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ARTICLE INFO ABSTRACT

Keywords: Hybrid wind-wave energy converters (HWWECs) offer a promising renewable energy solution by harnessing both
Wind-wave hybrid energy systems wind and wave resources, supporting the diversification of the global energy mix. Despite their potential, HWWEC
Optimal control development is at an early stage, with key challenges hindering commercial availability. To reach optimal per-
Modelling

formance, HWWECs must effectively balance wind and wave energy absorption, an inherently complex task that
requires accurate (yet tractable) mathematical modelling and the subsequent design of tailored control strategies,
capable of handling this trade-off systematically. Aiming to shed light on the state-of-the-art of this crucial prob-
lem, this study provides a critical review of current research on modelling and control of HWWECs, focusing on
the development of control-oriented dynamical models and their role in control design. Modelling is divided into
key macroareas, including, e.g., aerodynamics, hydrodynamics and mooring systems, common to a large class of
HWWEC concepts. Given their non-traditional nature, controllers are prioritised on the wave energy converter
side and categorised according to the defined performance objective. Among the key findings, this review high-
lights significant gaps, including a lack of a unified/generalised modelling framework, inconsistencies among
similar devices when deriving control-oriented models, and a lack of development and detailed understanding of
the parameterisation and solution of the associated control problem. By identifying these gaps and highlighting
clear future directions, this study provides a primer for researchers seeking to enter this emerging field, con-
tributing to accelerating the development of HWWECs and helping establish their role as a key technology in the
energy transition.

Wave energy
Floating offshore wind turbines (FOWTs)
Hybrid platform

1. Introduction more abundant, have made significant advancements in recent years.
Among these, hybrid wind-wave energy converters (HWWECs) have
attracted growing interest due to their potential to harness the syner-
gistic benefits of wind and wave resources. Wave energy, which is a
largely untapped source [2], offers significant advantages for future en-
ergy solutions, and devices that can harness both wave and wind energy
simultaneously offer even greater promise. In fact, wind and wave are
abundant sources [3] that often exhibit a complementary pattern, with a

The population growth and the need to ensure basic living standards
have increased energy requirements. This demand can not be met sim-
ply by relying on traditional energy sources such as fossil fuels, which,
by raising the CO2 level, exacerbate the ongoing climate crisis [1]. As a
response to this issue, the exploration of renewable energies has gained
substantial success. In the quest for sustainable energy sources, offshore
technologies, enabling the harnessing of energy where resources are
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Nomenclature

Abbreviations
ANN Artificial neural network
BEM Boundary element method

BEMT  Blade element momentum theory
CFD Computational fluid dynamics
DLL Dynamic-link library

DMS Double multiple streamtube
FOWT  Floating offshore wind turbine

HWWEC Hybrid wind-wave energy converter
HYSDEL Hybrid systems description language
LQR Linear quadratic regulator

MPC Model predictive control

OWC Oscillating water column

P Proportional

PI Proportional-integral

PID Proportional-integral-derivative

PTO Power take-off

RAO Response amplitude operator
THP Tuned heave plate

TLD Tuned liquid damper

TLP Tension leg platform

TMD Tuned mass damper

VAWT  Vertical-axis wind turbine

WEC Wave energy converter

WT Wind turbine

Symbols

a,a Mooring stiffness [N/m] and damping coefficients [Ns/m]
a Axial induction factor

a Angular induction factor

B Blade pitch angle deviation [rad]
b1:P> Weighting parameters

c Airfoil chord

cp Drag coefficient

cr Lift coefficient
cp Power coefficient
o Torque coefficient
or Thrust coefficient
Disturbance vector
n Wave free-surface elevation
b Inflow angle [rad]
Fp Drag force [N]
fe Wave excitation [N]
In Restoring force [N]
F; Lift force [N]
Im Mooring force [N]
Fy Normal force [N]
F, Tangential force [N]
Fr Thrust force [N]
21,8 Stabilisation, WEC energy-maximisation functions
k, Radiation impulse response function [kg/s]
k, Excitation impulse response function [kg/s?]
A Tip-speed ratio
my, Added mass at infinite frequency [kg]
P Aerodynamic power [W]
q State vector
R Rotor radius [m]
p Wind density [kg/m?]
r Control volume radius [m]
Sp Hydrostatic stiffness matrix [N/m]
T Axial force [N]
u Control input vector
U Free stream wind velocity [m/s]
U, Rotor plane wind velocity [m/s]
X, X, ¥ Displacement [m], velocity [m/s], acceleration [m/s?]
= Time interval for control optimisation
w Blade wake angular velocity [rad/s]
Q Rotor angular velocity [rad/s]

low level of correlation among different sites [4-6], and their combined
use not only enhances the overall energy yield, but also provides a more
stable and reliable power output [7-9], compared to the stand-alone
technologies, which is crucial for meeting the growing energy demand.

One of the key advantages offered by HWWECs is the marine spa-
tial optimisation, i.e., an efficient and sustainable use of marine spaces,
that aligns with various European initiatives aimed at optimising the
use of marine resources and promoting sustainable energy solutions
[10,11]. Additionally, HWWECs can leverage shared structures, infras-
tructures and mooring systems, leading to cost savings in operation
and maintenance procedures [12], which are fundamental for early
commercialisation.

The field of HWWEGs is characterised by a wide variety of proposed
concepts, ranging from fully integrated systems where wind turbines
(WTs) and wave energy converters (WECs) are built into a single struc-
ture, to modular approaches, where separate devices are deployed in
close proximity [13,14]. The diversity of designs reflects the complexity
and novelty of these technologies. In fact, being a combination of a more
mature technology (WTs) and a more recent one (WECs), which lacks a
standard device/configuration, HWWECs do not yet represent a unique
emerging technology [15].

Achieving efficient energy harvesting is crucial for the success of
HWWECs. Adequate control system design can directly influence the re-
liability, efficiency and economic viability of this technology, facilitating
their pathway towards commercialisation [16]. HWWECs, combining
different technologies, require control objectives that can be potentially

conflicting: while stability is essential for the efficient operation of WTs,
WECs aim to maximise energy capture, often through increased ampli-
tude motion, creating a conflict between the two control objectives. In
fact, offshore WTs, unlike their onshore counterparts, deal with harsher
environments, characterised by strong winds, waves and currents that
excite the WT and the floater, increasing motion, potentially affecting
power production and reducing the lifetime of the system [17].

Therefore, their control, needing to fulfil different objectives such as
load reduction and platform stabilisation [18], goes beyond traditional
controllers dedicated to onshore WTs. For the latter technology, the
main objective is focused solely on maximising operational efficiency,
including, e.g., maximum power point tracking control, standard genera-
tor torque control (responsible for maximising the WT power conversion
efficiency and active in the so-called operational region two (below rated
wind speed) [19]), and blade pitch control (responsible for regulating
the rotor speed at its rated value and active in the so-called region three
(above rated wind speed)) [20-22]. On the other hand, due to the com-
plexities that accompany hosting the turbine on a floating platform in
the sea, floating offshore wind turbines (FOWTs) have extra challenges
for their control system. They experience more structural loads than
fixed-base turbines due to the effect of waves, i.e., higher hydrodynamic
loading, leading to the necessity of combining high-performance power
production with stability.

Aiming at improving device stability, apart from WECs, FOWTs have
been combined and complemented with different devices such as tuned
mass dampers (TMDs), which consist of a suspended mass with a stiffness
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and a damper, tuned to the desired resonance frequency [23], and can be
integrated on the nacelle [24-26] or directly into the platform [27,28];
tuned liquid dampers (TLDs), a type of TMD where the mass is replaced
with liquid [29,30]; tuned heave plates (THPs), which, if properly tuned,
can also produce power, (e.g., using a permanent magnet linear gen-
erator [31]); active vertical vanes [32,33]; gyrostabilisers [34,35], and
active mooring lines [36,37]. Nevertheless, integration with WECs seems
particularly promising due to the further advantage of simultaneously
harnessing wave energy, ideally enhancing the overall power output.
This has motivated a trend in moving towards HWWECs, combining
FOWTs and WECs [38].

An efficient exploitation of wave energy, though, requires control
technology for the WEC able to pursue an energy-maximising objective,
which virtually always enhances overall device motion, which contrasts
with the intrinsic stabilisation needed for the WT. Therefore, an effec-
tive WEC control strategy, able to balance both platform stabilisation
and wave energy-maximisation, is fundamental for the development of
HWWECs. Current WEC control approaches dedicated to these devices
often focus on either stabilisation of the wind system or maximisation
of energy captured from waves independently, lacking the integrated
perspective needed for HWWECs.

The vast majority of modern control technology available for ef-
fective (optimal) control of HWWECs (in particular, via the WEC
component) is model-based, i.e., a mathematical model is required for
design, synthesis and tuning of controllers. These models must capture
the complex interactions between wind and wave forces, the dynamic
response of the platform, and the energy conversion processes of both
WTs and WECs, while ideally providing a suitable tradeoff between ac-
curacy and computational and analytical complexity. In fact, an ideal
control-oriented model, useful for a wide class of real-time control tech-
nology, should capture the main dynamics of interest, describing both
the wave energy conversion process and platform behaviour, in a sim-
plified fashion, leading to structures compatible with modern control
technology. The availability of such control-oriented models constitutes
a key stepping stone towards improved control solutions, providing the
foundation for designing controllers that can manage the multi-objective
performance criteria of HWWECs, involving not only stabilisation of the
platform, but also maximum wave energy extraction.

