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Abstract

This paper presents a novel Control Co-Design (CCD) methodology aimed at economically optimising the
layout of wave energy converter (WEC) arrays. CCD ensures the synergy of optimised WEC and array
parameters with the final control strategy, resulting in a comprehensive and efficient design of the array.
By integrating a spectral-based control strategy into the array layout design, this study pursues the twin
objectives of maximising energy absorption while reducing costs. To prove the performance of the proposed
methodology, an application case considers an array of five realistic devices deployed in-line on a realistic
testing site, with different spacing, alignment, and mooring arrangements. Energy capture and system
cost evaluations are conducted, with results emphasising the significance of incorporating advanced control
strategies in the design phase to improve energy absorption and reduce costs.
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1. Introduction

In the pursuit of a sustainable, carbon-neutral
global energy system, a significant expansion of re-
newable energy sources is paramount, marking a
vital step away from fossil fuels. This transition
aligns with the objectives outlined in both the Paris
Agreement [1] and the latest assessment by the In-
tergovernmental Panel on Climate Change (IPCC)
[2], aiming to mitigate the severe impacts of cli-
mate change [3]. Wind and solar energy technolo-
gies are already mature and reliable, but the mas-
sive upscaling to expedite this transition effectively
will require the support of additional and diverse
sources of energy. For example, the International
Renewable Energy Agency (IRENA) estimates a
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staggering 14 TW increase in global renewable en-
ergy installed capacity requirement by 2050 [4].
This underlines the sheer magnitude of the chal-
lenge, for which the International Energy Agency
predicts that roughly 45% of CO2 emissions reduc-
tion by 2050 will be attributed to technologies still
in the developmental stage [5]. In this context, off-
shore renewable energy (ORE) technologies, from
floating offshore wind to tidal and wave technolo-
gies, emerge as a promising alternative. Wave and
tidal energy, though in early stages of development,
are anticipated to make substantial contributions
to the future energy mix [6, 7]. The ambition of
wave/tidal technologies is to achieve over 300 GW
of installed, saving 500 Mt of carbon emission by
2050.

The potential of ocean waves is enormous, but
wave energy technology is still unprepared for its
commercialisation, with all the currently existing
projects (about 2.5 MW of total installed capacity
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worldwide) targeting research and demonstration
[8]. Hence, at the current state of development,
one can say that wave power is expected to have a
different role in the energy mix, such as providing
energy to isolated islands with microgrids currently
powered by diesel generators [9] or supplying a more
reliable, less variable and more predictable energy
source [10, 11]. In addition, compared to other re-
newable resources, wave energy has an advantage
in predictability [12].
The future of wave energy predominantly hinges

on wave energy converter (WEC) arrays, consid-
ering, among others, the limited power output of
individual devices, the economies of scale in oper-
ation and maintenance (O&M) requirements [13].
In addition, IRENA has recently published a set
of recommendations to enable the economic viabil-
ity of wave energy, encouraging larger deployments
that will enable significant cost reductions (to about
100€/MWh) [14]. Nowadays, key research and de-
velopment efforts are mostly directed towards opti-
mising the size and arrangement of these WEC ar-
rays [8]. Despite extensive analysis of array layout
optimisation in existing literature, many questions
in this domain remain unanswered. Furthermore,
there is a need for a thorough exploration of vari-
ous associated aspects including, but not limited to,
the interconnection of electrical cables and mooring
lines, as well as the efficient management of O&M
tasks.
Commonly, the optimisation of WEC arrays in

the literature focuses on layout optimisation based
on pure hydrodynamic optimisation [15, 16], with
the aim of maximising the constructive interaction
among the devices or minimising the destructive
interaction. Given the high computational cost of
simulation with several WECs, different approaches
from analytical to numerical to experimental meth-
ods [15] have been employed. Early array lay-
out optimisation studies used analytical and semi-
analytical approaches based on the small-body ap-
proximation [17], or the plane-wave approximation
[18], which are demonstrated to perform well at low
and high frequencies, respectively [19]. The compu-
tational efficiency of these (semi-)analytical models
enables the analysis of large arrays of up to 1000
devices [20] or multi-directional studies [21].
Similar studies have also been carried out using

numerical models, although limited by the compu-
tational cost. One of the most common approaches,
based on numerical models, is using boundary ele-
ment method (BEM) solvers, such as NEMOH [22]

and WAMIT [23]. Such models consider the ef-
fects of both the diffracted and radiated wave fields
within the array. However, these numerical models
are computationally expensive, especially with rel-
atively large arrays. Overall, other than for optimi-
sation purposes, numerical models have been used
to characterise the performance of WEC arrays,
from the analysis of basic hydrodynamic interaction
effects as a function of the inter-device distance [24]
to the assessment of different array sizes and lay-
outs in realistic wave climates [25, 26, 27]. Finally,
analytical and numerical models are complemented
with experimental studies [28, 29, 30, 31, 32], which
are usually restricted to relatively small sizes, for
obvious reasons. In summary, analytical, numeri-
cal, and experimental methods have been suggested
for the assessment of the hydrodynamic perfor-
mance of WEC arrays.

However, the hydrodynamic performance of
WEC arrays is often evaluated either under uncon-
trolled [24] or passive control conditions [25, 26, 27],
resulting in under-excited WECs for which the hy-
drodynamic interaction effects are relatively mild.
Garcia-Rosa et al. [16] demonstrate that the be-
haviour of individual WECs under different con-
trol techniques can greatly influence the expected
hydrodynamic interaction between devices, poten-
tially shifting destructive interactions into con-
structive ones. This has a substantial impact on
the overall performance of the array, underscoring
the importance of carefully considering the control
strategy in WEC array layout design. Traditionally,
the control strategy stage comes into play after the
device and the WEC array layout have been op-
timised to maximise energy extraction. However,
this optimisation process does not guarantee that
all aspects of the WECs or WEC arrays are opti-
mal since the implementation of advanced control
strategies significantly alters the WECmotion. The
mismatch between the behaviour of the (optimised)
WEC design and the behaviour when considering
advanced control is addressed by applying design
constraints to the controller, which may lead to
sub-optimal results [33]. To address such a chal-
lenge, control co-design (CCD) [34] of WECs or
WEC arrays [35], where energy maximising con-
trol strategies are incorporated into the optimisa-
tion loop from the early stages, has recently gained
popularity as a more integrative approach. In other
words, this design paradigm emphasises a control-
informed optimisation approach. Several studies
in the literature have demonstrated the benefits of
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CCD for the optimisation of different WEC-related
parameters. For example, [35] highlights that CCD
strategies contribute significantly to achieving an
optimal structural design for the absorber geome-
try, aligning it with the energy-maximising control
scheme. Another interesting example is [36], where
the authors optimise the PTO configuration con-
sidering a spectral-control technique.
Regardless of the selected modelling approach

