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ABSTRACT

Wave energy has immense potential and can provide at least
twice as much electricity as globally produced now due to its
high energy density. Apart from the vast accessibility of the
resource, waves are more predictable and available throughout
the year when compared to other forms of renewable energies.
This makes the development and utilization of wave energy tech-
nologies immensely important, in order to meet the renewable
energy targets, an example of which is the 40GW by 2050 set as
the offshore energy strategy of the European Commission. For
wave energy to become a commercially viable power source, in-
dividual wave energy converters (WECs) need to be deployed
in large numbers similar to what can be seen in the wind in-
dustry. Therefore, numerical tools simulating multiple inter-
acting devices becomes highly relevant. This research utilizes
the new open-source Boundary Element Method (BEM) based
solver HAMS-MREL to analyse the hydrodynamic interactions of
mono-array farms of point absorbers inspired by the state-of-the-
art Corpower C4 point absorber device in various configurations
subjected to waves in different directions. The obtained responses
are used to estimate the power absorbed by the arrays in different
configurations to obtain the Array Power Matrices, which can
be used to study the variability of the g-factors in different sea
states and different directions. Furthermore, the obtained Array
Power Matrices are used to estimate the power absorbed by the
array configurations in the North Sea. This can be a powerful
tool for the analysis of the best wave energy farm configurations
as it employs a computationally efficient frequency domain-based
solver.

Keywords: Boundary Element Method, HAMS-MREL, Wave
Energy farms, Frequency domain, Array power matrix

1. INTRODUCTION

The EU has set high targets of 1 GW by 2030 and up to 40 GW
by 2050 of ocean energy [1]. In order to achieve the set targets of

*Corresponding author: v.raghavan@tudelft.nl
Documentation for asmeconf . cls: Version 1.35, May 31, 2024.

the EU, wave energy converters (WECs) need to be deployed in
large numbers (farms), leading to lower Levelized Cost of Energy
(LCOE). Many WEC devices including the Corpower C4 point
absorber device [2], the Mocean Blue X attenuator device [3], AW
WaveRoller oscillating surge device [4], amongst others, are on
their way to commercial deployment. Therefore, research focused
on the study of such devices, particularly in wave farms has
become highly relevant. This requires computationally efficient
tools that can capture wave-structure hydrodynamic interactions
considering multiple bodies.

Many studies have been performed on small to large wave
farms in realistic climates particularly with point absorbers. Pe-
nalba et.al. [5] focused on wave farms at four locations of the
coast of Portugal, Ireland and France with sizes ranging from
5 devices to 39 devices. A frequency domain hydrodynamic
model was developed based on BEM (Ansys AQWA) and stud-
ies were performed by varying the slenderness (radius/draft) of
the device as well as the inter-device distance. It was observed
that with increasing number of devices, the lower limit of the
g-factor progressively reduced going from 0.95 for 5 WEC farms
to 0.68 for the 39 WEC farm. Furthermore, it was observed that
with most constructive interactions were observed for large inter-
device spacing from 15D to 25D (D is the diameter of the bouy).
Goteman et.al. [6] studied wave farms in Swedish west coast be-
tween 64 and 1024 devices with varying geometries using an ap-
proximate method, that considers interaction from radiated waves
but neglects scattering between bouys. Results showed that with
increasing farm sizes keep the inter-device distance constant, the
interference was progressively destructive. Bozzi et.al. [7] stud-
ied arrays of 4 WECs with varying configurations, inter-device
distances (5D to 30D) and 12 incident wave directions at four lo-
cations in the Italian Sea using a time-domain model that couples
the hydrodynamic-electromagnetic model with BEM. The arrays
were found to be strongly dependent on the incident wave direc-
tion and spacing with either too closely spaced or too far leading
to destructive interactions. Ideal distances between 10 D and 20
D were reported. The optimal wave farms design lead to a power
gain of as much as 3.4 % when comparing with isolated WECs,
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which were obtained by deriving the array power matrices.

