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Abstract

Piezoelectric Energy Harvesters (PEH) are complex dynamic electromechanical
systems. As such, derivation of an accurate model that can describe system’s behavior
under different operating conditions is challenging. Moreover, the interconnection
between the piezoelectric transducer and any forms of power conditioning and
storage further complicates the modeling process. This thesis tackles the problem of
modeling the transient operation of a PEH during the charging process of an external
storage device through electrical interfacing circuits. A semi-theoretical model is
proposed based on the Euler-Bernoulli beam theory. The model takes into account
the electromechanical coupling effects of the piezoelectric material, as well as the
dynamic process of charging an external storage capacitor. The effects of an standard
interfacing circuit with diode bridge rectifier and a non-linear synchronous switching
circuit on the transient charging dynamics are modeled and comprehensively studied.
Additionally, an experimental test setup is developed to validate the efficacy of the
developed model and to further investigate the effect of different interfacing circuits

on the energy harvesting system.

Furthermore, the problem of finding the optimal design parameters for a PEH is
considered. A new simulation-based optimization procedure is proposed with the
goal of acquiring the optimal geometric and circuit design parameters that lead to
higher energy harvesting efficiency and also enhance the obtained electrical power.
The basis of the optimization platform is the developed semi-theoretical model

of the energy harvesting system. In order to avoid the time and space (memory)



complexities during the computer optimization caused by the expensive-to-evaluate
Objective Function (OF) (i.e. simulation model) combination of Artificial Intelligence
(AI) and Evolutionary Algorithm (EA) is used to facilitate the optimization process,
while maintaining the required accuracy. More precisely, a computationally efficient
Neural Network (NN) model is first trained based on a set of training data obtained
from the simulation model. Performance and accuracy of the NN training is studied
using available statistical methods. Second, a Genetic Algorithm (GA) optimization
performs a block-box optimization procedure, using the trained NN model for OF
evaluation. Finally a thorough analysis of the optimal design parameters obtained

from the optimization process is provided.
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Chapter 1

Introduction

“If you want to find the secrets of
the universe, think in terms of
energy, frequency and vibration.”

Nikola Tesla

1.1 The Big Picture

It has now been over two decades that discussions about regenerative energy sources,
specifically, power sources for portable devices, off-the-grid electronic circuits, and
microelectromechanical systems (MEMS), have surrounded the scientific community.
On one hand, the prospect of creating self-powered electronic systems and devices,
and on the other hand, technological advancements in power electronics, including the
ability to manufacture micro-powered circuits and sensors, created strong incentives
for development of novel energy harvesting methodologies. Many researchers studied
multiple aspects of the relatively new field of energy harvesting. Some progress were

made, but the journey is nowhere near the end.



The term “energy harvesting” is broadly used to describe the process of acquisition,
conversion, and storage of energy from different ambient energy sources such as wind,
solar or mechanical vibration. Energy harvesting is believed by many researchers
to have the potential of powering up portable and/or remote electronic devices.
Portable devices, to the most part, require a reliable power source to maintain proper
functionality. Non-regenerative power supplies, such as batteries, have long been
the main source of power for the operation of low-power portable electronic circuits.
However, shortcomings associated with such power supplies justify the pursuit for a
better, cheaper, and more environmentally friendly substitute to power electronic

circuits [10].

Conventional batteries are commercially available and have good reliability. How-
ever, environmental considerations and replacement costs prevent batteries from
being a suitable candidate for powering wireless devices [11]. Furthermore, in many
applications battery replacement could be tedious, due to the location of the device
(e.g., aerospace applications), or impose unnecessary risks (e.g., implantable biomed-
ical devices such as pacemakers) [12]. In such cases, scavenging energy from the
environment could potentially overcome some, if not all, the pitfalls of the traditional

low-power energy sources.

Different means by which the ambient energy can be transformed into utilizable
electrical energy exists. The type of the dominant energy source in the environmental
usually determines the transduction mechanism. For instance, if the energy harvester
is constantly exposed to sunlight (i.e solar energy), but is in a relatively static
environment, then obviously a solar energy harvester (e.g. Photovoltaics (PV)) is

a better option than a motion harvester (e.g. piezoelectric or induction). Among



the most common types of energy harvesters are solar, thermal, Radio Frequency
(RF) and motion. Various transduction mechanisms exist for each energy harvesting
method. Each mechanism offers a number of advantages and suffers from multiple

shortcomings.

Among various types of energy harvsting schemes, scavenging energy from am-

bient mechanical vibration attracted a lot of attention. Three main transduction

mechanisms for vibration energy harvesting are: electromagnetic, piezoelectric, and
electrostatic. Among these methods, piezoelectricity has been constantly at the cen-
tre of attention of the scientific community due to its innate advantages. For instance,
PEHs are considered to possess relatively high power densities (i.e. the ratio of the
harvested electrical power to the volumetric size of the harvester, W/cm?) when
compared with harvesters employing other transduction mechanisms (e.g. thermal
conversion) [13, 14]. It is also hard to neglect the fact that mechanical vibration is
an integrated part of the environment, and therefore in most situations, mechanical

vibration is abundantly available in the proximity of the electrical load [15].

Table 1.1! tabulates the power requirements for a number of electronic devices
and sensors, and the output power range for different energy harvesting schemes. As
can be seen in Table 1.1, a piezoelectric transducer can generate relatively low level
of electric power (a range of approximately hundreds of microwatt to a few tens of
miliwatt [17]). While still on the lower-end of the power spectrum, PEH can supply
several devices and sensors, such as hearing aids, light sensors and accelerometers.
Nonetheless, improving the efficiency and power generation capability of the PEH

have been a constant endeavor.

IThis table is put together from the data obtained from [13] and [16]



Table 1.1: Power requirements for typical electronic devices and sensors, and the
power generation capability of common harvesters.

Power Requirement Typical Electronic De- FEnergy  Harvesting

vices/Sensor Technology

10 nW /’LPCshutoffmode
mini PV

100 nW Quartz oscillator
10 uW RFID tags RF
100 uW Hearing aid Motion
10 mW Low power wireless Thermal

network
100 mW Bluetooth receiver PV
1W OLED display -
10 W Laptop/Tablet -

An investigation into the literature reveals that there are still fundamental chal-
lenges in development and real-world implementation of regenerative energy sources.
From a practical standpoint, in most cases the raw electrical power obtained from
an energy harvesting device is not directly utilizable. Since the intensity of the am-
bient energy varies constantly, the generated electric power is not always consistent.
Therefore, the harvested power needs to be conditioned and sometimes stored before

it could supply the electrical load efficiently.

Consequently, real-world PEHs are generally comprised of three main elements:
a vibrating structure, a conversion mechanism (i.e. the piezoelectric material),
and a conditioning and storage apparatus. These basic elements are depicted in
Figure 1.1. All three elements are of paramount importance in the operation and

overall efficiency of the harvester, and should therefore be considered, if accurate



System Input Harvesting Device Harvesting Circuitry

- I 1
- - Conditioning
Piezoelectric ‘ circuitry Storage
- Transducer » medium
Rectifier

Figure 1.1: Basic components of a PEH

analysis of the system is required. Nonetheless, the effect of these elements on the

overall operation of the PEH is usually overlooked.

PEH is a dynamical system and can therefore be described mathematically. An
accurate mathematical model that can predict system’s behavior under different
operating conditions is beneficial, and is in fact required to fully understand and study
the system. A proper mathematical description of the system would allow designers
to study different aspects of the energy harvesting system through simulation, and
optimize the design to achieve higher efficiency. Additionally, improving the power
density through computer optimization is one way to enhance the power harvesting
capability of energy harvesters. Computer optimization algorithms usually rely

heavily on a model, or a description of the system.

However, while browsing through the literature it was determined that the elec-
tromechanical coupling effect, as well as the effect of conditioning and storage

circuitry is often overlooked during the modeling process. In addition, the efficiency



of the harvested power and the operation of the system during transient is missing

from most of the analyses available in the literature to date.

1.2 Thesis Statement and Objectives

1.2.1 Thesis Statement

The main focus of this thesis is on energy harvesting through piezoelectric mate-

rials. The aim is to model the behavior of these harvesters in the context of an

interconnected system, as was shown in Figure 1.1, and then use the model to study
and analyze the operation of PEHs more closely. Proposed model should possess
the following two main attributes: first, the model should adequately capture the
feedback electromechanical coupling effect of the piezoelectric material, and second,
the model should take into account the effect of the external interfacing and storage
circuitry. Additionally, the thesis aims to develop an optimization framework, built
upon the mentioned simulation model, and to investigate the effects of different
system parameters (e.g. geometric parameters and circuit elements) on the overall

operation and efficiency of the energy harvesting system.

1.2.2 Objectives

The main objectives of this thesis are further categorized into two sub-objectives as

follows.

Objectives for PEH Modeling

i. To develop an accurate mathematical model of the PEH. This model should:

6



(a) consider the accurate continuum-mechanical model of the vibrating struc-

ture;

(b) take into account the electromechanical coupling effect of the piezoelectric

material;

(c) be able to properly capture (or, should be easily modifiable to do so)
the effect of different interfacing circuits on the operation of the energy

harvester;

(d) provide an accurate representation of the system during transient opera-
tion;

(e) include the effect of the charging dynamics of a capacitive load on the

piezoelectric material;

(f) have the potential to be used in the context of a computer-based opti-

mization problem.

ii. To design a suitable test setup and validate the proposed model experimentally.

The experimental test setup should include:

(a) a vibrating mechanical structure coupled with piezoelectric materials;

(b) commonly used interfacing and storage circuits (a standard interfacing
circuit with diode bridge rectifier and a storage capacitor, and a non-linear

synchronized switching circuit);

(¢) a number of sensors with acceptable accuracy to measure the physical

variables during experimentation.



iii.

1v.

To analyze and compare the energy conversion efficiency and generated power
output of the commonly used interfacing circuits during charging of an external

storage capacitor;

To use the developed model and study the behavior of the PEH under different

working conditions (i.e. perform parametric studies).

Objectives for PEH Design Optimization

ii.

1il.

Properly define a simulation-based optimization problem with the objective of

finding the optimal design parameters of the harvester;

determine which optimization technique is more suitable to be used for this

particular problem:;

thoroughly examine the results of the optimization process.

1.2.3 Research Questions

In order to meet the objectives, following questions are ought to be answered.

II.

I1I.

IV.

. What are the main challenges in PEH modeling and simulation?

How does different interfacing circuits affect the charging dynamics in PEH?

What parameters mostly affect the power harvesting efficiency in PEH and

why?

What is the proper way to define an optimization problem in the context of

PEH design?



1.3 Organization of the Thesis

This remainder of this thesis is organized as follows. Chapter 2 provides an in-depth
review of the currently available literature in the area of energy harvesting through
piezoelectricity. The purpose of the literature survey is threefold: first, it provides
an objective analysis of different mathematical modeling approaches for PEHs,
second, it examines several energy generation/harvesting efficiency enhancement
methodologies, and third, it presents currently available optimization methods for
PEH optimal design. Energy harvesting efficiency enhancement techniques span
over a wide range of methods including modifications to the mechanical structure
and/or the interfacing circuit, all of which are discussed in chapter 2. Chapter 3
introduces the proposed mathematical model and the iterative numerical procedure
for a typical PEH with a cantilever beam. Two different interfacing circuits (the
standard interfacing circuit with a full-diode rectifier, and the non-linear synchronous
switching circuit) are modeled with details outlined in chapter 3. The theoretical
model of the beam coated with piezoelectric patches is obtained first, followed by a
numerical solution that considers the effect of the transient charging dynamics and
electromechanical coupling effect. The experimental test setup developed to validate
the proposed model, and the series of experimental studies performed are presented
in chapter 4. Several discussions around the experimental results, and the results
obtained from various parametric studies are also provided in chapter 4. Chapter 5
describes the simulation-based optimal design problem of a PEH. The proposed
optimization scheme benefits from available machine learning and Evolutionary
Algorithm (EA) optimization tools. Finally, chapter 6 concludes the thesis by

reiterating the main contributions, and suggesting several future research directions.



Chapter 2

Literature Survey

“We have found a new method for
the development of polar electricity
in these same crystals, consisting in
subjecting them to variations in
pressure along their hemihedral
azes.”

In a letter by Pierre and
Paul-Jacques Curie announcing
their discovery.

The interdisciplinary nature of energy harvesting and piezoelectric energy har-
vesting in particular, creates a situation where the topic is approached by a broad
audience from across multiple scientific disciplines. Consequently, while this chapter
aims to cover the state-of-the-art research in the areas of PEH modeling, simulation
and optimization, fundamental principles of piezoelectricity and vibration-based en-
ergy harvesting, along with a brief summary of piezoelectric transduction mechanism

are also provided.
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The chapter presents a thorough discussion on modeling of energy harvesting
systems with piezoelectric materials. An in-depth analysis of current state-of-the-
art methods in PEH modeling and simulation is provided. That includes the
mathematical description of the vibrating structure, as well as description of the
generated voltage on piezoelectric material and power. Some of the shortfalls
associated with each modeling approach discussed are also highlighted. Furthermore,
a thorough overview of recent power enhancement methods involving modifications
to the mechanical structure and the use of electrical interfacing circuits is presented.
Primarily, the focus is on the non-linear electric interfacing via the synchronous
switching technique. Finally, the use of computer optimization techniques for power

enhancement is discussed.

In short, the literature survey presented in this chapter aims to answer the following

key questions:
i. What are the fundamental working principles of a piezoelectric energy harvest-
ing system?
ii. What are the main attributes/components of a practical PEH?

iii. Why is modeling important and what are the attributes of a good system

model?

iv. What are the current state-of-the-art approaches to power enhancement in

PEH?

v. How can optimization techniques help increase the efficiency and power output

of the PEH?
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2.1 Fundamentals of Piezoelectricity

2.1.1 Brief Historical Remarks

History is a delicate subject matter. Perhaps just like any other historical subjects,
a scientific breakthrough is ought to be recited with great caution. Nonetheless,
discussing any subject matter (science included) without recognizing the pioneers
and individuals who laid the foundation and made significant contributions to the
field is morally questionable and ethically debatable. Therefore, this section provides,
what could only be described as a glimpse into the history of piezoelectricity, as it is
known today. The hope is that this way, the rest of this thesis is better put into
context. There are of course great sources available (e.g. [18, 19]), that an interested
reader can refer to, should he/she wants to know more about how this field emerged

into what it is today.

During the late 19th century the Curie brothers, Pierre and Jacques, were con-
ducting several experiments on different types of crystals including, among others,
tourmaline and quartz. It was during those experiments that they first encountered
the interesting property of certain types of crystals to generate surface-bounded
electrons when mechanically deformed. The term “piezoelectric” originating from
the Greek word “piezein” (meaning “to press”), was later emerged to distinguish this
property from the so-called “pyroelectric” effect (i.e. the electrical charge generated
on certain types of crystals when heated). The brothers first documented their
findings in a french scientific journal ([20]) in 1880. So in essence, the Curie brothers

laid the foundation of what is now referred to as the piezoelectric field.
What the Curie brothers discovered originally, was later referred to as the “direct”
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piezoelectric effect. The “converse” (or inverse) piezoelectric effect, which is the me-
chanical deformation of the crystal subjected to an electric field, was mathematically
predicted in 1881 by another french physicist Gabriel Lippmann ([21]) based on the
rules of thermodynamics. The inverse piezoelectric effect was later experimentally

confirmed, once again, by the Curie brothers.

After their original discovery, the Curies continued their effort to characterize
different aspects of the piezoelectric phenomenon through systematic experimental
tests. Other researchers, including but not limited to the German physicist Woldemar
Voigt, set to determine the relationship between piezoelectricity and the structure of
the crystal. This further triggered an enormous effort during the 1950’s to synthesize
materials with higher electromechanical coupling than the crystals found in nature.
As a result, the field was revolutionized after the development of piezoceramic
materials after the World War 11, which exhibit significantly higher electromechanical
coupling effects, compared to their natural counterparts. Perhaps the most noticeable
breakthrough was the development of Lead Zirconate Titanate (PZT) type materials.

Variations of the originally developed PZT materials are still largely in use today.

On the practical side, perhaps the earliest application of piezoelectricity can be
traced back to the World War 1. The application involved a Sonar system based
on piezoelectric quartz crystal that generated 50 KHz signals in order to detect
and identify submarines. Many applications of piezoelectric transducers that began
during the 1950’s are still in use today. Among familiar examples are commercial

piezoelectric accelerometers, microphones and crystal oscillators.
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2.1.2 Basic Principles and Constitutive Equations

A commercially available piezoelectric ceramic, in it’s simplest form, is comprised
of a piezoelectric material sandwiched between two surface electrodes as shown in
Figure 2.1. When the ceramic is subjected to mechanical strain, electric polarization
proportional to the strength of the applied mechanical strain is produced on the
surface of the material due to the direct piezoelectric effect. Surface electrodes
surrounding the piezoelectric material then collect the generated electric charge. On
the other hand, as Lippmann [21] argued, the converse piezoelectric effect should
also exist simultaneously to guarantee thermodynamic consistency. This means that
the generated electric charge causes the piezoelectric ceramic to deform mechanically.
This is in fact the nature of the electromechanical coupling effect in piezoelectric

madterials.

z, 3

Surface Electrode
x, 1 PZT
Surface Electrode

TOTTTD

Figure 2.1: Schematic of a piezoelectric transducer under mechanical stress.

Synthetic piezoelectric ceramics, such as PZT-5, are manufactured and artificially

poled, through the so-called poling process. The poling process involves subjecting
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the ceramic to a strong Direct Current (DC) electric field at a certain temperature.
The result of the poling process is permanent polarization of the ceramic, even after

the DC source is removed [22].

The IEEE standard on piezoelectricity [23] is generally accepted as the source of
the piezoelectric constitutive equations that describe the electromechanical behavior
of piezoelectric ceramics. This standard assumes that the ceramic material behaves
linearly. For most applications, this is not a limiting assumption since at low
mechanical stress and low electrical field intensity, such materials behave (almost)
linearly. Piezoelectric constitutive equations describe the relationship between
mechanical properties (stress and strain) and electrical properties (electric field and

displacement). Therefore, there are four field variables to consider:

Mechanical stress tensor T;; (N/m?)

Mechanical strain tensor S;; (m/m)

Electric field tensor Ej (V/m)

Electric displacement tensor Dy, (C'/m?)

Where the subscripts i, 7, k refer to direction in the piezoceramic coordinate system
[22]. Field variables are coupled through piezoelectric coefficients. Depending on
which of the two field variables are considered as independent variables, different

forms of constitutive equations can be structured. As an example, consider the
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following stress-electric displacement equation written in matrix form:

Tl ClEl —631:| |:S1:|
= 2.1
[D?)] {631 €§3 Es ( )
C

The numerical subscripts (1,2, 3) correspond to the material axes, where 1 — -
axis, 2 — y-axis and 3 — z-axis, based on the coordinate system depicted in
Figure 2.1. Superscripts S and E denote that the variable is evaluated at constant

strain and constant electric field, respectively. The matrix C contains the elastic

compliance coefficient (cF, = %), the piezoelectric constant (e3; = %), and the

s

2
. . S _ T _ 43
dielectric constant (€35 = €34 o ).

