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e Added mass, radiation damping and exciting force are calculated using a COMSOL model.

e The hydrodynamic parameters are compared to parameters from WAMIT.

e The equations of motion for a WEC are solved to find buoy movement and line force.
e Force and motion are compared to experimental offshore data, showing good agreement.
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When designing a wave power plant, reliable and fast simulation tools are required. Computational
fluid dynamics (CFD) software provides high accuracy but with a very high computational cost, and
in operational, moderate sea states, linear potential flow theories may be sufficient to model the
hydrodynamics. In this paper, a model is built in COMSOL Multiphysics to solve for the hydrodynamic
parameters of a point-absorbing wave energy device. The results are compared with a linear model where
the hydrodynamical parameters are computed using WAMIT, and to experimental results from the Lysekil
research site. The agreement with experimental data is good for both numerical models.
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In the Lysekil project, a point absorbing wave energy converter
(WEC) technology is studied. The project is run by the Division of
Electricity, Uppsala University, Sweden. A linear generator on the
seabed is directly driven by a buoy floating on the water surface.
The project started in 2002, and several prototypes have been
deployed offshore at the Lysekil research site.

In the design process of any wave power concept, it is im-
portant to correctly model both average and peak loads on the
WECs in order to build a WEC that can withstand the harsh en-
vironment offshore, and still keep the cost at an acceptable level.
Extensive analytical work has been done on optimizing energy
absorption by point-absorbing floating bodies restrained by linear
power take-off system (PTO) and for monochrome waves during
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the 1970s [1-5]. If a linear PTO and regular waves with small
amplitude are assumed, the hydrodynamic forces on the floating
body can be decomposed into hydrodynamical parameters, and
the WEC’s behavior can be modeled numerically in the frequency
domain [6,7]. Time-domain modeling based on the hydrodynam-
ical parameters was developed in the 1980s [8]. In the Lysekil
project, hydrodynamic modeling of the buoy movement in re-
sponse to the incident waves has previously been performed using
WAMIT [9,10], a commercial software in which it has been shown
that verification to both large-scale and small-scale experiments
shows acceptable agreement for wave climates that coincide with
the normal working conditions [ 11]. WAMIT is a boundary integral
equation method (BIEM) working in the frequency domain. It uses
linear potential wave theory, which is a good enough approxima-
tion for simulations of small waves and linear loads. In the Lysekil
project, that means wave climates for normal operating conditions,
and a linear load on the generator. However, a grid-connected WEC
might require a control system resulting in non-linear loads in the
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PTO, which would require hydrodynamic simulations in the time-
domain [6].

To build a simulation model suited for the Lysekil research site
in which non-linear effects can be accounted for, it is suggested
to use the finite element method (FEM). In this paper, the com-
mercial software COMSOL Multiphysics, using FEM, is used to com-
pare simulated hydrodynamic parameters calculated in a COMSOL
model with parameters calculated in WAMIT. The hydrodynamic
parameters are used to calculate the buoy response for an incident
wave. The equation of motion for the WEC is solved and the buoy
position is modeled together with the expected force in the buoy
line. The simulated values are compared with experimental data.
The experimental work with the WEC used in this paper have
been described earlier [12,13], while this paper focuses on the
hydrodynamic simulations, to compare the BIEM solver WAMIT
with the FEM solver COMSOL and to validate the models with
experimental results. Linear theory is used in this paper.