and control strategy, the hydrodynamic perfor-
mance of WEC arrays, considering interaction ef-
fects among the devices in the array, is commonly
quantified by means of the q-factor. This factor
compares the total energy absorbed by the entire
array (Earray) to the energy absorption of the same
number of isolated devices:

q =
Earray

nbEisol
, (1)

where Eisol is the energy absorbed by an isolated
device and nb the number of bodies composing the
array. Hence, the q-factor can yield q> 1, q= 1, or
q< 1, inferring constructive, neutral and destruc-
tive hydrodynamic interactions.
However, several authors show a level of scepti-

cism about whether constructive effects are realis-
tic [37, 38, 39]. Although specific separation be-
tween devices can theoretically lead to construc-
tive hydrodynamic interaction, the q-factor alone
is not expected to exclusively determine the op-
timal design of array layouts, since this will be
mostly influenced by significant cost factors such
as moorings and electrical interconnection. Yet,
these two aspects are commonly neglected in the
literature when the optimisation of a WEC array
is considered. Shared mooring lines in WEC arrays
are studied for different types of device array size
and layouts and mooring configurations: 8 heav-
ing two-body point-absorber devices interconnected
employing the KARRATU mooring configuration
[40], 5 floating oscillating water column WECs in-
terconnected via four different shared mooring con-
figurations [30] and 6 heaving point-absorbers in a
hexagon shape array layout [41]. Economic aspects
are considered in [30, 41], but no optimisation is
performed. In contrast, the optimisation of moor-
ing lines is considered in [42], but a single device is
considered. Finally, none of the mentioned studies
considers advanced control strategies for the WEC
array.
Hence, to the best of the authors’ knowledge,

a preliminary study by the same authors [43] is

the only study in the literature that considers
a control-informed optimisation which couples ar-
ray layouts and mooring systems, including shared
mooring configurations, from an economic perspec-
tive. However, [43] considers a simplified case
study with only three WECs, a single array layout
and a single panchromatic sea state (Hs =2.5m &
Tp =10s). The present paper significantly extends
the CCD framework for WEC arrays presented in
[43] by (i) increasing the size of the WEC array to
include 5 devices as suggested in [27], (ii) studying
different array configurations, (iii) considering a re-
alistic wave climate with all the relevant sea states,
and (iv) incorporating a realistic mooring configu-
ration following the KARRATU concept suggested
in [40].

The remainder of the paper is laid out as follows:
Section 2 describes the WEC array numerical model
employed in this study, along with the introduc-
tion of the tool considered to compute the hydro-
dynamic parameters of the WEC arrays; Sections 3
and 4 outline the spectral control method, defining
the objective function and the CCD strategy, re-
spectively; Section 5 introduces the considered case
study; Section 6 illustrates the most relevant re-
sults, and Section 7 draws the main conclusions of
the study.

2. WEC Array Hydrodynamic Model

In this section, the considered dynamic model of
the WEC array, which accounts for the interactions
between the fluid (water) and the floating bodies,
is introduced. This model also considers interac-
tions between various bodies due to the radiated
and diffracted waves originating from the other de-
vices in the array. Thus, the model is formulated,
in the time-domain, based on Newton’s second law,
as follows:

(m+ µ∞) ẍ(t) = fe(t)−fh(t)−fr(t)−fm(t)−fu(t), (2)

where the mass matrixm ∈ Rnb×nb holds the mass
of each device on its diagonal, with zeros elsewhere.
The infinite frequency added mass of the WECs, de-
noted as µ∞ ∈ Rnb×nb , encompasses both the di-
agonal elements representing the infinite frequency
added mass of the individual WECs and the off-
diagonal elements accounting for the interactions.
The state vectors, x(t) ∈ Rnb , ẋ(t) ∈ Rnb (or
equivalently, v(t)), and ẍ(t) ∈ Rnb (or equivalently,
a(t)), contain information about the position, ve-
locity, and acceleration of the WECs, respectively.
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The forces acting on the WECs, as introduced in
Equation (2), encompass several components:

- the hydrostatic force fr(t), which arises from
buoyancy and gravity forces, is represented as
Shx(t), with Sh ∈ Rnb×nb being the hydro-
static stiffness matrix;

- the radiation force, originating from waves ra-
diated due to WEC motion, is calculated using
a convolution integral as fr(t) = kri,j (t)∗ ẋj(t),
where kr(t) denotes the radiation convolution
kernel;

- the mooring force, modelled as a spring-
damper system, is expressed as fm(t) =
kmx(t) + bmẋ(t), where km ∈ R

nb×nb and
bm ∈ Rnb×nb represent the mooring stiffness
and damping matrices;

- and the wave excitation force and the PTO
control force are defined as fe(t) ∈ Rnb and
fu(t) ∈ Rnb , respectively.

