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measurement buoy prototype by means of piezoelectric
energy harvester for monitoring activities in a marine
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ABSTRACT

In the interest of our society, for example in Smart City but also in other specific backgrounds, environmental monitoring is an essential
activity to measure the quality of different ecosystems. In fact, the need to obtain accurate and extended measurements in space and
time has considerably become relevant. In very large environments, such as marine ones, technological solutions are required for the
use of smart, automatic, and self-powered devices in order to reduce human maintenance service. This work presents a simple and
innovative layout for a small self-powered floating buoy, with the aim of measuring and transmitting the detected data for visualization,
storage and/or elaboration. The power supply was obtained using a cantilever harvester, based on piezoelectric patches, converting the
motion of ripple waves. Such type of waves is characterized by frequencies between 1.50 Hz and 2.50 Hz with oscillation between 5.0 °
and 7.0 °. Specifically, a dedicated experimental setup was created to simulate the motion of ripple waves and to evaluate the suitability
of the proposed design and the performance of the used harvester. Furthermore, a dynamic analytical model for the harvester has been
defined and the uncertainty correlated to the harvested power has been evaluated. Finally, the harvested voltage and power have
shown how the presented buoy behaves like a frequency transformer. Hence, although the used cantilever harvester does not work in

its resonant frequency, the harvested electricity undergoes a significant increase.
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1. INTRODUCTION

The purposes of monitoring procedures for marine
environment are multiple and useful both for measuring the
quality of the specific ecosystem and for estimating of the global
anthropogenic impact, also in the field of Smart City [1], [2].
Most widespread activities range from detection of pollutants to
meteorological or climatic measurements [3]. However, other
aims concern the use of marine sensors for safety evaluation in
coastal areas and protection from seismic events or biological
hazards [4]. Scientific literature already presents technological
solutions in the field of floating measurement devices with

specialized sensors and data communication systems for
different applications [5].

Measurement buoys provide a reading service for chemical
and/or physical quantities through sensors and low energy
electronics and guarantee a stable communication to the ground
through suitable data transfer channels (WI-FI, Bluetooth, GSM)
[6], [7]. Although a modest power input is foreseen for supplying
the on-board instrumentation, the need to make these devices
energy self-sufficient remains open. For such purpose,
technologies are employed for ensuring a buoys independence
from human presence and a constant source of electricity [8], [9].

Traditionally, measurement buoys are powered by
photovoltaic systems and by wind turbines. Alippi et al. [10],
Albaladejo et al. [11] and Hormann et al. [12] employed different
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size photovoltaic cells to feed sensor buoy systems for sea trials.
In these studies, the main limitations were found in the
dependence of the electricity production by the sun, by lacking
in bad weather conditions and by inactivity during the night, and
in the need to equip the measurement buoys with bulky and
heavy systems and batteries. Instead, for wind turbines, the
meteorological conditions are not optimal on the sea surface. In
fact, the wind speed at 1 m above the sea level is a third of that
at 80 m. This results in a 73% reduction in wind power [13].
Recently, new energy sources, such as tidal currents and sea or
ocean waves, have been investigated. Trevathan et al. [14]
proposed tidal currents to supply sensors for marine
measurements and compared the performances of different
types of wind turbines. However, they concluded that such
devices may not be cost-effective and risk-prone to apply due to
biofouling and entanglement from drifting algae and sea grass
wrack. Sea or ocean waves represent an attractive renewable
source, indirectly related to both the sun and the wind, and with
a high energy density [15]. Pelc et al. [10] stated that wave energy
is vast and more reliable than most renewable sources.
Furthermore, they highlighted that such energy at a given site is
available up to 90 % of the time, while photovoltaic and wind
energy tend to be available only 20-30 % of the time.