The fluid is assumed to be inviscid and incompressible, and the
flow is assumed to be irrotational. Laplace equation is defined and
solved for in the water domain:

Vip =0, (1)

where the velocity potential ¢ is defined as the scalar potential of
the velocity vector v, so that ¥ = V¢. In linear wave theory, the
velocity potential can be described as a sum of the incident, the
radiated, and the diffracted wave, ¢, ¢y, and ¢p:

¢ = ¢ + ¢r + ¢p. (2)

The total pressure field in a fluid is related to the velocity po-
tential by the linearized Bernoulli equation [ 14]. The total pressure
P is given by:

P(X,y,z. r): p(X.y,Z, t)+p5(z)

AP(x.y,z.t) (3)
=p o gz
where p is the dynamic pressure and ps describes the hydrostatic
pressure and p is the density. If the pressure field is known, the
force F on a submerged body can be derived from the velocity
potential by integrating over the pressure on the wetted surface:

F:f[P-ﬁdS. (4)

WAMIT is a radiation/diffraction 3D panel program for linear
analysis of the interaction between surface gravity waves and off-
shore structures. The linearized boundary value problem is solved
using Green'’s theorem by integrating the diffraction and radiation
velocity potentials in closed surfaces. Excitation force, radiation
damping and added mass are extracted from WAMIT for a rigid
cylindrical buoy restricted to move in heave only. The buoy radius
is 1.5 m and the draft is 0.4 m; the dimensions of the simulated
buoy are identical to the buoy used in the experiments that are
used for validation in this paper. The hydrodynamical parameters
output from WAMIT is used as input in a linear MATLAB model
described in Ref. [9] to compute the motion and line force of a WEC.

COMSOL Multiphysics is a commercial simulation software,
capable of performing both stationary and time dependent multi-
coupled physics problems. In this paper, COMSOL Multiphysics
has been used to compute the hydrodynamical parameters, which
have then been used as input in the same MATLAB model to com-
pute the motion and line forces as for the WAMIT case. In COMSOL
Multiphysics, a 3D model has been built, where the simulation
domain consists of a cylindrical water domain where the Laplace
equation is solved. The water domain has a radius R4 and a depth
of 25 m. The buoy displacement has a radius of 1.5 m and a draft of
0.4 m. The model is solved for the frequency range from w = 0.1

)

rad/s to w = 6 rad/s, in steps of 0.1 rad/s. Rq is dependent on the
frequency of the incoming wave, and is rebuilt for each e. The mesh
is also adapted to w and is described below. In this paper, the time
dependence in the velocity potential has been extracted [15], and
stationary simulations have been performed:

¢ = Re(¢r + dp + prle . (5)

A deep water approximation has been made for the dispersion
relation, w®> = gk, where k is the wave number and g is the
gravitational acceleration. On the water surface boundary, marked
in Fig. 1(b), a free surface boundary condition is defined as:
@ — k¢ =0. (6)
0z

A radiating boundary condition is used to implement an in-
cident wave in the model [16]. It is assumed that at an infinite
distance r from the buoy, the diffracted and the radiated scalar
velocity potential satisfies the condition:

. d(¢gr + ) 1
lim ir] 2r T 90) [ik — = (¢r + ¢p)] | = 0. (7)
r—oo ar 2r
Equation (2) is substituted into Eq. (7) and is used as a boundary
condition on the vertical surface far away from the buoy, the
boundary marked in Fig. 1(c):

o= (2] rva (e o] o

To evaluate the excitation force on a semi-submerged buoy,
the scattered wave potential is evaluated by solving a diffracted
boundary value problem. The buoy is held still in the water domain,
and a known incident wave is implemented through the boundary
condition described by Eq. (8). It should be noted that ¢g = 0 since
the buoy is fixed in the water domain. The velocity potential of the
incident wave is set to:

¢[ _ ‘ﬂligekzefi.l'(xl (9)
w

where A is the amplitude of the incoming wave. In the model,
the amplitude is set to 1 m. When COMSOL has solved for ¢,
the excitation force on the submerged buoy is derived from the
velocity potential by integrating over the pressure on the bottom
surface of the buoy, S:

Fo(®) =Re(—ipw/f¢-ﬁd5). (10)

The excitation force has been calculated for heave.

