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ABSTRACT

This research first attempts to identify the effective parameters in the EMEH and
PEH system. These systems with a transducer used in applications as a sensor or an
actuator. On the other hand, there is an output interface with electrical circuit and
function of converting and regulating AC signal to the DC operational output energy for
the load.

The proposed design in chapter five is the result of the study about the effect of
input parameters such as input frequency and acceleration to the output voltage and
power regarding physical structure of transducers.

Having a successful model for effective physical design with considering a
mixture of electromagnetic induction and piezoelectric effect mechanisms base on input
motion bring the necessity of chapter two, three and four focusing on the developed
designs and models with similar purposes to objectives of this thesis.

The analysis of PEH and EMEH devices with different approaches are modelled
analytically or numerically to define the relation between effective parameters
depending on the purpose and usage of the system. Modelling with either lumped or
distributed parameters numerically consuming software such as MATLAB, ANSYS and
COMSOL to use automatically the defined equations (use for complicated and
nonlinear systems) via Finite Element Analysis (FEA).

Modelling is an effective way to estimate the output changes based on
manipulation of the input parameters. There is usually some constitutive motion
equations in the electromagnetic and piezoelectric system since the source of energy for
harvesting enough charge is from mechanical vibration source.

Based on the research in EMEH transducers the effective architecture for
maximum output from EMEH transducer is the use of more than one magnet while the
magnet is in line with the coil. For the PEH system, the materials for inactive and active
layer equally important and their positions and size respected to each other and related
to the electrodes change the properties of the transducer. The research in Chapter two
and four clearly express the effectiveness of bimorph layers with 31-mode
configuration. The model which is indicated in chapter four can extend for the uni-
morph piezoelectric layer and also considering the model for a 33-mode electrode with

one or two piezoelectric layers.



The model for the electromagnetic system first depends on the magnetic field
strength (fixed or alternative) in the coil and/or around the coil with considering the
distance and position of coil -magnet with magnetization inside the magnet from N pole
to S pole. Also, the effect of motion in coil or magnet from input mechanical vibration
that effect on the area of coil or magnet which also effects the magnetic field and the
amount of generated flux.

The input motion usually is a harmonic movement that could model by sine or
cosine wave with mechanical and electrical damping and frequency. In this thesis, we
are interested to find resonance frequency of the new engineering composite from
piezoelectric materials category for the purpose of optimizing and implementing the
device as a hybrid resonance device to generate maximum output with an optimal load.
Although, the limitations of simulation and enough information about constitutive
parameters of the piezoelectric layer in the datasheet of cantilever plate generates a lot
of difficulty in modelling and recognizing of effective parameters to evaluate the

design.
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CHAPTER ONE
INTRODUCTION

1.1 Overview

The most common ambient sources for energy harvesting are solar energy,
electromagnetic field, gravitational field, temperature difference, pressure fluctuation,
fluid flow, human movements, mechanical vibration and seismic vibrations. Among
those energy sources, the solar energy is one of the most effective power sources with
the highest output power density, although it has a usage limitation for outdoors and
areas with light [1]. On the other hand, vibrational energy is an abundant non-
exhaustive source, which obtains energy from a machine's vibration, human movement
or another form of motions [2]. The ambient vibration from environment mostly goes
unused. However, there are several methods to obtain electrical energy from these
sources [3]. This kind of vibration energy has a considerable potential in Microsystems
because of relatively high power density production, being easily accessible, having a
simple manufacturing process, being reliable in a harsh environment, having an infinite
lifetime and a necessary physical link to the outside [1]. Micro-power generation could
be an ideal candidate for tiny wireless sensors, which need small self-supportive power
needs for sensing and transferring signals [6].

An energy harvesting system needs proper energy conversion principles and
efficient circuitry for the energy management. In the application of energy harvesting
process, the electrical power is generated by conversion of environmental waste energy
into a clean and renewable energy source that could be usable power for various
applications. Applications of energy harvesting systems depending on the functionality
and the performance of energy harvesters could evaluate [4, 5]. Besides, a transducer
and a principle for energy conversion could be chosen for the system [4, 5]. Transducers
are important for energy harvesting. In this case, there have been three different types of
transducers to scavenge energy. They include electrostatic, electromagnetic and
piezoelectric [1]. Furthermore, Transducers are sensors with sensing elements and

physical properties. Moreover, they can convert information from one form to another
1



(harvesting electricity is from the process of conversion of energy) and make an
interface between the processes controlled and controlling elements. Consequently, they
are detecting input from the physical environment to the output signal and convert the
signal to the human readable display.

The first type, Electrostatic energy harvesting systems, utilise several capacitors
that have overlap areas and their capacitance changes by altering the area with applying
ambient vibration to the structure. The second type is piezoelectric devices that
scavenge energy utilising the piezoelectric effect of piezoelectric materials that have the
capacity to convert mechanical strain into electrical energy. Thirdly and lastly, the
inductive energy harvesters employ electromagnetic field in the coil to generate

electrical energy from environmental vibration of the electromagnetic structure.

1.2 Motivation

There are several reasons for choosing vibration energy harvesting systems
(VEHS) as my thesis topic that are as follows.

First, ambient energy harvesting system (EHS) has some benefits over the other
battery based power generators. As mentioned in [6], they are including self-powering,
last long operation without maintenance, safe without chemical disposal, no charging
needed, cost-effective and flexible.

Electronic devices previously gain their power from batteries whereas batteries
lifespan, and device's functionality bounded by the power consumption in the
electronics [4]. Hence, developing fully self-powered circuitry is an objective
consideration in the practical Vibration energy harvesting system (VEHS) [5].

Second, the amount of power which is available from the ambient source is
practical for small electronics with improving output capacity.

Last, the system has potential in the market (wireless sensors, actuators) with a
variety of types. In fact, the applications expand in several industries like biology
science for biosensors especially the wearable one. Moreover, mechanical and civil
engineering in building structure and rail tracks for health monitoring (condition
monitoring). The researchers including Tsai, Kymissis, Elvin, James, Chao debated
about applications with different types of VEHS [7-11].

2



For example, in [8] a heartbeat sensing device with stretch ability and
electromechanical sensitivity from controlled multilayer PDMS, which are polymers
and skin-like piezoelectric rubber films presented. The polymers are piezoelectric
rubber films with suitable cellular structure and potential for sensing and powering for
the specific application. Besides, A PEH system developed which uses ambient lost
energy from walking to generate enough power for a radio transmitter [5-7]. In fact, it is
a shoe- mounted piezoelectric generator to transmit identification code while the bearer
walks and serves for a personal positioning system for military or police units as well as
for personal navigator [5-7]. Additionally, there was a proposal to design embedded
piezoelectric patches in the structure to measure the mechanical strain [8]. Also, James
et al. in 2004 proposed a low power accelerometer as a sensor and a vibration based
EMEH used to monitor condition applications such as structural health monitoring
(SHM) as described in [10].

1.3 Problem statement

Vibration Energy Harvesting Systems (VEHS) has several problems and
limitations. These include [6]:
(i) Bandwidth and linearity: narrow bandwidth implies constrained resonance
frequency and limits applications. The range of frequencies which reduces the
number of efficient nonlinear dynamics to increase the efficiency.
(i) The capacity in MEMS/NEMS (Micro/Nanoelectromechanical system)
technology: the limitations in MEMS/NEMS include the factors a) small mass and
maximum displacement; b) miniaturisation issue for micro-magnets and piezo
beams; and c) abound for power density in microscale systems especially for
electrostatic systems.
(iii) Output results: the difficulty is with generating enough power in 10 mW to
100mW for milliwatts electronics and low output voltage for the EMEH device.
The electromagnetic and piezoelectric EHS each of them separately as transducers
has specifications that limited their capacity.
Piezoelectric transducers generate desirable output voltages (2-10V) and well

adopted in miniaturisation and compact technology [6]. However, this piezoelectric thin
3



film in the system has low electromechanical coupling coefficients that require large
mechanical load in optimal electrical generation power point [5, 6]. On the other hand,
electromagnetic transducers have a very low output voltage (0.1V). Also, they operate
in the low-frequency range in medium size EHS with relatively low impedance at
maximum power generation point. But, their microscale integration is expensive
because of complex manufacturing of micro-magnets and the necessity for large mass

displacement [6].

1.4 Objectives

In view of the above-mentioned needs, we embark on this study to determine and
calculate higher output power and voltage with frequency band study for better
efficiency for piezoelectric and/or electromagnetic energy harvesting system. To be

more precise, the objective of this work was to:

1. Study the fundamental frequency vibrations to natural vibration of the beam.

2. Develop the understanding of the detailed® mechanical, electrical and
electromechanical interaction of piezoelectric and electromagnetic energy harvesting.
3. Design a suitable model that can properly include the dynamics of both the
mechanical and the electrical components with energy harvesting circuits with
minimum error in comparison to physical experiments, and high accuracy on the
harvesting power and efficiency.

4. The testing design of a hybrid electromagnetic and piezoelectric energy
harvesting system with higher output results and more efficient in comparison to the
stand-alone piezoelectric or electromagnetic energy harvester.

1.5 Thesis Structure

Chapter 1 defines the objectives of this work that include the effect of different

piezoelectric materials on vibration beam, the specifics of mechanical and electrical

! mentioned in chapter two pgs.: 10-40



components of PEH and EMEH. There are also design and test a hybrid system to
compare to the result of standalone PEH and EMEH. Furthermore, the main motivation
of this study is to improve the energy harvesting systems by looking at different
applications of PEH and EMEH.

In chapter 2 the literature is reviewed on the development of vibration based
energy harvesting systems. It presents a comprehensive survey of existing models and
design of electromagnetic energy harvester (EMEH) and piezoelectric energy harvester
(PEH). The effective parameters for each system investigated. In the end, different
application of each system is evaluated.

Chapter 3 presents the proposed evaluation on one of the best existing
transducer’s design with up converted input mechanical frequency. The modelling of
the EMEH system based on Faraday’s induction law and motion equation for cantilever
beam evaluated. The system’s performance is evaluated by implementing the changes to
the cantilever length and resonance frequency with respect to the peak of output voltage.

Chapter 4 gives the existing lumped analytical model to describe one of the best
piezoelectric energy harvesting system. The function of mechanical motion parameters
and electrical domain of piezoelectric (electromechanical) harvester including the
interface circuit is given in mode of circuit elements. The proposed evaluation in
MATLAB for presented design and model tested for different system size and
piezoelectric materials.

Chapter 5, an experimental testing of the proposed hybrid mechanisms of
vibration based electromagnetic and piezoelectric energy harvester system is
implemented. The results of experiment set up are compared to the results from
MATLAB simulation and COMSOL modelling software.

Chapter 6 a conclusion and recommendation for future researches are given.



CHAPTER TWO

LITERATURE REVIEW

2.1 Synopsis

In this chapter, the concepts and literature of energy harvesting technology
utilising mechanical vibration source, the electromagnetic and piezoelectric energy
harvesting systems are examined. In Section 2.3, physical design structure of the
existing EMEH and PEH systems are presented and they compared according to their
effective features. The designs of EMEH are affected by coil-magnet physical positions
and quantity of magnets. The design of PEH device depends on piezoelectric layer
parameters and its relation to electrodes and inactive layers. In Sections 2.4, the
analytical modelling with distributed or lumped parameters for the transducer, power
converter and load in PEH and EMEH systems depending on physical design are
reviewed. At the end, in Section 2.5, the existing applications for both PEH and EMEH

system in different technologies presented.

2.2 Introduction

EMEH systems are inductive generators with an electromagnetic energy source
and generate electrical energy from the conversion of mechanical energy of ambient
vibration. The typical electricity generation is described by Faraday’s induction law
when magnetic force interacts with a coil (spiral or helix) as a conductor. There are
different EMEH types of generators. They are classified based on the relative coupling
of coil and magnet with respect to each other and the mechanical excitation. For
example, the system could use a magnet moving with a spring or cantilever in simple
harmonic motion [12, 13]. There are two modes, fixed coil and moving magnets in the
same or opposite pole orientation [12]. Alternatively there could be a moving coil with a
fixed magnets configuration. Further, coil and magnet are physically in line or
perpendicular to each other with the congruent or orthogonal centre axis to oscillation

direction with back iron or without back iron [14] as shown in Table 2.1.
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PEH systems as power generators and sensors could work with ambient vibration
energy sources and provide advantages consisting of the ease of bulk to
micro/nanosystems transformation and integration, having long lifetimes and the
tendency of direct energy conversion [3]. The piezoelectric energy harvesting (PEH)
systems use the piezoelectric effect of materials to scavenge energy from the system.
Piezoelectricity is a material’s feature that defines by applying strain energy from
external vibration to deform the beam and produce a local charge separation in
material’s molecular structure [3]. This effect introduces electric charges to harvest

from the system [3].

Vibration-based energy harvesting systems are more popular for using the
piezoelectric and electromagnetic energy harvesting (PEH/EMEH) mechanism to harvest
electrical energy because of high electromechanical coupling with no requirement to
external voltage sources and their particular attention for use in microelectromechanical
systems (MEMS) [15].

Torah et al. in 2006 reported an electromagnetic energy harvesting system that has
four magnets mounted on a cantilever spring and a magnetic flux produced in the coil as
the magnets are in opposite polarities and the device vibrates at the resonance frequency
of 56.6Hz [16]. This generator generated the maximum output power of 17.8 uW at the

acceleration of 0.6 ms™2 which rated as a low output generator.

Low output power and power density from a single mechanism of piezoelectric or
electromagnetic components are problems for various applications. The solution to the
stated problems could solve by hybrid energy harvesting devices to generate more
energy to charge the output device and increase the reliability of the system.

Hybrid mechanisms of vibration harvester systems are using the coupling factor
between mechanisms such as piezoelectric and electromagnetic energy harvesting
system in this study. This idea is not new but it develops by new composite material for
the piezoelectric material layer with high voltage capacity, numerical modelling for the

new design in COMSOL and cheaper experimental set up for the prototype testing.

Yang et al. in 2010 proposed a hybrid electromagnetic and piezoelectric energy
harvester that used a cantilever structure containing multilayer piezoelectric materials as

a beam, magnets as a tip mass and coils near the magnets [17]. The relative position of
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coil and magnets changes in the three types that show in Fig 2.1. They include type one
and two, with magnetic pole direction using the z-axis and plane coils located in the
horizontal and vertical plane. Type three has magnetic pole direction using along the y-
axis and the plane coil located in the vertical plane. Each prototype uses 2, 4 and 6
magnets. Consequently, the output power of type Ill devices with 6 magnets and 2.5 g
acceleration at 310Hz frequency for piezoelectric mechanism and electromagnetic
mechanisms are 176 uW and 0.19uW respectively. Sang et al. in 2012 made a cantilever
structure of hybrid energy harvesting system with maximum load power of 10.7mW at
the resonance frequency of 50 Hz and the acceleration of 0.4g [18]. As a result, the
output power from hybrid system with the optimal load of 50Q increased by 81.4% in

comparison to standalone electromagnetic mechanisms.

To be fixed on the
shaker Screws

\,{‘g : g/ PZT cantilever
R

Magnets

]

e

" (¢) Type III

Figure 2.1: The hybrid PEH and EMEH system with a, b, ¢ different positioning of
magnet to coil [16].



2.3 Physical Design Structure

2.3.1 Electromagnetic Energy Harvester (EMEH)

There are three different structures for an EMEH system design including
Cantilever beam structure (one clamped end and free on the other end) in Figure 2.2
with a beam[16, 19-23] or spring [24], cylindrical structure in Figure 2.3 with
mechanical spring [13, 25] or magnetic spring [26] and disc structure in Figure 2.4
[27, 28].

2.3.1.1Cantilever Beam Structure

In [16, 19] the architecture is “magnet across coil” with and without back iron
(A-VIII) regarding Table 2.1 and using the cantilever beam structure. The beam vibrates
with tip mass that is a coil or magnets depending on which one is moving. Developing
an EMEH system including a coil between two magnets as the geometry requirement
should involve winding a coil around magnets that are heavy and the motion result in
low output voltage across the coil [19]. This structure showed in Fig 2.2 (a). Moreover,
four magnets around a coil in Fig 2.2 (b) generates useful power of 157 uW tested in the
engine block of a car [19]. This design also used in [16] by using a beam (a cantilever
spring, dimensions optimised using ANSYS) with magnets (the size optimised using
Ansoft Maxwell 3D) in opposite polarities above and below of the beam demonstrates
in Fig 2.2(c) and a magnetic flux field produces electric current through the fixed coil.
The device in [16] works in the frequency range of 50 Hz to 60 Hz with resonance in
56.6 Hz the optimised design generate the output power of 17.8 pW.