It is important to note that both the infi-
nite frequency added mass matrix (µ∞) and the
radiation convolution kernel matrix (kr) can be
calculated based on the frequency-domain radia-
tion added-mass and damping hydrodynamic coef-
ficients (Ar(ω) ∈ Rnb×nb and Br(ω) ∈ Rnb×nb)
using Ogilvie’s relations [44] as follows:

Ar(ω) = µ∞ − 1
ω

∫ +∞
0

kr(t) sin(ωt)dt,

Br(ω) =
∫ +∞
0

kr(t) cos(ωt)dt.
(3)

Similarly, the radiation convolution kernel kr can be
defined in the frequency-domain, denoted by upper-
case letters for frequency-domain variables, as

Kr(ω) = Br(ω) + ȷω [Ar(ω)− µ∞] . (4)

Therefore, Equation (2) can now be defined in
the frequency-domain using the force-to-velocity
description of the array [45] as:

V (ω) = Z−1
i (ω) [Fe(ω)− Fu(ω)] , (5)

where Zi(ω) ∈ Inb×nb is the intrinsic impedance of
the system, which can be defined as follows:

Zi(ω) = Br(ω)+bm+ȷω
(
m+Ar(ω)−

sh + sm
ω2

)
. (6)

The force-to-velocity transfer function [46], essen-
tial for control design purposes, can now be defined

based on Equation (6) as

Gfv(ω) = ȷω[− ω2(m+ µ∞) + ȷω(Hr(ω) + bm)+

+ sh + sm]
−1.

(7)

Note that all the frequency-domain hydrodynamic
parameters required for the calculation of Hr(ω),
denoted as Ar(ω) and Br(ω), along with the excita-
tion force parameters required for establishing the
relationship between wave elevation and excitation
force, represented as He(ω),

Fe(ω) = He(ω)η(ω), (8)

with η(ω) representing the free surface, can be de-
termined using BEM solvers.

Boundary element methods have the advantage
of being able to cope with a 3D formulation of
the hydrodynamic problem, which allows the cal-
culation of any WEC geometry. However, they be-
come too computationally expensive when dealing
with many interacting WECs. On the other hand,
Kagemoto and Yue [47] came up with a direct ma-
trix method approach, comparable to BEM codes
in terms of capabilities and accuracy of the results,
which significantly reduces the computation time.
Such an approach was later combined with results
from conventional BEM software, allowing the solu-
tion for WECs of any shape and mode of operation
[48]. In particular, to reduce the computational ef-
fort for large arrays, the direct matrix method esti-
mates the wave field for each WEC as a summation
of the undisturbed incident wave field plus the wave
scattered and radiated by other devices in the array.

These array effects are modelled using partial
waves whose amplitude is obtained by fitting the
velocity potential of the device obtained by BEM
software. In general, for simple WEC geometries,
only a few partial waves are sufficient to reproduce
the wave field accurately while, for complex geome-
tries, 10 or 20 partial waves are needed. To this
extent, the hydrodynamic effect of a single body is
fully represented by few partial waves, compared to
a standard BEM where the hydrodynamic effects
are estimated from the amplitude of the source po-
tential, which has to be solved for each mesh node
(with hundreds to thousands of elements). Hence,
a version of the BEM solver NEMOH [22], includ-
ing the direct matrix method for WEC arrays, is
considered here to compute the hydrodynamic pa-
rameters of all the analysed cases.
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3. Spectral control

This section offers an overview of the spectral
control strategy implemented in this study. In
essence, spectral controllers are control schemes de-
signed to optimise the control input, with respect
to a specific objective function. They rely on a di-
rect transcription method that represents the sys-
tem variables using a suitable set of basis functions.
Spectral controllers excel in managing physical con-
straints and can theoretically achieve optimal solu-
tions (based on the chosen resolution of the basis
functions) [49], with reduced computation complex-
ity compared to, say, MPC [50]. In the context of
this study, a spectral-based controller is employed
to ensure optimal power capture, while accounting
for realistic motion and PTO force limitations. For
a deeper understanding, Sections 3.1 and 3.2 delve
into the general control objectives for WECs and
the fundamental principles of spectral controllers,
respectively.

3.1. WEC control objective function

As mentioned in the introduction, the main goal
of a WEC control problem is to maximise the to-
tal absorbed energy. For the case of a WEC array
system, subject to an external excitation force fe(t)
and controlled by a PTO force fu(t), the total ab-
sorbed energy for all devices in the array (E ∈ R)
over the time interval [0, T ] can be computed as
follows:

E = −
∫ T

0

P (t)dt = −
∫ T

0

ẋ⊺(t)fu(t)dt, (9)

where P (t) ∈ R is the (instantaneous) absorbed
power. Thus, the control problem is commonly ex-
pressed as

max
fu(t)

−
∫ T

0

ẋ(t)⊺fu(t)dt

subject to

 ẋ = F(x, fu, fe)
ẋ = G(x)
C

(10)

with F(x, fu, fe) representing the multiple-input
multiple-output (MIMO) state-space system of the
WEC, derived from Equation (2), G(x) the out-
put mapping of the state space, where x 7→ ẋ, and
the set of considered constraints, denoted as C, is
limited to displacement and PTO force constraints,
specifically xmin ≤ x(t) ≤ xmax and fmin ≤ fu(t) ≤
fmax, respectively.

3.2. Spectral control

In this study, a control methodology that re-
lies on (pseudo-)spectral techniques is explored
to tackle the control problem outlined in Equa-
tion (10). The initial step entails discretising the
optimal control formulation derived from Equa-
tion (10) within the spectral domain. This dis-
cretisation procedure involves projecting the state
vector x(t) and the control force fu onto an or-
thonormal vector space with a dimension of N ,
which is achieved through a linear combination
of orthogonal basis functions, denoted as Φ =
[ϕ1, ϕ2, · · · , ϕN ]. Among the potential choices for
these basis functions, the Fourier basis is a per-
tinent selection, inspired by the harmonic charac-
teristics of the WEC variables. Consequently, the
approximation of the states and control force takes
the form of:

x(t) ≈ xN (t) = x̂Φ(t)⊺,

fu(t) ≈ fNu (t) = f̂uΦ(t)
⊺,

(11)

with both coefficient vectors x̂ = [x̂1, x̂2, · · · , x̂N ]

and f̂u = [f̂u1, f̂u2, · · · , f̂uN ] as elements of the real
vector space Rnb×N . Considering such a (pseudo-)
spectral framework, the WEC array equation of mo-
tion introduced in Section 2 can be approximated
[51] as follows:

v̂ = (̂fe − f̂u)Go. (12)

In Equation (12), the coefficient vector v̂ =
[v1, v2, · · · , vN ]⊺ serves as an approximation for the
velocities of the WECs in the array v(t), while Go

denotes the force-to-velocity system model. Fur-
thermore, f̂e = [f̂e1, f̂e2, · · · , f̂eN ]⊺ represents the

coefficient set f̂e1, f̂e2, · · · , f̂eN utilised to approx-
imate the excitation forces affecting the different
WECs.

