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ABSTRACT

The number of residential buildings in many countries around the world
has been growing rapidly. Comfortable furniture and smart peripheral devices have
become commonly used in daily life. This dissertation demonstrated a simple wireless
standalone system for the case of the receiver attached to the compressor unit of the
conventional air conditioner. The research proposed an air-compressor as a source of
discrete excitation and employed a conventional buzzer as a transducer. The vibration
is harvested as its mechanical energy to electricity by using a beam structure (cantilever
beam) glued with the piezoelectric ceramic. The output energy stored in capacitors is
consequent as a miniature generator. The transmitted data are then received a wireless
receiver from the remote transmitter. Moreover, the potential result for charging the
rechargeable battery appears to illustrate that the harvesting structure requires more
electricity to consume the enhancement circuit by providing a high magnitude of
vibrations following the threshold FoM parameter after saturated power ranges. As a
result, the piezoelectric material generates a trickle current for charging the
rechargeable battery, capacity 150 mAh, thus being fully charged within 40 hours.
These results confirmed that the simple beam could act as a charger for the connected
capacitors which were later an energy source to feed the wireless devices even though
there is only a standard circuit by controlling the on/off state of a simple switch between
the receiver module. In this research, a running air-conditioner generated a charging
cycle to capacitors of 3,150 pF within 1 hour. It is truly enough to send and receive the
data of ambient temperature around the building. This application is useful as a warning
sign for inhabitants.
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RESEARCH CONTRIBUTIONS

The modelling development of piezoelectric equations is to propose the stress and
electric field parameters of the piezoelectric relations to predict and validate an
electrical power based on a direct current term with respect to a quality factor. The
quality factor is undergone by validating the theoretical demonstration as the
controlled structural parameters linked to the damping factor and natural frequency
of the harvesting structure. This dissertation undertakes the assumption that this
modelling development seems likely to illustrate obviously the simple measured
parameters leading to the equivalent circuit and mechanical model as the principle

of the piezo-electromechanical model.

. By applying a low-power system, the Piezoelectric Method is designed and

employed as a robust technology of the vibration energy harvesting, that is suitable
for the high impact used nowadays. The vibration energy harvesting using
piezoelectric method is influenced by the specific demonstrations and installation
areas for these system designs corresponding to discrete vibrational
implementations. This energy harvesting system provides a powerful application,
for use within the particular areas, in order to avoid the maintenance processes
accessing with human or be manned remotely for manipulating the wireless device
operations, yet the vibration energy should be available continuously or discretely
for transferring the ambient waste energy into this harvesting system. Even though
the transmitter device is located very far from the receiver (i.e. peripheral wireless
devices and its server receiver), the electrical energy storage proposed in this
dissertation definitely confirms that the vibration energy harvesting using
piezoelectric generators undergone the discrete harvesting system is significantly
feasible for application in real practical operations as a transmitter/receiver sensor

node upon the stand-alone system.



CHAPTER 1

INTRODUCTION

The pre-introductory chapter is to introduce the definition of two terms
which is the main idea of the thesis within these particular issues: Piezoelectric Material
and Energy Harvesting. Piezoelectric Material is a material that has the ability from
its crystalline property to transform mechanical energy into the electricity, and vice
versa, to convert an applied electrical potential into a mechanical strain on its matter
(Sodano et al., 2004). Consequently, Energy Harvesting process is started when the
material is bonded on the specific structure that is able to capture and harvest the
ambient energy from the environment (i.e. sunlight, temperature, radio frequency, and
vibration) (Calio et al., 2014).

1. Introduction

In this last decade, the embedded system, microcontroller or
microprocessor combined with many functional workings: timer/counter, A/D
(analogue to digital converter), D/A (digital to analogue converter), register bank,
memory, etc., was an extremely sophisticated technology to drive modern innovations.
People used them, but they did not know what was inside. Based on the definition of the
embedded system design (Vahid and Gevargis, 2002), loT (Internet of Things), defined
in one kind of many groups of microcontrollers, was a multifunctional microcontroller.
Even though, in that period of time, the principle definition of 10T technology was a

promising technology in the near future.

Nowadays, a modern technology based on IoT (i.e. Arduino, Raspberry
Pi, Node-MCU, ESP32, PM-2.5 sensor, temperature, and humidity sensor) has emerged
from specific group researchers or users. It is known as open-source software and
hardware. In terms of the IoT system, the wireless sensor node (WSN) is implemented
in this system as well as being connected as a network for working together. However,

the devices obviously need electrical power for their functions. In addition, the power



consumption would be increased more by the peripheral sensor. As a common idea, a
battery is a very simple and realistic power source for these devices, but the
environmental and economic issues could not be addressed as easily for managing as
proper processes of electronic hazardous wastes (Lallart et al., 2008). Therefore, the way
of this solution is to find a new type of the energy source by using the Vibration Energy

Harvesting Using Piezoelectric Method.

This study aimed to investigate the standalone power generator in order
to research the potential of the smart environmental management using a conventional
piezoelectric material for supplying the electricity to a battery-less device. The
validation is focusing upon discrete vibrations from an air-compressor outdoor unit as a
vibration source. Furthermore, this system has used a basic circuit, which is a bridge
rectifier, to transform an Alternating Current (AC) into a Direct Current (DC) for driving
a wireless receiver without an additional enhancement circuit. The research deliverables
are implemented by the recent dramatic increase of 10T technology in a practical area
where there are ultra-low acceleration and magnitude of vibration. Moreover, its
applications are able to be demonstrated in simple environmental parameters using a
wireless transmitter which is able to send data from connected peripheral sensors. The
wireless receiver then receives this data by using the simple piezo-power generator from

the vibrating air-compressor unit.

The introductory chapter provides the thesis overview regarding research
motivations and statements of these problems. These following topics are summarized
within three relevant subjects. The first subject is the Motivation and Statements of
the Piezoelectric Method. In this part, the research motivation declares its problems as
problem-based research under a discontinuous and very low power on energy sources of
a piezoelectric material in global-area usage. Then, these problems are able to be
investigated by using the local environment or devices, such as using an air-compressor
unit at Prince of Songkla University (PSU) in Thailand or around the local area. In
addition to the first topic on research motivation, another subtopic is the Statements of
the Technology where they are the piezoelectric materials and the related techniques
necessary regarding this subject. Before the latter, Organization of the Thesis, many

chapters of the thesis are presented in this subject, this is the entire work outline as well



as representing in each a different main purpose. Every chapter describes its research
scope for backing up the research objectives. Finally, the objectives of the research are,

therefore, to be a summary part of this research.

1.1. Motivations and Statements of The Piezoelectric Method

1.1.1. Motivations of The Research

The Vibration Energy Harvesting (VEH) using Piezoelectric Method
will be the key point of this research goal which focuses on its possible applications
and realistic implementation in the case of a conventional air-compressor outdoor unit.
Its implementation is influenced by current situations of using wireless technology and
environmental problems as well as potentially practical implementations of the
piezoelectric energy harvesting method. Thus, it will be briefly explained why the

motivation occurs, and this project then is launched in this situation.

The piezoelectric energy harvesting method, the number of electronic
products in the market trying to apply an energy source from the ambient environment
and/or human movement; the Enocean (www.enocean.com) product is completely
accomplished by using a small solar panel and an electromagnetic switch. But the
piezoelectric method of another footwear product, it appears to be implementing this
piezoelectric patch thus applying a piezo-material as a sensor not to produce power
(Anderson, 2011). In this case, it was implied that this piezo-material has its capabilities
to be a power generator due to its signal caused by the footstep, and the electrical power
could be accumulated because the signal intensity can be detected clearly. Following
this reason, this research objectives would likely validate the necessary parameters for
their new implementation on air-compressor units to assign this piezoelectric material
being a power source from vibration. Hence, it would be possible to capture the
electrical power from a continuous and discontinuous vibration system then storing the

electrical current into capacitors.

In addition to the piezoelectric energy harvesting method, there is

another reason for choosing the air-compressor as a vibration source owing to



environmental issues (Krikke, 2005). According to a report by the International Energy
Agency (IEA, 2018), worldwide air-conditioners are predicted to be rapidly increasing
in around the world from 1.6 billion units today in 2016 to 5.6 billion units by
midcentury in 2050. Unfortunately, greenhouse gas emissions are also released by coal
and natural gas plants while they are generating the electricity to power those air-
conditioners. The power plants would nearly expose double greenhouse gas, from 1.25
billion tons to 2.28 billion tons in the same period, as shown in Figure 1. Therefore,
those emissions would contribute to the global warming which could dramatically
heighten the demand for air-compressor units. Finally, not only the number of air-
compressors around the world but also the mechanical vibrations of their compressor
units have influenced the selection of them as a free and available vibration source for
this system of the vibration energy harvesting.

Billion
6 5.6
5
4
3 2.28
2 L6 e
; -
0
2016 2050 Year

B Worldwide Air-Conditioners (Units)
B Greenhouse Gas Emissions (Tons)  [ref: 1EA, 2018]

Figure 1.1 The number of air-conditioners increasing in the world with greenhouse
gas emission effect.

1.1.2. Statement of The Piezoelectric Method

The purpose of this section is to review piezoelectric energy harvesting
method that is especially related to the vibration harvesting technique, such as energy
harvesting technology, piezoelectric material principle, electromechanical modelling of

piezoelectric material, interfacing circuit, and possible applications. These topics



represent the state of the art in piezoelectric energy harvesting on vibration using a

smart material method within the last decade.
1.1.2.1. Energy Harvesting Technology

In this topic, energy harvesting technology is an overview concept of
energy harvesting techniques with many application areas on each type of energy
harvesters. The principle and type of output powers would also be shown their relation

in this diagram.