Above designs elucidate the magnetic field strength (H) regarding the following

parameters:

a) Coil inductance (L) which increase by increasing the number of turns (N), bigger

coil area including its diameter (A = mr?), shorter length (1), higher coil’s core

10



permeability  (U=p.u, wherey, is relative permeability and p, = 1 forair)  as

mentioned below

L = Nua 2.1

emf = —L & 2.2
At

b) Increasing in the magnet dimensions which means a larger proportion of coil

intersects with the magnetic flux gradient.

c) The magnetic field strength the proportional to the inverse cube of the distance
from dipole as mentioned in equation 2.3 which means adjusting the gap between

magnets or magnets and the coil.

In [24] with the design in Fig2.2(e) the architecture is “magnet in-line coil”
without back iron (A-I1) regarding Table 2.1 and using the cantilever spring structure.
There is a magnet as an inertial mass in the centre of spiral spring with fixed ends [24].
The function of this design is to increase electromagnetic forces by improving magnetic
flux density and motion. Besides, the coil is fixed below the magnet and various
vibration and load resistance applied. This design is good for low ambient vibration and
acceleration devices that generate 115.1uW output power [24].

The efficiency and power density of vibration EMEH system depend on the value
of vibration frequency [22]. The ambient low frequency usually extracted from the
environment and mostly from human motion that is in the range of (1-10 Hz) [22]. So,
there are several studies have worked on a mechanical frequency up-conversion method
for EMEH as a frequency increased generator that either absorbs or convert mechanical
energy into electrical one. The transferred energy to high-frequency oscillator mainly

depend on the stiffness of the spring (spring constant, k) and this ratio changing by mass
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(m) and damping ratio (c) [29]. This ambient low frequency could be for a resonance
beam [30] or non-resonance oscillator [25] with limited force and displacement sources.
The frequency up-conversion method utilises mechanical impact or magnetic attraction
between a permanent magnet and a magnetic material to convert the low ambient
frequency vibration (w,,") to high natural frequency (nw,') [20, 21, 23, 25]. So, the
duration (7) of this temporary motion in one cycle (2m) depend on the effective mass

(m) which is express as equation 2.4 in [29].

r="2F — —2m InC%/z,) 2.4

! c

Where Z,Z0 are displacementsint = 1,t = 0 and c is damping coefficient.

In [20-23] the architecture is “magnet across coil” without back iron (A-VI)
regarding Table 2.1 and using the cantilever beam structure. Their design structure as
show in Fig 2.2(d) is a pickup coil on a cantilever beam as a tip mass and a magnet
placed on a vibrating support across the coil [20-23]. There is a mechanical barrier
arm on magnet’s diaphragm with the function of up-conversion. The first attempt in
[22] by increasing frequency from 10 Hz to 643 Hz provides the RMS (root mean
squared) output power of 68.7 uW. However, in [23] the same structure design and
technique used by conversion of 10 Hz to 394 Hz, which is lower value of conversion
in comparison to previous work still 544.7 uW RMS power harvested. The evaluation
of [22] and [23] highlighted the other effective parameters in design such as magnet

configuration and number, coil geometry and scaled down the device dimensions.
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STRUCTURES | DESIGN REFERENCES/METHODS

Using beam as a cantilever [19]

Using beam as a cantilever [19]

Using beam as a cantilever [16]

CANTILEVER

Using beam as a cantilever ,

frequency up-conversion [20-23]

Using spring as a cantilever [24]

Figure 2.2: Cantilever structure of EMEH system.

2.3.1.2 Cylindrical structure

The architecture of “magnet in-line coil” without back iron regarding Table 2.1

and the cylindrical structure applied in [13, 25, 26].
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Using two helical compress springs and coupling them with two stationary
NdFeB magnets at both ends of the thick hollow cylindrical tube (architecture of All),
wrapping coils around both ends and a moving non-magnetic ball in the middle of the
structure mentioned in [25]. This non-resonant and up-converted system (the free ball
impact the magnet by hitting it to vibrate at higher frequency) in Fig 2.3 generates
110uW average power and allows the powering of smart devices from low-frequency
(<5 Hz) vibrations (shake hands, 2.5-6 Hz) [25].

Another design in [13] as demonstrates in Fig 2.3 is with one resonance spiral
spring attached to a permanent magnet (architecture of All) and a coil packed in inner
and outer cylinder housing vibrates. This structure simulated using ANSY'S and shown
the spiral geometry of spring has lower spring constant and stress concentration that
causes a larger displacement and useable in the applications with less than 100Hz input
frequencies.

Lastly in [26, 31] a cylinder design proposed with one or two fixed permanent
magnets at the ends (magnetic springs) of the tube and one or two moving magnets
(mass) in the middle where a coil wrapped in series outside the tube (architecture Al).
These EMEH tube designs show in Fig 2.3 (a-1), (a-2) and (b). The results in [26] show
that the system vibrates with 8 and 6.5 Hz resonance frequency to move the magnets in
middle and a voltage induces in the coil [26]. The results from [26] indicate the
followings:

a) The cylindrical structure is beneficial in compare to the cantilever structure for
random vibration signal

b) The magnetic spring with ease of construction, tenability and less prone to fatigue is
better than mechanical spring

c) The average generated electrical power of the vibrational generator is proportional to
the cube of the frequency

Munaz in 2013 adopted the design in [26] and the optimised EMEH generated
4.84 mW output power with the load resistance of 1 kQ for three magnets at 6 Hz

resonance frequency[31].
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STRUCTURES

DESIGN

REFERENCES/METHODS

Cylindrical

Non resonance mechanical spring,
frequency up-conversion by non-

magnetic ball [25

Resonance mechanical spring [13]

Magnetic spring and multipole

magnet [26, 31]

Figure 2. 3: Cylindrical structure of EMEH system.
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2.3.1.3Disc structure

The “magnet in-line coil” architecture without back iron (Alll) regarding Table
2.1 and the disc structure used in [27, 28]. These articles utilise spiral springs connected
to a plane winding the coil that is surrounding a movable permanent magnet of FePt
membrane with spacers between them [27, 28]. The EMEH system displays in
Fig 2.4. The results show that the EMEH system generates a nonlinear magnetic flux

and maximum output power of 100 uW at 60 Hz [27, 28].

STRUCTURES DESIGN REFERENCES/METHODS

Nonlinear magnetic flux
Disc with spiral spring [15,

16]

Figure 2. 4: Disc structure of EMEH system.

2.3.2 Piezoelectric Energy harvesting (PEH)

There are several methods to design, improve and solve issues comprising the
size and volume matter, low efficiency, small output power and voltage in piezoelectric
power generators and scavenging energy from different kinds of ambient vibration
source.

Firstly, it is important to select an efficient coupling mode of operation [32-35]
or chose the proper device configuration [35-37] for the cantilever (piezoelectric layer

and electrodes) of a vibration PEH system.
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2.3.2.1The Coupling Modes of operation

The coupling modes of a cantilever in a PEH system are mostly either transverse
31-mode or longitudinal 33-mode. When the cantilever is in the transverse mode, the
electric field is applied perpendicularly to the input strain. However, in the longitudinal
mode, the electric field is applied parallel and in the same direction as the input strain.

Sood in [34] and Kim in [33] compared the 31-mode cantilever with two separate
electrodes on top and bottom of the beam and the 33-mode cantilever with an
interdigitated (IDT) electrode only on top of the beam. These two coupling modes
introduced in Fig 2.5. The results of comparison between the features of 31-mode and

33-mode cantilever for a piezo-generator are following:

a. The distance between electrodes in the 31-mode beam is equal to the thickness of
the piezoelectric layer while, in the 33-mode beam, it is independent and much
larger than the piezoelectric layer thickness (~10 times of PZT thickness)[34].

b. Choice of the 31-mode cantilever beam over the other modes is due to its simple
fabrication, lower chance of breakdown (electrodes distance as mentioned in “a”) in
the system with lower open-circuit voltage [38] and having typical higher power and
efficiency in the output medium[33].

c. The 33- mode cantilever has a larger coupling coefficient (k) than the 31-mode as

mentioned in equation 2.5 [32].

Electrical Energy—Out
k= , £ 2.5
Electrical Energy—In

d. The 33-mode cantilever with the same dielectric constants (& = €,¢,) as the 31-
mode in the system has larger magnitude piezoelectric coefficients (dss3, gz3) of
about 2 to 2.5 times and its open circuit voltage is about 20 times [33, 34].

e. The poles in 33-mode cantilever because of the electrode configuration can be

harder than the 31-mode cantilever [33].
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f.  The PEH systems used the 31-mode cantilever more often with a small force and
the low vibration system. Having higher capacitance in d;; mode PEH in compare to

d3; mode device conducts a better performance in transverse mode device[33]
The open-circuit voltage (V,.) as mentioned above defined in [33, 34] as below
a) the applied stress (0y;2)

b) The distance between electrodes (L, subscript x = 1 or 3)

c) The voltage constant (g;;) Vm/N

and define as below equation 2.6
Voc = 0L 8ij 2.6

Moreover, piezoelectric strain constant (dy) is proportional to the voltage

constant (gi]-) Vm/N via the dielectric coefficient (& = &,&,) mentioned in equation 2.7.

i 2.7
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(b)
Electrode Piezoelectric layer

Figure 2.5: The coupling mode between piezoelectric layer and electrodes a) the d5,
mode with electrodes distance of L, b) the d;3; mode with electrodes distance of L; [33].

2 Appendix B
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Therefore, above relations confirm the importance of electrode factors, poling degree
and simple fabrication in selecting the better performance in the design.

2.3.2.2 The Device Configurations

The configuration of piezoelectric energy harvesting systems could change using
a uni-morph or triple layer bi-morph structure is shown in Fig 2.6 with one active layer
and one inactive layer or an inactive layer between two active layers respectively [35].
The active layers consist of piezoelectric materials, and the inactive layer is a polymeric
epoxy or metallic materials with elasticity [36].

The bimorph bending mode of active layers (piezoelectric patches) could design
in series or parallel depending on polarisation direction and the applied field in the
cantilevers [36]. In deformation of series layers, the electric field is applied
perpendicular to the polarisation direction of an upper active layer, and its length
expands while a lower active layer has a polarisation direction parallel to the applied
electric field and condenses the layer [36]. However, parallel layers provide the same
polarisation direction and electric field across the individual layers with opposite

direction.

Inactive laver

Active Layer (Piezoelectric Layer)

Figure 2.6: The piezoelectric layer configurations a) bi-morph in series electrical
connection [37] b) bi-morph in parallel electrical connection [37] ¢) uni-morph [36].

The piezoelectric bender results in [35] show that the uni-morph structure

generates maximum power of low excitation frequencies and load resistance while the
19



bimorph structures for parallel and series electrical connection generate highest power
with medium and high excited frequency and load resistance respectively. In [36] they
indicated that the bimorph benders are acceptable in many applications because of its
features such as generative force (as actuators) and high sensitivity (as a sensor) and
providing large displacement. They also deliver better reliability with an inner elastic
layer that controls the deformation of both layers [36].

Also, it is important to alter the geometrical arrangement of the cantilever with
mass function [35] or tuning the device using frequency matching and frequency band

in a vibration PEH system.

2.3.2.3 Geometrical Cantilever Arrangement with mass function

There could be different shapes of the cantilever such as rectangular [38],
triangular [32], tapered [39] or trapezoidal [32, 40] with point mass or real end mass.

The mechanical construction in [39] has a tapered shape beam cantilever with a
coated thick film (70um) of lead zirconate titanate (PZT5H, piezoceramic). To test the
design a shaker as a vibration source used and a mass as a supporting part attached to
the beam tip with a short thread [39]. The shape of the beam (non-rectangular) has
major edge effects such as boundary condition and damping that make the analytical
modelling very complex. Consequently, a numerical modelling called Finite-element
analysis (FEA) package of ANSYS software for the modification and testing of the
system used [39]. The results demonstrate linear operation between deflection and stress
of beam unless the increase of the beam amplitude results in higher stress level and
nonlinear operation. Also, the evaluation of graphs in [39] highlighted the function of
the electromechanical coupling coefficient (k,,.) in the output power (p,,:) Which also
indicates ke & (ds;)?(ds; is piezoelectric transverse mode coefficient).

In [38] a rectangular shape beam cantilever with a thick film of PZT (1.64um)
and a nickel-metal mass on the free end tested. The functions of mass involve the
mechanical strength improvement and the decrease in the natural frequency of the
structure in low-frequency vibrations [41, 42]. The rectangular shape is a traditional and
common beam geometry that provides large stress concentration at the cantilever.

However, the area of maximum stress is small and the tip hardly strained. As mentioned
20



in [32] the rectangular cantilever beam needs modification for a more uniform strain
distribution to generate more output power.

In both [38] and [39] a 31-mode, bi-morph power generator in micron scale was
devised. While these systems have different geometrical cantilever and mass structure,
the results in the system [39] with tapered shape cantilever provided 3uW output power
and 80.1 Hz resonant frequency under maximum displacement. But, in the power
generator developed by [38] just 2.16 uW power is generated within 608 Hz resonance
frequency and 1g acceleration strength.

In [32] the cantilever beam with rectangular shape compared to the trapezoidal
and triangular ones with point mass or real end mass depending on the cantilever
structure. The results show around 30% higher output power in another shape than

rectangular cantilever beam with uniform strain distribution.

2.3.2.4 Frequency Matching and frequency band

Matching frequency between the natural and fundamental frequency of vibration
is difficult. The matching needs i) precise material properties and regulating dimensions
of the cantilever beam and mass in manufacturing ii) choose a frequency from several
different fundamental frequencies of machine iii) choose an exact physical location such
as in the corner or centre of air duct [32]. The frequency resonance with narrow
bandwidth makes the system impracticable in general applications [38].

As mentioned in Shahruz’s study in [43], different cantilever beams with
different lengths and tip masses (beam-mass system) can be assembled parallel to each
other and construct a mechanical bandpass filter shown in Fig 2.7. The advantage of this
structure is surging of output power [38] while the disadvantages related to the size
increases and not being cost-effective [43]. To study the frequency response of the filter
an analytical modelling using a linear partial differential equation (PDE) which is an
infinite dimension and a single degree of freedom (SDOF) is used [43]. The result from
PDE model gives a transfer function that relates the displacement of the beam tip to the
vibration source acceleration [41, 43] where the fundamental frequency is a function of

the beam and mass dimensions.
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Figure 2.7: a) The mechanical band pass filter b) the frequency band and peak power
frequency [43].

The quality factor (Q-factor) in [41] calculated by considering the phase angle
peak between the fundamental frequency and the natural resonance frequency. The
micro-scale PEH system in [41] obtained 2.15uW power at 461.15Hz resonance
frequency with high Q-factor of 233. The high sensitivity and low loss from the
calculated Q-factor demonstrate the inverse association between the Q-factor with

damping and large differences in output power for small changes in Q-factor.

Finally, it is important to replace the materials of cantilever beam layers

including a) active and b) inactive with more efficient one.

2.3.2.5 Materials of Cantilever Beam

There are many types of materials for cantilever beam to provide piezoelectric
properties either naturally or are engineered [44]. In general, the output power depends
on the frequency of vibration and the load resistance. Therefore, having the resonant
frequency and an optimal load resistance are associated with the choice of the proper
materials for the beam.

Various piezoelectric materials for active layer and a shim material (brass) as an

inactive layer for a bi-morph in series electrically, transverse (31-mode) cantilever
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beams considered in [45]. Tested active materials are Lead Zirconate Titanate (PZT),
Lead Magnesium Niobate, Barium Titanate, Lead Titanate, Lead zirconate titanate and
Lead Nickel Niobate. The differences of active materials are in their coupling factor
(ks; 1=1, 3), quality factor (Q-factor), relative dielectric constant (&,) and Young
modulus(Y,). The inactive layer has a Young modulus (Y) of 110GPa.

