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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 wave 
energy converters more competitive. The prospect of an overall wave-to-wire model has the potential to 
investigate the conversion process in detail and find ways of lowering the cost of energy as well as 
identifying areas where the reliability of the devices can be increased. 

This document presents the extended abstracts of the presentations made by the individual work packages 
(WPs) of the project at the 3rd and final SDWED Symposium, held at AAU in Aalborg, Denmark, on June 3rd, 
2014, providing an overview of the main achievements within the project so far. The main focus is to give 
an overview of the results and interconnection between the work packages of the project. These are:  

• WP1 Hydrodynamics 
• WP3 Moorings and  
• WP3 Power take-off  
• WP4 Wave-to-Wire modeling 
• WP5 Reliability 

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

http://www.sdwed.civil.aau.dk/Events/Event//3rd-symposium--wave-to-wire-modeling.cid81986 

 

On behalf of the Project Steering Committee, it is our pleasure to welcome members of the International 
Advisory Board (who will provided WP specific feedback on the presentations during the 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.civil.aau.dk/Events/Event/3rd-symposium--wave-to-wire-modeling.cid81986
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Program 

3rd SDWED Symposium, is held on June 3, 2014 at: 

Aalborg University, Department of Civil Engineering 
Sohngaardsholmsvej 57 
9000 Aalborg, Denmark  

 
Auditorium F-108. 

 

8:30-9:00 Registration 03-06-2014 
9.00  Introduction Jens Peter Kofoed AAU-C 

WP 1 Hydrodynamics 
9.20 Hydrodynamic analysis of Wave Energy Devices   Harry Bingham DTU 
9.40 Analysis of Oscillating Water Column Wave Energy Converters Harry Bingham DTU 
10.00 CFD Simulation of A Moored Wave Energy Device Nicolai F. Heilskov DHI 

10.20 Comments by advisory board 
10.30 Pause (20 min) 

WP 2 Moorings 
10.50 Physical and Numerical Modelling of Mooring Systems for 

Floating Wave Energy Converters 
Barbara Zanuttigh Unibo 

11.10 Simplified Design Procedures for Moorings of Wave-Energy Converters Lars Bergdahl Chalmers 
11.30 Dynamic Mooring Simulations using MOODY – A Discontinous High 

Order Finite Element Mooring Code 
Johannes Palm Chalmers 

11.50 Comments by advisory board 
12.00 Lunch break (45 min) 

 
WP 3 Power take off 

12.45 Power Take Off Design for Wave Energy Devices Jochen Bard FRAU 
13.05 Design Optimization of Hydraulic Energy Storage System for Wave 

Energy Converter 
Kaiyuan Lu AAU-E 

13.25 Comments by advisory board 
WP4 Wave to wire models 

13.35 Overview of Wave to Wire Modelling and Experimental Studies Morten Kramer AAU-C 
13.55 Economic Optimization and Analysis of a WEC's Wave to Wire Model. Francesco Ferri AAU-C 

14.15 Tour to the lab + coffee (40 min) 
 

14:55 Structural Modeling and Analysis of a Wave Energy Converter Andrew Zurkinden AAU-C 
15.15 Effects of Hydrodynamic Interactions and Control within a Point 

Absorber Array on Electrical Output 
David Forehand UEIES 

15.35 Comments by advisory board 
WP 5 Reliability 

15.50 Reliability Of Wave Energy Converters – Reliability Assessment John D. Sørensen AAU-C 
16.10 Reliability Of Wave Energy Converters – Calibration of Fatigue Design 

Factors 
Simon Ambühl AAU-C 

16.30 Generic Risk Assessment for Wave Energy Converters  Claudio Bittencourt  DNV 
16.50 Comments by advisory board 
17.00 Closing of the symposium 
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WP1 - Hydrodynamic Analysis of Wave Energy Devices

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

Department of Mechanical Engineering, Technical University of Denmark

March 10, 2014

INTRODUCTION

This abstract describes the strategy developed during
the SDWED project for performing a hydrodynamic
analysis of a floating Wave Energy Converter (WEC).
Four levels of analysis are available using increasingly
refined models, at the cost of increasing computational
effort:

1. Linear analysis in the frequency-domain.

2. Weakly nonlinear analysis in the time-domain.

3. Fully nonlinear analysis without wave-breaking.

4. Fully nonlinear analysis including wave-breaking
and viscous effects.

The first three levels are based on the assumption of
a potential flow, while level 4 assumes only an incom-
pressible fluid.

THE EQUATIONS OF MOTION
FOR THE WEC

Figure 1: The earth-fixed and body-fixed coordinate
systems, also showing the incident wave and total free-
surface elevations.

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)→
roll (x4), gives the following transformation matrix

L =

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


(1)

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. (2)

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

ω̂ = [−ẋ6s5 + ẋ4; ẋ6c4c5 + ẋ5c4; ẋ6c4c5 + ẋ5s4] (3)

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. (4)

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 (5)

where

E =

[
m −[rg ×m]LT

(rg ×m)LT Îg [rg × (rg ×m)]LT

]
(6)

and

q =

[
F−m[ω̂ × (ω̂ × rg)]

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

]
(7)

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

center of gravity and Îg is the moment of inertia tensor
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 all the hydrodynamic interactions between the
waves and the body, forcing from the mooring system
and/or PTO, and hydrostatic buoyancy effects. In the
most general case, (5) must be solved together with all
hydrodynamic, mooring system and PTO equations in
one coupled system. However, we will normally assume
that the inertia of the body is relatively large compared
to that of the mooring and PTO system so that they
essentially react instantaneously to the body motions
and thus interact only via applied forces at the attach-
ment points.
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Level 4: CFD Solution

Assuming only that the fluid is incompressible, the
open source CFD code OpenFoam[2] can be used to
solve (5) together with the incompressible Navier-
Stokes equations and a Volume of Fluid technique for
capturing the free-surface. Although this is a two-
phase solver, it is not possible to adequately resolve
the air-water interface so the air phase is effectively ig-
nored, but wave breaking and violent interaction with
the WEC can be captured. Properly resolving the
viscous effects is still very challenging at these high
Reynolds numbers, and adequate resolution is gener-
ally not achieved even when many parallel processors
are exploited. Thus this refined analysis is limited to
late stage validation and extreme load predictions.

Level 3: Fully Nonlinear Potential Flow
Solution

Under the assumptions of a potential flow (i.e. an in-
viscid fluid in irrotational motion), the mathematical
description of the problem is simplified and the resolu-
tion requirements are dramatically reduced. A single-
valued free-surface elevation (non-breaking waves) is
also assumed which allows for high-order numerical ap-
proximations and increased computational efficiency.
Capturing and re-griding the moving body and wa-
terline to high-order accuracy is still very challenging
however, and results using this method are still under
development.

Level 2: Weakly Nonlinear Potential
Flow Solution

At this level, we assume that the radiation and diffrac-
tion waves generated by the WEC are of small am-
plitude in the sense that 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 linear term in the free-surface bound-
ary conditions. We also assume that certain non-linear
external forces can be applied to the body, without vi-
olating the original hydrodynamic assumptions. Under
these assumptions, standard linear theory (here we use
WAMIT [1]) can be used to approximate the radiation
and diffraction interaction forces, while all other con-
tributions remain fully nonlinear. In particular, the
nonlinear hydrostatic and Froude-Krilov forces can be
put into a particularly convenient form which depends
only on the submerged volume of the WEC bounded by
the incident wave elevation ζI on the inside of the body
[3]. If the volume bounded by the body surface and the
interior incident wave free surface (shown in red in Fig.
1) is given by V, then the hydrostatic restoring force is
given by

FHS = −ρg V k (8)

where ρ is the fluid density, g the gravitational constant
and k the unit vector in the vertical direction. The

Froude-Krilov force is given by

FFK = −ρd IFK

dt
(9)

with the Froude-Krilov impulse

IFK =

∫
S

φI n dS =

∫
V
∇φI dV. (10)

Here φI is the undisturbed incident wave potential, S is
the boundary surface of V, and n is the inward pointing
normal vector to S. Assuming that the incident wave
is given by a known function or numerical solution,
these terms are straightforward and computationally
inexpensive to compute so that the total solution effort
for this approach is not significantly larger than a pure
linear solution. External mooring line loads and PTO
forces are also included in a fully nonlinear manner.

Level 1: Linearized Potential Flow Solu-
tion

The first level of analysis is of course to begin with a
straightforward solution to the linearized problem in
the frequency-domain, in which case the equations of
motion reduce to

Nd∑
j=1

[
−ω2(Mjk +Ajk) + iω(Bjk + bjk) + Cjk + cjk

]
ξk

= Xj , j = 1, 2, . . . , Nd (11)

where Mjk, Ajk, Bjk & Cjk are the linearized inertia,
added mass, damping and hydrostatic restoring force
coefficients for the WEC, while Xj is the wave excit-
ing force and bjk, cjk are external damping and stiff-
ness coefficient matrices representing the mooring sys-
tem and/or the PTO. The body response is given by
xk(t) = <{ξk eiωt} where ω is the incident wave fre-
quency and Nd is the total number of degrees of free-
dom for the WEC. Here we allow for the possibility
that the WEC has extended degrees of freedom beyond
the normal six rigid-body modes to account for hinged
or flexible structures and/or internal Oscillating Water
Column chambers.

Examples of test cases using Levels 1,2 & 4 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. http://www.wamit.com.

[2] OpenFOAM. OpeanFOAM The open source
CFD toolbox. OpenCFD Ltd (ESI Group).
http://www.openfoam.com.

[3] P. D. Sclavounos. Nonlinear impulse of ocean waves
on floating bodies. J. Fluid Mech., 697:316–335,
2012.
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Analysis of Oscillating Water Column Wave Energy Converters

Harry B. Bingham, Kim Nielsen, Pablo Guillen and Morten Simonsen
Section for Fluid Mechanics, Coastal & Maritime Engineering

Department of Mechanical Engineering, Technical University of Denmark

March 1, 2014

1 INTRODUCTION

This abstract describes the use of a standard radiation-
diffraction code (in this case WAMIT [2]) to predict
the response of, and power absorption by, an Oscil-
lating Water Column (OWC) Wave Energy Converter
(WEC).

2 THEORY

Following the work of Evans [1], standard first-order,
radiation-diffraction theory can be extended to include
the response of a partially enclosed OWC chamber, to-
gether with the usual rigid-body motions. The flow is
assumed to be described by a total velocity potential
Φ(x, t), satisfying the Laplace equation ∇2Φ = 0 in the
fluid along with linearized boundary conditions on the
mean free-surface at z = 0 and the mean body bound-
ary S0. Φ can be represented by the superposition of
a number of time-harmonic solutions at different fre-
quencies ω such that

Φ(x, t) = <
{
φ(x, ω) eiωt

}
. (1)

In the context of existing frequency-domain codes such
as WAMIT, it is convenient to define an extended set of
radiation modes j = 7, 8, . . . , 6+Mp; each of which has
a pre-defined mode shape, with Mp the total number of
modes defined. Each pressure mode is assigned a com-
plex amplitude ξj and a mode shape, nj(x, y) such that
the total pressure applied to the interior free-surface of
the chamber Si is given by

p0(x, y) = −ρg
6+Mp∑
j=7

ξj nj(x, y). (2)

The body surface is now extended to include Si, Sb =
S0+Si, and the generalized unit normal vector is set to
zero on Si for the rigid-body modes j = 1, 2, . . . , 6; and
set to zero on S0 for the pressure modes j > 6. The
applied pressure modifies the Bernouli equation on the
free-surface to give

p = p0 − ρ(iω φ+ g η) = 0
iω η − ∂zφ = 0

}
on z = 0 (3)

which can be combined with (2) to write

∂zφ−
ω2

g
φ = − iω

ρg
p0 = iω

6+Mp∑
j=7

ξjnj , on z = 0 (4)

where ∂z indicates partial differentiation with respect
to the z coordinate. The potential is now decomposed
into radiation and diffraction components in the usual
way

φ = φR + φD, φD = φI + φS ,

φR = iω

 6∑
j=1

ξjφj +

6+Mp∑
j=7

ξjnjφj

 (5)

where we note that the pressure mode mode shape nj
must be included for j > 6.

The diffraction potential φD represents the solution
for a fixed body, with p0 = 0, subjected to an incident
wave of amplitude A from heading angle β measured
from the positive x-axis defined by

φI =
ig A

ω

cosh [k(z + h)]

cosh kh
e−ik(x cos β+y sin β). (6)

The forcing here comes only from the solid body
boundary condition

∂nφS = −∂nφI on S0 (7)

where ∂n indicates the derivative in the direction nor-
mal to the surface. The canonical radiation potential
φj for the pressure modes correspond to unit amplitude
oscillatory pressures applied to the interior free-surface
at frequency ω, and thus satisfy the boundary condi-
tions

∂zφj −
ω2

g
φj = nj , on Si

∂nφj = nj , on S0 (8)

where here the rigid modes and the pressure modes are
automatically distinguished by the extended definition
of nj . In this way, the pressure modes are expressed in
the same basic form as the normal rigid-body modes.

In an OWC, power is extracted from the waves by
using the motion of the water in the chamber to force
air through a turbine. Thus the critical quantity here is
the volume flux of air through the chamber. The set of
mode shapes nj which define the pressure distribution
inside the chamber can be chosen as desired, but the
most obvious choice is the set of orthogonal standing
modes inside the chamber. With this choice, n7 =
1 will be the mean elevation inside the chamber and
this will be the only mode that contributes to the flux
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through the turbine. We will therefore drop the higher
mode shapes in the following discussion and set Mp = 1
and n7 = 1. The total volume flux q is given by

q =

∫
Si

∂zφ dS =

∫
Si

∂zφD dS +

∫
Si

∂zφR dS

= qD + qR (9)

where φR = iω
∑7
j=1 φj . The mean power extracted

by the turbine over one period of oscillation is given by

W =
1

T

∫ T

0

<{p0 eiωt}<{q eiωt} dt =
1

2
<{p∗0 q} (10)

where p∗0 indicates the complex conjugate of p0 and
T = 2π/ω is the wave period. The simplest possible
model for the behavior of the air turbine is to assume
that there is a linear relationship between the flux and
the pressure such that

q = B0 p0, (11)

in which case the total mean power extracted is given
by

W =
1

2
B0 p

∗
0 p0. (12)

This will normally be expressed as a capture-width ra-
tio by scaling it with the maximum available power in
a section of the free-surface of length L along a wave
crest, Wmax = 1

2ρgA
2cgL. Here cg is the group veloc-

ity of the wave and L is usually taken to be the body
length.

