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ABSTRACT

The stability of a dynamic system is subject to many parameters and even a
slight change in the initial parameters can induce significant variations in the system.
The phenomena are present in all systems and are termed “chaotic theory”. The
current applications of the chaotic theory are concerned largely with the modeling and
study of the system behavior but minimally with the large scale industry. This
dissertation thus deals with the commercial-scale application of the novel methods that
use both oscillation and chaotic phenomena to industrial mechatronic systems. In the
experiment there are two types of oscillation, ie. periodic oscillation and chaotic
oscillation. The periodic oscillation is generated with the tuning fork and the small
piezoelectric, which can be utilized in classification and analysis of the micro-scale to
nano-scale materials. Meanwhile, the chaotic oscillation is used in the design of the
microwave propagation pattern to guarantee uniform internal heat distribution without

the stirring mechanism to reduce the construction cost and complexity of the reactor.
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Chapter 1

Introduction

1.1 Background

For the past few decades, import of industrial machinery and equipment has
accounted for highest import values of the Kingdom of Thailand. To reduce the
dependence on machinery imports, it is necessary that Thailand develop home-
grown technologies and machines. Many organizations in public and private sectors as
well as academic institutions thus fund research studies in the development of the
technologies appropriate for industrial applications in the Kingdom to strengthen the
nation’s economy. This dissertation is thus concerned with the development of a
home-grown industrial-scale machine using the oscillation technology.

Oscillations are ubiquitous phenomena and can be found in, for instance,
mechanical vibrations, electrical signals, chemical reactions, biological interactions,
human body, economy, weather. An oscillation is a disturbance in a physical system
that is both repetitive in time and periodic in space [1]. The oscillation phenomena
are generally encountered in dynamic systems, which can be explained by differential
equations and iterated maps [2]. Differential equations describe the evolution of
systems in continuous time, whereas iterated maps arise when time is discrete. Most
research studies on oscillations in engineering have: tried to maintain the stability of
dynamic systems; however, chaotic behaviors still occur in the dynamic systems,
whose sensitivity depends on the initial condition [3]. In addition, the research was
conducted using modeling and simulation and on a pilot scale [4-8]. Nevertheless,
the experiments of this dissertation are of an industrial scale.

This dissertation is concerned with the application of mechanical or periodic
oscillation and chaotic oscillation on an industrial scale. The simple mechanical
oscillation is used to classify materials in a nanometer level, while the chaotic
oscillation is adopted in the design of microwave radiation to generate a uniform
heating distribution in a reactor and thus no stirring mechanism is required. The
experiments are thus divided into the applications of periodic oscillation and of

chaotic oscillation.



1.1.1 Periodic oscillation application

An image processing method is a common method adopted to classify the
materials and the performance of the method depends on the material size, light
source, focus length, and mechanical part movement [9-12]. In the mechanical part
movement control, it is very difficult to achieve in the scale of nanometer. In
addition, nano-scale sensing devices are costly and require advanced skills to
calibrate [13].

Although the image processing method is nondestructive, it is unsuitable for
elastic nano materials [14]. To overcome, a quartz tuning fork (QTF), a basic device in
the atomic force microscopy (AFM), is used. The QTF in this dissertation consists of a
tuning fork and a piezoelectric and is a mechanical oscillator excited by the
piezoelectric actuator at the resonance frequency.

The QTF with a tiny probe tip typically has a measurement range of 1-100 nm
suitable for nano-scale sensing applications [15-17] and can be applied economically
to mechanical movement sensing. The QTF measurement precision is subject to the
size and shape of the probe tip. Due to unavailability of commercial probes suitable
for material classification, the needle probes are manually produced and thereby
impact the precision of measurement [18). To address this problem, the amplitude
requires adjustment by adjusting the driving voltage. The adjusted amplitude is then
applied to the QTF at the resonance frequency to increase the Quality (Q) factor. As
a result, the QTF mechanical vibration is a function of Q factor [19,20].

The QTF with a mounted needle is capable of producing precise and reliable
measurements for classification of nano-scale materials. The technique is also

repeatable.

1.1.2 Chaotic oscillation application

In the conventional industrial heating or surface heating process, the process
time is constrained by the heat flow rate from the surface into the material core,
which is subject to the material specific heat, thermal conductivity, density and
viscosity. The heat distribution is not only slow but also non-uniform as the

temperatures of the material surface, edges and corners are higher than the material



core {21]. The heating mechanism with microwave energy is very different from the
conventional heating. Microwave is not a form of heat but rather of energy that is
manifested as heat through its interaction with materials by exciting the outer layers
of the material molecules. The inner of the materials is warmed as heat travels
inward from the outer layers [22,23]. Most microwave heating systems have a stirring
mechanism for even radiation of microwave inside the reactor; however, certain
industrial applications require a microwave heating system without stirring mechanism
to reduce the development and maintenance costs. To achieve this goal, chaotic
behavior is applied to the microwave heating system without stirring mechanism. The
chaotic behavior is found in both household electrical appliances, e.g. dishwashers,
air conditioners, heaters, and microwave ovens [24-26];, and industrial applications,
e.g. chaotic mixing [27,28], and chaotic compaction [29]. However, the chaotic
microwave heating has not been employed on an industrial scale. The simple chaotic
oscillations are used to generate chaotic microwave radiation patterns to induce the
uniform heating distribution inside the reactor. This reduces the processing time and
guarantees an even distribution of heat inside the reactor with no complex
mechanism required. In addition, this proposed technique is a good alternative to the

conventional heating system.

1.2 Objectives
The objectives of this dissertation are as follows:
(1) To model the mechanical oscillator with computer simulation;
(2) To apply the mechanical oscillator to classification of materials;
(3) To simulate chaotic patterns with computer simulation;
(4) To apply the chaotic patterns to industrial microwave heating without
stirring mechanism;

(5) To apply the oscillation behavior on an industrial scale.



1.3 Research scope

The scope of this dissertation includes the applications of periodic and chaotic
oscillations and the simulation of the oscillations. The periodic oscillation is
generated by a mechanical oscillator for classification of the materials. The
mechanical oscillator in the experimentation is a tuning fork with a piezoelectric
resonator, which is termed the tuning fork with piezoelectric (TFP). The TFP is a basic
device with high accuracy suitable for classification of nano materials. The basic
principles of TFP can be simulated by a mechanical model or an electrical model.
An increase in the mass of tuning fork after the mounting of a needle initially reduces
the Q factor, which requires a tuning of O factor by a software program and an
addition of electronic components to improve the Q factor.

The chaotic oscillation is generated by a simulation program, and the chaotic
behaviors are confirmed by Lyapunov exponents and bifurcation diagrams. Positive
Lyapunov exponents indicate the chaotic behavior while the Bifurcation diagrams
identify suitable parameters for generation of chaotic patterns. One of the chaotic
patterns is selected and applied to a biomass carbonation process using the multi-
feed microwave heating without stirring mechanism. The heating temperature of the
proposed metho’d is compared with that of the conventional microwave heating

method.

1.4 Contributions
The contributions can be divided into two main areas, i.e. those to the

industrial-scale periodic oscillation and to the commercial-scale chaotic oscillation.

1.4.1 Contributions to the periodic oscillation
(1) Elastic nano materials classification application.

(2) Nano-scale mechanical movement sensing application.

1.4.2 Contributions to the chaotic oscillation
(1) Chaotic patterns for multi-feed microwave heating.

(2) Industrial microwave heating without stirring mechanism.



