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Performance analysis of a point-absorber wave
energy converter with a single buoy composed
of three rigidly coupled structures
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NOMENCLATURE

Abstract — A single-body point absorber system is
analysed to improve its power absorption at a finite water
depth. The proposed wave energy converter consists of a
single floating body coupled to a direct-drive power takeoff system placed on the seabed. The structure of a
cylindrical buoy with large draft is changed by a single
body composed of three structures rigidly coupled,
reducing its volume and improving its frequencydependent hydrostatic parameters that are obtained
through a numerical analysis tool called NEMOH. The
undamped natural frequency of the oscillating system is
tuned to a specified wave period and the performance of
the WEC system is obtained assuming a linear Power TakeOff system. In time domain, the performance of the WEC
device is carried-out under a regular (sinusoidal) and
irregular incident wave profile. Comparing the
performance of the WEC system using the cylindrical and
the proposed buoy outcomes that the system with the
proposed buoy is able to absorb more energy from incident
waves with a wider frequency range, whereas the
oscillating system is kept as simple as possible.
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Description
Inertial force
Hydrostatic force
Radiation force
Excitation force
External force
Restrictive force
Buoy mass
Added mass
Added mass at infinite frequency
Radiation damping
External damping coefficient
Excitation force coefficient
Water surface elevation
Buoyancy stiffness
Restoring coefficient
Water plane area
Water density
Gravity acceleration
Buoy radius
Buoy motion in heave
Buoy velocity in heave
Useful power (average power)
Capture width
Wavelength
IRF of the radiation force
IRF of the excitation force
State spaces (excitation force)
State spaces (radiation force)

Abbreviation
𝑊𝐸𝐶
𝑃𝑇𝑂
𝑅𝐴𝑂
𝐼𝑅𝐹
𝑀𝐵
𝐶𝐵

Description
Wave energy Converter
Power Take-Off
Response Amplitude Operator
Impulse Response function
Modified buoy
Cylindrical buoy

I. INTRODUCTION

F

ROM the diverse renewable sources of energy, ocean
waves contain a higher energy density than others,
representing a large energy source with less intermittency
[01].
Among the different types of devices categorized by
the European Marine Energy Centre (EMEC), point
absorber and submerged pressure-differential devices are
capable of extracting wave energy from incoming waves
in all directions. However, for a given sea state, both
devices have different performance (e.g. if the wave
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amplitude and period are low, it is preferable to use
point-absorber devices [02]).
Point absorbers are axisymmetric devices of small
dimensions in comparison to the incident wavelength (λ),
typically characterized by a narrow frequency
bandwidth, and generally, their natural frequency does
not correspond with the frequency of dominant ocean
waves [03] [04] [05] [06].
When the natural frequency of oscillation coincides with
the frequency of the incident wave, the oscillating system
has an optimal phase condition, the WEC enters in
resonance with the excitation source, and the maximum
transfer of wave energy to the system is obtained.
The optimal phase condition can be obtained through
continuous and discrete control methods. A continuous
phase control or reactive power control, requires that the
power flow of the Power Take-off (PTO) system be
reversed during some intervals of the Wave Energy
Converter (WEC) oscillating cycle; thus, the PTO system
must be able to supply energy to the oscillating system
[03] [05] [06] [07]. This can be avoided if discrete control
techniques are used; being the latching control the most
common one. However, it is necessary that the device is
equipped with clamping mechanisms or hydraulic valves
depending on the PTO system used in order to retain the
buoy position. The buoy is held at its maximum
excursion when the buoy velocity drops to zero and it is
released after a certain interval of time such that its
velocity is in phase with the exciting force. One drawback
of this technique is that latching control requires the
prediction of incident waves [05] [06] [07] [08].
In addition to control schemes, the geometry and
weight of the floating body in a Point-absorber WEC
system have an influence on the device performance.
Thus, an appropriate buoy dimensions leads to the
natural frequency of the oscillatory system being shifted
towards the frequency range of the dominant incident
wave; improving the hydrodynamic performance of the
WEC system and decreasing the control requirements.
For this reason, several studies have focused on analyzing
various sizes and shapes of floating bodies, with
cylindrical, spherical, conical, and hemispherical forms
being among the most common ones.
For a single-body point absorber device with a directdrive PTO system equipped with a cylindrical buoy,
several researchers have analyzed the influence of the
buoy size (radius and draft) on the WEC performance.
Eriksson et al. [09] analyzed the influence of the buoy
radius on the WEC performance, maintaining the draft as
a constant value. As a result, they indicate that the device
capture ratio can be improved if the buoy radius is
sufficiently large and the damping of the PTO system is
controlled. However, as the draft is increased, the added
mass increases whereas both excitation force and
radiation damping decrease [10] [11]. Thus, the frequency

