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1. Introduction

Abstract. This study introduces an experimental power generation system based on
piezoelectric energy conversion for low-power applications such as wireless sensor nodes.
Piezoelectric Transducers (PZTs) are especially suitable for energy harvesting from the
ambiance. A PZT is able to produce an open-circuit voltage at a hundred-volt level.
However, the acquired current may be achieved on a nano-micro scale. Therefore, PZT
Energy Harvesters (PEH) have a very limited power generation capability. In order to
generate greater output power, a series of PZTs should be applied to a PEH with a proper
electrical connection. In this paper, PEH is presented with a novel circuit topology to
increase the output power. The experimental system uses 20 diaphragm type PZTs with
a spring of 15 cm mounted at the center of each transducer. The required vibration is
produced using a spring-mass structure of each PZT. Mass-spring structure vibrates by
the wind effect. The maximum output power of the presented experimental generator at
a nominal wind speed of 12 m/s is around 10.8 mJ. The obtained results indicate that
the proposed experimental generator is suitable for low-power applications, and the output
power of the generator can be increased by using more PTZs connected via circuit topology.

(© 2021 Sharif University of Technology. All rights reserved.

harvesting in the literature that may be considered in
three categories based on the vibration source used,

Energy harvesting technologies have gained significance
in recent years as a result of recycling dissipated energy
in several environments such as wind, light, heat, and
vibration [1]. Owing to its high efficiency, simple
structure, high voltage generation capability, and low
cost, piezoelectric energy harvesting plays a key role
in these technologies [2,3]. By using piezoelectric
material, vibration energy in the environment can be
converted to electrical energy [4].

There are many studies on piezoelectric energy
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interface circuit used, and amount of energy produced.
For example, Wei and Taghavifar [5] developed an
energy harvester based on the harmonic movements
of a vehicle suspension system. When tested on
gravel and straight roads, this harvester produced an
output power of 57.87 W at a speed of 13 km/h.
The average power was found to increase in direct
proportion with the road amplitude. Khoshnoud et
al. [6] also developed an energy harvesting system on a
vehicle suspension system that employed Regenerative
Force Actuator (RFA) to utilize vibration energy, thus
achieving a maximum power of 984.4 W at a frequency
of 20 Hz. Ozaki and Hamaguchi [7] designed and fab-
ricated a bioinspired flapping-wing micro aerial vehicle
with piezoelectric direct-driven actuation. The total
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mass of the prototype was 598 mg, and the maximum
measured lift force was 6.52 mN at a driving voltage of
100 V.

Wave energy is another source of vibration for
piezoelectric transducers. Xie et al. [8] developed an
ocean wave energy harvester that generated electricity
by collecting the effects of the transverse wave motion
of water particles on a piezoelectric plate. From
simulation, this harvester could generate energy up to
30 W. Song et al. [9] developed an upright vortex-
induced piezoelectric energy harvester from which they
obtained an output power of 84.49 uW at the energy
density of 60.35 mW /m? and resonance vibration rate
of 0.35 m/s. Shan et al. [10] developed a Macro
Fiber Composite (MFC) Piezoelectric Energy Har-
vester (PEH). In their experiments, they produced a
maximum output power of 1.32 uW with the power
density of 1.1 mW/m? at a water velocity of 0.5 m/s.
Yeong-min et al. [11] developed a piezoelectric energy-
harvesting device based on constant wave motion. The
average current and voltage were 71.4 uA and 2.42 V
with the output power of 0.173 mW. Gianluca et al. [12]
presented an energy harvester using the vibration effect
of precipitation energy on the piezoelectric transducer
and achieved an output power of 2.916 x 1078 W.

The mechanical energy produced by the human
body can also be converted into electrical energy by a
piezoelectric transducer. For example, Wang et al. [13]
investigated the optimum load resistance of a nonlinear
energy harvester for real human motion and generated
a maximum output power of 30.55 mW at a running
speed of 7 km/h. Tiirkmen and Celik [14] integrated
energy harvesting using piezoelectric material in a shoe
and demonstrated that a person weighing 90 kg could
produce 1.43 mW of power during walking.

