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Abstract: Although there are constant improvements in wave energy converter (WEC) technology, it
is crucial to investigate site-specific sea conditions for optimal power absorption and efficiency. This
study compares the efficiency of a floating buoy-type WEC device, with three differently shaped floats:
a semi-sphere, a cylinder considered suitable for a location near Ensenada, on the Baja California
peninsula, and a novel, rounded, semi-rectangular float. A statistical analysis of the wave climate
of the last 42 years was performed to define the conditions to which the device is subjected. The
WEC location was chosen for shallow waters, using a computational model that solves the modified
mild slope equation. The hydrodynamic response of the three float designs was then analyzed in the
frequency and time domains, using the software ANSYS AQWA 19.2, to assess the dynamics of the
floating body, the forces exerted, and the power absorbed, as well as the suitability of the proposed
power take-off (PTO) system. The findings show that the proposed float design absorbs the most
energy, with an annual power of 135.11 MW, and that the PTO mechanism is appropriate.

Keywords: wave energy converter; floating buoy; mild slope equation; hydrodynamic response;
energy absorption; WEC efficiency; captured energy

1. Introduction

To meet the constantly increasing demand for electricity, a transition from fossil fuel
energy systems to renewable energy technologies is required. The Paris Agreement of 2016,
signed by over 126 countries and regions, makes commitments to improving resilience to
climate change and reducing greenhouse gas emissions [1]. Renewable energy technologies
are being developed to take advantage of a range of clean energy sources, with marine
renewable energy (MRE) a plentiful and promising resource for achieving this goal [2].

The principal sources of MRE are thermal gradient, waves, tidal/currents, and salinity
gradient, which cover 53%, 36%, 9%, and 2%, respectively, of the worldwide marine energy
installed capacity [3,4]. Neil and Hashemi [5] estimated that the use of ocean renewables
will consistently increase, and they will contribute 748 GW to the global energy supply by
2050. Wave energy is one of the densest marine energy sources per area unit [6]. It can be
harnessed on a large scale since the infrastructure required is moderate in size, and it is
possible to share the costs of installation and maintenance with marine structures already
in existence. In this way, wave energy could become more economically profitable than
other MRE sources [7].

On a worldwide scale, potential wave energy is estimated to be about 29,500 TWh
per year [8] and each wavefront is considered potentially able to transmit an average
of 10–15 kW/m [9,10]. Like most of the planet’s resources, wave energy is distributed
unevenly; areas subject to regular winds have the greatest energy potential, so the extra-
tropical regions (30–60◦) have the most wave power, over 60 kW/m, and this decreases
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towards the equatorial regions to less than 10 kW/m [11]. On the Mexican coasts, the focus
of this study, wave energy is very variable; in the Gulf of Mexico, it is less than 10 kW/m,
while in the Pacific, it is 10–20 kW/m [12], with the greatest power availability being in the
western part of the Baja California peninsula at 21 kW/m [13].

In recent years, a wide variety of wave energy converters (WECs) have been designed
and prototyped [14]. WECs can be classified based on their location [15] (onshore, nearshore,
offshore), size and orientation with respect to the incoming wave [16], the working prin-
ciple [17] (pressure differential WECs [18], overtopping WECs [19], floating WECs [20]),
power take-off system, (air turbines [21], hydraulic systems [22], linear generators [23], and
mechanic [24]). Some of the most well-known examples of these technologies are the Oscil-
lating Water Column (OWC) device (LIMPET [25], Sakata [26], REWEC3 [27], Mutriku [28],
and Mighty Whale [29]); overtopping devices (TAPCHAN [30] and Wave Dragon [31]); and
oscillating bodies (IPS buoy [32], AquaBuoy [33], Pelamis [34], SEAREV [35], AWS [36] and
Oyster [37]).

For all of these devices, the accompanying literature explains how the cost of man-
ufacture, installation, and maintenance rises as it becomes bigger. The design process
seeks to optimize all the components of the device in order to produce an economically
feasible system. To date, one of the most promising WEC designs is the point absorber (PA).
This comprises a floating body, with relatively small dimensions compared to the incident
wavelength, and a support system that attaches it to the sea bottom. The kinetic energy
of the heave motion produced from the interaction between the wave and the floating
device is absorbed by a power take-off (PTO) system, that converts this mechanical power
into electrical power. Examples of PA-WECs include the Wavestar [38], SeaBased [39],
Wavebob [40], and Aquabuoy [41].