Combining (9) and (11) with the decompositions of
(5) and (2), we can write an equation of motion for the
mean pressure mode in the form

−B0 ρg ξ7 − qR = qD. (13)

The diffraction flux qD is defined by (9), and using (4)
we can write this as

qD =

∫
Si

∂zφD dS =
ω2

g

∫
Si

φD dS =
iω

ρg
X7 (14)

with

Xj = −iωρ

∫
Sb

φD nj dS (15)

the standard WAMIT definition of the exciting force
coefficient. Similarly for the radiation flux qR, we com-
bine Eqs. (9), (8) and (5) to write

qR =

∫
Si

∂zφR dS = iω

7∑
k=1

ξk

∫
Si

∂zφk dS

= iω

7∑
k=1

ξk

∫
Si

(
ω2

g
φk + nk

)
n7 dS

= iω

7∑
k=1

ξk

[
ω2

ρg

(
Ajk −

i

ω
Bjk

)
+ c7k

]
(16)

where

c7k =

∫
Si

nkn7 dS (17)

and we have used the WAMIT definition of the added
mass, and damping coefficients

Ajk −
i

ω
Bjk = ρ

∫
Sb

φk nj dS. (18)

Note that the hydrostatic coefficients c7k = 0 for k 6= 7
and c77 = S0 is just the area of the internal free-surface
Si. Inserting (16) and (14) into (13) and dividing
through by iω gives

iρg B0

ω
ξ7 +

7∑
k=1

[
−ω

2

g

(
A7k −

i

ω
B7k

)
− c7k

]
ξk =

X7

ρg
.

(19)
This can be put into non-dimensional form using the
standard WAMIT normalization which gives

i

ω̄
B̄0 ξ̄7 +

7∑
k=1

[
−ω̄2

(
Ā7k − i B̄7k

)
+ c̄7k

]
ξ̄k = X̄7 (20)

where

Ā77 =
A77

ρL3
, B̄77 =

B77

ρωL3
X̄7 =

X7

ρgAL2

ξ̄k =
ξk
A
, B̄0 =

ρg B0√
g/LL2

, c̄77 = −S0

L2
; (21)

and ω̄ = ω
√
L/g. Equation (21) is in the same form as

the standard rigid body mode equations of motion but
with an applied external damping coefficient (variable
in ω) and a negative hydrostatic restoring force coef-
ficient. It can thus be combined with the rigid body
system to solve for the motions and chamber response
simultaneously.

If the body is held fixed, then the solution for the
chamber response is explicit and simply given by

ξ̄7 =
X̄7[

−ω̄2
(
Ā77 − i B̄77

)
+ i B̄0

ω̄ + c̄77

] . (22)

The optimum PTO damping B0 in this single degree
of freedom chamber case can be derived by inserting
(22) into (12) and setting the derivative with respect
to B0 to zero to get

(B0)opt = ω
√

(ω2A77 + c77)(ω2A77 − c77) + ω2B2
77.

(23)
Several examples of analysing OWC devices will be

presented at the symposium.

References

[1] D. V. Evans. Wave-power absoption by systems of
oscillating surface pressure distributions. J. Fluid
Mech., 114:481–499, 1982.

[2] 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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CFD SIMULATION OF A MOORED WAVE ENERGY DEVICE 

 

 

Nicolai F. HEILSKOV and Ole Svenstrup PETERSEN 
DHI, Agern Alle 5, 2970 Hørsholm, Denmark 

20th of August 2012 

PRELIMINARY DRAFT 

 

1. INTRODUCTION 

Non-linear hydrodynamic effects play a significant role 

when a floating wave energy converter (WEC) is subjected 

to extreme wave conditions. The current approach for hy-

drodynamic load calculations on floating structures is to use 

linear potential theory with Boussinesq-type or statistical 

wave fields as input. However, it is well known that fluid 

viscosity influences hydrodynamic forces on the floating 

body when the motion amplitude is large and the body is of 

a bluff shape. Although theories based on the potential flow 

assumption are able to reproduce the heave motions reason-

ably well, they are less accurate in the prediction of roll 

motion (Christensen et al., 2008). This is owing to the high-

ly nonlinear nature of the roll motion due to the roll-

damping effect. At wave frequencies near a natural frequen-

cy of the floater system, (the operating condition for a 

WEC), flow separation is likely to occur. Viscous damping 

effects caused by flow separation are known to heavily in-

fluence especially the roll motion and hence the stability of 

the WEC.  

To date there has been no widely available and well val-

idated tool for numerically testing of floater designs in more 

extreme sea conditions involving steep-sided and breaking 

waves or strong currents. In order to assess wave-structure 

interaction, in view of combined hydrodynamic stability and 

structural survivability, a numerical test bed that accurate 

incorporation of mooring lines in the incompressible Na-

vier-Stokes solution, in terms of dynamical coupling, is 

paramount. 

The OpenFOAM® software is a strong candidate for 

such a tool. It is an extensive code library based on the finite 

volume method containing tools for all aspects of CFD. It is 

written in C++ and includes many specialised CFD solvers 

for various flow situations (Jasak, 1996). The code includes 

all components necessary to calculate the full nonlinear, 

viscous hydrodynamics coupled with large amplitude 6 

degrees-of-freedom (6 DOF) motion of a floating structure.  

The aim of the present work is to develop and validate a 

CFD tool accurately capturing the detailed motion of a float-

ing structure in realistic irregular wave fields. Flexibility of 

the structure will be ignored yielding 6 degrees of freedom 

to represent the body state. Focus is on the 2-way coupling 

between structure and water including the full nonlinearity 

and viscous effects in the hydrodynamic CFD calculations. 

 

A TLP concept is applied as proof of concept, which en-

visages a combined wind and wave energy extraction de-

sign. 

2. FREE SURFACE SOLVER 

OpenFOAM® includes a solver for the Navier-Stokes 

equations for two immiscible and incompressible fluids – in 

our case air and water. It captures the air-water interface 

using a variation of the Volume-of-Fluid (VOF) method 

(Berberovic et al., 2009) originally developed by Hirt and 

Nichols (1981).  

 

3. DYNAMIC MESH METHOD 

OpenFOAM® operates with meshes consisting of gen-

eral polyhedral cells allowing the mesh to fit exactly around 

complex structures. In order to handle a floating marine 

structure a dynamic mesh approach is adopted. Thus, at each 

time step of the solution algorithm the fluid-structure 

boundary surface is displaced and reoriented in accordance 

with the total hydrodynamic plus external forces and torques 

on the structure.  An algorithm to redistribute mesh points 

inside the fluid domain is also executed at each time step to 

ensure the mesh quality. On the fluid-structure interface a 

moving wall boundary condition is applied for the fluid 

velocity field in order to ensure the no-slip condition. The 

time integration of the 6 DOF body motion ordinary differ-

ential equations (ODE) is performed using a special 

symplectic integrator. This has lower order than traditional 

ODE solvers but was chosen for its favorable energy con-

servation properties in contrast to traditional schemes where 

numerical dissipation of energy can be an issue for long 

simulations (Dullweber et al., 1997). Once the body bounda-

ry position and boundary condition have been updated from 

the 6 DOF calculation the surrounding flow is calculated for 

the new time with the updated boundary data. This ensures 

the correct two-way coupling between the body motion and 

the transient solution of the flow equations (Jasak and Tu-

kovic, 2010).  

 

4. WAVE DAMPING 

The motion of a floater in the ocean is damped primarily 

via the energy carried away with the radiated waves. If no 

action is taken at the outlet boundaries, the radiated waves 

will be reflected back into the domain thus polluting the 

target sea state. There are several methods available to han-

dle hydrodynamic wave reflection problem, but here we will 

adopt the active absorption method. In the active absorption 

method the wave energy is extracted directly on the domain 

walls. The approach here is to apply shallow water theory 

and information about the velocity field in the cells touching 

the domain boundary to calculate and impose an instantane-

ous boundary velocity field corresponding to full wave 

transmission through the wall (Higuera et al., 2013).  

 



5. MOORING 

A floating WEC requires a mooring system to ensure sta-

tion keeping and avoid impact with other structures. Wave 

impact forces due to non-linear wave interaction with the 

floater are transferred to the mooring system which then 

responds with a constraint to the motion of the floating 

structure. Mooring lines are represented as linear damped 

springs attached to the hull fitting and to anchor points, and 

are incorporated in the 6-DOF body motion ordinary differ-

ential system of equations.  

 
Figure 1: TLP Model (HYDRALAB IV).  

 

6. RESULTS IN IRREGULAR WAVES 

The numerical results are compared to measurements 

conducted at the DHI laboratory, Hoersholm under HY-

DRALAB IV. A scaled model of a TLP was applied. The 

TLP floater, with mass 131.1 kg, is represented by a floating 

vertical cylinder, height, h = 1.497 m consisting of small 

cylinder on top of a larger one with a diameter of 0.1625 m 

and 0.45 m, respectively, and draft T = 1.1973 m in water of 

density rho = 1000 kg/m
3
. Its roll inertia about the centre of 

mass is 5.4459 kgm
2
.  

At the bottom of the TLP a steel plate connects four 

mooring legs to the structure each with a radius to fairleads 

of 0.675 m. The four vertical tethered moorings are mod-

elled with a linear spring including damping. The un-

stretched length is 3.7925 m and spring coefficient k = 9000 

N/m. The hydrodynamic forces on the mooring lines and 

four legs are neglected. The mooring lines of a TLP are 

orthogonal to the seabed, with the restoring force mainly 

generated by the change in buoyancy of the topside struc-

ture.  

 Initially the floater is at rest in the center of the compu-

tational domain with a center of mass position at [9.0; 9.0 ; 

3.9847] m, see Figure 1. The computational domain extend 

in the x-direction [0; 18] m, y-direction [0; 18] m and z-

direction [0; 7.0]m with the still water level being at z = 5.0 

m. 

The computational mesh of the fluid domain is an un-

structured hexahedral mesh. A narrow band of high resolu-

tion in the z-direction surrounding the still water level is 

made in order to better capture the motion of the generated 

waves. The small cells attached to the body are prone to 

high skewness during large displacements of the body dur-

ing excessive pitch, roll and yaw motion. 

The wave conditions are represented by a JONSWAP 

spectrum [DNV-RP-C205] with a peak enhancement param-

eter of 3.3, significant wave height 0.15 m and peak wave 

period 1.6 s. Only unidirectional incident waves are consid-

ered. The spectrum is modelled by imposing a pre-

calculated velocity field synthesized as a linear superposi-

tion of Airy waves with different amplitudes, periods, phas-

es and directions, to produce a realisation of the JONSWAP 

spectrum. The method is outlined in section 3.3.2 in DNV-

RP-C205.  Even though the wave field is synthesized from 

linear theory its propagation through the computational 

domain is governed by the full non-linear Navier-Stokes 

equations.  

Figure 2 shows a snapshot of the simulation in the crest 

of the wave at 37s. The iso-surface of the volume-fraction 

variable in the VOF approach equal 0.5 is used to illustrate 

the free surface. 

 
Figure 2: Left: snap shot of the solution state. Right: the 

surge, sway and heave motions of the floater moving in 

irregular waves. 

 

To the right the motion response of the TLP is depicted. 

It can be observed that in case of the current TLP configura-

tion the floater is most sensitive to surge motion. As ex-

pected the heave motion is of less dominant nature. 
 

7. CONCLUSIONS 

A methodology for performing coupled analysis of float-

ing WECs was presented. The coupling of the free-surface 

Navier-Stokes solver and active wave boundary strategy has 

been tested. Albeit no general conclusion should be drawn 

from the present test case, it served to demonstrate that the 

2-way coupling approach between structure and water in-

cluding the full nonlinearity and viscous effects can capture 

the complex interaction between the mooring system and the 

floating structure.  

The results illustrated that the model is able to capture 

the transfer of complicated wave impact forces, due to non-

linear wave interaction including viscous effects, to the 

mooring system.  
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1. MOTIVATION 
Many floating Wave Energy Converters (WECs) do al-

ready exist, however there are still significant barriers to 
commercialization including the need for harvesting energy 
in deeper areas and with low environmental impact, while 
the design of mooring systems has often proved to be insuf-
ficiently reliable, leading to WECs installation failures. 

In general, the mooring system must be sufficiently rigid 
to allow station keeping, docking for inspection and 
maintenance, and at the same time sufficiently flexible to 
minimize the forces acting on anchors, mooring lines, pow-
er transmission cables and on the device itself. Moreover, 
the dissipations induced by different type of mooring 
schemes affect the power production.  Therefore the moor-
ing system is an essential component in the design process 
and feasibility assessment of the WEC installation.  

This contribution presents the main results of the exper-
imental and numerical activities carried out within the 
SDWED project to provide better insights on the forces 
acting on the mooring lines of WECs, and on the dynamics 
and on the production of moored WECs.   

 
2. PHYSICAL MODEL TESTS 

The activities were carried out on a floating WEC of the 
Wave Activated Body type constituted by two rigid pon-
toons with an hinge in between, therefore the device has 7 
Degrees of Freedom, i.e. the 6 canonical DoF and the one 
due to the relative pitch.   

The device was equipped with a Power Take-Off system 
and tested during two different experimental campaigns 
(Zanuttigh et al., 2013; Angelelli et al., 2013).   

In 1:30 model tests, the WEC was moored with either a 
CALM (Fig. 1) or a spread (symmetric) mooring system, in 
both cases composed by steel chains.  In 1:60 model tests, it 
was moored with a modified spread system, with shorter 
rear chains to minimize costs and sway motions.  In this 
case, the forces acting on the mooring lines were investigat-
ed by varying the pretension level of the mooring lines.  
Specifically, three levels were obtained by reducing the 
length of the chain lying on the seabed, LC.  

In both campaigns, the experimental results showed that 
the device length l has to be ‘tuned’ on the basis on the local 
peak wave length (i.e., the more frequent wave length with-
in the typical yearly climate) and specifically the condition 
l/Lp = 1.0 (being Lp the peak local wave length) has to be 
assured for most of the year since it leads to the best power 

production performance regardless of the mooring system 
adopted (Fig. 2). 

In both campaigns, the best Power Take Off rigidity was 
first assessed by means of a series of tests under regular 
waves, and then tests under irregular waves (Figures 2-4) 
were performed with the fixed optimal rigidity. 

The CALM mooring system leads to a larger power pro-
duction than the spread one, especially when the wave di-
rection is aligned with or close to the device axis.   

A higher power production is obtained with the slack 
pre-tension of the mooring lines (Figure 3). 

 

 
Figure 1: The device in the 1:30 scale model tests.  

 

 
Figure 2: Power conversion efficiency depending on the 
mooring scheme.  Results of 1:30 model tests.  

 
The forces acting on the mooring lines increase by in-

creasing the wave height and decreasing the wave period 
respectively.  Both forces and motions depend on the moor-
ing pretension levels, and specifically the forces tend to 



increase by decreasing LC.  For a given pretension level, the 
mooring forces show a strong dependence on surge (Figure 
4) especially under extreme conditions.  
 

 
Figure 3: Power production depending on mooring preten-
sion level. The percentage figures indicated in the legend 
denote the percentage ratio of LC over the total chain length.  
Results of 1:60 model tests. 
 

