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Abstract

Over the last decade, advancement of microelectronics has triggered a grow-
ing interest in ambient energy harvesting. Ambient energy can be found in
various forms such as: thermoelectric, acoustic, solar, and mechanical vi-
brations. Most of the stated ambient energy sources have been thoroughly
investigated. One of the relatively unexplored ambient energy sources is
raindrop impact energy. Raindrop impact energy harvesting is achieved by
converting the strain induced by an impinging raindrop on a piezoelectric
beam into usable electrical energy. Most of the conducted research from
the literature only considered single droplet impact on a piezoelectric beam.
More interestingly, actual field test has yet to be conducted. These are the

areas that the research will cover.

A commercial piezoelectric beam (Mide-v25w) is utilised for this re-
search. In this work, the piezoelectric beam is modelled as a distributed
parameter system. To describe the post impact behaviours and water layer
formed on the piezoelectric beam, impact coefficient and added mass co-
efficient are introduced for respective cases. Excitation models for single
droplet, multiple droplet, artificial rain, and actual rain are developed. The

models presented here were validated via experimental results. A hybrid



111

bridge rectifier is designed and tested under actual rain. Experiment re-
sults showed that the half bridge rectifier is able to produce 95.12 % more

energy than the full bridge rectifier during low voltage operation.

From the actual rain experiment, the raindrop impact energy harvester
was able to produce 1564 pJ energy over a rain period of 3539 s. The
maximum instantaneous power generated by the piezoelectric was found
to be 3.75 mW. This is higher compared the highest instantaneous power

recorded in the literatures, which was 23 yW.
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Chapter 1

Introduction

1.1 Background

The advancement of microelectronics has resulted our daily devices becom-
ing smaller and consume less power without compromising their function-
ality. Presently, devices have shrunk small enough to fit into our pocket,
enabling everyone to stay connected any time at anywhere. Some examples
include wireless sensors, biomedical implants, remote weather station, and

military monitoring devices [1, 2].

Based on the present microelectronics technology, most of the micro-
devices are powered by batteries. Unfortunately, batteries are bulky and
need to be recharged or replaced frequently [3]. This becomes a huge chal-

lenge especially when such systems are installed in a remote area, where

1



Chapter 1 2

battery replacement is cost ineffective, difficult, and not accessible. Fortu-
nately, as the power utilisation of microelectronics device grows smaller, it
can be powered by an energy harvester. An energy harvester is a device
that can scavenge ambient energies such as mechanical vibration, thermo-
electric, acoustic, and solar energy into usable electrical energy [3]. As a
result, energy harvester is found to be slowly integrating into our daily

devices [4].

Piezoelectric material is a smart material that converts vibration into
electrical energy. Emnergy harvesting using piezoelectric is possible due to
its distinctive property, which is the direct piezoelectric effect. The piezo-
electric effect was first discovered by Jacques Curie and Pierre Curie in
1880 [5]. Through direct piezoelectric effect, piezoelectric material is able
to convert strain or vibrational energy to electrical energy. Due to this
unique property, piezoelectric material has found its way into a myriad of
applications. An overview on piezoelectric energy harvesting is presented

in Section 1.2.

Presently, harvesting rain impact energy is being explored as another
viable source of ambient energy harvesting using piezoelectric material.
Rain impact energy harvesting operates by converting strain induced by the
impinging raindrops on the piezoelectric beam surface into usable electrical
energy. A detailed literature review on rain impact energy harvester is

presented in Section 1.3. It is found in literature that most of the theoretical
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and experimental work are conducted in controlled laboratory environment
and only includes single water droplet excitation. This sparks the interest
of this research, which is to explore the possibility of rain impact energy

harvester under actual raining condition.

1.2 Overview of piezoelectric energy

harvesting

There are three general types of mechanical-to-electric converters for vibra-
tion energy harvesting application, which are electrostatic [6], electromag-
netic [7], and piezoelectric [8]. The comparison of these three converters
can be found in the study conducted by Boisseau et al. [9]. Comparing
to electrostatic and electromagnetic energy harvesters, piezoelectric energy
harvester has less design constrains as it is easier to be integrated in to
microelectromechanical systems (MEMS) [9]. Besides this, piezoelectric
energy harvester is self-sustainable, unlike electrostatic energy harvester
that requires the distance between the plates to be controlled and the elec-
trets to be pre-charged. Due to the higher power density of a piezoelectric
energy harvester when compared to electrostatic and electromagnetic en-
ergy harvesters [3, 10], piezoelectric energy harvester is often a preferred

candidate for vibration energy harvesting.
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In year 1880, the Curie brothers discovered piezoelectricity after notic-
ing certain crystals such as Rochelle salt, topaz, and quartz, exhibited sur-
face charge when strain is being induced [5]. This phenomenon is known as
the direct piezoelectric effect. The direct piezoelectric effect is utilised in
a piezoelectric energy harvester. Mechanical strain is generated when elec-
trical field is applied across a piezoelectric material. Such effect is known
as the converse piezoelectric effect, which is discovered by Lippman [11].

Hence, piezoelectric material can also be implemented as an actuator.

There are a wide variety of piezoelectric materials ranging from crystal,
polymer, and ceramic. Examples for crystal are Langasite [12] and Quartz
[13]; example for polymer is Polyvinylidene Fluoride (PVDF); example for
ceramic is Lead Zirconate Titanate (PZT). The ability of a piezoelectric
material to convert mechanical energy to electrical energy or vice versa is
measured by coupling factor [14]. In comparison, crystal has lower coupling
factor than polymer and ceramic. As a result, majority of the recent energy
harvesting devices are designed using polymer or ceramic [8]. Comparing
piezoelectric ceramic to piezoelectric polymer, piezoelectric ceramic offers
higher coupling factor, which will produce higher energy, while piezoelectric
polymer offers higher mechanical flexibility and lower stiffness, which will

increase device lifetime by lowering chances of fatigue [14, 15].

For a material to possess piezoelectric properties, it has to be poled.

Poling is a procedure of applying strong electric field across a material so
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that it could exhibit piezoelectric properties [16]. During this process, the
strong electric field aligns the dipoles in the material so that they are in the
direction of the electric field. Most of the dipoles are locked in the same ori-
entation when the electric field is removed, and the material is now perma-
nently poled. Once a poled piezoelectric material experiences mechanical
tension or compression, the positive and negative electrical charges within
the structure will be separated. The movement of the positive and negative
electrical charges is measured by dipole moment. The variation in dipole
moment within the structure will allow the poled piezoelectric material to

produce electrical charge [17].

A schematics diagram on the generation of voltage due to compression
or tension on a piezoelectric material is illustrated in Figure 1.1. When
a piezoelectric material is compressed along the direction of polarisation,
voltage of the same polarity as the poling voltage will be produced. On the
other hand, when tension is introduced along the direction of polarisation,
voltage with opposite polarity as the poling voltage will be generated [16].
By exploiting the direct piezoelectric effect, a poled piezoelectric material
can be utilised as an energy harvester to scavenge electrical energy from

ambient vibration energy sources.

Piezoelectric energy harvesting has become a growing trend in the past

few decades and has been introduced to a variety of industries and sectors
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Figure 1.1: Voltage produced by a piezoelectric element due to
compression and tension via direct piezoelectric effect.
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[8]. This includes application of piezoelectric material in land vehicles [18—
20], unmanned aerial vehicle [21], building [22], wearable devices [23-25],

wind energy harvesting [26, 27], and ocean wave energy [28, 29].

1.3 Motivation

Tropical climate countries such as Malaysia, Indonesia, and Brazil benefit
from abundant annual rainfall. Water vapour condenses in the atmosphere,
forming raindrops. The height at which the raindrops formed provided sub-
stantial amount of potential energy. As the raindrops fall, the potential en-
ergy will be converted to kinetic energy gradually as the velocity increases.
Due to air resistance and drag force, raindrops of different diameters can
only reach certain maximum velocity, which is known as terminal velocity.

This also limits the kinetic energy of the falling raindrops. By capturing
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the kinetic energy of a falling raindrop before hitting the ground using a

piezoelectric material, electrical energy can be harvested.

Raindrop impact energy harvesting is a feasible and sustainable form of
alternative energy source for a tropical climate country. Many applications
can be realised by such technology. Application such as powering up a
light emitting diode (LED) for road sign, street light, and rain sensor that
do not requires external power source can be accomplished by scavenging

raindrop energy.

Biswas and Mandal [30] have shown the potential of harvesting rain-
fall energy in Bangladesh. According to the authors, solar home system
is introduced in areas, which are not reached by the electric grid. One
disadvantage of using solar as alternative energy is that it is not efficient
during the monsoon month, where sun light is scarce due to rain season.
As a result, integrating raindrop impact energy harvesting in to such home

system shows promising potential.

Two types of raindrop energy harvesting methods were proposed by
Tinaikar [31], which are by utilising the potential head available at build-
ing tops and the kinetic energy of the falling raindrop directly. The first
method make use of the potential head of a multi-story buildings to gener-

ate electricity by using turbines while the latter uses piezoelectric materials
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to directly produce electricity. Raindrop energy harvesting is a good alter-
native energy for rainy outdoor environments especially when solar energy
is difficult to gather at night. However, as discussed by Tinaikar [31], there
are several drawbacks for raindrop energy harvesting. Presently, the elec-
tricity generated by a raindrop energy harvester is less cost efficient than
fossil fuels at their current costs. Secondly, the power generated by piezo-
electric material is very low and could not be utilised directly. In addition,
such system is only functional during rainy conditions, which will increase

the payback period.

On the bright side, raindrop energy harvester can be coupled with
other energy harvesters such as wind and solar to improve the overall system
performance. In addition, raindrop impact energy harvester array can be
implemented as suggested by Ilyas and Swingler [32] to improve the energy
output of the harvester system. Raindrop energy harvesting is not a new
concept. A list of raindrop energy harvester researches is compiled in Table
1.1. The study of single water droplet impact on a piezoelectric energy
harvester is well established. Theoretical [33] and experimental [34] studies
were conducted by impinging a single droplet on a PVDF membrane. The
artificial raindrops were generated accurately by using a syringe pump.
From the experiment results, a 3 mm diameter water droplet with an impact

velocity of 4.5 m/s was able to produce an instantaneous power of 8.0 uW.

Vatansever et al. [35] had experimented with water droplets with masses
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of 50 mg and 7.5 mg from different heights impinging on a PVDF and PZT
composite structures. It is concluded that water droplet with larger mass
and released from greater heights is able to generate higher peak voltage.
Experimental results revealed that with a drop height of 0.1 m, the max-
imum peak voltage generated by the PVDFE and PZT cantilever structure

were approximately 12 V and 3 V respectively.

The response of a single water droplet impacting on a PVDF beam
had been studied by Viola et al. [36]. A pipette was used to simulate a
falling raindrop. The water droplet’s fall speed was achieved by adjusting
the height between the tip of the pipette and the impact plane. A peak
voltage of 6 V was recorded when a 0.12 g water droplet falling from 0.8 m

impacted the PVDF beam.

Another experimental study based on single water droplet impact on
a five layers PZT cantilever beam was conducted by Al Ahmad [37]. The
artificial raindrop was produced by using a micropump. The system was
able to generate an instantaneous power of 23 uW when a 0.23 g water

droplet with an impact velocity of 3.43 m/s was introduced.

A recent numerical simulation study conducted by Perera et al. [38]
investigated the performance of a PVDF membrane under three rain types,
which are light stratiform rain (LSR), moderate stratiform rain (MSR),

and heavy thunderstorm (HT). From the numerical simulation results, a
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maximum power of 2.231x1072 W can be harvested from a 1 m? area of a

PVDF membrane during heavy thundershower.

An innovative raindrop energy harvester by using a combination of
diaphragm and PVDF cantilevers was studied by Chin-Hong et al. [39].
Parameters such as piezoelectric thickness, displacement induced by vibra-
tion, and maximum applicable pressure are analysed. Optimal design pa-
rameters were successfully obtained by obtaining Finite Elements Analysis
(FEA). However the voltage or power output generation was not provided
in the study. A literature review study on raindrop energy harvesting was
performed by Wong et al. [40]. An experiment study was also conducted to
demonstrate the feasibility of raindrop energy harvesting. The single water
droplet test demonstrated that when a water droplet with diameter of 5.7
mm falling from height of 1 m was able to generate output voltage of 1.0 V
and 3.5 V for a PVDF cantilever structure and a PVDF bridge structure

respectively.

The behaviour of a piezoelectric beam due to water droplet impact is
investigated by Ilyas and Swingler [32]. Raindrop was artificially generated
in laboratory by using a burette. The artificial raindrop has a fixed drop size
with diameter of 2 mm and it was tested at various fall heights. From the
experiments, the mean power output of the investigated energy harvester

is reported to be 1.8 uW. In addition, a model based on empirical data has



Chapter 1 11

also been developed to demonstrate the viability of a rain energy harvester

array.

Theoretical and experimental study for single droplet impact on a
piezoelectric energy harvester had been reported repeatedly in the litera-
ture [32-40]. Besides this, the tests were conducted in laboratory conditions
where the impact position, drop size and drop height were fixed. Having
low drop height, the falling droplet could not reach its terminal velocity
due to height constrain in the experiment setup. As a result, the reviewed
studies could not capture the essence of actual raining condition, where
the raindrops are falling with terminal velocity, the impact position of each
raindrop is arbitrary, and the raindrop size [41] are stochastic in nature.
Therefore, more work have to be conducted in order to realise a functional
raindrop impact energy harvester, and this has became the main drive for
the research.

Table 1.1: A list of rain impact energy harvesters, where, D,,, Uy, My,

and H, are the diameter, impact velocity, mass, and drop height of the
impinging water droplet respectively.

Vibration Harvester Voltage Power
Researcher Year

source type output output
Guigon Dy: 3.0 mm PVDF ) Instantaneous:
etal 34 0% i 45m/s band Peak: 468 V- g o uw
Vatansever My 50.0 mg PVD.F Peak: 120V

2011 cantilever -

et al. [35] PIT

H: 01m . Peak: 3.0 V

cantilever

Al Ahmad my: 0.23 g PzZT Peal-to-peak: Instantaneous:

[37] 2014 cantilever 08V 23.0 uW
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V! 3.43m/s
Maximum:
Perera et al. Thunder PVDF _99
2014 - 2.23x10
[38] shower membrane
W
Viola et al. my: 0.12 g PVDF ]
[36] 2014 H: 0.8 m cantilever Peak: 6.0V i
Wong et al. Dy: 5.7 mm PVDF Peak: 1.0 V
2015 cantilever -
[40] PVDF
H:10m ) Peak: 3.5V
bridge
Ilyas and 2015 Dy: 20 mm  PVDF Mean:
Swingler [32] H: 047 m cantilever ) 1.8 pW

1.4 Aim and Objectives

This project aims to investigate the performance of a raindrop impact energy

harvester via theoretical and experimental studies.

The objectives of this research include:

1. To propose a mathematical model for a piezoelectric beam describing the

harvesting mechanism of a raindrop impact energy harvester.

2. To carry out experiments to validate the theoretical models.

3. To propose a optimisation method for the existing harvester circuit for the

application of raindrop impact energy harvesting.
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1.5 Summary of original contributions

The novelty of this work is to expand the knowledge and technology on the devel-
opment of the raindrop impact energy harvester. Most of the studies conducted
to date involve single water droplet impact. Moreover, loss in energy generation
is reported [33] due to splashing effect of a water droplet impact. In addition,
the effect of water droplet accumulation on the piezoelectric beam is not outlined
in the literature. The contributions of this work are to fill the knowledge gap in

this area. A summary of original contributions is given as below.

The dynamics of the piezoelectric beam may change when the water droplets
impact on the beam and start to accumulate on its surface. In this study, an
added mass coefficient was introduced. The added mass coefficient is modelled
as a discrete function of droplet number count. The added mass coefficient
can be associated to the ratio of the modal mass of the water layer formed to
the modal mass of the piezoelectric beam structure without any water layer.
Theoretical study on the added mass effect revealed that the water layer formed
on the piezoelectric beam surface will affect the modal mass, modal damping

and modal excitation force of the piezoelectric beam.

The loss of energy generation due to splashing effect can be explained by
loss of momentum due to the post impact behaviour of a water droplet impact.
Momentum will be lost during spreading, recoiling, or splashing behaviour of a
water droplet upon impact. Moreover, the spreading and recoiling stages are

affected by the surface wettability and roughness [42—44]. In contemplation of
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taking into account of the post impact behaviour of water droplet impact, an
impact coefficient is proposed. Similar to the added mass coefficient, the impact
coefficient is modelled as a discrete function of droplet number count. Experi-
mental and theoretical results showed that after taking the added mass coefficient
and impact coefficient into account, the peak and RMS voltage response of the
system exhibited curvilinear behaviour when plotted against the droplet number
count. Hence, it was clearly demonstrated that the added mass effect and im-
pact coefficient had to be taken into account when designing a raindrop impact

energy harvester.

In actual rain, raindrops will be impinging on different positions on the
piezoelectric beam at different drop periods. A multiple droplet impact model is
hence developed to incorporate excitation of fixed droplet diameter at different
position on the piezoelectric beam with different drop periods. It has been shown
that when the water droplet impacts further from the clamp, higher RMS voltage
will be generated. In addition, as the rate of droplet impact increases , more

energy will be produced by the energy harvester.

To simulate the raining conditions in laboratory, a rain simulator was de-
veloped to generate four types of rainfalls with different rain rates. This is to
investigate the performance of the rain impact energy harvester under artificial
rain with fixed rain rates. In an attempt of modelling the artificial rain exci-
tation model, two random parameters are introduced, namely the raindrop size
and the impact position on the piezoelectric beam. The raindrop size is gov-

erned by the drop size distribution (DSD) of the artificial rains. On the other
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hand, the impact position on the piezoelectric beam is assumed to be uniformly
distributed. Experimental and theoretical results revealed that as the rain rate

increases, higher power is generated from the raindrop impact energy harvester.

The performance of the raindrop impact energy harvester was tested in ac-
tual rain. The excitation model for actual rain is devised by considering the
variation of rain rate, DSD, and raindrop count. According to the theoreti-
cal model, the piezoelectric energy harvester will generate higher absolute peak
voltage during higher rain rate. However such trend was not found in the ex-
perimental result. The theoretical model for actual rain is modified explicitly
to the experimental result to demonstrate its practicability. The maximum in-
stantaneous power generated by the harvester in experiment was measured to
be 3.75 mW, this is higher than the maximum instantaneous power recorded in

the literatures, which was 23 pW.

The voltage generated by a piezoelectric beam has to be processed by a har-
vester circuit so that it could be stored into a battery. It was found that most
of the harvesting circuits utilised in piezoelectric energy harvesting considered
harmonic excitation sources. In the case of raindrop impact energy harvesting,
source of excitation is stochastic and impulsive in nature. To address this issue,
hybrid bridge rectifier circuit is proposed. The hybrid bridge rectifier circuit
consists of full bridge and half bridge rectifiers, which are controlled by micro-

controller switching.
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1.6 Thesis overview

Chapter One introduces the background study of piezoelectric energy harvest-
ing. Literature survey on piezoelectric raindrop impact energy harvesting is also

presented in this chapter.

Chapter Two presents the mathematical model for a piezoelectric beam. The

model is evaluated through a shaker test using various G-forces.

Chapter Three studies the dynamical model of a raindrop impact energy har-
vester. The models discussed in this chapter include the effect of water droplet
accumulation on the surface of the piezoelectric beam by using added mass coef-
ficient; the description of the post impact behaviour of water droplet impact by
using impact coefficient; and the modelling of multiple droplet excitation with
the considerations of drop position and drop period. The dynamical models were

validated by using experimental results in this chapter.

Chapter Four further extends the multiple droplet excitation model to in-
corporate raindrops with random sizes impinging at different position on the
piezoelectric beam. Numerical simulation of the artificial rain excitation model
is highlighted in this chapter. The experimental and theoretical study considers

four rain rates generated by a rain simulator.

Chapter Five investigates the performance of the raindrop impact energy har-
vester in actual rain. Variation of rain rate, DSD, number of raindrops were
considered in the actual rain excitation model. The theoretical model is vali-

dated through experimental result in this chapter.



Chapter 1 17

Chapter Six highlights the optimisation of the harvester through the imple-
mentation of a hybrid bridge rectifier. The hybrid bridge rectifier consists of a

full bridge and half bridge rectifier, controlled by a microcontroller.

Chapter Seven concludes this thesis and recommendations for future works

are provided.
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Mathematical modelling of the

piezoelectric beam

2.1 Introduction

The mathematical model of a piezoelectric beam is presented in this chapter.
In this study, a Lead Zirconate Titanate (PZT) piezoelectric composite beam
is used as a raindrop impact energy harvester. Mathematical model is essential
for understanding the behaviour of the system when being excited with different
excitation forces. In addition, the performance of the system could be optimised

by applying parameter variation of the dynamic model.

In the subsequent analysis, the piezoelectric beam is modelled as a dis-

tributed parameter system. In a distributed system, the mass and stiffness

18
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properties are considered to be distributed throughout the beam structure as
a series of infinitely small elements. These small elements will move relative to

each other in a continuous manner [45].

The distributed parameter beam model is established by conducting modal
analysis of a cantilever beam. The mode shape of a cantilever beam can then be
derived. To obtain the actual dynamic response, the orthogonality characteristic
of the eigenfunctions is discussed and the normalisation of the mode shape is illus-
trated in Section 2.2. Next, the dynamics of the piezoelectric energy harvester is
investigated. The mathematical model is developed by applying the constitutive
equation of linear piezoelectric material, Rayleigh-Ritz Theorem and Lagranges
equations for electromechanical systems. Base excitation is applied to the piezo-
electric beam and it is described by summing up the discretised elements of the

piezoelectric beam.

The mathematical model is simulated using MATLAB. An experiment by
applying base excitation to the piezoelectric beam that consists of four different
G-forces were conducted to validate the mathematical model. The first mode
natural frequency of the experimental and theoretical results are in good agree-
ment. Furthermore, both experimental and theoretical peak voltages increase as
the G-force increases. Generally, the theoretical results are in good consensus
with the experimental results. The percentage difference of the experimental and

theoretical results range from 9.30 % to 25.45 %.
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2.2 Modal Analysis of a piezoelectric can-

tilever beam

The piezoelectric cantilever beam used in this study consists of two layers of PZT
material and other composite materials. A cantilever beam is defined as a beam
that is free at one end and clamped at the other. Through modal analysis, the
dynamical properties such as natural frequency and mode shape of a structure
under external excitation can be examined. In this section, the mode shape of a
cantilever beam is derived. Next, the orthogonality of the related eigenfunctions
will be explored. The mode shape normalisation method is presented at the end

of this section.

2.2.1 Derivation of cantilever beam mode shape

The governing equation of motion of a cantilever beam due to free vibration [46]

can be expressed as:

O*w(x,t) 0%w(x,t)
YI
ot " ar

=0 (2.1)

where,Y'I is the bending stiffness (Y is the Youngs modulus and I is the cross-
sectional area moment of inertia); w(z,t) is the transverse displacement relative
to the neutral axis of point x at time ¢; m is the mass per unit length of the

cantilever beam.
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The boundary condition of the cantilever beam at the clamped end can be

written as:

where, L is the length of the cantilever beam.

As suggested by Rayleigh-Ritz method [47], the displacement of a beam can
be expressed as a summation of vibration modes of the beam with generalised

coordinates as:

w(z,t) =Y en(@)ra(t) (2.3)

where, ¢, is the normalised mode shape of the n'" vibration mode; ry is the

generalised coordinate for the n** vibration mode.

By using Equation (2.1-2.3), the mass normalised mode shape of a cantilever

beam is derived as:

on(z) = Cpn(z) (2.4)
¢n(x) = [cos(Bnx) — cosh(Bpz)] + on[sin(Bur) — sinh(Bz)]} (2.5)

where, C), is the normalisation constant; ¢, (x) is the mode shape of the n'h vi-
bration mode; oy, is written as: o, = [sin(SL)—sinh(BL)]/[cos(BL)+cosh(BL)];
B is the dimensionless frequency numbers, or known as eigenvalue [45], which can

be obtained from the characteristic equation as:

cos(BL)cosh(BL) = —1. The first four eigenvalues are presented in Table 2.1.
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Table 2.1: Eigenvalue of the first four modes.

Mode Eigenvalue(f)

1 1.87510407
2 4.69409113
3 7.85475744
4 10.9955407

2.2.2 Normalisation of mode shape

In order to obtain the response of a cantilever beam structure, the mode shape
has to be normalised. This is because the mode shape itself only represents the

structure of motion for the system and it is dimensionless [48].

The normalisation of the mode shape has to satisfy the orthogonality con-

dition of the mode shape [49]:

L
/0 pi(x)mep; (2)ds = b (2.6)

where, m is the mass per unit length of the cantilever beam, ¢;; is the Kronecker

delta, which is defined as:

1, wheni=j.