The Corpower point absorber devices are very close to be-
ing tested at a farm level within the HiWave-5 project [8] with
3 devices soon to be deployed in addition to currently dry tested
Corpower C4 point absorber, off the coast of Agucadoura, north-
ern Portugal. While research in literature has focused on the study
of single point absorber devices inspired by the Corpower devices
[9-12], there is currently no study that assesses the performance
of wave farms employing these devices.

For deployment of wave energy technologies within the EU,
utilizing the North Sea could be important. While the resource
in the North Sea is lower compared to the West European coast,
having a wave climate that is less aggressive is attractive. Fur-
thermore, the North Sea offers a synergy between offshore wind
and wave energy, as well as significant infrastructure due to the
accelerated development of offshore wind [13]. There is currently
very limited research available on wave farms assessments in the
North Sea. The work of Beels [14] focused on the optimization
and layout of various farm configurations of the Wave Dragon
WEC (5 device wave farms) and FO WEC (9 device wave farms)
using MILDWave. Results showed that with the Wave Dragon
WEC farms in a staggered configuration, the power produced
could be as much as 5 times more than a single device when the
distance between WECs is 2D g (Dpg the distance between the
tips of the wave reflectors). With the FO WEC farms, the aligned
configuration gave a much better power absorption as compared
to the staggered configuration, with power absorption increasing
with increased inter-device distance from 3D to 5D. where D is
the width of the FO WEC. To the author’s knowledge, this is the
only study considering the hydrodynamic performance of wave
farms in the North Sea.

This work therefore combines the utilization of point ab-
sorbers inspired by the state-of-the-art Corpower C4, in various
wave farm configurations to assess their performance in realistic
wave climates in the North Sea. A frequency domain hydrody-
namic model based on BEM is used to analyse the farm to obtain
the array power matrices and g-factor matrices, that can be used
to effectively assess the performance of the farm in different sea
states as well as the overall performance of the wave farm.

2. WAVE DATA

The spectral wave data used in the analysis, is taken from a
high resolution hindcast for North Atlantic European waters. This
dataset was developed at the Marine Renewable Energies Lab
at Delft University of Technology [MREL-Hincast; 15], using
a multi-grid implementation of the WAVEWATCH III model
[WW3; 16, 17]. The multi-grid 2-way nesting setup considers 3
regular grids with increasing spatial resolution towards European
coastal waters: The base grid N_ATL-15M with 0.25° resolution,
the first nested grid N_ATL-8M with 0.125° resolution, and the
coastal grid EU-2M, with 0.03° of resolution (~ 2.3 km). The
nesting setup is presented in Fig. 1.

In the frequency domain the wave spectrum is discretized in
36 exponentially spaced frequencies from 0.034 to 0.95 Hz, witha
1.1 increment factor from one frequency to the next. In the direc-
tional space, 24 directions are used in the base grid N_ATL-15M
and 36 directions in N_ATL-8M and EU-2M (resolution of 10°).
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FIGURE 1: Multi-grid setup used in MREL-Hindcast (adjusted from
Alday et al. [15]). Active N_ATL-15M grid nodes in dark blue, active
nodes from N_ATL-8M grid in green , in yellow active nodes from
the high resolution EU-2M grid.

For wave-atmosphere interactions, the ST4 source term package
was included [18]. Further adjustments were applied to improve
the model performance in the North-East Atlantic starting with
the T475 parameterization and following the method from Alday
et al. [19]. The Discrete Interaction Approximation [DIA; 20]
is used to represent the 4-wave nonlinear interactions. This is a
simplified and a computationally “economic” representation of
the nonlinear interactions is obtained, which allows to capture the
main characteristics of the wave spectrum that are of interest for
wave energy applications (e.g.; Hy and T),).