Testing different active materials in [45] shows various connections between
parameters. First, there is an exponential relation among each of the coupling factor (Kk),
the Q-factor and the relative dielectric constant (&) with the optimal resistance [45].
However, the Young modulus of materials (Y) is in direct relation to the resonance
frequency [45]. Second, the output power of the materials parameters graphs affirms a
direct correlation of the output power to the Q-factor, while has an inverse relation with
relative dielectric constant (&) and Young Modulus (Y) [45]. At the end, in [45] the
dependence of output power on the vibration frequency (depending on the material) and
load resistance indicated and with optimal resistance and at resonance frequency the
best material performance belongs to the Lead Titanate.

The other thin active layer introduced in [46] which is zinc oxide (ZnO) and the
inactive layer is silicon with a 33-mode cantilever beam and a mass at the free end of
the cantilever. This vibration PEH system with z-direction displacement modelled
numerically with FEA package of CoventorWare® software and provided the device
resonance frequency at 34.4 kHz.

a) Type of Active Materials

Lead zirconate titanate is a material known as PZT, which is the most common
and efficient example of piezoelectric ceramic used in power harvesting [4, 34].
However, the piezoceramic materials have some disadvantages such as their brittle
nature and having a fatigue crack growth susceptibility because of applied strain or
loading in the high frequency [4]. Poly vinylidene fluoride (PVDF) is also a
piezoelectric polymer that exhibits better flexibility than the PZT for power generator
applications. Additionally, there are fiber-based piezoelectric (piezo fiber) materials,

which can contribute to higher power outputs, more efficient systems, larger
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displacement capability in thicker plates, the highest piezoelectric coefficient (d;;) and
the lowest dielectric constant with the smaller diameter [4].

b) Type of Inactive Materials

The substrate of a piezoelectric layer of the cantilever beam with either uni-morph
or triple layer bimorph configurations can change the amount of output power of
vibration PEH system.

The substrate materials tested as shown in Fig2.8 for a 31 mode, uni-morph
cantilever beam in vibration PEH system in [44] while the cantilever beam geometry,
the active layer material (PZT) and the thicknesses of active/inactive layer fixed.
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Figure 2.8: Effect of different substrate materials on the output power for the design in
[44].

2.4 Modelling and Testing

To measure the parameters of the designs for PEH and EMEH systems, first
the analytical (mathematical) modelling of the transducer, power converter and load
separately is necessary. Second, the design should test with setting up the experiment

for prototype and/or compare the numerical results with different analytical methods.
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There is a source of excitation for any VEHS, which could be a shaker, an
external force (shock with dropping from a given height or moving object hits the beam

[47] ) or a motor with Harmonic motion.

2.4.1 Transducer

The transducer is a complex three-dimensional structure that is operating
simultaneously in both the electrical and mechanical domains with lumped or
distributed parameters. The distributed parameters use for modelling spatially or time-
varying system that is difficult to integrate directly them into circuit analysis. However,
lumped parameters model applicable for circuit analysis with multiple energy domain
systems. In fact, the distributed electromechanical behaviour of the transducer is lumped
into discrete circuit elements. However, this method is limited for systems with smaller
dimensions than characteristic wavelength.

The piezoelectric transducers comprise of base, beam, mass and piezoelectric
layer while for electromagnetic transducers consider spring/beam movement and coils -
magnets. For modelling, a transducer three elements consider as mentioned with details
below,

1. The mechanical parts:

I.  There is a kinetic energy of a mass which is magnets or/and a coil in EMEH and
it is proof mass (as an inductor in equivalent circuit element) for support in PEH

Il.  There is elastic energy (stiffness) of a spring (or beam/magnet spring) for either
PEH or EMEH (as a capacitor in equivalent circuit element)

[1l.  There are some damping coefficients (losses, as a resistor in equivalent circuit
element) in the mechanical domain such as air and electrical one such as
conversion mechanism or resistor in this domain.

IV.  The deflection of the tip of bent beam generates charge flow in the mechanical
domain in PEH and charge in EMEH is in the electrical domain for magnetic
flux density in the area of coil and magnet to generate flux.

2. The electrical parts usually defined by circuit elements comprise of:
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I.  In EMEH, the coil modelled with a series RL circuit. L is self-inductance of coil
and R internal resistance of the coil.
Il.  In PEH, the piezoelectric layer modelled with a series RC circuit. C is the

piezoelectric layer capacitance and R is its dielectric of piezoelectric materials.

3. The coupling of mechanical and electrical domain (k,,.) indicated as:

I.  Base on Faraday’s law of induction EMF is g(t) = —i—(f which can be rewrite

ase(t) =G w . So the coupling is factor “G” in EMEH.

[l.  An ideal transformer with (1(primary): N (secondary), step-up transformer

% = % ) turns ratio or a voltage source in mechanical domain and a current
P P

source in electrical domain with the different coefficient factor of «, for a
PEH.

The effective parameters indicate the use of motion equations in term of mass-
spring-damper or linear beam theories [48] comprised of Euler-Bernoulli, Timoshenko,
two-dimensional elasticity. The Kirchhoff’s laws (KVL and/or KCL) for the equivalent
circuit of the electromechanical system and Laplace transform of the output voltage to
input force or vibration also could use. Any of the above techniques could be used in a
single degree of freedom (SDOF) [1, 45, 47, 49-54] or multiple degrees of freedom
(MDOF) [55, 56].

For the vibration PEH system bending of the beam while considering the
boundary conditions can model by the (2, 3..., n) order ordinary differential equation
(ODE with one independent variable) or/and the partial differential equation (PDE with
more than one independent variable) [43, 57, 58]. The total energy conservation in
active and inactive layer also helps to evaluate the bender system [44, 57]. However,

bender modelling is out of the scope of this thesis.

2.4.1.1Vibration PEH Examples

In [47, 52, 53] the dynamic of a vibration PEH system with 31-mode and uni-
morph cantilever beam and tip mass with SDOF are modelled in Fig 2.9. The
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Kirchhoff’s laws (KVL and/or KCL) for equivalent circuit and Laplace transform
function are used to find deflection and output voltage relation in the frequency domain.

The coupling coefficient defined by the transformer (turns ration-it shown in circle)

where the average power dissipated in resistive load isp = ﬁfOTV(t)Zdt.
L

(1) Mecharsc \.;U&rl?ﬁ Electncal parasnet r”. )
grosoesoasaces C .......... i::... ............ . C2+kZ+ 0 (1D
:"i{ | - ,:* .2 _ f ( )
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Q. i ‘ :J:’ [.' 1E
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[50-52] acceleration is A, sin(wt). using laplace
transform variable (s) to solve equations in

frequency domain

Figure 2.9: The equivalent circuits of vibration PEH system with SDOF and resistive
load (Ry) [47, 51-53].

Romani et al. in 2012 proposed a modelling technique suitable for envisaging
the exact mechanical and electrical joint behaviour by coupling coefficient @ and 8 as
piezoelectric effect coefficient instead of fixed transformer turn ratio (N) for a vibration
PEH system in [51]. The piezoelectric transducer with 31-mode and bimorph
configuration modelled as a lumped elements circuit [51]. The piezoelectric transducer

in the situation of an open circuit as shown in Fig.2.10 (a) acts as an oscillator with

resonance frequency f, and exponential damping coefficient (z = 2;—“). On the other
M
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hand, in the short circuit (V, = 0) as shown in Fig.2.10 (b). A pure mechanical

oscillator with resonance frequency f,, is provided.
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Figure 2.10: The complete equivalent circuits with a)open circuit b)short circuit of
vibration PEH system with SDOF and resistive load (R;,) [51].

Roundy and Wright in 2004 use constitutive equations, equivalent circuit
elements of a linear piezoelectric material and Euler-Bernoulli beam theory for a SDOF,
31-mode and bimorph configuration [45, 49, 50]. Based on the constitutive equations,

the axial stress-stain relation defined as o = Ye so the Young’s modulus (Y) is the stress

d?z _ M(x

(o) to strain (g). The beam theory with the equation of = YI) defines a relation

between strain (€) and displacement (z) where M(x) is the moment and (1) is the
effective moment of inertia. The KVL wrote for AC voltage source, mass-spring-

damper with considering turn ratio as voltage source only in mechanical domain. On the
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other hand, KCL in electrical domain calculated with total current through piezoelectric
capacitance,cp,, and load resistance, Ry, as a resistive load. However, KCL considers
piezoelectric capacitance,cp,, and storage capacitance,cs, as the capacitive load with a
rectifying situation in the electrical domain. This equivalent circuit did not consider the
current through the secondary winding of transformer turns in comparison to above
modelling. The Laplace transform of equations define in the frequency domain and
relate output voltage (V) to input vibration (§).

Park et al. in 2010 proposed a model for 33-mode, uni-morph vibration PEH with
the help of the mass-spring-damper system, Euler-Bernoulli beam theory and equivalent
circuit elements using Kirchhoff’s law in [1] as shown in Fig2.11. This system in micro

scale generates 1.41uW output power at 528Hz resonance frequency with less than 0.5g

[1].
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Figure 2.11: The summery of 33-mode vibration PEH system analytical modelling in

[1]
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In [59] regardless of mode and configuration of a piezoelectric layer for a
general case of the PEH transducer modelled as shown in Fig 2.12. The mechanical
variables force (F), displacement (x), and velocity (x) represented with equivalent
circuit elements of voltage(l;,), charge as a coupling factor of mechanical
components (a), and current (i.,) [59]. The mass effect neglected, the losses measured
separately and spring stiffness (k) represent by (Cy)[59]. The electrical domain
modelled with single piezoelectric layer capacitance (C,) and the coupling coefficient

of mechanical and electrical domain as equation 2.8 [59],

’; 2.8
Kme=2 kCp+a?

I“ LAAIF v F FT
I =— :

. U a '\'1* m
g sy Gp—— gﬂ'f. leg =X FE N = |
- damperl k=2 B Ri=
a? J 3 I f"

Cu =~
(a) (b) (©

Figure 2.12:The modelling of vibration PEH system in [59] a) equivalent circuit b)

equivalent equations ¢) mass-spring-damper schematic.

2.4.1.2 Vibration EMEH Examples

To model, a vibration EMEH system needs to identify the geometry of coil and magnet.
1) For coil is consisting number of turn of coil(N.) with height of coil (1.), wire

length (1,, = N7t 2r¢; wire area A,, = Tiry,?2), inner and outer
diameter (d;, and doy,) resulting in the average coil radios of r, = Jintdout

The area of the unit turn coil is A. = mr.?

2)  For magnet is either cylinder (L, Iy, A = mr,2) or cubic(Ly, Ly, Ly)
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In [22, 23] as shown in Fig 2.13 a moving cubic (L,, L,, L,) magnet across a coil
with an air gap distance from each other modelled. First, the magnetic field direction is

going from further distance (d) to near the magnetd, [22, 23]. Second, the total
magnetic flux density (B = p (H + M), Nm/A) of the magnet is proportional to the
magnetic field strength (density) of the magnet near coil (H, A/m) and magnetisation in
the magnet (M). Third, the magnetic flux (¢ = [ B.dA) so the Faraday’s law of

induction (Maxwell equations) states the open circuit voltage induced across the coil
(electromotive force (EMF)) presented in equation 2.9

_ _de . d(B.A)
() = i " 2.9
d(B; . Ag) . dBcdt _ d?B(x) dA; _ Acdz
The " defined as % a4 dxdy and el
L,
<>
B, dg ’

B W 2

Figure 2.13: The vibration EMEH with mechanical frequency up-conversion method
design in [22,23].

The ddic depends on the mechanical deflection of the cantilever beam. In [22,

23] z (1) is the function of sine wave displacement of the cantilever with the maximum
value of Z with an input frequency of (f) and exponential effect of total damping on the
wave. The equation indicates the z(t);

z(t) = Z e~ ntsin(w,t + 0) 2.10
The RMS output voltage and power in the results decreased while the power density

and resonance frequency increase with scaling down the harvester dimensions.
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In [24] the vibration EMEH system is modelled with equivalent circuit elements
as shown in Fig2.14(a). They are self-inductance of coil L., the internal resistance of
coil R, and a voltage source V,,;. These components are in series with the load
resistanceRy. So, we have equation2.11

Vout = Vems — i(R, + R. + jwL,) 2.11

|V0ut| _ Ry, 2 12

[Vems| ~ RL+Rc+jwLe
dz(x) dz . . .
The Vopr = o and @ = NBlc,az z and modelled with mass-spring-damper
motion equation as shown in Fig2.14 (b). The motion equation with input vibration of

y = Y sin wt is written in equation 2.13.

mZ + (cy, + Ce)z + kz = —my 2.13
So the |z| = M) here the { = —=— and Mg = -
o the |z| = = where t eC—ZMeqwnan eq = ;0 Mbeam +

-G (@)
Mgy- The assumption of fundamental frequency is the resonance frequency

(0 = wy).

(pZ

2 Meqwn(RL+Rc+jwle)

2 .
Base on above equations F, = ———— therefore ¢, =
c

Rp+R.+jwL

Spring

(a) (b) (c)

Figure 2.14: The modelled EMEH presented in [24] with a) equivalent circuit elements

b)mass-spring-damper schematic c) the design.
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Halim and Park in 2014 used the same modelling technique as in [24] for a non-
resonance, frequency up conversion EMEH [25] with different motion equation as
shown in Fig 2.15(a). In this design, the input force from a nonmagnetic ball generates
the vibration of the magnet in a cylindrical helical spring beam (stiffness is k) structure

shown in Fig2.15 (b). The EMF voltage V., the cantilever beam velocity x and spring
stiffness (k) modelled.

dx(t) :
Vem/ - NBICd—t - NBICX(t)

f;
x(t) = -—o,wz"he’(“'"‘ sin(wgyt)
ky1-42

f(t) = focoswt 7.4

k=6——
Magnets 4NR

G shear modulus of spring material
r spring wire and R spring radius
N number of turn

b g ii, Spring beam
bl Sk
¢

(a) (b) (c)

Figure 2.15: The cylinder tube, helical spring structure and up conversion, non-
resonance vibration EMEH a) mass- spring-damper schematic b)the design c) the

numerical analysis.

Where the { is damping ratio and natural frequency of damping (wq4) to the natural
frequency of spring (w,) is /1 — C.

Saha in 2008 modelled cylindrical structure with magnet springs in one or both
end of the cylinder with finite element simulation of the force to displacement graph
[26].There are one or two moving magnets with displacement in x-plane that defines by

equation 2.14.

x,0<t<¢t, } 214

e~ $@ntsin(wyt +0), t>t,

x(0) = {X

wgq, ¢ are as the same as the previous paper’s definitions. The total force Fp = kx(t) =
Fm1 + Fmz Where F;and F,,, are the repulsive force magnitude of middle magnets in

respect to magnets at the ends.
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Munaz et al. in 2013 followed the same design as [26] but for simplicity of

modelling magnet-coil system assumed single turn coil moves through single magnet
[31]. Basically, magnetic flux density defines B = p, (H + M), Nm/ A and the point
charge q = BA. In the magnet magnetization is B, = poM and q,, = By, (1tr,?) and
for the coil B, = pyH. The facts are a) the total magnetic flux is arising from point
magnetic charge q,,, b) a single coil with a close loop according to Gauss’s law

(maxwell’s equations, gﬁﬁdﬁ = 0) has the zero flux, c) the area around a point charge

2mR(R-H)

.z s shown in Fig2.16 at both ends of magnet. So, the total

IS sphere cap A =

magnetic flux indicated in equation2.15.

_ 2tR(R-H) _ gm(R-h) _ gm(/rc?—h?-h)
® = Am 4mRZ2 2R 24/rc2—h? 2.15

Since the charges in poles are opposite signs indicated by (q,,—qn) and

magnetic flux through the wire changes modelled using a sign function in distance of

H +lm/2 and H —lm/2 so with one magnet we have ¢@ = @, + ¢, and with two

magnetsis @ = @' + @' + 3" + @,

B
® @

"\C

o ¥
m
" qm
wv! |\R ‘ \Y
IY" X

N

Figure 2.16: Schematic of the modelling parameters definitions.

The above model [31] was simulated using MATLAB software for open circuit
voltage while examining the Finite element analysis (FEA) of ANSYS for the magnetic
field area and flux line of the magnet. Besides, the mechanical vibration checked by

running an experiment on the system. As the results, with the resonance frequency of 6
34



Hz the maximum RMS open circuit voltage is 3.4V, which has the potential

applications in human wearable devices and wireless sensor nodes.