The adoption of an energy harvester by piezoelectric
transducers (PEH) is an advantageous solution to convert wave
motion in electric energy. PEH are a well-known technique in
literature. For example, Bolzea et al. [17] used such devices in
cantilever configuration, demonstrating that the maximum
power output is generated when the mechanical resonance is
reached. Toyabur et al. [18] designed a multimode PEH,
consisting of four elements, connected in parallel and in a
cantilever configuration, to achieve different low frequency
resonance modes (10-20 Hz). The authors showed that their
system generates about four times more power than a single
PEH. Pradeesh et al. [19] analysed, both experimentally and
numerically, the effect of a proof mass fixed to a PEH in a
cantilever configuration. The researchers obtained the best
results as the proof mass was glued close to the clamped end.
These works highlight the importance of a correct design for a
cantilever type PEH, but they do not discuss the effect of the
proof mass (i. e. the resonant frequency variation of the PEH)
on the harvested power. Recently, Montanini et al. [20]
developed a PEH, using a glass fibre reinforced beam support.
The authors studied the cortelation between the mechanical
working frequency and the harvested electrical power, analysing
the deflection shape of the PEH under operating conditions by
means of a scanning laser-Doppler vibrometer. After that, they
investigated the conversion efficiency of this PEH [21] and the
applicability of a low-power single-stage converter, able to
automatically follow the changes in the resistive component of
the output impedance, in order to maximize the energy yield [22],
[23].

In the field of power supply for measurement buoys, PEHs
have been sporadically applied due to the low frequency of the
sea and ocean waves. Wu et al. [24] developed a PEH fixed to a
floating buoy, that was anchored to the ocean floor. This device
consisted of several cantilevers, on which many piezoelectric
patches (PCs) were attached. The authors analyzed the size effect
of the float and derived a numerical model to calculate the
harvested energy. The research findings show that up to 24 W
electric power can be generated with the piezoelectric cantilevers
length of 1 m and the length of the buoy of 20 m. Nabavi et al.
[25] proposed the design of a beam-to-column piezoelectric

Figure 1. Concept design of the measurement floating buoy prototype.
1. = hemispherical part, 2. = cylindrical part, 3. = PC and 4. = proof mass.

system, able to power a large floating and instrumented ocean
buoy. They derived and experimentally verified the equations of
the electromechanical behavior of the device, demonstrating that
the height amplitude and the low frequency of the wave
guarantee the best performance. Additionally, using a baffled
water tank, they developed a self-tuning buoy, which works
based on the frequency of ocean waves. Recently, Alizzio et al.
[26], [27] proposed an instrumented spar and fixed-point buoy,
equipped with a PEH, to convert the energy of the wave motion
into electricity through some PCs, glued on deformable and
floating bands. The buoy was designed, numerically simulated,
and experimentally verified, obtaining a light structure able to
self-power its on-board sensors and carrying out data
transmission.

In this paper, the performance of a simple and innovative
layout for a small measurement buoy, supplied by a cantilever
PEH, has been studied. The structure has been designed to
convert the motion of the ripple waves in a cyclic oscillation with
harmonics of high frequency, to which the PEH is subjected
thanks to a suitable proof mass. In this context, a dedicated
experimental setup has been implemented to simulate the motion
of the ripple waves and to evaluate its effect on the electric
response of the PEH. Such motion has been discretized on
amplitude and frequency configurations, characterizing the
dynamics of the proposed buoy with an analytical model of the
PEH. Finally, the harvested power has been estimated and the
related uncertainty has been evaluated.

2. MATERIALS AND METHODS

2.1. Prototype of the measurement floating buoy

The presented buoy prototype (Figure 1) was made of a
floating structure, manufactured with a 3D printer using a highly
durable photo-polymeric resin. It was divided in two pieces: the
bottom one was designed with a hemispherical shape for an
appropriate matching with the sea waves, while the upper one
had a cylindrical shape where the PEH was set by a fixed joint.
The two parts were connected by means of a thread, to
hermetically contain a dedicated measurement instrumentation
for monitoring the marine environment with a data transmission
system. This PEH allowed to convert the alternative rotational
(rolling) motion of the buoy, while this one was subject to ripple

