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Abstract

This paper presents the characteristic of piezoelectric for sound wave energy harvester. The sound level on
piezoelectric is experimented at range of 35-100 dB. This range is comparable with ambience environmental human
sound of level 50-100 dB. Piezoelectric type Q220-A4-503YB has been used as energy transducer. This type of
piezoelectric has achieved a better performance in term of output power or voltage. The output of piezoelectric
transducer is connected to 3 difference types of harnessing circuitry; Villard voltage multiplier, Dickson voltage
multiplier and full-wave rectifier. The measured results of piezoelectric transducer with and without connected to
external circuitry devices have attained a good agreement with expected theory within the frequency of interest. The
piezoelectric transducer accomplished maximum power response of performance 33.133 dBuW at sound level of 96
dB. The Villard and Dickson voltage multipliers produced output voltage greater than full wave bridges which are
9.817V, 9.593V and 3.504V respectively at 96dB sound intensity level. The results show that the piezoelectric
transducer connected to Villard voltage multiplier produced the best performance. The proposed sound wave energy
harvester offer a better performance and able to replace the problematic battery in wireless signal network.
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1. Introduction

Energy harvesting system is important in solving a short run-time for a device or battery life by
prolonged life of electronic devices [1, 2]. Due to lifecycle of battery is limited and the remote locations
of a large number of sensors, consequential in higher maintenance cost are needed. Therefore, its normal
operation will be interrupted whenever the supplying batteries are out. Besides, there are some other
determinations to develop on energy harvesting technology such as noise reduction, elimination of cross-
talks, and all these power sources are renewable, hygienic, and available limitlessly in the environment
[3-6]. Energy harvesting can be obtained from different energy sources, such as mechanical vibration
electromagnetic, light, wind and temperature variations [7-14]. The energy is freely obtainable in
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environment complementing the low power sources used for energizing the low power electronic devices,
as an application to green technology. For sound wave energy harvesting, it is proposed to use a vibration
mechanism. The sound produces mechanical energy which then converts to electrical energy using a
transduction mechanism, such as electromagnetic (inductive), electrostatic (capacitive) or piezoelectric
[15-18]. Most harvesters practically in usable forms can provide low output power, and needs integrate
circuit to harness the higher output power then stored into some applications. Based on literature review,
piezoelectric elements especially Lead-zirconate-titanate (PZT) is suitable to be used for harvesting
ambient mechanical energy and converts into usable electricity [20]. Piezoelectric materials are naturally
used for energy harvesting from ambient vibration sources, because they can proficiently convert
mechanical strain to an electrical charge without any extra power and has a simple mechanical structure.

Previous works discovered that the electrical output from of piezoelectric devices unable to applied
directly to some applications since the output power is much lower. For this consequence, there are some
circuits have been used to improve the electrical output of piezoelectric devices, such as circuits in
Ottman et al. [21]. He had described an approach to harvesting electrical energy from a mechanically
excited piezoelectric element. In this circuit, the energy can be stored by using a full-wave rectifier.
Ottman analyzed the optimal power flow of piezoelectric device, but the efficiency of energy harvester
unable to achieve the maximum point. Liu et al. [22], presented a power management circuit based on
matching the source impedance and switched-capacitor network, but in low frequency applications. The
matching circuit can maximize the stored power, and the frequency conversion circuit can make the
system much smaller. An investigation conducted by Kwon et. al. [23], is to improve the performance and
efficiency of energy harvesting. He proposed a piezoelectric energy harvesting circuit with CMOS design
to avoid extra losses and low voltage restrictions problem with a rectifier. This is done by transferring and
extracting energy directly from piezoelectric transducer to the battery via switched inductor. Experimental
results show that the efficiency of the proposed system can harvest energy by 71% and 69% from 3V and
1.5V peak piezoelectric voltages, respectively.

Due to its prevalence in urban environments, Ssound energy becomes has very attractive as a possible
energy resource to harvest. Efficient ways in harvesting the environmental noise into electrical energy is a
big challenge since the acoustic energy comes from its low power density. Therefore, sound wave energy
harvesting has created excessive attention among the researchers, scientists and engineers. Main profits of
the sound wave energy harvesting system is that its involved minimum maintenance which suitable to be
arranged in large scale or previously inaccessible locations. Sound energy is available in some
circumstances such as, airports, construction sites, factory, etc. It is hygienic and supportable energy
source. Investigating of sound energy becomes a great concern to transform the ambient energy into
practical and usable electrical energy.

