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A B S T R A C T

The commercial development and deployment of wave energy converters (WECs) will require arranging these
devices in groups known as ‘arrays’, similar to the deployment other large-scale renewable energy systems, such
as wind farms, or tidal arrays. This study explores a novel control co-design (CCD) strategy for heterogeneous
arrays of point absorber-type WECs, focusing on the simultaneous optimisation of buoy hull geometry and
array layout to harness multi-directional wind and swell wave energy. The WEC array operates under a newly
developed global centralised control algorithm, which supports displacement constraints, but allows for the
assessment of array performance in the frequency domain. This approach has the potential to significantly
speed up the numerical solution of the control co-design optimisation problem, compared to more traditional
time-domain-based methods. The array optimisation problem is solved using a global optimisation method.
The performance function aims to optimise the positive network effect of interactions between devices in the
array, while simultaneously considering cost issues, quantified by device sizes. The investigation identifies
optimal device geometry and array layouts for clusters of three, four, and five WECs, in two different wave
climates: Irish and Portuguese coasts, allowing the sensitivity of optimal solutions to different wave climates
to be studied.
1. Introduction

Innovative, cost-effective renewable energy solutions are urgently
needed to address rising global energy demands and the challenges
of climate change. The International Energy Outlook 2023 (IEO2023)
predicts that global energy consumption will increase by 30% to 76%
from 2022 levels by 2050, with renewable sources expected to meet
54% of total demand by then [1]. Among renewable options, wave
energy is considered, as a currently unexploited resources, to have
considerable potential [2,3].

Wave energy converters (WECs) are promising, but still under-
developed technologies, for harnessing ocean energy [4]. The WECs
discussed in this article are point absorbers [5,6], functioning as heav-
ing buoys that oscillate with waves to generate electrical power via an
attached power take-off (PTO) system (see Fig. 1). However, large-scale
commercial deployment of WEC farms, or ‘arrays’ faces considerable
challenges, particularly in optimising array configurations [7]. Stud-
ies suggest that heterogeneous arrays, where heaving buoys vary in
size, can improve power generation compared to homogeneous arrays,
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primarily due to positive interactions where devices absorb the waves
radiated by each other [8,9].

Designing effective heterogeneous WEC arrays requires advanced
strategies to maximise energy capture while minimising cost of man-
ufacturing. The conventional metric for evaluating renewable energy
costs is the levelized cost of energy (LCoE), defined as the ratio of total
expenditure (capital and operational costs, or CapEx and OpEx) to the
energy generated over the device lifetime [10]:

𝐿𝐶 𝑜𝐸 =
𝐶 𝑎𝑝𝐸 𝑥 + 𝑂 𝑝𝐸 𝑥
𝐺 𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑃 𝑜𝑤𝑒𝑟

(1)

Achieving a competitive LCoE, compared to other renewable energy
sources, is critical for advancing the Technology Performance Levels
(TPL) of WEC technologies [11]. This requires novel strategies that
integrate both engineering and operational factors to optimise system
components. Research has demonstrated that simultaneous optimisa-
tion of control and layout in WEC arrays significantly enhances power
generation compared to isolated devices [12]. Additionally, configuring
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Fig. 1. Heterogeneous array of wave energy converters.

WECs into arrays not only boosts power capture potential but also
reduces the capital costs (CapEx) of the devices, due to the economy
of scale.

While initial studies on the interaction of point absorber WECs for
enhancing power absorption started nearly five decades ago [13], de-
termining the optimal layout of WEC arrays, configuring device shapes,
and selecting control strategies remain significant challenges. Prelimi-
nary numerical studies have explored the benefits of integrating WECs
of various sizes into heterogeneous arrays in the frequency domain
in [14], although control optimisation is not addressed. Researchers
have examined several aspects of WEC array optimisation, including the
impact of different spatial configurations [15], wave directions [16,17],
and parameters influencing array layout in varying sea states [18].
Studies indicate that optimal geometries and layouts can vary based on
different control strategies [12,19]. Additionally, the effects of layouts,
device spacing, and incoming wave directions on the power output of
WEC arrays are assessed in [20]. The optimisation of array layout,
considering the number of WECs as a variable, is explored in [21],
while the independent optimisation of cylindrical buoy dimensions
within arrays is examined in [22]. A new methodology for assessing
the performance of WEC arrays in disturbed wave fields is proposed
in [23].

At the same time, control co-design (CCD) for WEC arrays, which
integrates control strategies to maximise power within the optimisation
process from the outset, has garnered attention for addressing WEC
array optimisation challenges in [12,24]. Studies demonstrate CCD
influence on optimising various WEC parameters, such as the spec-
tral control method combined with PTO constraint optimisation [25].
A comprehensive CCD approach, integrating advanced control algo-
rithms with array layout and mooring design, is presented in [26].
The article [27] presents an open-source MATLAB toolbox for wave
energy converter optimisation with adaptable co-design, power take-
off modelling, and customisable constraints. A co-design optimisation
approach, introduced in [28], incorporates the effects of all subsystems
using an outer and an inner optimisation loop to achieve a fully opti-
mised design of an oscillating surge wave energy converter (OSWEC).
Several algorithms have been used to optimise WEC layouts, includ-
ing using Differential Evolution (DE) algorithms for energy capture
and interference reduction [29], and real-time control strategies to
enhance energy output and manage loads [30]. However, optimising
heterogeneous arrays involves numerous parameters (e.g., shape, size,
draft, layout), making it computationally intensive, particularly when
performance evaluations is conducted in the time domain, as most
studies do [8,9,12,19].
2