Being HWWECs technology in its infancy, standardised procedures
for a systematic construction of control-oriented models do not exist to
date. Yet, the availability of such mathematical structures constitutes
a fundamental stepping stone towards technology design and optimisa-
tion. Motivated by the lack of a clear pathway and updated perspectives
on control-oriented models and control strategies for HWWEGs, this pa-
per provides a comprehensive exploration of the evolving landscape
of these systems, focusing specifically on the classification of control
strategies and control-oriented modelling approaches. By providing a
critical overview of the existing literature and research findings in the
field, this paper aims to offer insights into the current state-of-the-art
methodologies in control-oriented modelling of HWWECs, while iden-
tifying the key gaps and opportunities for further development. The
systematic categorisation and examination of the different modelling
approaches proposed within applied control research in the field of
HWWECs, presented within this study, serve both as a framework and
guideline for taking the next steps required to optimise control tech-
nology, contributing towards more efficient exploitation of wind and
wave energy resources, leading the pathway towards commercialisation
of these novel technologies.

The remainder of this paper is organised as follows. Section 2 gives
an overview of HWWEGs. In Section 3 the modelling approaches applied
to describe the behaviour of these devices are detailed, and Section 4
reviews the developed control strategies found in the literature. The
conclusions, along with perspectives for future work on HWWEGCs, are
outlined in Section 5.
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2. HWWECs: devices overview

As introduced within Section 1, HWWECs are innovative renewable
energy systems capable of simultaneously harnessing energy from both
wind and waves. By integrating offshore WTs with WECs, these sys-
tems leverage the complementary nature of wind and wave resources.
This dual approach not only can increase the total energy harvested
from a given location, but can also enhances the overall efficiency
and reliability of the overall power generation. By sharing infrastruc-
ture and maintenance costs, HWWECs present a cost-effective solution
to meeting growing energy demands while minimising environmental
impacts.

Wind-wave devices are a combination of offshore wind turbines and
wave energy converters and, depending on the degree of connectivity
between these two technologies, they can generally be classified into
co-located, hybrid, and island systems [13]. Within this study, we focus
entirely on hybrid devices, which are effectively capable of integrating
both technologies into a unified structure.

We begin by noting that HWWECs, being at an early stage of de-
velopment, still lack a standard device [39]. In fact, even though WTs
are a mature technology, when considering these as part of an offshore
environment, there are many different platforms on which the WT can
be effectively installed. In particular, offshore WTs can be categorised,
depending on water depth, as: fixed, bottom-mounted and floating. We
focus on the latter typology, as it allows access to higher wind resources
in offshore areas where the bathymetry makes other typologies impracti-
cal or economically unfeasible, that can be further classified into: ballast
stabilised, e.g., SPAR, mooring line stabilised, e.g., tension leg plat-
form (TLP), and buoyancy stabilised, e.g., barge and semi-submersibles
[40-42] (see Fig. 1 for a schematic representation of FOWT platforms).

The lack of a technological convergence is even more evident when
considering WECs. Nowadays, there is a wide variety of wave energy
converters, and new and diverse technologies are constantly proposed,
without a visible standardised design, at least in the short-term hori-
zon. This is mainly due to the fact that there are different ways in
which energy can be absorbed from the waves and, depending on the
location, water depth, and purpose for which it is used, there can be
different (more suitable) WEC concepts. Given the increasingly large

|
=

Fig. 1. Floating foundations for offshore wind turbine: (a) Barge; (b) Semi-
submersible; (c) SPAR; (d) Tension leg platform.
Adapted from [43].
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(b) (c)

Fig. 2. Different type of WECs considered within HWWECs amongst the revised
literature: (a) Point absorber; (b) Oscillating surge; (c) OWC.

number of WEC systems proposed, which can come in significantly dif-
ferent geometries and working principles, a number of classifications do
exist within the literature [44], aiming at grouping the available con-
version concepts in different ways. Following the standard classification
provided by [45], WECs can be classified into oscillating water columns
(OWCGs), oscillating bodies, and overtopping systems. OWCs can produce
energy by pushing, with a column of water varying with the incoming
waves, an airflow through a bidirectional turbine [46]. Oscillating bod-
ies, instead, encompass a large class of offshore WECs, which exploit
wave regimes available in deep water. Within this family, two concepts
are of particular interest, since these have been considered recursively
within the literature of HWWECs: point absorbers, which have small
dimensions with respect to the wavelength, are floating structures ca-
pable of absorbing energy from different directions through a motion
that drives a power take-off (PTO) system [47] and; oscillating wave
surge converters, which are generally comprised of a hinged deflector,
positioned perpendicular to the wave direction, that moves back and
forth exploiting the horizontal velocity of the wave [48]. Finally, over-
topping systems capture the energy close to the wave crest by spilling
into a reservoir where it is stored at a level higher than the (average)
free-surface elevation. This potential energy is then used to move a tur-
bine. Based on the classification and description provided above, Fig. 2
presents schematic representations of WECs featuring the most common
working principles integrated into HWWECs studies! focused on mod-
elling and control design procedures, with the PTO system highlighted
in red.

The categorisation of HWWECs can be based on the specific combi-
nation of wind and wave energy technologies they employ [14,15,49].
Classifying HWWECs based on the different foundations is not simply a
geometric differentiation: having different substructures means having
a specific stabilising mechanism and dynamic characteristics that will
influence the overall system’s dynamic behaviour. Even though there is
not yet a convergence to a specific device, the state-of-the-art attempts
to highlight drawbacks and advantages of the existing concepts [50]. For
example, in [51], considering the Italian context, a method to evaluate
and classify HWWECs is proposed depending on different criteria, such
as cost effectiveness, power extraction, and WEC integration, showing
promising results for semi-submersible platforms.

Nowadays, this foundation type is also the one used for full-scale
HWWEGCs. This includes, for instance, the W2POWER [52], in which a
triangular semi-submersible platform, hosting two WTs at the corners,
is combined with point absorbers, and the Floating Power Plant [53],
with a T-shaped semi-submersible foundation (where hydrogen systems

1 Other WEC concepts have also been considered within the larger literature
of HWWEC design, see, e.g., [14].

Renewable and Sustainable Energy Reviews 224 (2025) 116080

can also be incorporated), a WT on top, and an array of point absorbers.
Among semi-submersible-based HWWEGCs, a notable device is the so-
called WindWaveFloat [54], which can include different types of WECs,
such as spherical point absorbers (SWEDE [55]), OWCs (installed in the
columns [56]) and flaps (hinged on the three top main beams), under-
lying the flexibility of this device and its adaptability to different sea
conditions. Both numerical and experimental analyses have been con-
ducted to show the effect of adding WECs in terms of overall system
motion and power capture. Even though the concept has been shown
to be feasible and promising, there is yet no full-scale development of
this system. Notable advancements of a semi-submersible hybrid concept
have also been made by Bombora [57], which has successfully com-
pleted tank testing of the integration of a membrane-style WEC with a
single semi-submersible floating 10 MW WT.

Taking into account ballast stabilised platforms, i.e., SPAR, the spar-
torus combination is the most popular [58], in which the torus (point
absorber) plays a key role in meeting the tower stability requirement
while increasing power extraction. Recently, a novel concept combin-
ing this type of platform with three OWCs has been proposed in [59],
featuring an experimental investigation in which the synergies and ad-
vantages derived from their integration have been highlighted, showing
potential in the HWWEC by increasing the overall power production
without a significant adverse effect on platform motion. Finally, among
HWWECs with a TLP-type platform, heaving WECs [60,61] and point
absorbers [62] have been proposed for integration, analysing numeri-
cally and/or experimentally the feasibility, benefits and limitations of
their combination. Representative examples of HWWEGCs are illustrated
in Fig. 3.

Given the extensive range of existing concepts, as highlighted by
the discussion provided within this section, it is crucial to empha-
sise that combining different devices necessitates distinct modelling
approaches, taking into account various aspects and effects that may
play a more or less significant role in the overall system behaviour.
This requires a careful analysis and adaptation of modelling tech-
niques and control synthesis, leveraging tailored strategies to accurately
predict and optimise system performance, according to each concept.
A more detailed discussion on this topic is presented in Sections
3 and 4, addressing the challenges associated with diverse device
combinations.

3. HWWECs modelling for control synthesis

A proper modelling procedure is essential for accurately represent-
ing a system. “Proper” here refers to the suitability of the mathematical
representation for the device, according to the desired use. The deci-
sion to include or exclude specific effects within a model can lead to
markedly different outcomes, not only in terms of accuracy, but also
in the time and computational resources required to produce numer-
ical results. Consequently, even when dealing with the same system,
different modelling decisions may be made depending on the specific
objectives of the study and the intended use for the model. This is partic-
ularly true for HWWECs, which are inherently challenging to model due
to the intricate interactions between wind and wave sub-components.
In response to these complexities, this section introduces a generalised
framework designed to guide the modelling task for HWWECs with
particular emphasis on models for control applications, offering a com-
prehensive critical analysis of the control-oriented models that have
been proposed and explored in the existing literature. Furthermore, a
critical comparison between numerical and analytical models is offered,
highlighting the limits and opportunities of different techniques from
both domains. In addition to a summarising table (Table 4) that cat-
alogues all the reviewed papers, the section includes targeted tables
that highlight specific modelling aspects, as well as statistical anal-
yses derived from this dataset. Through this analysis, strengths and
limitations of different approaches are highlighted, providing valuable
insights into the most effective strategies for achieving accurate and
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(a)

(b)
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(c)

Fig. 3. Representative HWWECs amongst the revised literature: (a) Semi-submersible with flap; (b) SPAR with OWCs; (c) TLP with point absorbers. Panel (a) adapted

from [54]; Panel (b) adapted from [59]; Panel (c) adapted from [62].