Equation (2.1) is based on Euler-Bernoulli assumptions for thin beams and is
only valid if the piezoelectric ceramic is thin enough so that any stress component
other than the 1-D bending moment is negligible. Furthermore, the electrodes are
assumed to be placed perpendicular to the z-axis (3 direction). Further description
of the constitutive equations including the derivation for thick beams formulas can

be found in the Appendix A of Erturk and Inman [24].

2.2 Mathematical Modeling of PEH

Generally speaking, a PEH is comprised of at least three main elements: a piezo-
electric transducer (usually a piezoceramic in the form of stack, disk, plate etc.),
a vibrating mechanical structure, and, a conditioning and storage circuitry . The

piezoceramic, either under vibration itself or mechanically bounded to a substrate
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vibrating structure (such as a beam or plate) generates certain amount of electric
charge. The generated output voltage is conditioned through an electronic condi-
tioning circuitry and then stored in an storage device, or, is used to recharge a
battery. Most electronic circuits that are the receiving-end of the harvested electrical
power require constant (usually DC) power to operate. Therefore, existence of some
means for voltage conversion (e.g. conversion from Alternating Current (AC) to DC),

voltage treatment, or storage is inevitable when dealing with real-life applications.

It is needless to say that vibration to electrical energy conversion through piezo-
electricity has been widely studied. A comprehensive review of power harvesting
from vibrations is provided by Sodano et al. [25]. Apart from the applications of
piezoelectric energy harvesters, many researchers set to understand the behavior of
these devices and proposed mathematical methods to model systems using piezo-
electric transducers. Considering that energy harvesting research, and particularly
piezoelectric transducer, is by nature multi-disciplinary, researchers from a wide

spectrum of disciplines have tackled the problem of modeling a PEH.

In order to judge whether a model sufficiently describes the behavior of the
harvester, the proposed model must accurately describe the behavior of the system
in both mechanical and electrical domains. In the work of Erturk and Inman [26],
different approaches to piezoelectric harvesters modeling were thoroughly studied
and issues with each modeling logic and the underlying assumptions were clearly
outlined. The focus of the authors was on the mechanical properties of each model. A
model that solely focuses on the mechanical aspects, and fails to accurately consider
the electrical circuitry (i.e., interfacing and storage circuit), or vice versa, is not able

to provide the required accuracy.
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An investigation into the literature of the PEHs modeling reveals several different
classes of mathematical models, each of which attempts to describe the electrome-
chanical behavior of the energy harvesting system. These classes range from the
so-called Single Degree-of-Freedom (SDOF) models (also known as the lumped
parameter models), to Multi Degree-of-Freedom (MDOF) models, to approximated
distributed parameter models, and even analytical distributed parameter models.
Although there are modeling approaches within each class that are significantly
different in the way that they consider the electromechanical coupling effect, the

general modeling theme is nonetheless similar.

SDOF models (e.g. [27-30]) are generally built upon the concept of a mass-spring-
damper system. Different variations of the SDOF models exist in the literature.
For instance, authors in [27] use passive circuit elements (i.e., inductor, resistor,
capacitor) to describe the mechanical portion of the system. This concept was
initially introduced by Flynn and Sanders [31]. This is an interesting approach that
helps simplify the analysis by replacing the harvesting system with an equivalent
electrical circuit. Different circuit anaylsis tools could then be used to study the
behavior of the system. Nonetheless, this approach is not immune to the issues
associated with SDOF modeling. As explained by Erturk and Inman [26], SDOF
models are not considered accurate for piezoelectric harvester modeling, mainly due

to the simplification of the electromechanical coupling term(s).

Distributed parameter models, to the best of this author’s knowledge, were origi-
nally proposed by Erturk and Inman [32]. This approach proposes a closed-from
analytical solution using Euler-Bernoulli beam theory. The electromechanical cou-

pling term considered in the distributed parameter model is based on the constitutive

18



relations [23] of the piezoceramic described in section 2.1.2; and is therefore capable
of accurately modeling the effect of the generated electrical charge on the mechanical
vibration response of the system. The model propsed by Erturk and Inman [32]
was experimentally validated for a bimorph cantilever beam in [33]. Although the
distributed parameter model proposed by Erturk and Inman [32] accurately considers
the coupling effects, the external electrical circuit was simplified with only a resistive
load, which is not an accurate charging circuit to harvest piezoelectric energy. As
mentioned earlier, practical harvesters utilize power conditioning and storage cir-
cuitry that cannot be necessarily modeled as a simple resistive load. Several papers
have considered more realistic interfacing circuits [34-37]. For instance, Lan et al.
[34] study the effect of AC and DC interfacing circuits on a bistable piezoelectric
energy harvesting system. Although authors consider the effect of rectifying circuitry
for the DC interfacing scenario of the system coupled with nonlinear magnetic forces,
the simplified electromechanical coupling term in the motion governing equations
are prone to errors addressed by Erturk and Inman [26], and the charging dynamics

of the filter capacitor and its effect on the piezoelectric voltage is not considered.

In other papers [35-37], an equivalent electrical circuit comprised of a current
source in parallel with a capacitor is used to model the piezoelectric element in the
mechanical structure of the system. Wickenheiser et al. [37] investigate the effect
of the charging process of an external capacitor in systems with different levels of
electromechanical coupling effect. Although the electrical part of the model is closer
to the practical system when compared with the resistor model, to easily obtain the
electromechanical voltage and power outputs and simplify the system parameters

optimization process, the mechanical structure equations in [37] are based on a
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SDOF model. Therefore, the electromechanical coupling effect is still not quite
accurate, especially for any structure subjected to excitation frequencies higher than
its first natural frequency. Based on [38], the error resulting from this method for
predicting the relative motion at the tip of the beam is very high and even increases
for the higher vibration modes. Thus, the SDOF approach requires a correction

factor and/or modification in the modeling process.

2.3 Efficiency enhancement in PEH

It was mentioned earlier that PEHs require a vibrating host structure, a conversion
mechanism (i.e. the piezoelectric material), and conditioning or storage apparatus.
Any efficiency enhancement should therefore include a modification/adjustment of
one the three main elements of the energy harvesting system just described. While
an in-depth analysis and detailed review of all available power enhancement methods
in vibration energy harvesters is obviously outside the scope of this work, this section
presents an overview of power enhancement methodologies in PEHs. An interested
reader can refer to available reviews on the topic (e.g. [15, 39-42]) for a more

comprehensive analysis.

Traditionally, most research in the area of PEH was focused on linear resonant
harvesters. In linear resonators, a vibrating structure, such as a cantilever beam,
was placed under dynamic (and usually harmonic) motion. The physical design
of the beam in the case of the linear resonator played an important role in the
overall effieicny of the system. The goal was usually to match the natural frequeny

of the beam with the frequency of the harmonic motion in order to benefit from

20



the resonance phenomenon, and therefore obtain higher output electrical power.
However, over the past decade, several methods involving mechanical nonlinearity

(e.g. [43-45]), the use of bi-stability (e.g. [46-48]) or general modifications to the

geometric shape of the harvester ([49-51]) were proposed.

2.3.1 PEH power enhancement via mechanical modification

Modifications to the mechanical structure in order to benefit from the intrinsic

mechanical non-linearities can overcome some of the major drawbacks of resonant
(linear) vibration energy harvesters [43, 45, 52, 53]. Perhaps the most noticable
issue with linear PEH, is the poor harvesting efficiency for non-resonance vibration
frequencies. In resonant vibration harvesters, if the vibration pattern of the host
structure deviates even slightly from the resonance frequency, the efficiency of the
power harvesting system will be deteriorated significantly. In the works of Erturk
and Inman [52] and Hajati and Kim [53], impressive power improvement were
reported, in part, due to the wider frequency range of the newly proposed energy
harvesting system exploiting non-linearity. Other example of efficiency enhancment
through mechanical modification include the use of tapered beam as opposed to the
conventional rectangular beams that was reported by Keshmiri et al. [44]. A recently
published article by Tran et al. [39] conducts a comprehensive critical review of the

performance enhancement achieved through non-linearity.

Another key element that also plays an important role in the efficiency of energy
extraction is the type of piezoelectric material used in the PEH. Different piezoelectric
materials exhibit different levels of electromechanical coupling, that can directly

impact the power efficiency of the PEH. The most common type of piezoelectric

21



material is the PZT. However recently, there has been different studies [54-56] that
showed single crystal Lead Magnesium Niobate (PMN) Lead Titanate (PT) type
piezoelectric material, are also viable alternatives to the widely used PZT-type

materials for energy harvesting applications.

Despite aforementioned breakthroughs that involves improving efficiency of har-
vested power through mechanical modifications and material properties, power
obtained from PEH is still quite limited to the range of approximately hundreds of
microwatt to a few tens of miliwatt [17]. As mentioned in section 2.2, electronic
circuits usually require constant DC, and as such, existence of some means for
voltage conversion (e.g. conversion from AC to DC), voltage treatment, or storage

is inevitable when dealing with real-life applications.

2.3.2 PEH power generation enhancement via interfacing

circuits

The family of synchronous techniques for energy enhancement in piezoelectric energy
harvesting began to appear in 2005 and very rapidly became popular in the scientific
arena. In a paradigm shifting idea, Guyomar et al. [6] for the first time proposed the
notion of a non-linear interfacing electrical circuit in which the non-linear processing
was applied directly to the generated voltage on the piezoelectric patch. The first
technique, called Synchronize Switch Harvesting on Inductor (SSHI), later refered to
as the parallel-SSHI technique, was introduced, and has been at the centre of attention
for more than a decade. Since the original idea was reported in 2005, significant effort
was made toward further research and development of these techniques. Nowadays,

multiple varieties of the so-called synchronous techniques exist, while the research in
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this area is still on-going. Each method is trying to overcome a particular shortfall
of the previous synchronous switching method. [7, 9, 57-60]. Some of the main

categories of synchronous techniques include:

Synchronize Switch Harvesting on Inductor (SSHI) [6]

Synchronous Electric Charge Extraction (SECE) [7]

Enhanced Synchronized Switch Harvesting (ESSH) [8]

Synchronized Switch Harvesting on Capacitor (SSHC) [9]

Figure 2.2 illustrates typical circuit architectures for these interfacing circuits. It

should be mentioned however that modified versions of these architectures exist

in the literature, and therefore implementation of these interfacing circuits are
not restricted to the designs depicted in Figure 2.2. While at first glance these
methods may appear to be fundamentally different, a closer investigation reveals

that the common denominator in all these methods is the minimization of wasted

charge due to self-discharging and recharging of the internal piezoelectric capacitor.
What is different, however, is the realization of the switching idea especially when

self-powered operation is intended.

SSHI method takes advantage of the dielectric nature of the piezoelectric element
by reversing the charge polarity on the piezoelectric element at the point of zero
velocity of vibration (i.e., the point where displacement extremum occurs). The
voltage inversion results in a cumulative process that increases the magnitude of
the generated voltage [17]. In order to achieve this voltage inversion, a voltage

processing unit comprised of an electrical switch and an inductor is connected in
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Figure 2.2: Typical circuit architecture for different synchronous switching techniques: (a)
Parallel-SSHI [6], (b) SECE [7], (c) ESSH [8] and (d) SSHC [9]

parallel (parallel-SSHI [6]), or in series (series-SSHI [61]) with the piezoelectric active
element. Significant efficiency improvement was reported by many researchers for
weakly coupled structures and systems operating in an out of resonance condition

(e.g. [6, 62, 63)).

Following the original idea of parallel-SSHI, later in 2005, Guyomar et al. [7]
proposed the SECE technique, which was reported to have increased the harvested
power by an extraordinary 400%. The major difference between the two interfacing
circuits is that SECE is a two-step process in which the maximum generated
piezoelectric energy is transferred to an inductor (Ls) in one step, and the piezoelectric

element is disconnected from the circuit and the energy stored in the inductor
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is transferred to the load in another step. This intermittent connection of the
piezoelectric element and the load reduces the dependency of the harvested power
to the connected electrical load. Due to this difference, the control law for the S

switch is different from the control law of the switch S in the SSHI circuit.

Other improvments to the original SSHI circuit include the use of magnetic
rectifiers [57] or the ESSH [8]. ESSH is an extension to the Double Synchronous
Switch Harvesting (DSSH) proposed by the same research group who initially
conceived the idea of the SSHI circuit back in 2005 [64]. In DSSH, a combination of

a series-SSHI and SECE circuits are used to better control the trade-off between the

energy extraction and the mechanical damping effect of the piezoelectric element.
Initially, part of the generated power is transferred to C); while the remaining
generated energy is used during the inversion process. The energy stored in C} is
then transferred to Ly, and finally to the storage capacitor C. The depicted ESSH
in Figure 2.2 provides an enhancement to the DSSH by allowing better control of

the capacitance ratio (i.e. the ratio between C; and the piezoelectric capacitance).

Recently, a new family of synchronous switching circuits were proposed that use
capacitors instead of inductors to perform the voltage inversion process [9, 59, 60].
Removing the inductor reduces the overall size of the interfacing circuit that is of
great interest for many practical applications. Du et al. [9, 59] proposed an inductor-
less bias-flip circuit, while Chen et al. [60] proposed an array of capacitors to perform
voltage inversion on the piezoelectric material. Despite these improvements, the

original parallel-SSHI technique is still in use, and is the subject of various research.

Despite the simple and elegant idea behind the SSHI interfacing circuit, real-world

implementation of the switching function is in fact complex; especially, when self-
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powered operation is required. It should be noted that the ultimate objective of
an energy harvesting apparatus is to produce sufficient energy so that devices and
circuits utilizing that energy can be self-powered. Therefore, having an externally
powered switching circuit defies this objective. Perhaps the main complication in

the operation of a self-powered switching circuit is the control of the switch timing.

According to the theory describe by Guyomar et al. [6], switching function should
occur intermittently at the peak extremum of displacement of the host structure.
There has been several studies on the design and operation of the switching circuit
[57, 58, 65-70]. To date, the majority of the switching mechanism reported in the
literature belong to the following three categories: mechanical switches (e.g. [57, 71]),

Integrated Circuit (IC)s (e.g. [69, 72]), and electronic breakers (e.g. [58, 65, 70]).

Methods using electronic breakers have the advantage of being relatively simple
to implement and reliable. Nonetheless, in self-powered realization of the original
electronic breaker proposed in [58, 73|, certain components in the circuit (i.e. envelope
resistor and capacitor, and switch’s parasitic capacitance) negatively influence the
performance of the PEH. Several comprehensive studies are available (e.g. [15, 74-76])
for PEHs using synchronous switching techniques with an electronic breaker. In these
studies, the effect of different components in the circuit on the overall performance
of the switching circuit is discussed. Some studies (e.g. [76, 77]) proposed analytic
solutions to mathematically describe the harvested electrical power. In fact, there has
been extensive research on quantifying the harvested electrical power obtained from
piezoelectric energy harvester through different varieties of synchronous switching
techniques. The original paper by Guyomar et al. [6] presented an expression for the

harvested electrical power based on the assumption that the external excitation and
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the speed of the mass are in-phase (in the context of the SDOF modeling approach
where the energy harvesting system is modeled as a mass-spring-damper system).
This is in fact a logical claim for systems operating at resonance. Different from
the power expression offered by Guyomar et al. [6], Shu et al. [76] and Lien et al.
[62] presented an analytical power expression that is not limited to the in-phase
assumption and can predict system’s behavior in the vicinity of resonance. The
former focuses on parallel-SSHI circuit while the latter investigates the series-SSHI.

Both papers focus on steady-state operation of the piezoelectric generator.

Table 2.1 tabulates a comparison between recent works on PEH modeling based on
a variety of factors including the electronic interfacing circuit. The majority of studies
that tackle modeling of PEHs with SSHI interfacing circuit using electronic breaker
suffer from inaccuracies due to followings. First, many of the available analyses
focus on steady-state operation. However in reality and for many applications where,
for instance, the power requirement of the load is smaller than the power harvested
by the PEH (e.g. wireless sensor operating in microvolts range) most power is
transferred to the load during transient operation [1, 36, 37]. As such, the dynamics
of the system during transient is of paramount importance and should be included in
the model. Second, as described in section 2.2, the underlying assumptions involved
in the mechanical model when using the so-called SDOF modeling approach, that
tends to over-simplify the electromechanical coupling effect, can lead to inaccuracies

in the developed mathematical model [26].
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Table 2.1:  Comparison of relevant research on PEH with different interfacing
circuits.

Publication Circuit  Host Struc- Inductor Frequency Transient
ture study?
Yang et al. [55] P-SSHI = Cantilever 525 mH 25 < FRF <45  Yes
Yang et al. [63] S-SSHI  Reversible 525 mH 5 <FRF <25 No
nonlinear
harvester
Du et al. [9] P-SSHI = Cantilever 47 mH 30 No
Chen et al. [60] SSHC N.A. N.A. 110 KHz No
Liang et al. [70] P-SSHI  Cantilever 47 mH 30 Hz No
Lu et al. [72] P-SSHI  Cantilever 940p H 225 Hz No
Bagheri et al. [1] Standard Cantilever =~ N.A. 50 Hz Yes
rectifier
Wickenheiser et al. Standard Cantilever N.A. 65, 56,59 Hz Yes
[37] rectifier
Chen et al. [7§] P-SSHI N.A. 68.2 nH 50 Hz No
This work P-SSHI ~ Cantilever 50 mH 50 Hz Yes

2.4 Optimal Design of PEH

Regardless of the choice of power enhancement schemes described in the previous
section, designing a commercially feasible PEH for real-world applications ultimately
boils down to the selection of appropriate physical, and if applicable, circuit pa-
rameters. Therefore, one fundamental question that needs to be addressed when
designing such a system is how can one translate design requirements (e.g. target
frequency) into system parameters (e.g. geometric shape, physical dimensions and
circuit parameters). This imposes an interesting challenge with significant impact
on efficiency and proper functionality of PEHs. Adding to the challenge is the elec-
tromechanical nature of the piezoelectric material, as well as the coupling that exists

between any interfacing and storage circuit with the piezoelectric transducer. It is
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due to such phenomenons that PEH is considered to be a complex dynamical system.
System designer is therefore faced with lots of design considerations and unavoidable
trade-offs. In many cases, multiple computer simulations are performed to study the
applicability of a particular design architecture. This requires a simulation model

that can capture the underlying working principles of the system.

