity becomes zero. Once latching control begins, the displacement gradually increases and ex-
hibits periodic variations after approximately two cycles. The constant latching duration is determined by Equation (18),
and it can be verified from the graph that there is no change in displacement during this constant latching duration.
After the constant latching duration has elapsed, it can be confirmed that the WEC buoy is released. Following this
release, it is evident from the graph that there is a steeper change or slope in displacement compared to the scenario
where the latching control was not applied. Not only in displacement but also in velocity and force, similar patterns are
observed. Additionally, due to the improvement in PTO velocity and force induced by latching control, it can be con-
firmed that the peak of power is elevated.
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Figure 21. Results of numerical simulations without vertical wall under latching control for PTO data (displacement, PTO velocity
and force) and absorbed power according to damping coefficient, wave case 9 (T =2.8 s).

Figure 22 presents the results when latching control is employed without a vertical wall, along with the PTO dis-
placement, velocity, and force, absorbed power, and CWR results for Case 1. Since Equation (18) is valid under the
condition where the wave period of the incident wave is greater than the natural period of the object, this study only
presents results for wave periods of 2.2, 2.5, and 2.8 s. The implementation of latching control leads to an increase not
only in displacement but also in velocity, force, and absorbed power. Consequently, there is a substantial improvement
in CWR. In case without latching control, CWR recorded values below 0.2 for long wave periods. However, with the
introduction of latching control, a notable effect was observed, with CWR exceeding 0.4 across all wave period condi-
tions. The numerical results for the case with latching control, as depicted in Figure 22, can be seen in Table 6.
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Figure 22. Comparison of numerical results for Case study 3: Simulation without vertical wall and latching control according to
wave period and PTO damping coefficient ((a): mean height of cylinder displacement, (b): mean height of PTO velocity, (¢): mean
height of PTO force, (d): averaged absorbed power, (e): CWR).

Table 6. Result of PTO data, Power and CWR according to wave case and damping coefficients for the cases without the vertical
wall and latching control.

Wave B.xp Pave Displacement PTO Velocity PTO Force Paps CWR

Case No. [Nms] W] [m] [m/s] [N] W] [—]
7 25 131.63 0.21 0.72 1255.16 94.37 0.72

50 ) 0.14 0.47 1725.58 81.80 0.62

25 0.22 0.74 1304.92 87.93 0.59

8 50 149.57 0.15 0.49 1772.38 76.99 0.51

9 25 167.52 0.23 0.77 1350.27 83.95 0.50

50 0.15 0.51 1834.33 74.10 0.44
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4.2.4. Case 4: Simulation with Vertical Wall and under Latching Control

The previous chapter examined the changes in the performance of the WEC upon the introduction of latching
control (Case 3). In this section, not only the effects of latching control but also the synergistic effects when a vertical
wall is present alongside latching control in the WEC are investigated.

Figure 23 illustrates the results of simulations with both the vertical wall and latching control when the wave period
is 2.2 s. It displays the time-dependent PTO displacement, velocity, force, and absorbed power. There does not appear
to be a significant overall difference in PTO displacement, velocity, force, and absorbed power with varying PTO
damping compared to the previous case.

From around 7 s in the simulation, latching control initiates. Despite the PTO displacement not showing significant
changes for Bprg = 25 Nms, there is a slight increase in the maximum and minimum values of velocity. This impact
ultimately leads to higher power, and as a result, an increase in CWR. These results can be seen in Figure 24.

Due to the effects of latching control, similar to Case 3, there is a relatively improved performance in the long-
wave period range (T = 2.5 s and 2.8 s), resulting in enhanced absorbed power and CWR. Additionally, even in the case
with a vertical wall at T = 2.2 s yields a CWR exceeding 1, the introduction of latching control further improves the
performance. Detailed numerical results can be found in Table 7.
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Figure 23. Results of numerical simulations without vertical wall under latching control for PTO data (displacement, PTO velocity
and force) and absorbed power according to damping coefficient, wave case 7 (T = 2.2 s).

Table 7. Result of PTO data, Power and CWR according to wave case and damping coefficients for the cases with the vertical wall
and under latching control.