0ij = (2.7)
0, when i # j.
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The normalised mode shape of a cantilever beam in Equation (2.4) is recalled

as:

on(2) = Cn{lcos(Bnx) — cosh(Bpz)| + op[sin(Buz) — sinh(Bnz)]} (2.8)

The normalisation constant, C),, can be solved by using the orthogonality con-
dition of the mode shape, shown in Equation (2.6). The normalisation constant

is solved as:

when i = j,

L
/ pi(x)mep;(z)de = 1
0

by substituting Equation (2.4),

L
C2 [ ouaymo(wyiz =1

Cr =y — (2.9)

mao

where, a = fOL ¢i(z)pj(x)dx

2.3 Modelling of the piezoelectric beam

The modelling of a piezoelectric beam had been studied in a substantial num-
ber of researches. The electromechanical behaviour of a piezoelectric beam can
be modelled as a Single degree-of-freedom (SDOF) system by using lumped-

parameter method [3, 50]. The model of a lumped parameter piezoelectric beam
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consists of mechanical domain and electrical domain. The mechanical domain
of a lumped parameter piezoelectric beam is described by a mass-spring-damper
system. The electrical domain is made up of internal capacitance of the piezoelec-
tric layers and the external load resistance [51]. Lumped parameter modelling
provides a simple solution as the mechanical domain can be coupled into the
electrical domain by using a transformer relation formulated by using the elec-
tric constitutive equation [45]. As a result, some important characteristics of
the coupled dynamical system, such as the strain distribution along the beam,
dynamics mode shape, and the effects of the mechanical domain on the electrical

responses will be missed out [51].

In order to predict the electromechanical behaviour of a piezoelectric beam
more accurately, a distributed parameter model is needed. Distributed parame-
ter modelling discretises the system by applying the Rayleigh-Ritz discretisation
method [46]. The Rayleigh-Ritz discretisation method provides a spatially dis-
cretised model for the distributed parameter system. A distributed parameter
model describing piezoelectric actuation is developed by Hagood et al. [52] by
applying the Rayleigh-Ritz discretisation method and Hamiltons principle for

electromechanical system [53].

The piezoelectric beam modelled using distributed parameter system is
more accurate than a lumped parameter system. This is because the distributed
parameter system approximates the system as a discretised system by reducing

the infinite mechanical degree-of-freedom to a finite dimension. For example,
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models in [3, 54, 55] are developed by using Rayleigh-Ritz and Hamiltons prin-

cipal based on the Euler-Bernoulli beam theory.

In this study, the piezoelectric beam model developed by Sodano et al. [54]
is adopted. The model is developed based on the Rayleigh-Ritz discretisation
method [52] and the extended Hamiltons Principle for electromechanical systems
[53]. This section first presents the constitutive equation of linear piezoelectric
material. This is followed by the derivation of the mathematical model of the
piezoelectric beam using the Electromechanical Lagrange Equation, which is

based on the extended Hamiltons Principle.

2.3.1 Constitutive equation of linear piezoelectric

material

The linear constitutive equations of a piezoelectric material are derived based on
the Institute of Electrical and Electronics (IEEE) Standard on Piezoelectricity
[17]. Poled piezoelectric ceramics are usually transversely isotropic materials.
Thus, their physical properties are symmetrical about the z-axis (indicated by
the number 3 in Figure 2.1, which is normal to the xy-plane (also indicated as
12-plane in Figure 2.1. The z-axis here is also known as the poling axis of the
material. The direction of the axes and planes is shown in represented by a

piezoelectric cube in Figure 2.1.
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Figure 2.1: Piezoelectric cube [57].

The constitutive equations are defined by the following four field variables:

stress components (T'), strain components (S), electrical field components (E),
and electrical displacement components (D). The piezoelectric constitutive equa-
tions are stablished by using either two of the four field variables as independent
variables. In the case of a piezoelectric beam, 31-mode is considered. In 31-mode,
stress is applied along the 1-axis direction, and the induced electric field is in the

3-axis direction [3]. The piezoelectric constitutive equations in the stress-electric

displacement form for 31-mode is defined as [45]:

Tl Yﬁj —€31 gl
= (2.10)

D3 €31 €33 E3

where, e is the piezoelectric constant; Y is the Young’s modulus; ¢ is the per-
mittivity constant; (.)® indicates that the corresponding parameter is evaluated
at constant strain; (.) indicates that the corresponding parameter is evaluated

at constant electric field.
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2.3.2 Model derivation

In this study, an off-the-shelf piezoelectric beam (Mide-v25w) is used. The piezo-
electric beam is made out of 11 layers of non-piezoelectric material and two layers
of piezoelectric material (PZT). In the centre of the piezoelectric beam lies the
ESPANEX layer, which is composed of a polyimide layer sandwiched by two
copper layers. Figure 2.2 illustrates the piezoelectric beam composite layers.
Throughout the study, z-axis, y-axis, and z-axis represent the length, width and
thickness direction of the piezoelectric beam. The material properties are given

in Table 2.2.

ESPANEX

Figure 2.2: Schematics of Mide-v25w layers.

The model of a piezoelectric energy harvester is formulated from the elec-
tromechanical Lagrange equations based on the extended Hamiltons principle

are given as [45]:
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Table 2.2: Material properties of the piezoelectric beam Mide-v25w.

FR4 PZT

Density (kg m™3) 1850 Density (kg m~3) 7800
Tensile modulus .
(GPa) 23.4 Tensile modulus (GPa) 67
Length (mm) 46.355 Length (mm) 45.974
Width (mm) 38.1 Width (mm) 33.274
Thickness (mm) 0.0762 Thickness (mm) 0.127

Copper Relative permittivity 830
Density (kg m™3) 8960 Strain constant (pC N73) -190
Tensile modulus
(GPa) 117 ESPANEX
Length (mm) 46.355 Density of polyimide (kg m™) 1430
Width (mm) 38.1 Density of copper (kg m™3) 8960
Thickness (mm) 0.0254 Tensile modulus of ESPANEX 45

(GPa)

Epoxy Length (mm) 46.355
Density (kg m™3) 1250 Width (mm) 38.1
r(rgliﬁe modulus 3.5 Thickness of ESPANEX (mm) 0.0762
Length (mm) 46.355 Thickness of polyimide (mm) 0.0254
Width (mm) 38.1 Thickness of copper (mm) 0.0254

Thickness (mm) 0.007

) . d[O(KE) O(KE)  O(PE) Wi
Mechanical Lagrange Equation: dt[ o7 } = + or o Qr
(2.11)

i . d[I(KE) JO(KE) O(PE) Wi
Electrical Lagrange Equation: dt[ T ] 57 + 37 v = Qv
(2.12)

where, (KFE) is the kinetic energy; (PFE) is the potential energy; W;. is the

internal electrical energy; @, is the virtual work of the mechanical force; Qv is the
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virtual work of the electric charge; (:) is the first derivative of the corresponding

parameter with respect to time, ¢; V' is voltage; r is the generalised coordinate.

The kinetic energy of the system is expressed as:

(KE) =5 [ ot (@, )i(o, 00y + 5 [ iy ), (213)

Unp Up

where, v is volume; p is density; (.)y, indicates that the corresponding parameter
belongs to a non-piezoelectric material; (.), indicates piezoelectric material; (.)*

indicates that the corresponding matrix is transposed.
By applying the Rayleigh-Ritz method in Equation (2.3) into Equation
(2.13), the kinetic energy of the system can be rearranged as:

(KE) = 3 ()i ()M, , + M

M,, + M,

(2.14)

The modal mass matrix (M) of the piezoelectric beam, v25w, can be written as:

M:/ pnpsot(x)gp(l')dvnp‘}'/ ppgpt(l‘)gp(l‘)d’up

Unp Up

= [ et @i +2 [ gt @ele)dvet

Vesp ve (2.15)
2 [ ppoad @p@dup+4 [ pod (0)p(@)dug+

Vfrd Vep
2 / P’ () () duvy

vp

where, the subscripts: esp, ¢, fr4, ep, and p indicate the corresponding parameter

belongs to ESPANEX, copper, FR4, epoxy, and PZT layer respectively.
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The potential energy of the system is written as:

1 [ = — 1 [ e
(PE) = 5 / ST rpdvny + 3 / S\ Tdv, (2.16)
Unp Vp

For a non-piezoelectric material, the stress parameter is defined by using Hookes

Law as:

Tnp =Y Snp (2.17)

A few assumptions have to be established before the potential energy for the
system can be fully defined. These assumptions are the Euler-Bernoulli Beam
Theory, the constitutive equation for piezoelectric material, and the electric po-

tential across the piezoelectric material.

The Euler-Bernoulli Beam Theory assumes that strain is the product of
distance from the neutral axis (z), and the second derivative of displacement
with respect to the position along the beam (z). The equation for strain is

written as:

0?w(x,t)

S=-2 Ox?

(2.18)

By applying Rayleigh-Ritz method in Equation (2.3) to Equation (2.18), the

following expression for strain can be obtained:

”

S = —zp(z) r(t) (2.19)

where, (.)" indicates that the second derivation of the corresponding parameter

with respect to the longitudinal direction, x.
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The piezoelectric beam is an inactive material and during energy harvesting,
no external electric field is applied to the beam. Therefore, the electric potential
across the piezoelectric material can be assumed constant. The electric field

across the composite piezoelectric beam is realised as:

Pt | ey + By + e + hpra

hes
Oa 2p+hep+hp<2<

VvV hes hes
_Ey 2p+h/ep<z< 2p+hep+hp

By =4(2)V = 0, _hezsp —hep <2< he;p + hep
14 hes hes
Ty =P —hep <2< —=FF —hep — Ny
hesp hesp
0, =2 hy,—h,<z—"92 _2h, —h,—h.— D

(2.20)
where, h is the thickness of the respective layer; ¢ defines the electric field across

the thickness of the beam.

By substituting Equation (2.10, 2.19, and 2.20) into Equation (2.16), the

potential energy of the system can be rewritten as:

(PE) = Sr (0r (1)K, + K,) + 5 (DBV (1) (2.21)
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where, the modal stiffness matrix (K) of the piezoelectric beam, v25w, is written

as:

K _/ 220! () Yopo(z) dvgy + / 220! () Yl o(z) dv,
Up
[ P Yepla) vy 2 [ 2] Vepla) dut
tes " (2.22)
2[R Vinaela) dogei 4 [ ) Vaole) dug
Vfra Vep
2 [ @) Vi) du,
Up
The modal coupling matrix of the piezoelectric material is defined as:
0= [ =) s, (2.23)
Up
The coupling coeflicient is defined as follows:
el = ds1 Y (2.24)
where, d3; is the strain coefficient.
The internal electrical energy of the system can be expressed as:
1 —t—
Wie = 3 E3Dsdv, (2.25)
Up

Substitute the piezoelectric constitutive equations in Equation (2.10) into Equa-

tion (2.25), the internal electrical energy of the system can be rearrange as

Wi, = %[—rt(t)GV(t) V(1G] (2.26)
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where, the capacitance matrix of the piezoelectric material is defined as:

Co= [ ¢y, (2.27)

€§3 = 5;?.33 X €0 (228)

where, €7 35 is the relative permittivity; €35 is the dielectric constant; g is the

electric constant.

The virtual work of the mechanical force includes generalised excitation
force, F'(t), and the generalised resistive force due to damping effect, Dr(t),
shown in Equation (2.29). The generalised excitation force is discussed in Section
2.3.3 of this chapter.

Q. = F(t) — Di(t) (2.29)

Damping is a dissipative energy, which attenuates the oscillation. The modal

damping of the system is expressed as [56]:

D =2/MK (2.30)

where, £ is the damping ratio of the system, which is determined by using loga-

rithmic decrement () as shown in Equation 2.32 [57].

f=—n0n (2.31)

(2.32)
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where, w(x,t) is the peak displacement amplitude in time ¢, measured at, L = x;
xz(x,t + kT) is the peak displacement amplitude at k periods away; T is the

sampling rate.

The virtual work of the electric charge is:

Qv = q(t)oV (1) (2.33)

where, ¢(t) is the electric charge output function; V'(¢) is the voltage output

function; §(.) is the variation of the corresponding variable.

By substituting the kinetic energy in Equation (2.14), potential energy in
Equation (2.21), internal electrical energy in Equation (2.26), and generalised
excitation force and electrical domain in Equation (2.29) and (2.33) respectively
into the electromechanical Lagrange equations in Equation (2.11) and (2.12)

respectively, the equation of motion for the piezoelectric beam is presented as:

Mi(t) + Di(t) + Kr(t) — 0V (t) = F(t) (2.34)

0tr(t) + C,V (1) = q(t) (2.35)

2.3.3 Generalised excitation force due to base excita-

tion

To determine the vibration characteristics of the piezoelectric beam, a standard

shaker test with base excitation is often applied. It is achieved by inducing
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vibration at the clamp of a piezoelectric beam, allowing the beam to produce
strain due to the inertia load of its own mass. To model the base excitation as an
external force to the system, the cantilever beam is discretised to Ny elements
with equal length Az [3]. The base excitation motion will produce local inertia

load that is applied on the k' element, which is expressed as:
fr(t) = mAzay(t) (2.36)

where, m is the unit length mass of the piezoelectric beam; a;(t) is the base
acceleration function. The base acceleration function is represented by a sine
wave described as:

a(t) = G x 9.81sin(wpt) (2.37)

where, GG is the applied G-force; wy is the angular frequency of the sine wave. In
order to delineate the inertia load of the whole cantilever beam, the local inertia
load along the beam is summed up. This study considers only the first mode of
operation. The generalised excitation force due to base excitation can then be

expressed as:
Ny
Fy(t) = a(t) Y mep(ax) (2.38)
k=1
2.4 Numerical simulation

The mathematical model developed in Section 2.3 is simulated in MATLAB

using the function ’lsim’, which is able to simulate time response of a dynamic
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system based on arbitrary inputs. The equation of motion shown in Equation
(2.34) and (2.35) have to be converted into state-space model in order to comply
with the format of the MATLAB function. The state-space model format for

the ’lsim’ function is given as:

&l
I
|
&I
+
ool
2]

(2.39)

|
I
Qll
&
_l_
S
N

(2.40)

where, T, 7, and u are the state, output, and input vector respectively; j, ?,
6, and D are the state, input, output, and feedforward matrix respectively.
The mechanical domain of the equation of motion for the piezoelectric beam

presented in Equation (2.34) can be rearranged as:

F(t) = M7UP(t) — MDAt — MUUKr(f) + MOIOV(E)  (241)

By performing differentiation with respect to time for both side of the electrical
domain of the equation of motion for the piezoelectric beam in Equation (2.35),

it can be rewritten as:

where, the rate of electric charge flow, ¢(t), equals to electric current, which can

be written as voltage (V') over resistance (R):

q(t) = RV (1) (2.43)
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The rearranged piezoelectric beam equation of motion shown in Equation (2.41)

and (2.42) can be converted to state-space model as follows:

r(t)
7(t)
T= (2.44)
Wi
Va
u=F (2.45)
y= [V1 VQ} (2.46)
0 1 0 0
_ |-M7'K -M7'D M7'¢ M6
A= (2.47)
0 -C;'0" Cy'RTY 0
0 —C 10" 0 Cy iR
0
_ M
B=| (2.48)
0
0
C= [o 0 1 1] (2.49)
D=0 (2.50)

where, V] and V5 are the voltages generated by the two piezoelectric layers; F' is

the generalised excitation force. A table of the parameters used in the simulation
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is provided in Table 2.3. The dynamical response of the system subjected to an

externally applied force could then be simulated.

Table 2.3: Common parameters (first mode) used in the simulation of
the theoretical results.

Parameter Symbol Value
Modal mass M 0.97587
Modal stiffness K 5.8161 x 10°
Modal damping D 18.08
Modal coupling 0 0.0381
Capacitance Cp 8.8518 x 1078

2.5 Experiment validation of the piezoelec-

tric beam model

The validation of the piezoelectric beam model presented in Section 2.3 is con-
ducted here through experimental studies. Numerical simulation is performed in
MATLAB using the state-space model derived in Equations (2.44 - 2.50). Base
excitation is introduced to the clamped piezoelectric beam using a shaker. This
section presents the experiment methodology and this is followed by results and

discussions section.
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2.5.1 Experiment methodology

An off-the-shelf bimorph PZT piezoelectric beam (Mide-v25w) is utilised in this
study. The piezoelectric layers are connected in series and the voltage measured
is under open circuit condition. The piezoelectric beam is clamped on an elec-
tromagnetic shaker (Bruel & Kjaer, Modal Exciter-Type 4824) that produces vi-
bration of different G-forces as base excitation motion to the piezoelectric beam.
A function generator outputs sine waves of different frequencies. The sine wave
signal is amplified by a power amplifier to drive the electromagnetic shaker and

provide different G-forces.

To measure the frequency and G-force of the sine wave, an accelerometer
(Myduino-Triple Axis Accelerometer MMA7361) is mounted on top of the piezo-
electric beam clamp. The accelerometer is powered by a supply voltage of 3.3 V,
which is regulated by a voltage regulator installed in the signal interfacing circuit.
The signal interfacing circuit acts as a signal interface medium between the data
logger (NI-USB6008), piezoelectric beam, and accelerometer. The specifications
for the data logger is given in Appendix A.1. The signals from the accelerometer
and piezoelectric beam are recorded by the data logger and the results are stored
in a laptop using a software provided by LabView, Signal Express. The sampling
rate of the accelerometer and voltage produced by the piezoelectric beam is set

as 1 kHz.

The experiment setup schematics and the experiment setup overview are

depicted in Figure 2.3 and Figure 2.4 respectively. The enlarged view of the
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data logger, voltage regulator and signal interfacing circuit, accelerometer and

piezoelectric beam is presented in Figure 2.5.

Signal Interfacing Circuit

- 3.3V voltage .
A 33V
| > regulator
. Accelerometer
Signal Express MMA 7361
Nﬁ?ﬁ -+ -Accelerometer output-  —
— - Piezo voltag ezaelectric beam
4 V23w
1—USB—|
—
Real-time data display
Bruel & Kjaer
Modal Exciter-
(\; Type 4824
Function .
» Power amplifier
generator

Figure 2.3: Schematics of the experiment setup.

L L LT

)

Figure 2.4: Experiment setup: (1) laptop; (2) data logger; (3) voltage
regulator and signal interfacing circuit; (4) accelerometer; (5)
piezoelectric beam; (6) electromagnetic shaker; (7) function generator;
(8) power amplifier.

2.5.2 Results and discussion

The first mode natural frequency of the piezoelectric beam and the voltage pro-

duced by the piezoelectric beam are investigated in this section. The first mode
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Figure 2.5: Enlarged view of (a) data logger: NI-USB6008; (b) 3.3 V
voltage regulator and signal interfacing circuit; (c) accelerometer:
MMAT361; (d) piezoelectric beam: v25w.

natural frequency of the piezoelectric beam was achieved by tuning the function
generator until a local maximum point is observed in the generated voltage. On
the other hand, the first mode natural frequency of the theoretical results can be
obtained from the frequency response graph by performing Fast Fourier Trans-
form (FFT) on the voltage time response graph simulated from the theory using

MATLAB.

In order to compare the experimental and theoretical frequency response
graphs, results obtained from excitation force of 0.5 g are chosen for discussion
purpose. The experimental and theoretical frequency response graphs due to 0.5
g base excitation are given in Figure 2.6. The first mode natural frequency of the
experimental and theoretical result is 120.1 Hz and 122.6 Hz respectively. From
Figure 2.6, the theoretical result showed good agreement with the experimental

result, with a percentage error in first mode natural frequency of 2.04 %.

In order to validate the mathematical model, base excitation of four differ-
ent G-forces (0.25 g, 0.375 g, 0.5 g, and 1 g) are conducted in the experiment
and simulation. The values of G-force utilised in this study are based on the

datasheet of the piezoelectric beam (Mide-v25w). The voltage time response
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Figure 2.6: Frequency response graph (first mode) with base
excitation of 0.5 g.

graphs for the experimental and theoretical results are depicted in Figure 2.7.
The experimental and theoretical peak voltage output along with the percentage

error of the respective G-forces are tabulated in Table 2.4.

From Table 2.4, the peak voltages recorded from the experiment and es-
timated by the numerical simulation showed a positive trend as the G-force
increases. As the vibration amplitude increases, more strain will be induced to
the beam structure and more voltage will be generated. The percentage dif-
ferences between the experimental and theoretical results for the four G-forces
can be found in Table 2.4. The highest percentage difference (25.45 %) is found
when 1 g of base excitation was induced to the piezoelectric beam. In overall,

the theoretical results were in good consensus with the experimental results.
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Figure 2.7: Voltage time response graphs with base excitation of: (a)
0.25 g; (b) 0.375 g; (¢) 0.5 g; (d) 1 g.

For base excitation application, a piezoelectric beam has to operate at its
resonant state in order to produce maximum power output. When the vibration
source is out of resonance with the piezoelectric beam, the performance of the

energy harvester could deteriorate [58]. To overcome this issue, several methods
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Table 2.4: The experimental and theoretical peak voltages of different
G-force with its respective percentage difference.

Percentage
G-force (g) Experiment (V) Theory (V) difference
(%)
0.250 4.16 3.48 19.54
0.375 6.03 5.25 14.86
0.500 7.64 6.99 9.30
1.000 10.43 13.99 25.45

were proposed in literature to optimise the piezoelectric beam energy harvester
under base excitation, such as bandwidth widening [59] and frequency tuning

[60].

In the case of raindrop impact energy harvesting using piezoelectric beam,
the piezoelectric beam is impact-driven. When the raindrop impacts the surface
of the piezoelectric beam, it oscillates in resonant frequency. After the impact,
the output voltage will exhibit two distinct stages, first with a logarithmic growth
and followed by an exponential decay [32]. The dynamical response of a piezo-

electric beam subjected to raindrop impact is covered in Chapter 3.

2.6 Chapter conclusion

In this chapter, detailed derivation on the piezoelectric beam model is presented.
Modal analysis of a cantilever beam is studied and the mode shape is derived.
The mass normalisation is performed by using the orthogonality condition of

the mode shape. The piezoelectric beam model is developed by applying the
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constitutive equation of a linear piezoelectric material, Rayleigh-Ritz Theorem,
and Lagranges equations for electromechanical systems. The final form of the
developed piezoelectric beam model is able to predict the voltage output response
of the piezoelectric layers, and able to describe the dynamical response of the
piezoelectric beam structure. Furthermore, the generalised excitation force due
to base excitation is derived to facilitate the study of vibration characteristics in

a shaker test.

The piezoelectric beam model is validated by performing an experiment test
using an electromagnetic shaker. Results revealed that the first mode natural
frequency of the piezoelectric beam when measured in open circuit is 122.6 Hz.
Voltage time response graphs were obtained by applying four different G-forces in
the experiment and simulation model. Overall, the experimental results showed
good agreement with the theoretical results, with a percentage difference range

of 9.30 % to 25.45 %.
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Dynamics of the rain harvester
subjected to water droplet

impact

3.1 Introduction

In Chapter 2, the equation of motion for the piezoelectric beam is developed.
This chapter will investigate the dynamics of water droplet impact on the surface
of a piezoelectric beam. Water droplet impact on a surface is a well-established
research field. This study has been applied in myriads of fields, to name a few:
ink-jet printing, and spray coating [61, 62]. In droplet impact energy harvesting

using piezoelectric beam, the dynamics of a water droplet impact will affect

46
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the electrical energy generation. Water droplet impact on a piezoelectric beam
can be modelled by following the analogy of a ball impacting a plate and such
impact can be assumed to be perfectly inelastic impact [33, 38]. In actual case,
the water droplets do not stick to the piezoelectric beam, as suggested by the
perfectly inelastic impact model. The water droplet will spread, recoil, or splash
upon impact. Guigon et al. [33] reported that the reduction in energy generation

by the piezoelectric energy harvester is caused by the splashing phenomenon.

Mao et al. [42] showed that the water droplet energy before impact is not
fully converted to strain and electrical energy after the impact. Energy is lost due
to spreading, recoiling, and splashing events. According to Mao et al. [42], water
droplet impact exhibits four stages: (a) before impact, (b) maximum spread,
(¢) maximum recoil/rebound, and (d) equilibrium. Before impact, the droplet
impact energy consists of kinetic energy, surface energy, and potential energy. As
the water droplet reaches the maximum spread diameter after impact, the liquid
flow direction changes from spreading outwards to recoiling inwards. During the
maximum spread, the kinetic energy is converted to surface energy. The droplet
contains maximum surface energy as it reaches maximum spread diameter. This
will cause the water droplet to recoil. In the maximum recoil /rebound stage, the
droplet possesses potential and surface energy but no kinetic energy as it is at
its maximum height. In the final stage, the equilibrium stage, the water droplet
has minimum energy, which equals to the static surface energy. Several studies
demonstrated that the surface wettability and roughness [42-44] will affect the

spreading and recoil stages. This has increased the difficulty in the modelling of
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the droplet impact force.

Various analytical models such as hertz contact theory, elastic foundation
model, potential flow theory, and average momentum force were studied by
Mangili et al. [44]. Among the impact force estimated by the analytical models,
variation of one or two orders of magnitude are reported. Moreover, the result
estimated by the numerical simulation using Finite Element Method had over-
estimated the maximum deformation of the substrate by approximately seven
times compared to the experimental data. Hence, the dynamics of water droplet

impact on a deformable surface requires further investigation.