One way to address such design challenges in a systematic way is through the use
of optimization algorithms. The objective can be maximizing the output electrical
power or efficiency for a constrained range of system design variables. This is by
no means a trivial task. As Erturk and Inman [26] clearly point out, the nature of
the electromechanical coupling effect in piezoelectric materials is rather complex,
and, as was described in the proceeding sections, in real-world operating conditions,
electrical interfacing and storage circuitry also have an impact on the operation of
the harvester. Therefore, obtaining an accurate and reliable definition of the output
power is difficult, and often times a more complex simulation models are needed to

fully describe this system’s behavior.

There have been an increasing number of research in the area of optimal design
of a piezoelectric harvester. Similar to the power enhancement schemes explained
in section 2.3, efforts to increase the output power through optimization can also
be broadly classified into optimization of the mechanical structure, and optimal

selection of circuit parameters.

Mechanical design optimization usually deals with the optimization of the physical
dimension of the harvester (e.g. length, thickness, width), as well as proper placement
of the piezoelectric transducer on the vibrating structure. In the work of Shafer et al.

[79], a simplified algebraic equation for the output power of the piezoelectric harvester
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was proposed, and the optimal thickness ratio was obtained for a bimorph beam
without the need to use an optimization algorithm. Dietl and Garcia [80] studied
the effects of different beam cross-section areas and shapes, and used gradient search
to find the optimal width profile. Zheng et al. [81] studied the topology optimization
of a piezoelectric cantilever beam under static loading and used gradient-based
optimization algorithm to maximize the obtained electrical energy. In the electrical
domain, efforts to optimize circuit parameters, for instance, the components of the
switching or rectifying circuit [7, 82], or optimization of the resistive loads [83-85]

can be mentioned.

With the advancements in many areas of soft computing and optimization, some
researchers studied the optimization of PEH using EAs. EAs are nature inspired
computer algorithms that are able to find optimal (or close to optimal) solutions
to optimization and search problems [86]. For instance, Mangaiyarkarasi et al. [87]
used multiple Hybrid optimization techniques to obtain optimal geometric design
of a unimorph cantilever beam. Bourisli et al. [88] studied the optimization of the
piezoelectric patch size and placement on a cantilever beam using Genetic Algorithm
(GA) in order to find the maximum modal electromechanical coupling for short-
circuit, as well as open-circuit operating conditions. Farnsworth et al. [89] used
an EA optimization technique to optimize the physical dimension of the harvester

considering the closeness of the obtained natural frequency with the target frequency.

Regardless of the chosen optimization algorithm, actual optimality of the design
parameters in a real-world scenario is directly tied to the accuracy of the power
definition used during the optimization process. It should be noted here that often

times, it is challenging to propose a single power equation that adequately reflects
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the behaviour of a complex dynamic system under different operating conditions. As
will be shown in the upcoming chapters, considering even a simple transient behavior
of charging a storage capacitor can affect the piezoelectric voltage, and consequently
power output of the PEH. One possible solution in such cases is to use a simulation
model of the process as opposed to, for instance, an analytical equation for the
harvested electrical power. In this case, evaluation of the objective function during
optimization occurs by performing a complete system simulation. This area has taken
the name simulation-based optimization !. Simulation-based optimization has been
widely used in many areas of engineering for difficult optimization problems. For a
comprehensive review of methods and applications of simulation-based optimization,

refer to Gosavi [90].

One key challenge to address is the trade-off between how realistic the simulation
model is, and how expensive it is to evaluate the Objective Function (OF) through
the simulation model at each iteration of the optimization process. Most optimization
algorithms require multiple evaluation of the objective function, and therefore an
expensive-to-evaluate OF imposes time and space (i.e. memory) complexities and

a computational burden that might be outside the operating range of day-to-day

computers.

2.5 Summary and Chapter Conclusions

The survey presented in this chapter provided a summary of piezoelectric research
while focusing on energy harvesting applications. Fundamental principles and

constitutive equations of piezoelectricity along with a brief historical remark were

! Also being referred to as optimization via simulation.
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provided. This was mostly due to the interdisciplinary nature of the field and
was included to assist readers not particularly familiar with the topic at hand.
Particular attention was given to mathematical modeling of PEHs. It was found
that the dynamic nature of the electromechanical coupling in piezoelectric materials

complicates the modeling process of PEH.

A summary of available methods to increase the power generation capabilities
of PEH was also presented. The family of synchronous switching methods were
thoroughly investigated. It was also shown that geometric design of the harvester and
the use of interfacing circuits can have a significant impact on the power generation

capabilities of the harvester and should be further studied.

Based on the survey presented in this chapter, a mathematical description of PEH
that combines an accurate continuum mechanical model and the precise electrical
charging process is still missing. Furthermore, the effect of different interfacing
circuits on energy storage should be experimentally investigated. Once accurate
model of the system is obtained, one can, in theory, obtain the optimal design
parameters of the system using computer simulations and appropriate optimization
algorithms. Therefore, in the upcoming chapters, an accurate semi-theoretical model
is proposed in which a continuum mechanical model of the beam, as well as the

transient dynamics of the charging process are included.
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Chapter 3

Iterative Numerical Model for a
PEH

“I never satisfy myself until I can
make a mechanical model of a thing.
If I can make a mechanical model 1
can understand it.”

William Thomson, 1st Baron
Kelvin (a.k.a. Lord Kelvin)

Some of the challenges faced in mathematical modeling of a PEH was discussed
in section 2.2. It was also determined that the electromechanical coupling of the
piezoelectric material, as well as the coupling effect of the external interfacing
and storage circuitry on the operation of the system cannot be neglected in any
accurate representation of the system. Given that an accurate model of the PEH
system is extremely invaluable, both for performance analysis and system design
purposes, this chapter presents the derivation of a novel semi-analytical model
of the piezoelectric energy harvester. This model combines accurate continuum

mechanical model, and the precise transient dynamics of the charging process through
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electrical interfacing circuits, considering the electromechanical coupling effect of
the piezoelectric material. Charging dynamics through two of the commonly used
interfacing circuits are considered. First, the numerical model is derived for a PEH
charging a storage capacitor through a diode bridge rectifier, hereinafter referred to
as the standard interfacing circuit. Second, the model is modified to consider the

charging process through a non-linear synchronous switching circuit.

This chapter is organized as follows. Section 3.1 introduces the mathematical
model and the proposed iterative numerical procedure for a cantilever beam under
harmonic tip excitation. Section 3.2 presents the a numerical solution that considers
the effect of the charging dynamics and electromechanical coupling effect for standard
interfacing circuit. Section 3.3 presents the modifications to the model to consider
the charging dynamics through synchronous switching circuit. Section 3.4 highlights
some of the limitations of the proposed modeling approach, and finally section 3.5

summarizes the chapter.

3.1 Governing Equations of Motion - Thin Beams

Over the years, several beam theories have been developed with different assumptions
and various levels of accuracy. One of the commonly used theories, that is both
computationally simple and reasonably accurate for a thin beam, is the Euler-
Bernoulli beam theory. Although there are simplifying assumptions that can limit
the use of this theory for certain operating conditions (these assumptions are
highlighted in section 3.4 as some of the limitations of the modeling approach
proposed in this chapter), for the general purpose of mechanical modeling of a linear

PEH with cantilever beam, the Euler-Bernoulli beam theory is sufficiently accurate.
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According to the theory, the partial differential equation governing a uniform beam

under lateral forced vibration is as follows.

O?w(z,t)
ot?

Pw(z,t)

Mw(x,t)
Bl oxtot

Ox*

+pA + Ol = f(a, 1) (3.1)

where E is the Young’s modulus, I is the moment of inertia and assuming a uniform
beam with rectangular cross-section I = ﬁl—;b, p is the density of the beam structure, A
denotes the cross-section area, Cy is the equivalent viscoelasticity damping coefficient
(Erturk and Inman [32]), and w(z,t) is the dynamic displacement function that can
be found using the method of separation of variables [91]. Equation (3.1) is the
building block of the proposed numerical model. It requires two initial conditions
and four boundary conditions, as there is a second-order derivative term with respect
to time “t”, and a fourth-order derivative term with respect to location “x”. There
are a number of commonly used boundary conditions, such as free-end, simply
supported (pinned) end and fixed-end, just to name a few. The cantilever beam
studied throughout this thesis is fixed (clamped) at one end, and free at the other

end.

The external excitation function, f(z,t), can also take many different forms. Two
commonly used functions that has also been studied in this thesis are the harmonic
tip excitation in the form of a point-force (fpr(t)), and the relative harmonic

base-motion (fpg(t)), represented mathematically by the following equations:

fpr(t) = Fsin(Q)d(x — L); Point-Force
(3.2)
fe(t) = pAY Q*sin Qt; Base-Excitation
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where z is the location along the length of the beam, F(N) is the amplitude of
excitation and Q(rad/sec) is the excitation frequency. The Dirac-delta function
d describes the point-force applied to the beam at x = L. Y (m) represents the
displacement amplitude of the base [92]. Note that external excitation functions

described in equation (3.2) are only functions of time.

According to the traditional vibration theory of continuum structures [91], the
forced-vibration response of a thin beam can be obtained using the mode superposi-

tion principle, assuming the following form for the deflection function w(z,t):

w(a,t) =Y Wa(2)gn(t) (33)

The subscript n = 1,2, 3, ..., 00 denotes the mode shape number, W, (x) is the nth
mode shape function obtained from the free-vibration response, and g, (t) is referred
to as the generalized coordinate and can be obtained from the Duhamel integral.
Interested reader can refer to [91], chapter 8, for details on the derivation of the

Duhamel integral and solution of equation (3.3).

3.1.1 Theoretical, and Numerical Model of a Partially-Coated

Cantilever Beam

In this section, the forced vibration response of a cantilever beam partially coated
with piezoelectric patches is obtained. Figure 3.1 illustrates the schematic design of
the mechanical system, comprised of a cantilever beam of length L, width b, and

thickness H; the piezoelectric patch is located at a distance of L; from the fixed-end
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of the cantilever beam, with length L, = Ly — L;, width b, and thickness h. For now,

also assume that the beam is under harmonic tip excitation given in equation (3.2).

Figure 3.1: Schematic of the piezoelectric cantilever beam under tip excitation

Note that the beam depicted in Figure 3.1 is partially coated with piezoelectric
patch. Therefore, the stiffness and mass per length is different at the coating region.
As will be explained further in detail in section 3.1.2, the distributed stiffness and
mass per length due to the added piezoelectric patch is incorporated into the model
through an equivalent stiffness (£1’) and mass per length (m'), leading to the
following governing equation for the piezoelectric-coated section.

,0Mw(z,t) ,0%w(z,t)

where the added piezoelectric mass and stiffness are taken into account through the
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equivalent mass, m/, and the equivalent stiffness (FI’), which can be calculated as:

m' = pHb+ p'hb
(3.5)
+ E

p

(H-h? (H+h)3>b

24 24 <<H_h) +(H+h> )b

(EU:E( 24 24

where E, is the modulus of elasticity of the piezoelectric.

To further simplify the calculation of the displacement function w(x,t), the beam
in Figure 3.1 is divided into three sections: a piezoelectric-coated section in the
middle (L; < z < L), and two non-coated sections (0 < x < Ly & Ly <z < L).
Using the Euler-Bernoulli beam theory, the governing equations for piezo-coated

and non-coated sections can be expressed as:

W1
Bl dw; b AT =0 (0<z <L) (3.6)
€T
W2
(EIY dvz P2 =0 (I <3< L) (3.7)
s
W3
E[d4 + pAW2W3 =0 (Ly <z <L) (3.8)
X

where w,, is the nth natural frequency and W1, W2, W3 are the mode shapes of
the three beam sections corresponding to the non-coated regions (1 and 3), and
piezoelectric coated region (2). In this context, W can be re-defined as the mode

shape of the entire beam which is obtained by joining the mode shapes of the three
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beam sections, W = W1+ W2+ W3.

Lm{#otmogxgh

=0 otherwise

for In <z < L
m&{fo or =TS b (3.9)

= (0 otherwise

WB{%O for Ly <ax <L

otherwise

Under the assumption that the solution of the mode shape function has the form
W(x) = Ce**, with C' and s constants as described in [91], the free-vibration solution

for different beam sections is obtained:

W1(z) = Cy cos fx 4+ Cysin Sz + C3 cosh fx + Cysinh fxr (0 <z < Ly),
W2(x) = Cscos 'z + Cgsin f'x + Crcosh B'x + Cgsinh 'z (L < 2 < L),

W3(z) = Cycos fx 4+ Cygsin Bz + Cyy cosh Bz + Crasinh fx (Ly <z < L)

(3.10)

in which 8 = {/(pAw?2)/(EI), B’ = /(m'w?)/(EI) and C, are constants that are
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obtained from the following boundary conditions:

dW1
Wil=0 =0: =0
’ dx ’ (x=0)
dW1 dW2 d*W1 dPW?2
1=W2 = El—— = (EIY
W w2, dx de ’ dz? (ET) dz?
WL gy V2 (¢ = L)
dxd dz3 '’ -
dWw2  dW3 d*W3 d>W?2
— - EI—— = (EI)
W2 =Wws, dx de '’ dx? (ET) dx?
prW _ gy W2, oL
dx3 dx3 "’ -
d2W a3
S W3 _ o =1

dz?2 da3

(3.11)

The boundary conditions of equation (3.11) are based on the observation that both

the deflection, and the slope (2%), are zero at the fixed-end (z = 0) of the structure

and, the bending moment and the shear force are zero at the free-end (x = L). The

cantilever beam boundary conditions used as the case study in this thesis does not

limit the applicability of the proposed model. Other structures can also be modeled

with the proposed method by easily changing the boundary conditions of equation

(3.11). Another important observation is that the bending moment induced by the

piezoelectric patch (due to the converse piezoelectric effect described in section 2.1)

is included in the boundary and continuity condition through the M, term. This

bending moment is related to the voltage across the piezoelectric material along its
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poling direction (V},), by the following equation.

vta) h )2 (3.12)

Me—(<

where d3; is the piezoelectric charge coefficient, ¢ = (EH)/(E,h), and o = 6. The

generated electric charge Q, and the corresponding voltage V,, are further calculated

as:

~ Ly H 4 h d*w(z,t)
Q= —ex /Ll (=) —z = (3.13)
631<H + h) dWQ n(a:) dW2 n(l‘)
- _ : — ’ 14
V() 20" < dr  le=L dz x:L1> (3:.14)

where Wy, () is the nth mode shape of the beam section coated with piezoelectric
material. Furthermore, e3; is the piezoelectric constant and C) is the capacity-per-

unit-width of the piezoelectric patch.

As mentioned earlier in chapter 2, in many practical applications the generated
electrical energy of piezoelectric harvesters need to be stored in a capacitor and/or
a battery, before it could be effectively utilized. It was observed from the above
equations that the generated voltage on piezoelectric patch affects the mechanical

vibration response of the host beam (in the form of a bending moment exerted to

the beam) due to the converse electromechanical coupling effect. Additionally, Q
and V,, are functions of the vibration motion of the structure. Therefore, any voltage

processing, for instance, through the interfacing and storage circuit, will have an
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affect on the vibration pattern of the system. The change in the vibration pattern
will in turn affect the electrical power generation of the harvester. As a result of
this electromechanical coupling phenomenon caused by the external interfacing and
storage circuit, conventional model using Duhamel integration does not lead to
an accurate vibration response of the beam coated with piezoelectric patch, if one
wants to accurately consider the effect of external electrical circuitry. Consequently,
following iterative method is used to solve the forced vibration response for the

cantilever beam depicted in Figure 3.1.

3.1.2 Forced Vibration Response Through Iterative Method

Considering the eletromechanical coupling effect, which is induced by pizoelectricity
charging external capacitor, following iterative process is applied to solve the forced
vibration response and the charging process. The total calculation time, T, is divided
into small discrete time segments, ¢;, where the subscript ¢ donates the iteration
number and At = ¢, —t; is the period of calculation. At should be relatively small
in order to gurantee the convergence of the model. Interested reader can refer to
[93] for more details on the convergence study. For the first iteration step (i = 1),
assuming that the beam is initially at rest, the deflection function w(z,t)|=o and

Ow(x,t)

the corresponding velocity —;

are equal to zero. The vibration response of
=0

the first iteration time step (0 <t < ¢;)

can, therefore, be obtained using the
i=1
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Duhamel integral:

1
pABuwy

wi(x,t) = Z W (2)qni(t) = Z W, (x) /0 i Q (1) expSn =) sin wy(r)dr,
n=1 n=1

L

QH(T) = f(x,t)Wn(x)dx,

0

(3.15)

where ( is the damping ratio and f(x,t) is the external excitation explained in
section 3.1. Note that the free-vibration response part of the Duhamel integral
solution can be removed from equation (3.15) for the first iteration step due to the

zero initial condition assumption explained above.

The dynamic displacement solution of the first iteration step can further be used

to calculate the initial condition for the subsequent time steps. For instance, for the

second iteration, (t;_; <t <t;) one gets:
i=2
Wi free(T, 1) = Z W, (x) exp@r ) A, coswgt + By, sinwgt (3.16)
n=1

Note that the constants A, and B, can be found from the generalized coordinate
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solution (g, ;(t)| ) of the previous iteration in equation (3.15).

=1

qnt, (t) = A, coswgt + By, sinwgt,

3.17
d gy, (t) d expr® A, coswyt + By, sinwgt (3.17)
dt dt
Thus, the total vibration response for the second iteration (t;_; <t <t;) can
i=2

be obtained by augmenting equation (3.15) with the free-vibration response equation

(3.16):

= Z W(x) [exp_cw"t A, coswgt + B, sinwgt (3.18)
n=1

1
* pABuw,

t;
/ Qn (1) exp“ =) sin wy(1)dr
ti—1
Constants A,, and B,, for i = 2 are obtained from equation (3.17) as:

dgn,i—1(t)

B, = dt exptrt cos wat + Gni—1(t) exp®ert sin wyt

wa sin? wgt + cos? wgt

(3.19)
_ QTL,i—l engwn’t _Bn Sinwdt

Ay

COs wyt

A similar concept can be applied to find the total vibration response for the period

0<t<T.
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3.2 Charging Process Through Standard Interfac-

ing Circuit

In the numerical model described above, the exact vibration solution of the beam
under harmonic excitation was derived. Nonetheless, in many practical applications
a storage apparatus is also included in the system architecture. When a capacitor
is used as the storage buffer, the coupling effect of the capacitive load on the PEH
should be incorporated into the model. In this section, an iterative procedure is
proposed to accurately model the charging and non-charging bi-linear phenomenon
of an external capacitor during vibration of the piezoelectric harvester, and the
coupling effect of the charging process on the generated charge of the piezoelectric

patch, which does affect the mechanical response as well.

Figure 3.2 illustrates a simplified rectification and storage circuit, comprised of
four Schottky diodes, a toggle switch, and a storage capacitor donated as C. Similar
to the iteration process explained earlier, the total calculation time is divided into

many small discrete time segments t;.