ACTA IMEKO | www.imeko.org

December 2021 | Volume 10 | Number 4 | 202



|

RS ¢ 0 0 ¢ 0 v &
e o o 0 0 0 0 080 c e |
e 0 0 0 8 8 0 8 s s e s e
e o090 9090 0 00000 sl
e e 000 00 008 e e e
e © 9 9 0 0000 0 s e
saolale ele s .0 e o 0 0.0 &
S o wls e 09 e e v b ¥
S el e Sy v E S OAV
cialeia v o ¢ vjure e v sl

]

b)

Figure 2. a) image of the experimental setup and b) schema of the conversion system for the linear motion of the shaker in the imposed rolling motion to the

buoy. 1. = stinger of the shaker, 2. = frame, 3. = body of the buoy, 4. = PEH, 5. = proof mass, r; = height of the hemispherical part of the buoy, r> = height of the
cylindrical part of the buoy, / = arm of the PEH, D = diameter of the buoy and & = angular displacement.

waves, into electrical energy in order to provide an adequate
power to supply all electronic devices within the same buoy.

2.2. Piezoelectric energy harvester (PEH)

The used PEH consisted of a cantilever support, on which a
PC and a proof mass were glued at the opposite ends. The PC
(DuraAct P-876 A.12, Physik Instrumente GmbH) has sizes of
61.0 mm X 35.0 mm X 0.5 mm and an electrical capacity of 90
nF. The active element of the PC, a thin layer of piezoceramic
PIC255 powder, is encapsulated in a Kapton case. The PC shows
a symmetrical structure; if it is deformed, the same amount of
voltage is generated, opposite in charge, on the two surfaces of
the electrodes. These types of devices have the double advantage
of being also used as an actuator. When driven by an alternating
voltage, the PCs act with a multiaxial deformation which depends
on the amplitude and frequency of the power signal [28], [29].
The cantilever support, measuring 105 mm X 35 mm X 1 mm,
was made by manual layering of three layers of 0°/900 otiented
glass fibre and epoxy resin.

2.3. Experimental setup and procedure

The experimental setup (Figure 2a) included the buoy with its
PEH and an electrodynamic shaker (mod. S 513, Tira), driven by
a power amplifier (mod. BAA 120, Tira) and a function generator
(mod. 33220 A, Agilent). In order to simulate the motion of the
ripple waves in amplitude and frequency, a conversion system
(Figure 2b) of the linear motion of the shaker was implemented.
It consisted of a frame with two flanges, able to rotate the buoy
around a fixed horizontal axis by means of two bearings. The
imposed rolling motion was applied by connecting the stinger of
the shaker to the bottom of the buoy (i. e. the vertex of the
hemisphere) using a ball joint. The geometry of the conversion
system is reported in Table 1. The imposed rolling motion to the
buoy was monitored by a rotational transducer (mod. 0600-0000,

Table 1. Geometric characteristics of the conversion system for the linear
motion of the shaker in the imposed rolling motion to the buoy.

Geometric

riin mm
parameters

rzin mm lin mm Din mm

70 70 100 90

TRANS-TEK), set in the fixed horizontal axis of the two flanges.
An oscilloscope (mod. TDS 5054B, Tektronix) was employed to
measure the previous oscillation signal and the voltage response
of the PEH on a resistive load of 100 kQ. Specifically, this
resistive load was chosen in accordance with the maximum
power transfer theorem, knowing the internal impedance of the
PC [20].

The behaviour of the buoy was studied by varying the
working frequency, the amplitude of the imposed rolling motion
and the proof mass glued at the end of the cantilever support.
The frequencies and amplitudes of the ripple waves were
appropriately following the results of [27]. Therefore, the
sinusoidal functions of the imposed rolling motion to the buoy
were chosen with the characteristics shown in Table 2. The
acquisition frequency of the signals was set at 2 kHz and each
test was repeated 5 times for every combination of working
frequency f, and angular displacement 0.

2.4. Simplified model of the mechanical behaviour of the PEH

The mechanical behavior of the analyzed PEH (ie. a
clamped-free beam with a proof mass) can be explained by a
single degree of freedom (SDOF) model (Figure 3), according to
[30]-[32].

