
PROCEEDINGS OF THE 15TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 3–7 SEPTEMBER 2023, BILBAO 590–1

Design considerations for a hybrid wind-wave
platform under energy-maximising control
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Abstract—The environmental impact of emissions of
fossil fuels and their rising prices, together with coun-
tries’ commitment to mitigate the effect of the alarming
and rapid climate changes, have been a crucial thrust to
investigate new solutions to exploit renewable energies for
efficient and effective energy supply. Offshore wind-wave
hybrid platforms have been proposed to produce higher-
quality power at a lower cost, by exploiting the existing
synergies between these two technologies. The aim of this
study is to investigate the effects of structural (geometric)
design changes on the dynamics of a hybrid wind-wave
platform under energy-maximising control for the wave
conversion system. In particular, the device considered is
a semi-submersible platform with an incorporated flap-
type WEC, analysed both from a closed-loop and open-loop
perspectives with a control system designed to maximise
the energy produced by the WEC. Design changes on the
wind-wave conversion platform are performed in terms of
flap dimensions, starting from a suitably defined nominal
geometry. The corresponding dynamical analysis is con-
ducted by both increasing and decreasing the flap draft
with respect to the nominal case, to investigate the effect
of different structures on the interactions between WEC
and platform. A frequency-domain analysis of the overall
input/output (velocity) system is presented, highlighting
the situations that can enhance the potential of both devices
and exploit their synergies.

Index Terms—Combined wind-wave, design changes,
floating offshore platform, wave energy.

I. INTRODUCTION

THE necessity of reducing the carbon footprint
related to energy supply, led to the exploitation

of renewable energy sources. Among these, wind and
wave, having a complementary distribution world-
wide, can be effectively powerful candidate energy
sources towards a full transition to renewable ener-
gies [1]. Therefore, it is crucial to have technologies
capable of efficiently harnessing these sources. On-
shore wind turbines are already highly mature tech-
nologies, presenting however their own limitations,
particularly with respect to availability of suitable
lands. Nowadays, there is a transition towards off-
shore wind systems: although still at an early stage of
development, these technologies can potentially exploit
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wind power in locations with higher energy density,
reducing some of the on-shore wind farm-related prob-
lems, such as noise pollution and visual impact [2],
[3]. Combining off-shore wind technology with other
energy conversion systems, such as wave energy con-
verters (WECs), has the advantage of exploiting both
wind and wave sources, hence having the prospect of
a more smooth and reliable power production due to
the higher predictability of the wave source and the
low correlation between the two resources [4], [5]. In
other words, their aggregation and combination can
reduce the overall variability of the power extraction
process. Furthermore, these hybrid platforms, sharing
the same foundation systems, infrastructures and grid
connections, can have the advantage of reducing the
cost of operation and maintenance [6], [7]. The inte-
gration of WECs in a floating off-shore wind turbine
can enhance dynamic stability by using the WEC to
dampen the platform motion and increase the power
production of the overall system compared to their
standalone counterpart [8].

For the WEC system, adequate control technology
is crucial to ensure maximum energy extraction from
ocean waves, improving reliability and reducing the
associated levelised cost of energy (LCOE) [9]. More-
over, an appropriate design is fundamental for the
overall system performance [10]. In fact, by changing
the associated geometry, different dynamic behaviour
occurs in the system, potentially resulting in more
suitable designs, depending on the specific sea-state
conditions, as clarified in Section IV.

Motivated by the relevance and overall effect of both
suitable control technology and structural (geometric)
changes to the WEC system, the aim of this study is
to investigate systematically the effect of different WEC
designs in a combined wind-wave conversion platform
under energy-maximising control. The controller is
designed based on the principle of impedance-matching
[11], in terms of a reactive, i.e. proportional-integral
(PI), controller structure synthesised according to each
specific sea-state condition under analysis.

