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Ocean wave energy is one of the world's most powerful forms of energy and the energy density in ocean
waves is the highest among renewable energy sources. Wave energy converters are employed to harness
this energy and convert it into usable electrical energy. However, in order to efﬁciently extract the energy, the wave energy converter must be optimised in the design stage. Therefore, in this paper, a
methodology is presented which aims to optimise the structural geometric conﬁguration of the device to
maximise the average power extraction from its intended deployment site. Furthermore, a case study of
the Atlantic marine energy test site, off the west coast of Ireland, is undertaken in order to demonstrate
the methodology. Using the average annual wave energy spectrum at this site as the input, the optimum
structural geometric conﬁguration was established, along with an analysis of the optimum conﬁguration
for different radius devices. In addition, the optimum damping coefﬁcient of the PTO mechanism is
determined and the total mean absorbed power for the structure at the site over the entire scatter diagram of data is calculated.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
For every sea or ocean region around the world, the energy level
and properties of the waves are unique. In general, the wave
characteristics of a region are described by using a wave energy
spectrum and this is used as a reference when designing a marine
structure which is being constructed, or is operating, at the given
location. Therefore, it is necessary to design a wave energy converter (WEC) depending on its expected location in order to
maximise the energy output at that location. One method of optimising the design of a given WEC is to optimise its geometrical
shape, or geometric conﬁguration, so as it will perform to its
maximum efﬁciency in a speciﬁed manner. Therefore, in their
design, it is necessary to maximise the power production of wave
energy converters for the majority of the time.
Traditionally structural optimisation techniques were employed
for sea keeping of ships and minimising of the dynamic response of
the vessel when moored. Clauss and Birk [4e6,8] have developed
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numerous automated optimisation procedures for the design of
offshore structure hulls. The structures involved in their studies
include gravity base structures, tension leg platforms, caisson
semisubmersibles and semisubmersibles with minimum downtime. Elchahal et al. [10] used the structure's density distribution to
optimise the internal geometry of ﬂoating breakwaters and
explored a case study of a breakwater appearing in a port's construction far from the shore.
Recently with the increased interest in wave energy, designers
have begun to increase the efﬁciency of their designs by improving
the design of certain aspects or all of its structural shape. For
example Kramer and Frigaard [15], explored the orientation and
angle of the wave reﬂectors on the Wave Dragon to amplify the
wave energy being absorbed. Vantorre et al. [23] examined a
number of geometries while exploring the hydraulic modelling of a
heaving WEC being designed for the Belgian coast of the North Sea.
Alves et al. [1] explored a methodology which optimised the buoy
shape for a wave energy converter working primarily in the heave
motion. The converter comprised of two buoys, a surface piercing
buoy and a submerged buoy. Within the analysis, a maximum
stroke for the PTO mechanism was imposed to protect the mechanism and a similar procedure is examined in the current study.
Ruellan et al. [22] describes the methodology involved in the design
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Fig. 1. Schematic detailing the basic elements of a point absorber wave energy converter, including the ﬂoating oscillating structure, PTO mechanism and mooring line.

