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ABSTRACT

This paper analyzes a piezoelectric system made of a smart lead zirconate material. The system is composed of a
monolithic PZT (piezoelectric ceramic) plate made of a ceramic-based piezoelectric material. The experiment was
conducted on a test stand with a GUNT HM170 wind tunnel and a special measurement system. The developed
bluff-body shape mounted on an elastic beam with a piezoelectric was mounted on a mast with arms. Springs were
fixed on the arms to limit the movement of the test object. Air flow velocity in the wind tunnel and forced vibra-
tion frequencies were changed during the tests. The recorded parameters were an output voltage signal from the
piezoelectric element and linear accelerations at selected points of the test object. The highest energy efficiency of
the tested system was specified from mechanical vibrations and air flow. The results of the tests are a resonance
curve for the tested system and a correlation of RMS voltage and acceleration as a function of the velocity of air
flow for the excitation frequency f ranging from 1 to 6 Hz. The tests specified the area where the highest output
voltage under the given excitation conditions is generated.

Keywords: hybrid energy harvesting system, macro fiber composite, cross-section design, vortex-induced vibra-
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INTRODUCTION

The global trend in reducing the consumption
of fossil fuels leads to finding new sources of green
energy. One of them is Energy Harvesting which
refers to a process wherein the sources such as me-
chanical vibrations, temperature gradients, or light
are scavenged and converted to obtain small por-
tions of power which can be used as a power sup-
ply for remote devices with relatively low-demand
power consumption [1]. This paper focuses on
the combination of vibrational energy harvesters
(VEHSs) [2] and systems based on energy scaveng-
ing from the airflow [3]. Both of these types can
be classified according to the type of energy con-
version, namely electromagnetic [4], piezoelectric
[5], and electrostatic [6] effects. Since the early
21st century, new designs for energy harvesting

systems have been continuously created, and the
relevant research results are collected in the re-
views [7, 8]. The recent trend is focused on hy-
brid energy harvesters, or two or more effects or
phenomena to scavenge electrical energy, i.e. the
piezoelectric and triboelectric effect [9], the piezo-
electric and electromagnetic effect [10], piezoelec-
tric effect and water waves [11]. Another hybrid
form of energy harvesting system to be discussed
here is the system known as aeroelastic that com-
bines the piezoelectric effect and air flow.
Designing new energy harvesting systems
takes into account the highest possible power out-
put. The system is then adjusted to operation by
its resonance frequency [12] or operating around
it by subharmonic solutions [13]. Our previous
research [14] attempted to find such a system’s
design which is prone to the vortex-induced
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vibrations (VIVs) effect [15] at relatively low
wind velocities and the galloping effect [16] at
relatively high wind velocities. The research on
wind energy harvesting systems [3, 17] shows
that the circular bluff-body has the oscillating
solution by vortex-induced vibrations, while the
square-shaped body has the highest power out-
put by the galloping effect. To combine both of
the mentioned effects and to increase power per-
formance at a wide range of wind velocities, the
new design combined both the round and square
shapes of the body along its generatrix. The sys-
tem in such a form was, however, operating at
higher wind velocities and was prone to the gal-
loping effect so the modified design is proposed
with additional springs to make the system more
sensitive to low wind velocities.

The power performance of the system was
improved by applying hybrid excitation in form
of the air flow in the wind tunnel of variable ve-
locities and mechanical vibrations excited by
a shaker. Such double excitation was already
discussed by Abdelkefi et al. [18], and its main
advantage is the possibility to create a desirable
dynamical system of an energy harvester, i.e. an
oscillating solution by specific excitation condi-
tions both from wind velocity and a shaker. Such
countermeasures make the system more flexible
to variable excitation conditions. The main aim
of the new design as compared to previous design
is to obtain an oscillating solution for low wind
velocities. One of countermeasures is the appli-
cation of additional springs mounted on a beam
to change its characteristic frequency and make
it more flexible for a wider range of excitations
[19]. Referring to the previous research, the test
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was focused mainly on low wind velocities and
the same range of excitation frequencies.

What is worth mentioning is the fact, that En-
ergy Harvesting area is developing quite fast focus-
ing on the optimization problems [20], new designs
[21] and new ways of sources of excitations [22].
Definitely, we can state that our system is the new
branch in the area of study of piezo-electric energy
harvesting systems, which is developing due to the
relatively high output voltage/power level by the
small deflection of the piezo-patch [23].

