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Preface 

Structural Design of Wave Energy Devices (SDWED) is a 5 years research project (2010-2014) funded by the 

Danish Strategic Research Council. The project gathers international research communities around the 

development of design tools and a common design basis for wave energy devices in order to make these 

devices more competitive. The prospect of an overall wave-to-wire model has the potential of lowering the 

cost of energy and increasing the reliability of wave energy devices. 

This document presents the extended abstracts of the presentations made by the individual work packages 

(WPs) of the project at the 2nd SDWED Symposium, held at DTU in Lyngby, Denmark, on April 26, 2012, 

providing an overview of the achievements within the project so far. The main focus will be on the first 

three work packages of the project (WP1-3: Hydrodynamics, Moorings and Power take-off), along with 

their links to WP4:  Wave-to-Wire modeling. A status and further plans for WP4 (Wave-to-wire models) and 

WP5 (Reliability) will also be given.  

After the symposium pdf’s of the presented slides will be made available for download at:  

http://www.sdwed/Events/Event//2nd-sdwed-symposium--advances-in-modeling-of-wave-energy-

devices.cid59775 

On behalf of the Project Steering Committee, it is our pleasure to welcome members of the International 

Advisory Board (who are chairing the WP presentation sessions), project partners and all other attendees 

to this symposium. We hope for an exciting day with lots of feedback and interaction between all 

participants. 

 

Jens Peter Kofoed  Kim Nielsen 

Project coordinator  Exploitation and Dissemination Manager 

http://www.sdwed/Events/Event/2nd-sdwed-symposium--advances-in-modeling-of-wave-energy-devices.cid59775
http://www.sdwed/Events/Event/2nd-sdwed-symposium--advances-in-modeling-of-wave-energy-devices.cid59775


 
 

sdwed.civil.aau.dk 2 

 

Wave Energy Research Group 



 
 

sdwed.civil.aau.dk 3 

 

Wave Energy Research Group 

 

Program 

2nd SDWED Symposium, held at DTU in Lyngby, Denmark, on April 26, 2012, 

8:30-9:00 Registration 

9.00  Introduction Jens Peter Kofoed AAU-C 

WP 1 Hydrodynamics  

Chair: Chris Retzler (PWP) 

9.20 1.1 Overview - Nonlinear hydrostatic effects Harry Bingham DTU 

9.40 1.2 Wave structure interaction model Robert Read DTU 

10.00 Coffee break 

10.15 1.3 Modeling of long term wave conditions Jacob T. Sørensen / Hans F. Hansen DHI 

10.35 1.4 A non-linear numerical test bed for WEDs Nicolai Heilskov DHI 

10.55 Open discussion Plenum / IAB  

WP 2 Moorings 

Chair: Lars Bergdahl (Chalmers) 

11.15 2.1 Overview – Modeling of mooring systems Barbara Zanuttigh/ Giovanna Bevilacqua Unibo 

11.35 2.2 Review of design practice Martin Sterndorff SE 

11.55 Open discussion Plenum / IAB  

12.15 Lunch break 

WP 3 Power take off 

Chairs: Martin Donovan (DONG), Anders Køhler (FPP) 

13.15 3.1 Generator systems for WEDs Peter Kracht FRAU 

13.35 3.2 Energy Storage Kaiyuan Lu AAU-E 

13.55 Open discussion Plenum / IAB  

WP4 Wave to wire models 

Chairs: Jose Luis Villate (Tecnalia) , Erik Friis-Madsen (WEIA/WD) 

14.15 4.1 Overview - Wave-to-wire modeling Kim Nielsen RAM 

14.35 4.2 Development of a wave to wire model Francesco Ferri / Marco Alves AAU-C / WavEC 

14.55 4.3 Structural analysis of WEDs Andrew Zurkinden AAU-C 

15.15 Break 

15.40 4.4 Experimental validation of numerical 

models 

Morten Kramer AAU-C 

16.00 Open discussion Plenum / IAB  

WP 5 Reliability 

Chair: Hans Chr. Sørensen (EU-OEA/Spok) 

16.20 5.1 Overview – Reliability of WEDs John D. Sørensen AAU-C 

16.35 5.2 Reliability assessment of a WED Simon Ambühl AAU-C 

16.50 Open discussion Plenum / IAB  

17.00 Closing of the symposium 
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Nonlinear Inertia and Hydrostatic Effects

Harry B. Bingham
Assoc. Prof., Section for Fluid Mechanics, Coastal & Marine Engineering

Department of Mechanical Engineering, Technical University of Denmark

April 12, 2012

1 INTRODUCTION

This abstract describes our current progress on includ-
ing the nonlinear effects associated with hydrostatic
buoyancy in a numerical simulation of the motions of a
floating Wave Energy Converter (WEC). The numer-
ical model is based on a solution to the equations of
motion for the device in the time-domain, where the
hydrodynamic forces associated with wavemaking by
WEC are approximated using linearized potential flow
theory, while all other forces can be included in a fully
nonlinear form. This approach is motivated by the
huge extra computional effort involved in moving from
a linear to a fully nonlinear hydrodyanmic analysis.
The approach is theoretically justified when the waves
generated by the WEC are of small steepness, but if
not, then the method is mathematically inconsistent
and must be judged in terms of its practical perfor-
mance.

2 NUMERICAL MODEL

The hydrodynamic interaction between the ocean
waves and the floating WEC is assumed to be well
described by linear potential flow theory (i.e. an in-
viscid and irrotational flow, with the free-surface and
body boundary conditions satisfied to first-order.) Lin-
ear theory is a good approximation to reality as long
as the parameter kA

tanh kh � 1, where k = 2π/λ is the
wave number (with λ the wave length), A the wave
amplitude, and h the water depth. This parameter is a
measure of the maximum ratio of a nonlinear to a lin-
ear term in the free-surface boundary conditions. We
also assume that certain non-linear external forces can
be applied to the body, without violating the original
hydrodynamic assumptions.

Under the above assumptions we can write the equa-
tion of motion for the body dynamics in the following
convolution form

6∑
k=1

(Mjk + ajk)ẍk(t) +

∫ t

0

dτ Kjk(t− τ)ẋk(τ) (1)

+Cjk xk(t) = FjD(t) + Fjnl(t); j = 1, 2, ..., 6.

All non-linear external forces, such as those due to the
mooring system, Power Take Off (PTO) device, and
possibly viscous/frictional damping, are included via
the term Fjnl(t). The rest of this equation describes

the inertial, hydrostatic and hydrodynamic forces on
the body to first-order in the body motion and the
wave steepness. The position, and angular rotation
of the body in 6 rigid-body degrees of freedom xj(t)
are expressed in Cartesian coordinates where x1 = x is
aligned with the ship axis pointing forward, and x3 = z
is oriented vertically upwards. An over-dot indicates
differentiation with respect to time. The naval archi-
tects convention is used so that: x1 = surge, x2 = sway,
x3 = heave, x4 = roll angle, x5 = pitch angle, and x6
= yaw angle. The body’s linear inertia and hydrostatic
restoring matrices are Mjk and Cjk, respectively. The
force due to radiated waves generated by the body’s
motion is expressed as a convolution of the radiation
impulse-response functions Kjk with the body velocity
ẋk, (plus the impulsive contributions ajk which come
from the t = 0 limit of the radiation problem, and are
proportional to acceleration.) The wave exciting force
FjD(t) can be expressed in various ways, but here we
will assume a superposition of long-crested (uniform
along one horizontal dimension) waves in which case it
is expressed in the following form

FjD(t) =

∫ 2π

0

dβ FjD(t, β) = (2)∫ 2π

0

dβ

∫ ∞
−∞

dτ KjD(t− τ, β)ζ(τ, β),

where ζ(t, β) is a time history of the elevation of the
long-crested incident wave with heading angle β (the
angle between the positive x-axis and the wave propa-
gation direction) and KjD(t, β) is the impulse-response
function for the diffraction force due to an impulsive
long-crested wave from heading angle β.

This is the existing numerical model which has
been implemented in a code called WAMSIM. All of
the coefficients appearing in these equations can be
computed using WAMIT [1] or or any similar radia-
tion/diffraction code.

3 EXACT EQS. OF MOTION

Consider two reference frames, one fixed in space, x
and one fixed to the WEC, x̂. The two frames are
related by the position vector xt = [x1;x2;x3] and the
vector of Euler angles xr = [x4;x5;x6]. Fixing the
sequence of rotations to be: yaw (x6)→ pitch (x5)→

1
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Figure 1: A full sphere for the hydrostatic calculations.

roll (x4), gives the following transformation matrix

L =

 c6c5 s6c5 −s5
−s6c4 + c6s4s5 c6c4 + s4s5s6 s4c5
s6s4 + c6c4s5 −c6s4 + s6s5c4 c5c4


(3)

where ci = cos (xi) and si = sin (xi). A general vector
expressed in the two frames is now related by

x̂ = L(x− xt) x = xt + LT x̂. (4)

The angular velocity of the WEC in the body-fixed
frame can be written

ω̂ = [−ẋ6s5 + ẋ4; ẋ6c4c5 + ẋ5c4; ẋ6c4c5 + ẋ5s4] (5)

which is related to the time rate of change of the Euler
angles by

ẋr = Wω̂ =

 1 s4s5/c5 c4s5/c5
0 c4 −s4
0 s4/c5 c4/c5

 ω̂. (6)

Applying Newton’s second law at the body’s center
of gravity, we can write the exact equations of motion
for the body as

E

[
ẍt
˙̂ω

]
= q (7)

where

E =

[
m −[rg ×m]LT

(rg ×m)LT Îg [rg × (rg ×m)]LT

]
(8)

and

q =

[
F−m[ω̂ × (ω̂ × rg)]

M−m{rg × [ω̂ × (ω̂ × rg)]} − LT (ω̂ × Îgω̂)

]
(9)

where rg is the free vector from the body origin to the

center of gravity and Îg is the moment of inertia tensor
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Figure 2: The initial submerged geometry for the hy-
drodynamics.

about the center of gravity, while m is the 3×3 matrix
with the body mass m on the diagonal. The matrix-
vector cross-product r×I is defined as the matrix with
columns formed from the cross product of the vector r
with each of the column vectors of I.

The external force F and moment M in Eq. (7) in-
clude the sum of the linear radiation and diffraction
forces, the nonlinear forcing from the mooring system
and/or PTO, and the hydrostatic forcing. The total
hydrostatic force is the difference between the hydro-
static pressure integrated over the hull and the body
weight, thus:

Fs + w = ρg

∫ ∫
Sb(t)

d~x z n̂ dS −mgk

Ms = (rg ×w) + (rb × Fs). (10)

where k is the unit vector in the vertical direction and
n is the unit normal vector to the body surface, while
rb is the vector from the body origin to the center of
buoyancy. As a first step, the instantaneous submerged
body surface Sb(t) is determined by the intersection
of the complete body surface with the z = 0 plane,
although the incident free-surface elevation or even the
complete linear elevation could also be used.