bandwidth of the device is decreased and its natural
frequency is shifted towards lower frequencies. Usha [12]
analyzed the hydrodynamic performance of a cylindrical
buoy and compared it with that of a spherical and a
lenticular buoy, his results shows that the cylindrical
buoy (rectangular cross section) provides a better power
absorption. Other geometries were compared in [13] [14]
[15] [16] and [17], where a better overall performance was
obtained with a cylindrical buoy with conical bottom.
However, to improve the hydrodynamic performance in
a certain frequency range, the best option is a cylindrical
buoy [12] [15].
Depending on the PTO and the structural
characteristics of the device, some WEC are equipped
with additional mechanical elements that allow them to
adjust the natural frequency of the oscillating system.
Some of them are analysed in [16] [17] [18] [19] and [20],
where the natural frequency of the oscillating systems is
tuned to the frequency of incident waves. However, the
use of additional mechanisms could increase the cost and
maintenance requirements of the WECs.
In a two-body point-absorber devices, a floating body
reacts to a submerged body used as a point of reference
and the PTO use the relative motion between both bodies
to convert the wave energy [03]. Because the submerged
body has a larger wet surface than the buoy at sea
surface, it has a higher added mass and a lower radiation
damping [21] [22], therefore, the submerged body
remains at a relatively stationary position with respect to
the floating body at sea surface. Blanco et al. [23]
dimensioned and analyzed a two-body WEC system
equipped with a direct-drive PTO to enhance its power
absorption at deep water, resulting in large values of the
dimensions for both bodies.
Based on characteristics of two-body systems, the
Uppsala University adapted a single-body point absorber
WEC to operate using two floating bodies, placing an
intermediate body between the primary floating body
and the PTO sited on the seabed [24] [25]. The second
body adds inertia to the oscillating system and shifts its
natural frequency towards dominant incident waves;
therefore, the performance and the capture width ratio of
the WEC device are increased. However, both bodies
have to be placed at adequate distance to avoid a
hydrodynamic interference between them, requiring
deeper water conditions for deployment.
In this paper, a single-body point-absorber WEC with a
direct-drive power take-off system placed at seabed is
considered. Considering this configuration, the
deployment site should have a micro-tidal regime in
order to prevent the system from having extra stresses
due to high water level changes. Furthermore, in deeper
waters, the installation and recovery manoeuvres would
be complicated.
Commonly, in this type of WEC, a large buoy is used to
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shift the natural frequency of the WEC device towards
the dominant incident wave frequencies. However, a
buoy with large draft provides a narrow frequency
bandwidth. Therefore, the geometry of a cylindrical buoy
with large draft is modified by changing some parts of
the structure, reducing its volume and increasing the
buoy wet surface to enhance its frequency dependent
hydrostatic parameters at a given water depth, improving
the performance of the oscillating system and maximizing
its power absorption capability.
Unlike two-body devices, where the secondary object
provides a large added mass and low radiation damping,
the submerged part in the composed-structure singlebuoy is used to increase the added mass whereas the
amplitude of the radiation damping is maintained as high
as possible. The proposed buoy structure acts as a single
floating body without relative motion between its
structural parts and, despite the fact that it has a large
draft; it also has a low volume and weight compared to
an equivalent cylindrical buoy, and providing a better
absorption wave power.
It is known that both the bathymetry and the wave
energy resource at a given site influence the design of the
WEC device. Therefore, if the WEC device is placed at a
site with different characteristic, the WEC system will not
provide the same performance. In most studies related to
wave energy converters, sea states characterized by highamplitude and long-period waves are usually taken into
account. However, in this paper, a single-body pointabsorber WEC is designed to operate in Mexican coastal
waters in the Pacific Ocean, where the sea states are
characterized by short-period waves and the wave energy
resource is low to moderate in comparison to other places
especially at higher latitudes.
II.

