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Introduction

The converted useful energy represents the income side of a wave energy project.
It may be estimated once the external dimensions, working principle, machinery
function and local wave resource are known. On the cost side the picture be-
comes more complex, with contributions from design, fabrication, installation,
operation, maintenance and eventually decommissioning. As long as the tech-
nical solutions are uncertain or unknown on a detailed level, cost estimates are
inevitably hampered by large uncertainties.

In order to provide a benchmark for the income potential of wave energy
converters, the project described in this document was carried out in order
to estimate and analyse the energy conversion for a representative selection of
converter designs. Such a benchmark may later serve as a premise, setting the
upper limits to the cost for a design to be viable.

On this background the main objective of this work has been to use numerical
modelling tools to estimate the energy delivery which can be expected from a
selection of wave energy converters currently in development. The project may
be summarised as

• Using a “state of the art” numerical approach.

• Studying design from all of the following categories: heaving buoys, surg-
ing flaps and oscillating water columns; floating systems, bottom-referenced
devices and bottom-fixed systems.

• Studying eight different designs and their operation in five different loca-
tions in European waters.

• Estimating the yearly energy delivery from each WEC design, including its
distribution with time, and identifying and quantifying its uncertainties.

• Defining a set of performance measures that later can be related to cost
(financial cost and energy cost), and estimating the values of these for
each converter design.

• Identifying and suggesting further research tasks to be conducted in order
to decrease the uncertainties and improve the performance.

It is our hope that that the results we have arrived at will serve as a valuable
benchmark for the development of wave energy technology in that they provide
a target for the cost reduction of converter concepts.

In Part I of this document, we present the background and framework of the
studies that we have carried out, while Part II contains a technical report for
each of the eight converter designs that have been studied.

In referring to this work, please refer primarily to the published
papers (see the Results section below), and in particular to our sum-
mary paper, Numerical benchmarking study of a selection of Wave

Energy Converters in Renewable Energy.
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Assumptions and limitations

No cost estimates have been made in this study. It has not been our intention to
judge between good and bad designs. As the results show, all of the wave energy
converters have scores in the same order of magnitude for the performance
measures that was defined. The potential for success rather depends on how
cheap and how robust it is possible to make each device, and on how efficient
its fabrication, installation and maintenance can be made.

The choice of designs to include in the study was based on availability of data,
on level of maturity, on diversity and on our interests. Plausible assumptions
have been made where information was scarce or missing.

No advanced motion control strategies have been applied. In all cases (except
for the F-HBA device) linear machinery forces were considered, where the power
take-off parameters were optimised as a constant for each sea state. In cases
where it was relevant, simplified representations of hydraulic systems and direct-
coupled electric generators were investigated.

For each wave energy converter a wave to wire model was developed. They
were based on the following assumptions

• The waves and fluid-structure interactions was modelled using linear po-
tential theory

• The waves were assumed to be mono-directional.

• The power take-off systems were modelled by an input-output relation for
the machinery force.

• Mooring systems was represented by linear springs and dampers adjusted
to keep the device in place with minimum influence on the power absorp-
tion.

• An approximate representation of viscous losses was included where this
was expected to have strong influence. The drag coefficients was then be
based on best available information, which might have been inaccurate.

• Amplitude constraints were included by repulsive energy potentials.

The numerical wave-to-wire models were used to estimate the mean annual
absorbed energy for each converter at each site. The performance has further
been computed in terms of the following measures:

• Yearly energy output per characteristic mass

• Yearly energy output per characteristic wetted surface area

• Yearly energy output per unit characteristic machinery force

• Yearly energy output per unit characteristic excitation force.

• Duration curves (distribution of output power in function of fractions of
the year).
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Results

As mentioned a separate technical report was written for each of the eight wave
energy converters that was studied. These are found in Part II of this document.
These contain detailed information about the configuration of each system and
how we chose to model them.

A detailed account for the wave statistics and other parameters of each
deployment site that has been considered is given in the report on the Bref-HB
device, see Chapter 1.

A comparative analysis based on the results of the eight studies
was published as an article in the Elsevier journal Renewable Energy:

• Numerical benchmarking study of a selection of Wave Energy
Converters.

Please refer to this paper as the main reference for the work that has
been carried out within the NumWEC project.

Additionally, the following papers were published as a direct result of the
project:

• Made Jaya Muliawan, Zhen Gao, A. Babarit, Torgeir Moan: Analysis of a
Two-Body Floating Wave Energy Converter with Particular Focus on the
Effect of Mooring System on Energy Capture, OMAE2011-49135

• A. Babarit, Jørgen Hals, Adi Kurniawan, Jørgen Krokstad, Torgeir Moan:
Power absorption Measures and Comparisons of Selected Wave Energy
Converters, OMAE2011-49360

• Adi Kurniawan, Jørgen Hals, Torgeir Moan Norwegian: Modelling and
Simulation of a Floating Oscillating Water Column, OMAE2011-49263.

• An extension of the F-2HB paper (OMAE2011-49135) has been submitted
to the Journal of OMAE.

Further research

Based on the studies that have been carried out, we present here a general list
of topics that would need further investigation, and that are relevant to some
or all of the designs included here:

• Solutions for safe and robust end-stop mechanisms

• Elimination or mitigation of snap load events on wires

• Cost-efficient mooring and foundations systems

• Smoothing of energy output through the use of energy storage or averaging
between individual units

• Component design for durability and robustness

• Motion control strategies for exploiting installed equipment at maximum
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A bottom-referenced
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Summary

This document reports the pilot study of the project “Numerical estima-
tion of energy production from a selection of Wave Energy Converters”.
It contains a mathematical model and simulation results for the study of
a small bottom-referenced heaving buoy wave energy converter (Bref-HB).
The design was inspired by the Seabased WEC which is currently under
development in Sweden, but is not identical to it.

Results of the study are the following criteria:

• The annual mean power.

• The yearly energy output / displacement.

• The yearly energy output / wetted surface.

• The power per unit of significant PTO force.

• The power per unit of excitation force

• The duration curves.

These criteria were estimated using the mathematical model described
in this report. Results are given in the following table and in figure (1).

From these results and the study, main conclusions are :

• The mean annual power level that one can expect from this device is
about 3 kW on a site whose wave resource is between 20-40 kW/m.
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Site SEM EMEC Yeu Lisboa Belmullet Danish
-REV site

γ 1. 1 3.3 3.3 3.3 1
Mean power [kW] 1.6 2.8 3.3 3.5 5.0 2.7

Energy / Mass [MWh/m3] 0.46 0.78 0.92 1.00 1.40 0.76
Energy / Wetted surface [MWh/m2] 0.34 0.57 0.68 0.73 1.04 0.56

Energy / PTO force [kWh/N] 1.5 2.1 2.3 2.2 2.6 2.22
Energy / Wave force [kWh/N] 0.89 1.19 1.27 1.21 1.18 1.34

Table 1: Evaluation criteria for the small bottom-referenced heaving buoy.
The uncertainty is estimated to ±30%.
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site.
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• The uncertainty on these figures is about 30%. It comes from the
modelling of the viscous losses and a dependence on the length of the
wire.

• High tide leads to a reduction of the absorbed power up to 30%. Low
tide might lead to an increase of the absorbed power up to 8%.

• A scaling up by a factor 2 of the system (displacement times 8) leads to
an increase of the power by a factor 5.3. It also lead to a decrease of the
criteria energy per PTO force and energy per wave force. Depending
on how scale the costs, it could be beneficial to scale up the system in
order to decrease the cost of energy.

• The instantaneous output power could be limited to 10 times the mean
annual power without losing a significant amount of energy production.

• The viscous effects are significant. It is observed that they have a
positive influence on the energy production.

• Both heave and surge motions contribute to the wave energy absorp-
tion

• The performance in term of absorbed energy is slightly inferior for the
linear generator machinery as compared to an idealised linear damper.
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Figure 2: Sketch of the system.

1 System description - The Bref-HB wave energy

converter

The small bottom-referenced heaving buoy wave energy converter consists of
a circular buoy floating on the ocean surface. Through a wire it is connected
to a machinery unit standing at the sea bottom. The machinery consists of
a linear generator placed inside a steel hull mounted on a concrete ballast
structure. A simplified sketch of the system is shown in Figure 2, and a
picture including the different components is found in Figure 3.

1.1 Mechanical parameters

This wave energy device was inspired by the Seabased WEC and its pre-
decessors that have been extensively studied at Uppsala universitet. The
system being commercialised by the Seabased company seems to be derived
directly from the work done by and published by researchers at Uppsala
University, although there may of course be differences that are not pub-
licly known. The system parameters used in the present study has thus
been obtained mainly from publication by the Uppsala University research
group, and includes the PhD theses of Mikael Eriksson [6] and Rafael Wa-
ters [10], as well as a series of articles, [11, 7, 12]. Some material has also
been gathered from web pages on the internet. Tables 2 and 3 summarise
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Figure 3: Components of the small Bref-HB wave energy converter.

the parameters.

1.1.1 Buoy

The buoy was originally made with a rectangular cross-section. In the more
recent version of the buoy the shape has been rounded, as can be seen from
Figure 3. There two alternative shapes are found: one circular closed shape,
and one “hexagonal donut” shape. In the present study it has been decided
to assume a circular buoy with ellipsoidal crossection. Its parameters are
given in Table 2.

1.1.2 Connecting line

For the connection between the buoy and the machinery unit Vectran mate-
rial with Dynema or polyester coating has been tried, but the latest versions
have used steel wire with plastic coating. According to our information, the
diameter of the wire has been around 30mm, and the wire stiffness has been
reported to 450 kN/m. In the present study we model the line as massless.

1.1.3 Generator unit

The generator unit consists of a steel pressure vessel, which is pressurised
such that the internal pressure equals the surrounding pressure. The entry
of the wire from the buoy is done through a membrane system to keep water
from entering the vessel. The main characteristics of the generator unit are
given by the parameters collected in Table 3.

The generator has permanent magnets mounted on the translator feeding
a magnetic flux throught the coils mounted on the stator. This gives rise to
an electric voltage induced at the generator terminals when the translator
moves. Both the magnitude of the electric voltage and the frequency will
be proportional to the speed of the translator.

7



Table 2: System parameters
Property Value Unit

long axis of the buoy 1.5 m
short axis of the buoy 0.63 m
draft 0.63 m
height 1.26 m
displacement 2.83 m3

mass of the buoy 1000 kg
centre of mass -0.3 m below the free surface
Moment of inertia Ixx 2910 kg.m2

Moment of inertia Iyy 2910 kg.m2

Moment of inertia Izz 5407 kg.m2

Wire stiffness 450000 kg/m
Stroke length 1.8 m
Stiffness upper end stop spring 243000 kg/m
Stiffness lower end stop spring 215000 kg/m
Stiffness of translator spring 6200 kg/m
Mass of the translator 1898 kg

crossectional shape1 ellipsoidal
long axis 1.5 m
short axis 0.63 m

According to published information, the unit has in sea trials been tested
by applying constant electric resistance directly on the generator terminals
(∆ coupled). In more recent tests it has been tried to connect the generator
to a passive rectifier unit with a large capacitor and a resisor in parallell on
the other side. The intention is to finally connect the rectifier to a DC-link
before inverting to three-phase current adaptable to a power grid.

The total stroke length of the translator before the end stop springs
are engaged is 1.8m, i.e. the maximum amplitude from the mid-position is
0.9m.

For verification and comparison the power take off force will alternatively
be modelled as a linear damper (Section 2.4). It will serve as a convenient
tool for reference and comparison to other wave energy converter (WEC)
designs as it is the most commonly used assumption in the modelling of
machinery systems for WECs.

1.2 Cost criteria

1.2.1 Displacement, mass and wetted surface

The wetted surface and mass are two of the relevant costs related criteria
which could be derived for any wave energy converter.
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Table 3: Generator unit parameters.

Property Value Unit

height m 8.0
diameter m 1.28
stroke length (between end stops) m 1.8
height at wire exit m 8.0
stator length mm 1264
translator length mm 1867
stator width m 0.40
translator mass2 kg 1140

stiffness translator springs N/m 6200
stiffness upper endstop spring kN/m 243
stiffness lower endstop spring kN/m 216
inital stretch of the translator springs3 m 1.2
inital tension of the translator springs N 7.44

generator gyrator modulus4 Vs/m 200
winding inductance (per phase) mH 5.5
winding resistance (per phase) ohm 0.45
capacitor size for DC link F 24.5
air gap mm 3
pole width mm 50
nominal speed m/s 0.7
nominal power kW 10
nominal current (from power/voltage) A 75
nominal force (from power/velocity) kN 15
DC voltage setpoint (typical) V ∈ [50, 150]
electrical load resistance ohm ∈ [2.2, 27]
mechanical load resistance5 kNs/m ∈ [???]
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Criteria unit

Significant wetted surface 42 m2

Significant mass 31 tons

Table 4: Significant wetted surface and mass of the small bottom-referenced
heaving buoy.

In the case of a small bottom-referenced heaving buoy, the two parts of
the system - the buoy and the generator - should be considered because both
of them would contribute significantly to the cost of the system. Actually,
it has been decided to even include the weight of the anchors because the
system reacts against the sea bottom via these anchors.

The mass of the buoy is equal to 1000 kg, the mass of the generator is
about 10 tons and the mass of the anchors is between 10 and 30 tons. We
considered here 20 tons. Hence, the overall significant mass is 31 tons.

The wetted surface of the buoy is about 9 m2. The generator height is
8 meters, and its diameter 1.28 meters. Then, its surface is about 33 m2.
Hence the total significant wetted surface is 42 m2.

1.2.2 Significant forces

The two other cost criteria considered are the significant PTO force and
the significant wave force. They both have zero mean values. So, they are
defined as their RMS over the whole year.

2 Mathematical model

The mathematical model was developed refering to the sketch and nomen-
clature given in Figure 2.

2.1 System kinematics

It is assumed that the attachment point of the wire and the gravity centre of
the buoy are close. It allows neglecting coupling effects between rotations of
the buoy and the wire. The buoy being axisymmetric, the motion remains
in the plane defined by the wave direction vector and the vertical axis.

Let (xG, yG, zG) be the motion of the gravity center G of the buoy from

its equilibrium position O and
−→
Ω = (φ, θ, ψ) be its rotational motion. Let

X = (xG, yG, zG, φ, θ, ψ) the position vector of the buoy. Let Z be the
motion of the translator. Let M be its mass and [I] be its inertia matrix.

Let L be the length of the line connecting the buoy to the translator. At
rest, the system is at equilibrium, i.e:
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L0 = l0 + Z0

Let l be the length between the gravity center of the buoy and point A
where the wire enters the generator.

l = |AG| (1)

At time t, the length of the line is:

L = l + Z0 − Z (2)

The height of the generator is 8 m. Hence, Z0 was set equal to 4 m.
Regarding l0, it depends on the water depth h via the relation l0+2Z0 = h.

2.2 Equation of motion

In this study, fluid structure interactions are modelled within the frame of
the usual linear potential theory, which is the state of the art in wave energy
conversion [1]. Vicous effects are taken into account via additional quadratic
damping coefficients as in [2]. Hence, the hydrodynamic forces acting on the
buoy can be written:

•
−→
F ex the wave excitation force, due to the incident and diffracted wave
field.

•
−→
F rad the radiation force, composed of two parts. One is proportional
to the acceleration of the buoy. Its coefficient is the added mass matrix
[µ∞]. The other involves the history of the velocity of the buoy, via a

convolution product with the radiation memory function. Let
−→
F mem

be this part of the radiation force.

•
−→
F viscous is the damping force associated with viscous effets.

•
−→
F A is the force resulting from the action of the Archimedes buoy-
ancy force. By linearising around the mean equilibrium position of the

whole system {Buoy+Translator}, one can show that
−→
F A =

(

M−→g
−→
0

)

−

KHX in which KH is the hydrostatic stiffness matrix.

Let
−→
T be the tension in the wire. Let

−→
T = T

−→
t , in which

−→
t is defined

as:
−→
t =

−→

GA
∥

∥

∥

−→

GA

∥

∥

∥

. Let [m] be the mass matrix of the buoy. By application of

Newton’s law, one can write:

([m] + [µ∞])−→γG =
−→
F ex +

−→
F mem +

−→
F viscous +

−→
F A +

( −→
T
−→
0

)

(3)
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Let consider the system {Translator}. One can show:

MZ̈ = T −Mg + Fm −KZZ + Fes (4)

in which:

• −Mg is the weight of the translator.

• Fm is the electromagnetic force due to the energy conversion system.
The model used for this force is detailed in section 2.4.

• −KZZ is the restoring force due to the spring connecting the translator
with the seabed.

• Fes is the force associated with the end stops. It is detailed in section
2.5

2.3 Hydrodynamic forces

2.3.1 Wave radiation force

The radiation force
−−→
Frad is given by

−−→
Frad = −[µ∞]−→γG −

−−−→
Fmem with :

−−−→
Fmem(t) =

∫ t

0

[Krad(t− τ)]
−→
VG(τ)dτ (5)

[Krad(t)] is the impulse response matrix of the radiation force.

X Y

Z
Z

X

Y

Figure 4: Mesh used for the the hydrodynamic calculations. It is composed
of 380 flat panels.

The BEM code Achil3D [5] was used for the calculation of all hydro-
dynamic datas. Figure (4) shows the used mesh. The impulse response
function of the radiation force have been plotted in figure (5). The com-
puted added mass matrix is:
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[µ∞] =

















0.39.103 0 0 0 0.64.103 0
0 0.39.103 0 −0.64.103 0 0
0 0 0.39.103 0 0 0
0 −0.64.103 0 0.11.104 0 0

0.64.103 0 0 0 0.11.104 0
0 0 0 0 0 0

















(6)

t (s)

IR
F

in
su

rg
e

-
su

rg
e

(N
.s

/m
)

0 1 2 3 4-20000

0

20000

t (s)

IR
F

in
su

rg
e

-
pi

tc
h

(N
.s

)

0 1 2 3 4-20000

0

20000

t (s)

IR
F

in
he

av
e

-
he

av
e

(N
.s

/m
)

0 1 2 3 4-20000

0

20000

t (s)

IR
F

in
pi

tc
h

-
pi

tc
h

(N
.m

.s
)

0 1 2 3 4-20000

0

20000

Figure 5: Impulse response functions of the radiation force of the small
bottom-referenced heaving buoy in surge, heave and pitch.

The minimum water depth in all the sites considered in this study being
40 m (SEM-REV test site, see section 3), all these hydrodynamic calculations
were performed in deep water. However, one could ask about the influence
on the water depth on these coefficients, and so on the calculation of energy
production.

Then, to assess these uncertainties, the added mass and wave radiation
damping coefficients in frequency domain have been calculated for three
different water depths h : h = 20 m, h = 40 m, h = deep water. The surge
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- surge and heave - heave coefficients have been plotted in figure (6). As it
was expected, differences between these coefficients can be seen only in the
longest waves. However, because the small Bref-HB is small, one can see
that these differences are very small. Hence, one can say that, provided that
the water depth is greater than 40 m, using the hydrodynamic coefficients
and function calculated in deep water will not cause large uncertainties.
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Figure 6: Radiation coefficients in surge and heave of the small bottom-
referenced heaving buoy for three water depths.

2.3.2 Wave excitation force

Using King’s approach [3], let [Kex (t, β)] be the force response associated
to an impulsive elevation on the free surface at location (0, 0) propagating
along a direction such as the angle between this direction and the x axis is
β.

Using the superposition principle, the wave excitation force is then given
by :

Fex (t) =

∫ t

0

[Kex (t− τ, β)]η (τ, β) dτ (7)

with η(t, β) being the component of the free surface elevation at a given
reference location propagating in the direction β.

In case of a regular wave, η(t, β) is a simple sine function a sin(ωt + ϕ)
with a the amplitude of the wave, ω its circular frequency and ϕ an initial
phase. In case of random waves, η(t, β) will be considered here as a sum of
Nc elementary sine functions whose amplitudes (aj)j=1,Nc

are derived from
the standard Jonswap energy spectrum [4] and whose phases (ϕj)j=1,Nc

are
set randomly.
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The impulse response functions of the wave excitation force have been
plotted in figure (7) for a wave measurement at the location (0, 0) on the
free surface.

t (s)

W
av

e
ex

ci
ta

tio
n

fo
rc

e
in

su
rg

e
(N

)

-4 -2 0 2 4-20000

0

20000

40000

60000

t (s)

W
av

e
ex

ci
ta

tio
n

fo
rc

e
in

he
av

e
(N

)

-4 -2 0 2 4-20000

0

20000

40000

60000

t (s)W
av

e
ex

ci
ta

tio
n

fo
rc

e
in

pi
tc

h
(N

.m
)

-4 -2 0 2 4-20000

0

20000

40000

60000

Figure 7: Impulse response functions of the wave excitation force of the
small bottom-referenced heaving buoy in deep water. It is assumed that the
incident wave field is measured at location (0, 0) on the free surface.

2.3.3 Viscous damping forces

The viscous damping forces have been modelled under the form of the Mori-
son equation by:

−→
F viscous = −

1

2
ρ[CD]

(−→
V G −

−→
V 0

)∥

∥

∥

−→
V G −

−→
V 0

∥

∥

∥
(8)

with:

•
−→
V 0 is the undisturbed flow velocity taken at the instataneous position
of the gravity center.

• [CD] is the viscous damping coefficient matrix. Here, it is considered
as a diagonal matrix diag (CxAx, CyAy, CzAz) with Ax = Ay = 1.48
and Az = 7.07.

In surge and sway, the Keulegan-Carpenter numberKCx,y = 2πA
D

in surge
is expected to be in the range [0, 3]. In heave, it will be larger, possibly up to
10, because the draft is only 0.63 m. Hence, from the experimental results
of Bearman given in [4], chapter 4, page 140, these parameters should be
something between 0.5 and 1. In this study, they were chosen equal to
Cx = Cy = 0.5, Cz = 1.0. They are thought to be minimal values for these
viscous losses. So they should not be exaggerately penalising for assessing
the energy production of the device.
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2.4 Machinery model

2.4.1 PTO taken as a linear damper

In the simplest case we assume that the machinery act as a linear damper,
i.e. the machinery force Fm may be represented by:

Fm = −RmŻ (9)

In this case, the absorbed instantaneous power is:

Pm = −RmŻ
2 (10)

In Eriksson [6], it is stated that the power from the generator is 10 kW
at a translator speed of 0.7 m. To achieve the same level of power at this
velocity, the Rm coefficient was chosen equal to 20400 N.s/m.

2.4.2 PTO modelled as a simplified electric generator

If we want to model the machinery more in accordance with the real setup,
we can introduce a simple model for the generator as shown in Hals [14].
Results can be compared to those given by Eriksson [6]. The operation
of the the electric power take-off may be briefly explained as follows: The
velocity of the translator, which is covered by permanent magnets, induces
an electric voltage in the stator coils of the genarator. A passive rectifier
unit is connected to the generator terminals, and it conducts current only
when the generator voltage exceeds the level on the opposite side (i.e. the
DC side) of the rectifier. This means that if the voltage on the DC side is
larger than zero, the translator velocity (and hence the generator voltage)
must exceed a certain level before the rectifier starts conducting. Only then
the generator will start giving a force back to the translator.

The DC side of the converter has a large capacitor that stores energy
converted by the generator. In the trials reported in published papers, power
is tapped from the condenser through an electric resistor of chosen resistance.
This gives a varying DC voltage level. As far as it is understood, the idea for
a grid-connected device is to set up the system to work against a controlled
constant DC level (see e.g.[11]). This is what we will assume in the modelling
of the generator and grid connection.

In a simplified but appropriate model for the generator and rectifier it
can conveniently be assumed that the translator motion transforms directly
to a DC voltage in series with a diode element. It gives a single-phase
diode bridge analogy [13]. This way the dynamics of the rectifier component
(three-phase signals and diode elements) are disregarded, which makes the
problem easier to treat numerically. The transition from translator velocity
to DC voltage may be modelled by a gyrator bond graph element, giving the
bond graph shown in Figure 8. The passive rectifier is represented by the
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Figure 8: A bond graph model for the generator.

R elements. A controlled MR element represents the downstream system.
It is controlled by a feedback P-controller to keep the DC level constant.
The model is now governed by the following equations (using bond graph
variables):

q̇6 =
mGY f1 −

q6
C6

R4

u(mGY f1 −
q6
C6

)− kP
q6
C6

+ kP eDC (11)

q̇9 =
mGY f1 −

q9
C9

R11

u(
q9
C9

−mGY f1)− kP
q9
C9

− kP eDC (12)

Here, u(·) is the Heaviside step function.
Regarding the parameters for the machinery model, values for the damp-

ing coefficient have been reported by among others Waters [10]. Using elec-
tric loads of values 2.2, 4.9 and 10Ω coupled with a ∆ coupling directly
on the generator terminals he estimated that the corresponding damping
coefficients were 12.7, 8.53 and 5.23 kNs/m.

A value for the gyrator modulus can be found from the nominal values
given for the machine: A nominal voltage of 133V is given for a velocity
of about 0.67m/s. This gives a gyrator modulus of about mGY = u/v ≈
200Vs/m when the full area of the translator is found between the stator
surfaces.

With the given stator and translator lengths, the translator will start
loosing contact area with the stator at an amplitude of |Zc| > 0.305m. (At
an amplitude of 1.56m the translator would be fully free from the stator.)
At the extreme position (Z = ±0.9m) the contact area between the stator
and translator is reduced by a factor rA,lim = rA(Z = Zlim) = 0.4735. The
expression for rA as function of the translator excursion Z is thus found to
be:

rA(Z) =







1, |Z| > Zc

1−
|Z| − Zc

Zl − Zc
(1− rA,l) otherwise

(13)
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Figure 9: Reduction of the gyrator modulus due to reduced contact area
between stator and translator.

A plot of this function is given in Figure 9. The complete value of the gyrator
modulus now depends on Z and is given by mGY (Z) = 200V s/m · rA(Z)

From the generator model we find that the machinery force Fm is given
by

Fm =
mGY Ż − q6

C6

R4

u(mGY Ż +
mGY Ż − q9

C9

R11

u(
q9
C9

−mGY Ż). (14)

and the instantaneous power is given by:

Pm = FmŻ (15)

2.5 Treatment of the end stops

The endstops are modelled by a repulsive energy potential, which results in
the following force equation:

Fes = −Kmin(Z−Zmin)u(Zmin−Z)−Kmax(Z−Zmax)u(Z−Zmax) (16)

in which Kmin and Kmax are the spring coefficients of, respectively, the low
end stop and the high end stop; and Zmin and Zmax are the low and high
position of the end stops. If the endstop encorporates damping, this can be
added accordingly, but it was not included here.

To take into account the limited stroke of 1.8 m, the low and high position
of the end stop were taken equal to −0.9 and 0.9 m.

2.6 Assembled model

At each time t, the unknowns of the problem are the accelerations of the
{Buoy}, the acceleration of the {Translator}, the tension T in the wire and
the variables q6 and q9 if the machinery model is considered. It means 8 or
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10 unknowns. Equations (3) and (4) gives 7 independent relations between
these unknowns. Equations (11) and (11) gives two other relations when
the machinery is considered. Hence, it always lack one equation to close the
problem. This last equation corresponds with the behaviour of the tension
in the wire.

In this study, wire compliance is considered. Hence, the line tension is
governed by a linear stiffness force relation:

T = kl ∆Lu(∆L). (17)

The variation of the length wire is defined as ∆L = L−L0+∆L0 where
∆L0 is the initial stretch of the wire (corresponding to the initial tension).

This last equation closes the mathematical problem.

2.7 Implementation

The mathematical problem being closed, one can solve it numerically.
In this study, two models have been implemented one in Fortran and the

other using the 20sim software. A very good agreement was found between
the two models, as one can see in figure (10).
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Figure 10: Comparison of the response of the small Bref-HB to a decay test
computed with the 20sim and the Fortran model.
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3 Sites locations and wave data

Five sites on the west coast of Europe are considered in this study. Figure
(11) shows their approximative locations.

Yeu island SEM-REV

Lisboa

Belmullet

EMEC

Figure 11: Location of the considered sites.

3.1 France/SEM-REV test site
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Source: ANEMOC wave data base.
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3.2 Scotland/EMEC test site
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3.3 France/Yeu island
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3.4 Portugal/Lisboa
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Source: K. Nielsen, T. Pontes (2010). Generic and site related wave data
Final Technical Report, OES-IA Document No: T02-1.1.

3.5 Ireland/Belmullet
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3.6 Danemark/Danish site

For sake of comparison with the results of the Danish Bølgekraftprogram
[15] , a site characterised by the wave statistics given in table (5 ) is also
considered.

Sea state 1 2 3 4 5

Hs (m) 5.6 7.0 8.4 9.8 11.2
Tp (s) 1. 1. 2. 3 4

Hours per year 4103 1982 944 445 211

Table 5: Wave statistics used in the Danish site.

4 Simulation results and energy assessment

4.1 Verification tests

In figure (12) and (13), we plotted comparisons of decay tests of the small
bottom-referenced heaving buoy with an without viscous damping. The
first figure is a decay test in heave and the second one in surge. In the first
figure, one can see that the viscous damping does not affect the response of
the system in heave, because the damping along this degree of freedom is
dominated by the PTO. The second figure shows that it is not the case with
the surge motion. The viscous damping is the main damping effect along
this degree of freedom.

22



Time (s)

S
ur

ge
m

ot
io

n
(m

)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5-1

-0.5

0

0.5

1

Without viscous damping
With viscous damping

Time (s)

H
ea

ve
m

ot
io

n
(m

)

0 1 2 3 4 5-1.5

-1

-0.5

0

0.5

1

1.5

Time (s)

P
itc

h
m

ot
io

n
(r

ad
)

0 1 2 3 4 5-1.5

-1

-0.5

0

0.5

1

1.5

Time (s)

T
ra

ns
la

to
r

m
ot

io
n

(m
)

0 1 2 3 4 5-1.5

-1

-0.5

0

0.5

1

1.5

Time (s)

Le
ng

th
of

th
e

w
ire

(m
)

0 1 2 3 4 50

5

10

15

20

25

30

Time (s)
0 1 2 3 4 50

10000

20000

30000

40000

50000
Tension in the wire (N)

Figure 12: Decay test in heave of the small bottom-referenced heaving buoy.
Initial position of the buoy in heave and the translator are shifted of -0.5 m
from the equilibrium position.
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Figure 13: Decay test in surge of the small bottom-referenced heaving buoy.
Initial position of the buoy in surge and the translator are shifted of 0.5 m
from the equilibrium position.
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From figure (13), one can see that the natural period in surge is about
9.2 s. Let’s verify that it is consistent with the natural period T0 that one
can calculate from the equation of motion.

The mass of the buoy is 1000 kg. For a wave period of 9.2 s, the added
mass in surge is about 830 kg. The stiffness in surge is given by the ratio of
the static tension in the line (18.6 kN) divided by the the length l0 (22 m).

With theses parameters, T0 = 2π
√

1000+830
18600

22

= 9.2 s. CQFD.
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Figure 14: Response of the small bottom-referenced heaving buoy in a long
regular wave. The wave height is 0.5 m and the wave period is 20 s.

The response of the small bottom-referenced heaving buoy in a regular
wave with wave period equal to 20 seconds and wave height 0.5 m is plotted
in figure (14). As it is expected in long waves, the amplitude of the motion
in heave is equal to the wave amplitude, i.e 0.25 m.
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4.2 RAOs

In this section, all time domain simulations were performed in regular waves
with the PTO modelled as a linear damper. All quantities (mean, min, max,
rms) are derived from 600s duration simulation, with a time step of 0.01s.
The length of the part l of the wire at equilibrium was set equal to 22 m.
To remove the transient effects, the 15 × Tp seconds of the simulations are
not taken into account.

In figure (15), mean and maxima of surge, heave and pitch motion have
been plotted together with the absorbed power in function of the wave pe-
riod. The wave height is 2 meters and the PTO parameter is Rm = 20400
N.s/m. On the surge plot, one can see that the mean value is not equal
to zero. It means that in regular waves, the steady position of the buoy is
shifted from the zero position, because of the non linearities. Being about 3
times the wave amplitude, one can observe that the amplitude of the motion
is large despite the viscous damping.
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Figure 15: RAOs and power function of the small Bref-HB. The wave height
is 2m and the PTO parameter is set equal to 20400 N.s/m.

On the heave plot, the blue figures correspond with the motion of the
buoy and the red figures correspond with the motion of the translator. For
both bodies, the amplitude of the motion is about the wave amplitude. For
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the translator, it is limited by the high end stop. One could notice that it
exists a shift of the mean position of the translator in heave. This is due to
the shifting of the position of the buoy in surge.

The pitch motion appears to be rather scattered. But one could say that
is it in the range of [5− 10]o.

Finally, one can see that the order of magnitude of the mean absorbed
power is a few kilowatts per square meters of wave amplitude, which is in
range with what is reported by Eriksson in his thesis [6]. Best performances
are obtained with the shortest waveperiods, with a power absorption of 9
kW/m2. Then, the mean power decreases with the increase of the wave
period. It is not higher that 2 kW/m2 for wave periods greater than 10
seconds. Whatever the wave period, the maximum power appears to be
about two times the mean power. It is not unexpected since a factor two is
the ratio between maximum and mean power with linear systems.
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Figure 16: Comparisons of the responses of the small bottom-referenced
heaving buoy in regular wave with 8 and 10 seconds wave period.

In figure (16), a comparison of the response in regular wave is plotted
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for wave period 8 and 10 seconds. One can see that the change in the
steepness of the maximum power in figure (15) comes from the development
of asymetries in the velocity of the translator motion.

4.2.1 Optimisation of the PTO damping coefficient

Figure (17) shows a comparison of the RAOs in regular waves with and
without optimisation of the PTO parameter. Without optimisation, the
PTO parameter - the linear damping coefficient Rm - is set equal to its
nominal value, i.e 20400 N.s/m. With optimisation, Rm is optimised in the
range [10000, 40000] N.s/m.

Optimisation of the PTO damping coefficient allows to increase the
power production by a factor about 2 for long wave periods. In short wave-
lengths, it does not bring much improvement in the energy absorption.

One can see that the amplitude of the motion is only slightly affected
by the optimisation of the damping coefficient. Actually, it seems that the
increase in the energy absorption comes only from the increase of the PTO
damping coefficient. It shows that, with long waves, the amplitude of the
motion is constrained by the end stops. Then, increasing the PTO damping
coefficient is favourable, because the amplitude of the motion is already
limited by the end stops. The effect of increasing the damping coefficient
is then to improve the phase relation between the incident wave and the
motion of the buoy.

4.2.2 Assessment of non linearities effects on the response

Figure (18) shows a comparison of the RAOs calculated with three different
wave heights : 1m, 2m, 4m.

It appears that the strongest linearities in the system comes from the
end stops. As soon as the wave height exceeds the stroke of the translator,
all translational motion of the translator and the buoy are reduced in the
same ratio. However, it is worth noticing than the power absorption seems
to be reduced with the same ratio, and not the ratio to the square.

When the wave height is smaller than the stroke, one can observe that
the main effect of non linearities is on the surge motion of the buoy. It
indicates again a strong coupling between the surge motion of the buoy and
the response of the translator.

4.2.3 Assessment of viscous damping effects

To assess the influence of viscous damping, we plotted in figure (19) a com-
parison of the RAOs of the small bottom-referenced heaving buoy in regular
waves without viscous damping and with two settings of viscous damping
coefficients. Table (6) summarises the settings which were used.
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Figure 17: RAOs without and with optimisation of PTO parameter. With-
out optimisation, the PTO parameter is set equal to 20400. N.s/m. The
wave height is 2m.

Case Cx Ax Cz Az

Without damping 0 1.48 0 7.07
Viscous damping 1 0.5 1.48 1.0 7.07
Viscous damping 2 0.25 1.48 0.5 7.07

Table 6: Settings of viscous damping parameters.
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Figure 18: Comparison of the RAOs with three different wave heights.
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Figure 19: RAOs of the small Bref-HB without viscous effects, with viscous
damping coefficients, and with half the viscous damping (meaning that the
normalised damping coefficients have been divided by 2). The wave height
is 2m.

31



In this figure, it is clear that viscous effects have an influence on the
power absorption. Without viscous damping, it appears that the amplitude
of the surge and pitch motion of the buoy is very large in short waves, up to
10 times the wave amplitude for the surge motion for wave period equal to
6.2 secondes. For this wave period, it leads to a large steady shift of position
which drives the translator into the high end stop. Consequently, the power
production drops. From the heave motion and translator motion point of
view, one can see that the amplitude is not as affected as the horizontal
motions. The main effect appears to be on the steady state position for the
range of period [6.2− 11] seconds.

When adding viscous damping, the amplitude of the surge motion is
reduced by a factor about between 2 and 3, depending on the wave periods,
and the pitch motion is reduced by a factor up to 10.

From the power absorption point of view, it is particularly interesting to
notice that the addition of viscous damping does not decrease the prediction
of energy production. Actually, it fills the gap in the power function curves
and it gives a smoother power production with the wave period. The order
of magnitude remains the same, in the range of 2 to 9 kW/m2.

Finally, one could notice that with half the viscous damping, the results
are much closer to the ones with full viscous damping than the ones without
viscous damping. RAOs and power function of the small bottom-referenced
heaving buoy seem to be robust with an error on the estimation of the
viscous damping coefficient.

4.2.4 Assessment of the effect of the length of the wire

In all the previous calculations, the length l was supposed equal to 22 m,
i.e a length of the wire equal to 22 + Z0 = 26 m. To assess the effect of the
length l connecting the buoy to the generator, we plotted in figure (20) a
comparison of the RAOs with the length l equal to 22 m, 42 m and 92 m.
It corresponds with water depths of, respectively, 30 m, 50 m and 100.

One can see that changing the length of the wire has an impact on the
response of the small Bref-HB. The strongest one is on the surge motion.
It was expected, since the stiffness in surge of the buoy is inversely related
with the length of the wire (Kx = T0

l0
).

On the heave and translator motion, there is an impact of the length of
the wire, but it appears to be quite limited, being maximum 10%. It appears
also that the offset on the mean position of the translator is reduced with
the increase of the length of the wire.

On the mean wave power absorption, overall, one can see that the impact
is small, except for wave periods around 8 s. For these periods, the mean
power is increased by up to 20%. One could also notice that, for the mean
power, the results are the same for l = 42 and l = 92 m. This could
indicate that when the length of the wire is sufficiently long, it does not
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Figure 20: RAOs of the small bottom-referenced heaving buoy with three
diffent lengths of the wire. The wave height is 2m.
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affect anymore the power absorption.

4.2.5 Conclusions

From these results in regular waves, it appears that:

• The order of magnitude of absorbed power from the small bottom-
referenced heaving buoy is about several kW per square meters of
wave amplitude in regular waves.

• Optimisation of the PTO parameter improves the energy production in
long wave periods by a factor about 2. In shorter wave, no significant
gain has been observed.

• The coupling between the surge motion and the translator motion
contributes to the energy absorption.

• The strongest non linear effect comes from the end stops.

• Viscous damping effects have a strong influence on the motion re-
sponse, but not so much on the level of energy absorption. Moreover,
the response of the system seems to be robust with the viscous damp-
ing coefficients.

• The strongest effect of the length of wire is on the surge motion. On
the power production, it seems that the longer is the better.

Hence, to assess the error on the estimation of the power production,
models with and without viscous damping, with and without optimisation of
the PTO parameter and with different lengths of the wire will be considered.

4.3 Power matrix and criteria

In this section, all time domain simulations were performed in irregular
waves using the JONSWAP spectrum. All quantities are derived from 1200s
duration simulations, with a time step of 0.01s. To remove the transient
effects, the 15× Tp seconds of the simulations are not taken into account.

4.3.1 Power matrix of the small Bref-HB

Figure (21) shows the power matrix of the small bottom-referenced heaving
buoy, calculated on the Yeu site (l0 = 39 m). In these calculations, the PTO
was modelled as a linear damper, whose damping coefficient Rm has been
optimised for each state. Left figure is the mean absorbed power and right
figure is the maximum recorded over the duration of the simulation for each
sea state.
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Figure 21: Power matrix of the small bottom-referenced heaving buoy with
optimised PTO. Left figure is the mean absorbed power and right figure is
the maximum power.

The mean absorbed power is typically about a few kilowatts, up to 15
kilowatts in the best cases. As it was expected from the results in regular
waves, the system exhibits the best efficiency in the shortest sea states.

The maximum absorbed power is typically about 20 times the mean
power. It is very large. This might be a drawback of the system from the
power electronics point of view.
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Figure 22: Optimised value of the PTO damping coefficient.

Figure (22) shows the matrix of the optimised values of the PTO damp-
ing coefficient. Surprisingly, the optimal value decreases with the wave
height, particularly in long waves.

Figure (23) shows matrices of the RMS of the motion in surge, heave,
pitch and translator motion.
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Figure 23: Matrices of the RMS of the motion of the small bottom-referenced
heaving buoy.
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For the surge motion, one can see that it is typically about half the
significant wave height. The heave motion seems to be almost independent
of the wave period. One could say that it is about 1/4 of the significant wave
height. In other words, the significant heave motion is the same order of the
significant wave height. For waves of significant amplitude smaller than 3
meters, one can see that the RMS of the translator motion is the same as
the heave motion. When the wave height is higher, it is reduced because of
the limited stroke of the translator. One can see that it does not exceed 0.8
m, which is coherent with the 0.9 m stroke of the translator. Isovalues of
the pitch motion appear to be linear with the wave period and to be rather
small, except in short and steep waves.
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Figure 24: Statistics of the tension in the wire.

Figure (24) shows the statistics of the tension in the wire. While the
translator does not reach the end stops (in moderate wave heights), the
mean tension in the wire is about 20 kN. In the strongest sea states, one
can see that the mean level of tension in the wire is increased up to the
double, 36 kN. From the graphs of the minima of the tension, one can see
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that the wire gets slack as soon as the significant height is greater than 1.5
to 2 meters. This will bring high snapping loads, as one can see in the graph
of the maxima of the tension.

One shall notice that these maxima are the maxima recorded during the
time simulations. They do not presume of the maxima that one can get in
real conditions, which could statistically be higher.

For significant height of 3 meters, the recorded maximum tension is about
10 tons. For a sea state of 12 seconds and 7.5 meters - which statistically
happens during 2.5 hours each year on the Yeu site -, the recorded maximum
tension is greater than 30 tons. It means that the translator could be lifted
in this case if the foundation is lighter than this value!

Table (7) summarises the criteria derived on each wave site.

Site SEM-REV EMEC Yeu Lisboa Belmullet Danish
site

γ 1 1 3.3 3.3 3.3 1
Mean power [kW] 1.6 2.8 3.3 3.5 5.0 2.7

Wave pow. resource [kW/m] 14.8 21.8 26.8 37.5 80.6 14.8
Capture width m 0.108 0.126 0.123 0.093 0.062 0.18

l0 m 32 42 39 92 92 39
Energy / Mass [MWh/m3] 0.46 0.78 0.92 1.00 1.40 0.76

Energy / Wetted surface [MWh/m2] 0.34 0.57 0.68 0.73 1.04 0.57
Energy / PTO force [kWh/N] 1.5 2.1 2.3 2.2 2.6 2.2
Energy / Wave force [kWh/N] 0.89 1.19 1.27 1.21 1.18 1.34

Table 7: small bottom-referenced heaving buoy’s criteria.

One can see that the mean annual power resource that one can expect
from the small bottom-referenced heaving buoy is about a few kilowatts.
It goes from 1.6 kW for the SEM-REV site up to 5.0 kW for the higly
energetic Belmullet site. For a typical wave resource about 30 kW/m, the
typical absorbed wave power is about 3kW/m.

Clearly, it appears that the capture width is not independent on the
site. The more energetic the site, the shorter the capture width, probably
because of the limited strokes and non linearities.