The impact force of an impinging water droplet could be measured by using
a calibrated piezoelectric beam via bead drop impact method [63]. The calibra-
tion was conducted by using a high-speed photography technique to measure the
rebound height of the bead impacted on a PVDF piezoelectric film. However,
when the bead impacts on the piezoelectric beam, the beam will deform and
the bead will not rebound vertically. This causes complication in estimating the

impact coefficient by using photography technique.

In this chapter, the dynamics of the piezoelectric beam subjected to water
droplet impact is investigated. It is observed that as more water droplets are
introduced, they will merge and accumulate on the surface of the piezoelectric
beam. The water droplet accumulation is modelled as a discrete function of
droplet number count. Added mass coefficient is introduced to describe the

amount of water droplet accumulated. The added mass coefficient can be related
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to the ratio of the modal mass of the water layer formed to the modal mass of

the piezoelectric beam structure without any water layer.

The dynamics of a single water droplet impact is studied in this chapter.
Impulse Momentum Theorem is used to model the average impact force of a
water droplet impact. In order to incorporate the post impact behaviour of a
water droplet impact, an impact coefficient is introduced. The impact coeflicient
is modelled as a discrete function of droplet number count. This is because
the impact coefficient varies when the modal mass of the water layer formed on
the surface of the piezoelectric beam varies. The model is validated through

experimental studies in this chapter.

Subsequently, the model is further extended to multiple water droplet im-
pact model by incorporating the analysis of varying drop period and position.
According to the literature, most of the experimental and theoretical works con-
ducted considered only single droplet test [33-35, 37]. Single droplet test could
not fully capture the behaviour of a raindrop impact energy harvester in actual
rain scenario. During actual rain, raindrops will accumulate on the surface of
the piezoelectric beam, and a water layer will be formed. The water layer formed
on the surface of the piezoelectric beam will change the dynamic response of the

piezoelectric beam and has yet to be studied.

In this chapter, the multiple droplet impact model captures the response of
the piezoelectric beam when it is excited by water droplet impinging at different
locations on the piezoelectric beam at different time. The impact position study

is conducted by fixing the water droplet size and impact height. To validate the
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model, three different rain rates were investigated and they are categorised as
light stratiform rain (LSR), moderate stratiform rain (MSR), and heavy thunder-
shower (HT). The performance of the energy harvester is evaluated by using root
mean square (RMS) voltage and energy accumulated over a fixed time period of

12 s.

This chapter is organised as follows: Section 3.2 presents the modelling of
the piezoelectric beam with water layer; the modelling of the piezoelectric beam
subjected to single droplet impact is discussed in Section 3.3; the single droplet
impact model is validated using experimental result in Section 3.4; Section 3.5
highlights the dynamics of the harvester subjected to multiple droplet impact;
the experiment validation of the multiple droplet impact model is presented in

Section 3.6; lastly, Section 3.7 concludes this chapter.

3.2 Modelling of the piezoelectric beam with

water layer

The water layer accumulation on the surface of the piezoelectric beam is modelled
as an added mass effect. The water layer formed on the surface of the beam acts
as a resistive force and an artificial mass on the piezoelectric beam. This can
be treated as an added-mass effect [64]. Additional parameter matrices due to

the formed water layer are added into the mechanical domain of the equation of
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motion in Equation (2.34) as:

(M + M) (t) + (D + Dy, )i (t) + (K + K, )r(t) — 0V (1) = F(2) (3.1)

where, (.),, indicates that the corresponding parameter matrix is of the water
layer. The modal parameter matrices are related to the mode shape of the piezo-
electric beam. Moreover, the shape of the water layer formed on the surface of
the piezoelectric beam is irregular. Therefore, it is difficult to estimate the pa-
rameter matrices of the water layer. Furthermore, the modal parameter matrices
do not have a unique value due to different scaling method utilised to define the
mode shape [65]. Since the ratios between the modal parameters are unique,

they are listed as:

w? = % (3.2)

wg =wy/1—¢2 (3.3)
D

(=5 (3.4)

where, w is the natural frequency of the piezoelectric beam; wy is the damped
natural frequency of the piezoelectric beam. To simplify the derivation process

the following parameters are introduced:

D,=D+D,
K,=K+K, (3.5)
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wi; = —*= (3.6)

where, (.), indicates that the corresponding parameter matrix is inclusive of the

water layer. By dividing Equation (3.6) with Equation (3.2):

(R0

By taking the modal stiffness matrix of the water layer as zero (K, = 0), which
is a reasonable assumption to most structures according to Sedlar et al. [65],

Equation (3.7) can then be rewritten as:

w2 w2 1= M\
—a _ da = ]_ = .
X ( + i > (3.9)

After some rearrangements, the added mass coefficient can be obtained as:

Mw _ Wﬁ(l B Cg)
M w3 (1-¢?)

C, = —1 (3.10)

By substituting the added mass coefficient into the modal damping matrix in
Equation (2.30), the modal damping matrix that incorporates the added mass

effect is written as:

D, = 20/ + Co) MK (3.11)
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Similarly, the mechanical domain of the equation of motion, Equation (2.34),

with added mass effect can be rewritten as:

(1 4+ Co)M7#(t) + D,r(t) + Kr(t) — 0V (t) = F(t) (3.12)

To accommodate the analysis of the water layer accumulation process, the added
mass coefficient, modal damping matrix, and mechanical domain of the equation
of motion with added mass effect in Equation (2.10), (2.11), and (2.12) respec-

tively are discretised with a function of drop count 'n’ as:

= emugm ! 319
D, (n) = 2/ [T + Calm K (3.14)
M, (n)in(t) + D, (n)r(t) + Kryp(t) — 0V, (t) = F,(t) (3.15)

3.3 Modelling of piezoelectric beam subjected

to single droplet impact

This section presents a mathematical model of piezoelectric energy harvester
subjected to single droplet impact. The modelling of generalised excitation force
due to the n'" water droplet impinging the piezoelectric beam is presented. The

impact is modelled by using the Impulse Momentum Theorem. This is followed
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by the description of the water droplet behaviour before and after the impact.

Lastly, a novel method is introduced to determine the impact coefficient.

The generalised excitation force due to the nt" water droplet impacting at

length position, x, on the piezoelectric beam can be written as:

Fs,n(t) = favg(n)W(I)ns(t) (316)

1, 0<t<r
ns(t) = (3.17)

0, otherwise

where, 7s(t) is the pulse function for single droplet impact; foug is the

average impact force; 7 is the impact duration.

The impact duration of the impinging water droplet is written as [66]:
T=— (3.18)

where, D,, is the water droplet diameter; v,, is the water droplet impact veloc-
ity. The impact duration expression shown in Equation (3.18) is a fundamental

expression with some simplified assumptions of the impact phenomena [66].

The impact velocity of a free falling water droplet is dependent on its drop
height. The impact velocity (v,) of the impinging water droplet with a radius

of Ry, falling from a drop height of H, is given as [43]:

v (H) = (1 — e—24H) (3.19)

9
A
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A= Scfpair
S8Ry puw

(3.20)

where, A is a constant; g is the gravity constant; p.;, and p,, are the density of

air and water respectively; ¢y is the friction coefficient of the water droplet.

The average impact force of an impinging water droplet is derived by using
the Impulse Momentum Theorem. According to the Impulse Momentum Theo-
rem, the change in momentum of an object is due to the impulsive force acting

on it.

Assume the time of a water droplet hitting the beam is at ¢1, and the time
after impact is at to, where (to = t1 + 7). By relating to the Impulse Momentum
Theorem, the change in momentum of the n*” impinging water droplet is due to

the impulsive force exerted by the piezoelectric beam, f,,, which is written as:

to
fa(t)dt = Ap =ps —p1 (3.21)
t1

where, p; and ps are the momentum of water droplet before impact and after

impact respectively.

When water droplet impacts on a surface, momentum loss will occur as
portion of it is not absorbed by the piezoelectric beam. The lost in momentum
for a water droplet impact can be related to splashing, spreading and partial
recoil motion of the water droplet after impact. Splashing can be determined by

using the impact parameter, K'm [67]. The impact parameter governs the mode
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of water droplet deformation after impact, which is given as:

Km = W60.5R60.25

We = puDyv? /oy (3.22)

Re = ,OwaUw/,Uw

where, We is Weber Number; Re is Reynolds Number; o, is the ratio of inertial
force to surface tension (o, = 0.07 Nm™2); p,, is dynamic viscosity (i, = 0.001
Pas); D,, is diameter of water droplet. The impinging water droplet will splash if
the impact parameter, K'm, is higher than 57.7. During splashing, the impinging
water droplet will be separate into multiple satellite droplets and splash out from
the point of impact. When splashing occurs, the momentum of the water droplet

impact will not be conserved.

Spreading of a water droplet after impact will cause loss in momentum
of the impinging water droplet after impact. The loss in momentum is due
to viscous effect, surface energy, and kinetic energy contributed by the liquid
motion during spreading [44]. Water droplet will recoil when the droplet reaches
maximum spread diameter due to the excessive surface energy. The behaviour of
water droplet recoil after impact can be related to the impact surface roughness
[44]. According to Mangili et al. [44], the recoil phase of the droplet on a hard

substrate is shorter when compared to a softer substrate.

Figure 3.1 illustrates the moment before and after impact, where portion of
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the water droplet will spread or splash, while the remaining portion of the water

droplet will stick on the beam and travel with it.

MwVw
Ms2Vs2 MoVo MsaVss

O ms1Vs1¢—i\ | c

(a) (b)

Figure 3.1: Schematics diagram of the side view of the piezoelectric
beam (a) moment before impact and (b) the after impact.

The momentum of the water droplet before and after impact is written as:

P1 = MyVy

P2 = Moy + Z(msvs) (3.23)

where, m,, is the water droplet mass; (.)g indicates the portion of water droplet
that sticks on the beam after the impact, with vy = 0; (.)s indicates the portion

of water droplet that spread or splashed after the impact.

The mass and velocity of the satellite droplets are hard to determine as they
will spread or splash radially outwards from the point of impact. The mass of
the impinging water droplet is conserved after the impact (m,, = mo + >_ ms).
Since the satellite droplets do not travel in the same direction of the beam, it

is safe to assume that the sum of momentum after the impact are less than the
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momentum before the impact (p2 < p1). As a result, an impact coefficient (C;)
is introduced as shown in Equation (3.24) to describe the loss of momentum of
the impinging water droplet after impact due to spreading, splashing, spreading,
or recoil.

p2 = Cip1 (3.24)

By substituting Equation (3.24) into Equation (3.21), the impact force exerted

by the piezoelectric beam is rewritten as:

bt = (G — Dy (3.25)

t1

The impact force exerted by the piezoelectric beam to the water droplet can be

rewritten as an average force applied over the impact duration, 7:

to
fn(t)dt = favg(n)T (326)

t1

By substituting Equation (3.23) and (3.26) to Equation (3.25), and applying
Newtons third law of motion, the average force applied to the piezoelectric beam
by the impinging water droplet is expressed as:

(1 — Ci)myvy
T

favg(n) = (327)
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The average impact force can be modelled as a discrete function of droplet num-

ber, n, Equation (3.27) is written as:

[1 — Ci(n)]muyvwy

favg(n) = (3.28)

By considering only the first mode of vibration and substituting Equation (3.28)
into the mechanical domain of the equation of motion for the piezoelectric beam,

Equation (3.15), the impact coefficient can be derived as:

L (M (n)Fa(T) + Dy (n)in(bT) + K1 (bT) — 0V (b8)]7

b
max b=1

(3.29)

where, b is the number of sampling element, T is the sampling rate, and
bmazT = 7; the voltage output (V,,) as well as the generalised coordinates for
displacement (r,), velocity (7,), and acceleration (7,) are determined experi-

mentally. The generalised coordinates are written respectively as:

ra(t) = =D gy (3.30)

3.4 Experiment validation of the single droplet

impact model

When a water droplet collides on the surface of a piezoelectric beam, it will
splash, spread, or recoil. It is discussed in the previous section that the post-

impact behaviour of the water droplet will result in the loss of momentum. The
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loss of momentum is described by using an impact coefficient. To obtain the
impact coeflicient, a time course study on the successive water droplet impact

on the piezoelectric beam was conducted.

In this section, the theoretical model developed in Section 3.3 is validated by
both simulation and experimental studies. The dynamical response is simulated
in MATLAB. In this study, successive water droplet impacts were treated as
individual excitation. It considered the first mode of vibration only. This is
to facilitate the analysis of each individual water droplet impact. Damping
ratio and damped natural frequency were extracted from the individual voltage
responses to calculate the added mass coefficient using Equation (3.10). The

impact coefficient for every droplet can be estimated by using Equation (3.29).

The post impact behaviour of water droplet impact is investigated through
the accumulation of water droplets. Static camera images of different drop oc-
casions, voltage response graphs, and frequency response graphs are utilised to
analyse the post impact behaviour of the water droplet impact. In addition, the

peak and root mean square (RMS) voltage of each drop are computed.

3.4.1 Experiment methodology

The schematics and photograph of the experimental setup are provided in Figure
3.2. In order to conduct a time course study on the successive water droplet
impact, a steady flow of water droplet is produced by using a peristaltic pump

(Cole Parmer-Masterflex L./S series). The specifications of the peristaltic pump is
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provided in Appendix A.2. The peristaltic pump is able to produce a consistent
water droplet size with a fixed time interval by pumping water from a water
reservoir. The flow of the water droplet is set in a way that the water droplets
would impact on the same location every one second time interval. In order to
generate a consistent water droplet size, a 21G gauge syringe needle is installed
on a retort stand with a silicon tube. The 21G gauge syringe is able to produce
a consistent water droplet with diameter of 2.96 mm. The tip of the syringe is
elevated 0.25 m above the piezoelectric beam and it is positioned so that water
droplets could impact the centre of beam. The impact velocity is estimated as

2.15 m/s by using Equation (3.19).

The water droplet diameter and impact velocity were measured using a laser
precipitation monitor sensor (Thies CLIMA-5.14100.10.000). The specifications
of the laser precipitation monitor sensor is presented in Appendix A.4. A rig was
fabricated by using slotted angle bar. This serves as the sensor mounting rig for
the laser precipitation monitor sensor. The laser precipitation monitor sensor
measures the size of the water droplets by using an infrared beam via laser diode
and optics. The receiver, which consists of a photo diode with a lens, is able to
capture the optical intensity and transform the information into electrical signal.
The signal is converted from RS-485 cable to Universal Serial Bus (USB) before
conveying to a computer. A data-logging program is developed using MATLAB

to record the water droplet diameter and its respective impact velocity.

The voltage generated by the piezoelectric beam is recorded using a data

logger (NI-USB6008). The PZT layers of the piezoelectric beam (Mide-v25w)
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are connected in series and it is measured across a 15 k) load resistor.

A laser vibrometer (MicroEpsilon-ILD1700-10) is installed directly under
the piezoelectric beam to measure the tip displacement of the beam. The laser
vibrometer measures the tip displacement of the beam by using the principle of
optical triangulation, where a visible and modulated point of light is projected
onto the target surface. The recorded signal is delivered into laptop via RS-485
cable in real time and it is recorded by using a software, ILD1700 Tool. The

specifications of the laser vibrometer is provided in Appendix A.3.

3.4.2 Estimation of the impact coefficient

In order to obtain the impact coefficient for every cycle of water droplet impact,
the added mass coefficient and the damping ratio of every cycle have to be known.
The damping ratio of each droplet number can be estimated using logarithmic
decrement from the voltage response graphs using Equation (2.31). The damping
ratio obtained from experiment results are fitted with an eight-term sum of sine

model using MATLAB:
8
&) =Y pisin(gn +7) (3.31)
i=1

where, p’ is the amplitude; 'g’ is the frequency; 7’ is the phase constant for each

sine wave term.

The damping ratio of each water droplet impact shown in Figure 3.3 demon-

strates that the fitted curve is able to describe the approximate trend of the
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Figure 3.2: The (a) schematics and (b) photograph of the
experimental setup.

damping ratio well. The oscillatory trend of the damping ratio can be attributed
to the change in the water layer thickness as it was accumulating. When the
water droplet was accumulating at n < 274, the water layer formed on the sur-
face would experience a prompt change in thickness and expand radially when
its surface tension could not hold its shape. As a result, more fluctuation in
damping ratio was observed at this region. At n > 274, the surface area of the

water layer was larger when comparing to n < 274. As a result, less fluctuation
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in damping ratio was observed when n > 274.
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Figure 3.3: Damping ratio against droplet number.

According to Equation (2.31), damping ratio and damped natural frequency
for each droplet impact have to be known in order to obtain the added mass co-
efficient. The damped natural frequency can be extracted by performing Fast
Fourier Transform (FFT) on the voltage time response graphs of respective
droplet number to obtain the frequency response graph. The added mass coeffi-
cient and the first mode damped natural frequency for the investigated droplet

number are plotted in Figure 3.4 and Figure 3.5 respectively.
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Figure 3.4: Added mass coefficient against droplet number.

The added mass coefficient is defined as a ratio of the modal mass of the

water layer and the modal mass of the piezoelectric beam without water layer
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Figure 3.5: First mode natural frequency against droplet number.

in Equation (3.10). As the droplet number increases, the modal mass of the
water layer increases as well. Therefore an increase in added mass coeflicient
can be observed in Figure 3.4. As the modal mass of the water layer increases,
the damped natural frequency of the system will decrease, as shown in Figure
3.5. The maximum added mass coefficient and the lowest first mode damped
natural frequency were measured to be 1.1 and 84.23 Hz respectively. A plateau
was observed in both Figure 3.4 and Figure 3.5 at 378 < n < 449. This can be
explained by the geometry and the thickness of the formed water layer. As the
surface area of the water layer became higher, more water droplets are needed
in order to increase the modal mass of the water layer. Therefore, a plateau was
observed at this region. After n = 449, the added mass coefficient was found
to be increasing while the damped natural frequency of the system is decreasing

before the water layer started to spill at n = 576.

By using Equation (3.29), the impact coefficient was obtained and shown

in Figure 3.6(a). The coefficient is fitted with a two-term power series model:

Ci(n) = —0.384n%%7 + 0.880 (3.32)
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The average impact force can be calculated after obtaining the impact coefficient

by using Equation (3.28). Figure 3.6(b) plots the average impact force magnitude

against the droplet number.
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Figure 3.6: (a) Impact coefficient and (b) magnitude of the average
impact force against droplet number.

From the experimental data in Figure 3.6(a), the impact coefficient de-
creased rapidly at n < 40. This is due to the sudden spreading or splashing
of the water droplet after the impact on the surface of the piezoelectric beam.
As the water layer accumulates, the impact surface became softer and the recoil
motion is slower in comparison to a harder impact surface [44]. As a result, the
impact coefficient was observed to decrease at a slower rate at n > 40. The
relationship of the impact coefficient and average impact force magnitude is in-

versely proportional by comparing both graphs in Figure 3.6. This is due to the
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average impact force equation shown in Equation (3.28).

According to Figure 3.6(a), the impact coefficient from the experimental
data started to spread when n > 200. As the volume of the water layer accumu-
lated grows, the momentum of the impinging water droplet will not be directly
transferred to the beam or dissipated as loss of momentum as described by the
impact coefficient in Equation (3.28). Part of the impact momentum will be
converted to water ripple motion, as water ripple was found to be more notice-
able as the water layer volume increases. Such loss in momentum is hard to be
quantified. Nonetheless, the fitted curve using the two-term power series model

is able to describe the trend of the impact coefficient well.

The impact coefficient can be correlated to the added mass coefficient by
using a curve fitted impact coefficient against the empirical added mass coeffi-
cient graph depicted in Figure 3.7. The fitted curve exhibits a good correlation
between the two parameters. The numerical sample points were fitted by using

a two term exponential model using MATLAB:

Ci(n) = 0.1923¢2194Ca(n) 4 () 9773 04458Ca(n) (3.33)
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Figure 3.7: Impact coefficient against added mass coefficient.

3.4.3 Results and discussion

The MATLAB code for a single droplet impact when there is no water layer is
given in Appendix B. To demonstrate the process of water droplet accumula-
tion, camera images of the static water layer accumulated on the surface of the
piezoelectric beam are inspected in 3.8. The theoretical results for both time and
frequency spectrum were found to be underestimating voltage magnitudes when
comparing with the experimental results. The reason for this underestimation
was due to the damping ratio, shown in Figure 3.3, where the theoretical damp-
ing ratio underestimated the oscillations of the damping ratio obtained from
experiment when n < 274. At n = 274, the water layer formed on the surface
has reached the maximum width of both sides of the piezoelectric beam. Further
increase in droplet number would expand the water layer in the length direction
of the piezoelectric beam. The water layer reached the clamp end and the tip of
the piezoelectric beam when n = 361. Subsequently, the water layer slowly filled
up the rest of the piezoelectric beam surface and started to spill after reaching

its optimum volume at n = 576.
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Figure 3.8: Camera images of static water layer at different droplet
numbers (n = 1, 48, 276, 361, and 576); the corresponding voltage time
response graphs (y-axis: voltage, V; x-axis: time, s); and the
corresponding frequency response graphs (y-axis: voltage, V; z-axis:

frequency, Hz).

By comparing the theoretical results for the case of water layer at its opti-

mum volume (when n = 576) and without water layer (n = 1), the peak voltage

recorded was 147.1 mV and 146.3 mV respectively. The generated peak voltage

was increased by 0.8 mV when the volume of the water layer formed on the

surface of the beam is at optimum volume. This can be explained by the lower
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impact coefficient at n = 576 when compared to n = 1, which gives a higher

average impact force magnitude according to Figure 3.6.

To obtain a quantitative comparison between the voltage generated by the

piezoelectric beam at n = 1 and n = 576, the root mean square (RMS) voltage

Vims = ,/; /0 Syt (3.34)

where, T is the time period of the voltage response.

is calculated:

The theoretical RMS voltages at n = 1 and n = 576 were estimated to be
28.46 mV and 26.95 mV respectively. The RMS voltage when the water layer is
at its optimum volume was found to be lower than the instance where there is
no water layer. Although the theoretical peak voltage is higher at n = 576, the
increase in damping ratio (illustrated in Figure 3.3) reduces the performance of

the harvester as the voltage oscillation reaches steady state at a faster pace.

The comparison of the experimental and theoretical frequency response
graphs when n = 1 and n = 576 are plotted in Figure 3.9. The experimen-
tal result showed that the first mode natural frequency decreased from 122.1
Hz to 84.23 Hz where the theoretical value decreased from 120.8 Hz to 83.1 Hz.
Both experimental and theoretical results showed a reduction in first mode nat-
ural frequency when the water layer was at its optimum volume. The shift in
the first mode natural frequency is due to the increase in the overall modal mass

due to the introduction of the water layer. This is reflected in Equation (3.2),
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where the square of the first mode natural frequency is inversely proportional to

the overall modal mass of the system.

On another note, a series of peaks in the lower frequency region were ob-
served in the experimental frequency response graph with water layer in Figure
3.9a. Interestingly the series of peaks were not present in the experimental fre-
quency response graph without water layer in Figure 3.9a. These peaks may be
attributed to the water ripple motion [68]. Since the voltage contribution of the

water ripple is relatively low, it is not included in the theoretical studies.
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Figure 3.9: Comparison on the (a) experimental and (b) theoretical
frequency response graphs with (n = 576) and without (n = 1) the
presence of water layer.

To evaluate the performance of the energy harvester over the course of water
layer accumulation, peak voltage and RMS voltage of the respective droplet
impact were considered. The peak voltage graph provided in Figure 3.10 was
obtained by extracting the instantaneous maximum voltage value and plotted

with its respective droplet number. The RMS voltage plotted in Figure 3.11 was
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obtained by estimating the RMS voltage of each droplet number using Equation

(3.34), where the maximum time period for each voltage response is T = 0.5 s.

The experimental results of both peak voltage and RMS voltage showed
similar trend. This is the result of the oscillatory trend found in the damping
ratio (Figure 3.3), where the data oscillates as the droplet number increases. In
general, the agreement between the theoretical and experimental results for both

peak and RMS voltage is good.

The peak and RMS voltage were found to increase initially at n < 48
for the experimental results and at n < 41 for the theoretical results. This is
due to the loss in momentum as described by the impact coefficient, shown in
Figure 3.6a. The decrease in impact coefficient will increase the average impact
force magnitude of the impinging water droplet. As the average impact force

magnitude increases, the peak and RMS voltage will increase as well.

According to Figure 3.10 and Figure 3.11, the peak and RMS voltage started
to decrease shortly after they had reached their respective peak values. The
decrease in peak and RMS voltage were due to the increase of the overall system
modal mass and modal damping. As the modal damping increases, the system
will experience higher resistive force. This can be observed from the voltage time
response graphs in Figure 3.8 , where the voltage was damped quicker with a

higher damping ratio (Figure 3.3).
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Figure 3.10: The comparison of experimental and theoretical peak
voltage with fitted damping.
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Figure 3.11: The comparison of experimental and theoretical RMS
voltage.

The average percentage error between the experimental and theoretical re-
sults for the peak and RMS voltage were 11.48 % and 6.94 % respectively. The
RMS voltage is directly affected by the damping ratio as some discrepancies were
observed between the fitted and actual damping ratio, shown in Figure 3.3. Nev-
ertheless, the theoretical peak and RMS voltages are able to predict the trend

of the experimental results.