Flow-induced vibration is often used as an energy
source for piezoelectric energy harvesters. Amini et
al. [15] proposed a piezoelectric vertical beam with an
attached end cylinder as an energy harvester in low-
speed flows. Piezoelectric energy harvesters based on
vortex-induced vibration and galloping [16-19] have
been extensively studied in the past several years.
Shan et al. [20] and Song et al. [21] evaluated the
performance of two tandem PEHs in water flow and
found that the energy harvesting performance of the
downstream PEH was enhanced due to the stimulation
from the upstream PEH in the wake state. Zhang et
al. [22] numerically investigated a PEH with the vortex-
induced vibration. McCarthy et. al. [23] proposed
forming a response from a fluttering PEH developed
in smooth flow and in terms of replicated atmospheric
boundary layer turbulence. Zou et al. [24] established
a novel dual serial vortex-induced vibration energy
harvesting system for enhancing energy harvesting.

Another common source of vibration for a piezo-
electric harvester is wind. To be specific, Johar et

al. [25] developed a nano-generator based on air-flow
and vibration energy harvesting with the peak output
voltage of 30 V and current of 1.43 pA. Ju et al. [26]
studied an indirect impact-based piezoelectric vibra-
tion energy harvester using a Macro Fiber Composite
beam as a piezoelectric cantilever that produced a
maximum peak-to-peak open-circuit voltage of 42.2 V
and average power of 633.7 pW. Sang et al. [27]
designed a vibration-based hybrid energy harvester
with the maximum output power of 10.7 mW.

Akkaya and Ozdemir [28] developed a wind-based
generator that created vibrations for the piezoelectric
generator by using the rotation of the unbalanced
propeller system. The experimental results revealed
that at a wind speed of 4.5-5 m/s and load resistance
of 150 K, the maximum output power was 519 uW.
Xie et al. [29] proposed a mathematical model of
a cylindrical piezoelectric energy collector made of
composite structures including a stator and a roller
that converted mechanical energy into electrical energy
using ambient vibration. According to the numerical
simulation results, a cylinder energy harvester with a
radius of 0.5 m and a rotating speed of 1 r/s would pro-
duce 60.13 kW. Son et al. [30] developed a microscale
vibration energy harvester with the maximum output
power of 23.3 nW.

In this study, a new energy harvester system was
designed to convert the mechanical energy provided by
the vibration obtained from wind energy into electrical
energy by means of piezoelectric converters. In this
proposed system, a spring is mounted at the center of
each piezo-sensor used in the circuit. These springs,
which are subject to the effect of wind, provide the
vibrations that piezo transducers require. At the same
time, these springs prolong the vibration time and en-
able the mechanical energy to be used for a longer time.

Another important field of study in piezoelectric
energy conversion is the interface circuit used between
the piezoelectric transducer and storage unit. The most
basic interface circuit used in this context is the circuit
structure shown in Figure 1, known as the standard
energy harvesting circuit [31].

The standard energy harvesting circuit has low
efficiency; therefore, other circuit topologies have been
developed that are shown in Figure 2 [32]. Fur-
thermore, the principal energy harvesting circuits are
compared in Table 1.

Piezoelectric

element |:I

j
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Figure 1. Standard energy harvesting circuit.
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Figure 2. The principal energy harvesting circuits: (a) Parallel synchronized Switch Harvesting on Inductor (p-SSHI), (b)
Series Synchronized Switch Harvesting on Inductor (s-SSHI), (¢) Synchronous Electric Charge Extraction (SECE), (d)
Optimized Synchronous Electric Charge Extraction (OSECE), and (e) Double Synchronized Switch Harvesting (DSSH).

The principal energy harvesting circuits are compared in Table 1 [32].

