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The aim of this work is to show that classical Structural Health Monitoring ultrasonic sensors may provide some power harvesting
capabilities from a wide variety of vibration sources. In other words, the authors developed an integrated piezoelectric energy
harvesting sensor capable of operating a dual mode, that is, carrying out vibration power harvesting and Structural Health
Monitoring. First, vibrations signals of an A380 aircraft recorded during different phases of flight are presented to show the
need of a wideband piezoelectric energy harvester. Then, the voltage response of a piezoelectric power harvester bonded onto
an aluminium cantilever plate and excited by an electromechanical shaker is measured. A finite element model of the energy
harvester system is also presented. This model provides the voltage response of the harvester due to a mechanical excitation of
the host structure and allows a better understanding of the energy harvesting process. In many cases, a good agreement with the
experimental results is obtained. A power measurement also showed the ability of piezoelectric SHM sensors to harvest power over
an extended frequency range present in spectra collected in aircrafts. This result could lead to numerous applications even though

this kind of power harvester sensor has been initially designed to operate onboard aircrafts.

1. Introduction

Energy harvesting, or scavenging as it is frequently called,
provides new opportunities for sensor manufacturers in ap-
plications that would otherwise have difficulty obtaining a
reliable power source. Adding a power source implies the
need for replacements as well as maintenance procedures in-
volving costs increase. Various techniques exist in order to
carry out energy harvesting. They are based on light or
temperature difference [1], radio frequency [2], inductive
coupling, wind energy [3], and mechanical vibration conver-
sion [4-8]. For these purposes, several pieces of equipments
are used, such as MicroPelletier, wind turbine, RF energy
converter, solar panel, and piezoelectric sensors.

In this paper, the authors study the feasibility of develop-
ing a Structural Health Monitoring (SHM) system having a
double functionality, that is, carrying out SHM tasks but also
energy harvesting in order to be fully autonomous. This
SHM system has been initially built to perform damage
assessment of aeronautic structures using well-known tech-
niques like the Selective Lamb Mode Technique [9], Acoustic

Emission Monitoring [10, 11], and Lamb waves interaction
[12, 13]. Consequently, the energy harvesting technology
that has been retained is based on the conversion of mechani-
cal vibration into electrical power using piezoelectric sensors.
This technology seems well suited for the SHM system
since various mechanical energy sources are generated by
transportation vehicles during their displacement. On one
hand, ground transportation can provide vibrations coming
from the mechanical coupling between the road or track and
the body of the vehicle and also from the engine. On the
other hand, airplane vibrations are mainly due to aerody-
namic noise and engines vibrations. However, in these trans-
portation applications, the source of ambient vibration ener-
gy may fluctuate and the spectral components of the different
sources of vibration that can be harvested may also change
with the environmental conditions.

Furthermore, the initial spectrum of the vibration source
may be seriously modulated by the natural frequencies of the
entire structure. This fact induces the necessity of developing
wideband piezoelectric energy harvesters since the Power
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F1GURE 1: Takeoff vibration signal of an A380.
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F1GURE 2: Landing vibration signal of an A380.

Spectrum Density (PSD) of such vibration sources clearly
shows that the energy is spread all over the spectrum.

However, even if the energy can be seen as wideband, its
main part remains concentrated in the low-frequency part of
the spectrum. This is the reason why cantilever beam energy
harvesters have been studied and developed in the 50-300 Hz
band [5-8]. However, these harvesters are frequency tuned
devices due to the mass used to amplify the displacement of
the piezoelectric beam at a given frequency. As a result, they
provide a good electromechanical conversion rate in a very
narrow frequency band.

Figures 1 and 2 show several vibrations recorded by a
250 Hz bandwidth accelerometer during the landing and take
off phases of an A380 aircraft for different position of the
sensors [Airbus sources]. The sensor used for the takeoff was
bonded near the wing/fuselage junction, while the sensor
used for landing was bonded at the extremity of the wing.

One can see that the vibration amplitudes and frequen-
cies vary depending on the phases of flight and of the location
on the aircraft. This shows the importance of the location of
the energy harvester since one has to ensure that the bonding
locations of these sensors are actually providing vibration
displacements. Figure 3 gives the Wigner-Ville transform of
the landing signal. During landing, other vibrations with
higher energy level occur. Note that the bandwidth of the
accelerometer shows that the frequency components of the
spectra are not significant after 250 Hz.

All these measurements show the need of wideband
frequency power harvesting. Moreover, when using a SHM
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FiGUure 3: Time-frequency analysis of the vibrations for A380
aircraft (landing phase).

sensor to carry out the energy harvesting task, the Thevenin
model can be used to represent the energy harvester. The
sensor can be seen by the electrical load like a dipole consti-
tuted by a voltage generator in serial with its internal output
impedance. In that case, optimization of the harvested power
could be treated by maximising the static voltage value
for the generator and minimising the value of the output
impedance. Consequently, the voltage response of the sensor
is of importance as it will be directly related to the power
harvested. Developing various models of the sensor response
to a mechanical vibration will allow the evaluation of the
sensor’s capabilities to detect a particular type of vibration
[14, 15] and to harvest energy [16].