The highest recorded peak voltage from the experimental and theoretical
results were 0.23 V and 0.21 V respectively. The instantaneous peak power can
be estimated by using, P = V?/R. Therefore, the instantaneous peak power

from the experimental and theoretical results were calculated to be 3.53 uW and
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2.94 uW respectively. The highest recorded RMS voltage from the experimental
and theoretical results were 0.05 V and 0.04 V respectively. The mean value for
the RMS voltage from the experimental and theoretical results were estimated

to be 0.034 V and 0.032 V respectively.

The RMS voltage can be plotted against added mass coefficient, given in
Figure 3.12. By using the mean value of the RMS voltage, an optimal operating
region can be obtained. The optimal operating region is where the experimental
or theoretical RMS voltage has a higher value than the respective mean RMS
voltage. From Figure 3.12, the experimental and theoretical optimal operating
regions were found to be at 0.03423 < C, < 0.4396 interval and at 0.03223 <
C, < 0.4698 interval respectively. By checking the camera images in Figure 3.8,
the optimal operating region happens before the accumulated water layer reaches
the width ends of the piezoelectric beam. When the energy harvester is operating
at this region, more energy will be harvested. Therefore, it is interesting to look
into surface treatment for the piezoelectric beam in order for it to operate at this

region all the time.
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Figure 3.12: RMS voltage against added mass coefficient
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3.5 Dynamics of the harvester subjected to

multiple droplets impact

In an actual rain, raindrop will impact on different positions on the piezoelectric
beam at various rain rates. To investigate these phenomena in a controlled
environment, a multiple droplet impact model is developed. The multiple droplet
impact model considers the drop period and drop position on the piezoelectric
beam. The drop period of the rain and three drop positions are considered and

they are maintained as a constant to simplify the validation of the model.

Rain is stochastic in nature, it is generally distinguished by the drop size
distribution (DSD) and rain rate of the rain [41]. Rain rate is the quantity of
number of raindrops accumulated per unit time on unit area while DSD describes
the amount of raindrop counts on different raindrop diameter classes. In this
section, the droplet size is set as a constant and three rain types are considered
to simulate varying rain rate. The three rain types are: light stratiform rain
(LSR), moderate stratiform rain (MSR), and heavy thundershower (HT). The
three rain types are categorised according to their rain rate as shown in Table

3.1 [38].

According to Perera et al. [38], the three rain types are categorised using
raindrop density (N7). Drop period (Ty) is introduced to produce a statistically

valid measurement of rain rate. Drop period is defined as:

T, = (aN7)™! (3.35)
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Table 3.1: Raindrop density and drop period for different rain type.

Raindrop density

Rain type (s"'m2) Drop period (s)
ng.ht Stratiform 530 20
Rain
Moderate
Stratiform Rain 495 1.1
Heavy
Thundershower 818 0.7

where, a is the device area (a = 0.001766 m?).

The pulse function shown in Equation (3.17) describes the event of single
water droplet impact. In the formulation of a multiple droplet excitation model, a
continuous periodic signal that consists of drop period (7},) and impact duration

(1) are used. It is modelled by using Heaviside Function as:

Ny
M (t) =Y {[®(t— (n— D)T)] = [@(t — 7 — (n— DTy)]} (3.36)
n=1

where, Ny is the total number of water droplets; ® is the Heaviside function.

In the multiple droplet impact, the water droplet will impact on different
positions along the beam. To incorporate the effect of multiple droplet impact,

the modal force in Equation (3.16) is rewritten as:

Ny

Fin(t) = favgnm(t) Z[‘P(mn)] (3.37)

n=1
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xl, when: n=1,4,7,...

In =922, when: n=2528, .. (3.38)

x3, when: n=3,6,9,...

where, n is the droplet number count; z1, 2, and x3 are three fixed position on

the piezoelectric beam shown in Figure 3.13.

& @ ©

Figure 3.13: Impact position on the piezoelectric beam, where 1 = 42
mm, z2 = 27 mm, £3 = 12 mm, which are measured from the clamp.

3.6 Experiment validation of the multiple

droplet impact model

The purpose for this section is to study the response of the piezoelectric beam
when being excited by water droplet impacting on three different positions on the
piezoelectric beam. The theoretical model describing multiple droplet impact de-
rived in Section 3.5 is validated in this section using experimental studies. Three
different rain types, namely light stratiform rain (LSR), moderate stratiform rain

(MSR), and heavy thundershower (HT), which produce different rain rates are
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studied. The rain types were classified based on the number of raindrops per

unit time on unit area provided in Table 3.1 [38].

Single water droplet impact experiments had been conducted many times
in the literature [34, 37, 40]. The water droplet in the mentioned studies was
produced by using a syringe pump. With a syringe pump, the drop formation
time is slow in order to produce an accurate drop size. According to Guigon
et al. [34], the drop formation time ranges from 10 s to 60 s. From Table 3.1, the
highest drop period in this study is 0.7 s, which formation time is faster than the
minimum formation time when using a syringe pump. Although the peristaltic
pump in the previous section is able to generate steady stream of water droplet
at a fast rate, it is unable to synchronise three syringes. In order to synchronise
three syringes, three peristaltic pumps are needed, and this becomes infeasible.
Therefore, a new water droplet generator is needed and will be presented in this

section.

In this section, the impact coefficient obtained from Section 3.4.2 is utilised
to estimate the average impact force of the impinging water droplets. The added
mass coefficient due to water droplet accumulation was determined. In addition,
a drop position study is conducted to investigate the dynamic response of the
harvester. Three different rain types are studied by varying the rain rate. The
performance of the energy harvester under the three different rain types are
evaluated by using the RMS voltage and energy accumulated over a time period

of 12 s.
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3.6.1 Experiment methodology

The water droplet is produced by three individual solenoid valves connected to
three syringes. The syringes are able to generate droplet diameter of 4.36 mm.
The syringes are elevated 1.23 m above the impact plane. The syringes were
carefully positioned so that it could impact on the positions illustrated in Figure

3.13. An overview and schematic diagram of the experiment setup are depicted

in Figure 3.14.

(1) Reservoir

(4) Solenoid
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(2) Flush button (5) Control box

(3) Start button

(6) Syringe

(9) Laptop

8) Data

A
logger

(7) Piezoelectric
beam
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Figure 3.14: (a) Overview and (b) schematics diagram of the
experimental setup for multiple droplet excitation.

Three syringes are mounted on top of the solenoid valves that act as water
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reservoirs. The drop period of the water droplet is controlled by the on and off
of the solenoid valves. The toggling of the solenoid valves is synchronised by a
microcontroller (Microchip-PIC18F4550), which is housed inside a control box.
A flush and start buttons are connected to the microcontroller. This is to facil-
itate flushing and initiation of the programmed rain type routine. The flushing
function is vital to ensure that air bubble does not trapped within the system.
The piezoelectric beam (Mide-v25w) is clamped by using a water resistant cas-
ing to ensure that water does not short the output pins. The piezoelectric layers
are connected in series with a load resistance of 15 k{2. The generated voltage
is measured by using a data logger (NI-USB6008) and the data is stored in a

laptop.

3.6.2 Results and discussion

The multiple droplet impact model developed in Section 3.5 is validated through
experimental results in this section. The theoretical results are simulated us-
ing MATLAB. In this section, the performance of the raindrop impact energy
harvester due to three different impact positions and three different rain rates
are studied. The piezoelectric layers are connected in series and the generated

voltage is measured across a load resistor with resistance of 15 k).
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Added mass coefficient

When water droplet impacts the surface of the piezoelectric beam, the post
impact behaviour of the impinging water droplet will affect the average impact
force. This phenomenon is highlighted in Section 3.3, by describing the post
impact behaviour using the impact coefficient. In the case of multiple droplet
impact, the water will spill on the sensing surface of the laser vibrometer, hence

tip displacement could not be obtained.

In order to obtain the impact coefficient, the added mass coefficient from
the experimental result is estimated using Equation (3.13). Two parameters are
needed in order to obtain the added mass coefficient, which are the damped natu-
ral frequency and damping ratio. The damped natural frequency was obtained by
performing FFT on the voltage time response graph of individual water droplets
while the damping ratio is obtained by using logarithmic decrement, Equation
(2.31). After obtaining the added mass coefficient, the impact coefficient could
be calculated using Equation (3.33). The voltage time response graph and the

added mass coefficient graph for LSR, MSR and HT are presented in Figure 3.15.

By inspecting Figure 3.15, there were only two added mass coefficient values,
which were 0 and 0.0421. By substituting these values into Equation (3.33), the
impact coefficients were found to be 0.496 and 0.361 respectively. The impact
coefficient values were substituted to Equation (3.28) in order to obtain the
average impact force. The obtained average impact force is then substituted
to the theoretical equation of motion for multiple droplet excitation given in

Equation (3.37).
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Figure 3.15: Voltage time response (black) and added mass coefficient
(red) graphs for: (a) LSR; (b) MSR; and (c) HT.

Drop position study

The response of water droplet impact on three different positions on the
piezoelectric beam is validated as well. The impact location is depicted in Figure
3.13. The experimental results presented in this section utilised the first three
drops from the simulated rain type, LSR. The rain type LSR was considered

here due to the impact coefficient remains constant throughout the experiment.
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This is to ensure a fair comparison as the only varying parameter is the drop
position. The experimental and theoretical results of the three different impact

positions are shown in Figure 3.16. The results shows a good conformance.
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Figure 3.16: Experimental and theoretical voltage time response
graphs of water droplet impinging on position: (a) z1; (b) 22; and (c)

3.

o

The effect of drop position is evaluated by comparing the peak voltage and

RMS voltage generated from the three drop positions. The experimental and
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theoretical peak voltage and RMS voltage are tabulated in Table 3.2 and Table

3.3 respectively.

Based on the results in Table 3.2 and Table 3.3, the maximum percentage
error for the peak voltage and RMS voltage were 36.04 % and 30.89 %. From
the peak voltage results (Table 3.2), the theoretical results were found to be
consistently underestimating the experimental results by an average percentage
error of 28.56 %. The reason for this is that the impact coefficients used here are
approximated values obtained from different experimental setup . Nevertheless,
the impact coefficients were able to describe the post impact behaviour of the
impinging water droplet well. The percentage errors for the RMS voltages for
the position 22 and x3 were higher than position x1. This was due to the
slight underestimation of the damping ratios as the voltage magnitudes were
lower when compared to drop position xl. The effect of underestimation of
the damping ratios can be observed from Figure 3.16(b) and (c), where the

theoretical voltage reaches steady state slower than the experimental voltage.

The experimental and theoretical results in Table 3.2 and Table 3.3 suggest
that when the water droplet impacts the harvester further from the clamp, more
voltage will be generated. This is because higher moment will be generated when
the water droplet impacts further from the clamp end of the piezoelectric beam.
Therefore, the piezoelectric layers will experience more strain and more electrical

charges will be produced.
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Table 3.2: Experimental and theoretical results, and the percentage
error for the peak voltage when water droplet impacts at position 1,

x2 and z3 of the piezoelectric beam.

.. Experiment Percentage

Drop position p(V) Theory (V) Frvor (%§
xl 2.65 2.05 29.12
2 1.29 0.98 30.89
x3 0.32 0.25 25.69

Table 3.3: Experimental and theoretical results, and the percentage
error for the RMS voltage when water droplet impacts at position x1,

22 and x3 of the piezoelectric beam.

. Experiment Percentage

Drop position p(V) Theory (V) Ervor (%§
xl 0.58 0.52 12.39

2 0.14 0.21 30.60

3 0.05 0.07 36.04

Rain rate study

The effect of the three simulated rain rates (LSR, MSR, and HT) on the energy
harvester is investigated too. The results were benchmarked by using RMS volt-
age and total energy accumulated over a time period of 12 s. The experimental
and theoretical voltage time response graphs for the three different simulated
rain rates (LSR, MSR, HT) are presented in Figure 3.17. The RMS voltage and
the total energy accumulated over time, ¢, can be obtained by using Equation

(3.34) and (3.39) respectively.
t V2 t
E(t) = / V') o (3.39)
o R

The experimental RMS voltage obtained from LSR, MSR, and HT were 0.12
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V, 0.17 V, and 0.22 V respectively whereas the theoretical RMS voltage value
estimated were 0.10 V, 0.13 V, and 0.19 V respectively. The percentage errors
of the experimental and theoretical results were calculated to be 23.50 %, 24.33
%, and 14.24 % for the rain type LSR, MSR, and HT respectively. Judging
from the percentage errors, the experimental and theoretical results correlate

well with each other.

The total energy accumulated over a period of 12 s for LSR was found to be
12.18 puJ and 8.00 pJ from the experimental and theoretical results respectively.
As for MSR, the experimental and theoretical total energy accumulated were
22.44 pJ and 14.65 pJ respectively. The total energy accumulated from the
experimental and theoretical results for rain type HT were 37.79 pJ and 30.47
ud respectively. By comparing the experimental results to the theoretical results
for the total energy accumulation, it was found that the theoretical results were
consistently underestimating the total energy accumulated. This is expected as
impact coefficients and damping ratios used in the theoretical simulations were
approximate values. By inspecting Figure 3.17, one can observe that some peak
voltages found in the experimental results were having higher voltage magnitude
compared to the theoretical results. Nevertheless, the theoretical results were

able to capture the trend of the experimental results.

According to the RMS voltage and total energy accumulated in the exper-
imental and theoretical results, as the rain rate increases, the RMS voltage and
total energy accumulated increases as well. This shows that the RMS voltage

and total energy accumulated are having a positive trend to the rain rate.
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Figure 3.17: Voltage time response graphs (y-axis: voltage,V; z-axis:
time, s) for experimental results: (a) LSR; (b) MSR; (¢) HT and
theoretical results: (d) LSR; (e) MSR; (f) HT.

3.7 Chapter conclusion

In this chapter, the single and multiple droplet impact models have been de-
veloped and validated through experiments.The forming of a water layer on the
surface of the piezoelectric beam is due to the accumulation of successive water
droplet impacts. Added mass coefficient is used to describe the modal mass of
the water layer. The loss of momentum of a water droplet impact due to the post
impact behaviours is modelled using an impact coefficient. The impact coeffi-
cient is determined by using added mass coefficient, and tip displacement from
the experiment. This impact coefficient is fitted by using a two-term power se-
ries model. The experimental and the predicted theoretical results showed good
agreement. Peak and RMS voltage are considered in the attempt to evaluate the
performance of the energy harvester over the course of water layer accumulation.

Peak voltage analysis revealed that the highest recorded peak voltage from the



Chapter 3 88

experimental and theoretical results were 0.23 V and 0.21 V respectively, which
yielded instantaneous power of 3.53 W and 2.94 uW respectively. The highest
recorded RMS voltage from experimental and theoretical results were found to
be 0.05 V and 0.04 V respectively. In addition, an optimal operating region is
deduced by using the mean RMS voltage from the experimental and theoretical
results. This could be correlated to the camera images in Figure 3.8, where the
optimal operating region happens before the water layer reaches the width ends
of the piezoelectric beam. Therefore, the development of surface treatment for

the piezoelectric beam can be a good future prospect of this research.

In Section 3.5, multiple droplet impact model is presented. The model con-
siders different drop periods and drop positions on the piezoelectric beam. Three
rain types (LSR, MSR, and HT) that correspond to different drop periods were
considered. In order to validate the mathematical model, an experimental setup
consists of three individual syringes were developed. In general, the experimen-
tal and theoretical results are in good conformance. Added mass coefficient and
impact coefficient for each droplet impact are obtained experimentally. Drop
position study revealed that when the water droplet impacts further form the
clamp, more RMS voltage will be produced, this will give rise to higher energy
production. According the rain rate study, higher rain rate will reduce the drop
period, which ends up with more droplet impacts. The three rain types were
benchmarked by using a fixed experiment period of 12 s. The total energy ac-
cumulated over the 12 s period for the experimental and theoretical results were

37.79 pJ and 30.47 pJ respectively. In this study, great potential can be observed
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when the water droplet is impinging at the tip of the piezoelectric beam with
a low drop period. This could be realised by designing a rain water collecting

regime and funnelling the rain water at the tip of the piezoelectric beam.



Chapter 4

Performance of the energy
harvester in a simulated rain

environment

4.1 Introduction

After establishing the fundamentals on the dynamics of single and multiple
droplet impacts, this research is able to progress into simulated rain environ-
ment. Based on the literature studies on rain energy harvester, most of the
conducted experimental works were based on fixed water droplet diameter drip-
ping at a fixed height [32, 34, 37]. The stochastic nature of actual rain makes

it hard to be modelled. Nevertheless, rain can be characterised by rain rate

90
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and drop size distribution (DSD) [41]. Rain rate measures the total amount of
precipitation in a fixed time frame, while DSD describes the amount of raindrop
count for different raindrop diameter classes. This provides a foundation to study
the rain behaviour in a controlled laboratory environment. In this chapter, the
performance of the piezoelectric rain energy harvester is investigated through a
rain simulator. Artificial raindrops (characterised by the rain rate and DSD)
were generated and impacted on a piezoelectric beam. A dynamical model that

incorporates the excitation force from the artificial raindrops is proposed.

In Chapter 3, three different drop rates were investigated. The study was
carried out by using water droplets with fixed diameter, impinging on three fixed
drop positions on the piezoelectric beam surface. The idea of multiple droplet
excitation is extended in this chapter, where water droplets of random size will
be impinging on random position on the piezoelectric beam. As the water layer
accumulates on the surface of the piezoelectric beam, the added mass coefficient
and impact coefficient, discussed in Chapter 3, will affect the performance of the

piezoelectric energy harvester. Hence, they are included in the model.

The piezoelectric energy harvester was tested under laboratory conditions
before being deployed under actual rain (discussed in Chapter 5). A rain simu-
lator was developed using different nozzles to simulate four artificial rains with
different rain rates and DSDs. The dynamical model presented in previous chap-
ters is extended to include the excitation force generated by the artificial rain.
In this study, the duration of experiments was fixed at 300 s, and the rain rate of

each artificial rain was maintained constant throughout the experiment duration.



Chapter 4 92

The stochastic nature of the artificial rain excitation model is described using
two random parameters, which are DSD and impact position on the beam. The
DSD is described by using a lognormal distribution, while the impact position on
the beam is represented using a uniform distribution. A section is dedicated to
the numerical simulation of the artificial rain excitation model. The theoretical
model is verified through experimental studies. The performance of the piezo-
electric energy harvester is evaluated by using the total energy accumulated over

a fixed time interval of 300 s.

4.2 Artificial rain excitation model

The mathematical model for a piezoelectric beam is discussed in Chapter 2. The
piezoelectric beam is modelled as a distributed parameter system. In Chapter 3,
added mass effect is integrated into the piezoelectric beam model to describe the
water layer accumulation on the beam. The mechanical and electrical domain
of the piezoelectric beam model is presented in Equation (3.12) and Equation

(2.35) respectively, recalled as:

(1+ Ca) MF(t) + D7 (t) + Kr(t) — 0V (i) = F(t)

0'r(t) + CpV (t) = q(t)

The piezoelectric beam model is validated through base excitation experiment

using an electromagnetic shaker described in Chapter 2. In Section 3.5, the single
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droplet impact external model force is extended into multiple droplet impact as

presented in Equation (3.37):

Ng

Fon(t) = favgtim() Y _l(an)]

n=1

In this section, the piezoelectric beam is placed under an artificial rain. Rain-
drops with different diameter will impact different positions on the piezoelectric
beam. In order to incorporate random drop size and drop position, the multi-
ple droplets impact excitation model has to be extended. For the generalised
excitation force due to the artificial raindrop impact, two random variables are
introduced, which are the raindrop diameter (D,,) and the impact position on

the beam (z,).

According to the experimental results recorded by the laser precipitation
monitor sensor, the diameter of the water droplets produced by the rain simulator
was found to be lognormal distributed. To obtain the n!* droplet diameter,
a random number generator based on two lognormal parameters, ¢ and o is
implemented as:

where, .Z is a lognormal distributed random number generating function with
the two lognormal parameters, p and o. Here, p and o are the log-mean and

log-standard-deviation of the lognormal distribution.
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Meanwhile, the drop position is assumed to be uniformly distributed along

the length direction of the beam, giving the following expression:

@ ~ % (0, L) (4.2)

where, % is a uniform distributed random number generating function ranges

from 0 to the maximum length span of the piezoelectric beam, L.

The average impact force was given in Equation (3.28), which only consid-
ered fixed water droplet size. Parameters such as mass (m,,), impact velocity
(vw), and impact duration (7) of the impinging water droplet are dependent on
the droplet diameter. For the case of artificial rain, the droplet diameter varies.
Therefore, Equation (3.28) is re-expressed in the function of the nt* random

water droplet diameter as:

favg(Dn) = (D, (4.3)
Dy,
7(Dp) = ou(D0) (4.4)

By relating Equation (4.1-4.4) into the generalised excitation force due to mul-
tiple droplet, given in Equation (3.37), the generalised excitation force due to

artificial rain is written as:

ar N7

Fo(t) = Z [favg(Dn)SD(xn)na(t)]

n=1

Na(t) = @[t — (n — 1)T,] — @[t — 7(Dy) — (n — 1)T)] (4.5)
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where, Np is the total number of water droplets; fu,4(Dy,) is the average impact
force due to n droplet diameter (D,,); ¢ is the normalised mode shape function;
1, is the impact position of the n** droplet; ® is the Heaviside function; 7(D,,)
is the impact duration of the nt" droplet; T}, is the drop period:; N4 (t) is the pulse

function for the artificial rain.

Since the rain rate for the whole experiment duration is fixed, the total
number of water droplet can be obtained from the laser precipitation monitor
sensor (Nr). The total number of water droplets were measured across a mea-
suring area of 4513.4 mm?. In order to obtain the total number of water droplets
that impact the piezoelectric beam, a scaling factor is needed. The scaling factor
is obtained by dividing the surface area of the piezoelectric beam (1766 mm?)
by the measuring area of the laser precipitation monitor sensor (4513.4 mm?).

The drop period can be estimated using:

tp
T = 4.6
" a.Np (4.6)

where, tp is the total duration of the experiment (t7 = 300 s); Ny is the total
number of water droplets measured by the laser precipitation monitor sensor; a,

is the scaling factor (a, = 0.3913).
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4.3 Experiment methodology

A rain simulator is designed to produce artificial rain that mimics actual rain
characteristics such as rain rate and DSD. Rain simulator is useful for many
research purposes, such as to investigate the effects of rainfall on soil properties,
and soil erosion during rainstorms [69]. In general, there are two types of rain
simulator, namely drip type and spray type simulator [70]. A drip type rain
simulator design includes a water reservoir with a constant water head placed on
top of the simulator, allowing the water to form slowly and drip out from an array
of capillary tubes [71]. Such design is capable of simulating free falling raindrops
accurately but it requires a substantial height for the raindrops to reach terminal
velocity. The design of a spray type rain simulator involves pressurised water
and a spray nozzle. Such design enables the simulator to produce raindrops near
to terminal velocity without compromising the height of the simulator. In this
study, a spray type rain simulator is considered due to height constraint of the
research facility. The overview of the experimental setup is presented in Figure

4.1.

The rain simulator consists of two nozzles, QPHA-10, and QPHA-6.5. The
two nozzles are raised approximately 2.5 m above the impact plane, which is
the surface of the piezoelectric beam. The two nozzles can be directly operated
using the water pressure from the commercial pipeline, therefore no water pump
is installed in this setup. A valve is installed to control the flow of water of
the main pipe. The control box comprises two mechanical switches and power

supply for the solenoid valves. The mechanical switches in the control box enable
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Figure 4.1: Overview of rain simulator: (1) rain nozzles; (2) control
box; (3) laptop; (4) data logger; (5) laser precipitation monitor sensor;
(6) piezoelectric beam.

the user to toggle the solenoid valves freely, which effectively turn the respective
nozzles on or off. When a designated nozzle is selected, water will spray from

the selected nozzle.

A laser precipitation monitor sensor (Thies CLIMA-5.4110.10.000) is de-
ployed to measure the rain rate, and DSD of the artificial rain. The laser pre-
cipitation monitor sensor measures the rain parameter by estimating the sizes of
water droplets that pass through the measuring area utilising optics and laser
diodes. The sampling rate for the laser precipitation monitor sensor is 60 s. The

recorded data is processed by using a software provided by the manufacturer,

LNM View.

The piezoelectric beam utilised in this study is an off-the-shelf piezoelectric
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beam (Mide-v25w). The piezoelectric beam was carefully clamped in an enclosed
box shown in Figure 4.1. It is positioned right below the laser precipitation
monitor sensor. The voltage produced by the piezoelectric beam is measured by
connecting the two piezoelectric layers in series and across a 15 k{2 load resistor.
With the aid of a laptop, a data logger (NI-USB6008) is used to record the

voltage generated by the piezoelectric beam.

The experiment was conducted by setting two different flow rates for the
two nozzles, resulting in four different rain rates. Fach set of data records the
voltage time response over a fixed duration of 300 s. The four artificial rains

produced by the rain simulator are given in Table 4.1.

Table 4.1: List of different rain types produced by the rain simulator.