Then, considering the mathematical properties of
the basis functions Φj [52], one can approximate the
objective function in Equation (9) as

E ≈ JN =

∫ T

0

f̂uΦ(t)
⊺Φ(t)v̂⊺ = −T

2
f̂uv̂

⊺, (13)

which converts, via an algebraic mapping, the inte-
gral relationship expressed in Equation (9). Thus,
with Equations (12) and (13), the controller objec-
tive function can be expressed now in terms of the
coefficient vectors f̂u, f̂e, and the force-to-velocity
system model Go as

JN = −(f̂e − f̂u)Go
T

2
f̂u

⊺. (14)
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Finally, the control optimisation problem for
WEC arrays can now be expressed as

f̂⋆u ←max
f̂u∈RN

JN

subject to: C.
(15)

In essence, the optimisation problem described in
Equation (15) constitutes a quadratic optimisation

problem involving the PTO force f̂u. Such a prob-
lem is subject to a set of constraints C, which stem
from the physical limitations inherent to the WEC
system. In the specific application discussed in Sec-
tion 5, the set of constraints C can be formulated
based on parameters such as the maximum device
displacement (Xmax), maximum PTO force (Fmax),
and maximum velocity (Vmax).
To address the constrained optimisation problem

defined in Equation (15), a collocation technique
is employed. In this approach, the constraints are
enforced at specific time points referred to as col-
location points. When considering common con-
straints like Xmax and Fmax, the set of constraints
C in Equation (10) can be reformulated as a set of
linear inequality constraints [53] as shown below:

C :=
[
Au

Ax

]
f̂⊺u ≤

[
bu
bx

]
, (16)

where

Au =

[
Φ(Tc)
−Φ(Tc)

]
, Ax =

[
Φ(Tc)Go

−Φ(Tc)Go

]
,

bu =

[
Fmax1̂

Fmax1̂

]
, bx =

[
Xmax1̂− Φ(Tc)̂fe
Xmax1̂+Φ(Tc)̂fe

]
,

(17)

where 1̂ ∈ R2ncnb×1 is a block diagonal matrix
of ones with nc the number of chosen collocation
points and Tc = [t1, t2, . . . tnc

] a vector containing
the specific time instants at which the constraints
are enforced. Leveraging the defined collocation
points, general-purpose optimisation solvers, par-
ticularly those tailored for quadratic programming
(QP), can be applied to address the presented prob-
lem.

4. Control Co-Design Algorithm

In this section, the formulation and solution ap-
proach for the WEC array CCD problem are in-
troduced. Generally, it is possible to formulate the

WEC array CCD scheme as

ρopt ← Optimise
ρ∈RN

Ψ

subject to: max
f̂u∈RN

JN (ρ).

C

(18)

In this case, the optimisation problem aims to
minimise or maximise (depending on the definition)
the objective function Ψ with respect to the vari-
able ρ, while adhering to the constraints defined by
the spectral controller detailed in Equation (15). It
should be noted that the structure of the objective
function Ψ is contingent upon the unique specifi-
cations and needs of the application. In this anal-
ysis, the objective function Ψ will encompass the
economic evaluation of each array layout ρ, taking
into account the optimised control actions for each
device in the array.

4.1. CCD objective function definition

As highlighted in Section 1, one of the paramount
challenges within wave energy is the substantial re-
duction of overall expense associated with WEC
arrays in order to achieve economic viability. It
should be noted that even though this analysis will
be primarily centred on WEC arrays, the principles
discussed here can also be extrapolated to individ-
ual WECs. In the existing literature, the levelised
cost of energy (LCoE) stands as the main metric
employed to assess the economic viability of diverse
energy sources. Thus, the present study introduces
an innovative optimisation methodology aiming to
determine the optimal configuration for WEC ar-
rays, leveraging a metric derived from LCoE. Tra-
ditionally, LCoE (expressed in €/MWh) is articu-
lated as follows:

LCoE =
CapEx + OpEx

Energy production
, (19)

where CapEx and OpEx refer to the capital and op-
erational expenditure of the array, respectively, and
the energy production is computed over the pro-
jected operational lifespan of the WEC array. To
offer a comparative perspective, recent assessments
[54] for onshore and fixed-bottom offshore wind en-
ergy have suggested LCoE estimates of 38$/MWh
and 85$/MWh, respectively.
As mentioned in Section 1, this study exclusively

concentrates on the optimisation of WEC array lay-
out, with a homogeneous set of WECs. Hence, the
cost variations from one array layout to another
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will primarily affect CapEx. Thus, for the purpose
of this analysis, OpEx is presumed to be a fraction
of CapEx, which ensures that OpEx doesn’t exert
any influence on the outcome of the optimal array
layout. However, it is important to acknowledge
that adjustments in the array layout may poten-
tially influence device interaction, impacting WEC
behaviour and, subsequently, operation and main-
tenance needs. Nevertheless, it is reasonable to as-
sume that the costs associated with these effects are
relatively negligible compared to CapEx.
The capital expenditure associated withWEC ar-

rays can be further dissected into several compo-
nents, including the expenses related to site leas-
ing (LeEx), the expenses incurred during device
commissioning (ComEx), and the cost of the de-
vices (DevEx) themselves, which can also be sub-
divided into their individual components. Among
such components, the mooring system of the array
may exhibit variability depending on the layout un-
der consideration, potentially influencing the cost
calculations, since, in certain layouts, two WECs
may share specific parts of the mooring system,
such as the chain or the anchor. However, since
the present study maintains uniform devices across
all layouts, most of the components of the WECs
are common for all the scenarios and, hence, do
not affect the obtained optimal layout. Therefore,
for the sake of simplicity, such components of the
WECs are excluded from this study. Consequently,
the cost of devices in the array can, in this study,
be defined as the cost of the mooring system. Note
that, when sharing components of the mooring sys-
tem, such as anchors, the cost savings extend be-
yond just the anchor itself. This includes the cost
associated with its installation, which can be cate-
gorised as part of the commissioning cost (ComEx).
In practice, considering that the cost of the anchor
for a catenary mooring is proportionate to the hori-
zontal force, sharing an anchor could, depending on
the array layout, effectively lower its cost, since the
layout can be designed so that the forces exerted
by the two moorings mitigate each other, resulting
in reduced anchor costs.
Finally, the sole commissioning expense taken

