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Direct piezoelectric conversion is very popular in generating pow-
er from mechanical stress. There is continuous progress in power
harvesting from mechanical vibration. In this article, experimental
tests on a piezoelectric circular plate, to evaluate the electric power
produced by the piezoelectric conversion at low acceleration over
a wide range of ambient vibration frequency, are presented. The ex-
perimental analysis is presented and discussed. The results demon-
strate the potentiality of using low-cost piezoelectric diaphragms
to harvest energy from ambient vibration. Under low acceleration
(5.36 m/s?), the vibration frequency was varied in the range of 10-
200 Hz and the generated power was measured. Under a very small
dynamic force (less than 0.06 N), the output power of 1.5 mW was
obtained with an 8.5 mm drum harvester across a load resistance of
17.8 kQ) at a frequency of 173 Hz.
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INTRODUCTION

There is an on-going decrease in the size and
low-power requirements of today’s portable elec-
tronic devices that mainly work on batteries. De-
spite this reduction in the required power, the issue
that the batteries used in these low power electron-
ics need to be replaced from time to time remains.
It is now more appealing to replace batteries in
some low-power devices (e.g., network sensors)
with self-power generators that utilize free and
clean ambient energy from the environment, espe-
cially in areas that are hard to access. Other that
solar energy, one promising source of free energy is
the ambient vibration energy. Converting ambient
vibration to energy can be realised using different
conversion principles (e.g., piezoelectric, electro-

magnetic, and electrostatic) with the piezoelec-
tric-based devices being the highest power density
generators. Piezoelectric generators are based on
conversion of mechanical strain to electrical ener-
gy. Research in piezoelectric energy harvesting is
developing rapidly with the main aim to increase
the output power [1, 2]. Among the piezoelectric
materials, piezoceramics are an excellent candi-
date to be used since they are relatively affordable
and provide good electromechanical coupling [3].
The most commonly produced piezoelectric ce-
ramics are lead zirconate titanate (PZT). Most of
research focuses on MEMS cantilevered-shape en-
ergy harvesters from mechanical vibration [4]. To
achieve maximum power, these micro-cantilevers
have to vibrate at their resonance frequencies,
which present another challenge: their resonance
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frequencies do not match ambient vibration [2].
At the macro scale level and despite the high pro-
duced power, the use of piezoelectric ceramic is
mainly limited to static loading due to their in-
flexibility. Nevertheless, some research has paid
attention to power generation from dynamic
loads via macro piezoceramics.

Sheng Wang et al. reported 11 mW power
generated from drum transducer at a resonance
frequency of 590 Hz across a load of 18 kQ), under
a pre-stress of 0.15 N and cyclic stress of 0.7 N
[5]. Palosaari et al. also reported about harvest-
ed power with different force biases (between 0
to 22.5 N at compression cycles at 0.96 Hz) using
0.2 mm thick PZ-5A piezoelectric ceramic disc
with a diameter of 34.5 mm [6]. Scalet et al. gen-
erated power from a commercial ceramic buzzer
through load pressure at frequency of 2 Hz [7].
The aforementioned work presents power gen-
eration from very low pressure (less than 3 bar).
A more similar work was carried out by Yang [8],
where authors used four piezoelectric ceramic
disks to generate 28 mW power at 150 Hz under
a pre-stress of 0.8 N and a vibration acceleration
of 9.8 m/s>. Another group reported a 12 mW
generated under an acceleration of 9.8 m/s? a pre-
stress of 1.2 N applied at the resonance frequency
of the harvester (113 Hz) across a 33 kQ) resistor
[9]. A large drop in the output power was reported
when the array was derived at frequencies other
than 150 Hz (the resonance frequency of the en-
ergy harvesting array). This will also limit its use
for a wide range of ambient vibration. The aim
of this work - beside using affordable PZT pie-
zoceramics at low vibration frequencies - is to
demonstrate their capabilities of producing high
power at wide range of frequencies other than
their fundamental resonance of the commercial
piezo buzzer. A low cost commercially available
piezo buzzer (Fig. 1) was chosen for this study.
The buzzer is provided with two wires: one wire is

welded onto the metal plate and the other wire on
the piezoelectric disk. In this work, it will be used
to produce relatively high power at wide range of
low frequencies (far away from its resonance val-
ue of approximately 4500 + 500 Hz).