DYNAMICS OF THE WAVE ENERGY CONVERTER

The linear wave theory is considered to model the
behaviour of a WEC device. This theory assumes that the
free-surface displacement (η) of the ocean water is much
smaller than the wavelength (λ) of incident waves, and
that the wavelength is greater than the radius (𝑟𝑏 ) of the
buoy. For a WEC device restricted to moving in one
degree of freedom, motion in heave (z-axis), the dynamic
equation of the oscillating system is obtained from
Newton’s second law of motion.

Fi = Fh + Fr + Fe + Fu + Fk

(1)

where 𝐹𝑖 = −𝑚𝑏 𝜔2 𝑍 is the inertial force that is
proportional to the buoy mass (𝑚𝑏 ) multiplied by the buoy
acceleration (−𝜔2 𝑍), and the terms on the right side are
related to the forces that act on the floating body,
corresponding to the hydrostatic force, radiation force,
excitation force, an external force and a mechanical
restrictive force, respectively. In addition, energy losses
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(viscous and friction forces) on the oscillating system are
neglected, the foregoing considering that in a heavily
damped system, the viscous damping is substantially less
significant than external damping [25].
The radiation force is an induced force that acts on the
buoy due to its own motion and does not depend on
incident waves [26] [27] [28]. This force is defined by two
frequency-dependent hydrostatic parameters named as
radiation damping (𝐵3 ) and added mass (𝑚3). The
radiation damping tends to zero as the frequency
approaches infinity or zero, whereas the added mass is
finite in both limits, and the radiation force can be
described as

Fr = −  B3 ( ) + i m3 ( ) U

(2)

where (𝑈 = 𝑖𝜔𝑍) is the floating body velocity. Unlike
the radiation force, the excitation force acts on the buoy
due to incident waves and it does not depend on the
buoy motion. This force is defined by an excitation force
coefficient (𝑓𝑒 (𝜔)) that multiplies the water surface
elevation (𝜂) of the incident wave, such that

Fe = f e ( )

(3)

The hydrostatic force (𝐹ℎ ) is a hydrostatic restoring
force that is proportional to the excursion of the buoy
multiplied by a buoyancy stiffness (𝑆𝑏 ), composed of the
water plane area (𝐴wp ) of the buoy, water density (ρ) and
the acceleration of gravity (g):

Fh = − Sb Z = −  g Awp Z

(4)

The external force represents the reaction force of the
PTO system on the oscillating system, it is represented as
a linear damping coefficient multiplied by the velocity (𝑈)
of the oscillating system as

Fu = − Bu U

(5)

The mechanical restrictive force (𝐹𝑘 ) is included to
represent mechanic restrictive elements on the oscillating
system. This force is proportional to the buoy
displacement in heave multiplied by a restoring
coefficient (k l ).

Fk = −kl Z

(6)

Replacing the force terms (2-6) in (1) and rearranging
the equation gives the expression for the Response
Amplitude Operator (RAO). The RAO is a dimensionless
transfer function that describes the vertical displacement
of the buoy within a frequency range related to incident
waves, and it can be described as
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Z



=

f e ( )
− 2  mb + m3 ( ) + i  Bu + B3 ( )  + ( Sb + kl )

(7)

The PTO damping (𝐵𝑢 ) has an important role on the
device performance, and in conjunction with the
hydrostatic parameters of the oscillating system; it
determines the useful power (average power) that the
WEC system can obtain from the incident waves [10] [28],
and is expressed as

Pa = 0.5  2 Bu Z = 0.5 Bu U
2

2

0 ⋯
1 ⋱
A= 0 1
⋮ ⋱
[0 ⋯

⋯
⋱
⋱
0

(8)

The length that an axisymmetric body must have to
absorb the maximum theoretical power from incident
waves is termed as capture width (ℓ), and it can be
considered as an equivalent crest width equal to the
wavelength (λ) divided by 2π [26] [28]

l = Pmax J =  2 

where the input signal (𝑢) in the state space model
related to the radiation and excitation subsystem
corresponds to the oscillation velocity (𝑧̇) of the buoy and
the water surface elevation (𝜂) of the incident wave,
respectively. The state matrices 𝑨, 𝑩 and 𝑪 have a
companion-form realization, such that
0 −𝑎1
⋮
−𝑎2
⋮
⋮
0 −𝑎𝑛−1
1 −𝑎𝑛 ]