Figure 1.2 would be defined as a classified diagram of the main energy
harvesting technologies in which the hierarchy could be divided into 2 branches.
Starting from the top level for this research, Energy Harvesting is especially focusing
on an ultra-low-electrical power of output power generators by following various
ambient sources. Then, the next level is specified by mainly regarding the Application
Field and Working Principle; these two blocks are also linked to the DC Output and
AC Output power of harvesters and these last two dash-blocks contain various
principles of many energy-harvesting types, e.g. solar, thermal, RF, and motion.
Finally, the corresponding applications, which relate to its effect or method of energy
conversion, are to be presented by using this diagram throughout these issues of the
application for Motion movement and the Piezoelectric material implementation.
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Figure 1.2 Diagram of energy harvesting technologies.

The main dedication in this diagram only focuses on fundamental
concepts of the piezoelectric vibrating structures despite the basic of vibration-into-
electricity (Motion) as a consequence of the material effect (Piezoelectric). The
mechanisms of energy conversion are able to be divided into three types;
electromagnetic(mechanical), electrostatic, and piezoelectric (Dicken et al., 2012;
Arnold, 2007; Torah et al., 2008; Jung et al., 2015; Sodano et al., 2005; Williams and
Yates, 1996; Roundy et al., 2003; Roundy et al., 2002; Roundy and Wright, 2004).
Thus, its constitutive behaviour of the piezoelectric method as well as including the
standard circuit interface could be expressed as a valid model review within the next

following section.

Moreover, the most promising technologies based on micro-scale
energy harvesting extracted energy from vibration, different temperature, light, and RF
emissions appear to be clear of interest nowadays, but the available energy is obviously

lower than consuming possibilities to electronics devices as sufficiently as possible.



The approximate amount of energy per unit is available thus following the micro-scale

of harvesting sources, as given Table 1.1.

Table 1.1 Estimation of the power density from the different-source
energy harvesting (Raju and Grazier, 2010).

Energy Source Harvested Power
Vibration/Motion
Human 4 pW/cm?
Industry 100 pW/cm?
Temperature difference
Human 25 pW/cm?
Industry 1 - 10 mW/cm?
Light
Indoor 10 pW/cm?
Outdoor 10 mW/cm?
RF
GSM 0.1 pW/cm?
WiFi 0.001 pwW/cm?

1.1.2.2. 10T Based-on Its Vibration Energy Harvesting Concept

According to the previous section, environmental pollution has been the
main problem to challenge the researchers due to the effects on mankind. Piezoelectric
materials can be used as a means of transforming surrounding vibrations into electrical
energy to power devices. The focus is on an alternative approach to scavenge energy
from the environment. Therefore, it is the reason in which vibration energy harvesting

is provided.

The 10T issue as an interesting and promising technology, by the near
future in the year 2020, there would be 50 billion of smart p-computers around the
living area of the human being (Evans, 2018). In this foresight of the smart
environments with including the pervasive computing, many miniature computing
devices would be integrated into every object and daily activities, and the people could

be empowered to be the better for human-nature computing cooperation (Tan, 2013).

As also being the mentioned research to accomplish this goal could be

the solution consisting of two main perspectives. The first solution is to design the



harvesting structure for the specific task. Then, the second is to manage the electrical
power for proper devices. In general equipment with sensing, processing, and
communicating functions, are also known as a Wireless Sensor Device or Node (WSD).
When these WSDs are connected, they form their own network or shared with others.
It is called the Wireless Sensor Network (WSN).

In conclusion, this research, therefore, focuses on the piezoelectric
material to be a transducer for vibration energy harvesting. The battery-less device,
bridge rectifier and stand-alone wireless sensor device are also particularly investigated

in this research.

1.2. Organization of The Thesis

This dissertation consists of five chapters. In this chapter is presented the

background and statement of the piezoelectric energy harvesting.

Then, Chapter 2 illustrates the theory of a vibrating structure focusing
on energy harvesting cantilever thus following an introduction to a vibration energy
harvesting using the piezoelectric method based on the direct current (DC) circuit for

battery-less implementation.

Furthermore, Chapter 3 is to describe and analyze the research

methodology of this dissertation as well as the experimental design also presented.

The following section before the last chapter, Chapter 4, would be the

results and discussions which are related to the previous chapter.

Conclusions and suggestions for the further work are given in Chapter 5

which is the final chapter.

1.3. Objectives of Research

The objective of this research is to investigate the electrical power from
the vibration using the piezoelectric transducer as energy conversion. By using a

conventional source for vibration, an air-compressor outdoor unit selected in order to



be a discrete vibrating excitation. Three strategies of this investigation have been

determined by the particular regarding:

1. To propose the electromechanical modelling based on a
piezoelectric material method by using the stress and electric field
relations of piezoelectric equations in terms of the DC power model.

2. To adapt the energy harvester for the vibration using a piezoelectric
material on a cantilever (beam) structure under the low vibrating
acceleration thus putting this structure on an air-compressor unit.

3. To provide an interfacing part between the air-compressor unit and
a storage capacitor.

4. To manipulate an electrical output into applications for

environmental management implementations.
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CHAPTER 2

PIEZOELECTRIC ENERGY HARVESTING

This chapter had an explanation of a twofold reason, in which these
particular problems would be presented the Forced Harmonic Vibration (Thomson,
1993; French, 1971; Inman, 2014) and Base Excitation Vibration (Inman, 2014;
Thomson, 1993; Kelly, 2012). Moreover, the principle appears to be proposed as a
simplified model and presented by developing the strain-charge expression of the
piezoelectric electromechanical modelling based on a lump diagram regarding to a DC

power using a standard circuit (conventional bridge-rectifier).

2. Piezoelectric Energy Harvesting

The principle of electromechanical of vibration energy harvesting using
the piezoelectric method is presented in this chapter. This modelling, that is regarding
the research experiments, is probably contributed to such following contents:
fundamental of the piezoelectric effect, vibration and energy harvesting, and

electromechanical energy harvesting.

2.1. Fundamental of Piezoelectric Effect

This paragraph presents a brief introduction of the piezoelectric material
followed by the related expressions and parameters. Before the reveal of a piezoelectric
effect, in 1880, the piezoelectric effect was discovered by the brothers, Jacques Curie
(1856-1941) and Pierre Curie (1859-1906), with their studies of conclusive surface
charges appearing on special prepared crystal from crystalline mineral, e.g. Rochelle
salt, tourmaline, cane sugar, topaz, and quartz. It showed that the generated voltages of
the opposite polarity and proportional to applied loads were induced by the tension and
compression thus defining as the direct effect. The year before the end of 1881, the

Curies brothers also confirmed their experimental results in the existing of another
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effect. They showed that the lengthened or shortened deformation of the crystal was
exposed by an electric field corresponding to the polarity of the field and proportional
to the field strength. It was called the inverse effect (Dineva et al., 2014). The overview
of these two effects are shown in Figure 2.1

Tension

# Compression

(b) Inverse effect

Figure 2.1 Piezoelectric effects (Source: https://www.bostonpiezooptics.com/intro-
to-transducer-crystals).

Nowadays, the piezoelectric materials have developed their material
properties, compositions, and shapes, as well as used in many devices to be a transducer
and an actuator, such as ultrasound microphones and speakers, ultrasonic imaging, and
hydrophones. In another approach of piezoelectric applications within two decades
after the widespread technology of WSN, these applications are used as a power
generator from the scavenging ambient energy in the case of vibration, that is captured

by the proper designed structure.

The two basic structures will be considered throughout their material
properties. The piezoelectric charge coefficient is defined as the dielectric

displacement, which is governed per unit of an applied stress, under a constant electric
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field. So, it has a unit of C/N. The piezoelectric materials show their properties of the
anisotropic crystal axis (Figure 2.2 (a)); the d coefficients are generally indexed by two
subscripts that indicate the directions of the two related quantities. Therefore, the d
coefficients with respect to the two modes of the generator are designed as the
longitudinal (ds3) and transverse (dsi) piezoelectric coefficients, Figure 2.2(b) and
Figure 2.2(c) respectively. The d31 coefficient is the generated electric polarization
along the z-direction per unit of applied stress in the x-direction, while the d33
coefficient describes the produced electric polarization along the z-direction per the unit

of applied stress in the same direction.

3)

LT (2)

i Q)]
g

A

(h

(a) Axes notation.

F

1] —n
VT

1 rev FCfp, [V

]

(b) Compression Generator (33 mode). (c) Tension Generator (31 mode).

Figure 2.2 Mode of the piezoelectric generator under axes notations (a) within 33
mode (b) and 31 mode (c) (Source: (Gonzélez et al., 2002)).
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Taking into account of VEH devices applying to practical applications,
their constitutive expressions of piezoelectric materials could be illustrated by the

relationship of the strain-charge forms, as shown in (2.1) and (2.2):

S =sT +dE , 2.1)
D=dT +¢"E . (2.2)

The first equation, corresponding to the direct effect could be defined by
the mechanical strain S undergone by two terms of mechanical and electrical
characteristics. The mechanical property is led to the elastic compliance st measured
under a short circuit condition multiplied by the mechanical stress T. Another term is
the electrical property consisting of the piezoelectric constant d with the electric field
E. The latter expression has exposed the electric displacement or charge density D
representing the inverse effect. The mechanical property is linked to the piezoelectric
constant with the mechanical stress. In addition to the mechanical property, the
electrical property is also combined the material permittivity of the dielectric property

as measured by a free clamped condition £" with across the electric field.

2.2. Modelling of Piezoelectric Energy Harvesting

The electromechanical principles with a cantilever beam structure
bonded the piezoelectric material for capturing energy from ambient vibration will be
presented in two methods of applied force positions in the same structure. The first one
is a direct force that is applied at the free-end side on this beam (Figure 2.3. (a))
(Guyomar et al., 2005; Rakbamrung et al., 2010). The second one is an indirect force
that is applied to a position of the base structure (Figure 2.3. (b)) (Lefeuvre et al., 2007;
Dicken et al., 2012).

This section briefly presents an overview of the piezo-electromechanical
model, which is developed from the electromechanical principles. This main purpose

is to show the related model parameter of two configurations; the basic concept of direct
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force before developing, and the further configuration of the indirect force. Moreover,
the designed structure is very considerable, so the following development is to be
exhibited the output power of their approaches. These are two cases that will be

considered:

e The case | — harvester behaviour, the force that drives the system at the
resonance frequency of the beam leads to the significant displacement
and acceleration.

e The case Il —energy harvesting technique, the majority of the enhanced
energy with the simple circuit technique, bridge rectifier circuit or a
standard technique, that can be harvested within the range of resonance

frequency bands.

