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Abstract— The energy generated from harnessing sea waves is
considered as a potential solution to the energy needs of small
islands. The fundamental problem with the energy produced by
wave energy devices is the quality of the energy itself, as it is deeply
influenced by the unpredictable conditions inherent to the wave
motion. Indeed, the energy produced from a direct connection
between the collector and the generator is profoundly variable in
terms of voltage and frequency. This prevents its direct input into
the grid, as the latter is characterized by fixed frequency and
voltage. The objective of this paper is to demonstrate how it is
possible to normalize such energy by an electro-mechanical
stabilizer.
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I. INTRODUCTION

The economic system of modern society is constantly in
search of ever-increasing energy quotas (see Fig. 1) [1]. The
global electricity production has increased from 11.9 PWh/year
in 1990 to 28.5 PWh/year in 2021, representing a 140% rise over
30 years. Despite the use of significantly less energy-intensive
technologies by end consumers, energy needs are constantly
growing at a rate of 2.8% per year [1].

Comparing these data to the European context (see Fig. 2),
it is possible to observe an almost stationary trend in the same
period, with a transition from fossil fuels to Renewable Energy
Sources (RES).

It is now well-established that the use of fossil fuels for
electricity generation has negative effects on the climate and the
environment [2]. Moreover, changes in the geopolitical
landscape of certain regions imply higher costs in terms of
energy supply, putting the productive system of countries whose
underlying economy does not have sufficient energy resources
at risk [3].

Despite the progressive introduction of RES, the global
production from fossil fuels continues to increase as a
consequence of the even growing energy demand of developing
areas, in particular Asia and South America [1].

However, the installed capacity from RES is increasing as
well [4]. Globally, the electrical energy demand transitioned
from 2.4 PWh/year in 1990 to 8.2 PWh/year in 2021. Despite
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this, more than two-thirds of electric energy is still generated
annually from fossil fuels or nuclear energy. Hence, there are
ample opportunities for the introduction of more sustainable
energy sources. Indeed, the installation of energy production
systems from RES not only improves environmental conditions
but also provides the opportunity to establish conditions for each
country's energy independence, avoiding the importation of
fossil fuels from other territories [5], [6].
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Fig. 1. Electrical energy demand in the World [1].
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Fig. 2. Electrical energy demand in Europe [1].

In the case of Italy, in 2021, the proportion of electrical
energy from RES accounts for 36.6%, which is lower than the



European average (40.0%), but higher than the world average
(28.7%) [1] (Fig. 3).
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Fig. 3. Electrical energy production in Italy [1].

If at the national level the issue of renewable energy
production has purely political and environmental implications,
in the case of small Mediterranean islands, especially those not
connected to the national electrical grid, the problems are quite
different and have a much more significant impact on the daily
lives of the population [7], [8]. The data from the Observatory
on minor islands, within a project named "Sustainable Islands"
identify a series of indicators [9]:

e I.1)Soil

e 1.2) Waste management

e [.3) Water and purification
e 1.4)Energy

e [.5) Sustainable mobility

The average sustainability index of the islands is 40%,
indicating there is ample room for improvement in the near
future, especially concerning energy supply. Currently, the
islands with the lowest sustainability indices in the entire Italian
island panorama are Ischia with 29%, Elba at 26%, and La
Maddalena with a sustainability index of 21% [10].

In the described context, especially for islands not connected
to the national electrical grid, electricity generation relies on
outdated, inefficient diesel generators that are highly polluting
[11]. The main issues of the energetic scenario of small islands
are:

e Inefficient energy supply: Many islands depend on
obsolete, inefficient, and polluting diesel generators for
electricity production.

e  Low sustainability indices: Islands at the bottom of the
national ranking have significantly low sustainability
indices, highlighting the need for substantial
interventions.

e Seasonal energy coverage issues: To overcome the
huge variation of load during the year and avoid
significant changes in energy efficiency, the old systems

must be composed of many engines, of which some of
them are used only for a limited period of the year.

e Need for infrastructure improvements: Islands
require investments in infrastructure to enhance key
sectors such as waste management, water purification,
and sustainable mobility.

The most critical aspects are the following:

e The electrical grid is relatively small and operates
independently, exhibiting limited innovation.

e  There is a pronounced reliance on fossil fuels, which are
imported from other territories, notably the mainland.

e The adoption of RES is modest, constrained by
environmental considerations aimed at preserving the
landscape.

e  Significant fluctuations in electrical demand seasonally
occur, primarily driven by the considerable impact of
tourism.

As a result, maintenance expenses are high because power
plants are intentionally oversized to provide ample backup
power for handling seasonal energy demand variations and
potential diesel generator failures. Moreover, operating costs for
electrical energy production are significant due to the small scale
of plants and the need to import fuel.

In this context, considering the stringent regulations on the
environmental impact regarding the installation of RES
generators, a steadfast denial towards the installation of wind
generators, the impossibility of creating sufficient water
reservoirs for hydroelectric power plants, and the low energy
density of photovoltaic systems [12], it becomes highly
intriguing to examine the energy inherent in wave motion.