1.5 Dissertation outline

The organization of this dissertation is as follows:

Chapter 1 outlines the introduction, objectives, research scope and
contributions of this dissertation.

Chapter 2 is an overview of oscillations in nature and types of oscillations. It
also discusses the mechanical oscillator.

Chapter 3 explains the chaos theory and methods to indentify chaotic
behaviors. Chaotic equations are presented in the chapter and applied to chaos
engineering.

Chapter 4 details the mechanical oscillator or tuning fork for sensing
application. The tuning fork with piezoelectric is introduced for classification of the
nano-scale materials.

Chapter 5 discusses the chaotic application for industrial microwave heating.
It also details the chaotic pattern generation and the impacts of chaotic behavior on
an operable multi-feed microwave heating without stirring mechanism.

Chapter 6 is the conclusions, contributions and future works.



Chapter 2

Oscillation

2.1 Introduction

Oscillations are systems with observables whose time evolutions remain
bounded and fluctuate around certain equilibrium value. Since the behavior is often
found in many scientific disciplines, such as natural sciences, medicine, engineering,
the study of physics and mathematics of oscillations has become a scientific
fundamental. Periodicity associated with astronomical events was among the first
natural phenomena described with such sufficient precision and generality that future
similar events could be predicted. This early success in describing and predicting the
periodic astronomical events together with an understanding of periodicity related to
sound-producing vibration led scientists to seek periodicities elsewhere in the nature.
Explanations of sound, tone, and harmonics were among the first elements of
modern physical science. The list of phenomena in which cycles have been studied is
becoming extensive. It includes sunspot activity, tides and ocean waves, earth tides,
music, human speech, tree-ring growth, animal population changes, brain waves,
heart rhythm, chemical bonding forces, climatic activity, economic growth, light and
other electromagnetic wave phenomena, and geological events [30,31].

A common feature of the study of periodicity in natural phenomena is the
search for the more important cycle periods or cycle frequencies. An attempt then is
made to explain the cycles in terms of more fundamental phenomena. The classic
method of harmonic analysis has been used to determine these cycles. No general
method exists for relating the detected cycles to other phenomena. Recently, a new
approach has been taken to the study of oscillatory phenomena in which concepts
of statistics have been applied to a generalized harmonic analysis theory, allowing
periodicities to be detected in the presence of noise. Noise is defined as oscillation of
the value of a variable without any periodicity. Where periodicities as well as the
random variation are present in a variable, the cyclic component may be obscured
unless some means is adopted to separate or filter out the noise. Figure 2.1 shows
three types of oscillation: (a) periodic, (b) random, and (c) chaotic oscillations

containing periodic and random variations. Examples of the last type of oscillation are



tree-ring width, an economic index such as gross national product, an electronic

signal, or height of water in a basin subject to wave action [32].

NANANN,
AATATATATAY

+2i9

+1 4

A 4

b

Periodic component of chaotic signal

Fig. 2.1 Types of oscillatory behavior: (a) periodic oscillation, (b) random oscillation
devoid of periodic component, and (c) chaotic oscillations containing periodic and

random variations [32].

A simple and meaningful type of oscillation is the harmonic oscillator which
displays a periodic behavior. This is a nonlinear system whose theoretical study can
be carried out by standard mathematical techniques, and almost describes the
oscillations that occur in nature. In the most relevant applications of the physics of
oscillations, these oscillators are not isolated entities but are subsystems of the
interaction with an environment. There are two basic relevant scenarios of oscillators:

oscillators being driven from their surroundings and mutually coupled oscillators.



2.2 Oscillation phenomena

Most oscillatory phenomena seem to possess both random (noisy) and
periodic components. The methods of separating noise from periodic signals are now
reasonably developed within the field of electrical communications. Even with the
application of these methods, it is not always possible to completely separate the
desired periodic portion from the noise. However, the generalized theory of harmonic
analysis makes it possible to quantitatively present a particular sample of a
composite periodic signal and the noise to any desired degree of accuracy. This
combined oscillatory signal represents only the observed portion of the phenomenon
but not represents the totality of the separate periodic and random components. In a
sense, it could be said that this sample of the combined signal contains all the
available information of the phenomenon, assuming no other sample is available.
This requires a minimal set of numbers to represent this signal sample. The set of
numbers should be minimal in the sense that it takes fewer numbers to represent
the signal than those contained in the original signal. It will be shown that through a
Fourier analysis a set of numbers is extractable for a given signal under proper
circumstances. This set of numbers is an appropriate descriptor of the phenomenon,
and is the number set that can distinguish members of one class from those in

another class [32]. Table 2.1 presents examples of oscillations.

Table 2.1 Examples of oscillations

1. Mechanical Tuning fork, Pendulum, Helmholtz resonator
2. Electrical RLC circuit, Oscillator, Chaotic circuit
3. Electro-mechanical Crystal oscillator, Microphone, Loudspeaker
5. Biological Population growth, Circadian rhythm, Oscillating gene
6. Human Neural oscillation, Cardiac rate, Breathing rate
7. Economic and social Business cycle, Generation gap, Stock exchanges
8. Climate and geophysics Weather, Atlantic multi-decadal ,Pacific decadal
9. Astrophysics Neutron stars, Cyclic model
10. Chemical Chemical reaction, Chemical mixing




2.3 Harmonic oscillator

A simple harmonic oscillator is a mass connected to some elastic object of
negligible mass that is fixed at the other end and constrained so that it may only
move in one dimension. Many vibration and oscillation systems can be approximated
by this simplified model. The problem of approximation with the simplified model,
however, lies in the fact that the equations of a similar form arise when a particle
moves through any region whose potential has one or more local minima. The simple
harmonic oscillator, e.g. in the planetary and satellite motion, an electron in orbit

around a nucleus, pendulums, is similar to RLC circuits [33].

X(f) = Asin(wf)
T

Fig. 2.2 Harmonic oscillations [33]

An example of the simple system is the mass m attached to a spring of
stiffness k as shown in Figure 2.2 In an ideal case (ignoring air resistance and friction),
the system will perform undammed harmonic oscillations, in which the displacement

x is described by the cosine or sine function:

x(t) = Acos(awt + @,) 2.1)

x(t) = Asin(wt + p,) (2.2)
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where A denotes the amplitude of oscillation, @t + ¢, is the phase of oscillation, ¢,
is the initial phase at time ¢ = 0. The variable @ is called the circular or cyclic

frequency of oscillation. It is related to the period of oscillation T by the formula:

Q) =— (2.3)

If the displacement x(z) is known, then sequentially differentiating Eq.(2.1),

we can find the velocity and acceleration of the body:

v(t) = x(t) = Awsin(ot + @) (2.49)

a(t) = X(t) =v(t) = Aw’ cos(at +@,) (2.5)

This shows that the displacement x(¢#) and acceleration X(¢#) satisfy the

differential equation:

i+ o’x=0 (2.6)

which is the equation of harmonic oscillations. The solution of this equation is
mentioned in cosine or sine functions. In the case of a mass on a spring, the restoring

force for small oscillations obeys Hooke's law:
F=-kx 2.7

Where k is the stiffness of the spring. Here the coordinate x =0 corresponds to the
point of equilibrium, in which the force of gravity is balanced by the initial tension of
the spring. Then, according to Newton's second law, the movement of the mass will

be described by the differential equation:
mix = —kx (2.8)

i+ X x=0 (2.9)
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Thus, the mass on the spring will perform undammed harmonic oscillations

with circular frequency:

2.4 Tuning fork

(2.10)

(2.11)

A tuning fork is an acoustic resonator in the form of a two-pronged fork with

the prongs (tines) formed from a U-shaped bar of elastic metal (usually steel). It

resonates at a specific constant pitch when set vibrating by striking it against a surface

or with an object, and emits a pure musical tone after awaiting a moment to allow

for some high overtones to die out. The pitch that a particular tuning fork generates

depends on the length and mass of the two prongs. It is frequently used as a

standard pitch to tune musical instruments [34].