Base Structure

Electrical
Circuit

Piezoelectric Material \ t Fg

Beam Structure

(@)

Base Structure

Electrical
Circuit

Piezoelectric Material \
VLl

Beam Structure
(b)

Figure 2.3 Schematic drawing of the experimental set-up regarding two-type
differences applied input force (F, Fg) to a direct force (force motion) (a) and an
indirect force configuration (support motion) (b).
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2.2.1. Piezo-Electromechanical and Direct-Force Principle

The piezo-electromechanical model including with the harvesting
vibration structure occurred by adding the piezoelectric element can be described as in
a single-degree-of-freedom (SDOF) diagram. This schematic structure composes the
main functional components related to the differential equation of this system. The first
component is the system motion mass M. The second component is the spring Ks
corresponding to the stiffness of this structure. The third component is the dashpot C
purposing to dissipate energy and to damp the response of a mechanical system. The
latter one is the piezoelectric element which is to convert mechanical energy to

electrical energy undergone by the harvested beam structure (Figure 2.4 (a)).

This harvester is excited around its first resonance frequency a,. Also,
this system responds easily at low frequency due to the high acceleration magnitude
(Roundy, Wright, and Rabaey, 2003). The driven force F, Equation (2.3) (French,
1971), as a function of an input angular frequency o induces the mass displacement y,

Equation (2.4) (French, 1971), following Newton’s law, as shown in Figure 2.4 (b).

F=F, =F,cos(at). 09
y =Y, cos(at—4,). o4
A |
‘ - Piezoelectric Fy C; ((Uf )
d Generator
d_Llo___ M | |
4 s RANECA
Electrical
i| Circuit
Ky @  F
(b)

Figure 2.4. Direct-force configuration, schematic including the piezoelectric
material generated the electrical power (a), the free-body diagram to analyze model
parameters (b).
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According to the IEEE standards relating to piezoelectricity, the

piezoelectric equations can be written as,
T =ctS—eE (25)
D=eS+&°E '

where ¢’ is the dielectric permittivity at a constant strain, ct is the elastic stiffness in a

short circuit condition, and e is the piezoelectric coefficient of the materials.

The piezoelectric generator equations (2.5) can be linked to the
mechanical variables (y, Fp). The electrical variables (1, V) can be rewritten into the

consideration motion as given (Roundy, Wright, & Pister, 2002),

F,=KSy+aV

P (2.6)
| =ay-C.V

where Fp is the piezoelectric restored force, and | is the piezoelectric current. These

two variables are under y, which is the vibration direction. Cp is the material

capacitance related to the ¢, which is the applied force (Guyomar et al., 2009), and KS

is the short-circuit stiffness of the piezo-element.

Therefore, the equivalent lumped model for a monomodal structure is
given by a simple spring-mass-damper system with a piezo-electromechanical coupling

described by Equation (2.7) (Rakbamrung et al., 2010). The open-circuit condition due

to the piezoelectric voltage is vibrated with uncontrolled conditions. The sum of K

and K} is signified as the global stiffness K of the harvester.

F =My+Cy+Ky+aV
{ : (2.7)

| =ay+CV

Electrical power Ppr is produced by the piezoelectric generator through

sinusoidal excitation, which is a steady-state operation (Guyomar et al., 2009). This
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circuit interfacing is the so-called Standard Circuit which is connected as following this
Figure (2.5).

Harvested Structure

I
\J: >
Y8l
Piezoelectric
Material

Voltage Rectifier

Figure 2.5 Bridge rectifier interface.

The displacement of the structure at the operation frequency ax is the
constant magnitude, Fm. The power output from the piezoelectric generator is related

to the load resistance, R.. Therefore, the power output equation is given below (2.8).

R o’ F2
Por = L M
DF ((7[/2)+ R Co, )2 C? (2.8)

In the case of harvesting power by the load resistance, its harvesting
power is able to reach as the maximum point at the optimal value of resistance Ropt
(Guyomar et al., 2005; Lefeuvre et al., 2006), yielding Equation (2.9). With respect to
the optimal resistance at the value Ropt, the ideal maximum power Ppr.max can be

expressed by Equation (2.10).

_ T
opt .
" 20,C,

(2.9)

2 2
o Fo

Por_max P (2.10)
0
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2.2.2. Indirect-Force Principle Development

The provided principle in this sub-section is aimed to see a basic manner
of a Vibration-Energy-Harvesting cantilever on seismic structures and a perception of
circuits interface. The electricity is harvested from vibration energy thus consuming the
electrical power to the low-power electronic devices. The discrete ambient force is
initiated from the discontinuous operating of base-excitation systems (i.e. air
compressor, air pump, washing machine). The mechanical energy from these systems
has to be transferred to the cantilever with the piezoelectric specimen moving to the
storage device at the optimal point. Hence, the analysis of the harvester coupled with

the electrical circuit will be undertaken.

As the lumped model mentioned in the previous section, the motion of

the mass is related to the base of the seismic structure which is denoted by

Y=Yu —VYs-

Piezoelectric

Yu [ Generator
{1 — " L/
I , -
7777777777777 1777”””7! ; v J"LI_ MJU&I
i | Electrical B
{1 Circuit l IEIT

K{ )',w_}(’,f()y”—j'-,,]FF () )i Fﬂj_

i

(@) (b)

Figure 2.6 Indirect-force configuration, the schematic (a) and free-body diagram

(b).

The modelling diagram was developed by the direct-force principle
(Richard, Guyomar, and Audigier, 1999; Richard, Guyomar, Audigier, et al., 1999;
Guyomar et al., 2005) which is represented in Figure 2.6 (a). The balance of forces on
this system referred to Figure 2.6 (b). As a result, the diagram description of the force
is defined thus being the piezo-electromechanical on the indirect-force configuration

(base excitation or base motion method), and the electrical model is integrated into the
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electrical schematic of the mechanical model as a part of the piezoelectric material
replacing, which is developed from Ottman et al. and Lefeuvre et al. (Ottman et al.,
2003; Ottman et al., 2002; Lefeuvre et al., 2007), by yielding on Equation (2.11)

MyM +C(YM_yB)+KS(yM_yB):FB_FP : (2.11)

The vibration energy harvesting using piezoelectric effect can also be
explained by equations (2.12). These relations due to piezoelectric constant d will be
presented with regard to a simple beam structure corresponded to the material mode of
the piezoelectric generator within 31 mode (Erturk and Inman, 2008). Equation (2.13)
is related to the stress T and electric field E (Ikeda, 1990).

S=s"T +d,,E
S (2.12)
D=d,T+&'E

Expressions (2.12) lead to relations that become these expressions
(2.13). The piezoelectric restoring force Fp and displacement y can be defined as these
mechanical variables (Fp, y). The flowed current I through the load resistance as an
electrical circuit or devices, and the piezoelectric voltage V across parallel with both
side electrode can also be defined as these electrical variables (1, V).

(2.13)

Fo =Ke (Yu —Ye)— oV
| =d,,F +C.V

Equations (2.14), (2.15), and (2.16), in these two terms of Fp and |

expressions are given, the restoring piezoelectric force of the piezoelectric voltage

coefficient ¢, the short-circuit stiffness KS of the piezoelectric element, and the

piezoelectric-disk capacitance Cp clamped on spring-steel beam, the electrode area on

the piezoelectric-disk ae and the thickness of the material to.

<, (2.14)
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a
KE="2
P SlEltO (215)
;
a
C, = 53: e (2.16)

Where d,,, s and &, are the representative of the piezoelectric coefficient, the elastic

compliance at the constant electric field, and the dielectric permittivity at the constant
mechanical stress, respectively.

The following parameters are corresponded to the energy ratio, the
global coupling factor k thus representing as the definition of the conversion between
electrical to mechanical energy or vice versa. The global coupling factor is defined by
Mason (Mason, 1935), yielding (2.17):

K2 — stored mechanical energy
supplied electrical energy

(2.17)

the piezoelectric coupling factor ks: derived from the definition (2.17) can be expressed
as the following Equation (2.18) (Ikeda, 1990),

2
dSl

TE
&35

k3 = (2.18)
In the short circuit condition, the mechanical variables are substituted
into Equation (2.11) due to the mechanical property under the free vibration regarding

a steady-state oscillation. The equation can be rewritten as the following expression
(2.19).

My +Cy +(Ks —K§ )y =F, . (2.19)
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For another case, the open circuit condition due to the piezoelectric
voltage with respect to electrical variables is linked to the dynamic equation at steady-
state vibrations undergone by the applied restoring force, and the K¢ and K¢ signified
as the global stiffness K of the harvester are summed by the condition of the harvesting
structure and transducer corresponded by the vibrating structures. The equation (2.13)
can be substituted into Equation (2.11) as coupled relations of the piezoelectric
generator due to the uncontrolled condition. Therefore, the coupled piezo-
electromechanical expression based on the indirect-force configuration can be written
as (2.20):

{—MVB =My +Cy + Ky + oV

Rl 2.2
| =d,,F +C.V (2.20)

Before accessing the section of energetic analysis, the governing motion
expression of the mechanical term in the previous Equation (2.20) can be determined
by the mechanical parameters of this structure on a free-vibration condition by using
this differential equation (2.21),

y+ry+ay=0. (2.21)

The mechanical quality factor Q (2.22) can be defined by the damped
oscillation characteristic of these two quantities: the damping factor » (2.23) and
natural angular frequency an (2.24). The constant vibration magnitude at the angular
frequency an is corresponded by controlled conditions with regard to undamped
oscillations, and the damping factor y is a reciprocal identification of the time required
for the energy decrease belonging to the characteristic of damped oscillations.

Nevertheless, the damping ratio ¢ (2.25), when 0< ¢ <1, is also a mutual relation with

the damping coefficient C due to the case on the underdamped motion condition.

