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Abstract
Self-sensing structures are tremendously needed in transport or energy applications. Nevertheless, structures are
rarely designed in advance to harvest energy in realistic operational conditions, leading to sensing functions using most
of the time batteries. Thus, this paper proposes a complete application of self-powered sensing using an integrated
piezoelectric transducer on a representative composite structure, namely a smart composite reduced-model car. Based
on an optimized self-powered Synchronized Switch Harvesting on Inductor circuit (SSHI) coupled with a complete
electromechanical behavior study, up to 40µW can be harvested on a resistive load of 3MΩ for a linear velocity of
12, 5km.h−1. This power allows supplying a temperature sensor and its wireless transmitter, whose data can be sent
each 60s. Our functionalized car is a first step toward real industrial application cases and demonstrates the ability of
the proposed method to enhance the energy harvesting process on an existing weakly coupled structure and use the
vibrations as an energy source for relevant embedded microgenerators and associated self-powered sensors.
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Introduction

Composite smart structures have shown over recent years
a great potential in many applications. By integrating
piezoelectric transducers directly into the composite layers
or by simply bonding them to the external layer,
voltages can be sensed as images of the local strain
experienced by the structure or applied to generate
local stress, yielding the use of the transducers as
actuators. Besides, considering mechanical to electrical
energy conversion (direct piezoelectric effect), this electrical
energy coming from dynamic mechanical loads during
operational conditions can be retrieved using specific energy
harvesting circuits for self-powered applications for instance.
This new type of self-sensing structure is very promising
in the transportation field, especially for structural health
monitoring applications (SHM) since no external power
supply is needed, avoiding the additional weight and cost of
wiring, or maintenance of batteries (see Ferrari et al. (2009)
and Le et al. (2015)).

Hence, piezoelectric transducers integrated directly into
vibrating structures seem an interesting method to harvest
the available vibrational energy from an excited mechanical
system. These transducers are light and more and more
cost-effective. However, their efficiency in the process
of mechanical-electrical energy conversion remains a
challenge.

First, the vibrating structure’s geometry and material in
addition to the mounting of the transducers is not always
optimal leading to poor electro-mechanical coupling. To
tackle such a difficulty, energy harvesting systems are often

designed to benefit from dynamical modes of the structures,
where for particular frequencies of mechanical excitation,
the strain experienced by the piezoelectric transducers is
maximum and so is the electrical output power.

Yet, in realistic operational conditions, the external
mechanical disturbance does not necessarily excite the main
modes of the structure, drastically reducing the efficiency of
the harvesting systems.

Different techniques have been developed to increase the
efficiency of mechanical to electrical energy conversion.
Two main directions of exploration are then possible: 1)
the optimization of the mechanical structure to increase its
resonant response or widen the maximum strain bandwidth
and 2) the electrical optimization of the energy harvesting
circuit itself.

Regarding the optimization of the mechanical structure
for energy harvesting, dynamic magnifiers are often used
to increase the strain at a certain frequency as Gibus et al.
(2020) for instance. Qi et al. (2010) or Zhou et al. (2011)

have also developed multi-beam dynamic magnifiers to take
advantage of several structure modes, at the cost of an overall
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lower power density. Non-linear techniques like magneto-
piezoelectric systems creating bi-stable behaviors and high
energy orbits as Duffing oscillators have also been explored
to widen the frequency bandwidth of maximum strain by
Erturk et al. (2009), Erturk and Inman (2011), Aladwani
et al. (2012), Wang et al. (2018) or Yan et al. (2019).
However, for industrial applications, it is not always possible
to implement in to the structure additional mechanical parts
and masses, especially in transportation. Besides, as Meyer et
al. (2019) mention it, few studies addressed the integration
of piezoelectric energy harvesters into complex shapes and
composite structures. Yet Shi et al. (2017) devised a
comparison between different integration techniques for
Macro Fiber Composite transducers (MFC) in composite
plane wings, supporting the hypothesis that integrating
the transducer during the manufacturing process of the
vibrating structure (wing) can increase its electromechanical
coupling compared to a simply bonded MFC using additional
adhesive.

The second aspect of improvement is the optimization of
the energy harvesting circuit and various electrical loads have
been studied to increase the level of harvested power. For
instance Shi and Lien (2006) or Liang and Liao (2010)
used classical AC-DC full-wave rectifiers and smoothing
capacitors known as standard energy harvesting circuit
(SEH) .