This paper is organised in the following sections.
Section II provides a description of the case study
presented within this paper. Section III briefly recalls
the fundamentals of hydrodynamic modelling of float-
ing structures and the associated energy-maximising
control design procedure. Finally, Section IV illustrates
the main numerical results obtained within this study,
while Section V offers an overview of the conclusions.
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II. CASE STUDY

In this study, one of the most wide-spread wind-
wave hybrid concepts has been chosen: the so-called
WindWaveFloat system [12]. This hybrid platform ex-
ploiting both wind and wave resources, sharing sup-
port structures and infrastructures, can potentially offer
a significant contribution towards the reduction of
emissions and the mitigation of the effects of climate
change. The device is constituted of a three-column
semi-submersible platform with a standard horizontal-
axis wind turbine (NREL 5 MW) at the top of a tower,
sitting on the rear column, and a rectangular flap-
type WEC mounted on the main beam. The overall
system is based on the WindWaveFloat for the platform
structure, and the Oyster device for the WEC (see [13]).
Furthermore, note that the selected wind turbine can
be considered to be standard, and has been the subject
of a number of studies concerning wind-wave hybrid
platforms [14]–[17]. Within this study, although the
wind turbine has been effectively considered within the
calculation of the floating structure response the dy-
namical analyses are conducted considering the overall
platform directly, hence using platform pitching mo-
tion as a proxy for turbine pitching movement.

TABLE I
MAIN PARAMETERS OF THE WIND-WAVE STRUCTURE WITH RESPECT

TO THE STILL WATER LEVEL.

Flap width 1.5 [m]
Flap length 15 [m]

Nominal flap draft 6.5 [m]
Platform cylinder radius 5 [m]

Platform draft 15 [m]

Table I summarises the main parameters associated
with the considered wind-wave platform, while Figure
1 provides a schematic of the corresponding geom-
etry, considering only the portion in which the flap
is located, whereas the whole system is reported in
Figure 2. In particular, the black solid line indicates
the nominal geometry, while dashed lines are used to
denote the largest and smallest draft considered within
this study for the flap system.

In fact, the effects of design changes are evaluated
by increasing and decreasing flap dimensions in terms
of its depth. As reported in Table II, a fixed step of 1
[m] is taken between each different design.

TABLE II
DESIGN CHANGES IN WEC DIMENSIONS.

Flap draft

4.5 [m] 5.5 [m] 6.5 [m] (nominal) 7.5 [m] 8.5 [m]

III. MODELLING AND CONTROL

Within this section, modelling fundamentals, in
terms of linear potential flow theory, and the control
technique applied to the floating structure, are briefly
recalled. As it is standard within the control/estimation
literature, the hydrodynamics of the combined plat-
form are described by means of linear equations lever-
aging potential flow theory, with the aim of deriving

Fig. 1. Design changes of the WEC in terms of the draft, D.

a computationally and analytically tractable represen-
tation for the overall system (i.e. a control-oriented
model). Therefore the equation of motion for the float-
ing body can be written in terms of Newton’s second
law as follows:

Mẍ(t) = fex(t) + fre(t) + fr(t)− ut(t), (1)

where M is the generalised inertia-mass matrix of the
structure, x denotes the displacement vector associated
with the floating system (in all considered degrees-
of-freedom (DoFs)), fex the wave excitation force (i.e.
the torque exerted on the wetted surface of the device
by the incoming wave field), and fre the hydrostatic
restoring force that, under linear potential theory, is
given by fre = shz, where sh represents the so-
called hydrostatic stiffness. Furthermore, fr indicates
the radiation force (force of the waves generated by the
oscillatory motion of the body), which can be modelled
using the well-known Cummins’ equation [18], and can
be numerically characterised using boundary element
solvers. In particular, for the computation of the hy-
drodynamic coefficients associated with the system, the
boundary element method (BEM) solver OrcaWave [19]
is used, leveraging the mesh of the system reported in
Figure 2.

The radiation force can be expressed by the following
equation:

fr = −m∞ẍ− kr ∗ ẋ, (2)

where m∞ is the so-called added mass at infinity
frequency, and kr is the radiation impulse response
function, which fully characterises an associated linear
time-invariant operator. Finally, ut is the control input
applied through the power take-off (PTO) system of
the WEC device, designed and synthesised, within
this paper, following the so-called impedance-matching
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Fig. 2. Mesh of the combined wind-wave system used for the
computation of the hydrodynamic coefficients.

principle [20]. According to this theory, maximisation
of converted energy can be achieved by adjusting,
via suitable control, the PTO impedance to match the
complex-conjugate of the impedance associated with
the WEC, as further discussed in Section III-A.

Let v = ẋ. The equation of motion in the frequency-
domain, after a direct application of Fourier trans-
form1, can be written as

ȷω(M +m∞)V = −KrV − sh
ȷω

V + Fex − Ut, (3)

from which the input/output map Fex 7→ V can be
written in terms of the following expression:

V (ȷω) =

[
(M +m∞)ȷω +Kr +

sh
ȷω

]−1

(Fex − Ut)

= G(Fex − Ut),

(4)

where G denotes the frequency-response function as-
sociated with the corresponding I/O map.