of the SEAREV WEC, which is a rotational point absorber. Babarit
et al. [3] used the scatter diagram of data at different sites to
determine the efﬁciency and power output for a range of types of
wave energy converters. McCabe [19] uses a genetic algorithm to
improve the wave energy extraction of a WEC, which operates in
the surge motion, by optimising its shape. The algorithm assesses
each shape in a wave climate in order to determine the optimum
design. Kurniawan and Maon [16,17] explore the optimisation of
the geometric conﬁguration of submerged and surface piercing
wave absorbers. These absorbers have a simple cross-section and
oscillate about a ﬁxed axis. In their analysis, a multi-objective
optimisation methodology is imposed in order to maximise the
power absorption.
In this paper, a methodology to optimise the dynamic heave
velocity response of the ﬂoating oscillating part of the WEC through
form ﬁnding of the geometric conﬁguration of its structure is presented. The next step in the design process would be to examine
and optimise the structural behaviour of the WEC (see, for example,
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Ref. [12]). However, this is outside the scope of this paper. A schematic, which detailing the basic elements of a point absorber WEC,
similar to the one being analysed in the current study is shown in
Fig. 1. This schematic includes the ﬂoating oscillating structure, the
PTO mechanism and the mooring line connecting the WEC to the
sea bed. An unconstrained system is analysed in order to determine
the optimum geometric conﬁguration of the structure in terms of
shape and radius. In order to clearly explain the methodology, a
case study is taken of a generic WEC, which is to be deployed at the
Atlantic marine energy test site (AMETS) off the west coast of
Ireland, which is described in Section 2. The type of WEC investigated in this paper is a ﬂoating vertically axisymmetric point
absorber, which predominantly oscillates in the heave, or vertical,
motion. However, the methodologies detailed may be easily
adapted to be applicable to any WEC. The optimisation discussed in
this paper is limited in scope to the set of geometries deﬁned in the
geometry library of the methodology. In this study, a single wave
energy spectrum is used as the data input and, since Babarit et al.
[3], suggest the use of the entire scatter diagram for the site, an
analysis of the mean absorbed power of the optimum structure
using this technique is also performed.
2. Wave energy and data processing
2.1. Wave energy
The most commonly used method of describing the energy in
real sea waves is the wave energy spectrum, Sðf Þ. This is a distribution of the wave energy of a given location as a function of the
wave frequency, f. Since the sea state of a given location constantly
changes, this method provides a clear representation of the energy
distribution over a given time span. The two main characteristics
used to describe the wave climate of a given location is the signiﬁcant wave height, Hs, which is the mean wave height of the top
one third highest of the waves, and the average wave period, Tav.
The signiﬁcant wave height is calculated as:

Table 1
Number of occurrences of signiﬁcant wave height and average wave period at AMETS for 2010.
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Table 2
Number of occurrences of signiﬁcant wave height and average wave period at AMETS for 2011.

pﬃﬃﬃﬃﬃﬃﬃ
Hs ¼ 4 m0

(1)

where m0 is the integral of the wave energy spectrum, given as:

Tz ¼

rﬃﬃﬃﬃﬃﬃﬃ
m0
m2

where m2 is given as:

Z∞
m0 ¼

Z∞
Sðf Þ df

(2)

m2 ¼

0

The mean zero up-crossing period, Tz, is used to relate the
average wave period to the wave energy spectrum, such that Tav ¼
1:09Tz [14] and

(3)

f 2 Sðf Þdf

(4)

0

Falnes [11] describes the total stored energy, E, in a wave per unit
area of sea surface in terms of signiﬁcant wave height and the wave
energy spectrum as follows:

Table 3
Number of occurrences of signiﬁcant wave height and average wave period at AMETS for 2012.
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Z∞
E ¼ rg

Sðf Þdf ¼

rgHs 2
16
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(5)

0

where r is the density of the ﬂuid and g is acceleration due to
gravity. The wave power level, P, per unit width in a wave is given
as:

Z∞
P ¼ rg

vg ðf ÞSðf Þ df ¼

rg 2 Hs 2 Tav
64p

(6)

0

where vg ðf Þ is the group velocity [9], which is given as:

vg ðf Þ ¼

g
gTav
¼
4pf
4p

(7)