Table 1
Modelling frameworks for HWWECs.

Aerodynamic Hydrodynamic

Structural dynamics Mooring dynamics

Blade element momentum
Vortex methods
CFD

Morison equation
Potential flow theory
CFD

Multi-body
Finite element
Modal analysis

Static/quasi-static analysis
Lumped-mass
Finite element

reliable system representations for control (and overall performance
optimisation) purposes.

Modelling of HWWECs can be broadly categorised into four macro
areas: aerodynamic, hydrodynamic, structural analysis and mooring dy-
namics. Aerodynamic modelling examines the interaction between wind
and the non-submerged components of the device, in particular with tur-
bine blades, focusing on how the airflow generates forces and torques
essential for turbine rotation. This aspect requires an understanding of
factors such as wind speed, direction, turbulence, and blade pitch, to
optimise the aerodynamic performance and ensure an efficient energy
capture. Hydrodynamic modelling, meanwhile, addresses the interac-
tion between the oceanic resource and the submerged components of
the system. This involves analysing the forces and motions induced
by waves, tides, and currents on the structure. Structural dynamics in-
volve the analysis of device interactions with the loads and deformations
externally applied, and the generated internal stresses and displace-
ments, including inertia effects. Modelling this last aspect serves to
ensure that the structure can withstand the harsh environmental con-
ditions the device will face during offshore operation. Finally, mooring
systems introduce another critical aspect to consider as part of the mod-
elling process. These systems generate dynamic effects that can influence
the device’s stability and motion (see, e.g., [63]). The interaction be-
tween mooring lines and environmental forces, such as waves, wind,
and currents, adds complexity to the overall system behaviour.

Table 1 summarises the main frameworks used by the state-of-the-
art literature of HWWECS, to describe aerodynamic, hydrodynamic,
structural dynamics and mooring dynamics.

Each of these fields relies on a distinct set of approaches to capture
the interactions between the device and its operating environment. In
aerodynamic models, blade element momentum theory (BEMT) is used

to estimate lift and drag forces [64], while vorticity-based methods pro-
vide more detailed wake dynamics [65]. Computational fluid dynamics
allows for high-fidelity simulations of airflow around the blades. This ap-
proach is also used in hydrodynamics to solve (numerically) fine-scale
interactions between water flow and the device. In modelling the water-
structure interaction, alternatives are embodied by the so-called Morison
equation [66] and potential flow theory. For structural dynamics, multi-
body, finite element, and modal analysis techniques are used. Finally,
mooring dynamics are addressed through a range of methods such as
static or quasi-static analysis for simplified load estimation, lumped-
mass models for time-domain simulations of line-body interactions, and
finite element approaches when higher fidelity is required.

While not explicitly reported within Table 1, since it has been com-
pletely disregarded within the entirety of the revised literature, one last
piece of the puzzle concerns the issue of modelling the WEC PTO sys-
tem. These systems represent relevant components of the overall WEC
itself, as they generate electric power from the mechanical motion of the
floater (primary mover), acting also as an actuator for control implemen-
tation at the WEC level [16]. PTOs can be generally classified based on
the method employed to convert the motion induced by waves into elec-
trical power, broadly speaking [67]: hydraulic, mechanical, direct-drive,
and turbines (for OWC-type WEC systems). The reader is referred to, e.g,
[68] for a detailed review on types and modelling of PTO systems for
standalone WECs. Even though PTOs constitute an important component
for the WEC, none of the studies reported herein, involving modelling
and control of HWWECs, model the utilised WEC PTO system explic-
itly (apart from the rare exception of [69]), but only consider this as an
‘ideal’ block, capable of providing the exact control force required by the
specific WEC controller employed. As has been shown within the larger
literature of (standalone) WEC modelling and control, this modelling
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choice has two main consequences [70,71], which can lead to signifi-
cantly different results: (a) the force/torque required by the WEC control
algorithm might differ from the actual force/torque applied and, hence,
re-design/tuning is often required to achieve the desired performance
and; (b) considering an ideal PTO block immediately leads to assuming
that the mechanical-to-electrical conversion efficiency is also ideal, i.e.,
unitary, leaving the effect of power losses outside both the control design
procedure, and the final performance assessment step. The latter (b) has
deeper consequences, which can lead to a misuse of the ratio between
active and reactive mechanical power by the WEC controller, requiring
large peaks of bi-directional power flow, and hence a large reactive-to-
active peak power ratio [71]. As a matter of fact, some extreme cases
have been reported, in which ignoring the PTO model and efficiency can
lead to negative average power absorption (see, e.g., [72,73]), i.e., the
WEC becomes an overall power consumer, generated by inappropriately
timed large peaks of reactive power flow.

Understanding the intricate relationships between the areas reported
in Table 1 is essential to make an informed modelling decision, being
aware of the considered or neglected interactions in the overall process.
In fact, for control purposes, it may be ambitious to, e.g, provide an
exhaustive analytical description of the overall forces and loads affect-
ing the HWWEC. The flow conditions around the air and water frame,
for instance, are generally complex, thus any attempt to mathemati-
cally describe aerodynamic or hydrodynamic phenomena must result in
a compromise between complexity and computational resources. Several
techniques, both numerical and analytical, can be applied to model
HWWECs, and an overview of the approaches currently adopted in the
literature is provided in Sections 3.1 and 3.2.

We note that the modelling areas discussed above should not be
viewed as isolated entities, as they are deeply interconnected and can
exhibit a strong interactions. These interactions can be significant (es-
pecially under controlled conditions — see the arguments in [74]), and
should be considered according to the specific objectives. Given that,
within the state-of-the-art of HWWEC control, the two main objectives
are energy maximisation and system stabilisation (see the discussion
in Section 1), we provide, in the following, an analysis of the adopted
modelling procedures having these two distinct goals in mind.

3.1. Numerical modelling techniques

Numerical modelling techniques offer a detailed and comprehen-
sive approach to analysing HWWEC devices. These models can capture
the complex coupling and interactions between WTs and wave energy
converters with high precision, accounting for various environmental
factors and system dynamics. This section explores the numerical mod-
elling techniques applied in HWWECs, always focusing on studies where
control is a central aspect. A broader classification of numerical tech-
niques for HWWECs is beyond the scope of this study, and can be found
in, e.g., [14,15,75,76]. Note that, since the core of this study reflects
the state-of-the-art of modelling for HWWECs with the scope of control
design/evaluation purposes, the numerical techniques employed within
the revised literature belong to the low/mid side of the fidelity spec-
trum, since control design and synthesis are virtually always based on
models with modest computational requirements. While high-fidelity
techniques, such as those based on CFD (see Table 1), can be effec-
tively utilised to simulate both aerodynamic and hydrodynamic forces
acting on the HWWEC, these come at a great computational expense (in
the order of thousands of seconds per second of simulation [77]), auto-
matically prohibiting their use in real-time control synthesis and design
procedures. Nonetheless, CFD-based solvers can be effectively useful
for control performance evaluation, providing a high-fidelity simulation
platform for controller testing [78,79], allowing fully nonlinear aero-
dynamic and hydrodynamic calculations, including effects neglected by
low/mid fidelity techniques (as described in Section 3.2 ), such as a pre-
cise account of viscosity, effects of large wave amplitudes, large floating
body motion, and even vortex shedding around the WEC and structure.
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Finally, we also note that, in contrast to either isolated WEC systems
and/or offshore wind platforms, CFD-based simulations for HWWECs
come with their specific difficulties, driven by the multi-body nature of
the problem itself. While beyond the scope of this study, which focuses
on the literature of HWWECs with control technology development pur-
poses, the interested reader is referred to the recent studies [80-83] for
further details on the challenges and potential solutions arising in the
field of CFD simulations for HWWECs.

The numerical models in the analysed studies can be established
within a single computational environment or by integrating multi-
ple numerical tools. For a comprehensive coupled dynamic analysis
in wind-wave interactions, it often becomes necessary to merge tools
specifically designed for different aspects of the simulation. For instance,
tools such as OpenFAST [84] (previously FAST [85]), which simulate
the coupled aero-hydro-servo-elastic behaviour of WTs, or AQWA [86]
for hydrodynamic analysis, may need to be coupled to accurately cap-
ture the dynamic interplay between wind and wave forces. Note that
several of the reviewed studies rely on earlier tools, such as FAST and
AQWA, which have since been superseded by more advanced frame-
works. FAST has evolved into OpenFAST, an open-source and modular
tool developed by NREL, offering enhanced capabilities and broader sup-
port for simulations. Similarly, AQWA is increasingly being replaced by
alternatives such as WEC-Sim, which allow for detailed time-domain
modelling of WECs and support integration with control design work-
flows. In this context, the coupling process can be facilitated using
user-defined dynamic-link libraries (DLLs), as in [87], which enable ef-
ficient communication and data exchange. Otherwise, this integration
can be achieved using F2A, as in [88,89], that combines the aero-
servo-elastic modelling capabilities of FAST with AQWA'’s strengths in
non-linear hydrodynamics and mooring dynamics, enabling accurate
predictions of the behaviour of HWWECs under complex environmen-
tal conditions (see [90] for a more detailed description of this tool). It is
worth noting that the F2A approach originally relied on coupling FAST
and AQWA, but in more recent implementations, OpenFAST and WEC-
Sim are being adopted as their successors, offering improved integration
and open-source accessibility.

