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Introduction to the Series

Since its inception in 1989, the Tutorial Texts (TT) series has grown to cover
many diverse fields of science and engineering. The initial idea for the series
was to make material presented in SPIE short courses available to those who
could not attend and to provide a reference text for those who could. Thus,
many of the texts in this series are generated by augmenting course notes with
descriptive text that further illuminates the subject. In this way, the TT
becomes an excellent stand-alone reference that finds a much wider audience
than only short course attendees.

Tutorial Texts have grown in popularity and in the scope of material
covered since 1989. They no longer necessarily stem from short courses;
rather, they are often generated independently by experts in the field. They are
popular because they provide a ready reference to those wishing to learn
about emerging technologies or the latest information within their field. The
topics within the series have grown from the initial areas of geometrical optics,
optical detectors, and image processing to include the emerging fields of
nanotechnology, biomedical optics, fiber optics, and laser technologies.
Authors contributing to the TT series are instructed to provide introductory
material so that those new to the field may use the book as a starting point to
get a basic grasp of the material. It is hoped that some readers may develop
sufficient interest to take a short course by the author or pursue further
research in more advanced books to delve deeper into the subject.

The books in this series are distinguished from other technical
monographs and textbooks in the way in which the material is presented.
In keeping with the tutorial nature of the series, there is an emphasis on the
use of graphical and illustrative material to better elucidate basic and
advanced concepts. There is also heavy use of tabular reference data and
numerous examples to further explain the concepts presented. The publishing
time for the books is kept to a minimum so that the books will be as timely
and up-to-date as possible. Furthermore, these introductory books are
competitively priced compared to more traditional books on the same subject.

When a proposal for a text is received, each proposal is evaluated to
determine the relevance of the proposed topic. This initial reviewing process
has been very helpful to authors in identifying, early in the writing process, the
need for additional material or other changes in approach that would serve to
strengthen the text. Once a manuscript is completed, it is peer reviewed to
ensure that chapters communicate accurately the essential ingredients of the
science and technologies under discussion.

It is my goal to maintain the style and quality of books in the series and to
further expand the topic areas to include new emerging fields as they become
of interest to our reading audience.

James A. Harrington
Rutgers University
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Preface

Energy harvesting is an energy-to-energy conversion technology involving
processes that generate electrical energy from other sources of energy such as
mechanical, thermal, chemical, solar, and radio frequency. Use of mechanical
and solar energy represents the most developed technologies and offers
solutions over a broad range of energy levels. Solar cells are used to power
wrist watches, calculators, and road signs, whereas mechanical-energy-
harvesting solutions based on piezoelectric transducers are being used to
harvest energy from sources such as vibration or shock loading. Radio-
frequency-based harvesters, for example, are finding use in converting
ambient electromagnetic energy to power sensor nodes. Conversion of
thermal gradients to electrical energy is another promising technology.

This book is restricted to the generation of small amounts of electrical
energy on a local scale and for conversion of mechanical potential and kinetic
energy to electrical energy. Persons interested in learning more about the
fundamental concepts of energy harvesting will find the treatment of relevant
topics readable with little prerequisite requirement of engineering topics. This
book will be of particular interest to application engineers from diverse
disciplines and industries. It provides a fundamental view of the scope of the
energy-harvesting technology as well as the trade-offs and limitations for
practical systems.

The book will be of interest to those who want to know the potentials as
well as shortcomings of energy-harvesting technologies. It is particularly useful
for energy-harvesting system design because it provides a systematic approach
to: selection of the proper transduction mechanisms, methods of interfacing
with a host system, and electrical energy collection and conditioning options.

The book is divided into five chapters. Chapter 1 briefly describes the
various energy-conversion processes currently being used in the generation of
electrical energy from sources such as solar, radio frequency, thermoelectric,
and energy from human activity.

Chapter 2 describes the three primary types of transducers typically used
for converting mechanical energy to electrical energy, that is, piezoelectric,
electromagnetic, and electrostatic. Magnetostrictive-based transducers are
also briefly introduced.

xi
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Xii Preface

Chapter 3 presents an in-depth analysis of the interfacing mechanisms
used for coupling the host system to the energy harvester for effective transfer
of mechanical kinetic and/or potential energy to the transducer.