Researchers have worked for decades to improve the amount of extracted power from
PA-WECs using analytical, numerical, and experimental approaches. Early work by Budal
and Falnes [42] was developed by Goggins et al. [43], who presented a methodology to
optimize the structural geometric configuration of a floating WEC, taking into consideration
the average annual wave energy spectrum of the location for which it was designed.
Shi et al. [44] analyzed the design of a conical-bottom WEC with a PTO system. McCabe [45]
presented a systematic method of optimizing the shape and size of a WEC to improve its
capture efficiency using a genetic algorithm. Their system oscillates in the range of the
prevailing wave frequencies, to produce maximum motion and, therefore, power [46].

Huang et al. [47] developed a framework to study how fluids and structures interact
using computer simulations (Computational Fluid Dynamics, or CFD) and a method called
finite element analysis. They looked at how flows of fluid that cannot be compressed behave
in three dimensions, over time, using a specific mathematical approach (the Navier–Stokes
equations) and a technique called the finite volume method. Devolder et al. [48] used a
CFD software called OpenFOAM version 3.0.1 to simulate how a group of WECs be-
have in a model of a wave tank, looking at how the water and the structures affect
each other. Zhang et al. [49] studied a floating WEC that is anchored by chains, using
Reynolds–Averaged Navier–Stokes (RANS) equations and the k-ω turbulence model. They
used advanced mathematical equations to show how the device interacts with water move-
ment. Zou and Abdelkhalik [50] set up a CFD simulation to study a WEC that can change
shape, using a specialized tool for understanding how fluids and structures interact with
ANSYS and fluid–structure interaction tool. Huang et al. [51] focused on using AQWA for
the hydrodynamic analysis and simulation of Pelamis-like wave energy converters, com-
paring different simulation methods such as the linear damping model and the Coulomb
torque model with a hydraulic Power Take-Off (PTO) mode. Pastor and Liu [52] analyzed
and optimized the power absorption of a WEC using ANSYS AQWA 19.2.

While there are many works on the optimization of a PA WEC device, these are all site-
specific, and their findings may not be applicable elsewhere. This work seeks to assess the
performance of a floating-type PA-WEC, with three distinct forms, off the coast of Ensenada,
Baja California, Mexico, a location with high potential for the successful deployment of
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WEC technology. The behavior of the device was numerically simulated in the frequency
and time domains from which the extractive capacity of each buoy and the response of a
proposed mechanical PTO were quantified.

2. Materials and Methods
2.1. Problem Definition

The WEC device analyzed in this work is classified as a floating buoy type. Figure 1a,b
show the plan and side views of the proposed WEC model.
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Figure 1. (a) plan and (b) side views of the PA WEC with the three distinct floats analyzed: (c) the
semi-sphere, (d) the cylinder, and (e) the proposed design.

It was assumed that the sea bottom is impermeable with a length of LI, and width of
LII. The waves were considered to propagate from left to right, with a height of H, and an
incident angle of θ. The water depth h(x,y) is considered uneven. In the reference coordinate
system, the x-axis is positive to the right, while the z-axis is positive upwards. The origin of
the reference system is located at the center of gravity of the buoy in static equilibrium.

The WEC of volume, V, is coupled to a lever arm whose length is r = AB, which
activates a mechanism known as the power take-off (PTO) system. This is at a height d2
above the mean sea level (MSL). The device is anchored to the sea bottom at a depth of
ha. The angle formed between the lever arm and the upper surface of the float is θi. The
interaction effects of the waves with the buoy produce an angular degree of freedom, θ0(t),
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that is time-dependent and is considered relative to the initial conditions of the system.
Finally, the buoy and the diffracted incident wave interaction form the angle β.

2.2. Maritime Climate

From the wave data of the European Centre for Medium-Range Weather Forecasts Re-
Analysis version 5 (ERA5) for the period between 1979–2021, it was found that the Pacific
Coast of the Baja California peninsula has the greatest wave energy in Mexico (Figure 2).
This ERA5 dataset provides hourly data on significant wave height, mean period, and wave
direction. The time series analysis shows that the wave direction extends 52% from WNW,
as seen in Figure 2c. The ERA5 point nearest to Ensenada is at 117.0◦ W, 32.0◦ N, Figure 2a.
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Figure 2. (a) Location of the study site and the wave data point; (b) bathymetry of the study area
near Sauzal, in the municipality of Ensenada, Baja California, Mexico; and (c) the annual wave rose.

The values of the significant wave height, Hs, and mean period, Tm, in the four seasons
of the year and annually, are shown in Table 1. It can be seen that the winter has the greatest
Hs and Tm, indicating that the waves are more energetic in this period.

The wave conditions for the Ensenada coast are presented in Figure 3, in terms of their
annual joint probability distribution (JPD). There is a predominance of mean periods of
9–11 s, whereas for Hs the most frequent values are 1.0 and 1.5 m, with 25.6% occurrence.
Most wave heights are between 0.5 and 2.5 m, with only 1.5% of waves exceeding 3 m in
height. The predominant waves have frequencies of 7–13 s with a 94.8% occurrence.
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Table 1. Values of the waves in each season of the year and annually.