Q="0=""1 (2.22)
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y = % ' (2.23)
K

o, = M , (224)
C 1

¢= 2oM 20 (2.25)

According to expressions (2.20) referred to such mechanical variables
that are defined by the dynamic balance of the forces governing the displacement of the
mass. The equation of the mechanical energy (2.26) is obtained by multiplying both
terms of the mechanical variable equation with the velocity and integrating over the
time variable. The provided energy, that is rewritten by the mass term related to the
angular input frequency with a displacement of the base structure, is divided into kinetic
energy, elastic potential energy, mechanical losses, and transfer energy from the
harvesting structure.

Another Equation (2.27) is substituted to such the expression of
electrical variables by multiplying the electrical voltage as well as using the same
previous processes. The left term of the expression will show the relations of absorbed
energy by connected electronic devices. Another right term of the expression of the
electrical power absorption, that is the two terms of the piezoelectric voltage and
current, is consisted of the transferred energy from piezoelectric materials as a function
of the applied force over the electrode area and the stored electrostatic energy by the

piezoelectric disk capacitance.
[Ma?y,ydt = % My? +% Ky” + [Cy’dt+ [ gvydt (2.26)

[vidt = [ d,vFdt Jr%cpv2 : (2.27)

Finally, regarding the beam structure with the piezoelectric element

located on the base sinusoidally oscillating, the alternating current and voltage will be
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driven from the piezoelectric specimen. The generated signals are necessary to convert
to DC. This piezoelectric disk was connected to a standard-circuit interface consisting
of a diode bridge rectifier, filtering capacitance (smooth voltage/current) and the
resistance load R. (Figure 2.5). Thus, the harvested power Pipr vibrated at the resonance
frequency fo as a function of the load resistance can be determined by using the

following equations:

V2 (4d,f)'R
Por =2 = Wl R g (2.28)
L (1+4C.R f))

In the case of harvesting power, it is able to reach a maximum point at
the optimal resistance Ropt-ipF (2.29), where an is a natural angular frequency at a
resonance frequency. When the resistance Ry is being approached to be a maximum
value thus reaching the optimal resistance value Ropt-ior (2.29), the maximum power of

the indirect force method Pipr-max can be yielded as given in expression (2.30),

1
Ropt-ior = , (2.29)
@,C»p
o _16(dyfy)° R
IDF - MAX l af, 2 G (2.30)
Wy

2.2.3. Piezoelectric Harvester Equivalent Circuit Model

The equivalent circuit model for piezoelectric material (ceramic or
polymer) can be defined by the latest diagram of the electromechanical model, Figure
2.6. The model presents its components with a relation of the piezoelectric generator

behaviour between the mechanical structure and the electrical circuit transformation.
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Figure 2.7 illustrates the electrical view parameters linked to the flowed
current I (2.20). In the open-circuit condition at the steady-state vibration, the flowed
current from piezoelectric transducer Ip is undergone by two terms of mechanical

aspects and electrical properties. The mechanical aspects are composed of the material

properties, in which the restoring force across the material electrode F corresponded
to the scavenging structure as a function of the base-structure with the material stiffness
Kp is multiplied by the piezoelectric coefficient ds;. Moreover, another added term of
the material characteristic is the electrical properties, where the piezoelectric patch
corresponds to the material capacitance Cp as a function of the open-circuit voltage

upon the scavenging structure V .

Piezoelectric I

Material N——— i

N

Electrical
Circuit

/)

d,F+CV =1

Figure 2.7 Equivalent circuit of the piezoelectric material (electrical view).

Hence, Due to the output from material throughout connected devices,
the piezoelectric voltage as a DC output is transformed by the similar AC signal with
an internal resistance; for instance, in terms of the DC-component resistance term after
the bridge rectifier circuit included the internal complex and non-complex resistance of
the piezoelectric materials, and the filter capacitor is to be assigned as an internal

resistance of the piezoelectric generator.
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According to the equivalent circuit, as proposed by Figure 2.7, the DC

voltage could be assigned by this expression (2.31),

4d,, f,R
b =1y 43cl:P0RLLfo o (:31)
In which this equation, Vpc is a rectified output from a conventional full-wave rectifier
circuit as a function of the applied force Fo related to the area of the material electrode.
The optimum resistance of the piezoelectric generator is R. with respect to the
resonance frequency fo of the harvested structure including material parameters, where
they are illustrated by the piezoelectric capacitance Cp and piezoelectric material

coefficient das.

2.3. Power Optimization Technique

Based on the model presented in the previous section, the power of a
piezoelectric generator is strongly dependent on the load resistance. The power is at a
maximum for one or two matching optimum loads. The FoM (Figure of Merit), as given
expression (2.32), needs to be greater than 2 in order to charge a rechargeable battery
(Sodano, Park, Leo, & Inman, 2005). The values are determined by the piezoelectric
generator based on its electromechanical characteristics and depending on the particular
vibration frequency of the ambient excitation source (Guyomar et al., 2005;
Rakbamrung et al., 2010).

kQyr (2.32)

Where FoM is expressed as the electromechanical coupling factor k’ corresponded of

the material’s conversion property and the structural quality factor Qs linked the
harvested structure property corresponded to the structural vibration capturing the

available mechanical energy.
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The piezoelectric generator is a simple cantilever beam formed from the
piezoelectric material. The beam structure can capture ambient vibration sources based
on their resonance frequencies, and the operating frequency is defined at around the
near resonance. Therefore, the beam structure is able to produce the maximum power

output and a DC output can be obtained using a rectifier circuit, as shown in Figure 2.7.

Harvesting Structure

L Rechargeable
. Battery
I,
V" d
C

DC-DC -
Converter E +
+
—
Piezoelectric Material 1,
Voltage Rectifier

Figure 2.8 Schematic of the circuit interface for charging rechargeable batteries
using piezoelectric materials as power generators.

Generally, the maximum electrical power from the single piezoelectric
generator is unable to charge a rechargeable battery, even when the piezoelectric
voltage is higher than the battery voltage (Hart, 2011; Thainiramit, 2013). To solve this
problem, a buck-boost circuit is applied. This dissertation presents the output power
Por (2.8) of an experimental investigation by employing the output power from the
piezoelectric material throughout the Continuous Current Mode (CCM), and the
relevant parameters of the Discontinuous Current Mode (DCM) can be derived from
the CCM. The CCM can be implemented in the piezo-electric parameters based on the
electrical threshold condition with both minimum current and inductor size as well as

load resistance related to the output power.

2.3.1. Switching Technique for Harvesting Circuit

The schematic of the buck-boost circuit presented in Figure 2.8 is only

the simple components that follow the circuit principle. This figure shows that the
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operation states of its current transfer are a very crucial property which is represented
by the inductor current I.. This technique is able to be isolated between the input and

the output within different sides.

DC-DC Converter
T :
: Pulse I
I lﬁ Control :
1 I
I .
— | Sw Vi Di (_ID" :

o ; 7( ¢ ——e
+ 1 _ IL P . - 1 -
V. | Statel VL l fState2 ¢ | Vo
a ) 2T,

® l 1 o

e e e e e e e e e e e e e e - - M
I

Figure 2.9 Buck-boost converter circuit.

The State 1 of the CCM corresponding to the charging process of the
inductor L will be activated by pulse control unit connected to the switch Sw by
conditions of the duty-ratio o (o denotes that the circuit is closed, the switch turns on
Ton. (1-0) denotes that the circuit is opened, the switch turns off To). The inductor
voltage V. is defined as a Vi, which is the piezoelectric voltage V. The piezoelectric
current | can be represented at the same time by the input current I; and inductor current
I.. This current is flowing through the switch Sw during the status Ton.

After the switch turns off T, the load resistance will be applied. In this
state, the inductor voltage V. becomes V,. This output voltage Vo is to be the
piezoelectric voltage V, which is applied to the load resistance or rechargeable battery
in this system. Afterwards, State 2 of the CCM is completely employed on another side
of the converter. The output voltage V, is still drawn to the load from the inductor
energy. The diode Di is forward biased due to the current direction of the State 2. The
smooth capacitor C, should be designed for its output current I, as a low ripple signal.

The diode Di should be also designed for the high-frequency switching devices as well.
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Hence, the expression of the output voltage V, as a function of the input voltage Vi and

the duty-ratio ¢ is given by

V, =V, (ij (2.33)

Most applications in which a buck-boost converter may be used within the high-power
consumption. The output current I, of this system related to the diode current Ip; and

the inductor current I is given by

=11, (2.34)

If the diode current Ipi reduces to the minimum value which is more than or equal zero,

the optimum value of the inductor, Loptccwm, for the CCM can be written by

R(1-6)’

2.35
2f, (2.39)

Lopt,CCM >

Hence, in the case of the DCM, the inductor current may be lower than zero. The

optimum value of the inductor, Lopt,ocm, for the DCM can be given by

R (1-5)
: 2f,,

(2.36)
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In this application, charging the rechargeable battery can be verified by
these designed parameters to implement into the circuit technique. Therefore, the
variation of the voltage output V, as a function of the duty-ratio ¢J'is able to be defined

by this expression,

dv R
o __\/ /
do "W2f,L (2:37)
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CHAPTER 3
DEVELOPMENT OF THE ANALYTICAL MODEL,

OPTIMIZATION AND METHODOLOGY

This given justification in this chapter aims to propose the
methodologies which support the modelling, in Chapter 2. The discussion of the
research deliverables would be related to each other within these 3 chapters; from
Chapter2 to Chapter 4. Moreover, two petty-patents (Muensit and Thainiramit, 2014,
2016) and one patent, which was written form this period, are related to this research
thus illustrating the methodologies as follows:

3. Development of The Analytical Model, Optimization and Methodology

This research methodology chapter proposes a design and development
of the energy harvesting technique as well as an implementation of the wireless device.
The compressor outdoor unit is observed its vibrational characteristics thus being
defined as a source of discrete vibrations. Therefore, the four main subtasks will be
illustrated in this section by these followings: (A) The Energy Source Observation, (B)
The System Design and Experimental Setup, (C) The Self-Powered Devices of The
Batteryless Receiver and Their Device Configurations, and (D) The Energy

Harvesting Implementation.