into account pertains to the installation of the
mooring anchor, since it is the only cost that fluctu-
ates depending on the layout. Other commissioning
expenses are presumed to remain constant irrespec-
tive of the layout under consideration and, hence,
will not affect the obtained outcome of the analy-
sis. Thus, it is possible to define a new performance

function, similar to that in Equation (19), as

LCoE∗ =
CapEx∗

E
, (20)

with the generated energy E as in Equation (9),
and CapEx∗ containing all the costs derived from
the mooring system of the array (mooring lines and
anchors), as well as the site leasing cost (which de-
pends on the layout size).

4.2. CCD problem solution

The problem described in Equation (18) is typi-
cally addressed, as documented in [34], through one
of the following approaches:

• Control-inspired approaches draw upon en-
gineering expertise in dynamics and control
principles. They propose novel control solu-
tions based on simplified models and control
engineering techniques.

• Co-optimisation techniques employ mathe-
matical methodologies that incorporate nonlin-
ear models and optimisation theory. It consid-
ers the cost function associated with the plant
architecture, dynamics, and controller design.
It allows for modifications to the system struc-
tures throughout the optimisation process.

• Co-simulationmethods utilise dynamic mod-
els of varying fidelity in iterative simulations.
They integrate optimisation algorithms, data-
driven models, and machine learning tech-
niques. Co-simulation proves advantageous in
managing the complexity of CCD problems,
enabling the integration of models, iterative re-
finement of designs, and flexibility in exploring
different design options.

In summary, co-simulation emerges as a po-
tent methodology for discovering optimal solutions
within the realm of CCD problems [34]. It fa-
cilitates a thorough analysis of system dynam-
ics, streamlines the exploration of design alterna-
tives, and shortens the design cycle. Co-simulation
can seamlessly integrate models spanning multiple
scales and physics domains, encompass optimisa-
tion algorithms and data-driven methodologies, and
offer a modular approach to design. The interested
reader is referred to [34] for more in-depth insights
into CCD solution strategies.

In this study, a co-simulation approach is adopted
to address the CCD problem outlined in Equation
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(18). Ideally, this co-simulation method could be
coupled with an optimal point search algorithm,
such as linear or binary search techniques. How-
ever, for the sake of giving informative results for
all potential array layouts, an exhaustive search
procedure is considered here. This parametric
study entails computing outcomes for every con-
ceivable WEC array layout, ultimately revealing
which configuration minimises the objective func-
tion described in Section 4.1, but also showing sen-
sitivity to parameter variation. The advantage of
this approach lies in its ability to furnish a compre-
hensive overview of the search space.

5. Case Study

In this section, an illustrative example is pre-
sented to emphasise the advantages of the CCD
method introduced in this paper. This method-
ology is applied to a specific case study to demon-
strate the benefits and potential enhancements that
can be achieved by integrating advanced control
strategies with system design, rather than relying
on simple passive controllers. Through this exam-
ple, the significance of incorporating control con-
siderations from the early stages of system devel-
opment is highlighted, leading to improved perfor-
mance and optimised outcomes in practical appli-
cations.

5.1. Realistic Climate

In this analysis, a comprehensive evaluation of
the energy generated by the WEC array at a spe-
cific location is pursued. Thus, as mentioned in
Section 4.1, the consideration of various sea states
to assess the performance of a WEC array on a
specific site is necessary, with these sea states be-
ing selected based on the probability distribution of
their occurrence at the designated site, a represen-
tation commonly depicted using a scatter diagram
[55]. It is important to note that while calculating
energy production, a 20-year operational lifespan is
assumed for the array but, for simplicity, no poten-
tial variations in sea state intensity over time are
accounted for here (such as the potential increase
in intensity and aggressiveness of sea states as time
progresses, as illustrated in [56]).
For this study, the chosen location is BIMEP, an

offshore test site located in the Bay of Biscay off the
Basque coast [57]. In order to include the informa-
tion of the site within the considered CCD problem,

it is necessary to characterise the wave conditions
of the given site with a finite number of sea states.
To this end, the 16 most relevant sea states (from
an electricity generation perspective [57]) have been
chosen in this analysis, as shown in Figure 1.
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Figure 1: Scatter diagram of the wave conditions at BIMEP
with the chosen sea states denoted with orange dots [57].

In addition to accounting for the most significant
sea states, it is imperative to take into considera-
tion the various potential wave directions at a site
to ensure the optimal layout of the array. In this
particular scenario, as depicted in Figure 2, it is ev-
ident that waves primarily approach BIMEP from
a single direction. Therefore, for the CCD problem
at hand, a single wave direction is considered.

45-50
40-45
35-40
30-45
25-30
20-25
15-20
10-15
5-10
0-5

Figure 2: Wind rose at BIMEP.

