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a b s t r a c t

Large arrays of wave energy converters of point-absorber type are
studied using an approximate analytical model. The model is
validated against a numerical method that takes into account full
hydrodynamic interactions based on linear potential flow theory.
The low computational cost of the analytical model enables para-
meter studies of parks in the MW range and includes up to over
1000 interacting devices. The model is actuated by irregular wave
data obtained at the Swedish west coast. In particular, focus is on
comparing park geometries and improving park configurations to
minimize the power fluctuations.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Since the initial works on wave energy [1], research has lead to many different approaches to
convert energy in ocean waves to electricity, which has resulted in numerous different techniques.
This paper concerns point-absorber wave energy converters (WECs), where a cylindrical buoy at the
sea surface is connected to a bottom-mounted linear generator through a line.

To produce power of more than a few MW and enable an even power distribution, future designs
will necessarily include arrays of many absorbing units. As the individual units in these wave power
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parks interact by scattered and radiated waves, the numerical simulations get very heavy when the
number of interacting bodies grow. In certain situations, assumptions can simplify the calculations
and enable simulations of a large number of structures.

The electricity produced by a point-absorber WEC with linear generator will fluctuate with the
incoming waves. In order to connect wave energy parks to the electric grid, means must be taken
to reduce the power fluctuations inherent in the wave source. Luckily, the hydrodynamical interac-
tions between WECs in a wave energy park can be used to smoothen out the power fluctuations, a fact
that was discussed already in early works on wave energy [2,3]. With the recent commercialization
and full-scale implementation of wave energy, the area has received new attention [4–8]. Although
a lot of papers have studied arrays of a few WECs or larger arrays in regular waves, so far, there are
few publications on full-scale experiments of WEC arrays, and/or large-scale arrays in irregular waves.
In [9], experiments with up to three full-scale point-absorber devices were conducted off-shore at the
Swedish west coast. It was shown that the standard deviation of power delivered to the electrical sub-
station reduces with 30% and 80% with two and three WECs, respectively, as a mean for an arbitrary
array member. In a recent paper [10], scale experiments performed in a wave basin with 25 heaving
WECs were presented. For long-crested waves, around 17% reduction in significant wave height was
observed downwave the WEC array.

The aim of this paper is to study wave energy parks in the MW regime and with over 1000 WECs,
with the particular focus on maximizing power absorption while lowering the power fluctuations. In
three earlier papers [11–13], properties of wave energy parks were studied as functions of various
parameters. In the first two papers, the hydrodynamical interaction between devices was calculated
using the boundary element potential flow solver WAMIT. The method is robust and reliable, but
the computational cost for large parks is high and each array configuration must be studied separately
by trial and error. As an alternative, here an approximate semi-analytical method is used. Instead of
studying each park configuration separately, the parameters can be varied continuously and give hints
of optimal configurations. To lower the computational cost and enable simulations of a larger number
of interacting structures, here the hydrodynamical interaction due to scattered waves has been
neglected, but interactions due to radiated waves is included between all the WECs. Despite this
approximation, the model shows good agreement with the standard numerical model for the parks
where both methods have been applied.

2. Theory

2.1. Linear potential flow theory

Consider a volume of fluid with finite depth h and define a global coordinate system ðx; y; zÞ such
that z ¼ �h at the seabed and z ¼ 0 at the undisturbed free sea surface, and N floating cylinders with
radius R and draft d, labeled by indices j 2 ½1;N�, and constrained to move in heave only. Divide the
fluid domain into interior and exterior domains underneath and outside each buoy. Under the assump-
tion of incompressible, homogeneous fluid density and negligible viscosity and vorticity, the
governing equation reduces to the Laplace equation DU ¼ 0, where U is the fluid velocity potential.
Under the assumption of non-steep waves, the non-linear boundary condition at the free sea surface
can be linearized and the first order approximation taken. In addition, the fluid is not penetrating the
seabed or the floating bodies, and the full linear boundary conditions are
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where n is the normal direction of the body surface. For bodies that are not oscillating, the last bound-
ary constraint in (1) is the condition that the fluid should not penetrate the body surface, @nUj ¼ 0.
Under the assumption that the time-dependence is sinusoidal, it can be factored out as
Uðx; y; z; tÞ ¼ Reð/ðx; y; zÞe�ixtÞ, where the angular frequency x is related to the wave number k
through the dispersion relation x2 ¼ gk tanhðkhÞ. In the frequency domain, the first of the boundary
conditions in (1), the linearized Bernoulli equation, simplifies to �x2/þ g @/

@z ¼ 0 at the sea surface.
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