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Summary

The following document is a summary of the work which has beencarried out during the time
period of August 2012 until February 2013 as a guest researcher at the Centre for Ships and
Offshore Structures (CeSOS) part of the Norwegian Technical University of Science (NTNU) in
Trondheim, Norway. The work was conducted under the supervision of Dr. Zhen Gao and Prof.
Dr. Torgeir Moan. At this point I would like to thank Dr. Zhen Gao and Prof. Dr. Moan for
their dedicated supervision and numerous discussions about the subject. It was a great pleasure
to work with both of them. Furthermore I would like to thank Prof. Dr. Lars Damkilde for the
support in this endeavor. In the same time, by coincidence, Søren Lambertsen (PhD cand. from
AAU Esbjerg) was also completing his PhD research semester in Oslo at DNV. Numerous Skype
sessions with Søren as well as a meeting in Oslo in January 2013 were very helpful to accomplish
the tasks.

The topic of this guest stay at CeSOS is connected with the ongoing research program:
Structural Design of Wave Energy Device (SDWED). The following work plan was suggested:

� Structural modeling and analysis of the Wavestar arm. The aim is to carry out a structural
response model which can be further used for detail studies,i.e. fatigue analysis of joints,
calculate stress concentration factors (SCF) etc. The siteconstraint was to set up a FE model
in which the control force and thereby the control strategy can also be accounted for. The
main questions to be answered are:i) Which operational wave states contribute the most to
the fatigue damage and how favorable are these wave states interms of power production, or
in other words does the maximum fatigue occure at the most productive wave sate?,ii) Is it
possible to introduce a control strategy which is more " in favor " of the structural response
rather than optimizing the power production.

� Apply different modeling techniques such as Dynamical substructuring with the aim to
reduce the calculation time of solving the FE model.

� Apply different control loads on the structural model and analyze their effect on the stress
response.

All the above topics have been reviewed. The output of the work is basically the two peer-
reviewed conference papers, see Appendix 2 and 3 and the workshop paper Appendix 1. Fur-
thermore work is in progress in order to conclude the projectand submit the material to an
international research Journal. All the simulations have been carried out with ANSYS (ANSYS
2011). The hydrodynamic analysis of the WEC is carried out with AQWA from ANSYS. The
results are postprocessed in MATLAB. The structural model is carried out with ANSYS APDL
(ANSYS Parametric Design Language) and is coupled with several MATLAB scripts. All sim-
ulation models were carried out by the first Author. The design process which has been adopted
in this work is shown in the flow chart of Fig. 1. A few comments on the design methodology
and the fatigue analysis may be of importance:

Uncertainties associated withquasi-static response analysis of floating and fixed sructures
exposed to still water, wave-induced and extreme design loads are reported in (Fricke and Bron-
sart 2012). The document deals with reliability assessmentof ship hull girder capacity and has

September 25, 2013



ii

been a valuable reference to understand the concept of quasi-static analysis of offshore structures.

In order to account fornon-simultaneous load effetcs, e.g. if maximum bending and max-
imal vertical bending do not occur in the same time, so calledcombination factors must be
introduced to take into account this effect. Non-simultaneous wave load effects have not been
encountered for the present case study, however might become an issue for floating wave energy
converters, such as Weptos. A detailed study on computationof load combination factors for still
water and wave loads based on probabilistic models can be found in (Huang and Moan 2008).

Thespectral based fatigue analysis is fast, in a lot of cases accurate and more important a
closed form method. The essential characteristic is that the stress range is expressed in probabil-
ity density functions based on short-term intervals corresponding to individual bins of the wave
scatter diagram. The stress functions consists of an imaginary and complex part and are derived
from a Rayleigh distribution for the maxima of a narrow-banded random Gaussian process. Nar-
row band process are common if a single peak Jonswap or Pierson Moskowitz spectra is used
as the input wave spectrum. Two-peak spectra representing the occurrence of swell waves typ-
ically result in broad-banded wave loads. The response of a wave energy converter is typically
highly damped by an external power take off system. This damping can be added to the structural
damping and hence the broad banded input process may result in a more narrow band response
process. However if a broad band stress response process is present the standards i.e. DNV
(DNV 2001) and ABS (ABS 2005) recommend to introduce a "correction factor" to account for
the broad bandness of the stochastic process to calculate the fatigue damage. It is commonly
known that the narrow band approximation gives conservative fatigue damage estimations if the
response process is more broad-banded. (Gao and Moan 2009) quantifies this conservatism in
function of the Vanmarcke’s bandwidth parameter, i.e.γ =

√

1−m2

1
/m0/m2 wherem0, m1

andm2 are theith spectral moments of the stress response process. The following rule of thumb
can be derived from this paper. The conservatism of a narrow-band approximation is as follows:

� γ = 1: Too conservative

� γ ≤ 0.5: Maximum conservatism30%

� γ ≤ 0.1: Maximum conservatism10%

Another more relevant issue when carrying out a fatigue analysis has to do with the correct stress
approach. The fine tuning of a fatigue analysis is done by varying the degree of complexity in
estimating i.e. computing the stresses at the detail, i.e. the nominal stress approach, the struc-
tural of hot spot stress, the notch stress or the notch intensity approach. An overview is given
in (Fricke 2003). For the current study the first two methods,i.e. the nominal and the hot spot
stresses were considered. Thenominal stress is a "far-field" stress resulting from global stress
response analysis. The weld toe of the geometry is not considered neither the material constitu-
tive relations, (Berge 2006).

The hot spot stress also known as the geometric or structural stress is the stress which is
acts at the weld toe. The computation of the hot spot stress isnormally done by detail FE models,
such as submodels. The FE mesh size should not be larger than the maximum thickness of the
structural detail.

SDWED Deliverable 4.8



iii

0.0.1 Main findings and Outlook

The main findings of the study are:

� The frequency domain response model and thereof the spectral based fatigue analysis is
well suited to study the influence of control parameters on the structural response of a wave
energy converter.

� Incorporating a fatigue model into a wave to wire model can bebeneficial and will give
more information about the decision making in the control strategy.

� Adapting the control load to the peak period in the wave statewill increase the annual power
production by about 21 p.c. On the other hand, by doing so the accumulated fatigue damage
is enhanced of about 62 p.c. compared to the case where the control parameter is kept
constant throughout the operation time.

� In order to study the fatigue life of the structural detail the analysis must be based on hot
spot stresses rather than on the nominal stress approach. Hence stress concentration factors
must be considered in the analysis.
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Structural modeling and analysis of a wave energy con-
verter

Andrew S. Zurkinden1, Søren H. Lambertsen1, and Lars Damkilde1

(1)Aalborg University, Department of Civil Engineering, Sohng̊ardsholmsvej 57, 9000 Aalborg,
Denmark, az@civil.aau.dk, shl@civil.aau.dk, lda@civil.aau.dk

Summary. A fatigue analysis is being carried out for a wave energy converter subjected to ocean wave
loads. The device is a bottom fixed structure, located in a shallow water environment. Interest is focused
on the local stress response of a structural detail and a subsequent calculation of its fatigue life by using
the rainflow counting approach. The wave energy converter is characterized by its ability to enter in a
storm protection mode which - whenever extreme conditions occur - will drastically reduce the exposure
to wave loads. The predicted fatigue life is calculated for two different control cases. Finally the question
will be answered which control strategy is more favorable regarding the trade off between fatigue damage
reduction and power production on the wave energy device.

Key words: Structural modeling, fatigue damage calculation, control strategies.

