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Abstract—Despite the favourable energy conditions in the
Argentine sea (South Atlantic Ocean), the country has not yet
actively participated in the development and utilisation of wave
energy resources. Control co-design (CCD) is a novel control-
aware design paradigm that integrates the energy-maximising
control from early stages of system design, allowing for opti-
misation driven by the considered control strategy to achieve
an overall optimal design. In this study, considering an overall
control-aware design perspective, a wave energy converter system
is specifically tailored for the Argentine sea conditions, analysing
different WEC structural configurations (geometry and dimen-
sions). The performance of different control structures, including
a spectral-based control methodology and a reactive controller,
are assessed for each configuration. Realistic operating condi-
tions, specifically tailored to the ocean wave modes prevalent in
the Argentine sea, are taken into account during the performance
analysis. The results obtained from the study are thoroughly
discussed, highlighting the advantages and disadvantages of the
considered control strategies in the context of the Argentine sea.

Keywords—Wave Energy, Control, Co-design, Argentina,
Energy-Maximising Control

I. INTRODUCTION
Ocean waves represent a considerable and untapped reser-

voir of renewable energy, with the potential to make a
substantial contribution to global decarbonisation initiatives.
Wave energy converters (WECs) have emerged as promis-
ing technologies for harnessing this resource, although their
economic feasibility has not yet been fully established. In
this regard, control system technology plays a critical role
in optimising the energy absorption of WECs, addressing the
inherent complexities involved in capturing and converting the
irregular motion of ocean waves.
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Although wave energy R & D have gained global mo-
mentum, Argentina has shown relatively less involvement in
exploring this resource compared to its advancements in other
non-carbon-based technologies, such as wind and solar power.
However, recent developments indicate an increasing interest
in wave energy within the country. Initiatives such as the “Red
de Energı́as Marinas Argentina” (REMA) [1], events like the
“Encuentro Argentino de Energı́as Marinas 2022 (ENAEM
2022)” [2], and the international “Wave Energy Workshop
ENAEM-COER 2023” [3], to be held in Buenos Aires in
November 2023, along with a number of projects on wave
energy financially supported by the “Fondo Argentino Secto-
rial” (FONARSEC), have raised awareness about the potential
of wave energy in the country. In particular, it is worth noting
that some of the project supported by the FONARSEC aim
to develop and install full-scale WEC systems along the coast
of Mar del Plata, Argentina, which represents a initial step
in the development of WEC technologies in Argentina. Other
noteworthy local developments in WEC technologies, with a
particular focus on control, have been recently presented in
the context of RPIC 2021 [4] and [5].

Recent advances in energy system design have introduced
the concept of control co-design (CCD) [6], [7]. Traditional
WEC design processes focus on optimising individual compo-
nent specifications, such as absorber dimensions, geometrical
shape, and power take-off (PTO). However, this fragmented
approach may not lead to an overall optimal design. CCD
addresses this challenge by integrating control strategy de-
velopment into the early stages of WEC design, enabling
general optimisation driven by the considered control strat-
egy. This control-aware design paradigm aims to achieve
an optimal structural design aligned with energy-maximising
control schemes [8]–[11]. Although CCD implementation can
be computationally demanding and restrictive, the literature
explores three methodologies to address CCD challenges: (i)
control-inspired paradigms, (ii) co-optimisation techniques,
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and (iii) co-simulation methods [6]. Further details on these
methodologies and CCD methods, in general, can be found in
[6].

As mentioned before, maximising energy absorption from
ocean waves is vital for the commercial competitiveness of
WEC systems. Thus, control methodologies for WECs are cat-
egorised into optimisation-based (OB) and non-optimisation-
based (nOB) approaches [12]. On the one hand, OB con-
trollers, such as MPC, or those based on spectral-methods or
moment-matching theory, solve the energy-maximising control
problem as an optimal control problem (OCP). Thus, OB
controllers, can effectively deal with constraints, providing (in
theory) optimal solutions. However, OB methods are compu-
tationally demanding. On the other hand, nOB controllers,
inspired by the impedance-matching principle, include, for
example, the LiTe-Con method for broadband absorption,
and reactive controllers (proportional-integral) for narrowband
absorption. However, nOB methods cannot optimally deal with
constraints.