Rain no. Nozzle Flow rate (1/min) Rain rate (mm/hr)
1 QPHA-G5 1.3 33
2 QPHA-10 1.4 40
3 QPHA-6.5 2.1 62
4 QPHA-10 2.4 99

4.4 Numerical simulation

By using the piezoelectric beam model outlined in Chapter 2 and the artificial
rain excitation model detailed in Section 4.2, the performance of the piezoelectric

energy harvester under artificial rain can be studied. The numerical simulation of
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the piezoelectric energy harvester is conducted by using MATLAB. The sampling
rate for the numerical simulation is determined as 30 kHz. In the simulation,
the two piezoelectric layers are connected in series and they are configured to
be connected to a 15 k) load resistor. Piezoelectric beam impact parameters
such as the added mass coefficient, and impact coeflicient have to be determined

before running the simulation.

The added mass coefficient varies over time. This is due to the water layer
thickness on the surface of the piezoelectric beam varies as more water droplets
are generated by the rain simulator. From the experimental data, frequency
response graph is generated based on the voltage time response of one second in-
terval. By using the generated frequency response graphs, the first mode damped
natural frequency can be obtained. From there, the added mass coefficient of
that particular one second interval can be estimated by using Equation (3.10).

A boxplot consists of all the four artificial rains is presented in Figure 4.2.
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Figure 4.2: Boxplots consist of added mass coefficients for the four
artificial rains (each group of added mass coefficient contains 300
samples).

From the four boxplots in Figure 4.2, the maximum added mass coefficient

is approximately 0.4, while the minimum is approximately 0.2. Higher added
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mass coefficient indicates higher water layer thickness formed on the surface
of the piezoelectric beam. Having lower rain rate, the first artificial rain has
larger collection of added mass coefficient samples with larger value. This is
due to the water layer formed on the piezoelectric beam is having less tendency
to be discharged from the surface by the water ripple motion produced by the

impinging artificial raindrops.

In the numerical simulation of the artificial rain excitation model, the added
mass coefficient for the four artificial rains are assumed to be constant throughout
the 300 s duration. Since the median variation of the added mass coefficients
for the four artificial rains were small, the added mass coefficient is fixed as
a constant for the four artificial rains as 0.235. This is a good assumption as
most of the recorded added mass coefficients are concentrated below 0.3. After
obtaining the added mass coefficient, the impact coefficient can be estimated by

using Equation (3.33) as 0.251.

The numerical simulation of the theoretical model was conducted using the
Isim’ function in MATLAB. The ’Isim’ function is able to simulate the time
response of continuous linear systems subjected to any given inputs. Whilst
the numerical simulation for single droplet described in Chapter 2 is straight
forward, the simulation for artificial rain excitation poses some challenges due

to the stochastic nature of a rain.

In the artificial rain excitation model presented in Section 4.2, there are
two random variables describing the stochastic nature of a rain, which are the

droplet diameter and the drop position. The droplet diameter affects the average
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force as well as the pulse function, while the drop position affects the magnitude

of the mode shape function.

The droplet diameter is governed by the DSD of the particular artificial
rain. From the DSDs recorded in the four artificial rains, it was found that
each set of the DSDs was slightly different. The DSDs exhibited a lognormal
distribution, which the distribution was skewed to the right. This lognormal
distribution is governed by two lognormal parameters, ; and o. The lognormal
parameters could be obtained by fitting the DSDs obtained experimentally using
the ’lognfit’ command in MATLAB. The lognormal parameters for the four rains
are illustrated in Table 4.2. Despite having higher rain rate, the total number of
droplets for rain 2 is lower than rain 1. This is due to different nozzles utilised
to generate the two artificial rains. According to the DSDs obtained using the
laser precipitation monitor sensor (Figure 4.4), the number of higher diameter
water droplet produced by QPHA-10 was higher than of QPHA-6.5 at a low flow

rate. As a result, the rain rate for rain 2 is slightly higher than rain 1.

In the numerical implementation of the artificial rain excitation model,
there are two counters: the drop counter and impact duration counter. The
drop counter checks the duration of individual drops, while the impact duration
counter checks the impact duration for each droplet. The duration of individual
drops was monitored by using the drop period, which can be calculated by using
Equation (4.6). The total number of droplets over duration of 300 s and their

respective drop periods are computed in Table 4.2.
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Table 4.2: Rain no., nozzle used, rain rate, lognormal parameters (u
and o), total number of droplets, and drop period of the four artificial
rains.

Total Drop
Rain Rain rate number .

Nozzle I o period

no. (mm/hr) of (ms)

droplets
1 QPHA-6.5 33 -0.365  0.450 17120 17.52
2 QPHA-10 40 -0.336  0.493 15505 19.35
3 QPHA-6.5 62 -0.361  0.523 22770 13.18
4 QPHA-10 99 -0.453  0.534 40770 7.36

The flow chart for the artificial rain generalised excitation force implemen-

tation in MATLAB is presented in Figure 4.3. Droplet diameter and impact

position are calculated using Equation (4.1) and Equation (4.2) respectively.

The droplet diameter is set to be more than 0.125 mm as this is the smallest

droplet diameter that the laser precipitation monitor sensor is able to measure.

The impact duration can be estimated using Equation (4.4). When the impact

duration counter is less than the impact duration, the generalised excitation

force can be calculated as Fi(t) = favg(Dn)e(xn). The generalised excitation

force will set as zero as the impact duration counter exceeds the impact duration.

Once the drop period counter is larger or equal to the drop period, a new droplet

will be introduced. The simulation iterates until time ¢ is greater or equal to the

maximum time.
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Figure 4.3: Flow chart for computation of artificial rain model.

4.5 Results and discussion

Experiments were performed to verify the artificial rain excitation model. In

the experiment, the performance of the piezoelectric energy harvester under four
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artificial rains with four different rain rates were tested. The rain number and
its rain rate are tabulated in Table 4.2. The duration of each experiment was
fixed as 300 s. To demonstrate the effect of the variability due to DSD, a total of
10 theoretical simulations were conducted. In the experimental and theoretical
studies, the two piezoelectric layers were connected in series and then connected

to a 15 k) load resistor.

4.5.1 Drop size distribution

The DSDs for all the artificial rains generated by the rain simulator were mea-
sured using a laser precipitation monitor sensor. A conventional DSD provides
the number of droplets per unit volume per unit interval of drop diameter, with
the unit of m™2mm™"! [41]. This is to give a general measurement on how the
rain droplets distributed at the location where the measurement is being made.
The interest in this study is to examine the performance of a piezoelectric energy
harvester excited under artificial rain. To give a more direct measurement, the
DSD in this study records the total number of droplets accumulated over 300 s
with a measuring area similar to the surface area of the piezoelectric beam used

in this study (1766.1 mm?).

The experimental and mean of 10 theoretical DSDs for the four artificial
rains are given in Figure 4.4. The z-axis in the DSD used in this study indicates
the bin-centre of each bin. A total of 10 numerical simulations were conducted for

the four artificial rains using the lognormal parameters in Table 4.2. The mean
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Figure 4.4: Experimental and theoretical (mean of 10 samples) drop
size distributions (DSD) for: (a) rain 1; (b) rain 2; (c) rain 3; (d) rain 4.

of 10 DSD simulation results were obtained and plotted against the bin-centre

of each diameter bins.

The accuracy of the theoretical DSDs are verified using coefficient of deter-

mination (R?):

> (experiment; — theory)?

1 &
theory = - Z theory;

=1



Chapter 4 106

The R? value for the four artificial rains were calculated to be 0.9069, 0.8773,
0.9309, and 0.9612 respectively. Overall, the theoretical results matched well
with the experimental results. From the DSDs shown in Figure 4.4, as the rain
rate increases, the number of water droplet with higher diameter increases. The

maximum recorded water droplet was found to be approximately 3.75 mm.

4.5.2 Performance of the rain energy harvester

The performance of the rain energy harvester under artificial rains is discussed
in this section. Compared to actual rain, the artificial rain was generated with
a fixed rain rate. By fixing the rain rate and using experiment duration of 300
s, the effect of two other random parameters i.e. the raindrop diameter and the
drop position on the piezoelectric beam can be investigated. The experimental
and theoretical voltage time response graphs for the four rains are presented
in Figure 4.5. The first 1.5 s of the experimental and theoretical voltage time
response graphs for the four artificial rains are given in Figure 4.6. The two PZT
layers were configured to be connected in series and measured across a 15 k)

load resistor for both experiment and theory cases.

Analyse the two cases qualitatively in Figure 4.5 and Figure 4.6, it is noted
that both the experimental and theoretical voltage time response graphs are
getting denser while the rain rate increases. This is due to the increase in the
total number of artificial rain droplets that were impacting on the surface of

the piezoelectric beam. The theoretical results were able to estimate the overall
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Figure 4.5: The (a) experimental and (b) theoretical results for the
four artificial rains, where the z-axis represents time (s); y-axis
represents voltage produced by the piezoelectric energy harvester (V).

performance of the piezoelectric energy harvester compared to the experimental

results.

To examine the energy accumulated over time, Equation (3.34) is employed.
A total of 10 samples of theoretical energy accumulation graphs were simulated
for each of the four artificial rains. The experimental and theoretical energy

accumulated over time for the four artificial rains are given in Figure 4.7.
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Figure 4.6: The experimental and theoretical voltage time response
graphs for the first 1.5 s of: (a) rain 1, (b) rain 2, (c) rain 3, (d) rain 4;
where the z-axis represents time (s); y-axis represents voltage
produced by the piezoelectric energy harvester (V).

The experimental total energy accumulated over the period of 300 s for the
four artificial rains were 22.49 uJ, 47.76 pJ, 49.35 pJ, and 62.53 uJ respectively;
while the mean of the 10 theoretical total energy accumulation for the four
artificial rains were 18.81 11J,42.64 puJ, 59.46 pJ, 78.05 uJ respectively. Overall,
the experimental and theoretical results were in good agreement with percentage
difference of 19.54 %, 12.01 %, 17.00 %, and 19.88 % for the four artificial rains
respectively. From Figure 4.7, in the early 30 s of the energy accumulation graphs

for the four artificial rains, the experimental energy accumulation graphs were



Chapter / 109

= =
3 3
= 80 = 80
2 8
= 60 = 60¢
= =
g £
3 40 3 40
g g
> 20 ._____‘._;;;; > 20
:;)0 0 r_.,:“ﬂ‘*‘dﬂm*wij :;)0 0 ~ . .
M 0 100' 200 300 )0 100' 200 300
Time (s) Time (s)
(a) (b)
= =
=4 =4
= 80¢ = 80¢ )
ke 8
= 60¢ = 60t
= =
g g
5 40 5 40
< <
> 20 > 20
20 20
2 g ‘ ‘ 2 0 - ‘
53 I} 100» 200 300 @ 0 100. 200 300
Time (s) Time (s)

(c) (d)

Figure 4.7: Experimental (red dotted line) and theoretical (10 samples
in grey lines) energy accumulation graphs for: (a) rain 1; (b) rain 2; (c)
rain 3; (d) rain 4.

found to be within the range of the theoretical accumulation curves. This shows
that the percentage differences of the experimental and theoretical results are

contributed by the accumulation of error over the period of 300 s.

The cause of this accumulation of error is due to the combined effect of the
randomness of the DSD and impact position. As the number of droplet impact
increases, the effect of these parameters will become more apparent, which is

reflected by the increase in the spread of total energy accumulated over time.
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Both experimental and theoretical results exhibited a linear trend with posi-
tive gradient. The effect of randomness (i.e. such as droplet diameter and impact
position) was smoothened in the long run with an experiment duration of 300
s. Therefore, the consistency of the linear behaviour can be ensured. The gra-
dient of the energy accumulation graphs is the power produced by the energy
harvester. The gradients are obtained by fitting a linear curve that starts with
zero using MATLAB. The experimental and theoretical power generated by the
piezoelectric energy harvester from the four artificial rains are tabulated in Table

4.3.

As the rain rate increases, the slope of the gradient increases as well. This
implies that the rain rate and the power generated by the energy harvester has a
position correlation in a controlled environment. Overall, the theoretical results

showed a good agreement with the experimental results.

Table 4.3: Experimental and theoretical power produced by the
piezoelectric energy harvester from the four simulated artificial rains.

Rain no. Rain rate(mm/hr) Power generated (4W)

Experiment Theory (mean) % Diff

1 33 0.074 0.063 17.46
2 40 0.156 0.143 9.09
3 62 0.167 0.205 18.54
4 99 0.207 0.251 17.53
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4.6 Chapter Conclusion

This chapter further extends the multiple droplet excitation model by testing
the piezoelectric energy harvester under simulated artificial rain. Experimental
results showed that the artificial rain excitation model was able to estimate the
energy produced by a piezoelectric energy harvester. This is achieved by intro-
ducing two random parameters into the artificial rain excitation model, which
were the droplet size and the droplet impact position. From the experimental
and theoretical results, when the rain rate of the artificial rain is 99 mm/hr, the
piezoelectric energy harvester is able to generate power of 0.207 W and 0.251

uW respectively.

Four artificial rains with different rain rates (33 mm/hr, 40 mm/hr, 62
mm/hr, and 99 mm/hr) were considered in this study. With increasing rain
rate, the total energy accumulated over a fixed period of time (300 s) increased
as well. When the rain rate increases, more raindrops are anticipated to impact
on the piezoelectric beam. Thus higher energy could be accumulated over time.
In a controlled environment, experimental and theoretical results revealed that
the rain rate and power generated by the harvester exhibit positive correlation.
By extending this study, the theoretical excitation model for an actual rain can

be accomplished by varying the rain rate.
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Performance of the energy

harvester 1in actual rain

5.1 Introduction

In Chapter 4, theoretical and experimental study based on the performance of
the raindrop impact energy harvester on artificial rain were conducted. In actual
rain, the rain rate varies unpredictably, this will alter the rain drop size distribu-
tion (DSD). Furthermore, the number of raindrop that impact the piezoelectric
beam increases with the rain rate. As a result, the variation of rain rate will
affect the energy production of the energy harvester. The purpose of this chapter
is to investigate the performance of a raindrop impact energy harvester in actual
rain, and to formulate a theoretical model to estimate the energy generation of

the raindrop impact energy harvester given the rain rate.
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The excitation model for actual rain is developed by integrating the vari-
ation of the rain rate that affects the rain DSD and raindrop count into the
artificial rain excitation model, which was discussed in Chapter 4. Section 5.2
discusses the actual rain excitation model and also the implementation of the
Lognormal DSD Model in the numerical simulation. The performance of the en-
ergy harvester in actual rain is evaluated in Section 5.3. The theoretical model
is validated in Section 5.4 by comparing with the experimental results. The the-
oretical model is modified according to the experimental result to demonstrate
the practicability of the actual rain excitation model. The implication of the

results is presented in Section 5.5. Section 5.6 concludes the chapter.

5.2 Actual rain excitation model

In this section, the external work done due to actual rain is devised. The piezo-
electric beam model presented in Chapter 2 describes the dynamical response
of a piezoelectric beam and voltage generation due to base excitation. Chap-
ter 3 studies the dynamics of a water droplet impact on the piezoelectric beam.
Added mass coefficient and impact coefficient introduced in Chapter 3 are able
to describe the water layer accumulation on the piezoelectric beam and the post
impact behaviour of a water droplet respectively. The effect of water droplet
impact position is also studied in Chapter 3. In Chapter 4, the piezoelectric
beam model is extended to incorporate artificial rain excitation, which rain rate

is fixed.



Chapter 5 114

The artificial rain excitation model can be expanded into actual rain ex-
citation model by varying the rain rate over time. The implementation of the
Lognormal DSD Model in the numerical simulation is presented in this section.
The two fitting parameters for Lognormal DSD Model, and average raindrop

count are plotted and discussed in this section.

5.2.1 Actual rain excitation model

In Chapter 4, the work done due to artificial rain using fixed rain rate is pre-
sented. The mathematical model for a piezoelectric beam that incorporates the
effect of water layer accumulation is recalled in Equation (3.12) and Equation
(2.35) as:

(1+ Co)Mi(t) + D, (t) + Kr(t) — 0V (t) = F(t)
0'r(t) + CpV (t) = q(t)

This section expands artificial rain excitation model to describe actual rain sce-
nario. The difference between artificial rain and actual rain is that the rain
rate for actual rain varies over time. Recall the artificial rain excitation model,
Equation (4.5):
Ny
Fo(t) = [favg(Dn)p(@n)na(t)]

n=1

Na(t) = @[t — (n — )T, — @[t — 7(Dy) — (n — 1)T;)]

where, N; is the total number of water droplets; n is the rain droplet count;

favg(Dy) is the average impact force due to n'® droplet diameter (D,,); ¢ is the
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normalised mode shape function; z,, is the impact position of the n'* droplet; ®
is the Heaviside function; 7(D,,) is the impact duration of the n!* droplet; T}, is

the drop period; 74(t) is the pulse function for artificial rain.

The equations for the average force and impact duration of an impinging

water droplet, illustrated in Equation (4.3) and (4.4) respectively are given as:

[1 — Ci(n)]muy(Dy)vw(Dn)

favg(Dn) =

7(Dn) =

Following the model developed for the artificial rain, the raindrop diameter and
impact location can be generated via random generator function using lognormal

and uniform distribution respectively, given as:

Dy ~ Z(u(R), 0(R))

Ty ~ % (0,L) (5.1)

According to literature, the empirical parameters describing DSD changes with
rain rate [72]. Therefore the two fitting parameters for the lognormal distribution

(o and p) in Equation (5.1) are in a function of rain rate.

Rain rate changes in actual rain, this will vary the drop period. Therefore,
in the actual rain excitation model, the drop period is expressed with a function

of rain rate. The pulse function for the actual rain excitation model is written
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as:

() = @[t — (n — DNTn(R)] — @[t — 7(Dn) — (n — 1) T(R)]

60
T, = m (5.2)

where, a, is the scaling factor; N is the average number of droplet. The average
number of droplet is recorded across a measuring area of 4513.4 mm?. A scaling
factor of 0.3913 is applied so that it gives the average number of droplet that

impact the surface of the piezoelectric beam.

The laser precipitation monitor sensor is able to measure the total raindrop
count for every one minute (the sampling time of the sensor). The average rain-
drop count can be expressed as a function of rain rate as well. This is achieved
by relating the average raindrop count provided by the laser precipitation moni-
tor sensor to the rain rate. The average raindrop count equation will be further
discussed in Section 5.2.2. By integrating the average number of droplet over
the period of the rain, the total number of raindrops that impact on the surface

of the piezoelectric beam can be obtained as:
ti
Ny —ay / NJ(R)dt (5.3)
0

The final form of the generalised excitation force due to actual rain droplet

impact is written as:
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() = @[t — (n = DNTh(R)] — @[t — 7(Dn) — (n — 1) T (R)] (5.4)

5.2.2 Drop size distribution model

The stochastic nature of rain is characterised by rain rate and DSD [41]. In
Chapter 4, artificial rain was replicated in laboratory condition, where the rain
rate is fixed. In actual rain, the rain rate is reported to be changing over time
and it is found that the DSD varies when the rain rate changes [72]. The study
of DSD can be applied in various practical uses such as: microwave network [73],
radio communications [74], and cloud modelling [75]. Therefore, rain DSD is a
salient parameter in describing a raining event. The nature of rain DSD varies
not only to the rain rate but also to climatic zone and geographical area [72, 76].
As a result, it is tough to propose a generic DSD model to describe the rain DSD

for every rain type and location.

Over the years, several statistical functions for rain DSD had been devel-
oped. The Exponential DSD Model introduced by Marshall and Palmer [77]
was reported to be inaccurate when the sampling time is lower than one minute
as it tends to exaggerate the smallest and largest raindrop count [78]. The
Gamma DSD Model suggested by Ulbrich [79] provides a wide range of distri-
bution shapes. The Lognormal DSD Model proposed by Ajayi and Olsen [80]
has a steeper gradient at lower end of the raindrop diameter spectrum. Lognor-
mal DSD Model is suitable in describing the rain DSD for tropical climate [72].
Several implementations of Lognormal DSD Model in tropical climate countries

found in literature are: Singapore [81], South Africa [82], and Malaysia [83].
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Since this study is conducted in a tropical climate country, the Lognormal DSD

Model is selected.

The rain DSD shows the total number of rain droplets per unit size inter-

val per unit volume of space with a unit of m3mm™".

The excitation model
presented in Equation (5.4) requires the total number of droplet instead of rain-
drop density. In order to facilitate the implementation of the rain DSD onto
the excitation, the total number of raindrop is utilised instead of raindrop den-

sity. Hence, the average raindrop counts for the respective rain rate bins are

determined.

In the implementation of the Lognormal DSD Model, two fitting parameters
are used, which are ¢ and u. Furthermore, by using the data recorded by the
laser precipitation monitor sensor, the average rain drop count can be obtained.
In the essence of obtaining a stable distribution, a total of 10 rain events of 1616
minutes were recorded. The flow chart for generating the two fitting parameters

and the average drop count is presented in Figure 5.1.

The instantaneous DSDs recorded from each rain events are categorised
and sorted into designated rain rate bin. The rain rate bin number (i) and its
respective rain rate range is provided in Table 5.1. After sorting all the DSDs,
the DSDs in the respective bins are merged. For comparison purpose, the total
number of raindrop collected over the 10 rains were converted to raindrop density

by using the following Formula [41]:

Na ] (5.5)

N(Dy,j) = AsTs[ADy, j][v(Du )
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Figure 5.1: Flow chart of obtaining the average number of

droplet(Ng4), and two fitting parameters for the lognormal distribution
model (o and pu).

where, Ng;, is the number of raindrops of the 4t diameter bin; v(Dy,j) is the

velocity of the raindrop in the j** diameter bin; AD, ; is the bin width of the

4t diameter bin; Ay and T} is the measuring area and the total integration time

of the laser precipitation monitor sensor respectively.

The merged rain DSDs for all the rain rate bins are presented in Figure
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Table 5.1: The rain rate range for respective rain rate bin.

Rain rate bin, ¢ Rain rate range (mm/hr)
1 R <25
25 < R <50
50 < R <100
100 < R < 150
150 < R < 200
200 < R < 250
250 < R < 300
300 < R < 350
350 < R < 450

© 00 O U= W N

5.2. From Figure 5.2, it can be observed that as the rain rate increases, the total
density of the raindrop count increases as well. Furthermore, it is noticed that

the number of raindrop with larger diameter increases as the rain rate increases.
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Figure 5.2: Rain DSD of different rain rate bins obtained from
experiment 10 rain events.

The two fitting parameters for Lognormal DSD Model for each rain rate

bins (o and p) are estimated using MATLAB. The average number of droplet
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(Ng4) for each rain rate bin can be obtained by summing up the total number
of droplets in the respective DSD and divided by the total number of DSDs in
that particular rain rate bin. After obtaining the two fitting parameters and the
average number of droplet, curve fitting was conducted using MATLAB. Each
rain rate bin is represented by its bin-centre value. By performing curve fitting,
a continuous function of rain rate relating the two fitting parameters, and the
average number of droplet, can be realised. The curve fitted equations for the

two fitting parameters and the average number of droplet are:

o(R) = 0.0003384R + 0.5912 (5.6)
/’L(R) — _0.1892670.035811% o 0.961670.0006652}3 (57)
N4(R) = 0.0002897R? — 0.3746R* + 155.1R (5.8)

where, N4(0) = 0, and the maximum rain rate is set as 450 mm/hr.

The experiment data and the three fitted curves are given in Figure 5.3.
Overall, the fitted curves of the two fitting parameters and the average number
of droplet showed a good agreement to the experiment data, with R? values
of 0.9951, 0.9792, and 0.9917 respectively. The fitted values of the two fitting
parameters will be used to determine the DSD for different rain rate bins; whist
the average number of droplet indicates the frequency of raindrop impact in one

minute duration in the theoretical model.
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Figure 5.3: Experiment data and fitted curve for: (a) fitting
parameter, o;(b) fitting parameter, u; (c) average number of droplet,

Ng.

5.3 Performance of the harvester in actual

rain

The performance of a raindrop impact energy harvester using a commercial piezo-

electric beam is investigated in this section. Actual field test was carried out in

order to evaluate the performance of the raindrop impact energy harvester in

actual rain. In this study, a total of 10 rains were recorded. The voltage time
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response graphs for the 10 rains are provided in Appendix C. The experiments
were carried out by using a laser precipitation monitor sensor to measure the
rain parameters. A data logger is used to record voltage produced by the piezo-
electric beam. The experiment methodology is presented in Section 5.3.1. An
evaluation on the performance of the raindrop impact energy harvester in actual
rain condition is given in Section 5.3.2. The influence water layer accumulation

on the surface of the piezoelectric beam are also discussed in this section.

5.3.1 Experiment methodology

To record the rain parameters, a laser precipitation monitor sensor (Thies CLIMA-
5.4110.10.000) is deployed. The laser precipitation monitor sensor is able to
measure rain rate and DSD with a sampling time of one minute. The raindrop
diameter measurement range of the laser precipitation monitor sensor is 0.125
mm to 8.0 mm. The raindrop diameter classes and their respective diameter

range is illustrated in Table 5.2.