2.4.2 Power Converter interface and Load

The power converters as an electrical interface in power management circuit at
the output channel comprise of AC/DC or/and DC/DC (control and voltage regulator)
system. The electrical interface for PEH and EMEH is the same. They can be modelled
with standard circuit elements to maximise the delivered energy to the load as power
transfer electronics. On the other hand, a cantilever base PEH or EMEH system utilises
as a transducer to harvesting energy from ambient vibration energy in the form of AC
signal. Then, the energy stored in a load such as a capacitor, super capacitor or a
rechargeable battery as a DC output voltage.

There have been several studies undertaken considering the problem of the low
output voltage and developing passive and active power management circuit to supply
the circuit and transfer the maximum harvested energy to the load [5, 21, 60-64].The
passive circuitry commonly utilises a diode bridge rectifier (AC/DC converter) and an
active circuitry represents by a switching power converter. In general, active circuits
have some advantages such as the high capacity of harvesting energy even when the
peak voltage of the transducer is lower than the output voltage of the interface circuit
and provides high conversion efficiency. However, they imply more complexity, a
necessity of power connection, cost and size issue in the system.

Two power conversion interface circuits tested for a piezoelectric energy
harvester in [65] consisting a passive full-wave bridge rectifier (FWBR) and an active
full-wave (the bridge could be H-bridge with CMOS or L-bridge with n-channel
MOSFET) synchronous rectifier (FWSR) were both fabricated in a 0.25um CMOS
process. What is interesting in their performance is the 37% higher output power from
the active FWSR than the passive FWBR circuit in the 82 kQ load.

Furthermore, an electromagnetic energy harvester in [5] with a full-cycle
inductive step-up AC/DC converter was manufactured, being a self-powered and an
active electronic interface. This circuit with an electromagnetic transducer has been able

to process every voltage pulse to harvest energy from human motion through several L-
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C resonance cycles. The output data from [5] indicates 40% conversion efficiency,
1.4uW output power on a 18 kQ load and 260mJ stored energy in a 1mF capacitor by
applying 1 g of external acceleration in 240s at the mechanical resonance frequency of
10.4 Hz.

Above results clearly confirmed the improvement of the active interface circuit
over the passive one. However, there is inconsistent evidence for the claim that
modified passive and active interface circuitry perform counter wise as explained below
[66].

A pulse width modulation (PMW) controller can add to a typical inductor
switching mode DC-DC boost converter that commonly steps up the DC output of a
passive rectifier. So, exploiting of a feed forward and feedback control as voltage mode
controllers decrease the signal errors. This interface circuitry provides authority to the
variety of the input voltage and results in the maximum output power of 35 mW.
Moreover, diminishing of the duty ratio (D) which is the ratio of “on” time cycle to the
total period can improve the conversion efficiency(n) because of vice versa relation
between them.

As mentioned before, the conventional passive rectifiers utilise diodes have
mainly high voltage drops because of the direct relationship between the threshold
voltage of diodes with the amount of output power loss [66]. In fact, This is the reason
of low efficiency of the diode rectifiers while making them a suitable choice for low
power systems without the need to be powered [66]. In [62, 66] a full wave bridge
rectifier (FWBR) utilising a diode-connected PMOS transistors as low threshold voltage
diodes instead of diodes were employed. This electronic interface was clamped and kept
the output voltage at a certain level and decreased the input voltage to small voltage in
output terminal. This structure reduced drain to source current (I;5) and gave freedom
to the output voltage to change without significant impedance in load. The other
possible rectifier is a gate cross coupled (GCC) in [67] which is an improved version of
FWBR, where a pair of diode-connected PMOS replaced with cross-connected NMOS
transistors. In fact, the improvement of gate cross coupled rectifier (GCCR) comparing
to a full wave bridge rectifier (FWBR) includes its conversion efficiency of the circuit
to boost from 25% to 30% as reported in [21]. Replacing the threshold voltage of a pair
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of diode-connected PMOS with the drain-source voltage of NMOS is the reason for this
improvement, although both of these circuits suffer from high diode threshold voltage.

The boot strap rectifier (BSR) circuit in [21] which is a passive interface
electronics for the vibration based electromagnetic energy harvester system fabricated in
the 0.35um standard CMOS process on the chip. This bridge rectifier circuitry used a
pair of NMOS transistors of GCCR and replaced two other pairs with modified diode
blocks with the internal 5 pF capacitor that connected to the bulk regulating transistors
to avoid any latch up the effect of PMOS devices and work as DC/DC step-up
converter. The quantities reported in this design are significant and comparable to
results from [65] and [23], delivering the conversion efficiency of above 60%,
minimum power losses, 128uW DC output power and 1.6 V DC voltage on the load
across the 10uF external capacitor at the resonance frequency of 2 Hz.

The passive and active circuits at the load can be defined as purely resistive ones
while approximation of the output is not convincing [49]. Contrarily, a capacitive load
with a converter is the more realistic operational condition. In [49] a PEH system

designed with an optimal density of 1cm3, 2.5 m/s2 acceleration and 120 Hz

frequency. The result from the system with the resistive load shows the transfer of
375W cm~3power while only 190Wcm™2 is transferred to the capacitive load. These
statistics are justified by the effect of the Rectifier Bridge of diode’s threshold voltage
and power loss.

In [59] the PEH system’s dissipation and harvesting concepts across loss factor
studied with considering the power converter and storage units as a shunt circuit. The
loss factor explained as a ratio of energy dissipation per cycle (2r) to maximum
vibration energy. First, the shunt circuit defines as a nonlinear circuit composed of a
filter capacitance parallel to a load as the output to an electronic interface of an AC/DC
passive rectifier. Next, the piezoelectric transducer is connected to a single resistor as
shunt damping. The result showed that the first circuit in [57, 59] has a maximum
energy harvesting factor that is also the maximum energy loss factor without its
dissipation. But, the resistive shunt circuit with zero harvesting of energy provides the

maximum dissipation factor as the loss factor.
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There are some other non-linear techniques that are implemented at the load to
harvest more power from piezoelectric generators such as synchronous electric charge
extraction (SECE) and synchronous switch harvesting on the inductor (SSHI). The
synchronous switch harvesting on the inductor (SSHI) contains a switching device in
series with an inductor parallel to the piezoelectric circuit before the bridge rectifier and
a capacitor parallel to the battery after the bridge rectifier [4]. In [68] a SECE flyback
converter is embedded at the load that stored about 55% more output power than the
standard load (the circuit losses were not considered and acceleration is above 51mg). In
this circuit, the bridge rectifier output is considered as the SECE flyback input voltage
including a magnetised inductor that is charged by the piezoelectric capacitor. This part
is connected in parallel to a transformer and series to two N-channels MOSFET that
work as switches for the primary and secondary transformer. This circuit passes the
generated gate-drive waveforms to a microcontroller to transmit the output. Although
the second N-channel MOSFET is coupled in parallel with a diode to avoid losses, there
are some power losses in the transformer and the microcontroller. These losses are
inevitable for microcontroller but in the transformer’s design effective parameters
decreasing this effect such as geometry, the inductor magnetisation, the transformer
core and turns are already included [68].

2.5 State of the Art and Potential Applications

2.5.1 PEH-shoe insert

One of the applications of piezoelectric energy harvesting system is in wearable
electronics. Shenck and Paradiso in 2001 proposed an energy harvesting unit where a
piezoelectric material installed at the heel or sole of a shoe and extract useful energy
from the waste energy of walking [3]. The piezoelectric material is either a flexible,
multilaminar polyvinylidene fluoride (PVDF) or a bimorph lead zirconate titanate
(PZT) [3]. Starner in 1996 analysed various human activities and discovered the reason
for embedding the piezoelectric materials in the heel of the shoe is that the heel strike

has the most tapping source of waste energy[69].
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2.5.2 PEH/EMEH-condition monitoring

Park et al. in 2008 reviewed low power embedded structural health monitoring
SHM sensing system to develop energy harvesting [70]. In fact, a proper sensor network
to detect damages and manage these data for signal processing for SHM is needed.
Piezoelectric patches are usable as a sensor or actuator that is embedded in the structure
to measure the mechanical strain. James et al. in 2004 introduced an electromagnetic
generator power source for condition monitoring applications[10]. As a result,
piezoelectric and electromagnetic energy harvesting system is used as a sensor network

for condition monitoring applications.

2.5.3 PEH/EMEH in-ear device

Delnavaz and Voix in 2014 designed a hydro electromagnetic energy harvester
and piezoelectric energy harvester which harvested energy from ear canal dynamic
motion [71]. The experimental setup and the module of the hydro electromagnetic
energy harvester shown in Fig 2.17, this device provides the maximum power of 2 pW
from jaw joint motion. On the other hand, Piezoelectric energy harvester is a ring made
of a flexible sheet of polyvinylidene fluoride (PVDF) which is a piezoelectric material
mounted on a headset and generates 0.2uW power. As a result, ear canal dynamic

motion can be used as a source of human power.
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Figure 2.17: Hydro electromagnetic energy harvester. Experimental set up on the left

and energy harvester module on the right [67].

2.5.4 EMEH-remote car key

Li et al. in 2013 proposed a novel non-resonance electromagnetic energy
harvester which harvested the energy from a low frequency and large amplitude
motion[72]. There is a round flat permanent magnet moving freely in a round flat cavity
and packaged on both sides by printed circuit boards embedded with multi-layer copper
coils[72]. This non-resonance electromagnetic energy harvester provides enough energy
to used as a remote car key with maximum open circuit voltage of 1.1V. Therefore,
integration and assembly of this energy harvester with a simple structure and

comparable size to a coin battery CR2032 is not costly.

2.6  Summary
In this chapter, different parts and design process of existing piezoelectric and

electromagnetic harvesting system from ambient vibration source reviewed and

presented as a summary flowchart in Fig 2.18 and 2.19.
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Figure 2.19: Flowchart of design process in vibration energy harvesting system.
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CHAPTER THREE

DESIGN OF AN ELECTROMAGNETIC ENERGY HARVESTING
SYSTEM

3.1 Synopsis

Firstly in this chapter presents the design and analytical modelling of the
vibration based EMEH system. The scavenge of vibration energy from the system
explained with a single degree of freedom (SDOF), spring-mass-damper system.These
are used in the mechanical domain to explain the coil displacement and used Faraday’s
law to calculate the EMF voltage. The fundamental frequencies in the range of 2-56 Hz
to evaluate output voltage at the up-converted frequency(f,,) tested. The peak voltage of
Vems With the effect of coil displacement has following changes. Firstly, decrease of the
maximum output voltage with an increase of cantilever length. Then, rising of the

maximum output voltage follows an increase in resonance frequency.

3.2 Vibration based EMEH

3.2.1 Design and modelling

The cantilever beam structure, up conversion mechanical frequency, resonance
EMEH system is shown in Fig 3.1(b) with a pick up coil on the free end of a beam that
has a clamped end on the other side mounted. There is a magnet on a diaphragm with
low excitation frequency (f) and the mechanical barrier arm connected to it. The
mechanical barrier when the diaphragm moved touches the cantilever beam on the
opposite side that carry the coil as a tip mass. The generated vibration in cantilever is in
resonance frequency (f,,) which is up converted frequency without driving force acting
on the cantilever beam.

Above design as a vibration based EMEH with single degree of freedom (SDOF)
can be modelled with analytical lumped parameters as spring-mass-damper system in
Fig 3.1(a) and motion function define in equation 3.1as below,

mZ + kz = — (¢ + o)z 3.1
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In the un-damped motion ¢ = ¢,, + ¢, = 0 so equation 3.1 written as,

d’z(t) _ _k
=z =~ Z() 3.2
L
i B dg s
| mM=coil | | 2 2=, . ¢
g ] £ I_z=0 1 5 <_m@
g - IZ=—Z;, e S
— J. ey I z@)
d
Z
i o
Z(t)
(@) (b)

Figure 3.1: Schematic of tested model for EMEH a) mass-spring-damper equivalent b)
the design parameters with magnet dimensions (L, Ly, L,).

In equation 3.1 the mass at the tip (coil) is denoted by m where the F = ma. The
total damping coefficient (c) denotes by mechanical damping coefficient,c,, and
electrical damping coefficient, c,, (c = ¢y, + c). The k is the cantilever beam stiffness
where F = —kz based on Hook’s law. There is no input excitation for cantilever beam
movement y(t) = 0.

With boundary condition of at t = 0,z = —Z, the relative displacement of mass
(coil) is given as:

z(t) = —Z,e~$“ntsin(w,t + 6) 3.3

The electromagnetic coupling in the mechanical domain for a magnet-coil
system is only associated with the mass oscillation velocity (z) while the energy from
motion transferred to the electrical domain [51, 73].

The induced voltage (t) is expressed in equation 3.4 using the magnetic field in
the coil B, in equation 3.6 (the constant value for magnetic field density in and around
the coil assumed) where B,,, = u,M. The coil surface area A. in the x-y plane on the

cantilever with length (L) and coil radius (r)indicated in equation 3.5.
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e(t) = — = —N|B | = 3.4

A =“r 2 35

Bm -1 LyLs

LyL
B, = = |tan tan~! 2= 3.6
s

2d /Ly2+LZZ+4d2 2(d+Lx)de2+dzz+4(d+Lx)2

f=tn- L |X 3.7

2T 2T A Meq

In equation 3.7 the quantity Kk is elastic energy of the spring which is defined in
equation 3.8 as function of elastic module (Y.), dimensions of cantilever (length (L),

width (W), thickness (h)) and the coil radius (r.) while mgq is coil mass (m.) and

33/1 40 cantilever mass (Mpeam).

27r¢

K=2Y Wh?3 1-(9)
T E e

Since w, = /mi the damping ratio of cantilever beam, { =
eq

3.8

C

2, /kmeq

3.2.2 Testing and Simulation

3.2.2.1 Input Vibration for Up Converted Frequency

The damped displacement of coil simulated in Simulink of MATLAB R2013b

according to equations 3.9 and 3.10

Z (t) =A,ef® sin(2nf, t) 3.9
Np
fo =2 3.10

In above equations, A, is maximum tip displacement, the algebra event converts
to a repeated function f (t). Also, f, evaluates the periodic frequency consist of N, as

the number of peaks and T,, as the period in each time interval.
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Figure 3.2: The Simulink block diagram of mass displacement z (t) in vibration based
EMEH.

The block diagram shown in Fig 3.2 represents the upward and downward

displacement of mass as shown in Fig 3.3 and Fig 3. 4.
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Figure 3.3: Upward z = Z, signal under vibration frequency of 2Hz
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Figure 3.4: Downward z = —Z, signal under vibration frequency 2Hz.

The vibration of cantilever z (t) with up covered resonance frequency (f,) when
input frequency is f = 2,7,56 Hz shown in Fig 3.5, Fig 3.6, Fig 3.7.
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Figure 3.5: Simulated AC voltage signal f = 2 Hz.
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Figure 3.6: Simulated AC voltage signal f = 7 Hz.
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Figure 3.7: Simulated AC voltage signal f = 56 Hz.

3.2.2.2 Evaluation of EMEH System

The evaluation of EMEH is according to

Vemf
Ac(t)

0.7

0.8 0.9 1

where Vpeax = max(|Vemel),

cantilever length (L) , resonance frequency (f, = fmi) and cantilever, coil and magnet
eq

parameters given in Table 3.1 .The Fig 3.8 and 3.9 show the variations of Vj,c, With

respect to L and f,.

Table 3.1: The cantilever, coil and magnet parameters in simulation

Colil

Magnet

Cantilever

Magnet-coil gap,
dg = 2.2mm s0 d:dg +
1/‘C
Coil turn radius,
r. = 3.75 mm
Coil wire radius,
ry = 120 pm
Coil turns numbers,
N =100
Coil resistance, R, =
3.54 Q)
Coil density, p.

8.925/

cm3

Vip = Ly XLy X L, = 7.5 %
B, =12T

7.5 X 7.5 mm?3

Tip displacement, A, = 2mm
Mechanical Damping ratio, {,,=
0.018
Elastic modulus, Y.=3.2 GPa
Resonance frequency f,
Vpeam = LXW Xh =9 X 7.5 X
0.5 mm?3

Cantilever density,p = 1.2 g/cmg
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Figure 3.8: The changes of V., to the length of cantilever (L).
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Figure 3.9: The changes of V¢, to the resonance frequency (fy).
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3.3 Summary

The formulation of resonance, up-converted vibration based EMEH system with

considering parameters variation by cantilever movement and coil-magnet movement

and these movements related to each other are extracted and shown in Table 3.2.