A premilinary test case of a floating hemisphere is
under consideration to assess the importance of these
nonlinear effects relative to the hydrodynamic nonlin-
earities. Figure 1 shows a sample grid for the hydro-
static calculations. As the simluation progresses, the
grid is automatically cut to produce only the wetted
portion which then gives the buoyant forces. Figure 2
shows a sample grid of the wetted surface in the initial
position which is used for the hydrodynamic calcula-
tions. Preliminary results for the resultant motions of
the sphere will be shown at the symposium.

References

[1] J. N. Newman and C.-H. Lee. WAMIT; A
radiation-diffraction panel program for wave-body
interactions. WAMIT, Inc, Chestnut Hill, MA,
U.S.A, 2009. http://www.wamit.com.
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WAVE-STRUCTURE INTERACTION USING OVERSET GRIDS

Robert READ1 and Harry BINGHAM2

1Post-doctoral Researcher, Department of Mechanical Engineering, Technical University of Denmark.
2Associate Professor, Department of Mechanical Engineering, Technical University of Denmark.

1. INTRODUCTION
An understanding of wave-induced loadings is critical to 

the design of floating maritime structures. This document 
describes  recent  progress  towards  the  development  of  a 
computational tool, based on potential flow theory, that can 
accurately  and  efficiently  simulate  loadings  on  marine 
structures. Our present objective is to extend the finite-dif-
ference-based  potential-flow  model  developed  previously 
by Engsig-Karup et al. (2009) to include the presence of a 
floating structure. To represent the curvilinear boundaries of 
a structure, this single-block methodology is applied to mul-
tiple,  overlapping grid blocks using the overset  approach. 
While the ultimate aim of this work is to model fully non-
linear  wave-structure interaction,  a  linear  solver  has been 
implemented initially to permit the use of a single, time-in-
dependent  grid  and comparison of  numerical  results  with 
analytical solutions.

The linear radiation problem is considered here. A two-
dimensional computational tool has been developed to cal-
culate the force applied to a floating body of arbitrary form 
in response to a prescribed displacement. Fourier transforms 
are applied to the time-dependent displacement and force, 
and used to determine the radiation added mass and damp-
ing of the body as a function of frequency. Simulations have 
been performed to evaluate the induced flow field and radi-
ation forces generated by a cylinder and a barge in response 
to a Gaussian displacement that introduces a range of wave 
frequencies simultaneously. The hydrodynamic coefficients 
associated  with  body  motions  in  surge,  heave,  and  pitch 
have been calculated and compared with exact solutions.

2. PROBLEM FORMULATION AND SOLUTION
A Cartesian coordinate system is adopted with the  xy-

plane coincident with the free surface and the z-axis direct-
ed upwards. The depth of the undisturbed fluid is h(x,y) and 
the  free-surface elevation is  z=η(x,y,t).  Assuming that  the 
fluid is incompressible and inviscid, and the flow is irrota-
tional, the fluid velocity, u, can be expressed as the gradient 
of a scalar velocity potential,  . In the linear case, the de-
velopment of the free surface with respect to time is gov-
erned by the boundary conditions

∂t= w ,
∂t

=−g ,

where w  and   are the free-surface vertical velocity and 
potential  respectively.  With  a  knowledge  of    and   , 
these  equations  are  evolved  in  time by  solving Laplace's 

equation in the fluid domain subject  to the condition that 
the  normal  component  of  the  fluid  velocity  at  all  solid 
boundaries  must  be  equal  to  the  normal  velocity  of  the 
boundary itself. Hence,

=  , z=0,
∇

2
=0, −hz0,

n⋅u=n⋅ub , x , y , z ∈ ∂ ,

where n is a vector directed out of the fluid, normal to the 
solid boundary surface   , and  ub  is the velocity of the 
boundary. Having identified the velocity potential, the pres-
sure, p, can be evaluated at every point in the fluid accord-
ing to the linearised Bernoulli equation. The dynamic forces 
and moments applied by the fluid to the body are then cal-
culated by integrating the pressure over the body surface. 
The frequency-dependent  added mass and damping corre-
sponding to each of these degrees of freedom can then be 
evaluated as the ratio of the Fourier-transformed force and 
displacement signals as follows:

aij =ℜ [f {F j t}
f {i t} ]/2 , i , j=1,3,5,

bij =−ℑ [ f {F j t}
f {it } ]/ , i , j=1,3,5,

where f{} represents the Fourier transform.
The  governing  equations  presented  above  have  been 

solved numerically using the Overture C++ framework de-
veloped by Brown and Henshaw (1998), which includes a 
powerful  grid  generator,  and  an  interface  to  a  variety  of 
sparse elliptic solvers. A two-dimensional numerical  solu-
tion was obtained with fourth-order accuracy in space and 
time. Centred, finite-difference schemes were developed on 
a computational grid and weighted to satisfy the governing 
equations on the physical grid. Laplace's equation was en-
forced at all internal and boundary points with the excep-
tion of the free surface, where a Dirichlet boundary condi-
tion was applied. A non-homogeneous Neumann boundary 
condition at the body surface represented displacement. The 
resulting  system of  linear  equations  was  solved  directly. 
The free-surface elevation and potential  at  each time step 
were  obtained by a classical  Runge-Kutta solution of the 
free-surface equations. The pressure was evaluated and inte-
grated over the body surface. Fast Fourier transforms of the 
generated  force  and  displacement  series  were  performed, 
and the added mass and damping calculated.



Figure 1: Spatial  configuration  of  shallow  test  cases. 
The green, black, red, and blue lines represent the free sur-
faces,  the body surface,  the bottom, and the interpolation 
surface respectively.  The line of symmetry applies  to the 
bodies, but not to the bottom surfaces.

Time domain simulations have been conducted of a half-
submerged cylinder and rectangular barge floating in shal-
low and deep water over flat and inclined bottoms. The spa-
tial configuration of the shallow grids close to the cylinder 
and barge is shown in Figure 1. The cylinder has a non-di-
mensional radius R/h=0.5. The barge has a non-dimensional 
width B/h=1.5 and d/h=0.5. The lateral distance to the ver-
tical  boundaries  at  either  end  of  the  fluid  domain  (not 
shown) was sufficiently large to ensure that reflected waves 
could  not  significantly  influence  the  body  force.  During 
each simulation, the body displacement was compelled to 
follow a Gaussian profile,  thereby introducing a Gaussian 
range of frequencies into the fluid domain.

3. RESULTS
Convergence of the solutions with grid refinement was 

confirmed. Figure 2(a) shows the cylinder's surge response 
to surge excitation on deep and shallow water with a flat  
bottom, together with the infinite-depth analytical solution 
calculated using a multipole method (Ursell,  1949).  Here, 
the  added  mass  and  damping  have  been  non-dimension-
alised as follows:

ij=
aij

1
2
R2

, ij=
bij

1
2
R2

, i , j=1.

Good agreement might reasonably be expected for val-
ues of  kR corresponding to kh>π , where the waves are suf-
ficiently  short  to  remain  unaffected  by  the  bottom.  This 
agreement is evident.

The  numerical  results  for  barge  motion  over  shallow 
water  with  flat  bottom are shown in Figure 2(b) together 
with the analytical solution generated by Liu (2010) using a 
step  method.  Here,  the  normalization  used  for  the  added 
mass and damping coefficients is given by

aij=
aij

h2
, bij=

bijh /g

h2
, i , j=1.

The agreement between the analytical and numerical re-
sults is good for the surge-surge and heave-heave modes. 
Separate results including bottom slope effects show similar 
agreement, though as for the cylinder testcase, the effect of 

slope on the coefficients is limited. For simulations where 
the response is evaluated in a mode other than the excitation 
mode, the responses are smaller and larger differences be-
tween the numerical and exact results are evident. The rea-
sons for these discrepancies are the subject of present inves-
tigation. In addition, a three-dimensional implementation of 
the code is presently being validated using a hemispherical 
body.

Figure  2: Numerical  and  analytical  surge-surge  solu-
tions over a flat bottom: (a) cylinder, (b)  barge.
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1. INTRODUCTION 

In the context of developing wave energy converters, 

supporting wave to wire modelling and harvesting wave 

energy at sea, the long term wave conditions are crucial for 

the following purposes:  

1) Site conditions 

a. Maps of potential wave power  

b. Extreme conditions of design 

c. Metocean data basis for converting the 

power matrix of a given wave energy con-

verter (WEC) and potential wave power to 

WEC specific energy production maps 

2) Realistic site specific irregular sea state estimation  

a. Providing production sea states for wave-

structure interaction models  

b. Providing extreme sea states for extreme 

loads estimation in wave-structure interac-

tion models  

Spectral wave models are capable of modelling very 

long time series and include wind forcing and wave trans-

formation over varying bathymetry to estimate a spatial field 

of wave conditions, but this is achieved at the prize of ex-

cluding rapid (spatial and temporal) wave-wave interaction 

processes and the detailed wave-structure interaction. Hence 

within the framework of SDWED, sea states are transferred 

to deterministic wave models at some offshore distance to 

the actual WEC for the given sea states defined to achieve 

the most accurate description of the irregular waves at the 

production site.  

 

The production site specifically considered within this 

project is Hanstholm, Denmark, since this is the existing 

Danish wave energy test site for DanWEC 

(http://www.danwec.com/en/home.htm) . 

 
2. MODEL SETUP 

The wave model, MIKE 21 SW, is used in the study. It 

is a new generation spectral wind-wave model based on 

unstructured meshes. The model simulates the growth, decay 

and transformation of wind-generated waves and swell in 

offshore and coastal areas. MIKE 21 SW includes a fully 

spectral and in-stationary formulation which is used in 

SDWED. The fully spectral formulation is based on the 

wave action conservation equation, as described in e.g. 

Komen et al. (1984) and Young (1999). 

Based on a combination of regional and high resolution 

local bathymetric data near Hanstholm, a dedicated model 

domain and mesh was established as shown in Figure 1.  

The period 1979-2009 was modelled using temporally 

and spatially varying wind fields and water levels. The wind 

forcing is composed of data provided by the Danish Mete-

orological Institute (DMI) for the period 1979 – 1997, Vejr2 

for the period 1998 - 2007 and Storm-Geo for the period 

2008 – 2009. Hindcast water level data were adopted from 

results of the existing DHI North Sea - Baltic Sea hydrody-

namic model. These data were established through numeri-

cal modelling using the DHI MIKE 21 Flow Model FM 

forced by tidal boundaries from Cheng and Andersen (2010) 

and covered 1979-2009. 