Finally, in order to be statistically consistent, the
results for each of the chosen sea states are derived
by averaging the outcomes across several realisa-
tions (10 in this instance) of each sea state. Then,
it is assumed that the acquired results are applica-
ble for a specific number of days within the 20-year
operational lifespan, depending on the frequency of
occurrence of each sea state, as shown in Figure 1.
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5.2. WEC device and array

The WEC array considered here comprises five
identical heaving point absorbers aligned in a lin-
ear array configuration. It should be noted that as-
suming the WECs exclusively exhibit heave motion
represents a significant simplification since the op-
timisation algorithm incorporates the mooring sys-
tem into the objective function, and takes into ac-
count that additional DoFs would considerably af-
fect the mooring configuration selection. Further-
more, accounting for surge and sway motion would
require careful consideration of the minimum inter-
device distance to prevent collisions. However, for
the purpose of this study, which aims to demon-
strate the proposed methodology in a straightfor-
ward manner, the simplifying assumption that the
WECs move solely in heave is retained.
The device selected for this analysis is inspired

by the MARMOK-A-5 WEC illustrated in Figure 3,
which is a spar-like floating oscillating water column
(OWC) [58, 59] developed by IDOM. Among the
different wave energy converter prototypes, OWC
devices seem to be one of the most promising tech-
nologies [60], being a robust and reliable solution
to extract the untapped energy from ocean waves.
In addition, the MARMOK-A-5 was deployed at
the BIMEP test site for over two and a half years
using a mooring configuration similar to the one
suggested here (see Section 5.3).

Figure 3: Illustration of the floating OWC device
MARMOK-A-5 developed by IDOM [61].

However, due to the complexity associated with
modelling an OWC concept, the device is simplified
as a single-body cylindrical point absorber with the
same geometric characteristics as the MARMOK-
A-5 floater. Due to the geometric similarities, the
hydrodynamic behaviour of the simplified device is
expected to be similar to the MARMOK-A-5 WEC

and, thus, conclusions extracted from the present
study can be considered valid.

Furthermore, an increasing interest in arrays of
similar devices can be found within the wave energy
literature, e.g. [30] analysing different mooring con-
figurations for similar devices in arrays of 5 devices
and [27] using the same geometry approximation
for assessing the performance of arrays of different
sizes. In the current study, the array layout con-
sists of 5 devices in line, as illustrated in Figure 4.
The decision is based on different studies in the lit-
erature as, for example, [40] where a similar array
layout that uses the KARRATU mooring configura-
tion is suggested. Furthermore, [27] concludes that
small arrays of up to 5 devices are hydrodynami-
cally more effective. In fact, [30] also suggests an
array of 5 devices.

d12 d23

D1 D2 D3 D4 D5

d34 d45

Figure 4: WEC array layout considered in this study.

As mentioned before, the primary objective of
this study is to demonstrate the applicability of the
proposed CCD scheme for optimising array layouts.
To achieve this, various inter-device distances and
array alignments are considered for the layout de-
picted in Figure 4. However, it should be noted
that, in order to simplify the representation of the
results (and reduce the number of cases), it is as-
sumed that the array under study is symmetric for
all the cases analysed, i.e. d12=d45 and d23=d34.
Thus, a set of 19 different inter-device distances
(ranging from 2 to 20�) are considered here for d12
and d23. Additionally, three different alignments of
the array with respect to the incoming waves which,
as mentioned in Section 5.1, are considered to have
a single wave direction are analysed. In particular,
the three considered alignments are 0◦ (array per-
pendicular to wave direction, the wave front arrives
at all the WECs at the same time), 45◦ (intermedi-
ate case), and 90◦ (in line with the wave direction,
incoming waves travel from D1 to D5, see Figure
4). Thus, the aforementioned inter-device distances
and array alignments are assessed to determine the
optimal array configuration for the BIMEP loca-
tion.

9



5.3. Mooring Configurations: KARRATU

Several mooring configurations have been pre-
sented in the literature, paving the way towards
the development of innovative solutions for the sta-
tion keeping of ORE devices. The purpose of these
innovations is to either reduce the cost of the moor-
ing systems or enhance their performance, includ-
ing offset reduction and peak load mitigation. Such
innovative configurations range from simple chain
catenaries anchored to the seabed to mixed mate-
rial mooring lines connected by floating elements,
clump weights, and novel elastomeric tethers [62].

Among the different solutions, KARRATU has
been presented in the literature as a compliant mod-
ular mooring configuration. As shown in Figure 5,
it is composed of a square design of wires, whose
corners are connected to fairleads of the device via
polyester lines. At each corner, a floating sur-
face buoy is located and connected to the seabed
through a catenary chain. In [40], the KARRATU
concept is introduced for an array of floating point
absorbers. The main advantage of the KARRATU
is the reduction of impedance and damping related
to the mooring system while increasing the freedom
of device movement. This concept has been success-
fully installed and tested for a single MARMOK-
A-5 device during the EU-funded OPERA project
[63].

Figure 5: Sketch of the KARRATU mooring configuration,
adapted from [64].

5.4. LCoE∗ calculation

As introduced in Section 3.1, the only costs con-
sidered for the CCD problem are those that vary
with the array layout: i.e. mooring and leasing
costs. Thus, the costs associated with the KAR-
RATU mooring system can be divided into the in-
dividual costs of different components: Anchors,
catenary legs, surface buoys, umbilical cable, cables

connecting the four surface buoys1, and the cables
connecting the buoys with the WEC. It should be
noted that the cost of the intra-array cables is not
considered here, since it would depend on the se-
lected connection configuration (in series or in par-
allel) and the location of the substation. Similarly,
the cost of the dynamic cables connecting the de-
vices to the static ones has not been included as it
does not depend on the layout. Additionally, the
cost of the surface buoys is also not considered,
since it is negligible compared to the cost of the
other components [65].

The array mooring configuration (and, hence, its
cost) depends on the inter-device distances associ-
ated with each specific layout. Thus, as shown in
Figure 6, for any WEC pair, three different config-
urations are considered:

• If the inter-device distance between bodies i
and j (dij) is larger than dan (i.e. the distance
between two subsequent anchors of the same
WEC), the devices are moored in a separate
fashion and, hence, each WEC has two inde-
pendent mooring systems (see Figure 6.a). In
this case, the cost of the mooring for the two
devices is given by:

MooEx∗ = 2 (4can + 4cchLch + 4cssLss) , (21)

where can is the cost of each anchor, cch the
cost per unit length of the chain used for the
mooring legs, Lch the length of such chains, css
the cost per unit length of the elastic fibre used
for the square sides, and Lss = 2� the length
of each side.