The objective of this research is to develop a piezoelectric energy harvesting system from sound wave.
The main design is to harness the acoustics energy in environment and turn it into electricity to power up
micro circuits. One of the major issues that arise when using power harvesting devices is that the energy
produced from piezoelectric materials is far too small to power most electronic devices. Therefore,
methods of accumulating the energy must be developed to allow the piezoelectric to be used as a power
supply. Hence, techniques to increase the amount of energy generated by the energy harvesting device are
evolving in new and advanced methods of storing the energy are necessary such as include step-up
transformers, voltage-doubler, multiplier circuits, charge pump circuits, switched-capacitor circuits, and
boost or step-up converters [24-27]. Therefore, several efficiency piezoelectric energy harvesting
interface circuits have been identified which normally used to extract power out from piezoelectric energy
harvesters.
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2. Concept of Sound Harvester

In this experiment, the few types of piezoelectric transducer are be characterized and selected to
achieve resonant frequency which less than 1 kHz based on compatibility with low frequency ambient
sources vibration. Piezoelectric material types used in this research study include Q220-A4-202YB,
Q220-A4-303YB, Q220-A4-503YB, D220-A4-303YB, D220-A4-503YB and EH220-A4-503YB.
Several interface methods are explored in order to extract power from piezoelectric material which
includes full-bridge rectifier and voltage multiplier circuit.

Full-bridge rectifier and voltage multiplier are normally used to convert the ac output of a
piezoelectric harvester into dc voltage. Full-bridge rectifier and voltage multiplier circuits were
constructed using the capacitor and diodes design platform. A full-wave bridge rectifier is very efficient,
converting positive and negative cycles from piezoelectric transducer and converts to d.c voltage. It is
unique because its formation allows the negative portion of the input signal to follow the same current
path as when it does during the positive input signal. The output voltage of full wave rectifier is 0.637 V
of voltage peak value.
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Fig 1. (a) Villard multiplier and (b) Dickson multiplier

The other two types such as Villard and Dickson voltage multipliers are shown in Fig 1 (a) and 1 (b),
respectively. They have same function as the rectifier in the sense that only the positive portion of the
ambient signal is used. IN5817G schottky diode has been used into rectifier and voltage multipliers
designed since it has the lower forward voltage drop. Small voltage drop will allow as minimum as
possible the sound wave to be harvested. The voltage multiplying is achieved when the first capacitor and
first diode act just as a half wave rectifier during the positive portion of the input signal. When the input
signal becomes negative, first diode is in reverse biased and the second is in forward biased allowing the
first capacitor to aid in charging the storage capacitor and creating a voltage equal to multiple inputs.

The existing cascade voltage multiplier can harvest an output voltage higher than the applied input
voltage. However, a new circuit structure that can deliver a higher DC output voltage with lower ripple
and faster output settling-time is in demand.

3. Methodology

In order to design the piezoelectric for sound wave as energy harvester, two important stages are
introduced. First, a sound transducer is developed which is able to harvest the sound wave energy and
convert it into a useful electrical energy. This is accomplished by capturing sound wave energy from the
source such as speaker and converting the signal by using piezoelectric which acts as an energy
transducer. Second stage, an interface circuit is used to increase the output power to become useful to end
application. This is due to the condition of the signal generated in piezoelectric transducer is low.

3.1 Characterization of Piezoelectric Transducer in term of Output, Current and Power
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The experimental setup to measure the characteristic of piezoelectric transducer is shown in Fig 2.
Sound wave is generated using function generator and then transmitted via high power loudspeaker. A
piezoelectric transducer is placed inside wood absorber from loudspeaker and measured the output using
oscilloscope. A sound level meter is located near the piezoelectric transducer in order to determine the
sound level intensity at the vicinity. To reach the maximum output of a.c signal, the resonant frequency of
the all types piezoelectric materials must be matched with the sound wave applied.

Otherwise, the output will drop significantly. The sound intensity (dB) is also another important
parameter that affects the performance of piezoelectric transducer in producing the output signal.
Therefore, both parameters will be analyzed to determine the optimum output of a.c signal.
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Fig. 2. The experimental setup for characteristics of the piezoelectric transducer harvester on sound wave
3.2 Harvesting Interface Circuitry

Fig 3 presents a block diagram for measuring setup of harvesting circuit with piezoelectric
transducer. Rectifier is used to convert the a.c signal from the output of piezoelectric transducer into d.c
power and the output results were measured using oscilloscope and multimeter. The sound wave is
applied at the similar resonant frequency (68 Hz). The output signal voltage from piezoelectric transducer
is amplified by the rectifier or voltage multiplier circuitry.

