First analyses on a mechanical motion converter to
produce electrical energy from sea wave
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Abstract—The exploitation of sea wave opens new horizon for
suppling small islanded communities. With this goal the paper
propones a prototypical device for the utilization of sea wave along
the coastline. The device is based on a mechanical motion
conversion, from an alternative rotation into unidirectional
rotation in order to run commercial generators. First evaluations
are here reported, demonstrating the feasibility of this solution.
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I. INTRODUCTION

Renewable energies (RES) are universally considered as the
future for the energy production, with the goal to limit the global
warming and environmental pollutions [1]. However, the energy
demand is characterized by an even increasing trend, mainly due
to the Asian countries [2], as depicted in Fig. 1.
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Fig. 1. Electrical energy production in the world

Indeed, the world electrical energy production has been
expanding from 2.25 PWh/y in 1990 to 12.01 PWh/y in 2018,
thus almost six times in about 30 years. Despite the installed
power from RES is increasing very quickly (753.95 GW in 2000
t0 2350.76 GW in 2018) [3], about two third of electrical energy
is still annually produced from fossil fuels. Therefore, there are

huge rooms for the introduction of more sustainable energy
sources [4]-[6].

As well as environmental protection, the installation of RES
offers the possibility to improve the energy independence of
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each country, avoiding the importation of fossil fuels from other
territories [7].

As an example of the current energy mix adopted for the
electricity production, the Italian power system is here reported.
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Fig. 2. Italian energy mix for the electrical production in the last five years.

In the last year, the share of electricity production from RES
was equal to 39.67%, by using the following mix: fossil fuel
(176.2 TWh), biofuels (19.6 TWh), geothermal energy (6.1
TWh), wind (20.2 TWh), solar (23.7 TWh) and hydropower
(46.3 TWh). Furthermore, the energy demand was covered
through the importation of 38.1 TWh from other countries [8].

The annual electrical energy demand was almost stable in
the last years, as well as in many other developed countries. In
any case, this example reveals the huge possibilities for the
addiction of more RES in the energy mix [8], [9].

In this context, technologies like photovoltaic panels [10],
wind turbines [11], hydro turbines and steam turbines supplied
by geothermal energy [12] represent a valid solution, fully
developed and commercially mature.

However, these RESs could not be implemented in some
cases, such as in small islands, where the following peculiarities
can be found [13]-[15]:



e High seasonal variation of the electrical demand, mainly
due to the strong relevance of tourism.

e High operative costs for the electrical energy production,
due to the small scales of plants and fuel importations.

e High maintenance costs because the power plants are
significantly oversized in order to have enough backup
power to face the seasonal variation of the energy
demand and the potential failures of the diesel
generators.

e Small standalone electrical
innovation.

grid with a limited

e Modest introduction of RES supplied plants because the
environmental limitations to preserve the landscape.

e Strong dependence on fossil fuels, imported from other
territories (mainland).

These peculiarities are quite common, for example, in all
small islands in the Mediterranean Sea [16], [17]. For these
reasons, new alternative renewable energy sources must be
found and developed [18].

In this context, sea wave is considered a very promising
energy source, especially in the context of small islands where
the ratio between the energy demand and the availability of this
source is very favorable [19], [20].

Furthermore, sea wave can exploit offshore and nearshore
areas which are not used nowadays, avoiding the competition
for the land use that could happen in case of other sources [21]—
[23]. Indeed, wave supplied plants could be integrated in the
existing harbors, performing the double function of protection
of piers and energy production. At the same time supply chain
and local job opportunities could be created [24].

A huge number of technologies have been assessed in the
past, some of them also developed and tested in laboratories or
open sea. Due to the multitude of solutions available in
literature, different classifications are currently used, for
example considering different aspects like the working
principle, the orientation of device, the position in comparison
to the sea level, the distance from the coastline, etc [25], [26].
The classification based on the direction of the wave
propagation introduces the following definitions [27]-[29]:

e attenuator, a device parallelly oriented to the wave
direction and adapting its shape to the wave profile.

e point absorber, a system characterized by an axial
symmetry, in order to collect wave energy regardless of
the wave direction [30], [31].

e terminator, a device that must be oriented
perpendicularly to the wave direction on which the wave
breaks to operate it.