 
Figure 4: Ordinary and extreme forces on front chains for 
fixed pretension level versus the surge motion.  Results of 
1:60 model tests.  
 
3. NUMERICAL MODELLING 

The numerical activity was carried out with the AQWA 
code developed by ANSYS (Angelelli et al., 2014; Marti-
nelli et al., 2014).  The model was first compared with the 
experimental results in 1:60 scale, and a sensitivity analysis 
of the numerical results was also carried out by changing 
the mesh size, the device drag and added mass. 

AQWA model is able to accurately reproduce the stand-
ard deviation of the forces on the mooring lines, however it 
cannot reproduce 3D waves, the rigidity of the hinge be-
tween the two pontoons and the long drift component meas-
ured in the lab. 

Additional simulations were carried out with a CALM 
mooring system (Figure 5), optimizing the footprint space 
and minimizing potential collisions among the devices.  The 
forces on the mooring lines were analysed under a number 
of incident wave heights and obliquities (Figure 6). 

Results suggest that the power production optimization 
is achieved with a slack mooring system providing a quasi-
static response to ordinary wave attacks.   

The device should work far from resonance condition, 
because when the typical wave period is near to the natural 
period (in surge) the forces on the mooring lines increase 
significantly, resulting in a high level of energy loss. 
 

 
Figure 5: The designed CALM system with AQWA.  
 

 
Figure 6: Simulated loads on the device-buoy connecting 
rope line, on the rear chain limiting the device motions and 
on the buoy mooring chains for different obliquities in case 
of the 100-years-Danish sea incident wave height.  Full 
scale numerical modeling of the CALM moored WEC. 
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1. INTRODUCTION 

With ocean energy devices in focus, the final report de-

scribes comprehensively environmental conditions, envi-

ronmental loads, and design procedures for moorings. It is 

organised so that first the environmental conditions will be 

discussed. Secondly there will be a section of how to esti-

mate the environmental loads from these: We will treat 

loads due to wind, sea currents and waves. The wave load is 

described for individual waves (first-order wave loading) 

including load from superposed regular wave components 

in irregular waves, mean wave drift load (second-order 

wave loading) for regular and irregular waves and slowly 

varying wave-drift loads. Thirdly a quasi-static mooring 

system analysis design procedure will be outlined but also 

giving thoughts on more advanced analysis.  

Two example moored objects will be used for illustra-

tive purposes: one cylindrical buoy, representative of a 

point absorber, and one oblong body moored parallel to the 

wave crests, representative of a terminator. Two mooring 

systems will be used: one Catenary Anchored Leg Mooring, 

CALM, and one Single Anchored Leg Mooring, SALM. 

For design will use the DNV-OS-E301 POSMOOR 

rules as advised in the Carbon Trust Guidelines. 

 

2. MOORING DESIGN LOOP 
A quasi-static design loop for a mooring system is out-

lined: 

a) Get metocean data for the site where the device will be 

positioned. Weather data may be taken from archived 

observations and satellite observations. Wave data can 

be “hindcast” by wave generation models from histori-

cal meteorological data and also extrapolated by such 

models to places close to the coast (Barstow et al. 

2009) 

b) Settle design weather conditions. 

c) Choose and apply methods for wind and current forces 

and some adequate wave force model.  

d) Decide a mooring layout: number of mooring legs, 

dimensions of chains, ropes, buoys and clump weights. 

e) Calculate static properties of the mooring system. 

f) Calculate mean offset due to wind, current and mean 

wave drift forces. 

g) Calculate the global, horizontal, linearized stiffness of 

the mooring system around the mean offset position. 

h) Calculate the horizontal response motion. 

i) Derive the load effects i.e. the mooring-line tensions. 

j) Repeat from point c) or d) until the design rules are 

fulfilled. 

 

2. DESIGN WEATHER CONDITIONS 

According to DNV-OS-E301, environmental load com-

bination with return periods according to Table 1 shall be 

used. 

Table 1 Return Periods Environmental Loads,  

Return Period  

Current Wind Waves 

10 100 100 

 

In the sample design for Hanstholm the following values 

are chosen: Mean wind speed: U10min,10m = 25 m/s, Mean 

current velocity: Uc = 2 m/s, PM-spectrum with Hs = 8.3 m, 

Tp = 12.9 s all in-line, and water depth 30 m (Pecher et al.) 

 

3. WIND, CURRENT AND WAVE FORCES 

The mean wind and drag force may be calculated using 

a drag force formulation, with drag coefficients from model 

tests, numerical flow analysis or preliminarily with values 

of the coefficient C for different shape given in DNV-RP-

C205. 

� = ��
�

�
���   (1) 

 

Here C is the drag coefficient, A is the cross sectional 

area projected transverse the flow direction, ρ is the density 

of the fluid and U is the fluid velocity at the height of the 

centre of the exposed body. 

The mean wave-drift force in regular waves, are esti-

mated by alternative approaches. The first approach in-

volves integrating the pressure over the instantaneously 

wetted surface of the body. This will, for a body in a regular 

wave, give a force composed by a mean force, a force at the 

same frequency as the incident wave and a force at the dou-

ble frequency. For the mean and slowly varying drift force 

only the mean force is of interest. The second approach 

involves utilizing momentum conservation and will be the 

simplified method used, giving conservative results. 

The first-order wave force can be based on the assump-

tion that the body does not affect the water motion and 

pressure distribution in the incident wave. Nowadays one 

would normally use diffraction theory, taking into account 



the scatter of the incident wave caused by the body. In a 

preliminary calculation for a body with characteristic size 

smaller than a fifth of a wavelength, the simple Morison 

approach can be used. It takes drag forces and damping into 

account, but is not adapted for frequency-domain calcula-

tions in irregular waves. As a comparison, results from a 

diffraction solution will be given. 

 

3. MOORING LAYOUTS 
 

 
Figure 1: CALM and SALM systems used as examples. 

 

For illustrative purposes two different mooring configu-

rations will be used as presented by Pecher et al. (2014): a 

three-leg Catenary Anchor Leg Mooring system, CALM, 

and a Single Anchor Leg Mooring system, SALM.  

 

4. STIFFNESS OF THE MOORING SYSTEM 

Applying the mean horizontal forces on the system, the 

mean offset and the global horizontal, linearized stiffness of 

the mooring system around the mean offset position is cal-

culated 

Table 2 Summary of offset and mooring stiffness. 
Mean force Force (kN) Mean offset 

(m) 

Stiffness 

(kN/m) 

Wind+current+Maximum 

wave drift 

6+45+108 = 

159 
6.90 68.0 

Wind+current+WADAM 

wave drift 

6+45+2.5 = 

54 
3.89 18.0 

 

4. CALCULATE THE RESPONSE MOTIONS 

The equation of motion for this system can be written  

 

)()()( tx = Fx + Sx + bxam &&&+  (2) 

 

Here a is the ”added mass” taken from standard values 

in the simplified case and from diffraction results in more 

complete calculations. S(x) is the mooring stiffness and b 

linear damping. In Table 3 is seen that the mooring stiffness 

is important. 

 

Table 3 Design offset in irregular waves, Hs = 8.3 m. 

Stiffness 

(kN/m) 

Mean 

offset 

(m) 

Motion am-

plitude (m) 

Design 

offset (m) 

  Sign. Max. XC1 XC2 

190 4 2.5 4.7 6.5 8.7 

68 6.9 5.3 9.9 12.4 16.8 

18 3.9 5.5 10.2 9.4 14.1 
 

3. PERMISSIBLE TENSION 
Last the largest of the below combined horizontal offsets 

is used for calculation of quasi static line tension 

 
	
� = 	��� � 	����� � 	������

	
� = 	��� � 	������ � 	�����
 (3) 

 

where XC1 and XC2 are the characteristic offsets to be con-

sidered, Xmean is the mean offset. Index LF denotes low-

frequency motions and WF wave-frequency motions. Here 

the slowly varying motion was found very small. 

The calculated tension TQS(XC) should be multiplied by a 

partial safety factor γ = 1.7 for Consequence Class 1 and the 

product should be less than 0.95 times the minimum break-

ing strength, Smbs, when statistics of the breaking strength of 

the component are not available:  

 

 ���� � 0.95!�"� (4) 

 

The combined motions in Table 3 gave too large ten-

sions, for the two cases with lowest mooring stiffness. 

 

5. CONCLUSIONS 
The following conclusions can be drawn from the design 

exercise  

• Simplified drag and wind coefficients can be used, 

because the mean offset is a small part of the total 

horizontal displacement. Morison wave formulation 

can be used for small objects than a 5
th

 of the wave-

length, however with some overdesign. Used in the 

frequency-domain, skipping the drag component, 

equivalent linearized drag damping must be added.  

• Also using the diffraction method for small objects 

drag damping must be compensated for.  

• In the equation of motion, there is a difficulty with 

progressive stiffening moorings. In the CALM sys-

tem choosing a stiffness around the mean offset will 

not give a realistic motion as the stiffness may vary 

one order of magnitude during the oscillation. It is 

advised to use time-domain simulations taking at 

least S(x) into consideration, and then the damping 

could as well be introduced as #$%&' = ��½�|%& |. 

 

5. ACKNOWLEDGEMENTS 
The study is carried out at Dept. of Shipping and Marine 

Technology, Chalmers, and is co-funded from Region Väs-

tra Götaland through the Ocean Energy Centre, and the 

Danish Energy Agency under the Wave Energy Program. 

 

6. REFERENCES 

Barstow, S. et al.: WORLDWAVES: Fusion of 

data from many sources in a user-friendly soft-

ware package for timely calculation of wave sta-

tistics in global coastal waters, 2009. 
DNV Offshore Standard DNV-OS-E301, Position Moo-

ring, 2013 

DNV Recommended Practice DNV-RP-C205, October 

2013. 

A. Pecher, A. Foglia and J.P. Kofoed: Comparison and 

sensitivity investigations of a CALM and SALM type moor-

ing system for WECs, J. Mar. Sci. Eng. 2014, 2(1), 93-122; 

doi:10.3390/jmse2010093 



 
 
 

DYNAMIC MOORING SIMULATION USING MOODY –  
A DISCONTINUOUS, HIGH-ORDER FINITE ELEMENT MOORING CODE 

 
 

Johannes Palm1 and Francesco Ferri2 
1Ph. D. stud., Div. of Marine Design, Dept. of Shipping and Marine Tech., Chalmers University, Sweden 

2Ph. D. stud., Hydraulics and Coastal Eng. Lab., Dept. of Civil Eng., Aalborg University, Denmark 

 
 
 
 

1. INTRODUCTION 
Accurate simulation of mooring cable dynamics of float-

ing Wave Energy Converters (WECs) is a complicated 
problem. The coupling between restraining mooring forces 
and the device hydrodynamics is strong, as the motion re-
sponse of the device is influenced by the presence of the 
moorings. In shallow and intermediate water depths, a WEC 
designed for near resonance motion with large amplitude, 
requires also a high compliance of the mooring system and 
the large displacements may induce highly non-linear moor-
ing force responses. One such effect is snap loads arising 
from sudden motions of the end point or cable slack. Being 
fast propagating discontinuities in the tension force, these 
snap loads are very difficult to resolve using standard Finite 
Element (FE) mooring codes. To study and quantify the 
effect of this phenomenon for mooring cable design of 
WECs is one of the key aims of the mooring software 
MOODY that is under development at Chalmers University.  

MOODY is a FE mooring program package written in 
Matlab® using discontinuous elements and supporting high-
order elements. It aims to be a highly accurate tool for 
mooring cable dynamics. The purpose of this project has 
been to produce a user’s manual of MOODY, in which the 
basic formulation and the usage of the code is presented. 
Further, MOODY is here used to calibrate numerical set-
tings for cable and environmental properties against physi-
cal experiments. This is done as a pre-study to enable more 
accurate coupled simulations of the hydrodynamic motion 
of the WEC.  
 
2. METHOD 

For the spatial discretization of the cable, the Local Dis-
continuous Galerkin (LDG) method developed by Cockburn 
and Shu (2001) is used. The discretization is described in 
short in the user’s manual and in full in Palm (2013). The 
governing equation of the cable position 𝒓 = (𝑟! , 𝑟! , 𝑟!) for 
a linear elastic cable material with mass per meter 𝛾! and 
axial stiffness 𝐸𝐴!, can be written as a forced wave equa-
tion if bending stiffness is neglected.  

 
𝛾!𝒂 =

𝜕
𝜕𝑠

  
𝑇

(1 + 𝜖)
  𝒒   +   𝒇(𝒓,𝒗,𝒂) (1) 

 𝑇 = 𝐸𝐴!𝜖  (2) 

 
𝒒   =   

𝜕𝒓
𝜕𝑠

 (3) 

 𝜖   = 𝒒 − 1  . (4) 

The equations are formulated along the unstretched ca-
ble coordinate 𝑠 ∈ [0, 𝐿]. Here 𝒗 = !𝒓

!"
 and 𝒂 = !!𝒓

!!!
 are the 

velocity and acceleration; 𝑇 and 𝜖 denote the axial force and 
strain; and 𝒇 contains the external forces including buoyan-
cy, drag forces and added mass effects. Note also that 𝒒 is 
introduced as an auxiliary variable to make the system first-
order in space, which is required by the LDG method.  

Moody has here been used to simulate data from exper-
iments performed at Aahlborg University. The case was a 
cylindrical buoy, moored with three catenary chain cables 
(1, 2 and 3) of which cable 1 was facing the waves, and 
cable 2 and 3 were symmetrically placed 120° from cable 1. 
The cable properties and other constants used in the simula-
tions are shown in table 1. By a forced end-point motion 
corresponding to the measured fair-lead point positions in 
the experiments, cable properties have been varied so that 
the simulated tension force match that of the experiments 
where this is possible. 

Table 1 Properties of experimental setup and simulation 
settings. 

Property (Unit) Value Label 
Cable properties 

Mass (kg/m) 0.12818 𝛾! 
Length (m) 2.3 𝐿 
Nom. diameter (m) 0.0045 𝑑 
Axial stiffness (kN) 1 𝐸𝐴! 

Modeled hydrodynamic coefficients 
Normal added mass (-) 1 𝐶!" 
Tangential added mass (-) 0.08 𝐶!" 
Normal drag force (-) 2.5 𝐶!" 
Tangential drag force (-) 0.5 𝐶!" 

Ground model settings 
Normal stiffness (kPa/m) 228 𝐾!   
Damping ratio (-) 1 𝜉!  
Friction coefficient (-) 0.3 𝜇 
Max-friction speed (m/s) 0.1 𝑣! 

 
Due to the strong influence of the ground on the moor-

ing response, the choice of ground model properties be-



comes very important. In MOODY, a linear spring-damper 
ground is used for the vertical ground response and a vis-
cous friction model dampens horizontal motion. It should 
also be mentioned that the simulations are made in still 
water, and therefore some differences between the results 
are to be expected. 
 