Table 1. Comparison of the principal energy harvesting circuits.

Disadvantage

Circuit topologies Advantage

Standard Simple

p-SSHI High power output switch strategy
s-SSHI High power output switch strategy
SECE Load independents

OSECE Wide bandwidth switch strategy
DSSH Load independent

Load matching, power output is low

Load matching, inductor, switch device
Load matching, inductor, switch device
Inductor, switch device, switch strategy
3-port transformer, complex circuitry
Complex circuitry, complex switch strategy

However, each of these energy harvesting circuits
still continues to have low efficiency; therefore, a new
circuit topology that can significantly increase the
efficiency of a PEH is employed in this study. In
the available studies, PZTs are connected directly in
a series or parallel manner. The amount of energy
generated depending on the connection type used in
the present study is higher than that of other connected
types. More details of the topology are given in
Subsection 2.2 [33].

2. Design

2.1. Piezoelectric effect and the sensor used

When mechanical pressure is applied to certain crys-
talline materials, the electric field within the structure
and, consequently, the electric potential across the

structure of this material may change. The mentioned
amount depends on the change in polarization density
within the material. These types of crystal generate
a voltage when subjected to pressure. Piezoelectric
materials also exhibit an inverse effect and stresses
and strains are formed when a material is exposed to
an electric field [34]. The electrical and mechanical
behavior can be represented by the following two
equations [35]:

S =s"T +d,E, (1)
D =d,T +<"E, (2)
where S is the mechanical strain, E the electric field,

T the applied mechanical stress, D the electric dis-
placement, s the matrix of elasticity under conditions
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Figure 3. Structure of the unimorph diaphragm
piezoelectric transducer.

of constant electric field, 7 the permittivity matrix
at constant mechanical strain, and d; the piezoelectric
coefficient matrix.

The piezoelectric behavior of a material is ex-
pressed by its piezoelectric coefficient, which is des-
ignated as d;;. The first subscript, ¢, refers to the
direction of the electric field resulting from the poten-
tial difference or the electric charge generated by the
resulting potential difference. The second subscript, 7,
refers to the direction of the applied mechanical stress
or resulting stress. Eq. (3) gives direct piezoelectric
effect:

oD,
b = <3Tj> ' )
Eq. (4) gives inverse piezoelectric effect:
05,
i = <5Ej> ' W

The piezoelectric coefficient ds3, which is related to the
electric field and is obtained when strain is applied
orthogonally to the polarization axis, is known to be
greater than the coefficient d3;. Therefore, most of
energy harvester designs rely on kinetic energy that
applies strain to the material in such a way that the
mechanical energy is converted through the coefficient
dzz. The piezoelectric transducer in this study is also
designed to operate as ds3 by applying the pressure
perpendicular to the ground. The configuration of the
unimorph diaphragm piezoelectric transducer used for
generating electrical energy from mechanical vibration
in this study is shown in Figure 3.

The piezoelectric transducer consists of two lay-
ers: the PZT with thickness of ¢, and brass with
thickness of ¢, as shown in Figure 3.

2.2. The interface circuit used

Piezoelectric transducers produce an alternating out-
put voltage that must be rectified. Bridge rectifiers are
widely used (as shown in Figure 1); however, two diodes
carry the current in each half cycle, resulting in double
voltage loss due to the diodes. Furthermore, circuit
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topologies in the literature do not offer a solution for
the electrical connection of multiple PZTs. Therefore,
this study employs a new circuit topology that connects
multiple PZTs with minimum voltage loss, as shown in
Figure 4 [33].