• If 2� < dij ≤ dan, as shown in Figure 6.b, the
two WECs share two of the anchors but, apart
from that, have their own separate mooring
system. For this case, the cost of the moor-
ing is defined as

MooEx∗ = 6can + 8cchLch + 8cssLss. (22)

• Finally, if the inter-device distance is 2�, the
KARRATU systems of the two devices are con-
nected, sharing one of the square connectors
side, two of the anchors and two of the mooring
legs (as illustrated in Figure 6.c). The mooring
cost for this case is expressed as

MooEx∗ = 6can + 6cchLch + 7cssLss. (23)

1Note that the cost of such cables is not considered here,
since it does not vary with the layout configuration.
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Note that, for the sake of simplicity, in this study,
the previous configurations and mooring costs (as
given in Equations (21)-(23)) are presented for a
single pair of devices. However, in this analysis,
five WECs are considered. Consequently, the total
cost of the mooring systems of all five devices, for
each given layout, is computed by combining the
introduced three mooring configurations. Note that
the choice of the mooring configurations for each
layout depends on the specific inter-device distances
of the layout being analysed.
The costs of the anchors (can), chain (cch), and

elastic fiber (css) are obtained from [65], and are
presented in Table 1. It should be noted that, owing
to the scarcity of accessible information on moor-
ing costs for WECs, the costs outlined in [65] are
incorporated here, despite that the primary focus
of [65] is on floating offshore wind platforms. Re-
garding installation costs, those introduced in [65]
are considered here, i.e cin = 44k€/anchor.

Table 1: Cost of the mooring components from [65].

Material Cost

Anchor 114k €/anchor
Chain 755 €/m

Elastic fibre 182 €/m

Finally, the leasing cost of the deployment site is
determined based on the approach described in [66],
with the assumption that it constitutes roughly
one-third of the total mooring system cost. Con-
sequently, when considering an independent device
with its own mooring system, the leasing cost per
linear meter can be computed as follows:

cle =
4can + 4cchLch + 4cssLss + 4cin

3dan
. (24)

In this case, the leasing cost per linear meter of
the deployment site is cle ≈ 11.7k€/m and, to ob-
tain the total cost, must be multiplied by the total
length of the array (Lar, as shown in Figure 6).
Thus, the LCoE∗ from Equation (20) can be now
expressed for the specific case as

LCoE∗ =
MooEx∗ + Larcle

E
, (25)

with the absorbed energy E calculated over the 20
years of operational lifespan, as introduced in Sec-
tion 5.1. The sum of all the considered costs is
shown in Figure 7 for all the array layouts anal-
ysed here. Since the layout is symmetric, the costs
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Figure 6: Sketch of the different mooring configurations de-
pending on the inter-device distance.

(and the results in general) can be shown as a func-
tion of d12 and d23. The jumps in the cost result
from changing from one mooring configuration to
another one with more sub-components, with the
lowest cost at d12=d23=2�, where the five devices
are connected through their KARRATU systems
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Figure 8: q-factor obtained from the energy absorbed during the 20 years of lifespan for all the array layouts considered,
with different array alignments with respect to the incoming wave: (a) 0◦, (b) 45◦, and (c) 90◦. The orange dot represents
the maximum value. The yellow lines in (a), (b), and (c) delineate the cross-sections for the analyses depicted in Figure 9.
Specifically, the equidistant cross-section, where d12 = d23, is represented by a yellow dashed line, while the maximum distance
cross-section, where d12 + d23 = 22�, is depicted by a solid yellow line.

(see Figure 6.c). Note that the first step in Fig-
ure 7, at 8�, is due to locating the mooring an-
chor at 6� from the device. Thus, 8� represents
the inter-device distance beyond which two (four,
due to symmetry) devices are too distant from each
other to share a common anchor (as depicted in Fig-
ure 6.b). Furthermore, the highest is in Figure 7 re-
ferring to the scenario where the five devices have
independent mooring systems (Figure 6.a). Finally,
the increasing slope of the cost is given by the leas-
ing cost of the site.

Figure 7: Considered costs for all the array layouts under
study.

6. Results & discussion

This section presents and discusses the outcomes
derived from the application of the presented CCD
methodology for mooring layout design. It is impor-
tant to note that the results are notably influenced

by the costs outlined in the previous section, which
may not perfectly align with the actual costs spe-
cific to this problem. Consequently, the results pre-
sented here should not be interpreted as the defini-
tive optimal array layout for BIMEP, but rather as
an illustrative study demonstrating the importance
of employing CCD approaches for optimizing WEC
arrays.

To present the results more clearly, the absorbed
energy is expressed by means of the q-factor, as
initially introduced in Section 1 (see Equation (1)).
In this light, it should be noted that the energy
absorbed by an isolated device during the 20 years
of operation is 580MWh. Thus, Figure 8 shows the
q-factor obtained by the different array layouts and
alignments considered.

One could notice that the highest q-factor is ob-
tained for the array aligned perpendicularly to the
wave direction, i.e. the 0◦ case illustrated Figure
8.a, for an inter-device distance of d12=d23=11�
(with a total absorbed power of 2.97GWh. How-
ever, the case shown in Figure 8.a is also the most
varying one among the three, with the minimum ab-
sorbed energy at the array configuration with the
closest distance, i.e. d12=d23=2�, due to the de-
structive interactions. On the contrary, the other
two analysed array alignments obtain a less varying
but lower energy absorption, with their maximums
at 2.71GWh and 2.70GWh for Figures 8.b and 8.c,
respectively. Interestingly, despite the fact that the
results are not symmetric, all the maximums hap-
pen on an array layout with equidistant inter-device
distances.

For further details on the absorbed energy, Figure
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9 shows, all together, the q-factor obtained with the
equidistant layouts (Figure 9.a), i.e. d12 = d23, and
the layouts with the maximum inter-device distance
(Figure 9.b), i.e. the distance from D1 to D5 which,
in this case, is 44�. Note that, for clarity, such two
specific cases are also highlighted in Figure 8.
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Figure 9: Cross-section analyses of the absorbed energy. In
(a) the equidistant cross-section analysis, represented by a
yellow dashed line in Figure. 8, and in (b) the maximum
inter-device distance cross-section analysis, depicted with a
solid yellow line in Figure. 8.

