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ARTICLE INFO ABSTRACT

Keywords: A procedure is proposed to minimise the submerged body's total mass in a two-body wave energy converter. To
Submerged body this end, three modelling steps are considered, with two default values: the absorber buoy geometry and the
Total mass

wave characteristics. The total mass, which includes both the submerged body's mass and its hydrodynamic
added mass, is calculated based on the absorber buoy's specifications and its wave-energy absorption bandwidth.
In the first step, the submerged body's optimal mass is achieved 66% of the buoy's mass. The second step is the
effect of the body's shape on the model's efficiency. With an optimal mass and proper shape for the submerged
body, the maximum power is absorbed, about 62% more than the single-body power, in the resonance region.
Moreover, the modelling method establishes identical conditions for comparing the performance of multiple
bodies during energy absorption. It was found that two important criteria for the body's shape, which are the
ratio of its hydrodynamic coefficients to the wave period, significantly affect the model's efficiency. The results
show that higher efficiencies are achieved when a geometrically suitable body substantially reduces the added
mass and radiation damping of the model's buoy relative to its free oscillation.

Optimum mass
Critical mass
Two-body wave energy converter

1. Introduction

Wave energy is a promising renewable source due to its high-power
potential and availability, both onshore and offshore (Ramos-Marin and
Guedes Soares, 2025). Generally, in Wave Energy Converter (WEC)
devices, wave power is captured via the interactions between two
bodies. One body is always on the water surface, where it interacts with
incoming waves, while the other one is either submerged (in the
two-body WECs) or fixed on the seabed (in the single-body WECs).
PowerBuoy and Seabased WECs are examples of two-body and
single-body WECs, respectively (Gaspar et al., 2025; Chen and Zhang,
2025). The relative motion of the WEC's bodies generates electrical
power via the combination of a generator with a Power Take-Off (PTO)
system, which is generally hydraulic or direct-drive (Zakaria, 2025;
Chen and Zhang, 2025).

Most WEC devices require optimisation to progress to the commer-
cial phase. This optimisation can involve their buoy, submerged body, or
PTO specifications (Gaspar et al., 2025; Berenjkoob et al., 2021). The
buoy's reaction to the incident waves is more important than the other
reactions. Hence, the first step is to design the buoy, followed by the
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WEC's submerged body, PTO system, and, finally, the mooring system.

Multiple procedures have been developed to enhance the efficiency
of WECs by optimizing the geometry of both the buoy (Berenjkoob et al.,
2021; Garcia-Teruel and Forehand, 2019) and submerged body (Martin
et al., 2017; Beatty et al., 2019). Additionally, mechanisms have been
introduced to improve the PTO system (Gaspar et al., 2024; Li et al.,
2020; Chen and Zhang, 2025) as well as the mooring systems
(Berenjkoob et al., 2019b; Xu et al., 2019a). These studies have taken
practical steps to enhance the efficiency of two-body WECs. Some of
them are described in the rest of the paper and utilised. As the primary
focus is on the geometric design of the WEC's submerged body, the
mooring system and mechanisms to improve the PTO system are not
discussed here and can be considered for future design steps.

The first step in the WEC's design is the geometric design of the
absorber buoy to maximise energy absorption from the dominant waves
at a predetermined offshore site. In practice, other parts of the WEC,
such as the PTO system and the WEC's submerged body, are designed to
improve the buoy's hydrodynamic performance. The geometry of the
buoy was addressed by Ahmed et al. (2022), Pastor and Liu (2014), and
Wang et al. (2025). They compared the absorption performance of
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several absorber buoys with various geometries to find the best appro-
priate shape in a single-body WEC. Berenjkoob et al. (2021) presented a
design parameter to determine a suitable buoy geometry from among
several geometries. The parameter is a ratio of the hydrodynamic co-
efficients of the buoy, enabling the comparison of different buoys' per-
formance and the selection of the best one. They compared the
energy-absorption performance of ten buoys in both irregular and reg-
ular waves under identical situations. In this study, as illustrated in
Fig. 1, their best-performing buoy is considered the reference buoy for
our WEC model.

In terms of the design of the submerged body's geometry, attention is
directed towards particular studies by Beatty et al. (2019), Martin et al.
(2017), and Liang and Zuo (2017). The importance of a heave plate in
the submerged body's design was investigated by Beatty et al. (2019).
They analysed the effects of a cylinder, with and without a circular
heave plate, on the energy-absorption performance in a two-body WEC.
Their findings showed that the WEC's submerged body equipped with a
circular heave plate can generate 41% more power than the cylindrical
submerged body, based on tests conducted near Vancouver Island.
Accordingly, it is essential to incorporate the heave plate into the geo-
metric design of the submerged body, as seen in the Powerbuoy WEC
(Beatty et al., 2019).

Martin et al. (2017) and also Liang and Zuo (2017) investigated
various submerged body geometries to optimise the body shape of a
two-body WEC device. They discovered that the maximum power
captured for any geometry occurs at its optimum mass. Moreover, the
submerged body's mass can significantly affect the absorber buoy per-
formance of the WEC. Therefore, calculating the optimum mass for the
WEC's body (the submerged body) should be a key consideration in
designing its geometry, with a focus on the performance range of the
WEC buoy. However, there is no established methodology for devel-
oping such devices based on their optimal total mass.

To fill this gap, this paper proposes a design method for selecting an
appropriate geometry for the WEC's submerged body based upon the
features of a pre-specified buoy and its wave energy absorption band-
width. In practical terms, the wave characteristics determine the ab-
sorption bandwidth range to design the WEC's buoy. Subsequently, the
buoy and wave characteristics determine the submerged body specifi-
cations, including its ideal total mass and the optimal PTO system, in a
simultaneous process. Afterwards, some submerged bodies with
different geometries are designed to have identical total mass. The total
mass is calculated by adding the mass of each submerged body and its
hydrodynamic added mass. This design procedure is novel and distinctly
different from the aforementioned studies.

The purpose of this study is thus to design the submerged body ge-
ometry of a two-body WEC to improve the efficiency of its absorber buoy
for maximising energy absorption from the incoming waves. In this
context, the buoy geometry, its hydrodynamic features, and the char-
acteristics of the waves must be considered the main inputs in the design
of both the submerged body and the PTO system.
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2. Methodology

This paper explores different factors, including the design method of
the submerged body and how its mass and geometric variations impact
the energy-absorption performance of a two-body WEC system. Notably,
this study is a follow-up of a previous one (Berenjkoob et al., 2021). It
extends prior research on the design of a single-body WEC system into a
two-body system. There are two benefits to joining a submerged body
under the WEC's buoy and converting a single-body converter system
into a two-body WEC system. Firstly, this configuration enables the WEC
device to effectively connect with various mooring systems, facilitating
deployment in deeper waters. Secondly, the body's dynamics can affect
the buoy's hydrodynamics, and improving the WEC's buoy can enhance
overall system performance. The importance of a two-body system over
a single one has been discussed in relation to other concepts of wave
power capture (Rezanejad and Guedes Soares, 2018).