The device considered within this study, presented
in Section II, is described in terms of 2 DoFs, i.e. pitch
of both platform and WEC. Energy extraction for the
WEC device effectively happens with the PTO system
sitting on the corresponding pitch axis, and hence the
system can be described, exploiting the relation posed
in (4) in an input/output (I/O) form as follows:[

Vp

Vf

]
=

[
G11 G12

G21 G22

] [
Fp

Ff − U

]
, (5)

in which {Vp, Vf} and {Fp, Ff} denote the velocities
and torques, respectively, of both platform and flap,
and hence G : C → C2×2, s 7→ G(s), is the mapping
characterising the system. In particular, {G11, G12} de-
scribes the relation between torque and pitch veloc-
ity for the platform, whereas {G21, G22} defines the
response for the WEC pitching motion. Note that U
in (5) refers to the control action applied via the PTO
associated with the WEC system.

A. Control design and synthesis
The technique utilised to design and synthesise the

controller is shortly described within this section. The

1Given a time-domain function f , its Laplace/Fourier transforms
are denoted as F , where the use of Laplace or Fourier is always clear
from the context.

control input u has to maximise the converted en-
ergy for the WEC, and it is based on the impedance-
matching principle [20]. The main objective of WEC
control is to enable optimal energy capture from ocean
waves via the associated PTO system. However, 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.

In particular, the control input u is designed and
synthesised to match the complex-conjugate of the
mechanical impedance characterising the WEC. The
optimal control condition, written in the frequency
domain, is the following:

Uopt = IuVf , (6)

with the so-called control ‘load’ Iu defined as

Iu(ȷω) = I∗(ȷω) =
1

G∗
22(ȷω)

, (7)

where I∗ indicates the complex-conjugate of the equiv-
alent intrinsic impedance associated with the WEC (see
[20] for further detail on the definition of the intrinsic
impedance in the multi-DoF case).

Due to the nature of the complex-conjugate operator,
the optimal condition can not be physically imple-
mented, and hence an approximation is required (see
[20]). Such an approximating system can be practically
achieved via parametric controllers. In particular, a
well-established structure among the WEC literature
has been implemented, i.e. a proportional-intergal (PI)
controller, often referred to as ‘reactive’ controller:

KPI(s) = θ1 +
θ2
s
. (8)

The controller, implemented within this study, is of a
feedback nature, as reported in Figure 3.

Fig. 3. Feedback control structure implemented for the device.

Unlike standard (tracking and regulation) control
applications, the parameters associated with (8) are
chosen to interpolate the optimal frequency-domain
condition derived via impedance-matching, i.e. equa-
tions (6), (7). In particular, depending on the incoming
wave, with the corresponding frequency ωi, there are
different θ1 and θ2 interpolating the optimal control
impedance Iu in (7), i.e. leading to the interpolation
condition KPI(ȷωi) = Iu(ȷωi), and computed as fol-
lows:

θ1 = ℜ(Iu(ȷωi)), θ2 = −ωpℑ(Iu(ȷωi)) (9)
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In other words, there is an optimal PI control structure
for each specific sea-state. This is specifically consid-
ered within our study, where the parameters {θ1, θ2}
are effectively synthesised for each operating condi-
tion. In particular, considering the case of irregular
waves, the interpolation point can be chosen according
to the peak frequency ωp = 2π/Tp = ωi, where Tp

is the peak period of the spectral density function
characterising the sea-state.
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Fig. 4. Design changes effect on the magnitude of the frequency
response of the open-loop system.

IV. NUMERICAL RESULTS

In this section, the main numerical results obtained
within this study are reported. Firstly, the open-loop
case is considered, hence analysing only the effect of
the design changes in the flap geometry in the absence
of control. Then, different geometries are considered
coupled with the energy-maximising controller previ-
ously evaluated, i.e. in a closed-loop sense.