Introduction

The present study is concerned with the structural design of the Wavestar device which is cur-
rently being deployed in Hanstholm, at the Danish Westcoast. The Wavestar Hanstholm WEC
is a grid connected prototype with two floats each equipped with a generator. The prototype
has been in operation since 2007 with a total installed capacity of 110 kW. The electrical energy
produced by the two generators was 22.8 MWh in the period from May 2010 to April 2012. A
number of studies have been carried out during the last two years focusing on the numerical
modeling and the control of the device Ref. [1]. In [2] it was found that the effect of non-linear
buoyancy forces have a influence on the dynamics of the device for waves with a steepness factor
larger than 0.05. In order to account for non-linearities in the load calculation the only practical
option is a non-linear time domain motion analysis. On the other hand solutions based on time
series which account for non-linear effects are expensive to implement and may require long
computational time. However, the emphasis in the present paper is more given on the struc-
tural modeling rather than on an advanced hydrodynamical model. The hydrodynamical and
structural analysis are thus performed separately. The hydrodynamic analysis was conducted
previously based on diffracting panel elements over the wetted surface of the hemisphere-shaped
float by applying the Boundary Element Method (BEM). Rigid body motions were computed
by a linearized time domain model and are then used as boundary conditions in the structural
model. In the structural model the device is modeled as a flexible body consisting of shell
elements. Stress concentrations are assumed to occur in the connections joints. A transient
structural analysis is carried out in order to determine the dynamic response of the system
subjected to the time-varying control load calculated by the hydrodynamic analysis.



Hydrodynamical model - rigid body assumption

The rigid body motions were previously analyzed by the following integro-differential equation,
Ref.[3].

(M + a∞)φ̈(t) +

∫ t

0
K(t− τ)φ̇(τ)dτ + Cφ(t) = MEx(t) +Mc(t) (1)

where φ(t) represents the angular rotation of the body around the bearing point A, see Fig.
1. M is the inertia coefficient of the rigid body motion; a∞ represents the added mass at infinite
high wave frequencies; the next term is the convolution of the radiation memory function K(t)
with the angular velocity φ̇(τ) and C represents the buoyancy coefficient. MEx(t) is the wave
excitation moment. The last term Mc(t) can be interpreted as any non-linear external force such
as viscous forces, mooring forces or feedback forces from a wave energy power take-off system. In
our case, a linear passively damped energy conversion system has been assumed which consists
of a damping coefficient c multiplied with the angular velocity φ̇. The equation of motion is
solved applying an explicit 4th order Runge-Kutta time integration scheme with a constant
time stepping. The control force Fc(t) = Mc(t)/x(t) is plotted in Fig. 2 in function of three
different damping coefficients c1,2,3 for an incident irregular wave train, (Jonswap: Hm0 = 1.5m,
Tp = 4.5s). By comparing the control force with the instantaneous power in Fig. 3, it can
be concluded that the optimum control parameter c may vary by considering the accumulated
damage in the structural detail, i.e. where the cylinder is connected to the structure.
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Figure 1. Equivalent beam model, multidirectional wave loading
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Structural model - flexible body

In a next step, the focus is given on the development of a global structural model which is used
to approximate the overall displacement and stress distribution in the arm under the given load
pattern. In order to account for inertial forces in the deformable body and at a latter stage of
the project for non-linear effects, the authors have decided to work out a transient structural
analysis for the given problem. The general equation of motion for the structural model is given
as follows:

MÜ+CU̇+ (K+ ks)U = F (2)

where M, C, and K are the global mass, damping and stiffness matrices. F is the vector of
externally applied loads and U, U̇, and Ü are the displacement, velocity and acceleration vectors
of the finite element assemblage. ks is a spring stiffness term which represents the support at
the end of the arm due to the presence of the water. The spring can only transfer pressure
loads, traction forces are omitted. Non-linear effects such as the non-linear buoyancy force may
be included by updating the stiffness coefficient ks at each time step. For the present case a
constant value of 192 kN/m has been assumed which is equal to the water plane area of the
float (d=5.0 m) times the density of the water (1000kg/m3).

ANSYS shell model

A detailed ANSYS shell model of the arm has been elaborated and is shown in Figure 4. Four-
noded shell elements were used to represent the global stiffness model. The shell structure
consists of 16887 elements, 16714 nodes and 96941 unknown variables. The modulus of elasticity
of steel was assumed to be 205 kN/mm2. The structure is supported at two sections by a simply
supported boundary condition which allows a free rotation in the three directions. At the end of
the structure an external spring element is attached which allows longitudinal pressure forces.
The structure is subjected to a time-varying load Fc(t) shown in Figure 2 and is attached at the
connection between the arm and the cylinder. Results of the stress distribution in the welded
connection will be presented in the next paragraph.

stress analysis
in welded joint

Figure 4. Shell model, von Mises stress distribution assuming a stiffness coefficient of ks = 192kN/m
for a significant wave height: Hm0 = 1.5m and a peak period of Tp = 4.5s, assuming irregular waves
(Jonswap, γ = 3.3).

Results

The accumulated damage in the structural detail was calculated based on a rainflow counting
algorithm Ref. [4] and the given time series of the von Mises stresses, Fig. 5. At this moment



the simulation time was limited to 100 s. The damage ratios for the three different damping
coefficients are shown in Table 1.

Table 1. Average power production, accumulated damage for the calculated time series for three different
damping coefficients.

c1,2,3: 5e5 5e6 5e7 [kg/s]

Di : 6.58 · 10−8 1.217 · 10−6 7.6 · 10−5 [-]

Figure 5. Time series of stresses for c1 = 5 · 105kg/s at the structural detail.

Conclusion

A structural analysis of a wave energy converter has been carried out by a detailed finite element
model. The hydrodynamic loads were computed based on the diffraction theory and a rigid body
assumption. The separation of the hydrodynamic and structural models is justified, considering
the high eigenmodes of the flexible structure compared to the relatively low peak frequencies
encountered in a typical sea state. In order to analyze the effect of more advanced control
strategies it was suggested to perform a transient analysis in order to account for time dependent
control parameters. Short-term damage calculations have shown that the fatigue life of the
analyzed welded section is considerably increased for a less aggressive control strategy
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ABSTRACT
This paper deals with structural modeling and analysis of

a wave energy converter. The device, called Wavestar, is a bot-
tom fixed structure, located in a shallow water environment at
the Danish Northwest coast. The analysis is concentrated on
a single float and its structural arm which connects the WEC
to a jackup structure. The wave energy converter is character-
ized by having an operational and survival mode. The survival
mode drastically reduces the exposure to waves and therforeto
the wave loads. Structural response analysis of the Wavestar
arm is carried out in this study. Due to the relative stiff behav-
ior of the arm the calculation can be reduced to a quasi-static
analysis. The hydrodynamic and the structural analyses arethus
performed separately. In order to reduce the computationaltime
of the finite element calculation the main structure is modeled as
a superelement. The structural detail, where the stress analysis
is carried out, is connected with the superstructure by interface
nodes. The analysis is conducted for two different control situa-
tions. Numerical results will be presented which can be further
used to carry out fatigue analysis in which a more refined FE
model is required to obtain the stress concentration factors.