Fundamental
tuning fork
mode

Wi

LT TN
-

e
-

Fig. 2.3 The tuning fork mode [34]
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The tuning fork has a very stable pitch and has been used as a pitch standard
since the Baroque period. The "clang" mode has a frequency which depends upon
the details of construction, but is usually 6 times above the fundamental frequency,
as exhibited in Figure 2.3. This is close to the first overtone of the clamped bar. The
clang tone dies away rapidly. The two sides or "tines" of the tuning fork vibrate at the
same frequency but move in opposite directions at any given time. The two
generated sound waves will show the phenomenon of sound interference. The
frequency of a tuning fork depends on its dimensions and the material from which it

is made: [35]

2
f= 1-873 ET (2.12)
27l pA

fis the frequency the fork vibrates (in Hertz)

where:

[ is the length of the prongs in meters.
E is the Young's modulus of the material the fork is made from in pascals.
I is the second moment of area of the cross-section in metres to the fourth power.

p is the density of the material the fork is made from in kilograms per cubic meter.

A is the cross-sectional area of the prongs (tines) in square meters.

2.5 Quartz tuning fork (QTF)

The basic principle of the tuning fork [35-39] is commonly known to
musicians: two prongs connected at one end make a resonator whose resonance
frequency is defined by the properties of the material from which it is made and by
its geometry. Although each prong can be individually considered as a first
approximation to analytically determine the available resonance frequencies, the
symmetry of the two prongs in a tuning fork reduces the number of possible modes

with a good quality factor [40]. An input port is excited by sinusoidal wave at the
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specific frequencies; simultaneously an output port can be measured by the
responses of the QTF. In order to obtain the specific frequencies of each QTF, the
mechanical model [41] and the electrical model [42] are generally used with the
specific parameters.

The resonance model of the QTF is described by a Butterworth-Van Dyke
equivalent circuit: a resistance is acoustic losses in material and environment,
inductor is a mass, and a capacitor is stiffness. The similar quantities between the
mechanical and electrical models are presented in Figure 2.4. Typical values are

C, =5pF and C~0.01pF, yielding an inductance value L in the kH range and a

motional resistance in the kQ range. The unique property of quartz resonator is a
huge equivalent inductance in a tiny volume [43]. The mechanical model of
resonator, as a damped oscillator and an electrical oscillator model, includes the
motional mechanical equivalent series circuit in parallel with the electrical
capacitance between the electrodes separated by the quartz substrate branch.
Summary of the equivalent quantities between the mechanical and electrical

models is presented in Table 2.2.

Mechanical Model Electrical Model
k é R
L = Cs
m
C
h !___! |

Fig. 2.4 The mechanical and electrical models of a tuning fork oscillator. C, is the

parasitic capacitance of the tuning fork [43].
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Table 2.2 The QTF parameters of the mechanical and electrical models [43]

Mechanical Model Electrical Model

h (friction) R (resistance)

M (mass) L (inductor)

k (stiffness) 1/C (capacitance)

x (displacement) q (electrical charge)

x (velocity) i =dg/dt (current)
mi+hx+kx=F Li+Rqg+q/C=U

0 =1/hJkm 0=1/RJL/C (quality factor)
o, =k/m ), =1/JLC (angular frequency)

The tuning fork can be modeled simply as a driven harmonic oscillator and
electrically by the Butterworth-Van-Dyke equivalent circuit. Starting with the equation

of motion for a simple harmonic oscillator [44],

mi(t) +kx(£) =0 (2.13)

where m is the mass of the system and k is the spring constant. Building upon this
equation and factoring in the driving force for the oscillator and a damping force
acting on the oscillator gives a more accurate equation for the oscillation of a tuning

fork as a driven oscillator with damping,
mi(t) + b(x) + kx(t) = F, cos(wt) (2.14)

where b is the viscous damping factor and F, cos(@t) is the sinusoidal driving force

for the tuning fork. The tuning fork can also be modeled by a similar second-order
differential equation. The electrical equivalent is the Butterworth-Van-Dyke equation,

given by,

LI(t)+RI(t)+ %I(t) =U cos(at) (2.15)
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where L is inductance, R is resistance, C is capacitance, and U the potential
added to the oscillator. This equation can also be obtained using Kirchhoff’s law of
conservation of energy. The steady-state amplitude solution for a driven-damped

harmonic oscillator is

F
X)) = & cos(mt) (2.16)
\/b2w2 +m* (0} —0*)*
where the phase is given as
ba
tang =—on——— (2.17)
¢ m(of —o*)

The resonance condition for free oscillation frequency including damping is

m

The quality factor of the tuning fork oscillator can be defined by the

constants in the system, both mechanical and electrical.

Intensity —cnedp
e

s P,

Frequency >

Fig. 2.5 The measurement of quality factor based on the amplitude and frequency

response of the tuning fork.

A qualitative measurement of the full-width at half-maximum (FWHM) of the

oscillator as seen at resonance frequency can also be used to calculate the quality
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factor. Figure 2.5 demonstrates the qualitative measurement of the FWHM of a

resonator. The relationships between these parameters are given by

_So_ jmk _1 L
Q—Af \/: R\/; (2.19)

Incorporating the quality factor into the steady-state solution will allow the
effect of quality factor on the response time of the oscillator to be examined. We
include Q by substituting for b, including the resonance condition for the free

oscillation damping. The amplitude is given by

X, = ZF"/ i (2.20)
(%) o
with the phase defined as
- W@
¢0 =tan l[—é?a_)zo——a)z)il (221)
0

If the amplitude xq is changed by a perturbation, the amplitude and phase

become terms in the general solution
X(t)=x,cos(at +¢,) (2.22)

The introduction of an instantaneous frequency change gives a solution with

a steady state and transient term:

gt
X(t)y=x, cos(mt+¢0)+x,e( 2QJcos(a)t+¢,) (2.23)
The time constant for the transient term gives the settling time for the
amplitude, and ultimately the response time of the quartz oscillator. The time

constant in terms of quality factor and frequency is given by

;=22 (2.24)
@,
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2.6 Summary

A tuning fork is a simple mechanical oscillator that can generate a specific
resonance frequency after a tiny piezoelectric device (i.e. quartz) is attached onto the
prong of the tuning fork, the product of which is a quartz tuning fork (QTF). The QTF is
vibrated by small oscillating voltages applied to the metal electrodes on the quartz
crystal surface. The small oscillating voltages are generated by an electronic oscillator
circuit. Generally, the operating principle of QTF can be demonstrated with either a
mechanical or electrical model. However, this research work did not employ the
mechanical model. In the electrical model, a QTF is used for material classification
based on the distance and phase trajectory of QTF after its coming into contact with
the material surface. More details on the electrical model of QTF are in Chapter 4.
The next chapter (Chapter 3) discusses types of chaotic map, Bifurcation and the

usefulness of Lyapunov exponents for identifying chaotic systems.