 

 

 
Figure 1: Mesh of the regional model, zoom-in on the vicin-

ity of the project area 

http://www.danwec.com/en/home.htm


 

The frequency discretisation was 25 bins with a mini-

mum frequency of 0.04 Hz and a frequency factor of 1.115, 

resulting in resolved wave periods in the interval 0.7 - 25 s. 

The directional discretisation was a 360 degree rose with 16 

bins of 22.5 deg. Observations from a wave rider positioned 

at (8.582 E, 57.131 N) were used for the model calibration 

and validation. Observed significant wave height and peak 

periods were available for the period 2005-2009. 

 

3. RESULTS 

Based on a multi objective analysis of both the predicted 

and observed significant wave height, zero-crossing and 

peak period distribution the above wind data and parameters 

were selected in a trial and error calibration process. The 

year 2007 was primarily used for the calibration of the wave 

model. The key parameters considered in the calibration 

were the scatter index, bias and the peak ratio. The skill of 

the significant wave height and peak period for the calibra-

tion period can be seen in Figure 2 and the significant wave 

height for the validation period in Figure 3.  

 

 

 
 

Figure 2: Sign. wave height (top) and zero-crossing wave 

period (bottom) at (8.582 E, 57.131 N) near Hanstholm, 

model and observations. 2007 calibration. 

 

For the calibration period 2007 the significant wave 

height has a scatter index of 0.16, a bias of -0.05m and a 

peak ratio of 1.05 and for the 4 year validation period it has 

a scatter index of 0.21, a bias of -0.02m and a peak ratio of 

1.05. These metrics for significant wave height are excel-

lent. 

A time averaged potential wave energy has been calcu-

lated for the entire 30 year time series. The wave power was 

calculated by the model from the equation: 

 
where E is the energy density, cg is the group velocity, ρ 

is the density of water and g is the acceleration of gravity. 

The spatial distribution of average potential wave energy 

near Hanstholm is shown in Figure 4. 

 

 
 

Figure 3: Sign. wave height (top) and zero-crossing wave 

period (bottom) at (8.582 E, 57.131 N) near Hanstholm, 

model and observations 

 

 
Figure 4: 30-year average potential wave energy near  

Hanstholm 

 

4. CONCLUSIONS 

In summary the validation is considered of good accura-

cy for establishing wave energy site conditions in the con-

sidered area and for selecting representative production and 

extreme wave height sea states to be fed to phase resolving 

wave-structure interaction models. 
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1. INTRODUCTION 

Wave energy converters (WECs) are often designed to 

resonate and thereby produce large motion responses.  

Hence, non-linear hydrodynamic effects can be expected to 

be significant in many cases and including these effects in 

the final design performance and loading analysis is im-

portant. In order to speed up the optimization of WECs in 

view of energy conversion efficiency and structural surviva-

bility, a numerical test bed is paramount. A combination of 

structural optimization using CFD and experimental tests is 

a viable path to take in the development phase. 

 
2. NUMERICAL MODEL 

This paper describes recent progress towards the devel-

opment of a non-linear numerical test bed, based on the 

incompressible Navier-Stokes equations, which can accu-

rately simulate wave-induced loadings on floating marine 

structures. Modeling the hydrodynamic behaviour of a float-

ing wave energy device involves applying OpenFOAM 

libraries to solve the viscous flow equations. OpenFOAM is 

an Open Source library written in C++ based on the finite 

volume method (Weller et al., 1998; Jasak 1996).  

In order to handle a floating wave energy device in a 

CFD model a dynamic mesh methodology is needed. The 

automatic mesh motion and 6-DOF body motion (Jasak, 

2009; Jasak and Tukovic, 2010), force calculation, is cou-

pled to the transient solution of the flow equations. Non-

linear wave interaction with floating wave energy devices 

often includes some wave breaking, which adds to the com-

plexity of the non-linear forcing. The volume of fluid (VOF) 

method is used to model the free surface (Berberovic et al., 

2009; Rusche, 2002; Weller, 2002). Sponge layer zones are 

imposed at the outlet boundaries, damping out waves leav-

ing the domain.   

The new hydrodynamic library in OpenFOAM, forming 

the basis of a numerical test bed, involves complex coupling 

of 6-DOF body motion and wave boundary conditions. The 

fundamentals of fully non-linear fluid-structure interaction 

are tested in to cases; with focus on hydrostatic behaviour 

and Airy wave theory, respectively. Standard pressure and 

velocity boundary conditions are applied. The pressure-

velocity coupling was solved using PIMPLE (merged PISO-

SIMPLE), a scheme included in OpenFOAM.  

3. RESULTS 

Hydrostatic tests of a horizontal floating cylinder are 

performed. The cylinder with specific buoyancy is released 

from a non-equilibrium position, Figure 1. The free-heave 

decay of the cylinder is computed form which the natural 

frequency and damping ratio can be determined. The hydro-

static position of the cylinder in the water column is finally 

compared to the theoretical depth of center of gravity.  

 

 

 
Figure 1: Computational mesh of cylinder. The two col-

ors represent water and air. Three snapshots in time show, 

amongst other results, the behaviour of the dynamic mesh. 



The dynamic behaviour of a horizontal heaving cylinder 

is further compared against analytical results by Ursell 

(1949) of a cylinder motion over an infinite-depth calculated 

by using a multipole method. The cylinder oscillates with a 

small amplitude about its mean position, in which the axis of 

the cylinder coincides with the mean surface. It is assumed 

that the resulting motion is two-dimensional, which is justi-

fied when the cylinder is long compared with a wave-length. 

In the computational model the motion is modeled by sub-

jecting the cylinder to a forced harmonic displacement.  

The computed added mass and damping are compared to 

the non-dimensionalised analytical results. A similar com-

parison, have recently been made by Read and Bingham 

(2012) who compared the results of a potential-flow model 

to the same analytical solution. 

 

 
Figure 2: Computational mesh of barge. The two colors 

represent water and air. 

 

The non-linear wave-dynamic structure interaction is in-

vestigated in a case studying regular waves passing a rec-

tangular barge in a two-dimensional wave tank. The barge 

with a draft one-half of its height is hinged at the centre of 

gravity and free to roll in response to passing waves. Part of 

the computation mesh for the barge with only one degree of 

freedom is shown in Figure 2. The wave-induced roll mo-

tions of the barge have been calculated, Figure 3, and com-

pared with experimental results of Jung et al. (2006). 

  

 

 
Figure 3: Wave-induced roll motions of the barge.  

The hydrodynamic magnification factor associated with 

the body motions is calculated for seven different wave 

periods. The viscous effect observed in the measurements by 

Jung et al. (2006) on the roll motion for incoming waves 

with a wave period longer than the roll natural period com-

pare with numerical results. Comparison to calculations 

based on potential theory reveals that viscous effect ampli-

fies the roll motion and results in a larger magnification 

factor 
 

4. CONCLUSION 

 The results of heave and roll motion form the basis of 

validation of the numerical model, thus demonstrating the 

viability of a numerical test bed for design of floating wave 

energy converters. 
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1. INTRODUCTION 

At present the design of adequate, durable and reliable 

mooring systems is one of the barriers to the commerciali-

zation of floating Wave Energy Converters (WECs). An 

appropriate mooring has to ensure station keeping but has 

also to allow a certain level of mobility to optimize energy 

conversion that is actually maximum when the device oper-

ates close to resonance (Harris et al., 2009). 

This contribution is aimed at presenting the conceptual 

advances of mooring design based on recent results derived 

from experiments and numerical modeling.  It is specifically 

examined the behavior of WECs tested under operation and 

extreme condition to underline the main issues related to the 

dynamics of their mooring system. 

 

2. THE PHYSICAL MODELLING 

The first set of experiments regards the Wave Dragon 

(WD) device, tested in extreme wave conditions to assess 

device survivability and optimise mooring design (Parmeg-

giani et al., 2011). Specific aim of these tests was to evalu-

ate the forces on the main mooring line and the hydrody-

namic response of the device in order to understand the 

relevance of selected parameters such as the freeboard level 

Rc, the mooring line stiffness and the wave steepness Sop. 

The key parameter in the moorings design and for the 

survivability proved to be Rc: by reducing Rc, the WD sta-

bility improves and therefore there is a reduction of the 

mooring forces up to the 20-30% independently from the 

mooring stiffness. Mooring forces show an almost linear 

dependence on surge motions in case of the stiffer system.  

The second set of experiments refers to the DEXA con-

verter, already tested in the past to assess its production 

capacity and the secondary benefit for costal protection 

(Zanuttigh et al., 2010; Zanuttigh et al., 2011).  With these 

experiments (Zanuttigh et al., 2011), performed on a device 

in1:30 scale in the wave basin at Aalborg University, it was 

possible to highlight the effects of the mooring system on 

the power production and on the wave transmission as well, 

under a variety of conditions representative of the opera-

tional wave climate. Different moorings (spread and 

CALM), water depths and oblique placements of the device 

were investigated.  

For the purpose of maximizing the DEXA’s perfor-

mances, a CALM mooring system seems to be more suita-

ble than the spread one as it allows for larger movements 

and for an higher adaptability to the incoming wave direc-

tion (Fig.1). By assuming the ratio l/Lp ≈ 1 (where l is the 

cross-shore device length and Lp is the peak wave length), 

the advantage of using a mooring scheme of the CALM 

type is evident only when the device orientation is of 0° 

with respect of the wave direction.  

 

     
 

 
 

Figure 1 Comparison among efficiency η curves for differ-

ent mooring systems and obliquities. 

 

However, due to lacking measurements, it cannot be es-

tablished at this stage if the CALM configuration also re-

sults in a reduction of the forces on the mooring lines. Fur-

thermore there are no indications on the response of the 

system under extreme waves and therefore it is not possible 

to derive an overall conclusion regarding the two schemes.   

 

3. THE NUMERICAL MODELLING 

The results of these experiment were used as a basis for 

the numerical modeling of selected mooring schemes with 

the ANSYS AQWA code. The purpose is to make a prelim-



inary assessment of the mooring dynamics for typical ex-

treme conditions.   

In order not to link the results to a specific WEC, a sim-

ple rectangular cross section for the floating body was cho-

sen (Fig. 2).  The model dimension and weight may repre-

sent a DEXA in 1:3 scale with respect to the prototype de-

signed for the North Sea.  Extreme sea states correspond to 

the conditions of the Northern Adriatic Sea, IT (for a return 

period Tr=100 years: significant wave height Hs=5.82 m, 

peak wave period Tp= 9.1 s, water depth h= 20 m). 

 

 
 

Figure 2 Example of the scheme modeled with AQWA. 