1 Introduction
The structural modeling and analysis of wave energy

converters is a challenging but very complex task faced by the
engineering profession. From one point of view, the structure

must resist extreme load conditions in a harsh ocean environ-
ment. On the other hand, a balance between the optimum power
production and the most favorable structural response has to be
found for the normal operational conditions. It seems that the
most promising wave energy systems are designed based on an
adequate safety strategy to prevent failure in extreme situations.
An advantage of an integrated protection system is its ability to
regulate the wave energy input and reduce or completely avoid
the impact of the waves during rough weather conditions. If such
a protection mode is non-existent the design process may lead to
a structure which is not economical compared to the predicted
power production. In the past, some of the WECs have failed
during their sea trial, indicating that the design was not adequate
or some issues related to the survivability were not considered in
the design. The protection mode for the present Wavestar energy
converter is shown in Figure 1. Fig. 1 a) shows the float arm in
its protection mode in b) the device is in its operational mode.

The present study is concerned with the structural design
of the Wavestar device which is currently being deployed in
Hanstholm, at the Danish Westcoast. The emphasis will thereby
be given on the connection arm between the fixed structure and
the float. The Wavestar Hanstholm WEC is a grid connected
prototype with two floats each equipped with a generator. The
prototype has been in operation since 2007 with a total installed
capacity of 110 kW. The electrical energy produced by the two
generators was 22.8 MWh in the period from May 2010 to

1 Copyright c© 2013 by ASME



April 2012. The wave activated structure is hinged on a bottom
fixed, four leg offshore platform in a shallow water environment.
The maximum water depth at the location of the structure is
approximately 8 m, [1]. A number of studies have been carried
out during the last two years focusing on the hydrodynamic
modeling and the control of the device, see [2], [3].

a)

b)

FIGURE 1. a) PROTECTION MODE AND b) OPERATIONAL
MODE.

Due to the relative stiff behavior of the float arm the hy-
drodynamic and structural analysis can be carried out separately.
The structural model is subjected to linear wave loads, control
forces and inertia loads due to the rigid body motion of the arm.
The analysis procedure which has been applied in this study can
be summarized as follows:

1 For the motion analysis, a rigid-body formulation is consid-
ered and the equation of motion with 1DOF (i.e. the ro-

tational motion of the WEC and its arm) is modelled. All
of the external forces, i.e. the wave force in heave on the
WEC (including the wave excitation force, added mass and
potential damping forces and restoring force), the control
force, the gravity of the whole structure and the buoyancy
force of the WEC (mainly static contribution) will induce
and be modelled as integrated moments in that DOF. Using
the Newtons law, the equation of the rotational motion is
established and solved in the frequency domain.

2 A structural model consisting of the same mass and stiffness
distribution as the hydrodynamic model is developed by us-
ing the Finite Element Method (FEM). All of the external
forces are modelled as they are applied in the real situation,
i.e. the wave force and the buoyancy force is modelled as a
force in heave acting on the WEC (the end of the arm), the
control force is modelled as a force acting on the joint be-
tween the arm and the hydraulic cylinder, the gravity force
and in addition the inertial force due to the rigid-body mo-
tion of the arm are distributed along the structural arm ac-
cording to their mass distribution.

3 A quasi static analysis is carried out without the consider-
ation of dynamic amplification factors. The natural period
of the structure is approximately five times higher than the
smallest measured wave period at the test site.

4 The nominal stress responses are evaluated at the structural
detail where the hydraulic cylinder force is connected to the
arm. Two different control scenarios are considered result-
ing in two different control forces and accelerations acting
on the structure. The wave loads however are kept the same
for the two control conditions.

Figure 2 shows the layout from above for a symmetric
device i.e. for a converter with four floats.

2 Wave loads
The hydrodynamic forces acting on the floating hemisphere

are assumed to be well described by first order potential theory.
The boundary element method is used to solve the flow problem
around the geometry in 3D. The software package AQWA was
used to solve the boundary element problem. The hydrodynamic
loads are given in the frequency domain and are linearized by
assuming a constant equilibrium position.

In the static equilibrium state the total hydrostatic restoring
forceFs and momentMs are given as the difference between the
hydrostatic pressure integrated over the hull and the body weight,
thus:

2 Copyright c© 2013 by ASME
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Fs+w = ρg
∫ ∫

Sb(t)
d~x·z· n̂ ·dS−mgk (1)

Ms = (rg×w)+ (rb×Fs). (2)

Wheren̂ is the outward normal vector of the body surface,
k is the unit vector in the vertical direction,rg is the vector from
the body origin to the center of gravity andrb is the vector from
the body origin to the center of buoyancy. The instantaneous
submerged body surfaceSb(t) is calculated by the intersection
of the body surface with the z=0 plane. Although the wetted
surface is a function of time, it is held constant for the present
case. The static equilibrium position requires two conditions: i)
The weight of the body must be equal to the total upward force
produced by the buoyancy and external static force and secondly
ii) the moments acting on the body must sum to zero in the static
referential state.

The fluid force and moment due to the incident waves is
calculated by integrating the pressure over the wetted surface of
the body:

Fexc
j =−

∫ ∫

Sb=cst
·p · n̂ ·dS=−

∫ ∫

Sb=cst
iωρ(φI +φd) · n̂ ·dS

(3)

Mexc
j = (rb×Fexc

j ) (4)

where φI and φd are the incident and diffracted wave
velocity potentials. The first term in Eqn. (3) is also referred
as the Froude-Krylov force and the second part is called the
diffraction force and moment in thejth direction.

The fluid force and moment in thejth direction due theith

motion is written as:

Frad
ji =−

∫ ∫

Sb=cst
·pi · n̂ ·dS=−

∫ ∫

Sb=cst
iωρφ j · n̂ ·dS (5)

Mrad
ji = (rb×Frad

ji ) (6)

whereφ j is the velocity potential due to the body’s motion
in the jth direction. Evaluating Eqn. (5) the added mass and
radiation damping coefficients are produced. The quantities in
Eqn. (1) to 5 are calculated by applying Green’s theorem and
based on the assumption that the velocity potential of diffraction
wave and radiation waves can be expressed in terms of pulsating
sources distributed over the mean wetted surface of the floating
structure, [4].

In order to fulfill the dynamic equilibrium of the WEC
system an additional body force associated with the acceleration
of the rigid body motion has to be considered. Moreover, a
control moment resulting from the power take-off system is
introduced.

The equation of motion of the WEC can be written in the
frequency domain as follows: (Note that the equations are writ-
ten in matrix form, accounting for all the four floats shown in
Fig. 2. The structural analysis is analyzed for only one single
float and arm. The hydrodynamic model is therefore decoupled
from the other floats to calculate the loads on the structure).

[−ω2
(M+ a(ω))+ iωb(ω)+Ms]Φ(iω)

+Mc = Mexc
(iω) (7)

wherea(ω) andb(ω) are the added mass and damping co-
efficients in function of the frequency,M is the mass moment
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of inertiaΦ(iω) is the rotational displacement vector represent-
ing the bodys pitch component,Mc is the control force moment
consisting of a power absorbtion damping matrix given in the
following form:

Mc =









c1 0 0 0
0 c2 0 0
0 0 c3 0
0 0 0 c4









iω ·Φ(iω) (8)

In the present case the off-diagonal elements of Eqn. (8) are
assumed to be zero. The control damping coefficientsci={1..4}
are considered to be adapted for each float{1..4} and have the
units ofNs/m. The analysis procedure is shown in Fig. 3.

Hydrodynamic
Model single float

Structural model
Quasi-static analysis

Frequency Domain
Model

Power
take-off

a(ω) b(ω)Ms Mexc(ω)

{Φ̈(ω)(M+a(ω)),Φ̇(ω)b(ω),Φ(ω)Ms,Mc(ω),Mexc(ω)}

Mc(ω)

FIGURE 3. HYDRODYNAMIC AND STRUCTURAL ANALYSIS
FOR ONE SINGLE FLOAT.