Chapter 3
Order to chaos

3.1 Introduction

The stability of a dynamic system is generally dependent on several
parameters. A small change of the oscillation can result in large differences in the
system. This phenomenon which occurs with every system leads to the study of
chaos and the establishment of “chaoctic theory”. The chaotic theory is a field of
study in mathematics, with applications in several disciplines including meteorology,
physics, engineering, economics and biology. The theory studies the behavior of
dynamical systems that are highly sensitive to initial conditions, a phenomenon which
is commonly referred to as the butterfly effect. The small differences of initial
conditions yield widely diverging outcomes for such dynamical systems, and it is
impossible to predict a rendering in the long term [45]. The effect is deterministic,
meaning that their future behavior is fully determined by their initial conditions, with
no random elements involved [46)]. In other words, the deterministic nature of these
systems does not make them predictable [47,48]. This behavior is known as
deterministic chaos, or simply chaos.

Sensitivity to initial conditions is commonly known as the "butterfly effect”,
which is so called because of the title of a paper given by Edward Lorenz in 1972 to
the American Association for the Advancement of Science in Washington, D.C,, titled
Predictability: Does the Flap of a Butterfly’s Wings in Brazil set off a Tornado in
Texas? The flapping wing represents a small change in the initial condition of the
system, which causes a chain of events leading to large-scale phenomena. The
consequence of sensitivity to initial conditions manifests that if we start with only a
finite amount of information about the system, then beyond a certain time the
system will no longer be predictable [49].

The most fundamental property of a linear system is the validity of the
principle of superposition. A nonlinear system does not hold the superposition
principle. Nonlinearity is an undesirable phenomenon in a system and should exist as
little as possible in the system. Let us take any linear time invariant system in this
world, we can find some nonlinearities in that system up to certain extent.

Unfortunately, there is a difficulty in evaluating the stability of a nonlinear system.
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The perfect linear systems do not exist in practice since all practical systems are

nonlinear to some degree. Similar to many terms in science, there are no standard

definitions of chaos. Nevertheless, chaotic behavior has some typical features as

follows [50]:

Nonlinearity: Nonlinearity is a necessary, however not sufficient, condition for
the occurrence of chaos. A chaotic system does not need to be very
complex. For example, f(x) = ax(1-x) is relatively simple, but it does need
to be nonlinear. Essentially, all realistic systems exhibit certain degrees of

nonlinearity.

Determinism: Chaos must follow one or more deterministic equations that
do not contain any random factors. The system states of past, present and
future are controlled by deterministic, rather than probabilistic, underlying
rules. Practically, the boundary between deterministic and probabilistic
systems may not be so clear since a seemingly random process might involve
the deterministic underlying rules that are yet to be found.

Sensitivity to initial conditions: A small change in the initial state of the
system can lead to extremely different behavior in its final state. Thus, the
long term prediction of system behavior is impossible even though it is

governed by deterministic underlying rules.

Table 3.1 History of dynamics and chaos

1666

1700

1800

1890
1898

Newton Invention of calculus, explanation of
planetary motion
Flowering of calculus and classical
mechanics
Analytical studies of planetary motion
Poincare Geometric approach, nightmare of chaos
Jacques Particle trajectories diverge exponentially
Hadamard from one another



1950-1960 Birkhoff
Kolmogorov
Arnol'd
Moser

1963 Edward Lorenz

1970

1974
1975
1978

1982
1983

1990

1997

Ruelle and
Takens

May

Li and Yorke

Feigenbaum

Mandelbrot

Chua

Ott, Grebogi , and
Yorke

Chen
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Complex behavior in Hamiltonian mechanics

Chaos in weather predictions and found
strange attractor in simple model of
convention

Turbulence and chaos

Chaos in logistic map

Period three implies chaos

Universality and renormalization, connection
between chaos and phase transitions
Fractals

Chua’s circuit is a simple electronic circuit

Control of chaos

Anticontrol of chaos

3.2 One-dimensional maps

One-dimensional maps (sometimes called difference equations or iterated

maps or recursion relations) are mathematical systems that model a single variable as

it involves over discrete steps in time. One-dimensional maps come from [51]:

Modeling natural phenomena such as population dynamics, electronics,

economics, etc.

Simple examples of chaos.

Examples of simple one-dimensional maps are listed here and again shown in

Figure 3.1.

The logistic map

f(x)=ax(1—x) (3.1)

i0<ax<4



® The tent map

o x<d

f(x)= 2

a(l-x) ,x>—
0<asg?

® The shift map
f(x)=2xmod]1

® The sine map
£ (%) = sin(z)

0<a<4

21

(3.2)

(3.3)

(3.49)

It is conventional to scale variables so that the interval 0 <a <1 is mapped

into itself. The ranges of control parameter a are the limits when this condition is

Tent Map

" -

satisfied.
Logistic Map
[
F6) Pomcceeeeee L S -
I”
,I
x
Lorenz Map ‘
fo f0I

Shift Map

Fig. 3.1 The examples of one-dimensional maps [51]
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The iteration of one-dimensional map is easy to see graphically. If we plot
f(x) and y=x, the iterations are given by successive steps between these two

curves:
y = f(x)’ xn+l = y (35)

Successive iterations from a given initial value are determined by successive
operations of the map, an operation known as the “functional composition”:

X = f(xo)
X, = f(%)=f(f (%)) (3.6)

%, = f(r0) = f(folma)

3.3 Bifurcation

As the map parameter changes, the characteristic of a longer period
bifurcation may dramatically change, e.g. from a fixed point to a period of two limit
cycles. These changes are called bifurcations. The bifurcations that occur, and the
different types of orbits, are best presented by a “bifurcation map”. This is
constructed with the parameter a along the abscissa, and all values of x visited after
some number of iterations to eliminate transients plotted as points along the
ordinate. A fixed point orbit over a range appears as a single curve, which splits into
two curves at the bifurcation and enters period 2. The two curves then splits into
four curves before entering period 4. The number of split curves at the bifurcation
increases by 2" to infinity. Chaotic dynamics, where the orbit visits and revisits an
infinite number of points and thereby becomes periodic, appears as bands of
continua of points [52].

The bifurcation maps of one-dimensional maps show that even very simple
dynamical systems produces an excellent bifurcation structure. This complexity of
the bifurcation of the Logistic map was studied by May [53] in the context of

population dynamics.
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Fig. 3.2 A bifurcation diagram of Logistic map [53]

The bifurcation occurs when changing a parameter causes a dynamic system
to "branch” into multiple values. In the case of logistic bifurcation, we are considering
the limits or end behaviors of logistic systems. Recall that a logistic system is different
from the Logistic map. The Logistic map only describes the end behavior between
the current population size and the subsequent one and thus has no meaningful
‘end behavior." A logistic system, on the other hand, changes over time to approach
either a steady value, a stable oscillation as shown in Figure 3.2, or a chaos.

The Feigenbaum constant ratio is the difference between the first bifurcation
and the second bifurcation divided by that between the maximum and the first
bifurcations, and it holds for all one-dimensional maps with a single quadratic
maximum. As a consequence of this generality, every chaotic system that
corresponds to this description will bifurcate at the same rate. The Feigenbaum

constant [54] is given by:

§=lim,, 2= " %2 = 4 66920160910299067185320382- - (3.7)
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, a,,—a,
Ratlo=M
a —a

n n-1

where a, are discrete values of a at the nth period doubling.