3.1. Energy Source Observation

The selected direction is an air-compressor outdoor unit which is
observed the characteristics considering as a vibrational source. According to the
previous literature, Kim et al (Kim et al., 2015) confirm that the area upon the middle
top of an outdoor-compressor structure is able to generate specific properties. For

instance, these properties are particularly the mode of vibration, the resonance
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frequency, and the maximum acceleration; the 2" mode, 50 Hz, and 2.4 G were found
by using the modified structure. Consequently, the outdoor-unit characteristic could be

investigated by the vibration analyzer (Model 9080 Smart Trend Meter, TPI Inc., USA),
as depicted in Figure 3.1.

I

7

. Center

Figure 3.1 Acceleration measurement at the top-centre position of the air-
compressor unit.

These both parameters are the resonance frequency and G value, shown
in Figure 3.2 (measured during the fan blower running, at Physics building in Prince of
Songkla University (PSU), Thailand).
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Figure 3.2 Frequency bandwidth from the vibration analyzer with the box inside
(maximum-scale measurement from vibration meter) showing the wide-range scale.

The investigated parameters are shown in Table 3.1. The G-level of the

systemic acceleration seems to be significantly lower than the paper reviews due to its

air-compressor structure or the absorption architecture. Nevertheless, the frequency of

this investigation seems likely to be equal to the mentioned literature. Indeed, these

parameters show that around this area there is a high vibration zone upon the middle

top of an air-compressor outdoor unit.

Table 3.1 Air-compressor outdoor unit parameters.

Parameters Value
Operating frequency (fi) 50.0 Hz
Acceleration (a) 2.007 m/s?
G-Level (G) 0.205




33

3.2. Implementation on Air-Compressor Unit

Figure 3.3 illustrates the schematic of this system. The entire processes
for the experiment could be presented by these next steps. To start with, the electrical
power from the vibration is able to be transferred into the bank of capacitors (Energy
Storage). The piezoelectric current can charge the capacitor bank by a traditional
standard circuit (Bridge Rectifier). Thus, while the system was scavenging vibrations
(using the Energy Conversion) from the energy-generator structure (Air-Compressor
Unit), the interrupted process (Switch) could turn the switch off for allowing the
current from capacitor bank (Energy Storage) to the wireless receiver (RF Receiver).

Energy :: Bridge ‘::: Energy : . : RF
j\/\/\/ Conversion Rectifier Storage Switch Receiver

Air-Compressor
Unit

Energy Conversion / \/

e | RF
Receiver

|
|
|
|
|
|
|
|
L

Bridge Rectifier \

Energy Storage
(b)

Figure 3.3 Diagram (a) and schematic of self-powered devices with battery-less for
the radio-frequency receiver (b).

Air-Compressor Unit
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3.2.1. Energy Harvester for Air-Compressor Outdoor Unit

The appropriate-beam structure determined by Euler-Bernoulli beam
theory is performed by the vibrating compressor. Accordingly, there is a smart element
bonded on the beam where the element (a piezoelectric transducer: Kingstate
Electronics Corporation, KPSG-100) is able to transform the mechanical energy into
the electrical energy. The cantilever-beam structure with their fixed thickness related
to the piezoelectric material could be created the whole design by these references
(Davis and Lesieutre, 1995; Rakbamrung et al., 2010). The energy harvesting cantilever
is installed at the specific area thus capturing the vibration at a near maximum
resonance frequency. Therefore, the miniature power generator is operated under the
extremely low G-level of the air-compressor outdoor unit. The vibrational harvesting

structure as mentioned in this section is shown in Figure 3.4.

Acceleration
Sensor

Piezoelectric Material

Bridge
Rectifier

(a)
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Figure 3.4 Energy conversion (beam structure) and structural components (a) at the
harvesting area on the air-compressor unit (b).

3.3. Self-Powered Devices of The Battery-less Receiver and Their Device

Configurations

The two key points of self-powered factors for sensor devices
implemented low-power consumptions, which consume the electrical power from
energy sources in case of the energy harvesting, are particularly regarding:

e Timing consumption (Tan et al., 2006), and

e Energy requirement (RFC Editor Organization).

3.3.1. Wireless Protocol

To start with, the timing consumption, having to configure both sides of
the transmitter and receiver module is an important process for low-power-consumption
devices within the implementations of the vibration energy harvestings. In this
circumstance, the reconfiguration methods are actually implemented in the transmitter

by re-coding the machine language inside the control unit. This unit is reprogramed the
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functional coding for sending their encoded data from the client microcontroller (p-
controller or Microcontroller or MCU, i.e. Arduino-Uno-R3; using compatible board)
to the receiver thus decoding the data by the server p-controller (Sparkfun-Arduino-
Pro-Mini, Low-power 8 MHz board).

& g] en t ‘ ’ A A T A e ‘;‘" ﬁ?\

DC Rectified Voltage Delay Time 200 ms

Buses of 24 Data Bits Contained Data Buses

<108Hz
CH1= 2,08V CH2= 2.8V

001000101011

Binary Number: 001000101011
Decimal Number : 555 AT

CH1= 2,60V CH1 7800mU
Pos:-15.40 -
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/* Format for protocol definitions:

* {pulselength, Sync bit, "@" bit, "1" bit}

* pulselength: pulse length in microseconds, e.g. 350
* Sync bit: {1, 31} means 1 high pulse and 31 low pulses

* (perceived as a 31*pulselength long pulse, total length of sync bit is
* 32*pulselength microseconds), i.e:

E

* || (don't count the vertical bars)

* "@" bit: waveform for a data bit of value "@", {1, 3} means 1 high pulse
* and 3 low pulses, total length (1+43)*pulselength, i.e:

* |

* ™" bit: waveform for a data bit of value "1", e.g. {3,1}:

* I

*

These are combined to form Tri-State bits when sending or receiving codes.

*/
(©)

Figure 3.5 Data-bus signal with the delay-time adjustment (a), and bits of data
inside the data bus (b), and the format for protocol definitions broadcasting via
wireless devices, captured from the RCSwitch.cpp code, thanks to the developer
“Suat Ozgiir (sui77)”, https://github.com/sui77/rc-
switch/blob/master/RCSwitch.cpp [accessed: 15 June 2019] (c).

For example, these blocks of data after manual configurations by users are the encoded
and decoded information based on the 24 bits protocol, to start with a synchronized bit,
no address implementation, and reducing the delay time of the data separation from
1000 ms (millisecond) to 200 ms, as illustrated in Figure 3.5 (a) and (b); these are
broadcasted by 315 MHz radio frequency from the transmitter device. And the protocol

definitions are also presented in the following text box, as given in Figure 3.5 (c).
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Another process of manual configurations for the energy requirement in
this section is to focus on the electricity from the alterative power generator. Their
electrical power is provided for the wireless receiver; the maximum current from the
capacitor bank could start the receiver module to obtaine these buses of the transmitted
data. Nevertheless, the data could be displayed on a computer screen through the
TeraTerm Software (network communication software through the serial port). In the
specific case, the energy consumption is involved the threshold of the electrical power
to activate 1 block of the characters containing ASCII codes.

3.3.2. Wireless Sensor Node — Receiver Module Implementation

The final process, the piezoelectric current from the vibrating beam at
near resonance frequency would be charged into the bank of capacitors behaving a
power source for this receiver. The charging state is within average 3 minutes while the
compressor of the air-conditioner was running a fan blower. The charging rate and the
number of capacitors could be determined by the time-constant equation of the
charge/discharge a capacitor. Therefore, Figure 3.6 illustrated the entire system of the

harvesting energy implementation by discharging current inside the capacitors.
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Conversion

Receiver
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Transmitter |
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Figure 3.6 Experimental set-up for the self-powered receiver module (a), the
transmitter and receiver module with connections of peripheral devices (b), and the
capacitor bank connected with the bridge rectifier circuit (c).

3.4. Energy Harvesting Implementation and Experimental Validation

3.4.1. Experimental Set-up

There are two experimental set-ups in this research in order to support
the direct and indirect force principle thus defining two types of a cantilever beam A
and B. The cantilever beam A is implemented the direct force configuration to analyze
the beam A characteristics, e.g. centre of gravity as a function of mass positions and a
function of the number of masses with different positions. Another type, a cantilever
beam B, is implemented the indirect force principle to capture the vibration upon the
air-compressor unit. Then, the finalized implementations are demonstrated by showing
the possible ability of future prospect in which the harvested electrical energy from
piezoelectric materials can apply to the smartphone applications.



40

Figure 3.7 (a), the cantilever beam A is driven by an electromagnetic
field from a coil of wire wrapped around an iron core as a solenoid (the solenoid, shaped
like a cylinder with length), connected to a function generator (Siglent, SDG1010),
which applies an electromagnetic continuous force into the magnetic tip-mass. A
displacement sensor (Keyence Corp., IA-030 with the signal amplifier IA-1000) is used
in order to monitor the beam free-end displacement. The displacement signal is
observed by a digital oscilloscope (Siglent, SDS 1074CFL) reading the signal through
the 1A-1000. Moreover, the oscilloscope was also directly connected to the cantilever
beam A due to the piezoelectric voltage measuring to detect the minimum and
maximum voltage peak as a function of time. A multimeter (Fluke, Model 8840A) is
applied to monitor a DC voltage which was measured parallel to the filter capacitor C
(10 pF) throughout the diode-bridge rectifier (DF40M) with respect to the varied load

resistance R.

The harvesting structure as presented in Figure 3.5 (b), would be
characterized by the mass attachment regarding to different positions and the number
of tip-mass to modify the resonance frequency of the cantilever beam A. The beam A
was implemented a different type of piezoelectric patch connections, i.e. unimorph and
bimorph beam (Thainiramit, 2012), in order to analyze the output power by comparing

with two scenarios.