Considering the working principle, the most popular
definitions are:

e Oscillating Water Column (OWC), in which waves
enter and exit a submarine chamber, in order to
pressurize and the depressurize an air-filled chamber and

run a wind turbine, specifically designed for this
application.

e Wave Body Activated (WAB), a system that is
composed by floating buoys, able to produce relative
motion to run the energy converters.

e Overtopping, a device that firstly collects the kinetic
energy of waves by filling a water reservoir and then
produces electrical energy by spilling water from the
reservoir and returning it to the sea through a low head
hydro turbine.

There are a lot of examples in literature. Just some famous
examples are: Kvarner Brug [32], Limpet [33], Mighty Whale
[34] for OWC systems; Wavebob [35], Powerbuoy [36],
Pelamis [37], Archimede Wave Swing [38], Oyster [39] for
WAB systems; finally, Tapchan [40], Wave Dragon [40] and
Slotcone [41] for overtopping systems

Despite the huge number of proposed technologies, no
commercial systems are available.

In this context, at the University of Palermo, Department of
Engineering, an innovative device is under development. This
technology is based on a mechanical motion converter able to
transform an oscillating rotation into a unidirectional rotary
motion and run commercial generators, like the same used for
small wind turbines.

A prototype is firstly described in the following section.
Some simulations are here reported, demonstrating the working
principle of this technology.

II. MECHANICAL MOTION CONVERTER

The paper shows a mechanical motion converter that could
be installed in the harbors for the exploitation of sea wave in
order to produce electrical energy and at the same time protect
the piers. The idea is illustrated in Fig. 3. A floating buoy is used
to collect the mechanical energy of waves and produce a rotation
around the main hinge of the device. The mechanical conversion
is operated inside a gear box, that can be installed on the
breakwaters. On the output axis, a commercial generator can be
installed in order to produce electricity.

Fig. 3. The idea of the mechanical motion converter

The device is designed to exploit sea waves with a limited
height. In particular, the prototype below described allows a
total vertical oscillation until 1.06 m.



The conversion of bidirectional motion into unidirectional is
entrusted to a system of freewheels, that are alternatively
activated by the motion of the floating buoy.
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Fig. 4. Internal view of the prototype of mechanical motion converter

Indeed, as shown in Fig. 4, the rotation of the input bar A,
around the hinge B, produces a translation of the slider C,
causing the rotation of chains around the freewheels D and E.

These ones are mounted in order to transfer torque in
different times: freewheel D is active if the slider is moved from
the left to the right side; on the contrary, freewheel E is activated.

In this way, two impulsive unidirectional rotations are
available in the corresponding axes D and E. Both motions are
externally transferred to a single axis from the blue wheels by
using chains. As shown in Fig. 5 and Fig. 6, other axes equipped
with different wheels are introduced to increase the angular
speed and achieve the optimal range for the generator.

Fig. 5. External left side view of the prototype

Fig. 6. External right side view of the prototype

A freewheel is introduced in axis before the alternator, where a
flywheel is installed to smooth the angular speed applied to the
generator and consequently regularize the electricity production.

In comparison with other technologies, there are several
advantages:

e Absence of pressurized fluid
¢ A limited number of components

e The use of commercial components, minimizing the
costs for designing and development.

A picture of the prototype is reported in Fig. 7. A 24V DC
generator is installed at the output axis and connected to a
rheostat.

Fig. 7. View of the prototype

III. CORRELATION BETWEEN THE INPUT AND OUTPUT
ROTATIONS

Analyzing the kinematic reported in Fig. 4, the angular
rotation of the output axis can be evaluated in the following way.

The system is designed with the properties that if the input
bar is horizontal the same is the crank connecting the slider.
Assuming as absolute reference of x axis the center of the hinge
and considering positive the clockwise rotation of the input bar,
Eq. 1 can be derived to describe the position of the slider pin.

x(9) = —/b? — 2(1 — cos 9;,)% + L sin Oy, (1)
In this equation, b is the length of the crank and [ the shorter
length of the input bar (178 mm and 190 mm respectively).