As seen in Table 3.2, the ratio in the last column converges to the first
Feigenbaum constant. The same number arises for the Logistic map with real

parameter a and variable x.

Table 3.2 The Feigenbaum constant ratios of Logistic maps [54]

Bifurcation
n Period parameter (a,) Ratio
1 3 N/A
2 3.4494897 N/A
3 8 3.5440903 4.7514
4 16 3.5644073 4.6562
5 32 3.5687594 4.6683
6 64 3.5696916 4.6686
7 128 3.5698913 4.6692
8 256 3.5699340 4.6692

The Logistic system, like many other dynamic systems, is created by applying
a single process over and over to one initial condition. Therefore, any one step in a
Logistic system, no matter how far it is from x,, will look the same, mathematically,
as any other single step. In this way, Logistic systems share an important characteristic
with fractals, and visual representations of them often have fractal dimensions of self-
similarity [55]. The Logistic bifurcation diagram is one such representation in which
many parts of the diagram possess similar characteristics to the main diagram. As
shown in Figure 3.3, the image on the right is a zoom-in image of a small section of
the diagram of the left-hand image. The characteristics of the section appear similar

to those of the main diagram.



25

0.97195

Fig. 3.3 The fractal properties of Logistic map [55]

3.4 Two-dimensional maps

Two-dimensional maps are corresponding to a particular set of differential -
equations, and they can be a representation of phase trajectory in a three
dimensional maps. However, the two dimensional maps that are invertible, but show
stretching and folding allowing positive Lyapunov exponents, are useful models for
chaotic systems. Here we introduce four examples of two-dimensional maps

discussed in various contexts [56].

® The Henon map

Xou =¥, +1-ax; (3.9)
yn+1 = bxn

® The Duffing map
Xns1 = Vn (3.10)

yn+l =—bxn+ayn_yz

The Kaplan-Yorke map
x,,, =ax, modl (3.11)
VYun = by, +cos(27x,)

The Sinai map
X, =(x+y+acos2zy)modl (3.12)
Yo = (x+2y)modl
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The Hénon map is a discrete-time dynamical system. It is one of the most
studied examples of dynamical systems that exhibit the chaotic behavior. The Hénon
map takes a point (x,,y,) in the plane and maps it to a new point. The map
depends on two parameters, a and b, which for the classical Hénon map have values
of a=1.4 and b=0.3. For the classical values, the Hénon map is chaotic. However,
for other values of a and b, the map may be chaotic, intermittent, or converge to a
periodic orbit. An overview of the type of behavior of the map at different parameter
values may be obtained from its orbit diagram. The map was introduced by Michel
Hénon as a simplified model of the Poincaré section of the Lorenz model. For the
classical map, an initial point of the plane will either approach a set of points known
as the Hénon strange attractor, or diverge to infinity.

15[C ;

1.5

Fig. 3.4 A Henon map bifurcation diagram (56]

3.5 Three-dimensional maps
Discrete chaotic systems, such as the Logistic map, can exhibit strange

attractors irrespective of their dimensionality. In contrast, for continuous dynamical

systems, a strange attractor can only arise in three or more dimensions. Finite
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dimensional linear systems are never chaotic; for a dynamical system to display
chaotic behavior, it has to be either nonlinear or infinite-dimensional.

The standard Lorenz attractor is generated by a system of three differential
equations with a total of seven terms on the right hand side, five of which are linear
terms and two of which are quadratic. Another well-known chaoctic attractor is
generated by the Rossler equations with seven terms on the right hand side, only one
of which is nonlinear. Sprott discovered a three dimensional system with just five
terms on the right hand side, and with just one quadratic nonlinearity which exhibits
chaos for certain parameter values. The reason is that solutions to such systems are
asymptotic to a two-dimensional surface and therefore are well behaved. A linear
chaos theory is being developed in a branch of mathematical analysis known as

functional analysis [57]. Below are examples of three dimensional chaotic equations.

The Lorenz attractor is defined by the system of following equations:

dx

—=a —

" (y—x)

dy

— =cx—y- 3.13
ar y—xz (3.13)
dz

22— xv=b

Al

The Chua attractor is defined by the system of following equations:

%w(y—x—f(x»

d

—y=b(x—y+2) (3.14)
dt

“_

a2

where f(x)=myx+0.5(my —m,)(x +1|~|x~1]).



28

The Chen attractor is defined by the system of following equations:

Z=a(y—X)

dy

—=(c-a)x-xz+ 3.15
7 (c—a)x—xz+cy (3.15)
dz

& e xv—b

a

The Rossler attractor is defined by the system of following equations:

L

a0

dy

—=x- 3.16
dt Y (3.16)
d—j=b+xz—cz

The Sportt-Linz attractor is defined by the system of following equations:

——=-xt)z (3.17)

The Arnold attractor is defined by the system of following equations:

—=gsinz+ccosy

dt

d .

d—y=bsmx+acosz (3.18)
t

dz .
—=csiny+bcosx
dt

These are some examples of chaotic equations in three-dimensional maps.
Chaotic behaviors at the strange attractor can be generated by varying the initial

condition and certain parameters in the chaotic equations.
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3.6 Strange attractor

Chaotic behavior is of great interest when it occurs on an attractor since a
large set of initial conditions will lead to orbits that converge to a chaotic region. An
easy way to visualize a chaotic attractor is to start with a point in the basin of
attraction of the attractor and then simply plot its subsequent orbit. Because of the
topological transitivity condition, this is likely to produce a picture of the entire final
attractor. Both orbits shown in Figure 3.5 give a picture of the general shape of the
Lorenz attractor. This attractor results from a simple three-dimensional model of the
Lorenz weather system. The Lorenz attractor is perhaps one of the best-known
chaotic system diagrams probably because it is not only one of the first but also one
of the most complex. Thus, this gives rise to a very interesting pattern which looks
like the wings of a butterfly. Unlike fixed-point attractors and limit cycles, the
attractors which arise from chaotic systems, known as strange attractors, have great
details and complexity. Strange attractors occur in both continuous dynamical
systems and certain discrete systems [58]. Figures 3.5-3.10 are examples of the

strange attractors of three-dimensional equations with parameter values.

The Lorenz attractor with parameter values:
Xo,¥0:2o =[LL1] and a,b,c=[10,8/3,28]

Fig. 3.5 The Lorenz attractor
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The Chua attractor with parameter values:

[0.1,0.1,0.1] and a,b,c =[15.6,1,25.58] m,,m, =[-8/7,~5/7]

X95Y0520

Fig. 3.6 The Chua attractor

The Chen attractor with parameter values:

Xg» YosZo = [-3,2,20] anda,b,c =[35,8/3,28]

20

Theemeen
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s
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-
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-
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-10

Fig. 3.7 The Chen attractor
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The Rossler attractor with parameter values:

1,1,1] and a,b,c=[0.2,0.2,5.7]

X05Y0520

-20

-20

Fig. 3.8 The Rossler attractor

The Sprott-Linz attractor with parameter values:

[1,,1]

XosY0s20

’
mmm-

A '
oo
3 .

il

180y

Fig. 3.9 The Sprott-Linz attractor
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The Arnold attractor with parameter values:

[4,3.5,0]and a,b,c =[0.27,0.135,0.135]

X0sYo05Z0

g

Fig. 3.10 The Arnold attractor
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3.7 Lyapunov exponents