Theoretical background

A piezoelectric material generates a voltage pro-

portional to applied tension or compression.
Electrical charge produced when mechanical-

ly deformed is governed by the following equa-

tions:

6=%+dE, (1)

D=eE+do (2)
where § is the mechanical strain, o is the mechan-
ical stress, Y is the modulus of elasticity (Young’s
modulus), d is the piezoelectric strain coefficient,
E is the electric field, D is the electrical displace-
ment (charge density), € is the dielectric con-
stant, and do is the dielectric constant.

The piezoelectric circular plate can be mod-
eled as a spring-mass-damper system. The equa-
tion governs the free vibration behaviour; a sec-
ond order differential equation can be written as:

2
m d th) +b dz(t) +kz(t) =m
dt dt

dy(t)

el

where m is the effective mass, b is the damping
coefficient, and k is the structure stiffness.

The maximum strain occurs at the resonance
frequency of the vibrated structure. The reso-
nance frequency of a circular plate can be calcu-
lated using the following equation [10]:

(4)
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Fig. 1. PZT Ceramic buzzer used from Murata Co
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where E is average Young’s modulus (Pa), v is
the average Poisson’s ratio of the circular plate, p
is its average density (kg/m?), ¢ is its thickness ()
and r is the radius of the circular plat, 7\n is the res-
onance eigenvalue, where n denotes the resonance
mode, i.e., first mode A1 = 3.196. Whenever pos-
sible, it is always advisable to vibrate the structure
at its calculated resonance frequency for maxi-
mum power generation.

Experimental setup

The scheme and apparatus for experimental set-
up are shown in Fig. 2. The shaker (Briiel & Kjaer
Instruments, model type 4810) was used to drive

the structure at various frequencies using a func-
tion generator (IDL-800A). The output voltage
from the structure and the vibration acceleration
was monitored by a digital oscilloscope (Owon
smart DS 7102 V). The piezoceramic was glued
to the vibrating element of the shaker. To obtain
the largest deformation of the piezo element and
hence the largest generated voltage, the piezo disc
has to be vibrated at its resonance frequency which
can be calculated from equation (4). A 4.5 kHz res-
onance frequency is reported by the piezoceramic
manufacturer. Since our aim here is to generate
power from ambient vibration (less than 200 Hz),
it is impractical to operate the structure at its res-
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Fig. 2. Experimental setup: a — apparatus, b — the scheme
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onance frequency (although it is expected to be
less than 4.5 kHz due to the prestressing effect).
Alternatively, the piezo structure was vibrated at
a low-frequency range (far lower than its reso-
nance frequency).

RESULTS AND DISCUSSION

The amount of voltage generated will depend on
the stress and strain distribution and hence on
the clamping conditions of the piezo structure.
A random initial clamping by simple gluing of
the structure to the vibrating element (in the shak-
er) resulted in output voltage presented in Fig. 3.

The output voltage (peak-to-peak) was measured
at no load over a wide range of low frequencies.
It can be seen from the results that the maximum
generated voltage is lower than 0.7 V. To generate
a higher output voltage, the pre-stress was intro-
duced by fixing the piezo structure to the shaker
using adhesive tape as shown in Fig. 4. At differ-
ent excitation frequencies, hence generated volt-
age was improved as shown in Fig. 5. Pre-stressing
the structure acted as a proof mass. It is known that
the pre-stress of the piezoelectric element enhances
the output power of the energy harvester [6, 8, 9].
The output voltage (V) from piezoceramic
buzzer was measured across a variable resistance
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Fig. 3. Generated voltage as a function of the vibration frequency with initial clamping (without pre-stress)

Fig. 4. Altered clamping and pre-stressing
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Fig. 5. Generated voltage as a function of the vibration frequency with altered clamping

(R) using a digital oscilloscope. Averages of 16
readings were taken for each output voltage. As
it is presented in Fig. 5, the highest generated
voltage was measured at 171 Hz. Hence, the elec-
tric power (at frequency 171 Hz) consumed by
the load resistor was calculated using equation:

2
P=—, (5)

R
The variation of power generated against
the load resistance is shown in Fig. 6, which in-
dicates that the maximum power is obtained at

the range between 10 to 20 kQ. According to
Thévenins theorem, maximum power occurs
when the load is equal to the internal resistance.
To validate this result, the internal resistance
(equivalent impedance of the piezo structure)
was measured and it was found to be 17.8 kQ
(which is in the range of power peak). A slightly
higher power was obtained when the load was set
exactly to 17.8 k() and it was found to be 1.5 mW.
This power was obtained at 171 Hz at an acceler-
ation of 5.63 m/s* Under this acceleration and at
a frequency as low as 10 Hz, 8 V can be achieved
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Fig. 6. Power outputs against load resistances
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Fig. 7. Charging time for 1000 pF capacitor

at no load which indicates promising potential
energy. Newton’s second law was applied to cal-
culate the driving force which was found to be
very small (less than 0.06 N). For real-world ap-
plications of vibration energy harvester with pi-
ezoelectric materials, the generated AC current
needs to be converted to DC current, which can
be used later to charge a battery of an electronic
device. Alternatively, the rectified voltage can be
stored in a capacitor for later use to power a de-
vice. Also, from a practical point of view, the rec-
tified voltage could have ripples that need to be
filtered before powering a load with a DC voltage.
This can be achieved by adding a filter capacitor.
To check the potentiality of using the structure
for charging purposes, the generated AC voltage
was converted to DC voltage. The output signal
of the piezoelectric harvester (PEH) was rectified
by a conventional full bridge rectifier (using four
Schottky diodes) to charge a 1000 uF capacitor.
The PEH can charge the capacitor of 0.6 V after
1 min as shown in Fig. 7. This result is promising
for charging batteries for portable devices.

CONCLUSIONS

An experiment was performed to find out the po-
tential of using the commercial piezo plate in
vibration energy harvesting. The results show
that within a typical range of ambient vibration
frequency (below 200 Hz), peak power in mil-

liwatts can be extracted. An output peak power
of 1.5 mW was achieved when the load resistor
matched the equivalent impedance of the piezo
structure. The results also show that at low ac-
celeration and very low frequency of vibration
(10 Hz), a peak-to-peak voltage of 8 V can be
generated. The PEH can charge a 1000 uF capac-
itor with 0.6 V after 1 min. The study shows that
the conventional and nonflexible PZT ceramics
have the potential to extract energy from ambient
vibration to provide enough power for low-power
applications (e.g., portable electronics and wire-
less sensors).
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PJEZOELEKTRINE KERAMIKA, NAUDOJAMA
APLINKOS VIBRACIJOS ENERGIJAI KAUPTI

Santrauka
Tiesioginé pjezoelektriné konversija yra labai popu-
liari i$gaunant energija i§ mechaninio jtempio. Nuolat
matomas progresas kaupiant energija i§ mechaninés
vibracijos. Straipsnyje pateikiami eksperimentiniy
bandymy su pjezoelektrine apskrito plokstele, siekiant
jvertinti elektros energija, gauta pjezoelektrinés kon-
versijos metu esant mazam pagreic¢iui ir jvairiems aplin-
kos vibracijos dazniams, rezultatai. Eksperimentiné
analizé parodé pigiy pjezoelektriniy diafragmy pa-
naudojimo potencialg energijai kaupti i§ aplinkos
vibracijos. Kai buvo mazas pagreitis (5,36 m/s?),
vibracijos daznis keistas 10-200 Hz intervale ir iSma-
tuota gauta energija. Esant labai mazai dinaminei jégai
(maziau nei 0,06 N), 1,5 mW i$éjimo galia buvo gauta
naudojant 8,5 mm bugninj kaupiklj, kurio apkrovos
varza 17,8 kQ), kai daznis 173 Hz.

Raktazodziai: vibracijos energija, diafragma, PZT,
mechaniné vibracija, keramika, vibracijos daznis, re-

zonansas, visos bangos lygintuvas