RESEARCH OBJECT & TEST RIG

Figure 1 schematically shows the measure-
ment system with the elements of the test object.
The piezoelectric system consists of an aluminum
elastic beam, a piezoelectric element, a bluft-
body and a spring arm to attach springs whose
other ends are connected to the elastic beam. The
elastic beam 200 mm long in total is 20x1 mm
(width x thickness) in cross-section. The free sec-
tion of the elastic beam without the attachment
point is 160 mm (20 mm for being attached to the
sting and 20 mm to the bluff body). The beam was
bolted to a support structure that was a vertical
aluminum flat bar 20x4 mm (width x thickness)
in cross-section. The bluff body spring arm print-
ed from PLA (Polylactide) material and made in
3D printing technology was bolted to the support
structure at the height of the bluff body action.
The orientation of the bluff body and elastic beam
allows for horizontal oscillation. Such a position
of the beam results from the induced vortices be-
hind the bluff body.
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Fig. 1. Diagram of the measuring system. The bluff-body within its support and springs are shown in top view
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A piezoelectric material used in the research
was Macro Fiber Composite™ (MFC) of type
P1 by Smart Material Corporation. This sort of
piezoelectric material has the following layers:
its middle layer is a monolithic PZT plate which
is a piezoelectric ceramic and its outer layers are
an inter-digitated electrode pattern on polyimide
film [24]. The dimensions of this piezoelectric
element can be classified as two areas, i.e. an ac-
tive area of 28x14 mm and an area of 38x20 mm
that covers the external dimensions of the entire
element. The maximum blocking force is 146 N
(£10%). The piezoelectric element can operate in
the voltage range from -500 V to +1500 V and its
maximum operating frequency is less than 1 MHz.
Its typical lifetime is 10E+10 cycles (<600 ppm).
It is 300 pum thick and its capacitance is 1.9 nF
(+20%). This particular piezoelectric element is
described in detail in [14].

Vortices and thus vibrations are induced by
the bluff body which is a combination of a cylin-
der and a cuboid. The geometry was designed in
the Solidworks CAD software and then printed
with a 3D printer using the Fused Deposition
Modeling (FDM) method. The printed tested
bluff body was 30.4 g. The shape of its cross-
section changed smoothly along its entire length
from a square to a circle using the spline func-
tion. Importantly, the cross-sectional areas of the
square and circle at their ends are identical and
equal to 400 mm?. Figure 2 depicts the selected
cross-sections of the bluff body and its location

in the measurement space of the wind tunnel. The
bluff body was 100 mm high.

A GUNT HM 170 open wind tunnel with
a closed measurement area was used in the ex-
periment. The wind tunnel is described in detail
in [14]. Its measurement section is a square of
300 mm x 300 mm in cross section, and the test
object was in the centre. The air flow velocity
around the object was controlled in the experi-
ment by varying the speed of a fan installed at
the wind tunnel outlet. Figure 3 shows the test
object in the measurement space of the wind tun-
nel. A TIRA S513 vibration generator to excite
the elastic beam was under the measurement sec-
tion. This device has a rated peak force of 100 N
and frequency ranging from 2 to 7000 Hz, which
enables an axial displacement of 13 mm, a maxi-
mum velocity of 1.5 m/s and a maximum acceler-
ation of 45 g. The sinusoidal excitation signal was
amplified during the measurements with a TIRA
DA 200 digital amplifier.

This research continues the research discussed
in [14] that focused on, e.g. the same bluff body but
mounted on a freely moving elastic beam. Here,
the movement of the elastic beam was modified by
the springs attached to its both sides.

RESULTS AND DISCUSSION

Figure 4 shows the G force as a function of
the frequency of vibration forced by the shaker f
with no air flow in the wind tunnel. A resonance
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Fig. 2. Bluff body geometry and the selected cross-section
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Fig. 3. The test object in the measurement section of the wind tunnel, 1 — bluff-body,
2 — three-axis MEMS digital accelerometer module at the tip of the beam (type MMA8452Q),
mounted on another side of the beam), 3 — two microcontroller boards, 4 — DAQ card,
5 — accelerometer module (MMAS8452Q) mounted on the shaker rod, 6 — piezo-element.

curve for the response of the mechanical system
was plotted from this test so that any further re-
search could focus on achieving the highest pos-
sible output voltage during hybrid excitation. The
tests resulted in specifying the maximum accel-
eration of the moving bluff-body, i.e. 1.33 g for f
= 2.6 Hz, whereas the same value of 0.79 g was
recorded for the extreme frequencies of 0.5 Hz
and 6 Hz.

Figure 5 shows the recorded output voltage
from the piezoelectric element for the resonant
frequency f=2.75 Hz at the given air flow veloci-
ty v =6 m/s. This measurement point corresponds
to the highest voltage generated by the tested

Resonance curve
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Fig. 4. The maximum G force for the moving
bluff-body as a function of natural frequency
f— the case with no air flow in the wind tunnel
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piezoelectric element. The measurement time for
each of the cases was 30 s.

Figure 6 shows a sample measured accel-
eration signal of the test object as a function of
time. Each of the recorded measurement points
is composed of samples recorded over 30 s with
a sampling rate of 800 Hz. In order to clarify, the
vibration signals, which are put into the analysis
are collected from the tip of the bluff-body. The
acceleration of the beam is directly coupled with
the generated voltage from the beam’s deflection.
The response of both acceleration and output
voltage time-series are similar to each other, what
is shown in the further part of the research (Fig-
ure 8 and Figure 9.)