Another approach, within the available literature, involves coupling
SIMO [91] and RIFLEX [92], as shown in [93]. These tools have now
been integrated into a unified modelling environment called SIMA [94],
which streamlines workflows and improves model consistency. While
the reviewed study still employs the legacy toolchain, SIMA is available
for more efficient and comprehensive simulation of HWWECs. However,
since RIFLEX models aerodynamic loads using the BEMT, when WECs
are combined with vertical-axis wind turbines (VAWTS), specific tools
based on the double multiple streamtube (DMS) theory are integrated
for the aerodynamic analysis, as in [95], where a Darreius-type turbine is
analysed [96]. The DMS model is preferred for vertical-axis WTs since it
can better capture the cyclic variations, non-uniform flow, and complex
wake interactions typical of VAWTs, which the BEMT cannot accurately
account for. This aerodynamic model is also used in [97], and, in this
case, the hydrodynamics are modelled using a MATLAB/Simulink [98]
environment via the Marine Systems Simulator toolbox (described in
[99]), based on the so-called Cummins equation [100]. Note that [97]
does not account for WEC hydrodynamics, since no specific geometrical
WEC design is actually considered.

In line with the integration of multiple numerical tools, another com-
mon approach, found in the literature, involves coupling WAMIT [101]
for hydrodynamic analysis with FAST. In [102-104], this combination is
used to build a dataset for data-driven training, ultimately establishing
an artificial neural network-based model within the MATLAB environ-
ment. On the other hand, in [105-107], the numerical model obtained
via the WAMIT-FAST coupling is directly used to develop a control strat-
egy (see Section 4.3 for more details), which is then implemented in
MATLAB. In [108,109], the modelling of OWCs dynamics and their rel-
ative control action (see Section 4.3), is established in the Simulink
environment, while the dynamics of the WT are analysed, respectively,
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Table 2
Summary of the numerical modelling techniques used in the analysed studies. Note that the superscript : indicates open-source numerical
tools.
Reference Numerical tools Concept
[971] MATLAB/Simulink (Marine Systems Simulator) and DMS (in-house code) Semi-submersible with non-declared WEC
[102] WAMIT, FAST* and MATLAB/Simulink Barge with OWCs
[103] WAMIT, OpenFAST* and MATLAB/Simulink Barge with OWCs
[88] F2A Semi-submersible with point absorbers
[111] ANSYS-AQWA Semi-submersible with point absorbers
[105] WAMIT, FAST* and MATLAB Barge with OWCs
[106] WAMIT, FAST* and MATLAB Barge with OWCs
[95] SIMO-RIFLEX-DMS (in-house code) SPAR with torus
[93] SIMO-RIFLEX Semi-submersible with torus
[104] WAMIT, FAST* and MATLAB Barge with OWCs
[107] WAMIT, FAST* and MATLAB Barge with OWCs
[108] MOST* and MATLAB/Simulink SPAR with OWCs
[113] MOST* Semi-submersible with point absorbers
[89] F2A Semi-submersible with point absorbers
[109] OpenFAST* and Simulink Semi-submersible with OWCs
[87] FAST* and AQWA coupled using DLLs Semi-submersible with OWCs

via MOST [110] and FAST (with the former software not accounting
for structural dynamics). As in [108], the elasticity of the system is also
ignored in [111], which employs ANSYS-AQWA as a single numerical
modelling tool.

Table 2 summarises the numerical tools employed in the examined
studies, highlighting considerable diversity in their application. This
variation is partly due to the fact that different HWWECs, composed
of various combinations of WECs and WTs, are being modelled, each
requiring specific tools suited to their unique dynamics. As discussed in
Section 2, in fact, there is not yet convergence towards a single standard-
ised device, further complicating the selection of appropriate simulation
software. Such variation in tool usage underscores the flexibility and
limitations of each software depending on the specific requirements of
the study both in terms of analysed device and developed control strat-
egy. Note that Table 2 includes information regarding the open-source
availability of the numerical tools used within the reviewed studies.

As a final remark, we note that a comprehensive dynamic coupling
between bodies has not been explored within the literature dealing
with modelling for control design and synthesis purposes. This can
be ostensibly attributed to the inherent degree of complexity of mod-
elling in a multi-body sense, increasing the computational and analytical
burden of the overall HWWEC representation, precluding real-time con-
trol/efficient optimisation routines. As such, handling of body-to-body
constraints in HWWECs, with the scope of control and optimisation,
remains largely unexplored and an open challenge. Guidelines for
achieving this objective can be taken from the broader literature (i.e.,
studies without a control-oriented scope) in, for instance, [112], which
provides a discussion on the role of constraints (in particular hinge-type)
for HWWEGCs.

Numerical tools are invaluable for the design and analysis of
HWWECs, as they facilitate the optimisation of key factors such as ge-
ometry, power performance, and dynamic behaviour. These tools can
be crucial for advancing system development by providing detailed in-
sights into performance. However, due to the complexity of HWWEC
systems, some of these numerical approaches can be prohibitive for
(advanced) real-time control applications, having computational re-
quirements which can go well beyond typical controller sampling
times for these devices. This underscores the importance of analytical
and semi-analytical modelling techniques to implement sophisticated
model-based control strategies. These approaches are described within
Section 3.2.

3.2. Analytical and semi-analytical modelling techniques

Modelling HWWECs via analytical techniques can be valuable in
terms of computational resources and for the implementation of specific

control strategies. In fact, the computational reduction makes analytical
models suitable for the development and implementation of sophisti-
cated real-time control techniques. Furthermore, analytical models can
provide closed-form solutions that allow for clear insights into system
dynamics that facilitate effective control and overall device design, in-
cluding, e.g, internal stability, controllability and observability, both
locally (about different operating points) and globally. For controller
synthesis, it is desirable for the model to be as simple as possible, while
still maintaining adequate accuracy, being able to represent the system
behaviour according to the control objective. However, due to the com-
plex and intricate dynamics characterising HWWECs, merging numerical
and analytical methods may be beneficial for a more comprehensive
device description. This is the case for semi-analytical models, which
represent a mid-point between analytical and numerical techniques. This
approach can leverage the strengths of analytical solutions while using
numerical methods to (partially) handle the modelling task pertaining
to those aspects that are difficult to model analytically. We detail, in this
section, the general aspects of analytical and semi-analytical modelling
of HWWECs, highlighting the key forces/effects that impact these sys-
tems, and the main underlying theoretical principles used to describe
them.

3.2.1. Aerodynamics

Aerodynamic loads can be computed following different theories,
including momentum theory, blade element theory or a combination
of them, i.e., blade element momentum theory (strip theory). BEMT
is based on the assumption that the forces acting on the blade ele-
ment are essentially two-dimensional. This theory can approximate well
the computation of aerodynamic loads when considering a steady-state
behaviour. In fact, it is the theoretical basis, with different ad-hoc cor-
rections, for numerical tools such as AeroDyn (module of FAST and
OpenFAST), MOST, and RIFLEX. This aerodynamic theory is also the
most widespread method in the reviewed studies adopting an analyti-
cal/semi-analytical approach, as can be appreciated in Table 3.

BEMT merges momentum theory, originating from momentum bal-
ance on a rotating annular stream tube passing through a turbine, and
blade element theory, that examines the forces generated at various
sections along the blade (for further discussion on the theory, see, e.g.,
[114,115]):

* Momentum theory considers the WT as a disk and analyses the mo-
mentum variation of the wind passing through it. Considering blade
forces referring to a control volume (of radius r and thickness dr),
the momentum conservation brings to the following expression of
the axial force:

dT = pU?4a(1 — a)zrdr. 1)
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Considering flow field rotation, the tangential force can be obtained,
leading to the following expression:

dQ = 4d' (1 — a)pUnr’Qdr, 2

where U and p indicate, respectively, the free stream velocity and
density of wind, a is the axial induction factor, i.e., the fractional
decrease in wind velocity between free stream and the rotor plane
(computed as a = (U — U,,,)/U), while ¢’ = »/2Q is the angular
induction factor, with Q and w rotor and blade wake angular velocity,
respectively.

Blade element theory refers to an analysis of forces at a blade section,
as a function of its geometry. Those forces, F; (lift) and Fj, (drag),
can be expressed as a function of lift and drag coefficients, ¢; and
¢p (depending on the angle of attack), considering the relative wind
velocity at the blade element, U,,;, and the chord, c, as

rel>

1 2 1 2
dF; = cszUre,cdr, dF, = CDE‘DUrelCdr’ 3)
that can be combined to obtain the forces normal, Fy;, and tangential,
F,, to the plane of rotation (indicating with ¢ the angle between the
resultant velocity and the rotation plane)

dFy = dF; cos¢ + dFpsing, 4

dF, = dF, sin¢ — dFycos ¢. @
The combination of these two theories is not trivial, and there are
different formulations to provide an effective link between them. For
instance, in [116], a one-dimesional problem is formulated, approach
followed also in [117]. Otherwise, loads can be computed via a blade
discretisation, as in [118]. For control purposes, stationary equations are
accepted as dynamically valid [119]. Therefore, thrust force, F; acting
on the entire rotor, with a radius R, and the total useful torque, T,, can
be expressed in terms of non-dimensional thrust (c;) and torque (cp)
coefficients, as

1 1
Fp = E,mchTUZ, T, = Ean%QU% (5)

and the extractable power can be expressed considering the power
coefficient cp = Acy as

P= %pﬂchPUSA 6)

Thrust and torque loads can be considered as lumped forces acting on
the rotor blades by computing the wind speed relative to the specific
point of calculation, i.e., the rotor. The non-dimensional coefficients de-
pend on parameters that determine the operating conditions of the WT,
i.e., blade pitch angle deviation, g, that can be also considered fixed,

Table 3
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(e.g., p = 0), and tip-speed-ratio, 4 = (QR)/U. These coefficients can be
obtained in the form of a matrix using numerical tools, such as AeroDyn
(as in [120]). For benchmark WTs, non-dimensional coefficients can be
given using a simplified representation based on steady-state curves as
a function of the wind velocity, method used in [121], or as look-up
table, as in [122], obtained by steady-state simulation, giving a para-
metric approximation. Alternatively, they can be computed analytically:
as reported in [123,124] various methods exist to compute a a paramet-
ric representation of cp, that can be broadly categorised in polynomial,
sinusoidal and exponential.

