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Abstract—The deployment of multiple Wave Energy Convert-
ers in wave farms is the necessary step for wave energy to become
competitive with respect to the other renewable energy sources.
The numerical simulation of such arrays is complex because
of the interaction among the devices, especially for converters
characterized by multiple degrees of freedom. In this paper, the
influence of two PeWECs (Pendulum Wave Energy Converters)
is analyzed, at different positions with respect to the incoming
waves. The perturbed wave field and the productivity of the array
is investigated in comparison to the single device case in several
configurations.

Index Terms—Wave Energy Converters, Array, Hydrodynam-
ics, Annual Energy Production, Wave Scatters.

I. INTRODUCTION

Renewable energy plays a key role in the current climate
crisis and geopolitical scenario [1]. Among the different re-
newable energies, wave energy has a high energy density and
predictability [2], but is far behind in its development with
respect to the other sources like photovoltaic and wind and
accurate design tools are required to have a proper estimate
of the WECs productivity given the site of deployment [3].
Different types of Wave Energy Converters (WECs), such as
point absorber [4] or ISWEC devices [5], are being studied and
analyzed and for the reduction in the cost of energy and power
production at commercial scale, WECs need to be deployed
in arrays. Wave farms of floating devices have not reached
the sea yet, and their numerical simulations are rare, mainly
applied to point absorbers. In addition to the large size of the
simulations, the description of the hydrodynamics involved in
the arrays in nontrivial. Indeed, the WECs interact and have
a significant impact on the surrounding area, and thus, their
layout should be carefully analyzed. In this paper, the influence
of two PeWECs (Pendulum Wave Energy Converters) on their
power production is assessed and the perturbed wave field
observed. PeWEC is a rotating mass device, characterized
by a floating hull containing a pendulum, which, because of
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its relative rotation with respect to the shaft of an electrical
generator, is responsible for the power production. The device
is 14.8 m long, 22.5 m wide and 7.4 m high, it is moored to the
seabed using a spreading catenary [6], that allows it to align the
pitch degree of freedom with the waves. A graphical scheme
of PeWEC can be found in Figure 1 and a more detailed
description of the mooring system in [7] and [6].

q
o}
Fig. 1. Scheme of PeWEC device.

For the numerical simulations, the potential theory software
NEMOH [8] is chosen as the best trade-off between accu-
racy and computational cost. Developed at Ecole Centrale
de Nantes, NEMOH is an open source Boundary Element
Methods (BEM) code used for the calculation of the hydrody-
namic coefficients and the free surface elevation. It is also
used for the computation of the diffraction transfer matrix
and radiation characteristics [9], which are extremely useful
for the assessment of the behavior of a wave farm, and its
optimization. In this work, we want to characterize the mutual
influence of two devices as a function of their spatial position.
This is critical for understanding which is the best trade-off for
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placing WECs. By reducing the distance between them, you
can save on the costs of the mooring system, electrical cables
and maintenance, but it is necessary to understand how this
distance affects their productivity. To achieve this goal, this
article carries out a preliminary study on the hydrodynamic
interaction of the devices and the productivity for different
reciprocal positions is calculated. The paper is organized as
follows. In Section II, the theory implemented in NEMOH
is recalled. The numerical simulations of a single body and
an array of two devices are presented in Section III, and the
analysis of the productivity in the two cases is carried out in
Section IV. Conclusions are then drawn in Section V.

II. THEORY

Potential flow theory is based on the assumptions that the
fluid is inviscid and incompressible, the flow is irrotational and
thus there exists a velocity potential ®(x,t) = Re[p(x) e“?],
which satisfies Laplace’s equation V2¢ = 0 everywhere in
the domain, with w the angular wave frequency, and (x,t)
the spatial and temporal variables, respectively. To further
simplify the problem, linearizing assumptions can be done
such as small amplitude motions of the body and small wave
amplitude.

Fig. 2. Outline of the fluid domain for the potential flow theory.

In Fig. 2, the fluid domain for the potential flow theory is
outlined, with the reference system.

1) The free surface elevation: The velocity potential can be
decomposed in three elements: the incident potential ¢!, the
diffraction potential ¢” and the radiation potential ¢%, and
their sum gives the perturbed potential ¢, as in (1).