Figure 9.a shows that, due to more destructive
interactions, the layouts aligned at 0◦ generate less
energy than those aligned at 45◦ and 90◦ for inter-
device distances of less than (approximately) 4�,
despite being the case obtaining the highest energy
absorption (at d12=d23=11�). One could notice
that no strong effect of the interactions can be ap-
preciated on the absorbed energy shown in Figure
9.a. This is because, depending on the peak period
of the sea state, the main interaction effects appear
at different inter-device distances and, by consid-
ering a large variety of sea-states as in this study,
such interaction effects are attenuated. However, it
is important to emphasise that, with a sufficiently

large inter-device distance, the q-factor shown in
Figure 9.a should converge to 1, representing iso-
lated device cases.

Furthermore, Figure 9.b shows that the energy
absorbed by the layouts is not symmetric with re-
spect to the equidistant inter-device-distance-axis.
In particular, such an asymmetry can be easily ap-
preciated for the 0◦ layouts, where the cases with
larger d23 (compared to d12) obtain higher energy
absorption (and, hence, q-factor). Thus, the lay-
outs with two pairs of WECs in the corners and
the separated device in the middle obtain more en-
ergy than the layouts with three devices next to
each other in the middle and two separate devices
in the corners.

Finally, Figure 10 shows the LCoE∗ values (see
Equation (25)) obtained for all the layouts consid-
ered. One key aspect to highlight is that the re-
sults shown in Figure 10 closely mirror (inverted,
due to the inversion of the z axis) the structure of
the costs illustrated in Figure 7. This is because
the absorbed energy does not have much variation
(compared to the cost) and, hence, when dividing
the costs by the energy (see Equation (25)), it re-
tains the shape of the former. Consequently, the
optimal case (from an economical perspective) for
the arrays aligned at 45◦ and 90◦ (Figures 10.b and
Figure 10.c, respectively) is the case with the low-
est costs (despite the fact that is also the case with
the lowest energy production), i.e. d12=d23=2�.
Conversely, for the arrays aligned at 0◦, the opti-
mal LCoE∗ is not obtained at the lowest cost case
since, as shown in Figure 8.a, the differences be-
tween lowest and highest energy absorption cases
in this scenario are larger, counteracting the low
cost of the closest inter-device distances. In par-
ticular, in Figure 10.a the optimal case happens at
d12=2� and d23=8� which: (i) on the one hand,
is on the limit to not have any device with an in-
dependent mooring system which, as explained for
Figure 7, highly increases the cost; and (ii) on the
other hand, it represents, from the asymmetric lay-
outs, the distribution with higher energy absorption
(two device pairs on the corners and a WEC sep-
arated in the middle, i.e. D2 and D3 closer to D1
and D5 than to D3), as explained before for Figure
9.b.

The optimal LCoE∗ values in Figure 10 are
0.119€/kWh, 0.114€/kWh, and 0.113€/kWh for
the 0◦, 45◦, and 90◦ alignments, respectively.
Hence, in the present study, the obtained optimal
array for the considered location (BIMEP) should
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a) b) c)

Figure 10: LCoE∗ values (obtained as in Equation (25)) for all the layouts considered, with different alignments between the
array and incoming wave: (a) 0◦, (b) 45◦, and (c) 90◦. Note that the z-axis is inverted to improve the visualisation of the
results, and the minimum value is highlighted in orange.

be located in line with respect to the wave direction
and with an inter-device distance of d12=d23=2�.
As mentioned at the beginning of the section, the
obtained result does not necessarily mean that such
an array is optimal for BIMEP in reality since that
is not the aim of the present case study but rather
to show how, with the considered CCD approach, it
is possible to assess the optimal array layout from
an economic perspective, considering the presence
of an advanced control strategy. In fact, consider-
ing that the obtained LCoE∗ values only account
for the mooring systems (and are already signifi-
cantly high), it is possible to assume that a differ-
ent2 mooring system should probably be considered
in this case study, in order to reduce costs, which
would change the obtained results.

7. Conclusion

The current study proposes a CCD methodology
for array layout design from an economic perspec-
tive, with an application case aimed at demonstrat-
ing the effectiveness of such CCD algorithm in a
realistic context. To this end, the current study
considers (i) 20 years of actual sea states (and their
historical probabilities) at the BIMEP test site to
compute the WEC array energy production, (ii)
a realistic WEC (MARMOK-A-5-like device) that
was deployed at such test site for two years, and
(iii) a mooring configuration (termed KARRATU)
that was developed for such device. Additionally,

2Note that, as introduced in Section 5.3, the costs of the
considered mooring systems come from an offshore floating
wind study, due to the lack of information on this matter for
WECs.

the study meticulously includes the mooring costs
by separately analysing all the components of the
KARRATU system, deriving the costs using in-
sights from offshore floating wind literature.

The results provide clear insights into the energy
absorption by the different array layouts consid-
ered (changing the inter-device distances and align-
ments with respect to the incoming waves). The
highest energy absorption is observed when the ar-
ray is aligned perpendicularly to the wave direc-
tion, with an equidistant inter-device distance of
d12 = d23 = 11�. However, the study suggests
that the optimal array layout, from an econom-
ical perspective, should align with the wave di-
rection and maintain an inter-device distance of
d12 = d23 = 2�.

This study underscores the critical importance of
adopting a CCD approach to assess optimal array
layouts from an economic perspective while inte-
grating advanced control strategies. It highlights
a significant observation - the optimal layout for
economic factors might not align with the opti-
mal choice based solely on technical factors, such
as energy absorption, as demonstrated in the pre-
sented case study. In fact, for the study at hand,
it was counterintuitive that one of the most eco-
nomically favourable layouts was among the least
energy-efficient. While these specific findings may
not prescribe the ideal BIMEP array layout in prac-
tice, they strongly underscore the necessity of em-
ploying a CCD approach, as presented in this study,
when designing wave energy converter arrays. This
approach ensures that array designs consider not
only energy absorption but also economic consider-
ations, contributing to a more comprehensive and
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balanced decision-making process.
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