Chapter 4 addresses collection and conditioning circuits needed to extract
the generated electrical energy for delivery to a load. The theme of chapters 2,
3, and 4 shows the connection between the three components of an energy-
harvesting system, namely, the host interfacing mechanism, the transducer,
and the collection and conditioning circuit.

In addition to the design of efficient energy harvesters, this book also
discusses how certain types of energy harvesters can be configured to provide
self-powered sensing capabilities. Additional circuitry not requiring any
external power may also provide further enhancement by including logic
functionality. Case studies with particular emphasis on shock-loading-based
energy harvesting and sensory applications are presented in Chapter 5.

An extensive list of references is provided to direct the reader to
appropriate literature for more in-depth material not covered in the book.

We thank James Harrington, SPIE Tutorial Text Series Editor, for
encouraging us to write the book and Tim Lamkins, SPIE Press Manager, for
his editorial suggestions and support. We very much appreciate the effort,
patience, and guidance provided by Nicole Harris, our editor at SPIE.

Jahangir Rastegar
Harbans S. Dhadwal
New York
December 2016
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Chapter 1
Energy Harvesting

1.1 Introduction

The generation of electrical energy involves an energy-to-energy conversion
process such as mechanical-to-electrical (ME), chemical-to-electrical (CE),
solar-to-electrical (SE), radio frequency-to-electrical (RFE), and thermal-to-
electrical (TE). ME conversion is used in hydroelectric and wind turbines for
large-scale generation to meet the demands of cities. CE conversion is used in
batteries to provide portable electrical energy. TE conversion is a technology
under development. SE conversion uses solar energy to generate electrical
energy. Solar farms provide electrical generation on a large industrial scale as
well as for individual home owners. RFE converts electromagnetic energy
in the millimeter (mm)-to-micron-wavelength range of the electromagnetic
spectrum to electrical energy.

Currently, energy harvesting refers to the nonchemical generation of small
amounts of electrical energy on a local scale using one of the above energy
conversion principles. Among the above energy conversion processes for
electrical energy harvesting, even under very low light levels, SE conversion has
generally been found to be the best choice and is widely used in consumer goods
and many other products. For example, SE conversion is used to power wrist
watches, calculators, road signs, and in practically any other application where
solar illumination is available and its space and power requirements can be met.
The energy output of SE-based energy harvesters is limited by the size of the
solar cell. However, in many energy-harvesting applications, a few microwatts
of power may suffice and can be obtained. For 24/7 operation, storage devices
such as rechargeable batteries and super-capacitors have been used.

It is, however, important to note that in many applications, the use of SE
conversion is not practical, such as in enclosed environments where enough
light is never available. The use of SE conversion may also be impractical due to
the required size of the solar collector and its collection and storage
components. Examples of such cases include self-powered and networked
sensors used on machinery to monitor vibration and health in industrial plants;
sensors for use inside an enclosed space such as in vehicle tires or inside a
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2 Chapter 1

machine body; or self-powering of encapsulated microelectromechanical
systems (MEMS)-type sensors of various types. In many applications, the
energy that has been made available for harvesting is in the form of mechanical
kinetic and/or potential energy, or even impulsive loading of some form.

As a result, in many applications, energy harvesters based on converting
kinetic and/or potential energy to electrical energy become the only viable
option. Certain ME-based energy-harvesting devices, such as those employing
piezoelectric transducers, also have the unique capability of being used as
sensors, for example, for detecting and measuring acceleration or force
generated due to a specific emergency event.

Today, energy harvesters may be designed to provide perpetual power for
autonomous wireless sensor nodes, or pulse power for short-lived one-time
use, as in initiation or emergency systems. Design of energy harvesters is
determined by both the local energy source (host system) and by the
interfacing mechanism, particularly for motion-based energy-harvesting
systems. Available sources of energy for harvesters can be grouped into
either ambient or man-made. The former category includes natural sources
such as solar radiation, thermal gradients, wind, and ocean waves. Man-made
sources may arise as by-products of various activities and processes, for
example, background energy from radio-frequency signals generated primar-
ily for use in telecommunication systems, or vibrational energy resulting from
vehicles or large industrial systems, such as production machinery.