Harnessing sea waves can exploit offshore and nearshore
areas that are currently underutilized, averting potential
competition for land use as seen with other energy sources.
Wave-based facilities could be seamlessly integrated into
existing harbors, serving the dual purpose of pier protection and
energy production. Sea waves could also create local job
opportunities [13].

A multitude of wave energy technologies have been
evaluated, some of which have been developed and tested in
laboratories or open sea environments [14]. Given the diverse
range of solutions in literature, various classifications are
employed, considering aspects such as working principle,
device orientation, position relative to sea level, distance from
the coastline, etc. [15], [16]. A classification based on wave
propagation direction introduces the following definitions [17]:

e Attenuator: A device parallelly oriented to the wave
direction, adapting its shape to the wave profile.

e Point Absorber: A system characterized by axial
symmetry, designed to collect wave energy regardless
of the wave direction.

e Terminator: A device oriented perpendicularly to the
wave direction where the wave breaks to harness its
energy.



In terms of working principles, popular definitions include
[18]:

e Oscillating Water Column (OWC): Waves enter and
exit a submarine chamber to pressurize and depressurize
an air-filled chamber, powering a wind turbine
specifically designed for this application.

e  Wave Activated Bodies (WAB): A system composed
of floating buoys producing relative motion to run
energy converters.

e Overtopping: A device that collects kinetic energy by
filling a water reservoir with waves, then produces
electrical energy by spilling water from the reservoir
through a low-head hydro turbine.

Numerous examples exist in the literature, such as Kvarner
Brug [19], Limpet [20], Mighty Whale [21] for OWC systems;
Wavebob [22], Power buoy [23], Pelamis [24], Oyster [25] for
WAB systems; and Tapchan [26], Wave Dragon [27], and
Slotcone [28] for overtopping systems.

Despite the array of proposed technologies, no commercial
systems are currently available. In this context, at the
Department of Engineering of the University of Palermo, an
innovative device is under development [29]. This technology is
based on an electro-mechanical motion converter capable of
transforming oscillating rotation into unidirectional rotary
motion to power commercial generators, similar to those used in
small wind turbines [30].

One of the most challenging issues is the electrical energy
production from fluctuating RES. As well known in literature
[17], [31], the electrical grid requires energy inputs with a very
selective requirement (expressed by the concept of Power
Quality), among which the fixed frequency (50 Hz + 0.5 Hz),
voltage (230 V £ 10 V) and a limited presence of harmonics
(Total Harmonic Distortion lower than 8%) [32]. In order to
keep under control these parameters, it is mandatory to achieve
a fixed speed for a rotary machine, like alternators.

An alternative solution is nowadays represented by the
utilization of inverters to decouple the angular speed of the
machine extracting energy from the RES and the electrical
frequency. This approach is currently used in variable-speed
wind turbines, to maximize the extraction of energy, thanks to
the possibility of changing the angular speed of blades according
to the wind speed, without affecting the electrical frequency of
the power output [33]. However, this solution is not applicable
to wave energy harvesting due to high fluctuations of this
source.

In the case of wave energy, the current options are
represented by [17]:

e  Store wave energy, in an intermediate form of energy,
and use it according to the desired power output, such
as in the overtopping devices using low-head hydro
turbines, or wave activated bodies equipped with high-
pressure alternative pumping.

e Use an asynchronous generators coupled with air
turbine. The generator initially absorbs energy from the
grid to achieve the rated angular speed and to be ready

to extract the impulsive energy of waves, collected by
the air reserve in the OWC.

The aim of the authors is to design an electro-mechanical
motion converter to convert the variable oscillating motion of
waves into a regular rotary motion able to run commercial
alternators. This technology could allow the coupling of a
simple floater and rotary machine, avoiding the storage of
energy in intermediate form and maximizing the efficiency of
the entire process.

II. WAVE ENERGY CONVERTER

The paper introduces a wave energy converter designed for
the installation in harbors to harness the energy of sea waves for
the generation of electrical energy while simultaneously
protecting the piers [34]. The concept is depicted in Fig. 4.
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Fig. 4. The proposed wave energy converter.

A floating buoy is employed to capture the mechanical
energy of waves, generating rotation around the main hinge of
the device. The mechanical conversion process takes place
within a transmission system, described in Section III, that can
be situated on the breakwaters. On the output axis, a commercial
generator can be incorporated to generate electricity.

A direct coupling between the output shaft of the collector
and the generator would pose a series of operational limits.
Indeed, from a kinematic point of view, the motion of the
collector, generated by the driving force of sea waves, is a
vertical oscillation. Assuming that the wave motion can be
represented by a sum of harmonics, the problem is reduced to
the study of a sinusoidal function, expressed by Eq. 1:

Hy, [2rm
z(t) = — sin (T—t> @))
P

where z(t) represents the vertical position of the collector. The
relation considers the significant wave height Hg and the peak
period T,.