It can be observed that the differentiation of Eq. 1 is:
dx  [?sin®;, (1 - cos¥;,)

A9 \[b2 = 12(1 — cos 9,2

If 9;, is equal to zero, Eq. 2 becomes equal to [. Considering
the lengths b and [, and the operative limitations of the maximal
stroke available in the device, Eq. 2 can be still approximated
equal to [, with an average error equal to 4.18% (the maximum
is for ¥ = 25°, in which the error achieves the value of 13.62%).

+ lcos ¥y, )

Thus, Eq. 1 can approximated to Eq. 3 in case of small
rotation:

x(Oin) = Wi 3)
Consequently, the external angular rotation, of the first
freewheel is equal to:



l
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where r; is the external radius of the freewheel. In the following
axis, the rotation becomes unidirectional thanks to the sum of
two unidirectional rotations from the freewheels D and E. Thus,

the rotation of this axis is equal to:

U, = |191|k2,1 ~ |19m| k21 (5)
n
The term k,; represents the transmission factor between

axes 2 and 1.

As introduced above, the other wheels are used to increase
the angular speed. Therefore, the angular rotation in the output
axis, is equal to:

|l91.n| k2 1k3 2k4-3 (6)

However, in term of angular speed should be noted that the
output axis is designed to store kinetic energy into the flywheel
thus, Eq. 7 is introduced.

dw,

lf w3k4_'3 < Wy — (IfW + Ia kz) dt = —Te — Tf

else > wy(t) = w3ky3(t) = yolwin (O]
According the sized of prototype, ¥, is equal to 491.

(M

In fact, thanks to the freewheel, the output axis rotates at the
angular speed set by the mechanical converter. Vice versa, if the
angular speed produced by the rotation of the input bar is lower
than the instantaneous angular speed of output axis, the output
wheel does not receive torque from the previous axis, and
consequently reduces its regime removing kinetic energy from
the flywheel.

IV. SIMULATION

The mechanical motion converter was simulated considering
the application of a testing mass on the input bar and producing
a descending motion of the weight.

During this transient, the 2" Newton law was applied to the
hinge of the input bar. The main terms are:

e The torque t4(9) due to the testing mass M and the
distributed mass m of the input bar, having a length L

e The friction torque t¢ (§> manly due to the generator

. 9
e The torque reaction Te (L,
production

9) due to the electricity

e The inertia I{9) due to the testing mass, the distributed
mass of the input bar, and the inertia of flywheel I¢,, and
generator I, reported to the hinge.

Thus, the governor equation is obtained. Eq. 8 presents many
nonlinear parameters, depending on the instantaneous angular
position of the input bar. About the generator, a linear trend was
assumed as relation between the open circuit voltage and its
angular speed. The term Ry, is the electrical load resistance, Rg
the internal resistance of generator. V¢ is the rated voltage (24
V) at the rated speed of the machine w,¢f (2550 rpm) according

to the plate data of the machine. Finally, the term sgn (%)
represents the signum function of angular speed.

9 dd d?9
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LZ
74(0) = —<ML+T>960519 (8)

N
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oz ™ (w 2
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Since this simulation considered the entire stroke of the
pulley, the approximation in Eq. 3 cannot be adopted. Eq. 9 was
used instead.

d
74(0) —Tf<
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When the input bar ends its motion, the electrical generator

continues to rotate, thanks to the kinetic energy stored by the

generator itself and the flywheel. To describe this transient, the

generator axis is considered introducing the subscription “e” in
Eq. 10.
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dt '~ T R, +Ry\we) ldt

The same model can be adopted if the weight is applied
through a pulley (having a negligible inertia), in order to produce
an ascending motion of the bar. The only change is represented

by the signum before the testing mass M in the third Eq. 8.

—cosYy,)
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The testing mass was varied, assuming alternatively the
values 10 kg, 20 kg, 30 kg. The load resistance was regulated to
the values 5 Q, 10 Q and 20 Q.