The choice of a particular energy source is determined by the operational
environment, available energy density, and the required energy level to power
the intended device. Figure 1.1 shows some of the popular energy sources and
the corresponding energy density. It should be noted that, while the solar
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Figure 1.1 Energy densities of typical ambient energy sources.’

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Energy Harvesting 3

luminance has the highest available power density, it cannot be changed, and
its availability is not always guaranteed.

The primary focus of this book is on harnessing mechanical potential
and/or kinetic energy. Other sources of energy are also available, such as
thermal gradient and radiated electromagnetic energy. The latter sources of
energy are briefly described below. A brief description of the application of
energy harvesting for self-powering implantable devices and sensors in the
human body is also provided. The reader is referred to available literature for
an in-depth treatment of the subject and for other sources of available energy
for harvesting.

1.2 Thermal-to-Electrical-based Energy Harvesting

The thermoelectric effect” is used to convert temperature difference into
voltage. An implementation of the effect in a loop constructed of two
dissimilar conductors generates an electromotive force V., when a constant
temperature gradient exists between the two common points. The generated
voltage is given by

Vemf = (al - OLZ)ATs (1.1)

where o; and «, are the Seebeck coefficients for the two dissimilar conductors.
The value of a may range from —-100 wV/K to 1000 wV/K for common
conductors.”’ Very large temperature differences are needed to produce useful
operating voltages compatible with electronic integrated circuits. In order to
make a useful generator, conductors are typically replaced by n- and p-type
semiconductors, as illustrated in Fig. 1.2. This configuration allows heat
transfer in the same direction, while the voltage difference across the n- and
p-type materials is additive.

The power output of an n-p-based thermoelectric generator is propor-
tional to the square of the temperature difference between the hot and cold
surfaces and is proportional to the physical cross-sectional area of the n-p legs.
For example, the generated power density at a temperature difference of
200 °C is on the order of 100 mW/cm?.’

UL}

FLOINTAPL ISP OINT AP ISE (PO IS) (P IS

Frtf 1t

Ry Heat source or heat applied

Figure 1.2 Thermoelectric-generating cell n- and p-type semiconductors.*
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4 Chapter 1

1.3 Solar-to-Electrical-based Energy Harvesting

The most dominant source of radiated electromagnetic energy is solar energy,
which illuminates the surface of the earth at a nominal value of 1 kW -m™2.
Solar energy may be harvested indoors and outdoors using photovoltaic
devices. This makes solar energy the first choice for harvesting, as long as it
satisfies the constraints of the devices or systems to be powered. For example,
the device to be powered may not have direct solar radiation or may require
uninterrupted power during daytime as well as during the night without the
use of a storage device due to size or weight limitations.

Photovoltaics technology primarily targets the visible-to-near infrared
part of the electromagnetic spectrum. The transducers, commonly referred to
as photovoltaics or photocells, are quantum devices that directly generate
electron—hole pairs from the absorption of incident photons within the
depletion region of a p-n junction device. These devices are generally modeled
as a current source shunted by an ideal p-n junction diode. For indoor
applications, electrical energy generated will also depend on the spatial
characteristics of the light source as well as the distance of the transducer from
the source. For example, a 100-W incandescent bulb is expected to generate a
few microwatts at the output of a 2-mm diameter photovoltaic cell placed at a
distance of 2 m.

1.4 Radio-Frequency-to-Electrical-based Energy Harvesting

RFE technology harvests electromagnetic energy in the radio-frequency band
from megahertz to microwave. RFE devices typically have a tuned receiving
antenna for converting the received RF energy into electrical energy. The
power generated by RFE harvesters is extremely low unless the receiver is in
close proximity to the source and/or the receiver is very large. Some of these
energy-harvesting devices use the ambient electromagnetic energy emitted by
nearby sources and are finding use in autonomous sensor nodes. However,
these types of harvesters cannot be placed inside conductive enclosures.
Directed radiofrequency emissions have also been used for collection by
matched receiving antennas (the so-called rectenna).® For example, active and
passive radio-frequency identification (RFID) systems use such technologies.’