for deep water waves. For example, in 2010, seas off Belmullet, Co.
Mayo, Ireland [54.225N, 9.991W] at AMETS, had an average signiﬁcant wave height, Hs of 2.15 m, with an average wave period, Tav
of 9 s. Using these two ﬁgures and Eqn. (6), the resultant wave
power level per unit width is approximately 20.5 kW/m. However,
when analysing the total year's data, the total annual wave power
level per unit width at the location, for 2010, is calculated to be
almost 29.5 kW/m. Therefore, it is obvious that a single day's
measurement is a poor estimate of a yearly average.
The measured wave records, which are to be replicated in this
analysis, have been recorded at the Atlantic marine energy test site
(AMETS) off Belmullet, Co. Mayo, Ireland [18]. AMETS has been
selected for the full-scale testing of pre-commercial wave energy
devices. The site itself provides facility for the testing of near-shore,
intermediate-water and offshore devices. It was selected principally due to its deep water with sandy sea bed close to shore, the
quality of its wave climate, the onshore infrastructure and the
suitable grid connection. A Fugro Wavescan buoy is used to record
the real-time wave data and is located approximately 3 km offshore
in water depth of 50e100 m. The measured wave records are taken
over a half hour time frame and three records are used in the
analysis.
Tables 1e3 for each year from 2010 to 2012, respectively, detail
the number of half hour occurrences of bands of signiﬁcant wave
heights and average wave periods at the AMETS and, from this,
the probability of occurrence can be calculated. The probability of
occurrence of the average wave period and signiﬁcant wave
height for 2010, 2011 and 2012 can be seen graphically in Fig. 2.
These tables also give a detailed insight into the typical wave
climate of the location and give a designer a great advantage
when designing a WEC to perform efﬁciently at the location. Data
monitoring at the AMETS was only established in December 2009
and, therefore, there are only three full years of data available thus
far. Since the AMETS has been selected as Ireland's ﬁrst full-scale
wave energy test site, this data is a good representation for a
typical offshore site. However, different locations do still have
different properties and, therefore, a WEC will need to be
designed based on its expected deployment location. Using Eqn.
(6) and the probability of occurrence, the annual wave power level
per unit width, in kWh/m year, can be calculated and is shown
graphically in Figs. 3e5 for 2010, 2011 and 2012, respectively.
Furthermore, the monthly distributions of average signiﬁcant
wave height and average wave period are shown in Figs. 6 and 7,
respectively, for 2010, 2011 and 2012.
From Figs. 3e5, it is evident that there is a deﬁnite peak in the
wave power level at the location. During the winter months of
2010, there were spells of exceptionally cold weather in Ireland,
which also included winds which were relatively light compared to

Fig. 2. Probability of occurrence at AMETS for 2010, 2011 and 2012 of (a): average wave
period and (b): signiﬁcant wave height.

Fig. 3. Surface chart representation of the wave power level, in kWh/m year, for signiﬁcant wave height and average wave period at AMETS for 2010.

212

J. Goggins, W. Finnegan / Renewable Energy 71 (2014) 208e220

Fig. 6. The monthly average signiﬁcant wave height at AMETS for 2010, 2011 and 2012.
Fig. 4. Surface chart representation of the wave power level, in kWh/m year, for signiﬁcant wave height and average wave period at AMETS for 2011.

other years. As a result of this, the signiﬁcant wave height for these
months, in particular December, was low compared to the other
years analysed. In addition, in the ﬁrst four months of 2010, relatively low signiﬁcant wave heights were observed compared to
2011 and 2012. Therefore, these factors contributed to the low
overall average wave energy of 2010 compared to 2011 and 2012.
The change in wave period and wave height at which the peak wave
power level occurs, as well as the overall increase in energy from
2010 to 2011, is partially attributable to the stormy conditions
experienced at the location at the end of 2011. This is further
evident as there is an overall reduction in the wave power level
from 2011 to 2012. Furthermore, the average wave energy available,
which includes all sea states, is estimated from Figs. 3e5 as 30 kW/
m in 2010, 56 kW/m in 2011 and 51 kW/m in 2012, respectively.
These stormy conditions are reﬂected in both Figs. 6 and 7.
The peak wave direction is also analysed, along with the associated signiﬁcant wave height, and can be seen in Fig. 8. The predominant wave direction occurs within the North-West quadrant of
the rose plot during 2010 and 2012, as can be seen in Fig. 8(a) and
(c), respectively. However, in 2012, a large proportion of the wave
direction also occurs within the South-West quadrant of the rose
plot, which is displayed in Fig. 8(b). It is worth noting that the more
severe wave conditions continue to occur within the North-West
quadrant of the rose plot. These rose plots for peak wave direction are as expected for a location that is sheltered by a large land
mass to the West, which prevents waves from approaching from
the West.

Fig. 5. Surface chart representation of the wave power level, in kWh/m year, for signiﬁcant wave height and average wave period at AMETS for 2012.

2.2. Estimating the wave energy spectrum at a given location
In this section, a method for estimating the average annual
wave energy spectrum at a given sea or location is detailed. The
energy at each signiﬁcant wave height, Hs, and average wave
period, Tav, for a given period is used to calculate wave energy
spectrum for that period. This is similar to the technique utilised by
Bretschneider, in 1959, where he used two parameters, the total
energy and average period, to ﬁrst derive the analytical Bretschneider spectrum [7]. Another, commonly used analytical wave
energy spectrum is the modiﬁed PiersoneMoskowitz Spectrum
[21], SPM ðf Þ, which is given as:

SPM ðf Þ ¼

AS
ð2pÞ4 f 5

exp

BS

!