A

B
φ̈(ω)(M+a(ω))

φ̇ (ω)b(ω)

Mg−Msφ(ω)

Mexc

Fc
∼=

Mc
x

x

FIGURE 4. HYDRODYNAMIC LOAD MODEL FOR THE SIN-
GLE WAVESTAR FLOAT.

2.1 Control of the WEC system
An optimal controlled WEC system, in the present case, is

characterized by the black curve in Fig. 5 expressing the damp-
ing coefficient in function of the frequency. For this control strat-
egy the power function of the WEC is maximized for each fre-
quency by a simple optimization procedure (one dimensional,
i.e. passive damped system). For wave frequencies which are
close to the natural frequency of the wave energy converter the
damping coefficient achieves a minimum value. Thus the angu-
lar acceleration due to the rigid body motion is higher than for
the case where the system is damped by a constant coefficient
i.e. compared to the red curve, [1].
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c
: optimal
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FIGURE 5. DAMPING COEFFICIENT: OPTIMIZED FOR EACH
WAVE FREQUENCY (BLACK DOTS) AND CONSTANT (RED
DOTS).

2.2 Loads applied to the structural model
The structural analysis is carried out for one float and

arm only. The structural model is subjected to the angular
inertia moment including the added massφ̈ (ω)(M +a(ω)), the
damping forceφ̇ (ω)b(ω), the hydrostatic momentφ(ω)Ms, the
control forceFc and the wave excitation momentMexc. The
lever armx is assumed to be constant for the present analysis.
However due to the large rotations the lever arm is a functionof
the rotation and therefore becomes non-linear. This issue has to
be addressed when modeling in the time domain.

In Fig. 6 the amplitude of the wave excitation moment
Mexc(ω), the angular inertia momenẗφ (ω)M (without the iner-
tia of the added mass) and the control momentMc(ω) are shown
in function of the two considered control strategies. The graphs
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show that the predominant action is the wave excitation moment
followed by the control moment and angular inertia moment.
Quite a significant difference can be observed for the two inertia
moments when applying a different control concept. This matter
will be adressed in the following paragraphs.
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FIGURE 6. WAVE EXCITATION MOMENT, HYDROSTATIC MO-
MENT, ANGULAR ACCELERATION AND CONTROL MOMENT
FOR OPTIMAL DAMPED AND CONSTANT DAMPED PTO SYS-
TEM.

3 Global model of the Wavestar arm
The focus in this section is given on the structural model

of the Wavestar arm. The model is used to compute the global
response of the structure subjected to dead load, wave loads,
a power take-off feedback force and the inertial loads due to
the rotational motion of the arm. The global model with the
geometrical dimensions is shown in Fig. 3. The geometry is
parameterized by 181 Keypoints (KP). The locations of these
points are defined in a cartesian coordinate system. The ANSYS
Parametric Design Language (APDL) software is used for the
simulations.

Prismatic, eight-noded shell elements are used to model
the arm. The maximum structural thickness is about 70 mm for
the support bearings. The rest of the structure has a thickness
varying from 19 to 32 mm. The structure of the Wavestar arm
can be thus considered as a thin plate. The element size for
the global response analysis is approximately 180 x 200 mm.
The structure is symmetric along its longitudinal axis. Isotropic
material behavior with a constant young modulus of 207 GPa

and a Poisson ratio of 0.3 is assumed. The total structural mass
of the arm is approximately 20 tons. The vertical and horizontal
position of the center of gravity is located at 2.3 m above the
mean sea level and at 4.4 m from the support bearings.

An important task is to use the same mass-distribution for
the structural and the hydrodynamic model to ensure consistency
of the response between the structural and the hydrodynamic
analysis. It is therefore important to notice that, during the
operation, the float is partly filled with water ballast to insure
a better performance regarding power production. This mass
has quite a significant contribution to the total mass momentof
inertia and hence, decreases the natural period of the floating
system by a factor of 3 compared to the situation without water
ballast in the float, see Table 1. A point mass element (MASS21)
was used in the FE model to simulate the effect of the water
ballast in the float. A comparison of the numerical values
between the structural and the hydrodynamic model is given in
Table 1. The hydrodynamic model assumes a rigid arm and a
single degree of freedom in pitch for each float.

The first natural frequency of the arm is calculated and com-
pared with the lowest peak period of the wave state in the scatter
diagram of the given location. The boundary conditions wereset
by restricting the translational degrees of freedomux, uy, uz at
the support bearings and at the two joints where the hydraulic
cylinder from the power take off force is attached, see Fig. 1.
The static system is equal to a cantilever arm with an equivalent
length of 6 m. The lowest peak period in the encountered sea is
aroundTp = 2 s, according to a site measurement data evalua-
tion, [5] and the natural period of the structural arm of the first
vibration mode, including the water ballast isTn = 0.25 s. The
ratio of these time scales isTp/Tn = 8 and thus the oscillations
of the arm are rapid relative to the motions in the sea state. This
indicates that a quasi static analysis is applicable for thepresent
case.

3.1 Load cases
Five different load cases are identified. Table 2 summarizes

the load combination for each of them. Only characteristic
values for the permanent and variable loads are considered.
Accordingly, the partial design coefficients have to be added. An
idealized beam model with a lumped mass distribution is shown
in Fig. 8. In the hydrostatic equilibrium condition the water is
modeled as a simple support with a spring coefficient equivalent
to the hydrostatic coefficient calculated by the hydrodynamic
model.

LC1: In load case one the arm is in its static equilibrium
with the hydrostatic buoyancy force and the dead load. The
water ballast is not included in this load case.
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FIGURE 7. GEOMETRICAL DIMENSIONS OF THE WAVESTAR
ARM, SIDEVIEW AND TOPVIEW, DIMENSIONS IN [M], GLOBAL
COORDINATE SYSTEM .

LC2 The wave energy converter is in its normal operation
and thus subjected to wave loads, angular acceleration due to
the inertial moment and a feedback force from the power take

TABLE 1. STRUCTURAL MASS MOMENT OF INERTIA, CEN-
TER OF GRAVITY AND HYDRODYNAMIC COEFFICIENTS OF A
RIGID-BODY MOTION ANALYSIS FOR THE WAVESTAR ARM.

Parameter Unit: Value:

Structural model

Inertia of arm and float:

(no water ballast)

Iyy : kgm2 0.11e6 (0.43e6)

Iyy : kgm2 0.24e7 (0.57e6)

Izz : kgm2 0.52e7 (0.21e7)

Center of gravity:

xc : m 6.5 (4.2)

yc : m 0 (0)

zc : m -2.8 (-1.7)

Natural freq. of float and arm:

First Bending mode: 1/s 3.9 (12.1)

Hydrodynamic model

Inertia of arm and float: kgm2 2.45e6

Buoyancy restoring moment: Nm/rad 14.0e6

Added mass at high freq. kgm2 1.32e6

Natural freq. of float and arm

rigid body motion: 1/s 0.28

Natural period of float and arm

rigid body motion: s 3.51

off system. The wave force is applied as a fluid pressure due to
the incident, scattered and radiated waves acting upon the body.
The feedback force exerted by the power take off is proportional
to the angular displacement and angular velocity of the device.

LC3 Load case three reflects the situation where the power
take off system is locked. The hydraulic cylinder is unable to
lift the device out of the water. This situation can be critical in
combination of an extreme event. The structure is subjectedto
maximum wave loads.