1.5 Sources of Energy from Human Activity

Due to the recent proliferation of wearable health monitoring devices and
portable electronics, considerable effort is being devoted to harnessing power
from voluntary and involuntary human activities, for example, from the
pulsating motion of the heart.*” Table 1.1'° compares nominal values of power
available from human activity and the corresponding power needs of some
typical applications. In addition to harnessing energy from human locomotion,
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Energy Harvesting 5

Table 1.1 Energy output from human locomotion'®

Human Activity Power (W) Application Power (W) Possible human activity
Pushing a button 0.3 TV remote 0.1 Finger movement

Shaking 0.4 Portable radio 0.72 Finger movement/Hand crank
Squeezing a handle 3.6 Mp3 player 0.16 Hand crank

Twisting 12.6 Cell phone 2 Hand crank

Bending 20 Laptop 2 Hand crank

Pushing 20 Flash light 4 Hand crank

Turning a handle 21 Video & camcorder 6 Hand crank

Pulling 23 Notebook 10 Hand crank

Swinging 25 Television 75 Pedaling

devices to convert body heat to electrical energy through thermoelectric
conversion and flexible piezoelectric materials embedded into fabrics may soon
be coming to the market.

In addition to harnessing energy from human activity, there is considerable
interest in attaching self-powered health-monitoring sensors directly to organs,
such as the heart. The sensors may also assist the organ’s function by providing
electrical stimulus, as is the case with heart pacemakers. Figure 1.3 shows an
example of an autonomous device mounted on a bovine heart. This heart-assist
device uses a flexible piezoelectric energy harvester.'':'?

On another note, the hidden cost of attaching an energy-harvesting device
to a system such as the heart, which is optimized for a particular function,
should not be underestimated or overlooked. For instance, the heart, which is
a pulsating oscillator with a life cycle of over 5 billion beats has taken nature
over 65 million years to perfect. It pumps blood through a circulatory system

Figure 1.3 A piezoelectric energy harvester, with rectifier and microbattery, mounted on a
bovine heart. (Reprinted with permission from Ref. 12.)
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6 Chapter 1

of vessels to deliver oxygen and nutrients to individual cells and removes
metabolic waste.'> Attaching an external device, no matter how small, may
produce a reactive chain of events from the cardiovascular system. The long-
term effects of loading the cardiovascular system are difficult to predict and
will require the accumulation of clinical data over many years.

1.6 Mechanical-to-Electrical-based Energy Harvesting

This book focuses on the design of energy harvesters intended for converting
mechanical kinetic and/or potential energy from a host system to electrical
energy for direct consumption or storage for later use. The process of
converting mechanical energy to electrical energy may be described in three
distinct phases, as shown in Fig. 1.4. In the first phase, an interfacing
mechanism properly transfers the mechanical energy to the transducer. In
the second phase, the transducer generates electrical energy. In the third
phase, the generated electrical energy is collected and conditioned to be
either stored in an energy storage device such as a rechargeable battery or a
capacitor or to be delivered directly to the intended electrical energy
consuming device (load).

The remainder of this book is divided into four chapters. Chapter 2
describes the three primary types of transducers typically used for converting
mechanical energy to electrical energy, that is, piezoelectric, electromagnetic,
and electrostatic transducers. Magnetostrictive-based transducers are also
briefly introduced. Chapter 3 presents an in-depth analysis of the interfacing
mechanisms used for coupling mechanical kinetic and/or potential energy to
the transducer for effective energy transfer. Chapter 4 addresses coupling and
conditioning circuits needed to extract the generated electrical energy for
delivery to the load. The theme of these chapters shows the connection
between the three components of an energy-harvesting system, namely, the

Sourceof | Energy 1
mechanical harvester : Load
energy 1 !
I 1
l |
Ambient T > :
U B
: .
Man-made . _°-| il
| [
| 1
l 1
: .
Interfacing Collection and
- Transducer R
mechanism conditioning

circuit

Figure 1.4 The process of harvesting electrical energy from a host system.
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Energy Harvesting 7

interfacing mechanism, the transducer, and the collection and conditioning
circuit. Chapter 5 presents case studies of some available energy harvesting
system solutions.
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Chapter 2

Mechanical-to-Electrical Energy
Conversion Transducers

2.1 Introduction

The process of harvesting mechanical energy from the environment and
converting it to usable electrical energy can be illustrated as shown in the
block diagram of Fig. 2.1. The input mechanical energy to be converted to
electrical energy may be in the form of potential energy and/or kinetic energy.
The mechanical system providing the mechanical energy for harvesting is
hereinafter referred to as the “host system.” The host system may be capable
of providing mechanical energy in a number of ways, for example, through
linear or rotatory vibration of its structure; through a rocking motion such as
experienced in a boat, ship, or buoy; through random relative motion between
relatively rigid machine components, such as the motion between different
links of a car suspension system; or through shock loading experienced by a
weapon platform during firing or target impact.