 

The analysis developed in two steps. First the chains are 

preliminary designed based on the catenary equation in 

static conditions.  A spread mooring system was selected 

starting from a minimal symmetric 4-lines configuration.  

Then a sensitivity analysis is carried out to evaluate the 

system response with changing selected parameters such as 

chain length, diameter of the chain link, general layout and 

number of the lines (Fig. 3). 

 

 
 

Figure 3 Tested layouts of the mooring lines (scheme 4). 

 

The simulations allowed for a fully dynamic estimate of 

the overall performance of the device, in terms of displace-

ments and forces on the mooring lines.  

Table 1 summarizes the tested configurations, with indi-

cation of device stability and resistance of the mooring 

lines. 

The second step of the modeling – still ongoing – is the 

analysis of the performance of selected mooring systems 

with changing wave direction and consequent design opti-

mization. 

 

Table 1 Synthesis of the numerical modeling results. De-

vice stability and mooring resistance. Chain length L, diam-

eter D, number of chains N, other symbols as in Fig. 3. 

 
Scheme 1 

N° L [m] D [mm] Stability Resistance 

4 140 54 Unstable Broken 

4 140 60 Unstable Resistant 

4 140 64 Unstable Resistant 

4 120 60 Unstable Poor re-

sistance 

4 120 64 Unstable Poor re-

sistance 

4 100 60 Unstable Broken 

4 100 64 Unstable Broken 

Scheme 2 

N° Lf-Lb [m] Df-Db [mm] Stability Resistance 

4 140-140 64-54 Unstable Resistant 

4 140-140 60-54 Unstable Resistant 

4 140-100 60-54 Unstable Resistant 

Scheme 3 

N° Lf-Lb-Ll2 [m] Df-Db-Dl2 [mm] Stability Resistance 

6 140-100-100 60-54-54 Stable Broken 

6 140-100-100 64-54-54 Stable Resistant 

6 140-90-100 64-54-54 Stable Resistant 

Scheme 4 

N° 
Lf-Lb-Ll1-Ll2 

[m] 

Df-Db-Dl1-Dl2 

[mm] 
Stability Resistance 

8 140-90-140-

100 

64-54-64-54 Stable Resistant 

 

Based on experiments and simulations, a preliminary 

two-phase guideline of mooring design is outlined and will 

be updated thanks to future research within this project. 
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1. INTRODUCTION 

Failure of the mooring system seems to be the most 

common reason for the loss of wave energy devices due to 

wave action. The main reason for this is inappropriate de-

sign; the developers concentrate all their efforts on optimiz-

ing the efficiency of the wave energy device and not enough 

attention is paid to the design of the mooring system.  

The design of mooring systems is a well established dis-

cipline within offshore engineering. This presentation gives 

an overview of the state-of-the-art methodologies applied 

for the design of mooring systems for FPSO’s.  

The design process is explained and a simplified method 

which may be used for the preliminary design of mooring 

systems is presented. 
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1. INTRODUCTION 

The power-take-off system (PTO) – and within the PTO 

the generator system – is considered as one of the most 

important sub-systems of a wave energy converter (WEC). 

A well-designed generator system will show good results in 

terms of energy yield, cost efficiency, reliability etc. On the 

other hand flaws in the generator system design can cause 

serious negative impact on the overall project – like reduced 

energy yield and high cost for repairs and maintenance. 

Thus a whole project can fail due to a generator system not 

performing as expected. 

 

It has been shown by different projects that wave energy 

harvesting is technical feasible and could become one of the 

major competitors in the increasing market of green energy. 

Currently the development aims at moving from down-

scaled prototypes to full-scale commercial projects, leading 

to increased requirements on the generator systems in terms 

of efficiency, reliability and life cycle costs. Therefore as 

one of the research topics electrical generator systems are 

investigated in the course of the SDWED project. 

 

2. SCOPE OF RESEARCH 

As electrical machines for power conversion are used in 

different fields like transportation, industrial applications 

and wind energy conversion a lot of different types of elec-

trical machines have been developed and are available for 

the application in wave energy projects. Thus the develop-

ment of new generator systems is not in the scope of the 

SDWED project. Instead the research work aims at review-

ing the existing systems and providing a common design 

basis for the application of electrical generator systems in 

wave energy converters. 

 

Several preconditions have to be fulfilled to achieve the 

goal of an optimal generator system. The system design 

requires a good knowledge of the characteristics of both the 

specific wave energy converter technology (e.g. an oscillat-

ing water column (OWC) -WEC) and the different candidate 

generator system (e.g. a permanent magnet synchronous 

generator (PMG)). Only by using a structured process, 

which includes investigations on the requirements on the 

generator systems and a thorough benchmark of the candi-

date systems, an optimal solution can be found. One of the 

key tools in the design process are computerized simula-

tions, which are used to identify the requirements on the 

generator systems, to verify the results and to investigate the 

interaction between the PTO and the overall wave energy 

converter structure. 

 

In the course of the SDWED project the aspects de-

scribed above are investigated. The research work covers 

the whole design process (design methodology, require-

ments on the generator systems etc). Special emphasize is 

put on the review of existing simulation technologies, which 

are expected to become more and more important as wave 

energy is moving from prototype to commercial projects. 

 

The work will result in a report, which can be used by 

wave energy converter developers as a guideline for the 

generator system design process. 

 

3. RESULTS 

In a first step a design methodology was defined - only 

by applying a systematic approach an optimal generator 

system can be achieved. The design process consists of 

several steps:  

 

- Definition of the requirements on the generator sys-

tem, 

- Identification of candidate generator systems, 

- Benchmarking of candidate systems according to 

the requirements, 

- Verification of the design by simulation and hard-

ware-in-the-loop testing. 

 

In the following, different types of wave energy convert-

ers have been investigated. For two of the most promising 

types, which are OWC and overtopping devices (see [1] and 

[2] as examples), the requirements on the generator systems 

have been investigated in-depth. Obviously a lot of the re-

quirements depend on the specific project – e.g. rated power 

of the generator system. On the other hand it was found that 

a lot of the requirements depend mainly on the working 

principle of the WEC. Some general requirements for OWC 

and overtopping devices are: 

 

- The generator systems must allow for variable speed 

operation to optimize power output, 



- Due to structural integration reasons speed increas-

ers should be avoided, 

- Due to the characteristics of the prime-movers low 

speed generator systems are required. 

 

From this results a list with generic criteria for generator 

system was compiled, which of course also includes trivial 

requirements like low investment costs, increased require-

ments on reliability due to offshore application etc. 

 

Looking at the available generator systems a couple of 

different generator types appear to qualify as candidate 

systems for the application in WECs, which are: 

 

- Doubly fed induction generators (DFIG), 

- Asynchronous generators (ASG), 

- Permanent magnet synchronous generators (PMG), 

- Separately-excited generators (SG). 

 

In any case a frequency converter is necessary to allow 

for speed variable operation.  

 

The result of a benchmark of the different systems ac-

cording to the generic list of criteria gives the following 

result: In DFIGs slip-rings are used which have to be regu-

larly exchanged (approx. every 6.000 operation hours in 

normal application). In an offshore application the life-time 

of the slip-rings would be reduced due to the salient atmos-

phere [3]. Therefore the DFIG can be excluded from the list 

of candidate systems.  Off-the-shelf ASGs are available with 

rated speeds ranging from 3.000 rpm to ca. 750 rpm. In 

similar applications like wind energy, gear-boxes are used to 

adapt the rather low turbine speed to the generator speed. As 

described above, this appears not to be a feasible solution in 

wave energy. Therefore only tailored ASGs could be ap-

plied. As the efficiency of ASGs is additionally well below 

the efficiency of both PMGs and SGs, the increased costs 

for project tailored ASGs can’t be justified. Both remaining 

systems, PMGs and SGs, show a high efficiency and can be 

easily designed for low rated speeds. One disadvantage is 

that also these generator systems are likely to be tailored 

solutions, which in these cases can be justified by the high 

efficiency. One further disadvantage of the SG is the quite 

complex rotor structure. In order to avoid slip-rings, rotating 

diodes are used to transfer the energy necessary for the rotor 

excitation. This might become a problem in terms of reli-

ability, as on a WEC high mechanical loads are induced on 

the generator system by the device movement, the mooring 

etc. Compared to this the design of a PMG is quite simple 

and robust. The main disadvantage of PMGs is the expen-

sive permanent magnet used for the rotor excitation, but still 

in conclusion it can be said, that the PMG is the most prom-

ising generator type for future full-scaled WECs. 

 

  

3. CONTENT OF THE PRESENTATION 

The presentation will give an overview of the current 

status of the overall research work including: 

 

- A description of the design process, 

- An overview of different generator systems, 

- A description of different simulation technologies, 

- The application on a reference WEC. 
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1. INTRODUCTION 

An energy storage unit introduced into the power take-

off system (PTO) for wave energy generation will secure the 

power and energy supply, balancing electricity generation 

and consumption. In addition to this, use of an energy stor-

age system will make it possible to move off-peak power to 

on-peak periods with higher electricity prices, which brings 

extra economic benefits.  

Several basic concerns need to be properly handled be-

fore starting the design and modeling of a particular energy 

storage system. Those concerns are:  

 

 which type of energy storage system to use? 

 sizing of the energy storage system? 

 modeling of the energy storage system with proper 

interface allowing integration of the model in the 

complete wave-to-grid system. This is also the final 

goal to be achieved. 

 

Those issues will be discussed in this symposium, which 

will secure the energy storage system to be developed will 

be in line with the project.  

 

2. SELECTION OF ENERGY STORAGE SYSTEM 

Among many different choices, two typical examples, 

representing quite different technologies, may be selected as 

potentially promising energy storage systems – Compressed 

Air Energy Storage (CAES) System and an electromechani-

cal energy storage system, e.g. fly-wheel energy storage 

system. A comparison of those two technologies will also 

highlight the advantages and disadvantages of different 

concepts used in energy storage systems, which may bring 

new hybrid energy storage systems that combine the ad-

vantages of different individual systems.  

An energy storage system has two fundamental require-

ments – static energy storage and exchange (meaning input 

and output) of the energy with interfacing devices, e.g. mo-

tor and generator. For a CAES system, the input energy is 

used to compress the air and the compressed air is then 

stored in a vessel. Expansion of the compressed air will then 

drive e.g. a generator to release the energy back to the grid. 

For a fly-wheel energy storage system, the energy is stored 

in a rotating mass, usually rotating at a very high speed in 

order to gain a good energy storage density. Storage and 

releasing of the energy from the fly-wheel is controlled by 

an electrical machine connected to the fly-wheel, which 

regulates its speed directly. Examples of the CAES system 

and a fly-wheel energy storage system are given in Fig. 1. 
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(b) 

 

Figure. 1: Examples of energy storage systems. (a) CAES 

system [1], (b) electromechanical energy storage system [2]. 