If the toggle switch is initially closed with zero charge on the external capacitor,
there will be a current flow from the source (piezoelectric patch) to the external
capacitor. Electric charge flowing away from the piezoelectric material will result in
a voltage drop on the patch. Therefore, one can assume that the total generated
charge obtained through equation (3.13) due to the mechanical deformation of the

beam is distributed in the circuit, as soon as the switch connecting the storage
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Diode Bridge switch

Piezoelectric Patch

—

Figure 3.2: Schematic of the standard interfacing circuit with storage capacitor.

circuit to the harvester is closed at ¢;—;.

Qi = ‘Qp,i| + Q;,z
(3.20)
Qs,i = Qs,i—l + Q;,z

where Qi is the total generated charge on the piezoelectric patch at the i iteration;
|Qp.i| and Q; are the charge on the piezoelectric material, and the newly added
charge to the external capacitor during the period ¢; ~ t;11, respectively; (), is the
accumulated charge on the external capacitor from the beginning of the charging
process up until ¢ = ¢;. Note that the absolute value of |@Q, ;| is used to represent the
rectification of the diode bridge circuit. From this point onward and for simplicity
of notations, @,; denotes |Q),;|. Before proceeding to the modeling of the charging
process, one should note that the voltage drop of the diode bridge circuit illustrated
in Figure 3.2 must be taken into consideration for any accurate modeling of the
piezoelectric energy harvesting process. Although the voltage drop is relatively small

(for a generic Schottky diode the drop is approximately < 0.3) it will affect the
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charging process since the total generated charge and voltage of the piezoelectric

energy harvester during vibration can also be small.

Assuming that the load resistance is infinite and the external capacitor Cj is
initially discharged, the following relationship exists between the voltage across the

external capacitor Vi, (t) and the piezoelectric patch V4, (t):

V()| = et = e

VTO?
W=7, T, T

(3.21)

Qp,i _ Qs,i—l + le,z + OS‘/dTOP - Qp,i _ Qs,ifl + (Ql - Qp,i)csvdrop
C, C, C, C,

Note that @), ;(t) and V;,(t) are the the total generated charge and voltage due to
mechanical deformation at time ¢;, and Vj,,, is the voltage drop on the diode bridge
circuit. C, is the total capacitance of the piezoelectric patch and is obtained from

01/1 (Cp = (01/) pr)/(b h))

The accurate voltage drop of the bridge circuit subjected to different voltages was
obtained experimentally and was used in the model. The rationale behind using
the experimentally obtained input/output voltage curve instead of the conventional
I-V characteristic curve is that in a non-ideal diode, a small amount of current
always passes through the diode even for voltages below the forward voltage drop.
Figure 3.3 shows the diode voltage input/output curve obtained from the experiment.
A second-order polynomial regression is performed to obtain the relationship between
the independent variable (i.e., bridge input voltage) and the dependent variable (i.e.,

bridge output voltage). Thus, an accurate Vg, can be obtained in each iteration.
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Figure 3.3: Experimental input/output voltage curve of the Schottky diode bridge

Straightforward mathematical manipulation of equation (3.20) and equation (3.21)
leads to the following equations, which could be used to obtain the accurate charge

on the piezoelectric material and the external capacitor during the charging process:

— CP(QS,ifl + Ql) + CS‘/;lrop
Gt G, :

Qp,i
(3.22)

_ r Qics - Cp(Qs,ifl + Cs‘/drop)
Qs,z - Qs,z—l + QS’Z‘ — Qs,l_l + CS —I— Cp

Finally, voltages V,,; and V;; are calculated from equation (3.22) as follows:

Qpi Qsi
Voi = —+, Vii=— 3.23
p, Cp ) Cs ( )

So far, the charging process of the external capacitor is described. It should

however be noted that an ideal diode bridge circuit will block current flowing from
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the storage capacitor back to the piezoelectric material. Therefore, the bridge
circuit acts similar to a logic switch that only allows current to pass in one direction
towards the storage capacitor. This leads to the bi-linear phenomenon of the
electromechanical coupling effect and is the main reason behind using an iterative
method. If V,,; < Vj;, diode bridge does not conduct. In the non-charging state,
assuming that the capacitor retains all its previously stored charge, Qs; = Qsi-1,
which leads to the voltage on the external capacitor remaining constant during
non-charging state (i.e. Vi; = V,_1). However, the voltage on the piezoelectric
patch during non-charging depends on whether the previous iteration (i — 1) was
a charging state or not. The following equations describe the non-charging state
voltage on the piezoelectric patch:

Qs for ¢+ — 1 : non-charging
Qpi = { (3.24)

Qpi—1 fori—1: charging

Furthermore, due to the electromechanical coupling, the generated electrical charge
on the piezoelectric material induces a bending moment (M.) at the two tips of the
piezoelectric patch. As mentioned earlier in section 3.1.1, this bending moment can
be calculated from the potential difference on the piezoelectric patch using equation
(3.12). Although the intensity of the electromechanical coupling varies in different
systems and depends on a variety of factors (e.g. the relative size of the piezoelectric
patch and the host structure), the effect of this coupling phenomenon on the overall
mechanical vibration response should be considered for an accurate modeling of the

piezoelectric energy harvesting system.

Since the modeling scheme proposed in this chapter is based on an iterative
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process, the bending moment induced by the exact voltage on the patch during
charging of an external capacitor or battery can be incorporated into the model.
Using the governing differential equation of an elastic curve, one can separately
calculate the deflection of the beam induced by M, at x = L, and © = Ly and then

use the principle of superposition to obtain the deflection caused by M..

Mi,e(Ll)(E
2E1

—M; o (Lo)x

Wim.(z) = Yol

+u(x—Lq)[0(Ly)x]+ +u(x—Lo)[0(L2)x] (3.25)
where u(x — L,) represents the Heaviside step function and 6 is the angle between
the tangent line and the deflection curve at L; and Ls. In other words, the dynamic
response of the beam due to the external harmonic excitation is obtained (the first
three vibration modes were considered), then the backward coupling moment is
calculated from the remaining voltage on the piezoelectric patch, and finally, through
the superposition principle, the total response is obtained. The simplified flowchart

depicted in Figure 3.4 demonstrates the numerical calculation process described in

this sub section.
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Figure 3.4: Flowchart of the numerical iteration process for calculating the total dynamic response
of the PEH.

3.3 Charging Process Through Non-linear Inter-

facing Circuit

Although efficiency enhancement through non-linear processing of piezoelectric volt-
age is a well-established research area, accurate modeling of the transient dynamics
during charging process has not been fully addressed; particularly, when self-powered

operation is intended. As will be explained in this section, the self-powered switching
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circuitry has an impact on the charging curve and should be considered in the model.
Here, the numerical modeling approach presented in section 3.1.2 is augmented
to include the effect of the self-powered switching circuit, as well as the transient
charging dynamics of storage capacitor. Before proceeding with the description of
the model, the operation of the PEH with non-linear processing of voltage is briefly
described. For a more detailed description, the reader is encouraged to refer to the

original paper by Guyomar [6].

3.3.1 Basics of the Non-linear Processing of Piezoelectric

Voltage

Figure 3.5 shows the simplified diagram of PEH connected in parallel with the
inductor Lgsyy, through an electrically operated switch Sssgr. For ease of analysis,
assume that the piezoelectric patch is a pure capacitor with capacitance C),, and that
the motion of the beam is harmonic. Under these assumptions, the generated voltage
on the piezoelectric material is in phase with the displacement of the structure shown
in Figure 3.5 (b). Therefore, displacement extremum of the mechanical structure
corresponds to maximum voltage on the piezoelectric patch. For instance, when
the beam is at its maximum upward position (point of zero velocity), piezoelectric
patch is positively charged with respect to the beam which is negatively charged

(assuming that the direction of polarization is positive towards the positive z-axis).

The electrical switch Sggg; is almost always open, which means that Lggsy; is
disconnected from the circuit. If however, Sggy; is closed for a relatively short
period of time when displacement extremum occurs (t; = teyt). Lgsmr and C, will be

placed in parallel, forming an LC' resonant circuit. The LC' circuit starts oscillating
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Figure 3.5: (a) conceptual PEH with parallel-SSHI interfacing circuit, (b) waveforms depicting
beam displacement (w), velocity (w) and piezoelectric patch voltage (Vssrr).

with frequency fsspr = 1/(2m+/Lssur C)) due to resonance. At resonance, the

reactance of the inductor and capacitor will cancel each other out, leading to an
artificially boosted voltage on the piezoelectric patch. According to the original
theory, the switch should remain closed for approximately half the period of electrical
oscillation (&; = Wm) and then re-opened again for the system to resume
normal operation. It is also important that the fggy; >>> Q so that the switching

occurs almost instantaneously (0; <<< At).

As a result of this quasi-instantaneous procedure, charge polarities on the piezo-
electric patch is reversed, and newly generated charge is added to the existing charge
on the patch when the beam starts moving towards the opposite extremum [6]. This
voltage inversion process is included in the numerical model and the total available

charge and voltage on the piezoelectric patch obtained from equation (3.13) and

equation (3.14), are replaced with Qssnr and Vigrr, when the SSHI circuit is being
studied. Due to the voltage inversion process at the displacement extremum, new

voltage and charge on the piezoelectric patch considering the SSHI interfacing circuit
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can be obtained as follows.

VSSHI(te;tt) - _VSSHI(te:vt) 657; (326)

QSSHI(text) = Vesui(test) Cp (3.27)

where A is the so-called inversion quality factor. Basically, the inversion process
causes dissipation of some of the energy stored on the piezoelectric patch [6]. A is a
very important factor that directly affects the harvested power. As will be explained
in the following chapter, the proposed model enables the analysis of the effect that

A has on the overall harvested power efficiency.

At first glance, it appears that implementation of synchronous switching only
requires two additional components: the electrical switch Sggy; and the inductor
Lssy. However, proper operation of the switch and the detection of correct opening
and closing times require additional circuitry, especially, when self-powered operation
is intended. The electronic breaker depicted in Figure 3.6 is used to implement
the electrcil switch (Sgsmr). A comprehensive analysis of the electronic breaker is
available in the literature (e.g. [15, 58, 70, 73]) and therefore is not addressed here,
however, a brief overview of different components of the circuit is provided to help

the reader better follow the numerical modeling proposed in this thesis.
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Figure 3.6: SSHI circuit with electronic breaker

3.3.2 Synchronous Switching Technique Through Electronic

Breaker

Consider the positive breaker depicted in Figure 3.6. The circuit is comprised of
three main segments: an envelope detector, a comparator, and, an electric switch.
The effect of individual components in the circuit on the overall conversion efficiency
is outside the scope of this work and is fully addressed by Liu [15] along with
guidelines on component selection. This thesis is mainly concerned with the effect
of the self-powered SSHI circuit on the charging dynamics and efficiency from the

standpoint of energy harvesting and storage.

Looking at Figure 3.6, it is instantly clear that the circuit is more complicated

than the simplified circuit shown in Figure 3.5 which was mainly representative of
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the idea of synchronous switching. One major difference that has an impact on the
transient charging dynamics of the storage device, which is one of the main subjects
of this thesis, is that the envelope detector stays connected to the piezoelectric
patch at all times during the operation of the system. Therefore, part of the charge
generated on the piezoelectric patch will flow towards the envelope detector in order
to charge C; (or Cy in case of the negative breaker). As such, the envelope detector
RC circuit will have an effect on the voltage in the form of a phase lag [15], which
together with A\ are perhaps the two most important parameters to be considered
in the circuit. The phase lag is in fact the delay of the switching action relative to
the exact position of the voltage extremum [15]. Other elements in the electronic
breaker circuit, such as the transistors in the comparator (Q1 and 2) and the
switch (@3 and @Q4) also contribute to the loss of power and switching delay which
were not included in the proposed modeling scheme. However, it is worth noting that
according to one comprehensive study of the switching time delay in self-powered
parallel-SSHI circuits by Chen. et al. [78], the primary sources of the switching
delay were found to be the resistors and capacitors in the envelope detector and the
inductor due to the very short period of the switch circuit being included. One can
refer to the original paper by Chen. et al. [78] for a more detailed discussion on

switching delay in SSHI circuits.

In the current proposed model, switching time delay ¢ was considered as a number
of the small time step length to simulate the phase lag in the following manner.
When the peak value of the voltage is detected at time t.,;, the voltage inversion
is delayed by ¢ x At. Exact value of ¢ was measured experimentally. Therefore,

when using the electronic breaker circuit, the inversion of voltage on the piezoelectric
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patch occurs after the voltage extremum. As a result, equation (3.26) and equation

(3.27) are modified accordingly:

VSSHI(te:vt + (90 At)) - _VSSHI(te:vt + (90 At)) 6% (328)

QSSHI(tezt + (p At)) = Vagui(tesr + (@ At)) C, (3.29)

It should also be mentioned that both these parameters are considered as part of

the parametric studies performed in the following chapter.

3.3.3 Modification to the Mechanical Model to Include Parallel-
SSHI Circuit

To consider the charging dynamics of the external capacitor Cy, once again consider
the schematic shown in Figure 3.1. Total simulation time T, is discretized into small
time segments t;. Assume that the external capacitor is completely discharged. As
soon as the output of the parallel-SSHI circuit is connected to the capacitive load
Cs, electric current will flow towards the storage capacitor. This reduction of electric
charge results in a voltage drop on the piezoelectric patch (this phenomenon was
observed during experimentation and will be explained in details in chapter 4). The
electric charge distribution for the small time period t; during charging process can

be described mathematically as:

QSSHI,i = |@p,i| + Q;,i
(3.30)

Qsi = Qsi1+ Q;Z
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where QSSHU is the available electric charge on the piezoelectric patch at the 7
iteration when connected to the SSHI circuit; |Q,;| and Q,; are the charge on the
piezoelectric material, and the charge delivered to the capacitive load over the period
t; ~ tit11, respectively; Q) ; is the cumulative electric charge on the capacitor from
the beginning of the charging process up until ¢ = ¢;. Once again, for the purpose
of notational convenience, @,,; denotes |(Q),;| in order to represent the rectification

through diode bridge.

The relationship between piezoelectric voltage V)4, (t) and external capacitor

voltage V5, (t) can be described as:

o Qp,i o Qs,i

(T
Vi(®) i=1 Cp Cy

+ Vdropa

Qp,i _ Qsi1+ Qi + CsVarop N Qp,i _ Qs,i—1+ (QSSHI,i — Qi) CsViarop
C, C, C, Cs

(3.31)

Note that similar notations are used for @), ;(¢) and V;,(¢) (total generated charge
and voltage due to mechanical deformation at time ¢;) and also the voltage drop on
the diode rectifier Vy,.0p. Equation (3.31) indicates that once the external storage
circuit is connected to the piezoelectric patch, the total available charge on the patch
is no longer just a function of the mechanical deformation; Instead, it depends on

the charging/not-charging state of the system in the previous time step.

In other words, the electrical coupling that exists between the piezoelectric device
and the storage circuit dictates that the available amount of charge split between

the piezoelectric patch, and the external capacitor. If V,,; < V;;, the diode bridge
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blocks the current flow from the piezoelectric patch to the external capacitor and the
system will operate at non-charging state. During the non-charging state and under
the assumption that the C retains all its previously stored charge, Qs; = (51, the
voltage on the external capacitor remains constant (i.e. Vi; = V;,_1). However, the
available voltage on the piezoelectric patch depends on the charging/non-charging
state of the previous time step (i — 1). Similar to equation (3.24), the voltage on
the piezoelectric patch during a non-charging state can be obtained as follows:

QSSHIJ for ¢ — 1 : non-charging
Qpi = { (3.32)

Qpi—1  fori—1: charging

Further mathematical manipulation on equation (3.30) and equation (3.31) is
required to calculate the exact charge on the external capacitor and the piezoelectric
material, as well as the rate of charge of the external capacitor. During experimenta-
tion, it was observed that the charging time of the external capacitor was increased
when the SSHI circuit was connected to the piezoelectric patch. The main reason

behind this delay in charging is explained next.

Since all electronic components exhibit certain level of resistance towards current
flow, the electronic breaker circuit forms an Resistor-Inductor-Capacitor (RLC)
oscillation loop with the piezoelectric patch. The total resistance of the RLC loop in
the breaker circuit is a combination of the on-resistance of the analog switches, DC
resistance of the inductor and all parasitic resistances in the circuit. Determination
of the exact value of the RLC loop resistance experimentally is challenging, however,
an investigation into the literature reveals a reported value of 20 ohms to 70 ohms

for the combined resistance of the RLC loop (e.g. [94]).
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Furthermore, the voltage drop that was observed after the capacitive load was
first connected to the piezoelectric patch, and the fact that the generated current
of the PEH is very small (in the order of a few microamps) result in a large series
resistance of the two active diodes in the bridge circuit during each half-cycle of
operation. A comparison of different modeling approach for series resistance for
Schottkey diodes is available in [95]. Basically, two diodes of the bridge circuit are
operating in the non-linear range of the corresponding I-V curve. Consequently,

large variations in the diode input voltage (AV') and very small variations in the

diode current (AI), leads to high series resistance (%% = R;) initially after the
charging circuit is triggered. Once the voltage on the piezoelectric patch is restored,

this series resistance is reduced until it becomes negligible.

In an effort to include the approximate effect of the mentioned resistances on the
charging rate of the capacitor (Y, the numerical model considers an equivalent series
resistance R 5. Because of the non-linearities in the analog switches and diodes,
the value of Rg..es is approximated as a bi-linear function of the voltage on the
piezoelectric patch:

R = {40 ohms for V,; < 4v (3.33)

25 ohms for V,; > 4v

In reality however, this series resistance is non-linear. An electric charge source

with the value corresponding to @) ; is considered to be connected in series with

Rgyeries and C. The precise amount of the electrical charges on the piezoelectric

patch and Cy during the charging process with SSHI interfacing circuit and electronic
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breaker can therefore be calculated as:

—t

Qsi = Qsi—1 + Q) (1 — eFocries® )]

3 (3.34)
QSSHI iCs - Cp(Qs i-1 1 OS‘/;lrop) —At/(RseriesCs)
= S ? > ]_ _ seriesUs
Qoimt C,+C, L —e )
C S,i— Q i Csv 0!
Qp,i _ p(Q i—1 + QSSHI, ) + drop (335)

Cs+ G, ’

Finally, voltages V,,; and V;, are obtained from equation (3.35) and equation

(3.34), respectively, as follows:

Voa =22, Vy=2" (3.36)

Once the accurate charge on the piezoelectric material for each iteration step
during charging is obtained, the dynamic piezoelectric bending moment M, of
equation (3.12) at the two tips of the piezoelectric patch can be calculated. This
represents the electromechanical coupling effect of the electrical-domain, on the
mechanical-domain model. Once again, it is noted that many factors influence the
intensity of the electromechanical coupling, nonetheless, an accurate model of the
piezoelectric energy harvester should adequately capture the effect of this coupling

phenomenon.
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3.4 Limitations of the Proposed Numerical Model

Mathematical models are approximations of the physical phenomenon they intend to

describe. Therefore, all models have inherent limitations and are only valid under a

predefined sets of assumptions. The proposed iterative modeling approach described

in this chapter is no exception. The model, in its current form, has the following

sets of assumptions and limitations:

1.