Table 3.2: Outline of model

Output . |Z(t)|
- _ 2
voltage Vemr = NlBCl L e
Magnetic flux [
. _Bn LyL, ) LyL,
=

density in the

coil

)
)

B
[tan‘1
s

\Z(d + Lx)\/dyz +d,? +40d+ Lx)z/

\Zd fLyZ +L,” + 4d?

|

Coil
displacement

S

Z () =Acesin(2uf, t) £ Nn

n
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CHAPTER FOUR

DESIGN OF A PIEZOELECTRIC ENERGY HARVESTING SYSTEM

4.1 Synopsis

Firstly in this chapter presents the design and analytical modelling of the
vibration based PEH system. The scavenges of vibration energy from the system with
an equivalent circuit elements modelled. The circuit components for the mechanical
domain of transducer defined with some ratio of stress to strain. The electrical function
of piezoelectric material presented with single capacitor where the dielectric constant
and dissipation in piezoelectric material neglected. The electrical interface for
converting the AC output results to usable DC output and a regulator used at the output
channel. The proposed model calculated the output current for a resistive load and a
capacitive load. The results from Simulink tested for different piezoelectric materials
and alternative size changes of the transducer. These changes are given different
resonance frequency each time that shown the dependence of resonance frequency to

material type and the size of them in the system.

4.2 Vibration based PEH

4.2.1 Design and modelling

Two layers of piezoelectric material as a cantilever beam with the structure of
31-mode as a bimorph (one inactive layer between two active layers) for the vibration
PEH system designed as shown in Fig 4.1.

The piezoelectric effect in active layers can be explained by the coupling
between internal dielectric polarisation from applying stress and the strain in the atomic
arrangements of materials [74]. Based on the analytical formulation of piezoelectricity
the constitutive equation of a linear piezoelectric material defines as mentioned in

equation 4.1.
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KRN

T and E are the stress induced by mechanical and electrical effect respectively. E

. . . \% . .
as electric field vector (a 3 X 1 matrix, ;) and T is mechanical stress vector (a 6 X

2
1 matrix, %).The sE is the elasticity (a 6x6 matrix, %) for constant E while the £Tis

the dielectric constants (3x3 matrix, Farad/m) for constant T [75].
In the cantilever type, vibration based PEH considers firstly, the electrical field

(E)/displacement (D, a 3x1 matrix,%) in the z-direction, the mechanical
m

stress(o)/strain (S, a 6x1 matrix) in the x-direction. Then, the electric field and stress

variables are independent. So equation 4.1 can be written as below,

S; =sy Ty +dsE; 492
D; = e33E3 +d31 Ty .

Mass

Metal shim

Piezoelectne layer

vie

Figure 4.1: Schematic structure design of a 31-mode, bimorph vibration PEH system.

The physical relation of the stress(o)/strain(S), in materials, is stated by Hooke’s
law that given in equation 4.3 and recognised as Young modulus or elasticity

modulus(Y) in equation 4.4 for the active layer (Y,) and inactive layer (Y,).

% Appendix C
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{S} = [s"]{c} 4.3
2= SlllE -y 4.4

The vibration PEH transducer modelled with lumped parameters using mass-spring-

damper schematic as given in Fig 4.2 (a) and its equivalent circuit elements for

mechanical and electrical domains shown in Fig 4.2 (b).

z(t)h

Mechanical part

Electrical part

Ale

.'-C\:} in
|
L

Y
. L=AA _.__H__l
\rﬂf N :;

<>
<>

]
a¥a

= IAC ’E._;d_.. <> || == Ca=
vy . & .
* _ (i) ©

Figure 4.2: The lumped parameters for modelling PEH system a) mass-spring-damper
model b) equivalent circuit elements (i) with resistive load (R;) (ii) there is a full bridge
diode rectifier with states of either D;, D5 conducting in positive cycle or D,, D,
conducting in negative cycle. There is a state where all four diodes are not conducting.

First, in the mechanical domain there is a relationship between the Kkinetic energy
of inertia (m), elastic energy of spring stiffness (k) and energy dissipation of damper (c)
of the design structure with stress and strain of the piezoelectric material. Moreover, the

. . Y .
electromechanical coupling (K3, = d34 /?") is modelled as a transformer to relate

stress to the electric field.

Last, in the electrical domain that usually modelled by an RC circuit, in this work,
R that represents the dielectric of piezoelectric material neglected and (C,) defines the
piezoelectric layer capacitance. Since there are two piezoelectric layers with the same
capacitance (C) (same piezoelectric material) in parallel or series poles relation, the
piezoelectric capacitors are in the relation of equation 4.5 where C define in equation

4.6.
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C
Cp=2CorC, == 4.5
c=%=-% 46
174 t

The parameters in capacitance (C) consist of the charge (Q) and voltage (V) of the
capacitor that are equal to the physical feature of the capacitor including
permittivity (e = €,&;), the area between two plates (A), and the distance between
plates (t).

The Power converter interface modelled with a purely resistive shown in Fig 4.2 (b-
1) or a full wave bridge diodes rectifier (FWBR) for AC/DC convert with a capacitive
load (Cs;) shown in Fig 4.2 (b-ii) which could have a regulator (DC/DC converter) with
a load after the storage capacitor.

The system equation 4.7 can be obtained by applying Kirchhoff’s voltage law
(KVL) for the circuit in Fig 4.2 (b).

Ojp = Oy + Oc + O + O 4.7

The parameters o;,, om, Oc, Ok, O for equivalent circuit elements all well defined in
Table 4.1.

53



Table 4.1: The lumped parameters model of a 31-mode, bimorph PEH system

Variables Components Unit Description
Inertia stress is function of cantilever
displacement while base on the Euler-
. - _ kg 2
Om = kymZ = Kk k,mS Lm =kikom (E) Bernoulli model [8, 9] d—; =M ,where
dx Cpl
M d?w
Ox =TZ= —chmand o0=C,S
. N.s Damping coefficient relation to stress and
o, = ck;k,S R. = ckik, =) .
m strain
N . . . .
ok = Y,S Ck=Yp (=) Stiffness relation with stress and strain
m
Transformer relates stress to electric field at
zero strain [10], considering equation (15)
O-t = _d31YpE N = _d31Yp -
and
V =Et,
. . kg Input source is the stress which is function of
Oin = klmy Ojn = klmy ( 2) . L.
m.s input excitation
. b(2l, + 1y — L) k, (1) The first constant, which shows cantilever
te 21 m2 dimensions relation
2 (21 §1 The second constant, which shows cantilever
k= o Gt glm) k, (m)
27 3b 2l + 1y —Lo) dimensions relation
o Total force = input excitation force+ mass
F=F,, +F, F=m(¥y + %) (N)
force
wt3 Yonwtd, The effective moment of inertia is function of
I =2|=5 +wt,b?| + I (m*) ) ) ) ) _
12 12y, piezoelectric and the shim layer dimensions
o 1 The moment is the force multiplied by the
M) = m( + D) + 5 1m —%) M )

distance

Ip, tp,Yp is the piezoelectric layer length, thickness and Young Modulus

tp+

Modulus, b = .

ten, Ysp is the shim layer thickness and Young

sh l. is the electrode length, L, is the mass length, m = p.l.w.t is the inertia
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c, = L 48

p 2ty
The piezoelectric capacitance (C,) in equation 4.8 defines base on equations 4.5
and 4.6 where a = 1 in series,a = 2 in parallel.

The electric field (E) in two active layers with thickness (t,) defines in equation
4.9.

aVv
E=—
2tp

4.9

In equation 4.2 when E=0 the S; = s5T, and D3 = d3;T; . With substituting

T, in D3 and with respect to equation 4.3 and 4.4 electrical displacement , D5, which is
displacement in z direction according to coordinates in Fig 4.1define as equation 4.10.

D3 = dg; S1Y, 4.10

The current in electrical domain in equation 4.11 is consist of charge (D) in the
density of electrodes (w x [,). So the current in equation 4.12 obtained by considering
equation 4.10 in equation 4.11.

i =awl,D 4.11

i = awl,ds,Y,S 4.12

The Kirchhoff’s current law (KCL) applied in the electrical part that is the

transducer’s electrical domain, power converter interface and the storage element.

The current with considering a) the electrical domain of transducer only C,, when
FWBR is not conducting b) a resistive load C,R, in parallel c) the power converter and
capacitive load C; parallel to C,, formulated in equation 4.13, 4.14 and 4.15

respectively. According to Kirchhoff’s current law (KCL) in electrical part of circuit in
Fig 4.2 (b) we have,

i=C,V 4.13
. . %4
i=CV++ 4.14



i =(Cp+ Cs)V 4.15
4.2.2 Testing and Simulation

The PEH transducer’s design is including a bimorph, 31-mode piezoelectric
cantilever beam while the cantilever size parameters (active and inactive layers) and
mass size varied as shown in Table 4.2. Then, different piezoelectric materials for
cantilever are used which change the piezoelectric coefficients as given in Table 4.3 for
four different materials.

As mentioned in chapter two there are different parameters that effect on the PEH
transducer design. So the changes for cantilever and mass size and the piezoelectric
material layer effect with above modelling investigated. The other parameters such as
shim layer material, the number of active layers and inactive layers, the electrodes
physical structure according to piezoelectric layer and the cantilever shape fixed.

4.2.2.1 Changes in Piezoelectric Materials of the PEH Transducer

The circuit parameters in Fig 4.3 based on above model and assumption of input

acceleration of 2.25 522 defined in m-file and simulated in Simulink. The Simulink in

MATLAB R2013b used to evaluate the circuit performance that is a complete model of
a bimorph, 31 mode vibration based PEH system.

Sernarl

i |
1 ¥ F5 5|
— L |

|deal Tramlormaer

Figure 4.3: The Simulink circuit for resistive load.
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The above code modified for four different materials to investigate the effect of

parameters as given in Table 4.2 needed to consider for a piezoelectric material

transducer for output results.

Table 4.2: The four different piezoelectric materials p [32].

Relative
Qualit dielectric
Piezoelectric Strain coefficient Density y Coupling constant (&,) Piezoelectric
. fact -
materials (d3q x 10712 kg AT | coefficient | &= g€ (g9 Young modulus
m/V) Crins) | € (Ka1) = 8.85 (¥, x 10° Pa)
1
- -12
2 x 10
a. Lead Nickel
) -310 1100 55 3.3x1011 5500 55
Niobate
b. Lead Zirconate
] -100 8000 900 2.8x 1011 1050 73
Titanate
c. Barium
. -32 6020 600 1.5x 10*? 640 125
Titanate
d. Lead Titanate -3 7520 950 2.2x 1010 270 128
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Figure 4.4: The graph of output parameters to the various load value (R;,) for different
materials a) output power (Pyu: = Voutlout) aCross (Ry,) b) output voltage (V,,¢) In

output part of circuit.

The output power in Fig 4.4(a) shows the optimal resistance at R;, = 50Q with
maximum output power at 58 uW for material (a) Lead Nickel Niobate. This material in
the smallest resistance gives the maximum output peak power. While, the minimum
output power in the range of 0.01 uW with different load resistance is belong to the

material (d) Lead Titanate. The comparison between output power result and features of
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materials in Table 4.2 shows that output power (P,,;) proportional to strain coefficient
of piezoelectric material in 31-mode beam (d5,) while the output power (P,,;) relation
to elasticity modulus of the piezoelectric beam (Y,) is vice versa.

The output voltage in Fig 4.4(b) indicated output voltage for four material as
a>b>c>d until R=100Q but after that the material (b) Lead Zirconate Titanate output
voltage has the significant increase in compare to Lead Nickel Niobate. The reason for
these strange changes in the output voltage and power in piezoelectric materials is out of
the scope of this thesis however it could be the objective of other projects.

4.2.2.2 Physical Size effect in the (Lead Nickel Niobate) PEH Transducer

The effect of the cantilever and mass size adjustment in Table 4.3 as total density
of PEH system for the piezoelectric material with maximum output power shown in
Fig4.5.

Table 4.3: The physical cantilever and mass size parameters of the design.

variables Value(decrease) Value [10] Value(increase) Unit
L, 6.5 11 20 mm
ty 0.17 0.28 0.5 mm
ten 0.08 0.1 0.2 mm
Yan 110 110 110 GPa
w 2.0 3.2 4.2 mm
L, 6.5 11 20 mm
Pm 8800 8800 8800 kg
m3

Ly 8.5 17 25 mm
tm 5.0 7.7 10 mm
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Figure 4.5: The graph of various load reistance to output power with respect to size
modification of the PEH system.

The results of output power in Fig 4.5 for different output load shows the best size
for the PEH system is the original one used by previous scholars since they optimise all
the parameters. However increasing in the size has less exponential decreases in output

power by increasing the load resistor.

4.2.2.3 Evaluation of PEH System

The resonance frequency where the system size and materials are changing
according to each other evaluated. The resonance frequency defines as equation 4.1

k
Megq

4.1

Wy =

“K” is the spring stiffness and “m,,” is a mass of point mass on the free end of

cantilever and cantilever beam mass.
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Table 4.4: the resonance frequency changes by four different materials (a, b, ¢, and d)4

and changing of transducer size (decrease, original, increase)5

a c d
Decrease Value 354.0686 399.3097 524.2945 528.2812
Original Value 172.9918 195.6027 256.9767 259.0363
Increase Value 131.4606 146.8573 193.4994 194.5633

4.3 Summary

The resonance, bimorph, 31-mode piezoelectric cantilever beam with tip mass at
the free end design and modelling parameters in equivalent circuit parameters
simulated. For testing the efficiency of the system the output results according to
changes in some effective materials in PEH systems as mentioned in chapter two such
as piezoelectric materials and size of cantilever and mass investigated. Solving the KVL
and KCL of Kirchhoff’s law in given circuit model gives the output voltage, current and

the output power of the optimal resistance which isR;, = 50 Q.

* Table 4.2
® Table 4.3
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CHAPTER FIVE

DESIGN OF A HYBRID MECHANISMS OF PIEZOELECTRIC AND
ELECTROMAGNETIC ENERGY HARVESTING SYSTEM

5.1 Synopsis

The model of an electromagnetic energy harvester and piezoelectric energy
harvester investigated in chapters three and four. In this chapter the resonance frequency
of piezoelectric transducer is estimated. The design flow of a hybrid electromagnetic
and piezoelectric energy harvester using COMSOL 5 is proposed. The model analysis is
used to calculate the output voltage and current from the hybrid system. The result from

the experiment is in good agreement with the simulation results.

5.2 Hybrid Transducer Design and Modelling

The EMEH transducer in the proposed model has the magnet in-line with the coil
architecture. There are seven NdFeB magnets in opposite poling attached to each other.
The magnets attached to the free end of a cantilever as a tip mass where the other end of
the cantilever beam clamped. In fact, the magnet is moving with respect to the fixed coil
that located under the beam with the internal diameter larger than the magnet’s
diameter. As the result, the magnet can travel in the coil for the distance of (h).

The input vibration is from the beam that is the cantilever design structure6. The
single piezoelectric material layer as an active layer and another inactive layer of steel
are used in this design. This piezoelectric plate is chosen based on the maximum output
voltage capacity V, = 10 mV and current of [, = 12mA. Which means the piezoelectric
material is capable of generating output power in the range of 1.2 mW.

The input vibration is applied by the tip of a small motor to the free end of the

beam (the mass that is magnet mounted on the bottom of the cantilever) with the total

® Figure 2.2
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force of (F). while the effect of motor tip rotation is neglected and the maximum

displacement assumed is downward as in model’.

The proposed design is modelled using COMSOL 5.0 as given the details in the
following section and this system prototype made and tested easily using basic materials
and electronic lab equipment.

There are several capacity of developing this work by modelling with the help of
an analytical model to use lumped parameters or distributed parameters using PDE for

nonlinear motion equations.