2.1. Two-body WEC model

The PTO system of two-body WECs comprises a rotary generator and
a hydraulic circuit, generally modelled as a linear or nonlinear spring-
damper system (Zakaria, 2025). Fig. 1 shows three modelling steps for
designing the model's body. Step O illustrates a schematic view of the
heaving WEC model, where its absorber buoy is linked to a submerged
body using a combination of a spring and a damper, enabling the ab-
sorption of wave energy via their interaction. In this floating model,
both the incident wave characteristics and the buoy's geometry remain
constant. However, alternative geometries for the submerged body and
any specifications for the PTO system can be considered.

In Step 1, the submerged body is simplified to a mass without ge-
ometry to calculate its total mass, ensuring the model's buoy falls within
the best operating condition. Step 2 shows all effective parameters on
the model dynamics in the wave. In other words, a suitable total mass for
the submerged body is first calculated based on the specifications of the
model's buoy and the wave conditions, as well as using the motion
equations of the two-body WEC system, the optimal mode equations of
the PTO system, and the derivatives of the absorbed power equation.
Then, various shapes are designed for the submerged body, all with the
same total mass. Finally, the effect of geometric alterations to the body
and the sensitivities of its hydrodynamic parameters on the model's ef-
ficiency are studied. This procedure is different from the aforementioned
studies.

In this model, the impacts of tidal and marine currents, the PTO's
internal friction, and any nonlinear effects are neglected and the
mooring system is not considered. It is crucial to emphasise that the final
design of any concept must assess its survivability in harsh sea condi-
tions. This evaluation can only be achieved by accounting for nonlinear
effects. Various procedures for calculating these nonlinear effects are
available, including those proposed by Lopez et al. (2017) and Giorgi
and Ringwood (2017).

khysrb.I d, o

Model’s buoy

K | bto } Model’s PTO

Model’s body

(Step 2)

Fig. 1. Scheme diagram of floating the two-body WEC model, free only in heave motion.
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Considering regular one-directional waves and the geometric sym-
metry of the model's buoy and body, the analysis will be limited to
heave, surge, and pitch motions. As expected, heave motion has a more
significant role in the energy extraction process than surge and pitch
motions (Garcia-Teruel and Forehand, 2019). Furthermore, Falnes and
Kurniawan (2020) demonstrated the possibility of achieving optimal
output power in a heaving two-body WEC system, oscillating in the Z
direction, under regular wave excitation. Korde (2003) and Liang and
Zuo (2017) also reported that the interaction between the WEC's body
and the buoy performs better in heave motion. In this study, heave
motion is the effective motion in the energy absorption process, as also
addressed in other studies (Falnes and Kurniawan, 2020; Beatty et al.,
2019).

2.2. Equations of motion

According to the schematic plan in Fig. 1 and the reasons mentioned,
the WEC model oscillates solely in the Z direction, the hydrodynamic
forces act only in heave and consist of standard linear decomposition,
and the incident waves are harmonic. Following these assumptions, the
linear equations of motion for both the model's buoy and submerged
body in a coupled system are denoted as follows:

i ; 4 = s, —
(my + Ap)2Zp + ApsZs + (dp + dyisp )2 + dpsZs + knysZp = Fex, + Fpro(Buoy—)
@

(mx +Ax)£s +Asb£b + (ds + dviss)z.s + dxbz.b = Fexx
— Fpo(Submerged body—) 2

In these equations, parameters m, A, and d represent the mass, hydro-
dynamic added mass, and radiation damping coefficient for the model's
buoy and submerged body with subscripts b and s, respectively. The two
equations align with the motion equations established by Hallak et al.
(2024), Rahimi et al. (2024), and Liang and Zuo (2017).

The parameter kyy in Eq. (1) represents the hydrostatic restoring
coefficient for the model's buoy. The viscous damping terms of the

—w? (mp + Ap) + iw (db + Cpto) + Knys + Kpto

X= .
_szsb + o (dsb - Cpto) - kpto

model's buoy and submerged body are denoted by d., and dyi,,
respectively. The Keulegan-Carpenter number of the model's buoy is
very low. So, the inertia force will dominate, making its effect much
greater than that of the viscous forces (Berenjkoob et al., 2021).

Furthermore, the effect of viscous damping on the buoy's dynamic
behaviour is less significant than that of radiation damping, as indicated
by the experimental findings of Beatty et al. (2019) and the numerical
results of Liang and Zuo (2017). The buoy's viscous damping is therefore
disregarded. However, Liang and Zuo (2017) proposed an equation
based on the absorber buoy characteristics that can be used to evaluate
the submerged body's viscous damping. This equation is applied only in
Step 1, as follows:

0.5
C _ dvisS @ — khys —d.
s Zmbwnbv ny, m JFAb visg

khys 0.5
=26my my + Ap

Only in (3)
Step 1
£ =0.1,0.125,0.15

—(UzAbs +iw (dbs — Cpm) — kpto
_wz(ms +As) + iw(ds + dvisS + Cpto) + kpto
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where ¢, represents a dimensionless coefficient of viscous damping
associated with the submerged body, while wy;, signifies the buoy's
natural frequency. The values suggested by Liang and Zuo (2017) for the
dimensionless parameter ¢ are 0.1, 0.125, and 0.150. In Egs. (1) and (2),
the hydrodynamic coupling coefficients arise from the interaction re-
sults between the model's buoy and submerged body, and are denoted by
parameters dys, dgp, Aps, and Ag,. The hydrodynamic coefficients depend
on both the wave properties and the geometry of the buoy and sub-
merged body. Hence, in a specific wave and pre-specified buoy, any
variations in the coupling coefficients are solely related to the geometric
changes of the body. The wave excitation force on the axisymmetric
objects (e.g., the model's buoy and submerged body) as given by (Falnes
and Kurniawan, 2020):

Foy, =a, (2pg3dja)’3)0'5
j=s)

j=b,s (Buoy—y, : j=b, Submerged body—;

4

The incident wave frequency and its amplitude, the gravitational
acceleration, and water density are defined by w =0.6 — 1.6 rad/s, a,, =
1m, g =9.806 m/s?, and p = 1025 kg/m?, respectively. The PTO force,
Fyto, is obtained as follows (Liang and Zuo, 2017):

Fpto = — Cpto (Zb - Zs) - kpto (Zb - Zs) (5)

In each wave, the velocity and displacement of the model's buoy and
submerged body in the heave direction are parameters Z and Z,
respectively. Parameters ky, and cy, also represent the PTO's specifi-
cations, such as its stiffness and damping coefficients, respectively.