At the Danish site, the hydrodynamic efficiency 6 is about 6%. This is in
range with the results of the Bølgekraftprogram [15], in which hydrodynamic
efficiencies of such heaving devices were found to be between 1% and 27%.

The other criteria are the energy per PTO force and energy per wave
force. These forces have been calculated as the significant forces over the
whole year. On these two last criteria, it is difficult to say anything relevant.
They will make sense by comparison with other wave energy devices.

Figure (25) shows the distribution of the absorbed power in function of
the power level. Right figure shows the probability for the power production

6Defined as the ratio of the capture width divided by the diameter
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Figure 25: Distribution of the power production.

to be between two levels and right figure shows the probability for the power
to be greater than a given power level. It has been calculated with the wave
statistics of the Yeu site. One can see that half of the year, the absorbed
wave power is greater than the mean power.

4.3.2 Assessment of the uncertainties
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Figure 26: Power matrix of the small bottom-referenced heaving buoy device
with fixed value for the PTO damping coefficient. Left figure is the mean
absorbed power and right figure is the maximum power.

Figure (26) shows the power matrix of the small bottom-referenced heav-
ing buoy calculated without optimisation of the PTO damping coefficient.
Figure (27) shows the power matrix calculated without the viscous damping,
and without optimisation of the PTO damping coefficient. By comparing
them, one can see that the main difference is not much on the mean power
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Figure 27: Power matrix of the small bottom-referenced heaving buoy device
calculated with the model without viscous damping. Left figure is the mean
absorbed power and right figure is the maximum power.

Site Mean power with Mean power without Mean power with
viscous damping viscous damping viscous damping
and l0 = 22 [kW] and l0 = 22 [kW] and l0 + 4 = h [kW]

SEM-REV 1.1 1.4 1.1
EMEC 2.0 2.6 2.2
Yeu 2.2 3.0 2.5

Lisboa 2.1 2.9 2.4
Belmullet 3.0 4.0 3.4

Table 8: Mean power without viscous damping with fixed length of the wire,
with viscous damping with fixed length of the wire and with viscous damping
with length of the wire adapted to the water depth. In these calculations,
the PTO damping parameter is equal to Rm = 20.4 kN.s/m

but on the maximum power. Without viscous damping, the maxima of the
power is much higher than with the viscous damping.

Table (8) shows a comparison of the mean absorbed power by the small
Bref-HB calculated without viscous damping with fixed length of the wire,
with viscous damping with length of the wire adapted to the water depth
and with viscous damping with fixed length of the wire.

Averaged on the whole year, one could conclude that the uncertainty on
the mean absorbed wave power of the small Bref-HB from the modelling of
the viscous damping and the length of wire is at most 30%.

However, let consider table (9). In this table, it is shown a comparison of
the absorbed power at Yeu site without taking into account viscous damping,
with taking into account viscous damping only in surge, in heave and along
both degrees of freedom. Contrarily to the previous table, one can see that
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Cx Cz Absorbed power [kW]

0 0 3.4
0.5 0 3.4
0.0 1 3.1
0.5 1 3.3

Table 9: Mean power without and with viscous damping at Yeu site. The
length of the wire is equal to 39 m, and the PTO damping parameter is
optimised for each sea state

Site Mean power with Mean power with
fixed Rm Rm optimised Difference

and l0 + 4 = h [kW] and l0 + 4 = h [kW] [%]

SEM-REV 1.1 N/A N/A
EMEC 2.2 2.8 27
Yeu 2.5 3.3 32

Lisboa 2.4 3.5 46
Belmullet 3.4 N/A N/A

Table 10: Comparison of the mean absorbed power with and without opti-
misation of the PTO damping coefficient

in this case, the mean absorbed power is roughly the same whatever the
modelling of the viscous damping.

The reason is that in this second table, the PTO damping parameter is
optimised for each state. It shows that even if the dynamic of the system
is different because of different modelling of the viscous damping, the esti-
mation of absorbed power is robust with errors in this modelling, provided
that the PTO damping parameter is optimised.

Therefore, the uncertainty on the mean absorbed wave power from the
modelling of the viscous damping and the length of wire is estimated to be
small, about 10%.

Table (10) shows a comparison of the mean output power with op-
timisation and with the nominal value of the PTO damping coefficient
(Rm = 20kN.s/m). The PTO damping coefficient Rm was optimised in
the range [10000, 100000] N.s/m.

One can see that optimising the PTO damping coefficient allows to in-
crease significantly the mean absorbed wave power whatever the sea state.
Depending on the wave resource, the gain is between 20 and 50%.

Hence, not to have considered the optimisation of the PTO damping
coefficient in the calculation of the criteria of the small bottom-referenced
heaving buoy would have introduced the largest uncertainty on the energy
production.

Finally, to remain conservative, the uncertainty on the energy production
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of the small Bref-HB is estimated to be about ±30%.

4.3.3 Conclusion

• The mean absorbed wave power that one can expect from the small
Bref-HB device is about 2 to 3 kW/m on a site on which the wave
resource is higher than 20 kW/m.

• The uncertainty on the criteria of the small Bref-HB is about ±30%.
It comes from the uncertainties on the modelling of viscous effects and
on the wire.

4.4 Parametric studies

4.4.1 Effect of the tide

Configuration 1 2 3

Tide [m] -0.5 0 +0.5
l [m] 21.5 22 22.5
Z0 [m] 4.5 4 3.5

Table 11: Configurations considered for the assessment of the effect of the
tide.

For studying the effect of tide on the performances of the device, we
considered three scenarii. In the first one, the tide is -0.5 m, in the seconde
one the water depth is nominal, and in the last one, the tide is +0.5 m.
Table 11 summarises the parameters which were used.

Tp [s] Hs [m] γ Absorbed power [kW]
1 2 3

4 1 1. 1.11 1.32 1.13
6 1.5 1. 2.53 2.4 2.11
8 2.0 3.3 2.11 2.1 1.47
10 3.0 3.3 2.89 2.86 2.09
12 7.5 3.3 6.48 6.07 4.95

Table 12: Results of the parametric study on the effect of the tide.

Five sea states, from light to severe conditions, were considered. Table
(12) summarises the wave conditions and the results of wave power absorp-
tion in each tidal configuration. One can see that, except for the less ener-
getic sea state, the best power absorption is achieved at low tide, whereas
the worst power absorption is achieved at high tide. In comparison with no
tide, low tide can lead to increase up to 8%, whereas high tide can lead to
a reduction of 30%.
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These results are probably linked with the high end stop. In the numer-
ical simulations, it has been observed that the high end stop is more often
used than the lower one, which provides an explanation. Hence, it might
possible to increase a bit the capture width of the small bottom-referenced
heaving buoy by reducing the low end stop and increasing the high end stop.

4.4.2 Effect of the scale

To assess the effect of scale, a calculation of the criteria of the small bottom-
referenced heaving buoy was performed on a version at scale 2:1. All param-
eters were scaled up with respect to the Froude scale law, except the length
of the wire (equal to 22 m)

Version 1:1 2:1 Ratio

Displacement [m3] 2.88 23.1 8.
Mean power [kW] 2.5 13.2 5.3

Energy / Mass [kWh/m3] 718 467 0.65
Energy / Wetted surface [kWh/m2] 530 690 1.30
Energy / PTO force [kWh/N] 3.1 3.0 1.0
Energy / Wave force [kWh/N] 0.99 1.4 1.41

Table 13: Comparison of the criteria for scale 1:1 and 2:1.

Table (13) shows a comparison of the criteria of the small bottom-
referenced heaving buoy at scale 1:1 and scale 1:2. One can see that the
ratio of the power absorbed at a scale 2 is between 22 = 4 and 23 = 8.
Hence, if the cost is proportional to the mass of the system, it is not worth
scaling up the system to decrease the cost of the energy. However, if the
cost is proportional to the wetted surface, then the scaling up can decrease
the cost of the energy by 30%.

Regarding the two other criteria - energy per PTO force and energy per
wave force - it appears that up scaling is favourable.

4.4.3 Effect of limitation of the maximal output power

In order to assess the effect of limiting the maximal ouput power, a cal-
culation of mean annual power of the small Bref-HB on the Yeu site was
performed with a threshold on the maximum instantaneous power produc-
tion equal to 20 kW. It means that when the instantaneous power is greater
than 20 kW, only 20 kW are taken into account for the calculation of the
mean power. It is supposed that the power difference is dissipated by a inner
device and that it does not affect the behaviour of the system.

Power matrix of the system with that limitation of the output power is
plotted in figure (28). One can show that the mean power is very similar to
the one without the limitation (figure (21) whereas the maximal absorbed
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Figure 28: Power matrix of the small bottom-referenced heaving buoy device
with limitation of the maximal output power at 20 kW. Left figure is the
mean absorbed power and right figure is the maximum power.

power is limited. Using the wave statistics of Yeu, without limitation of the
output power the mean annual power is 2.4 kW against 2.36 kW with the
limitation, i.e a difference smaller than 2%. Hence, limitation on the output
power to 10 times the mean annual power could be applied losing significant
amount of power production.

4.5 Power flow

One question for a wave-energy converter that moves in several degrees of
freedom is how much energy is converted from each of the oscillation modes.
As we have seen, the small bottom-referenced heaving buoy converter has
a quite strong response in surge additional to the principal mode for wave
energy extraction, which for this device is heave. It also interacts with the
ocean through the pitch motion.

Figure 29 gives the average absorbed power (i.e. before subtracting the
viscous loss) for a selection of seven sea states that cover the most relevant
part of the scatter diagrams presented in Section 3. For each of these the
relative contribution from the surge, heave and pitch motions are shown in
Figure 30. It has been calculated as the difference between excitation power
and radiated power, P̄a = P̄e − P̄r where the bar means time averaging.

The general result is that about 80% of the absorbed power comes from
the heave motion and the remaining 20% comes primarily from surge. The
tendency of a relatively larger contribution from surge for the sea states
with peak period 8 to 10 s corresponds well to the observed maximum for
the surge RAO around the same wave periods.

Looking further to Figure 31 we have decomposed the absorbed power
into the three power sinks of the system: power extracted through the
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Figure 29: Average converted power using a linear damper as machinery.
The power flow through the system has been analysed for seven representa-
tive sea states.
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machinery, viscous loss and radiated power. The viscous power is a loss,
whereas the radiated power is necessary for the wave absorption process
(and thus appear above the value 1). Although the viscous power in prin-
ciple is a pure loss, we have earlier seen (Section 4.2.3) that for the system
studied here it has a beneficial effect in on range of wave periods and am-
plitudes due to the nonlinear influence of the end stop mechanism.
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Figure 31: Average power converted by the PTO and viscous loss given
as fraction of the absorbed power assuming a linear damper as machinery.
The full length of the bars equals the total average excitation power, which
differs from the absorbed power by an amount equal to the average radiated
power.

The relative importance of viscous loss steadily increases as the signif-
icant wave height increases. For the weakest sea state with wave height
0.5m, about 25% of the absorbed power is lost through viscous dissipation
according to our model. For the sea states with significant wave heights
around 3-4m, the share of viscous loss is about 50%.

4.6 Linear damper PTO vs. generator with DC-level control

Most of the results in this report has been derived assuming a linear damp-
ing characteristic for the machinery force. This is partly because it serves
as a good reference for comparing with other systems, and partly because
the details generator and power electronics design for our reference system,
the Seabased, hasn’t been known to us. However, in this section we we
investigate the reponse of the system assuming a direct-coupled linear gen-
erator working in a fashion according to our best knowledge, which has been
described in the modelling part, Section 2.4.

For the results presented here it has been assumed that the generator
work in DC-level control mode. On the inverter side the controller has been
defined with a quite strong controller to keep the DC-level constant. This
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is demanding as the currents become very high once the machinery force
“kicks in”. It should also be mentioned that the viscous force model has
been simplified for these simulations as the second model implementation
has been used (running on the 20-sim software package). In the current
version of the model it does not have access to the relative velocity between
the buoy and the water. Instead an equivalent linear damping force has
been included for the surge motion only. The comparisons are made on
equal basis, i.e. in this case also the linear damper machinery has been run
with a model having a simplified viscous damping.

The average absorbed power is given by Figure 32, and a comparison of
the converted useful power (after subtracting the viscous loss) is shown in
Figure 33.
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Figure 32: Average converted power for the seven sea states used in the
investigation of power flow through the system.

The converted power is slightly reduced (5 to 20%) for the generator
as compared to a linear damper. In both cases the machinery parameters
(DC-level setpoint and damping coefficient) have been optimised. Further
detail on the decomposition into power sinks is given by Figure 34 It may
be seen that the viscous power loss is about 30% of the absorbed power
for most of the sea states. (Remember that this is based on a simplified
relation). What is more interesting to observe is however that the resistive
loss due to the generator current is estimated to increase as the sea states
become more rich on power. It goes from constituting about 20% of the
absorbed power for the weakest sea state, to about 40% for the strongest
sea states. The reason for these losses is the setup where the rectifier on
the generator side works directly against a constant DC level. As already
mentioned, if the inverter controller is run with a strong effort to keep the
DC level constant, the resulting currents are large. An exert of time series
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Figure 33: Comparison of the converted power for the system with two dif-
ferent alternatives for the PTO model: linear damper and linear generator.
Power is lost in the generator due to high electric currents.
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Figure 34: Average power converted by the linear generator, viscous loss
and ohmic losses in the generator given as fraction of the absorbed power.
The full length of the bars equals the total average excitation power, which
differs from the absorbed power by an amount equal to the average radiated
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for the DC-level voltage and generator current is shown in Figure 35.
It can be seen that even though the DC-level is still quite variable, the

instantaneous current reaches relatively high values. A more constant DC
value would require even higher currents. Reservations must be made that
the machine may be somewhat undersized for this kind of sea states – as we
can see, the relative importance of the generator losses become smaller for
weaker sea states.

One effect of the sourcing the power through the DC-link is to smoothen
the output power. A comparison between the power fed to the generator and
that flowing through the inverter on the output side is shown in Figure 36.
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Figure 35: The voltages of the DC-link (upper) and the current through the
generator (lower) in a seastate with Hs = 2m and Tp = 8 s. The DC voltage
setpoint was 41V.

5 Conclusions and recommendations

From these results and the study, main conclusions are :

• The mean power level that one can expect from the small bottom-
referenced heaving buoy WEC is about 2 to 3 kW on a site whose
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Figure 36: Mechanical power Pgen converted by the generator, and the de-
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state has Hs = 2m and Tp = 8 s.

wave resource is greater than 20 kW/m. The uncertainty is about
±30%. It comes from:

– The modelling of the viscous losses and a dependence on the
length of the wire.

– The modelling of the PTO and the value of the PTO damping
coefficient in case of a linear damper.

• High tide leads to a reduction of the absorbed power up to 30%. Low
tide might lead to an increase of the absorbed power up to 8%.

• A scaling up by a factor 2 of the system (displacement times 8) leads
to an increase of the power by a factor 5.3 and a decrease of the criteria
energy per PTO force and energy per wave force. Depending on how
scale the costs, it could be beneficial to scale up the system in order
to decrease the cost of energy.

• The output power could be limited to 10 times the mean annual power
without losing a significant amount of energy production.

• The total absorbed energy is roughly due 20% to the surge motion and
80% to the heave motion. Of the absorbed energy, between 25 and
50% is typically lost through viscous damping. For some operating
conditions, however, the viscous damping has a positive influence on
the power response by keeping the translator from getting stuck at the
end stop.

• According to the model presented here, the linear generator run with
optimised DC level control is able to absorb about 5 to 20% less energy
than an idealised linear damper. The main part of the results in this
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report has been obtained assuming a linear damper characteristic for
the power take-off.
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Chapter 2

A floating two-body
heaving wave energy
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Summary

This document reports the study of a Floating two-body heaving converter (F-
2HB) inspired by the Wavebob WEC in the frame of the project “Numerical
estimation of energy production from a selection of Wave Energy Converters”.
It contains a mathematical model and simulation results for the study of the
Wavebob wave energy converter .

Results of the study are the following criteria:

• The annual mean power.

• The yearly energy output / displacement.

• The yearly energy output / wetted surface.

• The power per unit of significant machinery (or PTO) force.

• The power per unit of excitation force

• The duration curves.

These criteria were estimated for this floating two-body heaving converter
using the mathematical model described in this report. Results are given in the
following table and in figure (1).

From these results and the study, main conclusions are :

• The mean power level that one can expect from this floating two-body
heaving converter is about 200 kW on a site whose wave resource is about
30 kW/m. The uncertainty is about [−20%,+40%]. It comes from the
modelling of the viscous losses.
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SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet site

γ 1 1 3.3 3.3 3.3 1
Wave en. trans. [kW/m]
Mean power [kW] 78.8 127 191 199 373 116
Ey / Mass [MWh/m3] 0.139 0.225 0.338 0.351 0.660 0.205
Ey / Awet [MWh/m2] 0.326 0.527 0.791 0.820 1.54 0.480

Ey / PTO frc. [kWh/N] 1.20 1.66 2.03 2.03 2.67 1.60
Ey / Wave frc. [kWh/N] 1.67 2.28 3.03 2.66 3.41 2.45

Table 1: Evaluation criteria for the floating two-body heaving converter. The
parameters are calculated based on the yearly energy delivery Ey. The mass is
taken as the total mass of the ballasted installed structure, not including the
moorings, and Awet is the wetted surface area of the structure. The uncertainty
of these numbers is estimated to be in the range of [−20,+40]%.
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• Optimisation of the power take-off (PTO) parameters for each sea state
increases the mean absorbed power by 17% in comparison with the best
case without optimisation (one set of PTO parameters for every sea state).

• The output power could be limited to 1MW without losing a significant
amount of energy production. Limitation of the instantaneous absorbed
power to 10 times the mean output power (2MW) would reduce the mean
absorbed power by only a small amount (6%).

• A scaling down by a factor 0.78 of the system (displacement divided by
2) leads to a decrease of the power by 30%. On the other side, doubling
the displacement of the system increases the energy absorption by only
20%. This indicates that, depending on how the costs scale, it could be
beneficial to scale down the system in order to decrease the cost of energy.

• The stroke length of the relative motion could be limited to 3 m without
significant losses in the mean energy absorption.
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Figure 2: Sketch of the system.

1 System description - The floating two-body

heaving converter

This device is an axi-symmetric, self-reacting point absorber, operating in the
heave mode. It is composed of two bodies sliding along each other. A simplified
sketch of the system is shown in figure (2). The bigger and deeper body is
referenced as the Float while the shallower one is referenced as the Torus.

It was inspired by the Wavebob WEC which is currently in development in
Ireland. Figure (3) shows a picture of the 1/4th scale model which was tested
at sea in the Galway bay.

1.1 Dimensions and mechanical parameters

Dimensions of the system considered in this study were taken as similar as
possible as the ones of the Wavebob WEC. Dimensions of the Wavebob were
estimated from pictures or data found on the Internet of the Wavebob WEC.
On Wavebob’s website [6], it is specified that the diameter of the torus is about
20 meters. Using that length as a reference, other dimensions were estimated
from pictures of the 1/17th scale model found on [7].

Figure (1.1) shows the dimensions that were used. One can notice that it
is a rather deep device, with draft of about 50 meters. From these dimensions,
mechanical parameters (masses, inertia) were estimated. They are summarised
in table (1.1).
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Figure 3: 1/4 scale model of the Wavebob WEC at sea.

Property Value Unit
Torus
Outer diameter 20 m
Inner diameter 10 m
Draft 2 m
Height 8 m
Displacement 278 m3

Mass 278 tons
Centre of mass 0 m below the free surface
Moment of inertia Ixx 12400 t.m2

Moment of inertia Iyy 12400 t.m2

Moment of inertia Izz 16500 t.m2

Stroke length 6 m
Stiffness upper end stop spring 106 kN/m
Stiffness lower end stop spring 106 kN/m
Float
Diameter at WL 8 m
Draft 50 m
Height 66 m
Displacement 4680 m3

Mass 4680 tons
Centre of mass -35. m below the free surface
Moment of inertia Ixx 1740000 t.m2

Moment of inertia Iyy 1740000 t.m2

Moment of inertia Izz 1510000 t.m2

Table 2: System parameters
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1.2 Power take-off and control

In this study it was chosen to model the power take-off as a linear system. It
was motivated by the fact that, although in the actual Wavebob the power
take-off (PTO) is hydraulic [6] (for which a Coulomb damping model would be
more suitable), in [8] many references to damping as in linear damping are made
for the Wavebob. Therefore, it is most probable that the PTO is controlled in
order to mimic a specified linear behaviour. One could note that it is common
practice for wave energy converters. Moreover, it is not expected that this
modelling choice would have a significant influence on the power absorption
figures, as other studies performed in this project indicate (see Bottom-dixed
Heave-buoy Array for example).

Let BPTO and KPTO be the damping and restoring coefficients of the PTO
system, respectively. Usually,KPTO is set to non-zero values to achieve tuning of
the system response to the current sea state. Positive KPTO can be achieved by
including a simple physical spring in the PTO system. Therefore, it can be seen
as a practical option. Negative KPTO values are much more difficult to achieve.
One would have to use an active component. As the power flowing through
the machinery will be out of phase with the velocity, i.e. there will be reactive
machinery power, the machinery will have to work partly as as a generator
and partly as a motor. The instantaneous reactive power may typically be
typically 10 times larger than the average absorbed power [10]. Therefore all
the benefit induced by adding the negative spring is likely to be lost in conversion
efficiencies. This is why other control strategies based on passive components
are often considered instead. Latching control is an example.

However, the situation is a bit different in the case of a floating two-body
heaving converter, because it is a self-referenced system. Because of that prop-
erty, the masses of torus and float do not have to balance their own displacement.
The equilibrium position of both torus and float will not be affected, provided
the PTO can deliver a static force compensating the difference between gravity
and buoyancy forces. This can be achieved easily with a hydraulic PTO.

Let denote MPTO the associated parameter: the difference between the
actual mass of the torus and its displacement. In the equation of motion in
frequency domain this parameter will appear on the left hand sign with a minus
sign. Therefore, it will have the same effect as a negative spring in the PTO.
Being a physical parameter, the negative spring effect will be achieved without
reactive power.

This parameter can be adjusted to each sea state by transferring ballast from
the float to the torus in one or the other way. Therefore, it is believed that this
extra possibility of controlling the response of the system is an essential com-
ponent of a floating two-body heaving convertert. Actually, this could provide
the explanation for one of the claims one can find on Wavebob’s website: The

Wavebob has exceptional facilities for almost instantaneous tuning and longer

period adjustment of natural frequencies and bandwidth. Thus, this feature has
been included in the analysis.
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Criteria unit
Significant wetted surface 2120 m2

Significant mass 4958 tons

Table 3: Significant wetted surface and mass of the floating two-body heaving
converter.

1.3 Cost-related criteria

1.3.1 Mass, displacement and wetted surface

The wetted surface and mass are two of the relevant costs-related criteria which
could be derived for any wave energy converter.

In the case of the considered floating two-body heaving converter, as it is a
self - reacting device, only the two parts of the floating unit itself - the Torus
and the Float - are taken into account. The weight of the moorings and anchors
are neglected. They are expected to be small, because the moorings have to
counteract only the drift forces.

The displacement of the torus is equal to 278 tons and the displacement of
the float is 4680 tons. Hence, the overall significant mass is 4958 tons.

The wetted surface of the torus is about 420 m2. The wetted surface of the
float is about 1700 m2. The total significant wetted surface considered here is
then 2120 m2.

1.3.2 Significant forces

The two other cost criteria considered are the significant PTO force and the
significant wave force. They both have zero mean values. So, the cost criteria
are defined as the RMS value of the forces over the whole year.

1.4 Comment from the Wavestar developer

In working with this study we have been in contact with the developer of the
Wavebob device. They have been informed about our study, and have received
a draft copy of this report. We proposed to the developer to give comment for
inclusion into the report, and this is the comment from the Wavebob team:

Wavebob acknowledge the high quality and volume of the work produced.

As the investigations are based on somewhat out-of-date public domain sys-

tem information the analysis does not represent the full potential of current

Wavebob WEC technology; this is primarily with respect to device geome-

try, PTO control and inherent tuning capability.

2 Equation of motion

An actual floating two-body heaving converter has 7 degrees of freedom: 3
translations and 3 rotations for the float, plus one translation for the rela-
tive motion of the torus. In this study, the incident waves are assumed to be
mono-directional and propagating in the positive x direction. The system being
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axisymmetric, all motions remain in the (xOz) plane. Therefore, only surge,
heave and pitch of the float, and the motion of the torus relative to the float
have been considered in this study.

Referring to Figure 2, let G be the gravity centre of the float. Let xG and
zG be the surge and heave motion of the float and θ be the pitch motion. At
equilibrium, it is assumed that G and the origin of the Cartesian reference frame
O are the same. Furthermore, let A be the gravity centre of the torus and Z be
the excursion of the torus relative to the float. Then GA = d+ Z, with Z = 0
at equilibrium.

It is assumed that all motions are of small amplitude. Hence, second order
effects will be neglected and equation of motion will linearised. From our expe-
rience, taking into account non linear effects would lead to a reduction in the
power absorption figures. Therefore, this assumption is not seen as a problem
as the aim of this study is to derive upper estimates for energy absorption.

2.1 Kinematics

In the Cartesian reference frame, the position of the torus’ gravity centre is
given by:

−→
OA =

−−→
OG+

−→
GA (1)

−→
OA =

(

xG + (d+ Z) sin θ
zG + (d+ Z) cos θ

)0

(2)

By time derivating this equation, one gets the velocity in the fixed reference
frame:

−→
V (A) =

(

u+ Ż sin θ + (d+ Z)θ̇ cos θ

w + Ż cos θ − (d+ Z)θ̇ sin θ)

)0

(3)

In the body reference frame:

−→
V (A) =

(

u cos θ − w sin θ + (d+ Z)θ̇

u sin θ + w cos θ + Ż

)B

(4)

By time derivating once gain, one gets the acceleration. In the fixed reference
frame:

−−→
γ(A) =

(

u̇+ Z̈ sin θ + 2Żθ̇ cos θ + (d+ Z)θ̈ cos θ − (d+ Z)θ̇2 sin θ

ẇ + Z̈ cos(θ)− 2Żθ̇ sin(θ)− (d+ Z)θ̈ sin θ − (d+ Z)θ̇2 cos θ

)0

(5)

In the body reference frame:

−−→
γ(A) =

(

u̇ cos θ − ẇ sin θ + 2Żθ̇ + (d+ Z)θ̈

u̇ sin θ + ẇ cos θ + Z̈ − (d+ Z)θ̇2

)B

(6)

Let m′ be the mass of the torus, and M ′ the mass of the float. If m and M
are the masses of displaced water by the torus and float at equilibrium, then
m′ − m=M − M ′ is what we called MPTO in section (1.2), i.e the amount of
mass transferred from the float to the torus. Let IT and IF be the respective
moments of inertia of torus and float for MPTO = 0. When MPTO is different
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from 0, these moments of inertia will be different too. In a first approximation,
it is supposed that they behave such as I ′T ≃ m′

m
IT and I ′F ≃ M ′

M
IF .

At point G, the dynamic moment of the float is given by:
−→
δF (G) = I ′F θ̈

−→y (7)

and the dynamic moment of the torus is
−→
δT (G) =

−→
δT (A) +

−→
AG×m′

−−→
γ(A) (8)

This moment works about the y-direction, which component is

δT (G) = I ′T θ̈ −m′(d+ Z)

(

sin θ
cos θ

)0

×

(

u̇+ Z̈ sin θ + 2Żθ̇ cos θ + (d+ Z)θ̈ cos θ − (d+ Z)θ̇2 sin θ

ẇ + Z̈ cos(θ)− 2Żθ̇ sin(θ)− (d+ Z)θ̈ cos θ − (d+ Z)θ̇2 cos θ

)0

(9)

δT (G) =[I ′T +m′(d+ Z)2]θ̈ +m′(d+ Z) cos θu̇

−m′(d+ Z) sin θẇ + 2m′(d+ Z)Żθ̇
(10)

Linearised, the vectorial relations (2) to (6) read:

−→
OA =

(

xG + dθ
zG + d+ Z

)0,B

(11)

−→
V (A) =

(

u+ dθ̇

w + Ż

)0,B

(12)

−−→
γ(A) =

(

u̇+ dθ̈

ẇ + Z̈

)0,B

=

(

1 0 d 0
0 1 0 1

)

Ẍ. (13)

with the state vector defined as X = [xG, zG, θ, Z]T. Thus the linearised dy-
namic moments of the torus is found from Equations (8) and (13) to be

δT (G) = [
m+MPTO

m
IT + (m+MPTO)d

2]θ̈ + (m+MPTO) d u̇ (14)

=
(

(m+MPTO) d 0 m+MPTO

m
IT + (m+MPTO)d

2 0
)

Ẍ(15)

Then, one can write:
(

(m+MPTO)
−−→
γ(A)

−→
δT (G)

)

= mẌ (16)

for the torus, and
(

(M −MPTO)
−−−→
γ(G)

−→
δF (G)

)

= MẌ (17)

for the float, with:

m =





m′ 0 (m′)d 0
0 m′ 0 (m′)

(m′)d 0 m′

m
IT + (m′)d2 0



 (18)

M =





M ′ 0 0 0
0 M ′ 0 0

0 0 M ′

M
IF 0



 (19)
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2.2 Forces

In the following, the generalised force at point P will be written F(P ). It is
composed of a reaction R and a torque T.

Let us first define the operator:

AG =





1 0 0
0 1 0

(d+ Z) cos θ −(d+ Z) sin θ 1



 (20)

It corresponds to the transfer of a generalised force F from the point A to the
point G.

When one transfers a force which is proportional to a first order quantity
(such as velocity for example), only 0th order terms should be retained because
of the linearisation:

AG =





1 0 0
0 1 0
d 0 1



 (21)

2.2.1 Hydrostatic forces

• Force on the torus: At the gravity centre of the torus A, in the frame
of linear theory, one can show that the effect of the generalised weight
plus generalised Archimedes force reduces to a restoring force proportional
to the motion of point A plus a constant (because the weight and the
buoyancy can be different due to the mass transfer MPTO)

FHT (A) = −KHT ∆XA −MPTO g





0
1
0



 (22)

Here, only the two last diagonal coefficients of the matrix KHT are non
zero, because the body we consider is axisymmetric: KHT = diag(0,KH,z,KH,θ)

At point G, the generalised hydrostatic force is given by:

FHT (G) = −AGKHT ∆XA −AGMPTO g





0
1
0



 (23)

By linearising, one can show:

FHT (G) = −AGKHT GAX−AGMPTO g





0
1
0



 (24)

with the operator GA defined by:

GA =





1 0 d 0
0 1 0 1
0 0 1 0



 (25)
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Equation (24) can be further simplified as:

FHT (G) = −(AGKHT GA+KPTOT )X−MPTO g





0
1
0



 (26)

with KPTOT equal to diag(0, 0,−MPTOgd).

From this last equation, one can see that transferring mass from the float
to the torus decreases the hydrostatic stiffness of the system.

• Force on the float: For the float,

FHF (G) = −KHF X+MPTO g





0
1
0



 (27)

2.2.2 Wave excitation and radiation forces

• Force on the torus: At the gravity centre of the torus A, in the frame
of linear theory, the hydrodynamic forces read in the frequency domain:

FDT (A) = FexT (A)−CMT ẌA −CAT ẊA (28)

where CMT is the added mass matrix and CAT the radiation damping
matrix for the torus. Linearised, the equation reads:

FDT (A) = FexT (A)−CMT GAẌ−CAT GAẊ (29)

At point G, it is given by:

FDT (G) = AGFDT (A) (30)

which gives, once linearised:

FDT (G) = AGFexT (A)−AGCMT GAẌ−AGCAT GAẊ (31)

• Force on the float: At the gravity centre of the float G, the hydrody-
namic forces reads in the frequency domain:

FDF (G) = FexF (G)−CMF Ẍ−CAF Ẋ (32)

where CMF is the added mass matrix and CAF the radiation damping
matrix for the float.

2.2.3 Viscous damping forces

• Force on the torus: For the torus, the viscous damping force is modelled
under the form of the Morison equation:

FVT (A) = −
1

2
ρCD,T

( (−→
V (A)−

−→
V 0(A)

)∥

∥

∥

−→
V (A)−

−→
V 0(A)

∥

∥

∥

θ̇ |θ̇|

)

(33)

where:
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–
−→
V 0(A) is the undisturbed flow velocity taken at the instantaneous
position of the gravity centre of the torus A.

– CD,T is the viscous damping coefficient matrix. Here, it is consid-
ered as a diagonal matrix with coefficients diag (Cx,TAx,T , Cz,TAz,T ,
Cθ,T Iθ,T ) with Ax,T = 40 m2, Az,T = 240 m2 and Iθ,T = 213000 m5.

At point G, it is given by:

FVT (G) = AGFVT (A) (34)

• Force on the float: For the float, one can not neglect any more the vari-
ation of the velocity along the vertical axis. Hence, the viscous damping
force on the float is written in the general case:

FVF (G) = −
1

2
ρ

∫ 0

−D











Cx,F (z)Ax,F (z)
(−→
V x(z)−

−→
V 0,x(z)

)

Cz,F (z)Az,F (z)
(−→
V z(z)−

−→
V 0,z(z)

)

z × Cx,F (z)Ax,F (z)
(−→
V x(z)−

−→
V 0,x(z)

)











·
∥

∥

∥

−→
V (z)−

−→
V 0(z)

∥

∥

∥ dz

(35)

However, taking into account the shape of the system, viscous damping
in heave will probably occur mostly around the wider and deeper part of
the system. Hence, we assume that:

∫ 0

−D

Cz,F (z)Az,F (z)
(−→
V z(z)−

−→
V 0,z(z)

)∥

∥

∥

−→
V (z)−

−→
V 0(z)

∥

∥

∥
dz

≃ Cz,F (G)Az,F (G)
(−→
V z(G)−

−→
V 0,G(z)

)∥

∥

∥

−→
V (G)−

−→
V 0(G)

∥

∥

∥

(36)

with Az,F (G) = 150 m2.

2.2.4 Bearing and PTO forces

According to section (1.2), the PTO force is composed of three parts:

• A linear damping part proportional to the relative velocity Ż, whose co-
efficient is BPTO. This part corresponds with the energy absorption.

• A linear spring part, proportional to the relative motion Z, whose coeffi-
cient KPTO is supposed to be larger than 0. It can be achieved by means
of controlling the PTO force, or by using a physical spring.

• A static part. It aims at compensating the static force in the torus and
in the float, due to the unbalance of the buoyancy force and the gravity
force. It is equal to MPTOg in absolute value.

14



Hence, the associated generalised PTO force, on the torus, is:

FPTOT (A) =





0

−BPTO Ż −KPTO Z +MPTO g
0





B

(37)

=





(−BPTO Ż −KPTO Z +MPTO g) sin θ

(−BPTO Ż −KPTO Z +MPTO g) cos θ
0





0

(38)

The bearing between the float and torus is supposed to be ideal. Hence, the
associated generalised force on the torus from the bearing is:

FBT (A) =





R
0
T





B

=





R cos θ
−R sin θ

T





0

(39)

Using the reaction principle, the effect of the bearing (respectively PTO) on the
float is opposite to the effect of the bearing (respectively PTO) on the torus.
Hence:

FBF (A) = −FBT (A) (40)

FPTOF (A) = −FPTOT (A) (41)

2.2.5 End stops forces

The relative motion between the torus and the float has a limited stroke. In
order to take into account that limit in the model, an additional restoring force
with large restoring coefficients is added in the model in the link between the
float and the torus. This force is applied only when the relative motion reaches
the higher or lower end stop. On the torus, it reads:

FEST (A) = −KES





0
(Z + ZES)u(−ZES − Z) + (Z − ZES)u(Z − ZES)

0





B

(42)
in which :

• u is the step function.

• KES is a restoring coefficient.

• ZES is the stroke limit.

The effect on the float is the opposite:

FEST (A) = −FESF (A) (43)
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2.2.6 Mooring forces

Moorings are supposed to be slack. They are not supposed to have a significant
impact on the dynamic response of the system. Hence, the effect of mooring is
modelled by a simple restoring force proportional to the horizontal motions of
the float, with a rather low coefficient. It is set equal to 100 kN/m.

FM(G) =





−KM 0 0
0 0 0
0 0 0





0

X = −KMX (44)

2.2.7 Other forces

In this study, other forces such as drift and/or current forces were not considered.
It is because their effect is believed to be limited to a shift in the horizontal
equilibrium position of the system. Moreover, they are horizontal forces whereas
the device works with vertical motions. Thus the effect of the energy absorption
is of second order.

2.3 Equation of motion

2.3.1 Frequency domain

In the frequency domain, the viscous forces and the end stops forces are not
taken into account.

Let us first consider the system composed of the {float} + {torus}. By
expressing Newton’s law at point G, one can show:
(

M+CMF +m+AG CMT GA
)

Ẍ =

FexF (G) +AGFexT (A)

− (CAF +AGCAT GA) Ẋ

− (KHF +AGKHTGA+KPTO +KM)X

(45)

Let us further consider the forces on the isolated torus. One can show that:
(

AG
−1

m+CMT GA

)

Ẍ = FexT −CAT GAẊ

− KHT GAX+ FPTOT + FBT (46)

From this last equation, one can calculate the loads on the bearing between the
torus and the float.

By assembling all these equations, one can show that the whole system can
be written, in frequency domain:

(M+CM) Ẍ+ (BPTO +CA) Ẋ+ (K+KPTO)X = Fex (47)

with :

M =









m11 0 m13 0
0 m22 0 m24

m31 0 m33 0
0 m42 0 m44









(48)
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where

m11 = m22 = m+M

m31 = m13 = (m+MPTO) d

m42 = m24 = m44 = (m+MPTO)

m33 =
m+MPTO

m
IT + (m+MPTO) d

2 +
M −MPTO

M
IF

(49)

Furthermore, the assembled added mass matrix is composed in the following
way

CM =









cM,11 0 cM,13 0
0 cM,22 0 cM,24

cM,31 0 cM,33 0
0 cM,42 0 cM,44









(50)

Here the matrix elements are

cM,11 =CM11,FF + CM11,FT + CM11,TF + CM11,FF

cM,22 =CM33,FF + CM33,FT + CM33,TF + CM33,TT

cM,31 = cM,13

=CM15,FF + CM15,FT + d(CM11,FT + CM11,TT )

+ CM15,TF + CM15,TT

cM,33 =CM55,FF + CM55,FT + d2CM11,TT

+ 2dCM15,TT + dCM15,TF + CM55,TF + CM55,TT

cM,42 = cM,24

=CM33,TF + CM33,TT

cM,44 =CM33,TT

(51)

The assembled radiation resistance matrix is

CA =









cA,11 0 cA,13 0
0 cA,22 0 cA,24

cA,31 0 cA,33 0
0 cA,42 0 cA,44









(52)

where the matrix elements are given by

cA,11 =CA11,FF + CA11,FT + CA11,TF + CA11,FF

cA,22 =CA33,FF + CA33,FT + CA33,TF + CA33,TT

cA,31 = cA,13

=CA15,FF + CA15,FT + d(CA11,FT + CA11,TT )

+ CA15,TF + CA15,TT

cA,33 =CA55,FF + CA55,FT + d2CA11,TT

+ 2dCA15,TT + dCA15,TF + CA55,TF + CA55,TT

cA,42 = cA,24

=CA33,TF + CA33,TT

cA,44 =CA33,TT

(53)
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Finally, the machinery damping BPTO, machinery stiffness KPTO, hydro-
static stiffness K and excitation force Fex matrices are

BPTO =









0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 BPTO









(54)

KPTO =









0 0 0 0
0 0 0 0
0 0 −MPTOgd 0
0 0 0 KPTO









(55)

K =









KM11 0 0 0
0 KH33,F +KH33,T 0 KH33,T

0 0 KH55,F +KH55,T 0
0 KH33,T 0 KH33,T









(56)

Fex =









FexF1 + FexT1

FexF3 + FexT3

FexF5 + dFexT1 + FexT5

FexT3









(57)

In the equation (55), one can see that the mass transfer MPTO from the float
to the torus reduces the stability in pitch of the system. This effect limits the
amount of transferable mass.

2.3.2 Time domain

In the time-domain model, viscous forces and forces from the end stops are
included. The equation of motion then becomes:

(M+ µ∞) Ẍ+BPTOẊ+

∫ t

0

Krad(t− τ)Ẋ(τ)dτ + (K+KPTO)X

= Fex + Fviscous + FES

(58)

with:

µ∞ = lim
ω→+∞

CM(ω) (59)

Krad(t) =
2

π

∫ +∞

0

CA(ω) cosωtdω (60)

The vector of viscous forces is

Fviscous(t,X, Ẋ) =

(

FVF (G) + FVT (G)
FV T,2

)

(61)

in which FVF (G) and FVT (G) are given by equations (35) and (34), and FV T,2

is the second element of vector FVT (G). The end stop force vector is

FES(t,X, Ẋ) =

(

03×1

FES,2

)

(62)

in which FES,2 is the second line of vector FEST (A).
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2.4 Implementation

2.4.1 Calculation of the hydrodynamic coefficients and functions

The BEM code Aquaplus [4](respectively Achil3D [3]) was used to calculate
the hydrodynamic coefficients in the frequency domain (respectively in time do-
main). Figure (4) shows the meshes which were used. The first one is composed
of 580 flat panels. The moonpool region between the torus and float was not
modelled, because it is not expected to have a strong influence on the behaviour
of the system as it is thin in comparison with the diameter of the torus. A finer
mesh, composed of 1320 flat panels, was also considered.

X Y

Z

Npanels = 520Npanels = 520

X Y

Z

Npanels = 1320

ZY

ZY

Figure 4: Meshes used for the the hydrodynamic calculations. The top one is
composed of 580 flat panels. The bottom one is composed of 1320 panels.

Results of computation of added mass and radiation damping coefficients
are plotted in figure (5). There are three sets of data, corresponding with three
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different calculations. The solid lines have been obtained by Fourier Transform
of the radiation impulse response functions calculated using Achil3D with the
580 panels composed mesh. The squares are results of the calculation with
Aquaplus with the 580 panels composed mesh and the triangles are results of
the calculation with Aquaplus with the fine mesh, which has 1320 panels.

One can see that the agreement between all these calculations is good. How-
ever, one can notice differences for coefficients corresponding with forces mea-
sured on body 1 (the float) when it moves (first column in figure (5)), particu-
larly on the added mass coefficients. One can see that the agreement between
the Achil3D calculation and the Aquaplus calculation is better with the fine
mesh than with the coarse mesh for the added mass coefficients. This is rather
surprising since the Achil3D calculation was done with the coarse mesh. How-
ever, one can notice that differences are small (about a few percents).

For the radiation damping coefficients, the agreement is found to be good in
the range of the wave frequencies ([0.3, 1.] rad/s), except for coefficient CA33.
For this coefficient, it seems that numerical issues in Aquaplus leads to oscilla-
tions around the Achil3D result and that increasing the number of panels does
not improve the result. However, these coefficients are widely dominated by the
other damping coefficients and the PTO damping forces, so it is not seen as a
problem.

Wave excitation force coefficients computed in the frequency domain with
Aquaplus are plotted in figure (6). One can see that there is a good agreement
between the two meshes used.