Within the reviewed studies, aerodynamic loads have also been con-
sidered in a more simplistic fashion, e.g., being modelled as disturbances
in [69,125], where they are expressed using an implicit form represen-
tation for the wave forces (in the spirit of the internal model principle
of control theory [126]). A similar approach is employed in [127,128],
where wind loads are modelled linearly via first-order systems as a
function of wind velocity.

3.2.2. Hydrodynamics

As per aerodynamic loads, hydrodynamic forces require modelling
the fluid-structure interaction. The most widely used framework for
this purpose is linear potential flow theory, which assumes inviscid, ir-
rotational, flow and can efficiently capture key hydrodynamic effects
[100]. This theory is often solved using numerical tools, being a (very)
widespread technique that is represented by boundary element meth-
ods (BEMs) [129], which are less computationally demanding compared
to other numerical methods. These BEM algorithms provide a solution
for the hydrodynamic characterisation in both the time- and frequency-
domains. Among the HWWEC reviewed studies, the BEM solver WAMIT
is frequently adopted, together with AQWA and OrcaWave. These
solvers can be used to derive a non-parametric solution, which can later
be parameterised to obtain models compatible with control design, and
an overall closed-form expression. In fact, to facilitate control and design
purposes, it is common to derive parametric formulations [130], e.g., via
standard system identification techniques, enabling a mathematical rep-
resentation of the essential dynamics of the fluid-structure interaction.
As can be seen in Table 3, the majority of the reviewed papers rely on
linear potential flow theory for hydrodynamics. Motivated by this, we
recall, in the following, a definition of the main forces characterising this
theory. The following equations (from (7) to (9)) have been summarised
from [99]. Note that, even if the expressions presented here refer to a
single body to streamline the exposition, these remain valid in the case
of multiple interacting bodies (which is indeed the case for HWWECs).

* Restoring forces: arise from the difference between gravitational and
buoyancy forces, and can be computed as

Sn=—spx, @)

Summary of the analytical and semi-analytical modelling techniques used in the reviewed studies. N/A refers to “not available”, which indicates
that the specific effect has not been considered within the modelling formulation.

Reference Aerodynamics Hydrodynamics Structural dynamics Mooring

[125] Disturbance Potential flow theory N/A N/A

[134] N/A Potential flow theory N/A N/A

[122] BEMT Potential flow theory N/A Stiffness and damping
[127] First-order system First-order system Stiffness and damping Stiffness and damping
[117] BEMT Morison equation Multi-body analysis Lumped-mass

[118] BEMT Potential flow theory N/A Stiffness

[128] First-order system First-order system Stiffness and damping Stiffness and damping
[120] BEMT Potential flow theory N/A Stiffness

[121] BEMT Potential flow theory N/A Disturbance

[69] Disturbance Potential flow theory N/A N/A

[141] N/A Potential flow theory N/A N/A

[142] N/A Potential flow theory N/A N/A




M.L. Celesti, G. Mattiazzo and N. Faedo

where x in RV is the coordinate vector with N € N indicating the
degrees of freedom considered to describe the system dynamics, and
s, € RNXN js the hydrostatic stiffness matrix.

Radiation forces: represents the effect applied from the fluid to the
body in the absence of incident waves as

fo=—m ¥ —xx*k, (8)

where m,, € RVXV represents the so-called added mass at infinity
frequency, while k(1) € RV*N is the radiation impulse function, ex-
pressing any coupling due to radiation between different modes of
motion via the off-diagonal terms. Within the manuscript, the oper-
ator * indicates convolution. Both m, and k, can be derived using
BEMs or panel methods [131], and a parametric representation can
be obtained via system identification [132,133].

Wave excitation: describes the effect of waves acting on a fixed
“ghost” body, and can be expressed as follows:

Je=n%ke, 9

where 7 is the free-surface elevation, while k,(t) € RM*V is the ex-
citation impulse response function arising from superposition of the
so-called dynamic (linear) Froude-Krylov and diffraction forces, and
can be computed via BEM solvers. By way of example, in [134],
this force is approximated via a linear model consisting of a poly-
nomial expression with coefficients tuned via system identification,
and multiplied by a delayed wave function, linearised via first-order
Padeé-approximation. In contrast, in [122], the wave excitation is
computed based on the response amplitude operator, while [125]
considers f, as a disturbance.

The combination of these effects, along with the control action, is
commonly referred to as “Cummins’ equation” and it is the basis for
control-oriented modelling of the hydrodynamic loads on floating sys-
tems. A detailed discussion on Cummins’ equation in the context of WECs
can be found in, e.g., [16,100]. In HWWECs, modelled following an ana-
lytical approach, linear potential flow theory is used in all the reviewed
studies with only a few exceptions. In fact, in some cases, a linear de-
scription is not representative and non-linear effects have to be taken
into account to give a more reliable description of the device behaviour.
In order to provide a more complete description of the hydrodynam-
ics, uncertainty models can be added. An example of this for WECs can
be found in [135], in which a linear description for the uncertainty is
proposed, in order to “cover” any unmodelled effect (that can also be
nonlinear). In [117], Cummins’ formulation is broadened with an ad-
ditional term representing viscous effects, generated by shear stress by
means of the so-called Morison equation [66]. Instead, in [127,128], as
per the aerodynamics, wave loads are described linearly via first-order
systems (filters) as a function of wave height.

3.2.3. Structural dynamics

In HWWEGs, structural dynamics refers to the behaviour of both
WEC and WT components such as blades, tower, and drivetrain un-
der dynamic loads. Considering structural dynamics is fundamental for
models focused on load management and device survivability, such as
in fatigue analysis, or when designing for extreme wind-wave condi-
tions. However, when the control objective is maximising energy output
from the WEC or stabilising the WT, as per the majority of the reviewed
studies (as further specified in Section 4), detailed modelling of struc-
tural dynamics may not be essential. In these cases, control strategies
can often rely on simplified models without needing to capture the full
complexity of the structural dynamic response. Therefore, rigid-body
theory, neglecting flexibility effects of device components, is considered
accurate enough to represent the floating wind turbine [136] and WEC
dynamics.

However, the assumption of modelling the entire WT as a single rigid
body can be overly simplistic for certain HWWEC systems. This is espe-
cially true for configurations where the cross-sectional area of the tower
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differs significantly from that of the substructure. In such cases, the sys-
tem behaviour can be compared to a cantilever beam, and additional
effects need to be accounted for. As per [127,128], where the substruc-
ture is of a barge type, and structural dynamics are accounted for via a
stiffness-damping model and an extra degree of freedom. HWWECs can
be analytically modelled via a multi-body approach, e.g., using Kane’s
method, as in [117], where the scope is to offer a generic framework and
therefore to consider all the load effects, including structural dynam-
ics. Moreover, a broader trend towards higher-capacity FOWTs, such
as 15 MW-class machines, is also emerging in recent HWWEC concepts
[14,137]. In such configurations, structural dynamics become more crit-
ical due to pronounced aeroelastic effects, and hence neglecting these
may lead to unrealistic evaluations of both the overall system and con-
troller performances. While these considerations are important for larger
systems, the majority of current HWWEC control studies remain focused
on smaller-scale systems (e.g., 5 MW WT), which ostensibly explains the
absence of this modelling macroarea when addressing control-oriented
modelling and subsequent control design.

3.2.4. Mooring dynamics

Mooring systems play a key role in maintaining offshore platform
stability and performance. These systems are subjected to dynamic en-
vironmental forces from waves, wind, and currents, which necessitate
accurate yet computationally efficient modelling for both design and
control purposes. A common approach for mooring dynamics suitable
for control purposes, is represented by static modelling that neglects in-
ertia forces and drag loads, representing the mooring system through a
linear spring-damper framework. This simplified model assumes moor-
ing loads can be described as a restoring force, which responds to the
device displacement. The force can be computed as:

fm = 01X + apX, (10)

where {a;,a,} € RV*N are, respectively, the stiffness and damping co-
efficients. The reported formulation is based on principles discussed in
[138]. This method provides a computationally efficient alternative to
more complex approaches, such as multi-body and quasi-static methods,
and it can be employed independently of the different types of moor-
ing, i.e., for both catenary and tensioned lines. In the reviewed studies,
this approach is the most-wide spread, though some of the literature
only considers the stiffness action [118,120], i.e., @y == 0 in (10). In
[122], both restoring and damping effects are considered, and the coeffi-
cients are derived via the MAP + + solver [139]. A multi-body approach,
i.e., lumped-mass, is instead used in [117], consistently with the overall
presented model. Comprehensive reviews of mooring systems for WECs
and offshore WTs (in a standalone fashion) are provided in [36,140],
respectively.