The equation of motion in its matrix form is denoted by [X][Z] = [F],
where matrix F is the complex amplitude for the wave excitation force,
and matrix Z is the complex amplitude for the displacement of the
model's buoy and submerged body. Therefore, the matrix X is adapted as
an impedance matrix, as defined by Rahimi et al. (2024), Berenjkoob
et al. (2019a), and Hallak et al. (2024), as follows:

(6)

Consequently, the complex amplitude of displacement for the
model's buoy and submerged body will be equal to [Z] = [X]'[F] or

Zy | _1 X2 X2 | |Bp . o
{ 7 } =Ye (X) {7 Xy Xi } { F, }, which can be further clarified as

follows:
_ XoFy — X1k
X11X22 - X12X21

_ _XuF —XnkF
P X11Xa — X12Xo1

B N+ + (iwcpo + kpto) #
T I 4 (T = Y) + ko (T + iY )
7 @ + 1 + (iwcpo + Kpio)-#
P TUTHIY + cpo(iT = Y) + kpeo (T + iV )0 !
@

Zb Zb

where,
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R = 0?ApF, — 0 (M, + A,)Fy, Fy = A, [2p8°dy ] *°

S = o(d; + dys,)Fy — wdyFy, # = Fy +F, ,F, = A, [2pg°ds0?]"

Y =w(d; +
T = —@*(my + Ap + M + A;+Aps+Agp) + Oknys, knys = pgare
Y = 0?(dy + d; + dyis, + dis + dgp)

% = 0*ApFy + { — 0®(my + Ap) + kiys }Fs, A = wdpFy — wdyFy

The above parameters are shown in Egs. (7) and (8) highlight the
particular importance of the hydrodynamic coefficients (Ap,As,dp,ds,Aps,
Ag,dps,dg) in calculating the oscillation amplitudes of the model's buoy
and submerged body under the excitation force of the wave with varying
frequencies.

r= w4{(mb +Ab)(ms +Ax) 7AbsAsb} + wz{dbsdxb - dbds - khys(mx +As) -
dviss )khys - ws{(mb +Ab)(ds + dvis,) + (ms + As)db - dbsAxb - Abxdsb}
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5

dbdviss }
®

spring must always be positive (ky, > 0). For the PTO optimum design,
by deriving Eq. (9) partially with respect to k;, and then c,, the optimal
damping and stiffness corresponding to the PTO system will be as fol-
lows:

2

— 0 (XT + T¥)Kptogprar

(Y2 +12) + 0 (1% + 1*) (Kptoopruar)
Cpto opTMAL T

w2 | 2
~Cpto oprmMAL 2112

Yr+TvY thOOPTMAL
ptooptmAL — @ 21 r?

k

Cpto OPTMAL

2.3. Linear PTO system

The linear PTO system is modelled as a parallel arrangement of a
spring and a damper, as shown in Fig. 1. In each wave with a frequency
of ®, the power absorbed by the PTO is denoted as Py
0.5 cpro w? |Zp, —ZS|2 (Berenjkoob et al., 2019a; Rahimi et al., 2024).
Then, by substituting Eq. (7) into this expression, an alternative form of
the absorption power equation will be expressed as follows:

2

11 + i® T

. i . Ji= 9
T+ 1% 4 oo (iT — 1) + ko (T + V)07 1| ©

Paps = 0.5¢p0 aﬂ‘

where,

{

I1=X—g = {0*M, + Aps) — knys }F; — 0*(M; + Ap)Fy M, = m, + A,
O=3-A= a)(ds +dg + dvjss)Fb — w(db + dbs)Fs My, =my + Ay
(10)

Note that to avoid the system instability, the stiffness of the PTO

The added mass of the buoy (Ab) in the absorption bandwidth

an

Equation (11) presents the PTO's optimal coefficients, which are
approximately similar to the results of Liang and Zuo (2017).

2.4. Model's absorber buoy

The absorber buoy of the WEC model is typically designed with a
focus on its absorption bandwidth and performance under wave-
resonance conditions. The absorption bandwidth refers to the fre-
quency range of dominant waves at a specific marine location, where the
absorbed energy exceeds half of its maximum value (Dai et al., 2025;
Gaspar et al., 2025).

In this study, a buoy with appropriate geometry was selected to
absorb the maximum wave energy within its absorption bandwidth,
drawing on the recent investigation by Berenjkoob et al. (2021). The
frequency of the waves in the absorption bandwidth ranged between 0.6
and 1.6 rad/s, with an amplitude of 1m. Fig. 1 illustrates the shape of the
buoy, while Fig. 2 shows its hydrodynamic coefficients. The buoy's

The radiation damping of the buoy (db) in the absorption bandwidth

800 240
\
\\
\\ The buoy; A b
g N
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Fig. 2. Hydrodynamic added mass and damping of the model's buoy (Berenjkoob et al., 2021).
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For the wave of frequency 1.1rad/sec
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Absorbed power versus changes in the body's mass and PTO's specifications
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Fig. 3. (a) Influence of the body's mass on the optimal stiffness of the PTO's spring, introducing critical mass of the body in the wave of frequency = 1.10rad/ s =
oy, and {; = 0.1,0.125,0.15, (b) Impact of the body's mass and the PTO's optimal coefficients on the absorbed power, introducing the high and low-effect and

transition zones of the PTO's specifications.

heave natural frequency, radius, and submergence volume are denoted
as wy, = 1.1rad/s,r, = 7.5m, and V¥, = 883.57 m?, respectively.

One can also use another buoy and design a suitable submerged body
for it, provided that its hydrodynamic information is available for the
given waves. In practice, there are two essential prerequisites for
creating the submerged body: the wave characteristics at a specified
marine site, and a buoy designed to absorb the maximum energy from
these waves.

2.5. Model's submerged body and its optimal mass

This section focuses on a submerged body to enhance the model's
buoy performance under specific wave excitation using a defined algo-
rithm. Two main defaults are considered in the design algorithm as
follows:

v The geometry of the absorber buoy of the WEC model is
predetermined.

v The specifications of waves within the buoy's absorption bandwidth
are given.