Asymptotic values for the added mass coefficients µ∞ when ω → ∞ were
computed using Achil3D. Their values are:

µ∞,FF =

















3.61 · 106 0 0 0 1.57 · 107 0
0 3.61 · 106 0 −1.57 · 107 0 0
0 0 8.73 · 105 0 0 0
0 −1.57 · 107 0 2.92 · 108 0 0

1.57 · 107 0 0 0 2.92 · 108 0
0 0 0 0 0 0

















µ∞,FT =

















1.47 · 104 0 0 0 4.74 · 105 0
0 1.47 · 104 0 −4.74 · 105 0 0
0 0 8.08 · 104 0 0 0
0 −3.28 · 105 0 1.25 · 107 0 0

3.28 · 105 0 0 0 1.25 · 107 0
0 0 0 0 0 0

















µ∞,TF =

















1.47 · 104 0 0 0 3.27 · 105 0
0 1.47 · 104 0 −3.27 · 105 0 0
0 0 8.10 · 104 0 0 0
0 −4.76 · 105 0 1.25 · 107 0 0

4.76 · 105 0 0 0 1.25 · 107 0
0 0 0 0 0 0

















µ∞,TT =

















5.55 · 104 0 0 0 6.12 · 105 0
0 5.55 · 104 0 −6.12 · 105 0 0
0 0 6.95 · 105 0 0 0
0 −6.12 · 105 0 1.23 · 107 0 0

6.11 · 105 0 0 0 1.23 · 107 0
0 0 0 0 0 0
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Figure 5: Hydrodynamic coefficients of the radiation force in frequency domain,
computed with Aquaplus and Achil3D. Index cdij means force measured on axis
i of body c associated with a motion of body d along axis j. 1 stands for surge
motion or force on the x axis, 3 for heave motion or force on the vertical axis
and 5 for pitch motion of moment force along the y axis.
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Figure 6: Wave excitation force coefficient in frequency domain computed with
Aquaplus. Index ci means force measured on axis i of body c.
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According to these results, in the following, the coarse mesh was used in time
domain and the fine mesh in frequency domain.

2.4.2 Estimation of viscous damping coefficients

• Viscous forces on the torus: The surge motion of the torus can be
large or small depending on the mooring system. Since the mooring is
supposed to be slack, one can expect large amplitude of the fluid motion
relatively to the torus, typically of the order of magnitude of a few torus
diameter. This leads to values of the Keulegan-Carpenter number in the
range [6, 12].

From figure (16), one can see that the heave motion of the torus can
possibly be up to 2 to 3 times the wave amplitude. In a wave of amplitude
1 meter, this means a Keulegan-Carpenter number about 6− 12, because
the draft of the torus is only 2 m.

Hence, according to [2], the viscous damping coefficients should be some-
thing between 0.5 and 1. In this study, they were chosen equal to Cx,T =
Cz,T = 1.

According to the same author, chapter 5, page 224, the pitch damping
coefficient is taken equal to 0.1.

• Viscous forces on the float: For the float, the Keulegan-Carpenter
number for the surge motion will be even larger than for the torus, because
the diameter of the float is smaller than the torus. Hence, whatever the
depth, Cx,F was chosen equal to 0.5. However, for the heave motion, the
Keulegan-Carpenter is as low as 0.5, because the draft of the float is large.
Hence, Cz,F was taken equal to 1.

Practically, the integral in equation (35) was replaced by a sum of discrete
contributions of cylinders of finite height, evaluated at different heights
along the vertical axis of the float.

∫ 0

−D

Cx,F (z)Dx,F (z)
(−→
V x(z)−

−→
V 0,x(z)

)∥

∥

∥

−→
V (z)−

−→
V 0(z)

∥

∥

∥
dz ≃ (63)

N
∑

i=1

0.5Ai

(−→
V x(zi)−

−→
V 0,x(zi)

)∥

∥

∥

−→
V (zi)−

−→
V 0(zi)

∥

∥

∥ (64)

Table (4) shows the parameters which were used in this last equation.

2.4.3 W2W models

Based on equations (47) and (58), two numerical models were derived: one in
the frequency domain and the other one in the time domain. They were im-
plemented in Fortran90. The point with implementing separetely a frequency
domain model and a time domain model is that it allows to verify the imple-
mentations by comparing their results in regular waves of small amplitude. It
has been found to be very useful for debugging.
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i zi (m) Ai (m
2)

1 -2 21
2 -9.5 5
3 -16 72
4 -24 112
5 -32 112
6 -38 112
7 -47 54

Table 4: Parameters used for the discretisation of the viscous forces on the float

3 Simulation results and energy assessment

When they are not explicitly specified, the parameters which were used in all
the simulations presented here are the ones given in table (1.1).

3.1 Verification

If PTO parameters are set to large values, the whole system behaves as one
single body, whose natural period in heave is given by:

ω0 =

√

KH33,F +KH33,T

m+M + CM33,FF (ω0) + CM33,FT (ω0) + CM33,TF (ω0) + CM33,TT (ω0)

(65)
After a few iterations, one can get ω0 = 0.61 rad/s from this last equation.

The RAO in heave of the locked system (PTO coefficients set equal to 1010)
was calculated with the frequency domain model. Results are plotted in figure
(7). One can see that the peak frequency matches the one calculated above.
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Figure 7: Heave motion of the system with large PTO coefficients (1010). Nat-
ural frequency appears to be about 0.61 rad/s

Figure (8) shows a decay test in heave (initial position is zG = 1 m) cal-
culated with the time domain model. The PTO parameters are set to large
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Figure 8: Decay test of the heave motion. Initial position is zG = 1 m, Z = 0
m. The PTO parameters are set to 108. Viscous damping is set to 0.

values (108) in order to make the system behave like a single body. The viscous
damping was set equal to 0.

The period of the response is equal to about 10.2 seconds, which matches
with the natural period calculated with equation (65).

In figure (9), we plotted a comparison of the RAOs of the system, calculated
with the frequency domain model and with the time domain model. The PTO
parameters are set to BPTO = 8.103 kN/m.s and KPTO = 0. Viscous damp-
ing was set equal to 0, and additional linear damping was added on the surge
(103 kN/m.s) and pitch (105 kN/rad.s) modes of motion to get dissipation of
the transients (otherwise, they are very long to dissipate because the natural
frequencies of these modes is very low and there is very little radiation damping
for these low frequencies).

In the time domain model, the calculation of the memory term is made
through numerical integration. For this last model, what is plotted is the max-
imum of the motion over the simulation (600s), from which the transients have
been removed.

One can see that the agreement between the two models is very good, which
cross-validates the two implementations for the resolution of the equation of
motion.

Figure (10) and (11) shows decay tests of the system in surge and pitch com-
puted with the time domain model. As well as simulation results with nominal
viscous damping (with parameters given in the previous sections), simulation
with no and twice viscous damping are plotted.

One can see that without taking into account the viscous damping, the os-
cillations of the structure are almost not damped at all. With viscous damping,
the motions are getting damped. But because of the quadratic nature of the
damping, it would take long time before reaching equilibrium.

Figure (12) and (13) shows decay tests of the system in heave, for the float
and for the torus. In these simulations, the PTO damping coefficients was taken
equal to = 8.103 kN/m.s.

One can see that the float behaves as an over damped oscillator, with a slow
time constant. This makes sense if one recalls that the float has a large inertia
and a small restoring force. The contrary is true for the torus, which has a
rather small inertia and a large hydrostatic stiffness.

Here, it should be noticed that because of the large damping term associated
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Figure 9: Comparison of RAOs calculated with the frequency domain model (red
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are set to BPTO = 8.103 kN/m.s and KPTO = 8.106.
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Figure 10: Decay tests in surge. The initial surge is 10 m.
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Figure 11: Decay tests in pitch. The initial pitch is 10 degrees.
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Figure 12: Decay tests in heave. The initial heave motion of the float is 1 m.
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Figure 13: Decay tests in heave. The initial heave motion of the torus is 1 m.

with the PTO force, changing the intensity of the viscous damping terms does
not affect the response of the system. Hence, the sensitivity of the results to
the viscous damping model is very small.

Figure (14) shows a comparison of the motion of the F-2HB with and without
a limit on the stroke of the relative motion between the float and the torus. The
wave period is 10 seconds and the wave height 4 meters. The end stop restoring
coefficient is set equal to 2.108 N/m. As the aim here is to verify that the
implementation of the end stops model is correct, the stroke limit was set to a
small value: ±0.5m.

On the bottom right plot, one can see that the system behaves as expected:
with end stops the motion is limited to the strokes value. On the other plots,
one can see how it affects the other degrees of freedom.

3.2 RAOs

3.2.1 Maximisation of the power production (without constraints)

The floating two-body heaving converter is a two-bodies axisymmetric heaving
point absorber similar to the one considered by Falnes in [5]. Then, following
it, one can show that in regular waves, PTO coefficients can be selected such as
they maximise the energy production. This is called optimal reactive control.
Of course in this case, the PTO coefficients depend on the wave frequency.

MPTO = 0

BPTO = ℜ(Zi)

KPTO = ℑ(Zi) (66)
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Figure 14: Simulation of the motion with and without end stops. The stroke
limit is set equal to 0.5 m in this simulation.

with Zi = Z44 −
Z2

24

Z22

is a complex number, in which:

• Z22 = (m22 + cM,22) iω + cA,22 −
iK22

ω

• Z24 = (m24 + cM,24) iω + cA,24 −
iK24

ω

• Z44 = (m44 + cM,44) iω + cA,44 −
iK44

ω

where the mii, crmM,ii and crmA,ii are matrix elements from Equations (48),
(50) and (52), and the Kii’s are elements of the assembled stiffness matrix K,
Equation (56).

The instantaneous absorbed power Pa(t) may now be calculated as a function
of the relative position Z between the two bodies:

Pa(t) = FPTO Ż = BPTO Ż2 +KPTO Z Ż (67)

In regular waves with complex amplitude for the surface wave elevation equal
to η̂ we may, for the linearised system, define the relative velocity response
amplitude v̂rel, i.e. Ż = ℜ{v̂rele

iωt}. Then the time averaged absorbed power
equals P a = 1/2BPTO |v̂rel|

2.
In figure (15), we have plotted the RAOs with optimal reactive control. We

have also plotted the optimal PTO coefficients calculated according to equa-
tion (66), the power function Pa/|η̂|

2 and its comparison with the theoretical
maximum for a heaving WEC (= 1

4
ρg3|η̂|2/ω3, see [1]).

One can see that the response amplitudes of of the float in surge and pitch is
small in the range of the most common wave periods ([5−15] seconds). However,
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Figure 15: RAOs and power function of the motion with optimal reactive con-
trol.
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there is a resonance for periods of about 19 seconds. This resonance comes from
a resonance in the pitch motion.

Because of optimal reactive control, the mathematical model gives ampli-
tudes of the motion in heave and of the relative motion that become unrealisti-
cally large at long wave periods. This means that the F-2HB will not be able
to capture well these wave periods. However, one can see that for wave periods
up to 10− 12 seconds, the amplitude of the motion remains reasonable. Hence,
the system should be able to efficiently capture waves up to these periods.

One can see on the plot showing the power function that the absorbed power
matches the theoretical maximum only up to 16 seconds. For higher periods,
the absorbed power predicted by the model is slightly larger than the theoretical
maximum. This is due to small numerical errors. As this occurs only for very
large periods, with unrealistically large amplitude of motion, this is not seen as
a problem.

Unfortunately, PTO coefficients appear to be rapidly varying around the
periods of interest (8− 12 seconds). It makes difficult to choose average values
for these coefficients, which could have been used in irregular waves. One can
say that their order of magnitudes should be about 106 − 107.

3.2.2 Optimisation of the PTO coefficients (without constraints)

To get a better understanding of how these coefficients affect the power absorp-
tion of the F-2HB, we computed its power function with several sets of PTO
coefficients. No negative value for the PTO restoring coefficient was selected,
because it would mean that reactive power would need to be brought to the
system during a cycle. Instead cases with MPTO > 0 were considered.

Table (5) summarises the set of PTO coefficients which were used. We
plotted in figure (16), (18) and (19) the associated RAOs in vertical motion and
power function.

Set number BPTO (kN/m.s) KPTO (kN/m) MPTO (t)
1 500 0 0
2 1 000 0 0
3 2 000 0 0
4 4 000 0 0
5 8 000 0 0
6 12 000 0 0
7 16 000 0 0
8 4 000 1 000 0
9 4 000 2 000 0
10 4 000 3 000 0
11 4 000 4 000 0
12 4 000 0 200
13 4 000 0 400
14 4 000 0 600
15 4 000 0 800

Table 5: PTO settings
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Figure 16: RAOs and power function of the motion of the F-2HB with PTO
settings 1 to 7. In these settings, both KPTO and MPTO are equal to 0

In figure (16), we have plotted the RAOs and power function for PTO set-
tings from 1 to 7. For these settings, KPTO and MPTO are equal to 0. One can
see that, starting from the low values, the effect of increasing BPTO is first to
increase the peak of power absorption to higher wave periods and to higher lev-
els of energy absorption. For values higher than 8.103 kN.m/s, one can see that
increasing BPTO does not increase the peak period anymore, but still increase
the height of the peak. A maximum is reached for BPTO ≃ 50.103 kN.m/s (not
plotted), from which it starts to decrease. One should notice that the power
function is very peaky for such high PTO values.

One should notice also that each increase in BPTO narrows the bandwidth
of the system. Hence, since a WEC should be as broadbanded as possible, one
can say that a nominal value for the BPTO could be between 4.103 and 8.103

kN.m/s.
On the two other plots, one can see that the heave response of both bodies

becomes large for large values of the BPTO coefficient. For the float, it is not
expected that large viscous effects will be induced, because this body is profiled
and the Keulegan Carpenter is as low as 0.5 even with an amplitude of oscillation
equal to 4 m.

However, it is another story for the torus. A KC number of 4 is reached
as soon as the amplitude of the motion reached 2 meters, which is likely to
happen for wave periods close to the resonance with large BPTO = 8.103 values.
Moreover, the sharp corners on the torus will induce flow separation. Hence,
viscous damping should have a large influence in the response of the torus. This
will be investigated later in this report.

In figure (17), we plotted a comparison of the power functions we calculated
in this study on a particular geometry and power functions of the Wavebob
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Figure 17: Comparison of power functions calculated with ECN-NTNU fre-
quency domain model for the F-2HB, and results from Mouwen [8] for the
Wavebob WEC. One can see that, except a shift in the frequencies, the trends
are similar.

WEC, taken from [8]. One can see that, if one forgets for a moment the frequency
shift between the two sets of plots, the power functions look like very much at
each other, in trends as in levels of power absorption.

However, there is a frequency shift. The Wavebob system appears to re-
spond at a bit higher frequencies, about 0.1 rad/s higher. This can probably be
explained by the use of somewhat different geometries. However, the trends are
similar which give confidence in the our modelling and understanding of this
category of devices.

In figure (18), we have plotted the RAOs and power function for PTO set-
tings from 8 to 11. One can see that an increase of the KPTO increases both the
peak period and the maximum of power absorption. However, it narrows the
bandwidth. For large values of KPTO, one can see that the peak period reaches
a maximum at about 11.5 seconds.

One could say that the same effect can be obtained by increasing the damping
coefficient BPTO. This is partly true, but one should notice that increasing
KPTO allows to shift the maximum peak period to slightly higher values.

In figure (19), we have plotted the RAOs and power function for PTO set-
tings from 12 to 15. One can see that an increase of the MPTO results only in
an increase of the maximum of power absorption.

From these results, one can conclude that it is probably beneficial for the
F-2HB to adapt both the PTO parameters to each sea state, so they will have
to be optimised in the calculation of the annual average power production.
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Figure 18: RAOs and power function of the motion of with PTO settings 8 to
11. In these settings, the PTO damping coefficient is equal to 4.103 kN.m/s
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Figure 19: RAOs and power function of the motion with PTO settings 12 to
15. In these settings, the PTO damping coefficient is equal to 4.103 kN.m/s
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3.2.3 Assessment of the influence of the viscous damping modelling

There is a rather large uncertainty on the value which should be used for the
viscous damping coefficients. Hence, it is important to assess the sensitivity of
the response of the system to the modelling of the viscous forces.

Figure (20) shows a comparison of the RAOs and power function of the
system with different values for the viscous damping coefficients. In these cal-
culations, the PTO damping coefficient was set equal to 8.103 kN.m/s, and the
wave amplitude was 2 meters. Other PTO coefficients were set equal to 0.
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Figure 20: RAOs in surge, heave and pitch and power function of the system,
calculated in regular waves with a wave amplitude of 2 m. The PTO damping
coefficient is equal to 8.103 kN.m/s.

As expected, the effect of viscous damping is strong for wave periods close
to the resonance. With the set of values that we have selected as nominal, the
absorbed power is reduced by 25% at resonance in comparison with the case
without viscous damping. It turns to 40% if one doubles these coefficients.
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Hence, one can see that the power absorption is sensitive to the modelling of
the viscous damping. A parametric study should be conducted when calculating
the annual energy production then.

For the sake of illustration, time domain recordings of the motion of the
system have been plotted in figure (21). The wave amplitude is 2 meters and
the wave period is 10 seconds, i.e the system is resonating.
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Figure 21: Simulation of the motion of the system in a regular wave, with three
different values of the viscous damping coefficient. The wave period is equal to
the resonance, i.e 10 s, and the wave height is 2m. The PTO damping coefficient
is equal to 8.103 kN.m/s.

Without viscous damping, one can see that steady state is not reached for
the surge motion and hardly for the pitch motion, because the natural period
for these motions is long. For the heave motion, one can see how the motion is
decreased with the increase of the viscous damping coefficients.

3.2.4 Assessment of the influence of the non linearities

In order to check the level of non linearities (viscous damping and end stops)
involved in the dynamic response of the system, comparison of RAOs and power
function of the system have been plotted in figure (22) for several wave heights
from 1 meter to 4 meters.

One can see that even for wave whose height is 4 meters, the effect of non
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Figure 22: Comparison of the RAOs in heave and power function of the system
with different wave amplitude, in regular waves. The PTO damping coefficient
is equal to 8.103 kN.m/s.
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linearities can be observed only for wave periods close to the resonance. Hence,
one can conclude that non linearities are not very strong in this system when
the wave period is far from the resonance. However, one can see that there
is a difference between the frequency domain and the time domain model (non
linear) even for small waves of amplitude 1 meter. It shows that viscous damping
is strong at resonance.

3.2.5 Optimisation of the PTO coefficients (with constraints)

We have seen in section (3.2.1) that the value of PTO damping coefficients has
an influence on the response of the system. This was shown in the frequency
domain. Figure (23) shows a comparison of the power function and RAOs of
the system with and without optimisation in the time domain of the BPTO

coefficient for each period, in order to maximise the energy absorption, as well
as the optimal value of this coefficient.
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Figure 23: Comparison of the RAOs in heave and power function of the sys-
tem with and without optimisation of the PTO damping coefficient. In these
calculations, the wave amplitude is 2 m.

From these results, one can see that the improvement from optimising the
PTO coefficient for each period is significant only for wave periods far from the
resonance period. For small and high wave periods, the gain can be up to 100%,
but if one refers to the power power absorption at resonance, it drops to less
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than 15%.

3.2.6 Conclusions

From these results in regular waves, it appears that:

• The order of magnitude of absorbed power from this floating two-body
heaving converter F-2HB is several hundreds of kW per square meters of
wave amplitude in regular waves.

• The PTO parameters are the most relevant parameter to optimise in or-
der to adapt the transfer functions to the wave spectrum (figure (9) and
(23)). Optimisation of the PTO damping parameter improves the energy
production in long wave periods and short wave periods by a factor about
2.

• The strongest non linear effect comes from the viscous damping. The mod-
elling of this damping, via the choice of the viscous damping coefficients,
has an influence on the level of energy absorption at resonance.

Hence, the estimation of the power absorption should be done with opti-
misation of the PTO parameters and the uncertainty on the results should be
assessed by considering the effect of the viscous damping modelling.

3.3 Power matrix and criteria

In this section, all time domain simulations were performed in irregular waves
using the JONSWAP spectrum. All quantities are derived from 1200s duration
simulations, with a time step of 0.05s. To remove the transient effects, the first
15× Tp seconds of the simulations are not taken into account.

3.3.1 Power matrix of the F-2HB
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Figure 24: Power matrix of the F-2HB with optimised PTO coefficients. Left
figure is the mean absorbed power and right figure is the maximum instanta-
neous power recorded during each simulation.
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Figure (24) shows the power matrix of the F-2HB, calculated in deep water.
Left figure is the mean absorbed power and right figure is the maximum recorded
over the duration of the simulation for each sea state.

For each sea states, the set of PTO parameters were optimised numerically
using a brute force approach. The range of optimisation of the PTO parameters
are given in table (6). The maximum value for theMPTO parameter can seem to
be small, but it comes from the fact that the amount of transferred mass MPTO

has an effect on the hydrostatic stability of the device. For MPTO > 8.105 kg,
the system becomes unstable in pitch and roll. Hence, MPTO was optimised in
the range [0, 6.105] kg.

BPTO (kN/m.s) KPTO (kN/m) MPTO (t)
Minimum 500 0 0
Maximum 10 000 10 000 600

Table 6: Range of optimisation of the PTO parameters

The mean absorbed power is typically hundreds of kilowatts for typical sea
states. Power absorption up to 1 megawatt is reached for the strongest sea
states. As it was expected from the results in regular waves, the system exhibits
the best efficiency for wave periods about 10 seconds.

The maximum absorbed power is typically about 13 times the mean power.
It is very large. This might be a drawback of the system from the power elec-
tronics point of view.

Figure (25) shows the matrices of the optimised values of the PTO coeffi-
cients. One can see that they vary with the wave period but not so much with
the wave height.

The optimal damping coefficient reaches a maximum ofBPTO = 8000 kN/m.s
at resonance (10-11 seconds) for small wave heights. It decreases rather rapidly
as the wave peak period decreases (the optimal value is only 2000 kN/m.s as
soon as the wave peak period is smaller than 8 seconds.) For larger periods, it
is about 2000 kN/m.s.

Surprisingly, the optimal damping value decreases with the wave height.
This effect is particularly clear at resonance. This was also reported in the
study of the small bottom-referenced heaving buoy. The reason, still unclear, is
probably related with the effect of quadratic viscous damping.

As one could have expected from figure (9), when the wave peak period is
smaller than the resonance, optimal MPTO is larger than 0. One can see that
it reaches its maximum limit for wave periods between 6 and 10 seconds. For
wave periods larger than the resonance, it is the turn of KPTO to become non
zero and to take its upper limit.

Figure (26) shows matrices of the RMS of the motion in surge, heave for the
float and torus, and pitch.

One can see that the RMS in surge and pitch increase with the wave period
and the wave height. However, they appear to be small, even in strong sea
states.

As soon as the wave period is larger than 10 seconds, the significant heave
motion of both the float and the torus seems to be almost independent of the
wave period. One could say that it is about 1/4 of the significant wave height.
In other words, the significant heave motion is the same order of the significant
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Figure 25: Optimised value of the PTO coefficients.
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Figure 26: Matrices of the RMS of the motion of the F-2HB.
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wave height. One can notice also that the heave motion of the torus seems to
be a bit larger than the heave motion of the float.

By multiplying the power matrix with wave data statistics, one can calculate
the annual energy absorption for each considered wave site. The values are
reported in table (7) along with the other assessment criteria.

SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
Wave en. trans. [kW/m] 14.8 21.8 26.8 37.5 80.6 14.8
Mean power [kW] 78.8 127 191 199 373 116

Capture width [m] 5.32 5.82 7.12 5.30 4.62 7.83
Ey / Mass [MWh/m3] 0.139 0.225 0.338 0.351 0.660 0.205
Ey / Awet [MWh/m2] 0.326 0.527 0.791 0.820 1.54 0.480

Ey / PTO frc. [kWh/N] 1.20 1.66 2.03 2.03 2.67 1.60
Ey / Wave frc. [kWh/N] 1.67 2.28 3.03 2.66 3.41 2.45

Table 7: Evaluation criteria for the F-2HB wave energy converter. The parame-
ters are calculated based on the yearly energy delivery Ey. The mass is taken as
the total mass of the ballasted installed structure, not including the moorings,
and Awet is the wetted surface area of the structure. By forces in the two last
lines is meant significant forces, defined as the RMS value of the force over the
whole year. The uncertainty of these numbers is estimated to be in the range
of [−20,+40]%, see following section.

One can see that the mean annual power resource that one can expect from
this floating two-body heaving converter is about a few hundred of kilowatts. It
goes from 78.8 kW for the SEM-REV site up to 373 kW for the highly energetic
Belmullet site. For a typical wave resource about 30 kW/m, the typical absorbed
wave power by the Seabased is about 200kW.

One can see that the typical mean capture width is about 6 meters. It is
not totally independent on the site. A maximum of 7.12 meters is reached for
Yeu site.

At the Danish site, the hydrodynamic efficiency 1 of the F-2HB is about 39%.
This is higher than the best efficiency found in the results of the Bølgekraftprogram
[9], in which hydrodynamic efficiencies of the considered devices were found to
be 27% as a maximum.

Figure (27) shows the distribution of the absorbed power in function of the
power level. The left-hand diagram shows the probability for the power produc-
tion to be between two levels, and the right-hand figure shows the probability
for the power to be larger than a given power level. It has been calculated with
the wave statistics of the Yeu site. One can see the absorbed wave power is
larger than the mean power only 40% of the year.

3.3.2 Assessment of the uncertainties

Viscous losses
To assess the uncertainty associated with the modelling of the viscous damp-

ing, the mean absorbed power of the F-2HB at Yeu site has been calculated for

1Defined as the ratio of the capture width divided by the diameter
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Figure 27: Distribution of the power production.

several different settings of the viscous damping coefficients. In all these cal-
culations, the values of the PTO coefficients were optimised for each sea state.
Figure (28) shows the results in function of the percentage of viscous damping
coefficients with respect to the nominal values.

One can see that the modelling of the viscous damping has a large influence
on the results of mean power. If viscous damping is set to 0, the mean absorbed
power is 42% larger than the one with nominal values. If viscous damping is
underestimated by a factor 2, then the absorbed power is over predicted by 21%.

It is worth noticing that the mean absorbed power figure obtained with the
time domain model (274 kW) without viscous damping matches with the figure
obtained with the frequency domain model (287 kW). This shows that the effect
of the non linearities associated with the end stops is small. The small difference
(5%) can be explaing by numerical noise associated with non infinite duration
simulations in the time domain.

End stops
The nominal stroke of the F-2HB is uncertain. To assess this uncertainty, a

calculation of the mean absorbed power at Yeu with twice the nominal stroke
was performed, with all other parameters equal to their nominal values, and
with optimisation of the PTO damping coefficient. The result is 178.8 kW,
against 180 kW with nominal stroke. This small difference (−1%) comes from
noise associated with non infinite duration simulations in the time domain. One
can see that, as it was expected from previous results, the stroke is sufficiently
long not to constrain the power absorption. Actually, this stroke might reduced
without much penalisation. This is investigated in the next section.

Threshold on the mean absorbed power
In all the previous calculations, there was a threshold for the mean absorbed

power at 1MW. It means that when the calculated value of the mean absorbed
power is larger than 1MW, it is limited to 1MW in the power matrix. To assess
the effect of this threshold on the mean power absorption, the calculations were
redone at Yeu site with a 100MW threshold. The difference was found to be
smaller than 3%. It is smaller than the noise coming from the time domain
simulations, meaning that it does not penalise artificially the results.

44



CD/Cnominal

M
ea

n 
ab

so
rb

ed
 p

ow
er

 (
kW

)

0 0.5 1 1.5 2
0

50

100

150

200

250

300

Figure 28: Mean absorbed power at Yeu in function of the percentage of viscous
damping with respect to the nominal value.

45



MPTO BPTO KPTO Power (TD model)
(t) (kN/m.s) (kN/m) (kW)

Optimal Optimal Optimal 194
0 Optimal 0 176
0 8.106 0 166

Table 8: Mean absorbed power at Yeu for several PTO settings.

Threshold on the instantaneous power Power (TD model)
(kW) (kW)
Infinite 194
2000 182
1000 159

Table 9: Mean absorbed power at Yeu for several threshold of the instantaneous
absorber power.

3.3.3 Parametric studies

Optimisation of PTO reactive coefficients
In table (8), the mean annual power absorption at Yeu is given for several

scenarios of optimisation of PTO settings. If one considers the case without op-
timisation as the nominal case, one can see that optimising the PTO coefficient
increases the mean energy absorption by 6% and that the full optimisation of
the whole set of PTO parameters increases it by 17%.

In other words, a solution with only one set of PTO parameters for all sea
states would perform only 17% less than a solution with full optimisation.

Threshold on the instantaneous absorbed power
In figure (24), it was seen that the instantaneous power is typically 13 times

the mean power, and that it could reach very large values (> 10MW ). This
is not favourable for the cost of the PTO system. So one can wonder how a
threshold on the instantaneous power would affect the mean power absorption.

In table (9), one can see that limiting the instantaneous power to 2 MW
(10 times the mean power) reduces the mean absorbed power by only 6%. It is
small. However, a limit to 1MW reduces the power by 18%.

Hence, one can see that limiting the absorbed power to 10 times the mean
absorbed power reduces the mean absorbed power by only a small amount.

Effect of scale
Figure (29) shows the effect of scaling on the mean power absorption of the

F-2HB, at the Yeu site. This figure has been calculated using the frequency
domain model. The BPTO parameter is fixed for every sea state. It is taken
equal to 8.106 N/m.s at scale 1, and it is scaled accordingly to Froude law for
others scale. Other PTO parameters are set equal to 0.

One can see that the mean absorbed power is about linear with the displace-
ment only for devices weighing less than 1000 t. For these small devices, the
factor power to displacement is about 0.1 kW/t. As the displacement increases,
the slope decreases. A mean wave power absorption of 350 kW seems to be an
asymptotic limit.
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Figure 29: Influence of the scale on the mean power absorption of the F-2HB
at Yeu.

One can see that a reduction of the mass by a factor 2 would lead to a
reduction in power absorption by only 28%. As for the small bottom-reference
heaving buoy, depending on how scales the cost, it could be worth considering
a smaller version of this device.

Stroke
Finally, the mean absorbed power with half the nominal stroke (3m instead

of 6m) for the relative motion was calculated. It was found that mean absorbed
power was only 1% less than with the nominal stroke. It is smaller than the noise
coming from the time domain simulations, meaning that a 3m stroke would be
sufficient.

4 Conclusions and recommendations

From these results and the study, main conclusions are :

• The mean power level that one can expect from this floating two-body
heaving converter is about 200 kW on a site whose wave resource is about
30 kW/m. The uncertainty is about [−20%,+40%]. It comes from the
modelling of the viscous losses.

• Optimisation of the PTO parameters for each sea state increases the mean
absorbed power by 17% in comparison with the best case without optimi-
sation (same set of PTO parameters for all sea states).
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• The output power of the F-2HB could be limited to 1MW without losing a
significant amount of energy production. Limitation of the instantaneous
absorbed power to 10 times the mean output power (2MW) would reduce
the mean absorbed power by only a small amount (6%).

• A scaling down by a factor 0.78 of the system (displacement divided by 2)
leads to a decrease of the power by 30%. On the other side, doubling the
displacement of the system increases the energy absorption by only 20%.
Depending on how scale the costs, it could be beneficial to the F-2HB to
scale down the system in order to decrease the cost of energy.

• The stroke could be limited to 3 m without losses in the mean energy
absorption.
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Summary

This document reports the study of a wave energy converter inspired by the
Langlee device in the frame of the project “Numerical estimation of energy
production from a selection of Wave Energy Converters”. It contains a math-
ematical model and simulation results for the study of this floating three-body
oscillating flap device, which here will be abbreviated F-3OF device.

Results of the study are the following criteria:

• The annual mean power.

• The yearly energy output / displacement.

• The yearly energy output / wetted surface.

• The power per unit of significant PTO force.

• The power per unit of excitation force

• The duration curves.

These criteria were estimated using the mathematical model described in
this report. Results are given in the following table and in figure (1). The main
conclusions from the study are :

• The mean power level that one can expect from the FOF WEC is about
130 kW on a site whose wave resource is about 25 kW/m. The uncertainty
is about [−25%,+30%], and comes mainly from the modelling of the
viscous losses.

• A stiffer mooring in surge could significantly improve the energy absorp-
tion. In case the surge motion to be ideally restrained, the increase of
energy absorption could be higher than 60%.
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• The output power of the FOF could be limited to 500 kW with only a small
decrease in energy delivery. Limitation of the instantaneous absorbed
power to 20 times the mean output power (1MW) would not significantly
reduce the mean absorbed power.

SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 14.8 21.8 26.8 37.5 80.6 14.8

Mean power [kW] 52.3 112 131 104 145 112
Capture width [m] 3.5 5.1 4.9 2.8 1.8 7.6
Ey / Mass [MWh/m3] 0.32 0.69 0.79 0.65 0.90 0.685
Ey / Awet [MWh/m2] 0.21 0.46 0.51 0.42 0.59 0.453
Ey / FRMS

PTO [kWh/N] 1.09 1.43 1.64 1.55 1.53 1.25
Ey / FRMS

wave [kWh/N] 1.04 1.50 1.58 1.39 1.42 1.49

Table 1: Evaluation criteria for the FOF WEC for chosen sites having mean
annual wave energy transport J , and where sea states are synthesized with a
spectrum peakedness factor γ. The parameters are calculated based on the
yearly energy delivery Ey. The mass is taken as the total mass of the ballasted
installed structure, not including the moorings, and Awet is the wetted surface
area of the structure. Significant PTO force FRMS

PTO and significant wave force
FRMS
wave are taken as the yearly RMS values. The uncertainty of Ey is estimated

to [−25, 30]%.
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Figure 1: Distribution of the power production on a typical 25 kW/m wave site.
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Figure 2: Sketch of the floating three-body oscillating flap device, which is
inspired by the Langlee WEC.

1 System description - The F-3OF wave energy

converter

The Langlee is a wave-energy converter operating in the pitch mode. It is
composed of four hinged flaps, which are all connected to the same floating
frame. Via a power take-off system (PTO), the relative motion between each
flap and the main frame is converted into useful energy. Figure (3) shows an
artist’s view of a full scale Langlee WEC.

Figure 3: Picture of the Langlee Wave Energy Converter.

The Langlee WEC was the inspiration for the floating oscillating flaps device
considered in this study. The device is sketched in figure (2). Flaps facing the
waves are numbered with odd numbers (1-3) and flaps in the rear with even
numbers.

In this picture, one can see that surface piercing flaps were considered
whereas in the Langlee WEC they are completely submerged. Full submer-
gence is expected to induce large energy losses due to massive vortex shedding,
which is not good for the energy absorption. That’s why they were chosen as
surface-piercing in this study.
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1.1 Dimensions and mechanical parameters

Dimensions of the system considered in this study were taken as similar as
possible as the ones of the Langlee WEC. Dimensions of the Langlee WEC were
obtained from [9] and from pictures and data found on the Internet [8]. In [9],
wave tank experiments on a model scale are reported. There, the width of the
model was equal to 1.25 m, and results are given at full scale for three scale
ratios: 1:20, 1:30, 1:40, corresponding to full-scale widths of 25, 37.5 and 50m.
In this study, the smaller size was considered, i.e 25m.

Figure (4) shows the dimensions which were used. From these dimensions,
it has been possible to make estimations of the mechanical parameters of the
system, assuming that the masses of each component is equal to its own dis-
placement, and that all the masses are distributed on the surface. The geometric
and dynamic parameters are summarised in table (2). One should notice that
some of these estimates are rough, such as the inertia coefficients.

Figure 4: Notations and dimensions.

1.2 PTO and control

According to Langlee’s website [8], the power take-off system (PTO) is hy-
draulic. In this study, it is assumed that the PTO is controlled to behave
like an ideal linear damper and spring system, with forces proportional to the
relative velocity and relative motion, respectively.

Let BPTO and KPTO be the damping and restoring coefficients, respectively
of the PTO system. Usually, KPTO is set to non-zero values to achieve tuning
of the system response to the current sea state. Positive KPTO can be achieved
by including a simple physical spring in the PTO system. Therefore, it can be
seen as a practical option. Negative KPTO values are much more difficult to
achieve. One would have to use an active component. As the power flowing
through the machinery will be out of phase with the velocity, i.e. there will
be reactive machinery power, the machinery will have to work partly as as
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Property Value Unit

Flaps

Width 9.5 m
Draught 8.5 m
Thickness 2 m
Displacement 185 m3

Wetted surface 230 m2

Centre of mass 3.5 above hinge
Moment of inertia Iyy at CoG 1300 t.m2

Moment of inertia Iyy at hinge 3560 t.m2

Frame

Length 25 m
Width 25 m
Draught 12 m
Diameter of columns 3 m
Diameter of other pipes 2 m
Displacement 673 m3

Wetted surface 1240 m2

Centre of mass -8.5 m below the free surface
Moment of inertia Iyy 76300 t.m2

Table 2: System parameters

a generator and partly as a motor. The instantaneous reactive power may
typically be typically 10 times larger than the average absorbed power [2]. All
the benefit induced by adding the negative spring is likely to be lost in conversion
efficiencies. Therefore it seems that negative KPTO values are non-practical
options unless the machinery can be run with very high efficiency. This can
possibly be remedied by making the strategies more sophisticated.

More sophisticated strategies are out of the scope of this study. That is
why we choose to do one set of computations assuming no spring term, and one
set with PTO spring term with positive values, where the spring coefficient is
optimised for each sea state.

As the floating three bodies oscillating flap device is a self-referenced sys-
tem, it is not necessary that the mass of each individual component of the
system (flaps, frame) balances its own displacement. Only the overall mass and
displacement must be balanced. It means that the flaps can have a positive
buoyancy, if it is balanced by additional mass in the frame part of the system.
It will be shown later that it provides a way of tuning the natural frequency in
pitch of the flaps. This parameter is denoted MPTO.

1.3 Cost-related criteria

1.3.1 Mass, displacement and wetted surface

The wetted surface and mass are two relevant costs-related criteria that can be
derived for any wave energy converter.

In the case of the F-3OF device, as it is supposed to be a self-reacting, the
weight of the moorings and anchors are not taken into account in the derivation
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Criterion unit
Significant wetted surface 2160 m2

Significant mass 1410 tons

Table 3: Significant wetted surface and mass of the investigated F-3OF device.

of the mass of the system. This weight is expected to be small, because the
moorings should counteract only the drift forces.

The displacement of each flap is equal to 185 tons and the displacement of
the frame is 670 tons. Hence, the overall mass is 1410 tons. This is what in this
report will be denoted significant mass.

The wetted surface of each flap is about 890 m2. The wetted surface of the
float is about 1240 m2. The total wetted surface area here is then 2160 m2.
This will in this report be denoted significant wetted area.

1.3.2 Significant forces

The two other cost criteria considered are the significant PTO force and the
significant wave force. They both have zero mean values. So, they are defined
as their RMS values over the whole year.

2 Equation of motion

Here, the incident waves are assumed to be mono-directional and propagating
in the positive x direction. The system being symmetric about the xOz plane,
all motions remain in this plane. Hence

• the motion of flap 1 (respectively 2) is equal to the motion of flap 3 (4).

• the sway, roll and yaw motion of the frame is equal to 0.

Under this assumption, the degrees of freedom of the F-3OF WEC are the
surge, heave and pitch motion of the frame, and the relative motion of rotation
of flaps 1 and 2.

Let G be the gravity centre of the frame. Let xG and zG be the surge and
heave motion of the frame and θ be the pitch motion. At equilibrium, it is
assumed that G and the origin of the Cartesian reference frame O are the same.

Let Gi be the gravity centre of the flap number i. Let θi be its relative pitch

motion. Let
−−→
GGi = ei

−→x + di
−→z at rest.

It is assumed that all motions are of small amplitude. All second order effects
are neglected and equation of motion will linearised. From our experience,
taking into account non linear effects would lead to a reduction in the power
absorption figures. Therefore, this assumption is not seen as a problem as the
aim of this study is to derive upper estimates for energy absorption.
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2.1 Kinematics

In the Cartesian reference frame, the position of the gravity centres of each flap
is given by:

−−→
0Gi =

−−→
OG+

−−→
GGi (1)

−−→
0Gi =

(

xG + ei cos(θ) + di sin(θ + θi)
zG − ei sin(θ) + di cos(θ + θi)

)0

(2)

By time derivating this equation, one get the velocity in the fixed reference
frame:

−→
V (Gi) =

(

u− eiθ̇ sin(θ) + di(θ̇ + θ̇i) cos(θ + θi)

w − eiθ̇ cos(θ)− di(θ̇ + θ̇i) sin(θ + θi)

)0

(3)

In the reference frame of the flap this becomes:

−→
V (Gi) =

(

u cos(θ + θi)− w sin(θ + θi) + eiθ̇ sin(θi) + di(θ̇ + θ̇i)

u sin(θ + θi) + w cos cos(θ + θi)− eiθ̇ cos(θi)

)Bi

(4)

By time derivating once gain, one gets the acceleration. In the fixed reference
frame:

−−−→
γ(Gi) =

(

u̇− eiθ̈ sin(θ)− eiθ̇
2 cos(θ) + di(θ̈ + θ̈i) cos(θ + θi)− di(θ̇ + θ̇i)

2 sin(θ + θi)

ẇ − eiθ̈ cos(θ) + eiθ̇
2 sin(θ)− di(θ̈ + θ̈i) sin(θ + θi)− di(θ̇ + θ̇i)

2 cos(θ + θi)

)0

(5)
Again, in the reference frame of the flap:

−−−→
γ(Gi) =

(

u̇ cos(θ + θi)− ẇ sin(θ + θi) + eiθ̈sinθi − eiθ̇
2 cos θi + di(θ̈ + θ̈i)

u̇ sin(θ + θi) + ẇ cos(θ + θi)− eiθ̈cosθi − eiθ̇
2 sin θi − di(θ̇ + θ̇i)

2

)Bi

(6)
Let m′ be the mass of each of the four flaps, and M ′ the mass of the frame.

If m and M are the masses of displaced water by each flap and and by the frame
at equilibrium, then (m−m′)=M ′

−M
2 is what we called MPTO in section (1.2).

Let Iy,i and Iy be the respective moments of inertia of the flap i and the frame
for MPTO = 0. When MPTO is different from 0, these moments of inertia will
be different too. In a first approximation, it is supposed that they behave such
as I ′y,i ≃

m′

m
Iy,i and I ′y ≃ M ′

M
Iy.

At point G, the dynamic moment of the frame is

−→
δ (G) = I ′y θ̈

−→y , (7)

and of the flap i is

−→
δi (G) =

−→
δi (Gi) +

−−→
GGi ×m′

−−−→
γ(Gi). (8)

δi(G) = I ′y,i(θ̈ + θ̈i)−m′

(

ei cos θi
ei sin θi + di

)Bi

×

(

u̇ cos(θ + θi)− ẇ sin(θ + θi) + eiθ̈sinθi − eiθ̇
2 cos θi + di(θ̈ + θ̈i)

u̇ sin(θ + θi) + ẇ cos(θ + θi)− eiθ̈cosθi − eiθ̇
2 sin θi − di(θ̇ + θ̇i)

2

)Bi

(9)
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δi(G) = [I ′y,i +m′(d2i + e2i + 2dieisinθi)]θ̈ + [I ′y,i +m′(d2i + dieisinθi)]θ̈i

−m′[ei sin θi − di cos(θ + θi)]u̇−m′[ei cos θi + di sin(θ + θi)]ẇ

+m′diei(2θ̇ + θ̇i)θ̇cosθi (10)

Linearised, these equations read:

−−→
0Gi =

(

xG + ei + di(θ + θi)
zG − eiθ + di

)0,Bi

(11)

−→
V (Gi) =

(

u+ di(θ̇ + θ̇i)

w − eiθ̇

)0,B

(12)

−−−→
γ(Gi) =

(

u̇+ di(θ̈ + θ̈i)

ẇ − eiθ̈

)0,B

(13)

δi(G) = [I ′y,i +m′(d2i + e2i )]θ̈ + [I ′y,i +m′d2i ]θ̈i +m′diu̇−m′eiẇ (14)

2.2 Forces

In the following, the generalised force at point P will be written F(P ). It is
composed of a reaction R and a torque T.