11.

1il.

1v.

The two primary Euler-Bernoulli assumptions:

e During deformation, the cross-section of the beam remains planar and

normal to the deformation;

e Deformation angle is small and the beam cross-section does not severely

bend as the result of the external loading.

The iteration time step (At) is assumed to be small enough so that the
variations of the charge distribution between the piezoelectric patch and the

external circuit can be considered linear.

The external capacitor Cy is assumed to be completely discharged at the
beginning of the charging process, and that the capacitor can store all the

delivered electrical charge without self-discharging.

Envelope capacitors of the electronic breaker circuit are small enough and will

be instantaneously charged at each time step.

. Assumptions involving diodes and transistors in the comparator and the

switch of the electronic breaker circuit, more precisely, the voltage drop and
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losses due to transistors and diodes in the self-powered implementation of the

parallel-SSHI circuit were not explicitly included in the proposed model.

3.5 Summary and Chapter Conclusions

This chapter presented a semi-analytical model of piezoelectric-based energy har-
vesting system. The proposed iterative method was based on the Euler-Bernoulli
beam theory. The mechanical model considering multiple beam modes during its
vibration was augmented and coupled with a numerical procedure that took into
consideration the effect of conditioning (rectification circuit) and storage (charging
process of an external capacitor) circuitry. The physical process of charging of the
external capacitor by a PEH considering electrical-mechanical coupling effect was
explained adequately through an iteration process. The numerical model facilitates
the inclusion of charging dynamics of a capacitive load in PEH equipped with SSHI

interfacing circuit into the model.
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Chapter 4

Experimental Evaluation and

Parametric Study

“Nothing is too wonderful to be
true, if it be consistent with the laws
of nature; and in such things as
these, experiment is the best test of
such consistency.”

Laboratory journal entry 10,040
(19 March 1849) - Michael Faraday

This chapter presents a comprehensive evaluation of the semi-theoretical model
proposed in chapter 3. Several experimental tests, as well as a series of carefully
designed parametric studies are performed. The main objective of this chapter is to
assess the efficacy and accuracy of the proposed model in predicting the charging
dynamics in a PEH. Multiple experimental tests are performed for both standard
and parallel-SSHI interfacing circuits. The developed experimental test setup also
allows careful analysis and behavioral study of a typical PEH during transient phase

of charging a storage capacitor.
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The organization of this chapter is as follows. Section 4.1 presents the development
of the experimental test setup. Different sensors and components used during
experimentation are disclosed. Section 4.2 provides a thorough discussion around
the results of multiple experimental tests. The focus is on the transient operation of
the PEH during the charging process, and finally, section 4.3 presents the results of
the parametric studies using the developed numerical model of chapter 3. Summary

and chapter conclusions are highlighted in section 4.4.

4.1 Developed Experimental Test Setup

An overview of the developed experimental test setup is depicted in Figure 4.1. This
setup is comprised of the following main elements: an aluminum cantilever beam
coated with a piezoelectric patch, a signal generator and data acquisition unit, an

interfacing and storage circuitry, and finally, a vibration shaker.

The cantilever aluminium beam is partially coated with piezoelectric patches in a
unimorph configuration. The piezoelectric patches are glued to the host beam, and
are perfectly bonded using an industry standard adhesive (3M Scotch-Weld Epoxy
DP420 [96]). Physical and material properties of the host beam, piezoelectric patch

and the conditioning circuitry are tabulated in Table 4.1.

The data acquisition system is a four-channel Siemens LMS SCADAS mobile
integrated with LMS Test.Lab [97]. An oscilloscope (DSO06014A manufactured by
Agile Technologies [98]) provides real-time monitoring of the charging process. A
vibration shaker is connected to the beam tip to provide harmonic excitation of

the piezoelectric-coated aluminium beam. The sensors used to capture the motion
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Piezoelectric Patch

Accelerometer

Force sensor

Figure 4.1: Overview of the experimental test setup.

Table 4.1: Physical and geometrical properties of the cantilever beam and the
piezoelectric patch.

Parameter Host beam Patch
Length (m) L=05 L, =0.0325
Ly (m) — 0.1277
Ly (m) — Ly + L, = 0.1602
Thickness (m) H = 0.0027 h = 0.0009
Width (m) b=0.01905 b= 0.01905
Young’s modulus(N/m?) E =6.9¢10 E, = 6.3¢10
Density (Kg/m?) p = 2800 pp = 7600
Piezoelectric constant — e3l = —12.5
Piezoelectric charge coefficient — d31 = —1.75¢710
Capacitance(F) — C! =5.5311e™?

Excitation freq. (Hz) = 50 — —
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Table 4.2: Standard interfacing circuit components.

Parameter Value
C, 10e=°
Rectifying Diode SD101A
Toggle Switch ~ EG2447-ND

Piezoelectric Patch

Accelerometer

Force sensor

Figure 4.2: Top-view of the accelerometer, force sensor, and the piezoelectric patch used during
experimentation.

of the beam, and the amplitude of the harmonic excitation signal, as well as the
top-view of the piezoelectric patch used during experimentation are illustrated in
Figure 4.2. The accelerometer is a miniature shear ICP sensor (352A21) designed
by PCB Piezotronics [99]. The ICP sensor is also glued next to the piezoelectric

patch, as was shown in Figure 4.1.

As mentioned before, two different interfacing circuits are considered during
experimentation and simulation studies. Figure 4.3 (a) shows the standard interfacing
circuit comprised of a diode bridge circuit, a manual toggle switch, and a 10 uF

storage capacitor. The diodes in the bridge circuit are Schottky-type diodes (1/N5817
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IMS 9[330],

Inductor

(b)

Figure 4.3: (a) Standard interfacing/storage circuit with diode bridge rectifier, 10uF storage
capacitor and a toggle switch, (b) self-powered parallel SSHI interfacing circuit.

manufactured by Diodes Incorporated [100]). The main advantage of Schottky
diodes over regular p-n junction diodes is the low forward voltage drop, which is a
favorable characteristic for applications involving low voltage/current levels. The

manual toggle switch was used to control the start of the charging process.

Figure 4.3 (b) illustrates the self-powered parallel SSHI circuit developed based

on the electronic breaker circuit described in section 3.3.1. Values for different

components in the SSHI circuit are chosen according to the guidelines available
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Table 4.3: Electronic components used in the parallel-SSHI circuit.

Component Value
R1 = R2 8 MQ
R3 = R4 700 KQ
Cl=0C2 330 pF

D1-6 1N4004
Q1,Q4 2N 3906
Q2,Q3 MPSA06

L 50 mH
A 2.5
10) 0.005

in the literature (e.g. [15]). Extra attention is given to components used in the
envelope detector (specifically, resistors R1-R2, and capacitors C1-C2). Final selected

components are tabulated in Table 4.3.

Prior to the validation of the charging process, the validity of the mechanical
model is assessed by comparing the natural frequencies and acceleration of the beam
under harmonic tip excitation. The first two natural frequencies of the beam were
obtained experimentally from an impact hammer modal test. The acceleration data
was captured by the ICP accelerometer that was shown in Figure 4.2. A hammer
with a load cell attached to its tip is used to apply an impact force to the beam
in order to replicate an impulse-like function. The magnitude of the input signal
is measured experimentally and is ~ 0.312 N. Two peaks at frequencies 9.25 Hz
and 55.00 Hz with amplitudes 1.597 m/s? and 5.064 m/s* are respectively observed,
corresponding to the first two natural frequencies of the beam. This is shown in
Figure 4.4. As can be seen in the figure, during this test, the second harmonic was
excited more than the first harmonic as the second acceleration peak was higher than

the peak corresponding to the first natural frequency. This was in fact due to the
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Figure 4.4: First two natural frequencies of the beam from experiment.

positioning of the hammer during the impact hammer test. Numerical simulations
based on Euler-Bernoulli assumptions resulted in frequencies of 9.125 Hz and 55.63

Hz that are conforming to the experimental results.

The top plot of Figure 4.5 illustrates the excitation signal of amplitude of around
10 N, and frequency 50 Hz, while the bottom plot shows the acceleration of the
beam at x &~ Ly. It should be further explained that with only a few exceptions,
the majority of the experiments and simulations presented in this thesis consider
the excitation frequencies between the first, and the second natural frequency of
the beam (while being closer to the second natural frequency). The main rationale
behind experimenting around the second resonance frequency of 55 Hz is to showcase
the ability of the proposed distributed model with truncated modes in predicting
the behavior of the system operating in the proximity of the higher vibration modes.
As previously mentioned, SDOF models generally fail to predict system’s behavior

operating at higher vibration modes where multiple mode shapes determine the
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movement of the structure. The model described in chapter 3 is based on the
continuous model of the beam and can therefore simulate higher vibration modes
(2nd, 3rd, etc.) which leads to a more accurate continuum mechanical model of the
cantilever beam. Furthermore, frequencies exciting higher vibration modes result in
more significant curvature distribution for similar displacement amplitude and as

such, higher electrical output power can be harvested.

The second reason behind using higher excitation frequencies closer to the second
vibration mode has to do with the limitations of the experimental test setup. It was
observed that in the proximity of the first resonance frequency (=~ 9 Hz), due to
the large displacement of the beam tip, the vibration shaker may hit its maximum
displacement stroke (£2.5 cm) and therefore the voltage on the piezoelectric patch
may not be purely sinusoidal. In the event of a non- sinusoidal beam movement,
the SSHI circuit’s peak detector would fail to detect the peak voltage properly.
Similarly, due to the same limitation (i.e. the shaker’s maximum displacement
stroke) movements of the beam may enter nonlinear regions which may further

violate the linearity assumption of the Euler-Bernoulli beam theory.

The force sensor used to measure the magnitude of the excitation signal is a
multi-purpose ICP sensor manufactured by PCB Piezotronics [99]. As can be seen in
Figure 4.5, the vibration acceleration amplitude obtained from simulation matches

well with the experimental results.
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Figure 4.5: (Top) Harmonic tip excitation of the cantilever beam measured experimentally and,
(bottom) comparison between simulation and experimental beam accelerations at z ~ L.

4.2 Results of the Experimental Studies

4.2.1 Standard Interfacing Circuit

The schematic of the experimental test setup with standard interfacing circuit is
depicted in Figure 4.6. This is the simplest form of interfacing circuit in which the
generated AC voltage is rectified through the diode bridge. The charging process
initiates as soon as the toggle switch is closed, and the storage capacitor C begins

to accumulate the electric charge generated by the piezoelectric patch.

A comparison between the iterative numerical simulation and the experiment for
the external capacitor charging curve is shown in Figure 4.7. Three different curves
illustrate different charging curves resulting from various steady-state peak voltages
across the piezoelectric material with different excitation amplitudes. Note that the

only variable was the excitation amplitude and other parameters such as C; and
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Figure 4.6: Schematic of the experimental test setup with standard interfacing circuit.
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Figure 4.7: Capacitor charging curves with standard interfacing circuit for different excitation
amplitude.

excitation frequency were kept constant in Figure 4.7 [Cs = 10 uF', C! = 5.5311 nF,
f =50 Hz, L, =0.0325m, L; = 0.1277m]. It is observed from Figure 4.7 that the
voltage obtained from simulation is slightly higher than the experiment. This is in
fact caused by errors in the measurement of the diode bridge input/output voltages.
The voltage drop on the bridge circuit in the actual experiment is slightly higher
than the one used in the simulation study, which causes the simulated capacitor

voltage to be higher than the experimental one.

According to the modeling logic described in chapter 3, the removal of electric
charge from the piezoelectric patch reduces the amount of voltage on the piezoelectric
patch. This phenomenon is observed during experimentation and is shown in
Figure 4.8. It can be seen that the initiation of the charging process at T' = 5

seconds, reduces the voltage on the piezoelectric patch by ~ 50%.

74



0 5 10 15 20 25 30 35 40
Time (s)

Figure 4.8: Experimentally observed voltage drop on piezoelectric material due to the initialization
of the external capacitor charging at T'=15

Furthermore, the average power charging the storage capacitor during simulation
is shown in Figure 4.9. Notice that the large peak of 1.049¢=* W at T ~ 5.9 second
is logical, due to the assumption that C; is initially discharged. Right after the
charging process begins, higher current flows towards the storage capacitor, and as
the capacitor reaches the steady-state period after approximately 10 seconds, less

power is transferred to Cy, and current reduces exponentially.
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Figure 4.9: Average power charging the storage capacitor during simulation.

4.2.2 Self-powered SSHI Interfacing Circuit

The schematic of the PEH equipped with non-linear SSHI interfacing circuit is
illustrated in Figure 4.10. The main difference between Figure 4.6 and Figure 4.10
is the inclusion of the electronic breaker circuit. The generated voltage on the
piezoelectric patch, once connected to the circuit will be transformed to the shape
depicted in the figure. The rest of the circuit is similar to the standard interfacing
circuit. The rectification occurs using the diode bridge rectifier and then charges

the storage capacitor.

Before comparing the transient charging behavior of this system, the experimental
voltage obtained from the piezoelectric patch through SSHI interfacing, without any
connection to the external capacitor, was compared against the numerical simulation
results based on the modeling approach proposed in chapter 3. The cantilever

beam was excited at 50 Hz (which lies between the first, and the second natural
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Figure 4.10: Schematic of the experimental test setup with parallel-SSHI Interfacing Circuit.

frequencies of the structure) with magnitude of approximately 10 N. As can be seen
in Figure 4.11, the acceleration of the beam at the piezoelectric patch location from
the numerical model is close to the obtained experimental data. The bottom plot
of Figure 4.11 shows the voltage on the piezoelectric patch. The switching time
delay () away from the exact voltage peak locations caused by the operation of the
electronic breaker can be clearly observed. In order to provide a better comparison,
similar switching delay was incorporated into the numerical model based on the
procedure described in section 3.3.3. It was seen that the simulated piezoelectric
voltage is higher when compared with the experimental results. This is in fact due
to a slightly overestimated conversion quality factor (A = 2.5) of the SSHI circuit

during simulation.

Once the validity of the model considering the self-powered SSHI but without

external charging circuit is confirmed, the accuracy of the numerical method during
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Figure 4.11: (Top) Simulated and experimental obtained beam acceleration at r ~ Ly and,
(bottom) piezoelectric patch voltage using SSHI interfacing circuit.

transient charging operation is investigated. Similar to the standard interfacing
circuit, the voltage on the piezoelectric patch drops when connected to a purely
capacitive load. This is depicted in Figure 4.12. As can be seen in the bottom
plot of Figure 4.12, the iteration numerical model is well capable of simulating
this voltage drop. Furthermore, the transient dynamics of the charging process
of external capacitor for different piezoelectric voltage levels match well with the
experimental data depicted in Figure 4.13 [Cs = 10 uF’, C! = 5.5311nF, Q = 314.15
rad/sec, L, = 0.0325m, L; = 0.1277m]. It is believed that the small difference
between the numerical and experimental charging curves is due to the non-linearity
of the switching function, as well as the variability of the series resistance that
certain electrical components, such as diodes, exhibit in the circuit. One can replace
the approximated bi-linear series resistance explained in section 3.3.3 with a more

accurate model to better represent such non-linearities.
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Figure 4.12: Experimental (top), and simulated (bottom) piezoelectric patch voltage drop after
being connected to a purely capacitive load through SSHI interfacing circuit.
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Figure 4.13: External capacitor charging curves for different excitation amplitude of the host
beam (f ~ 50 Hz, F ~ 8.5,10,12.5 N).