This paper introduces a new methodology that integrates CCD for
optimising the geometry and layout of heterogeneous WEC arrays,
considering both physical constraints and economic considerations.
Specifically, this study presents a novel CCD strategy focused on si-
multaneously optimising device dimensions and array configuration.
The proposed algorithm evaluates WEC array performance in the fre-
quency domain, utilising a new centralised constrained control method,
which significantly speeds up computation compared to time-domain
simulation. However, the inclusion of a nonlinear model, such as
one accounting for slamming effects, is constrained by computational
limitations, as frequency-domain analysis is challenging for nonlinear
system models. Additionally, the analysis is restricted to system op-
eration within the power production region, excluding extreme wave
conditions, slamming phenomena, and similar effects. The presented
model is a simplified framework designed to provide qualitative in-
sights rather than a comprehensive simulation of real-world scenarios.
It focuses on fundamental linear hydrodynamics and does not account
for uncertainties in wave conditions, material properties, or device
interactions. While the study assumes a specific wave climate, the
application of Froude scaling allows for an understanding of the de-
vice operation at different scales. The methodology is applied to an
optimisation problem inspired by the principles of LCoE, aiming to
maximise positive device interactions while managing costs by penalis-
ing large WEC sizes. The employed differential evolution method for
global optimisation accounts for multi-directional wave propagation
with panchromatic spectra, for both swell and wind waves, reflecting
realistic conditions off the Irish and Portuguese coasts. This allows for
an assessment of the sensitivity of optimal arrays to regional differ-
ences. Optimal layouts and shapes for heterogeneous arrays with three,
four and five devices are obtained.

The paper is structured as follows: Section 2 outlines the mathemati-
cal model for WEC array hydrodynamics, followed by performance met-
rics for array optimisation in Section 3. Section 4 details the centralised
constrained control method, while the CCD problem is introduced in
Section 5. Section 6 presents case studies based on realistic wave
climates in Ireland and Portugal. Results of the optimisation algorithm
are presented in Section 7, followed by conclusions in Section 8.

2. Mathematical model for an array of WECs

In this research, it is assumed that the displacement of each WEC
within the array is limited to a single degree of freedom in the heave
direction. The mathematical model is based on linear hydrodynamic
theory, specifically Cummins’ equation [31]. While the use of a linear
model is a simplification, applicable only to relatively small displace-
ments, it enables quick estimation of the motion of heaving buoy
WECs in waves. Additionally, it allows for the use of frequency domain
methods, making the computational problem more manageable. The
basic equation for the WEC array model is given by:
(

𝑴 +𝐌∞
)

𝜹̈(𝑡) +∫

𝑡

0
𝑩𝒓(𝑡− 𝜏)𝜹̇(𝜏)𝑑 𝜏+𝐁𝐡𝜹̇(𝑡) +𝐊𝐬𝜹(𝑡) = 𝐟𝐞𝐱(𝑡) + 𝐟𝐩𝐭 𝐨(𝑡) (2)

where 𝐌 ∈ R𝑛×𝑛 is the WEC system mass matrix; 𝐌∞ ∈ R𝑛×𝑛 is the
added mass matrix at infinite frequency; 𝜹(𝑡), 𝜹̇(𝑡), and 𝜹̈(𝑡) ∈ R𝑛 are
vectors representing positions, velocities, and accelerations for each
of the 𝑛 buoy hulls; 𝐁𝐫 (𝑡) ∈ R𝑛×𝑛 is the matrix of radiation damping
impulse responses; 𝐁𝐡 ∈ R𝑛×𝑛 is the linearised viscous damping matrix;
𝐊𝐬 ∈ R𝑛×𝑛 is the hydrostatic stiffness matrix; 𝐟𝐞𝐱(𝑡) ∈ R𝑛 is the wave
excitation force vector; and 𝐟𝐩𝐭 𝐨(𝑡) ∈ R𝑛 is the power take-off (PTO)
force vector.

The solution to Cummins’ Eq. (2), which determines the frequency-
domain response of an array of heaving buoys to various regular
wave inputs, can be obtained using Ansys AQWA software [32], which
utilises the boundary element method (BEM). It is assumed that there is
no viscous force in the simulation 𝐁𝐡=0. Thus, the solution for the dis-
placement vector 𝜟(𝜔) ∈ R𝑛 of heaving buoy hulls, for a monochromatic
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wave with frequency 𝜔, can be presented [33] as:

𝜟(𝜔) = 1
𝑗 𝜔 𝐙−𝟏(𝜔) ⋅

[

𝐅𝐞𝐱(𝜔) + 𝐅𝐩𝐭 𝐨(𝜔)
]

(3)

where

𝐙(𝜔) = 𝐁𝐫 (𝜔) + 𝑗 𝜔
[

𝐌 +𝐌𝐚(𝜔) −
𝐊𝐬
𝜔2

]

, (4)

𝐁𝐫 (𝜔) ∈ R𝑛×𝑛 is a matrix of radiation resistance coefficients, 𝐊𝐬 ∈ R𝑛×𝑛

is the matrix of hydrostatic stiffness coefficients; 𝐌 ∈ R𝑛×𝑛 is the system
mass matrix; 𝐌𝐚(𝜔) ∈ R𝑛×𝑛 is the frequency-dependent added mass
matrix.