Table 3 presents a summary of the techniques used in the re-
viewed studies using an analytical/semi-analytical approach, across
the key modelling areas discussed in this section, i.e., aerodynamics,
hydrodynamics, structural dynamics and moorings. In line with this
categorisation, Fig. 4 offers a comparison between numerical and ana-
lytical/semi-analytical methods, illustrating the percentage of reviewed
studies effectively considering each of the discussed areas within their
corresponding HWWEC modelling procedure.

The radar plot in Fig. 4 clearly shows that numerical techniques ad-
dress a wider range of aspects, compared to analytical/semi-analytical
approaches. This suggests that certain dynamics are more challenging
to model analytically, leading to the omission of those aspects that are
less likely to significantly impact the results. This ostensibly leads re-
searchers to make use of numerical techniques (most of which are readily
available - see Table 2), as opposed to deriving analytical expressions
representing each of the modelling areas involved. We note that fully nu-
merical techniques, which can provide high-fidelity models, can be used
to validate models derived analytically, or to test developed control algo-
rithms as simulation platforms, as in [69,117,122]. Alternatively, model
validation can be obtained experimentally, as in [89].
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Fig. 4. Percentage of studies, modelled with numerical and analytical/semi-
analytical techniques, that consider a specific modelling effect.
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Fig. 5. Overall percentage of modelled effects within numerical and ana-
lytical/semi-analytical methods. Data extracted from Table 4, based on the
classification of 28 reviewed papers in the core topic.

We stress, once again, that the level of modelling detail ultimately
depends on the specific application and its objectives. For control pur-
poses, it is not always necessary to capture every aspect in full detail,
as some factors may be less critical or can be modelled with simpli-
fied assumptions (or even omitted), without compromising reliability
and performance. In contrast, certain aspects might require a more
detailed approach, depending on their influence on system behaviour
under controlled conditions.

Fig. 5 reports the percentage of reviewed papers addressing control
of HWWEC that model each main modelling area, further highlight-
ing that hydrodynamic loads are consistently considered across all the
papers, whether using a numerical or analytical/semi-analytical ap-
proach. The high focus on hydrodynamics reflects the fact that these
models are primarily developed to design effective controllers for the
WEC, where accurate representation of wave-structure interaction is
essential for achieving optimal performance. The inclusion of other ar-
eas, such as mooring, structural dynamics, and aerodynamics, depends
largely on the specific goals of the study. It is important to note that a
more comprehensive model offers deeper insights and enables more so-
phisticated analyses. However, at the same time, the control strategies
implemented within these detailed numerical models tend to be more
“simple” compared to their analytical counterparts, which often employ
more advanced control techniques, as further discussed in Section 4.

4. Control techniques for HWWECs

Control of HWWECs, with a combination of wind and wave har-
nessing technology, presents a complex problem, with a plurality of
objectives, including maximising captured power (referring either to
the WEC, the WT, or both subsystems via separate control strategies),
and platform stabilisation. Within this hybrid configuration, each com-
ponent, i.e., WT and WEC, pursues individually, potentially conflicting
control objectives, as discussed at length within Section 1. We note that

10

Renewable and Sustainable Energy Reviews 224 (2025) 116080

our focus is exclusively on control strategies applied to WECs (which are
effectively the less developed yet highly innovative element within the
hybrid domain), while specific WT control (being much more mature)
remains outside the scope of this analysis.

As a matter of fact, the potential for WECs in HWWECs relies not only
on capturing extra energy from waves, but also on the potential to aid
in stabilising the floating structure, helping in recreating almost onshore
conditions for the wind turbine, facilitating the use of well-established
and commercially available WT control technology. Nonetheless, the
joint contribution of FOWTSs and WECs to the stabilisation of HWWEC
systems may offer additional benefits and could be worth further explo-
ration in future studies, following the lines of recent advances in floating
offshore wind, e.g., [143]. In fact, control systems for FOWTs, adapted
from those used in onshore and fixed-bottom turbines, are designed to
overcome the high structural loads and complex hydrodynamic forces
present in marine environments (see Section 1). FOWT control strate-
gies, therefore, prioritise stabilisation to reduce platform motion. On the
other hand, the control problem for WECs seeks to maximise converted
energy, and this often results in large amplitude motion [16].

The energy available in ocean waves varies over time due to changes
in wave height, wave period, and wave direction. Therefore, WECs
must be able to adjust their motion in response to the changing wave
conditions to capture as much energy as possible. Adequate control
technology is hence crucial to ensure maximum energy extraction from
ocean waves, with efficient controllers being able to improve reli-
ability and reduce the levelised cost of wave energy [16], making
HWWECs more appealing for commercialisation. In the following, WEC
control strategies for HWWECs are reviewed and compared critically
by analysing the approaches considered in current state-of-the-art of
HWWEC control, exploring how each study has addressed (or not) the
underlying challenges.

This section retraces the standard path to implement a controller,
which begins with the design phase, where the objectives and struc-
ture of the controller are defined, followed by the synthesis phase,
which, along with tuning, determines how control parameters are com-
puted, and their final values. Therefore, the discussion covers the
definition of control objectives and explores both optimal and non-
optimal approaches for design and synthesis, as well as techniques for
tuning the control parameters, used within the state-of-the-art. Note
that, while not present within the state-of-the-art, ostensibly due to
the current lack of technology convergence, HWWEC systems (as per
the case of standalone WECs) also necessitate supervisory control tech-
niques in the case of extreme wave events. These controllers, which
enter into play in the so-called “survival mode” [144], do not focus
on improving device conversion performance but instead attempt to
protect the overall device from unrecoverable damage in the case of ex-
treme conditions. The interested reader is referred to, for instance [144,
145], for further discussion on supervisory control for standalone WEC
systems.

4.1. WEC control objective

As previously discussed, when dealing with HWWECs, the WEC con-
troller may be designed to aim for different objectives, i.e., platform
stability and/or wave energy capture maximisation. In WECs, energy
maximisation is achieved by tuning the resonance frequency to match
that characterising the sea-state. This tuning often enhances the WEC
movement which, being structurally connected to the platform, can lead
to an increase in motion amplitude for the overall system, contrasting
with the platform stability requirement for the WT. Only a few studies
attempt to address both objectives, while others prefer to focus only on
a single design function, as can be seen in the pie chart in Fig. 6, which
reports the percentage of analysed studies pursuing each WEC control
objective.

The chart shows that most studies focus on achieving stabilisation
through the WEC control action. This trend aligns with the role of
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Fig. 6. WEC control objective in HWWECs: category percentage of the analysed
work. Data extracted from Table 4, based on the classification of 28 reviewed
papers in the core topic.

[ Not declared

O Multi-objective

O Energy maximising
O Stability

WECs that, as specified in Section 1, are largely used as extra stabil-
ising components for FOWTs. In other words, stabilisation is preferred
over energy-maximisation in the current state-of-the-art, going directly
in contrast with the standard control objective for stand-alone WECs.
In these studies focusing on stabilisation, various indicators are used to
assess platform motion performance. While there is no unified metric
across the literature, common measures include platform pitch ampli-
tude, (e.g., [103,125]), root mean square motion, (e.g., [141]), spectral
analysis of platform response, (e.g., [95]), and response amplitude
operators, (e.g., [97]).

As highlighted in Fig. 6, there is a substantial number of studies in
which the control objective is not declared. The control action is imple-
mented in the model without defining a clear control objective. In these
studies, authors investigate both platform motion and WEC-produced
power by mere simulation, without a proper definition of control objec-
tive (and hence an actual measure of its achievement). Another aspect
confirmed by Fig. 6, is that, within the state-of-the-art, only a limited
number of studies have attempted to address both energy-maximising
and stabilising objectives together, i.e., in a multi-objective fashion. It
is important to note that the reported percentage of studies with multi-
objective control highlights the fact that this domain remains virtually
unexplored, as can be seen in Table 4, partially addressed in only 4 pa-
pers. In the context of this novel field, this underscores an existing gap
that necessitates a systematic approach to be effectively addressed.

Following the description of control objectives, different WEC control
techniques have been adopted in the reviewed HWWEC studies to effec-
tively tackle design and synthesis. These approaches are further analysed
and generally categorised as optimal control, in Section 4.2, followed by
non-optimal control, in Section 4.3.