In many cases, and depending on the mechanical-to-electrical energy
transducer (electrical generator) being employed, an interfacing mechanism is
needed for effective transfer of mechanical energy to the energy-harvesting
device. Such interfacing mechanisms may, for example, be needed to amplify
force or motion, vary the input force or motion frequency, convert a shock
loading impulse to oscillatory or vibratory motion, etc. The interfacing
mechanism may perform more than one function depending on the
application, the host system, and the transducer characteristics. For example,
in many cases, the interfacing mechanism is desired to maximize the rate or
amount of mechanical energy transferred to the transducer. In other cases,
this mechanism is used to “condition” the available mechanical energy to
make the energy transfer possible while protecting the transducer and/or the
host system. An interfacing mechanism may connect the structure or a
component of the host system directly to the energy-conversion transducer or
indirectly via certain intermediate elements such as vibrating structures or
magnetic coupling elements.
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Input Mechanical Energy to Mechanical Energy to
Mechanical =——=p] Electrical Energy Transducer > Electrical Energy
Energy Interfacing Mechanism Transducer
A A
Output Electrical Energy
Electrical «—— Collection/Conditioning
E"ergy Unit

Figure 2.1 General process of electrical energy harvesting from mechanical energy.

It is therefore crucial that the energy-harvester designer be very familiar
with various available transducers and their physical and mechanical-
to-electrical conversion characteristics and limitations. In addition, the
designer needs to understand the delicate balance between the host system
and the harvesting device; the latter should not compromise the operation of
the former.

The objective of the material provided in this chapter is to introduce the
most currently available transducers for mechanical-to-electrical energy
conversion, namely, those based on piezoelectric, electromagnetic, and
electrostatic phenomena. A comprehensive list of references is provided for
more-in-depth reading. Other less commonly used transducer types are also
introduced. The list of transducer types and designs is by no means
exhaustive, and many other special-purpose and hybrid designs have been
developed or studied. It is appreciated that new transducer types and designs
with different physical and performance characteristics are continuously being
developed. A comparison table is provided for use as a qualitative and quick
reference tool to guide the process of selecting the most suitable transducer for
a particular energy-harvesting device type and application.

2.2 Piezoelectric Transducers

Piezoelectric transducers produce an electrical charge upon application of
strain. This phenomenon is called the direct piezoelectric effect.’ This effect is
used in piezoelectric-based energy-harvesting devices to convert mechanical
energy to electrical energy. This phenomenon was first observed by the Curie
brothers in 1880,” and the word “piezoelectricity” was first used by Hankel® in
1881.* Early studies of the fundamentals of piezoelectricity include those
provided in Refs. 5-10.

Inversely, the application of an electric field to a properly poled piezoelectric
element (e.g., voltage to a piezoelectric stack) causes the piezoelectric element
to deform. This phenomenon is called the inverse piezoelectric effect and is used
to develop actuation devices with which electrical energy can be converted to
mechanical energy.
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Mechanical-to-Electrical Energy Conversion Transducers 11

When a properly poled piezoelectric element is deformed by the application
of an external force, the mechanical work done by the external force is stored in
the piezoelectric element as mechanical potential energy due to its elastic
deformation and electrical potential energy resulting from the repelling charges
of material dipoles. It is also appreciated that out of the total work done by the
external force, only the portion converted to electrical potential energy is
available for harvesting. During the piezoelectric element deformation, if
mechanical and/or electrical losses and dynamic and nonlinearity effects are not
negligible, they must also be accounted for.