The overview of the laser precipitation monitor sensor together with the
piezoelectric beam, and the schematics of the experimental setup are depicted in
Figure 5.4. The piezoelectric beam (Mide-v25w) used in this study is clamped
tightly in a water-proof aluminium casing. The piezoelectric beam setup is po-
sitioned right under the laser precipitation monitor sensor to ensure that most
of the measured raindrops impact on the surface of the piezoelectric beam. The
two PZT layers of the piezoelectric beam are connected in series. The voltage

generated by the piezoelectric beam is measured using a data logger (NI-USB
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Table 5.2: Rain drop diameter class.

Class Diameter range (mm) Class Diameter range (mm)

1 0.125 < D < 0.250 12 3.000 < D < 3.500
2 0.250 < D < 0.375 13 3.500 < D < 4.000
3 0.375 < D < 0.500 14 4.000 < D < 4.500
4 0.500 < D < 0.750 15 4.500 < D < 5.000
5 0.750 < D < 1.000 16 5.000 < D < 5.500
6 1.000 < D < 1.250 17 5.500 < D < 6.000
7 1.250 < D < 1.500 18 6.000 < D < 6.500
8 1.500 < D < 1.750 19 6.500 < D < 7.000
9 1.750 < D < 2.000 20 7.000 < D < 7.500
10 2.000 < D < 2.500 21 7.500 < D < 8.000
11 2.500 < D < 3.000

6008) across a 15 k) load resistor. The voltage measuring sampling rate is 2

kHz.

Laser Precipitation
Sensor Rig

Laser
; Precipitation
Sensor

‘ Laser Precipitation

A

Laptop

Sensor Rig

Piezoelectric Beam

(b)

Figure 5.4: (a) Overview and (b) schematics of the actual rain
experiment setup.
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5.3.2 Experiment results

Performance of the piezoelectric beam was evaluated under actual rain. The
rain rate and instantaneous voltage graphs are presented in Figure 5.5. The
rain spans for a period of 3540 s, with the highest rain rate of 407.3 mm/hr
recorded at ¢ = 840s. For analysis purposes, the rain rate and instantaneous
voltage results are sliced into four sections: S1(¢ < 360s); S2(360s < t < 1080s);

S3(1080s < t < 2460s); and S4(t > 2460s).

Rain rate (mm/hr)

—
.
]
cn
=
=]
>
-10 1 1 1 1 Hi| 1 1
0 500 1000 1500 2000 2500 3000 3500

Time (s)
(b)

Figure 5.5: Time series graphs of (a) rain rate; (b) voltage. The time
series graphs were segmented into four sections: S1(t < 360s;
S2(360s < ¢t < 1080s); S3(1080s < t < 2460s); and S4(t > 2460s).

In the beginning of the rain (S1), the rain rate was less than 25 mm/hr.
Despite lower rain rate, the maximum absolute peak voltage throughout the

whole rain was measured to be 7.60 V. According to the DSD model presented
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in Section 5.2.2, the tendency of higher droplet size impinging the piezoelectric
beam is higher as the rain rate increases. From Equation (4.3), the increase in
raindrop diameter will increase the average impact force. Hence, higher peak
voltage will be generated by the piezoelectric beam. Therefore, the spikes in
the peak voltage observed in S1 can be explained by the sudden impingement of

large raindrop diameter.

Heavy rains weres potted in S2 and S3. The first heavy rain occurred in
S2 has the highest local maxima rain rate of 407.3 mm/hr; whereas the second
heavy rain happened at S3 has the highest local maxima rain rate of 387.4
mm/hr. Even though the rain rates of both heavy rain periods were similar, the
absolute peak voltages in S2 were relatively lower in comparison with S3. One
of the explanations for this occurrence is the raindrops that impacted on the
piezoelectric beam in S2 were having lower raindrop diameter. In S4, the rain
started to dwindle. As the rain rate reduces, the tendency of larger raindrop
diameter that impacts the piezoelectric beam reduces as well. Therefore, the
absolute peak voltage produced by the piezoelectric beam in S4 was lower than

S2 and S3 in overall.

During the actual rain experiment, water layer accumulation was observed,
as shown in Figure 5.6. Theoretical and experimental investigations on the
effect of water accumulation on the piezoelectric beam had been carried out and
discussed in Chapter 3 and 4. Having irregular geometry, the volume and size of

the water layer during its formation is usually hard to be deduced. The modal
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mass of the water layer can be estimated by using the added mass coeflicient

highlighted in Section 3.2.

Figure 5.6: Water layer formed on the piezoelectric beam.

In order to obtain the time coarse history of the formation of the water
layer, the added mass coefficient of every one minute interval was recorded. The
added mass coefficient is attainable by using Equation (3.13), using the first mode
natural frequency. The first mode natural frequency for the n* minute can be
acquired by sliding a one minute window at that interval and performing Fast

Fourier Transform (FFT) on the voltage time response graph using MATLAB.

According Equation (3.10), the added mass coefficient is actually defining
the ratio between the modal mass of the piezoelectric beam to the modal mass
of the formed water layer on its surface. There will be no water layer on the
piezoelectric beam when the C; = 0, while the modal mass of the water layer has
the same modal mass of the piezoelectric beam without any water layer when

the when C; = 1. The added mass coefficient graph is plotted in Figure 5.7.
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Figure 5.7: Time series graph of added mass coefficient.

The added mass coefficient was reported to be close to zero at the beginning
of the rain (¢ < 180s). This is due to low rain rate and there was no water layer
formed on the piezoelectric beam surface. As the rain progresses, more raindrops
were being introduced to the surface of the piezoelectric beam and the added

mass coefficient begun to increase accordingly.

According to the result, the added mass coefficient fluctuated within the
range of 0.17 and 0.33. The cause of the fluctuations can be explained by the
variation of the water layer thickness on the surface of the piezoelectric beam.
The water layer formed on the surface will flow out from the surface once it
reaches certain thickness or geometry, this will reduce the added mass coefficient.
After spilling out, subsequent raindrop introduced onto the surface will fill the
water layer up again which will then increase the added mass coefficient. Besides
this, wind gust and water ripple played a role in preventing the formation of water

layer on the surface.

In the numerical simulation, the median value of the added mass coefficients
is used. The median added mass coefficient value is found to be 0.2685. The im-

pact coefficient, which describes the post impact behaviour of a raindrop impact,
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can be estimated by using Equation (3.33) as 0.2465. The added mass coefficient
and impact coefficient are assumed to be constant in the raindrop impact energy

harvesting simulation.

5.4 Verification of the theoretical model

The theoretical DSDs were generated using the two lognormal fitting parameters
and the same number or raindrop as recorded in the experiment as presented in
Section 5.2.2. The comparison between the experimental and theoretical DSDs
are presented in Figure 5.8. Qualitative analysis on the DSD comparison graphs
revealed that the accuracy of the theoretical DSD decreases when the raindrop
diameter increases. Moreover, the theoretical results in binl, bin2, and bin3
could not generate any raindrop beyond 5.75 mm. This is due to the low prob-
ability of obtaining raindrop diameter of more than 5.75 mm in low rain rate.
Even so, the theoretical results were able to describe the DSDs obtained from

actual rain experiments reasonably well.

Referring to the DSD graphs presented in Figure 5.8, the frequency of rain-
drop impact with higher diameter is higher as the rain rate increases. Fur-
thermore, the average number of droplet increases as well when the rain rate
increases. Therefore, higher absolute peak voltage and energy generation are ex-
pected as rain rate increases. According to the time series voltage graph obtained
from the actual rain experiment, the voltage produced by the piezoelectric beam

was not following the rain rate trend. To demonstrate the practicability of the
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Figure 5.8: The theoretical and experimental DSD comparison graphs
for different rain rate bins (y-axis: raindrop density (m™>mm™1;
x-axis: raindrop diameter (mm).

theoretical model, the random generator function in Equation (5.1) is modified
explicitly for the rain event discussed. The modified random generator function

is presented as:

Z(u(R), o(R)), S1:t < 360s
Dy~ 2(u(R),0(R))| Dy < 4.0mm, S2:360s <t < 1080s (5.9)
L(u(R), o (R)), 3,54+t > 1080s

According to Figure 5.3(c), the average number of droplet is low during low rain
rate. Therefore, the possibility of a raindrop with large diameter impacting the

piezoelectric beam is extremely low. This phenomenon could not be replicated
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by the theoretical DSD Lognormal Model, shown in Figure 5.8. As a result, it

is impractical to modify the Lognormal DSD Model for S1.

The overall absolute peak voltage generated in S2 was relatively lower than
of S3. This is explained by the raindrops that impacted the piezoelectric beam
had lower diameter. As a result, the maximum raindrop diameter is limited as
4.0 mm in S2, shown in Equation 5.9. By doing so, the absolute peak voltage
will be relatively lower despite having high rain rate. Whereas for S1, S3 and

S4, the random generator function retains as Equation (5.1).

The experimental, theoretical, and modified theoretical voltage time re-
sponse graphs are depicted in Figure 5.9. The theoretical voltage time response
graph is obtained by performing numerical simulation using MATLAB, whilst
the modified theoretical voltage time response graph is simulated using the mod-
ified random generator function presented in Equation 5.9. By comparing the
experimental result to the theoretical result, the spikes of high absolute peak
voltages were absent in the theoretical results in S1. Moreover, the overall abso-
lute peak voltages in S2 were higher for the theoretical results, when compared
to the experimental result. Hence, it is conjectured that the behaviour of the
experimental voltage time response graph at S1 and S2 are irregular, where it

does not follow the trend of rain rate as illustrated by the theoretical result.

In order to demonstrate the cause of irregularity in S2, the random generator
function is modified as shown in Equation 5.9. It is demonstrated in Figure
5.9 that the overall absolute peak voltages for the modified theoretical result

in S2 were lower than the theoretical result, which is in agreement with the
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Figure 5.9: The experimental, theoretical, and modified theoretical
voltage time response graphs, where the y-axes represent Voltage (V).

experimental result. On another note, both theoretical and modified theoretical
voltage time response graphs did not exhibit high absolute peak voltage at S1.
This is due to the impracticability of the Lognormal DSD Model to generate

high raindrop diameter at low rain rate.

Energy accumulation graphs can be obtained by using Equation (3.39). The
experimental, theoretical, and modified theoretical energy accumulation compar-
ison graph are given in Figure 5.10. The total energy accumulated over a rain
duration of 3540 s for the experiment result was 1564 uJ. A total of 10 theoret-
ical and 10 modified theoretical energy accumulation graphs were generated to
illustrate the variability of the model. The mean of the 10 energy accumulation
graphs for the theoretical and modified theoretical results were calculated to be
2556 pJ and 1784 pJ respectively. The theoretical energy accumulation graphs
had overpredicted the experimental energy accumulation with a percentage dif-

ference of 38.81 %. This is due to the lower absolute peak voltages in S2 in the



Chapter & 133

experimental result. By limiting the maximum raindrop diameter in the modi-
fied theoretical results in S2, it showed a good agreement with the experimental

result, with a percentage difference of 12.33 %.
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Figure 5.10: The experimental (in red dotted line), theoretical (10
samples in grey lines), and modified theoretical (10 samples in grey
lines) energy accumulation comparison graphs, where the y-axis is the
energy accumulation (pJ).

5.5 Implication of results

According to the theoretical model, higher energy production is to be expected
during higher rain rate. However this is not always the case as shown by the
experimental result as the voltage generated by the piezoelectric beam was not

following the rain rate trend. This showed the unpredictability of an actual rain.

During rain, there will be period where the rain rate is low, especially
during the beginning and towards the end of a rain. During this period, voltage

generation will be very low and this will lead to low power generation. As a
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result, the piezoelectric energy harvester could not power up devices directly. To
solve this inconsistent power generation issue, an effective energy storage system

has to be integrated into the energy harvesting system [84, 85].

There are several downsides for raindrop impact energy harvesting that need
to be addressed [31]. When being compared to fossil fuels at their current cost,
the energy generated by a raindrop impact energy harvester is less cost efficient.
Furthermore, the power produced is very low and in some cases it could not be
used directly. Moreover, the payback period is lengthy as the harvesting system

only operational during rainy days.

On the bright side, the efficiency of the piezoelectric material will be im-
proved as technology advances. As a result, the total recoverable energy from
a raindrop impact energy harvester will be improved. Besides this, an array of
raindrop impact energy harvester can be implemented [32] to increase the energy
production of the whole system. A multifunctional hybrid energy harvesting sys-
tem was introduced by Gambier et al. [86] that is able to harvest solar, thermal
and vibration energy. Raindrop impact energy harvester can be integrated into
such multifunctional hybrid energy harvesting system so that it could produce

energy even during non-raining period.
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5.6 Chapter conclusion

The artificial rain excitation model is modified into an actual rain excitation
model in this chapter. The stochastic natures of an actual rain such as the
variation of the rain rate and its effect on the rain DSD and average number of
droplet are adapted into the theoretical model. The performance of a raindrop
impact energy harvester was tested under actual rain condition. From the ex-
perimental results, a total energy of 1564 uJ was harvested for a rain duration

of 3539 s.

The theoretical model is evaluated using experimental result obtained from
actual rain. In the experiment result, even with high rain rate, the energy gen-
erated in S2 is lower in comparison to the energy generated in S3. As a result,
the theoretical model could not correctly predict the energy harvested in S2. A
modified theoretical model is introduced, which limits the maximum raindrop
diameter in S2. The modified theoretical model shows an improvement in accu-
racy in estimating the total energy accumulation, with a percentage difference

of 12.33 % when compared to the experimental result.
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Optimisation of the raindrop

impact energy harvester

6.1 Introduction

Electrical energy generated by a piezoelectric beam must be converted into usable
form (e.g. battery storage). A harvester circuit is integrated into the system
for this purpose. To date, many harvesting circuits have been proposed and
most of them considered harmonic excitation sources only [87-90]. In raindrop
impact energy harvesting, a stochastic and impulsive excitation are expected.
Therefore, the harvester circuit has to operate in such conditions. In this chapter,
optimisation of a rectifier circuit is discussed. The forward voltage drop due to
diodes in a conventional full bridge rectifier lowers the efficiency of a harvester

circuit, especially in low voltage operations. To tackle this issue, a hybrid bridge

136
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rectifier circuit is proposed. It is designed to exploit the switching between half
bridge and full bridge modes via a microcontroller. By switching between these
modes, the hybrid bridge rectifier circuit is able to perform better in both low

and high voltage operations.

Literature surveys on mechanical and electrical optimisation for a piezo-
electric energy harvester are conducted in Section 6.2. A harvester circuit which
operates in random damped oscillation sources is rarely found in literature. The
working fundamentals of the hybrid bridge rectifier is presented in Section 6.3.
A RMS threshold voltage is introduced in Section 6.4 to determine the switching
point for the hybrid bridge rectifier. The hybrid bridge rectifier was tested under

actual rain and the results are discussed in Section 6.5.

6.2 Related work

The optimisation of a raindrop impact energy harvester using piezoelectric beam
is discussed in this section. The performance of a piezoelectric beam energy
harvester can be enhanced through mechanical means. The electrical energy
generated by a piezoelectric beam is directly proportional to the strain induced
on the transducer. A conventional piezoelectric beam, which is rectangular in
shape, has higher strain at the clamp end of the beam and decreases linearly
along the length of the structure when excited [91]. It was reported by Roundy
[92] that a triangular beam can generate up to twice the power density of a con-

ventional rectangular beam. A tapered piezoelectric beam design was found to
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have a more uniformly distributed strain along the length of the beam compared
to a conventional rectangular piezoelectric beam [89]. Numerical simulations
successfully showed an improvement in performance by 69 %. The triangular or
tapered beam structure is further optimised, demonstrated via FEA simulations
[93]. The power output of the optimised shape increased approximately 25 %
when compared with that of the conventional beam design. This has showed that
the geometry of a conventional piezoelectric beam can be optimised to enhance

energy generation.

Unfortunately, these studies considered base excitation only, which is not
the case for a raindrop impact energy harvester. Furthermore, by decreasing the
surface area of the piezoelectric beam, the likelihood for the raindrop to impact
the beam decreases. Therefore, geometry optimisation requires further practical

considerations in raindrop energy harvesting.

A combination of diaphragm and cantilever beams design was proposed
by Chin-Hong et al. [39]. The piezoelectric beams were mounted around the
diaphragm and will vibrate as raindrop impacts on the diaphragm. This has
increased the raindrop impact likelihood as the diaphragm has a larger surface
area. However, the efficiency of energy transfer from the diaphragm to the piezo-

electric beams was not investigated and the design was not tested experimentally.

It was shown in Section 3.6.2 that when the water droplet impacts the
harvester further from the clamp, more voltage will be generated. Moreover, the
performance of the piezoelectric energy harvester is affected by the raindrop size.

To tackle this issue, the raindrop energy harvester design can be modified into
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a potential energy collection based generator. This is achieved by employing a
water reservoir to collect water from rainfall and concentrates the impact position
at the tip beam. A design that incorporates a water shelter that collects rain
water, and a syringe to produce fixed water droplet size is proposed by Ong et al.
[94]. With a drop distance of 0.2 m, which was measured from the tip of the
syringe to the impact surface on the beam, the enhanced configuration gave an
improvement of 6.84 % in an actual rain test. The performance of such design
can be further improved by increasing the drop height of the fixed-size water

droplet, however this would increase the size of the harvester.

In another design, the rain water is directed to a fluidic flow mechanism
to drive a kinetic-to-electric transducer, such as a watermill or turbines [95].
Higher kinetic energy may be produced by providing a higher potential build-up.
Although the energy generated by a potential energy collection based generator
can be much higher than a direct impact based generator, the design of such
harvester is bulky and it is challenging to be scaled down. In addition, the high
kinetic energy of a raindrop due to its terminal velocity is lost when collected in

a reservoir. To overcome this issue, higher drop height is required.

The performance of a piezoelectric energy harvester can also be enhanced
electronically via harvester circuit. Harvester circuit is utilised in order to convert
and store the electrical energy generated by the piezoelectric energy harvester.
A typical harvester circuit topology comprises an AC-DC rectifier, a DC-DC
converter and an energy storage buffer. An AC-DC rectifier is able to convert

alternative current (AC) voltage from the piezoelectric energy harvester into
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direct current (DC) voltage. The DC voltage output from the AC-DC rectifier
is regulated before storing into an energy storage buffer (storage capacitor or

battery).

According to the maximum power transfer theorem [96], in order for the
maximum amount of power to be transferred from source to load, the impedances
of the load and source have to be matched. Impedance is the combined effect of
resistance, capacitive reactance, and inductive reactance. Piezoelectric element
is known to have a large clamped capacitance [97]. In order to match the large
clamped capacitance, inductor is normally used. The inductive reactance is de-
pendent on the frequency. As the frequency of operation becomes too low, larger
inductor is required, which becomes unfavourable for micro device designs [98].
Moreover, an inductor is unable to autonomously adapt to the changes in the
operation environment. To tackle this issue, switching circuits were introduced.
The performance of the switching circuits is optimised by using synchronous

switches that correspond to the vibration of the piezoelectric element.

According to Liu and Vasic [98], switching circuit can be grouped into two
categories. The first type locates the switches between the piezoelectric har-
vester and the rectifier. Examples are parallel-SSHI (Synchronised Switching
Harvesting on an Inductor), and series-SSHI [87]. The techniques implemented
for the switching circuit involve modifying the output voltage waveform of har-
vester when the mechanical displacement of the harvester reaches its maximum
or minimum peaks. The second type of switching circuit positions the switches

between the rectifier and storage buffer. Synchronised switching and discharging
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to a storage capacitor through an inductor (SSDCI) [88] is an example for the
second group of switching circuit. This method is able to increase the charging

rate of the system by introducing an inductor and synchronised switches.

Conventional rectifiers are normally made of passive diodes such as p-n
junction diodes or Schottky diodes. Diode’s forward voltage drop is the amount
of voltage dropped across a conducting diode. This is unfavourable when oper-
ating at low voltage as it could not overcome the diode’s forward voltage drop.
Besides this, the efficiency of a passive diode is low, and passive rectifier produces

nonlinear load, which poses a challenge when designing a suitable converter [99].

To address this issue, active diodes had been introduced. Active diodes
function by utilising transistor switches , which are controlled using comparators
to sense the input AC voltage [100]. According to Liu et al. [101], an active diode
rectifier is able to harvest maximum power up to five times when compared to

passive diode rectifier.

However, such technique requires additional components, such as external
comparators or bias networks, which increases the complexity and power loss of
the circuitry [99]. To overcome this, a bridgeless boost rectifier is proposed [99].
The bridgeless boost rectifier consists of two types of DC-DC converter (boost
converter and buck-boost converter). The two converters were designed to work
together so that the boost converter is able to condition the positive half cycle of
the AC voltage, while the buck-boost converter is able to condition the negative

half cycle. Such design is able to convert 10 VAC to 30 VDC.
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A low-power standalone adaptive harvesting circuit was introduced by Tabesh
and Fréchette [90]. The harvesting circuit consists of a voltage doubler rectifier, a
step down switching converter, and an analogue controller. It uses the piezoelec-
tric voltage directly as a control signal compared to conventional circuits which
rely on external sensors to provide feedback to the DC-DC converter. This has
simplified the harvesting circuit as it does not require external sensors and digi-
tal controller to adjust the duty cycle of the switching converter. The proposed
adaptive harvesting circuit has an efficiency of about 60 % for output power

levels above 0.5 mW.

A two-stage energy conversion circuit designed for wind energy harvesting
was proposed by Porcarelli et al. [102]. This design includes a hybrid voltage
rectifier and a DC-DC buck boost converter. The hybrid voltage rectifier is
able to switch between active and passive rectifier topologies. The harvesting
circuit is managed by a microcontroller, which uses a 3.3 V supply. The authors
proposed two strategies for the power management strategies: adaptive strategy,
and smart strategy. The adaptive strategy allows the system to track the power
generated by the microturbine and dynamically switches between the two rectifier
topologies according to a threshold value. The implementation of this strategy
has shown an increase in efficiency of 10 % and 30 % when compared to the
conventional passive and active rectifier topologies respectively. As for the smart
strategy, the system is able to predict power intake using regression analysis, so
that an appropriate rectifier topology is selected. Results illustrated that by

employing the power prediction algorithm, the system is able to yield 22% more
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energy with respect to the previous method.

Full bridge and double voltage rectifier circuits were tested and optimised by
varying the forward voltage of the diodes and the capacitance of the capacitor
[103]. Experimental results revealed that the full bridge rectifier had higher
efficiency compared to the double voltage rectifier when it was operating at

lower voltage range.

Drawbacks of the abovementioned synchronised switch techniques include
the relatively larger design size due to large inductor, and the power consump-
tion of the synchronised switches and the control circuits. Moreover, most of the
studies conducted were based on harmonic excitation, which make synchronisa-
tion possible. The control circuit design becomes complicated when the nature of
the excitation is in damped oscillation, impulsive, and stochastic, which are the
cases for raindrop impact energy harvesting. This has created a technology gap
for harvester circuits in the case energy harvesting through damped oscillating
and stochastic sources. This chapter focuses on the design and evaluation of a
hybrid bridge rectifier that is suitable for raindrop impact energy harvesting. A
brief experiment was carried out to demonstrate the viability of a hybrid bridge

rectifier under actual rain.

6.3 Proposed optimisation method

Piezoelectric material is able to convert ambient mechanical vibration energy into

usable electrical energy through direct piezoelectric effect. The electrical energy
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generated by the piezoelectric material is usually in AC form and it could not
be stored in a storage buffer such as rechargeable battery or storage capacitor,
which require electrical energy in DC form. Hence, a rectifier, which is a AC-
DC converter, is needed. However, the DC voltage obtained from the rectifier is
normally low and sometimes can be discontinuous depending on the excitation
source. In order to overcome this issue, a charging circuit (DC -DC converter) is
implemented in a standard harvester circuit for piezoelectric energy harvesting.
The charging circuit is often integrated with a control system, which will handle
the discontinuity of DC voltage and also the impedance matching issue. The
electrical energy is stored in a storage buffer (storage capacitor or battery), and
it can be used for sensor or actuator depending on application. A block diagram

of a standard harvester circuit topology is given in Figure 6.1.

. : . . Sensors
Piezoelectric Rectifier Charging Storage &
beam circuit circuit buffer
actuators

Figure 6.1: Block diagram of a standard harvester circuit topology.

This chapter focuses on the optimisation of the rectifier stage. The rectifier
usually consists of active or passive diodes, which are discussed in the previous
section. Passive diodes are selected for the study as active diodes require ad-
dition components [99], which will complicate the design. The passive diodes
in a conventional rectifier circuit are arranged in either half bridge, full bridge,
or double voltage configuration. According to [103], full bridge rectifier outper-

forms the double voltage rectifier in terms of efficiency in low voltage operating
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range. Since the maximum peak voltage generated by the piezoelectric beam
in this research is approximately less than 10 V, double voltage rectifier is not

considered.

In this study, a bimorph piezoelectric beam, which has two layers of PZT
material, is utilised. The two layers of the beam can be connected in either
series or parallel. When it is connected in parallel, the current rating generated
by the two PZT layers are added up, maintaining the same voltage rating; while
connected in series, the voltage of the two PZT layers are added, keeping the
same amperage rating. It is advantageous to have more electrical current to
charge a capacitor or battery [21]. On the other hand, the voltage produced
by the harvester might not be enough to overcome the diodes present in the
rectifier circuit. Therefore, it is recommended to use series configuration when
the excitation force is lower and parallel configuration when the excitation force

is higher.