The rate of separation can be different for different orientations of initial
separation vector. Thus, there is a spectrum of Lyapunov exponents, which are equal
in number to the dimensionality of the phase space. It is common to refer to the
largest one as the Maximal Lyapunov exponent (MLE), because it contains a measure
of predictability for a dynamical system. A positive MLE is usually taken as an
indication that the system is chaotic (provided that some other conditions are met,
e.g. phase space compactness). Note that an arbitrary initial separation vector
typically contains some component in the direction associated with the MLE, and
because of the exponential growth rate, the effect of the other exponents will be
obliterated over time [59]. The Lyapunov exponent (4) is useful for distinguishing
various types of orbits and works for discrete and continuous systems. The Lyapunov

exponent can be determined using the formula:
A= 1im121oge| £ (3.19)
n—w n i=0

Table 3.3 The Lyapunov Exponents

Dimension Lyapunov exponent Behavior
A A, A
One-dimensional - Periodic Orbit
Map 0 Fixed Point
+ Chaotic
Two-dimensional - - Fixed Point
Map 0 + Limit Cycle
+ - Chaotic
Three-dimensional - - - Fixed Point
Map 0 - - Limit Cycle
0 - Quasi-Periodic Tours
+ - Chaotic

The orbit attracts to a stable fixed point or stable periodic orbit at A <O.

Negative Lyapunov exponents are characteristic of dissipative or non-conservative

systems (e.g. the damped harmonic oscillator). Such systems exhibit asymptotic
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stability; the more negative the exponent, the greater the stability. Superstable fixed
points and superstable periodic points have a Lyapunov exponent of 4 = —oo, This is
something akin to a critically damped oscillator in that the system heads towards its
equilibrium point as quickly as possible.

The orbit is a neutral fixed point at 4 = 0. A Lyapunov exponent of zero
indicates that the system is in relatively steady state mode. A physical system with
this exponent is conservative. Such systems exhibit Lyapunov stability. Take the case
of two identical simple harmonic oscillators with different amplitudes. Because the
frequency is independent of the amplitude, a phase portrait of the two oscillators
would be a pair of concentric circles. The orbits in this situation would maintain a
constant separation, like two flecks of dust fixed in place on a rotating record.

The orbit is unstable and chaotic at 4 > 0. Nearby points, no matter how
close, diverge to any arbitrary separation. All neighborhoods in the phase space will
eventually be visited. These points are unstable. For a discrete system, the orbits will
look like snow on television screen (i.e. noise). This does not preclude any
organization as a pattern may emerge. A physical example can be found in the
Brownian motion. Although the system is deterministic, there is no order to the orbit

that ensues.
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3.8 Summary

This chapter discusses the chaotic phenomena and the basic equations of
one-dimensional, two-dimensional and three-dimensional maps. The bifurcation
examples of the Logistic and Henon maps are also presented. The Lyapunov
exponents are employed to identify the chaotic systems of the one-dimensional,
two-dimensional and three-dimensional maps. A positive Lyapunov exponent
indicates the chaotic behavior of the map. The following chapter discusses the use

of a tuning fork as a mechanical oscillator for classification of materials.



Chapter 4

Mechanical oscillator for sensing application

4.1 Introduction

This chapter is concerned with a mechanical oscillator for sensing application,
while in Chapter 2 a tuning fork (TF) was provided as an example of the mechanical
oscillator. A TF is a mechanical tool for generating an acoustic tone, whose structure
is of U-shape and thus two prongs. It is possible to design the TF resonant frequency
by varying the parameters, i.e. the prong length, the prong cross-section area, Young's
modulus number elastic property, and material density. TFs have been reduced in
size and have included a piezoelectric into the prongs since the late 1960s. The TF
with piezoelectric (TFP) is in common use in the watch industry as it oscillates the
clock frequency with high accuracy [62]. The main characteristics of TFP are its high
amplitude output, high phase sensitivity, high quality factor (Q), small size, and
robustness. Thus, the TFP can be found in a variety of applications, e.g. in level
sensoring, in viscosity measurement, in liquid density measurement, and in the Pico-
Newton force measurement [13].

A tuning fork with piezoelectric (TFP) is an electro-mechanical device whose
principle is based on specific frequency and limited voltage. Theoretically, the TFP is
a high sensitive device capable of detecting a tiny input signal. This dissertation
presents a phase difference technigue for material classification by which the phase
difference can be determined from the difference between the input and output
signals when the modified TFP is in contact with the material surface. The modified
TFP is created by mounting a small needle on one end of the TFP prongs. The
Bode’s frequency response method is used to observe the modified TFP behavior
and to select a specific frequency. The usefulness of the modified TFP has been
reported in a number of research studies on the subject of nano-sensing. One
specific application of the modified TPF is the surface sensing in the Atomic Force
Microscopy (AFM) system in which an AFM image is generated by an interaction
between a tungsten needle tip of the modified TFP and the material surface. The
AFM imaging technique has been commonly employed for measurement of the

biological micro-structure [20]. In addition, the technique can characterize the
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magnetic properties of a hard-disk media surface in the submicron distance scale [16].
The AFM imaging technique utilizes the output signal amplitude and distance
between the needle tip and the material to generate an AFM image. However, since
the technigue is unsuited for elastic materials, the phase difference technique is thus
adopted to improve the AFM image quality [17].

To simulate the mechanisms of the modified TFP, there exist two models to
use to carry out the simulation, i.e. the electrical and mechanical models. In the
electrical model, a Butterworth-Van Dyke circuit, a simple resonance circuit, is used to
perform the simulation [42]. The Butterworth-Van Dyke circuit synchronizes the TF
resonance frequency of TF with that of piezoelectric (PZT). In the mechanical model,
the sizes and dimensions of TF and PZT define the oscillation amplitude. Currently, a
needle is typically manually mounted onto a TFP to obtain a modified TFP. Thus, the
errors from manual installation can be expected to arise and thereby affect the TPF
performance [18]. The errors are possibly caused by the needle mass, the glue mass
and the adhesive position.

The experiment of this research work consists of two stages. The first stage is
concerned with two needle mounting techniques: the shear-force mounting and the
tapping mode mounting. Both mounting techniques are applied to the TFP prior to
carrying out the tests. The test materials include hard plastic, metal, silicon rubber,
vinyl eraser and hydrogel. The experimental results show that both mounting
techniques are able to satisfactorily classify all the five test materials. Nevertheless,
by comparison, the shear-force mounting technique performs better in classifying the
test materials. In the second stage, the experiment is carried out only with silicon
rubber as it is a highly elastic material, and the TFP with the shear-force mounting is
selected due to a better performance. There are two sets of silicon rubber, ie.
normal silicon rubber and silicon rubber painted with an acrylic on the surface. The
application of paint is to investigate whether the needle tip is able to classify the
identical material with slightly different elasticity. The shear-force mounting TFP is
mechanically shifted forward by 1 gm per shift to allow for deeper penetration of the
needle tip into the material surface. The amplitudes and phase data of all the test
materials including the silicon rubber with acrylic are observed and documented. The
technique used in the second stage is applicable to determining the condition of bio-

cells in terms of the surface elastic properties.
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4.4.3 The chaotic motion z-plane

This experiment uses the chaotic motion to simulate the living cells. The
chaotic motion is generated by the simple logistic map equation discussed in Chapter
3. Figures 4.18-4.20 illustrates examples of chaotic motion generated with the
equation. The phase differences of z-plane are measured. In the chaotic motion
testing, only silicon rubber with acrylic is used as test material. Figures 4.21, 4.23 and
4.25 show the displacement versus phase response, while Figures 4.22, 4.24 and 4.26

display the normalized output ratio of chaotic motion.
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4.5 Summary