ð2pÞ4 f 4

(8)

4 and B ¼ 691=T 4 . This can
where the coefﬁcients AS ¼ 173Hs2 =Tav
S
av
be used as an input for the geometric optimisation methodology
where no real wave energy spectrum is available.
In this paper, a case study of AMETS is used as the design
location, or the location where the WEC is to be deployed. An
annual wave energy spectrum is calculated for each year from 2010
to 2012, as well as an annual average wave energy spectrum for the
location over the three year period.
The wave energy, in kWh/m year, is estimated at each signiﬁcant
wave height and average wave period for a given year by utilising
the probability of occurrence, which is calculated from the data
displayed in Tables 1e3. A relationship between wave energy, in
kWh/m year, and wave frequency can be approximated and, using
Eqn. (6), the relationship is used to estimate an equivalent

Fig. 7. The monthly average wave period at AMETS for 2010, 2011 and 2012.
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Fig. 8. The peak wave direction and signiﬁcant wave height distribution for (a) 2010 (b) 2011 and (c) 2012.

signiﬁcant wave height at each i wave frequency. From this, an
equivalent wave height, Hi, at each i frequency can be determined
using the relationship:

Hs;i
Hi ¼ pﬃﬃﬃ
2

(9)

The wave energy density, Sðfi Þ, at each i wave frequency is then
determined using the relation:

Ai ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Sðfi Þ Dfi

(10)

or

Sðfi Þ ¼

Hi 2
8Dfi

(11)

where Ai is the wave amplitude at the ith wave frequency and Dfi is
the frequency increment at the ith frequency, deﬁned as:
Dfi ¼ fiþ1  fi1 =2. The wave energy spectra for each year from 2010
to 2012, together with the average annual wave energy spectrum
for the three years are shown in Fig. 9. Furthermore, included in
Fig. 9 is a spectrum generated using the modiﬁed PiersoneMoskowitz spectrum [21], given in Eqn. (8), for a signiﬁcant
wave height, Hs of 2.57 m, and average wave period, Tav of 9.47 s,
which are the average values of the three years. It is clear to see
from Fig. 9 that this spectrum underestimates the actual average
annual wave energy spectrum of AMETS. In addition, there is a shift
in the peak frequency of this spectrum when compared to the
actual peak frequency of the location. With further years' data, a
more accurate average annual wave energy spectrum for this
location may be determined. However, currently, there are only
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Fig. 9. Wave energy spectra for AMETS for 2010, 2011 and 2012 and the resulting
average annual wave energy spectrum for the site.

three years of data available for the location. Again as discussed in
Section 2.1, the increase in the magnitude of the wave energy
spectrum and the shift in frequency where its peak occurs, between
2010 and 2011 followed by a reduction from 2011 to 2012, are
partially attributable to the stormy conditions experienced at the
location at the end of 2011.
Using the PiersoneMoskowitz spectrum to describe the wave
climate at AMETS would have an impact on the performance of a
WEC being designed for deployment at the location. The shift in
peak frequency predicted using this spectrum from the actual frequency would yield to a design of a WEC that would not operate at
resonance during the predominant wave conditions for the site, thus
resulting in lower power absorption than predicted. Furthermore,
the amplitude spectrum derived from this wave energy spectrum
would underestimate the magnitude of the waves at AMETS. Both of
these factors would result in an inefﬁcient design and, thus, a
reduction in the potential power production of the WEC.
3. Geometrical shape optimisation
When optimising the geometric conﬁguration of any wave energy converter a number of design criteria, or parameters, must be
considered:

result, in this analysis, a study is undertaken where a restriction on
the maximum value of the RAO of a given structure is imposed, in
order to reduce the probability of the occurrence of slamming. A
number of restriction values on the RAO of each structure are
imposed and an optimum geometric conﬁguration is determined at
each restriction. In reality, these restrictions will be imposed by a
variety of tuning, or control, techniques [13]. An additional measure
which may be employed is to impose a cut-off signiﬁcant wave
height (for example Hs ¼ 6 m), beyond which the WEC is not in
operational mode in order to protect the WEC PTO system.
Furthermore, the stability of the structure is an important factor in
the design of any ﬂoating structure. This is achieved through
effectively designing the mass distribution by lowering the metacentric height insuring the structures remain in stable equilibrium, while also reducing the pitch motion of the structure. However, since this study only deals with geometric shape, this aspect of
the design is not discussed. Therefore, in this study, the design
criteria considered is maximising the wave energy extracted.
In order to determine the level of performance of each geometric
conﬁguration analysed, an objective function must be deﬁned. In
this case, the objective function is the ‘signiﬁcant velocity’ or ‘double
amplitude motion’, (2s)s. The ‘signiﬁcant velocity’ is similar to the
signiﬁcant wave height, which is calculated from the input wave
energy spectrum as shown in Eqn. (1), and is given as [8]:

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u Z∞
u
u
ð2sÞs ¼ 4t
Sss ðf Þdf

(12)

0

where Sss(f) is the dynamic heave velocity response spectrum
density. The relation between the heave displacement, u, and heave
_ juj
_ ¼ ujuj, is used in the derivation of the dynamic heave
velocity, u,
velocity response spectrum density. The objective function deﬁned
by Clauss and Birk [8] has been adapted for this analysis where it is
now proportional to the dynamic heave velocity response, which is
the property of the structure that is being maximised. The ‘signiﬁcant velocity’, deﬁned by Eqn. (12), is calculated over a range of radii
for each geometry in the geometry library. The optimum geometric
conﬁguration of the converter is the structural shape and radius
yielding the maximum ‘signiﬁcant velocity’ for the input wave energy spectrum. However, if the radius of the structure is not a
variable, an optimum geometry is easily identiﬁed for the imposed
radius using the methodology detailed in this section.

3.1. Geometric conﬁguration optimisation methodology
 The maximum wave energy should be extracted efﬁciently over
an appropriate frequency range.
 The converter should perform efﬁciently regardless of the wave
direction.
 The probability of slamming due to excessive dynamic response
of the converter should be limited as much as possible.
In the proposed methodology, the maximum wave energy
extracted is achieved by efﬁciently maximising the dynamic heave
velocity response of the unconstrained system. When dealing with
a constrained system, this is incorporated into the analysis in the
calculation of the response amplitude operator (RAO) of the
structure. The appropriate frequency range of the analysis is
deﬁned by the desired location's average annual wave energy
spectrum. The structures being analysed are vertically axisymmetric and, therefore, the converter will perform equally with any
wave-direction. In addition, the heave motion dynamic response of
the structure may be of a large enough magnitude for slamming to
occurrence when it is oscillating near its resonant frequency. As a

In the geometric conﬁguration optimisation algorithm, detailed
in this section, two variables are speciﬁed: the geometric shape and
the radius of the structure. Speciﬁed families of geometric shapes,
which have a draft that is proportional to the radius, are used in the
analysis to vary the geometrical shape, which is referred to as the
geometry library. Furthermore, in the program the user speciﬁes a
range of radii that are to be analysed, which in this study has been
speciﬁed as 1 me25 m. However, a predeﬁned radius or the geometry of the structure may be speciﬁed and, in this case, the algorithm is easily modiﬁed.
The geometric conﬁguration optimisation algorithm is summarised in the ﬂowchart in Fig. 10. In order to perform the structural shape optimisation, an average annual wave energy spectrum,
for the design location, must be inputted. In addition to this, a geometry library of the structural geometric shapes being analysed
must be generated. This library contains the RAO of each geometric
shapes being analysed, which is used to calculate its dynamic heave
velocity response spectrum and, ultimately, the associated

J. Goggins, W. Finnegan / Renewable Energy 71 (2014) 208e220

215

Fig. 10. Flowchart of the shape optimisation procedure.

‘signiﬁcant velocity’. Details of the geometry library for the case
study are shown in Table 4. Then each structural geometry is analysed and the ‘signiﬁcant velocity’, (2s)s, at each radius is calculated
for a range of radii. The maximum ‘signiﬁcant velocity’ can then be
calculated at each radius and the geometry that achieves this can be
determined. The optimum geometric conﬁguration is obtained
from, for example, Figs. 11e14, where the radius and geometry that
yield the maximum ‘signiﬁcant velocity’ can be selected.