𝑏1
𝑏2
B= ⋮
𝑏𝑛−1
[ 𝑏𝑛 ]

𝑇

0
C= ⋮
[1]

The unknown coefficients of the state matrices in (13)
are determined by minimizing the target function (𝑄)
used in [30] [31]. This target function approximates the
impulse response function of the state space model based
on the impulse response function of radiation (ℎ𝑟 ) and
excitation (ℎ𝑒 ), respectively, and it is expressed as
m

Q =  G ( tk )  hO ( tk ) − C exp ( At ) B 

(9)

2

k =1

where 𝑃𝑚𝑎𝑥 is the maximum absorbed power and J is
the energy transported by incident waves. In time
domain, the mathematical model of the WEC device
dynamics is described by the Cummins integrodifferential equation [29], such that
[𝑚𝑏 + 𝑚3 (∞)]𝑧̈ (𝑡) = −ℎ𝑟 (𝑡) ∗ 𝑧̇(𝑡) − 𝐵𝑢 𝑧̇(𝑡)
−(𝑆𝑏 + 𝑘𝑙 )𝑧(𝑡) + ℎ𝑒 (𝑡) ∗ 𝜂(𝑡)

(10)

Where the terms related to radiation damping and
excitation force are expressed by convolution terms. The
convolution terms are related to an Impulse Response
Function (IRF) of the radiation force (ℎ𝑟 ) and the
excitation force (ℎ𝑒 ). The radiation IRF is a real-causal
function (ℎ𝑟 = 0 for 𝑡 < 0) and it can be obtained with
the radiation damping [28] [30], whereas the excitation
IRF is a non-causal function (ℎ𝑒 ≠ 0 for 𝑡 < 0) and it can
be obtained applying the inverse Fourier transform to the
excitation force coefficient [30] [32]. Therefore the
expressions for the radiation and excitation forces are as
follow


hr = ( 2 /  )  B3 ( ) cos (t ) d 
0

he = (1/ 2 ) 



−

f e ( ) exp ( it ) d 

(11)

(15)

where ℎ𝑜 is the IRF of the subsystem (radiation or
excitation) that is used to characterize the state matrices.
The weight function (𝐺) can be a constant value greater
than zero [31]. In the excitation subsystem, the non-causal
impulse response function is causalized using a time shift
(𝑡𝑐 ) such that ℎ𝑒 is negligible for 𝑡 < −𝑡𝑐 and 𝑡𝑐 > 0. The
corresponding causalized impulse response function is
ℎ𝑐 = ℎ𝑒 (𝑡 − 𝑡𝑐 ) and therefore, the output (𝑦𝑐 ) of the
excitation subsystem at time (𝑡) is influenced by the input
at a future time [30], such that


yc ( t ) = C X ( t + tc )   he ( t − tc −  ) ( ) d
−

(16)

Grouping (10) with (13) for both subsystems, radiation
and excitation, the state space model of the WEC system
has the form
𝑥̇𝑓1
⋮
𝑥̇𝑓𝑛
𝑥̇ 𝑟1
=
⋮
𝑥̇ 𝑟𝑛
𝑧̇
[ 𝑧̈ ] [ 0

𝐴𝑓

0

⋯

0

𝐴𝑟

⋮

0
⋯

𝑐1

0

⋯
⋯ −𝑐1

0
−𝑐2

𝑥𝑓1
𝑏𝑓1
⋮
⋮
𝑥𝑓𝑛
𝑏𝑓𝑛
𝑏𝑟1 𝑥𝑟1
+ 0 𝜂(𝑡) (17)
⋮
⋮
𝑏𝑟𝑛 𝑥𝑟𝑛
⋮
𝑧
1
−𝑐3 ] [ 𝑧̇ ] [ 0 ]
0

(12)

As proposed by Yu and Falnes in [30] and [31], the
convolution integrals are approximated by a state space
representation of a linear subsystem, where its output
corresponds to the solution of the approximate
convolution operation, such that
Ẋ(𝑡) = AX(𝑡) + B𝑢(𝑡)
𝑡
𝑦(𝑡) = CX(𝑡) ≈ ∫−∞ ℎ𝑂 (𝑡 − 𝜏) 𝑧̇(𝜏)𝑑𝜏