Annual Spring Summer Autumn Winter

% Hs Tm Hs Tm Hs Tm Hs Tm Hs Tm

50 1.85 10.10 1.82 9.45 1.44 9.32 1.89 10.49 2.17 10.92
33.33 2.04 10.27 1.97 9.47 1.51 9.41 2.08 10.58 2.40 11.03

10 2.60 10.55 2.41 9.52 1.70 9.74 2.64 10.65 3.05 11.20
1 3.72 10.86 3.29 9.46 2.07 10.68 3.69 10.72 4.26 11.38

Figure 4 shows the probability and the wave energy in terms of wave heights and periods.
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Figure 4. Combined scatter and energy diagram: the colors denote the annual wave power (MWh/m
year), and the numbers indicate the occurrence probability per year (%) in terms of significant wave
height and peak period.

The most likely wave periods range from 7 to 13 s, with wave heights Hs ranging from
1–3 m, generating powers over 1.7 MWh/m per year. The most energetic conditions are
found between periods 9 and 11 s, with a Hs of 1–2 m, and a maximum of 17.3 MWh/m
per year. The energy per unit area averaged in a wave period, E, can be computed directly
from the hindcast data as follows [53]:

E = ρgHs
2/16 (1)

where ρ is the density of the fluid and g is the acceleration due to gravity. On the other
hand, the wave power level, P, per unit width can be given as follows:

P = ρg2Hs
2Te/(64 π) (2)

with Te representing the energy period. The measured sea states are often specified in terms
of either the mean period or peak period (Tp). When the mean period Tm is known, one
means of estimating Te is as follows:

Te = αTm (3)

where the coefficient α depends on the frequency spectrum model, assumed to be equal to
1 [54].
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Equation (2) is the deep-water approximation used in this study to describe the wave
power for the nearshore region of Ensenada. By considering an average significant height
Hs = 2.04 m and a wave energy period Te = Tm = 10.27 s, see Table 1, and applying Equation
(2), the resultant wave power per unit width is approximately 20.84 kW/m.

2.3. Hydrodynamics of the System

The initial hydrodynamic modeling of WECs usually assumes that the hydrodynamic
forces of the float are those obtained from linear diffraction theory, i.e., viscous effects are
ignored and only potential forces are considered. The response of a single floating body
is, therefore, generally described using a mass-spring system. Assuming a 6-degree-of-
freedom linear system, the motion equations for this analysis can be represented as:

6

∑
j=1

(
Mkj + Akj

) ..
xj + Bkj

.
xj + Ckjxj = Fk k = 1, 2, . . . , 6 (4)

where k and j denote the hydrodynamic properties in the k-mode because of the motion in
the j-mode; Mkj is the mass of the structure; Akj, Bkj, and Ckj are the added mass, damping,
and hydrostatic restoring matrices, respectively; and Fk represents the other external forces
in the kth mode. A detailed discussion of linear diffraction theory is found in Newman [55].

The primary mechanism of the proposed PA for energy extraction is the heave motion;
so, at this stage, only this motion of the float is considered, and the motion equation is
given by:

(M + A33)
..

x3 + B33
.

x3 + C33x3 = F3(t) (5)

where M is the mass of the system; A33, B33, and C33 are the added mass, damping, and
hydrostatic matrices, respectively, in the heave direction; and F3 is the external force on the
body in the heave direction. It is worth remembering that, in addition to wave excitation
and mooring forces, external forces may include other forces, such as mechanical forces
(e.g., PTO forces).

2.4. The PTO Mechanism

As seen in Figure 1, The heaving movement of the floating buoy drives the vertical,
rise and fall, movement of arm r at a low speed. At higher speeds, a rotational movement
is produced in the PTO mechanism, composed of a unidirectional gearbox and a flywheel,
and electricity is generated from arm B to three unidirectional clutches (UC), a gear train to
multiply speed (MG), a flywheel (FW), and an electric generator (G) as seen in Figure 5.
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Figure 5. Side view of the PTO mechanism.