79



12

........
~~~~~~~~~

o A ai o Bk N e ek s e
v

Capacitor Voltage (V)

2 —Exp. 40 Hz
-%-Sim. 40 Hz
—Exp. 60 Hz
0¢ -0-Sim. 60 Hz
—Exp. 53 Hz
=+-Sim. 53 Hz
2 | | | | | T J
0 5 10 15 20 25 30 35

Time (s)

Figure 4.14: External capacitor charging curves for different vibration frequencies of the host
structure.

It is also important to show that the model functions satisfactory, if the operating
conditions of the system are to be changed. For instance, if the excitation frequency
of the host structure changes, the vibration pattern, as well as the generated voltage
on the piezoelectric patch will change, which will consequently change the transient
behavior of the charging process. Figure 4.14 illustrates charging transient for
different excitation frequencies with all other parameters unchanged [Cs = 10 uF,
C! =55311nF, F~ 11N, L, =0.0325m, Ly = 0.1277m|. These frequencies were
intentionally selected to be higher (60 Hz), lower (40 Hz), and close to the second
natural frequency (53 Hz) of the structure. The original test was performed at a
frequency of 50 Hz (between the first and second modes of operation) and was shown

in Figure 4.13.

From Figure 4.14 it is clearly noticed that both capacitor charging curves obtained

from the numerical model agree with the experimental results. It can also be
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seen that for similar excitation amplitude, higher vibration frequency (i.e. 60 Hz)
resulted in higher stored voltage on the storage capacitor (= 6.5 V for 60 Hz, as
opposed to =~ 4 V for 40 Hz). Note that operating the system in the vicinity of
the natural frequency with high excitation amplitude could potentially damage the
mechanical structure, the vibration shaker, or the piezoelectric patch. The purpose
of operating the system at 53 Hz (very close to resonance frequency of ~ 55 Hz) was
to demonstrate the range of higher electrical power that can be obtained from this

system under current operating condition.

Finally, to provide a comparison between standard interfacing circuit and non-
linear SSHI circuit during transient charging, an experiment was performed where
all parameters were kept constant [Cy = 10 uF', C! = 5.5311nF, Q = 314.15 rad/sec,
L, = 0.0325m, L; = 0.1277m], with the only difference of adding non-linear
processing of the voltage through the self-powered SSHI circuit. Obtained results
depicted in Figure 4.15 shows the advantage of using non-linear processing during
charging process. It can be seen that the self-powered SSHI circuit resulted in a
peak voltage of ~ 10 V on the piezoelectric patch, whereas the standard interfacing

circuit resulted in ~ 5.2 V.
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Figure 4.15: (a)-(b) Experimental and simulated transient charging behavior and, (c)-(d) voltage
on piezoelectric patches using (top) SSHI and (bottom) standard interfacing circuits after C is
charged.

82



4.3 Results of the Parametric Studies

One of the advantages of a robust and reliable simulation model of the PEH, is
that it provides an efficient tool for the designer to optimize system parameters and
maximize power harvesting efficiency. The experimental studies performed in the
previous section proved the accuracy of the semi-theoretical model in predicting the
transient charging dynamics of the PEH. It is now straightforward to study how
variations in different system parameters impact the energy harvesting efficiency.
This section summarizes the results of the performed parametric studies. Particularly,
the focus is on energy harvesting and storage efficiency considering the power output
during the transient capacitor charging when non-linear electronic interfacing is
employed. All simulations are carried out in MATLAB® . In essence, this section
lays the groundwork for the optimization of the PEH that will be discussed in

chapter 5.

It should also be mentioned that an explicit definition of power and efficiency is
needed to better interpret the result of the following parametric studies. In other
words, a quantifiable performance measure is needed to distinguish between high
efficiency energy harvester, the one that generates more electrical power for less

amount of mechanical vibration, and low efficiency.

In this context, efficiency of the power harvesting system is defined as the ratio

of the Root Mean Square (RMS) of the harvested electric power (P,), to the RMS

of the input mechanical power (P,,), Eff = %. Note that the mechanical power

definition for the system undergoing harmonic base-motion is different from the

system undergoing point-force vibration. Equation (4.1) represents the mechanical,
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and electrical powers:

1 (T 3C(VE = VE )]
rMms _ |1 2l~s\Vs i s,i—1
Fe = \/T/O ( At )dt

T
PRMS _ \/%/ [F sin(Qt)0(z — L)dW+P]dt; Point-Force (4.1)
0

1 /T
PEMS _ \/f/ [pAY2Q32 sin(Qt) cos(Qt)]dt; Base-Excitation
0

where PFMS is the RMS of the potential power stored on the storage capacitor
obtained from the average power charging the storage capacitor through the parallel-
SSHI circuit, and, PFMS represents the RMS of the mechanical power. Note that

throughout the simulation, the integration period T" was selected so that the external

capacitor Cs was at least 90% charged.

Parametric studies performed in this section are based on the assumption that the
beam is under harmonic tip excitation (point-force). That is to provide consistency
with the experimental results provided in section 4.2. In chapter 5 however, both
operating conditions (i.e. point-force and harmonic base motion) are considered

during the optimization process.

4.3.1 Capacitor Charging Through Standard Circuit

Figure 4.16 (a) and (b) show the effect of variations in the excitation frequency on

the mechanical and electrical powers, and the efficiency of the power harvesting
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system, respectively [C! = 5.5311nF, L, = 0.0325m, L; = 0.1277m]. One can
notice two peaks at frequency = 10 and 56 Hz shown in Figure 4.16 (b). Frequency
varies between 4 — 70 Hz which covers the first and second natural frequencies of
the tested beam. From Figure 4.4, one can observe that these frequencies are close
to the first two natural frequencies of the piezoelectric-coated beam. Reasonably,
exciting the system around the natural frequency will cause the system to resonate,
producing more electrical, as well as mechanical power. Looking at the efficiency
results, it is noted that the energy harvesting efficiency is higher at the first resonance
(0.0147) compared with the peak corresponding to second resonance (1.719¢~%). The
second peak at 56 Hz is orders of magnitude smaller than the first peak, indicating
harsher movements of the beam at the excitation frequency of ~ 10 Hz. With same
displacement at the loading point, due to the larger curvature distributed at the
piezoelectric patch location at the first vibration mode, the electrical power output

increases more dramatically at the first resonance.

Changing the size of the external capacitor C; will also affect the electrical power
generation and the overall energy harvesting efficiency. Figure 4.16 (¢) and (d)
illustrate this effect. The capacitor size was varied from 6 to 18 uF'. Results indicate
that the output electrical power increases with higher capacitance up to a certain
point. The relatively rapid increase in the electrical power observed in Figure 4.16(c),
(from 7.798¢7% for Cs = 6 uF to approximately 7.896e~6 for C's = 12 uF') becomes
more gradual for Cs > 12puF. The small slope observed in Figure 4.16(c) for
16 < Cg < 18 uF" shows that increasing the capacitance of the external capacitor

any further does not have a significant impact on the obtained RMS of the electrical

power.
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Figure 4.16: (a)-(b) Effect of varying excitation frequency, and (c)-(d) external capacitor size
(Cs), on energy harvesting efficiency and the RMS of the power (constants: Cy = 5.5311 uF',
L, =0.0325m, L1 = 0.1277m)

Furthermore, Figure 4.17 (a) and (b) show the simulated capacitor charging
curves and the average power charging the storage capacitor for different C sizes,
respectively. Notice that the higher the capacitance, the lower the charging slope.
Therefore, the capacitor takes longer to charge. With a small capacitance (5 uF'),
the charged voltage and power charging the capacitor increase significantly at the
first 0.5 second into the charging process, from 0 to 1.16 V, and 0 to 3.274e™> W
at T' = 4.45 second, respectively. However, after 2 second of charging, the charged
voltage increment becomes very slow leading to a dramatically reduced electrical
power from 7' = 5 second to T' = 6 second and low power value for the rest of the
charging time. On the other hand, for a large capacitance (16 uF'), the voltage

keeps increasing from 7' = 4 second to T" = 20 second smoothly, indicating that the
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charging takes place for a longer period, compared with the small capacitance case
with higher RMS value of the electrical power of the charging operation period of

the harvester.
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Figure 4.17: Variations of the capacitor charging curve (a) and the average power charging the
external capacitor for varying Cg (constants: C, = 5.5311nF, L, = 0.0325m, L1 = 0.1277m)
Additionally, the effect of using conventional PN junction diodes (red) on the
charging curve was simulated and compared with the case of using Schottky diodes.
As can be seen in Figure 4.18, the higher forward voltage drop of the PN junction
diodes causes the C; steady-state voltage to be lower compared to the case of the
Schottly diodes. Information obtained from this parametric study can help in the

design of the interfacing circuit for better overall system efficiency.

An important criteria in the design of an energy harvesting system is the length and
location of the piezoelectric patch on the host structure. Although such parameters
are mostly application dependent, a general idea on how these parameters affect

the energy harvesting efficiency is very useful, particularly to system designers.
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Figure 4.18: (a) Input/output diode bridge voltage based on experimentally measured Schottky
diodes (black), and simulated conventional PN junction diodes (red), and the corresponding
charging curves (b)

Therefore, variations of piezoelectric patch length and location on the host beam
are also studied. As can be seen in Figure 4.19(a) and Figure 4.19(b), increasing the
piezoelectric patch length will increase the efficiency only upto a certain point. As
can be seen from Figure 4.19 (b), maximum power harvesting efficiency (0.04659)
was obtained for patch length of 22 cm. Increasing the patch size any further will in
fact have a negative effect on efficiency. Although the maximum electrical power was
obtained for the patch length of 14 ¢cm, the maximum energy harvesting efficiency
was obtained for L; = 22 cm. The reason is that beyond the patch length of 14 cm,
the mechanical power of the system reduced drastically, leading to the higher overall
energy harvesting efficiency. In other words, less mechanical power was consumed

for relatively same amount of electrical power. Similar observation is made from

Figure 4.19(c) and Figure 4.19(d). Moving the piezoelectric patch from the fixed-end
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towards the tip of the beam will increase the obtained electrical power only upto

~ 30 cm from the fixed-end.
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Figure 4.19: (a)-(b) Effect of varying piezoelectric patch length (L,), (c)-(d) and location (L;)
on energy harvesting efficiency based on the RMS of the power (constants: frequency = 50,
C, =10uF, C! = 55311 nF)

4.3.2 Capacitor Charging Through Self-powered Parallel-
SSHI Circuit

Similar to the standard interfacing case study described in the previous sub-section,
in this section, the effects of varying external excitation frequency (£2), and size of the
external capacitor (Cj), are considered for the SSHI interfacing circuit. Once again,
excitation frequency is varied between 4 — 70 Hz, and C increases from 6 — 18 uF'.
All other system parameters are constant during this study: C! = 5.5311nF, F ~ 11
N, L, =0.0325m, L; = 0.1277m.

Figure 4.20 (a) shows the RMSs of both electrical and mechanical powers for
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variable €2 when SSHI interfacing is employed. Two large peaks at f = 10 and 56 Hz
are noticed which corresponds to the first two natural frequencies of the beam. It is
clear that the peak due to first resonance is much larger than the second peak. The
efficiency of the energy harvesting in case of varying frequency with/without SSHI
circuit is depicted in Figure 4.20 (b). It can be seen that SSHI interfacing results
in higher efficiency than the standard circuit. Power variations due to changes in
(s is shown in Figure 4.20 (c). It is clear that the mechanical power is not affected
by the size of the external storage device, however, the electrical power, as well as
the power harvesting efficiency (d) are initially increased (for Cs < 16 uF') and then
reduced for Cs > 16 pF'. Once again, note that when utilizing non-linear electrical
charging processing with SSHI circuit, the efficiency depicted in Figure 4.20 (d) was

approximately double of the standard circuit efficiency.

Figure 4.21 (a)-(c) shows the effect of varying patch length and location from the
fixed-end of the structure on the RMS power output charging the external capacitor.
Piezoelectric patch length is varied from 2 cm to approximately 35 cm in order to
cover more than half of the top surface area of the beam. An increasing trend in the
RMS of the electrical power is observed in Figure 4.21 (a) for L, < 15 cm, with the
maximum obtained for L, = 14 cm. Increasing the length beyond that point led to
a decrease in the obtained electrical power. In order to verify the result obtained
from this parametric study, an experimental test was performed with the cantilever
beam coated with a variable number of piezoelectric patches. Figure 4.22 depicts
the test setup with the modified cantilever beam after the final experiment with
five piezoelectric patches glued, and perfectly bonded on the beam. Initially, the

beam was coated with only three piezoelectric patches (patch length of 5 cm with
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Figure 4.20: (a)-(b) Effect of varying excitation frequency, and (c)-(d) external capacitor size (Cy),
and, comparison of the efficiency of energy harvesting system during charging process with/without
SSHI interfacing circuit(constants: Cj, = 5.5311 pF, L, = 0.0325m, Ly = 0.1277m).
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L; =0.1277 m) and was harmonically excited at 50 Hz with the magnitude of ~ 1.2
N. This test resulted in 3.15 V on piezoelectric patches. Furthermore, two additional
experiments were performed with four and five piezoelectric patches with the same
excitation amplitude and frequency, which led to the same voltage measurement of
approximately 2.9 V. Therefore, using five piezoelectric patches with the combined
piezoelectric layer length of 25 cm reduced the generated voltage by 8 percent, when

compared with the experiments performed with three piezoelectric patches.
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Figure 4.21: (a)-(b) Effect of varying piezoelectric patch length (L), and (c)-(d) location
(L1), and, comparison of the efficiency of energy harvesting system during the charging process
with/without SSHI interfacing circuit (constants: f = 50, Cs = 10 pF, C! = 5.5311 nF)

The main reason is that since the frequency of excitation is selected to be close
to the second vibration mode of the beam, when the piezoelectric layer covers a
relatively large beam surface area with positive and negative curvature distributions,

electric charge on the piezoelectric patch could potentially cancel out, leading to a

lower voltage and a reduction in the electrical power obtained from the harvester.
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Interfacing/Storage Circuit

Figure 4.22: Experimental test setup with the modified cantilever beam.

Additionally, a larger piezoelectric layer leads to higher piezoelectric capacitance,
which is another contributing factor to the lower voltage obtained on the piezoelectric

patch.

A comparison between energy harvesting efficiency with/without SSHI circuit
(Figure 4.21 (b)) for different piezoelectric patch length shows that the SSHI circuit
provides a much better performance as compared to standard circuit for all different
designs of the harvester. For the case of changes in patch location, a decreasing
trend, followed by an increase in both the harvested power, and efficiency is observed
in Figure 4.21 (c)-(d). Once again, introducing the SSHI circuit results in a higher

efficiency of harvested power.

It was mentioned earlier that the overall performance of the SSHI circuit is, among
other factors, dependent on the conversion quality factor A, and the switching time
delay ¢ of the electronic breaker circuit. Therefore, a parametric study where
only these parameters are changed is performed and the results are illustrated in

Figure 4.23 (constants: Cy, = 10pF, C, = 5.5311nF, F ~ 11 N, L, = 0.0325m,
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Ly = 0.1277m, f = 50 Hz). It should be mentioned that switching time delay is
simulated by triggering the voltage conversion command certain number of data
points after the peak detection flag is up of the voltage on the piezoelectric patch.
Since A and ¢ are both parameters of the interfacing circuit, it is expected that
the mechanical power does not change significantly. This is in fact observed in

Figure 4.23 (a) and (c).
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Figure 4.23: (a)-(b) Effect of switching delay in the electronic breaker voltage inversion (¢), and
(c)-(d) resonator quality factor (A) on energy harvesting efficiency based on RMS of the power
(constants: f =50, Cs =10 pF, C, = 5.5311 nF, L, = 0.0325m, L, = 0.1277m)

Nonetheless, the electrical power and efficiency are impacted drastically. For the
case of changes in switching delay, the electrical power is reduced almost linearly as
the delay increases. This in turn causes a constant decrease in the energy harvesting
efficiency (Figure 4.23 (b)). Increasing the resonator quality factor A from 2 to 15

increases the harvested electrical power, and consequently, the power harvesting

efficiency, exponentially.
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4.4 Summary and Chapter Conclusions

In this chapter, an experimental test setup was developed based of a piezoelectric-
coated cantilever beam, equipped with two different types of interfacing circuits (i.e.
standard interfacing and non-linear synchronous switching circuit) and a storage
capacitor. The behavior of the system during transient operation of charging the
storage capacitor was comprehensively studied. The efficacy and accuracy of the
iterative numerical model developed in chapter 3 was first investigated using the
experimental test setup. Once the numerical model was validated, several parametric
studies were performed to study system’s behavior under variations of different
system parameters. More precisely, the effect of excitation frequency of the host
structure, the size of the storage capacitor, the length and location of the piezoelectric
material, and parameters of the interfacing circuit were examined. According to
the observations during experimentation and based on the results discussed in this

chapter, following concluding remarks can be made:

e Performed experimental tests verified the functionality of the model proposed in
chapter 3 and revealed that this numerical procedure is capable of simulating a
complete energy harvesting system, comprised of piezoelectric patch, standard

and non-linear interfacing circuits, and storage capacitor.

e Based on the performed parametric studies, it was shown that the utilization
of non-linear processing through self-powered SSHI circuit can significantly
enhance the efficiency of harvested power during the charging process. However,
proper selection of circuit parameters has an impact on the overall performance

of the system. Particularly, when electronic breaker is used to implement the
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self-powered SSHI, increasing the quality factor while reducing the switching

time delay positively affect the energy harvesting efficiency.

e [t was also observed that the size of the storage capacitor, the length, and the
location of the piezoelectric material have significant impacts on the efficiency
of the energy harvesting system, and should therefore be optimally selected to

enhance the overall power harvesting efficiency.

It can therefore be concluded that an accurate description of the PEH can be

advantageous in the optimal design problems of practical energy harvesting systems.
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Chapter 5

Simulation-Based Optimization of
PEH

“I have called this principle, by
which each slight variation, if useful,
1s preserved, by the term of Natural
Selection.”

)

from “On the Origins of Species’
(1859) - Charles Darwin

This chapter addresses the simulation-based optimization of a PEH with a can-
tilever beam coated with piezoelectric patches, equipped with synchronous switching
circuit. The objective is to find optimal positioning and size of the piezoelectric
patch, the substrate cantilever beam, and the size of the storage capacitor that leads
to higher efficiency of the power harvesting system. The semi-theoretical model
that was fully explained in chapter 3 and experimentally validated in chapter 4 is
the basis of the optimization scheme proposed in this chapter. An overview of the

optimization flowchart proposed in this chapter is illustrated in Figure 5.1. Details
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on each block of this flowchart will be fully described in this chapter. More precisely,
section 5.1 outlines the basic concepts of Artificial Neural Network (ANN) and
presents the architecture of the Neural Network (NN) model used in this thesis.
Section 5.2 introduces the optimization scheme based on the GA optimization. The
concept of GA optimization is explained using a benchmark function as an example.
Section 5.3 describes the process of defining the PEH optimal design as an optimiza-
tion problem which can be tackled using machine learning algorithms. Section 5.4
presents a complete analysis of the optimization results, quantifying the quality and
performance of the ANN training using statistical measures. Finally, section 5.5

summarizes the chapter.
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Figure 5.1: Flowchart of the proposed optimization procedure.

5.1 Artificial Neural Networks (ANN)

The numerical modeling procedure explained in chapter 3 and experimentally val-
idated in chapter 4 is able to capture the underlying complex behavior of a PEH
considering the transient charging process of an external storage device through a
non-linear electronic interfacing circuit. However, the model lacks the computational

efficiency required for multivariate optimization algorithms. For instance, calculation
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of the dynamic displacement function w(z,t) (equation (3.3) of section 3.1) for each
beam section at every iteration of the simulation program requires large number of
loop calculations. Simultaneously, to guarantee the convergence of the simulation
and to provide numerical stability, relatively small (in the order of 0.001 s) time
steps At should be chosen. Therefore, the main drawback of using such accurate
representation of the system is the required memory and processing power which

might be beyond the capability of the everyday personal computers.

As an example, a typical transient charging simulation of the capacitor charging

progress for 50 seconds performed in a personal computer equipped with an Intel®
Core-i5-4570 processor [101] and 8 Giga Bytes of RAM, takes approximately 15
minutes. Considering that most optimization algorithms require multiple evaluation
of the OF, the growing number of simulation time, as well as the growing memory
requirements to store large data structures make it impractical to use the numerical
iteration process during system optimization. The solution proposed in this thesis
to overcome such complexities is to use a properly trained ANN instead of the
expensive-to-evaluate numerical simulation model during the optimization procedure.
Since the concept of NN might be unfamiliar to some readers, a brief introduction

of NN is provided in the following sub-section.