LC4 The structure is in its protection mode. The cylinders
have lifted the arm and a valve has been activated to release the
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A

B

C

FIGURE 8. IDEALIZED BEAM MODEL LUMPED MASS DIS-
TRIBUTION A) HYDROSTATIC EQUILIBRIUM, LC1 B) IN OPER-
ATION, LC2 AND LC3 C) STORM PROTECTION MODE, LC4 AND
LC5

water ballast from the float.

LC5 The wave energy converter is in the protection mode
and the valve to release the water ballast is blocked.

3.2 Comparative mesh study
A sensitivity analysis for different mesh sizes and two

different element types is carried out at the detail which isshown
in Fig. 9. Linear four-noded shell and quadrilateral eight-noded
shell elements are used for this analysis. The mesh size is varied
by means of global element edge lengthe. The mesh study is
carried out for the static equilibrium state, LC1.

TABLE 2. FIVE DIFFERENT LOAD CASES LC1-5.

Action: LC1 LC2 LC3 LC4 LC5

Dead load: x x x x x

Water ballast: - x x - x

Wave load: - x x - -

Hydrodstatic force: x x x - -

Inertial force: - x - - -

Power take off force: - x x - -

The static stresses are evaluated at a node which is located
at a distance of 3t/2 away from the stress singularity which is
encountered at the intersection; (t is the local thickness of the
top plate i.e. 32mm), see Fig. 17. The values are summarized in
Table 3. The static equilibrium state is a symmetric load case,
thus it would be enough to analyze only half of the arm. The
longitudinal stresses i.e.σx are dominating at the analyzed node.
The magnitudes and direction of the stress are in accordance
to an analysis carried out on a beam model, which is simply
supported at two ends and subjected to its self-weight.

The mesh study illustrates the problem of singularities
which are frequently encountered at intersections of elements.
Typically, at such locations, high stress gradients are common,
and often the stresses are underestimated, if the wrong element
type is used. Eight noded shell elements perform well and are
particularly interesting for better accuracy at less expense.

Stress concentration

σ3t/2

Stress evaluation

FIGURE 9. STRESS DISTRIBUTION IN THE DETAIL WHERE
THE CYLINDER IS CONNECTED TO THE ARM, STATIC EQUI-
LIBRIUM STATE, LC1.
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TABLE 3. MESH AND ELEMENT STUDY FOR THE WAVESTAR ARM SUBJECTED TO LOAD CASE LC1: DEAD LOAD AND HYDRO-
STATIC PRESSURE.

Linear 4-noded elements Quadratic 8-noded elements

Quantity: Unit: Mesh 1 Mesh 2 Mesh 3 Mesh 1 Mesh 2 Mesh 3

Max. von Mises stress:

σM : MPa 8.55 10.72 12.84 9.46 11.71 13.75

Max. stress components:

σx : MPa -8.63 -10.79 -12.87 -11.69 -11.69 -13.67

σy : MPa -3.72 -4.43 -5.02 -4.42 -4.42 -4.70

σz : MPa -1.70 -1.43 -1.70 -2.74 -2.74 -4.73

Max. Principle stress:

σ1 : MPa 6.93 8.81 10.32 9.01 11.12 12.74

Max. vertical deflection:

Uz : mm -1.45 -1.44 -1.44 -1.44 -1.44 -1.45

Global element size:

e mm 100 60 40 100 60 40

Total number of elements: - 9219 24626 56487 9322 24630 56501

Total number of nodes: - 9258 24702 56608 28062 74048 169755

4 Substructure analysis
The global Wavestar arm shown in Fig. 7 is divided into one

substructure element (superelement) and one non-superelement
where the actual stress analysis is carried out, see Fig. 10.For
a quasi-static problem an efficient reduction method has been
proposed by Guyan, [6]. The same method has been used in this
study.

In order to check the accuracy of the dynamical behavior
the eigenfrequencies and mode shapes of the full model and the
reduced model are compared. Figure 12 shows the dry natural
mode shapes of the reduced model. In Fig. 11 the first 6 eigen-
frequencies of the substructure model are compared with the
values from the full model. The numerical values are sumarized
in Table 4. It can be seen that the dry natural frequencies are
very high compared to the wave frequencies. In reality, the
resonant responses associated to these modes are not excited.
The analysis may thus be carried out quasi-statically, likeit was
already pointed out in section 3. The advantage to carry out
the analysis on the reduced model is the reduced computational
time, more efficient handling of repetitive components and
several work-groups can independently model on different
substructures like for instance the connection detail.

5 Quasi static analysis
The structural response is solved by the FE program using

a quasi-static approach. The stress response is calculatedbased
on the frequency-domain approach for each wave frequency and
for a unit wave amplitude. The structural response is assumed to

Superelement

Non-superelement

FIGURE 10. REDUCED MODEL OF THE WAVESTAR ARM.
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FIGURE 12. FIRST SIX DRY NATURAL MODE SHAPES OF THE REDUCED STRUCTURE.
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FIGURE 11. DRY NATURAL FREQUENCIES OF THE WAVES-
TAR ARM, FULL MODEL AND SUBSTRUCTURE MODEL AND
ERROR

be linear. The angular inertia moment is taken into account by
calculating the acceleration in the frequency domain and apply-
ing these forces to the FEM load case. LC2 is analyzed hereafter.

The frequency domain approach is connected with a number
of advantages regarding the actual analysis and the post process

TABLE 4. STRUCTURAL MODAL ANALYSIS OF THE WAVES-
TAR ARM, FULL MODEL AND REDUCED MODEL, NUMERICAL
VALUES.

Vibration Full Reduced

# mode: model model

[Hz]: [Hz]:

1 First global bending 3.9203 3.9946

2 Transverse global bending 10.4080 11.4808

3 Global and local bending 12.3415 12.6027

4 Top/down plate bending (sym). 15.9998 16.0363

5 Comb. plate/global bending 18.3155 18.3445

6 Top/down plate bending (asym).26.9622 27.0370

which is carried out once the structural stresses are calculated.
The method allows fast computational time as well as a direct
spectral analysis of the accumulated damage in a given structural
detail. The disadvantage is that the method does not allow the
integration of non-linear effects such as the non-linear hydro-
static force or the non-linear drag forces or non-linear control
forces. To account for such effects a time domain simulation
is necessary. However both analysis types require the linear
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coefficients for the added mass, damping and diffraction force
which are calculated in the frequency domain.

A quasi static analysis requires additional supports or
constraints at some nodes to prevent unconstrained behavior of
the model. Rigid body motions should be suppressed by these
supports without influencing the structural response at thedetail
of interest. In most cases reaction forces appear at the supports
if the applied loads are not fully balanced. In advanced FE
software packages it is possible to enable the ”inertia relief”
option. This means that the accelerated mass of the structure is
used to resist the applied loadings. Moreover the assumption is
made that the structure is in a state of static equilibrium even
though it contains rigid body motions. For the present case the
motions and the accelerations of the arm were calculated based
on the hydrodynamic analysis and are therefore also part of
the solution. Changing the applied accelerations by activating
the ”inertial relief” option would result in wrong structural
responses. In the present study the stresses are calculated
without using relief accelerations.

FIGURE 13. BOUNDARY CONDITIONS, COLORED MESH IN-
DICATES THE DIFFERENT SECTION TYPES.