41

Oscilloscope Function Generator
Multimeter

Displacement Sensor

U

VW

]
Harvesting i
Structure | »Vl
|

Resistance box

Solenoid

’ Displacement Sensor ‘ ‘ Cantilever Beam: A }

A

Harvesting

‘ Piezoelectric Material ‘ Structure

(b)

Figure 3.7 Experimental set-up diagram (a), and the harvesting structure (b) of the
cantilever beam A.



42

3.4.2. Mechanical Tuning Methods

The mechanical tuning methods are divided into two schemes regarding
the frequency tuning by moving the tip-mass positions and the added number of the tip-

mass.

e The first purpose is to determine the piezoelectric voltage with
respect to the moving positions of one tip-mass within different
positions, i.e. 5, 10 and 15 cm (measured from the fixed end to the
free-end side) in order to investigate the natural frequency variation,
as described by Figure 3.8.

e The second purpose is to observe an effective factor of a spring
stiffness by adding the tip-mass at each measured position, that is
defined by measuring the mass position. The masses are added up to

three maximums, as also given in Figure 3.8.

Piezoelectric Material
Base Structure Added Masses

4
0 cm 7’
/ 5cm e Beam Structure

10 em 15 cm

Fixed End Side \ V

Mass Position

Figure 3.8 Natural-frequency tuning methods.

To take account of another experiment as the following Figure 3.9 (a),

the instrumental measurement, i.e. oscilloscope, function generator, multimeter, bridge
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rectifier circuit, resistance box and displacement sensor, are still used same as the first
scenario yet the harvesting structure is changed to another type of beam structure, that
is a cantilever beam B. The driven mechanism of the beam B is undergone by a shaker
(LDS, V201 M4-CE), which generates vibrational energy by using amplified signal
from a power amplifier (LDS, PA25E Power Amplifier).

Figure 3.9 (b) illustrates that the beam B structure is bonded on the
shaker with an acceleration sensor at the fixed-end side while measuring the free-end
side displacements using the displacement laser sensor. The tip-mass also corresponds
to the G-level acceleration following the air-compressor investigation. In addition, the
cantilever beam B would be operated under the measured resonance frequency as well.
The theoretical comparison between the air-compressor and shaker harvesting power

would be presented in the next chapter (Section 4.2, in Figure 4.2).

Oscilloscope Function Generator
Multimeter

EECE SEE
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Displacement Sensor Shaker Amplifier

Acceleration Sensor |

Harvesting
Structure
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Figure 3.9 Experimental set-up diagram (a), and the harvesting structure (b) of the
cantilever beam B.

3.4.3. Energy Harvesting Analysis

According to Chapter 2, the direct-force principle as proposed by
Guyomar’s research group who developed the electromechanical model and clearly
described the lump-model of piezo-electromechanical principles contributes an idea to
develop the indirect-force principle based on the ds3 and ds; and other simple

measurable parameters.

In terms of piezoelectric generators, regarding the indirect-force
principle (section 2.2.2) and equivalent circuit model (section 2.2.3), appear to be well
practicable with the final equations in the mentioned sections, e.g. expressions (2.28),
(2.29), and (2.30). In addition, the equation of governing vibrations (2.21) had arrived
by substituting the real part of a rotating vector corresponding just to the real term in
derivation processes. Hence, the electrical power solution would also be validated to
the DC power with respect to the constant vibration magnitude excluding the
vibrational damping. The magnitude of applied force related to the displacement y thus

following the condition of the electrical power solution is given by:
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(3.1)

In many cases of energy harvesting applications and implementations,

such a battery issue is the most important for the energy harvesting system. Due to the

DC characteristic of vibration energy harvesting using piezoelectric methods, there are

two subtopics to be presented in this analysis section as follows:

Rechargeable battery dimension; even though the energy
harvesting from vibrations using the piezoelectric method can
produce a DC power, the electrical power from the material seems
likely to be inadequate to supply a normal rechargeable battery.
There are many types of rechargeable batteries to be able to address
in various energy harvesting systems (Table 3.2). However,
specifications of storages selected for employment as main or
extended storages are the most significant to be considered. The best
solution is to manipulate an extremely low electrical energy, that is
charged into the proper rechargeable batteries. Chapter 2, section
2.3.1, provides the expression (2.36) to transfer the electrical voltage
from the piezoelectric material into the specified rechargeable
batteries throughout the enhancement circuit, and then the
expression (2.36) was further determined their circuit abilities for

the rechargeable battery dimension by yielding as the rewritten

equation:
V. = _Voutput,DC ]
| R (3.2)
5“‘( 2f L J
sw —opt,CCM

Where Vouputpe IS @ charging voltage corresponding to the voltage
across the rechargeable batteries as a function of the dpt With respect

to the switch frequency fsw and also the duty-cycle proportion sbased
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on the piezoelectric current flowed through the inductor Loptccm.
The Vi and R link to the material properties corresponding to
piezoelectric voltage and optimum resistance of the piezoelectric

generator.

Table 3.2 General data of the rechargeable battery (Li, 2008).

Type

Energy Power
density density
(Wh/kg) (W/kg)

Round-trip efficiency,
cycles, lifetime

Nickel Cadmium 53 160 90, 1,500, 15 years
Nickel Metal Hydride 70 175 80, 500, 15 years

Lead Acid 50 200 78, 500-800, 8-10 years
Lithium lon 160 1,800 95, 1,000, 2-3 years
Sodium Sulfur 85 115 75, 2,500, 15 years

Zinc Bromine 75 45 70-75, 2,000, 5-10 years

Scalable applications and the number of vibration harvester
connections; in addition to the rechargeable battery dimension, not
only rechargeable batteries can be applied in order to be an electrical
energy storage, but also the capacitor, such as a conventional
capacitor and supercapacitor, could be applied to be the electrical
energy storage for energy harvesting systems. Fortunately, in this
research using both types of the storages, e.g. the specific
rechargeable battery and capacitors, different applications were
applied in this research as well. The rechargeable batteries are
selected for use due to the conceptual validation regarding the direct
force principle. The rechargeable battery strongly delivers a steady
output in the usable voltage; the voltage of the supercapacitor is
evenly linear and drops from full voltage to zero voltage, but the
capacitor rapidly decreases faster than the supercapacitor owing to

the dimension and load resistance. As a result, the capacitors are
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certainly desirable to be considered for application as the short-term

electrical power generator, as supported data in Table 3.3.

Table 3.3 Energy and power density (Li, 2008).

Device Energy density Power density Life cycle Discharge time

(Wh/L) (WIL) (Cycles) (Second)
Batteries 50-250 150 1-103 >1,000
Capacitors 0.05-5 10°-108 105-108 <1

Moreover, as proposed by the indirect force principle, to address
multiple vibrational-energy sources that are available for an air-
compressor unit with more than one unit, this methodology would
be done by this given schematic (Figure 3.10).

Figure 3.10 Multiple vibrational-energy source.

Thus, the equation described by Figure 3.10 in order to support the

concept of DC-power generators based on the piezoelectric material
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method (2.28), could be expressed by substituting Fo from (3.1) into
(2.28) then the finalized expression based on multiple vibrational-

energy sources is given as follows:

" VZ, ad, f,)’R T
S _ Vo _ (4dsfo) R .{Mw YO] (3.3)

< IDF(ill.JIn) — R, (1+4Cp R, 1, )2 Q
Where the DC-voltage output after a filter capacitor is denoted by

Ve and the piezoelectric power output from multiple

(ifl-dn) 7

vibrational-energy sources is represented by P, .-

3.4.4. Energy Harvesting Optimization and Harvesting Power Validation

The energy harvesting power in this section would be analyzed by
representing the normalized power. The two principles as proposed by the modelling in
Chapter 2 will be discussed regarding the experimental set-up as well as supporting
experimental results in Chapter 4 as well. Therefore, the beam structures should be
measured by their electrical and mechanical parameters thus following the next step to

analyze by using these system parameters, as given by Table 3.4.

Table 3.4 Mechanical and electrical parameters.

Value

Mechanical parameters
Cantilever beam A  Cantilever beam B

Beam length (1) 15.01 x 102 m 8.02x10%m
Beam width (W) 3.02x102m 1.81x 102 m
Beam height (H) 0.54x10%m 0.52x10°%m
Dynamic Mass (M) 0.0257 kg 0.1166 kg

Structural damping coefficient (C) 0.087 N.s/m 0.994 N.s/m
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Structural stiffness (K) 97.88 N/m 251.81 N/m
Resonance frequency (fo) 17.6 Hz 47.5 Hz

Electrical parameters

Piezoelectric capacitance (Cp) 166.84 nF 44.48 nF
Piezoelectric coupling factor (kZ, 0.7585 0.7588
Piezoelectric constant (-ds1) 41 pC/N 40 pC/N

Then, the electricity from the beam structure undergone under extremely low G-Level
could be harvested thus attaching it on the compressor of air-conditioners. While a
running state of the compressor was vibrating, the observed power could be determined
by (2.28). Moreover, these two main parameters are the piezoelectric voltage and the
load resistance is able to be linked to the optimal resistance and the maximum power

as well, verified by (2.29) and (2.30), respectively.

3.4.4.1. Direct-Force Configuration Analysis

The output power is presented in Figure 3.11 by resulting in an overview
of the theoretical approach. The graph summarizes that the normalized power exhibits
the harvested power as a function of both the normalized load resistance and varied
FoM parameters. The output power analysis would be illustrated in two main issues,
which are described as an overview concerning the effect of the FoM, and the further
effect over a high-power area discovered by enhancement circuit connections.