The objective of this article is to present a control-aware
design methodology, essentially inspired by control co-design
(CCD) approaches, implemented using co-simulation method-
ologies. The design procedure considers both an OB con-
troller, specifically a spectral-based controller [13], and a nOB
controller, specifically a reactive controller. The WEC system
under consideration is inspired by the technologies supported
by the FONARSEC projects and consists of a rotational single
degree-of-freedom (DoF) system with a hemispherical buoy
and a rotational arm. Various arm lengths and a wide range of
radii are explored in the WEC design. This design methodol-
ogy offers a comprehensive perspective that aligns with current
design trends, incorporating an optimal controller capable of
handling constraints and a resistive-reactive controller, widely
considered in the literature and industry of WEC systems.

The subsequent sections of this work are structured as fol-
lows. Section II recalls the fundamentals of WEC modelling.
In Section III, the control approaches considered for this study
are discussed. Section IV introduces the presented control-
aware design technique. A case study is provided in Section
V, featuring the application of the technique to a generic, full-
scale, and realistic WEC system. Finally, Section VI serves
as the conclusion of this work, providing a summary of key
findings and a discussion of the implications of the presented
approach.

II. WEC MODELLING FRAMEWORK
In the context of WEC systems in an undisturbed wave

field and an infinite-depth sea, fluid-structure interactions
are accounted for using potential flow theory. The fluid is
assumed to be inviscid, incompressible, and irrotational. By
applying Newton’s second law to a rotational-type single DoF1

WEC device, a linear hydrodynamic formulation is derived as
follows [14]:

(I +A∞) θ̈(t) + τr(t) + τh(t) = τ(t)− τu(t), (1)

1Without loss of generality. The same discussion can be easily extended to
multiple DoF.

which is defined in the literature as Cummins’ equation, a
well-established and widely adopted theoretical framework
[15]. In Eq. (1), the angular acceleration, and, implicitly,
velocity and position, of the device are represented by θ̈(t),
θ̇(t), and θ(t), respectively, with I indicating the body inertia
and A∞ the added mass at infinite frequency [14]. The
radiation torque, denoted as τr(t), is defined as the convolution
integral of the radiation torque impulse response hr(t) with the
angular velocity θ̇(t), i.e. τr(t) = hr(t) ∗ θ̇(t). The restoring
torque, representing buoyancy, is expressed as τh(t) = shθ(t),
where sh represents hydrostatic stiffness. Additionally, the
control torque applied through the PTO system is denoted as
τu(t), while τ(t) represents the excitation torque, which is
generated by the action of the surrounding waves.

Considering the well-established Ogilvie’s relations [16],
the system in Eq. (1), can be redefined in the Laplace domain,
as follows:

G(s) =
s

s2(I +A∞) + sĤr(s) + sh
, (2)

which is the so-called torque-to-motion mapping, where Ĥr(s)
is an approximated parametric representation of Hr(ω) for
s = ȷω, with Hr(ω) the Fourier transform of hr(t). In particu-
lar, hr(t) (Hr(ω)) is typically obtained using boundary-element
methods, such as NEMOH [17], while the approximation
Ĥr(s) can be obtained with system ID parameter fitting tools
[18].

A. Control Objective
The primary objective in the control of WECs is to max-

imise the total absorbed energy. For a WEC system, which
experiences an external excitation torque τ(t), while controlled
by the action of the PTO system, the total absorbed energy
over the interval [0, T ] is determined as follows2:

E = −
∫ T

0

P (t)dt = −
∫ T

0

θ̇(t)⊺(t)τu(t)dt, (3)

where P (t) represents the instantaneous power, and τu(t)
and θ̇(t) are introduced in Eq. (1). In Eq. (3), the transpose
operator is consistent with multi DoF, and within the context
of this study, it is particularly aligned with spectral methods,
as discussed in Section III-B. Thus, the control problem can
be defined as follows:

max
τu(t)

−
∫ T

0

θ̇(t)⊺τu(t)dt

subject to


ẋ = F(x, τu, τ)

θ̇ = G(x)
C

(4)

where F(x, τu, τ) denotes the state-space representation of the
system in Eq. (1), G(x) the output mapping x 7→ θ̇, and C a
general set of constraints (such as displacement constraints
θmin ≤ θ(t) ≤ θmax, or PTO torque constraints τumin ≤
τu(t) ≤ τumax , etc.), specifically defined for each WEC control
problem.