As mentioned previously, one of the disadvantages of using a passive diode
is its forward voltage drop. The forward voltage drop of a diode (Vp) can be
related to the current that passes through it (Ip) by using the diode equation,
which is described by the diode current-voltage (I — V') characteristics curve

[104], written as:

Vo,
Ip— ( ) (6.1)

where, I, is the reverse saturation current of the diode; Vp is the thermal voltage;

and 7 is the ideality factor, which varies between 1 and 2. By taking n = 1, the
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forward voltage drop of a diode can be written as a function of current using

Equation (6.1) as:

I I,
Vp(Ip) = VTln< D+ )

o

(6.2)

From Equation (6.2), it is noted that the forward voltage drop increases as
the current that passes through the diode increases. As a result, the current
generated by the PZT layers will affect the performance of the rectifier circuit.
The operation of the half bridge and full bridge rectifiers are presented in Figure

6.2.

D1
~J
L1 D1 D2

Vp@ RL ) 3

D4

(a) (b)

Figure 6.2: Schematic diagram of: (a) half bridge rectifier; (b) full
bridge rectifier.

By applying Kirchoff’s Voltage Law to the half bridge and full bridge rec-

tifier circuits in Figure 6.2, the following expressions can be obtained:

Half bridge rectifier:

Vp>0—>VRL=V;3—VD(ID)

Vp<0—= Vs =0 (6.3)
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Full bridge rectifier:

V};>0—>VRL:‘/p—2VD(ID)

Vp < 0— VRL = —V}) — QVD(ID) (6.4)

where, V), is the voltage generated by the piezoelectric beam; Vg, is the voltage

measured across a load resistor, RL.

The output voltage graphs from the half bridge and full bridge rectifiers
due to a sine wave input voltage are presented in Figure 6.3. Consider the half
bridge rectifier, the negative cycle of the generated voltage is blocked by the
diode. Hence at least 50 % of its efficiency is lost. Nonetheless, the half bridge
rectifier only consists of a single forward voltage drop (Vp), hence it is preferred
for low voltage operation, shown in Figure 6.3a. In the full bridge rectifier,
the generated voltage from the harvester suffers from two forward voltage drop
(2Vp) due to the operating diodes, shown in Figure 6.3a. As a result, the voltage
generated by the piezoelectric layers has to be high enough in order to overcome

the forward voltage drops due to the operating diodes.

N - Vp
N — VRL

Voltage

(a) (b)

Figure 6.3: Input voltage from the piezoelectric harvester (V},) and
output voltage of the (a) half bridge rectifier, and (b) full bridge
rectifier, measured across the load resistor (Vgzr).
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In this study, a hybrid bridge rectifier is proposed. The hybrid bridge recti-
fier operates by switching between full bridge and half bridge mode, depending
on operating voltage conditions. The voltage measured across the load resistor
is monitored by a microcontroller. RMS voltage is calculated for a fixed period
of time by the microcontroller and the modes are switched accordingly. The

control diagram of the hybrid bridge rectifier is illustrated in Figure 6.4.

Hybrid bridge rectitier

I Full |
1ezoelectric . Output
Voltage br ldge Voltage
>
AC Half DC
bridge

Microcontroller -«

Figure 6.4: Control diagram of the hybrid bridge rectifier.

6.4 Design of the hybrid bridge rectifier

The design of a hybrid bridge rectifier is simple for fixed harmonic oscillation
voltage output, such as a sine wave. The switch can be controlled by monitoring
the voltage peak using comparators. However, for the case of random damped
oscillation voltage output, which is the case for raindrop impact rain energy har-

vester, a better control regime has to be designed. For a damped oscillation, the
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voltage will decay over time. Moreover, when the excitation source is stochastic
in nature, it is hard to determine the successive optimal operation mode judging
from the voltage peaks. In the proposed hybrid bridge rectifier, the bridge mode
is switched by monitoring the RMS voltage for a fixed time frame using a mi-
crocontroller. By using RMS voltage as a switching indicator, the hybrid bridge

rectifier is able to estimate the consecutive optimal operation mode.

In this section, the design of the proposed hybrid bridge rectifier is pre-
sented. Experiments were conducted to study the performance of the harvester
circuit in four different configurations. The four configurations tested in this
study are, full bridge rectifier with piezoelectric layers connected in series (SFB)
and parallel (PFB), and half bridge rectifier with piezoelectric layers connected
in series (SHB) and parallel (PHB). A threshold RMS voltage is established
based on the experimental results, which determines the mode of operation for
the hybrid bridge rectifier. The schematics design of the hybrid bridge rectifier

is presented in Figure 6.5.

Input
PZT 1 g O Output
SW1
@ RL
PZT2 |
Oo—
SW2

Aps s g\

Figure 6.5: Schematics diagram of the manual switching circuit.
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In order to produce the damped oscillation voltage output, the configuration
in Chapter 3 is replicated. A peristaltic pump (Cole Palmer-Masterflex L/S
series) is used to generate water droplet with consistent size. The water from a
water reservoir is pumped to the silicon tube with a syringe needle. The syringe
needle is positioned such that the water droplet could impact the tip of the
piezoelectric beam. The voltage produced by the piezoelectric beam is conveyed
to a manual switching circuit. The rectified voltage is then measured across a 15
k(2 load resistor using a data logger (NI-USB6008). The measured data is stored

in a laptop for further analysis.

The syringe was positioned at the tip of the piezoelectric beam throughout
the experiment. Combinations of different drop height and droplet diameter were
used to generate various damped oscillation voltage outputs. The averages of 10
RMS voltage results are tabulated in Table 6.1 for each configuration mode. The

average forces presented in Table 6.1 are calculated using Equation (3.27).

From Table 6.1, it was observed that the series connection of the piezoelec-
tric layers performed better than the parallel connection. This was due to higher
current generated by the piezoelectric layers when they were connected in par-
allel. According to the forward voltage drop of a diode, presented in Equation
(6.2), the forward voltage drop of the diode will be higher when a higher current

passes through it. As a result, higher voltage drop is expected.

By analysing the rectifier configurations when the piezoelectric layers are

connected in series, the half bridge rectifier performs better in lower voltage
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Figure 6.6: (a) Overview and (b) schematics diagram of the
experimental setup.

region, compared to the full bridge rectifier. As shown in Table 6.1, by compro-
mising the negative cycle of the input voltage and reducing the amount of diode

forward voltage drop, it was found that the half bridge rectifier performs better
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in low voltage operation. On the other hand, as the input voltage increases, the
loss in RMS voltage by compromising the negative cycle was higher than the loss
due to diode forward voltage drop. Hence, the full bridge configuration performs

better at higher voltage operation.

Table 6.1: The root mean square voltage (average of 10 samples) of
respective configurations when excited by single droplet impact of
various average impact forces.

Droplet  Drop Average Root mean square voltage (mV)

diameter height force PHB  PFB SHB STB
(mm)  (m) (nN)
2.96 0.020 1.8 2.290 0.577 2.786  1.445
2.96 0.030 2.7 3.881 1.385 4.336  3.325
2.96 0.040 3.6 7.324 3.165 8.728  6.474
2.96 0.055 4.9 10.506  4.751 10.984 9.497
2.96 0.078 6.9 18.632  9.622 20.186 18.179
2.96 0.100 8.8 21.568 13.189 24.666 35.014
2.96 0.250 204 00.480  35.090 48.452 79.625
4.36 0.110 21.1 107.550 92.110  109.840 128.420
4.36 0.130 24.9 184.970 139.270 172.960 189.270
4.36 0.180 34.1 189.010 160.770 198.210 209.860
4.36 0.900 152.1 582.070 511.843 512.410 608.850
4.36 1.770 261.8 687.170 631.670 603.720 691.660

The results of RMS voltage for SHB and SFB are presented in Figure 6.7. A
zoom-in plot for lower voltage region is given in Figure 6.8. From Figure 6.8, the
RMS voltage threshold can be estimated as 21 mV. The RMS voltage threshold

will be used in the design of the hybrid rectifier control circuit.

For the final design of the hybrid rectifier circuit, the piezoelectric layers
are connected in series, according to the results obtained from Table 6.1. The
schematics of the hybrid rectifier circuit is presented in Figure 6.9. A full bridge

rectifier is implemented by using four passive diodes (1N5817). The voltage are
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Figure 6.7: Scatter plots of RMS voltages for SHB and SFB.
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Figure 6.8: Zoom-in view of the RMS voltages for SHB and SFB.

measured across a load resistor (15 k2) by a microcontroller (Arduino UNO) via
the ’in’ pin illustrated in Figure 6.9. Meanwhile, the microcontroller monitors the
RMS voltage generated by the piezoelectric harvester and switches according to
the threshold voltage via the 'out’ pin displayed in Figure 6.9. The circuit can be
switched into half bridge mode by integrating a transistor switch (2N2222) that
shorts diodes D2, D4. The transistor switch is controlled by the microcontroller

via the ’out’ pin shown in Figure 6.9.

In the implementation of the control circuit for the hybrid rectifier circuit,
a microcontroller (Arduino UNO) is deployed. A flow chart of the developed

control circuit is presented in Figure 6.10. At the start of the program, the
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Figure 6.9: Schematics diagram of the hybrid bridge rectifier circuit.

switch is turned on by default. By doing so, it will configure the rectifier into
half bridge configuration. This is because rain always starts with low intensity
and results in very low RMS voltage output. The system monitors the RMS
voltage every five seconds. As the RMS voltage exceeds the threshold voltage,

the switch will be turned off, configuring the rectifier to full bridge mode.

6.5 Performance of the hybrid rectifier in

actual rain

6.5.1 Methodology

The overview and schematics of the actual rain experiment are presented in Fig-
ure 6.11. A laser precipitation monitor sensor (Thies CLIMA-5.4110.10.000) is

deployed to measure the rain rate. In the experimental setup, two commercial
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Figure 6.10: Flowchart of the control circuit for the hybrid bridge
rectifier circuit.

bimorph piezoelectric beams (Mide-v25w) are used. The piezoelectric beams
are clamped properly in a water-proof aluminium casing. The two piezoelectric
beams are placed near to the laser precipitation monitor to minimise the dis-
crepancy in raindrop distribution. The two piezoelectric beams were labelled
as PZT-A and PZT-B, where they are being connected with a full bridge recti-
fier and a hybrid bridge rectifier circuit respectively. The voltage output from
the two rectifier circuits are measured by a data logger (NI-USB6008), and it is
connected to a laptop for data storage. The full bridge rectifier, hybrid bridge

rectifier, and the data logger (NI - USB6008) are enclosed in a water-proof box.
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Figure 6.11: (a) Overview and (b) schematics of the actual rain

experiment setup

6.5.2 Results and discussion

The total rain duration was 700 s. The rain rate graph is provided in Figure
6.12. The rain started off with low rain rate and increased gradually until it

reached a maximum rain rate of 78.93 mm/hr at ¢ = 240 s. After that, the rain

rate decreased and started to dwindle.
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Figure 6.12: Rain rate graph with duration of 700 s.

The graphs of instantaneous voltage generated by the full bridge (PZT-A)
and hybrid bridge (PZT-B) configurations are presented in Figure 6.13. The
control switching of the hybrid rectifier is illustrated in Figure 6.13(b). The mi-
crocontroller switches every five seconds according to the RMS voltage measured.
As the five-second RMS voltage dropped below the threshold voltage (21mV),
the microcontroller will switch on the transistor, configuring the hybrid bridge
rectifier into half bridge mode. The microcontroller will switch off the transistor
if the five-second RMS voltage is higher than the threshold voltage, where in this

case the hybrid bridge rectifier is in full bridge mode.

From Figure 6.13(b), it was noted that the hybrid bridge rectifier was oper-
ating at full bridge mode when the peak voltages were dense and having higher
magnitude. This is in consensus to the design of the hybrid bridge rectifier, as it
operates at full bridge mode when higher RMS voltage is detected, and operates
at half bridge mode when lower RMS voltage is detected. The zoom-in view of
the output voltage for the hybrid bridge rectifier in both half bridge and full

bridge mode are presented in Figure 6.14. In half bridge mode, half cycle of the



Chapter 6 158

—
(=]
T

Voltage (V)

0 | Aﬂ,‘,ﬂumu 1

0 100 200 300 400 500 600 700
Time (s)

(a)

;Voltage '

[ Control switching

N’

&

= HB

o

> B H HH ]
oLk a1 B ‘ ‘ FB
0 100 200 300 400 500 600 700

Time (s)
(b)

Figure 6.13: The voltage time response graphs for the: (a) full bridge
rectifier (PZT-A); (b) hybrid bridge rectifier (PZT-B).

generated voltage is filtered by the diode; whereas in the full bridge mode, full

cycle is present.

The energy generated by the full bridge and hybrid bridge rectifiers can be
estimated by using Equation (3.39). The accumulation of energy produced by the
two configurations are presented in Figure 6.15. The total energy accumulation
of the hybrid bridge rectifier was found to be 56.97 pJ higher than the full bridge

rectifier.

In order to further investigate the performance of the hybrid bridge rectifier,
the energy accumulation graph for the two configurations are divided into S1 and
S2, as shown in Figure 6.16. In S1, the hybrid bridge rectifier switched between

full bridge and half bridge modes, according to the measured five-second RMS
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Figure 6.14: Zoom-in view on the voltage time response when the
hybrid bridge rectifier is operating in: (a) half bridge mode; (b) full
bridge mode.
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Figure 6.15: Energy accumulation graphs for the full bridge rectifier

(PZT-A) and hybrid bridge rectifier (PZT-B). The graph is partitioned
into S1 (t < 440s) and S2 (440 < t < 700s).

voltage, as illustrated in Figure 6.13(b). Whereas in S2, the measured five-second
RMS voltage was low, resulting the hybrid bridge rectifier to be operating in half

bridge mode.

In S1, the operating mode of the hybrid bridge rectifier switches frequently
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due to the rapid changes of the rain rate, which would affect the peak voltage

generated by the piezoelectric beam. In S1, the hybrid bridge rectifier had har-

vested 18.71 % energy more when compared to the full bridge rectifier. Most

of the energy harvested in this section was contributed when the hybrid bridge

rectifier was operating in full bridge mode. Since most of the time the two har-

vester circuits were operating at the same mode, the discrepancy in the results

demonstrated the energy generation variation due to the difference in location

of the piezoelectric beam.

Towards the end of the rain, S2, the hybrid bridge rectifier was operating
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in half bridge mode. At this region, the rain rate is low and the peak voltages
generated by the piezoelectric beam for the two configurations were significantly
lower compared to the peak voltages at S1. During low rain rate, the raindrop
diameter is expected to be smaller compared to that in the high rain rate. As a

result, the generated peak voltage is lower.

In low voltage region, the hybrid bridge rectifier outperformed the full bridge
rectifier by 95.12 %. This can be explained by the lower forward voltage drop
of the diodes in half bridge mode, which is discussed in Section 6.3. In the full
bridge rectifier configuration, the low voltage produced by the piezoelectric beam
could not overcome the diode forward voltage drop. Hence the efficiency of the

full bridge rectifier dropped when it was operating at this region.

6.5.3 Implication of result

The hybrid bridge rectifier has demonstrated good potential in enhancing the
performance of the harvester circuit in lower voltage region. The total energy
accumulation of the full bridge rectifier in S1 and the hybrid bridge rectifier
(which operated in half bridge mode) in S2 were 304.5 pJ and 0.01747 uJ re-
spectively. Comparing the absolute value of the total energy accumulated in the
two time sections, the introduction of the hybrid bridge rectifier may not seem
justifiable. According to the control switching in Figure 6.13(b), the hybrid
bridge rectifier operates at 62.79 % of the time throughout the experiment. This
shows that for most of the time in rain, half bridge rectifier is a more suitable

configuration. Since the energy requirement for a MEMS to operate is low, every
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little energy harvested counts. This is especially true in raindrop impact energy

harvesting application where rain does not occur all the time.

One of the drawbacks of the current hybrid bridge rectifier design is that it
requires external voltage supply to power the microcontroller. To solve this issue,
a microcontroller with low energy consumption or a comparator to compare RMS

voltages can be utilised together with a low power standalone regime [90].

Furthermore, the control circuit requires to collect enough voltage reading
before able to switch to the appropriate mode. This will cause a delay in the con-
trol circuit to determine the optimised mode and this will reduce the effectiveness
of the overall system. The system can be further optimised by introducing a rain
prediction algorithm to predict the successive operating mode instantly. During
low rain rate, due to lower raindrop diameter, the RMS voltage produced in this
time interval will be lower. At this instance, half bridge mode is preferred. Being
able to predict the rain rate, the hybrid bridge rectifier could switch instanta-
neously instead of relying on the five second delay to determine the successive
mode. One method to achieve this is by relating the RMS voltage to the intensity
of rain. The RMS voltages recorded are monitored and the future RMS voltage
could be estimated using regression analysis [102] so that the appropriate mode

can be pre-determined.

Other than raindrop impact energy harvesting, the hybrid bridge rectifier
concept can be integrated into other form of energy harvester which harvests

energy from random impulsive vibrations in low voltage region.
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6.6 Chapter conclusion

A hybrid bridge rectifier that is able to operate in low and high voltage region is
proposed in this chapter. The hybrid bridge rectifier consists of a microcontroller
that switches between half bridge and full bridge mode by comparing the five-
second RMS voltage value to the RMS voltage threshold. The RMS voltage
threshold was determined experimentally by considering various droplet impact
magnitudes. In actual rain, the hybrid bridge rectifier performed 18.71 % better
than the conventional full bridge rectifier. Further analysis on the actual rain
experiment revealed that the half bridge mode produced 95.12 % more energy
than in a full bridge rectifier during low rain rate. Despite having lower energy
magnitude harvested during low rain rate as compared to the higher energy
magnitude harvested in high rain rate, the increase in the energy production will
be greater in the long run. The hybrid bridge rectifier can also be implemented in
other types of energy harvester that operate at random impulsive vibration at low
voltage region.Future works for this study include introducing a rain prediction
algorithm so that the hybrid bridge rectifier could switch instantaneously, and
converting the current circuit into a low power standalone circuit so that external

power supply is not needed.
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Conclusions and future work

7.1 Conclusions and summary of findings

In this section, an overview of achievements and contributions of the work is
presented. Throughout this research, theoretical models describing response of
the raindrop impact energy harvester under different droplet excitation cases.
This enables the analysis of the harvester in different given scenarios and pro-
vides accurate predictions without the need for expensive experimental setup.
The theoretical models were validated via experimental results. Findings from

previous chapters are summarised in this section.
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Chapter 1:

A background study of piezoelectric energy harvesting is introduced in this
chapter. The general motivation, aim and objectives are also provided in Chap-
ter 1. Annual rainfall of a tropical climate country is high. As such, raindrop
impact energy harvester is a feasible form of alternative energy source. Most of
the studies conducted from the literature only considered single droplet impact,
which could not fully describe the dynamics of a raindrop impact energy har-
vester using piezoelectric beam. Hence, this has became the main drive for the

research.

Chapter 2:

The derivation of a piezoelectric beam model is presented in this chapter.
The mode shape of a cantilever beam is derived by conducting modal analysis
on the beam. Mass normalisation of the mode shape is performed by satisfy-
ing the orthogonality condition of the mode shape. The piezoelectric beam is
described as a distributed parameter system. The piezoelectric beam model is
realised by applying the constitutive equation of a linear piezoelectric material,
Rayleigh-Ritz Theorem, and Lagranges equations for electromechanical systems.
The theoretical piezoelectric beam model is able to estimate the voltage output
response of the piezoelectric layers due to external force. The theoretical model
is verified through experimental tests by using base excitation of four different
G-forces. Good agreement was found between the experimental and theoretical

results with a percentage difference range of 9.30 % to 25.45 %.
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Chapter 3:

This chapter investigates the dynamics of single and multiple droplet impact
on the piezoelectric beam. Water layer was found forming on the surface of the
piezoelectric beam after successive water droplet. Such phenomenon was not
found in the literature. The modal mass of the water layer formed is modelled
by using an added mass coefficient. Loss of momentum of a water droplet impact
was reported in literature, however further investigations were not carried out.
In this Chapter, the loss of momentum of a water droplet impact is described
by using an impact coefficient. The impact coeflicient can be estimated by using
the added mass coefficient, and the tip displacement measured using a laser
vibrometer. The theoretical model is verified utilising experimental results, and
good agreement is reported. An optimal operating region was found in the added
mass coefficient intervals of 0.03423 < (', < 0.4396 and 0.03223 < C, < 0.4698
from the experimental and theoretical results respectively. Besides this, the
single droplet impact model is extended into multiple droplet excitation model
in this Chapter. The multiple droplet excitation model considers different drop
periods and drop positions on the piezoelectric beam. In order to validate the
theoretical model, three rain types (LSR, MSR, and HT) that correspond to
different drop periods were considered. From the drop position study, it was
found that when the water droplet impacts further form the clamp, more RMS
voltage will be produced, this will increase the energy production. Rain rate
study revealed that higher rain rate will reduce the drop period. This will give

more droplet impacts, thus increasing the energy yield of the harvester.
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Chapter 4:

This chapter further extends the multiple droplet excitation model to arti-
ficial rain excitation model. It is accomplished by introducing two random pa-
rameters into the excitation model, which are the water droplet size and droplet
impact position. The water droplet size is modelled to be a random number
based on two lognormal parameters. On the other hand, the droplet impact
position is modelled as a uniformly distributed random number, which ranges
from 0 to the maximum length span of the piezoelectric beam. The theoretical
model was validated by testing the piezoelectric beam in laboratory condition
using four artificial rains with fixed rain rate. Results revealed that when the
rain rate increases, higher energy was accumulated over time. In the case of
artificial rain, results had shown that the rain rate and power generated by the
harvester exhibit positive correlation. When the rain rate of the artificial rain is
99 mm/hr, power of 0.207 uW and 0.251 uW were reported in the experimental

and theoretical results respectively.

Chapter 5:

In this chapter, the artificial rain excitation model is modified into actual
rain excitation model. Unlike artificial rain, the rain rate in actual rain varies
over time. This will affect the rain DSD and average number of raindrop impact.
As such, the Lognormal DSD model and average number of raindrop impact
are modelled as a function of rain rate. The performance of a raindrop impact
energy harvester was evaluated under actual rain condition. Experimental results

demonstrated that a total energy of 1564 pJ was obtained for a rain duration
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of 3539 s. From the actual rain experiment, a maximum instantaneous power
of 3.75 mW was measured. This is higher than the maximum instantaneous
power reported in literatures, which was 23 yW. The theoretical model is verified
using experimental results. From the artificial rain study in Chapter 4 and the
theoretical results given in this chapter, the rain rate was observed to be in
positive correlation with the energy generation of the harvester. However this
was not found in the experimental result. In order to demonstrate practicability
of the developed model, the theoretical model is modified. This is achieved by
limiting the maximum raindrop diameter at the period of time where the rain rate
was not having positive correlation with the energy generation. The modified
theoretical model successfully demonstrated improvement in accuracy, with a

percentage difference of 12.33 % when compared to the experimental result.

Chapter 6:

A literature study on the optimisation of a piezoelectric beam energy har-
vester is presented in this Chapter. Most of the studies in literature considered
base or harmonic excitation, which are not the case for a raindrop impact energy
harvester. In a raindrop impact energy harvester, the excitation force is de-
scribed as damped oscillation, impulsive, and stochastic. The main contribution
of the Chapter is by proposing a harvester circuit that can be applied in raindrop
impact energy harvester, known as a hybrid bridge rectifier. The hybrid bridge
rectifier consists of a microcontroller that switches between half bridge and full
bridge mode by comparing the five-second RMS voltage value to the RMS volt-

age threshold. As a result it is able to operate in low and high voltage region.
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During low rain rate, experimental result revealed that the half bridge mode is

able to yield 95.12 % more energy than in a conventional full bridge rectifier.

7.2 Future work

Based on the accomplishments in this project, recommendations on future work
are outlined in this section. At this stage, raindrop impact energy harvester is not
a propitious form of alternative energy harvester. This is due to its lower power
production when compared to other form of energy harvesters. Moreover, rain-
drop impact energy harvester can only operates during rainy days. As a result,
extensive research and development have to be conducted in order to improve
its performance and cost effectiveness. Directions such as introducing array of
raindrop impact energy harvester [32] and a multifunctional hybrid energy har-
vesting system, which is able to harvest solar, thermal, and vibration energy [86]

demonstrate good future prospect in raindrop impact energy harvesting.