 

The energy storage units in Fig. 1(a) and 1(b) are com-

pressed air and a fly-wheel, respectively. But the way to 

handle the energy flow is quite similar – through an electri-

cal machine, which acts as a motor when the energy needs to 

be stored, and acts as a generator when the energy needs to 

be recovered. It is also interesting to see that in Fig. 1(a), a 

super-capacitor (also known as ultra-capacitor) is used in the 

CAES system. The idea behind it is very straight forward. 

 

 
 



An energy storage system needs to be coupled with proper 

energy management methods. From the control of energy 

flow point of view, different energy storage systems have 

different capacities in handling per-unit energy within a 

given time. Combining different energy storage systems, 

known as a hybrid energy storage system, will give more 

flexibility in energy management in the system level, which 

not only gives more flexibility, but will also smooth the 

stress on different energy storage devices which in turn, 

increases the reliability of the overall energy storage system. 

 

3. SIZING OF THE ENERGY STORAGE SYSTEM 

Sizing of the energy storage system is determined by the 

amount of energy needs to be stored, and transferred in on-

peak periods. This is affected by the actual fluctuation of the 

wave energy generated, the expected performance, the cost, 

and even the location of the system.  

There is no direct, simple way to find the optimized size 

of the energy storage system. A convincing method could be 

to design a flexible power level energy storage system and 

put it into the complete wave-to-grid system simulation 

environment. An evaluation of different performances 

achieved vs. the size of the energy storage system will give a 

good indication in finding the right energy storage capacity 

needed. 
 

4. MODELING OF THE ENERGY STORAGE SYS-

TEM 

Modeling of the energy storage system may differ a lot 

according to specific demands. For example, a detailed 

model may give the system performance viewed in millisec-

onds. A quasi steady state model neglecting some fast dy-

namics inside the system may be easier to obtain and faster 

to run, which will still be able to provide satisfactory results 

in relatively large time scales. A further simplification of the 

model may still be possible – i.e., generally speaking, any 

energy storage system may be modeled by a rough transfer 

function dominated by the largest time constant.  

Selection of the proper modeling method depends totally 

on the other devices in the wave-to-grid system and also the 

purpose of involving such an energy storage system in the 

system level simulation.  

Besides the detailed model of the energy storage system, 

the input and output interfaces of the energy storage system 

need to be made clear. But, unfortunately, at this stage, there 

are still many doubts in this aspect. 

 

5. CURRENT AND FUTURE WORK 

Currently, the effort has been devoted to the design of a 

parametric, flexible power level energy storage system. It 

starts with formulating and design of individual components 

of the energy storage system. With the hope of clarifying the 

interface of the energy storage model to its surrounding 

devices in the near future, a complete model of an energy 

storage unit that can be integrated for wave-to-grid system 

performance simulation will be delivered. 
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1. INTRODUCTION 

Within the SDWED project it is the objective to advance 

the state of the art in terms of W2W modeling of WECs. 

 

 Typically the W2W modeling is concerned with the sea 

states in which the WEC must produce power, this is typi-

cally sea states up to Hs =5 meter and we could call it these 

the operating conditions. 

 

Even more important is the design and survival issues re-

lated to the WEC design; these are also part of the SDWED 

project. 

 

The design and survivability can to a certain extend be 

modeled using the same tools as for the modeling the energy 

production – but in the survival conditions the focus is not 

so much on power production, but on structural integrity, 

motions, end stop loads, mooring forces and investigating 

possible failure modes. 

 

As a part of a recent Ocean Energy Technology Study 

[Nielsen 2012] the state of the art W2W modeling was in-

vestigated among wave energy experts from IST, Nantes, 

UCC/HMRC and AAU. 

 

2 PERFORMANCE ESTIMATES 

Based on the response from Nantes a quick and dirty es-

timate of the power absorption of a particular WEC, can be 

based on the typical Capture Width Ratio (CWR) of differ-

ent categories of WECs. Identified based on their working 

principle as described in the table in [Babarit and Hals, 

2011]. Combined with the characteristic length or width of 

the device and the site related wave power level the annual 

average power production can be estimated. 

 
3. NUMERICAL TOOLS USED TO MODEL THE 

POWER PRODUCTION FROM WECS 

A W2W model is a computer code written to numerical-

ly solve a set of differential equations in the time domain 

that describes the WECs function in the sea. Software such 

as Matlab (simulate toolbox), Mathematica, Numerical wave 

tank, is often used for this purpose. 

 

The state-of-the-art numerical Wave to Wire (W2W) 

time-domain models is based in the linear theory to estimate 

the forces due to wave-structure interactions. It will make 

use of one of the usual BEM solver such as WAMIT, 

ANSYS AQWA, Shipbem, details can be found in [Bhinder 

et al., 2010].  In the most advanced state-of-the-art tools 

models the impulse response functions needed to include the 

memory effects of the wave-structure interactions are re-

placed by state-space approaches. This is described in 

SDWED WP 1. 

 

Most often the mooring forces are also treated linearly 

(quasi-static) in the W2W model. As described in SDWED 

WP 2.  

 

The electromechanical power take-off equipment and 

the control laws of the W2W models use non-linear sub-

models to simulate the performance. Examples of such 

modules have been presented in SDWED WP 3. 

 

The time-domain models make it possible to simulate 

what's going on in the PTO and implement control laws that 

then interact with the absorber and the waves.  

 

The figure 1 shows a schematic presentation of a hydrau-

lic PTO including hydraulic accumulators for short time 

energy storage and smoothing of the flow though the hy-

draulic motor. The hydraulic motor can be running a genera-

tor of different types as described in SDWED WP 3. Con-

trol could e.g. be added to the operation of the valves 

 

 

 
Figure 1 Schematic presentation of a hydraulic PTO. 



 

Overtopping devices are typically more difficult to mod-

el as the overtopping is a high non-linear process, which 

normally is simulated by empirical formulae. 

 

4 MODEL ACCURACY AND SURVIVABILITY 

When very close to resonance conditions (sinusoidal 

waves close to the resonance frequency leading to very large 

device excursions) state-of-the-art models are not accurate. 

 

The state-of-the-art numerical simulation models are rel-

atively accurate in small waves and less accurate in high 

waves. This is critical for survivability conditions (extreme 

wave conditions). In those cases non-linear and possibly 

viscous models need to be use.  

 

Non-linear hydrodynamic models for the wave-structure 

interactions exist but are not standard (and require much 

more simulation time).  

 

For modeling specific details, CFD codes might be re-

quested. However, they are not suitable for W2W modeling 

of the power production because of large CPU time required 

and also because of issues with the accuracy concerning the 

propagating gravity waves. CFD programmes like CFX, 

Fluent, Star, Open Foam, Naval Foam, are investigated 

under SDWED WP1. 

 

4. HOW TO ENSURE MODEL ACCURACY? 

Relevant to the SDWED project is the investigation of 

how theoretical and numerical tools are validated e.g., by 

using laboratory test/water tank/wave basins? At ECN the 

usual scale for validation tests is 1:10 to 1:20. 

 

Based on the experience at AAU accuracy depends on 

the scale and the purpose of the testing.  In a typical testing 

in scale 1:30, mooring forces can be measured and up scaled 

with an accuracy better than 2%. Overtopping can be meas-

ured and up scaled with accuracy better than 5-10%. Energy 

production (including control systems) is typically the big 

challenge and accuracy can be as low as 30%. This is de-

scribed in WP4. 

 

4 CONCLUSIONS 

It is concluded that the validation of W2W numerical 

models can be validated against physical scale model tests. 

Presently it appears that future development work on WEC's 

should include numerical modeling as a standard exercise to 

validate both the design and the physical experiments using 

standardized tools and procedures. 

 

Do you simulate what you intend and how can we use 

model tests for the verification of numerical models? 

 

Scale dependent viscosity, and vortex shedding is a 

source of inaccuracy pointed out – When is this important 

and how important is it?  

 

Physical models of the PTO system using model tests is 

typically scale dependent and difficult to build into small 

scale models. Verification of the numerical model must 

therefore rely on simpler damping system applied on the 

physical model and the numerical model. 

 

Energy losses in full scale PTO are not scalable and very 

much depending on the design of the PTO. The realistic 

numerical model of the PTO the can be validated against dry 

bench experiments or/and experiments in larger scale. 

 

Several institutions are working together in the Marinet 

project and synergies between the SDWED project and the 

Marinet project could be explored in order to validate some 

of the emerging generic results. 
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1. INTRODUCTION 

Among the renewable energies, the wave energy is still 

an open field where no one leading technology has been 

chosen and where a considerable amount of new concepts 

arise every year; at the earlier stage of development it is 

recommended to use scaled device, in order to save money, 

time and public opinion faith. 

Since the laboratory tests are often time and money con-

suming, in the last years the numerical analysis of the wave 

energy converter (WEC) performance became one of the 

most important task in this field. Using this tool is possible 

to change easily the geometry or other parameter of the 

studied device and then brings the most promising set-up in 

the laboratory; it is possible for example to study and com-

pare different types of power take off system.  

Therefore, the wave to wire model defined in this work 

is a numerical model used to study the productivity of a 

specified WEC in a well define frame of sea conditions. 

      

2. FREE BODY MOTION 

The WEC is a complex system mainly composed by an 

activated body, a power take off system (PTO) and a moor-

ing system. In the case of oscillating system, the activated 

body reacts to the pressure filed transforming the pressure 

energy in kinetic energy, used, later on, to produce power. 

Even though the wave body interaction is a non-linear prob-

lem, in a certain range of small amplitude motion it is possi-

ble to approximate the system with a linear model. In this 

case the frequency domain analysis, taken form the ship and 

ocean field, can be applied, leading to a not always obvious 

result; for example complex sea states can be described 

using the superposition principle. Unlikely, when the gen-

eral dynamic of the WEC should be described, the numeri-

cal model should include some non-linearities, mainly con-

densate in the PTO and mooring system; in this case the 

analysis can be carried out only in time domain since the 

superposition principle it is not valid anymore.   

Cummins (1962) and Wehausen (1971) introduce the 

concept of time domain approach, where the conversion 

between the two domains is possible using the Fourier trans-

form. One of the main difficulties in the time domain analy-

sis arises in definition of the radiation force, since a convo-

lution integral is involved in the process. Following, the 

WEC dynamic is then defined by an integro-differential 

equation, which can be treated using the state-space ap-

proach, technique widely used in the control engineering. 

Schmiechen (1973) and Booth (1975) showed the chance to 

describe the convolution integral by a finite number of first 

order linear differential equations. The definition of the 

state-space consists in finding out the model structure, the 

order and the coefficient which best approximate the system 

response. This last term represents the relation between the 

input and the output to the system, either in the frequency 

and the time domain. The system identification is carried out 

mainly using two methods: 

1- Time domain: Approximation of the impulse re-

sponse function by a combination of exponential 

function. 