The model is forced with ERAS winds [21] for wave gener-
ation and included quasi-geostrophic currents (CMEMS product
MULTIOBS_GLO_PHY_REP_015_004) to modify the effective
wind vector. Ice concentration from Ifremer SSMI-derived prod-
uct [22] is included to account for wave dissipation at the ice
edge in high latitudes. Tidal levels and currents taken from the
Atlantic-European North West Shelf-Ocean Physics Reanalysis
(CMEMS product NWSHELF_MULTIYEAR_PHY_004_009)
to account for stronger wave-current interactions more dominant
within the coastal shelf and shallower areas.

The scatter plot for a location considered 42 km off the
Dutch coast (Lat 51.999 deg, Long 3.276 deg) is derived from the
MREL wave data set. This represents the percentage normalized
occurrences of all considered sea states (combination of Hg and
T},), defined as the ratio of the number of occurrences of a specific
sea state and the total number of occurrences considered in the
thirty year analysis period. This is shown in Fig. 2. This is
used later in combination with the power matrices to estimated
the power absorbed.

3. HYDRODYNAMIC MODEL OF THE WAVE ENERGY FARM
WITH CONVERTER CORPOWER C4 DEVICES

This section briefly describes the hydrodynamic modelling of

the wave energy farm consisting of the Corpower C4 wave energy
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FIGURE 3: Corpower C4 Wave Energy Converter Device [2]

devices. A linearized sub-optimal array power matrix considering
viscous losses is derived here, which is used to estimate the power
produced at a specific site in the North Sea.

3.1 Device Description

The point absorber device is inspired by the Corpower C4 as
shown in Fig. 3. Two interesting features of the device are: 1)
Wave-spring system [11] which amplifies the motion and power
capture of the device by providing a negative spring function, 2)
Pre-tensioning system which replaces some of the mass otherwise
needed to balance the buoyancy effect and a composite spherical
buoy hull structure, that provides high volume with low mass. The
device is anchored to the bottom and employs real-time control
algorithms to maximize its power output. The draft of 6 m was
assumed by the authors for this study and the natural frequency
was calculated based on the aforementioned properties for the
single device.

TABLE 1: Properties of the Corpower C4 device

Property Value  Unit
Diameter 9 m
Height 18 m
Installation depth (minimum) 25 m
Weight 70 tonne
Bouy Draft 6 m
Undamped Natural period (heave) 3 S

3.2 Equations of motion

A frequency domain model was used for estimating the re-
sponse of the devices in wave farm considering the interactions
between them. Only heave motion was considered here. The
coupled equations of motion were derived and solved simultane-
ously. If we consider N devices in the farm, the general equation
of motion for the p’" device can be given as:

[—wz(m;”)) +iw(b;,”7)0 +b0) + c;,p) + Eg’:l(—u)zmg)(q) +iwb;§)(”))]s = f;P) (1)

where w is the incident wave frequency, milp ) is the mass of

the p’ " device, bl(DpT)o is the PTO (Power Take Off) coeflicient of

the p'" device, biP ) is the linearized viscous damping coefficient

of the p'"* device, c;lp ) is the hydro-static stiffness coefficient

in heaving of the p'”* device, fe(p ) is the heave exciting force

of the p'" device, mg 1D and bgé’ @ are the added mass and
radiation damping respectively of the p'”* device in heave due to
the motion of the ¢’ device in heaving. s is the displacement
amplitude of the device also referred to as the body excursion.
When the amplitude of the incident wave is 1 m, then s represents
the RAO (Response amplitude Operator) in heave motion for the
device.

Within the scope of this formulation, the following interac-
tions have not been considered - (i) the wave spring component
of the device which provides a negative spring stiffness and (ii)
the pre-tensioning mechanism (iii) the moorings, as the device is
anchored to the seabed directly. The PTO damping is then cal-
culated based on the work of Hals et.al. [23]. For most practical
cases, the PTO reactance is negligible or zero and so considering
just the PTO damping condition would be sufficient [24]. Fur-
thermore, PTO with reactive control is complex in design, hard to
control and expensive which makes passive PTO a preferred op-
tion here [25]. Therefore, a sub-optimal passive control has been
incorporated within the PTO damping coefficient, based on the
formulation which takes into account the losses due to viscosity.
To determine the viscous losses, a linearized approach has been
used.