The design is based on a mechanism that increases the speed ratio to 1:2. In addition,
it fully rectifies the movement, by making use of the rise and fall of the float through arm r,
with two unidirectional clutch bearings, UC1 and UC2, located, respectively, inside gears
N1 and N5, as well as gears N2, N3, and N4 and shafts 1, 2, and 3, seen in Figure 6a.
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UCs are used since they take advantage of rotation in one direction only. To be more
specific, as the float rises, arm r connects with shaft 1 (E1), activates by UC1, turning gear
N1 in a clockwise direction. This then drives shaft 2 (E2) through gears N2 and N3 which
in turn moves N4 and N5, respectively, thus deactivating UC2 so that it does not transmit
power, allowing the float to take advantage of the upward movement.
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When the float falls, the energy is sent to E1, which rotates counter-clockwise, engaging
UC2. N5 transmits this power to E2, through N4, causing UC1 to detach and N1 will not
transmit power. In this way, the reciprocating movement of the E1 input is corrected
to a unidirectional clockwise movement in E2, which acts as the input to the multiply
gear (MG).

Once the rotation is restricted to one direction, the rotations for the generator must be
multiplied, which is why the operation of the box is verified, and an arrangement of gears
from E2 to the generator with gears N6, N7, N8, and N9 with a 1:5 ratio. Therefore, from E1
to the generator, there is a speed ratio (Rv) of 1:10. Another clutch bearing, UC3, is installed
in gear 6 to keep the inertia flywheel at a more consistent speed for the generator, and to
decouple it from the transmission when the input speed is low.

It should be emphasized that the optimum ratio for the stage of multiplying the revo-
lutions has not yet been established; this will depend on the site-specific wave conditions,
the power to be obtained, and the generator.

Furthermore, a flywheel is installed within MG, which is essentially a mechanical
energy storage device on axle 5 (E5) in conjunction with N9 whose function is to maintain
a more constant speed in the electrical generator G. According to the rationale, when the
float reaches its lowest position on the vertical axis, it begins to rise at a speed equal to zero,
with maximum acceleration until it reaches a point higher where the same conditions are
met and begins its fall again, to return to the lowest point. The speeds and accelerations
fluctuate spatially and temporally as the float moves up and down, which is transmitted to
the E1 where the angular speed is not constant due to the changing motions of the float; for
this reason, the flywheel (FW) is used. Figure 6 shows a profile view of the mechanism.

WECs such as the Wavestar and Eco Wave Power have similar systems to that de-
scribed here. Their operation principle is based on floats that move articulated oscillating
arms, but their PTO systems are more complex and, thus, more expensive. These are
based on sliding pistons, hydraulic systems, or linear generators, whereas the proposed
device here does not transform the energy into an intermediate pneumatic or hydraulic
power stage.

PTO Dynamics

The PTO amplifies the system movement with a speed ratio, Rv. In this study, three
cases were compared, first, with no clutch bearing, then, with two clutch bearings, and
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finally, with three clutch bearings and a flywheel. Once the angular displacement, θ0(t), at
the PTO input is known, the dynamics can be analyzed for each case. Equations (6)–(9)
show how each velocity and position are determined

ω0 =
.

θ0(t), (6)

ω1 =
.

θ1(t) and θ1 = RVθ0(t), (7)

ω2 =
∣∣∣ .
θ1(t)

∣∣∣ and θ2 =
∫ t

0
ω2dt (8)

ω3 = max
(

ωmax(j),2 + αt, ω2

)
and θ3 =

∫ t

0
ω3dt, (9)

where ω and θ, correspond to the speed and temporal position, respectively. The subscripts
0, 1, 2, and 3 indicate the entrance to the PTO, the first, second, and third cases analyzed,
respectively. The term α is the flywheel angular acceleration, t is the time, ωmax(j),2 is the
local maximum speed of ω2, and j indicates the corresponding maximum value.

2.5. WEC Modeling

For the WEC shown in Figure 1, it was necessary to create a computer model rep-
resentation of the device. There are different means to define the device geometry [56].
In this paper, a solid model approach was chosen using SolidWorks 2018. Three types of
floats were analyzed: a semi-sphere, a horizontal cylinder, and, the new design, a rounded
semi-rectangle which is referred to from here as the proposed design. The PTO and the
pile are considered as one body. Each of the three floats has a width of 3 m and a volume
of V = 7.06 m3, with the following dimensions: r = 10 m, d2 = 5.5 m, ha = 5 m, θ = 30◦, and
β = 0◦.

It should be mentioned that the value of ha was selected to reduce the computational
domain. The pile was circular, with a diameter of 1 m, and with a concrete density of
2400 kg/m3. Both the float and the arm were considered to have a uniform density of
470 kg/m3. Figure 7 shows the dimensions of each element involved.

The buoy and the arm are joined and treated as one element, as are the pile and the
PTO. Using SolidWorks, the physical properties of the float were obtained: the center of
gravity, the moment of inertia, volume, surface, and weight.

The origin of coordinates x and y is at the center of the mass of the semi-sphere float in
initial conditions while the z-axis is at the mean water level. The physical properties of the
semi-sphere-arm, cylinder-arm, proposed float-arm, and pile-PTO are described in Table 2.