The main prerequisites in this algorithm are also outlined as follows:

o The geometry of the submerged body is undefined but symmetrical
(in Step 1).

e The model's body is submerged and suspended in the water. The term
"model's body” refers to both the submerged body and the body, as
depicted in Fig. 1.

e The PTO system must always remain stable (namely, Ky, > 0) to
avoid the singularity.

e The total mass of the body (M; = m;+ A;) must fall between the
critical and the optimum mass values of the body (M. < Ms < M,).
The term “the body” refers to the model's body (submerged body).

The optimum mass of the submerged body, M, is described as the

Absorbed power versus the PTO's coefficient variations

maximum mass required for the submerged body to put the WEC system
into the best mode of wave power capture. The critical mass of the
submerged body M_ is defined by the stable boundary of the PTO spring
(namely, if My < Mc—kpo < 0 and if My > Mc—kpo > 0), as illustrated
in Fig. 3(a). One should notice that always M, < M,.

Each design requires a series of simplifications and assumptions to
start the process. Hence, in Step 1, the model's body is imagined to be
positioned sufficiently far from the water surface. This assumption is
typically used when analysing various two-body WECs, as demonstrated
by Beatty et al. (2019), Liang and Zuo (2017), and Yi-Hsiang and Ye
(2013). Consequently, the hydrodynamic coupling coefficients of the
added mass and damping (Aps,Asp, dps,dsp), as well as the body radiation
damping d;, can be ignored. Therefore, in this modelling step, the body
is characterized solely by its total mass and linearized damping (i.e., Ms,
dviSs)-

In the next step, after designing and specifying the geometry of the
submerged body, the aforementioned assumptions are removed, and all
the hydrodynamic coefficients are considered in the equations of motion
for calculating the model dynamics, as presented in Step 2 of Fig. 1.
Considering the assumptions of Step 1 into the parameters of Eq. (11),
the optimal stiffness of the PTO spring (kpto gprpyar) Will be obtained as:

YT +TY  9M? + RM; +¢

k =w = )
Pto OPTIMAL T + Y2 AM? + wM; +

M; = A; +my 12)

where the parameters are defined as:

9 = 0°dy, R = 20*(dy + duiss) (0*Mp — knys), My = Ap + my
¢ = 0*dyis, { My (0> M, — 2knys) — (df + dpdis,) } + wzkﬁysdviss,/l =
@ = @ (2Mp@® — kys ), 4t = @° (di + 2dpdyis, + dys,” — Myknys) + 0°M;
13
In a given wave, all parameters of equation (12) are known except
the body's total mass M;, which is unknown. Considering the different

values for the submerged body's total mass, the optimal stiffness for the

PTO spring kpto oprpyar, Will be negative in one range of the total mass and

Absorbed power versus the PTO's coefficient variations
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Fig. 4. Influence of the PTO's coefficients variations (Cyto /Epm) on the absorbed power (a) in the transition zone for M;/m;, = 0.33 and 0.44, (b) in the high-effect

zone for M;/m;, = 0.88 and 1.6.
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positive in another one, as shown in Fig. 3(a) for the wave of frequency
1.1 rad/s. The turning point of this change (from the negative phase into
the positive) is called the critical mass of the body M., which is illus-
trated in Fig. 3(a).

In other words, whenever the optimal stiffness of the spring in Eq.
(12) is considered zero, the positive response of the equation M2+
NM; + ¢ = 0 represents the value of the critical mass M, at each wave
with frequency .

Eq.12
—

Response

If : Kptogymg =0 IM2 L RM,+¢=0 20 M, (14)

Fig. 3(a) illustrates how variations in the submerged body mass
affect the optimal design of the PTO spring. For the mass values 2 times
greater than the buoy's mass (M;/m, > 2), the impact of the mass vari-
ations on the optimal design is diminished, and the viscous damping
term of the body ¢, will also be ineffective.

Fig. 3(b) clearly shows the importance of optimizing the body's mass
on the absorbed power and the model's efficiency. In each wave, the
model's efficiency is significantly affected by changes in the body's mass
and PTO's specifications, as shown in the curves of Fig. 3(b). This results
also reveals the regions of the high and low-effect of the PTO's coeffi-
cient variations on absorbed power, as well as presenting a transition
and irregular zone of the effect of the PTO's specification on the model's
efficiency, as depicted in Fig. 3(b).

The parameters ¢y, and Epm are the average of the optimal co-
efficients of the PTO system in each wave period. The values of the
body's mass ratio in the transition zone are M;/m;, = 0.05— 0.55, and
for the high, and low-effect regions are M;/m;, = 0.6 — 2.1, and 2.1 and
more, respectively, as shown in Fig. 4. In low-effect zone, there is no
significant effect on the absorbed power due to the body's mass changes
or PTO's specification variations.

At any given value of the body's mass, the effect of the ratio ¢,/ Epm
on the absorbed power can be examined in Fig. 3(b). On the other hand,
two values of the body's mass in the transition and high-effect zones are
chosen to investigate the influence of the PTO's coefficients variations on
the absorbed power, as illustrated in Fig. 4.

In the transition zone, as the curves in Fig. 4(a) for the values of 0.33
and 0.44 of the body's mass ratio suggest, by increasing the ratio ¢y /

kpto, the absorbed power initially rises and then immediately decreases.
In this range of the body's mass values, there is no uniform effect of the
ratio Cpto/kpto On the absorbed power, first rapidly ascending then
moderate descending. While in the high-effect zone, the absorbed power
always increases with increasing the PTO's coefficients ratio, as can be
seen in Fig. 4(b). All in all, the curves in Fig. 3(b) to Fig. 4(b) indicate the
importance of mass optimisation on the model's efficiency and the PTO's
optimal coefficients.

To calculate the optimum mass of the body M,, one can use the de-
rivative of the absorbed power equation (Eq. (9)) with respect the total
mass M under the PTO optimal conditions (namely, kpto = Kpto oprmyar,
and Cpro = Cpto gpyvar)- HeNce, substituting Eq. (11) into Eq. (9), the

_ Optimum and critical mass of the body when ® = 0.6 to 1.6 rad/s

12
3 c—H—--'“-J—-—-—‘—o«-a»’\ ¥
5 \u\ /
& o ¥ By ||/ —M_ in&=0.100
g B = sl
064 0.66
Aol o=11 4
< 0.6 w=1.075 ’ oM, ing=0.125
B\ ~a-M_in& =0.150
= M FOY e =0.150
N [ 4 ki \ -s-M _in& =0.
N 03 = TSR ikt
T N srasatetesstrtss
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() o (rad/s)
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Table 1
Values of Papsoptimal in the range of optimum mass M, under » =1,1.1,1.2 rad/s