Npor

oF = ¢! +oP +iw Y (0. (1)
qg=1

In particular, the radiated potential is due to the motions for
the Npor degrees of freedom of the body. (, is the Response
Amplitude Operator (RAO) of the ¢-th degree of freedom,
obtained from the equation of motion [10]:

[~w?(M + A(w)) +iwB(w) + Cl¢(w) = F(w).  (2)

In (2), M is the body mass matrix, A is the added mass ma-
trix, B the added damping matrix, C the matrix of hydrostatic
and gravitational restoring coefficients, and F represents the
external excitation forces.

The incident potential of a wave of unitary amplitude,
travelling in the direction (3, is defined as:

o =il fyethateeos drusing), 3)

where kg is the angular wave number ky = 2{, with \ as the
wavelength, and

fo = cosh ko(h + 2)
0= cosh koh

The form of the diffraction and radiation potentials is
derived from the far-field approximation:

@ e*ik‘of’, 4)
Vkor
where 7 is the radius of the fictitious circular-cylinder around
the body and /() is the Kochin function, which depends on
the direction 6, and is defined as in [11], and is one of the
outputs of the NEMOH solver.

Finally, the free surface elevation is derived from the
expression:

o ot ~id fy
w

= —i2¢|.0. )
g

2) The Boundary Value Problem: The boundary conditions
to the Laplace’s equation are the following:

2
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3) Power Production: The estimation of the productivity
of the device combines the WEC’s power matrix and the
wave scatter diagram for a given site, which give significant
wave amplitudes H, and energetic periods T, as well as the
distribution of the sea states occurrence O.

The Gross Power is calculated for each wave in the scatter
diagram as [11]:

1
Paross = §W2CHS|Cp|2v (N

where c is the pendulum damping, a control parameter which
varies for each wave, and |Cp| is the pendulum RAO, intended
as the rotation of the pendulum over the wave height.

Once the Gross Power is computed for each wave, the total
Net Power is calculated by subtracting to the Gross Power the
Loss of the Power Take-Off system (PTO) and the Base Load
Losses due to electric components, the last ones being fixed
constant losses. In order to estimate the total energy production
of a device over a year, the Net Power related to each wave is
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interpolated over the wave scatter diagram and computed over
the time period, defined as AT = 365days x 24 hours/day.
In this way, the Total Net Productivity over a year can be
obtained [12]:

Nuwaves

Pyet= Y Pnet,OnAT. ®)

n=1

4) Application to a Wave Farm: When compared to other

numerical methods like CFD (Computational Fluid Dynam-
ics), BEM solvers are less accurate but considerably faster. The
computational efficiency of the BEM solver NEMOH makes
it suitable for the simulation of multiple bodies, in particular
for optimization routines and preliminary array studies [4]. In
the case of an array of N bodies, the matrices in (2) will
increase in dimensions, and the radiation potential will have
to consider N X Npop degrees of freedom.
In this paper, simulations for two devices give preliminary
results on their impact on the productivity and the perturbed
wave field. Adding more devices would increase drastically
the computational cost, also because of the complexity of the
WEC considered. For this reason, the methodology proposed
in [9] for the calculation of the hydrodynamics operators
known as Diffraction Transfer Matrix (DTM) and Radiation
Characteristics (RC) will be implemented in order to accelerate
the simulations. Consequently, an optimization study on the
farm layout will be computationally acceptable.

III. NUMERICAL SIMULATIONS

Since the hydrodynamic interaction among hulls affects the
farm productivity, the numerical simulations chosen in this
study aim at characterizing the productivity of two hulls placed
at a defined distance, multiple of the device length along X
direction, and for different relative orientations. Therefore, the
following simulations are performed:

o Single body simulation. Number of simulations:1.

o Two-bodies simulations, placed at a distance equal to 3L,
and orientations: 0° (case A), 45° (case B), 90° (case
C) with respect to the X direction, as shown in Fig. 3.
Number of simulations:3.

o Two-bodies simulations, placed at a distance equal to 6L,
and orientations: 0° (case A), 45° (case B), 90° (case
C)with respect to the X direction, as shown in Fig. 3.
Number of simulations:3.

]

Body 2C

Body 2B
6L
« L >,

Body 1 Body 2A

Incident
wave
_—

Fig. 3. Layout of the two-bodies array, in the three configurations considered
in the study.