The boundary conditions are applied according to Fig. 13.
Theux, uy, uz androtx, roty androtz degrees of freedom are fixed
at the support bearings. The power take off forces are applied
at the cylinder connection (red arrows) and at the end where the
float is attached to the arm. The gravitational and inertia force
can be implemented in ANSYS APDL by applying a gravity and

angular acceleration body force to all elements.

In order to carry out a detail stress analysis of a particular
structural location it is necessary to calculate the stresstransfer
function Hσ (ω |θ ), which expresses the relationship between
the stress at the given structural location and a unit wave
amplitude. The wave induced load component consists of
two parts corresponding to the real and imaginary part of the
frequency response functions. The wave excitation moment
transfer functionHex(ω |θ ) is calculated for 5 different incident
wave angels and for 120 wave frequencies. The absolute value
is shown in Fig. 14 and the real and imaginary parts are shown
in Fig. 15 and Fig. 16 respectively.
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FIGURE 14. AMPLITUDE OF WAVE EXCITATION MOMENT
TRANSFER FUNCTION.

The structural detail selected for the stress analysis is
shown in Fig. 17. The structural analysis is carried out at each
frequency and heading angle. A frequency range of 0.05 to
6 radians per second with increments of 0.05 rad/s is chosen.
However for a spectral analysis it would be sufficient to consider
a frequency range between 0.05 to 2 radians per second. The
wave heading range is 0 to 360 degrees with a step size of 45
degrees. Due to the symmetry the wave headings can be reduced
from 8 to 5.

The principal stresses for a unit wave height are plotted as
a function of the wave frequency, see Fig. 19 - 20 for two dif-
ferent control strategies, compare red and black curves. Nominal
stresses are analyzed at the connection detail, see Fig. 17.
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5.1 Summary of the quasi static analysis
In the previous section the structural response analysis ofthe

full model was carried out by means of a quasi-static approach.
The model was created in ANSYS APDL using prismatic eight-
noded shell elements and a total of 28062 degrees of freedom.
The linear hydrodynamic loads were calculated from a prepro-
cessor analysis carried out with the BEM-software AQWA.

The integration of a power take off feedback force depend-
ing on constant and non-linear damping-frequency relationships
was handled by a MATLAB script. The loads were then trans-
ferred to the FE model by means of gravity force and accelera-

Connection plates 20 mm
Top plate 32 mm

FIGURE 17. STRESS ANALYSIS AT CONNECTION DETAIL
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FIGURE 18. REAL PART OF ANGULAR ACCELERATION
TRANSFER FUNCTION FOR: OPTIMAL DAMPED SYSTEM
(BLACK CURVE) AND CONSTANT DAMPED SYSTEM (RED
CURVE)

tion force due to the inertia, integrated pressure forces and point
forces of the rigid body motion analysis. The equilibrium condi-
tion was enforced by additional supports to prevent a rigid body
motion. The principle behind the stress analysis of the structural
detail assumes that the support boundaries are far enough away
from the stress concentration region.

6 Conclusion
A structural model of a wave energy converter is described

in this paper. The device is currently deployed at the wave en-
ergy test center in Hanstholm, Denmark. The activated body is
a hemisphere which is connected to a steel arm with a length of
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approximately 8.6 m. The objective of the study has been, to
evaluate the stress responses at a predefined structural detail by
taking into account the rigid body dynamics of the arm. The re-
sults from the structural analysis can be summarized as follows:

1. The global behavior of the structural arm is relatively stiff.
The ratio between the dry natural frequency of the structure
and the smallest peak period in the waves is approximately
8. The hydrodynamic and structural analysis can therefore
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be carried out separately.

2. By introducing a superelement the total number of DoF is
reduced by a factor of four, thus the computational time is
also reduced. In this regard, the analysis of 1200 load cases
can be more effective at the same degree of accuracy com-
pared to the full model.

3. The natural frequencies of the reduced model are in very
good agreement with the full model, the maximal error is
around 9%.

4. When the sea is calm and no waves are acting on the float,
the computed stress in the structural detail is only 12 MPa,
approximately 2.7 % of the yield stress.

5. For a unit amplitude and a wave period of approximately
3.5 s the maximal nominal stress response is approximately
35 MPa (absolute values) for the most critical incident wave
angle.

6. The computations have shown that the influence of the con-
trol force on the stress response is significant. Further analy-
sis on the effect of the accumulated damage in the structural
detail should be carried out in order to quantify this effect.
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ABSTRACT

Point absorber wave energy converters (WEC) are subjected
to random wave loads. In addition, the power production of a
WEC and the motions are considerably influenced by the applied
control mechanism. For small waves, with a wave period close
to the natural period of the oscillating system, the power out-
put may be controlled passively by means of a constant damping
coefficient. The energy is extracted proportionally to the square
of the body′s velocity. If the wave period is away from the nat-
ural period, reactive power may be applied in order to enlarge
the resonance bandwidth. Recent studies on a point absorber
have shown that the stresses at a particular section of the struc-
ture depend on the control parameters. The power is increased
by choosing a more advanced control mechanism. The conse-
quences are that the stress amplitudes are higher than for the
more conservative control case. In this study, the focus is given
on the fatigue damage calculation of a structural detail by taking
into account the control parameters of the power take-off system.
The predicted fatigue damage is calculated based on the spectral
approach. Finally the question will be answered which control
strategy is more favorable regarding the trade off between the fa-
tigue damage and power production of the wave energy device.

1 Introduction

Quite a considerable amount of prototype wave energy
converters have been deployed in the last years, close to the
northern and southern European Atlantic coast line [1], [2]
and [3]. In this paper the focus is drawn on a bottom fixed
point absorber device (Wavestar) installed in a shallow water
environment. For such devices the application of advanced con-
trol strategies is crucial regarding optimal power performance.
Many theoretical studies have been carried out for this purpose
with the aim to report the absolute maximum power production
under a given random wave process [4]. So far, only minimum
research has been conducted on the fatigue life estimation of
wave energy converters in general and in particular on the
effects of non-linear control force mechanism such as latching
or clutching as well as amplitude constraint control systems. It is
thus one of the main objectives in this paper to carry out a fatigue
analysis by taking into account different control strategies for
a wave energy point absorber. For the present work the fatigue
damage model is based on nominal stresses rather than on the
more common hot-spot stress approach. The calculated fatigue
damage therefore merely indicates the effects of the control
force on the structural loads. A comparison between the annual
energy output and the accumulated fatigue damage is presented
in the paper.
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2 Principle control of the Wavestar point absorber
The following control moment is assumed:

Mc(ω) = mcφ̈(ω)+ ccφ̇ (ω)+ kcφ(ω) (1)

fc(ω) =
Mc(ω)

x
(2)

wheremc, cc andkc are the control parameters proportional
to the acceleration̈φ , velocity φ̇ and angular displacementφ .
The force components proportional to the displacement and the
velocity are referred to as proportional and derivative control.
mc andkc may attain positive as well as negative values,cc is
always positive in the present application. The control moment
is transformed into a translational forcefc(ω) by dividing the
moment with the lever armx.

From a structural dynamic point of view it is obvious
that the maximum power transfer will occur when the system
oscillates in resonance with the incoming waves. For this
situation the hydrostatic stiffness force is canceled out by the
inertia terms in the equation of motion. The resulting forces
consist of the wave excitation and the damping force caused by
the hydrodynamic effect and the control force. In the present
case only thecc is varied whereas the other control parameters
mc, kc are kept zero.