Figure 7 compares the G force for the given
excitation and the system response indicated as
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Fig. 5. The output voltage for the resonance frequency

f=2.75 Hz at the given air flow velocity v=6 m/s
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Fig. 6. The amplitude of the G force as a function
of time for the resonance frequency /= 2.75 Hz
at the given air flow velocity v=6 m/s

the Response. The given frequency was achieved
with a TIRA DA 200 digital amplifier. The Re-
sponse value was a signal measured with an
accelerometer installed where the sting was
mounted on the holder of a TIRA S513 vibration
generator. A characteristic shift in the system’s
response for the given forcing was observed. The
system obtained minimally higher vibration fre-
quencies below the resonant frequency but above
the resonant frequency, it vibrated with a lower
frequency. The observed phenomenon is related
to the fact that the whole bluff-body on the beam
is mounted on the support needed to put it into
the testing chamber in airflow tunnel. The shift of
frequency of the excitation and the system’s fre-
quency is quite small despite the fact of mounting
the system on the support. However, to complete-
ly eliminate mention shift in the future tests, we
plan to make the support more rigid to have the
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Fig. 8. The RMS voltage on the
piezoelectric element as a function of air
flow velocity for the given bluff body
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Fig. 7. The G force for the given
excitation and system’s responses

same frequency of the excitation and at the bluff-
body. The maximum G force equal to 1.6 was re-
corded for a forcing frequency of f=2.75 Hz. For
the extreme values of /=1 Hz and /|, = 6 Hz,
the G force was 0.85. A positive impact of an in-
crease in the G force by about 20% at the resonant
frequency and by about 7.6% at f . and f was
recorded as compared to the discussed case with
no air flow in the wind tunnel.

Figure 8 shows the voltage on the piezoelec-
tric element as a function of air flow velocity for
the test bluff body. For all excitation frequencies
except f; = 2.75 Hz, the generated voltage speci-
fied by an increasing function over the entire range
increased. For f,, on the other hand, the function
that specifies the generated voltage at first in-
creases (up to 6.0 m/s) and then decreases even to
10 m/s if the velocity of 9 m/s at which a sudden
drop in voltage occurred were ignored. Despite
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Fig. 9. Acceleration of the end of the cantilever
beam with the piezoelectric element as a function
of air velocity for the considered bluff body
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voltage was generated over the entire range of
the given velocity at all excitation frequencies, it
was definitely the range of 4.2—8.5 m/s the high-
est voltage was recorded at f,= 2.75 Hz. For this
frequency, a maximum voltage of 6.47 V was re-
corded at a wind velocity of 6 m/s. This voltage is
89% higher than the average voltage generated by
the piezoelectric material at the other frequencies.
This is relatively good compared to the results in
the paper [14] where among the results obtained,
only for m, and /=4 Hz did the bluff body vibrate
with a large amplitude over the entire range of
airflow velocities. For the other considered con-
figurations, the bluff body did not vibrate so in-
tensively at velocities below 8 or 9 m/s.

From the perspective of the Energy Har-
vesting, there is the focus on getting the highest
possible output voltage/power level. In our case
it is obtained by the specific value the wind ve-
locity and the excitation at the mechanical vibra-
tions shaker. What is worth mentioning that the
oscillation solution is obtained by the frequency
;= 2.75 Hz, however this frequency of internal
resonance of the system can be easily changed by
the position of additional springs that are coupled
with the oscillating beam.

The RMS acceleration of the moving bluff-
body as a function of air flow velocity, just like
the generated voltage, showed an identical ten-
dency (Fig. 9).

CONCLUSIONS

The bluff body vibrates over the entire range
of the given air flow velocity. Except for the case
with the excitation frequency of f, = 2.75 Hz, al-
most identical characteristics of voltage and ac-
celeration as a function of air flow velocity in the
wind tunnel were obtained. The highest voltage
generated by the piezoelectric element was re-
corded for this frequency for the velocity range
fromv=4.2m/stov=_8.5m/s because /,=2.75 Hz
was the resonant frequency of the tested system.
The piezoelectric element can be maximally used
if the operating point corresponding to the reso-
nant frequency is selected. Compared to the pre-
vious experiments, the optimal mechanical solu-
tion has been found by adding side springs so that
an oscillatory solution at both high and low wind
speeds has been achieved. If this trend is contin-
ued, the impact of the configuration of additional
springs on optimizing the system’s performance
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in the wind tunnel will be investigated in future
research. The optimization problem will be di-
rected to scavenging the highest possible output
voltage/power and how its divers with the change
of internal frequency of the system. The change
of internal frequency will be the result of different
mass and the alignment of the additional springs.

Observing the potential of the system, it
can be applied in the external environment. For
instance, it can be applied as the coupling with
rotating blade [25], in structural health monitor-
ing (SHM) in buildings [26] or used by the side
of highways, where the wake-induced vibration
phenomena is observed by cars [27]. One of po-
tential ways it can be the coupling of the system
with unmanned aerial vehicles (UAVs) for pow-
ering the low-demanding sensors [28, 29].
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