2- Frequency Domain: Approximation of the transfer 

function by a complex rational function. 

The frequency response can be computed by standard hy-

drodynamic boundary element method (BEM) codes 

(WAMIT, AQUA, etc…), while the impulse response can 

be obtained taking the Fourier transform of the former re-

sponse. The complete free body dynamic of a WEC can be 

modeled in the form of a global state-space description by 

combining the radiation state-space with the sub systems 

which describe the excitation force and hydrostatic force. 

The excitation force can be computed using the work of Sá 

da Costa et al. (2005). The methodology uses the multipli-

cation in the frequency domain between the frequency re-

sponse of the excitation force and the complex amplitude of 

the surface elevation; in case of irregular sea state the sur-

face elevation can be obtained by the stochastic analysis 

based on predefined wave spectrum, e.i. Pierson-

Moskowitz, Jonswap, Bretscheneider,etc… 

The hydrostatic force is shape dependent and normally de-

scribed by a non-linear relation, but in the case of small 

wave-body relative motion, the force can be described by a 

linear relation with respect to the displacement.  

Yu and Falnes (1995) describe the state-space realization 

for a cylinder in heave, using the global state-space descrip-

tion. 



 

3. POWER TAKE OFF 

The PTO can be described as a MISO system, where the 

information of the body motion are the inputs and the output 

is the feedback force. The MISO model describes the dy-

namics of the PTO using a system of differential equation, 

either linear or not linear.  

Since the dynamic of the PTO depends on the body motion 

and vice versa the body motion is affected by the PTO feed-

back force, the two systems need to be solved simultaneous-

ly. Using the global state-space representation of the free 

body motion, the implementation of the PTO model depends 

on the type of system studied. If the PTO is linear only the 

equation of motion needs to be updated while if new varia-

bles need to be considered into the model the state vector 

and consequently the state matrix need to be expanded. In 

this work two different ways of implementation were possi-

ble and both of them request an expansion of the state vec-

tor, with the new set of states relative to the PTO; in the first 

way the PTO sub system in directly introduced inside the 

global matrix, in the second one the matrix is expanded with 

the linear part and the rest is implemented as an input force. 

The advantage of this second method is that the global ma-

trix does not need to be changed every time step, remaining 

a linear matrix.  

The case under investigation describes a hydraulic PTO 

system with buffer/accumulators, where the aim of this buff-

er is basically related to the power output.  

In fact, as a consequence of the harmonic nature of the lead-

ing force, the power output tends to oscillates, introducing 

high losses in the energy chain related to unsteady behav-

iors.  

When a buffer is introduced in the system the power genera-

tor can reach the steady state and run at the optimal condi-

tion until the stored energy in consumed, leading toward a 

smoother power supply and also smaller energy losses. The 

PTO modeled in this case study is reported in figure 1 

 
Figure 1: WEC’s PFD  

   

4. AIM AND RESULT 

The WEC under investigation is a point absorber, with a 

hemispherical floater mounted onto a leaver arm and hinged 

to a fixed structure, called Wavestar. 

Behind this work there are basically two tasks: 

 Define the wave body interaction and the free 

floating behavior in the linear case. 

 Implement into the free floating system a 

complex PTO and observe the variations in 

the WEC behavior and power supply. 

The PTO implemented in the model is a basic one since 

different assumptions have been adopted. The system has no 

inertia with the exception of the motor one, no losses, the 

gas is perfect, the liquid uncompressible, the transformations 

are isentropic and there is no delay inside the hydraulics 

rams. 

The results show that when the motor is small compared 

with the buffer size, the flow rate entering the motor is keep 

constant, and this means constant speed, but the system 

experiences a kind of latching behavior. Falcao (2007) de-

fined it as a “Natural Latching” behavior, and it is due to 

the fact that at a certain time the energy transferred from the 

wave to the floater is smaller than the one imposed by the 

PTO into the hydraulic piston and therefore the system is 

locked at that particular position 
 

5. CONCLUSIONS 

The definition of the free floating behavior and the im-

plementation of an hydraulic PTO for the Wavestar point 

absorber have been investigated. 

The results show two conflicting trends, because while 

the accumulator installed can improve significantly the pow-

er quality, the system needs to face probably higher struc-

ture stress, which can reduce the life time of the system.  

Future steps can lead to the definition of a modified type 

of hydraulic PTO, able to avoid this latching behavior, by 

the manipulation of the feedback force 
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ABSTRACT 
 

The analysis and design of wave energy converters is an 
interesting and hence very complex task faced by the engi-
neering profession. From one point of view, the structure 
must resist extreme load conditions in an ocean environ-
ment which can be very harsh. On the other hand a balance 
between the optimum power absorption and the most favor-
able structural response must be found. The first criterion 
requires the resonance of the device with the incoming 
wave frequency at any time in order to extract the maxi-
mum power from the waves provided an advanced control 
mechanism can deliver the necessary reactive power to the 
system. Another point will be to optimize the structural 
behavior in order to i) increase the life expectancy of the 
main components and auxiliary structures, ii) lower the 
overall costs of the design and iii) reduce the operation and 
maintenance costs. 
The structural design of wave energy converters requires: 
[1] 

 Accurately predict the wave-induced loads and 
motions, force-displacement characterization of the 
mooring forces, feedback forces from the power 
take-off system, with reference to extreme and op-
erational conditions which will tend to cause fa-
tigue damage on the structure.  

 
 Evaluation of structural response under prescribed 

loads, calculation of deformations and stresses. 
 

 Detail design of critical components, reliability as-
sessment, optimal criterion between maximal pow-
er absorption and minimal whole-life costs are the 
main design objectives.  

 
MOTION AND GLOBAL LOAD ANALYSIS 

 
The accurate evaluation of design loads and dynamical 
response involves the analysis of hydrodynamic fluid-
structure interaction based either on theoretical analysis or 
on experimental data or more probably on a judicious com-
bination of these two. According to DNV-RP-C205, envi-
ronmental loads on offshore structures are divided into two 
main categories: either driven by inertia forces or dominat-

ed by drag forces. A majority of the existing wave energy 
converters fall into the first category where the active geo-
metrical width of the structure is large compared to the peak 
wavelength of a given sea state.  Thus the estimation of 
loads on floating offshore structures involves the calcula-
tion of the diffraction and radiation problem. Linear models 
based on small wave elevations and small body displace-
ments are commonly used in order to fulfill this task. The 
linearity assumption will be addressed in the presentation. 
The solution of the first part of a safe and efficient design 
process is given as follows:  
 

 Evaluation of system matrixes by means of mass 
moment of inertias, added mass matrix, damping 
coefficients and stiffness coefficients which de-
scribe the hydrodynamic behavior of the given 
device.  

 Estimation of wave excitation forces based on 
numerical generated times series or experimental 
tests on laboratory scale models or real sea test da-
ta on prototype models.  

 Long-term stress time series are generated by 
combining the short-term time simulation results 
and the occurrence probability of each sea state.  

 
The linearized equation of motion for a floating body 

writes:  

0

( ) ( ) ( )d ( ) ( )
t

M c ext t        M a Z H Z K K Z M F 

 
 M and K are the mass and stiffness matrix of 

the device. Z is the state vector. a is the add-

ed mass at infinite frequencies. ( )tH is the ra-

diation force matrix written as a convolution 
product with the velocities of the device ac-

cording to Cummins´ decomposition. MK and 

cM represent the mooring forces and the gen-

eralized control forces of the power take-off 

system. ( )ex tF corresponds to the wave excita-

tion force vector.  
 



 
Figure 1: Oyster wave energy converter with a massive 

flab structure, fatigue damage is likely to occur in the force 
transmission points of the power take-off piston arm and the 
flap.  

 
FATIGUE DAMAGE ANALYSIS 

 
The optimization of a design process typically results in the 
analysis of critical cross sections. As a consequence the 
importance of fatigue as a design driver must be increased 
[2]. The aim of fatigue design is to ensure that the structure 
and its components have an adequate fatigue life. The dam-
age is not dictated by a single extreme loading condition, 
but more the cumulative effect of all loading conditions. 
Thus a large number of different operational sea state con-
ditions should be covered by the analysis. The resulting 
total damage D at a certain hot spot can be expressed as 
follows:  
 

( ) /
N

m
i i

i

D n C   

Where the sum with index i is taken over the number of 

cycles to failure N associated to stress ranges i . m and C 

are the S-N curve parameters. Fatigue failure is assumed to 
occur when damage D reaches a critical value Dcr. The 
long-term fatigue damage is calculated from the short term 
contributions calculated by the time domain model. Fatigue 
damage rates can be estimated by applying two different 
approaches:  

 Time domain fatigue analysis using counting 
methods such as rainflow couting, measured stress 
time series or numerical simulations.  

 
 Frequency domain fatigue analysis using spectral 

method.  
The focus of the study will be on determining if the relative 
contribution of the generated electric power corresponds to 
the main contributions of fatigue damage by considering 
different sea states. Similar studies have been carried out by 
Yang [3] and it was found that the fatigue damage can be 
largely reduced if the WEC shuts down when the device is 
exposed to defined critical sea states.   

 

 
Figure 2: Dexa wave energy absorber, high fatigue 

loading is to be expected in the connection hinges of the 
two barges.  
 
STRUCTURAL RESPONSE ANALYSIS  
 
During the evaluation of structural response i.e. defor-
mations and stresses in a structure it is important to identify 
‘flexible’ systems where the structural deformations are 
inherently coupled with the overall motions. Thus in such 
cases it is necessary to incorporate the structural stiffness 
and degrees of freedom corresponding to the deformation 
into the equation of motion. Further reading on deformable 
bodies subjected to radiated and diffracted wave forces can 
be found in Newman [4]. For other cases where the system 
consists of single rigid body motions the structural response 
can be calculated separately. The latter concept will be 
pursued in this study. Hydrodynamic loads are calculated 
by various software programs, namely WAMIT and the 
AQWA package. Structural analysis will be performed by 
ANSYS Workbench. Structural response analysis of multi 
body systems will be conducted by in-house programs 
which are based on Matlab scripts. Fatigue damage calcula-
tion is computed by using the WAFO toolbox (open source) 
in Matlab. The latter software package has built-in proce-
dures that can be used to estimate fatigue rates by rainflow 
counting.  
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1. INTRODUCTION 
Laboratory experiments are carried out in the wave ba-

sin at Aalborg University with small scale pivoting absorb-
ers designed for wave energy extraction. The main objective 
is to investigate the ranges of validity for linear numerical 
hydrodynamic models, and to validate or calibrate more 
advanced non-linear models. 