About the friction torque t¢ (measured on the generator) a
value of 0.0886 Nm was measured at the laboratory. The internal
resistance is equal to 0.25 Q.

The energy analysis of all simulation is reported in Table I
and Table II, respectively for the downward motion and upward
motion of the input bar.

TABLE 1. ENERGY DISTRIBUTION IN DOWNWARD SIMULATIONS

Mass | Rload il Il Il R vaeial Rreiotied

kel | 1 1] 1] ] 1] 1]
10 5 116.40 62.88 3.14 0.28 50.10
10 10 116.40 49.29 1.23 0.42 65.46
10 20 116.40 33.80 0.42 0.52 81.66
20 5 220.18 143.98 7.20 1.61 67.39
20 10 220.18 116.63 2.92 2.11 98.52
20 20 220.18 83.77 1.05 242 132.94
30 5 323.96 226.94 11.35 4.14 81.54
30 10 323.96 188.04 4.70 5.13 126.09
30 20 323.96 139.22 1.74 5.72 177.28




TABLE IIL ENERGY DISTRIBUTION IN UPWARD SIMULATIONS

Mass | Rload il B il Rvserial e

kel | [ ] 1] 1] 1] 1]
10 5 91.17 30.48 1.52 0.13 59.03
10 10 91.17 25.35 0.63 0.24 64.95
10 20 91.17 17.69 0.22 0.33 72.93
20 5 194.95 91.38 4.57 1.23 97.77
20 10 194.95 76.32 1.91 1.72 115.00
20 20 194.95 55.21 0.69 2.04 137.01
30 5 298.73 155.87 7.79 3.50 131.57
30 10 298.73 132.39 3.31 4.53 158.51
30 20 298.73 98.40 3.31 5.14 193.97

The corresponding electrical efficiency is reported in Fig. 8.
It is possible to observe that the downward motion has an
average efficiency higher than the corresponding upward
condition. The increment of the load resistance reduces the
electrical efficiency. This is due by the fact that the alternator
runs for more revolutions, thus the loss by friction are
incremented. At the same time, a marginal increment of the
residual kinetic energy of the testing mass is observed. On the
contrary, the internal loss by Joule effect inside the generator are
reduced.
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Fig. 8. Comparison of the electrical efficiency in all simulations.

As an example, the rotation of the input bar and the generator
are reported in Fig. 9, considering the case with the highest
efficiency for downward and upward motions (30 kg and 5 Q).
In this graph, it is possible to identify the instant when the
transmission between the generator and the input bar is
disconnected by the freewheels. Indeed, from this moment on,
the generator continues to rotate thanks to its inertia and the
inertia of the flywheel.

The corresponding voltage and power trends are reported in
Fig. 10. It is possible to observe an increasing trend for both
parameters when the weight can transfer torque to the generator.
After the disconnection, both trends decrease.
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Fig. 9. Comparison of the angular rotation of the input bar and the generator
in case downward and upward motion, with a testing weight of 30 kg and
a load resistance of 5 Q.
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Fig. 10. Voltage and power trends on the electrical load, with a testing weight
of 30 kg and a load resistance of 5 Q.

V. CONCLUSION

An innovative motion converter was presented, with the
target of sea wave exploitation close the coastline. A small
prototype was realized to demonstrate the working principle.
Preliminary simulations were performed in order to evaluate the
energy performance with different electrical loads and weights
applied to the input bar (simulating the reaction of a floating
buoy).

The benefits of this kind of systems are related to the
possibility to use commercial components, minimizing the costs
for the development.

There are rooms for an improvement of the entire system, for
example, modifying the relative position of the components, the
length of the input bar, as well as the reduction of the internal
loss by friction for example improving the lubrification of
bearings. However, according to the simulation, interesting
energy efficiency can be achievement, up to 70% as reported in
Fig. 8.

Next step will concern experiments in a laboratory, in order
to confirm the simulation, then first experiments could be
performed in the tank, in order to evaluate the hydrodynamic



interactions between the buoy and the mechanical motion
converter.
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