To analyze the behavior of the WEC in the frequency domain, the Hydrodynamic
Diffraction module of ANSYS AQUA was used. To carry out this type of simulation, the
properties of the mass of the bodies were configured in the center of gravity of each body.

Appendix A shows the maximum RAO for the movement of the heave in the frequency
domain with respect to the number of mesh nodes for each scenario analyzed. According to
the mesh independence study, the number of nodes was taken when the relative percentage
error was less than 1%; thus, the numerical model mesh had a maximum element size
of 0.2 m, with 6220, 6109, and 5982 nodes for the hemisphere, cylinder, and proposed
geometry, respectively.

Figure 1c–e shows the numerical mesh for each float analyzed. The supporting pile
was defined as a fixed structure, and the connection between the PTO and the arm was
configured as a hinge so that the arm could rotate around the connection point coordinates
8.6, 0.0, and 5.5 m. Because it is dependent on the operation of the system, the arm-buoy
was described as a free-moving body. The frequency domain was configured in an interval
of 0.05–0.5 Hz, β = 0◦; the depth and wave conditions, Table 1, were determined from the
data for the study area.
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Table 2. Geometry of the semi-sphere-arm, cylinder-arm, proposed float-arm, and pile-PTO.

Geometry

Parameter Semi Sphere-Arm Cylinder-Arm Proposed Float-Arm Pile-PTO

Volume [m3] 8.32 8.34 8.31 10.11
Mass [kg] 3914 3920 3910 24,287
Surface area
[m2] 36.92 36.9 35.74 42.11

Centre of gravity[m]

x-axis −0.657 0.653 0.701 8.59
y-axis 0.0 0.0 0.0 1.12
z-axis 0.752 0.443 0.411 1.34

Moment of inertia [kg/m2]

Ixx 10,450 10,511 9574 386,335
Iyy 25,353 24,156 23,951 2,149,103
Izz 17,899 18,635 18,035 1,828,260

3. Results
3.1. Study Area

As mentioned previously, the wave data were obtained for deep water, 32.5 km from
the community of Sauzal, in the municipality of Ensenada (116◦41′4.22′′ W, 31◦52′59.72′′ N).
For this reason, it is convenient to numerically propagate the wave from this location to the
area of interest. Therefore, the domain was reduced to that shown in Figure 2b, which was
8 × 10 km, and the WAPO (WAve Propagation On the Coast) numerical model was used.
This tool propagates a monochromatic wave train over a variable sea bottom [57], preferably
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in shallow and intermediate waters, and solves the modified mild slope equation in its
elliptic shape. The WAPO model has been successfully used in studies in which various
types of structures (e.g., breakwaters, WECs, etc.) [58–60] are located in intermediate and
shallow water (in this case they were modeled at 30 m water depth). This model can
reproduce wave phenomena such as shoaling, refraction, diffraction, reflection, and the
dissipation of energy induced by bottom friction and wave breaking [61].

When locating a WEC, it is best placed close to the coast and in shallow waters where
there is high wave energy. The numerical input conditions were collected from the annual
statistical analysis: Hs = 2.03 m, Tm = 10.27 s, with a WNW direction (−11.25◦ with respect
to the west). A non-reflective beach and a grid of 1001 × 801 nodes were used. Figure 8a,b
show the results obtained for the wave height and the wave power level, respectively.
The UTM coordinates (526,000 E, 3,256,000 N) were selected to analyze the mechanical
performance of the device in a water depth of 30 m, wave height of 2.2 m, and wave power
of 24.5 kW, which is a highly energetic area.
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3.2. Frequency-Domain Analysis

Figure 9 shows the numerical results obtained with ANSYS AQUA 19.2 for the three
floats analyzed. Figure 9a shows the variation of the added mass with respect to the
analyzed frequency of 0.05–0.5 Hz, with a constant bathymetry of ha = 30 m. It is seen that
the values for the three floats for the heave and surge movements reach a maximum value
and then decrease as the wave period increases. For the heave motion, the maximum value
for the semi-sphere was 5955 kg/m at ω = 0.107 Hz, followed by the cylinder: 4476 kg/m
with ω = 0.054 Hz, and, finally, the proposed design: 4170 kg/m with ω = 0.057 Hz. The
added mass is an additional force that resists the heave and surge movement; the optimum
outcome would be that this be as low as possible. It can be observed that the proposed float
has the least resistance to that movement. Figure 9a also shows that for this motion, high
frequencies may give better performances from all three float designs.