(14)

(13)

c1 =

1
mb + m3 ()

c2 =

Sb + kl
mb + m3 ()

c3 =

Bu
mb + m3 ()

In the previous expressions, the state spaces
correspond to the excitation force (𝑥𝑓 ), radiation force
(x𝑟 ), buoy displacement (𝑧) and buoy velocity (𝑧̇),
respectively. Dynamics of the PTO system is not
included; nevertheless, its influence on the WEC
performance is considered by a constant damping
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parameter.
III.

PERFORMANCE OF THE WAVE ENERGY CONVERTER

The design of the WEC device defines the performance
of the point-absorber system at particular site
characterized by a given water depth and wave climate.
The size of the floating body determines the hydrostatic
parameters of the WEC, which in conjunction with the
power take-off system and the device restrictive elements
determine the total performance of the WEC. The
mathematical model of the WEC dynamics is used to
determine its behaviour under different operating
conditions [27].
The frequency-dependent hydrostatic parameters of
the WEC are obtained by analyzing the structure
interactions with the fluid (sea water) using a specialized
open-source software named NEMOH, which makes use
of the boundary element method (BEM) to compute the
first-order wave loads on offshore structures [33]. A
comparison between NEMOH and the commercial
software WAMIT is carried out in [34], showing a good
agreement between them.
For a point absorber system, it is known that a large
water plane area of the floating body is related to an
increase of its frequency dependent parameters [09] [10].
However, a large diameter might not be practical and its
value should be selected properly.
A suitable buoy radius can be selected from the capture
width of the point-absorber associated to the maximum
theoretical energy extraction defined in (9).
The draft plays an important role on the WEC
performance. Unlike the buoy radius, as the draft
increases, the excitation force decreases and the radiation
damping decreases and tends to zero at lower incident
wave frequencies; narrowing the WEC system bandwidth
[05] [10] [11] [16]. In addition, a large draft increases the
buoy volume; as well as the buoy mass and the system
inertia; shifting the natural frequency of the oscillating
system towards lower frequencies.
To improve the WEC performance specifically
regarding the absorption of wave energy, the geometry of
a cylindrical buoy is divided into three sections, which
are changed in order to improve the buoy hydrostatic
parameters. Several combinations of geometry shapes
were evaluated to increase the added mass, whereas the
radiation damping was kept as high as possible. As a
result, a particular buoy shape is used (see Fig. 1), and its
dimensions were evaluated in a parameterization process
to tune the natural frequency of the point-absorber WEC
system to a frequency within the range of dominant
incident waves. A detailed analysis and a description of
the buoy geometry sizing process is given in [35].
In the present paper, 25 meters water depth is
considered as well as a wave climate characterized by
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typical wave height of 1 meter and wave periods ranging
from 2 to 20 seconds, which covers most of the ocean
surface wave characteristics occurring in Mexican coastal
waters of the Pacific Ocean [36].

Fig. 1. Buoy structure used in the analysed WEC system; shape
obtained from a parametrized process of the buoy geometry to
improve its hydrodynamic parameters.

The WEC device that is used consists in a single-body
point-absorber that is coupled to a direct-drive PTO
placed at the seabed. The PTO system is composed by a
linear electric generator; avoiding intermediate elements
(gearboxes or similar elements) to convert translational
motion into rotary motion, reducing mechanical losses
and taking better advantage of the wave energy through
the heave motion of the free-water surface.
Generator dynamics is not taken into account, and its
influence on the WEC system is represented by a constant
damping value that multiplies the velocity of the
oscillating system. To evaluate the performance of the
WEC, a PTO damping value of 40 kN ⋅ s/m (that is
obtained by assuming a wave height of 1 meter, a wave
period of 4 seconds, a design rated power of 10 kW) and a
restoring coefficient of 5 kN/m were used, the later to
restrict the buoy displacement.
The upper diameter of the buoy (at free-water surface)
is selected as the average value of the capture width
associated to wave periods of four and five seconds. That
is to say, from (9) is obtained the buoy diameter
associated to its maximum theorical power absorption at
these wave periods and later, both buoy diameters were
averaged, resulting in a buoy diameter of 5 meters. The
WEC is tuning to an undamped natural frequency of 1.48
rad/s, corresponding to a wave period of 4.24 seconds;
and its performance is analyzed using two buoys: the
modified buoy (MB) and a cylindrical buoy (CB) with
uniform cross sections (fixed radius) and draft of 3.17
meters, the latter structure is used as a reference.
To obtain the hydrodynamic parameters of the buoy
structures, the geometry of the MB is discretized into 4956
nodes and 1829 panels, whereas the CB is discretized into
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1180 nodes and 472 panels, the difference in mesh is due
the structure shape. The analysis in NEMOH was carried
out for 150 angular frequencies in a range from 0.3142 to
3.1416 rad/s, to obtain its frequency dependent
parameters. The RAO and the absorbed power are
obtained from (6) and (7), respectively.
TABLE I
PHYSICAL BUOY PARAMETERS, WEC SYSTEM TUNED TO AN UNDAMPED
NATURAL FREQUENCY OF 1.48 RAD/S.
Buoy