4.2. Optimal control approaches

Within this study, and customary with standard theory in the field
[146], we refer to optimal controllers as those model-based techniques
relying on a mathematical description of the system dynamics to predict
the value of the objective function over a certain time period. This model
is essential for computing the control inputs required to optimise the
desired performance criteria, and can be expressed, in a general way, by
the following equation:

4= f(g.d,u), 1)

where g € R" is the so-called state vector, d € R? denotes disturbances
or external influences, while u € R” is the control input vector, all re-
lated by the state-transition function f : R"XR’XR™ — R". The unifying
feature of optimal control is the employment of an analytical objective
function that is involved in a constrained or unconstrained minimisa-
tion (or maximisation) procedure, which can be solved via different
techniques. In HWWECs, optimal control strategies are not yet exten-
sively applied, and the optimal control problem is mostly used to obtain
platform stabilisation or in a multi-objective context, where the control
action seeks both energy maximisation and stabilisation. Therefore, the
optimal control problem for these devices can be generally defined as
follows,
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Optimal control problem

min | (56, + Bt
subject to: a2

q=f(q.d.u,

state and input constraints,

where E describes the (time-domain) set in which the optimisation is
performed, {g,,g,} represent, respectively, the stabilisation and WEC
energy-maximisation functions (or a proxy for them), while {f,,5,}
represent weighting parameters. Note that equation (12) effectively de-
scribes a family of control objective functions for the WEC in terms of
the maps defined via g, (platform stabilisation) and g, (WEC energy
maximisation). Furthermore, the family (12) is parameterised in terms
of two variables, §; and f,, which are effectively used in practice to
define a suitable trade-off between the two objectives g, and g,, ac-
cording to the dynamics and constraints of the specific HWWEC under
consideration. The extreme cases effectively correspond with (standard)
single-objective optimisation, i.e., f; = 1 and §, = 0 implies a platform
stabilisation objective for the WEC controller, while g, = 0 and 8, = 1
implies a purely WEC energy maximisation objective. Beyond these ex-
treme cases, the values for #; and f, can be effectively used to solve the
multi-objective control problem, leading to the computation of a suit-
able Pareto front for (12), following the standard weighted-sum method
[147].

Among the revised studies, in the category of optimal approaches,
together with techniques traditionally considered optimal such as MPC,
H, and LQR, we also include controllers with a limited parametric
structure, whose values are defined via an optimisation. This is the
case of [113,120], in which the parameters of a proportional-integral
(PI) controller are defined via an optimisation procedure, aiming at na-
celle acceleration minimisation and energy maximisation for the former,
and energy cost reduction in the case of the latter. In these optimi-
sations, solved via a tailored optimisation algorithm compared with
other standard techniques in [120] (where same values for proportional
and integral parameters are assumed) and non-derivative Nelder-Mead
methods in [113], geometric parameters are also included, trying to offer
a comprehensive analysis, yet opting for overly simplistic control param-
eterisations. Instead, in [69], a non-dominated sorted genetic algorithm
[148] is employed to optimise the hydraulic PTO system only (four
parameters), with minimum platform motion and maximum energy ab-
sorption as objective functions, and maximum motion and minimum
power as state constraints.

Studies leveraging more standard (and complete) optimal control ap-
proaches include model predictive control (MPC) structures, as those
employed in, e.g, [121,122,125]. MPC, capable of handling system
constraints and considering future behaviour in a receding-horizon
fashion, is a well-established control strategy in the WEC domain
[149], and is also consequently adapted for HWWECs. This control
strategy, with control force constraints, is implemented to pursue sta-
bilisation in [150], where the HWWEC is compared to an inverted
pendulum. In [125], platform motion (in terms of pitch position and
velocity), is minimised subject to constraints in maximum PTO force,
with the current state obtained via a state-observer based on stan-
dard Kalman filtering techniques [151]. The system with constraints is
modelled in a mixed logical framework via hybrid systems description
language [152].

Force constraints are also included in [122], where roll and pitch
platform motion are minimised ignoring external loads in the prediction
sequences, hence avoiding the necessity of implementing combined esti-
mation and forecasting methodologies for the wave excitation (see, e.g.,
[153]). In [121], the MPC structure is used to obtain a multi-objective
control action pursuing wave energy capture maximisation and platform
stabilisation. The control action is composed of a feedback term involv-
ing the state vector, and a feed-forward term including the estimation
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Fig. 7. Overview of non-optimal WEC control strategies commonly applied to
HWWEGs. Note that each block represents a generalised form of its respective
control approach. For instance, in the PID control block, the gains k,, k,, and k;
may be omitted depending on the implementation, resulting in simplified (e.g.,
passive or reactive) control behaviour.

and prediction (with a finite horizon coupled with an infinite control
horizon to ensure solution uniqueness and closed-loop stability [154])
of the incoming wave excitation performed, respectively, via a Kalman
filter estimator and an autoregressive model [155].

A multi-objective controller is also proposed in [142], where an LQR
structure is adopted to balance platform stability and energy maximi-
sation. However, the formulation in [142] is not capable of handling
(hard) constraints. Finally, in [134], an H, control strategy is devel-
oped to minimise platform motion under constraints regarding the mass,
spring and damper of the suspension system, which is considered as a
generic WEC.

4.3. Non-optimal control approaches

Within this section, we consider the control strategies which do not
fall under the definition of optimal (as per Section 4.2). These techniques
are designed to manage processes without the explicit definition of an
associated optimal control problem, but rely on simpler methods, with
milder computational requirements, that prioritise ease of implementa-
tion. In HWWECSsS, several key types of non-optimal control strategies are
implemented, including: switching control, fuzzy logic control and gain
scheduling. Other studies, instead, define and compute control param-
eters leveraging a heuristic approach, relying on intuitive rules derived
from experience or experimentation, rather than a formal mathematical
model. These non-optimal WEC control strategies are schematically il-
lustrated in Fig. 7, which presents representative control architectures
commonly implemented for HWWECs within the revised literature.

In several studies within the available literature, a switching control
strategy is implemented, where different control laws or parameters are
dynamically alternated based on specific system and/or environmental
conditions (considered by a decision making algorithm), as schemat-
ically shown in Fig. 7. Note that this strategy does not inherently
guarantee crucial system properties such as stability. In [105-107], plat-
form motion minimisation is obtained by means of a switching control
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law that regulates the opening and closure of OWC valves based on re-
sponse amplitude operators (RAOs). In particular, in [106], the RAOs
of platform pitch and fore-aft motion with closed and open OWCs are
measured to inform the switching control while, in [105,107], where
the same device is analysed, the control law is defined taking into ac-
count platform pitch RAOs and wind speed, defining a switching point
for the valves opening and closure. This control strategy is also adopted
in other studies analysing HWWEC devices with OWCs. In [127], the air-
flow is regulated via two PID controllers (one for each OWC integrated
into the platform) that are activated alternately based on the platform
pitch motion. A switching control strategy for OWCs is also investigated
experimentally in [156], based on chamber pressure and platform pitch
velocity.

Outside the domain of HWWECs integrated with OWCs, [88] im-
plements a switching strategy, based on platform pitch velocity and
relative velocity between WEC and platform, offering a comparison with
a benchmark linear damping controller. The PTO damping coefficient is
set equal to the frequency-dependent hydrodynamic damping for the
passive control strategy, while in the switching controller (which is of a
bang-bang type [146]), this value switches between the hydrodynamic
damping and twice its value.

Another control strategy falling within the non-optimal category, im-
plemented for HWWEGs, is fuzzy logic control. It relies on a fuzzification—
defuzzification process, where a rule base and decision logic determine
the system response, as illustrated in Fig. 7, being able to provide con-
trol signals without needing an accurate analytical model of the system.
In fact, this strategy is implemented in [102,103], where the HWWEC
is modelled via an artificial neural network trained with data obtained
from a numerical model. The control architecture is defined in terms of
a feedback loop, aiming at platform stability, with platform pitch and its
derivative as measurable variables, regulating the valve plate opening
angle of the OWCs. On the other hand, in [128], a mathematical model
for the HWWEC is derived, and the adequate opening and closing of
OWGs valves is controlled with a fuzzy controller, with standard mem-
bership functions, having as inputs the error between platform pitch and
a reference value (and corresponding error derivative). A different con-
trol strategy mitigating abrupt valve opening associated with switching
control is developed in [109], where a continuous valve opening is en-
abled depending on the chamber pressure and platform pitch and roll
velocity.

Within HWWEGCs, two well-known controller structures are widely
considered, i.e., passive (proportional) and reactive (proportional-integral)
controllers, schematically reported in Fig. 7. The computation of the con-
trol parameters has been achieved, within the literature, via different
strategies, also including empirical procedures. In [97], the parameters
of a PI controller are varied in a discrete manner within pre-selected
ranges, together with the mass of a hypothetical WEC, trying to identify
an “ideal” device for the considered hybrid system. A parametric study
of the damping coefficient within a PI controller is conducted in [95],
investigating different values of damping with a fixed stiffness, selecting
the value that yields greater wave power production. A similar proce-
dure is carried out in [93], with the same type of WEC as in the previous
study, i.e., a torus point absorber, but in a configuration involving multi-
ple WECs rather than a single device. In [89], where a Coulomb damping
model is assumed for the PTO system, the PTO force is changed when
the relative velocity between WEC and platform is zero, using different
values.

Other studies derive the proportional-integral parameters via a
frequency-dependent formulation. In [118], the authors define a damp-
ing coefficient to optimise energy produced by a gyroscopic WEC [157],
but actually aim for stability. In this numerical simulation, the enhanced
stability is ostensibly limited to the analysed sea states and cannot be,
in general, concluded for other wave conditions. In [104], control pa-
rameters are defined following the formulation presented in [56], with
the dissipative (damping) term proportional to OWC volume chamber
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variation and the reactive term proportional to volume rate change.
Finally, in [141], a PI structure, changing with the operating condi-
tion, is implemented to achieve energy maximisation, based on the
impedance-matching principle. Meanwhile, a passive system is proposed
in [117], where great effort has been dedicated to the model. In [87], a
comparison between two kinds of active feedback control strategies, i.e.,
switching control and continuous gain-scheduling, and a passive linear
damping controller with a series of selected parameters, is performed.
The switching between different control configurations is determined by
the sign of the product of the platform pitching velocity and air pressure
in the OWC chamber. In the continuous gain-scheduling approach, gains
are adjusted as a function of operating conditions or system parameters,
allowing the controller to adapt dynamically to different conditions. This
is used to overcome potentially complex behaviour due to the two-state
switching, with threshold values defined for platform velocity to deter-
mine different control scenarios. A comparison of benchmark control
schemes is also performed in [111], where linear damping, reactive and
spring damping controllers are implemented, with control parameters
defined based on hydrodynamic coefficients (according to [158]). In
particular, the PTO damping is set equal to the hydrodynamic damp-
ing, while the reactive/spring term depends on the added inertia and
hydrostatic restoring coefficient. Finally, in [108], OWCs PTO control
is expressed by a standard power law, adopted to limit the rotational
speed of the OWC air turbine to avoid generator overpower.