For a PEH without a proof mass, the equation of motion of
Euler-Bernoulli beam for undamped free vibrations can be
considered:

Zw(xt) _

*w(x,t)
El tm—o3—=

ox*

0, )

where 7, E and I indicate the mass, the Young’s modulus and
the inertia momentum of the PEH, respectively. w(x, t) is the
absolute motion of the PEH along its axis expressed as:

W(x' t) = Wrel (x' t) + Wb (x, t): (2)

Table 2. Characteristics of the imposed rolling motion to the buoy.

Casel Case2 Case3 Case4 Caseb

Working frequency fu in Hz
Angular displacement & in °

1.50
5.0

1.75
5.3

2.00
5.9

2.25
6.6

2.50
7.0
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Figure 3. Scheme of the model for the PEH.
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Figure 4. Typical signal of the angular displacement & of the buoy (on the top)
and of the harvested voltage Veen by the PEH (on the bottom) at 2.00 Hz.

where Wi (x, t) is the displacement, relative to the clamped end,
and w, (x, t) is the absolute displacement of the buoy.
By introducing a proof mass and according to equation (2),
equation (1) takes the form reported as follows:
4 2
El —w,,;(x,t) + m=—=w,,;(x,t
Ixt rel( ) Jt? rel( , ) (3)

i}
=—[m+ (x— l)Mt]ﬁWb(x' t),

where M, denotes the proof mass and produces a new
contribution.

wp(x,t) consists of the composition of an orthogonal
translation g(t) and a rotation h(t) of the PEH clamped end:

wp (x, 1) = 61(x)g(t) + 8,(x)h(t) . )

In our case (i.e. clamped-free beam and Figure 2b), 6, (x) =
1, 6,(x) =1, +x, g(t) =1r,sinB(t) and h(t) = 6(t), and

equation (5) can be reported as:

wy (x,t) =1,sin0(t) + (ry + x)0(t) . 5)

2.5. Estimation of the harvested power by the PEH

The harvested power by the PEH was evaluated according to
the model proposed by Shu et al. [33], using equation (6):
2
p=TV ©)
w8R
where V and w are respectively the amplitude and the pulsation
of the harvested voltage and R is the resistive load wired to the
harvester.

Considering the complex trend of the harvested voltage Vpgy
of the PEH, V was estimated as a specific average voltage,
indicated with V. Tt is the accumulated voltage inside the
excitation period by the integral average of the rectified signal in
equation (7):

_ 1 -
V= ;flvpm(mdt, ™
0

whete T'= 17 / f, is the excitation petiod and f, is the working
frequency of the imposed rolling motion of the buoy.
For discrete signals, the equation (7) becomes:

_ 1
V=2 Wem(®l. ®)

Hence, equation (6) takes the form of equation (9):

1 (% ’
P= (Z |VPEH(t)|> -

t=0

where P is the specific power, harvested by the PEH. It is here
mentioned as specific power, hence it is a complex function of
the working frequency due to its dependence on V.

3. RESULTS

3.1. Effects of the mechanical frequency

Figure 4 shows the typical signals concerning the angular
displacement 6 of the buoy, measured on the fixed horizontal
axis, and the harvested voltage 1”pey by the PEH, following the
imposed rolling motion. In this application the mechanical
operating conditions of the PEH are quite different from those
reported in the literature [24]-[27]. Indeed, the piezoelectric
component is mechanically stressed by a non-inertial force field
in which the motion is alternative. The working frequencies f, of
the presented PEH are significantly lower than the typical ones
of this devices, while the amplitude of the angular displacement
0 does not allow the hypothesis of small oscillations. In Figure 4,
although a certain period can be identifiable, the two acquired
signals do not have the same dynamics. The angular displacement
0 has a sufficiently sinusoidal behavior, according to the imposed
rolling motion, while the harvested voltage [/pry is oscillating
with a variable amplitude.