3. RESULTS 

The experiments were conducted with one load cell on 
the fair-lead of each mooring cable, sampled at 100Hz and 
filtered with a 10Hz low-pass filter. Although several wave 
heights were studied in the laboratory experiments, here 
only results from the 𝐻 = 6 cm case are compared with 
numerical simulations. The values shown from Moody and 
from quasi-static analysis are the tension forces taken 
𝛥𝑠 = 8 cm from the fair-lead to compensate for the length 
of the load cell. Further, a 3-point moving average filter and 
a cubic interpolation on the fair-lead positions were made to 
generate a smoother input signal to MOODY. Figure 1 
shows a comparison between tension force at the fairlead of 
cable 1 and cable 2 at a wave period of T=1.9s. As expected 
for longer waves, the amplitude is close to the quasi-static 
and damping effects (seen by the phase shift from the quasi-
static) is only seen in cable 2. 

 
Figure 1: Tension force at the fair-lead of cable 1 and 2 
from quasi-static analysis, experiments and MOODY for 
wave period T=1.9s. 
 

In Figure 2, the period time of the wave is decreased to 
T=1.3s and the tension force range of simulation and exper-
iment is no longer matching as well as in Figure 1. Due to 
the irregular behavior of the load cell for cable 1, only a 
comparison for cable 2 is shown. 
 
4. CONCLUSION 

Using experimental, model scale data to estimate cable 
properties is problematic for several reasons. There are 
many factors affecting the result of the simulation, but most 
critical are the sensitivity of the fair-lead point motion and 
the small scale of the measured tension force. If the cable 
goes slack, some numerical noise appears due to the loss of 
stiffness, see Triantafyllou (1994). The magnitude of this 
noise is small in relation to real size forces but overshadows 
the real results at this small model scale. Also the effect of 

the ground should be stressed, for the step in reaction force 
at the touch-down point introduces numerical oscillations in 
the tension force which are increasingly visible as cables 
become stiffer. Here simulations have been carried out with 
as low stiffness as possible to minimize this effect and the 
sensitivity to boundary condition roughness. Since a low 
stiffness also allows for a larger time step size, simulation 
time was thereby reduced. 

 
Figure 2: Tension force at the fair-lead of cable 2 from 
quasi-static analysis, experiments and MOODY for wave 
period T=1.3s. 

 
The return frequency of a shockwave in the cable is 

around 20Hz for the MOODY simulation and more than 
100Hz in the physical cable (the difference is due to the low 
stiffness in the simulations). Therefore measurement noise 
and actual physical fluctuations can only be separated by an 
impractically high sampling rate, which is seldom used in 
laboratory scale tests.  

As MOODY is presently developed in MATLAB, it is 
not yet performing competitively relative to other codes 
with regards to computational speed. In combination with a 
time step restriction due to its use of explicit time stepping 
schemes, it is at present impractical to run too long simula-
tions.  
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1. INTRODUCTION 

Currently many different wave energy devices (WEDs) 
concepts are under investigation. Apart from special appli-
cations, e.g. sea water desalination, devices are intended to 
produce electrical energy and thus need to in-corporate an 
electrical generator. The choice of an appropriate generator 
system highly depends on the working principle of the de-
vice.  

 
Considering oscillating water column and overtopper 

wave energy converters the prime mover is a rotating tur-
bine. Thus a rotating electrical machine is used as generator. 
Rotating electrical machines are used in many applications 
such as industry, transportation and conventional and re-
newable energy production. In the power range of interest 
today the most common types of machines are investigated.  

 
Considering wave energy converters, where the prime 

mover provides a translational movement (e.g. point absorb-
ers), a variety of energy conversion topologies is currently 
under investigation. The most wide spread energy conver-
sion topology applied in linear acting WEDs at the moment 
is a combination of different hydraulic stages combined with 
a standard rotating electrical generator. The main advantage 
in such a design is the availability of standard hydraulic 
components (especially cylinders, but also pumps and mo-
tors), which meet the required force and speed ranges. Fur-
ther benefits are the possibility to incorporate a hydraulic 
buffer in the system and again the possible use of standard 
electrical machines. The main drawback of a state of the art 
hydraulic system is the rather low efficiency. This is subject 
to current research and significant improvements can be 
expected in the future. Comparing the benefits and disad-
vantages of the different systems one can assume that due to 
the availability and proven robustness hydraulic system will 
play a major role in the further development of wave energy 
systems.  

 
 

2. PTO DESIGN AND CONCEPTS 

The design process of a generator system aims at the 
specification of an optimal drive train configuration for the 
application in a WED. As many criteria affect the choice of 
the system (e.g. technical feasibility, economics and com-
plexity, among others), the result of the design process is 
likely to be a compromise between the different require-
ments on the generator system. In order to address the large 
number of different aspects which need to be taken into 
account, an approach with a systematic design process is 

recommended. By applying such a systematic approach, a 
high quality of the design process can be achieved. On the 
other hand, the quality depends highly on good knowledge 
and experience in the field of drive train systems. As such, 
knowledge and experience are crucial factors for identifying 
the requirements of the drive train, candidate systems, weak 
spots, etc. 

 
Considering the requirements in WED applications, 

there is a range of rotating electrical generators that are 
technically adequate for these applications. Possible candi-
date generator systems are: 

 
• Doubly fed induction generators (DFIG), 
• Asynchronous Generators (ASG), 
• Permanent magnet synchronous generators (PMG), 
• Separately excited synchronous generators (SG). 

 
Independently of the type of generator used, the genera-

tor has to be coupled to the grid by a frequency converter 
(FC) to achieve a variable speed system. The study analyses 
the specific characteristics of the different types of genera-
tors and general aspects of the state-of-the-art of generator 
systems. 

 
A linear electric generator can be directly coupled to a 

prime mover with a translational movement. Thus the costs 
and losses associated with intermediate conversion steps are 
eliminated. On the downside the requirements in a wave 
energy converter – high forces and low speeds – lead to 
extremely heavy and big machines and related high costs. 
Additionally linear generators in the power range of interest 
are tailored machines, resulting in additional engineering 
effort, costs and development risks. An alternative to the 
linear generator is the application of a rotating electrical 
machine, coupled to the prime mover by some sort of me-
chanical transmissions system, which converts the transla-
tional to a rotational movement. The main benefit is the 
possible application of standard rotating machines. One 
adverse effect is the reduced efficiency associated with the 
additional losses. As no long term experiences with such 
systems from offshore installations exist the reliability of 
such systems, exposed to millions of load cycles per year, is 
sometimes questioned. 

 
Besides the working principle of the considered WED at 

least two further aspects need to be addressed during the 
design of the generator system. Considering WEDs actually 
tested in the open sea the current state-of-the-art are rather 
simple control strategies, such as linear damping or a spring-



damper control. But one can assume that the ongoing re-
search with regard to control of WEDs will result in the ap-
plication of somewhat more complex control strategies on 
real devices in the future. This in turn is likely to impose 
new requirements on the generator systems in terms of con-
trollability, reactive power, time constants, peak power, etc. 
A further aspect, receiving increasing consideration, is the 
need for energy storage systems (ESS) in WEDs. ESS - such 
as super capacitors or hydraulic buffers - if incorporated in 
the energy conversion topology can highly affect the re-
quirements on the used components (e.g. peak power). In 
conclusion it can be stated, that both aspects need to be 
included in the design process of the generator system, so to 
achieve a holistic approach. 
 
 
3. MODELLING AND SIMULATION 

Computer based simulations of technical systems have 
become a major tool used in the development of new sys-
tems and components. For the different applications a vast 
number of different simulation tools and toolboxes have 
been developed by different companies, research institutes 
and universities. In this study, some examples of software 
tools, which are candidate systems for the simulation of 
components of WEDs and also the entire WED, are de-
scribed. Considering the large number of different technolo-
gies and software tools, choosing a suitable tool for a simu-
lation task depends on the components and effects which are 
to be simulated and also on the desired outcome of the simu-
lation. So in a first step it has to be defined which particular 
effects will be investigated. Use cases of interest regarding 
the investigation of generator systems and the interaction of 
generator systems with the overall wave energy converter 
are for instance: 

• Mean annual energy yield calculations, 
• Optimization of control laws, 
• Definition of criteria for drive train designs, 
• PTO-WED interaction, 
• Calculation of transient forces from and to the gen-

erator system (start/stop braking ) 
• PTO-generator system oscillations 
• Forces on the hull etc. to optimize the structural 

design of a WED 
 
 
4. CONCLUSIONS 

As described above many different linear PTO technolo-
gies have been proposed for the application in WEDs and 
some of them have already been successfully tested. Electri-
cal linear generators show some very positive characteris-
tics, but suffer from extreme weights and corresponding 
costs. Also alternatives like dielectric elastomer generators 
could turn out to be reasonable candidate systems. The same 
might account for mechanical transmission systems. But for 
any of these technologies further research is necessary to 
understand their characteristics in terms of application in 
WEDs and to overcome the existing drawbacks.  

 

At the moment hydraulic systems appear to be the most 
reasonable choice for WEDs close to commercialization. 
Hydraulic systems are available as off-the-shelf components, 
which match the requirements of the application and have 
proven track records. The investigations have shown that 
simple systems are insufficient in terms of efficiency. New 
results indicate that a reasonable efficiency in combination 
with other requirements such as controllability can be 
achieved, if more complex systems are used. The results 
reported on reliability of hydraulics are promising. Nonethe-
less further research addressing efficiency and reliability of 
hydraulic components is required.  

 
In the case of rotating PTOs the study work has focused 

on the definition of requirements, the review and the 
benchmarking of different candidate generator systems. It 
also deals with topics like the design methodology, the scal-
ing effects, the description of the general behavior of gener-
ator systems and possible issues like PTO-system oscilla-
tions, amongst others. The study results indicate that due to 
the required speed range and other factors such as robust-
ness and efficiency the permanent magnet synchronous 
generator is the most promising technology for the applica-
tion in full scale oscillating water column and overtopping 
devices. 

 
The study also deals with the simulation of the generator 

system – different models for the simulation of different 
aspects of the generator systems are described. All of these 
models provide the required accuracy while maintaining a 
reduced complexity. Therefore integration in an overall 
wave to wire model should be both straightforward and 
efficient. The study reports can therefore be used as a guide-
line for the design process of a WEC generator system. 
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1. INTRODUCTION 

Like the wind, wave generates oscillating energy which 
is captured by the Wave Energy Converter (WEC). For a 
grid-connected WEC, large power fluctuation brings signif-
icant challenges in the area of e.g. determination of the 
rated operating power levels for different WEC compo-
nents, system efficiency optimization and power quality 
improvement, etc. An energy storage system may transfer 
and store peak energy waves into a separate device and 
recover it when the energy production of a WEC is low. As 
a result, the power to be delivered to the grid will be 
smoothed with the aid of an energy storage system, and 
eventually, it may help to achieve a more reasonably sized 
WEC with improved efficiency and power quality. 

Various energy storage techniques for WEC have been 
investigated, including e.g. fly-wheel, hydraulic/air accu-
mulator and super-capacitor, etc. The energy is stored in 
various types of energy form and is placed at different loca-
tions of the WEC system. Each technique has its benefits 
and disadvantages when evaluated from many different 
aspects, such as system complexity, efficiency and cost. In 
general, from the efficiency and cost point of view, locating 
the energy storage system at the front end (the terminal that 
is close to the wave energy absorber) will provide smooth 
energy to all the following WEC components in the wave-
to-grid loop. This avoids oversizing these components since 
they do not need to handle the peak power, which could be 
several times higher than the average power. Therefore, the 
system efficiency could be increased and all the compo-
nents will work at close-to-rated conditions with optimized 
performances.  

The most widely used WEC topology at the moment is 
the hydraulic-type WEC [1], e.g. the WaveStar, which 
transfers translational movement (point absorbers) to rota-
tional motion by using a hydraulic motor driving an electri-
cal generator. This topology is a perfect candidate to be 
incorporated with a hydraulic energy storage system, as a 
hydraulic system already exists and is placed at the front 
end of the WEC. Then, only a hydraulic accumulator and 
suitable control strategy need to be added. 

The main drawback of a hydraulic system is its low effi-
ciency. However, as mentioned above, the efficiency of the 
components after the energy storage device will be benefit-
ed due to the smoothed energy flow. The total efficiency of 
the WEC can then be optimized. Therefore, it is important 
to understand how different system parameters will influ-
ence the performance of each component in the wave-to-
grid chain.  

 
2. CASE STUDY 

This work introduces the developed model of a hydrau-
lic energy storage system, the optimization procedure and 
the results of a case study based on WaveStar WEC. Its 
Power Take-off system topology is illustrated in Fig. 1. 

 
 
 
 
 
 
 
 
 

 
Fig. 1 Power take-off system of the WaveStar 

 
The hydraulic energy storage system is modelled based 

on the study carried out in [2]-[3], with a new unit intro-
duced to simulate the hydraulic input, and an AC generator 
is added to convert the mechanical power to electrical pow-
er. The overall control strategy is updated as well, to simu-
late the WaveStar operation.  

Based on this simulation platform, many key system de-
sign parameters may be varied to investigate their influ-
ences on e.g. the system efficiency. For example, the design 
parameters could be chosen to be accumulator volume, 
hydraulic motor full capacity displacement, synchronous 
generator rated power, and sea state, etc. Their individual 
and combined effects are analyzed in order to find a combi-
nation that can give the best system efficiency that may be 
achieved by such a hydraulic energy storage system.  

For example, Fig. 2 shows the system efficiency map at 
sea state 3 with a system maximum allowable pressure of 
35MPa. The average power entering the hydraulic storage 
system is 32.65 kW. It may be observed that as the maxi-
mum allowable accumulator gas volume maxV  increases, 
system efficiency increases. This is because if the accumu-
lator is not able to store all the excess energy, which is the 
hydraulic energy input minus the energy used to drive the 
hydraulic motor, there will be hydraulic energy relieved 
through relief valve, which is a waste. It may also be seen 
that the system reaches its highest efficiency when the max-
imum hydraulic pump/motor displacement D  equals 55 
cm3/rev (ideal peak power 48 kW at 1500 rpm) and maxV  

reaches its maximum (370 liters). If displacement D  be-
comes higher, hydraulic motor has higher power rating than 
that of the generator and it works at its partial capacity, 
resulting in lower efficiency. If displacement D  becomes 
smaller, hydraulic motor is not able to consume all the en-
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ergy input. Therefore, there will be energy accumulated in 
the accumulator rapidly and finally relieved through relief 
valve when system pressure reaches its maximum allowable 
value. When maxV becomes lower, higher displacement D  
is preferred to consume as much energy as possible, which 
means to overload the generator intermittently. Even the 
average hydraulic motor efficiency is decreased, it is better 
to consume the energy rather than waste the energy through 
relief valve. However, increasing D cannot help further 
when it reaches certain value – approximately 60 cm3/rev 
when maxV  is 250 liters, because generator torque PI regu-
lator limits the instantaneous transmission power while the 
drop of hydraulic motor average efficiency (working at its 
partial capacity) becomes more predominant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 System efficiency optimization at sea state 3 (30kW generator) 

 
3. DESIGN OPTIMIZATION SUMMAY 

Other design parameters may be studied in a similar way. 
A summary of the analysis and some design recommenda-
tions regarding system efficiency optimization may then be 
concluded. In order to design a hydraulic energy storage 
system that can fully utilize the energy input and transfer 
the energy efficiently, the following system parameters 
must be chosen carefully: 

(a). accumulator size – the maximum allowable accu-
mulator gas volume. 