In January and March 2012 basic tests were completed 
with success; measurements of structural inertia forces, 
buoyancy forces (i.e. Archimedes force), wave radiation 
forces (i.e. forces from motions, no incoming waves), wave 
diffraction forces (i.e. forces from waves, no motions), and 
motions and forces in waves using simple control strategies 
(a linear PTO damping coefficient and a spring term). The 
measurements included both regular waves and irregular 
waves, and care was taken to measure the waves at and 
around the structure with high precision. 

 
1. BACKGROUND 

The pivoting absorber is a scale 1:20 of the Wavestar 
Hanstholm prototype. The Wavestar concept is described on 
the Wavestar Websites, and further details are given by 
Marquis et al (2010) and Kramer et al (2011). The power 
performance measurements from the scale 1:2 Hanstholm 
prototype shows good agreement with a traditional linear 
numerical model for small and moderate waves, but the 
linear numerical model overestimates the power production 
in high sea states. 

The results from the new pivoting absorber and the fur-
ther development on non-linear numerical models are ex-
pected to enable predictions of the power performance of 
point absorbers operating in high seas. Hereby more suita-
ble control strategies can be applied permitting higher pow-
er output. The results of these studies are of generic charac-
ter and can be utilized for any wave energy converter using 
point absorbers, hereby extending previous studies such as 
the ones by Babarit et al (2009) and Hals et al (2012). 
 
3. PRESENT LABORATORY SET-UP 

The pivoting absorber is equipped with an electrical ac-
tuator, a controller and a computer. Measurements of mo-
tions are performed by a laser and an accelerometer, and 
forces are measured by a strain gauge force transducer, see 
Figure 1. As shown in Figure 2 the absorber has a single 
degree of freedom, angular rotation around a bearing. Angu-

lar position and PTO moments are calculated online by the 
computer using fully non-linear geometrical relations based 
on the motions of the actuator piston, enabling direct control 
on the angular motion. The actuator can in practice apply 
any force or motion (within some wide ranges) utilizing any 
user specified control strategy. 

Tests so far were completed on a single pivoting absorb-
er and with control using: Angular position (laser measure-
ments), velocity (online differentiation of the laser position 
signal), and acceleration (accelerometer measurements). 
The control structure is modelled in Matlab Simulink and 
runs in real time on a PC with xPc. The Simulink control 
program for the testing in January-March 2012 is shown in 
Figure 3. 

 

 
Figure 1: Laboratory test setup. 
 

 
Figure 2: Pivoting motions are described by rotations . 
 

 
Figure 3: Control model using Simulink and xPc. 

0

m_c

0

k_c

0

c_c

[Theta_dot]

Velocity

[K]

Moment arm

[Fc_ref]

Force reference

Divide 

[Theta]

Angle

[Theta_Acc]

Acceleration

-1

    

Mc_refMc_ref

Float 

Bearing around which the motion takes place 

Force sensor 

Electrical actuator to apply any 
specified motion or force 

Laser to measure position 



Fixed 
support Moving rigid body



4. LINEAR NUMERICAL MODELLING 
Numerical modelling of the pivoting absorber has 

evolved from simple buoyancy models over traditional 
linear hydrodynamic models (using Wamit coefficients) to 
more advanced models taking into account some non-
linearities. The models are described by Hansen & Kramer 
(2011), Nielsen & Kramer (2011), and Vidal et al (2012). 

In the hydrodynamic models the support is considered 
fixed and the pivoting absorber is considered as a rigid 
structure with the angular motion as the only degree of 
freedom (dof), see Figure 2. The equation of motion for the 
single dof can be written from Newton’s second law as: 

 

 (1) 
where: 
J: Mass inertia moment of the moving body 
Md: Hydrodynamic moment (from water pressure on hull) 
Mg: Gravitational moment 
Mc: Control moment from Power Take Off 

 

Eq(1) may be expanded and written as: 
 (2) 

where: 
Hydrostatic moment:   

Radiation moment:   
Wave excitation moment:  
Control moment:   

 

The coefficients for Eq(2) are calculated using a traditional 
linear 3D potential boundary element method (Wamit, 
Shipbem,...). The experimental tests completed at Aalborg 
University in January/March 2012 were focusing on evalu-
ating the accuracy of these basic numerical coefficients.  
 
5. A FEW RESULTS AND FUTURE WORK 

518 basic tests were completed with acquired measured 
data and video of every test. Results are described in Excel 
sheets and a Power Point overview of the results is present-
ed at the SDWED Symposium 26 April 2012. All material 
is available for download to partners in the SDWED project. 
The analysis of the measurements has just begun and here it 
is chosen only to show the main result of 14 tests with linear 
damping control in two different irregular waves, see Figure 
4 and example Figure 5. Although both sea-states may be 
considered low it is clear that the linear numerical model 
generally fits the measurements well for the lowest sea-state 
(IRB1) whereas the linear numerical somewhat overpredicts 
the power output for the slightly higher sea state (IRB2). 

 

 
Figure 4: Power performance in two irregular waves. 

 

 
Figure 5: Part of power time series for two irregular waves. 

 
The plan for the further testing is on: 1) Power absorp-

tion, PTO forces and motions when using advanced control 
strategies, online wave force predictions, and constraints 
e.g. on force, stroke or power, 2) Estimations of viscous 
effects in waves, 3) Measurements of extreme forces due to 
high and breaking waves (forces to be used for Ultimate 
Limit State structural design), 4) Interaction effects between 
several absorbers. 
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1. INTRODUCTION 

Wave energy has a large potential for contributing sig-

nificantly to the production of renewable energy. However, 

the wave energy sector is still not able to deliver cost com-

petitive and reliable solutions. But the sector has already 

demonstrated several proofs of concepts. It is possible to 

extract energy, and the sector has huge supply potential. The 

global wave power potential has been estimated to be of the 

same order of magnitude as world electrical energy con-

sumption.  

No best practice for design and certification of wave en-

ergy devices (WEDs) exists today. Although, WEDs in their 

nature differs a lot from other offshore structures the few 

WEDs build today have all be designed and certified using 

experiences from the oil and gas industry.  

The objective of WP5 is to develop a methodology to 

perform a risk analysis of a WED. The methodology will 

describe the necessary steps required to perform a probabil-

istic assessment of a WED. Furthermore, the methodology 

will allow taking into account installation and operation and 

maintenance (O&M) situations. Suggestions to novel codes / 

standards for design of WEDs will be developed. 

For WEDs the ratio between structural loadings in ex-

treme and production conditions is in most cases very high. 

In comparison, for wind turbines the ratio is significantly 

smaller, as the turbine blades are pitched out of the wind in 

extreme conditions, making extreme loadings of the same 

order of magnitude as production loads. As extreme load-

ings and survivability drive the costs of the devices, and as 

income is only generated in everyday production conditions, 

it is of tremendous importance to increase reliability and 

reduce cost. 

 

2. RELIABILITY MODEL 

In traditional deterministic, code-based design, the struc-

tural costs are among other things determined by the value 

of the safety factors, which reflects the uncertainty related to 

the design parameters. Improved design with a consistent 

reliability level for all components can be obtained by use of 

probabilistic design methods, where explicit account of 

uncertainties connected to loads, strengths and calculation 

methods is made. In probabilistic design the single compo-

nents are designed to a level of safety, which accounts for an 

optimal balance between failure consequences, material 

consumption and the probability of failure. 

Probabilistic design can be used for direct design of the 

wave energy devices and thereby ensuring a uniform and 

economic design. Probabilistic design includes the following 

aspects:  

1) definition of structural, electrical and mechanical 

components,  

2) identification of important failure modes and stochas-

tic models for the uncertain parameters,  

3) recommendation of methods for estimation of the 

reliability,  

4) recommendations for target reliability levels for the 

different groups of element and  

5) recommendations for consideration of system aspects 

and damage tolerance.  

A probabilistic approach can also contribute to identifi-

cation of reliability critical components.  

Design of WEDs is a new and expanding technical area 

where there is no tradition for probabilistic design – in fact 

very little full scale devices has been build to date, so it can 

be said that no design tradition really exists in this area. For 

this reason it is considered to be of great importance to 

develop and advocate for a probabilistic design approach, as 

it is assumed (in other areas this has been demonstrated) that 

this leads to more economical designs compared to designs 

based on deterministic methods.  

A general framework for probabilistic design and relia-

bility analysis of WEDs will be developed in WP5. A first 

proposal is presented in Sørensen et al. (2011). Considera-

tions similar to those used for offshore wind turbines could 

be the basis also for wave energy devices, see e.g. Sørensen 

(2009) and Sørensen & Toft (2010).  

Describing WEDs in general terms is a challenging task, 

as a very large variety of device types exists. Over the years 

many different attempts have been made to categorize the 

various machines – but most of these have failed to include 

all of the devices which are being developed. However, a 

very general description of the various devices could be 

made by describing the various components of the devices, 

which in most cases have many similarities across the vari-

ous devices. An attempt to make such a component based 

description is given in Myers et al. (2011) where the device 

is divided into 4 subsystems: 

 Reaction subsystem (foundation or moorings, the 

structural reference elements) 



 Hydrodynamic subsystem (structural elements re-

sponsible for the primary power capture, typically 

where the wave power is turned into mechani-

cal/hydraulic/pneumatic power) 

 Power take-off subsystem (mechanical and electrical 

elements responsible for conversion of the mechani-

cal/hydraulic/pneumatic power into electrical power) 

 Control subsystem (electronic elements including 

sensors and actuators needed for optimization and 

control of the power take-off subsystem) 

A unique description of an individual WED can then 

generally be described by a combination of a number of 

more common components within each of the subsystems. 

In this way a probabilistic system model for a wave energy 

device can be built, using a limited number of individual 

components, for which the probabilistic characteristics then 

should be known.  

The important fact is that the structural integrity and reli-

ability of a WED is normally related to the behavior of the 

PTO, and vice-versa. In addition, there are constraints re-

garding the limited amount of data and the need to achieve 

the required levels of integrity with low cost. 

The overall methodology for assessment of the reliability 

and the optimum / minimum reliability level for WED can 

be described by the following items / questions: 

1. Reliability modeling of a WED by structural,  electrical 

and mechanical components 

2. How to deal with structural reliability, definition of how 

to derive the safety levels based on risks (all from safety 

to reputation and costs) and uncertainties 
3. Provide reward to the efforts performed by developer of 

technology to reduce uncertainties during the concept / 

planning / prototype / testing / pilot phases 

4. How to model the reliability through the whole life 

cycle: fabrication / installation / operation / demolition 

taking into account information from tests, inspections 

and monitoring carried out for reduction of uncertain-

ties.   