Harvesting circuit
—>| (Full wave circuit/ Dickson
multiplier/ Villard multiplier

Function Loudspeaker . Piezoelectric
generator (Produce sound wave) transducer

Fig. 3. The block diagram representation of harvesting circuit with piezoelectric transducer.

4. Result and Discussion
4.1 Analysis of Power for Piezoelectric Transducer at 68 Hz

Fig 4 is the result of output power from overall piezoelectric with difference levels of sound intensity.
The graph shows that only Q220-A4-503YB and EH220-A4-503YB piezoelectric transducer have higher
efficiency output power generated compared to others types. The Q220-503YB can produce the higher
output power up to 33dB (uW) and then followed by EH220-A4-503YB which have almost 20 dB (uW).
The reason of these two piezoelectric transducers has great output power due to size are large and having
biggest surface to harvest energy from loudspeaker. Whereas D220-A4-303YB have 19.146 dB(uW) and
D220-A4-203YB have 16.96. The Q220-A4-203YB and Q22-A4-303YB have 250 Hz resonant
frequency and output power are 2.143 dB(uW) and 4.8485 dB(uW) respectively. The resonant frequency,
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68 Hz is selected for the piezoelectric almost other because it is can capable to produce the higher output
voltage. The sound level intensity is varied by adjusting the function generator amplitude.

The piezoelectric transducer Q220-A4-503YB has demonstrated that when the sound level is increased
from 60 dB until 85 dB, the piezoelectric output is also linearly increased. When the sound level is 85 dB
and above, the output starts saturated which probably due to the stiffness of the piezoelectric material.
The maximum output voltage signal of piezoelectric is found to reach a value of around 3.894 V at 96 dB.
The output power measured at this point is around 33.1 dBuW. If extra higher sound wave intensity level
is applied, it will probably damage the piezoelectric transducer. The graph demonstrates the relationship
between the power dB(uW) ranging from -20 to 40 and the sound level (dB).
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Fig. 4. Graph of power versus sound level for variety type piezoelectric transducer.
4.2 Analysis of Output Voltage for Interface Circuit with Piezoelectric Transducer at 68 Hz

Fig 5(a) shows the outputs of piezoelectric when interface with voltage rectifier or multiplier circuits.
The results illustrate that the harvesting circuits start operating when the sound level is more than 75 dB
even though the piezoelectric itself can harvest the sound wave as low as 50 dB. This is because the
forward threshold voltage for the diode used is 0.45 V. When the piezoelectric is connected to full wave
rectifier, the output voltage is 3.504 V at 96 dB sound intensity level of generated wave. Whereas, the
Villard and Dickson voltage multiplier are doubling the input from piezoelectric and produced output
voltage 0f 9.817 V and 9.593 V respectively at 96 dB of sound intensity level.

—a— Full wave circuit —.— P!ezoeletric B
—e— Villard Voltage Multiplier —e— Villard Voltage Multiplier
—a— Dickson Voltage Multiplier —A— Full Wave Bridge

104 10 A —v— Dickson

output voltage (V)
Voltage (V)

T T
30 40 50 60 70 80 90 100 50 55 60 65 70 75 80
sound level (dB) Frequency (Hz)

Fig. 5. (a) Output voltage versus sound level after piezoelectric material connect to harnessing circuitry (b) Bandwidth for voltage
versus frequency for piezoelectric transducer without and with connected to external circuitry.
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4.3 Bandwidth Analysis of Piezoelectric and Its Interface Circuit

Fig 5(b) shows the relationship between the voltage and the frequency with ranging from 50-80 Hz.
The test is performed to determine the resonance frequency of the energy harvesting circuit by measuring
the output voltages at difference excitation frequencies. The graph represents the bandwidth for voltage
versus frequency for piezoelectric material without and with connected to voltage multiplier circuits.
From the results in Fig 5(b), it is shown that the bandwidths of piezoelectric transducer without
interfacing, full-wave rectifier, Villard voltage multiplier and Dickson voltage multiplier are 6.75Hz, 6.75
Hz, 6.90 Hz and 6.0 Hz, respectively. Generally, the whole bandwidths of piezoelectric transducer Q220-
A4-503YB shown in Fig 5(b) are narrow, not too wide and occurred at frequency range between 65-72
Hz. The piezoelectric transducer without and with connected to external circuitry bandwidth only
happened at certain frequencies range due to structural design of piezoelectric material shape. In order to
increase the bandwidth piezoelectric transducer in future, trapezium shape of piezoelectric transducer is
suggested. Overall, the experimental results of interfacing circuit and piezoelectric transducer in Fig 5(b)
have accomplished excellent agreement with theoretical theory which has bandwidth identical matching
to each other.