Let us first define the operator:

GGi =





1 0 0
0 1 0

−ei sin θ + di cos(θ + θi) −ei cos θ − di sin(θ + θi) 1



 (15)

It corresponds to the transport of a generalised force F from the point Gi

to the point G.
When one transports a force which is proportional to a first order quantity

(such as velocity for example), only 0th order terms should be retained because
of the linearisation:

GGi =





1 0 0
0 1 0
di −ei 1



 (16)

2.2.1 Hydrostatic forces

• Force applying on flap i: At the gravity centre of flap Gi, in the frame
of linear theory, one can show that the effect of the generalised weight
plus generalised Archimedes force reduces to a restoring force proportional
to the motion of point Gi plus a constant (because the weight and the
buoyancy can be different by MPTO)

FHi(Gi) = −KHi∆XGi
+MPTOg





0
1
0



 (17)
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Here, only the two last diagonal coefficients of the matrix KHi are non
zero, because the plane (yGiz) is a symmetry plane for the flap.

At point G, the generalised hydrostatic force is given by:

FHi(G) = −GGiKHi∆XGi
+GGiMPTOg





0
1
0



 (18)

By linearising, one can show:

FHi(G) = −GGiKHiGiGX+GGiMPTOg





0
1
0



 (19)

with X defined by:

X =
(

xg zg θ θ1 θ2
)t

(20)

and operator GiG defined by:

GiG =





1 0 di diδi1 diδi2
0 1 −ei 0 0
0 0 1 δi1 δi2



 (21)

Equation (19) can further be simplified as:

FHi(G) = −(GGiKHiGiG+KPTOi)X+MPTOg





0
1

−ei



 (22)

with :

KPTOi =





0 0 0 0 0
0 0 0 0 0
0 0 MPTOgdi MPTOgdiδi1 MPTOgdiδi2



 (23)

From this last equation, one can see that increasing the buoyancy of the
flaps increases the hydrostatic stability of the frame. It was expected since
it corresponds to lower the vertical position of the overall gravity centre.

• Force applying on the frame: For the frame, it can be written:

FH(G) = −KHX−MPTOg





0
1
0



 (24)

2.2.2 Wave excitation and radiation forces

• Force applying on flap i: At the gravity centre of the flap i, in the
frame of linear theory, the hydrodynamic forces reads, in the frequency
domain:
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FDi(Gi) = Fexi(Gi)−

2
∑

j=0

CMijẌGj
−CAijẊGj

(25)

in which index 0 makes reference to the frame.

Linearised, it reads:

FDi(Gi) = Fexi(Gi)−

2
∑

j=0

CMijGjGẌ−CAijGjGẊ (26)

At point G, it is given by:

FDi(G) = GGiFDi(Gi) (27)

which gives:

FDi(G) = GGiFexi(A)−GGiCMijGjGẌ−GGiCAijGjGẊ (28)

• Force applying on the frame: At the gravity centre of the frame G,
the hydrodynamic forces reads in the frequency domain:

FD(G) = Fex(G)−

2
∑

j=0

CM0jGjGẌ−CAijGjGẊ (29)

2.2.3 Viscous damping forces

• Force applying on flap i: The viscous damping forces are modelled
under the form of the Morison equation. In the general case:

FVi(G) =−
1

2
ρ

∫ 0

−D





Cx,i(z)Dx,i(z) (Vx(z)− V0,x(z))
Bi

Cz,i(z)Dz,i(z)cosθ (Vz(z)− V0,z(z))
Bi

mi





·
∥

∥

∥

−→
V (z)−

−→
V 0(z)

∥

∥

∥ dz

(30)

with:

–
−→
V 0(z) the undisturbed flow velocity at the vertical position z along
the flap i.

– Cx,i(z) and Cz,i(z) are the viscous damping coefficients and Dx,i and
Dz,i the characteristic dimensions along the x and z axis.

– [mi = (z − zG)Cx,i(z)Dx,i(z) (Vx(z)− V0,x(z))
Bi

− eiCz,i(z)Dz,i(z) (Vz(z)− V0,z(z))
Bi ]

Note that here, the force is expressed in the body reference frame.

• Force applying on the frame: Along the x direction, the viscous forces
on the whole system will be dominated by the viscous forces on the flaps.
Hence, the contribution of the frame can be neglected. Along the z axis,
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it will be the sum of the contributions from each pipes from which the
frame is made.

FV(G) =

N
∑

j=1

−
1

2
ρCz(Pj)D





0
1

−(x(Pj)− xG)



 (Vz(Pj)− V0,z(Pj))
B

·
∥

∥

∥

−→
V (Pj)−

−→
V 0(Pj)

∥

∥

∥

(31)

Again, the force is expressed in the body reference frame.

2.2.4 PTO forces

According to section (1.2), the PTO torque is modelled as a sum of two parts:

• A linear damping part proportional to the relative velocity θ̇1, whose co-
efficient is BPTO. This part corresponds with the energy absorption.

• A linear spring part, proportional to the relative motion θ1, whose coeffi-
cient KPTO is supposed to be greater to 0. It can be achieved by means
of controlling the PTO force, or by using a physical spring.

Hence, the PTO force applying on the flap i is:

FPTOT (Gi) =





0
0

−BPTO θ̇i −KPTOθi





0

(32)

2.2.5 Mooring forces

The moorings of the F-3OF device are supposed to be slack [8]. So, they are
not supposed to have any significant impact on the dynamic response of the
system. Hence, the moorings are modelled by a simple horizontal restoring
force proportional to the surge motions of the float, with a small coefficient.

FM(G) =





−KM 0 0
0 0 0
0 0 0





0

X = −KMX (33)

2.3 Equation of motion

2.3.1 Frequency domain

In the frequency domain, the viscous forces and the end stops forces are not
taken into account.

By expressing Newton’s law first for the system composed of the {Frame}
+ {Flaps} at point G and then for each system {Flap} at at its hinge, one can
write the equation of motion for the FOF in the frequency domain under the
form:

(M+CM) Ẍ+ (BPTO +CA) Ẋ+ (K+KPTO)X = Fex (34)
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with :

M =













m11 0 m13 m14 m15

0 m22 m23 0 0
m31 m32 m33 m34 m35

m41 0 m43 m44 0
m51 0 m53 0 m55













(35)

where

m11 = m22 = 2m+M

m31 = m13 = (m−MPTO)(d1 + d2)

m32 = m23 = −(m−MPTO)(e1 + e2)

m41 = m14 = (m−MPTO)d1

m51 = m15 = (m−MPTO)d2

m43 = m34 =
m−MPTO

m
Iy,1 + (m−MPTO)d

2
1

m53 = m35 =
m−MPTO

m
Iy,2 + (m−MPTO)d

2
2

m33 =
M +MPTO

M
Iy +

m−MPTO

m
(Iy,1 + Iy,2) + (m−MPTO)(d

2
1 + e21 + d22 + e22)

m44 =
m−MPTO

m
Iy,1 + (m−MPTO)d

2
1

m55 =
m−MPTO

m
Iy,2 + (m−MPTO)d

2
2

(36)

Furthermore, the assembled added mass matrix is composed in the following
way

CM =

2
∑

i=0

2
∑

j=0













cM,11 0 cM,13 cM,14 cM,15

0 cM,22 cM,23 0 0
cM,31 cM,32 cM,33 cM,34 cM,35

cM,41 0 cM,43 cM,44 cM,45

cM,51 0 cM,53 cM,54 cM,55













(37)
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Here the matrix elements are

cM,11 = CM11ij

cM,22 = CM33ij

cM,33 = CM55ij + djCM51ij + diCM15ij + djdiCM11ij + ejeiCM33ij

cM,44 = δi1δj1(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

cM,55 = δi2δj2(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

cM,31 = CM51ij + diCM11ij

cM,13 = CM15ij + djCM11ij

cM,32 = −eiCM33ij

cM,23 = −ejCM33ij

cM,41 = δi1(d1CM11ij + CM51ij)

cM,14 = δj1(djCM11ij + CM15ij)

cM,43 = δi1(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

cM,34 = δj1(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

cM,51 = δi2(d1CM11ij + CM51ij)

cM,15 = δj2(djCM11ij + CM15ij)

cM,53 = δi2(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

cM,35 = δj2(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

cM,54 = δi2δj1(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

cM,45 = δi1δj2(CM55ij + djCM51ij + diCM15ij + djdiCM11ij)

(38)

Correspondingly, the assembled radiation resistance matrix is

CA =
2

∑

i=0

2
∑

j=0













cA,11 0 cA,13 cA,14 cA,15

0 cA,22 cA,23 0 0
cA,31 cA,32 cA,33 cA,34 cA,35

cA,41 0 cA,43 cA,44 cA,45

cA,51 0 cA,53 cA,54 cA,55













(39)
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where the matrix elements are given by

cA,11 = CA11ij

cA,22 = CA33ij

cA,33 = CA55ij + djCA51ij + diCA15ij + djdiCA11ij + ejeiCA33ij

cA,44 = δi1δj1(CA55ij + djCA51ij + diCA15ij + djdiCA11ij)

cA,55 = δi2δj2(CA55ij + djCA51ij + diCA15ij + djdiCA11ij)

cA,31 = CA51ij + diCA11ij

cA,13 = CA15ij + djCA11ij

cA,32 = −eiCA33ij

cA,23 = −ejCA33ij

cA,41 = δi1(d1CA11ij + CA51ij)

cA,14 = δj1(djCA11ij + CA15ij)

cA,43 = δi1(CA55ij + djCA51ij + diCA15ij + djdiCA11ij)

cA,34 = δj1(CA55ij + djCA51ij + diCA15ij + djdiCA11ij)

cA,51 = δi2(d1CA11ij + CA51ij)

cA,15 = δj2(djCA11ij + CA15ij)

cA,53 = δi2(CA55ij + djCA51ij + diCA15ij + djdiCA11ij)

cA,35 = δj2(CA55ij + djCA51ij + diCA15ij + djdiCA11ij)

cA,54 = δi2δj1(CA55ij + djCM51ij + diCA15ij + djdiCA11ij)

cA,45 = δi1δj2(CA55ij + djCM51ij + diCA15ij + djdiCA11ij)

(40)

Finally, the machinery damping BPTO, machinery stiffness KPTO, hydrostatic
stiffness K and excitation force Fex matrices are

BPTO =













0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 BPTO 0
0 0 0 0 BPTO













(41)

KPTO =













0 0 0 0 0
0 0 0 0 0
0 0 MPTOg(d1 + d2) MPTOgd1 MPTOgd2
0 0 MPTOgd1 MPTOgd1 +KPTO 0
0 0 MPTOgd2 0 MPTOgd2 +KPTO













(42)

K =
2

∑

i=0













δi1KM11 0 0 0 0
0 KH33,i −eiKH33,i 0 0
0 −eiKH33,i KH55,i + e2iKH33,i δi1KH55,i δi2KH55,i

0 0 δi1KH55,i δi1KH55,i 0
0 0 δi2KH55,i 0 δi2KH55,i













(43)

Fex =

2
∑

i=0













Fex,i1

Fex,i3

Fex,i5 + diFex,i1 − eiFex,i3

δi1(Fex,i5 + diFex,i1)
δi2(Fex,i5 + diFex,i1)













(44)
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2.3.2 Time domain

In time domain, viscous forces may be included. The equation of motion is:

(M+ µ∞) Ẍ+BPTOẊ+

∫ t

0

Krad(t−τ)Ẋ(τ)dτ+(K+KPTO)X = Fex+Fviscous

(45)
where:

µ∞ = lim
ω→+∞

CM(ω) (46)

Krad(t) =
2

π

∫ +∞

0

CA(ω) cosωtdω (47)

Fviscous(t,X, Ẋ) =





∑2
i=0 FVi(G)
TV 1(G)
TV 2(G)



 (48)

and in which FVi(G) and TV 1 are given by equation (30).

2.4 Implementation

2.4.1 Calculation of the hydrodynamic coefficients and functions

The BEM code Aquaplus [6] was used to calculate the hydrodynamic coefficients
in the frequency domain. Figure (5) shows the meshes which were used. The
first one is composed of 858 flat panels. A finer mesh, composed of 1890 flat
panels, was also considered.

Results of computation of added mass and radiation damping coefficients
are plotted in figure (6) and (7) . The solid lines are results of calculation with
Aquaplus with the 858 panels composed mesh and the square are results of the
calculation with Aquaplus with the fine mesh, which has 1890 panels.

Overall, one can see that the agreement is very good. One can notice that
there are differences for the added mass coefficients of body 0 (the frame) when
it moves in heave and in pitch(first column in figure (6)). However, these dif-
ferences are smaller than 3%, so they are not seen as a problem. Therefore,
calculations for the hydrodynamic coefficients are considered as converged.

One can observe regularly located peaks in all the hydrodynamic coefficients
related with horizontal motion. They corresponds with resonance of the fluid
which is contained between the flaps and above the supporting structure.

The wave excitation force coefficients were computed in the frequency do-
main with Aquaplus, and are plotted in figure (8). Again, one can see that there
is a good agreement between the two meshes used.

2.4.2 Estimation of viscous damping coefficients

• Viscous forces on flap i: Along the z direction, the viscous damping
of the flaps will be dominated by the one of the frame. Hence, it can be
neglected, i.e Cz,i = 0. Along the x direction, the flaps look like plates.
Hence, according to [3] and [4], Cx,i is taken equal to 8 and Dx,i = B.
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Z

Figure 5: Meshes used for the the hydrodynamic calculations. The top one is
composed of 858 flat panels. The bottom one is composed of 1890 panels.
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Figure 6: Hydrodynamic coefficients for the radiation force in the frequency
domain, computed with Aquaplus. Index ijcd means the force measured on
axis i of body c associated with a motion of body d along axis j. Solid lines are
results of computation with the coarse mesh and the squares gives the results
for the finer mesh. Continued in Figure 7.
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Figure 7: Continued from Figure 6.
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Figure 8: Wave excitation force coefficients in the frequency domain computed
with Aquaplus. Index ci means force measured on axis i of body c. Solid lines
are results of computation with the coarse mesh and the squares give the results
for the finer mesh.

Therefore, equation (30) becomes:

FVi(G) =−
1

2
ρ

∫ 0

−D







Cx,iB (Vx(z)− V0,x(z))
Bi

0

(z − zG)× Cx,iB
(−→
V x(z)−

−→
V 0,x(z)

)Bi







·
∥

∥

∥

−→
V (z)−

−→
V 0(z)

∥

∥

∥ dz

(49)

For convenience, the integral in this last equation is replaced by a sum
of discrete contributions, evaluated at different heights along the vertical
axis of the float:

FVi(G) =−
1

2
ρ

N
∑

i=k





Cx,iB (Vx(zk)− V0,x(zk))
Bi

0

(zk − zG)× Cx,iB (Vx(zk)− V0,x(zk))
Bi





·
∥

∥

∥

−→
V (zk)−

−→
V 0(zk)

∥

∥

∥

D

N + 1

(50)

with zk given by zk = − D
2(N+1) + k D

N+1 − D. In this study, N was set

equal to 8.

• Viscous forces on the frame: The frame is composed of 13 pipes whose
diameter is 2 meters. The amplitude of the relative heave motion of the
platform with respect to the wave is expected to be smaller than or about
equal to the amplitude of the waves. Hence the KC number for the pipes
of the frame should not be greater than 6. According to [3], the coefficient
Cz is taken equal to 1.
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Table (4) shows the parameters which were used in equation (31).

Pj x(Pj)− xG (m) z(Pj)− zG (m) Aj (m2)
1 -8.5 0 17.
2 0 0 17.
3 8.5 0 17.
4 -8.5 0 17.
5 0 0 17.
6 8.5 0 17.
7 -8.5 0 17.
8 0 0 17.
9 8.5 0 17.
10 -4 0 36.
11 4 0 36.
12 -4 0 36.
13 4 0 36.

Table 4: Parameters used for the calculation of the viscous forces on the float

2.4.3 W2W models

Based on equations (34) and (45), two numerical models were derived: one
in the frequency domain and the other one in the time domain. They were
implemented for solution in Fortran90. Purpose of implementing separetely a
frequency domain model and a time domain model is that it allows to verify the
implementations by comparing their results in regular waves of small amplitude.
It has been found to be very useful in the debugging stage.

3 Simulation results and energy assessment

When they are not explicitly specified, the parameters which were used in all
the simulations presented here are the ones given in table (2).

3.1 Verification tests

If PTO parameters are set to large values, the whole system behaves as one
single body, whose natural period in heave is given by:

ω0,z =

√

K22

M22 + CM22(ω0,z)
(51)

and in pitch by:

ω0,θ =

√

K33

M55 + CM33(ω0,θ)
(52)

with K and K as in equation (34).
Solving Equations (51) and (52) numerically, one gets after a few iterations

that ω0,z = 0.67 rad/s and ω0,θ = 0.67. The RAO in heave and pitch of the
locked system (PTO coefficients KPTO and BPTO set equal to 1012 and mooring
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stiffness equal to 109) was calculated with the frequency domain model. Results
are plotted in figure (9). One can see that the peak frequencies matches the
ones calculated above.

In [9], table 4 gives the measured resonance period of the system in heave
and pitch. At 1/25 scale, it is 2.13s in heave and 2.1s in pitch. At full scale, it
means about 0.6 rad/s. It is close to the natural frequencies which are found
in this study. It gives us confidence in the modelling and the dimensions and
mechanical parameters which were used here.
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Figure 9: RAOs of heave (left) and pitch motion (right) of the system with flaps
in locked mode.

We consider now the case of the fixed platform. Additional stiffness is
added in the surge, heave and pitch motion of the platform (109, 109 and
1012 respectively). Figure (10) shows the RAOs in pitch of the front and rear
flaps, and the associated power functions. In these figures, MPTO = 105 kg,
BPTO = 104 kN.m.s and KPTO = 0.

Starting from the low frequencies, one can see that the amplitude of motion
increases first up to a maximum about 10o/m for both the front and the rear
flaps, achieved at the frequency about 0.35 rad/s. It is close to the natural
frequency of an isolated flap: 0.32 rad/s. The difference comes from the hydro-
dynamic coupling between the two flaps. Then, the amplitude decreases steadily
for the rear flap with the increase of the frequency, whereas the amplitude of
the motion of the front flap shows a wavy behaviour, which is thought to be
due to trapped modes between the two rows of flaps.

On the right figures, one can see the absorbed power by the flaps in function
of the wave frequency. The two first local maxima for the front flap are reached
for ω ≈ 0.9 rad/s and ω ≈ 1.1 rad/s, and are shifted from the maxima of the
rear flap.

For the front flap, the troughs in the power function matches with the har-
monic of the modes trapped between the rows of flaps. By comparing the two
power functions, one can see that they reach the same level at these frequencies.
The power function of the first flap has a larger value when the wavelength is
not in tune with the length of the system. In other words, it means that the
wave interactions between the two flaps are positive when the wavelength does
not match the length of the device.

Decay tests of the pitch motion of the flaps on a fixed platform have been
plotted in figure (11) and (12). The PTO settings were set to MPTO = 105 kg,
BPTO = 104 kN.m.s and KPTO = 0. The initial pitch angle was set equal to 10
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Figure 10: RAOs and power functions of the flaps mounted on a fixed plat-
form. Here, the PTO parameters were set equal to MPTO = 105 kg, BPTO =
104 kN.m.s and KPTO = 0.

degrees for the rear flap (figure (11)), and -10 degrees for the front flap (figure
(12)).
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Figure 11: Pitch decay test of the rear flap. The PTO parameters were set
equal to MPTO = 105 kg, BPTO = 104 kN.m.s and KPTO = 0.

With this PTO configuration, the natural period of the flaps is 19.5 seconds.
Although it is highly damped, one can see that the first half oscillation lasts
in about 10 seconds, which matches with half the natural period. As expected,
one can see that wave radiation by the rear flap creates a wave which makes the
front flap move.

As expected, the pitch decay test of the front flap is symmetrical with the
rear flap.
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Figure 12: Pitch decay test of front flap. The PTO parameters were set equal
to MPTO = 105 kg, BPTO = 104 kN.m.s and KPTO = 0.

Figure (13) shows a comparison of the transfer and power functions of the
system with all 5 DoFs computed with the frequency and the time domain
model. Viscous damping was set to 0 in the time domain model. Artificial
supplementary damping was added on the surge and heave motion of the frame
for the duration of the simulation to damp the initial transient motion (106

N/m.s). Same damping was added in the frequency domain model. The PTO
parameters were set toMPTO = 2·105 kg, BPTO = 3·104 kN.m.s andKPTO = 0.

The agreement between the two models is good except for a narrow range
of periods around 7 seconds. It is thought to come from the truncation of the
memory function in the radiation convolution product1. However, it will be
seen below that it does not affect much the results in irregular waves because
the range of period for which the time domain model is inaccurate is narrow.

3.2 RAOs

Figure (14) shows the RAOs and power functions of the F-3OF device calculated
with the frequency domain model. The PTO parameters were set to : MPTO =
2 · 105 kg, BPTO = 4 · 104 kN.m.s and KPTO = 0.

One can see that the RAO of the platform in surge has two peaks. The
first one, at very low frequency (0.15 rad/s), is associated with the moorings
resonance. Its amplitude is very large, as there is almost no hydrodynamic linear
damping for the lowest frequencies. However, there is no wave energy at this
frequency at first order, so it is not seen as a problem. The other peak, whose
amplitude is smaller, is associated with the resonance in pitch, since the pitch
and surge motion are coupled.

The platform responds in surge with an amplitude about the wave amplitude
for the frequencies between these two peaks. For higher or lower frequencies,
one can see that the platform does not move much in surge.

The frequency domain model predicts a large resonance in heave. It occurs
at 0.67 rad/s, i.e in the middle of wave frequencies. In linear theory, heave

1Because the flaps are facing each other, there exist trapped modes in the region in between.

It causes the memory function to last for very long time. It was truncated at 200 seconds.

It is very long, but one can see here that it is still not sufficient to have a perfect agreement

between the time and the frequency domain model
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Figure 13: Comparison of RAOs of the 5 DoFs system computed with the
frequency and the time domain model. The PTO parameters were set equal to
MPTO = 2 · 105 kg, BPTO = 3 · 104 kN.m.s and KPTO = 0.
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Figure 14: RAOs and power functions of the FOF WEC. The PTO parameters
were set equal to MPTO = 2 · 104 kg, BPTO = 4 · 104 kN.m.s and KPTO = 0.
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motion is decoupled with the other modes of motion so it is not a problem. But
in reality, one can wonder what would be the implications of such resonance. In
particular, it might increase the fatigue in the mooring system.

The resonance in pitch of the platform occurs at 0.85 rad/s, i.e in the middle
of wave frequencies. Again, one can see that the predicted amplitude is very
large. As for the heave motion, this could be an issue for the mooring system.
Out of resonance, one can see that the response of the platform in pitch decreases
rapidly.

Except at the resonance frequency of the platform in pitch, both the front
and rear flaps have similar responses in terms of relative pitch motion: they
have a large peak in their response at the surge resonance frequency because of
the coupling between pitch and surge and a wide bandwidth response of about
5 deg/m for wave frequencies between 0.7 and 1.2 rad/s. At the pitch resonance
frequency of the platform, one can see that they have a different behaviour. The
front flap’s pitch response has a trough for that frequency, whereas there is a
peaky maximum for the rear flap.

Obviously, these features appear also on the power function of the system.
The absorbed power by the front and rear flaps is about the same in the range
of typical wave frequencies, except at the pitch resonance, where the front flap
has a minimum and the rear flap a maximum. However, one can see that the
sum of the absorbed power from the front and the rear flap shows a maximum
at the pitch frequency of the platform.

This last result shows that the pitch motion of the platform is beneficial to
the energy absorption. However, we saw on the platform pitch motion that it
corresponds with a very large amplitude response. It is most likely that viscous
effects will much reduce this effect.

3.2.1 Influence of the PTO coefficients

The PTO coefficients naturally have an influence on the power absorption of the
F-3OF device. To understand this influence, we computed its power function
with several sets of PTO coefficients.

Table (5) summarises the set of PTO coefficients which were used. We
plotted in figures (15), (16) and (17) the associated RAOs in pitch motions and
the associated power functions.

In figure (15), we have plotted the RAOs and power function for PTO set-
tings from 1 to 8. For these settings, KPTO is equal to 0 and MPTO is equal to
2 · 105 kg. One can see that, starting from the low values of BPTO, the effect of
increasing this parameter is first to increase the peak of power absorption and to
enlarge the bandwidth of the system. For frequencies smaller than the natural
frequency, a maximum of power absorption is reached for BPTO = 20MN.m.s.
For greater frequencies, the optimal is higher, about 60MN.m.s.

On the pitch motions, the effect of increasing the PTO damping coefficient
is to increase the amplitude of the motion, whereas the motions of the front and
rear flaps relative to the platform are reduced.

In figure (16), we have plotted the RAOs and power function for PTO set-
tings 6, 10 and 11. As it was expected, one can see that an increase of the MPTO

essentially shifts the resonance frequency in pitch of the platform to higher pe-
riods. On the total absorbed power plot, one can see that the levels of absorbed
power is not much affected.
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Figure 15: RAOs and power function of the motion with PTO settings 1 to 8.
In these settings, KPTO is equal to 0 and MPTO is equal to 2 · 105 kg.
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Figure 16: RAOs and power function of the motion with PTO settings 10 to
11. In these settings, the PTO damping coefficient is equal to 40MN.m.s
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Figure 17: RAOs and power function of the motion with PTO settings 12 to
15. In these settings, the PTO damping coefficient is equal to 40MN.m.s
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Set number BPTO (MN.m.s) KPTO (MN.m) MPTO (103 kg)
1 5 0 200
2 10 0 200
3 15 0 200
4 20 0 200
5 30 0 200
6 40 0 200
7 60 0 200
8 80 0 200
9 100 0 200
10 40 0 0
11 40 0 100
12 40 10 200
13 40 20 200
14 40 30 200
15 40 40 200

Table 5: PTO settings

In figure (16), we have plotted the RAOs and power function for PTO set-
tings from 12 to 15. One can see that an increase of the KPTO coefficient does
not significantly change the bandwidth of the motion response, but it results in
an increase of the energy absorption.

From these results, one can conclude that it is probably beneficial for the
F-3OF device to adapt the PTO parameters to each sea state, so they will have
to be optimised in the calculation of the annual average power production.

3.2.2 Influence of the viscous damping on the RAOs

In frequency domain, the numerical model predicts very large response at res-
onance in pitch and heave, see figure (14). This large response is not realistic,
since it will be limited by viscous effects.

Figure (18) shows a comparison of the RAOs and power function of the sys-
tem computed with the frequency domain model, and with the time domain
model including viscous damping. For the time domain model, two wave am-
plitudes were considered, 1 and 2 meters. The PTO parameters were set equal
to setting 6 (see table (5)).

One can see that viscous damping has an important effect. Not only the
amplitude of the responses of the system at resonances are reduced, but also
the amplitude of motion of the flaps for period between 7 and 10 seconds. It
leads to a reduced energy absorption.

One can see also peaks and troughs in the response in surge and pitch of the
frame, and in the motion of the flaps. It is thought to come from the truncation
in the memory term of the radiation force.

3.2.3 Conclusions

From these results in regular waves, it appears that:
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Figure 18: Comparison of RAOs and power functions with and without viscous
damping. The PTO setting is number 6.
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• The order of magnitude of absorbed power from the F-3OF device is sev-
eral hundreds of kW per square meters of wave amplitude in regular waves.

• The PTO parameters have a large influence on the transfer functions of
the F-3OF device.

• Viscous damping reduces the energy absorption. Influence of the mod-
elling of this damping, via the choice of the viscous damping coefficients,
must be assessed.

Hence, the estimation of the power absorption should be done with opti-
misation of the PTO parameters and the uncertainty on the results should be
assessed by considering the effect of the viscous damping modelling.

3.3 Power matrix and criteria

In this section, all time domain simulations were performed in irregular waves
using the JONSWAP spectrum. All quantities are derived from 1200 s duration
simulations, with a time step of 0.05 s. To remove the transient effects, the first
15× Tp seconds of the simulations are not taken into account.

3.3.1 Power matrix of the floating three-body oscillating flap device
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Figure 19: Power matrix with optimised PTO coefficients. The left-hand figure
is the mean absorbed power and the right-hand figure is the maximum instan-
taneous power recorded during each simulation.

Figure (19) shows the power matrix of the F-3OF device in deep water. The
left-hand figure is the mean absorbed power and the right-hand figure is the
maximum recorded over the duration of the simulation for each sea state.

For each sea state, the set of PTO parameters (BPTO,KPTO) were optimised
whereas MPTO was fixed at 2·105 kg. The range of values for optimisation of
the PTO parameters is given in table (6).

For a typical sea state of 9 s wave peak period and 2.5m significant wave
height, the mean absorbed power is 170 kW. A mean power absorption higher
than 500 kW is reached for the strongest sea states. As expected from the
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BPTO (kN.m.s/rad) KPTO (kN.m/rad)
Minimum 5 000 0
Maximum 100 000 50 000

Table 6: Range of values for optimisation of the PTO parameters

results in regular waves, the system exhibits the best efficiency for wave periods
about 7-8 seconds.

The maximum instantaneous machinery power is typically about 10 times
the mean power. It is very large. This might be a drawback of the system from
the power electronics point of view. The effect of limiting the instantaneous
power is investigated later.
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Figure 20: Optimised value of the PTO coefficients.

Figure (20) shows the matrices of the optimised values of the PTO coeffi-
cients. One can see that they vary with the wave period and with the wave
height.

For a fixed wave height, the optimal damping coefficient reaches a peaky
maximum at resonance (5-7 seconds). It decreases rapidly as the wave peak
period decreases. For a fixed wave period, the optimal damping coefficient
increases with the wave height. As an average, one can say that the nominal
value of BPTO should be about 20MN.m.s/rad.

The optimal stiffness coefficient also reaches a maximum for wave periods of
about 5-7 seconds. One can see that the optimal value does not depend on the
wave height. As an average, KPTO should be about 20MN.m/rad.

Figure (21) shows the ratio of the power absorbed by the rear flap divided
by the power absorbed by the front flap. One can see that for most sea states,
it is rather balanced, only with a slightly higher absorption (about 10 to 20%)
for the rear flap than for the front flap.

Figure (22) shows matrices of the RMS values for the motion in surge, heave
and pitch of the supporting structure, and the relative pitch of the front and
rear flaps. Let us first consider the surge and heave motion, which are quite
similar. One can see that for wave periods smaller than 7 seconds, there is little
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Figure 21: Ratio of the power absorbed by the rear flap to the power absorbed
by the front flap, with optimised PTO coefficients.

response of the platform along these degrees of freedom. For periods higher
than 7 seconds, the RMS value is about a quarter of the significant wave height,
whatever the wave period. Hence, the platform follows the wave.

The maximum for the pitch response of the platform is found at 7 seconds.
The RMS values of the angular excursion is up to about 10 degrees for typical sea
states. The pitch responses of the front and rear flaps relative to the platform are
similar. Their maxima are found for wave peak periods of around 8-9 seconds.
The flaps pitch response are smaller than the pitch response of the platform.

By multiplying the power matrix with wave data statistics, one can calculate
the annual energy absorption for each considered wave site. The values are
reported in table (7) together with the assessment criteria.

SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 14.8 21.8 26.8 37.5 80.6 14.8

Mean power [kW] 52.3 112 131 104 145 112
Capture width [m] 3.5 5.1 4.9 2.8 1.8 7.6
Ey / Mass [MWh/m3] 0.32 0.69 0.79 0.65 0.90 0.685
Ey / Awet [MWh/m2] 0.21 0.46 0.51 0.42 0.59 0.453
Ey / FRMS

PTO [kWh/N] 1.09 1.43 1.64 1.55 1.53 1.25
Ey / FRMS

wave [kWh/N] 1.04 1.50 1.58 1.39 1.42 1.49

Table 7: Evaluation criteria for the floating three-body oscillating flap device
for chosen sites having mean annual wave energy transport J , and where sea
states are synthesized with a spectrum peakedness factor γ. The parameters
are calculated based on the yearly energy delivery Ey. The mass is taken as
the total mass of the ballasted installed structure, not including the moorings,
and Awet is the wetted surface area of the structure. Significant PTO force
FRMS
PTO and significant wave force FRMS

wave are taken as the yearly RMS values.
The uncertainty of Ey is estimated to [−25, 30]%.
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Figure 22: Matrices of the RMS values for the motion of the FOF device.
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One can see that the mean annual power delivery that one can expect from
the F-3OF device is about one hundred kilowatts. It ranges from 52 kW for
the SEM-REV site up to 145 kW for the highly energetic Belmullet site. For a
typical wave resource of about 30 kW/m, the typical absorbed wave power by
the FOF device is about 130kW. The typical mean capture width is about 4 to
5 meters, depending on the site. One can see that the capture width is much
larger at the Danish site. This is not surprising as the device is rather small,
thus more suitable for short waves.

At the Danish site, the capture width ratio2 is about 30%. This is much
higher than the capture width ratio of 14-18% reported by Pecher et al. in [9].
But it is in range with what is reported by Folley in [11] and Henry in [12]
(efficiencies between 8-41% and 30-70% respectively).

The discrepancy with the experiment by Pecher et al. may be explained by
differences in the geometry of the system and different PTO parameters. In
these experiments, the PTO parameters were not optimised for each sea state
and it seems there was no additional stiffness provided by the PTO. Calculation
of energy absorption without optimisation of the PTO parameters was carried
out at Yeu site with PTO setting 5. Mean annual absorbed power is equal to 102
kW, 25% less than with optimisation of the PTO parameters. It corresponds
with a capture width ratio of 0.22, more in range with the result presented by
Pecher et al. . The geometry is also different, with surface piercing flaps which
are expected to suffer less viscous damping.
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Figure 23: Distribution of the power delivery for the FOF device placed at Yeu
off the French coast.

Figure (23) shows the distribution of the absorbed power in function of the
power level. The left figure shows the probability for the power production to
be between two levels and right figure shows the probability for the power to be
greater than a given power level. It has been calculated with the wave statistics
of the Yeu site. One can see the absorbed wave power is greater than the mean
power 40% of the year.

2Defined as the ratio of the capture width divided by the width
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3.3.2 Assessment of the uncertainties

Viscous losses

To assess the uncertainty associated with the modelling of the viscous losses,
the mean annual absorbed power at the Yeu site was calculated with different
values of the viscous coefficients. Calculations were made with optimisation of
the PTO parameters. Figure (24) shows the results in function of the percentage
of viscous damping coefficients with respect to the nominal values.
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Figure 24: Mean absorbed power at Yeu in function of the percentage of viscous
damping with respect to the nominal value. PTO parameters are optimised for
each sea state.

One can see that the modelling of the viscous damping has an influence on
the results of mean power. If viscous damping is set to half its nominal value,
the mean absorbed power is 30% greater than the one with nominal values. If
viscous damping is underestimated by a factor 2, then the absorbed power is
over predicted by 25%.

It is worth noticing that if the viscous damping is set to 0, the mean power
predicted by the numerical model is going as high as 580 kW. It shows how the
viscous effect are dominant in the case of this particular device.

Therefore, the retained uncertainty associated with the modelling of viscous
damping is assumed to be within [−25%,+30%].

Mooring stiffness

To get an estimate of the uncertainty associated with the modelling of the
mooring lines, the mean annual absorbed power at the Yeu site was calculated
with different values of the mooring stiffness coefficient. Calculations were made
with PTO setting number 5 and the frequency domain model. Results are shown
in table (8). The difference on the absorbed power is smaller than 2%.
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Mooring stiffness coefficient in surge (kN/m) Mean annual absorbed power (kW)
0 129

100 (nominal) 131
200 125
300 125

Table 8: Mean annual absorbed power at Yeu in function of the mooring stiffness
coefficient in surge.

3.4 Parametric studies

3.4.1 Fixed platform vs Floating platform

Mooring stiffness coefficient Resonance period Mean annual
in surge (kN/m) in surge (s) absorbed power (kW)
100 (nominal) 40 131

1000 12 129
10000 4 207

Table 9: Mean annual absorbed power at Yeu in function of the mooring stiffness
coefficient in surge.

Table (9) shows the mean absorbed power at Yeu in function of the mooring
stiffness coefficient in surge. The PTO coefficients were optimised for each sea
state. The first case (100 kN/m) corresponds with a slack mooring. In the last
case (10000kN/m), the platform is almost fixed in surge.

One can see that large mooring stiffness coefficients are beneficial to the
energy absorption of the F-3OF device. In other words, it would be possible to
significantly increase the energy absorption by using a taught mooring instead
of a slack mooring. However, a very stiff horizontal mooring system may be
difficult to achieve in practice.

3.4.2 Threshold on the instantaneous absorbed power

Table (10) shows the mean absorbed power at Yeu in function of a threshold on
the instantaneous power. It means that the maximum of instantaneous power
is limited to this threshold. The difference between the available instantaneous
power and the maximum is lost.

Max. instantaneous absorbed power (kW) Mean annual absorbed power (kW)
500 108
1000 122
2000 128
No 131

Table 10: Mean annual absorbed power at Yeu in function of the threshold of
maximum instantaneous absorbed power. The PTO coefficients were optimised
for each sea state.

One can see that the instantaneous power can be limited to a maximum of
2MW with negligible losses in the mean annual absorbed power.
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3.4.3 Threshold on the mean absorbed power

A calculation of the mean annual power at Yeu site was performed with limiting
the mean output power for each sea state to 500 kW. The resulting reduction
in the mean annual power was found to be smaller than 2%. It is smaller than
the noise coming from the time domain simulations. It means than the F-3OF
WEC could be rated at 1MW without losing energy.

3.4.4 Effect of scale

Figure (25) shows the effect of geometric scaling on the mean power absorption
of the F-3OF device, at the Yeu site. This figure has been calculated using the
frequency domain model. The PTO parameters are fixed for every sea state.
They are taken equal to setting 5 at scale 1, and it is scaled accordingly to
Froude law for others scale.
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Figure 25: Influence of the scale on the mean power absorption at Yeu.

One can see that the mean absorbed power grows very fast with the dis-
placement for small devices. As the displacement increases, the slope decreases.
It seems that there exist an asymptotic limit for large displacement devices of
about 430 kW.

For a displacement twice the nominal displacement of the F-3OF device, one
can see that the increase in power absorption is about 60%. In the same time,
the increase in the wetted surface is 58%. Therefore, depending on how scale
the cost, it is possible that scaling up the platform would improve its economics.

40



4 Conclusions and recommendations

From these results and the study, the main conclusions are :

• The mean power level that one can expect from the FOF WEC is about
130 kW on a site whose wave resource is about 30 kW/m. The uncertainty
is about [−25%,+30%], and comes mainly from the modelling of the
viscous losses.

• A stiffer mooring in surge could significantly improve the energy absorp-
tion. In case the surge motion to be ideally restrained, the increase of
energy absorption could be higher than 60%. However, a stiff horizontal
mooring may be impractical, or very expensive.

• The output power of the F-3OF device could be limited to 500 kW without
decreasing the energy delivery. Limitation of the instantaneous absorbed
power to 20 times the mean output power (2MW) would not significantly
reduce the mean absorbed power either.
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Summary

This document reports the study of a floating oscillating water column (F-
OWC) wave energy device in the frame of the project “Numerical estimation of
energy production from a selection of Wave Energy Converters.” It contains a
mathematical model and simulation results for the estimation of power delivery
and dynamic performance.

The characteristics of the studied wave energy converter is expressed through
the following criteria:

• The annual mean power.

• The yearly energy output per displacement.

• The yearly energy output per wetted surface.

• The power per unit of significant PTO force.

These criteria were estimated for the F-OWC using the mathematical model
described in this report. Results are given in Table 1. The main conclusions
from the study are as follows:

• The mean power level that one can expect from the F-OWC is about 340
kW on a site whose wave resource is about 25 kW/m. The uncertainty is
about [-25%, +25%], and comes mainly from the modelling of the viscous
losses.

• The yearly energy delivery per mass is about 1.6 kWh/kg, and the yearly
energy delivery per wetted surface area is about 0.45 MWh/m2 for the Yeu
site which may be taken to represent typical European wave conditions.

Table 1: Evaluation criteria for the F-OWC WEC for chosen sites.

Unit SEM-REV EMEC Yeu Lisboa Belmullet

Mean power [kW] 147 262 337 367 745
Capture width ratio % 41 50 52 41 38
Energy/Mass [kWh/kg] 0.7 1.3 1.6 1.8 3.6
Energy/Wetted surf. [MWh/m2] 0.19 0.35 0.45 0.49 1.0
Energy/PTO force [kWh/N] 3.42 4.28 5.17 5.94 8.29

A paper version of this report, titled Modelling and Simulation of a Floating
Oscillating Water Column, has been published in the Proceedings of the 30th
International Conference on Ocean, Offshore and Arctic Engineering, 2011.
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1 System description - The F-OWC

The system considered in this study is a particular type of oscillating water
column (OWC) device known as the backward bent duct buoy (BBDB), first
proposed by Masuda [1]. It is a floating OWC with a submerged opening aligned
downstream of the incident wave propagation direction. It has a single air
chamber and is free to move in six degrees of freedom. The device is constructed
of thin steel walls enclosing the water column. The power conversion is provided
by means of an air turbine connected to an electric generator. The motion
of the water column relative to the OWC body creates oscillating pressure in
the chamber and air flow through the turbine. Compared to its axisymmetric
counterpart (see, e.g. [2]), a BBDB seeks to utilise its surge and pitch motions
in addition to its heave to maximize the swept volume flow of the water column
relative to the OWC body.

The considered geometry is inspired by the OEBuoy, shown in Fig. 1, which is
developed by Ocean Energy Ltd. in Ireland [3]. The system will here be referred
to as a floating oscillating water column (F-OWC). The device is assumed to
operate in deep water.

Figure 1: OEBuoy (1:4 scale) at sea, courtesy of Wave Energy Centre.

The main device dimensions, the siginificant wetted surface, and mass are
listed in Table 2. The latter two are chosen as two relevant cost-related measures
that can be derived for any WEC. Another cost measure that is used in this
study is the root mean square PTO force, defined as the pressure in the chamber
times the internal free surface area.

The air turbine usually has an approximately linear pressure-flow relation-
ship, hence the power take-off is modelled in this study as a simple linear damp-
ing.
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Table 2: Main device dimensions, significant wetted surface, and mass.

Property Value Unit

Length 50 m
Width 24 m
Draft 13 m
Height of submerged opening 10 m
Significant wetted surface 6500 m2

Significant mass 1800 tons

2 Mathematical model

Two models are available to represent the hydrodynamics of an OWC device,
viz. the massless piston model [4] and the pressure distribution model [5, 6]. In
the massless piston model, the internal free surface is assumed to behave as a
massless rigid piston, and the internal free-surface condition is satisfied approx-
imately. In the pressure distribution model the internal free-surface condition
and the spatial variation of the internal free surface is represented accurately,
and the hydrodynamics is described in terms of the dynamic air pressure in the
chamber. The latter model is used in this study. The analysis is based on linear
potential flow theory.

2.1 Computation of hydrodynamic parameters

We adopt a right-handed Cartesian coordinate system, with the x-axis pointing
toward the submerged opening of the OWC and z-axis pointing upward.

WAMIT [7] is used for computing the hydrodynamic parameters. Multi-
Surf [8] is used to prepare the body geometry, where it is only necessary to
model the submerged body surface. The thin walls are assumed to have neg-
ligible thickness, and are represented using dipoles. Modelling them as walls
with finite thickness and representing them using conventional source elements
would otherwise require very small panels to avoid numerical problems. Due to
transverse symmetry (about y = 0), only half of the body (y ≥ 0) is panelled.
The whole submerged body geometry is shown in Fig. 2.