Figure 9b represents the variation of the excitation force throughout the frequency; as
the frequency decreases, the heave motion increases, while the surge decreases. In addition,
the semi-sphere reaches values without significant changes from ω = 0.125 Hz, while the
other two forms had similar hydrodynamic behavior. It is important to point out that this
force is related to the amplitude of the wave; for this reason, it has units of N/m. It can be
inferred that for high periods, the Froude–Krylov force is stronger, causing an increase in
the vertical movement of the buoy and, as a result, in the angle within the x–y plane. This
causes the translation speed to be greater than, or equal to, the electrical power generated.

Figure 9c illustrates the behavior of the hydrodynamic damping coefficient. It can
be seen that the coefficients of the semi-sphere decrease as the wave period increases. As
the wave period increases for the cylinder and proposed float design, the heave motion
increases, to eventually reach a maximum at ω = 0.164 Hz, before decreasing again, whereas
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the surge motion is almost the same for both. From this, it is clear that these devices are
recommendable for long periods.
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Figure 9. Frequency–domain analysis of the three bodies studied: (a) added mass, (b) excitation force,
(c) radiation damping, and (d) response amplitude operator (RAO).

Finally, Figure 9d shows the response amplitude operator (RAO) of the float across
the z-axis. It can be observed that the semi-sphere performs best with short wave periods,
whilst the other two floats perform best with long periods. Point absorber WECs work
best when the incident wave frequency matches their natural frequency, which is around
0.056–0.061 Hz for the semi-sphere, and 0.25–0.33 Hz for the other two float designs.

3.3. Analysis in the Time Domain

In this subsection, the findings of the hydrodynamic response in the time domain
obtained by ANSYS AQWA 19.2 are provided. In these numerical simulations, a duration
of 500 s was considered for the analysis and comparisons of the three float shapes. The
wave conditions were set to Hs = 2.2 m, T = 10.27 s, and β = 0◦. The first simulation allows
analysis of the system behavior, under a second-order Stokes wave [62], with FPTO = 0, a
time step of ∆t = 0.01 s, LI = 50 m, and LII = 50 m. From the displacement of the center of
mass, it is possible to determine the angular displacement in the rotation axis D.

Figure 10a shows the temporal evolution of the angular motion transmitted to the PTO
of the three forms over the entire simulation, whereas Figure 10b shows only the first 50 s
of the simulation. It is seen that the angular displacement in the wave troughs and crests is
greatest for the semi-sphere float, while the cylinder has the opposite tendency, and the
movement of the proposed float design was between these two. Furthermore, for the three
floats it can be seen that when there is a crest, there is more angular displacement than when
there is a trough, as there is no damping effect from the water movement when ascending.

To determine the instantaneous power, Equations (10) and (11) are used with the data
in Figure 10:

P = Fv (10)

F = m(g + a) (11)
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where P is the power, F is the force of the body, v is the speed, g is the gravity, and a is the
instantaneous acceleration.

Energies 2024, 17, x FOR PEER REVIEW 13 of 21 
 

 

 

Figure 10. Angular displacement of the lever arm for the three floats was analyzed for (a) 500 s and 

(b) the first 50 s. 

Figure 12 and Figure 13 show the matrices of the average and maximum power, re-

spectively, for the three floats analyzed. These figures show the periods from 5 to 15 s with 

different wave heights of between 0 and 4.5 m with β = 0°. For all three floats, for wave 

heights of less than 0.5 m, the absorbed energy is less than 4.11 and 8.7 kW for the mean 

and maximum average power, respectively. The maximum power is found for periods of 

5–7 s and wave heights of over 3 m. For the average power, the highest value is for the 

cylinder, with 90.68 kW, followed by the proposed float design, with 87.64 kW, and finally 

the semi-spheres with 71.81 kW. The maximum power follows the same order but with 

values of 437.7, 328, and 225.6 kW. 

 

Figure 11. Instantaneous power against time for the three floats studied. 

Figure 10. Angular displacement of the lever arm for the three floats was analyzed for (a) 500 s and
(b) the first 50 s.

In Figure 11, the temporal evolution of the power absorbed over time is then obtained
for the floats analyzed for the first 50 s. It can be seen that the absorbed power is variable
over time, so it is necessary to determine a representative value. The average power
achieved for the half sphere, cylinder, and proposed floats was 14.98 kW, 15.8 kW, and
16.87 kW, respectively.
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Figures 12 and 13 show the matrices of the average and maximum power, respectively,
for the three floats analyzed. These figures show the periods from 5 to 15 s with different
wave heights of between 0 and 4.5 m with β = 0◦. For all three floats, for wave heights
of less than 0.5 m, the absorbed energy is less than 4.11 and 8.7 kW for the mean and
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maximum average power, respectively. The maximum power is found for periods of
5–7 s and wave heights of over 3 m. For the average power, the highest value is for the
cylinder, with 90.68 kW, followed by the proposed float design, with 87.64 kW, and finally
the semi-spheres with 71.81 kW. The maximum power follows the same order but with
values of 437.7, 328, and 225.6 kW.
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sphere, (b) the cylinder, and (c) the proposed design.