A. Single Body Simulations

Through the open-source software Nemoh [8] it is possible
to calculate the RAOs referred to the CoG of the hull and
characterize the free surface elevation. The considered device
is optimized through a genetic algorithm according to the
procedure highlighted in [13]. Due to its design, the device
radiates and diffracts waves mainly due to its pitching motion.
In Figure 4 and Figure 5 are reported respectively a represen-
tation of the mesh used for the calculation (of both single
body and multi body calculation) and the results regarding the
total Free Surface Elevation (FSE) of the single body. The
mesh was selected downstream of a convergence study by
choosing the best compromise that provides good results with
minimum computational time. As a term of comparison, the
“Normalised Root Mean Square Error Goodness of Fit (GoF)”
is calculated between the values of Added Mass, Damping,
LoadRAO and RAOs for the pitching motion related to the
benchmark mesh with 3294 panels. The mesh is generated
generated as a function of the ratio r = Ayqvemin/Lpanei-
The selected mesh has 1007 panels and ensures a GoF min
above 90% with respect to the benchmark and a computational
time of 80 min considering: 41 frequencies, one wave direction
B = 0, Kochin functions calculation from 0° to 360° each 1°,
FSE calculation for a grid with 2002200 points, a GMRES
(Generalized Minimal Residual Method) solver type with
tolerance Se-7. Deactivating the calculation of the free surface
and Kochin functions instead it employs 6.15 minutes.

...........

Fig. 4. Visualization of the Mesh used for BEM computation
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Fig. 5. Free Surface Elevation for single body simulation at frequency w =
0.9593rad/s

B. Two-Bodies Simulations

When considering multiple bodies within the BEM calcula-
tion, the size of hydrodynamic matrices become 6-nDOFx6-
nDOF where the non-diagonal terms model the interaction
between the bodies. By solving the equation of motion (2) in
the frequency domain, it is possible to obtain the RAOs of
the devices. The pitch RAOs obtained for the aforementioned
configurations are shown below in Figure 6, Figure 7 and
Figure 8.

RAO comparison

T T T

—Bodyl CaseA3L
8ot —Body?2 CaseA3L
RAO Single Body

RAO (deg/

RAO (deg/m)

- i 1
2

8
Period(s)

Fig. 6. Hydrodynamic Pitch RAO Case A
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Fig. 7. Hydrodynamic Pitch RAO Case B
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Fig. 8. Hydrodynamic Pitch RAO Case C

IV. PRODUCTIVITY ANALYSIS

For each of the seven simulations, each device productivity
is computed following the procedure described in II-3, and
considering the yearly wave scatter of Pantelleria (Fig. 9), a
small island in the south-west of Italy, where wave energy
systems are fundamental for the energy production.

., (m)

H

Oceurrence (

10 105 11 115 12

H, (m)

95 10 105 11

115 12

Fig. 9. Scatter diagram of Pantelleria Island.

The wave scatter diagram is obtained from a numerical
evaluation of the wave energy resource, for a period of one
year. The set of representative waves for productivity is chosen
in order to adequately cover areas of the scatter diagram
with non-negligible occurrence as can be seen in Figure 9.
It is important to specify that the productivity is calculated
considering that the pendulum is controlled through the pa-
rameters ¢ and k according to the procedure depicted in [14]
for the analogous ISWEC device, which are optimized for each
wave. In the case of multibody, single-body optimized control
parameters ¢ and k are used for both devices. Obviously this
is not the best procedure. In fact, the control parameters ¢ and
k should be optimized [15] taking into account the presence
of more bodies. Given that at the moment, the purpose of the
paper is to characterize the hydrodynamic interaction between
the devices and not to maximize the energy produced, we
proceeded with this assumption. When the productivity of the
device wants to be calculated, the pendulum is coupled to the
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hull and the equation of motion in frequency domain of the
complete system referred to the single body reads as follow:

M 1 (w) M, 5(w) 0
<—w2 | M (w) M 5(w) : 0 *
—myL (I, +my,L? —m,Ld) I, +m,L?
Bii(w) -+ Bisw) -+ 0
Hw Buw) o Baale) ©o0 [+ ©)
o
Kia K5 0
: : Gi(w) Fop1(w)
G(w) Feza(w)
K5 K55 mpgL : = :
: : C7(w) 0
0 k(w)erng