3.3 Boundary Element Method (BEM) model

The frequency dependent hydrodynamic coefficients and ex-
citing forces are obtained from the in-house newly developed
frequency domain Boundary Element Method (BEM) solver
HAMS-MREL (work showcasing its methodology and valida-
tion is currently under review in ’Applied Ocean Research’). This
solver is built upon the existing open-source BEM solver HAMS
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FIGURE 4: Wave farm - Configuration 1

developed by Y.Liu [26]. Shallow water conditions were assumed
since the considered depth is 25 m at the location in the North
Sea. The mesh taken is from an earlier study done by the authors
[27]. Convergence studies were done as part of that. research.

3.4 Overview of the considered cases

Three configurations are considered in this analysis which
have different number of devices. These are shown in Fig. 4, Fig.
5 and Fig. 6. The 3 selected configurations are inspired from
staggered configurations [7, 28], which have a higher probability
of interaction with the incident wave as well as the inter-device
interactions that can play an important role in the performance
of the wave farm. The interaction within the farm being con-
structive or destructive will depend on the inter-device spacing
and incident wave angle as well. A small inter-device distance
of 3D (D is the diameter) is selected for this study. This is part
of a larger campaign focusing on varying wave resource, incident
wave directions, spacings and configurations for WEC arrays.

Two incident wave directions with respect to the positive
x-axis are considered for the 3 configurations. Furthermore, 2
cases of PTO control are also considered. The first case is where
a constant PTO damping coefficient is considered (for a period of
5 s since around that period the most occurrences are observed in
the considered location in the North Sea), and the second case is
an optimized PTO damping coefficient per sea state.

This gives a total of 12 cases, that have been shown in Table.
2.

3.5 Natural frequency of the devices in farms

The natural frequency of the devices within a farm config-
uration were obtained considering all inter-device interactions.
The coefficients for both the diagonal and off-diagonal terms in
the radiation damping matrix were found to be well below the
critical damping of the individual devices considering the Mass
and Stiffness (hydrostatic) matrices, and were therefore not con-
sidered in the calculation of the natural frequency of the devices.
The undamped natural frequencies were thus estimated by an
iterative process since the added mass coefficients for all the de-
vices are dependent on the incident wave frequency w. For every
incident wave frequency, the eigen values of the matrix M~'K
are obtained, where M is fully populated mass matrix and K is

FIGURE 5: Wave farm - Configuration 2

FIGURE 6: Wave farm - Configuration 3
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TABLE 2: Overview of the cases considered

Case number Number of devices Incident wave direction (degrees) Control type

1 3 0
2 3 45
3 3 0
4 3 45
5 6 0
6 6 45
7 6 0
8 6 45
9 10 0
10 10 45
11 10 0
12 10 45

Constant PTO coefficient (wave period 5 s)
Constant PTO coefficient (wave period 5 s)
Optimized PTO coefficient for every sea state
Optimized PTO coefficient for every sea state
Constant PTO coefficient (wave period 5 s)
Constant PTO coefficient (wave period 5 s)
Optimized PTO coefficient for every sea state
Optimized PTO coefficient for every sea state
Constant PTO coefficient (wave period 5 s)
Constant PTO coefficient (wave period 5 s)
Optimized PTO coeflicient for every sea state
Optimized PTO coefficient for every sea state

the diagonal hydrostatic stiffness matrix. The positive root of the
eigen value gives the frequency, which should then be matched
with the incident wave frequency to obtain the natural frequency.
This process is performed for each device to get its natural fre-
quency which can then be used in the estimation of the linearized
viscous losses.