5.1.1 Basic Concepts

ANNs or NNs ! for short, are nature-inspired computer algorithms with a broad
range of applications in many areas of science and engineering. NNs are extensively

used for various machine learning problems includeing: function approximation,

!The acronyms ANN and NN are used interchangeably throughout this thesis.
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regression, and classification predictive modeling [102]. The widespread use of NNs
is the result of highly desirable properties of these computing networks, including,
but not limited to parallel distributed structure, generalization (i.e. the ability to
learn), non-linearity, adaptability [103]. The three main elements of an NN are as

follows [104]:

e Neurons (also called nodes) - These are the processing elements of an NN;

e Connection topology - The way different Neurons are connected within the

network;

e Learning algorithm - The way the network is trained to perform inference, as

opposed to following a certain number of direct instructions.

Needless to say that appropriate selection of these three elements is application
dependent and has potentially significant impacts on the performance of the network.

The visual description of a generic ANN is depicted in Figure 5.2.

In Figure 5.2, the unit input signals (z;,__,) can either be external signals (from
environment etc.), or, from another processing element or neuron. W, ; represents
the weight of the input signal n to the neuron j (W should not be confused
with Wi o3 discussed in chapter 3 that represented the mode shapes of the beam).
Mathematically speaking, the output signal of the j'th node (y;) can be calculated

as [103]:

yi = 90> _xWi; — ;) (5.1)
=1
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Figure 5.2: Simplified schematic of an ANN.

The activation function g(-) generates an output signal corresponding to weighted
sum the input stimulus. This function can take different forms, ranging from a
simple linear function, to ramp and step functions [103]. One of the most common
form of the activation function, is the Sigmoid function which can be described by

the following equation 2

_1—6_I

= 5.2
1+e™ (5-2)

g9(z)

The two most fundamental properties of NNs that makes them appealing for
problems involving function approximation or regression, are the ability to perform

supervised learning, and excellent computational efficiency. Machine learning can be

2 The form given in equation (5.2) is an example of the so-called bipolar Sigmoid function.
Other forms of Sigmoid functions are available and are defined differently.

102



broadly classified into three categories of supervised, unsupervised and reinforcement
learning. In supervised learning, which is the method of choice in this thesis, some
information regarding the desirable output is available and is used during the training
process. NN models are able to learn, using a set of training rules and external
instructions, and improve their performance over time [103]. The main objective
during the training process of a NN is to fine-tune and adjust the weights of neurons
in the network. Furthermore, NNs, due to their massive parallel structure can
potentially perform fast computations, which could overcome the computational

complexity of the numerical simulation model described in chapter 3.

The scientific literature is filled with multiple learning algorithms and different
structure of NNs, each with its own unique advantages and disadvantages. Among
the commonly used type of NNs are the multilayer feedforward networks trained
based on the supervised back-propagation learning algorithm. The so-called Multi
Layer Perceptron (MLP) NN has one input layer, one or more hidden layers, and
an output layer. In this thesis, the MLP network architecture along with the
Levenberg-Marquardt back-propagation training algorithm is employed. Structure

of the network, as well as the training procedure is explained as follows.

5.1.2 Structure of the MLP

The structure of the MLP used in this study is illustrated in Figure 5.3. Once again,
going back to the definition of power harvesting efficiency provided in section 4.3
and the amount of electrical charge defined by equation (3.34) and equation (3.35)
of chapter 3, it can be seen that the efficiency is dependent on many physical and

geometrical properties of the harvester, as well as the storage circuit. However, clear
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Figure 5.3: Structure of the MLP with 7 input nodes, 2 hidden layers and 2 output nodes.

mapping between a change in the physical or geometric variables and efficiency is

not straightforward. This is in fact, the type of problem in which NNs excel.

The number of neurons in the input and output layer are problem specific, and as
can be seen in Figure 5.3, the input layer consists of 7 input nodes corresponding to
the 7 input parameters, while the output layer has only 2 neurons. The selection of
input and output parameters is of paramount importance. Special care was taken
to include any parameters that mostly influence the efficiency of energy harvester
and power generation. These include six geometric parameters (piezoelectric patch
length L, (m), patch location from the fixed-end L, (m), patch thickness h (m),
beam thickness H (m), beam width b (m), overall beam length L (m)) and one

circuit parameter (size of the external storage capacitor Cy uF ).

The two neurons in the output layer correspond to efficiency of the system and the
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generated piezoelectric voltage (V). The reason behind considering V,, as an output
of the network is as follows. Although the efficiency is a good measure for how good
the design of a particular harvester is, for many practical application, such as the
remote wireless sensors, the amount of voltage generated is also highly important,
as certain electronic circuits and devices cannot maintain proper functionality if
the supplied voltage drops below a certain threshold. Finally, there are 16 nodes in
each of the hidden layers used in the MLP. Although there are certain guidelines for
selecting the number of nodes in the hidden layer of a MLP, this process involves
a certain number of trial and errors [103]. Generally speaking, there is a direct
proportionality between the number of nodes in the hidden layer and the level of

non-linearity in the process to be modeled by the NN [90].

5.1.3 Training of the MLP

As mentioned before, the training of the NN was performed using the Leven-
berg—Marquardt algorithm [105, 106]. There are several advantages to the Leven-
berg—Marquardt training algorithm that make it suitable for small to medium-sized
problems, including fast and stable convergence [107]. Initially, the numerical simu-
lation model of chapter 3 was used to generate datasets for NN training. Separate
datasets were generated for base-motion and point-force excitation. Each dataset
contained in total of 1000 data points corresponding to 1000 simulation runs. All
simulations were performed with randomly generated inputs. Note that the magni-
tude and frequency of the external excitation signal, as well as the magnitude of the
base excitation were kept constant through out the generation of training and test

datasets.
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Table 5.1 tabulates the number of nodes in each layer of the network. It should
also be mentioned that resonance (50 Hz) and around resonance data (+10 Hz of
the target resonance frequency) were removed from both the training, and the test
dataset through a data cleaning process. The reasons is that during the NN training,
if around resonance data were to be used, the outputs (efficiency and voltage) were
orders to magnitude larger than non-resonance condition and therefore, around
resonance data were treated as outliers (i.e. data points that are significantly larger
or smaller than the rest of the training data) and removed through a data cleaning
process. The exact range of the data being treated as outliers is application specific.

However, following general guidelines may be considered.

Table 5.1: MLP parameters and Neural Network Training

Number of nodes in the input layer 7
Number of hidden layers 2
Number of nodes in each hidden layer 16
Number of nodes in the output layer 2
Size of the training set 750
Size of the test set 250

Ranges above the chosen =10 Hz may be acceptable, given that the NN model
can still be properly trained for the intended range of operation of the harvester. It
is noted one more time that the NN model requires enough training data to capture
the underlying trend across the frequency spectrum. If large portion of the data is
removed prior to training the network, then the NN will not be able to properly
predict the behavior of the system, as the network was not trained for the full range
of operation of the system. On the other hand, using ranges below the selected +10

Hz requires more investigation and analysis. To explain this further, the rationale
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behind removing resonance data will be reiterated below.

In the context of function approximation and prediction using NN models, outliers
can result in an increase in the variability of the dataset. Proper training of NN
models for data with higher variability is challenging, and may result in a more
complex NN structure with larger number of nodes and hidden layers. Higher
number of hidden layers and nodes may further reduce the adaptability of the
trained network and can potentially increase the chance of over-training is therefore
not always desirable. It should be further clarified that since the excitation frequency
was selected to be in the vicinity of the second natural frequency, only data 4+10
Hz of the second natural frequency was removed from the NN training set, and the
data points around the first natural frequency were included in their entirety during

NN training.

In order to quantify the training performance, the notion of squared correlation
coefficient, also known as the R? measure was employed. R? is a statistical measure

that quantifies the performance of fit in regression analysis, and can be obtained as

follow [108].
no 9
n?_q_ ;#ei_z (5.3)
> e (Vi — 9)
where e; = y; — ¥; is the residual prediction error, y; , ¢ = 1,...,n, is the output

of the test data obtained from the numerical simulation model and n is the total

number of test data, y; is the predicted output of the NN, and finally, 7 is the mean
of the test data outputs. From equation (5.3), it can be seen that the closer the R?

is to unity, the better the ANN has been trained. A test set with known input and
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output parameters were used to calculate R? values for each NN training.

5.2 Simulation-Based Optimization via Genetic

Algorithm

Selection of an appropriate algorithm for a particular optimization problem requires
insight into the nature of the problem and a good grasp on the pros and cons
of the available optimization techniques. Much like many areas of mathematical
programming, computer optimization progressed with phenomenon speed over the
past few years. Many new techniques were introduced, and many existing methods
were further analyzed for convergence and stability. However in many cases, the
choice of the algorithm employed for a particular problem is limited by the nature
of the problem itself. Justification as to why a particular algorithm is chosen should

therefore be provided.

If one were to define optimization as a logical search in which the goal was to obtain
values of parameters that maximized (or minimized) a certain OF (also known as the
fitness function), then one could broadly categorize optimization algorithms based
on the way the logical search was performed, and the way the OF was evaluated.
Most real-world problems are complex and usually stochastic. Therefore, closed-form
solutions are either unknown, or very difficult or time-consuming to obtain. Although
approximate closed-form solutions are available for many physical phenomenon, the
simplifying assumptions oftentimes make the model too simplistic for optimization
process in a real-world scenario. Therefore, model-based optimization methodologies

that require analytical closed-form OFs, or need derivative or integral information
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of the function are not always practical.

Unlike model-based methods, model-free or black-box optimization techniques only
require the numeric value of the function. It is in such cases that simulation models
are useful and can be used during the optimization process [90]. A class of model-free
methods, known as metaheuristics algorithms (e.g. the downhill simplex or Nelder-
mead algorithm [109], simulated annealing [110], or GA) were successfully applied to
many real-world problems. As mentioned in chapter 3, PEH when considered in the
context of a system operating in transient with interfacing and storage circuitry, can
be better explained through a simulation model, as opposed to a closed-form analytic
equation. That is why for the problem at hand, GA optimization was paired with
a numerical OF based on the numerical simulation model and the corresponding
trained NN. While the basics of GA optimization is straightforward, the concept
might be unfamiliar to some portions of the audience of this thesis. Therefore, in
the interest of reader-friendliness and clarity, a rather brief overview of the concept,
along with a working example of a benchmark test function using GA optimization

are provided.

5.2.1 Genetic Algorithms - Basic Concepts

GA optimization is essentially a search method that is built upon the principles of
evelotionary biology and natural selection [111]. GA benefits from many advantages
that metaheuristics algorithms offer. First and foremost, is the model-free nature of
the GA which makes it a suitable choice for numeric OFs, or when no derivative
information is available. In fact, OF in GA optimization can be any function that

takes a certain number of input parameters, and generate a set of outputs (similar to
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NNs). This makes GA optimization a perfect candidate for optimization problems
involving numerical or experimental data. Second, under certain conditions, GA
leads to a global optimization solution, as opposed to a local solution, which is also

a very useful property when dealing with optimal design problems.

Generally speaking, an optimization problem using GA is comprised of the following

five main steps.

i. Chromosome encoding and generation of the initial population.

This is the first step in defining a GA optimization problem. In this step,
the optimization variables are arranged together to form a chromosome. The
chromosome is simply a vector of parameters to be optimized. There are
commonly two ways that variables can form a chromosome. The so-called
binary-coded GA uses binary (ones and zeros) representation of the variables.
Using a binary representation does not limit the use of this algorithm in
problems involving real-values, as real integer values can be converted into
binary numbers. The major concern is the so-called quantization error [111].
However, quantization error is inversely proportional to the number of bits
(Npirs) used to represent the binary variable. Thus, selecting a large Ny
reduces the effect of the quantization error. The algorithm then forms a
relatively large number of randomly generated initial population (Njp.p,) of

chromosomes. Choosing a large number of N, is favorable, as it will increase

the chances of finding a global solution 3.

ii. OF evaluation and natural selection.

3 Large Nipop does not necessarily guarantee convergence to a global solution, but it significantly
increases the change of a global solution.
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The next step, is the evaluation of the OF for all chromosomes in the V;,,, and
selection of the chromosomes to form the subsequent generation. Through the
process of natural selection, fittest candidates (i.e. candidates with the highest
OF evaluation, or lowest cost) are selected to form the next generation. The
next generation population (V) is usually smaller in size than the N;,,,. The
usual method of selecting the fittest chromosomes is to rank each chromosomes
of the initial population based on their OF evaluation, and then select from

the top of the list (i.e. best of fittest chromosome), going down.

Pairing

Pairing is the process of selecting certain number of good chromosomes and
forming the so-called mating pool. In each generation following the initial
population, N4 chromosomes are chosen to produce new offspring. There
are multiple ways for the selecting the parent chromosomes. Random pairing,

rank weighting and tournament selection are among the most popular methods

(details for each method can be found in [111].).

Mating

Usually, two parent chromosomes generate two new chromosomes (offspring)
during the mating process. The idea is that since both parent chromosomes
showed good traits (according to their respective OF evaluation), the resulting

offspring is also expected to be fit, and might even lead to better performance.

Mutation

In optimization terms, mating, is in essence the exploitation of the local

search space in hope of a better solution. On the other hand, mutation is the
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exploration of the OF surface area. In order to prevent the algorithm from
getting stuck in a local search area and increasing the chance of finding a
global solution, a random portion of the population (usually between 2% to
5% of the N,,,) are mutated. That is to say that a portion of the chromosomes
are deliberately modified to explore new traits. Thus, the mutation rate can

set the trade-off between exploitation and exploration.

5.2.2 Benchmark Example

In the context of optimization, it is beneficial to have a number of functions with
known global minima/maxima for performance evaluation purposes. A number of
these so-called benchmark functions are available throughout literature. Benchmark
functions can also be used to evaluate if a particular optimization algorithm is
working properly. One of the commonly used benchmark functions, is the so-called
Ackley function, first proposed by David Ackley in his Ph.D dissertation [112]. In

the 2-D domain, the Aukley function is represented mathematically by:

flxy,29) = —a ea:p(—b %(m% - x%)) — ea:p(% cos(2mxy) +COS(27T:L‘2)) +a+exp(l)
(5.4)

where a = —20 and b = 0.2 are the recommended values [113]. The mesh plot of the

Ackley function for —5 < xq, x5 < 5 is illustrated in Figure 5.4.

The global minima of the Ackley function is known to be located at f(0,0) = 0.

A binary-coded GA with an initial population size of 100 random variables written
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Figure 5.4: Mesh plot of the Ackley test function.

in MATLAB® is used as the optimization algorithm. The total number of bits in
each gene is chosen to be 64, and the mutation-rate of 2% is selected. The pairing

process is based on the rank weighting method [111].

Point distributions over the contour plot of the function’s z; — x5 plane are
shown in Figure 5.5. The randomness of the initial population is clearly observed
in Figure 5.5 (a). The second (Figure 5.5 (b)), third (Figure 5.5 (c¢), and twelfth
(Figure 5.5(d)) distribution of points are also illustrated. Figure 5.5 clearly shows
the convergence of the algorithm towards the global solution. Comparing Figure 5.5
(a) with Figure 5.5 (d), it can be seen that point distribution is initially scattered in
the search space, and as the algorithm iteration progress, more points are located in

the vicinity of the known global minima at f(0, 0).
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Figure 5.5: Contour plot of the Ackley function with associated point distribution for the initial
(a), second (b), third (c), and twelfth (d) population of GA.

5.3 GA for PEH optimal design problem

As mentioned earlier in section 5.1.3, the 7 input variables are considered during
the optimization process, leading to a 7-dimensional optimization problem. The
chromosome for this particular problem is a row vector given in equation (5.5). The
goal is to find the combination of the parameters in the chromosomes that results in

the optimal value of the OF.

chromosome = [L, L1 h Hb L Cj] (5.5)

As is the case with all real-world optimization problems, there are always con-
straints and limitations on the input parameters. In the problem under study here,
such constraints can be thought of as geometric limitations for the cantilever beam
and the piezoelectric patch that the system designer should consider. The lower and

upper limits for system parameters to be optimized is tabulated in Table 5.2.
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Table 5.2: PEH physical parameters for the optimization problem, and the corre-
sponding upper/lower bounds.

Parameter Lower Limit Upper Limit

L, (m) 0.002 0.4
L, (m) 0 0.4
h (m) 5e~* le™3
H (m) 5e3 5e 2
b (m) 5e~3 0.1
L (m) 0.4 0.6
Cy (uF) le=® 20e°

In many practical optimization problems, it is common to have a fitness functions
with more than one output. In the so-called multi-objective optimization problem,
a set of sub-objectives are defined and the algorithm tries to find optimal values
for all objectives, or find appropriate trade-off between conflicting objectives. For
this study, a multi-objective OF' is defined with piezoelectric voltage Vp and the
energy harvesting efficiency as outputs. Note that higher piezoelectric voltage does
not necessarily translates to higher efficiency due to the inverse piezoelectric effect
defined in chapter 2. This gives the system designer the flexibility to establish a

balance between higher efficiency or higher generated piezoelectric voltage.

The OF is then evaluated for each chromosome in the initial population:

leff V,] = f(chromosome) = f(L,, Ly ,h,H ,b,L,Cy) (5.6)

To account for different scales of each of the sub-objectives in equation (5.6),

a weighting factor can be used. Thus, the final weighted OF used in the GA

115



optimization is given as:

OF = (Gy x eff) + (Ga x V) (5.7)

where G5 correspond to the weights of the different sub-objectives. The designer
can favor one objective over the other by changing these gains. For instance, in the
case where a particular application requires higher voltage, G5 can be selected to
be higher than G; to put more emphasis on voltage, and, when higher efficiency is
more desirable, GG; can selected to be higher. This is a commonly used approach in
multi-objective optimization and is usually referred to as the weighted-sum approach
[114]. The weighted-sum is one of the simplest methods of defining a multi-objective

OF. There are in fact other methods in the literature. Interested reader can refer to

[115] for a comprehensive survey of some of these methods. Note that the numeric
value of the OF is obtained from the NN model described in section 5.2, which

was trained based on the data obtained from the numerical simulation model of

chapter 3. More precisely, for each chromosome as the input to the network, NN

output corresponds to the OF evaluation.

For this study, a natural selection rate of 50% is chosen, meaning that after
each iteration, half of the chromosomes are selected to carry on their traits to the
next generation. A diagram of the GA algorithm described above is depicted in
Figure 5.6 and GA settings used in this thesis are summarized in Table 5.3. Selection
of appropriate structural parameters in GA is application dependent. Nonetheless
proper selection of these parameters is key in finding the optimal solution. For
instance, while high mutation rate can cause the loss of a high fitness chromosome,

low mutation rate reduces the chance of finding a global solution. The settings used
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in this thesis are based on the guidelines proposed by Haupt et al. [111].

Table 5.3: GA optimization settings

Number of parameters to optimize (Np.q) 7
Initial Population (N;,e) 2000
Population (N,,,) @ = 1000
Selected population for mating pool(Neeq) % = 500
Maximum iteration 200
Mutation rate 5%

In order to investigate the effect of GA setting on the optimal design values,
multiple settings were tested with the key parameters changed and their effect
studied (except for the N,,, which specific to this problem formulation). Also note
that changing N;,,, would in turn change the population size (N,,) and the mating
pool population (Nysq). Maximum iteration was increased when larger population

sizes were selected to ensure full convergence of the algorithm to optimal values.

Reduced mutation rate of 2% was also examined.
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Figure 5.6: GA optimization flowchart.