Figure 5 reports the magnitude of the Discrete Fourier
Transform (DFT) of the signals of Figure 4, computed using a
resolution of 0.10 Hz. The imposed rolling motion is
characterized by a single frequency at 2.00 Hz, vice versa the
harvested voltage I"ppy has some harmonic components with
higher order and with maximum amplitude at 10.00 Hz. The
identified phenomenon occurs for all the conducted tests and
denotes a multimodal enhancement of the PEH. It must be
pointed out that, although the employed shaker ensures a linear
trend in the frequency range from 2 Hz to 7000 Hz, its operation
at the lower frequency limit remains optimal. In fact, there are no
distortions since the amplitudes of the DFT of the angular
displacement 0, reported in Figure 5, do not show significant
higher order harmonics.

Figure 6 illustrates the comparison between the magnitudes
of the DFT's of the harvested voltage [pri by varying the proof
mass, glued to the free end of the PEH, and following an angular
displacement ¢ of the buoy of 6.6° amplitude at a working
frequency of 2.00 Hz. A different applied proof mass (i. e. the
resonant frequency of the PEH [20], [21]) does not cause a
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Figure 9. Specific average voltages V by the PEH obtained with respect the
working frequency fu.

change in the frequency of the DFT, but it acts on the amplitude
of pen. In fact, a greater proof mass induces a consequent
increase in the DFT magnitude and a modification of the modal
eigenvalues associated with the motion. Moreover, in these cases,
the accelerations due to the proof masses assumed values
between 0.77 ms? and 2.99 ms?, calculated considering the
parameters from Table 1 and Table 2.

Figure 7 presents the frequency effect of the imposed rolling
motion on the harvested voltage I"pzy with an angular
displacement  of 6.6° and a proof mass of 24.1 g. The frequency
variation of the imposed rolling motion involves a shift of the
frequency, but not an alteration in the magnitude of the
harvested voltage. Specifically, the components of higher order
are characterized by a greater frequency difference than those of
lower order.

Figure 8 compares the frequency amplification factors of the
buoy-PEH system as the angular displacement  and working
frequency f, of the imposed alternative rotational motion vary,
using a proof mass of 24.1 g. The amplification factors were
obtained from the ratio between the frequency of the principal
component of the harvested voltage and the working frequency
Jo of the imposed rolling motion. It was found that these factors
are not very sensitive to either the frequency or the amplitude of
the imposed rolling motion.

3.2. Power estimation of the PEH

Figure 9 shows the area that collects the values of the specific
average voltages V, calculated according to equation (8), as the
working frequency f, varies. This area was obtained by changing
the angular displacement ¢ of the boy and the proof masses glued
to the PEH. The results are in perfect agreement with the
literature [17]-[23]. In fact, it can be noted that as the proof mass
increases (i. e. as the resonant frequency of the PEH decreases),
a greater oscillation of the PEH is obtained with a consequent
increment in the harvested voltage. A similar observation can be
made by considering the increase in the working frequency f, of
the imposed rolling motion with the same proof mass.

Figure 10 underlines the trend of the specific power P,
harvested by the PEH and calculated according to equation (9),
as the working frequency f, and the amplitude of the angular
displacement # vary and using a fixed proof mass of 24.1 g. A
relative maximum is obtained at the working frequency of 2.25
Hz and its amplitude rises as the angular displacement 0 of the
buoy increases. This result also conforms to the data already
present in the literature [17]-[23]. In the optimal conditions of a
working frequency of 2.25 Hz, an angular displacement of 7.0°
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0.

and a proof mass of 24.1 g, the harvested energy in 1 h for a
specific power of 0.08 mW is 274.6 mWh.

Figure 11 reports a comparison of the specific power P, made
with different proof masses and at the same angular displacement
0. Because of that it is found in Figure 06, the different proof mass
influences the harvested voltage Vpgy,and consequently the
specific power P, the latter proportional to the square of the
voltage as visible in equation (9). As an example, Figure 12
exhibits the specific power P evaluated for the acquisitions with
proof mass equal to 28.8 g. P assumes two relative maxima
corresponding to the working frequencies £, equal to 2 Hz and
2.5 Hz.