(b). hydraulic motor capacity – the maximum hydraulic 
pump/motor displacement, and 

(c). system pressure – system maximum allowable 
pressure. 

The increasing of accumulator size and system pressure 
has the same purpose – to increase the energy storage capa-
bility of the system. In order to ensure the hydraulic motor 
to work in the high efficiency range, the system pressure 
should match the required rated pressure difference of the 
hydraulic motor. After determining the system pressure, 
suitable accumulator size can then be found, in order to 
obtain sufficient energy storage capability. 

It should be noticed that it is not always good to in-
crease the accumulator size to pursue higher energy storage 
capability. Big accumulator size will lower the system pres-
sure and reduces the efficiency of the hydraulic motor. 

Therefore, a suitable accumulator is better than a large ac-
cumulator when designing hydraulic energy storage system. 

Hydraulic motor capacity can influence the system per-
formance in different ways: 
(a) Large hydraulic motor capacity can transmit the input 

hydraulic energy to the mechanical energy in a short 
time. It reduces the requirement on system energy stor-
age capability. Therefore, smaller accumulator and 
lower system pressure can be applied, and the cost of 
accumulator and connecting lines is reduced. However, 
a large electric generator is then needed to absorb the 
large instantaneous power transmitted by the hydraulic 
motor. The cost of hydraulic motor and electric genera-
tor will be increased. 

(b) Small hydraulic motor capacity can only transmit lim-
ited hydraulic power in a short time. Large accumulator 
and system pressure is required to provide sufficient 
energy storage capability. The inrush hydraulic power 
is stored in the accumulator and is used to drive the hy-
draulic motor after the inrush. Hydraulic motor has a 
continuous input, and it will have higher average effi-
ciency and more smooth output torque/power. 

For the application that the hydraulic input can vary a 
lot, e.g. from sea state 2 to sea state 3 in the WaveStar case, 
the chosen system parameters should balance different input 
profiles to obtain the highest possible average system effi-
ciency. Relative low hydraulic motor capacity and high 
system pressure is preferred for such application. Such 
combination can ensure that the hydraulic motor works with 
a relative high average efficiency and give much smooth 
output torque. 

The electric generator should be selected to meet the 
output characteristic of the hydraulic motor. The generator 
should be able to absorb the inrush power from hydraulic 
motor, so that hydraulic motor capacity will not be limited 
by generator over torque protection (torque PI regulator), 
and ensure that the hydraulic motor works in the high effi-
ciency range. 

 
4. CONCLUSION 

Design of hydraulic energy storage system is a compli-
cate task and needs to work elaborately to obtain an opti-
mized system parameter combination. According to the 
investigation done for the WaveStar example, system effi-
ciency around 85 percent seems to be an attainable theoreti-
cal value. In a real system, system efficiency of 80 percent 
may be practically expected. 
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1. INTRODUCTION 
To assess and optimize the performance of a Wave En-

ergy Converter (WEC) design, knowledge of the WEC be-
haviour – such as motions and forces – is needed for the wave 
conditions in which the device is intended to be situated. The 
assessment is typically based on software simulations of the 
full-scale WEC design and/or on small-scale experimental 
studies in wave tanks. Simulations are often referred to as 
“Wave to Wire Modelling” where commercial software pack-
ages which can perform such calculations are used, but re-
cently also free alternatives have become available. Existing 
state of the art methods suffer from shortcomings when it 
comes to realistically reproducing the behaviour of WECs, 
thereby leading to large uncertainties in the costs and the 
electrical energy production from the devices. The Structural 
Design of Wave Energy Devices (SDWED) project by 
Kofoed (2014) has provided improvements within tools and 
software for modelling WECs, and small-scale experimental 
devices for realistic Power Take Off (PTO) emulation have 
been developed. 
 
2. NUMERICAL TOOLS 

In recent years and within research projects, steps have 
been taken to establish free tools and example cases which 
may be useful, “low-cost” alternatives or, in other ways, to 
help when designing a WEC, see Nielsen et al. (2014) and 
Hansen (2014). Further benefit by using open source tools is 
the higher flexibility to modify the code, hereby enabling fur-
ther development and solving device specific problems 
which may not be readily available in existing software. 

Two fundamentally different types of codes are available: 
the ones that directly solve the potential flow equations in the 
time domain, and the others based on the frequency domain 
and boundary element method. Time domain codes can solve 
a larger variety of problems but are considered more ad-
vanced and difficult to use, whereas frequency domain codes 
are easier to use, faster and normally sufficient for modelling 
WECs. Table 1 provides examples of complete wave to wire 
software solutions. The price for the commercial pro-
grammes varies depending on the capabilities, whether it is 
from a large and well-known company, how user-friendly it 
is, etc. In general, it can be expected that free tools are less 
user-friendly and more difficult to use. 

Software to assist in the modelling of wave energy con-
verters has been developed in the SDWED project. The soft-
ware can be freely downloaded using the links at the project 

website, and it may assist or, in other ways, help wave energy 
developers to design or optimise specific devices using “low 
budget” software solutions. The main part of the software is 
toolboxes written in Matlab and Simulink, so these programs 
are required in order to use the software. The software is pro-
vided "as is" without warranty of any kind. No support from 
the authors can be expected, but anyone is welcome to mod-
ify, adjust and use the software as desired. 

Most WEC simulations are traditionally performed using 
1st order wave theory, and the hydrodynamic forces are di-
vided into wave diffraction forces and wave radiation forces, 
which involve device specific coefficients that generally 
need to be established using advanced CFD tools. There are 
several commercial tools exist but only a few free tools that 
can provide these coefficients as pointed out in Table 2. In 
general, the codes are based on 1st order wave theory (i.e. the 
theory of 1st order solutions to Laplace's equation known as 
1st order potential theory), and so the output solution should 
in theory be identical no matter of choice of code. In reality, 
this is also nearly the case in Figure 1, although some codes 
are more accurate than others. The features in the different 
programmes, the user-friendliness and the computational 
speed are also very different, so when deciding on a solution 
it is necessary to evaluate the needs before deciding on an 
expensive or a cheaper solution. 

Usually park effects are evaluated in a simplified manner. 
As pointed out by Stratigaki (2014), recent research explore 
benefits in combining wave propagation codes based on the 
mild-slope equations and traditional potential 1st order codes. 
 
3. EXPERIMENTAL TOOLS 

Experimental testing in wave tanks of small-scale WECs 
can provide valuable knowledge about the hydrodynamic be-
haviour of the device. The Froude model law provides good 
accuracy for scaling the waves, forces and motions up to real 
scale. Unfortunately, realistic PTOs cannot be scaled down 
for direct use in small-scale model tests. A solution is to 
equip the device with a mechanism that imitates the behav-
iour of the real PTO. Figure 2 shows two systems for WECs 
which have been developed and tested in the wave tank facil-
ities at Aalborg University: one system based on a linear ac-
tuator (translational motion and force), and another system 
based on a rotating generator/motor (rotational motion and 
moment). With these systems, devices can be controlled in a 
significantly more realistic manner, and the performance of 
the devices can be estimated with improved confidence. 



4. CONCLUSIONS 
Software tools to assist in modelling WECs are already 

commercially available, but such software is rather expensive 
and cannot be modified by the user for specific needs. Case 
studies in SDWED on Wavestar, a hinged barge, and on 
Weptos, have demonstrated how “low-cost” numerical mod-
elling and testing can be completed depending on device con-
figuration and purpose. The purpose depends on the focus of 
the investigation, e.g. whether the focus is on Power Take Off 
design, mooring design, structural design, or array interaction 
effects. The studies have initiated new research projects 
among the project participants where further development 
continues. 

Other new initiatives promise open-source codes to be-
come available sometime in the future, for example the U.S. 
Department of Energy has initiated the so-called “Water 
Power Program” which purpose is to develop open-source 
software to simulate the performance of wave energy designs 
in generating electric power. 
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Table 1: Examples of complete wave to wire codes. Note that the capabilities and features of the programmes are very different. 

 
 

Table 2: Examples of hydrodynamic 1st order codes studied within the SDWED project. 

 

  
Figure 1: Example of 1st order radiation coefficients for a hemisphere in shallow water h/a = 2 (h is water depth, a is radius). 
 

          
Figure 2: PTO systems for small-scale WEC testing. The devices are used in the wave tank facilities at Aalborg University. 
Rotating system (left) and translational system (right). 
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WEC’s wave to wire model
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ABSTRACT: Whether the ocean wave embedded a high energy
potential has been clearly stated by Falnes [1] and redefined by
Mørk [2], but still technical and economical challenges limit the
commercialisation chances of a wave energy converter. Among others,
the cost of energy is probably the critical parameter, but also the
too large number of divers wave energy converter (WEC) concepts
should not be underestimated. Within the abstract the identification
of limiting parameters for the wave-to-wire model of a WEC, and the
identification of a methodology toward the economical optimisation
of a WEC are discussed. The analysis carried-out is limited to WECs
of the wave activated body type.

WAVE-TO-WIRE MODEL

The main aim of the WP4 in the framework of the
SDWED project, was to assemble a wave-to-wire
model describing the dynamic response of a WEC
caused by the incoming waves. Tailored by need
to obtain a tool to be used in optimisation rou-
tines, computational time has been considered the
limiting parameter for the model selection. Thus,
the research has been addressed in the research of
a fast, but still accurate/precise model. From the
model breakdown three sub-model has been chosen
for further analysis, namely hydrodynamic, power
take off (PTO) and reaction systems. Other systems,
such as power connection, onshore facility, instru-
mentation, have been disregarded because either
they do not affect the main dynamic of the WEC
or their economical share is minimal or constant.

Hydrodynamic Model
Requiring a “fast” hydrodynamic model infers
the rejection of any CFD schemes, as well as
SPH (Smooth Particle Hydrodynamics) or similar.
Since steady state solutions are sough, both Mori-
son’s equation and radiation/diffraction parame-
ters from Panel Methods solutions well suit the

computational time requirement. Whichever better
fit the specific WEC case can be obtained from a
non-dimensional analysis, i.e. Keulegan-Carpenter
number. The accuracy of the WEC model has
been shown to increase with the implementation
of a weakly non-linear model, where the radia-
tion/diffraction model is extended by the use of a
viscous drag term similar to the viscous dissipation
in the Morison’s equation, as well as with non-
linear hydrostatic restoring force/moment. Their
implementation does affect the computational cost
of the model only marginally, while increasing the
accuracy of the model when the small body motion
assumption does not hold, i.e. the viscous dissi-
pation accounts for 20 % of the overall absorbed
energy for an optimal controlled point absorber.

Power Take Off Model

The power take off system considers the machiner-
ies as well as the controller systems. The model
of the machineries can be approximated to a large
extend with a (pseudo) Coulomb damper model
or First or Second order transfer functions. The
former one can be used to describe a hydraulic PTO
model - constant pressure type - and the second
for the description of direct drive PTO system
and advanced hydraulic PTO models. The compar-
ison between a full-hydraulic PTO model (SDWED
deliverable D4.7) and its simplified pair for the
Wavestar WEC did not show substantial variation
of the average absorbed energy, while a ten-fold
growth of the computational time was observed.
For the controller side, standard control technique
can be used to estimate the energy capability of
the WEC. Based on simulation it has been shown
that the simple PI controller is the best alternative
to the resistive controller as a trade off between
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energy production increment, tunability, robustness
and implementation simplicity.

Reaction Model / Mooring Model
For floating WECs subjected to environmental
loads such as current, wind and waves, the re-
action system matters greatly; especially for wave
farms and for the risk associated with any drifting
structure. The mooring system needs to be carefully
designed to bound the motion of the WEC, while
keeping unaltered the power production capabil-
ities. When dealing with numerical modelling of
mooring systems, static or dynamic calculations are
the two commonly used solutions. Static models
are a simple solution to the problem, but they
neglect important contributions such as drag force
on the mooring cable, internal friction of the ca-
ble, seabed interaction, cable elasticity. Therefore,
static models are a valuable tool for the first guess
estimation of the mooring induced loads. On the
other hands, dynamical models does not suffer the
ahead mentioned limitation, but required a higher
computation time. In collaboration with WP2, a
dynamic model of mooring systems (MOODY) has
been coupled with a linearised model of the wave-
body interaction based on potential theory. The
comparison between experiment, quasi-static and
dynamic results highlight the benefit of using a
dynamic model for the reaction system. Despite
this conclusion the actual computational cost of
MOODY is to high - partially related to the script-
ing language of the solver -, thus a model lineari-
sation has been though as the only viable solution
for the future implementations [3].

TOWARDS AN ECONOMICAL “BEST SOLUTION”
The reduction of the cost of energy from wave
energy converters is a key point for the sector
growth. The identification of a “fast but accurate”
wave to wire model allows to analyse and possibly
to improve the specific WECs. While the benefit of
implementing advance control strategies, in terms
of turnover, has been widely shown, their effect on
the structural cost still is an unfolded problem. The
WEC structure is designed to last both extreme and
cyclical loads. In first approximation the control
law will affect only the fatigue design, because
cyclical loads exerted by the structure are directly
coupled to the power take off duty cycle amplitude,
which is in turn related to the controller type. The
controller type will vary the structural design of

Fig. 1. Algorithm Flow Diagram of the balanced power
output by means of fatigue analysis.

the WEC, thus, and the disregard of the controller
duty cycle’s influence from the optimisation of
the WEC might lead to designs of a device that
are not minimising the cost of energy. Therefore,
the optimisation problem needs to include both
energy and cost analysis of the device. Even if the
economical optimisation problem should be formu-
lated in a fully coupled system, the complexity of
the fatigue procedure restrains the implementation.
Thus, a sequential approach has been selected as
a viable alternative . The algorithm assesses the
annual energy production and the related fatigue
damage for certain structural details, for different
control strategies and a given WEC. The results
of fatigue and energy analysis are then combined
in a simple economical model of the WEC, where
the overall lifetime cost of the device is divided
in two economic quota. One part proportional to
the control strategy and one part unaffected by it.
The results of the application of the method on the
Wavestar WEC show that the ratio between the two
economic quota is a key parameter, but if the ratio
is kept below 50 % the advanced control strategy
will bring benefit in the overall lifecycle economy
of the WEC.
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1 Introduction

Point absorber (PA) wave energy converter’s
(WEC’s) are primarily subjected to random
wave loads, i.e. wave-frequency (WF) with fre-
quency ranges betwen 0.05-0.3 Hz. The power
production and motions are considerably influ-
enced by the applied control mechanism. For
small waves, with a wave period close to the nat-
ural period of the oscillating system, the power
output may be controlled passively by means
of a constant damping coefficient. If the wave
period is away from the natural period, react-
ive power may be applied in order to enlarge
the resonance bandwidth [1]. When applying
reactive control, the dynamical properties of the
WEC are changed. As a consequence, mech-
anical stress amplitudes are higher than for a
passive controlled case. In this paper, the pre-
dicted fatigue damage is calculated for different
control cases. The mechanical stresses are com-
puted based on a FEM model of the Wavestar
arm structure.