2From now on, the time dependence is dropped when clear from the context.
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B. Optimal condition in the frequency domain
Considering the torque-to-velocity mapping in Eq. (2), an

alternative approach to address the control problem is based
on the impedance-matching condition for achieving maximum
power transfer [14]. Specifically, let Z = G(ȷω)−1 the
intrinsic impedance of the WEC system. It can be shown that
the optimal control law, which maximises Eq. (3) under linear
modelling assumptions, can be characterised in the frequency
domain as:

T (ȷω) = Z⋆(ȷω)Θ̇(ȷω), (5)

where the symbol ⋆ denotes the complex conjugate operator,
while the symbol Θ̇(ȷω) denotes the Fourier transform of the
angular velocity θ̇(t). However, a challenge arises due to the
anticausal behaviour exhibited by Z⋆, as a consequence of the
features of G(s), i.e. strictly proper and passive. A family of
controllers, including the impedance-matching-based solutions
discussed in Sections III, aim to find a causal controller,
typically LTI, that approximates condition in Eq (5) in a
suitable manner. It is worth noting that while this approach
leads to simple and easily implementable controllers, they tend
to be suboptimal compared to those specifically designed to
solve Eq (4).

III. CONTROLLERS
A. Reactive control

The widely-used reactive, which can be considered as PI,
controller is a standard feedback energy-maximising control
solution in the WEC literature. It calculates the control torque
as a linear combination of position and velocity:

τu(t) =
[
kθ kθ̇

] [θ(t)
θ̇(t)

]
, (6)

which, in terms of the Laplace domain, can be expressed as:

Tu(s) =
kθs+ kθ̇

s
Θ̇(s). (7)

Based on the impedance-matching condition discussed in
Section II-B, analytical conditions can be derived to maximise
absorbed energy with monochromatic waves. Consequently,
the parameters for the reactive PI controller can be computed
as follows:

kθ = Re {Γ(ω∗)} , kθ̇ = −ω∗
Im {Γ(ω∗)} , (8)

where
Γ(ω∗) =

1

Tα
τ 7→θ̇

(ω∗)
− 1

G(ȷω∗)
, (9)

and ω∗ represents a specific frequency targeted for max-
imising energy absorption, while Tα

τ 7→θ̇
(ω∗) corresponds to

the resulting torque-to-velocity mapping obtained with the
optimal condition, introduce for Eq (5) [19], modified with
α to achieve constraint handling. In particular, the mapping in
Eq. (5), can be explicitly defined as

Tα
τ 7→θ̇

(ω∗) = α
Re {G(ȷω⋆)}2 + Im {G(ȷω⋆)}2

2Re {G(ȷω⋆)}
, (10)

where α ∈ [0, 1] is used to handle motion constraints. In
particular, if α = 1 the optimal condition, given for the
unconstrained case by the impedance-matching principle, is

obtained while, if α = 0, the system is absolutely blocked
(no motion). Consequently, in the unconstrained case, the
impedance-matching condition is satisfied at ω∗. Nevertheless,
for the unconstrained case, the essential condition for energy-
maximisation, described by zero-phase locking in Eq. (10), is
guaranteed (see [19]).
B. Spectral control

Spectral control is an approach that employs spectral
methods for the analysis and design of control systems
[13]. Spectral methods involve approximating functions us-
ing specific sets of basis functions, such as Fourier, Leg-
endre, or Chebyshev polynomials [13]. To apply spec-
tral control to WEC systems (see, for example, [13]), the
optimal control formulation in Eq. (4) is discretised in
the spectral domain by projecting x and τu onto a vec-
tor space of dimension Nsp using a linear combination
of orthogonal basis functions denoted as Φ = {ϕi}

Nsp

i=1 .
The Fourier basis functions can be used for this purpose,
i.e. Φ =

[
sin(w1t), cos(w1t), . . . , sin(

ωNsp

2 t), cos(
ωNsp

2 t)
]
.