Within the optimum mass range of the
submerged body M,

Wave frequency @, Wave amplitude:
1m

The body's viscous damping
coefficient

APabsoptimal (KW)  Pabsoptimal (KW)

0.000 202.129 {; =0.100 @ =1.00rad/s
0.669 201.460 s =0.125

0.080 201.540 {; =0.150

0.000 160.428 {; =0.100 o =1.10rad/s = wy,
0.078 160.506 ¢ =0.125

0.239 160.745 {; =0.150

0.000 129.699 {; =0.100 o =1.20rad/s
0.022 129.721 s =0.125

0.017 129.704 s = 0.150

absorbed power will be computed as:

d (Pabs Optimal)

s

If: =0 (Kpio =Kptoopryar & Cpto = Epto opryar) SMs =Mo

3 2
11 @ ¥2ir? 4
( +1 ) i

2
Py Optimal = 0.5w

72472 2472

1
2
F+i¥+(iT-7) (*”2”2) L (T4 Y

(H,@,T,F,T, Y) :fcx(w7mbsdb:AbvkhySsMxydvisx ,Astbsa--n)
(15)

All parameters of the above equation are given except the body's
total mass M;. If the derivative of the above equation equals zero,
d(Pabs optimat ) /d(M;) = 0, the response will be the optimum mass of the
body M,. The influence of the body mass changes on the absorbed power
is investigated in the PTO's optimal mode. The findings are presented in
Fig. 5. Specifically, Fig. 5(a) displays the position of the critical mass M,
and the optimum mass M, for the body in the absorption bandwidth,
while Fig. 5(b) presents the data for an incident wave frequency of w =
1.1rad/s = wy,.

The variations in the body's mass can increase the output power of
the WEC model from approximately 60 kW to 160 kW, which represents
an increase of about 166% in a specific wave, as illustrated in the curves
of Fig. 5(b). This issue shows the importance of the submerged body's
mass and the calculation of its optimal mass.

Fig. 5(a) shows that the mass variations of the body in the range of
the buoy's natural frequency (w, = 1.1rad/s) have a disturbing
behaviour both at the optimum and critical masses. In the absorption
bandwidth, the maximum critical mass M, is 0.64 m; that occurs at the
frequency of 1.075rad/s and {; = 0.15. The minimum optimum mass
M, is 0.66 m;, observed at the frequency of 1.1 rad/s and {; = 0.1.

Based on the three reasons, the submerged body mass is considered

Absorbed optimal power and Optimum mass (when © = 1.1 rad/s)

170
~ ©=1.1rad/s
s o
ELLLEN gt 5 o] L in & =0.100
2 )
3 —ing~0.125
o o ing=0150
when: Co.=Coimat® Koto™ optimat
70 0 . L 1 1 L L L L I L L i I L L I L L L
0 0.4 0.8 1.2 1.6 2 24
(b) M_‘_/m b

Fig. 5. (a) Optimum and critical mass of the body under the waves of absorption bandwidth @ = 0.6 — 1.6 rad/s, (b) Effect of the mass variations of the body on
absorbed power under the wave w = 1.10 rad/s = wy, and in {; = 0.1,0.125,0.15
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Fig. 6. Different geometries for the submerged body (the model's body) with the same total mass.

to be 0.66my,, which is the lowest value of the optimum mass M, within
the buoy's absorption bandwidth (see Fig. 5-a). First, the maximum
captured energy occurred in the heaving resonance of the buoy when the
incident wave frequency matches the natural frequency of the absorber
buoy in heave motion (namely, ® = w,, = 1.1 rad/s). Therefore, based
on the curves of Fig. 5(b) that show the effect of the submerged body's
mass variations on the absorbed power in the wave of frequency 1.1 rad/
s, the best mass for the body is 0.66m, as the other values reduce the
absorbed power. Second, the submerged body is designed to enhance the
buoy's efficiency (the buoy's best performance occurred for submerged
body masses close to those illustrated in Fig. 5-b). Third, increasing the
submerged body mass beyond the optimum mass (M, = 0.66m;) both
raises the cost of the submerged body structure and reduces its effi-
ciency, as evident in Fig. 5(b).

The intriguing aspect of the results is the low importance of the

submerged body's viscous damping {; on the absorbed power, exclu-
sively within the range of the optimum mass and under Step 1 condi-
tions, as suggested in Fig. 5 and Table 1. Additionally, findings by Liang
and Zuo (2017) showed that the growth or reduction of the body's
viscous damping graph {; has a negligible influence on the absorbed
power in the range of the body's optimum mass.

It is worth noting that the calculation is performed according to the
conditions specified in Eq. (16). In other situations, the results will,
however, differ. The marine environment and two-body WEC system
have many variables and unpredictable conditions. Hence, simplifica-
tions and assumptions are both necessary and reasonable. It is note-
worthy that the viscous effects on the body are considered in the second
step of the design process.

The total mass Mg: Body-A, B, C,D

603+..._
I B, -e- Body - A
i ~#- Body - B
g baLT M, =597.7 (tons) Body - C
At L (o = 1.1 rad/s) -<- Body - D
=7
599 -
597 1 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 ]
0.6 0.8 1 1.2 1.4 1.6
o (rad/s)

Fig. 7. Total mass of the proposed bodies A, B, C, and D under the waves of the absorption bandwidth.
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Fig. 8. Schematic diagram of the geometric selection procedure for the body with the same total mass.
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2.5.1. Submerged body shape

As expressed in the introduction, the heave plate is a vital component
of the body geometry and should be considered in its computation
process. The heave plate is commonly used in the design of submerged
bodies for various WEC devices, as suggested by Beatty et al. (2019),
Yi-Hsiang and Ye (2013), and Ma et al. (2020). Moreover, any geometry
designed for the submerged body (the model's body) must be symmet-
rical and have an identical total mass, which in the previous subsection
was obtained as 0.66 my, for this case study. The geometries developed
for the model's body (submerged body), all maintaining the same total
mass, are shown in Fig. 6.

Equalising the total mass across bodies with different shapes creates
identical conditions for comparing hydrodynamic performance and
investigating the influence of body shape on the model's efficiency. In
other words, when the absorber buoy geometry, the PTO's specifica-
tions, and the body's total mass are optimised for the waves of the ab-
sorption bandwidth and fixed, it is possible to study the effects of the
body shape variations on the efficiency of the model in various wave
conditions.

Fig. 7 shows the total mass of the proposed bodies under wave
excitation at different frequencies w = 0.6 — 1.6 rad/s. In the wave with
frequency 1.1 rad/s, the buoy's natural frequency, the total mass for all

P 1Result of M,=0.66my,

(16)

bodies is the same (M; = 597.75 tons = M, = 0.66 m;) as marked in
Fig. 7 by a circle. In other frequencies, the total mass of the studied
bodies (A, B, C, and D) is not the same, but is within an acceptable range.