where M;; is the device mass or inertia (including the
pendulum) plus the frequency dependent added mass relative
to the considered DoF,I, is the pendulum inertia and m,, its
mass, L is the pendulum length, d is the distance between
the device centre of gravity (CoG) and the pendulum fulcrum,
B; ; is the radiation damping related to the hull, ¢ is the PTO
damping, K; ; is the hydrostatic stiffness of the hull and £ is
the PTO stiffness term. All the terms related to the pendulum
are reported in blue inside the matricial equation. Solving the
7DoF equation of motion, the pendulum rotation (; can be
obtained, thus the productivity calculated. In the case of two
bodies, the equation of motion becomes a system with 14
degrees of freedom in which the lines and columns 7 and
14 refer to the coupling with the pendulum characterized by
the control parameters ¢ and k. Once the pendulum RAO is
obtained, the productivity can be calculated according to Eq.8.
As described in Section III, six different multibody configu-
ration have been analyzed in this study and the associated
productivity results are depicted in Figure 6, Figure 7 and
Figure 8. Remembering that in this case we are considering
a frontal wave and that the device pitches around the y axis,
perpendicular to the wave direction, most of the radiation of
the device will be emitted precisely because of the pitching
motion thus, Case A, in which the devices are placed along
the wave direction, becomes the most interesting to analyze.
As highlighted in Figure 10, when the hulls are placed at a
distance equal to three times the device length, the productivity
of both devices is strongly affected. Instead, when the devices
are placed at a major distance only the productivity of the
second device (Figure 3) is consistently affected. In both the
other cases, shown in Figure 11 and Figure 12 when the
distance between the devices is equal to 6L, their productivity
is not modified. In case C, this happens also for a distance
equal to 3L. In the previously mentioned figures it can be

seen how, for some simulations the productivity of a device
can exceed the one of the single body. This is possible and
is due to the constructive interference between radiated wave,
diffracted wave and incident wave.
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Fig. 11. Net Productivity Case B
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Fig. 12. Net Productivity Case C

Since it was found that for cases B and C, for a distance
equal to 6L, the two devices no longer affect each other, while
for case A this continues to happen, we conducted a further
analysis relating to Case A by varying the distance up to 20L.
In Figure is reported the factor q as a function of the distance
between the two devices. The factor q is defined as follow:

_ AFEP,
1= W AEP,
where AEP, is the Annual Energy Production of the array
while AEP; is related to the the single isolated device, and n

(10)
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is the number of units in the array. As can be seen in Figure
13, at certain distances the array AEP decreases with respect
to the isolated devices. This happens at a distance d = 3L and
d = 6L. This phenomenon is related to the geometrical and
inertial characteristic of the analysed device. At certain wave
frequencies, radiated, diffracted and incident potentials com-
bine themselves strongly affecting the wave field. In Figure
14 is reported a visualization of the amplitude of the total free
surface elevation related to an incident wave of amplitude Im.
The Figure shows two configurations (d = 20L and d = 3L)
considering a wave with frequency of 0.9593rad/s which is
close to the resonant frequency of the PeWEC. It can be
noticed that when the devices are near, the wave amplitude
strongly varies in the area close to the devices.

q factor calculated for Pantelleria scatter
11 T T T T T T T T T T T T

-oq factor for the Array|
--—q factor for Bodyl
——q factor for Body2

04 1 1 i 1 1 1 i 1 1 1 i 1

1 12 15 17 20
/L

Fig. 13. q factor calculated for Array configuration, for Body 1 and for Body
2 for different distances d

Free Surface Elevation with devices Free Surface Elevation with devices
at 20L distance at 3L distance

Fig. 14. Qualitative representation of the free surface for two configurations
with devices at a distance equal to 3L and 20L

V. CONCLUSIONS AND FUTURE WORKS

The results obtained in this work show that it is necessary to
consider the hydrodynamic interaction between floating bodies
when planning an installation of WEC farms. Since as the
number of bodies to model increases, the computational cost
increases considerably, it is necessary to streamline the calcu-
lation to proceed with the optimization of the arrangement of
WECs within the farm. To do this we will proceed with the
implementation of the interaction theory proposed by MacNatt
[11] and we will compare the results obtained through BEM.
The advantage of the interaction theory is that it is enough
to model a single device and, given that all the WECsS in the

farm are the same, numerically transport the hydrodynamic
interaction without solving the BEM for the other bodies.
Finally, it should be emphasized that the results obtained
relating to the AEP are referred to a non-optimized control.
We will proceed with the implementation of controllers for
farms as suggested in [16].
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