When Kirchhoff’s voltage law is applied to the
circuit given in Figure 4, it is observed that the output
voltage is the sum of the capacitor voltages (Vour =
V1+Vo+V3+V,+V5+Vs), and the voltage produced by
the PZTs is rectified with minimum voltage loss since
there is only a single diode in the rectification path in
each half cycle. The circuit enjoys other advantages;
to be specific, it prevents direct current flow through
the transducers and is tolerant to failure of one or more
converters. A piezoelectric vibration harvest card was
designed using this circuit topology. Figure 5 shows
the printed circuit board and the three-dimensional
shape of the built DC harvesting card. Note that
Schottky diodes are used to minimize voltage loss, and
the capacitor value of 22 uF is sufficiently large enough
to remove AC fluctuations, yet it is sufficiently small
so that the output voltage can rise rapidly to its final
value.

One dc harvesting car was used for each PZT.
These cards have two condensers and two diodes.

Vout

PP

Figure 4. Circuit for analysis of the proposed topology.

Vi Vs L__l Vi

R e—

00

i-li-
1 |

20 mm

20 mm

(a) (b)
Dy

\4 1%
‘ §:7<t>‘|'ol 0T| \/ (1)
22uF 22uF
(c)

Figure 5. (a) Sensor circuit paths. (b) DC harvest card
3D view. (c) Rectifier circuit.
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Figure 5(c) shows a detailed figure of the rectifier
circuit given in Figures 4 and 5.

During the negative half cycle of the supply, Dy
diode will conduct. As a result, the current flowing
through the circuit will charge the condenser C;. In
addition, there will be a voltage loss in case of voltage
drop on diode D;. Similarly, during the positive half
cycle of the supply, only Dy diode will conduct and
the current flowing through the circuit will charge the
condenser C3. There will be a voltage loss due to
the voltage drop on diode Ds. Since two diodes are
conducting all the time in both positive and negative
cycles, in a full-frame bridge rectifier, the resulting
voltage loss is two times higher. Since the voltage loss
is lower in this circuit, the yield will be higher [33].

In the circuit design, leg components and surface
touch components were tested. As a result of the trials,
surface touch was preferred to reduce the resistance
caused by the leg components to zero.

2.2.1. Electromic circuit elements used in circuit
design

e MBRO0560 0.5 A 60V Schottky Diode: The main
reason for selecting a Schottky diode with a SOD123
surface touch sheath structure is that it is trans-
mitted starting from 0.45 V because the smaller
voltage values the selected diode transmits, the less
the voltage loss will be. The maximum voltage value
of 60V was chosen because it could carry the voltage
coming from the piezoelectric sensor without loss;

e 22uF 16V SMD Electrolytic Capacitor: Electrolytic
capacitor with ELEC-6.3 sheath structure can
charge up to 16 V. 22uF (microfarad) was chosen
mainly because the frequency of the energy coming
from the piezoelectric material is quite high with
vibration; in other words, the capacity is kept low
due to rapid transition from positive to negative.
Hence, it is ensured that the transition from alter-
native voltage to correct voltage is complete and
complementary.

2.3. Ezxperimental low-power generator

The experimental generator (Figure 6) contains 20
diaphragm-type PZTs with a mass-spring structure
placed on each PZT to generate the vibration from
the wind. The vibration on each PZT is independent
of others, and the output voltage produced by each
PZT is combined using the interface circuit presented
in Figure 4.

Standard PZT harvesting circuit includes a rec-
tifier and a storing capacitor. For both positive and
negative waves of piezoelectric voltage, two diodes in
the bridge rectifier conduct. However, in the circuit
topology used, the voltage loss is reduced by half since
the piezoelectric voltage rectifies both the positive and
negative waves through only one diode. Therefore, a

Wind tunnel
Anemometer

Output capacitor

Figure 7. Experimental setup.

more efficient energy harvest can be conducted through
the used circuit. In addition, the used circuit topology
allows a great number of PZTs to be electrically
connected to each other in an efficient way. Any one of
these transducers, either short or open circuit, would
not be an obstacle to the operation of the harvester.