3.6 Sub-optimal passive PTO control and viscous losses

The obtained natural frequency of each device is used to esti-
mate the linearized viscous losses using the Lorentz linearization
approach ([29, 30]). The maximum heave displacement of all de-
vices is assumed to be 0.6a where a is the radius of the bouy and
is applied as a displacement constraint. Sub-optimal passive con-
trol including viscous losses was incorporated based on the work
of Hals et al. [23] which considers the displacement constraint
when obtaining the optimized PTO coefficient. It should be noted
that inter-device added mass and radiation damping coeflicients
(off-diagonal elements of the added mass and radiation damping
matrix) are not considered for this calculation. Sub-optimal pas-
sive control will henceforth be referred to as sub-optimal control
for brevity.

3.7 Power Estimation, Array Power Matrices and qg-factor

matrices

The average power produced by the WEC over various sea
states is quantified in a power matrix. For its computation, irreg-
ular wave sea states based on the significant wave height Hg and
peak period T, are considered. From the wave data for the given
location, the spectra are derived directly from the MREL dataset
per sea state, which can then be used to compute the significant
heave amplitude (Z4,,;) and average zero-crossing period (72z).
The methodology is explained in detail in our previous work [27].

When deriving the power matrices, the spectra obtained from
the MREL wave data set as well as the JONSWAP spectra is
used. For sea states that do not occur at the given location,
the JONSWAP spectra is used to derive the average power. For
sea states that do occur, the spectra is derived from the MREL
dataset. With this procedure, we have a fully populated power
matrix that also considers the characteristics of the sea states at
the assessment location.

The array power matrices are derived by adding the average
power per sea state from all devices in a given farm configuration.
This is then compared to the power matrix from a single device
to obtain the g-factor matrix.The g-factor for a given sea state
(qH,,1,) is given in Eqn. 2.

Pa,farm(HSa Tp)
N X Pa,single(Hs’ Tp)

qH,.T, = 2

Pa farm(Hg,Tp) is the absorbed power from the farm for a
given sea state, and P sing1e (Hy, Tp) is from power observed by
a single device in isolation in the same sea state. The g-matrix can
be used to obtain the sea states when any device within the farm
configuration is constructive or destructive. The power matrices
and g-matrices are capped to Hy; < 9 m. The total g-factors are
calculated by Eqn. 3 can be used as a metric to see if a given
farm case is destructive or constructive.

ZH_\, z‘4Tp Scatter(Hm Tp)Pa,farm(Hs, Tp)

- 3
Qroral = N S %, Scatter (Hy, Tp) Pasingte (s, Tp) ®)

4. RESULTS AND DISCUSSION

The power matrices for the single devices in isolation can be
seen in Fig. 7 and Fig. 8 for the two considered control methods.
Array power matrices were derived for all the considered cases
(Table. 2), which were then used to obtain the g-factor matrices.
For brevity, only the g-factor matrix for Cases 2 and 4 are shown
in Fig. 9 and Fig. 10 respectively. The value of the parameter
Groral 18 summarized in Table. 3 for all 12 cases. As observed,
for all the cases, the interactions within the farm are destructive
irrespective of the angle of incidence. All farm configurations
perform slightly better when the angle of the incidence wave is
at 45 degrees as compared to the 0 degrees incidence. Similar
results have been observed in the work of Bozzi et.al. [7] and
Penalba et.al. [5], wherein staggered configuration with spacing
less than 5D and 15D respectively (essentially small inter-device
spacing) resulted in destructive interference, and thus lower ab-
sorbed power in the farm. Furthermore, it is observed that as the
number of devices increases within the farm, the interactions be-
come more destructive. This has also been observed in the work
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TABLE 3: Total g-factor for all the considered farm cases

Case number  g;orail-]

0.72
0.71
0.57
0.57
0.71
0.70
0.57
0.56
0.69
0.67
0.55
0.54

01NN A W=

—_—— — \O
N = O

of Goteman et.al. [6], where wave farms of 64 WECs to 1024
WECs showed progressive destructive interference between the
devices.