2 Fatigue damage model

The long term fatigue damage is calculated by
adding up the short-term damages over all sea
states in the scatter diagram. The closed form
expression for the total fatigue damage assuming
a bi-linear SN curve is given as follows [2]:
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where γ() is the incomplete Gamma function,
So is the stress range for which the SN curve
changes its slope i.e. for N ≥ 106 cycles, K
and m are material parameters characterizing
the double slope SN curve, Tp,Hs, θ are the peak
period, significant wave height and incident wave
angle. DNB is the accumulated fatigue damage
assuming that the short term sea characteriza-
tion is a stationary, zero mean Gaussian and nar-
row band process. The stress response spectrum
is calculated by scaling the stress transfer func-
tion Hσ(ω|θ) with the wave energy spectrum in
the following manner:

Sσ(ω|Hs, Tz, θ)

= |Hσ(ω|θ)|
2 · SJ (ω|Hs, Tz, θ) (2)

The evaluation of Eq.2 is fundamental for the
fatigue damage calculation.
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Figure 1: Connection joint 3 i.e. between the
hydraulic piston and the structural arm.

3 FEM Model

The fatigue damage of the connection joint
between the hydraulic piston and the structural
arm is investigated. The detail is shown in Fig.1.
The Wavestar arm is represented by shell ele-
ments. The shell tickness is 19 mm, isotropic
material behavior with a constant Young Mod-
ulus of E = 207 GPa and a Poisson ratio of ν
= 0.3 is assumed. The total structural mass of
the arm is approximately 20 to. A point mass
element is used in the FE model to simulate the
effect of the float and the water ballast in the
compartments of the float.

3.1 Modal analysis

A modal analysis was carried out prior to the
stress analysis. The first bending mode is com-
pared with the lowest peak frequency of the wave
state (fp = 0.5 Hz). The first structural fre-
quency is f1 = 3.9 Hz. The ratio of these fre-
quency scales is f1/fp ∼ 8, indicating that the
oscillations of the arm are rapid relative to the
motions of the sea state. Hence, a quasi static
analysis is applicable for calculating the stress
transfer functions.

4 Results

A total of 115’200 load cases were generated
with the FEM model which resulted in 960 dif-
ferent stress response spectrums. The accumu-
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Figure 2: Accumulated fatigue damage for a unit
wave amplitude Hz = 2.0 m as a function of the
peak periods and wave directions Left: Strategy
1. Right: Strategy 2 for Connection 3.

lated fatigue damage for a unit wave amplitude
in the function of the peak periods and for a
passive (Strategy 1) reactive (Strategy 2) con-
trol algorithm are shown in Fig.2. More results
and conclusions can be found in [3].
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1. INTRODUCTION 

In this paper, coordinated array control strategies were 

investigated in order to assess what improvements in power 

production they yield over single (isolated) device control 

methods. Different control strategies were tested using a 

recently developed linear hydrodynamic time-domain array 

model with constraints on the maximum PTO moment. The 

different control strategies were applied to a three-float 

Wavestar device modelled in a range of irregular sea states.  

For each control strategy and sea state, the Simplex op-

timisation method was used to obtain optimal control pa-

rameters for maximising the average electrical power output 

of the device. The control strategies were examples of pas-

sive strategies, which, in practice and for the full-scale de-

vice, would involve measuring the current sea state in the 

vicinity of the machine and then using a look-up table to 

apply the optimal control parameters obtained above.  

 
2. CONFIGURATION OF THE WAVESTAR DEVICE 

In this study, a Wavestar device with three 6 m diameter 

hemispherical buoys/floats was investigated. Each of the 

floats is connected to a rigid arm, which is then connected to 

a fixed support structure by a revolute/pivot joint (see figure 

1). The distance between the float centres is 7.2 m and, 

consequently, they are very close together (closer than ap-

pears in the figure) and the hydrodynamic interactions can 

be expected to be strong. 

 
Figure 1: Plan-view schematic of the three-float 

Wavestar device, with the wave direction angle θw defined. 

 

3. THE HYDRODYNAMIC, TIME-DOMAIN EQUA-

TIONS OF MOTION 

The linear hydrodynamic time-domain model of a single 

(isolated) Wavestar float is represented by the following 

integro-differential equation: 

),()()(d)()()()(
0

tMtMtktKtAJ exc

t

                  (1) 

where J is the moment of inertia of the float about its pivot, 

A∞ is the added mass moment of inertia at infinite frequency, 

θ(t) is the angular displacement of the float, K(t) is the radia-

tion kernel, k is the stiffness of the system (the hydrostatic 

and gravitational restoring coefficient), Mex(t) is the wave 

excitation moment and Mc(t) is the control moment provided 

by the PTO system.  

Two control methods have been considered in this paper: 

resistive control, where ),()( tbtM cc   and reactive con-

trol, where ).()()( tktbtM ccc     In these equations, bc 

and kc are respectively the PTO damping and stiffness coef-

ficients. 

For the three-float Wavestar device, the quantities J, A∞, 

K(t), k, bc and kc in equation (1) become the 3×3 matrices J, 

A∞, K(t), k, bc and kc, respectively. Also, the quantities θ(t), 

Mc(t) and Mex(t) in equation (1) become the 3×1 column 

vectors Θ(t) = [θ1(t), θ2(t), θ3(t)]
T
, Mc(t) and Mex(t), respec-

tively. 

The radiation kernel K(t) is the inverse Fourier trans-

form of the frequency dependent radiation impedance func-

tion ),(ˆ K  which is defined to be: 

),)(()()(ˆ
 AABK  i                               (2) 

where A(ω) and B(ω) are the added mass and added damp-

ing matrices, respectively. For this paper, the data A(ω), A∞, 

B(ω), k and Mex(t) are obtained via the commercial fre-

quency-domain code WAMIT. Also in this paper, a state-

space model was used to replace the convolution integral in 

equation (1). This replacement involved system identifica-

tion in the frequency domain rather than in the time domain 

(Pérez & Fossen (2008)). More details on the hydrodynamic 

time-domain model can be found in Forehand et al (2014). 

 

4. CASE STUDY SPECIFICATIONS 

A range of different unidirectional (w = 0 in figure 1) irreg-

ular sea states, with Hs from 0.25 m to 4.75 m and Tz from 

2.5 s to 14.5 s, have been used in this paper to test the dif-

ferent control strategies. A 100*Tz long time-series of wave



Hm0(m) Wave period T0,2(s)

Range 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-7.0 7.0-8.0 8.0-9.0 9.0-10.0 10.0-11.0 11.0-12.0 12.0-13.0 13.0-14.0 14.0-15.0

Centre 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5

4.5-5.0 4.75 0.9797 0.9794 0.9815 0.9831 0.9861 0.9879 0.9886 0.9887 0.9891

4.0-4.5 4.25 0.9758 0.9762 0.9789 0.9809 0.9837 0.9853 0.9865 0.987 0.9875

3.5-4.0 3.75 0.9652 0.9693 0.9728 0.9763 0.9786 0.9812 0.9826 0.9838 0.9847 0.9853

3.0-3.5 3.25 0.9576 0.9623 0.9668 0.972 0.9753 0.978 0.9796 0.9811 0.9824 0.9831

2.5-3.0 2.75 0.932 0.9457 0.954 0.9591 0.9656 0.9705 0.974 0.9759 0.9774 0.979 0.9802

2.0-2.5 2.25 0.9186 0.9291 0.9434 0.9508 0.958 0.9642 0.9686 0.9711 0.9726 0.9745 0.9763

1.5-2.0 1.75 0.9135 0.8989 0.9105 0.9257 0.9381 0.9484 0.9563 0.9611 0.9645 0.9669 0.9689 0.9709

1.0-1.5 1.25 0.9132 0.8772 0.8887 0.9025 0.9179 0.9318 0.9414 0.9491 0.9542 0.9583 0.962 0.9651

0.5-1.0 0.75 0.8725 0.9129 0.8768 0.8576 0.8661 0.8873 0.9032 0.9171 0.9273 0.9364 0.9435 0.9505 0.9556

0.0-0.5 0.25 0.8755 0.9147 0.8777 0.8576 0.8539 0.8596 0.8699 0.8823 0.8938 0.9045 0.9132 0.9218 0.9294  
Figure 2: q-factors of the three-float device under reactive control Case 1, (-) 

 

Hm0(m) Wave period T0,2(s)

Range 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-7.0 7.0-8.0 8.0-9.0 9.0-10.0 10.0-11.0 11.0-12.0 12.0-13.0 13.0-14.0 14.0-15.0

Centre 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5

4.5-5.0 4.75 1.0121 0.9998 1.0016 0.9994 0.9951 0.9972 0.9904 0.9912 0.9891

4.0-4.5 4.25 1.016 1.011 1.0065 1.0003 0.9981 0.9918 0.9906 0.987 0.9895

3.5-4.0 3.75 1.0208 1.0113 1.0064 0.9945 0.9948 0.9932 0.9868 0.9886 0.9851 0.9853

3.0-3.5 3.25 1.0175 1.0078 1.0016 0.9979 0.9901 0.9869 0.9884 0.9835 0.9825 0.9834

2.5-3.0 2.75 1.037 1.0127 1.0029 0.993 0.985 0.9851 0.9843 0.9776 0.9782 0.9795 0.9824

2.0-2.5 2.25 1.0315 1.0023 0.9947 0.983 0.9783 0.9777 0.9782 0.9773 0.9731 0.9755 0.9766

1.5-2.0 1.75 1.1003 1.0209 0.9819 0.9818 0.9737 0.9707 0.9665 0.9744 0.974 0.9675 0.9692 0.9719

1.0-1.5 1.25 1.0915 1.0186 0.9634 0.96 0.9562 0.9619 0.9673 0.9572 0.959 0.9634 0.9644 0.9688

0.5-1.0 0.75 0.9614 1.0976 1.0162 0.9448 0.9099 0.9293 0.9284 0.9274 0.9325 0.9432 0.9504 0.9623 0.9587

0.0-0.5 0.25 0.9634 1.1006 1.0079 0.9451 0.9114 0.8945 0.8998 0.8924 0.9052 0.9165 0.9176 0.9267 0.9354  
Figure 3: q-factors of the three-float device under reactive control Case 4, (-) 

 

elevation at the origin was obtained for a sea state with Hs = 

1 m and Tz = 1 s using a PM spectrum. This was then scaled 

in height and time, according to the Hs and Tz in question. 

A constraint on the PTO moment (±2 MNm) that can be 

delivered by the individual PTO units was used in this work. 

Additionally, a PTO efficiency  of 70% was also used. The 

generated electrical power Pelec was obtained from the pow-

er harvested Pharv from the sea using: 

,)(
1

)()(   tPtPtP harvharvelec


           (3) 

where Pharv(t)
+
 is the power harvested from the sea while 

Pharv(t)
-
 is the power fed by the device into the sea. 

 

5. OPTIMISATION STRATEGIES 

The task for the numerical optimisation was to find the 

optimal element values of the PTO damping and stiffness 

coefficient matrices in order to maximise the average com-

bined power generated by the three-float Wavestar device.  

Four strategies to determine the control parameters for 

the multiple bodies have been compared in this paper: 

Case 1: Diagonal optimisation with optimal control parame-

ters from the single (isolated) float device case.  

Case 2: Diagonal optimisation with equal diagonal coeffi-

cients. 

Case 3: Full diagonal optimisation (with non-equal diagonal 

coefficients). 

Case 4: Full matrix optimization. 

The Simplex optimisation method was used to optimise 

the performance of this multi-float device for all these opti-

misation strategies. 

 

6. RESULTS AND CONCLUSIONS 

Matrices of the average power generated by the device 

and of the q-factors were produced for all the optimisation 

strategies listed above, both under resistive and reactive 

control. Figures 2 and 3 show examples of results obtained 

from this work. It was found that applying reactive control 

significantly improved the power production of the three-

float device compared to resistive control. It was also con-

firmed that, for both resistive and reactive control, the per-

formance of the device improved as the sophistication of the 

PTO control strategy increased (i.e. from Case 1 to Case 4).  

From among the four optimisation strategies studied 

here, the largest improvements in the q-factors and the aver-

age power generated, with improving control strategies, 

were seen in the sea states with Tz between 3.0 s and 4.0 s, 

which is close to the natural period of the float. Up to 20% 

improvement in the average power generated was seen when 

moving from Case 1 to 4 (reactive control). In Case 4, a 

whole range of sea states were seen to have q-factors greater 

than 1, showing that fully-coordinated array control can 

overcome negative hydrodynamic interactions between the 

floats and significantly increase the total power generated. 
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1. INTRODUCTION 

Wave energy has a large potential for contributing signifi-
cantly to production of renewable energy. However, the 
wave energy sector is still not able to deliver cost competi-
tive 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.  
For wave energy devices the ratio between structural load-
ings in extreme and production conditions is 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 condi-
tions, it is very important to increase reliability and reduce 
costs.  
In traditional deterministic, code-based design, the structur-
al 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 follow-
ing 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 re-
liability,  

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 identifica-
tion of reliability critical components.  
The different studies focusing on reliability assessments in 
SDWED WP5 are performed focusing on the Wavestar 
device (see Figure 1) for illustration due to its simplicity 
compared with other devices. 

 
Figure 1 Picture of Wavestar wave energy convertor 

where one floater is in ‘storm protection mode’ (lifted out 
of the water) and the other one in ‘production mode’. 