In the case of an array of 𝑛 WECs, the elements of the intrinsic
mpedance matrix 𝐙 ∈ R𝑛×𝑛 describe the interactions among WECs in
n array:

𝐙 =
⎛

⎜

⎜

⎝

𝑧1,1 … 𝑧1,𝑛
⋮ ⋱ ⋮
𝑧𝑛,1 … 𝑧𝑛,𝑛

⎞

⎟

⎟

⎠

=
⎛

⎜

⎜

⎝

𝑥1,1 + 𝑗 𝑦1,1 … 𝑥1,𝑛 + 𝑗 𝑦1,𝑛
⋮ ⋱ ⋮

𝑥𝑛,1 + 𝑗 𝑦𝑛,1 … 𝑥𝑛,𝑛 + 𝑗 𝑦𝑛,𝑛

⎞

⎟

⎟

⎠

, (5)

For example, the element 𝑧1,1 represents the intrinsic impedance
f the first WEC, and the element 𝑧𝑛,1 represents impact of the WEC
 on the WEC 𝑛. Each element in the matrix 𝐙 comprises a real
art 𝑥𝑖,𝑗 which represents radiation damping, and an imaginary part
𝑖,𝑗 , representing the integration of masses and hydro-static stiffness

coefficients.

3. Performance metrics for heterogeneous array optimisation

In order to quickly obtain an evaluation of the performance of
heterogeneous arrays, calculations are carried out in the frequency
domain. An estimate of the average power generation 𝑃𝑎𝑣𝑟 for a specific
ea state, in the frequency domain, can be computed by integrating the
roduct of the average power generated at a given wave frequency 𝑃 (𝜔)
nd the probability distribution function of wave frequencies for that
ea state 𝑝𝑠𝑠(𝜔) over all wave frequencies:

𝑃𝑎𝑣𝑟 = ∫

∞

0
𝑃 (𝜔) 𝑝𝑠𝑠(𝜔) 𝑑 𝜔. (6)

The probability distribution function for wave frequencies 𝑝𝑠𝑠(𝜔) can
e obtained from the wave spectral distribution 𝑝𝑏𝑠(𝜔), by normalising
t over all wave frequencies through integration:

𝑝𝑠𝑠(𝜔) = 𝑝𝑏𝑠(𝜔)∕∫

∞

0
𝑝𝑏𝑠(𝜔) 𝑑 𝜔. (7)

To accurately model the multi-directional propagation of water
aves, the averaged power outputs, from various wave directions,
re summed for each WEC in the array, providing a potentially more
ealistic representation of actual sea states:

𝑃𝑎𝑟𝑟𝑎𝑦 = ∫

∞

0

{ 𝑘
∑

𝑗=1

[ 𝑛
∑

𝑖=1
𝑃 𝑖,𝑗 (𝜔)𝑝𝑗𝑠𝑠(𝜔)

]}

𝑑 𝜔, (8)

where 𝑛 represents the number of WECs, 𝑘 is the number of chosen
ave propagation directions, 𝑖 is the WEC index, 𝑗 is the wave type

swell or wind waves) and direction index, 𝑝𝑗𝑠𝑠(𝜔) is the frequency
istribution function of wave with direction 𝑗, and 𝑃 𝑖,𝑗 (𝜔) is the power
enerated by WEC 𝑖, for waves with direction 𝑗.

The traditional performance evaluation metric, for homogeneous
rrays of WECs, relies on the 𝑞-factor [22], which can be adapted

to evaluate the performance of heterogeneous arrays of WECs. In
heterogeneous arrays, 𝑞-factor is defined by the ratio between the total
ower generated by an array 𝑃𝑎𝑟𝑟𝑎𝑦 and the energy absorption by the

same number 𝑛 of isolated devices 𝑃 𝑖
𝑖𝑠𝑜𝑙 𝑎𝑡𝑒𝑑 :

𝑞𝑓 𝑎𝑐 𝑡𝑜𝑟 =
𝑃𝑎𝑟𝑟𝑎𝑦

∑𝑛
𝑖=1 𝑃

𝑖
𝑖𝑠𝑜𝑙 𝑎𝑡𝑒𝑑

(9)

The interactions between the WECs in an array are constructive
when 𝑞 > 1; otherwise, the interactions are considered destructive.
3

𝑓 𝑎𝑐 𝑡𝑜𝑟
Although a certain distance between devices may theoretically lead to
positive hydrodynamic interactions, the 𝑞-factor is not expected to be
the sole determinant of the economically ideal geometry and design of
array layouts. This decision will primarily be influenced by significant
ost factors, such as device geometry, cabling, and moorings.

In this study, the geometric parameters of the WECs in the array
are also optimised, as well as the array layout. The focus is placed on
cylindrical, semi-submerged devices characterised by two parameters:
height 𝐻0 and radius 𝑅0. To address computational limitations in op-
timising the volume of each WEC, a single scaling factor (𝑎1, 𝑎2,… , 𝑎𝑛)
s applied to both the height and radius of each device, such that
𝑖 = 𝑎𝑖𝐻0 and 𝑅𝑖 = 𝑎𝑖𝑅0. This approach reduces the number of

parameters to be optimised while preserving proportionality in scaling.
Thus, any changes in the volume of the WEC hull 𝜐𝑖 are proportional to
𝑎3𝑖 , since 𝜐𝑖 = 𝜋 𝑅2