When considering single devices in isolation with sub-
optimal constant PTO damping coefficient and sub-optimal
damping coefficient per sea state, it is observed the sub-optimal
damping coeflicient per sea state performs well over a range of
sea states. While the single device with constant sub-optimal
power coefficient performs well for 7, between 3 and 7s, the
single device with sub-optimal damping coefficient per sea state
produces more power for 7, between 7 and 20 s, which shows
the effectiveness of the optimization strategy adopted. The power
matrices reflect this as shown in Fig. 7 and Fig. 8. With farm
cases considering the sub-optimal PTO coefficient per sea state, it
is observed that the power absorbed is worse than the sub-optimal
constant PTO coefficient. This could be attributed to two reasons:
1. When obtaining the optimized PTO coefficient per sea state,
the non-diagonal terms in the added mass and radiation damp-
ing matrices were not considered. 2. Given that the optimized
PTO damping coefficient shifts the performance of the device
towards longer wave periods, this could be destructive for a mod-
erate wave resource region such as the North Sea, where most sea
states occur at lower peak periods and smaller significant wave
heights.

Considering the computational resource (see Table. 4), it
can be observed that the time taken is proportional to le,. All
the analyses were carried out in a 64 GB node with AMD Rome
7TH12 processor (3.3 GHz), with parallelization using 32 cores.

5. CONCLUSIONS

This work explores the performance of wave farm config-
urations of the soon to be commercialized state-of-the-art point
absorber devices, using a frequency domain dynamic model. 3
wave farm configurations (3, 6 and 10 devices) inspired by stag-
gered configurations subject to two incident wave angles (0 and
45 degrees) and two different sub-optimal PTO control methods
are compared. The inter-device spacing is taken as 3D for all the
cases.

Array power matrices are derived for each of the cases, which
are used to obtain the g-factor matrices. These indicate which

sea states are constructive or destructive at an array level.

It is observed that for all the farm cases, the interactions are
quite destructive in nature giving g;orq; < 1. While all wave farm
configurations do slightly better when subjected to an incident
wave angle of 45 degrees, with increasing number of devices
within the farm, the g;,:4; becomes even lower.

Comparing the single isolated devices with the two control
methods, it is observed that the sub-optimal PTO damping coeffi-
cient per sea state enhances the performance of the device over a
wider range of sea states as well as pushes the peak performance
to higher wave periods as compared to the constant sub-optimal
PTO coeflicient (taken at 7,=5s) . However, in the case of the
wave farm, the farms with the sub-optimal PTO damping coeffi-
cient per sea state performs much worse than the farm with the
constant sub-optimal PTO coefficient. This could be due to two
reasons: 1. When obtaining the optimized PTO coefficient per
sea state, the non-diagonal terms in the added mass and radiation
damping matrices were not considered. (Considering these in-
teraction has been effective in earlier studies such as the work of
Penalba et.al. [5]) 2. Given that the optimized PTO damping co-
efficient shifts the performance of the device towards longer wave
periods, this could be destructive for a moderate wave resource re-
gion such as the North Sea, where most sea states occur at lower
peak periods and smaller significant wave heights. Lastly the
computational resources were compared for the 3 configurations.
It is observed that the time taken is proportional to NIZ,.

The current research will be extended to assess the optimal
incident wave directions, spacings and configurations for WEC
arrays in combination with optimal PTO control. Furthermore,
the performance of WEC arrays with varying wave resource will
also be analysed since this is often overlooked.

Using array power matrices and g-factor matrices can be a
powerful way of understanding which farm configurations per-
form well in a certain region, and with powerful open-source
BEM tools, this will expedite the deployment of wave arrays.
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