In the time coarse study on the accumulation of water droplet on the piezo-
electric beam highlighted in Chapter 3, an optimal operating region was observed.
By correlating the camera images given in Figure 3.8, the optimal operating re-
gion happens before the water layer reaches the width ends of the piezoelectric
beam. Therefore, it is advantageous for the piezoelectric beam to be operating
at that region regardless on the water accumulation progress. To accomplish

this, surface treatment for the piezoelectric beam can be considered.
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Besides this, the drop position study conducted in Chapter 3 revealed that
higher RMS voltage was observed when the water droplet impact further from
the clamp of the piezoelectric beam. By designing a rain water collecting regime,
the rain water can be funnelled and impact on the tip of the piezoelectric beam.
Initial phase of this work had been carried out by [94]. In order to produce
higher energy, the drop height of the funnelled water droplet has to be higher.
Moreover, the inlet of the reservoir should be bigger, and the size of the reservoir
can be increase so that more rain water is collected to insure continuous supply of
water droplet impact. However, such design compromises the size of the energy
harvester, making it impractical in certain applications where space is a concern.
As a result, the trade off between the harvester size and energy generation of
the harvester has to be investigated. The hybrid bridge rectifier proposed in
Chapter 6 is applicable in other types of energy harvester that function at random
impulsive vibration in low voltage region. To increase the practicality of the
hybrid bridge rectifier, extensive works have to be done so that it could be
enhanced into a low-power standalone circuit so that external power supply is not
needed. In the application of raindrop impact energy harvesting, rain prediction
algorithm can be developed so that the rectifier could switch instantaneously

without the need of collecting RMS voltages.
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Appendix A

Device Specifications

A.1 Data logger (NI-USB6008)

General

Product Family: Multifunction DAQ
Measurement Type: Voltage

Form Factor: USB

Operating System / Target: Linux, Mac OS, Pocket PC, Windows
RoHS Compliant: Yes

Isolation Type: None

Analog Input

Single-Ended Channels: 8

Differential Channels: 4

Analog Input Resolution: 12 bits
Maximum Voltage Range: -10 V - 10 V
Accuracy: 7.73 mV

186
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Minimum Voltage Range: -1 V-1V
Accuracy: 37.5 mV

Number of Ranges: 8

Simultaneous Sampling : No
On-Board Memory: 512 B

Analog Output

Number of Channels: 2

Resolution: 12 bits

Voltage Range: 0 V-5V

Accuracy: 7 mV

Update Rate: 150 S/s

Current Drive Single: 5 mA

Current Drive All: 10 mA

Digital I / O

Bidirectional Channels: 12
Input-Only Channels: 0
Output-Only Channels: 0

Timing: Software

Logic Levels: TTL

Programmable Input Filters: No
Supports Programmable Power-Up States: No
Digital Input

Input Type: Sinking Sourcing
Maximum Voltage Range: 0 V-5V
Digital Output

Output Type : Sinking Sourcing

Current Drive Single: 8.5 mA
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Current Drive All: 102 mA
Maximum Voltage Range: 0 V-5V
Counters/ Timers

Watchdog Timer : No

Counters: 1

Buffered Operations: No
Debouncing /Glitch Removal: No
Max Source Frequency: 5 MHz
Pulse Generation: No

Size: 32 bits

Timebase Stability: 50 ppm

Logic Levels: TTL

Timing / Triggering / Synchronisation
Triggering: Digital

Synchronisation Bus(RTSI): No
Physical Specifications

Length: 8.51 cm

Width: 8.18 cm

Height: 2.31 cm

I/O Connector: Screw terminals

USB Power: Bus-Powered
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A.2 Peristaltic pump (Cole Palmer-Masterex

L/S series)

Output:

Speed: 600 rpm

Torque, Maximum: 180 oz-in (13 kg cm), 540 oz-in Starting
Input:

Operating Voltage/Frequency:

90-260 Vrms, 50/60 Hz, 2.2 A @ 115 Vrms, 1.1 A @ 230 Vrms
External Inputs:

START/STOP, CW/CCW, Contact closure

Remote/Local Speed Control Voltage input: 010V DC @ 10 k2
Accuracy: +0.5 % Full Scale

Current input: 420 mA @ 250 (2,

Accuracy: +0.5 % Full Scale

Environment:

Operating Temperature: 32 to 104 °F (0 to 40 °C)

Storage Temperature: -13 to 149 °F (-25 to 65 °C)

Humidity: 10 % to 90 % non-condensing

Altitude: Less than 6562 ft (2000 m)

Pollution Degree: Pollution degree 2 (indoor uselab, office)
Construction:

Dimensions (L W H): 10.5in 8 in 8in (267 203 203 mm)
Weight: 6.9 kgs (15.21bs)

Color: Light Grey (5 % Black)

Material: Aluminum, ABS plastic and vinyl

Enclosure Rating: 1P33 per IEC-60529
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A.3 Laser vibrometer(MicroEpsilon-ILD1700-

10)

Measuring range: 10 mm

Start of measuring range: 30 mm

Midrange: 35 mm

End of measuring range: 40 mm

Linearity: 8 pym

FSO: 0.1 %

Resolution (at 2.5kHz without averaging): 0.5 um
Measuring rate: 2.5 kHz / 1.25k Hz / 625 Hz / 312.5 Hz (adjustable)
Light source semiconductor laser: <1 mW, 670 nm (red)
Permissable ambient light (at 2.5 kHz): 10,0001x

Laser safety class: class 2 acc. DIN EN 60825-1 : 2008-05
Spot diameter:

-SMR:110 pm

-MMR:50 pm

-EMR: 110 pm

Temperature stability: 0.01 % FSO /°C

Operation temperature: 0 ...4+50 °C

Storage temperature: -20 ... +70 °C

Measurements selectable: 4 ... 20 mA /0 ... 10V / RS 422 / USB (optional with
cable PC1700-3/USB)

Switching outputs: 1 x error or 2 x limit (each programmable)
Switch Input laser ON-OFF /zero
Operation: via touch screen on sensor or via PC with ILD 1700 tool

Power supply: 24 VDC (11 ... 30 VDC), max. 150 mA
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Electromagnetic compatibility (EMC): EN 61000-6-3 EN 61000-6-2
Sensor cable length (with connector): 0.25 m

Synchronisation: possible for simultaneous or alternating measurements
Protection class: IP 65

Vibration: 2 g / 20 ... 500 Hz

Shock: 15 g / 6 ms

Weight (with 0.25 m cable): 550 g
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A.4 Laser precipitation monitor sensor

(Thies CLIMA-5.4110.10.000)

Meas. principle: laser beam

Particle size: 0.16 ... 8 mm

Particle speed: 0.2 ... 20 m/s

Intensity: < 0.005 ... > 250 mm/h

Accuracy with quantity meas.: < 15 % @ rain 0.5 ... 20 mm/h < 30 % @ snow
Precipitation types:

drizzle (also freezing), rain (also freezing), hail, snow, snow grains / ice needles,
soft hail / ice grains

Accuracy, comparing with synoptic observation:
-drizzle > 97 %

-rain > 99 %

-hail > 95 %

-snow > 99 %

-snow grains > 60 %

Laser diode: 786 nm, max. 0.5 mW

Laser class: 1M (EN60825-1:1994 A2:2001)

Data output digital Interface: RS485 / 422, potential isolation and 2 impulse
outputs, potential isolation

Baudrate: 1200 ... 115200 Baud
Output type: ASCII, Synop, Metar @ RS485 / 422, frequency @ impulse outputs
Resolution intensity: 0.001 mm/h @ RS485 / 422

Resolution quantity: 0,001 mm @ RS485 / 422, 0.1 mm, 0,01 mm, 0,005 mm @
impulse outputs

Ambient temp.: -40 ... +70 °C

Protection: IP 65
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Dimension: @ 270 x 170 x 540 mm

Weight: 4.8 kg
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MATLAB code

Vot To oo 1o o o o oo To o o To o o o oo ToToTo o o o o o o o ToToTo o o o o o o ToToTa o o o o o o ToTo oo o o o o o ToTo oo o o o o o To T oo o o o o
% Program simulates the dynamical response of a piezoelectric cantilever %

% beam due to single water droplet impinged in the tip of the beam %

Toloto oo o oo oo oo o o oo oo T T o To o T To o To T T oo oo oo oo oo o fo o o o o o o o o o o o o o o o o o o T To o To To T T T To T T o

clear all
clc

1n = @(x) (log(x));

ToTo o ToTo fo oo ToTo o To o To o fo o o oo o o o To o Fo o
% —--- Input Parameters

Toto 1o oo oo To oo o ToTo o o o JoTo o o o ToTo o o o o

194



Appendiz 195

R = 15000; Y%Load resistance

droplet_diameter = 2.96e-3; %Droplet diameter

droplet_mass = (4/3)*pi*1000*(droplet_diameter/2)"3; JWater droplet mass
drop_height = 0.25; Y%drop height

constant = (3%0.796%1.2041)/(8%1000*droplet_diameter/2);

droplet_v = sqrt((9.81/constant)*(1-exp(-2*constant*drop_height))); %Impact vel

ca = 0; %Added mass coefficient

ee = 0.1923%exp(-21.94%*ca) + 0.2773*xexp(-0.4458%*ca); %Impact coefficient
ToTo T ToTo o 1o o To o fo o o To o fo o o To o Fo o o To o Fo o o T o Fo o

% —--- Time Constant Selection

Toloto oo oo oo o To oo To o o Jo To T To T T To T T o o

%Common Parameter

L2 = 46.355e-3; %Lenght of cantilever beam
w = 38.1e-3; %Width of cantilever beam
area = L2 * w; Y%Surface area of cantilever beam

%Define FR4 Properties
hfr4=0.0762e-3; %Thickness of FR4
density_fr4 = 1920; #Density of FR4

cfrd = 23.4e9; %Young Modulus of FR4
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%Define ESPANEX Properties

hesp = 0.0762e-3; %Thickness of ESPANEX

hc = 0.0254e-3; %Thickness of Copper

hsp = 0.0254e-3; %Thickness of Polyimide
density_sc = 8960; %Density of Copper
density_sp = 1430; %Density of Polyimide

cesp = 4.5e9; %Young Modulus of Copper
csp = 3.2e9; %Young Modulus of polyimide

massofesp = (2xdensity_scxhc*w) + (density_sp¥hsp*w) ;

density_esp = massofesp/(wxhesp);

%Define Copper Properties

cc = 117e9; %Young Modulus of Copper

%Define Peizoelectric Properties

hp = 0.127e-3; %Thickness of the piezo

wp = 33.274e-3; %Width of the piezo

Lp = 45.974e-3; %Length of the piezo

a0 = 8.854%10°-12; %epsilon, Electric constant
es33 = 830%a0l; %Dielectric constant
density_p = 7800; #Density of piezo

ylle = 67e9; %Young Modlus of piezo

d31 = -190e-12; %Strain coefficient of piezo
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%Define Eproxy Properties

Eproxy_layers = 4;

he = 0.7e-5; %Thickness of Epoxy
density_e = 1250; %Density of Epoxy

ce = 3.5e9; %Young Modulus of Eproxy
FoToTo o ToTo o o ToTo o To o o ToTo o o To o o To o o To o o

% —--- Constants

Voo oo oo oo oo o o T o o o o T To T Jo To T T o o

syms X real y z a b mm

Yoo ToTo o o ToTo o To o ToTo o o o ToTo o o o ToTo o o o o

% -—— Mode Shape

Yoo To oo oo To oo o ToTo o o o JoTo o o o JoTo o o o o

%Eigenvalue of the first four modes

beta=[1.87510407 4.69409113 7.85475744 10.99554073]°./L2;

#Mode shape constant

sigma = [0.7340955 1.018467 0.999224497 1.0];

/Define Mode Shape
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MODE_SHAPE = (sin(beta*x)-sinh(beta*x)).*(sin(beta*L2)-sinh(beta*xL2))+ ...

(cos(beta*x)-cosh(beta*x)) .*(cos(beta*xL2)+cosh(betaxL2));

intmode = double(int (MODE_SHAPE."2,x,0,L2));

%Discretise the mode shape

dl = 1/10000;

xnum = 0:d1:L2;

xnump = 0:d1:Lp;

#Mass per unit length of the nonpiezo and piezo layers
massperlength_np = (2+density_scxhc*w) + (density_esp*hesp*w) +...

(2xdensity_fr4*hfrid*w) +(Eproxy_layers*hexdensity_e*w) ;

massperlength_p = (2*density_p*wp*hp);

massperlength_t = massperlength_p + massperlength_np ;

mode_n = 1; %% Mode number considered

disp(’Computing Modal Parameters’)

no(mode_n) = sqrt(1l./(massperlength_t*intmode(mode_n)));
omode (mode_n) = no(mode_n) .*MODE_SHAPE (mode_n) ;

PhiT(mode_n) = omode(mode_n).’;
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omodesdd (mode_n) = diff(diff (omode(mode_n),x),x);

PhiddT(mode_n) = omodesdd(mode_n).’;

Yoo To oo o ToTo oo o JoTo o o o JoTo o o o ToTo o o o o

% _

Mass Matrices

Yoo 1o oo oo To oo o JoTo o o o JoTo o o o JoTo o o o o

buffer = PhiT (mode_n);

%-—-- Mass of EXPANEX

%Mass

MSP

Msw

of ESPANEX_Polyimide

eval (int (wxdensity_sp* buffer.’*buffer ,y, (-hsp/2)

subs (MSP,xnum) ’ ;

MASS_ESPP(mode_n) = trapz(xnum,Msw) ;

Y%Mass

of ESPANEX_Copper

uu = density_sc*hc*w;

buffer = subs(PhiT(mode_n) ,mm,uu) ;

h1

h2

h3

(-hsp/2)-hc;
(-hsp/2) ;

(hsp/2);

, (hsp/2) ));
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h4 = (hsp/2)+hc;

MSC1 = eval(int(wxdensity_sc* buffer.’*buffer ,y, hl , h2 ));
MSC2 = eval(int(wxdensity_sc* buffer.’*buffer ,y, h3 , hd ));
MESP = MSC1 + MSC2;

Msw = subs(MESP,xnum)’;

MASS_ESPC(mode_n) = trapz(xnum,Msw) ;

%i-—- Mass of epoxy 1

h1 = (-hsp/2)-hc-he;
h2 = (-hsp/2)-hc;
h3 = (hsp/2)+hc;
h4 = (hsp/2)+hc+he;

ME1

eval (int (wxdensity_ex buffer.’*buffer ,y, hl , h2 ));

ME2

eval (int (wxdensity_ex buffer.’*buffer ,y, h3 , hd ));
ME = ME1 + ME2;
Msw=subs (ME,xnum) ’ ;

MASS_E1(mode_n)=trapz(xnum,Msw) ;

%--— Mass of Piezoelectric
hi = (-hsp/2)-hc-he-hp;

h2 = (-hsp/2)-hc-he;

h3 = (hsp/2)+hc+he;
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h4 = (hsp/2)+hc+he+hp;

MP1

eval (int (wp*density_p* buffer.’*buffer ,y, hl , h2 ));

MP2

eval (int (wp*density_p* buffer.’*buffer ,y, h3 , hd ));
MP = MP1 + MP2;
Msw = subs(MP,xnump) ’;

MASS_P(mode_n) = trapz(xnump,Msw);

%i-—- Mass of epoxy 2

h1 = (-hsp/2)-hc-he-hp-he;

h2 = (-hsp/2)-hc-he-hp;

h3 = (hsp/2)+hc+he+hp;

h4 = (hsp/2)+hc+he+hp+he;

ME1 = eval(int(w*density_e* buffer.’*buffer ,y, hl , h2 ));
ME2 = eval(int(w*density_e* buffer.’*buffer ,y, h3 , hd ));

ME = ME1 + ME2;
Msw=subs (ME, xnum) ’ ;
MASS_E2(mode_n)=trapz(xnum,Msw) ;

MASS_E(mode_n) = MASS_E1(mode_n) + MASS_E2(mode_n);

%--- Mass of Copper

hi

(-hsp/2)-hc-he-hp-he-hc;

h2

(~hsp/2)-hc-he-hp-he;
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h3 = (hsp/2)+hc+he+hp+he;

h4 = (hsp/2)+hc+he+hp+he+hc;

MC1 = eval(int(w*density_scx* buffer.’*buffer ,y, hl , h2 ));
MC2 = eval(int(w*density_scx* buffer.’*buffer ,y, h3 , hd ));
MC = MC1 + MC2;

Msw = subs(MC,xnum)’;

MASS_C(mode_n) = trapz(xnum,Msw) ;

%--- Mass of FR4

h1l = (-hsp/2)-hc-he-hp-he-hc-hfr4;

h2 = (-hsp/2)-hc-he-hp-he-hc;

h3 = (hsp/2)+hc+he+hp+he+hc;

h4 = (hsp/2)+hc+he+hp+he+hc+hfrd;

MFR41 = eval(int(w*density_fr4* buffer.’*buffer ,y, hl , h2 ));
MFR42 = eval(int(w*density_fr4* buffer.’sbuffer ,y, h3 , hd ));

MFR4 = MFR41 + MFR42;
Msw = subs(MFR4,xnum)’;

MASS_FR4 (mode_n) = trapz(xnum,Msw);

Tt T I I T T T S T o T Tt T o Fo T To o Fo T o o
% --- Stiffness Matrices

Voo o oo oo oo oo o o To oo o o o T Jo To T T T o
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buffer = PhiddT (mode_n);

%--- Mass of ESPANEX

%Stiffness of ESPANEX_Polyimide

KSP

vpa(int (wxcspxy~2x buffer.’sbuffer ,y, (-hsp/2), (hsp/2) ));

subs (KSP,xnum) ’ ;

Ksw

STIFFNESS_ESPP(mode_n) = trapz(xnum,Ksw);

%Stiffness of ESPANEX_Copper

hl = (-hsp/2)-hc;

h2 = (-hsp/2);

h3 = (hsp/2);

h4 = (hsp/2)+hc;

KSC1 = eval(int(wxccxy~2x buffer.’sbuffer ,y, hl , h2 ));
KSC2 = eval(int(wxccxy~2x buffer.’*buffer ,y, h3 , hd ));
KESP = KSC1 + KSC2;

Ksw = subs(KESP,xnum)’;

STIFFNESS_ESPC(mode_n) = trapz(xnum,Ksw);

%——-Stiffness of Epoxy 1
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h1l = (-hsp/2)-hc-he;

h2 = (-hsp/2)-hc;

h3 = (hsp/2)+hc;

h4 = (hsp/2)+hc+he;

KP1 = vpa(int(w*ce*(y~2)* buffer.’xbuffer ,y, hl, h2 ));
KP2 = vpa(int(w*xce*x(y~2)* buffer.’*buffer ,y, h3, hd ));

KP = KP1 + KP2;
Ksw=subs (KP,xnum) ’ ;

STIFFNESS_E1(mode_n)=trapz(xnum,Ksw) ;

%——- Stiffness of Piezo

hl = (-hsp/2)-hc-he-hp;

h2 = (-hsp/2)-hc-he;

h3 = (hsp/2)+hc+he;

h4 = (hsp/2)+hc+he+hp;

KP1 = vpa(int(wp*yllex(y~2)* buffer.’*buffer ,y, hl, h2 ));
KP2 = vpa(int(wp*yllex(y~2)* buffer.’*buffer ,y, h3, hd ));

KP = KP1 + KP2;
Ksw = subs(KP,xnump) ’;

STIFFNESS_P(mode_n) = trapz(xnump,Ksw);
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%——- Stiffness of Epoxy 2

h1l = (-hsp/2)-hc-he-hp-he;

h2 = (-hsp/2)-hc-he-hp;

h3 = (hsp/2)+hc+he+hp;

h4 = (hsp/2)+hc+he+hp+he;

KP1 = vpa(int(w*ce*x(y~2)* buffer.’sbuffer ,y, hl, h2 ));
KP2 = vpa(int(w*ce*x(y~2)* buffer.’sbuffer ,y, h3, hd ));

KP = KP1 + KP2;

Ksw=subs (KP,xnump) ’ ;
STIFFNESS_E2(mode_n)=trapz(xnump,Ksw) ;
STIFFNESS_E(mode_n) = STIFFNESS_E1(mode_n) + ...

STIFFNESS_E2(mode_n) ;

%i—-—- Stiffness of Copper

hl = (-hsp/2)-hc-he-hp-he-hc;

h2 = (-hsp/2)-hc-he-hp-he;

h3 = (hsp/2)+hc+he+hp+the;

h4 = (hsp/2)+hc+he+hp+he+hc;

KC1 = vpa(int(w*ccx(y~2)* buffer.’*buffer ,y, hl, h2 ));
KC2 = vpa(int(w*xcc*(y~2)* buffer.’*buffer ,y, h3, hd ));

KC = KC1 + KC2;

Ksw = subs(KC,xnum)’;
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STIFFNESS_C(mode_n) = trapz(xnum,Ksw) ;

%--- Stiffness of FR4

hl = (-hsp/2)-hc-he-hp-he-hc-hfr4;

h2 = (-hsp/2)-hc-he-hp-he-hc;

h3 = (hsp/2)+hc+he+hpthe+hc;

h4 = (hsp/2)+hc+he+hp+he+hc+hfrd;

KFR41 = vpa(int(wxcfrd*(y~2)* buffer.’*buffer ,y, hl, h2 ));
KFR42 = vpa(int(wxcfrd*(y~2)* buffer.’*buffer ,y, h3, hd ));

KFR4 = KFR41 + KFR42;
Ksw = subs(KFR4,xnum)’;

STIFFNESS_FR4(mode_n) = trapz(xnum,Ksw);

Tl o ToToTo 1o o o o o T To ToTo o o o o o o To To T o o
% Modal parameters summary

Yoo 1o oo oo To o o o ToTo o o o JoTo o o o ToTo o o o o

%Modal mass
MASS (mode_n) = MASS_ESPP(mode_n) + MASS_ESPC(mode_n) + ...
MASS_FR4 (mode_n) + MASS_C(mode_n) + MASS_P(mode_n) + ...

MASS_E(mode_n)

%Inclusive of water layer
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MASS = (1+ca)*MASS

J7Modal stiffness

STIFFNESS (mode_n) = STIFFNESS_ESPP(mode_n) + ...
STIFFNESS_ESPC(mode_n) + STIFFNESS_FR4(mode_n) + ...
STIFFNESS_C(mode_n) + STIFFNESS_P(mode_n) + ...

STIFFNESS_E(mode_n)

Voo 1o oo oo To oo o ToTo o o o ToTo o o o ToTo o o o o

% —--— Coupling Matrix

Voo oo oo oo oo oo o o o o Jo o To T Jo To T T o o

buffer = PhiddT (mode_n);

%#Two layers of piezo

Cl = vpa(int(-y *wp*ylle*d31*(1/hp) *buffer.’,y, (-hesp/2)-he-hp ,(-hesp/2)-he
C2 = C1;
C=Cl+ C2;

T=subs (C, xnump) ;

COUPLING (mode_n)=trapz(xnump,T) ;

%Separate to two single layer

COUPLING (mode_n) = COUPLING(mode_n)/2
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Voo Toto o o ToTo o o o To To o o o o To o o o Jo o o o oo
% --- Capacitance Matrix

Yoo To oo o ToTo o 1o o ToTo o o o ToTo o o o JoTo o o o o

CAPACITANCE(mode_n) = -2+*wp*Lp*es33/hp;

%Separate to two single layer

CAPACITANCE (mode_n) = CAPACITANCE(mode_n)/2

oo ToToTo o T To o To o To To o o o To To o o o To T o o o o
% —-- Damping Matrix

Voo oo oo oo oo To o o Jo o T T Jo To T T T o

drr = 0.012; %Damping ratio

DAMPING = 2#(drr)*sqrt (MASS*STIFFNESS) ;

disp(’Generating Results’)

Voo 1o oo oo To oo o ToTo o o o JoTo o o o JoTo o o o o
% —--— Forcing Term (droplet)

Voo oo oo oo oo T o o o Jo T To T Jo To T T o o

position = L2; %Impact position

buffer = PhiT(mode_n);
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summode=subs (buffer,x,position);

tau = droplet_diameter/droplet_v;  JImpact duration

ff = (droplet_mass*droplet_v)/(tau);

TOTAL_FORCE(mode_n) = -(1-ee)*summode*ff; %hAverage impact force
Minv = inv(MASS);

STIFFNESSs = STIFFNESS;

DAMPINGs

DAMPING;

DAMPINGs

(round (DAMPINGs*1000)/1000) ;

COUPLINGs = COUPLING;

CAPACITANCEs

CAPACITANCE;

TOTAL_FORCEs

TOTAL_FORCE;

%State space model

A=1[0100;
- (STIFFNESSs*Minv) -(DAMPINGs*Minv) -Minv*COUPLINGs -Minv*COUPLINGs;...
0 -COUPLINGs’/CAPACITANCEs 1/(R*CAPACITANCEs) O;...
0 -COUPLINGs’/CAPACITANCEs O 1/(R*CAPACITANCEs)];

B = [0 ; Minv*TOTAL_FORCEs ; 0 ; 0];

C=1[0011];

D = 0;

SYS = ss(A,B,C,D);
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% —--- Single droplet excitation

Yoo 1o 1616 o ToTo oo o ToTo o o o ToTo o o o JoTo o o o To o o o o o

time_max = 0.3;

dt = 1/2500;

t = 0:dt:time_max;
time = 1;

[AA BB] = size(t) ;

BB = BB+1;

while time < BB
if t(time)<tau
nu(time) = 1;
else
nu(time)=0;
end
time = time + 1;

end

Voltage = 1sim(SYS,nu,t);

plot(t,Voltage)
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Figure C.1: Voltage time response graphs recorded from 10 actual
rains
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