The Bode’s frequency response method can be applied to study frequency
domain behaviors and approximate a mathematical model for a modified TFP. The
method is a commonly used electrical engineering tool to select a proper frequency.
This research proposes the material classification method using phase differences
and discusses two types of modified TFP, i.e. shear-force and tapping mode
mounting TFPs. The phase differences are obtained by touching the needle tips of
the modified TFPs on test materials. Except for hard plastic and metal, silicon rubber,
vinyl eraser and hydrogel can be readily identified by moving the needle tip deeper
into the surface of the materials until the input and output voltages are identical.
The proposed phase difference technique is suitable for classification of elastomer
materials. The performances of the proposed technique are presented in time series
plots. The results of chaotic motion testing are presented in normalized output
ratios. Chapter 5 is concerned with the application of chaotic motion in industrial

microwave heating.
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Table 5.1 The Lyapunov exponents by chaotic equations

Lyapunov exponent
Chaotic equations

A 2 2

Lpgistic 0.825 - -
Chua 0.012 0.000 -15.469
Chen 2.190 0.000 -11.856
Rossler 0.072 0.000 -5.572
Sprott 0.210 0.000 -1.210
Armnold 1.570 0.000 -11.856

5.4 Experiments

The proposed microwave carbonization system contains two rows of 5
magnetrons each, i.e. five for the upper row and another five for lower row, totaling
ten magnetrons. The five magnetrons each in the upper and lower rows are termed
M1, M3, M5, M7 and M9; and M2, M4, M6, M8, and M10, respectively. The
experiments are carried out with dried coconut shells and consist of three stages:

First, four sequential radiating patterns (i.e. Patterns A, B, C and D) are
selected to heat biomass load. In Pattern A, one magnetron (e.g. M1) is switched on
for 5 minutes and turned off before another magnetron (M2) is ON for another 5
minutes and then OFF. The procedure continues until the last magnetron (M10) and
at the end of 60 minutes, as shown in Figure 5.7. In Pattern B, two adjacent
magnetrons (e.g. M1 & M2) are ON for 5 minutes and then OFF before the next pair
(M3 & M4) is ON for another 5 minutes until the last pair (M9&M10) and the process
restarts for a total length of time of 60 minutes (Figure 5.8). Pattern C is similar to
Pattern B except that the pairs are not adjacent, e.g. M1&M6, M2&M7. The process
repeats when the last pair M5&M10 is ON and continues for 60 minutes (Figure 5.9).
In Pattern D, three magnetrons are ON at one time (e.g. M1, M4 & M7) for 5 minutes
and then OFF before the another set of three magnetrons is switched ON and then

OFF after 5 minutes. Once the last member of a set is M10 (e.e. M4, M7 & M10), the
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process reverses until the last member is M1, the reversal occurs again. The process
continues for a period of 60 minutes, as shown Figure 5.10. The temperatures inside
the cavity achieved with four patterns of radiation are documented and compared.

Second, Pattern C is chosen due to high temperature generated although
Pattern D generates the highest temperature as Pattern D requires highest power
consumption. In addition, the temperatures of Patterns C and D are not significantly
different. In the second stage, the length of time per radiation session is varied from
1/2, 1, 2, 3 to 5 minutes and the temperatures are taken. The total length of time
remains unchanged at 60 minutes. The 2-minute radiation format is selected due to
its highest resulting temperature.

Last, chaotic simulation patterns are applied to the 2-minute radiation session
of Pattern C, resulting in the chaotic sequence of the ON magnetron pairs. The

temperatures are taken continuously for 60 minutes.

5.4.1 Various patterns of microwave radiation

This research work experiments with four microwave radiation patterns (i.e.
Patterns A, B, C and D) generated by the programmable logic control (PLC). Figure 5.6
shows the schematic of the microwave carbonization process of this research. In
Pattern A, one magnetron (e.g. M1) is switched on for 5 minutes and turned off
before another magnetron (M2) is ON for another 5 minutes and then OFF. The
procedure continues until the last magnetron (M10) and at the end of 60 minutes, as
shown in Figure 5.7. In Pattern B, two adjacent magnetrons (e.g. M1 & M2) are ON for
5 minutes and then OFF before the next pair (M3 & M4) is ON for another 5 minutes
until the last pair (M9&M10) and the process restarts for a total length of time of 60
minutes (Figure 5.8). Pattern C is similar to Pattern B except that the pairs are not
adjacent, e.g. M1&M6, M2&M7. The process repeats when the last pair M5&M10 is ON
and continues for 60 minutes (Figure 5.9). In Pattern D, three magnetrons are ON at
one time (e.g. M1, M4 & M7) for 5 minutes and then OFF before the another set of
three magnetrons is switched ON and then OFF after 5 minutes. Once the last

member of a set is M10 (e.c. M4, M7 & M10), the process reverses until the last
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member is M1, the reversal occurs again. The process continues for a period of 60
minutes, as shown Figure 5.10. The temperatures inside the cavity achieved with

four patterns of radiation are documented and compared.
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Fig. 5.6 The schematic of the microwave carbonization process
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Fig. 5.7 The microwave radiation of Pattern A
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Fig. 5.8 The microwave radiation of Pattern B
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Fig. 5.9 The microwave radiation of Pattern C
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Fig. 5.10 The microwave radiation of Pattern D

Figure 5.11 compares the resulting temperatures of four different microwave

radiation patterns, i.e. Patterns A, B, C and D, for a period of 60 minutes. The

temperatures of Patterns C and D are slightly different, but Pattern D consumes

around 33% more power. Therefore, Pattern C is chosen for the experiment.
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Fig. 5.11 The temperature comparison of four microwave radiation patterns

5.4.2 Various lengths of time of microwave radiation

The effects by varying time length per radiation session-on temperature are
investigated using the Pattern C radiation pattern due to the reason given above.
The duration per radiation session is varied from 1/2, 1, 2, 3 to 5 minutes and the
temperatures are taken. The total time duration remains unchanged at 60 minutes.
Figure 5.12 illustrates the schematic of the microwave carbonization process with the
time length per radiation session varied. Figure 5.13 compares the temperatures
achieved with the varying radiation sessions of 1/2, 1, 2, 3 to 5 minutes for a total
duration of 60 minutes. As seen in the figure, the 2-minute radiation session yields
the highest temperature when used in conjunction with Pattern C. The 2-minute

radiation session of Pattern C is chosen for experimenting with the chaotic patterns.
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Fig. 5.12 The schematic of microwave carbonization process with duration per session varied
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Fig. 5.13 The comparison of temperatures achieved with varying radiation sessions

5.4.3 Chaotic mode of microwave radiation

Since it is difficult for microwave carbonization plants to implement the
mechanical rotation or stirrer mode in the cavity, the chaotic behavior is applied to
the microwave carbonization of the plants. Without the chaotic behavior, the
biomass carbonization using Pattern C with 2-minute radiation session produces low
quality charcoal products as a large volume of dried coconut shells are not
carbonized. Nevertheless, the problem could be solved by introducing the chaotic

behavior into the 2-minute radiation session of Pattern C. The chaotic equations
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with large positive Lyapunov exponents (as presented Table 5.1) are chosen to
generate chaotic behaviors. The chaotic equations chosen are the Logistic, Chen and