Consequently, the states and control torque are approximated
as follows:

xi(t) ≈ x
Nsp

i (t) = Φ⊺(t)x̂i, τu(t) ≈ τ
Nsp
u (t) = Φ⊺(t)τ̂u, (11)

where coefficient vectors are defined as x̂i =
[xi1 · · ·xiNsp

]⊺, and τ̂u = [τu1, , · · · τuNsp]
⊺, both in

RNsp . Within the framework of this spectral approach, an
approximation for the equation of motion can be expressed
as [13]:

ˆ̇
θ = Go(τ̂ − τ̂u), (12)

where ˆ̇
θ = [θ̇1 θ̇2 · · · θ̇Nsp]

⊺ represents the coefficient vector
used to approximate the angular velocity θ̇(t) of the system,
while Go denotes the torque-to-velocity system model (block
diagonal matrix) as described in [13]. Furthermore, in Eq. (12),
τ̂ = [τ1, , · · · τNsp]

⊺ ∈ RNsp , where the set {τi}
Nsp

i=1 contains
the coefficients of the excitation torque approximation.

The main goal of the optimal control problem is to de-
termine the control torque τu(t) that maximises the objective
function presented in Eq. (3), while satisfying the equation of
motion. Leveraging the mathematical properties of the basis
functions Φj [20], the objective function in Eq. (3) can be
approximated as:

E ≈ JN =

∫ T

0

τ̂⊺u Φ
⊺(t)Φ(t)

ˆ̇
θdt = −T

2
τ̂⊺u

ˆ̇
θ, (13)

By employing Eqs.(12) and (13), the objective function can
be rewritten as:

JN = −T

2
τ̂⊺u Go(τ̂ − τ̂u). (14)

1) General optimal solution: Constrained and unconstrained
cases

Considering spectral methods, the control problem for WEC
systems can be formulated as follows:

τ̂⋆u ←max
τ̂u∈RN

JN

subject to: C,
(15)

with τ̂u the control torque vector to be optimised, and C
represents a set of constraints based on the physical limita-
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Fig. 1. Considered WEC structure. It is based on a rotational single DoF
system, comprising a hemispherical buoy and a rotational arm.

tions of the WEC system. The constraints can include, for
example, maximum device displacement (Θmax) or maximum
PTO torque (Tmax). Generally, the optimisation problem in
Eq. (15) can be solved by satisfying the constraints at specific
collocation points (Tc = [t1, t2, . . . , tNc

]). A comprehensive
discussion on defining a set of linear inequalities required to
satisfy constraints at collocation points can be found in [21].

By employing collocation points, standard multipurpose
optimisation solvers, such as QP-problem solvers, can be
utilised to tackle the problem presented in Eq. (15) [22].

IV. CONTROL-AWARE DESIGN
This section provides an overview of the design methodol-

ogy considered in this study. The considered WEC structure is
based on a rotational single DoF system, comprising a hemi-
spherical buoy and a rotational arm, as illustrated in Fig. 1. The
design procedure follows a parametric scheme, with the key
design variables being R, representing the radius of the buoy,
and Rx, indicating the horizontal distance to the pivot point.
Furthermore, Fig. 1 presents the main variables involved in the
design process, including τ , τu, and θ. Importantly, the vertical
distance to the pivot point has been considered constant at 3.9
m throughout this study (as indicated in Fig. 1), a decision that
is explained in more detail in Section V. On the other hand, the
horizontal distance is considered a variable design parameter.
It is worth noting that this study is motivated by projects
financed by the FONARSEC, which involve the installation
and operation of WECs, similar to the one depicted in Fig. 1,
along the coast of Mar del Plata, Argentina, as mentioned in
Section I.

To achieve an control-aware optimal design, the principal
optimisation problem is expressed as follows:

ρ⋆ ← min
ρ∈Ψ⊂RN

ρ

f

subject to: Solve Eq. (15)
C,

(16)

where ρ ∈ Ψ ⊂ RNρ denotes the design parameter vector.
As an illustration, considering the configuration depicted in
Fig. 1, the vector ρ is given by [R, Rx]

⊺. Additionally,
in Eq. (16), the objective function f is defined based on
the specific design requirements pertinent to each individual
problem. For instance, one possible criterion is the total WEC
cost, encompassing both capital and operational expenditures
(CapEx and OpEx), per unit of absorbed power, as explored in