The power function is expressed as a function of the control
coefficientcc:

P̄(cc) = φ̇(ω)Mc(ω) = φ̇(ω)
2cc (3)

Equation (3) expresses the theoretical power without the
consideration of generator or transmission losses. For very
small cc ≃ 0 values the absorbed power is insignificant. On
the other hand ifcc ≃ ∞ is large the relative motion of the
absorber is locked and no energy is absorbed. Figure 1 shows
the evaluation of Eqn. (3) for two particular control cases.
Strategy 1 (variable) reflects the case where the power function
is optimized for each wave state in the scatter diagram, indicated
by the black dotted curve of Fig. 1. Thus, for each wave
frequency the optimal damping coefficientcc,opt is used in the
calculation of the motion and the control force. ForStrategy 2
(constant) a constant control coefficientcc,cst is applied for all
the wave periods denoted as the red curve.

For the structural analysis however it is important to include
also the inertial forces which are intrinsically acting on the struc-
ture depending on the motions of the arm. We assume that the
wave forces have nearly the same magnitude for both control sit-
uations. The numerical values representing the graph in Fig. 1
are given in Table 2 for a specific sea state.

TABLE 1 . Control parametercc, control momentMc, power produc-
tion P̄ and acceleration̈φ for a specific wave stateHm0 = 1.0 m and
Tp = 5.0 s, numerical values.

Control case: cc Mc P̄ max{φ̈(ω)}

[Nms/rad] [kNm] [W] [rad/s2]

Strategy 1: 0.58e7 371 1.148e4 0.090

Strategy 2: 2.00e7 496 6.625e3 0.032

∆ = 1− Str.2
Str.1 −245% −34% 42% 73%

From Table 1 it can be seen that the control moment
for Strategy 1 (variable) is 34% less than forStrategy 2
(constant) whereas the power production is 42% higher. On
the other hand the angular acceleration is increased by 73% for
the case where the control parameter is optimized to the sea state.

In the next chapter the accumulated fatigue damage is calcu-
lated for the operational sea states in the scatter diagram and for
five different incident wave angles. The model uses the nominal
stresses and computes the fatigue damage based on the spectral
approach.

3 Site specific wave data
The fatigue assessment is based on a site specific scatter

diagram. The available data was measured by a buoy, located
approximately 2 km in front of the harbour in Hanstholm. The
data was collected over a period from 1998 until 2005 and
consist of: significant wave heights Hs, zero up-crossing periods
Tz, spectral peak periods Tp and the probability of occurrence
of each wave state during the specific time of observation.

The wave conditions at the Hanstholm test site can be found
in the DanWec report, [5]. The scatter diagram in Table 2 is
used for the calculation of the long term distribution of loads.
Note that there is a cut off wave height at 3.5 m for which the
wave energy converter enters into a storm protection mode. The
float arm will then simply be lifted out from the water by the
same hydraulic system which is used to extract the power from
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FIGURE 1. POWER PRODUCTION FOR A PARTICULAR WAVE
STATE:Hm0 = 1m, Tz= 5.0s IN FUNCTION OF THE DAMPING CO-
EFFICIENT AND CONTROL FORCE AMPLITUDE.

the waves. In this protection mode, there are no wave loads
acting on the WEC and the responses in the arm are significantly
reduced. The scatter diagram is therefore not normalized to
unity. The total probability of occurrence for all considered
wave states is 96%.

In order to measure the directionality of the incoming waves
the data of two additional buoys was used. The prevailing wave
direction is from northwest (NW) and west (W). The wave di-
rection defined here refers to the direction from which the waves
originate. The orientation of the WEC and the probability ofoc-
currence for the incident wave directions is shown in Fig. 2.The
point absorber is oriented in the west to east direction.

The impact of different wave directions on the fatigue dam-
age in the structural detail is taken into account by the response
amplitude operators. Long-crested waves are considered which
result in conservative fatigue damage ratios compared to those
calculated in short-crested seas.

4 Structural response model
The structural detail which is considered in this study is the

connection of the hydraulic cylinder with the oscillating arm
shown in Fig. 3. The cylinder can deliver a maximum load of:

fc =







+420kN

−420kN

(45◦, 0.489)

(0◦, 0.130)

(−45◦, 0.004)

(−90◦, 0.005)

(−135◦, 0.010)

(180◦, 0.026)

(135◦, 0.070)

(90◦, 0.267)

FIGURE 2. INCIDENT WAVE DIRECTION WITH PROBABILITY
OF OCCURRENCE.

during its operation, [6].

FIGURE 3. STRUCTURAL DETAIL, SUBJECTED TO HIGH
CYCLIC LOADINGS AT THE CONNECTION OF THE HY-
DRAULIC CYLINDER TO THE HOLLOW STEEL ARM.

The procedure to asses the fatigue life of an existing
structure is normally based on full scale stress measurements at
the structural detail. Appropriate data acquisition systems have
to be used in order to measure the correct stresses which are
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TABLE 2 . Probability of occurence for wave states at Hanstholm Testsite[%], [5]

Hm0 Tz [s]

[m] 1.125 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

0.125 0.019 0.045 0.451 0.806 0.901 0.482 0.164 0.043 0.028 0.022 0.002 0.011

0.50 0.024 0.292 2.104 6.126 6.774 4.832 3.156 1.715 0.810 0.294 0.158 0.145

1.0 0 0.019 0.242 1.609 6.830 8.150 6.206 4.292 1.652 0.559 0.1750.041

1.50 0 0 0.013 0.095 0.989 5.238 6.078 3.504 1.564 0.492 0.307 0.058

2.0 0 0 0 0.026 0.050 0.307 3.646 4.201 1.808 0.460 0.175 0.071

2.5 0 0 0 0 0.004 0.030 0.132 2.132 2.199 0.592 0.119 0.045

3.0 0 0 0 0 0 0.026 0.024 0.076 1.024 1.266 0.227 0.069

3.5 0 0 0 0 0 0.004 0.019 0.030 0.022 0.430 0.449 0.097

Detail

FIGURE 4. STRUCTURAL DETAIL AT THE CONNECTION
JOINT OF THE CYLINDER AND THE ARM STRUCTURE.

causing the failure in the detail. Based on the stress time series,
a rain-flow counting method is used to estimate the cycles and
the stress ranges. The fatigue damage is then estimated by using
an appropriate SN-curve and by applying the Palmgren-Miner
summation rule.

In cases where measured stresses are not available it is
beneficial to use a numerical model in order to generate the
stress response. In this paper the structural model which isused
to carry out the fatigue analysis is described in [7]. A frequency-
domain approach is used to obtain the stress responses. Complex
stress response functions are generated at the location where the
fatigue crack is likely to occur, see Fig. 4. The first principle
stress component of each connected plate is used to calculate
the average nominal stress at the detail. The fact that only the
nominal stresses are considered overestimates the expected
design life and introduces some uncertainties in the fatigue

damage calculation. The main disadvantage of this approach
is that there is no corresponding SN curve for the connection
shown in Fig. 4. For this calculation it is not the purpose to use
an advanced submodel to extract the hot spot stresses. The aim
is more to indicate, on a qualitative level, how different control
loads can have an effect on the structural loads expressed bya
simplified fatigue model.

In a next study the hot spot stress approach will be used and
stress concentration factors will be calculated based on a more
refined model of the connection joint.

The stress response analysis is carried out for five different
incident wave angels, sixty wave frequencies per wave heading
and two different control parameters resulting in a total amount
of 600 load cases.