5. How different types of calculations for stresses and the 

associated uncertainties impact on the required safety 

levels. 

The reliability of one WED can be estimated modeling it 

as a system of components. The model can be extended to 

include a group of wave energy devices in a larger system. 

The components are divided in two groups: 

 Electrical and mechanical components where the relia-

bility is estimated using classical reliability models, i.e. 

the main descriptor is the failure rate and the MTBF 

(Mean Time between Failure). Further, the bath-tub 

model is often used to describe the typical time de-

pendent behavior of the hazard rate. Using e.g. FMEA 

(Failure Mode and Effect Analysis) or FTA (Failure 

Tree Analysis), system models can be established and 

the systems reliability can be estimated.  

 Structural members such as steel beams, moorings and 

foundation (when relevant) where a limit state equation 

can be formulated defining failure or unacceptable be-

havior. Failure of the foundation could be overturning. 

The parameters in the limit state equation are modeled 

by stochastic variables and the reliability is estimated 

using Structural Reliability Methods, see e.g. Madsen 

et al. (1986). 

Further, an important part of most WEDs is the control 

system which regulates the energy output and limits the 

loads on the WED components. Failure of the control sys-

tem can be critical for both the electrical/mechanical and the 

structural components since the loads on these can increase 

dramatically. Therefore the reliability of the control system 

should be included in a reliability assessment of the whole 

system. 

 

3. LOAD COMBINATIONS 

Although WED types are quite different the following 

load combinations should in general be verified when de-

signing structural elements:  

1) Power production – control system is to some de-

gree limiting the load effects due to wave (and 

wind) actions. Extreme load effects have to be de-

termined by load extrapolation 

2) Power production and occurrence of fault(s). Faults 

in e.g. the electrical or hydraulic system may imply 

extreme load effects  

3) Parked (out-of-operation): for some WED types 

power production is stopped for very large wave 

heights and loads are limited.   

4) Transportation, installation and maintenance 

These load main combinations correspond to those basi-

cally used for design of wind turbines, see IEC 61400 

(2005).  
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1. ABSTRACT 

 

Wave Energy has a large potential for contributing to sus-

tainable electricity production. Compared to other renewa-

ble energy sources like wind or solar power, the electricity 

production costs from wave energy are larger and less com-

petitive. Therefore the production cost of electricity from 

wave energy converters need to be decreased. One possibil-

ity to contribute to this problem is by finding an optimal and 

cost-optimised reliability level for wave energy devices 

(WEDs). Optimised reliability levels can be found using 

probabilistic design methods where explicit account for 

uncertainties connected to loads, strengths and calculation 

methods are considered. Sørensen et al. (2011) presented a 

framework for probabilistic design reliability analysis of 

wave energy devices. 

At the moment there are many different WED concepts 

under development. The focus in this paper is set on the 

concept of the Wavestar WED, see e.g. Kramer (2011). This 

WED was installed in 2009 near Hanstholm at the west 

coast of Denmark and is feeding in electricity to the grid 

since January 2010. The power plant consists of 2 floaters, a 

platform and 4 piles (see Figure 1). 

 

 
Figure  1 Photograph of Wavestar (Kramer, 2011). 

 

The framework for probabilistic reliability approaches ex-

plained in Sørensen et al. (2011) is applied for this type of 

WED. The structural reliability analysis is based on the 

reliability assessment of the piles, the floaters and the plat-

form. 

The strategy for the reliability assessment is divided into 

three major steps. In a first step the ultimate limit states 

(ULS) are defined based on a fault tree analysis (FTA).  In a 

second step the loads on the structure for the different ULS 

are calculated. In a third step the reliability of the WED is 

assessed by using a probabilistic approach.  

The fault tree analysis and the definition of ultimate limit 

states of the Wavestar WED focuses on the following load 

cases for the structure: 

 Wave and wind loads during normal operation. 

 Wave and wind loads during operation simultane-

ous with failure of electrical components. 

 Wave and wind loads during operation simultane-

ous with failure of mechanical components. 

 Wave and wind loads during operation simultane-

ous with failure of control system. 

Other load cases are: 

 Wave and wind loads when the WED is in a 

‘parked’ position. 

 Wave and wind loads during operation simultane-

ous with loss of grid. 

 

The sea state can be modeled using the JONSWAP spec-

trum (with γ=3.3). The spectrum implies an irregular wave 

surface elevation based on superposition of linear waves. 

The spectrum as well as the wave surface elevation depend 

on the specific significant wave height HS and the spectral 

peak period TP. Values for HS and TP which define one spe-

cific sea-state for North Sea conditions can be taken from 

scatter diagrams, see e.g. from Margheritini (2012) for data 

from Hanstholm. For each sea-state a wave force distribu-

tion can be derived. These distributions can be used for 

fatigue load as well as extreme load analyses. For the wind 

load calculations the Kaimal spectrum can be used. For 

different ten minutes average wind speeds the maximum 

wind speed Umax can be derived from ten minute time series. 

By using a wind profile (e.g. logarithmic wind speed pro-

file), the wind loads on the structure can be assessed. 



Preliminary extreme load estimations showed that the mo-

ment at the seabed due to the wind is up to 10 times lower 

compared with the moment on the seabed due to the wave 

impact. 

The correlation between wave loads and significant wave 

heights can be used together with the longterm sea-state and 

wind velocity distributions to assess the reliability of the 

structure.  

The probabilistic reliability assessment accounts for the 

following uncertainties: 

 Uncertainties due to natural randomness of the pa-

rameters considered. 

 Uncertainties due to imperfect measurements. 

 Uncertainties due to imperfect knowledge of the 

mathematical model. 

 Uncertainties due to limited sample sizes. 

 Uncertainties about choice of probability distribu-

tion types. 

 

Uncertainties due to human errors and ‘gross’ errors are not 

considered in this modeling. 

The uncertainties are modeled directly by stochastic varia-

bles 1( ,..., )nX XX . The uncertain parameters such as 

material strengths, wave heights, wind velocities, model 

uncertainty or measurement uncertainties are modeled by a 

distribution function ( ; )
iX iF x

i
α  where iα  denotes the sta-

tistical parameters. The dependency between different sto-

chastic variables is modeled using correlation coefficients. 

The statistical parameters can be derived by using e.g. the 

Maximum Likelihood Method. The uncertainty of the math-

ematical model is considered by a multiplicative stochastic 

variable  which leads to the following model ( )XLf  for 

the load: 

 

( ) ( )X XLf h  

 

where ( )h X  denotes the original mathematical/physical 

model. 

For each ultimate limit state a limit state function which 

contains the model for the load ( ( )XLf ) and the model for 

the resistance ( ( )XRf ) is formulated: 

 

( ) ( ) ( ) 0x x xR Lg f f  

 

Realizations where ( ) 0g x  leads to failure of the structure. 

The probability of failure FP  can be described by the limit 

state function: 

( ) 0FP P g X  

 

The probability of failure FP  for the certain ultimate limit 

state can be derived by Monte Carlo simulations or 

FORM/SORM methods where a reliability index  is de-

termined. The standard normal distribution (- )  approx-

imates the probability of failure: 

 

FP ( )  

 

The derived reliability index is then compared with reliabil-

ity indices from nearby industries like offshore wind tur-

bines. This enables to make suggestions and recommenda-

tions about the design of the WED. Additionally also eco-

nomical considerations need to be considered. 

The different failure probabilities of the different failure 

modes can be compared such that the structural reliability of 

the whole wave energy device can be estimated. The failure 

probability of the system ,F sysP can be derived by a serial 

combination of the probability of failure FP of n  different 

ultimate limit states: 

 

F,
1,

P ( ) 0Xsys i
i n

P g  

 

The failure probability of the system shows information 

about the robustness of the whole WED. 

 

Influences and improvements of the reliability based on 

maintenance actions are important and should also be con-

sidered in the reliability analysis. 

 

 

 

2. ACKNOWLEDGEMENTS 

 

The authors wish to thank the financial support from the 

Danish Council for Strategic Research (Contract 09-67257, 

Structural Design of Wave Energy Devices). 

 

 

 

3. REFERENCES 

 

Kramer, M 2011, 'Performance Evaluation of the 

Wavestar Prototype', in AS Bahaj (ed.), 9th ewtec 2011: 

Proceedings of the 9th European Wave and Tidal 

Conference, Southampton, UK, 5th-9th September 2011 

University of Southampton. 

Margheritini, L 2012, Review on Available Information 

on Wind Water Level, Current, Geology and Bathymetry in 

the DanWEC Area : (DanWEC Vaekstforum 2011), DCE 

Technical Report, no. 136, Aalborg University. Department 

of Civil Engineering. 

Sørensen, JD, Kofoed, JP & Ferreira, C 2011, 

'Probabilistic Design of Wave Energy Devices', in MH 

Faber, K Jochen & K Nishijima (eds), ICASP11 : 

Proceedings of the 11th International Conference on 

Applications of Statistics and Probability in Civil 

Engineering: Zurich, Switzerland, 1 - 4 August 2011 C R C 

Press LLC, pp. 1839-1845. 

http://vbn.aau.dk/en/persons/morten-kramer(ab70b73b-9657-4328-9ec5-70f31e571b14).html
http://vbn.aau.dk/en/publications/performance-evaluation-of-the-wavestar-prototype(325bd845-b0db-4242-96b6-a63562dc353d).html
http://vbn.aau.dk/en/publications/performance-evaluation-of-the-wavestar-prototype(325bd845-b0db-4242-96b6-a63562dc353d).html
http://vbn.aau.dk/en/persons/lucia-margheritini(6557cc47-41ff-4caf-bec2-b439dcf4e148).html
http://vbn.aau.dk/en/publications/rolling-cylinder-phase-1bis(2d9d6ace-be2d-4d03-8138-f257e0fc28a1).html
http://vbn.aau.dk/en/persons/john-dalsgaard-soerensen(6fe22c77-cd3d-4e06-9337-3f870be8f135).html
http://vbn.aau.dk/en/persons/john-dalsgaard-soerensen(6fe22c77-cd3d-4e06-9337-3f870be8f135).html
http://vbn.aau.dk/en/publications/probabilistic-design-of-wave-energy-devices(c3fb01ca-ba03-489e-8eed-37e93dd3e4f4).html


 
 

sdwed.civil.aau.dk 45 

 

Wave Energy Research Group 

 


	120418, 2nd Symposium Ext Abstracts, total.pdf
	1.2 read_bingham.pdf
	Wave-structure interaction using overset grids
	1. Introduction
	2. problem formulation and solution
	3. Results
	4. Acknowledgements
	5. References


	1.2 read_bingham.pdf
	Wave-structure interaction using overset grids
	1. Introduction
	2. problem formulation and solution
	3. Results
	4. Acknowledgements
	5. References