𝑖𝐻𝑖 = 𝑎3𝑖 (𝜋 𝑅2
0𝐻0). Consequently, changes in the overall

volume of the WECs in the array (and, as a result, the potential changes
in associated capital costs due to variations in construction material
requirements) can be determined as:

𝜐𝑜𝑣𝑒𝑟𝑎𝑙 𝑙 = 𝜋 𝑅2
0𝐻0(𝑎13 + 𝑎2

3 +⋯ + 𝑎𝑛
3). (10)

Thus, the quantity 𝑎̃ is selected as a measure of the ‘average volume’
scaling factor for the WECs in the array as

̃ = 3
√

𝑎13 + 𝑎23 +⋯ + 𝑎𝑛3. (11)

The cubic root in Eq. (11) allows transitioning from a volume-based
metric [𝑚3] to a linear dimension metric [𝑚], since the radius and
height are proportional to the same scaling parameter. This approach
also mitigates the rapid growth inherent to cubic functions, ensuring a
more balanced optimisation framework.

In this article, a new metric, termed the 𝜅-factor, is proposed
as the performance function for the optimisation problem discussed
later. The definition of the 𝜅-factor is inspired by the LCoE Eq. (1).

hus, the objective function is designed to capture the constructive
interaction effects within the array, quantified by 𝑞𝑓 𝑎𝑐 𝑡𝑜𝑟, while taking
apital costs into account, which are quantified by the average volume
caling parameter 𝑎̃. In essence, the 𝜅-factor represents the ratio of the
eometric scaling rate of the devices, 𝑎̃, to the 𝑞-factor, which accounts
or the increase in power absorption. By considering the ratio of 𝑎̃ to
𝑞𝑓 𝑎𝑐 𝑡𝑜𝑟, the optimisation problem is formulated to maximise the positive
array effects, while appropriately penalising capital costs:

𝜅 = 𝑎̃
𝑞𝑓 𝑎𝑐 𝑡𝑜𝑟

→ 𝑀 𝑖𝑛. (12)

4. Optimal constrained control strategy for an array of WECs

This study assumes that the WECs in an array are operated using
an extended version of the ‘Simple and Effective’ (SAE) controller [34–
36]. The SAE controller frames the panchromatic control problem as
an instantaneous monochromatic control problem, necessitating the use
f an extended Kalman filter (EKF) for estimating the excitation force.
dditionally, this control algorithm is designed to account for con-
traints on maximum buoy hull displacements. This section describes
n extended version of the SAE controller specifically designed for
eterogeneous arrays of WECs, which allows for the implementation
f displacement constraints for each individual WEC within the array.
dditionally, a method is derived here for evaluating the average power
roduction of a WEC array under this centralised and constrained
ontrol algorithm. The validation of the presented frequency domain
erformance assessment method, against time-domain results [12], is

conducted in [37]. Implementation of the SAE control in arrays of
WECs, referred to as ‘Array Simple and Effective’ (ASAE) control for
WEC arrays, requires modifications of the intrinsic impedance of the
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PTO systems, denoted as 𝐙𝐩𝐭 𝐨(𝜔), which takes the following form:

𝐙𝐩𝐭 𝐨 =
⎛

⎜

⎜

⎝

(2𝛾1 − 1)𝑥1,1 − 𝑗 𝑦1,1 … (2𝛾𝑛 − 1)𝑥1,𝑛 − 𝑗 𝑦1,𝑛
⋮ ⋱ ⋮

(2𝛾1 − 1)𝑥𝑛,1 − 𝑗 𝑦𝑛,1 … (2𝛾𝑛 − 1)𝑥𝑛,𝑛 − 𝑗 𝑦𝑛,𝑛

⎞

⎟

⎟

⎠

(13)

where 𝛾𝑖 represents the control variable for the PTO damping of the
𝑖th WEC, which can be utilised to impose constraints on the 𝑖th WEC
motion. Note that the real part of each element in the 𝑖th column of the
matrix (13) has the same tuning parameter (2𝛾𝑖− 1). This approximation
is based on the assumption of linear interactions among devices within
he WEC array. Hence, adjustments to the radiation damping of a
pecific WEC will consequently impact its influence on all other devices
n the array.

The total intrinsic impedance 𝐇 of the WEC array, when combined
with a centralised PTO, is given by the sum of 𝐙 and 𝐙𝐩𝐭 𝐨:

𝐇 = 𝐙 + 𝐙𝐩𝐭 𝐨 =
⎛

⎜

⎜

⎝

2𝛾1𝑥1,1 … 2𝛾𝑛𝑥1,𝑛
⋮ ⋱ ⋮

2𝛾1𝑥𝑛,1 … 2𝛾𝑛𝑥𝑛,𝑛

⎞

⎟

⎟

⎠

. (14)

For each WEC in the array, the corresponding velocities can be
evaluated as 𝐕 = 𝐇−𝟏𝐅𝐞𝐱 or

𝐕 =
⎛

⎜

⎜

⎝

𝑉1
⋮
𝑉𝑛

⎞

⎟

⎟

⎠

=
⎛

⎜

⎜

⎝

2𝛾1𝑥1,1 … 2𝛾𝑛𝑥1,𝑛
⋮ ⋱ ⋮

2𝛾1𝑥𝑛,1 … 2𝛾𝑛𝑥𝑛,𝑛

⎞

⎟

⎟

⎠

−1
⎛

⎜

⎜

⎝

𝐹1
⋮
𝐹𝑛

⎞

⎟

⎟

⎠

. (15)

The required inverse system matrix 𝐇−𝟏 is given by the following
quation:

𝐇−𝟏 =

⎛

⎜

⎜

⎜

⎝

𝐶1,1
2𝛾1|𝐇|

… 𝐶𝑛,1
2𝛾1|𝐇|

⋮ ⋱ ⋮
𝐶1,𝑛

2𝛾𝑛|𝐇|

… 𝐶𝑛,𝑛
2𝛾𝑛|𝐇|

⎞

⎟

⎟

⎟

⎠

, (16)

where 𝐶𝑖,𝑗 are co-factors of the elements 𝑥𝑖,𝑗 , and |𝐇| is the determinant
f the original matrix 𝐇.