Wave B.xp Pave Displacement PTO Velocity PTO Force P,ps CWR

Case No. [Nms] [W] [m] [m/s] [N] [W] [—]
7 25 131.63 0.28 0.94 1641.01 158.50 1.20

50 ) 0.21 0.72 2649.95 187.94 1.43

8 25 149 57 0.24 0.83 1460.56 108.80 0.73

50 ) 0.17 0.58 2115.36 104.98 0.70

9 25 167.52 0.23 0.78 1372.66 86.74 0.52

50 0.15 0.51 1841.88 74.80 0.45
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Figure 24. Comparison of numerical results for Case study 4: Simulation with a vertical wall and under latching control according
to wave period and PTO damping coefficient ((a): mean height of cylinder displacement, (b): mean height of PTO velocity, (c):
mean height of PTO force, (d): averaged absorbed power, (e): CWR).

To examine the effect of the vertical wall in the presence of latching control, Case 3 and Case 4 results are compared,
as shown in Figure 25. With a PTO damping of 25 Nms and a wave period of 2.2 s, it can be observed that the presence
of the vertical wall increases CWR from 0.72 to 1.20. Furthermore, with a PTO damping of 50 Nms, an even larger
increase from 0.62 to 1.43 is noted. As the wave period increases, it can be observed that the magnitude of the CWR
variation due to the vertical wall gradually decreases. Additionally, without a vertical wall, the change in CWR with
respect to the wave period is small, while with the vertical wall, the variation in CWR with the wave period is more
pronounced.
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Figure 25. Comparison of CWR for different wave periods with and without the vertical wall and various PTO damping values.

5. Conclusions

This study focused on the analysis of a pivoted point absorber-type WEC using numerical simulations with CFD
to assess its performance. It examined the WEC’s performance under various conditions, particularly the presence of a
vertical wall and the application of latching control across different wave periods and PTO damping forces. Building
on previous research that explored the hydrodynamic performance of WECs based on the distance between the vertical
wall and WEC, this study introduced a numerical PTO design to validate the WEC’s performance.

Star-CCM+ was utilized as the CFD software, and a wave-forcing scheme was implemented to ensure stable nu-
merical results, optimizing computation time. In order to apply the numerical PTO model in Star-CCM+, modifications
were made to the 1-D linear spring-damping system, and the latching control algorithm was adapted. Verification and
validation processes were conducted to confirm the accuracy of the computational domain. Comparison with experi-
mental measurements and other numerical simulations revealed minimal discrepancies, confirming the reliability of the
numerical model.

The results indicated that for shorter wave periods of 2 s and 2.2 s, the WEC achieved a high Capture Width Ratio
(CWR) regardless of the PTO damping force. For longer wave periods (2.5 s and above), the presence of the vertical
wall had minimal impact on the CWR, resulting in lower values. The study also demonstrated that latching control
significantly enhanced the WEC’s performance, particularly in the long-wave period range. The application of latching
control led to consistently improved CWR, especially in conditions where the wave period exceeded the natural period
of the WEC. This indicates the effectiveness of latching control for optimizing WEC performance in these conditions.
Additionally, the analysis of the effects of the vertical wall during latching control revealed that the highest CWR was
achieved at a wave period of 2.2 s, highlighting a synergistic interaction between the vertical wall and latching control.
This combination showed the greatest performance enhancement for shorter wave periods. However, as the wave period
increased, the influence of the vertical wall became negligible.

In summary, this study has demonstrated that the combination of a vertical wall and latching control can signifi-
cantly enhance WEC performance, particularly for short to moderate wave periods, while the influence of the vertical
wall diminishes at longer wave periods.
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Nomenclature
Key Nomenclature
Bpro  Damping coefficient for PTO Vpro (1) Velocity of PTO
Bpum  Numerical damping coefficient for PTO S, Mean height of cylinder displacement
Cq Wave group velocity trelease Release time for WEC
dyeu Distance between a wall and a buoy tsim Simulation time
fi Forcing coefficient teransition Duration for transition
Fpro  PTO force T Wave period
Fpro  Mean height of PTO force u, Averaged Cartesian components of the velocity vector
g Acceleration of gravity Vero Mean height of PTO velocity
H Wave height width,.sive  Active width of a device
k Wave number y* Non-dimensional wall-adjacent grid height
Kpro  Rotational spring stiffness A Wavelength
K,um  Numerical stiffness coefficient for PTO u Dynamic viscosity
Pups Absorbed power p Fluid density
P,ave Available power of a wave puu, Reynolds stresses
Se¢ Displacement of the PTO cylinder Tij Mean viscous stress tensor components
T;, Latched duration Tpro PTO torque
T, Natural period of a device W Wave frequency
v, Cross-radial speed WwEc Angular velocity of WEC
Vg Cross-radial speed at point B
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