The piezoelectric effect is induced in materials such as single crystals,
ceramics, polymers, composites, thin films, and relaxor-type ferroelectric
materials,'" of which piezoelectric ceramics are used most in energy-
harvesting devices followed by piezoelectric polymers. For this reason, the
emphasis in this section is placed on piezoelectric ceramics as far as their use
as transducers in energy-harvesting devices is concerned. Piezoelectric and
other relevant physical characteristics of other types of piezoelectric materials
are also provided. The provided information enables designers of energy-
harvesting devices with the selection of proper piezoelectric types and
geometries to match their specific application. An extensive list of references
guides the reader for in-depth treatment of particular topics.

2.2.1 Polycrystalline piezoelectric ceramics

Piezoelectric material produces electric charges when subjected to mechanical
strain. This phenomenon is due to their crystal structure, which has no center
of symmetry. These crystal structures have a charge balance with separated
positive and negative charges along the so-called polar axis and therefore form
a dipole."'*"!” The polar axis is an imaginary line that runs through the center
of both charges.

In a monocrystal, the polar axes of all of the dipoles lie in one direction.
Polycrystals are collections of randomly oriented monocrystals that result in
different regions within the material having different polar axes as shown
schematically in Fig. 2.2.

Electrodes

Randomly
distributed
monocrystals

Randomly
oriented polar
axes

Figure 2.2 Schematic of randomly distributed and oriented monocrystals in a polycrystal-
line element.
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Figure 2.3 Schematic of the polarized polycrystalline element.

To produce a transducer or actuator from a polycrystalline ferroelectric
ceramic, such as lead zirconate titanate (PZT), a strong electric field on the
order of several kV/mm is applied to the polycrystalline element electrodes
(Fig. 2.2). The electric field causes the randomly oriented polar axes to
reorient the dipoles in the polycrystalline element to line up and face nearly in
the same direction (Fig. 2.3)."*!”'® During this process, the domain walls are
forced to shift to allow the reorientation. When possible, the polycrystalline
element is heated in an electrically nonconductive fluid such as a certain oil to
assist the process. After polarization, most of the reorientations are preserved,
but some polar axes shift back towards their original orientation.'®

Once a polycrystalline element is polarized (Fig. 2.3), a change in the
charge balance due to deformation as a result of an externally applied force
would cause electrical energy to be transferred by electric charge carriers
creating a current from one conductor to the other. Conversely, an external
charge input will create an unbalance in the neutral charge state, causing
mechanical stress in the polycrystalline element.'?

The piezoelectric effect is present in natural monocrystalline materials
such as quartz, tourmaline, and Rochelle salt. The piezoelectric effects of these
crystals are relatively small. Polycrystalline ferroelectric ceramics such as
barium titanate (BaTiO3) and PZT exhibit larger strain with the application of
electric field and generate higher amounts of electrical charges with the
application of strain. PZT piezoceramic materials are available in many
variations and are most widely used as mechanical-to-electrical energy
transducers.''+! %1922 Special doping of PZT ceramics with, e.g., Ni, Bi, La,
Nd, or Nb ions make it possible to specifically optimize their piezoelectric
and dielectric parameters.'® For example, doping of elements like Nb>" or
Ta’" (donor) results in “soft” PZTs, for example PZT-5.*

PZT ceramics are commonly divided into “soft” and “hard” groups, which
refers to the mobility of their dipoles and polarization and depolarization
behavior.'® Soft PZT materials have the advantage of high charge coefficient
and are therefore more suitable for most actuator applications. Hard PZT
materials are more stable and exhibit low dielectric and mechanical losses and
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Mechanical-to-Electrical Energy Conversion Transducers 13

are therefore more suitable for continuous energy harvesting from relatively
high-frequency vibration or high-frequency actuation applications.

The PZT piezoceramics are currently used primarily in actuation, energy-
harvesting transducer, and sensor applications.”** They can be manufac-
tured in many geometries and with varying physical characteristics to suit the
application. Characteristics of various PZT piezoceramic materials and their
properties have been widely studied and reported.'®'?*> % In this section, the
linear theory of piezoelectricity as described in ANSI/IEEE Std 176-1987,
“IEEE Standard on Piezoelectricity,”*® is used to derive a simplified
mathematical model of a piezoelectric element that is subjected to an
externally applied load in the direction parallel to its poling direction. The
terminologies used are also from this source. In linear piezoelectricity, the
equations describing elasticity are coupled to the charge equation of
electrostatics by means of the piezoelectric constants.