Radius
𝑟𝑏 [𝑚]

Draft
𝑑 [𝑚]

Volume
𝑉𝑏 [𝑚 3]

Mass
𝑀𝑏 [𝑘𝑔]

CB

2.5

3.17

62.21

63768.70

MB

2.5

7

42.56

43624.80

The MB has a larger wet surface and lower volume
than de CB. At rest, the wet surface of the MB is 90.46 m2 ,
whereas in the CB is 69.43 m2 . Although the MB has a
larger draft than the CB, its hydrostatic parameters are
significantly increased, and the radiation damping
remains with a larger amplitude for a wider frequency
range than the CB (Fig. 2).
A free decay test is performed to show how the buoy
damping influences its motion. This test is carried out
considering still water and the buoy is hold at 0.5m above
the water surface and then it is released. Fig. 3 shows
how the motion of the buoy is attenuated along time in
absence of incoming waves. It can be seen that the motion
of the MB is decreased in less time than CB motion.
The WEC performance in the energy absorption
process is carried out in frequency domain. At resonance
conditions, where the incident wave frequency is equal to
the natural frequency of the WEC, it can be seen that the
RAO of the MB reaches a peak amplitude of 1.173 times
the wave amplitude and an absorbed power amplitude of
54.707 kW/m2 (Table II and Fig. 4), whereas the vertical
motion of the CB is about 1.028 times the wave amplitude
with a maximum power absorption of 40.343 kW/m2.
Moreover, the modified buoy provides a wider frequency
bandwidth (Fig. 4) with lower volume and mass as listed
in Table I, and Table II shows the WEC absorbed power
and the buoy motion in heave at resonant wave
frequency.

Fig. 2. Hydrodynamic coefficients of the buoy structure obtained
from NEMOH. Comparison between a cylindrical buoy (CB) and the
composed-structure single-buoy (MB).

Fig. 3. Free-Decay Test.
TABLE II
WEC PERFORMANCE USING A BUOY WITH CYLINDRICAL SHAPE AND THE
PROPOSED SHAPE AT RESONANT WAVE CONDITION.
Buoy

Absorbed power
(kW/m2)

RAO
peak value

CB

40.343

1.028

MB

54.707

1.173
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excitation source with sinusoidal waveform. In addition,
the values of the hydrodynamic performance (average
absorbed power (P) and the motion in heave (z)) of the
point-absorber device related to the incident wave
frequency at incident wave frequency of 1.395 rad/s
shown in Table III.

Fig. 4. Point-absorber performance with a constant PTO damping
value of 40 kN ⋅ s/m. Comparison between a cylindrical buoy (CB)
and the modified buoy (MB). (Above) RAO, (Below) Absorbed
power.