In order to evaluate the specific of the wave energy
converter, the authors considered the wave climate in the
Mediterranean Sea, by using data collected by the Italian
Measuring Network (in Italian RON “Rete Ondametrica
Nazionale”) in the station of Mazara del Vallo (Sicily, Italy).

In Fig. 5, the authors evaluated the probability density
function (PDF) of the peak periods of waves observed in Mazara
del Vallo. Fig. 6 reports the PDF of the significant waves.



According to the following graphs, it is possible to observe
that the most frequent wave conditions are:

0.3m<H; <13m
4sec <T, < 6sec

Due to the simplification to assume a sinusoidal wave, the
corresponding vertical speed v, (t) is given by:

mH, (271 t) @
cos|—
T, T,
The speed of the floater varies from a minimum of 0.18 m/s
to a maximum of 1.5 m/s.
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Fig. 5. Probability density function of peak period in Mazara del Vallo.
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Fig. 6. Probability density function of Significant Height in Mazara del Vallo.
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Fig. 7. Open circuit voltage trends of a three-phase generator, working at
oscillating speed.

Supposing that the conversion from the buoy translational
motion to the generator rotational motion is performed through
a fixed speed ratio, the generator is directly coupled to the output
shaft of the collection system. In this case, it is evident how the
energy produced by the generator exhibits significant variability
in both voltage and frequency. By way of example, Fig. 7 shows
the open circuit voltages produced by a three-phase generator
running at pulsating speed.

The next section introduces a mechanical conversion system
to achieve a stable angular speed of the generator.

III. MECHANICAL SYSTEM FOR MOTION CONVERSION AND
STABILIZATION

As outlined in Section II, the wave motion causes an
alternative vertical motion of the floating buoy at low speed that
needs to be converted into the high-speed unidirectional
rotational motion of the generator rotor. To this purpose, the
mechanical system shown in Fig. 8 has been conceived, where
the motion conversion is split into two steps: 1) conversion from
an alternative translational motion to a low-speed unidirectional
rotational motion, and 2) conversion from a low-speed
unidirectional rotational motion to a high-speed unidirectional
rotational motion.
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The first conversion is performed by a rectifying converter
block: the buoy motion in input drives a planar mechanism
designed so that the output linkage has a low and unidirectional
rotational speed. The second conversion occurs in the multiplier
block, consisting of ordinary gear trains and chain drives
designed so as to multiply the speed in input to the multiplier up
to a rotational speed as close as possible to the generator desired
speed.
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Fig. 8. Energy conversion system

Nevertheless, the mechanisms deployed in the rectifying
converter and multiplier blocks do not allow any speed
regulation. As a result, the generator speed is coupled with the
buoy speed, which depends on the aleatory wave motion. To
overcome this issue and decouple the generator speed from the
wave motion, the power-split block is introduced.

This solution has been deployed on some hybrid electric
vehicles to kinematically decouple the internal combustion
engine from the wheels through the intervention of an electric
unit that operates as a speed variator [35], [36], [37], [38], [39].

In the wave energy converter, the power-split block
decouples the generator speed from the speed in output from the
multiplier through the tuning of the speed of an auxiliary electric
machine (EM). Hence, the generator operations can be realized
at a stable functioning point. The auxiliary electric machine can



operate as a motor or as a generator depending on the difference
between the speed in output from the multiplier and the desired
generator speed. When operating as a generator, the resulting
electric power can be stored to be released afterwards, when the
motoring operation is required.

An integrated design of the multiplier and power-split block
that makes the speed in input to the power-split block as similar
as possible to the generator desired speed enhances efficiency.

IV. CONTROL PROBLEM

The deployment of the power-split block ensures an
additional kinematic degree of freedom that implies the need for
the implementation of a control strategy to manage the actuators
operations [40], [41]. In particular, the regulation of the main
generator speed is performed through a control strategy that
tunes the speed of the auxiliary EM according to the
instantaneous rotational acceleration of the main generator for a
given wave motion in input to the mechanical conversion
system. Nonetheless, undesired inertial effects and actuation
delays prevent an exact instantaneous tuning. Thus, the
deployment of one or two flywheels, adequately designed, may
be necessary for more precise motion stabilization.

A flywheel is a mechanical device that operates as a
mechanical energy accumulator since it can store energy during
acceleration phases and release it during deceleration phases. In
this way, the effects of the aleatory wave motion can be
significantly mitigated.

V. CONCLUSION

In this manuscript, the authors proposed a new solution for
the wave energy harvesting. The idea is the adoption of an
innovative electro-mechanical converter able to rectify and
stabilize the angular speed obtained from the angular rotation of
a floater around a hinge.

This technique allows a more regular electrical energy
production from the main generator. This technology is inspired
by the power-split speed variator, currently adopted on hybrid
vehicles.

In future works, a prototype will be tested in laboratory, in
order to evaluate the producibility and the energy efficiency of
this solution.
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