2. RELIABILITY ASSESSMENT  

This section describes the different steps necessary for 
reliability assessments in more detail. 
There exist many different types of wave energy devices 
with different working principles. This should be accounted 
for when doing reliability assessments. Therefore many 
reliability assessments are type specific.  
Before starting with the reliability assessment, electrical and 
mechanical components as well as the working principle of 
the control system need to be defined. Software failure and 
failure of electrical/mechanical components may impact the 
structural loads and also the reliability assessment. Of im-
portance for reliability assessments are the component fail-
ure modes with high risk (either high probability of occur-
rence or high resulting costs). These ‘risky’ compo-
nent/software failure modes for a certain limit state of the 
structure can be found out by a Failure Mode and Effects 



Analysis (FMEA) or a Fault Tree Analysis (FTA). As-
sessing the impact of mechanical/electrical component 
failures on structural components is of importance for off-
shore structures because the failed components may not be 
replaced immediately after failure due to the fact the sea 
conditions disable (mainly during winter time) access to the 
device, see detailed description in . 
Furthermore, different design load cases should be consid-
ered when performing a reliability assessment. For extreme 
load conditions, the following design load cases are of im-
portance:  

- Extreme loads during operation, 
- Extreme loads during operation with faults incl. 

combination of failure rates of electrical and me-
chanical components and structural failure, 

- Extreme loads while device is in parked position 
and  

- Extreme loads during Installation and transporta-
tion.  

Design load cases during installation and transportation are 
not considered in WP5. An example of a structural proba-
bilistic reliability assessment including different electri-
cal/mechanical component failure rates and their impact on 
extreme loads is shown in S. Ambühl et al. (2013a).  
Also of importance are fatigue loads onto WEC structures 
due to wave induced cyclic loads. An example of reliability 
assessment focusing on fatigue failures of a weld at the 
Wavestar device is presented in Ambühl et al. (2012) and 
Ambühl (2014). 
Before performing a structural reliability assessment, wave 
energy specific uncertainties need to be quantified. Some 
other uncertainties can be overtaken from nearby industries 
(oil and gas as well as offshore wind turbines). Uncertain-
ties can be overtaken from other reliability assessments 
when e.g. the same physical models are used. In this pro-
ject, uncertainties related to wave states (see Ambühl et al. 
(2013b)) as well as related to wave models (see Ambühl et 
al. (2014)), which are used to estimate the sea conditions at 
a certain location, have been quantified. 
When performing reliability assessments, a certain minimal 
reliability/maximum probability of failure level needs to be 
defined. The required minimal probability of failure de-
pends on the consequences in case of failure. It is assumed 
for a WEC that the consequences in case of failure are of 
the same order of magnitude/importance as for an offshore 
wind turbine. When a structural failure happens, the envi-
ronmental impacts are low. The wind turbine is most of the 
time unmanned and therefore no danger of human lives 
exists in case of failure. The maximum annual probability 
of failure of a structural component is considered to be 
acceptable if it is between 10-3 and 10-4. This reliability 
level can also be used as basis for calibration of partial 
safety factors. 
The reliability assessment for different structural compo-
nents can, as a next step, be widened to the whole system. 
The different important structural component reliability 

assessments can then be coupled to a system reliability 
consideration. 
 
4. CONCLUSIONS 

The different steps necessary to perform a reliability as-
sessment of a component of a WEC are explained and de-
scribed. Fatigue as well as extreme limit states including 
failure of other components like electrical/mechanical com-
ponents as well as the control software should be consid-
ered when doing the structural design of a WEC. 
The reliability assessments are generally illustrated using 
the Wavestar device, but the shown methodology is the 
same independent on the working principle and type of 
WEC. 
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1. INTRODUCTION 

Wave energy convertors (WECs) may become an important 
contributor of electricity from renewable energy sources in 
the future. So far, WECs exist on prototype levels and are 
supposed to be further developed and improved in order to 
reach a commercial stage. 
Structural fatigue failures due to corrosion of welded details 
as well as bolts are common failure modes of offshore 
structures like oil and gas platforms or offshore wind tur-
bines (OWTs). This failure mode can also be assumed to be 
of importance for WECs. 
For structural designs, partial safety factors, which account 
for uncertainties that are not explicitly included in the de-
terministic design process, are considered. When talking 
about fatigue processes, time is of importance. Therefore, 
when focusing on fatigue failures, the safety factors are 
related to the device’s /component’s life-time and are called 
fatigue design factors (FDFs). The FDF value is defined in 
the following way: 

FAT

Life

T
FDF

T
    (1) 

where FATT is the fatigue life-time considered for the design 
and LifeT is equal to the life-time of the device. FDF values 
can be equal to or larger than one. 
Here, calibration of FDFs is performed taking into consid-
eration inspections as well as no inspections. It should be 
noted that FDF values are directly connected to partial safe-
ty factors for fatigue loads, f , and fatigue strength, m , 
when a linear SN curve with slope equal to m  is used: 

 m

m fFDF     (2) 

The calibration of FDFs for details that are not inspected is 
based on SN curves as well as Miner’s Rule, which consid-
ers linear damage accumulation. When inspections are con-
sidered in order to maintain or extend a certain target safety 
level, a Fracture Mechanics approach calibrated using the 

SN approach is applied in order to model the reliability of 
the inspection technique applied. 
The study includes calibration of safety factors based on 
probabilistic design methods where uncertainties related to 
e.g. loads, strength, environmental parameters or applied 
calculation models are considered. Uncertainties can be 
divided into epistemic and physical uncertainties. Epistemic 
uncertainties can be decreased based on gained knowledge, 
improved calculation models or more available data. Other 
uncertainties like e.g. year-to-year variations of environ-
mental parameters are denoted physical uncertainties. Phys-
ical uncertainties cannot be reduced. Epistemic as well as 
physical uncertainties need to be considered when perform-
ing calibration of FDFs. The probability of structural failure 
of a component taking into account the different uncertain-
ties can be performed by Monte Carlo simulations or 
FORM/SORM methods (see e.g. Madsen et al. (1986)). 
Calibration of safety factors should also account for the 
development stage of the device or a certain technology in 
general. When reaching the prototype level, the main focus 
is on showing that the concept is working according to the 
expectations. At this development stage, the risk should be 
minimized due to limited experiences. But when a technol-
ogy/concept reaches commercialization stage where the aim 
is to produce electricity at low overall costs, the applied 
safety factor might be reduced due to the gained 
knowledge, which generally reduces the uncertainties.  
When considering inspections, there is a probability that an 
existing defect will not be detected. This probability is re-
flected considering the so-called Probability of Detection 
(PoD) curve. These curves depend on the considered in-
spection technique. The following inspection techniques are 
often used:  

 Visual inspection 
 Magnetic Particle Inspection (MPI) 
 Eddy Current inspection 

Consequences due to structural fatigue failure of a WEC are 
smaller compared with oil and gas platforms. A WEC’s 
failure leads to lower environmental pollution, and the risk 
of losing human life (unmanned) as well as the probability 
of fire is negligible. Therefore, WECs can be built with a 



lower safety factor than oil and gas platforms. For OWTs, 
minimal annual probabilities of component failures are 
accepted in the range between 10-3 and 10-4. The conse-
quences of component failures of OWTs and WECs are 
similar. Therefore, the minimal acceptable component fail-
ure probabilities can be transferred from OWTs to WECs. 
But for OWTs, the dominating load is wind induced where-
as loads on WECs are mainly caused by waves. Due to 
different dominating load sources as well as different con-
trol strategies between OWTs and WECs, the safety factors 
need to be calibrated for WECs and cannot be taken directly 
from OWT standards. Required FDF values from nearby 
industries like offshore wind turbines as well as oil and gas 
steel structures are available and shown in Table 1. In 
standards the FDF values are dependent on whether inspec-
tions are performed as well as whether it is a critical detail. 

Table 1: Required FDF values from nearby industries. 
1DNV-OS-J101; 2DNV-OS-J103; 3ISO 19902. 

Failure 
critical 
detail 

Inspec-
tions 

Offshore wind turbines 
Oil and 

Gas3 bottom-
fixed1 floating2 

Yes No 3 6 10 
Yes Yes 2 3 5 
No No 2 3 5 
No Yes 1 2 2 

An example of FDF calibrations is presented. The study 
considers the Wavestar device, which is located at the Dan-
ish Northsea coast near Hanstholm.  
The Wavestar device is chosen in this study due to the fact 
that a hydrodynamic code from SDWED WP4 is available 
as well as estimation of model uncertainty can be deter-
mined from wave tank tests. The wave states are determined 
using real measured wave states. The model uncertainties 
are assessed based on a comparison between a numerical 
model and experiments in the laboratory. 
Figure 1 shows the welded detail for which calibration of 
FDFs is performed. The welded structure connects the PTO 
cylinder of the device and its floater. 

 
Figure 1: Location at Wavestar device where calibra-

tion of FDFs is performed. 

The focus here is only on one WEC working principle. Due 
to the high amount of different concepts to harvest energy 
from waves, more examples should be performed before 
implementing required FDF values for WECs in standards. 

2. RESULTS  

The required FDF values can be reduced when performing 
inspections.  
When no inspections are performed, the FDF values are in 
the range of 6.5 (annual probability of failure equal to 10-4) 
and 3.5 (annual probability of failure equal to 10-3). With 
annual inspection actions, the required FDF value can be 
reduced up to 1. 
Required FDF values used for oil and gas steel structures 
are too large compared with required FDF values at the 
considered Wavestar’s welded detail.  
For this detail, the resulting FDF values are similar to the 
required FDF values proposed for floating OWTs (DNV-
OS-J103 (2013)). 

3. CONCLUSIONS 

Calibration of FDF values used for WECs is performed for 
a welded detail at the Wavestar device. Fatigue is modelled 
using a SN curve and Miner’s Rule when no inspections are 
performed and a Fracture Mechanics approach, which is 
calibrated using SN curves, when implementing inspec-
tions. 
The results have been compared to required FDF values 
from nearby industries (offshore wind as well as oil and gas 
steel structures). Resulting required FDF values at the 
welded WEC detail are in the range as proposed for floating 
OWTs (DNV-OS-J103 (2013)). 
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1. INTRODUCTION 
New applications with novel nature, such as Wave Ener-

gy Converters (WEC), are subjected to new uncertainties 
and technical challenges which aren’t covered by conven-
tional standards. Furthermore, in the case of WEC, sheer 
diversity of design makes it impractical to define a set of 
prescriptive rules which can be applied to all existing WEC 
design. One way of overcoming this shortage is use of risk 
assessment techniques for accepting and satisfying design 
criteria without compromising on safety and integrity.  

The risk assessment methodology for certification has 
been described in [2]. In addition [3] provides comprehen-
sive guideline for Certification of Tidal and Wave Energy 
Converters.  

Similar methodology was adopted and customized for 
risk based WEC design and presented in the SDWED deliv-
erable 5.2 [4]. This abstract briefly describes the “Risk Base 
Design Approach” methodologies for improving the surviv-
ability and reliability of the WECs. This methodology is 
divided in 4 distinctive steps as it is demonstrated in Figure 
1. These steps are described in details with respect to WEC 
devices in more details.  

 
2. RISK BASED APPROACH – TECHNOLOGY 
QUALIFICATION 

1. Design Basis

2. Technology 
Assessm

ent

3. Risk Analysis

4. Risk 
M

itigation

 
Figure 1: Risk base design approach flow chart. 

 
The first step is “Design Basis” which is functional and 

non-functional specification of the WECs. It is essential 
document/documents which envelopes scope of the problem 
and defines objectives and requirement for every aspect of 
the WECs. Once defined then it is possible to perform risk 
analysis and evaluate the reliability of the design. 

The next two steps, “Technology Assessment” and “Risk 
Analysis”, are together form classical FMEA analysis.  The 
reason for this separation is to emphasise on importance of 

detecting possible novelty in design. In “Technology As-
sessment” the novelty in design will be detected and quanti-
fied in the systematic approach as it is explained in [3]. 
“Risk Analysis” is similar procedure to FMEA: “a systemat-
ic process for identifying potential design and process fail-
ure before they occur, with the intent to eliminate them or 
minimize the risk associated with them”. It is a product 
development tools for addressing reliability issues at the 
early stages of development and design.  

The last step is “Risk Mitigation” which is the action for 
bringing the risk level of specific activity or failure to the 
acceptable level. In the following section it is attempted to 
describe each of these steps in more details and define them 
for generic WEC device. 

 The result of the process generates the plan for the steps 
to be followed to achieve the targets associated with the 
success of the WEC. The actions from the “Risk Mitigation” 
stage and the standards identified at the Technology As-
sessment stage, forms an essential part of the Qualification / 
Certification Plan that performs the functionality of a stand-
ard in more conventional industry sectors.  

 
3.  GENERIC WEC TECHNOLOGY ASSESSMENT 

In order to perform technology assessment, one should 
first breakdown the WEC to its subsystems and individual 
parts and then investigates if there is novelty involve in 
design or manufacturing process of each subsystems and 
parts as well as maintenance philosophy. The Generic WEC 
system breakdown is described in details in [4]. The follow-
ing generic WEC technology assessment is performed based 
on the following breakdown: 
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 Figure 2: Generic WEC systems breakdown 
 



4. GENERIC WEC RISK ASSESSMENT 
The main objectives of this stage is to identify relevant 

“Failure Mode” related to novel aspects of WEC design and 
find the underlying “Failure Mechanisms” for  assessing 
associated risk and  highlighting high risk elements for risk 
mitigation process.  

A quantitative assessment was carried out for the generic 
WEC. Where available, reliability data from other industries 
were considered. However, data from these sources is usual-
ly constrained to the specific operational condition which 
may not be applicable for the novel component or new sys-
tem. The general guideline applied was, if there is lack of 
evidence for estimating failure probability, conservative 
estimation shall be established. The severity of the conserva-
tism shall reflect the level of uncertainty obtained from 
“Technology Assessment” classification (See Table 1). For 
technology assessment 2 increases the probability of failure 
by one unit and for technology assessment 3 and 4 increases 
at least 2 units. 

 
Application Area 

Technology status 

1. Proven 2. Limited field history 3. New or unproven 

1. Known 1 2 3 

2. New 2 3 4 

 
 

Table 1: Quantification of the novelties according to [3] 

For the purpose of WEC generic risk assessment the 
failure probabilities classified to 5 groups as it is shown in 
Table 2. This qualitative categorization is suitable to the 
generic risk assessment as determination exact failure prob-
ability for every WEC components is virtually impractical. 

 
Class Name Description Indicative Annual Failure Rate  

1 Very Low Negligible event frequency <10-4 
2 Low Event unlikely to occur <10-3 

3 Medium Event rarely expected to occur <10-2 
4 High One or several events expected to occur during the lifetime <10-1 

5 Very high One or several events expected to occur each year <1 

 
Table 2: Probability Classes 

 
Consequence failures shall be established based on rele-

vant factors such as personal safety, environmental impact, 
impact on production, assets, impact on reputation and 
brand. All above consequences can be correlated to a finan-
cial consequence. Proposed consequence class for WEC 
devices is shown in Table 3. 
 