Consequently, the authors are investigating the ability
of the SHM sensors to harvest energy from a wide variety
of vibration sources all over the frequency spectrum while
keeping their SHM capabilities. To start with, an experiment
will be carried out. Wideband mechanical vibrations will be
generated throughout a structure instrumented with several
SHM sensors. Then, the voltage response over an extended
frequency range will be evaluated. In order to obtain a
better understanding of the energy harvesting phenomena, a
numerical model based on the Finite Element Method (FEM)
will be developed. It will simulate the experimental setup and
will model each part of the process allowing the evaluation
of the SHM capabilities for a mechanical excitation as well
as the study of the vibration propagation. Finally, a power
estimation will be conducted.

2. Experimental Phase

2.1. Experimental Setup. In order to measure the electrical
power which could be harvested using the different sizes of
the harvesters, an experimentation setup has been built. It
consists of an aluminium plate (500 mm>300 mm>3 mm)
having one fixed edge, while the others remained free, result-
ing in a cantilever configuration. The plate has been instru-
mented with four SHM piezoelectric energy harvesters. The
SHM system of this study uses Lamb Waves within the struc-
ture to detect and locate damages. To generate these Lamb
Waves in aluminium plate-like structures, piezoelectric ele-
ments working around their radial resonant frequency and
polarized along their thickness have to be used. That is why
small discs with a 20-millimetre diameter and a thickness of
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F1GURE 5: Force applied to the structure (a) and harvested electrical voltages for each sensor’s location (b, ¢, and d).

1 or 2 millimetres have been chosen herein. They are all Pz27
discs from Ferroperm Piezoceramics A/S. The mechanical
vibrations have been generated at the free end of the plate
by an electromechanical shaker (Signal Force from Data
Physics).

Different sensors have been used to measure the mechan-
ical power applied to the structure. A force sensor from PCB

Piezotronic embedded inside the grip has been used to meas-
ure the force applied to the plate. Its sensitivity is 2.3 mV/N.
An optical displacement sensor from Keyence has also been
used to measure the deflection of the plate. Both signals pro-
vided by the sensors are recorded using an HP oscilloscope
linked to a PC via a GPIB interface. The complete setup is
presented in Figure 4.



2.2. Low-Frequency Harmonic Investigation. In order to
check the bandwidth capabilities of the harvester, a harmonic
excitation has been performed. Its frequency range was
defined from 100Hz to 612Hz with a 1 Hz resolution. A
sinusoidal wave with the defined frequency and amplitude
of 3V was sent by the waveform generator to the shaker. This
harmonic excitation was controlled by a Matlab programme.
At each frequency step, the programme measured and plot-
ted the maximum amplitude of the harvester response, the
force applied to the plate, and its subsequent displacement
versus the frequency, evaluated nearby the location of the
shaker grip. This measurement allows the determination of
the mechanical power applied to the structure.

Figure 5 presents the force applied to the plate and the
voltage response of the SHM/energy harvester sensors. The
previously defined conversion rate gives a typical value for
the force measurement of 16 N at 136 Hz.

These figures show a similitude between the force applied
to the structure and the voltage response of the sensors. These
peaks must correspond to the natural modes of the plate
and are effectively detected by the SHM energy harvester. A
difference of amplitude is noted between peaks depending
on the frequency. A first reason may come from the original
difference in the force applied to the structure. Moreover, at
these frequencies, the sensors can be located at a minimum
of deformation on the structure. As an example, at 189 Hz
and 370 Hz, the voltage response is present but with a low
level. Nevertheless, this measurement shows the ability of
SHM sensor to exhibit voltage at several frequencies, in this
particular case from 100 Hz to 600 Hz. A numerical model
will be subsequently used to obtain a comprehension of
these phenomena. As explained in Section 2.1, to be able to
measure the mechanical power applied to the structure, the
signal provided by the optical displacement sensor has been
recorded for each frequency nearby the application of the
force. Figure 6 shows a typical recorded signal which allows
the evaluation of the displacement peak value of the plate.

This measurement gives a 20 ym peak to peak displace-
ment for the free edge of the plate when the frequency of
the exciting signal for the shaker is near a natural mode of
387 Hz. This frequency gives a maximum of voltage for each
harvester as shown in Figure 5.

The following paragraph provides a comparison between
the experimental results and the numerical simulations.

3. Numerical Modelling

The FEM model allows the computation of several physical
data involved in the energy harvesting process. First, the
displacement field of the host structure has been measured.
Then, the voltage responses of the different sensors have been
computed. These data will allow a better understanding of
the energy harvesting process.

3.1. FEM Modelling of the Structure under Harmonic Excita-
tion. The aluminium plate instrumented with piezoelectric
SHM energy harvesters has been modelled using the software
Comsol Multiphysics 4.2.
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FiGURE 7: Harvesters’ location and mesh of the plate.

The shaker is modelled as the actual input force presented
in Figure 5. This force is applied on a circular area corre-
sponding to the contact between the shaker grip and the
structure.

The meshing is composed of 25253 tetrahedral elements.
The meshing has been refined near the piezoelectric energy
harvester as shown in Figure 7. Note that the meshing is
voluntarily finer than the criterion in A/8, A being the
wavelength of the deformation.