The orthogonal coordinate system used to describe the properties of a
polarized piezoelectric ceramic is shown in Fig. 2.4. In this system, axis 3 is
parallel to the direction of polarization. The directions 1 and 2 are physically
similar and are selected arbitrarily. The axes termed 4, 5, and 6 correspond to
tilting (shear) motions about axes 1, 2, and 3, respectively.

The different forms of the standard constitutive equations of piezoelectric
materials under different electrical and mechanical conditions are given in the
“IEEE Standard on Piezoelectricity.”*® It is noted that in these relationships,
the coupling to the equations representing the dynamics of the mechanical
system is not considered. Considering the present case of interest in which the
piezoelectric element of Fig. 2.4 is subjected to an externally applied force F,
parallel to its poling direction as shown in Fig. 2.5, the constitutive equations
can be written in the following simplified scalar form:

S=sET+dE, @2.1)
D=dT+¢"E, 2.2)

s 3

§ A

5 33

s

i ;

2, | Ao

1

Figure 2.4 The coordinate system used to describe the properties of a polarized
piezoelectric ceramic.
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Figure 2.5 A piezoelectric element subjected to an externally applied force F, parallel to its
poling direction.

where S = 8/t is strain; s” is a compliance coefficient at a constant electric field
(m?/N); T=F,A is stress (N/m?); d is the piezoelectric constant (m/V or
C/N); E is electric field component (V/m); D is the electric displacement (flux
density) component (C/m?); and e’ is dielectric permittivity at constant
deformation (F/m). The top and bottom surfaces of the piezoelectric element
of Fig. 2.5 are considered to be covered by charge-collecting electrodes. The
open-circuit voltage Vo is generated between the two electrodes. Figure 2.5
indicates a 33 mode of charge generation in which the first numeral (first index
in the matrix form of the constitutive equations)’® indicates the direction of
the electric field along which the charges are to be produced for the case of a
transducer or applied voltage for the case of an actuator. The second numeral
(second index in the constitutive equation matrix) indicates the direction of
the applied mechanical stress or strain. For example, if in Fig. 2.5 the applied
force were in the direction of axis 1, the transducer would be said to be
operating in a 31 mode.

By setting the electrical displacement D in Eq. (2.2) to zero, the open-
circuit voltage Vo is found to be

Voc=Et=—(dT/e")t=—(dF,t)/(eT4). (2.3)

The equivalent parallel plate capacitance of the piezoelectric element is
given as

C,=(e"4)/t. (2.4)

The total work done by the applied force F, on the piezoelectric element
of Fig. 2.5 is

W =4F, 8 = Ya(A/sP 1)82, 2.5)

where s” is the compliance coefficient of the piezoelectric material at constant
electric displacement (m?*/N). Neglecting all mechanical and electrical losses,
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the mechanical potential energy portion E;, of the total work (input energy)
W, Eq. (2.5), can be seen to be

Ey = Y5(A/sE )82, (2.6)

where (A/s” ¢) is the stiffness of the piezoelectric element of Fig. 2.5 in the
direction of axis 3 at a constant electric field. The potential electrical energy
portion Ef of the total input energy W is then seen to be

Ep= W —Ey = Y(A/sP )8~ Va(A/sE )82 = Vad /11 /sP —1/sE]82. (2.7)

The following relationships can also be shown to exist between the
piezoelectric material compliance coefficients and certain piezoelectric and
dielectric permittivity constants:

sP=sF—dg, (2.8)
d=¢elg, (2.9)
g5 /el = sP/sE, (2.10)

where €% is the dielectric permittivity at constant deformation (F/m), and g is
the piezoelectric constant (m*/C).