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5.4 Results and Discussions

This section summarizes the findings of this thesis in the pursuit of an optimal
design criteria for PEH. Validity of the obtained optimal parameters are thoroughly
analyzed. Before presenting the optimization results, the training performance and
quality of the NN model is investigated, as one must first ensure that the NN model

can effectively replicate the behavior of the simulation model.

5.4.1 NN training performance

As mentioned in section 5.1.3, a collection of randomly generated input/output
relationships obtained from the original simulation model was used to generate two
sets of training and test data. Approximately 1000 simulation runs were performed
for each operating condition, that is, the cantilever beam under harmonic base-
motion or tip force. Of the total number of 1000 data, approximately 75% were
used for training the NN model, and the remaining 25% were used for performance
evaluation. There are general guidelines in the literature on how to divide the total
dataset into a training set and a performance evaluation set (e.g. Guyon [116]). The
decision depends on a variety of factors including the size of the available dataset,
as well as the variability of the data. The 3:1 ratio used in this thesis is a commonly
used ratio in NN training. Following subsections describe the results obtained from

the NN training.
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Beam under harmonic tip-force

Figure 5.7 shows the regression plot for the NN training using the training dataset,
and the performance evaluation using the test dataset both of which were obtained
from the numerical model. The top plots of Figure 5.7 correspond to the predicted
efficiency during training (top-left) and test (top-right), while the two bottom plots
of Figure 5.7 correspond to the predicted piezoelectric voltage (V,) for training
(bottom-left) and test (bottom-right). The highest and lowest squared correlation
coefficients (R?) were obtained for the efficiency (top-left plot of Figure 5.7), and
piezoelectric voltage test set (bottom-right plot of Figure 5.7), respectively. It can
be seen that the variability of the training dataset for voltage output is higher than
the variability of the efficiency dataset. This can explain the lower obtained R?
value of 0.8679 for the test set. Nonetheless, for all four cases shown in Figure 5.7,
the relatively high value of R?, and also the relatively good agreement between the
predicted output obtained from the NN, and the target output obtained from the
numerical model, lead to the justification that the NN model for the case of the

tip-force excitation is tuned to a satisfactory degree.

Furthermore, Figure 5.8 illustrates a comparison between the outputs obtained
from simulation model (denoted as the true values) and the trained NN for only a
few samples of the test dataset. Figure 5.8 (a) clearly shows that proper selection of
system parameters can significantly improve efficiency. For both outputs (efficiency
and V,), predicted values obtained from the trained NN closely matches the true

values of the simulation model.
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Figure 5.7: Regression plots for NN training (left) and test (right) datasets considering efficiency
(top) and voltage (bottom) for the cantilever beam under tip-force
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Figure 5.8: Difference between predicted values (obtained from NN) and true values (obtained
from numerical model) for (a) efficiency and, (b) voltage using the tip-force test set.

Beam under harmonic base-excitation

Similar to tip-force operating condition discussed in the previous sub-section, regres-
sion plots and prediction errors for base-excitation are illustrated in Figure 5.9 and
Figure 5.10. From Figure 5.9 it can be seen that lower variability of the data results
in a better training performance. This is evident from the higher R? values obtained
for this case. The highest R? value of 0.99 was obtained for training dataset and
voltage output. Similar to Figure 5.8, Figure 5.10 shows the difference between true
and predicted values for the base-excitation case. The good agreement between

predicted and true values is the result of successful NN training.

Two other important criteria to consider when training a NN is the possibility of
over-fitting the network. Generally speaking, over-fitting is mostly related to the

size of the nodes in the hidden layer [117]. Over-fitting the network reduces the
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Figure 5.9: Regression plots for NN training (left) and test (right) datasets considering efficiency
(top) and voltage (bottom) for the cantilever beam under base-excitation

network’s predictive ability and can negatively influence the performance of the
network when dealing with new test data (i.e. any data other than the data NN
used during training). Figure 5.11 shows the learning progress of the NN model
in time. It can be seen that the Mean Square Error (MSE) for the training set is
monotonically decreasing at each epoch as expected. However, the MSE for the test
set decreases up until epoch 28, and then slightly increases for each epoch afterwards.

This flags that an over-training is happening in the network. In order to avoid this
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Figure 5.10: Difference between predicted values (obtained from NN) and true values (obtained
from numerical model) for (a) efficiency and, (b) voltage using the base-excitation test set.

over-training, the training algorithm was forced to stop, if the MSE of the test set

started to monotonically increase for 6 consecutive epochs.

124



Mean Squared Error (mse)

0 5 10 15 20 25 30 35
38 Epochs

Figure 5.11: MSE vs. the number of epoch.

5.4.2 GA optimization results

After confirming the accuracy and performance of the trained NN, several GA
optimizations were performed in order to find the optimal input parameters defined
earlier in Table 5.2. It is helpful to look at the progress of the average, and the best
(fittest) individual of each generation as the evolution progress. Figure 5.12 shows
the average fitness and the best chromosome as a function of generation number. It
can be seen that in this particular optimization, GA converges after ~ 40 generations.
Note that the large number of initial population (N, = 2000), the relatively large
population size (N, = 1000), as well as the total number of generations it takes
to reach to the solution, leads to multiple evaluations of the OF. Once again, the
use of the computationally efficient NN model instead of the expensive-to-evaluate

numerical simulation model is justified.

Table 5.4 tabulates several results obtained from multiple GA optimization. For
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Figure 5.12: Average and best fitness of the generations

each operating condition (tip-force and base-excitation) two trained NN models were
used to perform the OF evaluation. Using two different trained NNs for each case
study helps investigate the sensitivity of the obtained designed parameters to NN
training, and also the consistency of the optimization results. Note that the only
difference between the two trained networks for each operating condition is the initial
weights of the network nodes which causes the training to continue in a different
direction. While some variations are observed in certain parameters (most noticeably
piezoelectric length and location from the fixed-end) obtained optimal parameters
are relatively consistent. Following comprehensive analysis and justifications are

presented for data tabulated in Table 5.4.
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Table 5.4: PEH optimal design parameters

R? Gi| Gy | Ly(m)| Ly (m) | h(m) | H(m)| b(m) | L (m) | Cs(wF | eff |V, (v)
NN | OF=08730 | 1 [ 0 | 0.147 |1.40e~* [ 997" | 0.016 | 0.098 | 0592 | 1.08e™® | 1.9991 | 20.6
. L OF,=0.8445 | 1 |0.01 | 0.157 | 3.10e=3 | 9.98¢~* | 0.015 | 0.098 | 0.594 | 1.01e=® | 1.2655 | 12.93
Tip-excitation
NNy | OF1=09360 | 1| 0 | 0.248 | 2.96e7* | 9.79¢™ | 0.019 | 0.099 | 0599 | 1.68¢™° | 3.1258 | 16.616
OF,=08679 | 1 [0.01| 0251 |3.32¢*|9.96e~*| 0.019 | 0.099 | 0.6 | 1.56e¢ | 2.5584 | 13.586
NNy | OFr=09461 | 1| 0 [ 02653 [ 459" | 9.1le~* | 0.017 | 0.055 | 0597 | L0e™ | 9.42 | 14.86
OF,=0.9199 | 1 |0.01| 02794 | 1.16e=* | 8.95¢~* | 0.017 | 0.059 | 0.598 | 1.13¢~% | 7.19 | 22.06
Base-excitation NNy | OF1=09115 | 1 | 0 | 0242 | 257 | 9.91e™ | 0.018 | 0.0988 | 0.5974 | 12870 | 8.34 | 12.204
OF,=09728 | 1 0.01| 02555 | 5.59¢=* | 9.99¢=* | 0.017 | 0.0991 | 0.5975 | 1.05¢=6 | 2.7 | 22.048




As was previously mentioned in section 5.3, G; and G5 are the tuning parameters
that the system designer can employ to favor either the piezoelectric voltage, or
the energy harvesting efficiency during the course of the optimization process. For
the results presented in Table 5.4, two cases are considered where only the energy
harvesting efficiency (as defined earlier by equation (4.1) in chapter 4) is of interest
(G2 =0), or efficiency is favored 100 more than voltage (G; = G2 x 100). Needless
to say that any ratio between the tuning parameters can be used, with the only
consideration being the actual numeric value of G; and Gy which depends on the
relative scale of the parameters in the OF. Looking at column 6, the piezoelectric
length (L, (m)) and column 7, the location of the piezoelectric patch from the
fixed-end (L; (m)), the GA converges to optimal L, and very small L, values, which
corresponds to the patch close to the root of the beam. This is physically justifiable
since high root strain would increase both efficiency and voltage, and therefore
positioning the piezoelectric patch closer to the root is a logically sound choice.
In all case studies, optimal L; converges to the lower-bound limit of zero, which

corresponds to the root of the cantilever beam.

Optimal values for the thickness of the piezoelectric patch (h (m)) and the beam
thickness (H (m)) are another consistent parameters throughout the two case studies.
It can be seen from the column 8, that the optimal A value is very close to the
upper-bound defined in Table 5.2, so the thicker the piezoelectric patch, the higher
the efficiency and voltage. This result is consistent with the piezoelectric constitutive
equations in which generated electrical charge is proportional to the thickness of the
piezoelectric patch. Note that the optimal choice of H is not significantly influenced

by the choice of the tuning gains G; and Gs, or even the type of beam excitation (i.e.
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tip-force vs. base-excitation). In fact, for both case studies, thickness, H averaged

at ~ 1.73¢7% (m).

Looking at the optimal length of the beam L, it can be seen that the optimization
algorithm converged to the upper-bound value of 0.6 (m). This can be justified
taking into account the target frequency and the natural frequency of the beam.
Natural frequencies of the beam become smaller as the length increases. In the case
of this optimization problem, the target frequency is fixed at 50 Hz to replicate
the experimental and parametric studies of chapter 4. The closer the first natural
frequency is to the target frequency, the harsher the movements of the beam and
the higher the deflection along the beam length. The parameter that has the most
influence on the natural frequency is the beam length. Interestingly, for all case
studies tabulated in Table 5.4, the first natural frequency of the beam is relatively
close to the target frequency of 50 Hz (averaged at ~ 51.3137 Hz). This is despite
the fact that during NN training resonance data at 10 Hz away from 50 Hz were

treated as outliers and were intentionally removed from the training dataset.

This is further proof that properly trained NN can learn and mimic the behavior
of a complex dynamical PEH in a satisfactory manner. NN does that by observing
the data trend before and after the resonance frequency. The training data shows a
rising trend before resonance followed by a decline in voltage. Although the actual
numeric values predicted by the NN for around-resonance operation are not accurate
(because the NN had not been trained for that operating condition), the rising trend
around resonance mimicked by the NN correctly leads the GA towards the correct

optimal values.

The optimal size of the external storage capacitor Cy, which is the only circuit
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parameter throughout this optimization process, is also found to be relatively small.
The reason is that perhaps larger values of (Y, although can potentially store more
electrical energy, takes longer time to fully charge. Therefore, the total mechanical
energy consumption is also higher, which, based on the efficiency definition used
in this thesis, can reduce the overall energy harvesting efficiency. This might not
always be the case and depends on the efficiency definition used. Finally, the last two
columns, ef f and V), are the results obtained from the original numerical simulation
model where the optimal parameters were used as inputs. It should also be noted that
since the magnitude of the force for the tip-force case study, and the displacement
amplitude of the base for the base-excitation case study does not have the same
physical units, the optimization results for the two different case studies are not

directly comparable.

The optimization results discussed thus far were obtained using the GA settings
provided in Table 5.3. However, multiple simulations were performed with different
settings to study the effect of GA settings on the obtained optimal design parameters.
For instance, reducing the number of initial population from the original setting of
2000 to 1000 for the base excitation case study with NN1, resulted in slightly larger
L, (from 0.2653 to 0.2761) while the patch location was moved further away from
the fixed end (L, reduced from 4.59¢™* to 3.89¢™*) Other parameters (thickness,
width and capacitor size) were not impacted drastically. Note that reducing Nj,,
by half, in turn reduces the mating pool population by half. Furthermore, reducing
the maximum iteration number by half (from 200 for results in Table 5.4 to 100)
had a bigger impact on the optimal beam and patch length. As an example, the

optimal beam length of 0.592 m for the first tip excitation case study, reduced to
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0.482 m. That is because the maximum iteration number was reached and the GA

optimization was terminated before converging to the final optimal value. Reducing
the mutation rate form 5% to 2% had a minimal effect on the obtained optimal
parameters. If very small initial population size was selected, then reducing the
mutation rate could potentially impact the global solution as areas of the function
space might be left out unexplored. However, for these simulations were at least
1000 initial points are evaluated at the beginning of the search, a 2% mutation rate

does not impact the results significantly.

5.5 Summary and Chapter Conclusions

This chapter presented a new approach to simulation-based optimization of a piezo-
electric energy harvester. It was shown that the combination of a properly trained
NN along with the GA optimization provides an efficient tool, well-capable of tack-
ling optimization problems involving expensive-to-evaluate objective functions. It
was also shown that through proper training, NN models can adequately mimic
the behavior of a piezoelectric energy harvester charging a storage device through
electrical interfacing circuit. High R? values obtained for each case study proved
that the proposed MLP structure with two hidden-layers sufficiently captures the

underlying behavior of this complex system.

Optimization results obtained from GA were thoroughly analyzed. It can be
concluded that certain geometric parameters, such as location of the piezoelectric
patch on the host structure and the thickness of the patch, significantly influence
the energy harvesting efficiency and therefore, optimal selection of these parameters

should be considered. It should also be mentioned that the optimization scheme
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proposed here is not limited to the cantilever beam type studied in this thesis and
can be easily modified to incorporate other harvester designs, for instance, structures
with mechanical non-linearity or different beam harvesters. Based on a simulation
model of the system with acceptable performance, input/output data pairs can be
used to train proper structure of a NN model, which can then be used in a black-box

optimization algorithm, such as the GA.
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Chapter 6

Thesis Conclusions and Future
Works

“Problems worthy of attack prove
their worth by fighting back.”

Piet Hein - Danish Mathematician

This thesis investigated (i) the transient behavior of a piezoelectric energy har-
vesting system during the charging process of a storage device through different
electronic interfacing circuits. While (ii) developing an accurate semi-theoretical
model of the energy harvesting system based on the continuum mechanical model,
the electromechanical coupling effect, and (iii) the impact of different interfacing
circuits on the transient charging process were thoroughly studied. The thesis also
(iv) developed an efficient tool for tackling simulation-based optimal design problem
of an energy harvesting system. The new optimization scheme benefits from the

long list of advantages that modern machine learning algorithms can offer.
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This chapter sums up the thesis by restating major contributions of this work.

Finally, possible future extensions are provided.

6.1 Thesis Contributions

The main contributions of this thesis are threefold: (i) development of an accurate
semi-theoretical model of a piezoelectric energy harvesting system considering both
the transient piezoelectric coupling, and the charging dynamics, (ii) comprehensive
study and analysis, using physical experimentation, of the effect of various interfac-
ing circuits on charging dynamics of the PEH, and, (iii) development an efficient
optimization tool based on machine learning and evolutionary algorithms to tackle

the optimal design problem of an energy harvester.

6.1.1 Semi-theoretical model of the charging process

The proposed semi-theoretical model of the piezoelectric energy harvester combines,
for the first time, an accurate continuum mechanical model, and the precise electrical
charging process, considering the electromechanical coupling effect. The physical pro-
cess of charging of the external capacitor by a PEH considering electrical-mechanical
coupling effect is well explained through the proposed iteration process. The focus
of the proposed model is on transient charging characteristic of the system with
different electronic interfacing and storage circuits. The iteration process allows the
consideration of exact charge distribution in the system during the transient-phase

of the system.
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Two common types of interfacing circuits, namely, standard interfacing circuit,

and self-powered non-linear SSHI circuit, were modeled and comprehensively studied

through experimental tests. The effect of each interfacing circuit on the charging

dynamics were carefully examined.

This experimentally validated semi-theoretical model has several distinguishing

features, when compared to other modeling approaches, such as:

1.

1l.

iii.

Unlike many of the available PEH modeling techniques that either focus
on the mechanical-domain model, and simplify the effect of the electronic
interfacing circuits, or vise versa, this numerical procedure is capable of
accurately simulating a complete energy harvesting system, comprised of

piezoelectric patch, linear or non-linear interfacing, and storage circuit.

Unlike the majority of the proposed analytic expressions for harvested electrical
power that overlook the charging dynamics during the transient phase and
assume that the system is operating under steady-state condition, the proposed
model can be used to simulate and study system’s behavior during transient
operation. This is an important characteristic of the model, since, in many
practical situations, electrical power is delivered to the capacitive load during

the transient operation of the harvester.

The numerical nature of the model provides the required versatility to consider
a wide range of PEHs and study the effect of various parameters during the
modeling phase. For instance, the effect of the series resistance of the SSHI
interfacing circuit on the charging transient of the storage device was easily

incorporated into the model. In a similar fashion, the mechanical-domain
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model can be adapted to include new beam designs (i.e. different geometry,

shape, etc.), or consider different boundary conditions.

Overall, based on the results of the experimental studies, proposed numerical
model outperforms traditional SDOF models and can be beneficial when considering

transient PEH charging dynamics through interfacing circuits.

6.1.2 Optimal Design of a Piezoelectric Harvester

The thesis also embarked upon developing a new simulation-based optimization
scheme for PEH. Through several experimentation and parametric studies, it was
determined that certain geometric and circuit parameters (such as the location of
the piezoelectric patch on the host structure, the thickness of the patch, the size of
the beam, etc.) significantly influence the overall power harvesting efficiency. Thus,

an optimization tool can greatly benefit the system designer.

This new approach to simulation-based optimization of a piezoelectric energy
harvester, involves an accurate simulation model of the system (such as the developed
semi-theoretical model of chapter 3), a properly trained NN, and a GA optimization.
Combination of these elements, provide the system designer with an efficient tool to

tackle the design optimization problem.

Proposed scheme is well-capable of tackling optimization problems involving
expensive-to-evaluate objective functions. It was also shown that through proper
training of the NN model using accurate simulation data, NN can adequately mimic
the behavior of a PEH charging a storage device through electrical interfacing circuit.

Statistical analysis of the learning process provided in chapter 5 proved that the
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proposed MLP structure sufficiently captures the underlying behavior of the complex

PEH.

It should also be mentioned that the optimization scheme proposed here is not
limited to the cantilever beam studied in this thesis and can be easily modified
to incorporate other harvester designs, for instance, structures with mechanical
non-linearity or different beam harvesters. So long as a simulation model of the
system with acceptable performance is available, input/output data pairs can be
used to train proper structure of a NN model, which can then be used in a black-box

optimization algorithm, such as the GA.

6.2 Possible Future Directions and Recommended

Extensions

The modeling approach and the optimization scheme developed in this thesis, while
showing good performance, can certainly be improved. Following items are only a

few suggestions for future improvements of the topics discussed in this thesis.

i. Development of a fully theoretical model of the PEH that can accurately
consider the effect of interfacing circuits and simulating system’s behavior in

both steady-state and transient operation.

ii. Augmenting the numerical model to incorporate mechanical non-linearity, for
instance, using non-linear material property for the host structure, or non-linear

beam models.
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iii.

1v.

vi.

vii.

Numerical modeling and detailed experimental study of the effect of the newly
developed SECE interfacing circuit on the transient charging dynamics, and

perhaps incorporation of a more accurate model of the diode bridge circuit.

Considering the new Bayesian optimization approach as an alternative to

method for optimization during the simulation-based optimization.

Experimental evaluation of the optimal design parameters proposed in this
thesis using an experimental test setup capable of withstanding large vibration

amplitudes.

Modeling and optimization considering multiple piezoelectric elements attached

at different locations with different length along the cantilever beam.

Studying the effect of thermo-strain on the transient charging behavior of a

vibration energy harvester.
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