To begin with the analysis presented within this
study, the Bode diagram, offering magnitude and
phase, presents the frequency response associated with
the transfer function of the overall system, i.e. Equation
(5). The nominal geometry case is reported using a
black line, while, using blue and red-colour scales
are shown, respectively, decreased and increased flap
dimensions with respect to the nominal case. It is
immediately evident that geometry changes directly
result in a different resonant frequency of the flap ωf :
in fact, increasing the flap dimension, as can be clearly
seen in Figure 4, leads to a shift of the magnitude peak
to the left (i.e. the low-frequency range). Analogously,
decreasing in size moves the flap resonance frequency
accordingly, though towards the high-frequency end
of the spectrum. When increasing the dimension, ωf

becomes closer to the platform resonance, ωp, hence
amplifying the level of interaction between the two
subsystems (i.e. flap and platform), which consequently
results in an increase of the magnitude associated with
the mapping relative to this coupling, i.e. G12.

To further expand the findings presented in Figure
4, effect of geometry changes can be evaluated in
terms of the ratio of the root mean square value of
flap and platform pitch position, in controlled (closed-
loop) and uncontrolled (open-loop) conditions. The
considered input waves are generated in terms of a
JONSWAP [21] spectrum, with peak frequencies in the
set W = [0.8ωf , 1.2ωf ], where ωf changes accordingly
with the dimension of the flap. Controlled conditions
are evaluated with a design based on the PI energy-
maximising control, as specified in Section III, with
parameters synthesised according to the specific sea-
state. In Figure 5 (middle) the nominal geometry case is
reported, while left- and right-hand-side plots illustrate
the results concerning the smallest and largest WEC
depth considered within this study, respectively.

As mentioned immediately above, an increase of flap
dimension brings the overall flap resonance frequency
closer to the platform one. Having more proximate
dynamics translates into a stronger interaction between
the two devices. In this scenario, the WEC potential to
affect the platform displacement is hence enhanced. In
fact, when considering the flap with a 4.5 [m] depth,
the ratio for the platform is ≈ 1 for the whole range
of input frequencies considered, even though the flap
movement is changing considerably. When increasing
the flap depth, instead, the platform position ratio is no
longer around 1, particularly for sea-states with peak
frequency far from ωf . This directly implies that flaps
with larger dimensions can highly affect the platform
behaviour also when under control conditions.

Another important aspect to evaluate is the order
of magnitude of the force necessary to reach the WEC
control objective when changing the geometry. Figure
6 reports the root mean square value of the control
torque as a function of the flap draft. This value is
estimated considering as input wave frequency the
endpoints of the set W , i.e. when ωi equals 0.8ωf

and 1.2ωf , respectively. Note that the results are a
direct expansion of the findings reported in Figure 4:
in fact, as reported in (6) and (7), the optimal control
condition is defined in terms of the inverse of G∗

22, and,
hence, considering an input frequency ωi with higher
magnitude leads to smaller values of the control U .
In both cases considered, the action necessary to reach
energy-maximisation for the flap with 8.5 [m] draft is
larger than the one required for smaller depths.

V. CONCLUSIONS

The present study investigates the impact of WEC
design changes in a hybrid wind-wave conversion plat-
form under energy-maximising control. The findings
clearly indicate that diverse flap geometries lead to
differences in terms of flap-platform interaction and
control force required to reach energy-maximisation.
These differences lead to more advantageous designs
depending on the application, i.e. to a more suitable
design capable of better exploiting the specific wave
condition. Furthermore, the consequences of having a
higher interaction between WEC and platform can be
desirable when the former is used in the hybrid device
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Fig. 5. Ratio of the root mean square value of flap and platform pitch position in controlled/uncontrolled conditions changing geometry. a)
decrease of the draft, b) nominal geometry, c) increase of the draft.

Fig. 6. Root mean square value of the control torque at different
draft considering different ωi.

with stabilisation purposes. On the other hand, if the
WEC control objective is energy-maximisation, which
often leads to large amplitude motion, distant dynam-
ics between flap and platform can be potentially con-
venient. In fact, a lower interaction translates into the
possibility of free movement for the WEC in a wider
range of frequencies, without strongly affecting the
platform position. As previously highlighted, higher
interactions are a direct consequence of the vicinity
between platform and flap resonances. This proximity
can be reached both by increasing WEC dimensions or
by decreasing the dimensions of the platform. A deeper
investigation will aim at highlighting the economic
convenience of the latter option. Further analyses will
take into account the WEC influence on wind turbine
efficiency and the effect of specific wind controllers.
Finally, also the difference in terms of required control
actions, strongly depending both on the designs and
on the incoming waves, can be positively exploited to
identify the most beneficial and economically effective
concept to operate in a specific sea-state.
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