A standardized S-N curve is used to estimate the number of
admissible stress cycles for the given stress amplitude. DNV-
RP-C203, [8] gives S-N curves for different joint categories in
air and in sea-water environment. For the present detail a single
slope S-N curve in air environment for the ”F”-detail is used
with the following characteristicsm=3.0 and log(a)=10.970.
The ”F”-detail is applied for a weld which is parallel to the
direction of the applied stress. In such a case the crack is
normally initiated at the end of the weld.

The amplitudes of the stress responses in function of the
wave frequency and wave heading angle are shown in Fig. 5. The
black curves show the stress responses for the controlStrategy
1 (variable) whereas the red curves give the result forStrategy
2 (constant).
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4.1 Fatigue estimation of a narrow band process
The frequency domain approach is chosen to carry out the

fatigue analysis at the structural detail. This method is particu-
larly interesting if the load process and the response can bemod-
eled as a stationary random Gaussian process. If the stress re-
sponse can be further assumed to be narrow banded we are able
to estimate the fatigue damage based on a closed form equation.
The short term fatigue damage in a specific sea state is written as
follows:

DNB =
ν+

0 T

K
(2
√

2σX)
mΓ(

m
2
+1) (4)

Where m and K are material parameters (m=3.0,
K=9.3325e10 = 10log(a)), characterizing the single slope S-N
curve. The mean zero upcrossing rate is defined asν+

0 , T is
the time spent on the given sea state,σX is the standard deviation
of the Gaussian process which can be estimated from the stress
variance spectrumSσ andΓ() denotes the Gamma function. The
mean zero upcrossing rate can be estimated by the Rice formula
and is given as:

ν+
0 (0) =

1
2π

σẊ

σX
=

1
2π

√

m2

m0
(5)

wheremi is the ith spectral moment of the given process.
In Eqn. 4 the stress range distribution of the random process

is assumed to follow a Rayleigh distribution. This assumption
is connected with the bandwidth properties of the given stress
signal. For a narrow band process the following characteristics
are encountered i) only positive stress maxima in the stress
response and ii) for each up-crossing there is only one single
maxima occurring in the time series of the stress response.

A statistical parameter which is used to describe the spectral
energy spreading over the frequency range is the Vanmarke’s

bandwidth parameter defined asδ =

√

(1−m2
1/m0/m2)

wheremi is the ith spectral moment of the response process.
An ideal narrow band process has a bandwidth parameter of zero.

The stress variance spectrumsSσ are plotted in Fig. 6 for
a wave height ofHm0 = 1.5 m and a peak period ofTz = 4.5
s. The black curves show the stress response for the control
Strategy 1 (variable) and the red curves show the results for
Strategy 2 (constant). The maximum bandwidth parameter for
the black curves isγ = 0.2654 and is almost the same for the
red curves (γ = 0.2516). Again, the process is considered as
narrow banded. The accuracy of the narrow-band assumption
of stationary wide-band Gaussian processes for fatigue and
extreme value analysis has been investigated by [9].
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FIGURE 6. STRESS RESPONSE VARIANCE SPECTRUM FOR
Hm0 = 1.5 m AND Tp = 4.5 s FOR TWO DIFFERENT CONTROL
CASES AND WAVE HEADING ANGLES.

Figure 7 shows the time history of the stresses at the
connection joint for an incident wave height ofHm0 = 1.5 m and
a peak period ofTp = 4.5 s at a time length of 100 s. The stresses
show that on the majority there is only one peak followed by
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a minimum, hence the narrow band assumption is valid for the
present process.

The stresses in Fig. 7 seem to vary quite considerably be-
tween the two control situations. On the other hand, the instan-
taneous power and notably the average power have almost the
same magnitude, compare with Fig. 8.
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FIGURE 7. EXAMPLE OF TIME SERIES FOR THE TWO CON-
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4.2 Accumulated fatigue damage calculation
The long term fatigue damage is calculated by adding up the

short-term damages over all sea states in the scatter diagram. The
closed from expression for the total fatigue damage is givenas:

DNB =
T
K
(2
√

2)mΓ(
m
2
+1)

All sea states

∑
i=1, j=1

ν+
0i, j · pi, j · (σXi, j)

m (6)

wherepi, j is the long-term probability of occurrence for the
sea state, given in Table 2. The zero mean upcrossing rate and
the standard deviation are calculated by the spectral moments of
the variance spectrum which is given as follows:

Sσ (ω |Hs,Tz,θ ) = |Hησ (ω |θ )|2Sη(ω |Hs,Tz) (7)

WhereSσ (ω |Hs,Tz,θ ) is the variance spectrum of the stress
response. The complex stress transfer functionHσ (ω |Hs,Tz,θ )
is calculated by a FE analysis, [7]. A Jonswap wave spectrum
Sη(ω |Hs,Tz) with a peak enhancement factor ofγ = 3.3 is used
for all the wave directions. The response however is calculated
for each wave heading due to the asymmetric characteristic of
the float.

The contour line of the fatigue damage are shown in Fig. 9
and Fig. 10. From these Figures it can be seen that the most
fatigue damage accumulation comes from moderate sea statesat
a peak period of approximatelyTz = 4.5 s and a significant wave
height of aroundHm0 = 1.5 m. The total accumulated damage
for the given design life is calculated by summing up all the con-
tributions from the different sea states.

4.3 Power production versus damage accumulation
In this section the energy production is calculated for all the

wave states in the scatter diagram. Figures 11 and 12 refer to
the contour line plots for the two control cases. A single float is
considered in the analysis. The numerical values show that the
annual energy production can be increased by about 21 % for the
case where the damping coefficient is optimized for each wave
state. This value gives an idea how much the operator can in-
crease the power production by simply varying the load at the
generator. On the other hand by doing so the structural loadswill
increase unproportionately to the absorbed power. The increase
of the structural loads is indicated by the total damageDNB which
is normalized i.e. for the optimal control strategy the total dam-
age is assumed to be equal to 1, see Table 3. The fatigue damage
is reduced by approximately 63 % for the constant control case.
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5 Conclusion
The accumulated damage of a structural detail of a point ab-

sorber was investigated in this paper. The analysis was carried
out for two different PTO load cases. The first one assumes a
variable control load which depends on the peak period of the
waves. The second one assumes a constant control load. The an-
nual energy output is calculated for two control cases and com-
pared with the accumulated fatigue damage. The fatigue model
is merely based on nominal stresses and therefore underestimates
the effective stresses. In order to improve the fatigue model,
stress concentration factors should be calculated based onrefined

TABLE 3 . Annual energy productionAEPand normalized total dam-
ageDNB for the two control cases, assuming a design life of 20 years.

Control case: AEP DNB

[kW] [−]

Strategy 1: 19.1 1.0

Strategy 2: 15.1 0.36

∆ = 1− Str.2
Str.1 21% 63%
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FIGURE 11. CONTOUR LINE PLOT OF THE POWER PRODUC-
TION, STRATEGY 1.

submodels. However in the present case the aim was to show the
effects of different control forces on the structural loads. The
conclusion can be summarized as follows:

- The frequency domain model is well suited to study the
influence of control parameters on the structural response of
the point absorber.

- With the present model the WEC can be optimized not
only for the maximum power production but also regarding
the accumulated fatigue damage.

- Adapting the control load to the peak period in the wave
state will increase the annual power production by about 21
%. On the other hand, by doing so the accumulated fatigue
damage is enhanced of about 63 % compared to the case
where the control parameter is kept constant throughout the
operation time.
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- In order to study the fatigue life of the structural detail the
analysis must be based on hot spot stresses rather than on
nominal stresses. Submodels are necessary to compute the
stress concentration factors. Further investigations on this
topic are envisaged.
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