3.2. Case study and ﬁndings
In order to examine the geometric conﬁguration optimisation
methodology detailed in this paper, a case study is presented. The
wave energy converter under consideration is a ﬂoating vertically
axisymmetric structure, which oscillates mainly in the heave motion, for that is to be deployed at AMETS. Therefore, the average
annual wave energy spectrum, given in Fig. 9, is used as the input
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Table 4
Description of the various geometry options in the geometry library.

wave energy spectrum, in order to ﬁnd the optimum geometric
conﬁguration that is appropriate to this location. As discussed
previously, to reduce the probability of slamming of the device, a
restriction on the response amplitude operator (RAO) can be
imposed. Thus, to investigate the effect such a restriction would
impose on the performance of the WEC; restrictions on the RAO of
3, 4 and 5 were imposed and compared to having no restrictions.
This is shown in Fig. 11, where the performance of the device is
indicated by the ‘signiﬁcant velocity’, (2s)s, and this is plotted
against the radius of the device for a number of different geometric
shapes (detailed in Table 4). The optimum structural geometric
shape for the case study is found to be a truncated cylinder with a
hemisphere attached to its base having a b/a ratio of 2.5 (i.e. geometry I.D. OC03) regardless of the restriction on the RAO. However, the optimum radius was found to be between 7.5 m and 9 m
and this is dependent on the restriction on the RAO. On the other
hand, if the radius of the structure is required to be greater than
approximately 10 m, other geometric shapes have been found to
yield better performance. For example, for no restriction on the
RAO, as seen in Fig. 11(a), IC03 is found to be the optimum structural
geometric shape for a range of radii from 10 m to 14.5 m and, in
turn, IC02 for 14.5 me18.5 m and LIN01 for 18.5 me25 m. Details of
these geometric shapes are given in Table 4.
However, a developer may wish to consider a fewer number of
geometric shapes without signiﬁcantly affecting its optimum
response. Therefore, for example, in Fig. 11(a), the geometry OC03
may be deemed suitable up to a radius of 12 m and IC02 for a radius
range of 12e25 m. Similarly, in Fig. 11(b), the geometry OC03 may be
deemed suitable up to a radius of 10 m and LIN02 for a radius range
of 10e25 m. Furthermore, when examining the data regardless of
the restriction of RAO imposed, in general it can be concluded that
OC03 is the optimum (or near optimum) geometry for a radius of
less than 10 m, IC02 is the optimum (or near optimum) geometry for

a radius from 10 m to 16 m and LIN02 is the optimum (or near optimum) geometry for a radius range of 16e25 m.
The algorithm was also run for an input wave spectrum for 2010,
2011 and 2012 from AMETS. The results of this are shown in
Figs. 12e14, respectively. It was found that, again, the optimum
geometric conﬁguration is OC03. A device of this geometric shape
and a radius of between 7 m and 8.5 m would have yielded optimum performance at this location based on the average annual
wave energy spectrum for 2010, as can be seen in Fig. 12. On the
other hand, a similar device with a radius of between 8 m and 10 m
would have performed on average better in 2011, as shown in
Fig. 13. Similarly for 2012, it can be seen in Fig. 14 that the optimum
geometric conﬁguration is OC03 with a radius of between 8 m and
10 m. Therefore, for a device to be deployed at AMETS, a suggested
geometry is a vertical cylinder with a hemispherical base, with a b/a
of 2.5 and a diameter of 8 m.
Furthermore, at larger radii, the optimum structural geometric
shape was found to differ for this location over the three years. This
is further evidence that additional years of data are required before
an average annual wave energy spectrum for design of wave energy
converters at this location can be accurately determined.
Based on the 2010, 2011 and 2012 wave data for AMETS (Section
2.1), the dynamic heave motion response in the frequency-domain
of the device with optimum geometric conﬁguration (i.e. a
geometrical shape of OC03 and radius of 8 m) is shown in Fig. 15.
The wave elevation, or wave amplitude, spectrum is also shown. In
the analysis, a frequency increment, Df ¼ 0.005 Hz, is used for both
the dynamic response spectrum and the wave amplitude spectrum.
It is important to keep the frequency step constant throughout the
analysis, as only then is it accurate to compare the different geometric shapes and radii. This is because an increase in the frequency
step will cause an increase in the amplitude spectrum and, hence,
an increase in the dynamic response spectrum, as each point is
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Fig. 12. The ‘signiﬁcant velocity’ as a function of radius for the 2010 annual wave energy spectrum for AMETS with no restriction on the maximum value of RAO, which
also details the optimum geometric shapes as the radius is varied.