4.4. On model complexity and control solution space

To accurately represent HWWECs, complex models that detail the in-
tricate device-environment interactions are often needed, as discussed in
Section 3. However, to achieve and implement optimal control strategies
(as per Section 4.2), analytical models, likely less comprehensive than
numerical models (see Fig. 4), are necessary. This poses a gap that re-
mains unresolved, as the simplifications needed for optimal control may
overlook critical dynamics captured in higher-fidelity numerical models.

Some studies develop a higher-fidelity model that is then adapted for
control design. There are various techniques that can be used to reduce
the complexity of controller design, including model reduction (see, e.g.,
[159]) and/or linearisation around an equilibrium state, as in [122]. In
[125], the control synthesis is based on a model developed using hy-
brid systems description language (HYSDEL) [152] while, in [121], a
control-oriented model is developed starting from a non-linear descrip-
tion. Finally, in [69], the multi-objective optimisation is performed on
an ANN (artificial neural network) surrogate model.

Nonetheless, bridging the gap between model accuracy and control
feasibility is an ongoing challenge in the field, without a clear winning
solution able to balance model complexity with effective controller im-
plementation. Within the state-of-the-art, in fact, it is more likely to find
a prioritisation of one of these two aspects: either the use of less detailed
models paired with optimal control strategies, or more comprehensive
models with simpler control approaches. This trade-off highlights the
difficulty in balancing model complexity with the requirements for an
effective and implementable control strategy.

This trend is clearly visible in Fig. 8, where the proportion of optimal
and non-optimal based control strategies is reported, across “model com-
pleteness” in the analysed studies. In particular, four different levels of
model completeness are defined within this paper, based on the number
of macro areas considered (as outlined in Section 3). These levels range
from red, representing a model with only one area considered, to green,
indicating a model that includes all four areas. The intermediate levels
include orange, which corresponds to a model considering two areas,
and yellow, representing a model that includes three areas. Each bar in
Fig. 8 is divided to show the proportion of studies employing optimal
(dark-shaded) versus non-optimal (light-shaded) techniques. Notably,
there is a higher percentage of studies using optimal techniques at lower
levels of model completeness, indicating a shift in methodological rigour
as model completeness increases.
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Fig. 8. Percentage of optimal and non-optimal control strategies at varying levels
of model completeness. Number of considered macro areas in the model: ll =
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5. Perspectives and future directions

HWWEGCs represent a promising technology that can play a crucial
role in the advancement of the clean energy transition. By capturing
energy from both wind and waves, these systems can leverage comple-
mentary renewable sources, resulting in more consistent and reliable
power output compared to standalone technologies. Utilising shared
marine space and infrastructure, hybrid converters can also reduce op-
erational costs, optimising space and resources in marine environments.
This integrated approach not only enhances energy efficiency but also
offers a pathway to more cost-effective renewable energy solutions,
making HWWECs a key technology in achieving sustainable energy
goals.

However, HWWECs are not yet commercially viable, partly due to
the lack of a standardised technology. Currently, no universal design
(let alone a mathematical modelling procedure and associated control
solution) has yet been established as standard, meaning that each de-
veloped system requires custom solutions, which can increase costs
and complicate development. This lack of standardisation also makes
it challenging to have a consistent framework for evaluating device per-
formance and reliability. Establishing a standard design and model can
constitute a critical step towards scaling production, moving HWWECs
closer to commercial readiness.

Control technology has a fundamental role to play in aiding this
transition, yet it brings significant technical challenges to the table.
Specifically, the stabilisation requirements for the WT often conflict
with the need to maximise wave energy capture in HWWECs. While a
multi-objective control approach could help balance these competing
demands, only a limited number of studies have explored this strategy
(with limited parameterisations), and even fewer have investigated stan-
dard optimal control techniques. This is ostensibly due to the intrinsic
complexity in formulating (and balancing) the associated optimal con-
trol problem for HWWECsS, given the degree of interaction between the
different modelling areas (see Section 3). The development of reliable
control frameworks is hence an essential (yet missing) stepping stone to
advance HWWECs towards efficient performance.

In order to provide a critical comparison between the revised
studies, concerning both modelling approach and control strategies,
Table 4 provides the reader with a comprehensive summary of the main
characteristics highlighted and discussed throughout this review. The
identified challenges are clearly highlighted and summarised within
Table 4, showing a plethora of different WEC-platform combinations
(lack of standardisation), and a scarcity of both multi-objective and
optimal controllers.

On the modelling side, analytical approaches, which are fundamen-
tal for adequate synthesis of optimal control strategies (and analysis
of key dynamical properties), are often overly simplistic. This is os-
tensibly due to the complexities arising from fluid-system interactions
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Table 4
Summary of main characteristics of the reviewed studies, highlighting key objectives and approaches. Abbreviations: S = stability; E = energy maximisation; SO =
single-objective; MO = multi-objective; Opt. = optimal; N = numerical; M = mathematical. Number of considered macro areas in the model: Ml = 1; 8 = 2; | =
3,8 = 4.

Reference WEC type Platform type Control strategy Control objective Opt. Model approach Model completeness

SO MO
S E N M

[97] N/A Semi-submersible Reactive (PI) . X .

[125] Point-absorber Semi-submersible MPC . v .

[134] Point-absorber Semi-submersible H, . v . [ |

[122] Point-absorbers Semi-submersible MPC . v .

[102] OWCs Barge Fuzzy logic . X .

[103] OWCs Barge Fuzzy logic . X .

[88] Point-absorbers Semi-submersible Bang-bang (P) . X .

[111] Point-absorbers Semi-submersible Passive/Reactive X .

[105] OWCs Barge Switching (PI) . X .

[106] OWCs Barge Switching (PI) . X .

[127] OWCs Barge PID . X .

[117] Torus SPAR Passive (P) . X .

[118] Gyroscopic Seaflower Reactive (PI) . X .

[128] OWCs Barge Fuzzy logic . X .

[95] Torus SPAR Reactive (PI) X .

[93] Torus Semi-submersible Reactive (PI) X .

[104] OWCs Barge Reactive (PI) . X .

[120] Torus Semi-submersible Reactive (PI) . v .

[107] OWCs Barge Switching . X .

[108] OWCs SPAR Power law X .

[113] Point-absorbers Semi-submersible Reactive (PI) . v .

[121] Point-absorbers Semi-submersible MPC . v .

[69] Point-absorbers Semi-submersible Passive . v .

[89] Point-absorbers Semi-submersible Switching X .

[109] OWCs Semi-submersible Switching . X .

[87] OWCs Semi-submersible Passive (P) . X .

[141] Flap Semi-submersible Reactive (PI) . X . ]

[142] Flap Semi-submersible LQR . v . | ]

(and the corresponding sub-components) in HWWECs, which require
simplifying assumptions for analytical derivation, adding a degree of
uncertainty to the developed model. A valid alternative, to describe the
system behaviour, is represented by data-based control-oriented mod-
elling, which exploits techniques from the system identification field.
This approach has been adopted within the standalone WEC literature
(with some success, see [160]), and can be extended analogously to the
case of HWWECs. Furthermore, following recent trends in the field of
(standalone) floating offshore wind [161], coupled physical-numerical
models can provide a "mid-point” alternative, in which system (experi-
mental) data is combined with a subset of numerical solvers, potentially
being able to offer a parsimonious model, useful for model-based control
purposes.

One of the main challenges that HWWECs are facing for control,
as extensively discussed within this study, is the need for a multi-
objective control strategy balancing platform motion reduction and
wave energy capture maximisation. Integrating these objectives within
a unified control framework can effectively address this challenge.
Tuning control gains to heuristically balance these two objectives may
be time-consuming and strongly dependent on expert knowledge and/or
the specific resource (wind/wave/current) conditions. Therefore, em-
ploying optimal control strategies characterised by a systematic design
procedure, rather than controllers with parameters set in a non-optimal
manner, can significantly enhance system performance. Particularly, op-
timal controllers able to handle constraints in real-time are essential to
avoid performance degradation, and ensure the overall safe operation
of the system (reducing maintenance costs).

Finally, an additional approach, that could significantly benefit the
development of HWWEGCsS, is a suitable integrative design framework,
such as control co-design [162], to explore a broader range of inter-
ventions for altering the overall system dynamics. While some studies
examine the impact of structural design changes on HWWECs dynam-
ics, (e.g, [89,163,164]), there remains a gap in holistic approaches that
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integrate control and structural design within a unified process. Control
co-design is already widely adopted in many research areas, such as stan-
dalone WTs [165], and a first example of its application to HWWECs
is provided in [166]. These systems, composed of interacting subsys-
tems, are suitable candidates for control co-design, and can significantly
benefit from this technique.
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