5.3 Resonance Frequency

In a VEHS, the resonance frequency of the input vibration depends on the energy of
elasticity and inertia of the total mass in the system. This parameter is one of the most
important values since the maximum output power obtained from matching the
fundamental frequency to the resonance frequency. To find the resonance frequency of
the piezoelectric transducer we set up a circuit as is shown in figure 5.1(a). There is a
sine wave function generator to model the input vibration. The AC voltage source is
connected to an oscilloscope to record the input signal. A 100Q resistance in series to

the piezoelectric transducer is connected to an oscilloscope to measure the output signal

voltage.
r Piezoclectne
Transducer
AC
¢ g
A 2
%
L] o t
(a)
" Figure 3.1
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Figure 5.1: The electrical circuit to measure the resonance frequency a) the schematic b)
the experiment set up.

Impedance (Z)
F

==l o
Frequency (F)
(a)
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5

Figure 5.2: The variation of impedance (ohm) to frequency (Hz) a) Ref. [75] b) by
simulation.
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Fig 5.2 shows the variation of impedance as a function of frequency that f, is
the parallel resonance (open circuit) and f,. is the series resonance (short circuit) and the
relation can explain with equation 5.1

Z(jw) = R + joL + 1/(jwC) 5.1

Z is the impedance and R, L, C are resistance, inductance and capacitance
respectively. The angular frequency is (w) that is resonance when the w, = i\/%.

In the experiment in Fig 5.1, the input voltage (V;,) across the function
generator and also the output voltage (V,,:) across the piezoelectric transducer is

recorded. The frequency at the minimum ratio of V"“t/V_ is the series resonance
mn

frequency (f,.) which was measured to be 890 kHz for the piezoelectric composite layer

(T-brass, G-Sus, N-ni-alloy).The experiment set up and the graph presented in Fig 5.3.
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Figure 5.3: The input and output signal from oscilloscope and the resonance result a)
input voltage b) output voltage c¢) input sine wave frequency d) the parallel resonance
frequency at 890 kHz.

5.4 The COMSOL Software

The COMSOL Multiphysics is an engineering package that uses finite element
analysis, solver and simulation to solve design problem for various applications. This
software uses the finite element method (FEM) to solve nonlinear systems of

differential equations in one, two or three dimensions with lumped parameter
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modelling. Also, the software could solve problems related to electromagnetic, elastic

and dynamic systems.

The key capabilities of the software are:

e Design and simulation projects in the fields such as electrical, mechanical,
physics and chemistry

e Capability of interfacing with other engineering modelling software such as
CATIA and MATLAB

In this thesis, COMSOL Multiphysics 5.0 is used to design and model the
piezoelectric and electromagnetic transducer to harvest maximum output voltage

from the mix mechanisms.

5.4 Geometry of Hybrid System

The design developed in the 3D environment and used the metric millimetre
unit. There are a cantilever and a piezoelectric material layer that connected to a mass
that is magnetic. The proof mass as a reference quantity not only increases the effective
mass but also decreases the damping that results in the increase in output power. In the
electromagnetic system design of a simulation, a moving part including cantilever,
piezoelectric layer and magnet and a fixed part including coil and space are defined. To
design the coil a workspace in the xy plane in the same plane as the cantilever and piezo
with the plane geometry of circle with diagonal of 8.5 mm and 1 mm layer is chosen.
Using “Extrude” drop down option from the list to brings out the coil 10 mm which

modelled as the 3D coil. The design presented in Fig 5.3.
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Figure 5.3: 3-D COMSOL design of hybrid piezoelectric and electromagnetic energy
harvesting.

5.5 Physics used for Electromagnetic and Piezoelectric Energy Harvester

The electromagnetic energy harvester is a magnet with a remanent flux density of

10 T in the x-axis and a multi-turn coil with 306 turns. To describe the multi-turn coil

and the magnet the magnetic field physics used. The maximum distance between the
coil and piezo is 0.2 mm.

For the piezoelectric energy harvester, a base vector system is defined to ensure

that the force from boundary load in the z-axis is in the same direction as the

piezoelectric force. The piezoelectric layer is free from one end that is the boundary

load in the z-axis where the force applied is given by A.X.sin(2 x pi x t x f) with
A =50000 N/m3 and the fixed constraint is connected to the other end of piezoelectric

material and cantilever. For this purpose, the solid mechanics physics is used. The
floating potential and ground in the piezoelectric material are established using
electrostatics physics. To show the current generated from the piezoelectric layer or
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electromagnetic coil, this is measured across a resistor R=1000 Q using electric circuit

physics.

5.6 Meshing

In the meshing, we define how many parts will calculate. For meshing, the
piezoelectric system the boundaries in the geometry are swept which allows the
meshing to move and the element size set as fine. The electromagnetic system uses a
deformed geometry with mesh displacement of 1e 3Ysin (2 x pi X f, x t) m (metre)

and the meshing defined as physics controlled which is shown in Fig 5.4.
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Figure 5.4: The meshing of hybrid piezoelectric and electromagnetic energy harvesting
system.

5.7 Material Properties

The cantilever is stainless steel and the piezoelectric material is a T-brass, G-Sus,
N-ni-alloy.

The magnet works as a proof mass with strong flux density that is rare earth
magnet N35. This type of magnet offers up to five times the magnetic energy density of
conventional Alnico magnets [19]. Neodymium Iron Boron (NdFeB) magnets have the
most powerful magnetic properties per cubic centimetre known at this time [19].

The other properties of materials presented in Table 5.1.
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Table 5.1: Specifications for device design and materials

length of piezoelectric cantilever l, = 50mm
width of piezoelectric cantilever W, = 35mm
thickness of piezoelectric cantilever tp = 0.2mm
length of electrode l,_65mm
width of electrode W, = 37mm
thickness of electrode t,-0.2mm
Diameter of each magnet Dinagnet = 12mm
Coil resistance Reoi = 0.001Q
height of each magnet tmagnet = 1mm
coil wire teou = 18 AWG
Number of coil turn Neoin = 306
Resonance frequency of piezoelectric transducer frn = 890kHz

(experimental)

Electromechanical  coupling  coefficient  of k, = 0.60

piezoelectric

Piezoelectric strain coefficient dz3 = 0.60
Piezoelectric capacitance C, =220+ 15% nF
Piezoelectric output voltage V, =10 mV
Piezoelectric electric current I, =12mA
Piezoelectric material T-brass, G-Sus,N-ni-alloy

5.8 Simulation Result

The stationary and time-dependent studies were chosen to evaluate the system.
The stationary is a steady state analysis to solve linear partial differential equations that
do not consider time variation in the model while the time-dependent analysis uses
distributed parameters to describe nonlinearity of the system parameters. Besides, the

parametric sweep is used to study the voltage at different frequencies.

5.8.1 Stationary Analysis

The downward direction (-z) of the cantilever from the applied force results in the

cantilever vibrating and deflecting the T-brass, G-Sus, N-ni-alloy piezoelectric film.
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The stationary analysis shows that the beam deflected downward in (-z) direction is in
the same direction of the applied external load. The maximum displacement of the
cantilever observed in the free end at the value of 1.52 x 10~3mm which is illustrated
in Fig 5.5. It shows that the maximum displacement is at the free end and zero
displacement is at the fixed end. As shown in Fig 5.6 the electric potential is scattered
on the piezoelectric layer with the maximum value of 4.5 x 10~1 V. The magnetic flux

density in the coil is the maximum at the value of 8.36 T, which given in Fig 5.7.

o
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Figure 5.5: Simulation capture of cantilever’s displacement at sine wave applied force
with maximum displacement of 1.52 x 1073 mm at the free end.
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Figure 5.6: Simulation capture of general electrical potential with the sin wave applied
force in piezoelectric film with maximum value of 4.5 x 1071(V).
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Figure 5.7: The 3D simulation of magnetic flux density distribution in hybrid system
with maximum magnetic flux density of 8.36 T in the coil.

72



5.8.2 Parametric Sweep Analysis

The parametric sweep analysis for different frequencies to measure the output
voltage and current of piezoelectric and electromagnetic energy harvester shown in Fig
5.8,

Fig 5.9 and Fig 5.10 and Fig 5.11. The results of the simulation are not well defined for
the T-brass, G-Sus, N-ni-alloy piezoelectric film since we do not have enough
information about the material specification. Fig 5.8 shows the maximum Voltage for
50 Hz frequency with the value of 4 V. The current from the piezoelectric energy
harvester calculated along the 1000Q2 resistor has a maximum value of 4 mA at 50 Hz.
We conclude that 50 Hz is the mechanical resonant frequency of the piezoelectric film
when there is a maximum displacement of 1.52 x 10~ mm. There is a coil voltage
illustrated in Fig 5.10 and Fig 5.11 which shows voltage of 0.23 V at the frequency of
10 kHz and 1.48 V voltage at 890 kHz. The current in the coil has the same value as the
voltage while decrease depending on the internal resistance of coil that is following the

V = IR formula.

Floating potential (V)

Figure 5.8: Simulation of piezoelectric system, graph of output AC voltage in the range
of frequency from 50 Hz to 1 kHz.
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Figure 5.9: Simulation of piezoelectric system, graph of output AC current in the range
of =50 Hz to f=1 kHz and through R, = 1 k0.
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Figure 5.10: Simulation of electromagnetic coil system, graph of output AC voltage for
frequency of 10 kHz.
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Figure 5.11: Simulation of electromagnetic coil system, graph of output AC voltage for
frequency of 890 kHz.

5.9 Experimental Laboratory Work

Experimental Procedures was:
a. The piezoelectric beam is fixed using wood where the beam screwed onto the

wood.

b. The motor that is a 5 V input voltage has a shaft that fixed beside the fixed beam

and functions as a shaker.
c. Two wires were soldered from the beam, one from the piezoelectric layer as a

positive side and the other one from the substrate that is steel and is connected to the

negative side (ground).
d. The input frequency was measured using a digital tachometer with the frequency

ranges from 50-200 Hz
e. There is a wire with 0.75 mm? thickness that is wound on a substrate to form a

coil with 306 turns and resistance of approximately 0.001 Q.
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f. The cylindrical magnets used with Imm height and 12 mm diameter are the disc
of N35 NdFeB. There are seven magnets on each other and they all stick to the
moving end of the beam.

g. The hand wound coil soldered to the wire and connected to the oscilloscope,

which display the output voltage.

h. The experiment repeated for different input frequencies.

Figure 5.12: Experimental set up.
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Figure 5.13: Experimental graph of frequency versus piezoelectric and coil AC voltage
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Figure 5.14: Experimental graph for piezoelectric AC voltage to the current.
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Figure 5.15: Experimental graph of coil voltage to current.

The experimental setup presented in Fig 5.11. The peak value of AC sine waves
output voltage of coil and piezoelectric film measured in the experiment and the result
of different frequency and current shown in Fig 5.12, Fig 5.13 and Fig 5.14. The voltage
had an exponential trend and gradually increases with increasing frequency from 51.86
Hz to 147.16 and current from 43mA to 82mA as given in Fig 5.12 and Fig 5.14. The
maximum coil voltage is 0.15V. The Fig 5.12 and Fig 5.13 show the piezoelectric
output result that also had a growing trend with the increase of frequency and current.
The maximum output extracted is at 2.5V voltage and 1.9mA current at 147.19Hz

frequency. The piezoelectric film follows the piezoelectricity effect that makes the
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piezoelectric film as a voltage source. Therefore, the voltage gain of the piezoelectric
system is much higher than the current passing through the film.

The experimental results are more accurate than the result from COMSOL
simulation since we do not have all the piezoelectric generator parameters to insert into
the model. On the other hand, we cannot test the piezoelectric system in the experiment
for high frequencies to confirm the 890 kHz electrical resonance frequency that we
found in the different test on the piezoelectric film. The COMSOL simulation for
piezoelectric energy harvester shows the maximum voltage of 4 V in 50 Hz frequency
while the maximum voltage in experimental work appears at 2.5 V with 147.19 Hz
frequency. The differences between the simulation and experiment can explain due to
lack of cantilever beam coefficients and the limitations of the simulation software. The
electromagnetic energy harvesting system works with the generated voltage in the coil
that shows rising in the experiment and COMSOL simulations. The maximum voltage
from the experiment is 0.15V at 147.16Hz while this value increase in the higher
frequency which is 1.48 V at 890 kHz concluded from COMSOL simulation.
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CHAPTER SIX

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion and Recommendations

This thesis is focused on propose an effective design for a hybrid piezoelectric
and electromagnetic energy harvester to increase the output result consist of voltage and
mainly the output power which presents the capacity of charges storage. To shows the
increases of output result in the hybrid system the efficient piezoelectric and
electromagnetic energy harvesting transducer based on the literature in chapter two
chosen and the output results base on one or two system parameters tested separately.
The project supported is carried out mainly by experimental work and some simulation
and modelling using MATLAB 2013b and COMSOL 5.

The results showed that it is possible to harvest energy from piezoelectric and
electromagnetic device at the same time using the design introduced in this thesis. The
MATLAB simulation result from single electromagnetic energy harvester shows the
maximum output result belongs to the highest tested frequency with BSR rectifier as the
most efficient rectifier. The generated power from single piezoelectric energy harvester
is a maximum for Lead-Nickel-Niobate as the material with the highest strain
coefficient and lowest density and Young modulus among other materials. In fact,
different materials were investigated to establish a relationship between beam vibrations
and piezoelectric materials. The electrical, mechanical and electromechanical
interaction of piezoelectric and electromagnetic vibration energy harvester has

thoroughly had been investigated.

Furthermore, this thesis used COMSOL software to design a hybrid
electromagnetic and piezoelectric energy harvester device successfully where the output
results illustrated in chapter 5. The piezoelectric film in our design is different from
previous research and it has an electrical resonance frequency much higher than the

other piezoelectric materials. The previous work has the resonance frequency in the
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range of Hz while the experimental electrical resonance frequency for the alloy that we
used in our design is in kHz. The configuration of PEH system is a uni-morph beam
bending mode with one active layer and one inactive layer. The vibration coupling
mode of a cantilever in a PEH system is longitudinal 33-mode where the electric field is
applied parallel and in the same direction as the input strain. The mass material and
shape in the hybrid system is magnetic and circular. The EMEH system is including a
fixed magnet on the tip of the cantilever and a coil below the magnet where the magnet
goes inside the coil that induces a voltage and a current in the coil. The COMSOL
model for a hybrid system can apply to any other piezoelectric material that would
generate an AC output result.