Convergence studies are first carried out to investigate the effects of panel
size and panel size distributions, as well as the effect of using low- or higher-
order methods. Low- and higher-order refer to the method for representation
of the body surface and solution. In the low-order method the body surface is
discretized using flat quadrilateral elements, and the solutions for the velocity
potential are approximated by piecewise constant values on each element. The
higher-order method, on the other hand, is based on B-splines to represent
the body surface, velocity potential, and pressure on the body surface. The
presence of irregular frequency effects is also examined. Based on these studies,
we decide to use a higher-order panel method with ‘cosine spacing’ for better
accuracy close to the corners, and with option for removal of irregular frequency
effects. The higher-order panel method is confirmed to be computationally more
efficient and accurate than the low-order one.
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Figure 2: Submerged body geometry, showing source surfaces (green), dipole
surfaces (cyan), and interior surfaces for removal of irregular frequency effects
(grey).

We assume that the OWC is free to move in six degrees of freedom. Following
the notations of [9], in the frequency domain the total hydrodynamic force acting
on the body in j-direction can be written as

Fj = fjA−
∑

j′

Zjj′uj′ −Hp
j p, j = 1, . . . , 6, (1)

where fj is the excitation force coefficient, A is the undisturbed incident wave
amplitude at origin, Zjj′ is the radiation impedance defined as the force on the
body in j-direction induced by a unit velocity of the body in mode j′, uj′ is
the body velocity in mode j′, and Hp

j is the coupling coefficient defined as the
force on the body in j-direction induced by a unit pressure p on the internal
free surface. Likewise, the total volume flow through the internal free surface is
expressed as

Q = qA− Y p−
∑

j

Hu
j uj , (2)

where q is the excitation volume flow coefficient, Y is the radiation admittance
defined as the volume flow induced by a unit pressure p on the internal free
surface, and Hu

j is the coupling coefficient defined as the volume flow induced
by a unit velocity of the body in mode j. It is understood that all these hy-
drodynamic parameters, also the wave amplitude, body velocities, and dynamic
pressure are complex quantities, where the factor eiωt applies.

In mathematical notations, the (frequency-dependent) hydrodynamic coeffi-
cients fj , Zjj′ , H

p
j , q, Y , and Hu

j are defined as follows:

fj = −iωρ
1

A

∫∫

Sb

njφddS (3)

Zjj′ = iωρ

∫∫

Sb

njϕj′dS (4)

Hp
j = iωρ

∫∫

Sb

njϕdS (5)
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q =
1

A

∫∫

S

∂φd

∂z
dS (6)

Y = −

∫∫

S

∂ϕ

∂z
dS (7)

Hu
j = −

∫∫

S

∂ϕj

∂z
dS, (8)

where ρ is the water density, φd is the diffraction potential, defined as the sum
of the incident and scattered potentials, Sb is the mean body surface, S is the
mean internal free surface, n is the unit normal vector pointing out of the fluid
domain, and we have denoted the radiation potential due to a unit velocity of
the body in mode j as ϕj and the radiation potential due to a unit pressure on
the internal free surface as ϕ.

The added mass and radiation damping terms, whose sum is the radiation
impedance Zjj′ , and also the excitation force coefficient fj are standard out-
puts of WAMIT. The excitation volume flow coefficient q can also be obtained
quite straightforwardly by integrating the vertical diffraction velocity output by
WAMIT over the internal free surface. This is done by distributing field points
uniformly over the internal free surface and computing the velocity at each
point. The integral is then approximated in a discrete manner. The coupling
coefficient Hu

j can be obtained similarly.
It remains to evaluate the coefficients Hp

j and Y where three options are
available [10]. In the first option special coding is required to modify the dy-
namic boundary condition on the internal free surface. It is then possible to
evaluate the radiation potential due to the applied air pressure ϕ explicitly.
The second option uses the concept of generalised modes [11]. The radiation
potential due to the applied pressure is expressed as a superposition of modes
of prescribed vertical velocity on the internal free surface. The internal free
surface condition is then satisfied in an approximate manner. In the third op-
tion Hp

j and Y are evaluated using reciprocity relations, without solving for any
additional potentials. The third option is used in this study and is described in
the following.

The radiation conductance G = ℜ{Y }, is related to the excitation volume
flow coefficient q by the following reciprocity relation:

G =
k

8πρgvg

∫ π

−π

|q(β)|2dβ =
k

4πρgvg

∫ π

0

|q(β)|2dβ, (9)

where k is the wave number, vg is the group velocity, and β is the incident wave
propagation direction. The last equality follows from transverse symmetry of
the device. For deep water the equation further reduces to

G =
ω3

2πρg3

∫ π

0

|q(β)|2dβ. (10)

The radiation susceptance B = ℑ{Y }, is related to G by the Kramers-Kronig
relation, which takes the following form based on the discussion in the next
subsection:

B(ω) = −
2ω

π

∫

∞

0

G(y)

ω2 − y2
dy, (11)
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where the integral is to be understood in the principal value sense. Lastly, it can
be shown that Hp

j = −Hu
j [9, p. 250]. Hence, all the hydrodynamic parameters

can be obtained without explicitly solving for ϕ.
The computations are performed for wave frequencies from 0 to 2.5 rad/s,

in the interval of 0.01 rad/s. Computations are also performed for zero and
infinite frequency limits. We assume infinite water depth and consider the case
where the incident wave propagates in the direction of the positive x-axis. In
our evaluation of the integrals in Eqns. (6) and (8), a total of 192 field points
with uniform spacings are distributed over the internal free surface. The in-
tegral in Eqn. (10) is approximated by a sum over a discrete set of incident
wave propagation directions. Here we use β = π/16, 3π/16, 5π/16, ..., 15π/16.
The principal value integral in Eqn. (11) is evaluated numerically using the
Maclaurin’s formula described in [12].

2.2 Time-domain model

2.2.1 Time-domain impulse response functions

Taking into account the frequency dependency of the hydrodynamic parameters
and the nonlinear air compressibility, valve characteristics, and losses, we should
use a time-domain model to describe the device dynamics. The equations of
motion are in the form of integro-differential equations, where the frequency-
dependent hydrodynamic parameters are taken up into convolution integrals.
Equations (1) and (2) then take the following form:

Fj(t) =

∫

∞

−∞

fj(t− τ)A(τ)dτ

−
∑

j′

[

ajj′(∞)u̇j′ +

∫ t

−∞

kjj′(t− τ)uj′(τ)dτ

]

+ Cj(∞)p+

∫ t

−∞

kuj (t− τ)p(τ)dτ, j = 1, . . . , 6,

(12)

Q(t) =

∫

∞

−∞

q(t− τ)A(τ)dτ −

∫ t

−∞

y(t− τ)p(τ)dτ

−
∑

j

[

Cj(∞)uj +

∫ t

−∞

kuj (t− τ)uj(τ)dτ

]

,

(13)

where we have expressed Zjj′ and Hu
j as

Zjj′ = Rjj′ + iω[a− a(∞)] + iωa(∞) (14)

Hu
j = Cj(∞) + [Cj − Cj(∞)] + iJj , (15)

and defined Kjj′ and Ku
j as

Kjj′ = Rjj′ + iω[a− a(∞)] (16)

Ku
j = [Cj − Cj(∞)] + iJj . (17)

The time-domain IRFs fj(t) and q(t) are non-causal, and therefore the range
of integration is from −∞ to ∞ as opposed to the causal IRFs kjj′(t), y(t),
and kuj (t), where the range of integration is from −∞ to t. If the input is also
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causal, the lower integration limit of the integrals in Eqns. (12) and (13) is
zero [9]. Based on the discussion in the preceding section, we take Cj(∞) as
non-zero, evaluated from the computed value of ℜ{∂ϕj/∂z} for ω → ∞.

The IRFs fj(t), kjj′(t), q(t), y(t), k
u
j (t) and the frequency-dependent co-

efficients fj(ω), Kjj′(ω), q(ω), Y (ω), Ku
j (ω) are Fourier transform pairs. The

radiation IRFs kjj′(t), y(t), and kuj (t) can be evaluated by either the cosine
transform of the real part, or the sine transform of the imaginary part, of the
corresponding frequency-dependent coefficients. The IRFs obtained from the
cosine transform are compared with those obtained from the sine transform,
where the two should give the same result. Good agreement is found only for
certain mode combinations, however. Discrepancies appear to be due firstly
to truncation error where usually the most significant truncation error is as-
sociated with the transform of the parameter having non-zero value at infinite
frequency limit, and secondly to integration over the peak frequencies. Since
the added mass does not usually go to zero at infinite frequency limit while the
radiation damping does, we use the latter to evaluate the radiation impedance
IRFs kjj′(t). Likewise, we use the transform of Jj(ω) to evaluate the radiation
coupling IRFs kuj (t). On the behaviour of the IRFs, some of them are found to
decay slowly, unlike those for conventional rigid bodies.

2.2.2 Excitation force and excitation volume flow

In Eqns. (12) and (13), the excitation force and the excitation volume flow
are expressed as convolution integrals, i.e., F exc

j (t) =
∫

∞

−∞
fj(t− τ)A(τ)dτ and

Qexc(t) =
∫

∞

−∞
q(t − τ)A(τ)dτ with the wave amplitude A(t) as input. As an

alternative, we may treat these quantities themselves as input in the following
way. First, we obtain the spectral density of the desired quantity as follows
(shown here for F exc

j (t), likewise for Qexc(t)):

SF exc

j
(ω) = |fj(ω)|

2S(ω), (18)

where S(ω) is the wave spectrum. The excitation force is then given as

F exc
j (t) =

N/2
∑

n=0

(anj cosφnj + bnj sinφnj) cosωnt

+

N/2
∑

n=0

(−anj sinφnj + bnj cosφnj) sinωnt,

(19)

where anj and bnj are generated from a Gaussian distribution with variance
SF exc

j
(ωn)∆ω [14]. Here, N is the number of values in the time series, determined

by the required length of the series T and the time interval between values ∆t.
Also, ωn = n∆ω, where ∆ω = 2π/T . In addition, φnj is the phase (in radians)
of fj(ωn). An inverse Fast Fourier Transform produces result identical to the
sum in Eqn. (19), at a fraction of computer time, and thus is implemented in
the simulation.

2.2.3 System dynamics

The dynamics of the whole system is modelled using the bond graph approach.
A bond graph representation of the system, including hydrodynamic interac-
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Figure 3: Bond graph model of the F-OWC.

tions, losses, air compressibility, relief valve, and air turbine, is shown in Fig. 3.
Equations (12) and (13) are represented nicely in the bond graph structure. The
force balance involving Eqn. (12) is represented by the multibonds connected to
the 1-junction labelled ‘body,’ and the volume flow balance involving Eqn. (13)
is represented by bonds connected to the 0-junction labelled ‘internal surface.’
The hydrodynamic coupling between the two is taken care of by the TF element
connecting them. The first TF element to the right of ‘body’ 1-junction carries
out the transformation required to obtain the vertical velocity of the body at
the centre of the mean internal free surface, according to

ub = TTu, (20)

where ub is the vertical velocity of the body at the centre of the mean internal
free surface and T is the transformation vector given as

T = (0, 0, 1, 0,−xb, 0)
T, (21)

where xb is the x-coordinate of the centre of the mean internal free surface.
The second TF element converts the force-velocity pair to pressure-volume flow
pair with the internal mean free surface area as the transformation factor. The
two branches, one from the ‘body’ 1-junction and the other from the ‘internal
surface’ 0-junction, meet at a 0-junction, since it is the relative volume flow
between the body and the internal free surface that is used for power conversion.

Due to air compressibility, the volume flow through the air turbine is less
than the swept volume flow of the internal free surface. The air compressibility
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can be modelled according to this nonlinear relationship:

p0 + p = p0

(

V0

V0 −∆V

)γ

, (22)

where p0 is the atmospheric pressure and V0 is the average air volume in the
chamber. The volume change due to compressibility is denoted by ∆V . The
specific heat ratio γ depends on whether the expansion and compression occur
rapidly or slowly. The value γ = 1.4 is usually adopted. This air compressibility
relationship is contained in the bond graph element C labelled ‘Air Compress-
ibility’ in Fig. 3.

A relief valve provides a way to keep the pressure in the air chamber within
acceptable limits to prevent the turbine from stalling [15]. The excess volume
flow passes through the valve to the atmosphere. A suitable model for the valve
is given as conditional equations which determine the flow Qv through the valve
depending on the pressure difference across it:

Qv =



































p

pcl
Qcl if |p| < pcl

sgn(p)

[

Qcl +
|p| − pcl
pop − pcl

(Qop −Qcl)

]

if pcl ≤ |p| ≤ pop

CdAmax

√

2

ρa
|p| sgn(p) if |p| > pop ,

(23)

where

Qcl = CdAmin

√

2

ρa
pcl (24)

Qop = CdAmax

√

2

ρa
pop . (25)

In the above, Cd is the discharge coefficient, ρa is the air density, Amin is the
leakage area, while Amax is the fully open flow area. The pressures pcl and pop
are reference pressures for the closing and opening of the valve. The valve is
closed if |p| < pcl, and is fully open if |p| > pop. To be realistic, the leakage area
Amin is introduced to model leakage when the valve is closed. The R element
labelled ‘Relief Valve’ in Fig. 3 is used to represent the relationship described
in Eqns. (23) to (25).

The R elements labelled ‘Ext. Damping’ in Fig. 3 represent losses arising
from viscous effects and mooring damping, for instance. These losses will reduce
the body motions and the volume flow available to the turbine. External restor-
ing forces are contributed by moorings, whose contribution we shall assume to
be a small stiffness in surge. In this study we shall assume a linear pressure-
volume flow relationship for the air turbine, where it is possible to tune the load
resistance of the turbine.

2.3 Frequency-domain model

With the fact that an OWC device is usually fitted with a Wells turbine, which
has approximately linear pressure-volume flow characteristics, it is appropriate
to develop an alternative linear frequency-domain model of the device. A linear
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frequency-domain model may be developed by assuming linear losses and linear
air compressibility relationship as was done in [16], as well as assuming that
there is no limit for the pressure in the air chamber.

Observing the bond graph structure (Fig. 3), we can write

(

f

q

)

A =

(

Zi −Hi

HT
i Yi + 1/RL

)(

u

p

)

, (26)

where

Zi = R+Re + iω

(

M+ a−
K+Ke

ω2

)

(27)

Hi = Hu +TS (28)

Yi = Y +
1

Rf
+ iω

V0

γp0
. (29)

In the above, f is the excitation force coefficient vector, q is the excitation
volume flow coefficient, A is the undisturbed incident wave amplitude at origin,
u is the body velocity vector, p is the air pressure in the chamber, RL is the
load resistance (assumed to be constant), R is the radiation damping matrix,
Re is the external damping matrix, M is the inertia matrix, a is the added
mass matrix, K is the hydrostatic stiffness matrix, Ke is the external stiffness
matrix, Hu is the radiation coupling vector, T is the transformation vector given
previously in Eqn. (21), S is the internal free surface area, Y is the radiation
admittance, Rf is the external damping related to the volume flow of the water
column, and the last term in Eqn. (29) is the linearised air compressibility
coefficient. For simplicity, we shall assume a diagonal Re matrix with constant
values over the whole frequency range, as well as a constant Rf . It should be
noted that the way the equation is rendered, the effect of Rf is such that smaller
Rf results in greater loss of volume flow.

The linear system of equations contained in the matrix form (26) can be
solved for u and p. Knowing u and p, the volume flow QL through the turbine
can then be obtained from

QL = qA− Yip−HT
i u (30)

or, alternatively,

QL =
p

RL
. (31)

The instantaneous converted power Pu(t) is given by

Pu(t) = p(t)QL(t) = RLQ
2
L(t), (32)

and the mean converted power Pu by

Pu = RLσ
2
QL

, (33)

where σ2
QL

is the variance of the volume flow through the turbine, which for

harmonic oscillation is equal to |QL|
2/2.
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Figure 4: Converted power for a unit incident wave amplitude, for various values
of load resistance.

3 Simulation results and energy assessment

3.1 Frequency domain

For a given set of external stiffness and damping coefficients, the variation of
converted power Pu with wave frequency ω for a unit incident wave amplitude
is plotted in Fig. 4 for different values of load resistance RL, which is set to
be constant over the whole frequency range. It should be noted that although
we have included linear losses by the parameters Re and Rf in the frequency-
domain model, we have assumed 100% turbine efficiency. An optimum constant
RL which maximizes the area below the power curve was found to be 12.670
kg m−4 s−1. It is shown that the device has good performance over a range of
relevant wave frequencies occurring at sea, from 0.4 to 1.5 rad/s (equivalent to
a range of wave periods from 4.2 s to 15.7 s). The displacements of the body,
plotted against wave periods, are shown in Fig. 5. The variation of capture
width da with wave frequency for RL = 12.670 kg m−4 s−1 is plotted in Fig. 6
together with, for comparison, the maximum capture width daMAX = 3/k for
an axisymmetric body oscillating in surge, heave, and pitch [17], where k is the
wave number.

From the frequency-domain model we can also obtain the mean converted
power for a given sea state, which is described by a combination of significant
wave height Hs and peak period Tp = 2π/ωp. Here we shall use the JONSWAP
spectrum to model a given sea state:

S(ω) =
αg2

ω5
exp

(

−1.25
ω4
p

ω4

)

γa(ω), (34)

where

a(ω) = exp

(

−
(ω − ωp)

2

2σ2ω2
p

)

(35)

σ =

{

0.07 for ω ≤ ωp

0.09 for ω > ωp

(36)
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α = 5.058
H2

s

T 4
p

(1− 0.287 ln γ) (37)

The peakedness parameter γ is chosen to be 3 in this study. Following [18], the
mean converted power for a given sea state can be obtained from

Pu = RL

∫

∞

0

∣

∣

∣

∣

QL

A

∣

∣

∣

∣

2

S(ω)dω, (38)

where the quantity QL/A is the frequency response function of the volume flow
through the turbine. For a given sea state, there is a constant load resistance
that maximizes the mean converted power. A matrix of these optimum constant
load resistance together with a matrix of the corresponding mean converted
power for a set of sea states (Tp = 3 to 17 s, Hs = 0.5 to 7.5 m) are shown in
Fig. 7. With the scatter diagram of any given site available, the mean annual
power output at that site can be obtained.

The mean annual power outputs at selected sites in Europe together with
other evaluation criteria calculated from this frequency-domain model are sum-
marized in Table 3. In the last criteria, the root mean square PTO force is given
as

FPTO rms = RLσQL
S, (39)

where σQL
is the standard deviation of QL:

σ2
QL

=

∫

∞

0

∣

∣

∣

∣

QL

A

∣

∣

∣

∣

2

S(ω)dω. (40)

The mean power per root mean square PTO force for each sea state is therefore

Pu

FPTO rms
=

σQL

S
. (41)

As mentioned earlier, losses are taken into account through the addition of
linear damping terms. They are applied to the body by introducing a diagonal
damping matrix with constant values over the whole frequency range, taken as a
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certain percentage of the radiation damping. This has the effect of reducing the
body motions. Another damping coefficient is also introduced with the effect of
reducing the volume flow through the mean internal water surface. Uncertainty
limits are obtained by taking these damping coefficients to be zero and twice
the nominal values. They are found to be about [-25,+25]%.

Table 3: Evaluation criteria for the F-OWC WEC for chosen sites, obtained
from frequency-domain model.

Unit SEM-REV EMEC Yeu Lisboa Belmullet

Mean power [kW] 147 262 337 367 745
Capture width ratio % 41 50 52 41 38
Energy/Mass [kWh/kg] 0.7 1.3 1.6 1.8 3.6
Energy/Wetted surf. [MWh/m2] 0.19 0.35 0.45 0.49 1.0
Energy/PTO force [kWh/N] 3.42 4.28 5.17 5.94 8.29

3.2 Time domain

The time-domain simulation is performed using an improved Euler method with
a fixed step of 0.004 s, where the convolution terms are evaluated directly by
trapezoidal integration at every time step. After numerical experimentation
with several combinations of integration methods and step size, this combination
of integration method and step size is found to yield acceptable results in the
shortest time for this particular model. The integration methods considered are
the Euler, improved Euler, and Runge-Kutta 4 methods.

Illustrative time histories of the device displacements, chamber dynamic
pressure, and converted power for Tp = 8 s, Hs = 3 m, and RL = 15 kg
m−4 s−1, are shown in Fig. 8, for the cases where the pressure is unlimited
(no relief valve) and where the pressure is limited by the operation of a relief
valve. It is clear from Fig. 8 that the use of relief valve reduces the ratio of
peak-to-average power.

4 Conclusions and recommendations

From these results and the study, the main conclusions are :

• The mean power level that one can expect from the F-OWC is about 340
kW on a site whose wave resource is about 25 kW/m. The uncertainty is
about [-25%, +25%], and comes mainly from the modelling of the viscous
losses.

• The yearly energy delivery per mass is about 1.6 kWh/kg, and the yearly
energy delivery per wetted surface area is about 0.45 MWh/m2 for the Yeu
site which may be taken to represent typical European wave conditions.

• State-space representation of the convolution terms is necessary in order
to accelerate the simulation time of the time-domain model.
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Summary 

This document reports the study of the Pontoon Power Converter (PPC) in the frame of the project 

¨Numerical estimation of energy production from a selection of Wave Energy Converters¨. It contains 

a mathematical model and simulation results for the study of the PPC. 

 Results of the study are the following measures: 

 The annual mean power. 

 The yearly energy output / displacement. 

 The yearly energy output / wetted surface. 

 The duration curves. 

 

These measures were estimated for the PPC using the mathematical model described in this report. 

Results are given in the following Table 1 and in Figure 1. 

From these results and the study, main conclusions are: 

 The mean power level that one can expect from the PPC with 10 pontoons is about 400 kW or 

averagely 40 kW per pontoon on a site whose wave resource is about 27 kW/m and with a 

PPC orientation of 90 degrees to the incoming wave. The uncertainty is about [-10%, +25%]. 

It comes from the modelling of the viscous losses. 

 Aligning the WEC in the direction of incoming waves significantly changes the distribution of 

the power absorbed by each pontoon and the mean power absorption. It shows that an 

orientation of 90 degrees to the incoming waves (i.e. waves with wave crests alongside the 

Bridge) gives the largest power conversion. Decreasing the orientation angle from 90 degrees 

to 45 degrees will decrease the power about [-3%, -30%] and from 90 deg to 0 deg will 

decrease the power about [-10%, -50%]. 



2 

 

 With structure properties as specified in the present study, slacks on the wires that connect the 

Bridge and the Ballast Basket easily occur. Larger pre-tension, optimization on the overall 

structure properties or other re-design is needed to eliminate this problem. However, this has 

not been covered in the present study. This study assumes that the wires are strong enough to 

face the slack behaviour.  

 

Table 1. Estimated values for the evaluation criteria for the PPC with10 pontoons. 

 

Site  SEM-REV EMEC Yeu Lisboa Belmullet 

γ  1 1 3.3 3.3 3.3 

Mean Power [kW] 224 326 409 317 417 

Wave pow. Resources [kW/m] 14.8 21.8 26.8 37.5 80.6 

Capture width [m] 15.1 15.0 15.2 8.4 5.2 

Energy/mass [kWh/kg] 0.42 0.62 0.77 0.6 0.78 

Energy/Wetted surface [MWh/m2] 0.43 0.63 0.79 0.61 0.80 

The uncertainty is estimated to [-10, +25]% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of the absorbed power on a typical 27 kW/m wave site. 

 

 

 The output power of the PPC with 10 pontoons could be rated to 1.4 MW without losing a 

significant amount of production. Limitation of the instantaneous absorbed power to 10 times 

the mean output power (4 MW) would not significantly reduce the mean absorbed power.  
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Figure 3. Sketch of the PPC modelled in the present study. 

 

 

Table 2. System parameters of the modelled PPC. 

 

Property Value Unit 

Pontoon   

Diameter at WL 8 m 

Draft 13.4 m 

Height 16 m 

Displacement 406.15 m3 

Mass 364.26 Tonnes 

Centre of mass 0.6 m below the free surface 

Moment of inertia Ixx 2.1x 104 t.m2 

Moment of inertia Iyy 2.1x 104 t.m2 

Moment of inertia Izz 4.5x 103 t.m2 

Distance between pontoons 18   m (centre to centre) 

Bridge (for 10 pontoons)   

Outer diameter of the member 0.5 m 

Length  132 m 

Width 18 m 

Displacement (including PTO) 272.2 m3 

Mass (including PTO) 467.3 Tonnes 

Centre of mass 27.5 m below the free surface 

Moment of inertia Ixx 7.4 x 104 t.m2 

Moment of inertia Iyy 1.9 x 105 t.m2 

Moment of inertia Izz 1.3 x 105 t.m2 
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1.3 Cost	related	criteria	
The wetted surface and mass are two parameters relevant for the cost of energy provided by any wave 

energy converter. 

 In the case of the PPC, as it is a self-reacting device, all thirteen parts of the system  - 10 

Pontoons, a Bridge and 2 Basket Ballasts – are included in the definition of the PPC significant wetted 

surface and significant mass. The weight and surface of the wires and mooring system are not taken 

into account. They are expected to be small. The totals of the significant wetted surface and mass of 

the modelled PPC are presented in Table 3. 

 

Table 3. Significant wetted surface and significant mass of the modelled PPC wave energy converter. 

 

Criteria  unit 

Significant wetted surface  4547.25 m2 

Significant mass  4746.3 tonnes 

 

 

1.4 Comments	from	the	Pontoon	developer	
In working with this study we have been in contact with the developer of the Pontoon device. They 

have been informed about our study, and have also contributed with comments and specifications for 

the setup of the mathematical model for which we are grateful.  After having received a draft version 

of this report the developer was invited to give a written comment to be included in the report, which 

we cite below: 

 

1 General comment about Energy/mass ratio, ref Tables 7 and 8: 

 

The energy/mass ratio for the PPC is calculated using the gross mass. For the PPC model that 

consists of 10 pontoons, more than 3000 tonnes of this mass was intended to be water ballast 

in the pontoons, which is almost 2/3 of the total mass of 4746 tonnes in Table 3. The 

energy/mass ratio for the PPC would thus look better if the dry mass was applied. However, 

this may be the case also for the other WEC concepts that are compared, so we cannot 

indicate how a similar comparison based on dry mass will change the PPC's competitiveness. 

However, we believe that the ratio energy to dry mass could be a better indicator for how 

economical the power production will be. 

 

As mentioned in the report, a significant amount of the PPC's dry mass is cheap stone 

material, so the expensive part of the mass is even less.  Therefore, the ratio of energy to steel 

mass could probably be an even better indicator for comparing the concepts. 

 

2 Effect of orientation angle and ballast basket geometry for PPC. 

 

In the study, three orientation angles of the bridge are considered; 0°, 45° and 90°.  The 

energy absorption has been found to highest at 90°, and is found to be lower at 45° and lowest 

at 0°.  The first pontoons typically have a higher power output than the pontoons further down 

the row, although the degree of reduction differs from case to case.  The main explanation for 
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this we believe is that the shielding effect is becoming increasingly dominant as the angle 

becomes low.  It is an important result that the optimum power output is found at the high 

angle.  However, we think that there may be some optimum angle that is missed in the study, 

as there is no angle studied between 90° and 45°. 

The basic idea behind the bridge concept is that its x axis can span over a certain distance in 

the wave direction in order to have pontoons working in different phase along the length axis 

of the bridge.  We believe that an optimum can be found when the orientation is changed a 

relatively small angle (perhaps between 5° to 25°) away from the 90° direction.  Then a 

certain effect of the different phases (the “bridge effect”) is achieved while the angle is still 

high enough to maintain a relatively low shielding effect. 

We believe that the “bridge effect” at an angle different from 90° may lead to improvement in 

the PPC’s energy uptake especially for long waves (typical for the Lisboa site) compared to 

the calculated results PTO for 90° angle to the wave. 

 

3 Conclusion 

 

From the considerations about angles we believe there is a potential for increasing the PPC’s 

energy conversion compared to the results in the study.  However, we believe that the study in 

general gives a mainly correct indication of the PPC’s energy harvesting capability, and that 

it will be interesting to see how future tests with a physical model will compare to the results 

from this study.  

 

09.11.2011 

Nils Myklebust 

 

2 Modelling	

2.1 Calculation	of	hydrodynamic	coefficients	and	functions	
To perform hydrodynamic analysis, the panel models of each parts of the PPC used in the study shown 

in Fig. 5 were developed using GeniE [1]. Further, the hydrodynamic properties of each part of the 

PPC were estimated in frequency domain using HydroD [2]. Hydrodynamic interaction between the 

Pontoons is included in the study. However, the effects of the Bridge and the Ballast Basket motions 

on the Pontoons hydrodynamic properties are neglected. Fig. 6 illustrates how the panel model is 

applied in the hydrodynamic analysis of the multibody system in HydroD. 
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Figure 5. Panel models of the Bridge and the Pontoon in the study. 

 

 
Figure 6. Ten Pontoon panel models are included to estimate the hydrodynamic properties of the full 

system, including hydrodynamic interaction.  Computations are made using the HydroD software [2]. 

2.2 Power	take‐off	system	

2.2.1 	PTO	force	distribution	
The hydraulic PTO system is modelled as a coulomb damping term that can be written as:  

 

   FPTO = Fmean – dFPTO  sign(vrel)  (1) 

 

The mean force Fmean for the specified PPC properties can be calculated by considering static position 

of the system as illustrated in Fig. 7. 

 

Fmean = net buoyancy of the Pontoon – (net gravity of the Bridge + net gravity of the Ballast Basket) 

= (((406.15 m3 ∙ ρsalt water)-364.3 kg) – ((467.3 kg -(272.2 m3 · ρsalt water))/10)  

- ((318.2-(148.5 · ρsalt water))/5)) · g    

 = 510.5 kN (= 42.75 bar with the piston of 39 cm in diameter) 
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2.3 Wires	and	mooring	system	
Wires that connect the Bridge and the Ballast Baskets are simply modelled as a linear spring that has 

axial stiffness EA. The connection between the wire and the structure is considered flexible (pin 

joints). No negative tension on the wire is set during the simulation. EA of 106 kN/m is used for each 

wire for all simulation performed in this study. 

 There is no mooring line model included in the simulation. However, a linear stiffness of 103 

kN/m is introduced on the Ballast Baskets in the horizontal (x and y) directions in order to keep the 

system in place. 

 

2.4 	Viscous	damping	forces	
Viscous damping forces have been included and modelled under the form of the Morison equation, 

given by: 

 

0 0

1
( )

2
viscous G GdF C A V V V V       

,    (2) 

where:  

 0V


is the undisturbed flow velocity taken at the instantaneous position of the gravity centre of 

the moving body. 

 GV


 is the velocity of the structure 

 Cd is the viscous coefficient on the specific direction that has projection area A. 

 ρ is the sea water density 

 

 

Viscous forces on the Pontoons and the Ballast Basket: In surge and sway, the Keulegan-Carpenter 

number KCx,y  is expected to be in the range [0,4]. In heave, KCz is in the range [0,1]. Considered as 

small KC, the drag coefficient can be estimated around 0.2 KC for cylinder as given in [4]. Viscous 

drag coefficient then should be between 0.2 and 0.8. In this study, they were chosen equal to 

Cdx=Cdy=Cdz=0.5 as nominal viscous damping coefficient both for the Pontoon and the Ballast Basket. 

 

Viscous forces on the Bridge: The Bridge consists of pipe elements. The nominal viscous drag 

coefficient for  pipes is commonly set to around 0.7 in the transversal direction. This value could be 

doubled if the roughness of the pipe surface changes from smooth to rough. In this study, Cd = 0.7 is 

chosen for transversal direction. Due to long structure, one cannot neglect the variation of the velocity 

along the members. Hence, the viscous damping force on the Bridge is estimated by a sum of discrete 

contributions found by sectioning of the Bridge structure. In this study, each discrete section of the 

Bridge is chosen to be 3 m. This means that the viscous force on the Bridge is calculated by sum of 

154 discrete sections’ contribution. 
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3 Simulation	results	and	energy	assessment	

All simulations in this study are performed in time domain using the SIMO software [3], and the 

results are post-processed using Matlab [5]. Unless otherwise specified, the parameters given in Table 

1 were used in all the simulations presented here.  

 

3.1 Static	condition	
The static condition of the system is estimated by applying small amplitude waves on the model. This 

is needed to see whether the model has the appropriate properties as specified. Some of the results that 

represent static conditions are presented in Fig. 9. The model is able to give appropriate PTO forces 

during this static condition, i.e. it is equal to mean force (510.5 kN). The tensions of the wires are also 

seen to be reasonable. The wire tension during static condition is the initial tension of the wire. It 

depends on the net gravity forces of the Ballast Baskets. This test confirms that the model is able to 

present the correct properties of the system. 

 

 

 

 

 

 

 

 

 

 

(a)                                                 (b)                                                     (c) 

Figure 9. Results of applying small waves on the model to represent static conditions of the system; (a) 

PTO force, (b) heave motion of Pontoon P1 and the Bridge and (c) tension of wires 1L and 2L. 

 

3.2 Optimisation	of	the	PTO	force	(without	constrains)	and	assessment	
of	the	effect	of	wave	height,	period	and	direction	on	the	output	
power	

To get a better understanding of how the PTO force setting affects the power absorbed by the PPC, the 

power function (p(T) = Pa(T)/A, average absorbed power as a function of wave period divided by 

incident wave amplitude) is calculated for several different PTO force settings. As described before, 

only dFPTO has been varied in the present study. The effects of the incoming wave height and direction 

on the power function are also assessed. Table 4 shows the simulation cases with varying sea state and 

PTO force conditions. All simulations in this table are performed with regular waves and viscous 

forces have been neglected in the model. Fig. 10 illustrates the three incoming wave directions 

specified in the Table 4. 

 

Table 4. PTO Force and waves properties setting. 
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Case number Wave Direction Wave Height (m) dFPTO (kN) Cd/Cd nominal 

1a 0 1 50 0 

2a 0 1 100 0 

3a 0 1 150 0 

4a 0 1 200 0 

5a 0 2 100 0 

6a 0 3 100 0 

1b 45 1 50 0 

2b 45 1 100 0 

3b 45 1 150 0 

4b 45 1 200 0 

5b 45 2 100 0 

6b 45 3 100 0 

1c 90 1 50 0 

2c 90 1 100 0 

3c 90 1 150 0 

4c 90 1 200 0 

5c 90 2 100 0 

6c 90 3 100 0 

 
 

 
 

 

Figure 10. Three different wave directions considered in the simulations. 

 
Wave direction: 0 deg (cases 1a – 6a) 

Fig. 11 shows the power function computed for cases 1a – 6a, which apply a wave direction of 0 

degrees. One can see that starting from the low value, the effect of increasing dFPTO is first to shift the 

peak of absorbed power to higher wave periods and to decrease the maximum power absorption. From 

the same figure, we also can see that the bandwidth of the system becomes narrower when dFPTO is 

increased. 

 An opposite trend is observed from Fig. 11 (b) when wave height is increased while keeping 

PTO constant. Increasing the wave height results in shifting the peak of power absorption to lower wave 

period and increasing the maximum power. Broader bandwidth of the system occurs when wave 

height is increased. 

 Comparing Figs. 11 (a) and (b), one can understand that the observed trends are related to each 

other. Knowing that the PTO force setting is varied as indicated in Fig. 8, where the direction of the 
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force is changing but the magnitude dFPTO, of the opposing force is kept constant, it is understood that 

the effect of increasing dFPTO and keeping the wave height constant will have the same effect on the 

power function as decreasing the wave height and keeping dFPTO constant. 

 The setting of the dFPTO parameter has two effects: (i) it decides when the check external 

forces on the buoy is large enough make it move (corresponding to the threshold pressure for the 

check valve), and (ii) it sets the magnitude of the resistance that the machinery yields on the buoy 

when it moves.  In this way this one control parameter influences both the phase of the buoy 

oscillation and its amplitude.  Ideally, one would like to control both of these (phase and amplitude) 

independently.  

 This may be achieved with a more sophisticated hydraulic machinery than projected here. 

 

(a)                                                                                (b) 

Figure 11 The power functions (average per Pontoon) for (a) cases 1a-4a and (b) cases 2a, 5a, 6a. 

 

Distribution of the mean power absorbed by each Pontoon is plotted in Fig. 12. One will 

expect that with 0 deg wave direction, symmetrical distribution of P1-5 and P6-10 will be produced. 

This is confirmed by the results. Some small differences are observed but it is considered as a small 

and negligible simulation error.  

 The contribution of the each pontoon to the total absorbed power is varying with the sea state 

and with PTO force setting. However, one can see that in most of the cases with 0 degree wave 

direction, P1-2 and P6-7 are the Pontoons that most contribute to the absorbed power. Compared to 

those Pontoons, significant reduction on mean power is observed for the Pontoons P3-5 and P8-9. In 

some specific cases such as cases 3(a) and 4(a),  the contributions from P3-5 and P8-9 are almost 

negligible.  This is something that should be avoided in the WEC operation as it results in poorly 

exploitation of the installed equipment. It may be concluded that the influence of size of the Pontoons 

and the distance between them should be studied more carefully in order to ensure efficient use of the 

equipment.  With the configuration specified in this study the distance seems too narrow compared to 

the size of the Pontoon.  The situation is expected to be even worse if the number of Pontoons is 

increased as specified in the full size PPC. Optimization of the properties of the system is needed 

especially if PPC is expected to work with the orientation of 0 deg to the incoming waves. 
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                                       (a)                                                                                 (d) 

 

 

 

 

 

 

 

 

 

 

 

 

                                      (b)                                                                                   (e) 

 

 

 

 

 

 

 

 

 

 

 

 

                                      (c)                                                                                     (f)  

Figure 12 Distributions of power absorbed by each Pontoon for cases (a) 1a, (b) 2a, (c) 3a, (d) 4a,       

(e) 5a and (f) 6a, respectively. 
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Wave direction: 45 deg (cases 1b – 6b) 

Fig. 13 shows the power function resulting from cases 1b – 6b, which apply a wave direction of 45 

degrees. The effect of increasing dFPTO is to shifts the peak of power absorption to higher wave 

periods. This is similar to what observed for the 0 degree cases. However, in the case of 45 degrees 

wave direction, increasing dFPTO results in increased maximum power absorption. From the same 

figure, we can see that narrower bandwidth of the system also occurs when dFPTO is increased. 

 As before, an opposite trend is observed from Fig. 13 (b) when wave height is increased while 

keeping dFPTO constant. Increasing the wave height both shifts the peak of power absorption to lower 

wave period and also decreases the maximum power. Broader bandwidth of the system occurs when 

wave height is increased. 

 

   

 

 
 
 
 
 

 

 

 

 

 

                                           (a)                                                                               (b) 

Figure 13 The power functions (average per Pontoon) for (a) cases 1b-4b and (b) cases 2b, 5b, 6b 

 

Distribution of the mean absorbed power by each Pontoon in specified cases are plotted in Fig. 14. 

The contribution of the each pontoon to the total absorbed power is varying with the wave condition 

and PTO force setting for the simulation. However, one can see that in most of the cases with 45 deg 

wave direction, Pontoons P6-10 and P1-2 are the Pontoons that contribute the most to the total 

absorbed power. Pontoons P3-5 contributes considerably less. Given that 45 deg waves can be 

represented by a linear summation of incoming wave from 0 and 90 degrees, one can expect that 

distribution of absorbed power among pontoons for 45 degrees wave direction equals the average 

between the cases of 0 and 90 degrees wave direction.  For the 45 degrees cases that have been 

described previously, P1-2 and P6-7 are the largest contributors to the total power. Compared to those, 

P3-5 and P8-10 absorb less power. For the cases of 90 deg waves that will be explained later on in this 

report, one can expect that P6-10 will be the most contributors since they are located in the first row to 

face the incoming wave. Summation of those contributions will go to the explanation why Pontoons 

P6-10 and P1-2 are the Pontoons that contribute the most to the absorbed power, while Pontoons P3-5 

give less absorption. 
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                                   (c)                                                                                  (f) 

Figure 14 Distributions of power absorbed by each Pontoon for cases (a) 1b, (b) 2b, (c) 3b, (d) 4b,       

(e) 5b and (f) 6b, respectively. 
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observed here. From the same figure, we can see that narrower bandwidth of the system also occur 

when the dFPTO is increased. 

 As before, an opposite trend is observed in Fig. 15 (b) when wave height is increased while 

keeping dFPTO constant. Increasing the wave height results in decreasing the maximum power. Broader 

bandwidth of the system occurs when wave height is increased. 

 

 
 
 
 
 
 
 
 
 
 
 
                                            

                                   (a)                                                                               (b) 

Figure 15 The power functions (average per Pontoon) for (a) cases 1c-4c and (b) cases 2c, 5c, 6c 

 
 
The distribution of the mean absorbed power by each Pontoon in specified cases is plotted in Fig. 16. 

The contribution of each pontoon to the absorbed power is varying with the wave condition and PTO 

force setting. However, one can see that in most of the cases with 90 deg wave direction, the mean 
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Figure 16 Distributions of power absorbed by each Pontoon for cases (a) 1c, (b) 2c, (c) 3c, (d) 4c,       

(e) 5c and (f) 6c, respectively. 
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Figure 17. Comparison of the total mean absorbed power for three different wave directions.  

 

3.3 	Negative	tension	(slack)	on	the	wire	–	an	observation		
The present study’s focus is to see the behaviour of the PPC system with regard to the energy 

absorption, using only the system properties specified by the developer. No optimisation of the PPC 

system properties that relate to the integrity of the structure has been carried out in this work. 

However, during simulations the wire tension has been monitored and the results are reported in Table 

5.  A sample of time series for the wire tension is presented in Fig. 18. 

 Simulations results indicate that negative tension on one or more wires easily occur with the 

PPC properties specified for this study. The initial tension of the wires, which is governed by the net 

gravity forces on the Ballast Basket, is not sufficient to accommodate the reduced tension caused by 

the motions. The initial tension of the wire could be increased by applying heavier Ballast Baskets 

(combined with a lighter Bridge in order to keep the total net weight constant). How this would change 

the overall PPC properties discussed further in this report. A different strategy would be to do more 

investigation on the motions of each body, such as to come up with other possible solution to 

minimize the wire tensions. Again, this is not included in the present study. 

  
 
 

 

 

 

 

 

 

                        (a)                                                     (b)                                                  (c) 

 

Figure 18 Time series for tensions on wire 1L and 2L from (a) static position, (b) case 2a and (c) case 

5b, respectively.  
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Table 5. Slack-event observations from the simulation -  indicates that negative tension is observed 

in one or more wires. 

 

 

 

 
 

 

3.4 Assessment	of	the	influence	from	the	viscous	damping	
There is a rather large uncertainty on the value used for the viscous damping coefficients. Hence, it is 

important to assess the sensitivity of the system responses to variations in this coefficient.  Table 6 

summarises the simulation cases done in the present study to assess the influence that the uncertainty 

of the viscous damping coefficients has on the PPC’s power production.  

Fig. 20 shows a comparison of power functions per pontoon for the simulations cases 

specified in Table 6. It shows that the application of higher values for the viscous damping coefficient 

results in decreasing the value of the power function . One can see that compared to 0 and 45 degrees 

waves cases, a stronger effect of viscous damping is observed in cases with 90 degrees waves. The 

absolute decrease in power output is in general larger from the case of no viscous loss to the case of 

nominal viscous loss than from the case of nominal viscous loss to the case of double nominal viscous 

loss.  