Thus, the velocities for each WEC within the array can be evaluated
as:

𝐕 =
⎛

⎜

⎜

⎝

𝑉1
⋮
𝑉𝑛

⎞

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎝

1
2𝛾1

(

∑𝑛
𝑖=1

𝐶𝑖,1𝐹𝑖
|𝐇|

)

⋮
1
2𝛾𝑛

(

∑𝑛
𝑖=1

𝐶𝑖,1𝐹𝑖
|𝐇|

)

⎞

⎟

⎟

⎟

⎠

, (17)

and the corresponding displacements 𝜟 = (𝛥1, 𝛥2,… , 𝛥𝑛)𝑇 for the
specified wave frequency 𝜔 for WECs can be evaluated as:

𝜟 = 𝐕
𝑗 𝜔 =

(

𝑉1, 𝑉2,…𝑉𝑛
)𝑇

𝑗 𝜔 . (18)

It is clear that setting 𝛾𝑖 = 1 results in the classical complex
conjugate control solution [38]. However, the solutions of complex
conjugate control could require significant and unrealistic heaving
buoy displacement. Therefore, in order to respect the necessarily finite
stroke and force limitations of the PTO, the introduction of restrictions
on maximum heave displacements is necessary [33].

Within the presented framework, these limitations can be achieved
while staying within a frequency-domain formulation) by adjusting the

PTO damping parameters 𝛾𝑖. If the displacement required for complex
onjugate control exceeds realistic values (i.e., |𝛥𝑖| > 𝛥𝑀 𝑎𝑥), the
ecessary adjustment for tuning PTO parameters 𝛾𝑖 can be derived from
he following equation:

If |𝛥𝑖| > 𝛥𝑀 𝑎𝑥 → 𝛾𝑖 =
|𝛥𝑖|

𝛥𝑀 𝑎𝑥
. (19)

Then, the required PTO forces 𝐅𝑝𝑡𝑜 ∈ R𝑛 can be calculated as:

𝐅𝑝𝑡𝑜 = −𝐙𝐩𝐭 𝐨𝐕, (20)

with 𝑍𝑃 𝑇 𝑂 calculated from (13), which includes the 𝛾𝑖 parameters.
The time-averaged power production vector 𝐏 ∈ R𝑛, in the fre-

uency domain, for each WEC in an array operating with an ASAE
4

controller, can be computed as follows:

𝐏 =
⎛

⎜

⎜

⎝

𝑃1
⋮
𝑃𝑛

⎞

⎟

⎟

⎠

= 1
2
𝑅𝑒(𝐙𝐩𝐭 𝐨)|𝐕|2
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⎞
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⎠

. (21)

The total power production 𝑃𝑎𝑟𝑟𝑎𝑦 from a heterogeneous WEC array
can be computed by substituting the evaluated range of power genera-
tion 𝑃𝑖(𝜔), assessed for each wave frequency 𝜔, into (8), as detailed in
Section 3.

The simplicity of the proposed ASAE method, for control calculation
nd performance evaluation, ensures rapid assessment, which is crucial

for integration into system optimisation loops. Unlike time-domain
performance methods, the proposed approach does not require lengthy
virtual time simulation for control calculations at each time step, or
convergence evaluation for power values.

5. Control co-design problem statement

This section is dedicated to presenting the CCD optimisation prob-
em to which the methodology described in the previous sections
ill be applied. The research aims to find an optimal combination

of device geometry and array layout for a heterogeneous WEC array.
The overall goal is to maximise the beneficial, constructive effects of
array interactions while maintaining the scale of the WECs within a
realistic range, also subject to displacement and layout constraints. The
ptimisation problem also aims to harness multi-directional wind and
well wave power. The goal is to minimise the 𝜅-factor (12). As the

definition of this metric is inspired by the ideas underpinning LCoE,
minimising the 𝜅-factor should lead to array layouts which reduce the
LCoE (1) of the generated energy. It is assumed that the WECs in the
rray operate under the new ASAE control, described in Section 4.