The radiation force is calculated when the incident wave is
set to zero, while the velocity potential from buoy movement is
evaluated. To simulate buoy movement, a flow corresponding to
a buoy velocity was set as a boundary condition on the bottom
surface of the buoy:

Vo = 1. (11)

The frequency dependent radiation force Fg is then:
Fr(w) = pw2] ¢r - 1dS = w’m, + iwB(w). (12)

where m;, is the added mass coefficient and B(w) is the radiation
damping coefficient. To find the radiation force in the time domain
the convolution between the impulse response function and the
velocity of the body can be performed.

The required resolution of the mesh is dependent on the simu-
lated buoy size and the wavelength of the incident wave. A finer
mesh is needed for the higher frequencies. A larger simulation
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Fig. 1. (a) The simulation domain is split in three domains in order to build an
adapted mesh. (b) In the vicinity of the buoy, the mesh is fine throughout the full
depth. In the outer domain the mesh is coarser for larger depths. (c¢) A middle
domain is used to connect the inner and the outer domain with a tetrahedral mesh.

domain is needed for the lower frequencies with longer wave-
lengths, since the radiating boundary condition of Eq. (8) must be
placed at a large enough distance from the buoy to be valid. In
Ref. [17], a fixed simulation domain with a fixed mesh was used.
A compromise was needed between domain size and mesh refine-
ment in order to make the model solvable, and irregularities that
is likely aliasing errors can be seen in the solution for the higher
frequencies. In this paper, both the simulation domain and the
mesh resolution are dependent of the frequency, and are rebuilt for
each frequency step. The water domain radius R4 is set to be equal
to 6 wavelengths, implying that for low frequencies, Ry is large and
the mesh resolution is coarser, while for higher frequencies, Rq is
smaller and the mesh is finer. The simulation domain is split into
three domains in order to build the adapted mesh. In Fig. 1(a), the
three meshing domains for w = 2.1 rad/s can be seen, where only
the inner and the outer domain is meshed in this figure. The middle
domain, meshed in Fig. 1(c), is used to connect the mesh in the
inner and outer domain with a tetrahedral mesh, and is required
to avoid meshing problems. The outer domain is first meshed with
a triangular mesh on the free surface boundary. The maximum
element size is set to one tenth of a wavelength, and the minimum
element size is set to one twelfth of a wavelength. The mesh is
then swept down to create a 3D mesh. The distribution of elements
in the depth is not uniform; the element size is smaller closer
to the surface since the velocity potential is decreasing with the
depth.

For the inner domain, a fine mesh is used for the whole depth.
The maximum element size is set to one tenth of a wavelength, and
the minimum element size is set to one twelfth of a wavelength.

The surface of the middle domain is meshed with a triangular
mesh with a maximum element size of one tenth of a wavelength.
A tetrahedral mesh is used to connect the inner and the outer
domain.

One of the full scale WECs deployed at the Lysekil research site,
Sweden, is described. The experimental data from the WEC was
recorded during 30 min in March 2007.

The WEC studied in the simulations in this paper is shown in
Fig. 2. It is described by the equations of motions in Eqs. (13) and

| £

endstop

Fear Fs

Fig. 2. Experimental setup. (a) Forces acting on the WEC. (b) The WEC before
deployment.

(14), for the buoy and the translator respectively.
(m3° + mp)ku(t) = fe % n(t) — K(£) % Xp(t) + Fn

(13)
+ Fline — Mg,

mi(t) = Fiine — Fem — Fs + Fendstop — Mg, (14)

where x,(t ) denotes the vertical buoy position and x,(t ) the transla-
tor position. m3°, my and my are the infinite added mass coefficient,
the mass of the buoy and the mass of the translator. f, is the
radiation impulse response function for the excitation force, and
n is the surface elevation, so that the excitation force is Fo = fo *
n(t). K(t) * xp(t) is the convolution between the radiation impulse
response function and the velocity of the buoy, which gives the
radiation force. F;, is the hydrostatic stiffness and F, is the force
in the buoy line. Fey, is the electromagnetic force in the generator
that transforms wave energy to electric energy. Fs is the retraction
spring force in the early prototype design, which are exchanged
to gravity in later prototype designs. Fengsiop 1 Only active when
the translator hits the endstop, which is when the wave amplitude
exceeds the free piston length.