In general beam vibration, the generated power is proportional to the
voltage and current magnitude of the piezoelectric generator to be dependent on the
value of the load resistance. The load resistance maximizes the power at two peaks of
the optimum resistance value depended on the FoM. For instance, the FoM relations is
involved with the added mass (e.g. tip-mass, beam mass, and structural mass), the
number of piezoelectric elements, properties of the piezoelectric materials, beam

material, beam shape, structural dimension, and the attachment method while applying
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on the harvesting structure. Besides, as given data by Figure 3.12, this figure presents
the beat pattern while tuning the operating frequency of the cantilever beam B. When
the masses are added to reach into a near resonance frequency (4 masses), the voltage
signal from the piezoelectric material would be changed to the near steady-state
vibrations. Indeed, the FOM parameters appear to be able to validate the structural
frequency tuning as a simple process without any further enhancement circuit. And the
expression, which is a typical example of beats as shown in Figure 3.12, is simplified
the description as follows:

Yor =C(cos(at) — cos(ayt)). (3.4)

Where C and Y, is the damping coefficient of the cantilever beam A and beam

displacement at the free-end side, respectively.
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Figure 3.11 Direct-force normalized power as a function of normalized resistances,
and FoM at operating frequency of harvesting structure, modified from Guyomar et
al.’s equation (Guyomar et al., 2005).
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In addition to normalized power regarding to the harvesting-structure
tuning, this figure has also presented that a high-power zone regarding to the FoM factor
focusing on a specific area over a white-dash line, that is labelled (B) (FOM is greater
than or equal to 3). The output power appears to be expressed two peaks of the
maximum power area (A) by the enhancement circuit (section 2.3.1). In this area could
be accomplished by an effect of FOM by using a buck-boost technique (as also
presented in section 2.3.1 and 3.4.3). Moreover, the result is strongly confirmed by an
experimental output of the rechargeable battery charging; experimental results would

be presented in section 4.3 of Chapter 4.
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Figure 3.12 Transient phenomena of the frequency tuning method generating beat
patterns

In conclusion, Guyomar’s model seems likely to confirm that the
theoretical validation is quite accepted with respect to FoM effects. The FoM
parameters are probably responsible to be done for the whole normalized power
representation; otherwise, further finding effects, that were in this study involving about
to present the enhancement circuit abilities, are able to reveal another way for tuning

and reaching the high power area by only using the buck-boost circuit.
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3.4.4.2. Indirect-Force Configuration Analysis

In the last section of Chapter 3, the theoretical development is already
accomplished by using simple parameters according to mechanical and electrical
system parameters (Table 3.4). The indirect-force principle derived from another
piezoelectric material variables (T, E) would be analyzed its electrical power by using
the normalized power demonstration in this section. Moreover, due to these analyzed
data being also exhibited the experimental results are in Chapter 4. The normalized
power as a function of the normalized load resistance and quality factor (Q Factor)
variations could be plotted then the discussion related to an observed experiment would
be presented in this section. Before approaching to Chapter 4, there are three main
issues to be considered: the indirect-force principle to be discussed what it is concerned
about the electrical power with an effect of the frequency tuning, the further factors
about a maximum power transfer, and the structural disturbance effects for this energy

harvesting system.

The first analyzing focuses on the output power validations using the
finalized expression with the condition of the constant-displacement magnitude Yo to
predict an electrical power from the piezoelectric materials based on the indirect-force
configuration. The equation (3.5), regarding the input angular frequency  reached to
the resonance angular frequency a» by tuning the structural frequency, is rewritten from
the expression (2.28) thus substituting by the equation (3.1) upon a constant input force
Fo. As aresult, the dependent displacement Yo and phase angle 61 upon the input angular
frequency  could be changed under these conditions. The phase lag increases from
zero (at @ = 0) to 180° (in the limit @ — o0); it passes throughout the phase 90° at the
explicit resonance frequency a». Furthermore, the frequency out of this range upon the
phase 90°, the displacement Yo is a minimum power same as the Q factor equal to 1;
the maximum power is an ideal state, yet the experimental result was just plotted in this
normalized graph as following Q equal to 35 as well. In fact, the white line appears to
be shifted to the yellow-dash line, that is a resonance-frequency indication line due to
the structural behaviour of the vibrational system. Figure 3.14 clearly confirms these

phenomena as depicted:
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Figure 3.13 Indirect-force normalized power as a function of normalized
resistances, and Q factor based on the modeling derivation of this dissertation.

And the expression of the electrical power in the case of the piezoelectric generator

would also be written as (3.5):

P

IDF

_Vee _ (4da (@) 27)) R, -{sz T (3.5)
R (1+4C.R (a,/27)) ' '

YO
Q

The second analysis, there are many factors for shifting and reducing the
optimum load at the minimum power (red-dash line) due to an effect related to the Q
factor. In this model proposes other ideas to validate the piezoelectric energy harvesting
method and presents some evidence in order to confirm the effect of this structural
analysis based on indirect-force model following this model derivation. Figure 3.14 (a)
exhibits that the resonance frequency changing is proportional to a proof mass position
that is the increasing of the structural frequency following the mass position moved to
the fixed-end side of the beam. Furthermore, the piezoelectric voltage was somewhat
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reduced by the beam stress at the near fixed-end side as well as the structural stiffness
also being affected. Thus, the beam displacement at the free-end side is slightly changed

into a lower magnitude of vibrations.
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Figure 3.14 Experimental results present the deliverable of the structural-
disturbance phenomenon, (a) one proof mass applied and (b) one, two and three
proof masses applied upon the same mass bonded positions.

Coincidently, in the case of more than one induced vibration regarding to the systemic
disturbance, (i.e. further peripheral components, bonding method between the energy
source and harvesting structure, and proof masses on the beam structure), might be
potential to force the harvesting and ambient structure absolutely into differences
natural frequency. And also the magnitude of vibrations on the beam structure upon
ambient structures would be shifted as well. Another, Figure 3.14 (b) would be
presented that the number of proof masses is inversely proportional to the natural
frequency of the harvesting beam as well as dramatically increase by the proportion of

the number of masses and applied position to the free-end side.

Finally, in addition to an analysis of structural parameters and
perturbation factor corresponding to the harvesting structure, further significant factors
of vibration energy harvesting based on this research have been found that internal
resistance of power generator sources, such as the resistance and capacitance of the

material, diode, and filter capacitor, affects to the optimal resistance; moreover, beam
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types (i.e. unimorph and bimorph beam), as well as natural frequency of the harvesting
structure, also make the optimal resistance of the harvesting system change by shifting
the optimal load value followed by input resistance of piezoelectric generator as
mentioned model in Topic 2.2.3. In this case, Figure 3.15 illustrates that piezoelectric
power as measured from unimorph (a) and bimorph beam (b) is dramatically different
because the bimorph beam is bonded by two material at top and bottom near the fixed-
end side of the harvesting structure. Therefore, their affect to the beam stiffness then
reducing the fixed-end side strain even though the free-end side is vibrated as the same
displacement when comparing with controlling the condition of experiment
circumstances. Indeed, Figure 3.15 (a), and (b) appear to confirm the effect of internal
resistance and beam stiffness regarding the optimal load resistance and piezoelectric
voltage magnitude, respectively.

1400 500
-©-15¢cm o -2-1.5cm
—#-2.0cm W
1200 -8-3.0cm
400
1000+
< = 300
E 800 E
= 5
£ 600" E
$ ﬂi 200+
400}
100}
200

Figure 3.15 Electrical power of two-different-configuration piezoelectric beams as
a function of free-end side displacement (i.e. 1.5, 2.0 and 3.0 cm), (a) unimorph
beam, and (b) bimorph beam.

On the whole ideas, Indirect-force principle could be potentially
validated by confirming the experimental results in Chapter 4. Ambient effects acting
into the natural frequency and structural properties of the harvesting structure are the

most definitely important for designing the vibration energy harvesting system.
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Moreover, the highest power of vibration energy harvesting could be accomplished by
reducing and avoiding the disturbance effects as proposed by Q factor references in

these mentioned discussions.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4. Results and Discussions

4.1. Introduction for Summary Chapter

This Vibration Energy Harvesting system is started by the validation of
a cantilever beam where it is measured the electrical power compared with the
theoretical result by these yielding expressions (2.28), (2.29), and (2.30); then this
powered extraction from the piezoelectric cantilever vibrated on the air-compressor unit
is directly charged to the bank of capacitors instead of acting as a smoothing capacitor
to prevent the rippled current. It is connected after the rectifier circuit (Standard Circuit
interfacing) followed by the electronic switch. Even though the enhancement circuit
could be omitted to connect this system, the charged accumulation appears to be fully
charged by conventional interfacing circuit. As a result, this experiment was to be
observed then analyzing these following results as well as adding more support results
based on the enhancement circuit and further applications on the smartphone in order

to access the temperature data.

4.2. Electrical Power

According to the equation (3.5), Figure 4.1 was plotted by the different
load resistance followed by these parameters, as given in Table 3.4. This overall trend
could be analyzed by comparing the measured result from the experiment, during the
running state of the flowing fan inside the compressor unit. Therefore, the dot graph of
the experiment is seemed likely to confirm by the theoretical result as mentioned above
(3.5), but these are a slight shift when comparing the maximum peak of both graphs.
These experimental results are probably influenced by the optimal load (optimal

resistance) corresponding to the inside resistance of the standard interface, filter
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capacitor for DC circuit and piezoelectric materials. Furthermore, the error
identifications appear likely to indicate that the power at near maximum is dramatically
higher than the low (1k — 10kQ) and high (1M — 10MQ) resistance because the
cantilever beam is operated at near resonance. The instability signal induces a ripple
current which affects the filter capacitor, and the fluctuated current levels within the

capacitor could not be measured in the DC signal stability.
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Figure 4.1 Piezoelectric electrical power from the air-compressor outdoor unit.
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Furthermore, when comparing between the laboratory measurement and
practical harvesting circumstance on the air-compressor unit, the harvesting power
from the laboratory demonstration using the precision shaker to control the vibration
and acceleration is noticeably different from the realistic situation implemented on the
air-compressor unit. The electrical-power measurement (Figure 4.2) is to present the
main inferences linked to the measured result thus validating the theoretical approach
as reported upon the equation derivation and theoretical analysis in Chapter 2 and 3,
respectively. This experimental result reports that the measured result (A), in Figure 4.1
and 4.2, is undergone by the condition of low Q factor due to the operating frequency
depended on the harvested structure, proof mass and bonded method between the
energy harvesting structure and vibrational energy sources. In addition, the acceleration
magnitude induced by the vibrational energy source, which is an air-compressor unit,
in this case, is probably reduced by the mass weight of harvesting structure.
Significantly, these effects are directly related to the electrical power by changing the
Q factor. As aresult, the laboratory result (B) is dramatically distinct around 7.42 times
from realistic applications on the air-compressor unit even though many factors are
controlled. In fact, this result (A), and (B) is truly followed the theoretical derivation of
this research development although the shifted peak of the graph (A) is on the left of

the graph (B) because of the boundary of the theoretical validations.
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Figure 4.2 Comparison of the air-compressor harvesting with the laboratory
measurement by controlled vibrations and accelerations using the shaker.