representative of a deﬁned width as shown in Fig. 15. However, any
result based on an integral over frequency should not be sensitive
to Df, provided it remains the same throughout the analysis, except
for minor numerical error. It is clear from Fig. 15 that the structure
has a dynamic heave motion response, which is of the same
magnitude, or greater than, the wave amplitude, for a large proportion of the wave amplitude spectrum (between 0.06 Hz and
0.13 Hz) and, thus, would perform efﬁciently within this range. At a
wave frequency of 0.11 Hz the structure is oscillating at a frequency
close to its natural frequency and, therefore, the dynamic heave
motion response of the structure is many magnitudes greater than
wave amplitude acting on it. As a result of this, additional nonlinearities may occur at this point of resonance. Therefore, it may be
necessary to consider nonlinear hydrodynamic analysis in the
calculation of the power absorption, in particular, when considering the instantaneous positioning of the structure when estimating the wave excitation and restoring forces. However, only
linear hydrodynamic analysis is considered in this study and is,
therefore, beyond the scope of this paper.
4. Mean absorbed power calculation
In this study, a hydrodynamic analysis of the structure is performed, using ANSYS AQWA [2], to derive the excitation forces and
the hydrodynamic coefﬁcients. In order to calculate the absorbed
power from the structure, a power take-off (PTO) mechanism is
incorporated. The PTO mechanism is represented by an ideal linear

Fig. 11. The ‘signiﬁcant velocity’ as a function of radius for the average annual wave
energy spectrum over a three year period (2010e2012) for AMETS obtained by
imposing the following maximum restrictions on the RAO: (a): no restriction, (b): a
restriction of 5, (c): a restriction of 4, (d): a restriction of 3.

Fig. 13. The ‘signiﬁcant velocity’ as a function of radius for the 2011 annual wave energy
spectrum for AMETS with no restriction on the maximum value of RAO, which also
details the optimum geometric shapes as the radius is varied.
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Fig. 14. The ‘signiﬁcant velocity’ as a function of radius for the 2012 annual wave energy spectrum for AMETS with no restriction on the maximum value of RAO, which
also details the optimum geometric shapes as the radius is varied.
Fig. 16. Variation of the response amplitude operator for various values of the PTO
damping coefﬁcient, b1.

damper, where the PTO damping coefﬁcient, b1, is kept constant.
This form lends itself to a solution in the frequency-domain and,
therefore, can easily be incorporated into the dynamic response
calculation. Therefore, the motion of the structure is governed by
the following equation:

€ þ ðb1 þ nÞu_ þ tu ¼ Fext
ðM þ am Þu

(13)

where u is the dynamic heave motion response, M is the mass, am is
the added mass, n is the radiation wave damping, t is the hydrostatic stiffness and Fext is the excitation force on the structure. From
Eqn. (13), the response amplitude operator (RAO) is calculated and
is given by the following equation:

u
Fext =A
¼
A u2 ðM þ am Þ þ iuðb1 þ nÞ þ t

(14)

where A is the amplitude of the incident wave.
From the RAO, the dynamic response of a structure may be
computed. However, as the value of the damping coefﬁcient of the
PTO mechanism is increased the dynamic response is decreased.
This is evident from Eqn. (14) and is shown graphically in Fig. 16.
Therefore, it is necessary to determine the optimum value of the
damping coefﬁcient of the PTO mechanism with respect to optimising the mean absorbed power [20]. describe the mean absorbed
power, at the ith frequency, P i , by the following equation:

Fig. 15. The dynamic heave motion response spectrum of the optimum structure for an
input of the average annual wave energy spectrum for AMETS. The wave height
spectrum is also displayed and, both, have a frequency step, Df ¼ 0.005 Hz.