The working frequencies have been chosen in the 100 Hz
to 612 Hz range with a 1 Hz step to generate different kinds
of natural mode of the structure. Figure 8 gives the represen-
tation of the different modes at the previously measured nat-
ural frequencies. One can see the importance of sensors loca-
tion since several areas correspond to nodes of displacement
while others are antinodes of displacement.

The voltage response of the SHM sensors obtained run-
ning the FEM model will be presented in the following part.

3.2. Harvested Voltage Modelling using a FEM Model and
Experimental Comparison. Running the FE model directly
provides the sensor voltage response as shown in Figure 9.
Their responses have been recorded around the resonant
frequencies identified in Figure 5. One can see that the fre-
quency behaviours of the sensors are correctly modelled. One
obtains the same peak frequency and the voltage amplitude
is also close to the experimental results.



Smart Materials Research

135Hz » 254Hz

393Hz 587 Hz

F1GuURre 8: Plate deformation at various frequencies.

40

30 ¢ 1
S £
” Z
s 2200 '
= =
> =

10 :

0 1 1 1 1 0 L 1 I
100 110 120 130 140 150 200 220 240 260 280
Frequency (Hz) Frequency (Hz)
(a) (b)
30 . . . 6 T N T
/ N
7 \
/ N
. .

— 4| .
Z s
= 2 2 -

O 1 1 1

360 380 400 420 560 580 600 620
Frequency (Hz) Frequency (Hz)
—— Experimental results —— Experimental results
== FEM simulation == FEM simulation
(0 (d)
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TaBLE 1: Experimental/FEM mechanical parameters.
Resonant frequency (Hz) 135 252 387
Force (N) 16 15.54 12.4
f;;;?;:fﬁ;f;l’f/n;;&m) NA/I00  8/7.6 10/9.6
x;fr‘;’;igggfgggw) NA/1357  196/187  301/289

The SHM energy harvesters actually measure resonance
of the host structure and this independently of the frequency.
This confirms the ability of SHM energy harvester to work
over an extended frequency range. Concerning the difference
of amplitude depending on the resonant frequencies, the
FEM model keeps the ratio between the force applied at a
given frequency and the subsequent voltage response.

4. Power Harvesting Efficiency Evaluation

A Linear technology component (LTC 3588) has been used to
measure the power harvested and to form a complete energy
harvesting solution optimized for high output impedance
energy sources as piezoelectric transducers. The LTC 3588
integrates a low-loss full-wave bridge rectifier with a high
efficiency bulk converter [17]. It provides an ultralow
quiescent current under voltage lockout mode with a wide
hysteresis window allowing charge to accumulate on an input
capacitor until the buck converter can efficiently transfer a
portion of the stored charge to the output. In regulation
mode, the LTC 3588 enters a sleep state in which both
input and output quiescent currents are minimal. The buck
converter turns on and off as needed to maintain regulation.
Four output voltages are available with up to 100 mA of
continuous output current.

Using such a component, one can estimate the available
electrical power for each sensor. This power is obtained for
the minimum output load resistor providing a continuous
output current at the selected voltage. The input stage of
this component is fitted with a 18 V Zener diode in order to
avoid overvoltage phenomenon. This configuration involves
that the measurement of the electrical available power may be
disturbed by the input stage of the components. As a matter
of fact, if the harvested voltage is greater than the Zener
voltage, a part of the harvested power is lost at the input stage.

For each natural resonant frequency, the different values
for the experimental force applied to the structure and the
displacement of the plate have been measured. The mechani-
cal power has been subsequently calculated for each frequen-
cy step. The same calculations have been performed using the
FEM model. The comparison is presented in Table 1.

The measurement of displacement at 135Hz has not
been performed since the displacements were out of range of
the optical laser. This measurement is referred to as nonap-
plicable (NA) in Table 1.

A power estimation has also been carried out. At 387 Hz,
27V was provided by the SHM energy harvester, leading to
589 uW transferred to a 22 kQ) load.
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The different values obtained for the harvesting power
clearly show that the classical Structural Health Monitoring
ultrasonic sensors may be used in a harvesting process when
they are not used for any monitoring tasks. The power
harvested with these sensors is in the similar order than those
obtained with cantilever beams in other works [5].

5. Conclusions

The aim of this present paper was to evaluate the capabilities
of classical SHM sensors to carry out power harvesting from
mechanical vibrations.

An experimentation phase showed that the sensors
effectively work over an extended frequency range. The FEM
model confirmed that the sensors actually respond to the
different natural modes of the structure they are bonded
onto. The power measurement showed that in this config-
uration, small PZT disc can harvest up to 589 yW, which is
in the similar order than cantilever beams. Consequently, the
SHM sensors appear to be a promising candidate to carry
out power harvesting from mechanical vibrations. Since the
monitoring process is a minor part of the functioning time,
the idea is to use the SHM sensors as harvesting devices
during the remaining time.

The future objectives are to develop a complete model of
the energy harvesting process, from the initial mechanical
vibration to the power transferred to a load.
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