The WEC used in this experiment had a retraction spring with a
spring coefficient ks = 6.2 KN/m and a pretension of kgic = 10 kKN
so that:

Fs = _ksxt + kstatic- (15)

Fem is proportional to the translator velocity, and is described
as:

Fem = —Vi(t- (16)

where y is the damping coefficient which is dependent of the
power that is delivered to the grid by the generator, and is possible
to adjust with power electronics during operation. The damping
coefficient is not defined if the velocity is zero.

This paper is analyzing data that was recorded during 30 min
in March 2007, at the Lysekil research site. The sea state was
recorded with a WaveriderTM wave measuring buoy placed 50
m from the WEC, which samples the wave elevation at 2.56 Hz.
The significant wave height was 0.7 m during the time period, the
time period was chosen so that the translator would not hit the
endstop. The WEC was equipped with a cylindrical buoy with a
radius of 1.5 m and a draft of 0.4 m in calm water. The buoy mass
was 1000 kg and the translator mass was 1200 ke. In the buoy line,
a force transducer (from HBM, U2B 200 kN) was placed and the
line force, Fj,e was measured. An accelerometer (Analog Device
ADXL202) was placed inside the buoy to measure relative position.
The geometric data and the rating of this WEC have previously been
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Fig. 3. The real partof ¢, frequency of incident wave is e» = 2.5 rad/s for this solution.
The simulated water surface displacement is shown as a surface deformation.
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Fig. 4. Added mass in the frequency domain.

described in Ref. [18]. In this experiment a resistive load of 2.2 Q
was used. The damping coefficient for the WEC in this experiment
was found experimentally by measuring the buoy velocity and
position together with the line force and solving an average y
from Eq. (14). The translator was assumed to move with the buoy,
and the measurement points where the velocity was zero were
excluded from the calculation and the mean damping coefficient
was found to be y &~ 27 kN - s/m.

Hydrodynamical parameters were calculated in both COMSOL
and WAMIT and compared. The equations of motion were solved
to find the expected buoy movement and line force for a recorded
sea state, which were compared to experimental results.

Figure 3 shows the solution to the diffraction problem when the
COMSOL model is solved. The real part of the fluid potential ¢ is
shown on the xz-plane where z = 0.

The excitation force, the added mass and the radiation damping
simulated in COMSOL were compared to the same parameters
simulated in WAMIT. In Fig. 4, the added mass from the COMSOL
model is compared to the added mass from WAMIT. WAMIT was
run both with an infinite depth and with a depth of 25 m, which is
the same depth that was used in the COMSOL model and the depth
at the Lysekil research site. The added mass simulated in COM-
SOL is slightly lower than the added mass simulated in WAMIT,
but the frequency dependence is comparable. For low frequencies
the COMSOL model shows an irregular behavior compared to the
WAMIT model, and it is closer to the WAMIT solution for finite
depth.

The radiation resistance is shown in Fig. 5. The behavior is com-
parable, but the FEM-values overestimate the radiation resistance
slightly for frequencies w > 2 rad/s.

In Fig. 6, the absolute value of the excitation force is shown. The
irregular behavior of the COMSOL simulation for high frequencies
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Fig. 5. Radiation resistance in the frequency domain.
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Fig. 6. Absolute value of excitation force.

that were seen in Ref. [17] is not present in this solution. The FEM
simulation is comparable to the BIEM-simulation for frequencies
higher than @ ~ 1 rad/s. In Ref. [17], it was seen that the low
frequency irregularities were reduced by using a larger simulation
domain, and in this paper it can be seen that the irregularities were
further reduced with the significantly larger simulation domain
that was possible in this paper by combining the adapted domain
size with the adapted mesh. The irregularities still present are
assumed to derive from that the deep water approximation is not
valid for the low frequencies. The authors have also used a deeper
simulation domain, which resulted in further reduction of the
irregularities, which supports this assumption. However, since the
depth at the Lysekil research site is 25 m, this paper only presents
FEM-simulation data using this depth. WAMIT was run assuming
both an infinite depth and a depth of 25 m, but since the result was
overlapping only the infinite depth result is shown in Fig. 6.