The geometric design of the model's body (submerged body) is car-
ried out according to the methodology illustrated in Fig. 8, as described
in the previous subsections. In the beginning, simple geometry with at
least one circular plate (the heave plate) is considered for the model's
body so that its total mass is approximately equal to the calculated
suitable total mass (MY = 0.66 m,). The added mass of the model's body
is initially calculated using equations for bodies vibrating translationally
in one direction in an infinite and still fluid (e.g., As = 8pr;®/3 for the
heaving-submerged circular plate, as suggested by Kaneko et al. (2014).
Therefore, the heave plate's diameter of all designed bodies is considered
to be the same or close to each other, as seen in Fig. 6. Then, a
frequency-domain analysis is performed using the Boundary Element
Method (BEM) to compute the body's hydrodynamic added mass in
waves. Subsequently, the body's total mass should be verified within a
single controller box, as depicted in Fig. 8. This process continues until
the desired body shape is created based on the defined design principles.
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3. Model analysis

To perform a frequency-domain analysis utilizing the BEM, the
body's hydrodynamic coefficients are calculated. This boundary method
is effective for solving problems involving the interaction of the incident
wave with the submerged body (referred to as the body). A right-handed
coordinate system (o0-xyz) is used, the o-z axis points upward against
gravity, while the o-xy plane is parallel to the water free surface.

In the assumed computational domain, the fluid flow is assumed to
be ideal and irrotational, so Laplace's equation governs the entire
domain. Considering the regular waves with insignificant surface ten-
sion, the total potential ¢ arising from the interaction between the wave
and the body can be described as comprising three wave components:
the incident wave potential ¢, the scattering potential ¢,, and the ra-
diation velocity potential ¢; (Wang et al., 2011; Yi-Hsiang and Ye,
2013).

6
$(x.y.2,t) —Re{ (Z ¢ di(x.y.2)+a, ¢A(x7y-,2)> e ‘}7 bp=do + b,
j=1

@a7)

VZ(/) 0 (peg ¢0_ gaw (pzs—ipxs cos f—iysv sin/)‘)7l/:w2/g7i:\/__1
(18)

In this context, & ,j=1,...,6 represents the oscillatory complex am-
plitudes of the body (the submerged body) for six degrees of freedom,
while g indicates the wave propagation angle relative to the positive x-
axis (f = 0) (Yang, 2000; Berenjkoob and Ghiasi, 2016). The linear
boundary conditions for the seabed and the water free surface are
denoted as d¢/on = 0 and 9°¢/0t> + g(d¢ /dz) = 0, respectively. The
infinity boundaries in the computational domain and the exterior sur-
face of the body are also described as xljrinw [0¢ /ox tiv cos f ¢] =0 and 0

¢7/0n = —0d¢y/on (Wang et al., 2011; Yang, 2000), respectively.

In the radiation problem, the conditions on the exterior surface of the
body are d¢; , ,/on = iw mj, for both its translational and rotational
motions. Here, nj_; 23 represents the Cartesian components of a unit
vector on the surface of the submerged body, pointing toward the body,
and also (n4,ns,ne) = (x,y,2) x (n1,nz,n3) (Yang, 2000).

3.1. Hydrodynamic coefficients

The integral representation of the Laplace's equation is obtained by
Green's identity for the radiation and diffraction velocity potential, the
equations of (19) and (20) for smooth elements are expressed as: (Yang,
2000; Berenjkoob and Ghiasi, 2016).
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The wave diffraction
problem

Gp.q) o _
on dSq =47 o(p) (

25 5(0)+ [[ 4o(a)

(20)
where d/dn, represents the normal derivative at point q of the boundary.
The free-space Green's function is defined by Yang (2000) as follows:

11 !
G(p,q) 7;+E+ ZI/PV/TTC
0

740 Jo (1R)dr — 27ive” = J,(bR)  (21)

where R expresses the length between the source point and the flow field
point, defined as R = (x — &) + (y —n)? =R2+(z+0)%,
and r = R + (z — ¢)*. In the radiation problem, the six components of
force and moment can be expressed in matrix form as follows:

6 ) . a¢k
F.=Re Z fjelmtfkj kj=1,...,6,fii= — //
=1

In the radiation problem, the index f;; denotes the complex force coef-
ficient of the body. The hydrodynamic coefficients of the body, which
consist of added mass Aj; and radiation damping dyj, can be defined as

. Likewise, ;2

(22)

components of the force represented by fi;: fij = w?Ay; — iw di; (Yang,
2000; Ma et al., 2020). The subscripts k and j refer to the six di-
rections of body motion.

First, a submerged body is designed according to the dimensions and
shape in the work of Ma et al. (2020) to validate the results and the
computational method. The body geometry is exactly like Body-B in
Fig. 6. When the radiation velocity potential is obtained from Eq. (19),
the added mass and damping coefficients of the model's body (the sub-
merged body) are calculated. Fig. 9 is presented and compared the
present results under different panels with Ma et al. (2020).

Fig. 9 illustrates how growing the number of elements (panels) from
2416 to 6396 affects the computation error. As the number of body-
geometry panels increases, the results approach those of Ma et al.
(2020), indicating that the solutions converge with greater accuracy.
Nevertheless, the mere increase in elements does not significantly
contribute to validating the results. In the different panels, the relative
error is calculated via Eq. (23) and then compared with the findings of
Ma et al. (2020) as shown in Fig. 10.

Results y, et a1, — Results pregent

x 100
Resultsy; e al.

(23)

Relative error =y, =

Within the absorption bandwidth, the hydrodynamic coefficients of
the proposed bodies are computed using the BEM by solving their ra-
diation problem. The added mass and radiation damping of the bodies,

0G(p q 0(/;] The radiation as well as their coupling coefficients resulting from the motion in-
27 4;(p) / ¢(a) // dS, ( problem ) teractions between the absorber buoy and each of the submerged bodies
(A, B, C, and D), are illustrated in Figs. 11-13.
19 In the second modelling step, all hydrodynamic coefficients are
crucial parameters in calculating the model's dynamics under wave
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Fig. 9. Comparison between the radiation damping d; and added mass A, results from the current study with those of Ma et al.

(2020).
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Fig. 10. Relative error associated with the hydrodynamic added mass and damping, for 2416 to 6396 panels.
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Fig. 11. Added mass A; and damping d, for the proposed bodies within the absorption bandwidth.