[21]. Another potential consideration is the total buoy mass per
unit of absorbed power. The buoy mass significantly impacts
the CapEx and is directly proportional to the installation cost
of the system. Therefore, the objective function in Eq. (16), is
given by:

f = AP (ρ)/M(ρ), (17)

In Eq. (17) AP (ρ) indicates the total (average) absorbed
power, obtained from Eq. (3). In this study, the optimisation
problem introduced in Eq. (16) is solved using a exhaustive
search search methodology. However, it must be noted that
Eq. (16) can be addressed using, for example, multi-objective
optimisation routines [23]. Nevertheless, employing a brute-
force approach, akin to a parametric study, offers distinct
benefits as it comprehensively explores all potential scenarios,
effectively highlighting the intricate interactions among param-
eters. This deeper understanding of the problem and solution
domains is a direct result of examining the complete range of
possibilities.

V. ILLUSTRATIVE EXAMPLE
A. WEC system

The considered device is a point-absorber type, with an axis-
symmetric cylindrical geometry, and a hemispherical bottom,
as depicted in Fig 1. For this study, the principal design
variables are given by the radius, R, and the horizontal
distance, Rx, from the buoy to the pivot point. To ensure that
the relationship between R and Rx remains within realistic
bounds, the horizontal distance is considered as a linear
function of R, as follows:

Rx = ℓR, with ℓ ∈ [2, 6] , andR ∈ [0.5, 10] . (18)

With these definitions, the hydrodynamical coefficients are cal-
culated for each system in a grid. NEMOH [17] is used for this
purpose, considering a mesh as illustrated in Fig. 2. The grid is

Fig. 2. Mesh considered for each system defined in Eq. (18) (submerged
structure).

defined for intervals specified in Eq. (18), with increments of
0.5 m, for both R and Rx. For each combination of R and Rx,
the hydrodynamic coefficients are computed using NEMOH.
The resulting torque-to-velocity (angular) frequency response
is depicted in Fig. 3 for specific cases of R ∈ {2, 5, 10} m.
The responses in Fig. 3 are represented using coloured groups
of lines, with a colour gradient indicating the corresponding
values of ℓ. Fig. 3 provides a clear visualisation of the
progression of both the resonance frequency and attenuation
level.
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Fig. 3. Torque-to-velocity (angular) frequency response for specific cases
of R ∈ {2, 5, 10}. The variation of ℓ is indicated with the generic colour
gradient (grey scale), illustrated on the right-hand-side.

In each simulation, the angular position is constrained to
Θmax = 30◦, 0.523 rad, symmetric, (pivot point in Fig. 1),
to preserve a realistic rotational motion. In addition, full
knowledge (a-priori) of the wave excitation force is considered
in this study. The simulation length is set to 200 s.
B. Sea states

As considered and described in [5], based on the studies
presented in [24], a sea-state with peak period Tp = 10 s
and significant wave height Hs = 2, characterised by the so-
called JONSWAP spectrum (see [25]), is considered in this
study, with the so-called peak-enhancement factor set to 3.3
[5]. This sea description has been taken for the global position
at 38◦03′25.035′′ S, 57◦29′24.201′′ W. These parameters have
been also supported by the results in [26]. However, the reader
must note that there are no accurate and formal information
about the sea conditions in the South Atlantic Ocean available
in the literature. Thus, one of the objective of the projects
supported by the FONARSEC is to develop precise models
for the Argentine sea conditions. For statistical consistency,
the results are averaged over 10 random realisations.
C. Controller design

The PI control structure discussed in Section III-A is firstly
addressed in this section. For each simulation the controller is
tuned considering w⋆ = 2π

Tp
. To ensure respect of the constraint

limits, Θmax, the parameter α, in Eq. (10), is individually tuned
for each realisation. Hence, the controller parameters, kθ and
kθ̇, as defined in Eq. (9), are determined for each simulation.