On the other hand, Guyomar et al. (2005), Lefeuvre et
al. (2006) and Shu et al. (2007) investigated Synchronized
Switching Harvesting on Inductor (SSHI) circuits, with or
without AC-DC rectifiers to take advantage of a switching
inversion process triggered when the strain experienced by
the transducer reaches an extremum value. Thanks to this
switching action and considering weakly coupled structures,
power gains up to a decade can be obtained compared to
SEH, with the gain being however dependent on the quality
of the inversion process where energy losses can reduce
the final output power. Nevertheless, even in the worst case
(voltage cancellation), the SSHI approach still allows a gain
of 2 compared to SEH, confirming its interest in such energy
harvesting systems.

Considering all these mechanical and electrical limitations
that can quickly reduce the recoverable energy from
the vibrating structure, the practical implementation of
energy harvesting systems from piezoelectric transducers as
well as associated self-powered sensors on real industrial
applications with composite parts in operational conditions
remains a challenge. This difficulty is precisely the main
motivation behind the work reported in this study.

In reality, not only the previously mentioned aspects
(environmental factors, electromechanical characteristics of
vibrational systems and features of the dedicated charge
extraction circuits) but also the actual application conditions
may drastically affect the actual feasibility and applicability
of vibrational energy harvesting systems serving as power
supply for wireless node devices. Therefore, it is essential
to investigate the complete autonomous self-powered device
with a global view encompassing the structural, electrical
harvesting scheme along with the sensor supply and power
management. In that view, a few works describing such a
global approach can be found in the literature considering
vibrational energy source converted through piezoelectric

effect. For instance, Sodano et al. (2005) applied a
vibrational excitation signal from a car engine compartment
(air compressor) to a bimorph piezoelectric cantilever.
Despite the use of a resonant structure, the charge time
for different battery sizes was much higher using such
broadband excitation than sinusoidal at the frequency of the
1st beam mode. Wang et al. (2013) placed a piezoelectric
material on a mall remote control aircraft to harvest electrical
power from the wind-disturbed wing and supply actuators for
vibration control thus reducing the necessary energy. Their
study clearly shows the disproportion between the necessary
control energy and possible harvested energy.

A piezoactive-based health monitoring system for damage
detection was also introduced by Guyomar et al. (2007)
and Lallart et al. (2008). In this device, an autonomous
wireless transmitter is active once it obtains sufficient energy
approximately 20 mJ from a storage capacitor with 470 µF
to send identifier code by RF emitter to wake up the sleeping
network and to send an acoustic Lamb wave on a dedicated
piezoelectric insert. The corresponding damage detection
experiments using this Lamb wave signature showed the
possibility of self-powering the health monitoring integration
and demonstrated a potential application in industrial
domain. With similar purposes, Ma et al. (2017) used
a low frequency (2.42 Hz) piezoelectric beam as energy
generator with LTC3588 chip for signal rectification. The
converted energy, which is stored in a supercapacitor,
was enough to power an ultralow-power wireless sensor
LTC5800. A dedicated interface circuit was developed to
power the wireless sensor after sufficient charging of the
capacitor. Besides, Muller et al. (2010) introduced a
wireless network exclusively supplied by a piezoelectric
cantilever energy harvesting unit, which is mounted at
the rear of forage wagon for converting the energy from
agitation and steady state motor vibrations through full
bridge rectifier with a 1 µF storage capacitor. The operations
consisted in transmitting with a period of 40ms a 9-
byte data payload from a single sensor node to a central
base station. Clementi et al. (2020) also introduced an
application example with lead free lithium niobate (LiNbO3)
piezoelectric transducer. Under continuous excitation, the
transducer and associated electrical unit allowed powering
a sensor node once harvested energy is sufficient to send
data information (420 µ energy consumption per cycle in the
demonstration experiment), with a transmission period of 2s.

The contribution of this paper relies upon the complete
development of a self-powered device that includes an
energy harvesting system and a viable sensing apparatus,
using a representative smart composite structure with a
realistic excitation. Thus, a piezoelectric transducer is
integrated directly within the glass fiber layers of a reduced
model car composite body which is riding on a roller test
bench. It is worth noticing that the smart structure has not
been optimized in advance for energy harvesting applications
leading to poor electromechanical coupling in addition to
broadband structure response. Despite many sources of
uncertainties and their impact on the SSHI functioning:
composite manufacturing, piezoelectric integration impact
on electromechanical coupling, broadband excitation signal
on the transducer due to operational conditions, and variable
RPM, the global system still performs its energy harvesting

Prepared using sagej.cls




	Introduction
	Characterization of the reduced-model smart composite car body
	Mechanical structure and test-bench
	Transducers voltage response

	Energy harvesting evaluation
	SSHI principles and self-powered implementation
	Experimental results

	Self-powered sensor demonstration
	System design
	Implementation and evaluation

	Conclusions
	Acknowledgements