Consider a baseline point absorber WEC, with buoy hull given by
a semi-submerged cylinder with radius 𝑅0 = 3m and a height of
𝐻0 = 6m. Using this baseline WEC, the geometry of each device in
the array is adjusted in the optimisation algorithm using a scaling
factor 𝑎𝑖, where the radius and height of the 𝑖th WEC are defined by
𝑅𝑖 = 𝑎𝑖𝑅0 and 𝐻𝑖 = 𝑎𝑖𝐻0 respectively. The scaling factor is constrained
to the range 0.75 < 𝑎𝑖 < 1.25, reflecting practical considerations
related to manufacturability, installation, and transportation of WEC
hulls. The positions of the WECs in the array, denoted by (𝑋𝑖, 𝑌𝑖), are
lso optimised simultaneously with the hull scale 𝑎𝑖 within a single
ptimisation problem, as depicted in Fig. 2. The optimisation algorithm

is implemented in MATLAB, which calls ANSYS AQWA to estimate
ydrodynamic parameters at each optimisation step. Parameters for
EC positions (𝑋𝑖, 𝑌𝑖) are subject to constraints that may vary, based

n the number of devices. The water depth is considered to be 200 m.
The determination of hydrodynamic parameters and excitation

forces for closely located multiple objects in waves is a challenging
roblem and has been studied by many researchers [39–41]. It is known
hat boundary element, or panel, methods may provide incorrect or
verestimated results when the gap between multiple devices is small,
nd high-order asymptotic approximations are required for more ac-
urate results in such a case [39,41]. These high-order effects become
ore significant with an increased number of devices [39]. Therefore,

in this research, the following constraints are introduced on the min-
mum allowed distance between devices, to avoid overestimation of
nteraction for closely located devices. The minimum distance for three

WECs is set at one third of the peak wavelength 𝐿𝑚𝑖𝑛 = 𝜆∕3, while, for
four or five WECs, it is three quarters of the wavelength 𝐿𝑚𝑖𝑛 = 3𝜆∕4.

The following constraints on the device spacing also ensure that de-
ices do not collide and are not excessively spaced apart, which would

incur excessive expenses for mooring lines and electrical cables [26]:
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Fig. 2. Control co-design optimisation.
Fig. 3. Annual wave energy data for southwest coast of Ireland [longitude: −10◦, latitude: 52.5◦], the averaged properties of swell waves 𝐻𝑠=1.8 m 𝑇𝑝=9.3 s direction = 293◦,
and wind wave 𝐻𝑠=1 m 𝑇𝑝=4 s direction = 243◦.
√

(𝑋𝑖 −𝑋𝑗 )2 + (𝑌𝑖 − 𝑌𝑗 )2 > 𝐿𝑚𝑖𝑛

𝑋𝑚𝑖𝑛 < 𝑋𝑖 < 𝑋𝑚𝑎𝑥, 𝑌𝑚𝑖𝑛 < 𝑌𝑖 < 𝑌𝑚𝑎𝑥 (22)

In addition, the maximum possible displacement for WECs is con-
strained by 𝛥𝑀 𝑎𝑥

𝑖 = 0.4𝐻𝑖. This condition ensures that a WEC does not
lose contact with the water and takes into account that a larger WEC
may also experience a greater fluctuation magnitude in water waves.

The optimisation problem is tackled using a differential evolution
(DE) algorithm, an adaptive meta-heuristic search method categorised
within evolutionary computing algorithms [42]. DE demonstrates ef-
fectiveness in addressing the nonlinear challenges posed by WEC array
optimisation. Engineered to uniformly and adaptively explore extensive
search spaces [29,43], and [44], DE employs a differential mutation
approach, inherently fostering diversity and mitigating premature con-
vergence [45], a common issue in non-convex performance landscapes.
In addition, the rotations of the obtained layouts, as well as attempts to
approximate them with geometrically accurate shapes, are carried out
to ensure that the obtained solution is a global minimum.

6. Selected wave climates

Traditionally, the optimisation of an array of WECs is conducted
for a single wave direction, which corresponds to an averaged swell
wave. In this study, the optimisation of the array is conducted for both
swell and wind waves, which have different properties, and propagate
from different directions. Wind waves usually have a smaller period
and transfer much less wave energy; however, their inclusion could
potentially lead to a 10%–20% increase in the wave power available
for absorption as can be seen from Figs. 3 and 4. Unfortunately, in a
5

real ocean state scenario, it would be difficult to predict the direction
of wind waves and tune the PTO to align with their shorter periods.
However, it is nonetheless interesting to assess how their inclusion
would affect the optimal array layout and the scales of WECs within
it.

To achieve a realistic representation of sea states, the ERA5 database
is utilised to specify the wave climate in the two chosen locations [46].
ERA5 is the fifth generation of reanalysis produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF), covering global
climate and weather data over the past eight decades, starting from
1940. Reanalysis integrates model data with worldwide observations
to create a comprehensive and consistent global dataset, adhering
to the laws of physics. ERA5 offers hourly estimates for numerous
atmospheric, ocean-wave, and land-surface parameters.

Two wave climates are selected for heterogeneous wave array opti-
misation and assessment of the solution sensitivity to various waves
types and directions. The first wave climate is based on data from
southwest coast of Ireland at longitude −10◦ and latitude 52.5◦ (see
Fig. 3), and the second wave climate is based on data from the Por-
tuguese coast at longitude −9.5◦ and latitude 37.5◦ (see Fig. 4). These
two regions are traditionally used as places for WEC prototype testing,
and investigating their potential further deployment.