Pi ¼

1
b ju_ j2
2 1 i

(15)

where ju_ i j is the amplitude of the velocity of the structure caused by
the energy of the ith spectral component. From Eqn. (15), it can be
seen that the mean absorbed power is a nonlinear function of the
velocity. Therefore, it can be used to estimate the mean absorbed
power for a given sea state. Using the average wave energy spectrum at AMETS, given in Fig. 9, the mean absorbed power is
calculated over a range of values for the damping coefﬁcient of the
PTO mechanism and is shown in Fig. 17. The total mean absorbed
power for each value of the damping coefﬁcient is calculated by
summing the mean absorbed power at each frequency component,
which is determined using Eqn. (15). From Fig. 17, the optimum
value for the damping coefﬁcient of the PTO mechanism, b1, at the
point where the total mean absorbed power is at its maximum, is
determined as 360 kNs/m.
The optimum damping coefﬁcient of the PTO mechanism is then
used to derive the total mean absorbed power of a structure with
the optimum geometric conﬁguration at AMETS. A technique
similar to the one detailed by Babarit et al. [3] is used to derive the
absorbed power matrix for the structure. In this analysis, Eqn. (15)

Fig. 17. Variation of mean absorbed power for a range of values of the PTO damping
coefﬁcient.
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Table 5
Matrix representation of the mean absorbed power for the optimum structural conﬁguration at AMETS for 2010 to 2012 (Watts).

is applied to each sea state in order to derive the absorbed power
matrix of the structure. This absorbed power matrix is then applied
to a probability of occurrence matrix for AMETS, which is derived
from a the data given in Tables 1e3, and the result is the total mean
absorbed power for the structure at the site. The results of this
analysis are given in Table 5. In addition, the capture width ratio
(CWR) is calculated for a structure with the optimum geometric
conﬁguration as follows:

CWR ¼

Pi
2aPi

(16)

where Pi is the mean wave power, at the ith frequency, per unit
width. Since the absorbed power is being analysed, there are sea
states where a capture width ratio of greater than 1 occurs. Realistically, this would not occur. The capture width ratio at each sea
state is displayed in Table 6.

Table 6
Matrix representation of the capture width ratio for the optimum structural conﬁguration at AMETS for 2010 to 2012.
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5. Discussions and conclusions
In this paper, a methodology for optimising the structural geometric conﬁguration of a ﬂoating wave energy converter (WEC),
which considers the average annual wave energy spectrum of its
design location, is presented. Since the absorbed power is a
nonlinear function of the velocity of the structure, the dynamic
heave velocity response of the ﬂoating oscillating part of the WEC is
the parameter optimised in this analysis. An unconstrained system
is analysed in order to determine the optimum geometric shape and
radius of the structure. The type of WEC considered in this study is a
ﬂoating vertically axisymmetric point absorber, which predominantly oscillates in the heave, or vertical, motion. However, the
methodologies detailed may be easily adapted to be applicable to
any WEC. In addition, an analysis which includes the other motions,
mainly surge and pitch, of a point absorber is to be included in a
future study which extends the analysis presented in this paper.
A case study of the Atlantic marine energy test site (AMETS) has
been taken as the design location. This is a recently established fullscale test site for WECs off the west coast of Ireland. Real wave data
from the location has been analysed and the wave energy spectra for
2010 to 2012, as well as the average annual wave energy spectrum
for the three years, was presented. Furthermore, the procedure used
to derive the average annual wave energy spectrum for the location
has also been presented. However, with further years' data, a more
suitable average annual wave energy spectrum as an input in the
design of WECs for this location may be determined. Currently,
there are only three years of data available for the location. Using,
the average annual wave energy spectrum as the input, the optimum structural geometric conﬁguration was established. This is a
truncated vertical cylinder of radius 8 m with a hemisphere
attached to its base and a total draft to radius ratio of 2.5.
Furthermore, the optimum damping coefﬁcient of the PTO
mechanism is determined. Using the average annual wave energy
spectrum at AMETS, the mean absorbed power is calculated over a
range of values for the damping coefﬁcient of the PTO mechanism
and the optimum value is determined as b1 ¼ 360 kNs/m. In
addition, a technique similar to the one detailed by Babarit et al. [3]
is used to derive the absorbed power matrix for the structure. This
absorbed power matrix is then applied to a probability of occurrence matrix for AMETS and the result is the total mean absorbed
power for the structure at the site, which is approximately 392 kW.
In addition, in order to avoid the occurrence of slamming, protect
the WEC and its PTO system, a cut-off signiﬁcant wave height (of
Hs ¼ 6 m), beyond which the WEC is not in operational mode, may
be imposed. If this were the case, the total mean absorbed power
for the structure at the site is approximately 373 kW, which would
incur a reduction of 4.74%.
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