In addition to the verification of the electrical power, the miniature
generator is to be a power generator using the piezoelectric ceramic under particular
conditions: low G-Level, low piezoelectric constant (-ds: = 40 C/N), and low output
impedance (unnecessary to use a more enhancement circuit for charging). These results
(Figure 4.3) demonstrate that the potential ability of ultra-low power generators appears
to be able to charge a small capacitor throughout a larger dimension, as depicted their

system connections in Figure 3.6.
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Figure 4.3 Piezoelectric voltage while charging the capacitor of various
dimensions.

In conclusion, the limitations of this section have already been discussed
in this context section including the suggestions of controlled variables. These factors
are able to use the equations developed in this dissertation as a tool to predict the
practical situations. And the Q factor is also able to be optimized in order to reduce the
error number and even improve their system by following these experimental results as
a study case for the structural design of the vibration energy harvesting system using
the beam structure.
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4.3. Power Enhancement Circuit

This section describes the result of the experiment in terms of the
electrical power produced from the buck-boost circuit. This circuit is able to charge a
rechargeable battery with an appropriate FoM value. The results confirm that the output
is coming from the enhancement technique, which is able to be applied in the high-
performance power range and the FoM value greater than 2.5 was found when using
the switching technique, as shown in Figure 4.4 (a) and (b). In addition, these results
appear to indicate the importance of energy loss 76 per cent in this buck-boost circuit
(Figure 4.4 (c)). The harvested power is absorbed by this enhancement circuit up to 4.2
times. Therefore, an applied electrical power received from the piezoelectric material
using bimorph beam configuration could be accomplished with only two
displacements, (e.g. 2, and 3 cm) due to the output power increasing by the beam

displacement induced from vibration magnitude.
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Figure 4.4 Experimental (a) and theoretical result (b) from harvested power using
the DC-DC converter circuit, and (c) this DC-DC converter circuit is so-called
Buck-Boost Circuit to enhance electrical power transferring into the specific
rechargeable battery.
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Figure 4.5 shows the results in terms of the voltage and current supplied
to the rechargeable battery when it is fully charged. This result was obtained under
CCM conditions and also followed the minimum-starting-state rule for the charge
accumulation into the rechargeable battery.
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Figure 4.5 Voltage and current measurement of the full-charging state as measured
on a rechargeable battery, small box inside showing the zoomed scale at the
beginning state.

To summarize, the enhancement circuit (Buck-Boost Circuit) seems
likely to be well functional working as a rechargeable battery using the specific type.
The proper mode of driving the circuit should be used the CCM condition because this
mode is able to keep the stability current in the circuit consumption. Then, the transfer
current after this enhancement circuit would be able to charge the rechargeable battery
by using the trickle current condition. However, this circuit is designed by selecting the
ultra-low power consumptions of any devices. The circuit can be optimized and
redesigned for the suitable parameters in order to be the vibration energy harvesting

circuit for another dimension of specific rechargeable batteries.
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4.4. Energy Harvesting Implementations Based on 10T Connected to Smart-

Phone or Wireless Devices

In practical implementations, the finding implementation of vibration
energy harvesting on the compressor of air-conditioner units without the enhancement
charging circuit is probably related to the time constant of capacitors due to their
application regarding the discrete vibration operation. In order to be an extremely-low-
power generator for extremely-low-power devices could be shown its result in Figure
4.6. These transmitted data from the transmitter could be done by presenting the result
on the computer screen after decoding the specific data. In the discharging circumstance
of the capacitor, the solution might be done within average 500 ms, and this appears to
be supported by the proper size of the capacitors because the voltage across devices
should be higher than the operating voltage for the reading logic state that is dependent

on each device.
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Figure 4.6 Decoded output data displayed on the computer screen through serial
port communications (a), the DC-voltage by using the temporary voltage from the
capacitor bank discharging to the receiver module (b).

In order to achieve the implementation of the receiver, the experimental
results were done by the full bank of capacitors. The parallel connection with adding
the different dimension of capacitors up to the average value of 3,150 yF significantly
needs 4 V of self-contained voltage for a discharging state. The charging voltage of a
capacitor bank from start (0 V) by running an air-compressor unit could possibly be
accomplished by the average 52.50 minutes; hence, the running state of the air-
compressor unit is able to be done within 18 loops of the compressor operation. These
are the status of the air compressor to run and stop blowing fan (ventilator unit). The
charging current would respectively be started and stopped by the turning on and off
the electronic switch during the operation of air conditioners. The device could read

such busses of the data, which contain 72 bits of characters.
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Figure 4.7 Mobile application powering devices by the electrical power from the
vibration energy harvesting using the piezoelectric methods.

Chapter 4 summarization using Figure 4.7 to be presented the
applications of these whole experimental results, as depicted in this Figure 4.7 (2); this
Figure is to be illustrated the mobile applications (supported 10S & Android OS)
receiving the ambient temperature from wireless receiver module tested in this research.
And another Figure 4.7 (b) is to be presented the alert signal through the Line Message
via a smartphone screen by configuring the program coding inside the flash memory of
the microcontroller. These results obviously confirm that the vibration energy
harvesting using piezoelectric method could be replaced the batteries or other energy
sources by using the conventional capacitors which are properly designed for matching
to its applications; furthermore, these results are also strongly confirmed by its practical
applications from environmental parameters using the free-vibration with the

piezoelectric energy harvesting method.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORKS

5. Conclusions and Future Works

5.1. Main Conclusions

This enhancement circuit focuses on the optimization of the power from
a directly applied force on a piezoelectric device. The energy harvester converts
ambient vibrations into electrical energy and the piezoelectric generator as the specific
power source for a rechargeable battery. The power optimization was based on the
equations relating to piezoelectric materials, especially the piezoelectric generator
equation. These electrical circuits composed of a full-wave rectifier, a capacitor for
smoothing the voltage, the DC-DC converter technique and various resistors. In this
study, the switching technique used a buck-boost converter, which has the appropriate
properties to optimize the power based on the relationship between the input voltage
and the input current. This device was able to fully charge a 150 mAh, rechargeable
battery in 40 hours due to the properties of the piezoelectric material and harvesting
structure corresponding to the FOM. This piezoelectric generator can act as the electrical
power source for electronic devices using a low power system and the characteristic
charging graph confirmed the charging capacity of the buck-boost circuit. However,
this technique is not suitable for use with a low applied force or a low electromechanical
coupling factor and the circuit’s intrinsic properties must be defined for power
optimization. Furthermore, the power consumption of the buck-boost circuit can easily

be minimized, and the circuit requires neither sensors nor a sophisticated algorithm.

However, in the research objective based on the vibration harvesting
energy, the discrete vibration form ambient sources in this research coming from an air-
compressor is proposed as a key point. Moreover, this dissertation employs a
conventional buzzer as a transducer for being a main coupled material. The vibration is
harvested by a cantilever-beam structure bonded to the piezoelectric disk. Its

mechanical energy from the vibrating-energy source is transformed into the electrical
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energy. Output energy is stored in capacitors which are connected in parallel as a bank
of capacitors to be an energy ignition by their energetic threshold. These scenarios are
the conventional idea on the state of the art in piezoelectric energy harvesting. However,
of great concern are the implications of the global impact for many countries using the
air-conditioners. Especially the implementation, the controller of the wireless
transmitters is not only rewritten the code inside its programing register in order to
change the transmitted data, but the wireless receivers should be also reconfigured for
their proper functions by rewriting the code as well. These results confirmed that a
traditional cantilever (beam structure) could act as a charger for the connected capacitor
which was subsequently an energy source to drive these wireless units. In this research
scheme, a running air-conditioner produced a charging cycle then applying the
converted electricity into the 3,150 pF capacitors within 1 hour. This dimension is
sufficient to send and receive the data of the atmospheric temperature around the
residential/official construction. Finally, this application is useful as a warning signal
throughout this standalone and smart monitoring system for inhabitants through
personal devices using the smart mobile phone.

However, more definite conclusions will be possible when the
developed system may be helpful in the design of the integrated circuit because the
circuit interfaces are capable of optimizing power for miniature generators. Energy
storage devices can use this technique to obtain the electrical charge from very-low-
power generators. The developed circuit is also suitable for the power consumption of
very-small devices using electrical power from other generator sources and future

studies.

5.2. Future Prospects

The future work would be possibly developed by following the
suggestions of these perspective views just to present the vibration energy harvesting
structures which increase the efficiency of this vibration harvesting system and conduct

their possibilities of feasible works. Consequently, these studies should investigate the
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use of this technology and further optimizations of involved applications regarding to
the alternative ways upon the vibration energy harvesting using the piezoelectric
method. The needs of their applications are to be concerned within these prospective

works as follows:

- The monitoring system omitted human resources accessing or
maintaining.

- Very far and dangerous areas for getting and observing their relevant
information.

- Daily live using alternative solutions reduced the main energy using
for all applications.

- Energy sources as generators for a very-small power consumption
corresponding to the continuous and discrete vibrational energy.

- Remote data accessing from inaccessible areas and also real-time
monitoring of these harvested structures by using the standalone

energy harvesting systems.

At the end of these all sections, these ambition environments would be
improved by the previous particular prospects of the piezoelectric material applications
to achieve the efficiencies of the alternative energy issues. The expectations for the
sustainable requirements of this alternative energy, which are significantly better than
other methods. As a result, to further apply these crucial innovations that influence the
sustainability based on environmental parameters and their applications undergone by
the piezoelectric method and further enhancement circuit for this future prescription as
the promising technologies throughout these further works, need to be complete.
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