The initial purpose of this thesis was to design a sensor to monitor the health of
the building. The piezoelectric system embedded in concrete that lasts for decades as
powered by on-demand. In this study, due to resource limitations, examined the
mechanical, electrical and electromechanical structure of electromagnetic and
piezoelectric energy harvester. This study designed a hybrid system of piezoelectric and
electromagnetic energy harvesting system combination. The system with high electrical
resonance frequency investigated that limits its application to wearable technology. It
may be developed in future with other advances in chopper circuits to create
electromagnetically coupled system. The future works could be investigating of the
device capacity in different applications, measuring the other parameters of this
piezoelectric film alloy that has a high resonance voltage around 10 V with a current as
high as 12mA as mentioned in the data sheet. It is possible to work on the hybrid
COMSOL model of the electromagnetic system to work on the low frequency by

changing different parameters, and this could also continue in a future study.
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Appendix A
Source code

A.1 EMEH SYSTEM

clc
clear all

rc = 3.75; % mm

d = dg + rc;

rw = 120; $ um

N = 100;

Rc = 3.54; % ohm

rho coil = 3.92; % g/cm”"3

1x = 7.5; $ mm

ly = 7.5; % mm

lz = 7.5; % mm

Bm = 1.2; % Tesla

A0 = 2; % mm

zeta = 0.018;

Yc = 3.2; % GPa

$ L = 9; % mm

W= "7.5; % mm

h =20.5; % mm

rho g = 1.2; % g/cm”3

Bc = (Bm/pi)*(atan(ly*lz/ (2*d*sqrt (ly"2+1z"2+4*d"2))) -
atan(ly*1lz/ (2* (d+1x) *sqrt (ly"2+1z"2+4* (d+1x)"2))));

Al = 0.75*A0; % first part amplitude

[

A2 = AQ0; % second part amplitude

f= 10;
T =1/f; % period

Tl= T/2; % first part duration (sec)
T2= T/2; % second part duration (sec)

[9

12, 15, 18, 21, 24]1; % mm
:30; % mm
l:length (L)

oo
=l

I o ~

for i

m coil = rho coil* (N* (pi* (rw*le-4)"2)* (2*pi*rc*le-1));
m cant = rho g*(L(i)*W*h)*le-3;

meq = m coil + (33/140)*m cant; % geram
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k = 2*Yc*1e9* (W*h"3/L (1) "3) * (1-(2*rc/L(1)))/ (3~
(2*rc/L(1)) "3+ (2*rc/L (1)) "4);

fn = (1/(2*pi)) *sqgrt (k/meq) ;
f n(i) = fn;

N1 Tl*fn; $ No. of first part peaks
N2 = T2*fn; % No. of second part peaks

T run=1/f-le-4;

sim('input signal');

Z = downward;

Vemf = -N*abs (Bc) *abs (Z) *pi*rc*2/L(1i);
Vpeak (i) = max (abs (Vemf)) ;

end

figure (1) ;
plot (L, Vpeak)
xlabel ('Length mm'")
ylabel ('Vpeak mV")

figure (2);

plot (f_n,Vpeak)
xlabel ("fn Hz")
ylabel ('Vpeak mV")

A2 PEH SYSTEM

clc
clear all
close all;

%% varaiable parameters of cantilever
tp = [0.17,0.28,0.5]1*10"-3; piezo thickness
tsh = [0.08,0.1,0.2]1*10"-3; shim thickness

oe

oe

tm = [5.0,7.7,101*10"-3; % mass thickness

lp = [6.5,11,20]1*10"-3; % length of piezoelectric

Im = [8.5,17,25]1*10"-3; % length of mass

w = [2,3.2,4.2]1*10"-3; % width of all layers

%% variable parameters of piezo layer

Yp = [55,73,125,128]*10"9; % young modulus of piezoelectric

d31 = [-310,-100,-32,-31*107-12; % strain coefficient of piezoelectric

o°

ru p = [1100,8000,6020,7520];
Q = [33,900,600,9501];

piezo density
quality factor

o

epsilon r = [5500,1050,640,270]; % relative dielectric constant
%% equivalent circuit elements of model
k=0;

for ii=1l:numel (tp)
for j=l:numel (Yp)

k=k+1;
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[cp, Ck, N, Lm, Rc, sigma in, f n] =
PEH fun(tp(ii),tsh(ii),tm(ii),lp(ii),Im(ii),w(ii),¥Yp(]),d31(J),ru p(J)
,Q(J),epsilon r(Jj));

R L t = [1:20:500];
for i=l:numel(R L t)

R t=R L t(i);
sim('resistive load revised');

V R(k,1) = rms(V_out);

P out R(k,1) = (V_R(k,1)"2/(2*R_t))*1000;

end

end
end

figure(1l);

plot (R L t,P_out R(5,:),R L t,P out R(6,:),'-r*',R L t,P out R(7,:),"'-
go',R L t,P out R(8,:),"'-cs');

title('Material Comparion');

ylabel ('Power (uW) ') ;

xlabel ('Resistor (Ohm) ") ;

figure (2);

plot(R L t,P out R(1,:),R L t,P out R(5,:),'-r*',R L t,P out R(9,:),"'-
go'):;

title('Cantiliver Comparion for Lead-Nickel-Niobate');

ylabel ('Power (uW) ") ;

xlabel ("Resistor (Ohm) ") ;

A.3 The PEH Function

function [cp, Ck, N, Lm, Rc, sigma in, f n] =
PEH fun(tp,tsh, tm,lp,1lm,w,Yp,d31,ru p,Q,epsilon r)

oe

Ysh = 110*10"9;
eta s = Ysh/Yp;

young modulus of shim
young modulus ratio

oe

le = 1p; % length of electrodes = length of
lsh = 1p; % length of shim layer = length of

L = lpt+lm; %% the system length= length of piezo
layer+ length of mass

b = (tpt+tsh)/2; %% average thickness of cantilever

ru m = 8800;
ru sh = 8800;
m_p =(ru_p*lp*w*tp);

oe

mass density
shim density
mass of piezo layer kg

o°

o\°

m_sh =(ru sh*lsh*w*tsh); % mass of shim layer kg
m m =(ru m*lm*w*tm) ; % mass of proof mass kg
m_total = (2*m p)+m sh+m m; %% total mass kg
epsilon 0 = 8.85*10"-12; % alr dielectric constant
epsilon = epsilon r*epsilon 0; %% dielectric constant
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k31 = d31*sqrt(Yp/epsilon); % coupling coefficient, conversion

ability

n= 2; % number of piezoelectric layer

Ip = n* (((w*tp”3)/12)+ (w*tp*b"2))+ (eta_s*w*tsh”3)/12; % moment of
inertia

k1 = (b*(2*1lp+lm-le))/ (2*Ip); % design
constant k1l

k2 = ((1lp"2)*(2*1p+(3/2)*1m)) / ((3*b)* ((2*1p) +1m-1le)); % design
constant k2

k = Yp/ (k1*k2); % spring constant

o

w n = sqrt(k/m_total);

f n=wn/(2%pi);

Ain = 2.25;

zeta = 1/(2*Q) ;

c = 2*m_total*w _n*zeta;

a = 2;

connection a=1; parallel a=2
sigma in = kl*m total*Ain*10"-3;
Lm = k1*k2*m total*10"-6;

esonance wn
esonance frequency

input acceleration m/s”"2

damping ratio

mechanical damping coefficient
piezo layers capacitance in series

oC o o o
5 B

o©

Rc = k1*k2*c*10"-6;

Ck = 1/Yp;

N = (a/2)*-d31*Yp;

cp = (a"2*epsilon*w*le)/ (2*tp);
end
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Appendix B°®

STRESS AND ELECTRICFIELD

Piezoelectricity

The piezcoelectric effect is a property that exists in many materials. The name 15 made
up of two parts; piezo, which is derived from the Greek work for pressure,. and electric
from electricity. The rough translation is, therefore, pressure - electric effect. In a
piezoelectnic matenal. the application of a force or stress results in the development of a
charge in the material. This i1s known as the direct puezoelectrnic effect. Conversely. the
application of a charge to the same material will result in a change n mechanical
dimensions or strain. This is known as the indirect piezoelectric effect.

Several ceramic materials have been descrnibed as exhibiting a piezoelectnic effect.
These include lead-zirconate-titanate (PZT). lead-titanate (PbTiO;), lead-zirconate
(PbZrO3), and barnum-titanate (BaTiO3). These ceramics are not actually piezoeleciric but
rather exhubit a polanzed electrostrictive effect. A matenial must be formed as a single
crystal to be truly piezoelectnic. Ceramuc 15 a mults crystalline structure made up of large
mumbers of randomly onentated crystal gramms. The random orientation of the gramns
results in a net cancelation of the effect. The ceramic must be polarized to align a majority
of the individual grain effects. The term piezoelectric has become interchangeable with
polanzed electrostrictive effect in most literature.

Piezoelectric Effect

It 15 best to start with an understanding of common dielectric materials in order to
understand the piezoelectric effect. The defining equations for high permittivity dielectrics
are:

C=EKE A = Eagf A = EA

t t t

and
= ;  — =
Q=CV Q=EAV
t
where: C = capacitance

A = capacitor plate area
E; = relative dielectric constant
Eo = chelectric constant of air = 8.85 x 10"'? farads / meter

E = dielectric constant

V = voltage

t = thickness or plate separation
Q = charge

In addition. we can define eleciric displacement, D). as charge density or the ratio of charge
to the area of the capacitor:

D=0Q =§EV
A t

® PIEZOELECTRIC TECHNOLOGY PRIMER James R. Phillips

Sr. Member of Technical Staff, CTS Wireless Components,4800 Alameda Blvd. N.E., Albuguerque, New
Mexico 8711390
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and forther define the electric field as:

E=¥ or D=¢£E
t

These equaticns are true for all isotropic dielectrics. Piezoelectric ceramic materials are
isotropic in the unpolarized state. but they become anisotropic in the poled state. In
anisotropic materials both the electric field and electric displacement mmst be represented
as vectors with three dimensions in a fashion similar to the mechanical force vector. This
is a direct result of the dependency of the ratio of dielectric displacement. D). to electric
field. E. upon the orientation of the capacitor plate to the erystal (or poled ceramic) axes.
This means that the general equation for electric displacement can be written as a state
variable equation:

Dy = E5E;
The electric displacement is always parallel to the electric field, thus each electric
displacement vector, D), is equal to the sum of the field vector, Ej, muitiplied by its

corresponding dielectric constant, Ej:

5] "-'E;_L]_E_l.-"+ EpE1 + €3 Es
D; = £ E; +\£nExi+ EnE;
D; = Es1E; + EnEy + ’E:s_l Ez.

Fortunately, the majority of the dielectric constants for piezoelectric ceramics (as opposed
to single erystal piezoelectric materials) are zero. The enly non-zero terms are:

Ei1 = En . Ex
Axizs Nomenclature

The piezoelectric effect, as stated previously, relates mechanical effects to electrical
effects. These effects, as shown above, are highly dependent upon their orientation to the
poled axis. It is, therefore, essential to maintain a constant axis numbering scheme.

# Axis

X

T

Z (poled)
Shear Around X
Shear Around Y
Shear Around Z
F.adial Vibration

Z(3)

pu:uledT
(1)

Y2

Lo = = ALV T CS PR Ry S R |

:

for electro-mechanical constants:
dyn. 8 = electrical direction; b = mechanical direction

Electrical - Mechanical Analogies
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Piezoelectric devices work as both electrical and mechanical elements. There are several
electrical - mechanical analogies that are used in designing modeling the devices.

Electrical Unit Mechanical Unit
e Toltage (Volts) f Force (Newtons)
i Current {Amps) v Velocity (Meters / Second)
Q Charge (Coulombs) 5 Displacement (Meters)
C Capacitance (farads) Cy  Compliance (Meters / Newton)
L Inductance (henrys) M Mass (Kg)
Zz Impedance Zm Mechanical Impedance
1= di v=ds
dt dt
e=Ldi=Ld f=Mdv=Mds
at E? at at
Coupling

Coupling is a key constant nsed to evaleate the "quality” of an electro-mechanical
material. This constant represents the efficiency of energy conversion from electrical to
mechanical or mechanical to electrical.

.

k™ = Mechanical Energv Converted to Electrical Charge
Mechanical Energy Input
or
I = Electrical Energy Converted to Mechanical Displacement

Electrical Energy Input
Electrical, Mechanical Property Changes With Load

Piezoelectric materials exhibit the somewhat unique effect that the dielectric constant
varies with mechanical load and the Young's modulus varies with electrical load.

Dielectric Constant

Ermee (1 -L:zj = ErcrampED

This means that the dielectric "constant” of the material reduces with mechanical
load. Here "Free" stands for a state when the material is able to change dimensions
with applied field. "Clamped" refers to either a condition where the material is
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physically clamped or is driven at a frequency high enough above mechanical
resonance that the device can't respond to the changing E field.

Elastic Modulus (Young's Modules
Yopey (1-K) = Ysmorr

This means that the mechanical "stiffness" of the material reduces when the
output is electrically shorted. This is important in that both the mechanical Chy
and resonate frequency will change with load. This is also the property that is
used in the variable dampening applications.

Elasticity

All materials, regardless of their relative hardness. follow the fundamental law of
elasticity. The elastic properties of the piezoelectric material control how well it will werk
in a particular application. The first concepts, which need to be defined. are stress and
strain.

for a given bar of any material:

F F = Applied Force
A = Area To Which

Force Is Applied
|47 L ) O = Elongation

Streszs = 0 =F/A
Strain = A = O/L

The relationship between stress and stram is Hooke's Law which states that. within the
elastic limits of the material. strain 1s proportional to stress.

L=5s0C
or, for an anisotropic material
}Ui = 5 Gj

Note: The constant relating stress and strain is the modulus of elasticity or Young's
madulus and is often represented by S, Eor Y.

FPiezoelectric Equation
It has been previcusly shown that when a voltage 1s applied across a capacitor made of
normal dielectric material. a charge results on the plates or electrodes of the capacitor.

Charge can also be produced on the electrodes of a capacitor made of a piezoelectric
material by the application of stress. Thas 1s known as the Direct Piezoelectric Effect.
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Conversely, the application of a field to the material will result in strain. This is known as
the Inverse Piezoelectric Effect. The equation, which defines this relationship, is the
piezoelectric equation.

Dy = d; G where: D; =Electric Displacement (or Charge
Denszity)
dij = Piezoelectric Modulus, the ratio of
strain to applied field or charge density
to applied mechanical stress

Stated differently, d measures charge cansed by a given force or deflection cansed by a
given voltage. We can, therefore, also use this to define the piezoelectric equation in terms
of field and strain_

Di = Oi My
E

Earlier. electric displacement was defined as

Di = E; E;
therefore,

eE = dj O
and

Ej = 4 G

£

which results in a new constant

g = gy
Ej;i
This constant is known as the piezoelectric constant and is aqual to the open cirenit field
developed per unit of applied stress or as the strain developed per uanit of applied charge
density or electric displacement. The constant can then be written as:

g= field = _volts /meter = AL/L

stress newtons / meter EV/It

Fortunately, many of the constants in the formmlas above are equal to zero for PZT
piezoelectric ceramics. The non-zero constants age:

11 = 513, 533, 512, 513 — 513, 544, sg6 — 2( =511 - s13)

dy; = di. dsyz, dis = dns
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Basic Piezoelectric Modes

Thickness Expansion

awmy A5 Amy
0 - +

Thickness Shear

Z_ 2 _2aW 4
0 1 +

Face Shear

T Polarization Direction
Poling

Piezoelectric ceramic materials, as stated earier, are not piezoelectric until the random
ferroelectric domains are aligned. This aliznment 15 accomplished through a process
known as "poling”. Poling consists of induecing a D.C. veltage across the material. The
ferroelectric domains align to the induced field resulting in a net piezoelectric effect. It
should be noted that not all the domains become exactly aligned. Some of the domains
only partially align and some do not align at all. The number of domains that align
depends upon the poling voltage, temperamire, and the time the voltage is held on the
material During poling the material permanetly increases in dimension between the poling
electrodes and decreases in dimensions parallel to the electrodes. The material can be de-
poled by reversing the poling voltage, increasing the temperature beyond the materials
Currie point, or by inducing a large mechanical stress.

Post Poling

Applied Voltage:
Voltage applied to the electrodes at the same polarity as the original poling
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voltage results in a further increase in dimension between the electrodes and
decreases the dimensions parallel to the electrodes. Applying a voltage to the
electrodes in an opposite direction decreases the dimension between the electrodes
and increases the dimensions parallel to the electrodes.

Applied Force:

Applying a compressive force in the direction of poling (perpendicular to the
poling electrodes) or a tensile force parallel to the poling direction results in a
voltage generated on the electrodes which has the same polarity as the original
poling voltage. A tensile force applied perpendicular to the electrodes ora
compressive force applied parallel to the electrodes results in a voltage of opposite
polarity.

Shear:

Removing the poling electrodes and applying a field perpendicular to the poling
direction on a new set of electrodes will result in mechanical shear. Physically
shearing the ceramic will produce a voltage on the new electrodes.

Piezoelectric Benders

Piezoelectric benders are often used to create actuators with large displacement
capabilities. The bender works in a mode which is very similar to the action of a bimetallic
spring. Two separate bars or wafers of piezoelectric material are metallized and poled in
the thickness expansion mode. They are then assembled in a + -+ - stack and mechanically
bonded. In some cases, a thin membrane is placed between the two wafers. The outer
electrodes are connected together and a field is applied between the inner and outer
electrodes. The result is that for one wafer the field is in the same direction as the poling
voltage while the other is opposite to the poling direction, This means that one wafer 15
increasing in thickness and decreasing in length while the other wafer is decreasing in
thickness and increasing in length, resulting in a bending moment.

ST

o—1

+

Loss

There are two sources for loss in a piezoelectric device. One is mechanical, the other is
electrical
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Mechanical Loss: Oy = Mechanical Stiffness REeactance or Mass Eeactance

Mechanical Eesistance

Electrical Loss: tan O = Effective Series Resistance

Effective Series Reactance

Simplified Piezoelectric Element Egquivalent Circuit
1: N
|
L ! |__IWV\_
Gi Cu  Lu

Ri = Electrical Eesistance

R

C; = Input Capacitance = EgE A Ep = 885X 10-12 farads / meter

t A = Electrode Area
t = Dielectric Thickness
Lm = Mass (Kg)
Cn = Mechanical Compliance = 1/ Spring Rate (M /N)

N = Electro-mechanical Linear Transducer Ratio (newtons/volt or
coulomb/meter)

This mode] has been simplified and it is missing several facters. It is only valid up to
and slightly beyond resonance. The first major problem with the model is related to the
mechanical compliance {Cyy). Compliance is a fonction of mounting. shape, deformation
mode (thickness, free bend, cantilever, etc) and modulus of elasticity. The modulus of
elasticity iz, however, anisotropic and it varies with electrical load. The second issue is that
the resistance due to mechanical Qu has been left out. Finally, there are many resonant
modes in the transformers, each of which has its own Cyy as shown below.