Generally, harvesters using piezoelectric patches in cantilever
configuration are able to produce a power peak at its resonant

proof mass of 28.8 g

0.08

z
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70 %
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L
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S 2.
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Figure 12. Specific power P, harvested by the PEH, for angular displacement
& and working frequency f. with a proof mass of 28.8 g.

frequencies. It has already been observed that the first mode of
vibration, usually at low frequencies, is responsible for the greater
energetic contribution as it provides the components with the
highest rate of deformation compared to the other modes of
vibration [16]-[20].

3.3. Uncertainty evaluation of the harvested power by the PEH

The uncertainty of specific power P by the PEH is estimated
by analysing the relative weight of each of the quantities in
equation (9). The estimation of the combined uncertainty was
based on the ISO/IEC Guide 98-3:2008 [34], by applying the
following propagation law:

2

w0 = Yo (3 - o

4

The previous is explicated as:

_ 5P \° 5P\’
w(P) = |w2(f) <F) +U(R) (ﬁ)

__[6P
+ uZ(V) <W)

The extended uncertainty (U) was then estimated by
assuming a coverage factor (£) equal to 2.57, based on a 7
distribution with five degrees of freedom at a confidence level of
98%. The detailed computation is shown in Table 3. Similar results
were obtained for other acquisitions at different motion
parameters. Looking at the relative weight of the different
quantities affecting the uncertainty, it can be highlighted that the

(10)

main contribution derives from the specific average voltages V,
whereas the other quantities have a much lower influence.

4. CONCLUSIONS

For a measurements buoy, the power consumption mainly
depends on the components that deal with data communication.
In fact, data collection does not take place continuously over

Table 3. Uncertainty evaluation at the working frequencyﬁ, equal 2 Hz with an angular displacement ¢ of 6.6° and proof mass of 24.1 g.

Parameter value uncertainty type u(xi) u? - (6P/6xi)? u(P) UAP) (k=2.57)
V/v 0.3193 A 2.85E-2 4.80E-5
fwl Hz 2.00 A 5.57E-14 4.34E-9 9.49E-5 2.44E-4
R/Q 1E+6 B 1.50E+3 8.88E-21
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time. Therefore, these devices do not need to be constantly active
and can often be put into sleep mode and waked up at fixed time
intervals or in response to some external event. Typically, the
power consumption for such routines is on the order of a few
mW and can be ensured by rechargeable batteries and
appropriate power electronics downstream the harvesters [35].

In this work, a simple and innovative layout for a small self-
powered floating buoy, employed for environmental monitoring
activities, has been presented. This device makes use of a PEH,
consisted of a PC, set in a cantilever configuration and excited
by the rolling motion of the ripple waves, as supply source. The
voltage and the power response of the PEH has shown a
particularly advantageous behavior because the imposed motion
has excited the PC with a multi-frequency combination of
vibration modes. A multiplication of the oscillation frequencies
for the PEH has been found as the working frequency varies. In
fact, although the frequencies of the harvested voltage and power
do not match the resonant frequency of the used PEH and
therefore the best deformation for the PC is not obtained [16]-
[21], the calculated specific power has relative maxima with
respect to the input parameters (i. e. the frequency and amplitude
of ripple waves). In this setup configuration and in optimal
conditions of a working frequency of 2.25 Hz, an angular
displacement of 7.0° and a proof mass of 24.1 g, the PEH had
reached the harvested energy in 1 h of 274.6 mWh for a specific
value of harvested power equals to 0.08 mW. In this way the
described floating buoy assumes the configuration of a frequency
transformer. For these reasons, the analyzed layout allows to
considerably increase the power generated by a single PEH,
compared to that obtainable in typical conditions [26], [27],
especially if such harvesters are coupled to a suitable impedance
matching circuit [22], [23].

Future purposes will be aimed to identify the optimal position
of the PC on the beam for a more efficiently conversion of the
mechanical energy provided by ripple waves, to evaluate the
effect of the noise superimposed on the main motion of the
buoy, to define the scalability of the buoy after an appropriate
fluid-dynamic = sizing, and finally to estimate the
performance in real conditions.

buoy
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