Dir=0 H=2 m H=3 m
T (s) dF=50 kN  dF=100 kN dF=150 kN dF=200 kN dF=100 kN dF=100 kN 
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10  ‐ ‐ ‐ ‐ ‐ 
11  ‐ ‐ ‐ ‐  
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14  ‐ ‐ ‐ ‐  ‐

H=1 m
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4 ‐ ‐ ‐ ‐ ‐ 
6 ‐ ‐ ‐ ‐  
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8 ‐ ‐ ‐ ‐  
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Comparisons of the mean power for each case with different viscous damping coefficients are 

presented in Fig. 19. It indicates that the uncertainty of power output resulting from the modelling of 

viscous losses will be about [-10%, +25%].  

 

 

 

Table 6. Cd setting 

Case number Wave Direction Wave Height (m) dF (kN) Cd/Cd nominal 

7a 0 1 100 0 

8a 45 1 100 0 

9a 90 1 100 0 

10a 90 2 100 0 

11a 90 3 100 0 

7b 0 1 100 1 

8b 45 1 100 1 

9b 90 1 100 1 

10b 90 2 100 1 

11b 90 3 100 1 

7c 0 1 100 2 

8c 45 1 100 2 

9c 90 1 100 2 

10c 90 2 100 2 

11c 90 3 100 2 

 

 

 

 

 

 
Figure 19 Comparison of the mean power absorption in different viscous damping coefficients.  
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                                        (a)                                                                           (c) 
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                                                                               (e) 

Figure 20 The power functions (average power per pontoon) for cases (a) 1a-c, (b) 2a-c, (c) 3a-c, (d) 

4a-c and (e) 5a-c, respectively.  

 
 
 

3.5 Optimisation	of	the	PTO	force	(with	constrains)	
Assessment of the effect of the value of dFPTO to the response of the system has been described in 

section 3.2. It shows that the power functions are varying with dFPTO value, wave period, wave height 

and incoming wave direction. It is expected that there will be a value of dFPTO that gives maximum 

power for each sea state. For that purpose, the optimisation of dFPTO value within its possible range is 

performed. As described in section 2.2, the possible range of dFPTO values considered in this study is 
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from 50 kN to 500 kN. The optimisation is done only for the case where the orientation angle of the 

PPC to the incoming wave is 90 degrees since it is considered that this case will give maximum power 

production. Due to restricted computational resources, only regular waves have been applied on the 

optimization process as this is less time consuming. The results are summarized in Fig. 21. The 

application of these values for dFPTO is to maximise the mean power output for each combination of 

wave height and wave period in regular waves. 

 

  

 
Figure 21 Matrix of the optimized values of dFPTO in the orientation angle of 90 degrees between the 

PPC and the incoming waves. 

 

 

3.6 Power	matrix	and	criteria	
In order to estimate the power matrix for the PPC, time domain simulations were performed in 

irregular wave using the JONSWAP spectrum. All quantities are derived from 1200s duration 

simulations, with a time step of 0.01s. To remove the transient effects, the first 15 x Tp and the last 1 x 

Tp seconds are not taken into account in the calculation of absorbed power.  

Fig. 22 shows the power matrix of the PPC studied in this report. Fig. (a) is the mean absorbed 

power per pontoon and (b) is the maximum instantaneous power recorded over the duration of the 

simulation for each sea state. 

The power matrix in Fig. 22 is derived considering only 90 degrees wave incidence angle. The 

choice of using only 90 degrees is because we would like to see the possible maximum power 

produced by the system and to be able to estimate the production from the full size PPC, which will 

use 73 Pontoons. From the distribution of power at each pontoon served in section 3.2, it is understood 

that each pontoon in the same row will contribute about the same power when 90 deg waves are 

applied. Some side effects are observed but consider to be small. Therefore, once the mean absorbed 

power per pontoon is estimated, the power output from the full size PPC with 73 pontoons can be 

found. However, this would not be the case if 0 and 45 degrees are applied, as for these the 

hydrodynamic coupling and attenuation of the power gives a more complex situation. However, the 

effect of the orientation angle assessed for regular waves (Section Error! Reference source not 

found.) may be taken as an indication of how the situation may be also for the full-size device.   
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 For each sea states, the optimized value of dFPTO shown in Fig. 21 is applied, using significant 

wave height and peak period instead of wave height and period given for the regular wave.  Direct 

application of the dFPTO values optimised for regular waves also in irregular waves, will create an 

uncertainty in the results. The values of wave height and wave period for regular waves are not 

directly transferable to irregular waves, and therefore it is not clear how to choose the dFPTO setting for 

irregular waves based on the regular wave results.  However, based on experience and on results from 

other studies that are part of the same project as this study, it is expected that the error introduced by 

this practice will be small.  This is related to the fact that this system most of the time is operated far 

from resonance for the oscillating buoys.  Then optimal machinery damping will be much larger than 

the hydrodynamic damping of the system, and the response less sensitive to variation in the machinery 

damping.  In cases where the system operates at or close to resonance, the optimal machinery damping 

will be similar to the hydrodynamic damping, and then the response will be much more sensitive to 

variation in this parameter, especially if, at the same time, the viscous losses are small. 

On this background, the application of dFPTO values optimised for regular waves is considered 

to be sufficient. The uncertainty from this practice is expected to be smaller than the one that come 

from viscous damping model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                             (a)                                                                          (b) 

Figure 22 (a) Matrix for the mean absorbed power per pontoon and (b) matrix for the maximum 

instantaneous power at Pontoon 1.  The horizontal axis gives the peak period and the vertical axis the 

significant wave height of each sea state.  The dFPTO values used were optimised for regular waves. 

 

 

From Figures 22 (a) and (b) it is observed that the maximum instantaneous absorbed power typically is 

about 10 times the mean power. It means that the PTO system has to deal with large peaks of 

instantaneous power. This is a drawback that most of the proposed WECs have to face. However, in 

the case of the PPC, one should notice that by changing the orientation of the device and operating the 

hydraulic system properly, it is possible to smooth the power such that the high values of 

instantaneous power do not feed through to the electric generator.   

 By multiplying the power matrix with wave data statistics, one can calculate an estimate for 

the annual energy delivery from the PPC placed at different offshore sites. Estimates for the sites 

included in this project are reported in Table 7 along with derived measures for the assessment criteria. 
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Table 7. The power delivery and performance criteria for 10 pontoon PPC device. 

 

Site  SEM-REV EMEC Yeu Lisboa Belmullet 

γ  1 1 3.3 3.3 3.3 

Mean Power [kW] 224 326 409 317 417 

Wave pow. Resources [kW/m] 14.8 21.8 26.8 37.5 80.6 

Capture width [m] 15.1 15.0 15.2 8.4 5.2 

Energy/mass [kWh/kg] 0.42 0.62 0.77 0.6 0.78 

Energy/Wetted surface [MWh/m2] 0.43 0.63 0.79 0.61 0.80 

 

One can see that the mean annual power that one can expect from the specified PPC goes from 224 

kW for SEM-REV site up to 417 kW for the highly energetic Belmullet site. For a typical wave 

resource of about 27 kW/m, the typical absorbed power by the PPC is about 400 kW. However, a 

decrease in power output to 300 kW is observed at the Lisboa site where the mean wave power 

resource is 37.5 kW/m. The reason for this is that the distribution of the sea states at Lisboa is 

dominated by sea states with higher wave periods as compared to others sites. This doesn’t fit well 

with the PPC power matrix, which has the best efficiency for wave period around 7 to 10 s. 

 The typical mean capture width of the PPC with 10 pontoons is about 15 meters for three sites 

of lowest mean annual power level, and is considerably lower for the sites of Lisboa and Belmullet. It 

indicates that the capture width depends on the site. A maximum of 15.2 meters is reached for Yeu 

site. 

 Table 8 shows the comparison of the performance criteria for the studied PPC device with 

some others devices considered for the Yeu site.  

 One can see that PPC has an average hydrodynamic efficiency compared to others. The ratio 

of energy per mass of the PPC is also in the average range. However, it has a high value for the ratio 

of energy per wetted surface, which is equal to that found for the F-2HB (floating two-body heave-

buoy inspired by Wavebob) but smaller than that found for the F-OF (floating oscillating flap device 

inspired by Langlee). In this respect it should be noted that for the PPC, the mass is mostly due to the 

Ballast Baskets, which will contain cheap ballast, such as stone.  

 

Table 8. Comparison of performance measures for the PPC and others WEC designs at the Yeu site.  

The other WECs are the floating oscillating flap device (F-3OF) inspired by Langlee, the floating two-

body heaving device (F-2HB) inspired by Wavebob, the bottom-reference heaving buoy (Bref-HB) 

inspired by Seabased and the bottom-standing heave-buoy array (BF-HBA) inspired by Wavestar. 

 

Technology  PPC F-OF F-2HB Bref-HB B-HBA 

Mean Power [kW] 409 219 191 3.3 190 

Capture width [m] 15.2 8.17 7.12 0.12 8.08 

Hydrodynamic Eff  [%] 19 33 36 6 11 

Energy/mass [kWh/kg] 0.77 1.36 0.338 0.92 1.04 

Energy/Wetted surface [MWh/m2] 0.79 0.89 0.79 0.68 0.383 

 

 

Fig. 23 shows the distribution of the absorbed power in function of the power level. Left figure 

shows the probability for the power production to be between two levels and right figure shows the 

probability for the power to be greater than a given power level. It has been calculated with wave 

statistics of the Yeu site. One can see the absorbed power is greater than the mean power only 37.5% 

of the year. 
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Figure 23 Distribution of the power production. 

 

4 Conclusions	and	recommendations	

From these results and the study, the main conclusions are: 

 The mean power level that one can expect from the PPC with 10 pontoons is about 400 kW or 

averagely 40 kW per pontoon on a site whose mean annual wave power level is about 27 

kW/m with the PPC orientation of 90 degrees (wave crests parallel to the bridge). The 

uncertainty of the power estimate is about [-10%, +25%]. It comes from the modelling of the 

viscous losses. 

 Changing in the WEC orientation relative to the direction of incoming waves significantly 

changes the distribution of the power absorbed by each pontoon and the mean power 

absorption. It shows that PPC orientation of 90 degrees to the incoming waves (wave crests 

parallel to the Bridge) give the largest power output. Decreasing the orientation angle from 90 

degrees to 45 degrees will decrease the power about [-3%, -30%] and from 90 degrees to 0 

degrees will decrease the power about [-10%, -50%]. 

 With the configuration used in the present study, slack easily occurs on the wires that connect 

the Bridge and the Ballast Basket. Larger pre-tension or optimization on the overall structure 

properties to reduce the bridge and basket motions is needed. However, this has not been 

studied any further in the present study. Here it has been assumed that the wires are strong 

enough to face the slack behaviour.  

 The output power of the PPC with 10 pontoons could be rated to 1.4 MW without losing a 

significant amount of production. Limitation of the instantaneous absorbed power to 10 times 

the mean output power (4 MW) would not significantly reduce the mean absorbed power.  
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Summary

This document reports the study of a bottom standing oscillating flap (B-OF)
made for wave energy conversion in the frame of the project “Numerical es-
timation of energy production from a selection of Wave Energy Converters”.
It contains a mathematical model and simulation results for the estimation of
power delivery and dynamic performance.

The characteristics of the studied wave energy converter is expressed through
the following criteria:

• The annual mean power.

• The yearly energy output / displacement.

• The yearly energy output / wetted surface.

• The power per unit of significant PTO force.

• The power per unit of excitation force

• The duration curves.

These criteria were estimated for the B-OF using the mathematical model
described in this report. Results are given in the following table and in Figure 1.
The main conclusions from the study are :

• The mean power level that one can expect from the B-OF WEC is about
440 kW on a shallow-water site whose off-shore wave resource is about
30 kW/m. The uncertainty is about [−4%,+30%], and comes mainly
from the modelling of the viscous losses.
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• The yearly energy delivery per mass is about 1 kWh/kg, and the yearly
energy delivery per wetted surface area is about 2 kWh/m2 for the Yeu
site which may be taken to represent typical European wave conditions.

• The rated power output power (i.e. the maximum average delivered power
during each sea state) of the B-OF could be limited to 2MW with only
a small decrease in energy delivery. Limitation of the instantaneous ab-
sorbed power to 10 times the mean output power (4MW) would not sig-
nificantly reduce the mean absorbed power.

• Viscous losses may be important for the dynamics of this type of advice,
and should thus be thoroughly considered in mathematical modelling of
such systems.

SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 13.3 19.6 23.5 33.7 72.5 12.0

Mean power [kW] 211 348 440 513 981 243
Capture width [m] 15.8 17.8 18.7 15.2 13.5 20.0
Ey / mass [kWh/kg] 0.49 0.80 1.0 1.2 2.3 0.56
Ey / Awet [MWh/m2] 0.92 1.5 1.9 2.2 4.2 2.0
Ey / FRMS

PTO [kWh/N] N/A 1.1 1.4 1.6 2.1 0.97
Ey / FRMS

wave [kWh/N] N/A 3.4 4.1 4.8 6.6 2.8

Table 1: Evaluation criteria for the B-OF WEC for chosen sites having mean
annual wave energy transport J , and where sea states are synthesised with a
spectrum peakedness factor γ. The parameters are calculated based on the
yearly energy delivery Ey. The mass is taken as the total mass of the ballasted
installed structure and its concrete gravity base, and Awet is the total wetted
surface area of the structure (flap, barrier and base). Significant PTO force
FRMS

PTO
and significant wave force FRMS

wave are taken as the yearly RMS values.
The uncertainty of the numbers is estimated to [−4, 30]%.
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Figure 1: Distribution of the power production on a typical 25 kW/m wave site.
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Figure 2: Side view sketch of the geometry that is analysed in this report. The
oscillating flap is 26 m wide. Note the point O where hydrodynamic forces have
been evaluated, and point P about which the flap oscillates. The rotation angle
is called θP .

1 System description - The B-OF wave energy

converter

A simplified sketch of the system studied in this report is shown in Figure 2. It is
a simple pitching flap, oscillating about a fixed axis close to the sea bottom, and
is so suitable for shallow and intermediate water depth. It will here be referred
to as a bottom-standing oscillating flap (B-OF). The device is inspired by the
Oyster800 wave energy converter under development by Aquamarine Power in
Scotland, which is made for a nominal water depth of 13m. Figure 3 shows
a 3D rendering of the Oyster800 geometry. Investigations of this system and
issues related to it have been reported in several papers by authors at Queen’s
University Belfast and associates, see [1, 2, 3, 4, 5, 6]

1.1 Dimensions and mechanical parameters

Figure 2 shows the geometry of the studied device. It is based on information
from the developers of the Oyster800. The overall dimensions are the same as
for the Oyster, but the geometry has been simplified. From these dimensions,
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Figure 3: Picture of the Oyster800 wave energy converter.

mechanical parameters have been calculated as shown in Table 2, and hydrody-
namic parameters have been estimated, cf. Section 2.5.1. As we shall see, the
simplification of the geometry has little influence on the parameters used in this
study.

According to staff at Aquamarine Power, the mass of the flap is between
100 and 200 tonnes. Assuming that 15mm steel has been used, the structural
mass of the flap is about 87.5 tonnes. In this study it was chosen to add a point
mass of 62.5 tonnes at x=(0,0,-6.0), such that the total mass of the flap is 150
tonnes.

The flap pivot axis is located 4.0m above the sea bottom, and the passage
below the flap is closed by a barrier. Assuming the same material for this part,
the total mass of the flap and barrier is about 122,5 tonnes. It gives an excess
buoyancy of about 500m3. Thus total ballast of 678 tonnes (63 tonnes for the
flap and 615 tonnes for the barrier) has been assumed, yielding a total mass of
800 tonnes for the device. This corresponds to numbers given for the Oyster
device, although Aquamarine power (who is developing the Oyster) hopes that
these numbers can be reduced to some extent.

1.2 Power take-off system and control

The Oyster is planned for a hydroelectric machinery system, where a pump
placed at the rotating shaft pumps pressurised hydraulic oil1 to a shoreline
station. There the hydraulic energy is used to drive an electric generator. Ac-
cording to Cameron et al. [5], the distance from the 13m contour to shore in
British and Irish waters typically varies from a couple of hundred meters to a
couple of kilometres, which signifies the order of length needed for the hydraulic
transmission.

It can be beneficial to ballast some water in it in order to decrease the

1Future versions of the Oyster device will use a closed-loop fresh water hydraulic system

in order to reduce the risk of enviromental damage
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Property Measure Unit

Overall

nominal water depth 13.0 m
mass of steel 122 500 kg
mass of ballast 678 000 kg
mass of concrete 3 000 000 kg
mass flap+barrier+ballast 800 000 kg
mass including gravity base 3 800 000 kg
submerged volume, flap+barrier 624 m3

wetted surface, flap+barrier 1039 m2

significant wetted surface 2030 m2

Flap

width 26 m
freeboard (MWL to top of flap) 3.0 m
hinge height from seabed 4 m
flap height 12.0 m
flap thickness 2.0 m
steel thickness 15 mm
mass off steel 87 500 kg
ballast mass (as point in (0,0,-6)) 62 500 kg
mass, including ballast 150 000 kg
centre of gravity (CG), z-coord -2.74 m
moment of inertia (about CG) Iyy 2.24·106 kgm2

pivot axis (P) z-coordinate -9.0 m
water-plane area 52 m2

submerged volume 442 m3

significant wetted surface 744 m2

Barrier

width 26.0 m
height 4.0 m
thickness 2.0 m
mass of steel 35 000 kg
mass of ballast 615 000 kg
mass including ballast 650 000 kg
submerged volume 182 m3

significant wetted surface 296 m2

Gravity base

width 26.0 m
length 26.0 m
thickness 2.0 m
mass of concrete 3 000 000 kg
significant wetted surface ≈ 1000 m2

Table 2: System parameters
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stiffness and increase its inertia, in order to tune its dynamic response. The
corresponding parameter is called MPTO, taking into account the mass of ad-
ditional water ballasted in the flap. It is assumed that it applies at the gravity
centre of the flap, and that it has no specific inertia.

To model power absorption, a resistive machinery loading will be consid-
ered. It is believed that it will give a good estimate of the potential for power
absorption by this kind of device. Additionally, a spring term KPTO is added
in the PTO force as a tuning parameter to improve the power absorption.

1.3 Location and scaling of wave power resources

The Oyster device is designed for a nominal water depth of 13m, and this is
also used throughout this study for the B-OF. In order to be able to compare
the results obtained in this study with results for other devices studied within
the frame of the same project, it was decided to assume the same offshore wave
power resource for all studies. For shallow-water devices the waves are assumed
to propagate into shallow water according to linear refraction, but with an
energy loss of 10% for each and every wave component in the wave spectrum.
This is described more in detail in a separate note [7].

1.4 Cost-related criteria

1.4.1 Mass, displacement and wetted surface

The wetted surface and mass are chosen here as two relevant costs-related mea-
sures that can be derived for any wave energy converter.

As discussed above, the total mass of the bottom-standing oscillating flap
is assumed to be about 800 tonnes. Additionally we need an estimate for the
mass of the anchoring system. Figure (4) shows a time series of the horizontal
wave force that this anchoring system would have to deal with. It was obtained
through numerical simulation, using the time domain model which is detailed
further in this report. The sea state parameters are Tp = 12 seconds, Hs = 5
meters, and γ = 3.3. It is a strong sea state, but likely to happen several times
a year.

One can see that the typical order of magnitude of this force is about 10MN.
In this simulation, one can see that there is a peak at 15MN. Let assume the flap
is fixed on a gravity based structure. Let assume that for stronger sea states, the
system is in safe mode, such a way that 15MN is never exceeded. Assuming a
friction coefficient of 0.5 (concrete on wet sand 0.4, on wet rock 0.5), the weight
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of the gravity based structure should be 3000 tonnes. Assuming a contact
surface of about twice the vertical crossectional area of the flap (26m× 26 m)
and concrete as material, the height of the gravity base is 2 m.

Eventually, the overall significant mass of the buoy plus mooring is estimated
to be about 3800 tonnes and the total wetted surface of the flap and barrier and
anchoring system is about 2030m2, including the part of the flap that pierces
the water surface. This will in this report be chosen as the significant wetted
area.

1.4.2 Significant forces

The two other cost related measures considered here are the significant PTO
force and the significant wave force. They both have zero mean values. So, they
are defined as the RMS values over the whole year.

1.5 Comment from the Oyster developer

In working with this study we have been in contact with the developer of the
Oyster device. They have been informed about our study, and have received a
draft copy of this report. We proposed to the developer to give comment for
inclusion into the report, and this is the comment from the Oyster team:

Aquamarine Power Ltd. would like to recognise the excellent efforts made by
Dr. Babarit and Dr. Hals during this investigation. Performing a detailed
and fair comparison of numerous devices with diverse and unique operational
characteristics is certainly challenging. This has compelled the authors to
make some necessary assumptions to achieve a comparison. In our review
of the Bottom Standing Oscillating Flap (B-OF) concept, which is repre-
sentative of the Oyster R© technology developed by Aquamarine Power Ltd.,
we note that a gravity base foundation solution is assumed. Aquamarine
Power Ltd. have found that a piled foundation concept is a much more cost
effective solution. The use of a piled foundation significantly reduces the
overall mass and cost of the device with the most recent full scale Oyster
800 steel device being over 3 times lighter than the mass estimate of the
B-OF concept. Our next generation machine is expected to weigh even less,
improving further the power to mass ratio of the Oyster device.

1.6 Physical rationale for studying bottom-hinged flap de-

vices

Arguments for pursuing the development of bottom hinged flap devices as the
one studied here include the following:

• The shoaling effect of ocean wave entering shallow water makes that energy
is transferred from vertical to horizontal water motion. This tends to
increase the surge forces relative to the heave forces. As long as the water
depth is not too shallow, this more than outweighs the reduction in wave
power level due to dissipation as the wave travels into shallower water.

• The distance to shore is short, and hence also the costs for energy trans-
port.
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• The bottom-hinged flaps naturally have a high bandwidth, so there is no
need for phase control (hence no handling of reactive power flow).

• There is no end-stop challenge with the pitching flaps, as they will lose
the excitation force when the amplitude gets too large.

• Survival in storm conditions can be facilitated by swinging the flap and
keeping it close to the bottom.

2 Mathematical description

Here, the incident waves are assumed to be mono-directional and propagating
in the positive x direction. As the flap is pivoting about a fixed axis, the system
has only one degree of freedom: pitch. It is assumed that all motions are of
small amplitude and all second order effects are neglected.

The forces that determines the dynamics of the device are

Excitation forces: The flap will experience a torque from the hydrodynamic
pressure due to the incident and diffracted waves. This is labelled the
excitation torque τex.

Hydrodynamic forces: As the flap moves it feels the pressure generated in
the water it moves. This sums up to a radiation torque, which will conven-
tionally be divided in added mass and radiation terms; τA(ω) = A(ω) θ̈P
and τB = B(ω) θ̇P (here assuming that the system is excited by a regular
wave of angular frequency ω).

Hydrostatic forces: The flap feels a hydrostatic force τC = C θP , where the
hydrostatic coefficient C is equal to the sum of:

• the hydrostatic stiffness coefficient C55 of the flap if it would be neu-
trally buoyant. It is a function of the mass of the flap (and its dis-
tribution) and the water plane area.

• the product of net buoyancy force g (ρ V − M) times the vertical
height d from the hinge to the gravity centre of the flap.

• minus the product of the additional ballasted mass MPTO force times
the vertical height d.

Viscous damping forces: The viscous torque τv on the flap is estimated by
dividing the flap in ten horizontal sections and computing the viscous force
Fv,i on each section by taking into account the relative motion between the
flap section and the surrounding water (corresponding to the undisturbed
wave). This gives the following expression:

τv =

9
∑

i=1

−−→
PMi ×

−−→
Fv,i(Mi) (1)

with:

−−→
PMi = [xi, yi, zi − zP ] (2)

−−→
Fv,i(Mi) = −CvAi(

−→
V (Mi)−

−→
V0(Mi)) ||

−→
V (Mi)−

−→
V0(Mi)|| (3)
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Here Mi = (xi, yi, zi) is the middle point of section i, zP is the vertical
coordinate of the shaft, Cv is the drag coefficient, Ai is the crossectional

area of section i,
−→
V (Mi) is the velocity of section i and

−→
V0(Mi) is the

water velocity of the undisturbed incident wave.

PTO forces: As mentioned (Section 1.2), the PTO torque is assumed to be
linear; τPTO = −IPTO θ̈ − BPTO θ̇ − KPTO θ̇, where IPTO = MPTO d is
the machinery inertia, BPTO is the machinery resistance and KPTO is the
coefficient for the machinery spring effect.

2.1 Bond graph for the dynamic system

A bond graph for the system can be drawn simply as shown in Figure 5. It
includes the forces listed above along with the inertia forces. The transformer
is needed because the hydrodynamic forces are evaluated in the Cartesian co-
ordinate system with z = 0 at the mean surface level. It corresponds to a
conventional change of coordinate systems known from classical mechanics. A
simpler bond graph can be made to represent the system, where the hydrody-
namic parameters are transformed to rotation about the point P, see Figure 6.
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Figure 5: Bond graph for hydrodynamic description with six degrees of freedom.
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Figure 6: Bond graph for system with hydrodynamic parameters transformed
to rotation about point P.
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2.2 Equations for the constrained system

According to the last bond graph, the state-space equation for the system is
simply

q̇6 = f6 = p4/I4 (4)

ṗ4 = e4 = e1 − e2 − e3 − e5 − e6 = τex − τPTO − τv − τB − q6/C6 (5)

where q6 = θP and p4 = I4 θ̇P . Further 1/C6 = C, the hydrostatic stiffness.
Now as the hydrodynamic parameters are evaluated for a coordinate system

at point G, we need the transformation T that converts between the angular
speed θP around the pivot axis P and the motion η̇G about point G:

η̇G = T θP (6)

By considering the following relations between the motion η̇0 of point G and
the angular velocity θ̇P of point P,

ẋG = | ~PG| cos θP θ̇P (7)

żG = −| ~PG| sin θP θ̇P (8)

θ̇G = θ̇P (9)

we see that the transformation matrix is given by

T =





| ~PG| cos θP
−| ~PG| sin θP

1



 (10)

In accordance with classical mechanics, the parameters needed for solution of
the system equations (4) and (5) can now be found as

A(ω) = I4 − (IP + IPTO) = TT AG(ω)T (11)

B(ω) = R5 = TT BG(ω)T (12)

CHS = 1/C6 = TT CG(ω)T+ g (ρ V −M −MPTO) d+KPTO (13)

where AG, BG and CG are added mass, radiation resistance and hydrostatic
stiffness coefficient matrices evaluated with reference to a coordinate system
centred at point G, and containing elements only for the surge, heave and pitch
modes. Furthermore, IP = TT MG(ω)T is the rigid-body mass matrix MG

transferred to rotation about point P. Equations (4) and (5) can now be written
out as

θ̇P = wθ (14)

ẇθ =
1

IP + IPTO +A(ω)
(τex − τPTO − τB − τv − q6/C6) (15)

=
1

IP + IPTO +A(ω)
(τex −BPTO wθ −B(ω)wθ − τv − CHS θP ) (16)

As there are frequency dependent parameters involved, this equation system
is only valid for excitation with one frequency (monochromatic wave). If lin-
earised (see Section 2.3) it can be solved in the frequency domain, otherwise
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the frequency-dependent terms must be resolved as convolution integrals (see
Section 2.4).

Equivalently to equations (14) and (15), the equation of motion may be
written in the more conventional way as

(IP + IPTO + A(ω)) θ̈P (t) + (B(ω) +BPTO) θ̇(t)

+τv + CHS θ(t) = τex
(17)

2.3 Frequency domain

Now, if we disregard the viscous forces and linearise the transform matrix of
equation (10),

T =





| ~PG|
0
1



 , (18)

the whole model may be represented by the second-order ordinary differential
equation

(Iy + (M +MPTO) d
2 +A(ω)) θ̈

= τex −B(ω) θ̇ −BPTO θ̇ − (C55,P + g (ρ V −M −MPTO) d+KPTO) θ
(19)

with Iy being the inertia of flap at the centre of gravity (point G), and the

distance d = | ~PG| This equation is that of a damped harmonic oscillator. As
viscous forces are usually significant in flap-type wave energy conversion sys-
tems [3], equation (19) is not expected to give a realistic solution for the dynamic
response, but it will be used as a check for the time-domain model.

2.4 Time domain

As the parameters of equation (15) involves frequency-domain parameters, con-
volution integrals occur for the added mass and damping terms when the input
is polychromatic. In the time-domain solver routine, these are solved by direct
numerical integration. The transformation matrix T is still linearised in order
to be consistent with the linear hydrodynamic theory used. Now with, with an
estimate of viscous losses included, the model reads

(Iy + (M +MPTO) d
2 + µ∞) θ̈ = τex −

∫ t

0

K(t− τ) θ̇(τ) dτ

−BPTO θ̇ − (C55 + g (ρ V −M −Mpto) d+KPTO) θ + τv

(20)

2.5 Implementation

2.5.1 Calculation of the hydrodynamic coefficients and functions

Frequency-dependent hydrodynamic parameters were computed both by use of
the BEM code Aquaplus and the Wadam software provided by DNV. Figures 7
to 8 shows the meshes used for computations both on the simplified geometry
used in this study and on more refined geometries closer to the geometry of the
Oyster800. In Figures 9 to 11 the convergence of the parameters can be assessed.
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For comparison, the hydrodynamic parameters for the different geometries are
collected in Figure 12.

It can be seen that convergence is reached at a resolution of about 1000×330
flat panels. Furthermore, at the level of modelling detail used in this study, there
the simplified geomtry gives results (in terms of hydrodynamic parameters) very
close to those of the Oyster800.

Figure 7: Meshes used for the the hydrodynamic calculations on the geometry
used in this study. The coarsest meshing in the upper left is composed of 253
and 108 flat panels for the flap and the barrier, respectively. The medium mesh
in the upper right has 501 + 221 flat panels, while the finest mesh in the lower
graph has 2114 + 448 flat panels.

2.5.2 Hydrodynamic parameters transferred to pivot axis

Figures 13 and 14 show the excitation torque and the impedance for oscillation
about the pivot axis as they occur in equation (17).

2.5.3 Estimation of viscous damping coefficients

Assuming that the amplitude of motion of the top of the flap will be of the
order the of wave amplitude, Keulegan Carpenter number KC = 2πA

B is found
to be very low in case of the B-OF, typically smaller than 1. According to [8],

Cv = 7.8KC−1/3 at low KC numbers for a plate in oscillatory flow. Therefore,
we retain Cv = 8.0 in the calculations. According to the previous formula, it
is a low estimate, so it should not be too penalising for derivation of power
absorption.

Table 3 shows the parameters which were used in equation (3).
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Figure 8: Meshes used for the the hydrodynamic calculations of the detailed ap-
proximation (left) and simplified approximation (right) of Oyster800 geometry.
The first one is composed of 2350 flat panels for the flap and 448 panels for the
barrier, while the second one consists of 3271 + 448 panels.

i z(Mi)− zP (m) Ai (m
2)

1 0.5 26.0
2 1.5 26.0
3 2.5 26.0
4 3.5 26.0
5 4.5 26.0
6 5.5 26.0
7 6.5 26.0
8 7.5 26.0
9 8.5 26.0

Table 3: Parameters used for the calculation of the viscous forces.
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Figure 9: Hydrodynamic added mass coefficients for the radiation force in the
frequency domain. Index ij means the force measured on axis i of the flap due
to a motion along axis j. The solid black lines are results of computation with
the fine mesh, blue dashed lines are computed with the medium mesh and the
red dash-dotted line are due to the coarse mesh.
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Figure 10: Hydrodynamic resistance coefficients for the radiation force in the
frequency domain, computed with Wadam. Different line patterns refer to dif-
ferent mesh size and are the same as for Figure 9.
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Figure 11: Wave excitation force coefficients for index 1 (surge) and index 5
(pitch) in the frequency domain computed with Wadam. Different line patterns
refer to different mesh size and are the same as for Figure 9.
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the red dash-dotted lines correspond to a detailed estimation of the Oyster800
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2.5.4 W2W models

Based on equations (19) and (20), two numerical models were derived: one
in the frequency domain and the other one in the time domain. They were
implemented for solution in Fortran90.

3 Simulation results and energy assessment

When they are not explicitly specified, the parameters which were used in all
the simulations presented here are the ones given in Table 2.

3.1 Verification and initial analysis

3.1.1 Decay tests and responses in regular waves

The natural period of the body is given by:

ω0 =

√

C55 + g (ρ V −M −MPTO)d+KPTO

Iy + (M +MPTO)d2 +A(ω)(ω0)
(21)

By setting MPTO and KPTO to 0, one gets ω0 = 0.32 rad/s. Figure 15 shows
the corresponding response amplitude operator (RAO). As expected, one can
see that there exists a resonance peak at frequency 0.32 rad/s.

Figure 16 shows the comparison of the RAO of the B-OF WEC calculated
with the frequency domain model and the time domain model. In time domain,
all non linear terms were discarded. MPTO and KPTO are equal to 0. The ma-
chinery resistance BPTO = 107 Nms. A perfect coincidence is observed between
the results from the two models, giving confidence that the implementation has
been done correctly.

Figure 17 shows decay tests computed with the time domain model, with
and without viscous damping. The initial angle was 10 degrees. The PTO
parameters are the same as in the previous case. As expected the excursions
are smaller when viscous damping is introduced. In this case the difference
between results with and without inclusion of viscous losses is not so large,
which can be explained by low velocities (due to the high natural period of
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Figure 15: RAO of the B-OFWEC computed with the frequency domain model.
MPTO and KPTO equal to 0. BPTO = 107 Nms.
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107 Nms. The RAO in time domain was calculated without viscous damping.
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Figure 17: Decay tests with and without viscous damping. The initial angle is
10 degrees. The PTO parameters are the same as in the previous case.

about 20 s), and by the large PTO damping force that has been included and
which dominates the viscous force.

3.1.2 Influence of PTO parameter variations

Table 4 summarises the set of PTO coefficients which were used. In Figures 18
and 19 we plotted the associated RAOs and power functions.

Set number BPTO (MN.m.s) KPTO (MN.m)
1 10 0
2 50 0
3 10 0
4 200 0
5 400 0
6 50 50
7 50 100

Table 4: Settings for the PTO parameters; the machinery resistance BPTO and
the machinery stiffness KPTO.

We see for purely resistive loading (KPTO = 0, sets 1-5), increasing the
resistance reduces the amplitude response and shifts the peak of the power
response to lower wave periods. As expected each wave period has a different
value for the optimal machinery resistance.

The introduction of a stiffness term in the machinery force as seen in Fig-
ure 19 also leads to a downwards shift of the wave period where the peak power
is found. This is combined with an increased power output for lower wave pe-
riods. The bandwidth is, however, reduced if the resistance is at the same time
kept constant, as in Figure 19.

The influence of the parameter MPTO was not investigated because it would
lead to an even longer resonance period, which is already very long. It is,
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however, possible that redistribution of mass within the flap could lower the
moment of inertia, and hence both the natural period and the amount of reactive
power flow. This would make it easier to control the device, as the phase relation
would be inherently improved.

3.1.3 Effect of quadratic damping

In order to get an idea of the importance of non-linear effects on the response
of the B-OF WEC, RAO and power function of the system were calculated for
wave amplitudes of 0.5, 1.0 and 2 meters. The PTO was set to linear, with PTO
parameter setting number 2.

From Figure 20 we may see that the viscous loss has considerable influence
on the response and power output of the system. Linear approximations as with
the frequency domain model should therefore be avoided or used with special
care. In the main range of interest for wave energy harvesting, 5-12 s wave
period, the output power is found in the range between 300 and 750 kW per
squared incident wave height. The reduction in power as compared to the non-
viscous case is typically in the order of 25% for 4m wave height, and smaller
for low wave periods or smaller wave heights.

3.1.4 Conclusions from verification tests

The results from regular waves tests lead us to the following conclusions:

• The implementation of frequency domain and time-domains were shown
to be consistent.

• With the current configuration, the B-OF has a natural period higher than
the period of predominant waves. A positive spring effect exerted by the
machinery therefore improves the performance for typical wave periods.

• The order of magnitude of absorbed power from the B-OF is several hun-
dreds of kW per squared wave amplitude (in regular waves)

• The PTO parameters (BPTO and KPTO) have a large influence on the
transfer functions of the B-OF. Hence, the estimation of the power ab-
sorption should be done with optimisation of the PTO parameters.

• Viscous damping reduces the amplitude and power responses substan-
tially. Linearised models should therefore be used with great care, and
the variation due to uncertainty in the viscous drag coefficients should be
assessed.

3.2 Power matrix and criteria

In this section, all time domain simulations were performed in irregular waves
using the JONSWAP spectrum. All quantities are derived from 1200 s duration
simulations, with a time step of 0.05 s. To remove the transient effects, the first
15× Tp seconds of the simulations are not taken into account.

24



wave period (s)

R
A

O
 (

de
g/

m
)

5 10 15 20
0

5

10

15

20

25

30

35

40

wave period (s)

P
ow

er
 fu

nc
tio

n 
(k

W
/m2 )

5 10 15 20
0

500

1000

1500

2000 A = 0.5 m
A = 1 m
A = 2 m
A = 1 m - No viscous damping

Figure 20: Effect of viscous damping on the RAO and power function of the
B-OF WEC. The PTO is linear with setting number 2.

25



Peak period (s)

W
av

e 
he

ig
ht

 (
m

)

3 4 5 6 7 8 9 1011121314151617
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
5.5

6
6.5

7
7.5

1000
950
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
50

Mean absorbed power (kW)

Peak period (s)

W
av

e 
he

ig
ht

 (
m

)

3 4 5 6 7 8 9 1011121314151617
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
5.5

6
6.5

7
7.5

10000
9500
9000
8500
8000
7500
7000
6500
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
500

Max instantaneous power (kW)

Figure 21: Power matrix of the B-OF with optimised PTO coefficients. The
left-hand figure is the mean absorbed power and the right-hand figure is the
maximum instantaneous power recorded during each simulation.

3.2.1 Power matrix of the B-OF

Figure (21) shows the power matrix of the B-OF, for a water depth of 13m.
The left-hand figure is the mean absorbed power and the right-hand figure is
the maximum recorded over the duration of the simulation for each sea state.

For each sea state, the set of PTO parameters (BPTO,KPTO) were opti-
mised. The range of values for optimisation of the PTO parameters is given in
Table 5.

BPTO (MN.m.s/rad) KPTO (kN.m/rad)
Minimum 0 0
Maximum 200 100

Table 5: Range of values for optimisation of the PTO parameters

For a typical sea state of 9 s wave peak period and 2.5m significant wave
height, the mean absorbed power is as large as 600 kW. A mean power absorp-
tion higher than 1 megawatt is quickly reached as the significant height increase.
The system exhibits an efficiency rather insensitive to the wave period.

The maximum instantaneous machinery power is typically about 10 times
the mean power. It is very large. This might be a drawback of the system from
the power electronics point of view. The effect of limiting the instantaneous
power is investigated later.

Figure (22) shows the matrices of the optimised values of the PTO coeffi-
cients. One can see that they vary mostly with the wave period. For a fixed
wave height, the optimal damping coefficient reaches a maximum for 5-7 sec-
onds. It decreases slowly as the wave peak period increases. As an average, one
can say that the nominal value of BPTO should be about 100MNms/rad.

The optimal stiffness coefficient reaches a maximum for wave periods of
about 6-8 seconds. As an average, KPTO should be about 50MNm/rad.
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Figure 22: Optimised value of the PTO coefficients.
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Figure 23: Matrices of the RMS values (left) and maximum excursion (right)
for the angular motion with PTO coefficients optimised for each sea state.
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Figure 23 shows the matrices of the RMS value and maximum recorded value
during the simulation for the motion. We observe that the typical amplitude for
normal wave conditions is within the range of 10 degrees, with maxima reach-
ing up to 25 degrees, whereas in more energetic sea states the amplitudes are
predicted to reach up to 40 degrees and above. Care should be taken, though,
in interpreting results with such large amplitudes, as the assumptions of small
amplitudes used to establish the mathematical model is violated.

By multiplying the power matrix with wave data statistics, one can calculate
the annual energy absorption for each considered wave site. The values are
reported in Table 6 together with the assessment criteria. As mentioned before,
in order to simulate the wave resource at 13m water depth, the wave energy
resource at each site has been scaled to incorporate an assumed power loss of
10% as compared to the offshore level. Linear refraction was also accounted
for.

SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 13.3 19.6 23.5 33.7 72.5 12.0

Mean power [kW] 211 348 440 513 981 243
Capture width [m] 15.8 17.8 18.7 15.2 13.5 20.0
Ey / mass [kWh/kg] 0.49 0.80 1.0 1.2 2.3 0.56
Ey / Awet [MWh/m2] 0.92 1.5 1.9 2.2 4.2 2.0
Ey / FRMS

PTO [kWh/N] N/A 1.1 1.4 1.6 2.1 0.97
Ey / FRMS

wave [kWh/N] N/A 3.4 4.1 4.8 6.6 2.8

Table 6: Evaluation criteria for the B-OF WEC for chosen sites having mean
annual wave energy transport J , and where sea states are synthesised with a
spectrum peakedness factor γ. The parameters are calculated based on the
yearly energy delivery Ey. The mass is taken as the total mass of the ballasted
installed structure and its concrete gravity base, and Awet is the total wetted
surface area of the structure (flap, barrier and base). Significant PTO force
FRMS

PTO
and significant wave force FRMS

wave are taken as the yearly RMS values.
The uncertainty of the numbers is estimated to [−4, 30]%.

One can see that the mean annual power delivery that one can expect from
the B-OF ranges from 211 kW for the SEM-REV site up to 981 kW for the
highly energetic Belmullet site. For a typical wave resource of about 25 kW/m,
the typical absorbed wave power by the B-OF is about 400 kW. The typical
mean capture width is about 20 meters, depending on the site. That result
corresponds to a capture width ratio of about 70% which agrees perfectly with
capture width ratio for the Oyster device reported by Henry et al. in [6], Figure
7. Note that they are experimental results.

Figure 24 shows the distribution of the absorbed power in function of the
power level. The left-hand figure shows the probability for the power production
to be between two levels and right-hand figure shows the probability for the
power to be greater than a given power level. It has been calculated with the
wave statistics of the Yeu site. One can see that the absorbed wave power is
greater than the mean power about 40% of the year.
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Figure 24: Distribution of the power delivery for the B-OF placed at Yeu off
the French coast.

3.2.2 Assessment of the uncertainties

From the regular wave tests, the main uncertainty source was identified as the
choice of the viscous damping coefficient.

In order to assess the uncertainty of yearly energy output associated with the
modelling of the viscous losses, the mean annual absorbed power at the Danish
site was calculated with different values for the viscous damping coefficients.
The PTO coefficients were optimised for each sea state. Figure 25 shows the
results in function of the percentage of viscous damping coefficients with respect
to the nominal values.

One can see that the modelling of the viscous damping has considerable
influence on the results for the mean power output. If viscous damping is set to
zero, the mean absorbed power is about 30% greater than the one with nominal
values. One can see that increasing the viscous damping coefficient only possibly
give a slight reduction of power, at most 4% reduction.

Therefore, the retained uncertainty is [−4%,+30%].

3.3 Parametric studies

3.3.1 Threshold on the instantaneous absorbed power

Table 7 shows the mean absorbed power at the Danish site in function of a
threshold on the instantaneous power. It means that the maximum of instan-
taneous power is limited to this threshold. The difference between the available
instantaneous power and the maximum would then be lost.

One can see that the instantaneous power can be limited to a maximum of
4MW with only negligible losses in the mean annual absorbed power. Further
limiting the instantaneous output to 2MW would have a significant effect on
the mean absorbed power.
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Figure 25: Mean absorbed power at the Danish site in function of the percentage
of viscous damping with respect to the nominal value.