The wave roses, depicting the average wave power propagation for
wind and swell waves recorded during 2023 for these two regions, are
presented in Figs. 3 and 4. The dominant gradient directions, where
maximum wave energy data is recorded, are highlighted with red
arrows. The average wave properties corresponding to these directions
are evaluated. It is evident that the dominant directions of wind and
swell waves form approximately a 500 angle with each other for the
Irish coast, while the angle is −55◦ for the Portuguese coast area. The
irregular waves in the study are assumed to follow a Bretschneider
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Fig. 4. Annual wave energy data for Portuguese Coast [longitude: −9.5◦, latitude: 37.5◦], the averaged properties of swell wave 𝐻𝑠=1.77 m 𝑇𝑝=9.6 s direction = 298.6◦, and wind
wave 𝐻𝑠=0.7 m 𝑇𝑝=3.6 s direction = 353.5◦.
Fig. 5. Optimal arrays of 3 WECs for (a) Irish Coast and (b) Portuguese Coast climates (only for swell wave).
spectrum. The average swell and wind wave properties for the Irish
coast are 𝐻𝑠=1.8 m 𝑇𝑝=9.3 s, and 𝐻𝑠=1 m 𝑇𝑝=4 s respectively. For the
Portuguese coast, the swell and wind wave properties are 𝐻𝑠 = 1.77
m, 𝑇𝑝 = 9.6 s, and 𝐻𝑠 = 0.7 m, 𝑇𝑝 = 3.6 s, respectively. Thus, the
values of the peak swell wavelengths for the Irish and Portuguese coast
are 𝜆𝐼=134 m and 𝜆𝑃 =143 m, which also impose different distance
constraints for the two optimisation problems.

7. Results and discussions

This section presents the results of applying the proposed method-
ology for control co-design optimisation of heterogeneous WEC arrays
consisting of 3, 4, and 5 devices. The DE optimisation algorithm is
implemented in MATLAB and executed using resources provided by
the Irish Centre for High-End Computing (ICHEC) [47]. Hydrodynamic
parameters for the control and performance assessment algorithm are
determined using ANSYS AQWA. The DE optimisation algorithm is
initialised with 20 randomly generated WEC array configurations dis-
tributed within the allocated area, and constrained by (22). Approxi-
mately 200–500 iterations of the optimisation loop are conducted from
each of the twenty starting positions until the solutions converge (see
Fig. 7).
6

7.1. Case 1 - Optimisation results for 3 WECs

The first case study considers the optimisation of the shapes and
positions of three WECs for the two selected wave climates: the Irish
and Portuguese coasts. The area designated for WEC positioning is
restricted to [−2𝜆, 2𝜆] for both the 𝑋 and 𝑌 axes, with a minimum
distance of 𝜆∕3 m between any two WECs. It is assumed that the
position of the first WEC is fixed at the origin, which reduces the
number of optimisation variables to seven in total: four for the positions
of the remaining two WECs and three for the size scaling parameters.

The first case scenario considers a traditional WEC optimisation
problem with only unidirectional wave propagation of swell waves in
the dominant direction, as detailed in Section 6. The optimal solutions
for this optimisation problem are presented in Fig. 5. It is evident that
the WECs form a straight line perpendicular to the incoming wave
direction, which agrees with the traditional result for a small WEC
array [22]. The obtained array is homogeneous, with all WECs having
the minimum allowed size 𝑎𝑖 = 0.75, and the distance between WECs is
also the minimum allowed 𝜆∕3, for both wave climates. The 𝜅-factors
for the arrays are almost identical 𝜅𝐼 = 0.764 and 𝜅𝑃 = 0.766, as well
as the 𝑞-factors, which are 𝑞 = 1.416 and 𝑞 = 1.412, respectively.
𝐼 𝑃
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Fig. 6. Optimal arrays of 3 WECs for (a) Irish coast and (b) Portuguese coast climates.
Fig. 7. Convergence of the differential evolution method for array optimisation for
Irish coast.

However, the inclusion of wind waves in the optimisation problem
changes the results, as shown in Fig. 6. It is clear that the optimisation
leads to a homogeneous array, with the WEC sizes at their minimum
boundary, with 𝑎𝑖 = 0.75. The WECs are still arranged in a straight
line, but the variations in the angle between wind and swell waves
causes reorientation or rotation of the WEC layout. The shift in array
orientation in the case of Irish coast is greater compared to that of the
Portuguese coast, which can be explained by the larger peak period 𝑇𝑝
and significant wave height 𝐻𝑠 of the included wind waves. However,
the 𝜅-factor for the Irish coast, at 𝜅𝐼 = 0.817 is slightly larger (recall
that a small k-factor is best) than the 𝜅-factor for the Portuguese coast,
which is 𝜅𝑃 = 0.788. It could be explained by a more favourable
combination of swell and wind waves periods. The evaluated 𝑞-factors
for the case of wind and swell waves 𝑞𝐼 = 1.32, and 𝑞𝑃 = 1.37, are small,
compared to the case of only swell waves, which can be explained by
7

lower positive interactions between WECs in the array in the case of
the swell waves.

The convergence of the optimisation solution for the Irish coast is
illustrated in Fig. 7 for seven initial configurations. It is evident that
convergence of the seven randomly selected initial WEC positions is
achieved after 140 iterations. It should also be noted that, as shown
in [22], the optimal layout for a WEC array is a consequence of the
selected control strategy, so changing the selected control strategy will
change the optimal array layout. Thus, the layout of WECs presented in
this article is optimal for the developed ASAE control strategy with the
chosen constraints [48], and the particular objective function chosen.

7.2. Case 2 - Optimisation results for 4 WECs

The second case study involves optimising the shapes and positions
of four WECs for the same selected wave climates of the Irish and
Portuguese coasts. The selected area for WEC positions is limited to
[−2𝜆, 2𝜆] on both the 𝑋 and 𝑌 axes, and it is required that WECs
maintain a minimum distance of 𝐿𝑚𝑖𝑛 = 3𝜆∕4 from each other. The
first WEC is again located at the origin of the coordinate system, which
reduces the number of coordinate variables to 6, with the further
addition of 4 scaling parameters: 10 in total.