5 15 |€

Mechanical Compliance J_
R Ci Cu  Lu

= TR AT
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Mechanical compliance, which is the inverse of spring constant, is a function of the
shape, mounting method, modulus and type of load. Some simple examples are shown
below.

Simple Beam - Uniform End Load
F

Il

Beam Section

. Cy=_A =_A
T AY; Wt
A
l w D"_“A: Im=pAWt

YOOI AN
Mount or Vibration Node
Simple Beam - Uniform Load - End Mounts
Cuy=_5 A°
F Beam Secton t 384 Y'.j I

= Moment of Inertia

[
W, l? - We
DR —

12
Cu= 3 A°
I2Wr
Simple Beam - Uniform Load - Cantilever Mount
F Beam Section t 3
Cy AT
/r AZLEALLLE E-Y._'II
/ [
/!

3 A°
YWt

W FZ
«— 4t s

The various elements that have been explained can now be combined into the design of

a complete piezoelectric device. The simple piezoelectric stack transformer will be used to
demonstrate the way they are combined to create a functional model.

Simple Stack Piezoelectric Transformer

98



The piezoelectric transformer acts as an ideal tool to explain the modeling of
piezoelectric devices in that it utilizes both the direct and indirect piezoelectric effects. The
transformer cperates by first converting electrical energy into mechanical energy in one
half of the transformer. This energy is in the form of a vibration at the acoustic resonance
of the device. The mechanical energy produced is then mechanically coupled into the
second half of the transformer. The second half of the transformer then reconverts the
mechanical energy into electrical energy. The figure below shows the basic layout of a
stack transformer. The transformer 1s driven across the lower half (dimension d;) resulting
in a thickness mode vibration. This vibration is coupled into the uwpper half and the output
voltage 15 taken across the thinner dimension d;.

vibration node

n = # of thin layers

Equivalent Circuit:

-\/\/_Hw\_l e
L Ron L l
M1 ML Run M M G § Co [y Rp

Electrical Mechanical Mechanical Electricall
Lower Half Upper Half

The equivalent circuit model for the transformer (shown above) can be thought of as
two piezoelectric elements that are assembled back to back. These devices are connected
together by an ideal transformer representing the mechanical coupling between the upper
and lower halves. The input resistance, R, and the output resistance, By, are generally very
large and have been left out in this model. The resistor RL represents the applied load.
Determining the values of the various components can be calculated as shown previously.

Input / Crutput Capacitance:

Ci =Ep& Input Area = EgEAW
Input Thickness d;

similarly,
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Co =Ep & Output Area =EpErnAW
Qutput Thickness d;

Mechanical Compliance:

The mechanical compliance, Cy, can be represented by a simple beam subjected to a
uniform axial load. This is because the thickness expansion mode will apply vniform stress
across the surface. It should be noted that the beam length is measured with respect to the
vibration node. The vibration node 15 used as this is the surface which does not move at
resonance and can, therefore, be thought of as a fixed mounting surface.

Cy = _Beam Length
Beam Area Y1

Cwmi=___d
AW Y

Cw da

AW Y

Note: Evenif ndy 7{ dy the vibration node will still be located in the
mechanical center of the transformer.

Mass:
I = PAWA

Inp = PAWnd: = DPAWd
Fesistance:

The resistances in the model are a function of the mechanical Chy and Q) of the material
at resonance and will be calculated later.

Ideal Transformer Ratio:

The transformer ratio, N1, can be thought of as the ratio of electrical energy input to the
resulting mechanical energy output. This term will then take the form of newtons per volt
and can be derived form the piezoelectric constant, g.

as before:

g = ElectricField = _ Wolts / Meter
Stress Newtons [ Meter”
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therefore:

N; =1 _ Area Of Applied Force
g Length Of Generated Field

or

NMi= _AW
g3 d;

The output section converts mechanical energy back to electrical energy and the ratio
wonld normal be calculated in an inverse fashion to Wy, In the model, however, the
trans former ratio iz shown as Wy : 1. This results in a calculation for Ny that 15 identical to
the calculation of M.

N =1 _ Area Of Applied Force
g Length Of Generated Field

or

N= _AW
g3 da

The transformer 1 : N, represents the mechanical coupling between the two halves of
the transformer. The stack transformer is tightly coupled and the directions of stress are the

same in both halves. This results in Nc = 1.

Model Simplification:

The response of the transformer can be calculated from this model, but it is possible to
simplifyy the model through a series of simple netwerk conversion and end up in an
equivalent circunit whose form is the same as that of a standard magnetic transformer.
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where. due to translation through the transformer,

Cyp' = No' Gy and  Lyp' = Lyp /N¢°
but N¢ = 1. therefore

Cwp' = Cyp = Cun and Lyp' = Lap =L

which allows the next level of simplification

l: 3’;1 I
]
Ci é ' Rr
here
I'=Lwi + Ly =2L1 =2PpAWAd
C'= (CwCw') = Cw* = Cwi = d
(Can + G 2Cwn 2 2AWTYs

Final simplification

where
C=0CNP and L =L1/N°
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and, from before

M= AW
E33d)
therefore X
Cc= d1 AW = AW
IWLY3; g™ dy” IWysgsstdy

2PAW g1 d” = 2P i’ dyf
AW AW

=
1

The last value we need to calculate is the motional resistance. This value is based upon
the mechanical QM of the material and the acoustic resonant frequency.

Eesonate Frequency

g = 1/./LC
1

\/ 2pd e AW
AW W 33gsmdl

= 1 = 1
pdr di P
MEE] kS
cpzr = speedof soond inPZT = 'Y / P

therefore
o = cpzr [ di

The equation shown above states that the resonant frequency is equal to the speed of
sound in the material divided by the acoustic length of the device. This is the definition of
acoustic resonance and acts as a good check of the model. The final derivation is the value

of resistance.
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Qu =1 pRC

or
R=1/QuC
R=d/ EY;; 2Viestd; = 247 gi_:,szY;g.
Oum AW O AW

Mote: Cy and E are both functions of Y323 and Y33 is a function of B

It should be noted that the model 1s only valid for transformers driven at or near their
fundamental resonate frequencies. This is becanse the mitial mechanical model assumed a
single vibration node located at the center of the stack. which is only true when the
transformer is driven at fundamental resonance. There are more nodes when the
transformer 1s driven at harmonic frequencies.

Frequency Wave Length
0. g Az
200 A
300n 3N /2

.*. Node

Note: Stress is 90° out of phase from displacement

There are no fixed modes at frequencies other than rescnance. This means that the
transformer must be designed with the resonate mode in mind or phase cancellations will
occur and there will be litfle or no veoltage gain. It 1s often difficult to understand the
concept of nodes and phase cancellation. se a simple analogy can be wsed. In this case,
waves created in a waterbed will be used to explain the effect.
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Pressing on the end of a waterbed creates a "wave" of displacement that travels down
the length of the bed until it reaches the opposite end and bounces back. The water
pressure (stress) is the lowest, or negative with respect to the water at rest, at a point just in
front of the wave and highest at a point just behind the wave. The pressures at the crest and
in the trough are at the same pressure as the bed at rest. The wave will reflect back and
forth until resistance to flow canses it to dampen cut. The average pressure over time at
any point in the bed will be exactly the same as the pressure at rest. Similarly, the average
stress in a transformer off resonance will appreach zero and there will be ne net output.

Pressing on the end of the same bed repeatedly just after the wave has traveled down the
lengih, reflected off the end, refumed and reflected off the "driven" end will resultin a
standing wave. This means that one half of the bed is getting thicker as the other half is
getting thinner and the center of the bed will be stationary. The center is the node and the
thickness plotted over time of either end will form a sine wave. There will be no net
pressure difference in the center, but the ends will have a pressure wave which form a sine
wave 90° out of phase with the displacement. The transformer again works in the same
manner with no voltage at the node and an AC voltage at the ends. It is fairly simple to
expand this concept to harmonics and to other resonate shapes.

Conclusion:

The number of different applications for piezoelectric ceramic, and in particular PZT
ceramic, 15 too great to address in a single paper. The basic principals that have been set
forth in this primer can, however, be used to both uvnderstand and design piezoelectric
structures and devices. The abality to create devices of varying applications and shapes 1s
greatly enhanced by the vsed of multilayer PZT ceramics.

105



Appendix C°
Piezoelectric Constitutive

A.l Three-Dimensional Form of the Linear Piezoelectric
Constitutive Equations

In general, poled piezoceramics (such as PZT-5A and PZT-5H) are transversely isotropic
materials. To be in agreement with the IEEE Standard on Piezoelectricity [1], the plane of
isotropy is defined here as the 12-plane (or the xy-plane). The piezoelectric material therefore
exhibits symmetry about the 3-axis (or the z-axis), which is the poling axis of the material.
The field variables are the siress components (T;;), strain components (§;;). electric field
components (E; ), and the electric displacement components (D).

The standard form of the piezoelectric constitutive equations can be given in four different
forms by taking either two of the four field variables as the independent variables. Consider
the tensorial representation of the strain—electric displacement form [ 1] where the independent
variables are the stress components and the electric field components (and the remaining terms
are as defined in Section 1.4):

Si= Eﬁkf:rxr +di; Ey (A1)
D; = diyTy + £, Ex (A2)

which is the preferred form of the piezoelectric constitutive equations for bounded media (to
eliminate some of the stress components depending on the geometry and some of the electric
field components depending on the placement of the electrodes). Equations (A.1) and (A.2)

can be given in matrix form as
s sEd || T

where the superscripts E and T denote that the respective constants are evaluated at constant
electric field and constant stress, respectively, and the superscript ¢ stands for the transpose.

Piezoelectric Energy Harvesting, First Edition.  Alper Erturk and Daniel J. Inman.
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-68254
ound and Vibration, 261, 177-184.
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The expanded form of Equation (A.3) is

-5, i sE sE ;§ 0 0 0 0 0 dy] 1
s, 5 & &5 0 a a0 o0 0 dy T
53 SE _TlEj _7353 0 0 0 0 0 d]; T3
5, 0 0 0 s£ 0 0 0 ds 0 T,
S | = 0 0 0 0 s£ 0 ds 0 0 T: (Ad)
S5 o 0 0 o0 0 s5 0 0 0 Ty
Dy 0 0 0 0 ds 0 ¢, 0 o/||E
g; 0 0 0 ds 0 0 0 &, 0 gj
- - | dy dy dn 0 0 0 0 E_’T] 1 -

where the contracted notation (i.e., Voigt’s notation: 11 — 1, 22 —= 2, 33 — 3, 23 — 4,
13 — 5, 12 — 6) is used so that the vectors of strain and stress components are

5 Sn T Tn

51 532 Tz TIZ

53| _ | 5m |_|Ta =
sl e |17 | (A3)
55 25[3 TS TLJ

5s pAYES Ts Tz

Therefore the shear strain components in the contracted notation are the engineering
shear strains. It should be noted from the elastic, piezoelectric, and dielectric constants in
Equation (A.4) that the symmetries of transversely isotropic material behavior (55 = 55.
dz) = dsa, ete.) are directly applied.

A.2 Reduced Equations for a Thin Beam

If the piezoelastic behavior of the thin structure is to be modeled as a thin beam based on the
Euler-Bemnoulli beam theory or Rayleigh beam theory, the stress components other than the
one-dimensional bending stress T, are negligible so that

L=h=NL=L=T=0 (A.6)

Along with this simplification, if an electrode pair covers the faces perpendicular to the
3-direction, Equation {A.4) becomes

& s:ﬁ dy; i
|:Dj] - I:dJJ E_’TJ:| |:.E3] {_,&L‘]l':}
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which can be written as

_TE 0 T| _ 1 —d3] 5]
5 e )=l ]z o

Therefore the stress—electric displacement form of the reduced constitutive equations for a

thin beam is
n)_[e& —éu 5
[DJ B [En B |LEs (A9

where the reduced matrix of the elastic, piezoelectric, and dielectric constants is

—E — E o |
e —En | _ i 0 | —d3|
o[ 2[4 0L %] e

Here and hereafter, an overbar denotes that the respective constant is reduced from the three-
dimensional form to the plane-stress condition. In Equation (A.10),

_E 1 _ dy 5 r dy
th=—"F: ®=_"F. f=fa— _F (A1)
1 o1 St

where the superscript § denotes that the respective constant is evaluated at constant strain.

A3 Reduced Equations for a Moderately Thick Beam

If the piezoelasticity of the structure is to be modeled as a moderately thick beam based on
the Timoshenko beam theory, the stress components other than Ty (the stress component in
the axial direction) and T (the transverse shear stress) are negligible so that

LH=Th=T=T =0 (A12)
is applied in Equation (A.4). Then,
S| Sﬁ 0 d]] T|
S |=10 s£5 o0 T: (A.13)
D3 d3| 0 E.’TJ- E3
which can be written as
sy 000 T I 0 —du 5
0 .3‘5‘:"; 0 s | =10 1 0 &8s (A 14)
—dJ,] 0 | DJ 0o E;’] EJ,

108



Therefore the stress—electric displacement form of the reduced constitutive equations is

4 & 0 -y 5
T: (=0 & o Ss (A.15)
Dy | |&m 0 E E,

Here, the reduced matrix of the elastic, piezoelectric, and permittivity constants is

9 r -1

E'lEI 0 —E]] lel 0 0 1 0 _djl
C=1|0 Efs 2 = 0 _ffs 0 o1 Or (AL16)
E]' 0 E33 i _—ﬂr3|_ 0 1 oo 533
where
_ | _ 1 _ d;] _ d.
f=—r, E=—, Eyg=— E = -2 AT
11 sﬁ 55 5555 31 s]El- 33 33 sﬁ ( )

Note that the transverse shear stress in Equation { A.15) is comected due to Timoshenko [2,3]
Ts = KTey S5 (A.1R)

where k is the shear correction factor [2—-12].

A4 Reduced Equations for a Thin Plate

If the thin structure is to be modeled asa thin plate (i.e., Kirchhoff plate) due to two-dimensional
strain fluctuations, the normal stress in the thickness direction of the piezoceramic and the
respective transverse shear stress components are negligible:

Ti=T,=Ts=0 (A.19)
Equation (A.4) becomes
5 slj SE 0 dy T
s|=|5 % e || n )
Ds dy dy 0 &f|LEs

which can be rearranged to give

£ 550 0|1, 100 —dn]rs,

sE s 000 T _ 01 0 —dy 5 (A21)
0o 0 sE 0|l T 001 0 Ss :
—dy —dy 0 1 ﬂ;J 00 0 &l EJJ
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The stress—electric displacement form of the reduced constitutive equations becomes

T| cjil fil 0 _fﬂ Sl
T _|% 0 —é& 5 (A.22)
Ts J o o & 0 |_Ss J
D; &y &n 0 53;3 Es
where
cEoeE 0 —a sEosE 0 01 0 0 —dy
e &£ 0 —g sE 0 sE 0 0 010 —d
= 12 11 . Ay _ 12 11 £ o 00 f,]jl (A.23)
LU VRt 0 0 0 s
E]| E]] 0 E§3 —d:" —l'.'lr3| 0 1 0o o0 o 'E_’Ti
Here, the reduced elastic, piezoelectric, and permittivity constants are
E
&= E ES“ E E (A24)
(sfi +s3) (sfi — 552)
E —5)3
ch = 2 (A.25)
BT (sf 4 5B) (s —5E)
1
e = (A.26)
66
dx
By = ———— (A2T)
n=7 E L oE
_ _ 2d;,
F§3 = E'3r3 — ﬁ I:A.?.E}

where the first term (Equation (A.24)) is the elastic constant that is related to the bending
stiffness of a piezoelectric plate (accounting for the Poisson effect) in the absence of torsion.
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