Max. instantaneous Mean annual
absorbed power (kW) absorbed power (kW)

2000 196
4000 234

No limitation 235

Table 7: Mean annual absorbed power at the Danish site in function of the
threshold of maximum instantaneous absorbed power. The PTO coefficients
were optimised for each sea state.
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3.3.2 Threshold on the mean absorbed power

A calculation of the mean annual power at Yeu site was performed with limiting
the mean output power for each sea state to 1 and 2MW. The resulting reduction
in the mean annual power was found to be 7% and 1%, respectively. It can
therefore be concluded that the B-OF WEC could be rated at 1MW with only
a small loss of energy output.

3.3.3 Effect of scale

Figure 26 shows the effect of geometric scaling on the mean power absorption of
the B-OF, at the Yeu site. This figure has been calculated using the frequency
domain model. For every sea state the PTO parameters are kept fixed and equal
to the setting at scale 1, but scaled according to Froude scaling.
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Figure 26: Influence of the scale on the mean power absorption of the B-OF
placed at Yeu. The computations have been done with the frequency domain
model (disregarding viscous losses) and are thus only indicative.

One can see that the mean absorbed power grows very fast with the dis-
placement for small devices. As the displacement increases, the slope decreases.
For a displacement twice the nominal displacement of the B-OF, one can see
that the increase in power absorption is 41%. In the same time, the increase
in the wetted surface is 58%. Therefore, it seems unlikely that scaling up the
platform would improve its economics.
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4 Conclusions and recommendations

From these results and the study, the main conclusions are :

• The mean power level that one can expect from the B-OF WEC is about
440 kW on a shallow-water site whose off-shore wave resource is about
30 kW/m. The uncertainty is about [−4%,+30%], and comes mainly
from the modelling of the viscous losses.

• The yearly energy delivery per mass is about 1 kWh/kg, and the yearly
energy delivery per wetted surface area is about 2 kWh/m2 for the Yeu
site which may be taken to represent typical European wave conditions.

• The rated power output power (i.e. the maximum average delivered power
during each sea state) of the B-OF could be limited to 2MW with only
a small decrease in energy delivery. Limitation of the instantaneous ab-
sorbed power to 10 times the mean output power (4MW) would not sig-
nificantly reduce the mean absorbed power.

• Viscous losses may be important for the dynamics of this type of advice,
and should thus be thoroughly considered in mathematical modelling of
such systems.
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Summary

This document reports the study of a bottom-fixed heave-buoy array (B-HBA)
wave wave energy converter in the frame of the project “Numerical estimation of
energy production from a selection of Wave Energy Converters”. Its geometry
and working principle has been strongly inspired by the Wavestar wave energy
converter currently under development in Denmark.

The results of the study are given in terms of the following measures:

• The annual mean power.

• The yearly energy output / mass.

• The yearly energy output / wetted surface.

• The power per unit of significant PTO force.

• The power per unit of excitation force

• The duration curves.

These performance measures were estimated for the B-HBA using the math-
ematical model described in this report. Results are given in the following table
and in Figure 1.

From these results and the study, main conclusions are :

• The mean power level that one can expect from the B-HBA WEC is about
300 kW on a site whose wave resource is about 25 kW/m. The uncertainty
is about [−20%,+20%]. It comes from the estimation of the interaction
factor between the floats.

• The influence of the PTO modelling – linear or hydraulic – has only a
small influence (few percents) on the mean power absorption.
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SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 13.3 19.6 23.5 33.7 72.5 12.0

Mean power [kW] 127 225 280 303 612 201
Capture width [m] 9.5 11.4 11.9 9.0 8.4 16.7
Ey / Mass [kWh/kg] 0.69 1.23 1.53 1.66 3.36 1.10
Ey / Awet [MWh/m2] 0.25 0.45 0.56 0.61 1.23 0.40
Ey / FRMS

PTO [kWh/N] 0.93 1.16 1.20 1.15 1.62 1.24
Ey / FRMS

wave [kWh/N] 2.03 3.01 3.34 3.10 4.24 3.30

Table 1: Evaluation criteria for the B-HBA WEC for chosen sites having mean
annual wave energy transport J , and where sea states are synthesised with a
spectrum peakedness factor γ. The parameters are calculated based on the
yearly energy delivery Ey. The mass is taken as the total mass of the installed
bottom-fixed structure, and Awet is the wetted surface area of the structure.
Significant PTO force FRMS

PTO and significant wave force FRMS
wave are taken as the

yearly RMS values. The uncertainty is estimated to [−20, 20]%.
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• The B-HBA could be rated at 1200 kW without losing a significant amount
of energy production. Likewise, limitation of the instantaneous absorbed
power to 4MW would not reduce significantly the mean absorbed power.

3
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Figure 2: Sketch of the Wavestar WEC.

1 System description - The B-HBA Wave En-

ergy Converter

The wave energy converter studied here is a bottom-fixed heave-buoy array
(B-HBA) which has been defined according to available information about the
Wavestar wave energy converter. The Wavestar is composed by two arrays of
floats connected to a single jack-up structure. The jack-up structure stands on
the seabed and provides a fixed reference to the floats. The floats are semi-
submerged hemispheres. Each one is rigidly connected to an arm that is attach
to the main structure via a hinge. With the action of the waves, each float moves
up and down. The relative motion between floats and the structure is converted
into useful energy via hydraulic rams. A simplified sketch of the system is shown
in Figure 2.

Figure 3 shows a picture of the Wavestar test section which was installed at
Hanstholm in Denmark in 2009. In comparison with a full-scale machine, it has
only two floats and the length is shortened. The diameter of the float is 5m.

Figure 4 shows an artistic view of a full scale Wavestar WEC. According to
the Wavestar company website, a commercial 500 kW machine would have 20
floats with same diameter as in the test section (5m). Its length would be 70
meters. In a later stage, it is proposed to double the dimensions of the system,
in order to increase the rated power up to 6MW.

In order to get a smooth power output, the Wavestar WEC is aligned with
the dominant wave direction, i.e. it is an attenuator. Hence, when the wave
travels along the machine, each float is worked one after the other. Then, the
total primary power production is smoother than with single point absorbers or
terminator type wave energy converters.
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Figure 3: Picture of the test section of the Wavestar Wave Energy Converter.

Figure 4: Artistic view of a full scale Wavestar Wave Energy Converter.
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Property Value Unit

Float+arm

Diameter 5 m
Diameter at WL 4.946 m
Height 5 m
Displacement 25.5 m3

Mass 35 Mg
Surface 60 m2

Length of arm l 10 m
Angle θ at rest 30 o

Height d 0.366 m
Moment of inertia at hinge 4.5·106 kgm2

Jack-up structure

Length 70 m
Width 17 m
Height 15 m
Draft 10 m
Diameter of columns 2 m
Mass 900 Mg
Surface 2000 m2

Table 2: System parameters

1.1 Dimensions and mechanical parameters

Dimensions of the system were provided by Wavestar [8] or derived from pic-
tures. The diameter of the floats is 5m. The length of the arm is 10 meters and
it is attached at to main frame through a hinge 5.37m above the mean water
level.

Estimation of the surface of the float is straightforward. For the arm, an
estimate was obtained by assuming that it is a triangle of height 10m and hinge
side 5m. For the platform, it was assumed that it is composed of a 10m long
5m diameter tube, on which the floats are connected, two barges of length 17m
and width 5m and four 25m tall 2m diameter piles. It leads to a total surface
of 4200 square meters. It is in agreement with data provided by the company
[8]. It says that the surface of the system is 4 350 square meters.

Mass of an arm + float is 35 tonnes. The test section weighs 1000 tonnes.
Extrapolating from that, one can estimate the weight of the full scale device to
1750 tonnes. It is in agreement with data provided by the company [8], stating
that the mass of the complete platform plus 20 floats is about 1600 tonnes.

Parameters used in the calculations are summarised in Table 2.

1.2 PTO and control

In the Wavestar WEC, the mechanical power of the motion of each float is con-
verted into hydraulic power by means of a hydraulic cylinder which is connected
at one side to the arm and at the other side to the supporting structure, see
Figure 5.

A hydraulic PTO can be modelled as a Coulomb damping force acting in the
opposite direction of the cylinder velocity. For small amplitudes of motion, it

7



Figure 5: Power Take Off of the Wavestar Wave Energy Converter.

can be shown easily that the cylinder velocity has the same sign as the rotational
velocity θ̇. Therefore, one can show that the PTO torque at the hinge FPTO

can be written: FPTO = −HPTOsign(θ̇), with HPTO being a Coulomb damping
coefficient.

As an alternative version, we also considered the case of a linear PTO system,
with forces proportional to the angle θ and its time derivative. Let BPTO and
KPTO be the damping and restoring coefficients. As in the other studies, only
cases with positiveKPTO were considered, because it can be achieved technically
by adding a physical spring to the PTO system. This is not the case with
negative KPTO, which is the reason why it is was not considered.

The possibility of non-neutral buoyancy was also considered. If the buoyancy
of the float exceeds its own weight, it still can be kept in the half submerged
position if one counteracts the excess buoyancy force by applying a static torque
at the hinge. Technically, this can easily be achieved using the hydraulic PTO.
Of course, the reverse effect (too small buoyancy) can be managed in the same
way. The corresponding parameter is the difference between the actual mass of
the float and the mass that it would have had if it were neutrally buoyant. It is
denoted MPTO, and Assuming one would use the volume of the float to adapt
MPTO through ballasting or de-ballasting, its range of variation is estimated to
be [−10, 10] tonnes.

1.3 Site and wave resource

The Wavestar WEC is designed to be installed at site with small or intermediate
water depth. In this study, the water depth was supposed to be the same as
with the Oyster WEC study, i.e. 13m.

The same annual wave statistics as with the Oyster WEC were used. They
were obtained from wave data at larger water depths. The principle is that
for each wave frequency component in the sea state, 90 % of the energy is
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Criterion Value Unit
Characteristic wetted surface 4350 m2

Characteristic mass 1600 Mg

Table 3: Significant surface and mass of the B-HBA.

transferred from deep to intermediate water depths.

1.4 Cost related criteria

The overall characteristic mass of the 70m long 500 kW machine is estimated
to be about 1600 tonnes and its surface area to be 4 350 m2 [8]. See Table 3.

The two other cost criteria considered are the significant PTO force and the
significant wave force. They both have zero mean values. So, they are defined
as their RMS over the whole year.

1.5 Comment from the Wavestar developer

In working with this study we have been in contact with the developer of the
Wavestar device. They have been informed about our study, and have received
a draft copy of this report. We proposed to the developer to give comment for
inclusion into the report, and this is the comment from the Wavestar team:

At Hanstholm, in the northwest of Denmark where the Wavestar test sec-

tion of 2 floats is installed, a Wavestar machine of 20 floats would harvest in

average approximately 87 kW, producing 0.76Gae per year if linear damp-

ing is used as a control strategy to harvest energy. It is assumed a nominal

installed electrical power of 600 kW, a PTO efficiency of 80% and a max-

imum control torque of 106 Nm. However, under the same conditions, if

reactive control is allowed, where the negative spring effect is achieved by

means of control, the performance of the machine is doubled, harvesting in

average approx. 175 kW, producing 1.51GWh per year.

2 Equation of motion

2.1 Assumptions and notations

In this study, only one single float is considered. The energy absorption is
obtained by multiplying the result of energy absorption of this single float by
the number of float in the whole machine. It means that the effect of wave
interactions between the floats on the energy absorption are not modelled.

To take this effect into account, we use results from a study recently pub-
lished [9]. It shows that the energy absorption is reduced by 20 % in a closely
spaced array of heaving buoys WECs (FO3 platform), even with independent
optimisation of the PTO of each buoy. This value will be retained in the com-
putations of overall power.

The incident waves are assumed to be mono-directional. In agreement with
the working principle of the B-HBA WEC, let us assume that they propagate

9



in the y direction. Let θ be the angle between the arm of the float and the x

axis, see Figure 6. Let θ0 be this angle at rest. Let A be the axis of rotation
for the arm and B be the point where it is connected to the float. Let I be the
intersection point between the water plane at rest and the vertical axis of the
float. Let l be the length |AB| and d be the height |BI|.

Figure 6: Notations used

It is assumed that all motions are of small amplitude. All hydrodynamical
second-order effects are neglected.

Let M be the mass of the float+arm. Let G be its gravity centre. Let Iy be
the respective moment of inertia of the float at the rotational axis A.

2.2 Kinematics

Seen from the hinge A, the position of I is given in function of θ by:

−→
AI = (l cos θ − d sin(θ − θ0))

−→x + (−l sin θ − d cos(θ − θ0))
−→z (1)

or, alternatively:

−→
AI = (l cos(θ − θ0) cos θ0 − (d+ l sin θ0) sin(θ − θ0))

−→x (2)

+ (−(d+ l sin θ0) cos(θ − θ0)− l cos θ0 sin(θ − θ0))
−→z (3)

At the hinge, the dynamic moment of the float is:

−→
δ (A) = (Iy +MPTOl

2)θ̈−→y (4)

in which MPTO is a parameter for describing additional ballast which could be
added to the float at point B (see Section 1.2 for details).

2.3 Forces

2.3.1 Hydrostatic forces

In the frame of linear theory, one can show that the effect of the Archimedes
force at I reads:

−→
F B(I) = ρgV−→z −KH33(−l(sin θ − sin θ0) + d(1− cos(θ − θ0)))

−→z (5)
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or, alternatively:

−→
F B(I) = ρgV−→z − 2KH33 sin

θ − θ0

2
(−l cos

θ + θ0

2
+ d sin

θ − θ0

2
)−→z (6)

Therefore, the moment force in A reads:

MB(A) = −KH55(θ − θ0)− ρgV (l cos θ − d sin(θ − θ0))

+ 2KH33 (l cos θ − d sin(θ − θ0)) (7)

× sin
θ − θ0

2
(−l cos

θ + θ0

2
+ d sin

θ − θ0

2
)

Linearised, it reads:

MB(A) =− (KH55 +KH33l
2 cos2 θ0 − ρgdV

− ρgV l sin θ0)(θ − θ0)− ρglV cos θ0
(8)

At A, the effect of the gravity forces is:

Mg(A) = g(M | ~AG|+MPTOl) cos θ − gMPTO d sin(θ − θ0) (9)

Linearised, it reads:

Mg(A) = g(M | ~AG|+MPTOl) cos θ0

− g
(

(M | ~AG|+MPTOl) sin θ0 +MPTOd
)

(θ − θ0)
(10)

One can see that the effect of MPTO would be to increase the hydrostatic stiff-
ness if it is positive.

Summing the effect of gravity and buoyancy forces, one gets the hydrostatic
force:

MH(A) =−KH55(θ − θ0) + g
(

M | ~AG|+MPTOl − ρV l
)

cos θ

+ gd (ρV −MPTO) sin(θ − θ0) + 2KH33

(

l cos θ − d sin(θ − θ0)
)

× sin
θ − θ0

2

(

−l cos
θ + θ0

2
+ d sin

θ − θ0

2

)

(11)

Linearised, it reads:

MB(A) = −K(θ − θ0) + g(M | ~AG|+MPTOl − ρlV ) cos θ0 (12)

with

K =KH55 +KH33l
2 cos2 θ0

+ g
(

(M | ~AG|+MPTOl − ρV l) sin θ0 − (ρV −MPTO)d
)

.
(13)

Note that by design −ρlV +M | ~AG| = 0.
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2.3.2 Wave excitation and radiation forces

In the frame of linear theory, the hydrodynamic forces reads in the frequency
domain:

MD(A) = Mex(A)− CM θ̈ − CAθ̇ (14)

in which:

• Mex(A) is the excitation force at the hinge.

• CM and CA are the added mass and radiation damping coefficients.

2.3.3 Viscous damping forces

The viscous damping forces are modelled under the form of a drag force applying
at I:

−→
FV (I) = −

1

2
ρCDAD

∥

∥

∥

−→
V (I)−

−→
V 0(I)

∥

∥

∥

(−→
V (I)−

−→
V 0(I)

)

(15)

where:

•
−→
V 0(I) is the undisturbed flow velocity at point I.

• CD =





Cx 0 0
0 Cy 0
0 0 Cz



 is the drag coefficient matrix

• AD =





Ax 0 0
0 Ay 0
0 0 Az



 is the characteristic surface matrix.

•
−→
V (I) =

(

−l sin θ − d cos(θ − θ0)
−l cos θ + d sin(θ − θ0)

)

θ̇ is the velocity of the float at point

I.

The corresponding torque at point A is obtained by:

−−→
MV (A) =

−→
AI ×

−→
FV (I) (16)

2.3.4 PTO forces

As stated in Section 1.2, two alternative models are used. One is Coulomb
damping and the other one is linear PTO:

MPTO,C(A) =−MPTO g l cos θ0

+

{

−HPTO sign(θ̇) for Coulomb damping

−BPTO θ̇ −KPTOθ for linear PTO

(17)

In this last equation, the static term is required to cancel the static term in the
hydrostatic force.

The numerical implementation of the Coulomb damping is difficult because it
adds a very stiff term in the equations. This can lead to unphysical oscillations
for velocities around zero, which may cause erroneous values for the power
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absorption. Hence, in practise, perfect Coulomb damping has been replaced
by approximate Coulomb damping, in which the PTO force is supposed to be
linear with the velocity for small velocities; and constant when the velocity is
large enough. The principle is illustrated in Figure 7.

MPTO,C(A) =−MPTOgl cos θ0 −min(GPTO|θ̇|, HPTO) sign(θ̇)

(approximate Coulomb damping)
(18)

In this study, the large GPTO coefficient was set to 100 times the inertia +
added mass coefficient.

2.4 Final equations of motion

2.4.1 Frequency domain

In the frequency domain, only the linear PTO is considered. The viscous forces
are not taken into account. By expressing Newton’s law to balance inertia
forces with other forces, one find that the equation of motion of the float in the
frequency domain is:

(

Iy +MPTOl
2 + CM (ω)

)

θ̈+(BPTO + CA(ω)) θ̇+(K+KPTO)(θ−θ0) = Fex(ω)
(19)

2.4.2 Time domain

In time domain, viscous forces may be included as well as approximate Coulomb
damping for the PTO. The equation of motion is:

(

Iy +MPTOl
2 + µ∞

)

θ̈ = Mex −MPTO −MV −MH −

∫ t

0

Krad(t− τ)θ̇(τ)dτ

(20)
with:

µ∞ = lim
ω→+∞

CM (ω) (21)

Krad(t) =
2

π

∫ +∞

0

CA(ω) cosωtdω (22)

where MPTO, MV , MH given in the previous equations.

2.5 Implementation

2.5.1 Calculation of the hydrodynamic coefficients and functions

The BEM code Aquaplus [4] was used to calculate the hydrodynamic coefficients
in the frequency domain. Figure 8 shows the meshes which were used. The first
one is composed of 140 flat panels. A finer mesh, composed of 300 flat panels,
was also considered in order to verify convergence.

Results of computation of added mass, radiation damping coefficients and
excitation force coefficient at hinge point A are plotted in Figure 9. The solid
lines are results of calculation with Aquaplus with the 300 panels mesh and the
square are results of the calculation with Aquaplus with the 140 panels mesh.
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For the calculation of the excitation force coefficients, the wave direction was
set parallel to the axis of the hinge.

The agreement between the two meshes is very good. Therefore, calculations
for the hydrodynamic coefficients are considered as converged.

Aquaplus was also used for calculating the hydrostatic coefficients KH33 and
KH55. They were found to be:

• KH33 = 193 kN/m

• KH55 = 33 kNm/rad

2.5.2 Estimation of viscous damping coefficients

The order of magnitude of the motion of the float is likely to be of the same
order of the diameter of the buoy, i.e. 5m. Hence, the Keulegan Carpenter
number KC = 2πA

D
of the float is expected to be in the range [0, 6]. Hence,

according to [2], the drag coefficients should be something between 0.5 and 1.
In this study, we chose to set Cx = Cy = 0.5 and Cz = 1. They are thought to
be minimal values for these viscous losses. So they should not be exaggeratedly
penalising for assessing the energy absorption of the device.

The corresponding representative areas were calculated. Their values are
Ax = Ay = 7.0m2 and Az = 14.0m2.

2.5.3 W2W models

Based on equations (19) and (20), two numerical models were derived: one in
the frequency domain and the other one in the time domain. They were both
implemented in Fortran90.

3 Simulation results and energy assessment

When they are not otherwise specified, the parameters which were used in all
the simulations presented here are those given in Table 2.

3.1 Verification tests

The natural period of the float is given by:

ω0 =

√

K

I ′y + CM (ω0)
(23)

with K and Iy as in equation (19).
After a few iterations, one gets ω0 = 1.50 rad/s. In comparison with the

usual range of wave frequencies, the natural frequency of the B-HBA WEC is
quite high. Then, its working principle is probably not based on resonance. The
characteristics of its response is expected to be close the Bref-HB (inspired by
the Seabased WEC), placed in a close array.

Figure 10 shows the RAO (Response Amplitude Operator) of the hinge mo-
tion with no PTO damping nor PTO stiffness. As expected, one can see that
there exists a resonance peak at frequency 1.49 rad/s. For small frequencies,
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Figure 10: RAO of the B-HBA WEC computed with the frequency domain
model. All PTO parameters are set equal to 0.

one can see that the amplitude of the motion is about 6.4 degrees. We shall
show that it is according to what should be expected.

For long waves, the float motion in heave will match the wave amplitude.
From this, one can calculate the asymptotic response of the motion of the hinge
θa per meter of wave amplitude by:

θa = lim
ω→0

(θ − θ0) =
1

A
(arcsin(

h−A

l0
)− θ0) (24)

Using A = 0.1m, h = 5.37m, l0 = 10.18m, one gets θa = 6.6 degrees, which
agrees well with the numerical result.

Figure 11 shows the comparison of the RAO of the B-HBA WEC calculated
with the frequency domain model and the time domain model. In the time
domain model, the viscous damping is set equal to 0 and a small wave amplitude
was used (A = 0.1 meters). The agreement is excellent. It shows that both
implementations of the equations are correct, at least to first order.

Figure 12 shows decay tests of the motion buoy computed with the time
domain model, with and without viscous damping. The initial angle is set equal
to 10 degrees. The PTO parameters are set to 0.

As expected, the motion is more damped with viscous damping than without.
It indicates that the implementation of the viscous damping is correct.

Finally, results of the frequency domain model were compared with exper-
iments. Datas of measured mechanical power from 1/40 scale experiments at
Aalborg University and scale 1/10 at Nissum Bredning where found in a pre-
sentation by P. Frigaard [13]. They are shown in Figure 13.

Results at 1/40 scale are given for significant wave height of 1,2,3,4 and 5
meters. The corresponding wave peak periods are not given. However, they
are likely to correspond with the sea states which are considered in [10] and
[14]. Therefore, these sea states were considered for calculation of the power
absorption with the numerical model.

One can see that experimental results at 1/10 scale are very much scattered.
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Figure 11: Comparison of B-HBA WEC’s RAO calculated with the frequency
and the time domain model. All PTO parameters are set equal to 0. In the
time domain model, a wave amplitude of 0.1 meters was used. The agreement
is excellent which gives confidence that both models are implemented correctly.
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Figure 12: Decay test of the motion of the buoy, with and without viscous
damping. The initial angle is 10 degrees. The PTO parameters were set equal
to 0.
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Figure 13: Power absorption of the B-HBA WEC at scale 1 extrapolated from
results at 1/40 and 1/10 scale experiments. This figure is taken from [13].

20



However, one could say that, as an average, the power absorption is reduced to
half in comparison with the results of the experiments at 1/40 scale.

Table 4 shows the comparison of the power absorption measured in the
experiments and calculated with the frequency domain model. For this last
model, the power corresponds with 20 times the absorbed power of one single
float. No park interaction factor was taken into account.

Table 4: Comparison of power absorption calculated with the frequency domain
model and measured in experiments at scale 1/40 and scale 1/10. Experimental
results are taken from [13].

sea state power absorption (kW)
Hs (m) 1/40 scale 1/10 scale FD model

1 250 [0-300] 160 with Tp = 5.6 s
2 800 [100-1 200] 910 with Tp = 7 s
3 2 200 [300-2 800] 2 100 with Tp = 8.4 s
4 4 100 [700-4 000] 3 700 with Tp = 9.8 s
5 6 000 [1 000-5 500] 5 400 with Tp = 11.2 s

There is a good agreement between the numerical model and the experimen-
tal results at scale 1/40, except for the smaller sea state for which the numerical
model under-predicts the energy absorption. This gives us confidence in the
ability of the numerical model to give good estimates of the energy absorption
of this device.

3.2 RAOs

The PTO coefficients have an influence on the RAO and power function of the
B-HBA WEC. To understand this influence, RAOs and power functions with
several sets of PTO coefficients were computed. They were calculated with the
frequency domain model when the PTO is linear, and with the time domain
model when it is Coulomb damping. With the time domain model, RAOs are
actually the maximum of the motion during a 1200 s duration simulation in
which the transients were removed. Viscous effects were neglected.

3.2.1 Linear damper

First, a linear damper is considered. Table 5 summarises the set of PTO coeffi-
cients which were used. For the MPTO parameter, a range from 0 to one time
the displacement of the buoy (10Mg) was considered as reasonable. We plotted
in Figures 14, 15 and 16 the associated RAOs and power functions.

In Figure 14, we have plotted the RAOs and power function for PTO settings
from 1 to 5. For these settings, both KPTO and MPTO are equal to 0. One can
see that:

• The order of magnitude of power absorption of one buoy of the B-HBA
WEC is about 20-30 kW per squared amplitude of incident wave.

• The amplitude of motion is reduced as the BPTO coefficient increases.
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Figure 14: RAO and power function of the motion of the B-HBA with PTO
settings 1 to 5. In these settings, the PTO model is linear, with both KPTO

and MPTO equal to 0. Results have been computed with the frequency domain
model.
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Set number BPTO (kNm s) KPTO (kNm) MPTO (Mg) HPTO (kNm)
1 2 500 0 0 –
2 5 000 0 0 –
3 7 500 0 0 –
4 10 000 0 0 –
5 15 000 0 0 –
6 5 000 0 -10 –
7 5 000 0 10 –
8 5 000 1 000 0 –
9 5 000 5 000 0 –
10 5 000 10 000 0 –
11 – – – 500
12 – – – 1000
13 – – – 2000

Table 5: PTO settings for different test cases.

• The power function depends strongly on the damping coefficient. AsBPTO

increases, the maximum of power absorption shifts to the longer period,
and decreases. At the same time, the bandwidth gets broadened.

• The WEC behaves like a damped harmonic oscillator that within the range
of typical wave frequencies works within its stiffness-dominated region.

From the annual energy absorption point of view, some of these effects are
good (period shifting, broadening of bandwidth), and some are bad (decrease in
the maximum of power absorption). Therefore one has to look for a compromise.
It is likely that it will be beneficial to optimise this coefficient for every sea state.

Since the device behaves like a damped harmonic oscillator but is far into
the stiffness-dominated region, it should be expected that increasing the mass
and reducing the stiffness would improve its power absorption performance.

In Figure 15, we have plotted the RAOs and power function for PTO settings
3, 6 and 7. One can see that an increase of the MPTO leads to an increase in
the the maximum of power absorption. The effect on the natural period is
small. Decreasing MPTO decreases the natural period. It might be beneficial
for the shortest wave periods. Therefore, this parameter was included as an
optimisation parameter in the calculations of energy absorption.

In Figure 16, we have plotted the RAOs and power function for PTO set-
tings 3 and 8 to 10. In these settings, MPTO is equal to 0 and BPTO equal to
7500 kNm/s (case 3) or 5000 kNms (cases 6 and 7). One can see that the only
effect of increasing the KPTO coefficient is to decrease the power absorption.
This was to be expected as the system already works in the stiffness-dominated
region. Since we have assumed that the PTO spring coefficient cannot be neg-
ative, one should select KPTO equal to 0 kNm.

3.2.2 Coulomb damping

Then, an approximate Coulomb damping is considered. As it is a non linear
component, the time domain model was used to calculate the pseudo-RAO of
the B-HBA WEC with three settings for the PTO force coefficient HPTO =
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Figure 15: RAO and power function of the motion of the B-HBA with PTO
settings 2, 6 and 7. In these settings, the PTO model is linear, with KPTO

equal to 0 and BPTO equal to 7500 kNm/s (case 3) or 5000 kNms (cases 6 and
7). Results have been computed with the frequency domain model.
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Figure 16: RAO and power function of the motion of the B-HBA with PTO
settings 3 and 8 to 10. In these settings, the PTO model is linear, with MPTO

equal to 0 and and BPTO equal to 7500 kNm/s (case 3) or 5000 kNms (cases
8 to 10). Results have been computed with the frequency domain model.
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500, 1000 and 2000 kN.m. The wave amplitude was set equal to 1m. The
viscous damping coefficients were set equal to 0.

Results are shown in Figure 17 together with the case of linear damping with
BPTO = 5000 kN.m.s.
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Figure 17: RAO and power function of the motion of the B-HBA with PTO
settings 2 and 11 to 13. In case 2, the PTO model is linear as before, with
MPTO equal to 0 and BPTO equal to 5000 kN.m/s. In cases 11 to 13 the PTO
uses approximate Coulomb damping. Those results have been computed with
the time-domain model.

In comparison with the case of linear damping, one can see that at least
the same levels of power absorption can be achieved with the hydraulic PTO.
Similar result was reported in [11] in case of the SEAREV WEC. Moreover,
one can see that the hydraulic PTO has the ability to significantly increase the
power absorption of the B-HBA WEC in comparison with a linear PTO. It can
be explained by the fact that Coulomb damping gives a small effect of phase
control, as it was shown by Falcao in [12].

As expected, a too large value of the PTO coefficient (case CPTO = 2000
kN.m) would prevent the system to move, virtually latching it in a fixed position.
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It would lead to zero power absorption, so one has to be careful in setting the
value of the PTO coefficient, i.e the high-pressure level in the hydraulic circuit.

3.2.3 Effect of quadratic damping

In order to get an idea of the importance of viscous effect on the response of the
B-HBA WEC, the power function of the system was calculated with nominal
viscous coefficients for wave amplitude of 0.5,1 and 2 meters. The PTO was set
to linear, with PTO setting number 2.
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Figure 18: Effect of quadratic damping on pseudo RAO and the power function
of the B-HBA WEC. PTO is linear with settings 2.

Results are shown in Figure 18. One can see that quadratic damping has two
main effects on the response of the system. For periods close to the resonance,
the amplitude of the motion is reduced and also the energy absorption. For
long periods, the amplitude of the motion is increased, in function of the wave
amplitude. This effect was also observed in the Bref-HB (inspired by Seabased)
study.
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Overall, one can see that quadratic damping has a considerable effect, so it
has to be taken into account in order to improve the accuracy of estimation of
the energy absorption.

3.2.4 Conclusions

From these results in regular waves, it appears that:

• The order of magnitude of absorbed power from the B-HBA WEC is
several tens of kilowatts per squared wave amplitude in regular waves.

• With linear PTO, both the PTO damping and the PTO mass parameters
have a large influence on the RAO and power function of the B-HBA
WEC. The PTO mass parameter MPTO should be optimised for each sea
state in the calculation of annual energy absorption. As the device is
working in its stiffness-dominated region, and we assume that the PTO
stiffness coefficient KPTO can only take positive values, its value should
be set to zero.

• Same or even better levels of energy absorption can be achieved with
hydraulic PTO in comparison with linear PTO.

• Viscous damping has a negative influence on the power absorption for
short waves, and a positive influence for long waves. This effect is rather
small for normal wave heights.

3.3 Power matrix and criteria

In this section, results are reported from time domain simulations performed
with irregular waves synthesised using the JONSWAP spectrum. All quantities
are derived from 1200s duration simulations, with a time step of 0.05s. To
remove the transient effects, the first 15×Tp seconds of the simulations are not
taken into account.

3.3.1 Power matrix of the B-HBA

Figure 19 shows the power matrix of one of the float of the B-HBA WEC. The
left-hand figure is the mean absorbed power and the right-hand figure is the
maximum recorded over the duration of the simulation for each sea state.

The PTO model was set to linear damping. For each sea state, the PTO
parameters BPTO and MPTO were optimised. The range of optimisation of the
PTO parameters is given in Table 6.

HPTO (kN.m) BPTO (kN.m/rad) MPTO (t)
Minimum 200 2 000 -10
Maximum 3 000 30 000 10

Table 6: Range of optimisation of the PTO parameters

For a typical sea state of 9 s wave peak period and 2.5m significant wave
height, the mean absorbed power for one float is 24 kW. Power absorption higher
than 100 kW is reached for the strongest sea states. As expected from a system
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Figure 19: Power matrix of one float of the B-HBA with linear PTO. The PTO
coefficients BPTO and MPTO were optimised for each sea state. The left-hand
figure is the mean absorbed power and the right-hand figure is the maximum
instantaneous power recorded during each simulation run.

with such a low resonance period and restrictions on the phase control efforts
as assumed here, the absorbed power is highest for relatively low wave periods
in the range 5 to 7 s. However, the decrease in absorbed power with increased
wave period is quite small.

The maximum absorbed power is typically about 10 times the mean power.
It is large. It means that the PTO system has to deal with large peaks of
instantaneous power. This is a drawback that most of the proposed WECs have
to face. However, in the case of the Wavestar WEC, one should notice that
it is possible to smooth the delivered power by having all buoys pumping into
the same high-pressure storage. This was not investigated here. However, it
was shown in [15] that the RMS of the instantaneous power can be divided by a
factor 3 with 10 devices using this approach. Such reduction in the variability of
the output power can probably be expected in the case of the Wavestar WEC.

Figure 20 shows the matrix of the optimised value of the PTO coefficients.
One can see that they vary strongly with the wave period. For peak periods
in range [5− 9] seconds, the mass coefficient takes its maximum allowed value.
For periods outside of this range (and small to moderate wave heights), it takes
its minimum. It corresponds with a tuning of the natural period of the system
to the spectrum of the waves. For the damping coefficient, one can see that its
optimal value increases with the wave peak period. As an average, one can say
that the nominal value of BPTO should be about 10MNm.

Figure 21 shows matrices of the RMS and maximum values for the excursion
recorded during each sea-state simulation. One can see that the RMS of the
motion is almost independent of the wave period. It increases linearly with the
wave height. For a typical sea state of 9 seconds wave peak period 2.5 meters
significant wave height, the RMS of the motion is 3 degrees. It corresponds with
an amplitude of motion of the buoy of about 0.5 m, i.e. 20% or the float radius.
It is not very small, but it is not very large either. Therefore, it is believed that
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Figure 20: Optimised values of the PTO coefficients.
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Figure 21: Matrices of the RMS of the motion of the B-HBA WEC.
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linear theory is a sufficient frame work.
For the same sea state, the maximum recorded amplitude of motion was 9

degrees. It corresponds with a buoy motion of about 1 radius. In that case, it
is likely that non linear effects will play an important role. However, it is not
seen as a problem since the main focus of this study is on averaged values (mean
absorbed wave power).

By multiplying the power matrix with wave data statistics, one can calculate
the annual energy absorption of this float for each considered wave site. Wave
statistics were obtained by transferring the energy from deep water to shallow
water, according to Section 1.3. From that number, the energy absorption of the
whole system (20 floats) was estimated by multiplying the energy absorption
of a single float by 20 times 80%; the 80% being for taking into account the
uncertainty due to the wave interactions effect. It is based on the work of De
Backer et al. [9]. It is the best wave interaction factor she achieved for the FO3
platform as an annual average. It was obtained by optimising separately the
PTO coefficients for each float of the platform. However, it is recognised as a
very rough approach, and this should be reflected in the uncertainty assessment.

From another perspective, one could say that for each float, the wave resource
is the ambient wave resource, minus the resource which has been absorbed by
the floats in front of the device. Using this assumption, one can estimate an
interaction factor of 63%. On the other side, if one neglects the interactions,
the factor is 100%. Therefore, one can see that choosing a interaction factor of
80% seems reasonable, with an uncertainty range of [-20,20%].

Based on this interaction factor, the mean annual power absorption is re-
ported in Table 7 together with the performance measures, estimated for all of
the six considered sites.

SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 13.3 19.6 23.5 33.7 72.5 12.0

Mean power [kW] 127 225 280 303 612 201.
Capture width [m] 9.5 11.4 11.9 9.0 8.4 16.7
Ey / Mass [kWh/kg] 0.69 1.23 1.53 1.66 3.36 1.10
Ey / Awet [MWh/m2] 0.25 0.45 0.56 0.61 1.23 0.40
Ey / FRMS

PTO [kWh/N] 0.93 1.16 1.20 1.15 1.62 1.24
Ey / FRMS

wave [kWh/N] 2.03 3.01 3.34 3.10 4.24 3.30

Table 7: Evaluation criteria for the B-HBA WEC for chosen sites having mean
annual wave energy transport J , and where sea states are synthesised with a
spectrum peakedness factor γ. The parameters are calculated based on the
yearly energy delivery Ey. The mass is taken as the total mass of the installed
bottom-fixed structure, and Awet is the wetted surface area of the structure.
Significant PTO force FRMS

PTO and significant wave force FRMS
wave are taken as the

yearly RMS values. The uncertainty is estimated to [−20, 20]%.

One can see that the mean annual power output that one can expect from
the B-HBA WEC is in order of a few hundred of kilowatts. It goes from 127 kW
for the SEM-REV site up to 612 kW for the highly energetic Belmullet site. For
a typical wave resource of about 25 kW/m, the typical absorbed wave power by
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the B-HBA is about 300 kW. The typical mean capture width is about 12m,
depending on the site. It is up to 16.7m for the Danish site.

Table 8 shows a comparison of the performance measures for the B-HBA
with the F-3OF (inspired by Langlee), the F-2HB (inspired by Wavebob), the
Bref-HB (inspired by Seabased) and the F-OWC (inspired by OE buoy), for the
Yeu site.

B- F- F- Bref- F- Pelamis
HBA 3OF 2HB HB OWC* P1**

Mean power
280 219 191 3.3 337.5* 230.3**

(kW)
Capture width

11.9 8.17 7.12 5.30 12.7* 8.6**
(m)

Hydrodynamic
17 % 33% 36% 6% 53%* 6%**

efficiency η1
Ey / Mass

1.53 1.36 0.338 0.92 1.62* 2.88**
(kWh/kg)
Ey / Awet 0.56 0.89 0.79 0.68 0.77* 1.2**
(MWh/m2)
Ey / FRMS

PTO 1.20 3.29 2.03 2.3 N/A N/A
(kWh/N)
Ey / FRMS

wave 3.34 2.67 3.03 1.27 N/A N/A
(kWh/N)

Table 8: Comparison of B-HBA’s criteria with the F-3OF (inspired by Langlee),
the F-2HB (inspired by Wavebob), the Bref-HB (inspired by Seabased) and the
F-OWC (inspired by OE buoy) at the Yeu site. The parameters are calculated
based on the yearly energy delivery Ey. The mass is taken as the total mass
of the ballasted installed structure, not including the moorings, and Awet is the
wetted surface area of the structure. Significant PTO force FRMS

PTO and significant
wave force FRMS

wave are taken as the yearly RMS values. * and ** means that the
numbers were obtained respectively with a frequency domain model and using
the power matrix provided by the developer. They need to be confirmed.

One can see that the B-HBA’s relative capture width is between the one of
resonator devices and attenuators. It has a very good Energy to mass ratio,
almost as good as for the floating OWC. However, one can see that the ratio
of Energy and Wetted surface area is smaller than for the other devices. The
same goes for the Energy per PTO force. The ratio of Energy and Wave force
is rather high.

Figure 22 shows the distribution of the absorbed power in function of the
power level. The left-hand figure shows the probability for the power production
to be between two levels and the right-hand figure shows the probability for the
power to be greater than a given power level. It has been calculated with the
wave statistics of the Yeu site. One can see the absorbed wave power is greater
than the mean power 35% of the year.

3.3.2 Assessment of the uncertainties

Viscous losses
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Figure 22: Distribution of the power production.

To assess the uncertainty associated with the modelling of viscous losses, the
mean annual absorbed power at the Yeu site was calculated with different values
of the viscous coefficients. Calculations were made with the linear PTO model,
with optimisation of the damping parameter. Figure 23 shows the results. One
can see that the modelling of the viscous damping has quite limited influence on
the results of mean power. If viscous damping is set to zero, the mean absorbed
power is 9% larger than the one found with nominal values. If viscous damping
is underestimated by a factor 2, then the absorbed power is over-predicted by
2.5%.

Based on this, the uncertainty associated with the modelling of viscous
damping was considered as negligible compared to other sources of uncertainty.

PTO modelling and optimisation

Calculation of the mean annual absorbed power at the Yeu site was per-
formed with the hydraulic PTO model, with optimisation of the PTO param-
eter, in order to evaluate the effect of the PTO modelling on energy output.
In this case the absorbed power was found to be equal to 272 kW, i.e 2% less
than with the linear PTO model. It shows that the PTO model has only a
small influence on the level of mean annual absorbed power. The same result
was found in the case of the Bref-HB (inspired by Seabased). Then the dif-
ference of mean annual power calculated with a linear PTO model and with a
full machinery model was less than 10%. In the case of the B-HBA, it is even
smaller. Therefore, the uncertainty associated with the modelling of PTO was
considered as negligible compared to other sources of uncertainty.

To assess the benefit of optimising the PTO coefficients for each sea state,
calculation of the mean annual power absorption was performed with fixed PTO
settings, in case of linear PTO. Results are shown in Table 9.

One can see that optimising the PTO parameter increases the mean annual
power absorption by 6 to 38%. This type of slow control is simple and easy to
apply, and should certainly be considered in practise.
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Figure 23: Mean absorbed power at Yeu in function of the drag coefficient
relative to its nominal value. PTO setting number 5 was used.

SEM- EMEC Yeu Lisboa Bel- Danish
Site REV mullet study

BPTO = 5000 kNms 91 196 213 219 464 187
BPTO optimised 127 225 280 303 612 201
Difference (%) 28 13 24 38 24 6

HPTO optimised 121 219 272 298 604 202
BPTO optimised 127 225 280 303 612 201
Difference (%) 5 3 2 1 1 -1

Table 9: Mean annual power with and without optimisation of the PTO param-
eter for each sea state.
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Comparison with Wavestar WEC power matrix

Table 10 shows the comparison of the power matrix that was calculated in
this study and a power matrix which was provided by the developer. One should
note that it is the power matrix of delivered electricity and not absorbed energy.
Hence, it includes the losses associated with the PTO, the power converters, etc.

At first look, one can see that the order of magnitudes agrees between the
two power matrices. However, one can see that they agree well only in the
limited range of cases of wave periods smaller than 4 seconds. In other cases,
the power matrix provided by the developer predicts roughly 50% more energy
production. One possible reason for this discrepancy is that the power matrix
provided by the developer includes active control, whereas the power matrix
calculated in this study includes only passive control.

Since storm protection is enabled when the significant wave height is higher
than 3m, the power matrix provided by the developer is valid for sites with low
resource, such as in Danish waters. Therefore, calculation of the mean annual
power production at the Danish site was done using the power matrix provided
by the developer. Result shows a mean power production of 220 kW. It is only
10 % more that the value calculated in the present study (201 kW). Therefore,
although we realise that there are probably features in the actual Wavestar
WEC that were not taken into account in our B-HBA model, we are confident
in the fact that the figures given here give a good indication of the performances
of this class of devices.

3.4 Parametric studies

3.4.1 Threshold on the instantaneous absorbed power

Table 11 shows the mean absorbed power at Yeu in function of a rating on the
instantaneous power. It means than the maximum of instantaneous power is
limited to this threshold. The difference between the available instantaneous
power and the maximum is considered as lost. The calculation was performed
with the linear PTO model.

One can see that the instantaneous power can be rated to a maximum of 4
MW with negligible losses in the mean annual absorbed power.