The buoy position and the force in the buoy line for the WEC
have been measured, and a time series of 30 min recorded in March
2007 has been analyzed. By solving the equations of motion in
the frequency domain, using the hydrodynamic parameters from
the simulations, a response amplitude operator (RAO), was found.
The convolution between the RAO and the recorded free surface
gave the position of the buoy in response to wave motion. The
method is described in Ref. [9]. In Fig. 7, the modeled vertical
buoy position is shown. The water surface elevation recorded with
the wave measuring buoy is used as input data. The simulations
from WAMIT and COMSOL have the same shape, but the COMSOL
signal is delayed in relation to the WAMIT signal. This can be
derived from the fact that despite the excitation forces computed
with WAMIT and COMSOL have almost identical absolute values
of the excitation force, there is a phase difference between the
two. The measured buoy position of the WEC for the same time
period is also shown in Fig. 7. It should be noted that the measured
and the simulated results are not expected to overlap since the
wave measuring buoy and the WEC is placed 50 m apart. The
simulated and the measured average buoy velocity over 30 min
were calculated to allow for comparison between simulated and
measured results, this is shown in Table 1. The measured water
surface had an average vertical velocity of 0.43 m/s during those
30 min.
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Table 1
Velocity and force results, average over 30 min.
Vertical velocity Line force
COMSOL 0.26 m/s 22 kN
WAMIT 0.26 m/s 22 kN
Experimental 0.25 m/s 20 kN

The measured line force on the WEC is shown in Fig. 8. The
simulated buoy position from Fig. 7 was used in Eq. (13) to calculate
the line force that the WEC would experience. To calculate the line
force, it was assumed that the translator moved synchronized with
the buoy. To be able to compare the measured and the simulated
values, the mean values were taken over 30 min of measuring and
are shown in Table 1. Even though the simulated and experimental
results cannot be directly compared in phase, it can be seen that the
amplitude and the frequency of the line force are comparable for
the simulated and experimental results.

Overall, the simulated average buoy velocity and line force
show good agreement with the experimental values. The wave
climate at the Lysekil research site has been measured in Ref. [19],
showing that the majority of the frequencies occurring at the test
site will be between @ = 0.6 and 3.5 rad/s. This means that
it is likely that the irregularities in the excitation force and the
added mass for low frequencies will not affect the simulated buoy
response to real waves at this site significantly. When simulat-
ing forces for mechanical design it is the average and expected
maximum forces for a wave climate that is interesting rather than
precise buoy response to a single wave. Both models can be used
for that.

The excitation force, the added mass and the radiation
damping for a buoy have been simulated using two different
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computational approaches, and the results have been compared.
The hydrodynamical parameters computed with the COMSOL
model show good agreement with the ones computed using
WAMIIT. The hydromechanical parameters have been used to sim-
ulate buoy movement and velocity for a WEC at the Lysekil re-
search site. Using the simulated buoy movement, the line force
was calculated. The modeled buoy velocity and the calculated line
force have been compared to experimental values from the Lysekil
research site and show good agreement when the hydromechan-
ical parameters from both the COMSOL model and from WAMIT
were used. It is concluded that during normal operating conditions,
where the translator does not hit the endstops, linear theory can be
used to find both buoy movement and the force in the connection
line to a reasonable accuracy using hydromechanical parameters
from either the COMSOL model or WAMIT.
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