Table 3 compares the average power of each of the floats for various wave conditions.
Firstly, for the significant wave height Hs, then for the average power matrix (Figure 12),
and thirdly, for more frequently occurring wave conditions. It is seen that for the three
cases, most power is absorbed with the proposed float design, followed by the cylinder.
The average power for Hs with the proposed design is 10.88% greater than that of the semi-
sphere. In the average power matrix, the proposed design increases 2.16 kW with respect
to the semi-sphere, while for the average of the most recurrent conditions, the proposed
design gives 1% and 2.71% more power than the semi-sphere and the cylinder, respectively.

Table 3. Comparison of the average power obtained by the three forms in various wave conditions.

Float

Condition Semi Sphere Cylinder Proposed

Hs 14.98 kW 15.80 kW 16.87 kW
Average power matrix 19.85 kW 21.91 kW 22.01 kW

Average of the most recurrent conditions 15.06 kW 16.12 kW 16.16 kW
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Table 4 shows the seasonally significant wave heights, the associated wave periods,
and the average power generated, in kWh, for each float analyzed (Figure 12). It is observed
that the most energetic sea condition occurs in winter, followed by autumn, spring, and,
finally, summer. However, the season with the highest power is autumn, followed by winter,
and finally spring and summer with the lowest generation. The percentage differences
between autumn and spring are 15.02%, 14.33%, and 14.39%, while for winter and spring,
these are 4.65%, 2.78%, and 2.32% for the three floats, respectively. The table also shows the
energy output for the year and that for the three floats. Most energy is harnessed by the
proposed float design, followed by the cylinder, and lastly the semi-sphere. The same is
true for the annual power generated by the devices, with a difference of 2.59 MW per year
between the proposed float design and the semi-sphere.

Table 4. Average and generated power by season of the year and annual for the floats studied.

Semi-Sphere Cylinder Proposed Float

Season Hs (m) T (s) Avg.
(kWh)

Generated
(MW)

Avg.
(kWh)

Generated
(MW)

Avg.
(kWh)

Generated
(MW)

Spring 1.97 9.47 14.38 31.57 14.72 32.32 14.73 32.34
Summer 1.51 9.41 14.38 31.57 14.72 32.32 14.73 32.34
Autunm 2.08 10.58 16.54 36.32 16.83 36.95 16.85 37.00
Winter 2.4 11.03 15.05 33.04 15.13 33.22 15.22 33.42

Annual power (MW) 132.52 134.83 135.11

Once the dynamics of the PTO inputs are known (Figure 6), the transmission designed
for the three floats is evaluated by applying Equations (6)–(9), with a speed ratio RV = 10,
α = −0.01 rad/s2and the conditions of Hs at 33.33%, Table 1.

The results are shown in Figure 14, where only the first 50 s of the simulation are
shown. The left column corresponds to the positions and the second column to the angular
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velocities. These last two variables are compared with the output cases; the first output is
without UC and is coupled, the second with two UCs and is also coupled, and the third is
with three UCs and is uncoupled.

It can be seen that in the first case, only the gearbox works to increase the rotation
speed, so that the PTO output is almost the same, but with amplified RV as much as the
position and angular velocities oscillate. This could be a disadvantage, as the generator
will have to constantly change the direction of the magnetic fields. One advantage of the
second situation, when ω ≥ 0, is that ω will only be positive and the generator will always
be moving in the same direction, causing the position to progressively increase. For the last
case, a UC has a flywheel that absorbs movement in the form of kinetic energy which is
employed so that when the PTO speed begins to decrease, the flywheel may be uncoupled,
and the generator continues to work and does not exceed ω = 0.
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the transmission output: (a) semi-sphere, (b) cylinder, and (c) proposed float.

Therefore, the final proposal is examined in greater depth in this work, as this is the
best choice for keeping the electric generator going, which translates into relatively constant
electric energy. Further information can be found in [63]. Of the three floats examined, the
first to reach its steady-state was the semi-sphere, at 20 s, then the proposed design, at 110 s,
and finally the cylinder. In the transient stage, the velocities range between 0.054–0.076,
0.053–0.084, and 0.05–0.084 rad/s, while in the steady-state they range between 0.056–0.076,
0.052–0.074, and 0.053–0.077 rad/s, for the three float designs, respectively.