The added mass coupling coefficients of the buoy ( Abs ) The damping coupling coefficients of the buoy ( db; )

0 or
‘ The buoy: A« 2;3._.2;3_3_3_.%»%_&»3 r— - [ Thebuoy; d - e
o - - 6-T8CIg [ e
j 59 af g:_.._g;—ﬁ y i
| :ﬁ« <t 4-g-¢ D S SR
& e The buoy; ([/“
e
| — % Body -
) l» e The buoy; A, Body - C
-e- Body - A-%- Body - B-*- Body - C-¢- Body - D [ - Body=D)
g | - . I ) _‘:)6 - 0‘8 M ]‘ (. 1‘2 . . i . . P
0.6 0.8 U 14 L6 0. : © (radis) ’ '

Fig. 12. Hydrodynamic coupling coefficients of the absorber buoy caused by the presence of any submerged body A to D.
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Fig. 13. Hydrodynamic coupling coefficients of submerged bodies A to D; their added mass and damping Ag, dgp.

excitations, as described in Egs. (1)—(8) and seen in step 2 of Fig. 1. referred to as Ay, is calculated by finding the difference between the
These coefficients depend on the wave characteristics and the geometry buoy's added mass in the absence of the body (denoted as Ap) and in the
of the model's buoy and body. Note that for a given wave and while the presence of the body (denoted as A;): namely, Ap, = A, — Ay, and also,
buoy geometry remains fixed in the WEC model, any geometric changes
of the model's body affect the coupling coefficients of the absorber buoy
(Aps, dps) as illustrated in Fig. 12.

The hydrodynamic coupling coefficients reflect the influence of the
body's hydrodynamics on the absorber buoy's hydrodynamic co-
efficients, and vice versa. Here, the coupling coefficients of the absorber
buoy indicate a difference in two modes: the presence and absence of the
body. For example, the coupling coefficient of the buoy's added mass,

dys = dp — d;). In other words, parameters A, and d, are the absorber
buoy's added mass and its radiation damping during its free oscillation,
which occurs in the absence of the submerged body, respectively.

Fig. 12 shows that the buoy's coupling coefficients are negative
(namely, A, > Ay and dj, > dp). It also suggests an additive effect in the
buoy's added mass and its radiation damping due to the presence of the
submerged body. According to the results, Body-D exhibits the highest

10
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The modified viscous damping coefficient of the body-A, B, C, and D
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Fig. 14. Heave amplitude under the condition of no viscosity Z? and the modified viscous damping dy;s, for the submerged bodies A to D.
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Fig. 15. Flowchart for the computational analysis of the two-body WEC dynamic model until its output power and efficiency (Step 2 in Fig. 1).
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Fig. 16. PTO's optimal damping Cpto qprpyar, @nd the buoy's and body's heave displacement.

increase in the hydrodynamic coefficients of the absorber buoy (see
Fig. 12). Therefore, submerged Body-D will have the worst effect on the
buoy's performance.

After calculating all hydrodynamic coefficients (Ap,As,dp, ds, Aps,Asp,
dps, dg), one can proceed to the second modelling step, as shown in
Fig. 1. In this step, the WEC model is separately equipped with Bodies A,
B, C, and D, while the model's absorber buoy remains unchanged as its
main component.

For Step 2, all the hydrodynamic parameters in the equation of the
motion and absorbed power are specified and calculated by the well-
known BEM (Egs. (1)-(8) and (15)). However, the viscous term of the
body d,;s, is calculated by an approximate equation (Eq. (3)) proposed

11

by Liang and Zuo (2017). This equation is a suitable approximation only
for the first step of modelling (Step 1), which involves calculating a
suitable total mass for the model's body and then the geometric design of
the model's body. The body's physical parameters are not included in
this equation because, at step 1, the model's body is considered to have
no geometry. Therefore, in Step 2, the viscous damping of the bodies
should be calculated based on their geometry and hydrodynamics.

3.2. Additional viscous damping of the body

The dynamics of the body are affected by fluid viscosity, especially
during heave motion. The viscous term is influenced by flow separation
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Fig. 17. (a) Efficiency of the model equipped with different submerged bodies (), (b) the power absorbed by the single-body system of Berenjkoob et al. (2021) and

the two-body WEC model.

and vortices, as well as by friction due to fluid shear stress on the body.
Hence, to account for the influences of viscous terms, a drag force is
included in the motion equation of the model's body, which is propor-
tional to the body's dimensions and its dynamics in the wave (Fyg =
0.5pSsCqzs|2s|). Using Lorentz linearization, the force is replaced by a
linear damping term expressed as fgrag = (4i/ 37)pw?SsCalZs|Zs = dyis, Zs,
as described by Xu et al. (2019b), where S, represents the cross-sectional
area of the model's body in heave, which is equivalent to S; = nDs2/ 4 for
the heave plate shape. The drag coefficient, Cy, is affected by the body
geometry, Reynolds number, and the Keulegan-Carpenter number
(K¢ = 27a,/Ds). Here, a; signifies the motion amplitude of the body and
D; denotes its characteristic diameter.

The linearized viscous drag coefficient is assumed to be Cyq =
8Kc™3 = 5y(2ma/Ds) V3, as stated by Xu et al. (2019b). Here, the
value of &, is dependent on the body's geometry and determined as 3.5
for the geometry of Body-B based on the experimental results of Xu et al.
(2019b) (i.e., s = 3.5). Therefore, the viscous damping term of the body
in Eq. (3) is modified as follows:

D7 1/3
dyis, = 0.18 i6;pw* (7) |Z;| In

s

(24)
Step 2

The modified viscous coefficient for the body is incorporated into the
equations of motion and absorbed power (Egs. (7), (8) and (16),
respectively) and calculated during each computational iteration.
Initially, the motion amplitude of the body is calculated under the
condition of no viscous damping. Using this newly calculated amplitude
(denoted as 29), the coefficient d,;, is derived as shown in Fig. 14. The
impact of the body's dimensions on the viscous coefficient is demon-
strated in Fig. 14(b).

4. Dynamic responses
The steady-state responses of the absorber buoy and submerged body

are numerically calculated, as depicted in the flowchart of Fig. 15. In
step 2, the computational process of the WEC dynamic model in the
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flowchart illustrates how the model operates to determine its output
power and efficiency.

For each wave frequency o, the specifications of the PTO, including
stiffness and damping, are designed at the optimal mode (kpto gppars
Cpto oprmvar) Vid Eq. (11) based on the buoy's and body's hydrodynamic
and physical characteristics. The optimal values for the PTO damper are
shown in Fig. 16. This design approach for the PTO system was referred
to as the dynamic design or optimal variable design (Berenjkoob et al.,
2021).