The solution to the associated optimisation problem is presented in
Fig. 8. It is evident that the arrangement of the four WECs is symmet-
rical and very close to a rectangular shape, with a single large WEC
located behind (with respect to the wave direction) the three smaller
ones. The smaller WECs are at the minimum allowed size 𝑎𝑖=0.75 or
𝑅=2.25 m, while the large WEC is at the maximum size, with 𝑎𝑖=1.25
or 𝑅=3.75 m. These results are in agreement with the results of the
optimisation conducted in the time domain in [22], where the obtained
layout also had larger WECs surrounded by smaller ones. The rectangle
is oriented with respect to the angle between wind and swell waves.
The 𝜅-factor for the Irish coast is 𝜅𝐼 = 0.98, which is slightly higher
than the 𝜅-factor for the Portuguese coast, which is 𝜅𝑃 = 0.956, and
the 𝑞-factors are 𝑞𝐼 = 1.506 and 𝑞𝑃 = 1.595, correspondingly. It is
worth noting that the distances between the WECs in the array are, on
average, slightly greater than the minimum allowed (3𝜆/4), and that
the efforts to replace the obtained formation with a more exact square
layout did not improved the 𝜅-factor.

7.3. Case 3 - Optimisation results for 5 WECs

The third and final case study considers the optimisation of the
shapes and positions of five WECs for the selected wave climates of
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Fig. 8. Optimal Heterogeneous Arrays of 4 WECs for Irish and Portuguese Coasts Climates.
Fig. 9. Optimal Heterogeneous arrays of 5 WECs for Irish and Portuguese coasts climates.
the Irish coast and the Portuguese coast. The selected area for WEC
positions is limited to [−2𝜆, 2𝜆] for both the 𝑋 and 𝑌 axes, while it is
required for WECs to maintain a separation of at least 𝐿𝑚𝑖𝑛 = 3𝜆∕4 m.
Since it is assumed that the first WEC is fixed at the origin, the number
of variables is 8 for WEC positions and 5 for their scales, giving a total
of 13 variables to be optimised.

The results of applying the proposed methodology to the optimisa-
tion problem are presented in Fig. 9. Once again, the layout has a high
level of symmetry and closely approximates a square, on this occasion
with the largest WEC at the centre (intersection of the main diagonals).
The distances between the central WEC and the WECs located at the
vertices are all equal to the applied constraint, which is 3𝜆∕4. Moreover,
the square layouts are oriented towards the incoming wind and swell
waves. The WECs located at the vertices of the square layout have their
scaling parameters at the lower boundary of the constraint set, 𝑎𝑖 = 0.75
while, for the central WEC, the scaling parameters are again at the
maximum of the constraint set with 𝑎1 = 1.25, for both wave climates.
The obtained values for the 𝜅-factor for the Irish and Portuguese Coasts
are 𝜅𝐺 = 1.014 and 𝜅𝑃 = 0.893 correspondingly, and 𝑞-factors are
𝑞𝐺 = 1.517 and 𝑞𝑃 = 1.722.

The heterogeneous array layout obtained here, which represents
a larger heaving buoy closely surrounded by smaller ones, closely
8

resemble the results obtained in [22]. Interestingly, symmetry is not
enforced in the optimisation formulation; however, the results of the
optimisation algorithm exhibit geometrically regular shapes with a high
degree of symmetry.

8. Conclusions

The presented methodology for the control co-design of heteroge-
neous arrays of WECs is both new and promising. By facilitating the
enforcement of constraints in the frequency domain, this approach
enables the discovery of new solutions while simultaneously optimising
the shapes and layout of WECs in a heterogeneous array within an
acceptable computational time-frame.

For the particular objective function studied here, it is shown that
the optimal layout of a heterogeneous array is a geometrically regular
shape, closely approximating a square layout in the case of 4 and
5 WECs, oriented towards the incoming wave, with the largest WEC
located behind or surrounded by the smaller devices. The presented
results align with those obtained in the time domain for the spectral
control method in [22]. However, in that previous research, the authors
did not vary positions for arrays with more than three WECs, adjusting
only their scales.
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Another feature of the presented methodology is its capability to
optimise for the case of multi-directional wind and ocean waves. The
proposed performance function, the new 𝜅-factor metric, is inspired by
the LCoE and allows for maximising the positive 𝑞-factor effect while
maintaining the sizes of WECs within reasonable bounds.

However, the proposed methodology and the results obtained are
subject to several limitations due to the use of linear models and
frequency-domain assessments. The methodology cannot account for
slamming effects, as frequency-domain analysis poses challenges for
modelling nonlinear systems. Additionally, the analysis is confined to
operations within the power production region, thereby excluding ex-
treme wave conditions, slamming phenomena, and similar effects. The
performance evaluation is based on a multi-monochromatic analysis,
rather than a more comprehensive poly- or pan-chromatic approach.
Additionally, all the considered devices are assumed to have the same
shape, with proportional scaling in both height and breadth. Many of
the solutions are constrained by the limitations of linear BEM analysis,
which does not fully capture the potential of an optimally heteroge-
neous array. Finally, it should be noted that the manufacturing cost of
a heterogeneous array is higher than that of a homogeneous array, and
this factor is not considered in the ‘economic’ performance evaluation.

Nevertheless, the method to assess array performance in the fre-
uency domain presented in this article opens new possibilities for
urther development of point absorber wave energy technology.
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