Figure 15 shows the matrix of the maximum angular displacement, at T = 5–15 s and
H at 0–4.5 m, divided into intervals of 1 s and 0.5 m, respectively. The following trends are
observed in the three cases: for small wave heights, of less than 0.5 m, the displacement is
minimal regardless of the wave period, and as the height increases, the angle also increases.
Furthermore, for H > 1 m it is observed that as the period increases, the movement is
reduced, with the greatest displacement taking place when H > 3 m and T = 5–7 s. In this
regard, the semi-spheres have the smallest displacement movement (0.017 rad) while the
cylinder has the greatest (2.556 rad). In Figure 15a, which corresponds to the semi-sphere,
the lowest values occur at H < 0.5 m, when T > 7 s, while the highest occurs at H > 4 m,
between 6–7 s.
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Figure 15b shows the maximum angular displacement matrix of the cylinder. The
angles are seen to range between 0.038 and 2.56 rad and the maximum angle significantly
increases compared to the rest of the values. Therefore, it can be inferred that it is close to
resonance at T = 6–7 s and H = 4–4.5 m.

Figure 15c shows the maximum angular displacement matrix for the proposed geome-
try. This figure shows that the values range between 0.026–2.18 rad, with the largest angle
close to the resonance between H = 4–4.5 m and T = 5–6 s. Furthermore, by comparing the
results for the three floats, that with the greatest angular movement is the cylinder with
0.148 rad, followed by the proposed design with 4.7% less, and finally the semi-spheres
with a difference of 0.015 rad.
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Finally, in Table 5 the maximum angular displacements in each season of the year
for the floats obtained from Figure 15 are shown, as well as the annual average of that
movement. The cylinder has the greatest displacement in all four seasons of the year,
followed by the proposed design, and finally the semi-sphere.

Table 5. Comparison of the average power of the three floats in distinct seasons.

Semi Sphere Cylinder Proposed

Season H (m) T (s) Maximum Angular Displacement (rad)

Spring 1.97 9.47 0.105 0.122 0.115
Summer 1.51 9.41 0.105 0.122 0.115
Autunm 2.08 10.58 0.133 0.148 0.143
Winter 2.4 11.03 0.132 0.144 0.141

Average 0.11875 0.134 0.1285
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It can also be observed that autumn is when the maximum values occur for the three
floats, with values of 0.148, 0.143, and 0.133 rad, respectively. Regarding the annual average
values, there are differences between the cylinder, the semi-sphere, and the proposed design
of 12.84% and 8.21%, respectively.

Knowing these displacement values helps when selecting the best electric generator,
as we then know at what revolutions it must function.

4. Conclusions

The research conducted off the coast of Ensenada, Baja California, Mexico, into
the efficiency of three float designs for a PA-WEC highlights the significance of inno-
vative design in improving the performance of renewable energy technologies. The novel
geometry introduced in this study—distinct from the usual semi-sphere and cylinder
shapes—demonstrates a clear advantage in energy capture efficiency. This innovative
design outperformed the more commonly used shapes by substantial margins, 12.6% more
efficient than the semi-sphere and 6.7% more than the cylinder, underlining the potential of
tailored geometries to optimize wave absorption.

The methodology used in the study, involving analyses both in the frequency and
time domains, provides a comprehensive understanding of how these geometries perform
in various sea conditions. This type of approach is crucial for identifying designs that can
withstand the dynamic, often unpredictable, nature of ocean waves. The frequency domain
analysis, focusing on primary forces like added mass, excitation force, radiation damping,
and Response Amplitude Operators (RAO), showed that shorter wave periods are more fa-
vorable for energy collection regardless of the float shape tested. This insight is particularly
valuable for regions like Ensenada, where variable wave patterns can significantly impact
the efficiency of WEC systems.

In the time domain evaluation, the proposed design again was seen as the most suitable
for the oscillatory movement of waves, a common challenge in wave energy conversion.
The ability of the new PTO system to disengage at lower speeds and allow the flywheel to
continue spinning, using stored energy, ensures a more stable and consistent energy output.
This is one of the key challenges in wave energy conversion.

Seasonal variations in energy capture, with the highest potential being in autumn,
followed by winter, spring, and summer, underscores the importance of considering
temporal factors in the planning and deployment of WECs. The estimated annual energy
output—135.11 MWh for the new design, as opposed to 132.52 MWh and 134.83 MWh
for the cylinder and semi-sphere, respectively—reinforces the superiority of the proposed
design. Although this difference is seemingly modest, it can significantly impact the
long-term viability and economic feasibility of wave energy projects.

In conclusion, this study not only proves the efficacy of the energy capture of the
proposed float in a WEC design but also emphasizes the critical role of site-specific analyses
and innovative engineering in the field of marine renewable energy. The findings offer
promising directions for future research and practical applications, particularly in regions
with similar marine conditions to Ensenada, paving the way for more efficient, reliable,
and sustainable wave energy conversion solutions.
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