Secondly, in the spectral control scheme, a collection of
Fourier basis functions is employed, consisting of Nsp = 67
basis functions. To effectively cover the wave spectrum, these
basis functions cover a range of frequencies spanning from
0.7ω⋆ to 4ω⋆ in steps of 0.05 × 2π

Tw
. In addition, motion

constraints are considered to fulfil the constraints defined
by Plim. The resulting (concave) QP-problem is solved via
interior-point methods [22].
D. Control-aware design: Results and assessment

For the assessment of introduced control-aware method-
ology, the objective function for the optimisation problem
considered in Eq. (16), is considered as follows:

f =
AP (ρ)

M(ρ) + wLL(ρ)
(19)

where ρ = [R, Rx], M denotes the mass of the buoy, which
depends on R, and L represents the linear distance to the
pivot point (see Fig. 1), which depends on Rx along with
the fixed vertical distance (3.9 m for this study). Please note
that the expression in Eq. (19) broadly represents 1/LCoE
(levelised cost of energy), i.e. power production/cost, which
is to be maximised (see [21]). In addition, wL is a fixed
weighting variable to simultaneously assess the mass and the
length of the WEC. Specifically, in this study, the value of
wL is set to 7000. It must be noted that, while the parameter
wL is empirically tuned in this study for the general purpose
of demonstrating how structural design can influence the
optimum design point, the distance L can directly impact the
CapEx. Specifically, a greater distance from the lever arm
leads to increased stresses in the anchoring system of the pivot
structure. This, in turn, results in higher costs associated with
the installation and maintenance of the system.

Fig. 4(a) displays the average absorbed power for both the
spectral and PI control methodologies, with the spectral control
shown in orange-light scale and the PI control depicted in
greyscale, for the complete domain Ψ. Similarly, using the
same colour code, Fig. 4(b) shows the resulting (normalised
to one) value of the objective function f , in Eq. (19).

Fig. 4. The average absorbed power and the normalised resulting value of f
is shown in (a) and (b), respectively. In (b) the optimal point obtained with
each control structure is shown using a red dot.

In Fig. 4(b), the optimal points obtained with each control
structure (spectral and PI) are depicted by red dots. Notably,
from Fig. 4, it is evident that in both cases, the optimal point
is achieved with ℓ = 6. However, the optimal values for R
are different, with 2.5 m and 3 m attained for the spectral
and PI control, respectively. Notably, this optimal results do
not match the point of maximum power absorption (Fig. 4(a)),
which are given by the largest values of R and ℓ (Rx). This
emphasises the importance of employing a global optimisation
criterion rather than relying solely on a conventional energy
absorption approach.

By way of example, Fig. 5 shows both τu and τ (a),
along with the vertical position (b) and velocity (c), for a
particular realisation of the considered sea-state, for each
optimal solution (red dots in Fig. 4), confirming that both
controllers are adhering to the specified constraints.
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Fig. 5. (a) Time traces for τu (blue-solid line) and τ (grey and pink lines).
(b) Time traces for the vertical position. The considered limit Θmax = 30◦,
0.523 rad, symmetric, is indicated with red-dashed line.

Additionally, Fig. 5 visually demonstrates the effectiveness
of each control methodology, for the optimal solutions shown
in Fig. 4. In particular, the synchronisation between the
excitation torque (a) and the system velocity (c) at four specific
times, which represents a key indicator of effectiveness. Circu-
lar empty markers and dotted lines are used to represent these
instances. In addition, in Fig. 5(b) the vertical position limits of
the system is shown, using red-dotted lines, which shows the
constraint fulfilment obtained with each control methodology.

VI. CONCLUSION
This work explores the relationship between the structural

design of a specific WEC system and its energy maximisation
control problem, guided by the design criterion f . While some
simplifying assumptions are made, a more comprehensive
economic model could enhance the process. Despite these sim-
plifications, the nonlinearity of the design parameters (R and
Rx) leads to a challenging optimisation problem. This study
underscores the significance of utilising a global optimisation
criterion instead of exclusively depending on a conventional
energy absorption strategy. Employing an exhaustive search
approach, a parametric study reveals various parameter con-
figurations, emphasising the importance of informed choices
for optimising WEC performance. Moreover, this study lays
the foundation for designing a full-scale WEC system tailored
for the Argentine sea. The insights gained will be crucial in
harnessing the energy potential in the South Atlantic Ocean,
contributing to wave energy resource utilisation. Additionally,
for the final WEC installation, essential aspects like the
anchor system, grid connection, and security considerations
must be taken into account to ensure successful and safe
implementation in its actual operating environment.
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