3. Experiments

3.1. Experimental setup

The experimental setup is illustrated in Figure 7. The
presented PEH was tested at nominal wind speeds
of 3 m/s, 6 m/s, 9 m/s, and 12 m/s using the test
apparatus, as shown in Figure 7. An anemometer was
also used in order to measure the wind speed. Output
voltage and wind speed values were then collected using
a datalogger. To generate wind at different speeds, a
wind tunnel was employed. The output voltage of the
generator was stored to an output capacitor of 220 uF.

3.2. Experimental results

All experiments were carried out at a certain wind

speed. The collected data are given in Figures 8-11.
The output voltage at a nominal wind speed of

6 m/s is shown in Figure 9. The output voltage at a
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Figure 12. Energy amount in the storage capacitor
versus wind speed.

nominal wind speed of 9 m/s is shown in Figure 10.
The output voltage at a nominal wind speed of 12 m/s
is shown in Figure 11. The maximum output power
values obtained for each wind speed range are given in
Figure 12.

The experimental generator was tested at nominal
wind speeds of 3 m/s, 6 m/s, 9 m/s, and 12 m/s.
The results of output voltage at these wind speeds are
shown in Figures 8-12. As observed in the graph in
Figure 8, the maximum output voltage obtained at a
wind speed of 3 m/sis 1.2 V. In Figure 9, the maximum
output voltage obtained at a wind speed of 6 m/s is
2.2 V. In the graph in Figure 10, the maximum output
voltage obtained at a wind speed of 9 m/s is 3.4 V. In
the graph in Figure 11, the maximum output voltage
obtained at a wind speed of 12 m/s is 9.8 V. While
the output voltages at wind speeds of 3 m/s, 6 m/s,
and 9 m/s increased in values close to each other, the
voltage value measured at a wind speed of 12 m/s
increased to approximately 8 times the first measured
voltage, indicating that after a specific wind speed,
these springs can swing much faster in a short span
of time. Figure 12 clearly illustrates this change.

As observed in Figure 12, there is an exponential
correlation between the generated energy of PZTH
and wind speed because higher wind speed values
cause greater vibration. However, as observed, the
experimental generator has a limit value of the wind
speed, which is 12 m/s. Experiments have revealed that
the wind speed higher than 12 m/s creates vibrations
that may cause damage to the experimental generator.
In the case of using experimental generator in higher
wind speed rates, shorter springs should be selected.
Experimental generators have been designed for the
wind speeds of 3-12 m/s because the selected wind
speed scale is suitable for real-world applications.

4. Conclusion

This study presented an experimental generator based
on piezoelectric energy conversion for low-power appli-
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cations. The proposed generator works on piezoelectric
energy conversion. The maximum output energy values
obtained in the experiments for four different wind
speed ranges were 0.1 mJ, 0.8 mJ, 1.5 mJ, and 10.8 mJ,
respectively. In the speed range of 3-9 m/s, a linear
change between the wind speed and output energy
was observed; however, at the nominal wind speed of
12 m/s, the output energy increased significantly, i.e.,
by approximately 7.3 times. This indicated that the
design of the structural elements of the mass-spring
system (spring constant, mass, spring length, etc.)
could be improved in terms of greater efficiency.

This study employed a new circuit topology that
connected multiple PZTs with minimum voltage loss.
In the used circuit topology, the voltage loss was
reduced by half since the piezoelectric voltage was
directed both by positive and negative waves through
only one diode. As a result, the efficiency of the
generator was higher due to lower voltage loss.

The experimental generator utilized 20
diaphragm-type PZTs with a spring of 15 cm mounted
at the center of each transducer that created vibrations
directly on the transducer. The interface circuit
provided a linear ratio between the number of PZTs
and output power. For this reason, the generator
structure introduced by increasing the number of
PZTs was used as a battery-free power supply for
devices with mW scale output power. In other words,
it was used as a battery-free power supply for a
wireless sensor node designed for forest fire detection
as it was mounted on the tree trunk. Furthermore,
the introduced test apparatus can be used as a test
apparatus for undergraduate and postgraduate studies
in the field of piezoelectric energy conversion.
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