3.4.2 Threshold on the mean output power

Calculations of the mean annual power at Yeu site were performed with power
rating of the platform of 600 kW and 1200 kW. It means that if the calculated
value of mean absorbed power for a sea state is larger than the power rating,
then the surplus power is considered as lost.

Differences on the mean annual power were found to be smaller than 14%
and 4%, respectively. It means than the B-HBA WEC could be rated at 1.2
MW without losing much energy.

3.4.3 Effect of scale

Figure 24 shows the effect of scaling on the mean power absorption of the B-
HBA, at the Yeu site. This figure has been calculated using the frequency
domain model. The PTO model is set to linear, with fixed PTO parameter set
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Wave height (m) Wave period Tz (s)
2 - 3 3 - 4 4 - 5 5 - 6 6 - 7 7 - 8 8 - 9 9 - 10 10 - 11 11 - 12 12 - 13

0.0 - 0.5 Wavestar 0 0 0 0 0 0 0 0 0 0 0
B-HBA 0 14 0 22 0 21 0 17 0 14 0 13 0 13 0 11 0 11 0 10 0 9

0.5 -1.0 Wavestar 0 49 73 85 86 83 78 72 67 63 59
B-HBA 0 53 14 291 22 79 21 65 17 60 14 58 13 50 13 47 11 47 11 43 10 37

1. - 1.5 Wavestar 54 136 193 205 196 182 167 153 142 132 123
B-HBA 0 97 53 175 91 171 79 146 65 124 60 118 58 109 50 93 47 80 47 92 43 79

1.5 - 2.0 Wavestar 106 265 347 347 322 294 265 244 224 207 193
B-HBA 0 150 97 311 175 286 171 256 146 223 124 229 118 216 109 175 93 150 80 175 92 152

2.0 - 2.5 Wavestar 175 429 522 499 457 412 372 337 312 286 267
B-HBA X 150 463 311 430 286 394 256 377 223 331 229 342 216 297 175 246 150 234 175 227

2.5 - 3.0 Wavestar 262 600 600 600 600 540 484 442 399 367 340
B-HBA X 0 600 463 600 430 567 394 553 377 463 331 454 342 342 297 424 246 393 234 322

3.0 - Wavestar Storm protection
B-HBA X 0 600 463 600 567 553 463 454 342 424 393

Table 10: Comparison of the calculated power matrix and the power matrix provided by the Wavestar company.
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Max. instantaneous absorbed power Mean annual absorbed power
(kW) (kW)
2 000 246
4 000 275
20 000 280

Table 11: Mean annual absorbed power at Yeu in function of the rating of
maximum instantaneous absorbed power. The PTO model is linear. The PTO
coefficient was optimised for each sea state.

to BPTO = 5000 kNms andMPTO = 10 tonnes at scale 1. The PTO parameters
were scaled accordingly to the Froude law for other scales.
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Figure 24: Influence of the scale on the mean power absorption of the B-HBA
at Yeu.

One can see that the mean absorbed power grows linearly with the displace-
ment for small devices. As the displacement increases, the slope decreases.

For a displacement twice the nominal displacement of the B-HBA, one can
see that the increase in power absorption is 64%. In the same time, the increase
in the wetted surface is 58%. Hence, if the structural mass (which often governs
costs) depends mostly on the wetted surface, one can see that scaling up the
B-HBA would slightly improve its economics. But if it depends mostly on the
displacement, there is no point in scaling up, since the ratio power per mass
decreases with the size.

4 Conclusions and recommendations

From these results and the study, the main conclusions are:

• The mean power level that one can expect from the B-HBA WEC is
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about 300 kW on a site whose shallow-water wave power level is about
23.5 kW/m. The uncertainty of the reported numbers is estimated to
about [−20%,+20%]. It comes from the estimation of the interaction
factor between the floats.

• The influence of the PTO modelling – linear or hydraulic – has only a
small influence (a few percents) on the mean power absorption.

• The mean output power of the B-HBA could be rated to 1200 kW with-
out losing a significant amount of energy production. Limitation of the
instantaneous absorbed power to 4MW would not significantly reduce the
mean absorbed power.
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Summary

This document reports the pilot study of the project “Numerical estima-
tion of energy production from a selection of Wave Energy Converters”. It
contains a mathematical model and simulation results for the study of a
bottom-referenced submerged heaving buoy (Bref-SHB). Its geometry and
working principle has been inspired by the Ceto wave energy converter cur-
rently under development by the company Carnegie Wave Energy Limited
in Australia.

Results of the study are the following performance measures:

• The annual mean output power.

• The yearly energy output / displacement.

• The yearly energy output / wetted surface.

• The average power per unit of significant PTO force.

• The average power per unit of excitation force

• The duration curves.

These criteria were estimated for the Bref-SHB device using the math-
ematical model described in this report. Results are given in the following
table and in Figure 1.

From these results and the study, main conclusions are :
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SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 13.3 19.6 23.5 33.7 72.5 12.0

Mean power [kW] 8.8 18.5 22.0 19.0 31.3 19.1
Capture width [m] 0.66 0.94 0.94 0.57 0.43 1.64
Ey / Mass [kWh/kg] 0.39 0.81 0.97 0.83 1.37 0.84
Ey / Awet [MWh/m2] 0.35 0.74 0.88 0.76 1.24 0.76
Ey / FRMS

PTO
[kWh/N] 1.53 2.08 2.37 2.29 2.95 2.06

Ey / FRMS
wave [kWh/N] 2.57 3.60 4.05 3.84 4.73 3.57

Table 1: Evaluation criteria for the Bref-SHB WEC for chosen sites having
mean annual wave energy transport J , and where sea states are synthesized
with a spectrum peakedness factor γ. The parameters are calculated based
on the yearly energy delivery Ey. The mass is taken as the total mass
of the ballasted installed structure, not including the moorings, and Awet

is the wetted surface area of the structure. Significant PTO force FRMS
PTO

and significant wave force FRMS
wave are taken as the yearly RMS values. The

uncertainty of Ey is estimated to [−40, 20]%.

• The mean power level that one can expect from the Bref-SHB WEC
is about 20 kW on a site whose wave resource is about 25 kW/m. The
uncertainty is about [−40%,+20%]. It comes from the estimation of
the viscous losses and the PTO modelling.

• The PTO modelling -linear or hydraulic- has a rather large influence
on the mean power absorption. Annual mean power is 20 % less with
hydraulic PTO than with linear PTO.

• The Bref-SHB could be rated to 100 kW without losing a significant
amount of energy production. Limitation of the instantaneous ab-
sorbed power to 10 times the mean output power (200MW) would not
reduce significantly the mean absorbed power either.

• The stroke length could be set to 4 meters with negligible losses in the
annual energy absorption.

2



Absorbed power [kW]

P
er

ce
nt

ag
e 

of
 th

e 
ye

ar
 [%

]

0 20 40 60 80 100
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Power distribution

Absorbed power [kW]

P
er

ce
nt

ag
e 

of
 th

e 
ye

ar
 [%

]

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Probability of being above
 a power level

Figure 1: Distribution of the power production on a typical 30 kW/m wave
site.
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Figure 2: Sketch of the system.

1 System description - The Bref-SHB Wave En-

ergy Converter

The Ceto wave energy converter consists of a cylindral buoy immersed 1
to 2 meters below the free surface. It has a positive buoyancy. Through a
wire it is connected to a machinery unit standing at the sea bottom. The
machinery consists of a hydraulic system, pumping sea water and sending it
to the shore. At shore, it is converted into fresh water via reverse osmosis
units and/or into electricity using a Pelton wheel. A simplified sketch of the
system is shown in Figure 2, and a picture including the different components
is found in Figure 3. Based on this the bottom-referenced submerged heaving
buoy (Bref-SHB) studied in this report is defined as follows.

1.1 Mechanical parameters

The system parameters used in the present study has is based on information
gathered from web pages on the internet website of the Ceto company [4].

1.1.1 Buoy

In the original design, the Ceto buoy shape was a sphere. In the com-
mercial version of the buoy, which was released in 2010, the shape is still
axi-symmetric, but with some kind of sharp ellipsoidal cross-section, see
Figure 4. Its parameters are given in Table 2.
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Figure 3: Components of the Ceto wave energy converter.

Table 2: System parameters
Property Value Unit

long axis of the buoy 7 m
short axis of the buoy 5 m
submersion (top of the buoy) 1.5 m
height 56 m
displacement 148 m3

mass of the buoy 35 t
centre of mass -3.5 m (i.e. below the free surface)
Moment of inertia Iy 172 t.m2

Stroke length 6 m
Stiffness upper end stop spring 243000 kg/m
Stiffness lower end stop spring 215000 kg/m

Water depth 20 m
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Figure 4: Picture of the unveiling of the buoy.

1.1.2 PTO and control

In the Ceto WEC, the mechanical power of the motion of each float is
converted into hydraulic power by means of a hydraulic cylinder which is
connected at one side to the tether and at the other side to the foundation,
see Figure 3. A hydraulic PTO can be modelled as a Coulomb damping term
acting in the opposite direction of the cylinder velocity. The PTO damping
force FPTO is then written: FPTO = −HPTO sign(l̇), with HPTO a Coulomb
damping coefficient and l(t) the instantaneous length of the tether.

As an alternative version, we also considered the case of a linear PTO sys-
tem, with machinery force proportional to l, such that FPTO(t) = −BPTO l̇(t).
In addition we have then assumed that the PTO system may excert a spring
force on the buoy. Then BPTO is the damping coefficient and KPTO is the
damping and restoring coefficients. As in the other studies, only cases with
positive KPTO were considered, because it can be achieved technically by
adding a physical spring to the PTO system. This is not the case with
negative KPTO.

In both cases, an additional constant term CPTO was introduced in order
to counteracte the initial pretension of the tether.

As the PTO is of the linear kind, it has end stops. The total stroke
length is estimated to be about 6m.
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Figure 5: Time serie of recorded tension in the tether

1.2 Site and wave resource

According to the developers, the CetoWEC has been designed to be installed
at site with small to intermediate water depth. In this study, the water depth
was assumed to be 20 meters.

Annual wave statistics were obtained from wave data at larger water
depths. As for the B-OF study, it is assumed that for each wave frequency,
90 % of the energy contained in each frequency component is transferred
from deep to intermediate water depths.

1.3 Cost criteria

According to [4], the overall significant mass of the buoy is about 25 tonnes.
It means that the buoy is largely buoyant. This buoyancy has to be coun-
teracted by the anchoring system. It means that it is an essential part to
the system. Therefore, as in the Bref-HB study (inspired by the Seabased
device), one should include the weight of the anchoring system in the overall
significant mass of the device.

Figure 5 shows a time series of the tension in the wire connecting the
device to the sea bottom. It was obtained through numerical simulation,
using the time domain model which is explained in more detail later in this
report. The sea state parameters are Tp = 12 s, Hs = 5m, and γ = 3.3. It
is a strong sea state, but likely to happen several times a year.

One can see that most of the time, the tension oscillates around a mean
value of 1 200 kN, which corresponds to the net buoyancy of the buoy.
However, there exist high peaks of tension, up to 7 000 kN, which correspond
to time when the PTO reaches the high end stop. If nothing is made to avoid
them, these snap loads will cause large fatigue in the tether, which could
result in breaking. However, these high peaks are related with the dynamic
modelling of the tether. One can see that they are of very short duration. So
in this study they will not be considered in the dimensioning of the anchoring
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Criteria unit

Significant wetted surface 220 m2

Significant mass 200 tons

Table 3: Significant surface and mass of the Bref-SHB.

system.
Therefore, the anchoring system will have to counteract only the part of

the tether tension associated with buoyancy and the wave force. According
to Figure 5, a gravity based structure weighting 1.5 times the buoyancy force
should be sufficient. Eventually, the overall significant mass of the buoy plus
mooring is estimated to be about 200 tons.

According to calculation, the surface area of the buoy is about 140m2.
According to pictures found on the internet, the mooring structure looks
like a flat cylinder of radius similar to the one of the buoy. Therefore, the
surface of the mooring structure is estimated to be about 80 m2. The overall
significant wetted surface is then 220m2.

The two other considered cost criteria are the significant PTO force and
the significant wave force. They both have zero mean values. So, they are
defined as their RMS over the whole year.

2 Equation of motion

2.1 Assumptions and notations

Here, the waves are assumed to be monodirectional. Let us assume that
they propagate in the positive x direction. It is further assumed that all
motions are of small amplitude. All second order hydrodynamic effects are
neglected.

Let G be the gravity centre of the buoy, A be the attachment point of the
tether to the buoy, and C be the attachement point of the PTO system to
the sea bottom. Further, let xG and zG denote the surge and heave motion
of the gravity centre of the buoy. The angle α gives the excursion of the
tether relative to the z-axis, while the angle θ gives the buoys pitch motion
relative to the thether axis. Moreover, let l be the instantaneous length of
the tether and l0 its length at rest. The length d = AG denotes the distance
between the attacment point and the gravity centre of the buoy.

Finally, let M be the mass of the buoy and Iy its moment of inertia.

2.2 Kinematics

From the hinge C, the position of G can be written:

9



Figure 6: Notations used

−−→
CG = xG

−→x + (l0 + zG)
−→z (1)

= (l sinα+ d sin(θ + α))−→x + (l cos θ + d cos(θ + α))−→z (2)

By time differentiation, one gets the velocity.

u = l̇ sinα+ lα̇ cosα+ d(α̇+ θ̇) cos(α+ θ) (3)

w = l̇ cosα− lα̇ sinα− d(α̇+ θ̇) sin(α+ θ) (4)

where u and w are the horizontal and vertical velocities of the gravity centre

G. Let XG =
(

xG zG θ + α
)T

, and let us define the position vector

X =
(

∆l α θ
)T

. Using these two last equations, one can show:

ẊG = T(X, Ẋ)Ẋ (5)

with

T(X, Ẋ) =





sinα l cosα+ d cos(α+ θ) d cos(α+ θ)
cosα −l sinα− d sin(α+ θ) −d sin(α+ θ)
0 1 1



 (6)
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The acceleration is obtained by time differentiating once again:

u̇ = l̈ sinα+ 2l̇α̇ cosα+ lα̈ cosα− lα̇2 sinα

+d(α̈+ θ̈) cos(α+ θ)− d(α̇+ θ̇)2 sin(α+ θ) (7)

ẇ = l̈ cosα− 2l̇α̇ sinα− lα̈ sinα− lα̇2 cosα

−d(α̈+ θ̈) sin(α+ θ)− d(α̇+ θ̇)2 cos(α+ θ) (8)

which can be rewritten:

ẌG = T(X, Ẋ)Ẍ+Q(X, Ẋ) (9)

with

Q(X, Ẋ) =





2l̇α̇ cosα− lα̇2 sinα− d(α̇+ θ̇)2 sin(α+ θ)

−2l̇α̇ sinα− lα̇2 cosα− d(α̇+ θ̇)2 cos(α+ θ)
0



 (10)

2.3 Forces

The generalised force F is defined as a column vector whose two first com-
ponents are the horizontal and vertical forces. The third component is the
moment of force. Therefore it depends on the application point.

Let define the operator GA which transports any generalised force ap-
plying at the gravity centre of the buoy to the attachment point of the tether
A. One can show that it is given by:

GA =





1 0 0
0 1 0

d cos(θ + α) −d sin(θ + α) 1



 (11)

2.3.1 Hydrostatic forces

As the buoy is submerged, the sum of the gravity force and the buoyancy
force is independent of its position.

−→
FB = (ρV −M)g−→z (12)

At A, the moment reads:

MB(A) = −(ρV −M)gd sin(α+ θ) (13)

Therefore, the generalised hydrostatic force at A reads:

FB(A) =





0
(ρV −M)g

−(ρV −M)gd sin(α+ θ)



 (14)
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2.3.2 Wave excitation and radiation forces

Within the frame of linear theory, the hydrodynamic forces reads in the
frequency domain:

FD(G) = Fex(G)−CMẌ(G)−CAẊ(G) (15)

in which:

• Fex(G) is the generalised excitation force at G.

• CM and CA are the added mass and radiation damping coefficients.

At A, it reads:

FD(A) = GAFex(G)−GACMTẌ−GACMQ−GACATẊ (16)

2.3.3 Viscous damping forces

The viscous damping forces are modelled under the form of a drag force
applying at G:

−→
FV

B(G) = −
1

2
ρCDAD

∥

∥

∥

−→
V (G)−

−→
V 0(G)

∥

∥

∥

(−→
V (G)−

−→
V 0(G)

)

(17)

MV (G) = −
1

2
BQ|α̇+ θ̇|

(

α̇+ θ̇
)

(18)

where:

•
−→
V 0(G) is the undisturbed flow velocity at point G in the body fixed
coordinate system.

• CD =

(

Cx 0
0 Cz

)

is the drag coefficient matrix andAD =

(

Ax 0
0 Az

)

the corresponding characteristic surface area matrix.

•
−→
V (G) is the velocity of the buoy at point G in the body fixed coordi-
nate system.

• BQ is the quadratic roll damping coefficient.

The corresponding generalised force at point A is obtained by:

FV(A) = GA

( −→
FV

0(G)
MV (G)

)

(19)

in which the superscript 0 means that the force is expressed in the earth
fixed coordinate system.
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2.3.4 Wire tension

The buoy is connected to the PTO and end stop system via a wire. In
practice, this wire may become slack. In simulation, this happens when the
wire tension becomes negative. In order for the modelled wire not to behave
as a rod, the wire tension will be set to 0 in this case. Otherwise (in normal
operation), it will be equal to the sum of the PTO force plus the end stop
force. Formally, it reads:

T = min(0,FPTO + Fes) (20)

in which FPTO and Fes are the PTO and end stops forces, defined in the
following.

2.3.5 PTO forces

According to Section 1.1.2, two alternative models are used. One is Coulomb
damping and the other one is linear PTO force.

With linear PTO, the generalised PTO force is:

FPTO(A) = (CPTO −BPTO∆̇l −KPTO∆l)





sinα

cosα

0



 (21)

The constant CPTO exists for counteracting the buoyancy force at rest.
Therefore, it is equal to:

CPTO = −(ρV −M)g (22)

In case of hydraulic PTO, the numerical implementation of the Coulomb
damping is difficult because it adds a very stiff term in the equations. This
can lead to unphysical oscillations of the velocity around 0 which can lead to
erroneous values for power absorption. Hence, in practice, perfect Coulomb
damping has been replaced by approximate Coulomb damping, in which the
PTO force is supposed to be linear with a large proportionality coefficient
around the point of zero velocity; and constant when the velocity is large
enough, see Figure 7.

Mathematically, the generalised force in the case of hydraulic PTO reads:

FPTO(A) = (CPTO −min(GPTO|∆̇l|, HPTO)sign(∆̇l))





sinα

cosα

0



 (23)

In this study, the large GPTO coefficient was set to 100 times the dry mass
plus added mass coefficient of the buoy.
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Figure 7: PTO force versus velocity when PTO forces of different kinds:
Linear damping, Coulomb damping and approximate Coulomb damping.
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2.3.6 End stop forces

The endstops are modelled by a repulsive energy potential. It results in the
following generalised force equation, at A:

Fes(A) =
(

−Kes(∆l −∆les)u(∆les −∆l)

−Kes(∆l − Zes)u(∆l −∆les)
)





− sinα
− cosα

0





(24)

in which Kes is the spring coefficients of the end stop; and 2∆les is the
maximum stroke.

2.4 Equation of motion

The total equation of motion is obtained by assembling the previous equa-
tions and expressing Newton’s law.

2.4.1 Frequency domain

In the frequency domain, only the linear PTO is considered. The viscous
forces and end stops forces are not taken into account. The kinematic is
linearised. Therefore, the equation of motion can be written in the frequency
domain:

GA (M+CM(ω))TẌ+
(

BPTO +GACA(ω)T
)

Ẋ

+(KPTO +K)X = GAFex(ω)
(25)

with:

• M =





M 0 0
0 M 0
0 0 Iy





• CM =





CM,11 0 CM,15

0 CM,33 0
CM,51 0 CM,55





• BPTO =





0 0 0
BPTO 0 0

0 0 0





• CA =





CA,11 0 CA,15

0 CA,33 0
CA,51 0 CA,55
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• KPTO =





0 0 0
KPTO 0 0

0 0 0





• K =





0 (ρV −M)g 0
0 0 0
0 (ρV −M)gd (ρV −M)gd





2.4.2 Time domain

In time domain, viscous forces may be included as well as Coulomb damping
for the PTO. The equation of motion is now:

GA (M+ µ∞)TẌ =GAFex −

∫ t

0

GAK(t− τ)TẊ(τ)dτ

+ FB + FV + FPTO + Fes

(26)

with:

µ∞ = lim
ω→+∞

CM (ω) (27)

Krad(t) =
2

π

∫ +∞

0

CA(ω) cosωtdω (28)

The rest of the forces are the same as given in the previous equations.

2.5 Implementation

2.5.1 Calculation of the hydrodynamic coefficients and functions

The BEM code Aquaplus [1] was used to calculate the hydrodynamic coef-
ficients in the frequency domain. Figure 8 shows the mesh which was used.
It is composed of 600 flat panels. Results of computation of added masses,
radiation damping coefficients and excitation force coefficients at the gravity
centre are plotted in Figures 9 and 10.

2.5.2 Estimation of viscous damping coefficients

The order of magnitude of the motion of the float is likely to be similar to
the radius of the buoy, so the Keulegan Carpenter number KC = 2πA

D
is

expected to be in the range [0, 3]. Hence, according to [3], setting the drag
coefficients to Cx = 1 and Cz = 1 should not be exaggeratedly penalising
for assessing the energy absorption of the device.

According to the same author, the quadratic roll damping coefficient was
set to BQ = 1

2
ρbQB

4L with bQ = 0.1, B = 7m and L = 7m.
The corresponding representative area were calculated. Their values are

Ax = 30.5m2 and Az = 38.0m2.
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Figure 8: Mesh used for the calculation of the hydrodynamic coefficients.
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Figure 9: Frequency domain radiation coefficients, computed with Aquaplus.
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the moment of force.

2.5.3 W2W models

Based on equations (25) and (26), two numerical models were derived: one
in the frequency domain and the other one in the time domain. They were
both solved by implementation in Fortran90.

3 Simulation results and energy assessment

When they are not otherwise specified, the parameters which were used in
all the simulations presented here are the ones given in Table 2.

3.1 Verification tests

The natural period of the buoy in heave is given by:

ω0 =

√

KPTO

M + CM33(ω0)
(29)

By setting KPTO to 60 kN/m, one gets ω0 = 0.60 rad/s. Figure 11 shows
the corresponding RAO (Response Amplitude Operator). As expected, one
can see that there exists a resonance peak at frequency 0.61 rad/s for the
heave motion.

One can see that there exists also a resonance frequency for the pitch
motions of the buoy. It corresponds to the natural frequency of the inverse
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Figure 11: RAO of the Bref-SHBWEC computed with the frequency domain
model. KPTO is set to 60 kN/m and BPTO is set to 25 kN/m.s.

pendulum motion of the buoy. One can see that for the chosen water depth
(20 meters), this oscillation will be excited by the waves as it is found in the
frequency range of occuring waves. In deeper water, this naural frequency
will be lower, leading to even stronger excitation by the waves. In the
linear theory approximation, this motion is not coupled with the productive
motion, so it does not affect the energy absorption. However, non linear
terms in the equation of motion will create coupling. Its effect on the energy
absorption will be investigated later.

Figure 12 shows a comparison of the RAO of the Bref-SHB WEC calcu-
lated with the frequency domain model and the time domain model. In time
domain, the RAO was calculated with a very small wave amplitude (0.01
m), in order to have negligible influence from the non linear terms. One
can see that the agreement is excellent, except at short periods for the pitch
motion θ in blue. This was investigated and it was found that it actually
comes from a beating effect due to low damping of the transient motion.
Longer simulations would then give perfect agreement. Therefore, we trust
that both implementations of the equations are correct in the two models,
at least at first order.

Figure 13 shows decay tests of the buoy motion computed with the time
domain model, with and without viscous damping. Left figures are for an
initial stretching of the line of 1 meter, middle figures are for an initial angle
of α = 10 degrees, and right figures are for an intial angle θ = 10 degrees.
The PTO parameters are the same as in the previous case.

As it was expected, the heave and pitch motion α are more damped with
viscous damping than without. It indicates that the implementation of the
viscous damping is correct. However the viscous contribution to damping
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Figure 12: Comparison of Bref-SHB WEC’s RAO calculated with the fre-
quency and the time domain model. KPTO is set 60 kN/m and BPTO is
set 25 kN/m.s. RAO in time domain was calculated with wave amplitude
0.01 meters. Left figure is the heave motion of the buoy. In the right figure,
red curve is the pitch motion α and blue curve is the pitch motion θ. One
can see that the agreement is excellent which shows that both models are
implemented correctly.

appears to be much smaller for the heave motion than for the pitch motion.
It is probably due to the fact that in heave, PTO damping is already the
dominant damping part.

An interesting phenomenon appear on the θ pitch decay test, without vis-
cous damping. One can see that the θ motion induces an offset in the heave
motion. This offset vanishes as the amplitude of the θ motion decreases. The
origin of this phenomenon comes from the fact that the contribution to the
restoring moment from the buoyancy is proportional to (α+θ), whereas the
contribution from the constant part of the PTO force is only proportional
to α. However, one can see that this effect disappears as soon as viscous
damping is applied.

Finally, a verification of the implementation of the end stops was per-
formed by calculating the motion response of the buoy in a 12 seconds 4
m height regular wave, with a buoy stroke limited to 4 meters. Results are
shown in Figure 14. The behaviour is as expected.

3.2 RAOs

The PTO coefficients have a strong influence on the RAO and power func-
tion of the Bref-SHB WEC. To understand this influence, RAOs and power
functions with several sets of PTO coefficients were computed. They were
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Figure 13: Decay test of the motion of the buoy, with and without viscous
damping. Left figures are for an initial stretching of the line of 1 meter,
middle figures are for an initial angle of α = 10 degrees, and right figures
are for an intial angle θ = 10 degrees. The PTO parameters are the same
as in the previous case. Top figures are the heave motion, middle figure are
the pitch motion α and bottom figures are the pitch motion θ.
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calculated with the frequency domain model when the PTO is linear, and
with the time domain model when it is Coulomb damping. With the time
domain model, the RAOs are estimated by finding the maximum of the
motion during a 1200 s duration simulation in which the transients were
removed. Viscous effects and end stops were included in the time domain
model.

3.2.1 Linear damper

First, a linear damper is considered. Table 4 summarises the set of PTO
coefficients which were used. In Figures 15 and 16 we have plotted the
associated RAOs and power functions.

Set number BPTO (kN/m.s) KPTO (kN/m)

1 25 100
2 50 100
3 75 100
4 100 100
5 150 100
6 25 50
7 25 150

Table 4: PTO settings for the linear damper
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Figure 15: RAO and power function for the Bref-SHB with PTO settings 1
to 4. In these settings, the PTO model is linear, with KPTO equal to 100
kN/m. The results have been computed with the frequency domain model.

In Figure 15 PTO settings 1 to 4 are used. For these settings, KPTO is
equal to 100 kN/m. One can see that:
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• The power absorption of the Bref-SHB WEC can be as high as 200
kW per square meter of incident wave at resonance. However, it comes
with a large amplitude of motion (amplification factor of almost 6). It
is thus likely to be damped by additional viscous effects. In practice,
one could expect the maximum amplification factor to be about 2 or
3.

• The amplitude of motion is reduced as the BPTO coefficient increases.
The power function depends strongly on this coefficient. As the BPTO

coefficient increases, the peak of power absorption shifts to longer wave
periods, and the maximum power decreases. However, at the same
time the bandwidth gets broadened.

From the annual energy absorption point of view, some of these effects
are good (period shifting, broadening of bandwidth), and some are bad
(decrease in the maximum of power absorption). Therefore one has to look
for a compromise.
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Figure 16: RAO and power function for the Bref-SHB with PTO settings
1, 6 and 7. In these settings, the PTO model is linear, with BPTO equal to
25 kN/m.s. Results have been computed with the frequency domain model.

In Figure 16, we have plotted the RAOs and power function for PTO
settings 1, 6 and 7. In these settings, BPTO is equal to 25 kN/m.s. As
expected, changing the PTO stiffness gives the possibility to tune the natural
period of the system.

3.2.2 Coulomb damping

Then, an approximate Coulomb damping is considered. As it is a non-linear
component, the time domain model was used to calculate the pseudo-RAO
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of the Bref-SHB WEC with three settings for the PTO force coefficient
HPTO = 25, 50 and 100 kN. The KPTO coefficient was set to 100 kN/m.
The wave amplitude was set equal to 1m. Viscous damping and end stop
effects were included.

The results are shown in Figure 17 together with the case of linear damp-
ing with BPTO = 100 kN/m.s. We chose to compare with this setting for
the linear damping because in the other cases the RAO is larger than the
allowed stroke (4 meters in this case).
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Figure 17: RAO and power function for the Bref-SHB with Coulomb damp-
ing. The results have been computed with the time domain model.

Compared to the case of linear damping, one can see that the power
absorption is reduced with Coulomb damping. The reduction factor is large,
in the range from 2 to 3. One can see that if the damping coefficient is too
small (HPTO =25 kN), the motion reaches the end stop limit for a large range
of frequencies. This limiting effect can be observed on the energy absorption
as well. It results in a net waste of energy, in comparison with cases with
larger PTO coefficients. On the other hand, if the damping coefficient is too
large, the system cannot move, which leads to zero energy absorption. It
is what happens in case of HPTO =100 kN, for wave periods longer than 10
seconds. Therefore, one has to be careful in setting the value of the PTO
coefficient, i.e the high-pressure level in the hydraulic circuit.

As a nominal value, one can conclude from these graphs that one should
choose HPTO around 50 kN.

3.2.3 Effect of quadratic damping

In order to get an idea of the importance of non-linear effects on the re-
sponse of the Bref-SHB WEC, RAO and power function of the system were
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calculated for wave amplitudes of 0.25, 0.5 and 1 meters. The PTO was set
to linear, with PTO settings number 4.
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Figure 18: Effect of non linearities (mechanical, viscous damping and end
stops) on the pseudo RAO and power function of the Bref-SHB WEC. PTO
is linear with settings 4.

Results are shown in Figure 18. One can see that the effect of non
linearities on the response of the system is important, even for the smaller
waves. As expected, these non-linearities reduce the level for resonance peak
for all the three degrees of freedom. The power absorption is reduced by
30% at resonance for a wave of 1m amplitude. Therefore, it is important to
take these non-linearities into account in the derivation of the mean annual
power absorption.
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3.2.4 Conclusions

From these results in regular waves, it appears that:

• The order of magnitude of absorbed power from the Bref-SHB WEC
is 50 to 100 kW per square meters of wave amplitude in regular waves.

• With linear PTO, both PTO damping and stiffness parameters have
an influence on the RAO and power function of the Bref-SHB WEC.
They should be optimised for each sea state in the calculation of annual
energy absorption.

• With hydraulic PTO, it was not possible to achieve the same levels of
energy absorption as with the linear PTO in regular waves. The reason
is probably the limited stroke. Therefore, the derivation of the power
matrix of the Bref-SHB will be done using the linear PTO model.

• Non-linear effects have a large influence on the power absorption, even
in the case of small waves.

3.3 Power matrix and criteria

In this section, all time domain simulations were performed in irregular
waves using the JONSWAP spectrum. All quantities are derived from 1200 s
duration simulations, with a time step of 0.05 s. To remove the transient
effects, the first 15×Tp seconds of the simulations are not taken into account.
When it is not otherwise specified, the maximum stroke length is taken to
be equal to 6 meters.

3.3.1 Power matrix

Figure 19 shows the power matrix of the Bref-SHB WEC. The left-hand
figure is the mean absorbed power and the right-hand figure is the maximum
recorded over the duration of the simulation for each sea state.

The PTO model was set to linear. For each sea state, the PTO damping
and stiffness parameters were optimised. The range of optimisation of the
PTO parameters is given in Table 5.

KPTO (kN/m) BPTO (kN/m.s)

Minimum 20 10
Maximum 200 200

Table 5: Range of optimisation of the PTO parameters.

For a typical sea state of 9 seconds wave peak period and 2.5 meters
significant wave height, the mean absorbed power of one Bref-SHB buoy is
30 kW. Power absorption higher than 100 kW is reached for the strongest sea
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Figure 19: Power matrix of the Bref-SHB WEC with linear PTO. The PTO
coefficients are optimised for each sea state. Left figure is the mean absorbed
power and right figure is the maximum instantaneous power recorded during
each simulation.

states. As expected from the results in regular waves, the system exhibits
the best efficiency for the shorter wave periods. The efficiency decreases
rapidly with increasing wave peak period.

The maximum absorbed power is typically 15 times the mean power. It is
very large. It means that the PTO system has to deal with large amounts of
instantaneous power, much larger than the average power absorption. This
is a drawback indeed, but one should note that most of proposed WECs
have to face this issue.

Figure 20 shows the matrices containing optimised values of the PTO
coefficients. One can see that for the stiffness coefficient, it varies essentially
with the wave period, in a somehow linear manner. This was expected, since
the aim of varying the stiffness coefficient is to tune the natural period of
the system. About the damping coefficient, one can see that it does not
vary much with the wave height nor with the wave period. As an average
value, one could choose BPTO equal to 100 kN/m.s for all sea states.

Figure 21 shows matrices of the RMS and instantaneous maxima of the
line motion recorded during the simulations. As expected, the RMS value for
the line motion is typically about one fourth of the significant wave height.
It seems that it does not vary much with the wave period. On the rigth-
hand figure, one can see that events during which end stops are reached
occur as soon as the wave height is larger that 3 meters. It means that it
would happen quite often. Therefore, special attention should be paid in
the design of the end stop mechanisms.

Significant pitch motion is typically in the order of 5 degrees. It increases
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Figure 20: Optimised value of the PTO coefficients.

linearly with the wave period and the wave height. The buoy’s pitch motion
appears to be very small, so it could probably be neglected.

By multiplying the power matrix with wave data statistics, one can cal-
culate the annual energy absorption of the Bref-SHB WEC for each consid-
ered wave site. Deep water wave statistics were obtained by transferring the
energy from deep water to shallow water, according to Section 1.2. Results
of mean annual power absorption are reported in Table 6 as well as the
assessment criteria for the six considered sites.

One can see that the mean annual absorbed power that one can expect
from the Bref-SHB WEC is a few tens of kilowatts. It goes from 8.8 kW
for the SEM-REV site up to 31.1 kW for the highly energetic Belmullet site.
For a typical wave resource of about 25 kW/m, the typical absorbed wave
power by the Bref-SHB is about 20 kW. The typical mean capture width is
about 1m, depending on the site. It is up to 1.6m for the Danish site.

Table 7 shows the comparison of the criteria of the Bref-SHB device to
the B-HBA, F-3OF, F-2HB, Bref-HB and F-OWC devices, for the Yeu site.

One can see that the Bref-SHB’s relative capture width is in the lower
range. It has an average Energy to mass ratio and a good Energy to Wetted
surface ratio. The ratio Energy per PTO force is good also. The ratio
Energy per Wave force is rather high in comparison with the other considered
technologies.

Figure 22 shows the distribution of the absorbed power in function of the
power level. The left-hand figure shows the probability for the power pro-
duction to be between two levels and right-hand figure shows the probability
for the power to be greater than a given power level. It has been calculated
with the wave statistics of the Yeu site. One can see the absorbed wave
power is greater than the mean power about 45% of the year.
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Figure 21: Matrices of the RMS of the motion of the Bref-SHB WEC.
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SEM- EMEC Yeu Lisboa Bel- Danish
Parameter Unit REV mullet study

γ 1 1 3.3 3.3 3.3 1
J [kW/m] 13.3 19.6 23.5 33.7 72.5 12.0

Mean power [kW] 8.8 18.5 22.0 19.0 31.3 19.1
Capture width [m] 0.66 0.94 0.94 0.57 0.43 1.64
Ey / Mass [kWh/kg] 0.39 0.81 0.97 0.83 1.37 0.84
Ey / Awet [MWh/m2] 0.35 0.74 0.88 0.76 1.24 0.76
Ey / FRMS

PTO
[kWh/N] 1.53 2.08 2.37 2.29 2.95 2.06

Ey / FRMS
wave [kWh/N] 2.57 3.60 4.05 3.84 4.73 3.57

Table 6: Evaluation criteria for the Bref-SHB WEC for chosen sites having
mean annual wave energy transport J , and where sea states are synthesized
with a spectrum peakedness factor γ. The parameters are calculated based
on the yearly energy delivery Ey. The mass is taken as the total mass
of the ballasted installed structure, not including the moorings, and Awet

is the wetted surface area of the structure. Significant PTO force FRMS
PTO

and significant wave force FRMS
wave are taken as the yearly RMS values. The

uncertainty of Ey is estimated to [−40, 20]%.

3.3.2 Assessment of the uncertainties

Viscous losses

To assess the uncertainty associated with the modelling of the viscous
losses, the mean annual absorbed power at the Yeu site was calculated with
different values of the viscous coefficients. Calculations were made with the
linear PTO model, with optimisation of the parameters. Figure 23 shows
the results in function of the percentage of viscous damping coefficients with
respect to the nominal values.

One can see that the modelling of the viscous damping has a large in-
fluence on the results of mean power. If the viscous damping coefficient is
doubled, the mean absorbed power is 19% smaller than the one with nomi-
nal values. If the viscous damping coefficient is divided by a factor 2, then
the absorbed power is increased 20%.

Therefore, the retained uncertainty associated with the modelling of vis-
cous damping is roughly [−20, 20]%.

PTO modelling and optimisation

Calculation of the mean annual absorbed power at the Yeu site was
performed with the hydraulic PTO model, with optimisation of the PTO
parameters, in order to evaluate the effect of the PTO modelling on the
system energy absorption’s ability. The absorbed power was found to be
equal to 17.9 kW, i.e 19% less than with the linear PTO model. It shows
that in this case the PTO model has influence on the level of mean annual
absorbed power. We recall that in the case of the Seabased the difference
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Bref- B- F- F- Bref- F- Pelamis
SHB HBA 3OF 2HB HB OWC* P1**

Mean power
22.0 190 219 191 3.3 337.5* 230.3**

(kW)
Capture width

0.94 8.08 8.17 7.12 5.30 12.7* 8.6**
(m)

Hydrodynamic
13 % 11 % 33% 36% 6% 53%* 6%**

efficiency η1
Ey / Mass

0.94 1.04 1.36 0.338 0.92 1.62* 2.88**
(MWh/m3)
Ey / Awet 0.88 0.383 0.89 0.79 0.68 0.77* 1.2**
(MWh/m2)
Ey / FRMS

PTO 2.37 0.79 3.29 2.03 2.3 N/A N/A
(kWh/N)
Ey / FRMS

wave 4.05 2.29 2.67 3.03 1.27 N/A N/A
(kWh/N)

Table 7: Comparison of Bref-SHB’s criteria with the B-HBA (Wavestar-
inspired), the F-3OF (Langlee-inspired), the F-2HB (Wavebob-inspired), the
Bref-HB (Seabased-inspired), the F-OWC (OEbuoy-ispired) and the Pelamis
at the Yeu site. The parameters are calculated based on the yearly energy
delivery Ey. The mass is taken as the total mass of the ballasted installed
structure, not including the moorings, and Awet is the wetted surface area of
the structure. Significant PTO force FRMS

PTO
and significant wave force FRMS

wave

are taken as the yearly RMS values. * and ** means that the numbers were
obtained respectively with a frequency domain model and using the power
matrix provided by the developer. They need to be confirmed.
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Figure 22: Distribution of the power production.
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Figure 23: Mean absorbed power at Yeu in function of the percentage of
viscous damping with respect to the nominal value.
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of mean annual power calculated with a linear PTO model and with a full
machinery model was less than 10%. In the case of the Wavestar, it was less
than 2%. Therefore, the retained uncertainty associated with the modelling
of PTO is [−20, 0]%. If we add that to the uncertainty from the viscous loss
modelling in a summed squares manner, we find that the total unsertainty
due to these two factors is [−28, 20]%.

To assess the benefit of optimising the PTO coefficients for each sea
state, calculation of the mean annual power absorption was performed with
a linear PTO with fixed PTO settings. Results are shown in Table 8.

Table 8: Mean annual power with and without optimisation of the PTO
parameters for each sea state.

SEM- EMEC Yeu Lisboa Bel- Danish
PTO REV mullet study

Setting 4 5.4 11.5 13.7 12.1 21.9 11.8
Optimised parameters 8.8 18.5 22.0 19.0 31.3 19.7

Difference (%) 39 38 38 36 30 40

One can see that optimising the PTO parameter increases the mean
annual power absorption by 30 to 40%. This slow control is simple and easy
to apply, so it should definately be considered in practice.

3.4 Parametric studies

3.4.1 Threshold on the instantaneous absorbed power

Table 9 shows the mean absorbed power at Yeu in function of a rating on
the instantaneous power. It means that the instantaneous power is limited
to this threshold. The difference between the available instantaneous power
and the maximum is lost. The calculation was performed with the linear
PTO model.

Table 9: Mean annual absorbed power at Yeu in function of the rating of
maximum instantaneous absorbed power. The PTO model is linear and the
PTO coefficient was optimised for each sea state.

Max. instantaneous Mean annual
absorbed power (kW) absorbed power (kW)

200 21.7
400 21.7
None 22.0

One can see that the instantaneous power could be rated at 200 kW with
negligible losses in the mean annual absorbed power.
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3.4.2 Threshold on the mean absorbed power

Calculations of the mean annual power at Yeu site were performed with
power rating of the platform of 100 kW and 200 kW. It means that if the
calculated valued of mean absorbed power for a sea state is larger than the
power rating, then the surplus power is considered as lost.

Differences on the mean annual power were found to be smaller than 1%
in both cases. It means that the Bref-SHB WEC could be rated at 100 kW
without losing significant amouts of energy output over the year.

3.4.3 Effect of stroke length

Calculations of the mean annual power at the Yeu site were performed with
stroke length of 4m and 8m instead of the normal value of 6m. Differences
on the mean annual power were found to be smaller than 2% in both cases.
It means that the stroke length could be set to 4 meters with negligible
losses in annual energy absorption.

3.4.4 Effect of buoy size

Figure 24 shows the effect of scaling the size of the converter on the mean
power absorption of the Bref-SHB placed at the Yeu site. This figure has
been calculated using the frequency domain model. The PTO model is
set to linear, with fixed PTO parameters set to BPTO = 100 kN/m s and
KPTO = 100 kNms at scale 1. They are scaled according to the Froude
scaling law at other scales.

One can see that the mean absorbed power grows linearly with the dis-
placement for small devices. As the displacement increases, the slope de-
creases.

For a displacement twice the nominal displacement, one can see that the
increase in power absorption is 34%. At the same time, the increase in the
wetted surface is 58%. Hence, it seems that scaling up the Bref-SHB is likely
to increase its economics.

4 Conclusions and recommendations

From the results and the study presented above, main conclusions are:

• The mean power level that one can expect from the Bref-SHB WEC
is about 20 kW on a site whose wave resource is about 25 kW/m. The
uncertainty is about [−28%,+20%]. It comes from the estimation of
the viscous losses and the PTO modelling.
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Figure 24: Influence of the scale on the mean power absorption of the Bref-
SHB at Yeu.

• The PTO modelling – linear or hydraulic – has a rather large influence
on the mean power absorption. The annual mean power is 20% less
with hydraulic PTO than with linear PTO.

• The Bref-SHB could be rated to 100 kW without losing a significant
amount of energy production. Limitation of the instantaneous ab-
sorbed power to 10 times the mean output power (200 kW) would not
significantly reduce the mean absorbed power either.

• The stroke length could be set to 4 meters with negligible reduction
in the annual energy absorption.
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