Arnold chaotic functions.
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Fig. 5.14 The schematic of microwave carbonization with addition of chactic mode

Figure 5.14 shows the schematic of the microwave carbonization using the
chaotic mode in conjunction with the 2-minute radiation session of Pattern C. The
chaotic equations chosen to generate chaotic behaviors are the Logistic, Chen and
Arnold chaotic functions. As seen in Figure 5.15, the Logistic chaotic function yields
the highest temperature and thereby is selected as the chaotic function to generate

the chaotic behaviors of the microwave radiation in the biomass carbonization.
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Fig. 5.15 The comparison of temperatures achieved with various chaotic equations
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5.5 The carbonization system using chaotic microwave radiation

Following the trial open-loop experiments of the carbonization system, the 2-
minute radiation session of Pattern C using the Logistic function is selected and
implemented in the carbonization plant under study. As previously reported, the
Logistic chaotic function produces uniform microwave radiation. In general, the
chaotic function is very sensitive to the initial condition parameter. To prove, the

parameter x, of the Logistic function is altered by an increment of 0.00001 from

0.10000 until 0.10004. The temperatures and power consumption levels are taken.

Magnetrons
Drive M1-M10

( Temperature ('C) ]‘

L Sensor J‘

Chaotic Controller

Set point Output

Process

Controller

Fig. 5.16 The schematic of the microwave carbonization process in

a carbonization plant

Figure 5.16 shows a closed-loop microwave carbonization process by which
the chaotic controller generates microwavé and regulates the microwave radiation.
The temperature of the cavity center is taken with a temperature sensor, which is
compared against the set point temperature. If a temperature disparity exists, the
process controller sends a command to the chaotic controller to switch it on or off.
Generally, at the startup all magnetrons are switched on until the set point
temperature is reached prior to the activation of the chaotic controller. In Figure 5.17

shows a normalized f(x) of parameter x, of the Logistic function f(x)=ax(l-x)
at a = 3.8. The x, parameter of the Logistic function is altered by an increment of

0.0001, starting from 0.10000 to 0.10004. The temperatures and power consumption

levels are measured for the x, values.
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Table 5.2 The activated magnetrons by ranges of Logistic function values

f(x) <02 02><04 04><0.6 0.6><08 0.8><1.0
ON
magnetrons  M1,M6 M2, M7 M3, M8 M4 M9 M5, MI10

The set-point temperature of the carbonization system is 450°C for a total
period of 180 minutes. As shown in Table 5.2, the sequence of activated magnetrons
is regulated by the normalized f(x) of x, of the Losgistic function. Figure 5.18
depicts the comparison results of different x, of thé Logistic function in terms of
temperature and time. As shown in Figure 5.18, the different values of x,, which are
generated by the Logistic chaotic equation, have similar heating temperature
characteristics but different power consumption levels.  The least power

consumption was identified at x, = 0.10003.

500 | ‘
450 ¢ X0 =0.10000
O o =0.10001
400 * X0 =0.10002
Yo = 0.10003
350 + Xo=0.10004 +
3
© 300 +¥
g
£ 250 @
g 4
3 +
8 200 yg
150
100 %]
o0 )fﬁy
50 f},/
0
0 20 40 60 80 100 120 140 160 180

Time (Minute)

Fig. 5.18 The comparison of different x, of the Logistic function in terms of

temperature and time
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The comparison of the electric power consumption levels from the startup
period through the entire operating period of 180 minutes of five different values of
x, is presented in Figure 5.19. It is found that x, = 0.10003 consumes the least
power while generating the heating temperature similar to the temperatures

generated by the other x, values.
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Fig. 5.19 The electric power consumption of different x, from the startup through

the entire operating period

Table 5.3 presents the power consumption levels of the five x, values. The
table shows the average electric power consumption by varying the x, parameter.

The power consumption is smallest (5.94 kW/h) when x, = 0.10003.

Table 5.3 The average electric power consumption from the startup through the end

period of 180 minutes of different x,

Logistic parameter (x,)  0.10000 0.10001  0.10002 0.10003  0.10004

Average power (kW/h) 6.39 6.93 6.57 294 6.84
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5.6 Summary
This chapter presents the chaotic application for industrial microwave
heating in the carbonization system without stirring mechanism. The Logistic function

at a = 3.8 and x, = 0.10003 are selected to generate the chaotic sequence for

microwave radiation. The implemented microwave radiation is of Pattern C in which
a pre-determined pair of magnetrons (i.e. 2 magnetrons) after one another is
activated for 2 minutes per session. The adoption of the pattern helps minimize the
quantity of non-uniform charcoal outputs and lowers the electric power
consumption. The following chapter touches on the conclusions, discussions and
future work relating to the oscillation and chaotic application on a much larger

industrial scale.



Chapter 6

Conclusions

6.1 Conclusions
This dissertation presents the novel oscillation applications on an industrial

scale: the periodic oscillation and chaotic oscillation applications.

6.1.1 Periodic oscillation application

The periodic oscillation application was discussed in Chapter 4 and
demonstrated with the basic mechanical oscillator, which is the tuning fork with
piezoelectric resonator (TFP) at a 3 kHz resonance frequency. A needle was mounted
onto the TFP. An increase of mass with the needle mounting induces errors that can
be rectified by an addition of electronic components and a software program to
improve the Q factor. The modified TFP is well applicable to classification of elastic
nano-scale materials by comparing the phase difference between input and output
signals. In the experiments, the depths of contact point between the surface of
elastic materials and the probe tip were increased from micrometer-scale to
nanometer-scale increments. The method is capable of producing precise and
reliable measurements for classification of nano-scale materials and is also

repeatable.

6.1.2 Chaotic oscillation application

The chaotic oscillation application was detailed in Chapter 5. The chaotic
patterns are generated by a simulation program and chaos behaviors are confirmed
by the positive Lyapunov exponents and bifurcation diagrams. The chaotic equations
to generate the chaotic patterns are simple and require no fabrication of hardware.
The most suitable chaotic pattern for uniform microwave heating inside the reactor is
the Logistic map of a= 3.8 and x, = 0.10003 as an initial parameter. This chaotic
pattern can be adopted to improve the process temperature characteristic, process
power consumption and carbonization charcoal yield. In addition, the chaotic
patterns could be a good alternative to the conventional industrial heating method.
Appendix A and B presents photographs of a real microwave heating carbonization

plant.
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6.2 Discussions

The modified TFP with periodic oscillation is able to classify the elastic nano-
scale materials and to sensing mechanical nano-scale vibrations. This method
operates on the phase difference principle [18-20] with an addition of the @ factor
and phase control.

The chaotic oscillation can be applied to a carbonization process with multi-
feed microwave heating without stirring mechanism. The output yields of the
conventional carbonization process are of low quality as the temperature inside the
rector is non-uniform [21-23]. The chaotic microwave heating can tackle this problem

of low quality product yields.

6.3 Future work

A tuning fork with piezoelectric of precise sensing capability can be fabricated
with little investment. The fabricated tuning fork can be applied to measurement of
micro-scale vibrations and micro-scale fluid rates. In addition, it can be used in
the nano-scale measurement of an industrial scale without the need for complex
devices.

The industrial application of chaotic behavior is not limited only to microwave
eating but the chaotic behavior can be applied to various tasks, such as in the

chemical mixing systems, in data encryption for high level security.
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The pilot-scale microwave carbonization system
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