Class Personal Safety Environment Down time Assets GBP 

1 
Negligible injury, 
effect on health 

Negligible pollution or no effect on 
environment 

<6 hours Negligible 1k 

2 
Minor injuries, health 
effects 

Minor pollution / slight effect on 
environment (minimum disruption on 
marine life) 

<3 days  
Repairable within maintenance 
interval 

10k 

3 
Moderate injuries 
and/or health effects 

Limited levels of pollution, manageable / 
moderate effect on environment 

3-30 days  
Repairable outside maintenance 
interval, retrieval is required  

100k 

4 Significant injuries 
Moderate pollution, with some clean-up 
costs / Serious effect on environment 

 
30-180days 

Significant but repairable outside 
maintenance interval, retrieval is 
required 

1m 

5 A fatality 
Major pollution event, with significant 
clean-up costs / disastrous effects on the 
environment 

>180 days 
Total Loss of device, Salvage 
operation.  

10m 

 
  

Table 3: Consequence Classes 
 
 As WECs are usually unmanned during the operation 
and is believed that their environmental impacts (pollution 
and toxic materials aspects) are very low in the event of 

failure the most important failure consequences, regarding 
of WECs are loss of generation due to downtime and cost 
associated with repairing the WEC.   
 The repairing cost of WECs may govern by the cost of 
marine operation associated with the repair rather than mate-
rial cost. To consider this aspect it is considered to break-
down the repairing cost into two independent parts: 
• Cost due to marine operation, including the downtime 

cost during this operation. 
• Cost due to material and component repair/replacement 

man-hours including downtime during to this operation.  
 The total cost of marine operation can be calculated as 
below:  

Marine Operation Cost= Retrieval Cost + Re-installation 
Cost + Downtime cost during Marine Operation 

 The marine operation estimated cost for various site 
conditions and WECs are shown in Table 27 [4].  WECs are 
categorized in two groups regarding to their marine opera-
tional reference period (TR) requirement. Group 1 can be 
disconnected from its mooring and ready for being towed 
back in less than 4 hours and group 4 required more than 24 
hours for similar process. Also, it is clear that the longer TR 
will impose a longer standby time for weather window and 
uncertainties on decisions to start operation due to weather 
forecast uncertainty that increases with the time. Further-
more standby time will be affected by site characteristics as 
well. It is assumed that energetic sites standby time is twice 
the sheltered sites. For definition of TR and marine opera-
tion parameters see [5]. 
 The conclusion is that group 1 imposes the cost equiva-
lent of consequence class 3 defined in Table 4 and group 2 
imposes the cost equivalent to class 4. Thus, if retrieval 
process is required, regardless of component repair cost, the 
marine operation set the consequence class to minimum 
level of 3 or 4. 
 

Class Description GBP Consequence Class 
A1 No Marine operation, Onshore access to components <1k 1 

A2 Quick marine operation, no retrieval. Quick access to WEC and faulty components.  <10k 2 

A3 Quick & easy retrieval to shore <100k 3 

A4 Long & complicated retrieval to shore <1m 4 

 
 

Table 4: Accessibility class definition and associate equiva-
lent consequence class. 

 
 Table 5 shows the combined consequences of marine 
operation (Accessibility class) and maintenance. The com-
bined consequence is governed by the higher consequence 
number. If both maintenance and accessibility dictates the 
same class then the combine one increases by one unit ex-
cept for class 1. The advantageous of this breakdown is to 
have 4 different consequences for every possible failure 
which allows performing generic risk assessment of WECs 
without compromising on their maintainability and accessi-
bilities.    
 

Consequence class 
excluding marine 
operation 

1 2 3 4 5 

Accessibility class  A1 A2 A3 A4 A1 A2 A3 A4 A1 A2 A3 A4 A1 A2 A3 A4 A1 A2 A3 A4 

Consequence of marine 
operation only 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Combine Consequence 1 2 3 4 2 3 3 4 3 3 4 4 4 4 4 5 5 5 5 5 

 Table 5: Combined consequences due to retrieval operation 
and maintenance. 



Finally, a risk matrix is established by placing probabil-
ity class of failure in vertical axis and consequence in the 
horizontal access. The different risk levels are shown in 
Figure 9. It should be noted that the high, medium and low 
level threshold shall be adjusted to fit the safety philosophy.    
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Figure 9: Risk ranking matrix 

 
In order to rank the risks, one should first identify the 

“Failure Mode” associated with the target system and also 
find out potential “Failure Mechanisms” which may cause 
such a “Failure Mode”.  A systematic approach for identifi-
cation of all possible failure modes and mechanism shall be 
established.  

Generic WEC machine breakdown was shown in [1] and 
from that one can anticipate the diversities of failure modes. 
For generic risk assessment we need to be resourceful and 
for this reason the failure modes are categorized into two 
major groups of “Material Failure” and “Functional Fail-
ure”. The material failure reflects the failure of single com-
ponents constructed from known material while functional 
failure reflects the loss of functionality of specific machine 
or assembly. For instance “Fail to Release” considered as a 
functional failure while “Fractured” Considered as a materi-
al failure. 

Most of the functional failures can be tracked down to 
the single component failures (material failure) but there are 
some, such as capsizing, which may be happened even if all 
the components are perfectly intact and in healthy condition. 
A detailed description of the considerations of failure modes 
and mechanisms of failures are described in section 6.4 in 
reference [4]. 

For determining probability class the “Failure Rate” of 
machinery and equipment was obtained from Offshore Reli-
ability Data (OREDA), 2009 and System Reliability Toolkit 
1995. For structure and mooring the “Failure Rate” from 
“Structural risk for offshore installation, March 2010” were 
used for determining the probability class. 

For some machinery elements “System Reliability 
Toolkit” data was used for lack of data in OREDA. In this 
case only “Failure Rate” was obtained from “System Relia-
bility Toolkit” and all the Failure Distribution are based on 
educated guess. The example of this calculation is presented 
in  APPENDIX D item #6 in reference [4]. 

To adjust the probabilities to take into account uncer-
tainties and novelties not included in the data used, Modi-
fied Probability Class Based on Technology Class 
(MPCBTC) is calculated as below:  

• For TC=1, MPCBTC=PC 
• For TC=2, MPCBTC=PC+1 
• For TC>2, MPCBTC=PC+2 

That is to say when novelty is presented we increased the 
Probability Class. 

The Consequence Class (CC) was estimated in most cas-
es based on cost of material and repair time excluding any 
marine operation. For the final risk ranking, four different 
columns present the risk considering the different accessibil-
ity classe (A1 to A4) as defined in Table 4. The value of 
Combined Consequence Class times to MPCBTC was pre-
sented as risk value.  

 
5.  GENERIC RISK ASSESSMENT CONCLUSIONS 

From the analysis the following conclusions can be 
drawn for WEC generic risk assessment: 
• The machinery component do fails frequently and most 

of them fall within Probability Class of 4 or 5. 
• The accessibility and ease of repair is critical in reduc-

ing the risk of machinery components. The machine el-
ements which are designed to fall in accessibility class 
of A1 or A2 exhibits the low risk in most cases while 
for A3 & A4 class the risk is high.  

• Based on above discussion, it is advisable to design 
WEC machine element to be easily accessible for 
maintenance. If the accessibility can’t be  improved, 
which is suspected to be the case for most items due to 
nature of WEC, then additional safety level for the 
components in the areas governing the risk may provide 
a good approach (within a favourable cost-benefit 
range) to reduce Probability Class and reduce the risk. 

• Fix support structure exhibits low Probability Class so 
they are considered as reliable components if they are 
designed and engineered according to creditable off-
shore standards. Although the failure of fix support 
structure has high consequence, the overall risk is me-
dium because of its high reliability.  

• Floating structure and mooring components exhibit 
medium Probability Class. They are also considered as 
reliable components if they are designed and engineered 
according to creditable offshore standards.      

• In the case of mooring line, if the single line failure 
causes the total loss of the device then the consequence 
is very high and so the risk for the multi-line mooring 
system the failure of single element will not lead to total 
loss of the device so the consequence is lower and 
hence the risk is medium.    

• It should be noted that the Probability Class presented 
here are affect by Technology Class and presented as 
MPCBTC (See previous section) so one way of improv-
ing Probability Class would be reducing novelty / un-
certainty. 
 

6.  GENERIC WEC RISK MITIGATION 
After ranking the risks, high and medium risk items are 

to be reduced to an acceptable level. During this process it 
should be considered that the cost of resources for risk miti-
gation shall be marginally lower than the cost of the conse-
quences.  

As it was shown in Figure 1 the risk mitigation may also 
include changes in the design basis to some extent. Common 
risk mitigation methods are: 



 
• Reducing the probability of the failure can be achieved 

by: 
 Redundancy: extra attention for ensuring that the 

introducing redundant system in fact increases the 
reliability and doesn’t have adverse effect on the 
other system. This can also be considered from the 
point of view of reduction of consequence of fail-
ure; 

 Increasing design safety factors: Partial Safety Fac-
tors (PSFs) based on reliability assessment of the 
particular design in conjunction with methodologi-
cal identification and a probabilistic quantification 
of the uncertainties. The outcome of the SDWED is 
expected to help on define adequate factors consid-
ering the uncertainties and novelties, limitation of 
data, but also including a need for reduction of risk 
through lower probability of failure; 

 Improved maintenance regime: this method is like-
ly to be very limited because of limited accessibil-
ity. Array configuration, improved accessibility to 
PTO, designing for modular replacement of ma-
chinery, improved maintenance strategy and in-
crease reliability for longer  maintenance intervals 
are aspects that can result in improvement in 
maintenance regime;  

 Reducing adverse external condition: to protect 
subjected system from excessive loading simply by 
maintaining desirable environmental condition.    

 
• Reducing the consequence of the failure can be 

achieved by: 
• Protection System: In this strategy the designer 

transfers the failure of system/component with high 
consequences to system/component with lower 
consequences and also can be used to reduce the 
uncertainty of extreme condition.   

• Condition Monitoring: defined as a process of me-
thodical data collection to identify changes in per-
formance or condition of the target component to 
provide early warning of potential failure.  

 
• Elimination of the risk source: Sometimes it is possible 

to avoid the risk simply by eliminating of the risk 
sources.  

 
• Accept the risk: In the following cases the risk can be 

accepted: the risk level is low and acceptable, the cost 
of proposed mitigations method is more than the risk 
consequence, and no mitigation could find. When no 
action is identified for risk that requires mitigation, it is 
expected that this is due to the strong evidence that the 
uncertainty is affecting the risk and the assumptions 
may be very conservative. In this case, one partial mit-
igation action is to obtain more data before the failure 
mechanism can occur. This can be the case by instru-
menting the uncertain aspects and restrict deployment 
to limited sea trials periods, restriction on operation 
parameters, seasonal deployment, etc. 

 
Detailed description of the risk assessment and mitiga-

tion actions is provided in reference [4]. A sample of the 
generic assessment is provided below. 

 
Item #1: Air Cooled Heat Exchanger (See Section Error! Reference source not found. for calculation method) 

 
WEC Application Air cooled heat exchanger may use in onshore section since Fan operation in confine 

space can be very inefficient.  
Most Common Failure modes Insufficient heat transfer & minor in service problem 

Most Common Component Failure Fan and control & instrumentation. 
Most Common Failure Mechanism Breakage, Wear and Looseness. 

Technology Class Class 1 even in the context of WEC. No New aspect was identified. 
Recommendation • Design for access and each of maintenance. 

Consequences • Loss of Cooling 
Detection •  

Conclusion 
• The Air cooled heat exchanger is categorized as low risk item if installed onshore.  
• Note that the components of this item will fail (especially fan) with high annual 

failure rate so provision of good access and maintenance regime is essential. 
 

# Failure Modes FD(%) PC TC MPCBTC CC R A1 R A2 R A3 R A4

1 Abnormal  instrument reading 10.78% 4 1 4 1 4 8 12 16

2 External  Leakage Process 2.94% 4 1 4 1 4 8 12 16

4 Insufficient Heat Transfer 28.43% 4 1 4 1 4 8 12 16

6 Others 15.69% 4 1 4 1 4 8 12 16

7 Parameter Deviation 7.84% 4 1 4 1 4 8 12 16

8 Minor in-Service problems 34.31% 5 1 5 1 5 10 15 20

# Component FD(%) PC TC MPCBTC CC R A1 R A2 R A3 R A4

1 Actuating Device 0.98% 3 1 3 1 3 6 9 12

2 Body/Shel l 5.88% 4 1 4 1 4 8 12 16

3 Control  Unit 10.78% 4 1 4 1 4 8 12 16

4 Fan 65.69% 5 1 5 1 5 10 15 20

5 Instrument flow 0.98% 3 1 3 1 3 6 9 12

6 Instrument Genera l 6.86% 4 1 4 1 4 8 12 16

7 Instrument Level 0.98% 3 1 3 1 3 6 9 12

8 Monitoring 0.98% 3 1 3 1 3 6 9 12

9 Others 2.94% 4 1 4 1 4 8 12 16

10 Piping 1.96% 3 1 3 1 3 6 9 12

11 Wiring 1.96% 3 1 3 1 3 6 9 12

# Failure Mechanism FD(%) PC TC MPCBTC CC R A1 R A2 R A3 R A4

1 Breakage 4.90% 4 1 4 1 4 8 12 16

2 Clearance Al ignment Fa i lure 4.90% 4 1 4 1 4 8 12 16

3 Control  Fa i lure 1.96% 3 1 3 1 3 6 9 12

4 Corros ion 0.98% 3 1 3 1 3 6 9 12

5 Earth/isolation Faul t 1.96% 3 1 3 1 3 6 9 12

6 Electrica l  Fa i lure-Genera l 8.82% 4 1 4 1 4 8 12 16

7 Faulty Signal/Indication/Alarm 5.88% 4 1 4 1 4 8 12 16

8 Instrument Fa i lure-Genera l 2.94% 4 1 4 1 4 8 12 16

9 Leakage 0.98% 3 1 3 1 3 6 9 12

10 Looseness 16.67% 4 1 4 1 4 8 12 16

11 Materia l  Fa i lure-Genera l 4.90% 4 1 4 1 4 8 12 16

12 Mechanica l  Fa i lure-Genera l 11.76% 4 1 4 1 4 8 12 16

13 Miscel laneous-Genera l 2.94% 4 1 4 1 4 8 12 16

14 Open Ci rcui t 1.96% 3 1 3 1 3 6 9 12

15 Out of Adjustment 0.98% 3 1 3 1 3 6 9 12

16 Vibration 3.92% 4 1 4 1 4 8 12 16

17 Wear 23.53% 4 1 4 1 4 8 12 16

Source: OREDA VOL1, PG 303, 304, YEAR 2009

Air Cooled Heat Exchanger 
Risk Analysis

 
 
7.  CONCLUSIONS 

The generic risk assessment has provided a systematic 
view on the risks and actions required to risk mitigation. 
The generic and modular approach provide a good starting 
point for specific risk assessment to be applied on a case-by-
case basis for the different wave technologies in order to 
define specific actions for risk control to be applied during 
the design, fabrication, testing, commissioning and in-
service life. 
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