In heave motion, the displacement of the absorber buoy Z, and
submerged body Z; in a coupling system is calculated through Eq. (7) as
presented in Fig. 16. The results show the proximity of the oscillation
amplitude of the evaluated bodies. The main reason for this proximity
may be the equal mass of the proposed bodies. The mass value (M; =
ms+ A; = 0.66my) is computed and optimised for this range of the
incident waves. The effect of the total mass is dominant over other pa-
rameters affecting the submerged body's heave motion.

The model's output power is obtained in the PTO's optimal mode
using Eq. (15) within a heaving coupling system. The model's efficiency,
n, is calculated by dividing the absorbed power by the highest power
that an axisymmetric buoy can theoretically extract from regular waves
in heave (Khojasteh and Kamali, 2016).

P, abs Optimal P

» £ 'max
P, max

_ rgA; C. (25)
4w

The maximum capture width of the wave energy for the axisym-
metric buoy is specified by C,, = g/w? in deep-water waves (Khojasteh
and Kamali, 2016). According to the results, Body B had the best
version in the wave-power extraction process, while submerged bodies
A, C, and D ranked second, third, and fourth, respectively (as shown in
Fig. 17-a).

The model's performance is compared with that of a single-body
model proposed by Berenjkoob et al. (2021) to show the impact of
using a submerged body on energy absorption efficiency. The results
show a rate of increase 20 to 62 percent on the absorbed power when
converting from the single-body WEC system into the two-body WEC
model.

The coefficients tl,” vs the power absorbed Pa -
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Fig. 18. Influence of coupling coefficients Aps and dps on absorbed power Pgp;.
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Fig. 19.

For the two-body WEC model optimised in mass and shape, the
maximum power is absorbed about 344 kW, which is about 62% more
power than the single-body WEC system (212 kW) in the resonance re-
gion of the model's absorber buoy, as depicted in Fig. 17(b).

Comparing the curves in Figs. 17 and 5(b) clearly indicates that
variations in the body's mass can significantly increase energy absorp-
tion efficiency compared to changes in the body's shape, underscoring
the importance of the submerged body's mass over its geometric shape.

5. Parametric sensitivity analysis

The hydrostatic and hydrodynamic terms of the absorber buoy and
submerged body of the WEC model, along with the PTO's specifications,
are among the effective parameters that significantly affect the model's
dynamics and efficiency. In Fig. 1, the model's buoy is predefined, while
its submerged body is designed to have a specified total mass (My =
0.66my,, which was calculated in Step 1). Moreover, the optimal stiffness
and damping of the PTO system are calculated based on the hydrody-
namic parameters of both the proposed body and the pre-specified buoy.
Hence, it is possible to explore the effect of the body shape on the
energy-absorption performance of the WEC model solely, since the buoy
remains unchanged from the outset of the modelling.

The results indicate that if the body geometry can reduce the added
mass and radiation damping of the absorber buoy compared to its free
oscillation (i.e., Aj < Ap or Aps > 0), it will increase the absorption ef-
ficiency. In other words, in the process of comparing the various ge-
ometries of the submerged body with similar total mass, the geometry
capable of reducing the parameters A; and d;, (i.e., enhancing the hy-
drodynamic coupling coefficients of the absorber buoy) will be more
desirable (reminder, Aps = Ap — A} and dps = dp — d;). As the curves in
Fig. 18 suggest, by increasing the parameters Aps or dps by altering the
body geometry, the power absorbed rises in any wave with a frequency
of w. The peak power is absorbed in the buoy's natural frequency (v =
1.1rad/s = wp,).

To simultaneously investigate the effects of the added mass and ra-
diation damping, two dimensionless parameters are presented: A" = A/
(ds xT,)) and Ay, = Ap/(dps x T,). The wave period is defined in this
context by an index T,. Fig. 19 illustrates the direct effect of the
parameter A", which is the ratio of the body's added mass to its radiation
damping, on power absorption. The results show that the submerged
body with the higher A" value yields greater power absorption by the
WEC model, and vice versa, regardless of the incident wave frequency.
In other words, a rise in the dimensionless parameter A* will lead to
higher absorbed power in any wave. This trend, however, reverses for
the parameter A; .

To enhance absorption efficiency in the WEC model, the body ge-
ometry must reduce the parameter A;_, as seen in Fig. 19. Therefore,
these two criteria can be employed to compare the various geometries of
the submerged body to select an appropriate one. This comparison is
conducted while maintaining a constant total mass for each proposed
body and treating the buoy as the unchangeable, fixed, main component
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of the WEC model.
6. Conclusions

In this paper, a procedure is presented for designing the submerged
body to minimise the total mass of a two-body WEC system. To this end,
three modelling steps are considered: conceptual modelling, modelling
to determine the optimal total mass, and modelling to analyse the dy-
namics of the two-body WEC model, using two default values for the
buoy geometry and the wave characteristics. The viscous damping for
the body is considered and incorporated into the equations of motion
and absorbed power during the second design step.

The total mass of the body is calculated based on the motion equa-
tions of the two-body WEC system, the optimal mode equations of the
PTO system, the derivatives of the absorbed power equation, and the
hydrodynamic specifications of a pre-specified buoy and its wave-
energy absorption bandwidth. The critical and optimum mass values
(labelled as M. and, respectively) determine the optimal mass of the
model's body while the PTO system is operating in its optimal mode. The
optimal mass calculation method effectively reduces the design steps for
the submerged body (the body), serves as a criterion for selecting an
improved design, and ensures the stability of the PTO system. The body's
mass variations can increase output power by 166% for a specific wave,
underscoring the importance of the submerged body's mass. For the
defined waves, the submerged body's optimal mass is 66% of the model's
buoy mass.

In terms of effectiveness in wave energy absorption, four key criteria
of A", A;S, Aps, and dp; effectively aid in comparing different bodies and
identifying the best one. The findings reveal that by increasing the
values of parameters A”, Ay, and dj,, through modifications to the ge-
ometry of the model's body, the corresponding absorbed power is
enhanced in each wave. It can be concluded that a geometric shape of
the body with the capability of reducing the added mass and radiation
damping of the model's buoy compared to its free oscillation (i.e.,
A}, < Ap s0 Aps > 0) can significantly enhance absorption efficiency. The
mass optimisation and shape adaptation for the submerged body of the
two-body WEC model can generate about 20% to 64% more power than
the single-body WEC.

All in all, the concept of total mass in the body design (calculated
based on the specification of a predefined buoy and its absorption
bandwidth at the optimal mode of the PTO system) can be regarded as
an effective method for determining an initial criterion for the sub-
merged body.
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