4.4 Analysis of Power Conversion Efficiency on Energy Harvesting Interface Circuits

Table 1 demonstrated the analysis of whole experimental results of the power conversion efficiency
on energy harvesting interface circuit. The rectifier circuit ratio reaction only start operated when sound
level is achieved 80 dB. This is because the requirement of full wave bridge to work is at 0.637 V,, or 0.9
Vms. Whereas, at 80 dB, 90 dB and 96 dB, the rectifier circuit have ratio of 0.634, 0.634 and 0.636
respectively. For Villard and Dickson voltage multiplier are designed for 2 stages, i.e as a voltage
multiplier circuit which means that the ratio between its output and input must only reach 2 when it is
activated. Table 2 shows, at 50 dB to 70 dB, the voltage multiplier circuits are in deactivated condition.
Hence, both voltage multipliers are only functioning well at sound level from 80 dB up to 96 dB.

These means that the ratios are in order (close to a range of 2) to enable circuits to activated. Based
on Table 1, piezoelectric model has been designed based on commercial frequency setting as
demonstrated. Once the values were chosen, the output voltage is measured and compared to the input
voltage. Using parametric analysis, an efficient load current is realized and provides a maximum output
voltage. Once an optimum load current is found, the efficiency of each circuit is then calculated. In this
case, the ratio of the output and the input voltages supplied in the experiment has been determined. The
value is calculated based on the ratio of the average of the output voltage over the average of the input
voltage during a specific interval of time as in Equations (1) and (2). Once the maximum efficiency is
found, the analysis of different efficiencies for different frequencies of piezoelectric is done.

Table 1. Analysis of the power conversion efficiency on energy harvesting with difference interface circuits

Sound level | Output Piezoelectric Full wave Villard voltage Dickson voltage
(dB) (rectifier circuit) multiplier multiplier
(2-stage) (2-stage)
Vims Vi Vout Ratio of Vout Ratio of Vout Ratio of
V) V) Vi) conversion Vi) conversion (Vo) conversion
50 0.002 0.003 0.002 Not activate 0.005 Not activate 0.005 Not activate
60 0.017 0.024 0.009 Not activate 0.010 Not activate 0.031 Not activate
70 0.094 0.133 0.069 Not activate 0.053 Not activate 0.085 Not activate
80 1.121 1.715 1.087 0.634 3.249 1.894 3.345 1.95
90 3.705 5.239 3.323 0.634 9.773 1.939 9.010 1.72
96 3.894 5.506 3.504 0.636 9.817 1.783 9.593 1.74
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Ratio of conversion =V,/ Vp, (1)
Vi=1.414 V., (2)

*Where V,, is a voltage peak-peak and V,, is an output voltage

5. Conclusions

The results show that the noise energy in ambient environment is successfully harvested and stored by the
designed energy harvesting module. Vibrations can be measured in any environment and converted into
this equivalent circuit. In this paper, new method of harnessing the piezoelectric energy has been
developed. The output power of piezoelectric transducer only extracted at -20 dBuW to 33.3 dBuW, but it
is often lowest and not appropriate to power up other devices. Therefore, with a combination of a power
source for different interface circuits such as rectifier and voltage multiplier circuit are used in order to
extract the ambient energy. The multipliers designed have produced the best results in terms of extracting
the most ambient vibrational energy. In order to produce the best proficiency and output power, the
circuit has been designed and developed according to the ambient-source, characteristics, PZT materials
and load constraints. The energy harvesting system is capable to apprehending even minute amounts of
stress and vibrations, then converting them to electric power sufficient to run low-power electronic
systems. Piezoelectric transducer 68 Hz analysis shows the capability of harvesting noises available in the
ambient environment at low frequency. Hence, employing environmental energy sources as an alternative
to electrochemical battery, which has a finite lifespan, can be an excessive advantage to these sources in
powering low consumer electronic devices and green environment.
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