To confirm the WEC dynamic and performance using
the proposed buoy structure, a simulation of the WEC
behaviour in the time domain is carried out, comparing
its result with the frequency domain. The response of the
point absorber device is simulated under a regular
incident wave condition, considering a sinusoidal wave
with amplitude of 0.5m with an angular frequency of
1.395 rad/s, which is close to the damped natural
frequency of both oscillating systems. The PTO system is
assumed linear and its dynamics are not considered;
however, its influence on the WEC performance is taken
into account through a constant damping value of 40 kN ⋅
s/m.
Convolution terms related to the radiation and
excitation forces are approximated by fourth and sixth
order state space subsystems, respectively; and the matrix
coefficients are determined by reducing the objective
function (15) for the impulse response functions
described in (11) and (12). Furthermore, the absorbed
power by the PTO system in time domain is calculated at
each instant of time using the expression 𝑃𝑒 = 𝐵𝑢 𝑧̇ 2 .
The state space system that describes the dynamics of
the WEC as given by (17), is integrated through a fourth
order Runge-Kutta method with a fixed integration step.
Assuming that the system is at rest when t = 0, the
dynamics of the point absorber system is simulated for a
time history of 110 seconds with time intervals of 0.02
seconds to obtain its behaviour in steady state under a
regular wave condition.
Figures 5 and 6 show the WEC displacement in heave
and its absorbed power, obtained from the point-absorber
dynamics in the frequency and time domain for both
buoy geometries. For a better appreciation on the
waveforms, graphs in the time domain show a time
windows of 60 to 90 seconds, which corresponds to a
steady state operation of the oscillating system under an

Fig. 5. Buoy displacement at free-water surface under a regular
wave condition, incident wave amplitude of 0.5m.
(Above) Frequency domain, (Below) Time domain.

Fig. 6. Absorbed power by the point-absorber WEC under a
regular wave condition, incident wave amplitude of 0.5m.
(Above) Frequency domain, (Below) Time domain.
TABLE III
WEC PERFORMANCE USING A BUOY WITH CYLINDRICAL SHAPE AND THE
MODIFIED SHAPE. USING A REGULAR INCIDENT WAVE WITH AMPLITUDE
OF 0.5M AND 𝜔 = 1.395 RAD/S (CLOSE TO RESONANT FREQUENCY)
Buoy

Frequency domain

Time domain

P [kW]

z [m]

P [kW]

z [m]

CB

10.060

0.5084

10.345

0.5147

MB

13.646

0.5921

13.478

0.5889

44

INTERNATIONAL MARINE ENERGY JOURNAL, VOL. 4, NO. 2, JULY 2021

Results show a good agreement between the amplitude
of the vertical displacement and the average absorbed
power of the buoy. Results indicate that using the proposed

buoy, the WEC provides a good performance absorbing the
wave energy. There is a difference about 1.23 and 0.54
percent in the amplitude of displacement of CB and MB,
respectively; whereas for the average absorbed power,
the difference is about 2.83 and 1.23 percent, respectively.
An irregular wave profile is obtained from a
JONSWAP wave spectrum (defined with a significant
wave height of 1 meter, a peak wave frequency of 0.2191
Hz and a peak enhancement factor 𝛾 of 1.65) to determine
the performance of the WEC device under a relatively
realistic operating condition (incident wave with
frequency and amplitude varying with time).
As seen in Fig. 7, for an irregular incident wave, the
MB provides a better absorption of wave energy than the
CB. Therefore, the point-absorber device with the MB
could be a suitable option to improve the absorption of
wave energy in a point-absorber system placed in waters
of finite depth. Moreover, an adequate control scheme
could improve the performance of the WEC device, such
that, the damping exerted by the PTO system could be
tuned to an optimum value depending on the incident
wave frequency.

IV.

CONCLUSION

The performance analysis of a point-absorber wave
energy converter using a composed buoy structure is
carried out to improve its performance at finite depth
water for a given sea state. Using a cylindrical buoy with
large draft as a reference, a particular buoy geometry is
sized, such that the undamped natural frequency of the
oscillating system for both buoys is tuned to a given
value. Even though the composed-structure buoy has a
larger draft than the cylindrical buoy, it has a smaller
volume and weight; moreover, the amplitude of the
frequency-dependent hydrostatics parameters in the
composed single-buoy are increased for a wider
frequency range, providing a wider frequency bandwidth
than the cylindrical buoy. The dynamics of the PTO
system are not considered in the WEC system modelled
in time domain.
Comparing the performance of the WEC system for
both buoy types indicates that the system with the
proposed buoy geometry is able to absorb more energy
from incident waves with a wider frequency range,
whereas the oscillating system is kept as simple as
possible.

Fig. 7. Estimated absorbed power under irregular wave
conditions as results from considering two different buoy structures.
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