In the piezoelectric material, the relationship between mechanical stress
and strain is given as

3/t =sP(F,/A). (2.11)
The potential electrical energy portion Ez [Eq. (2.7)] can then be written as

A1 1\ [, F)\?
£e=5 () (71 %)

= A(s" —s7) (sP)2 (E)z

(2.12)
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Substituting Egs. (2.3) and (2.4) into Eq. (2.12), the electrical potential energy
portion Ex of the total input energy W is seen to be given by the expected
expression for a parallel-plate capacitor:

Ep = % C, Ve (2.13)

Therefore, it is shown that neglecting all mechanical and electrical energy
losses, the work done W [Eq. (2.5)] by the applied force F, on the piezoelectric
element of Fig. 2.5, i.e., the input mechanical energy into the piezoelectric
transducer of Fig. 2.5, is divided into two distinct components. One
component E,[Eq. (2.6)] is stored in the piezoelectric element as mechanical
potential energy, and the other component Er [Eq. (2.13)] is stored in the
piezoelectric element as electrical potential energy. At any given moment, an
energy-harvesting device has only the latter component of the energy available
for harvesting. The relative magnitudes of the two components of the stored
potential energy are dependent on the relative magnitude of the compliance
coefficients of the piezoelectric material at constant electric displacement s”
and at constant electric field s*. By dividing Eqgs. (2.6) and (2.7) by Eq. (2.5),
the mechanical potential energy and the electrical potential energy
components, E,, and Eg, respectively, of the total mechanical energy input
W are derived in terms of the above compliance coefficients as

SD
Ev="5W. (2.14)

D
Ep= <1 —j—E ) w. (2.15)

It is noted that, to date, most piezoelectric-transducer-based energy-
harvesting devices have been designed to operate as vibrating beams, and
many as cantilever beam structures with base-induced vibration excitation. As
a result, most piezoelectric transducer modeling efforts have concentrated on
their behavior, including in Refs. 15 and 37-42. A review of many of these
modeling efforts and further analysis of such piezoelectric-based energy-
harvesting devices are provided in Ref. 23. Modeling efforts include those that
use lumped parameters.*”***> Beam-vibration-mode models together with
piezoelectric constitutive equations have also been used to predict the amount
of electrical energy that can be generated in vibration.’”****7 Distributed
parameter and finite element models have also been used for design, geometric
optimization, and analysis of performance of such energy harvesting
devices.”® >* Effects of piezoelectric nonlinearity in actuation and energy-
harvesting devices have also been studied.”>®
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2.2.2 Piezoelectric polymers and polymer—ceramic composites

Piezoelectric ceramics such as PZT are mostly hard and brittle. In many
applications it is highly desirable to have flexible transducers for developing
flexible energy harvesting devices that can undergo large deformations and
stretching. Piezoelectric polymers have been developed to serve this need. The
most commonly used piezoelectric polymer in such applications is poly-
vinylidence fluoride (PVDF). Published reports related to piezoelectric
polymer material development and their electrical and mechanical properties
for use as a mechanical energy to electrical energy transducer as well as for
actuation and sensing include Refs. 25, 59-71.

Improvement in the performance of polymer-based flexible piezoelectric
elements has also been reported through the development of piezoelectric
polymer and ceramic composites.®*>">7* Many other composite structures
such as fibrous composites have either been developed or proposed.''’®"’
Such composites are designed to enhance various mechanical properties of the
elements and address issues such as toughness of piezoelectric ceramic
transducers and actuators.

2.2.3 Single-crystal piezoelectric ceramics

Relaxor-based single crystals such as PZNT and PMNT are single-crystal
ferroelectrics that exhibit high piezoelectric effect when poled. The piezoelec-
tric properties of PMN-PT and PZN-PT single crystals poled along different
crystallographic directions were reported in the late 1990s and early 2000s,”®
showing piezoelectric coefficients and electromechanical coupling factors that
are significantly higher than those of PZT ceramics.”>**"*" A large amount
of published literature is currently available reporting studies of relaxor-based
single crystals addressing issues such as their manufacture and poling,
dielectric and piezoelectric properties, effects of temperature and electric field,
and current and potential future applications and outlook.””~'"’
Performance of currently available single-crystal piezoelectric and
polycrystalline piezoelectric ceramics, mainly various PZT ceramics, has
been compared for different applications in several studies, such as those
reported in Refs. 23, and 108-111. For example, different configurations of
piezoelectric single-crystal PMN-PZT, polycrystalline PZT-5A, and PZT-5H
ceramics were studied in unimorph cantilevered beams to determine the best
design for lightweight energy harvesting.''”> The study concluded that single-
crystal-based harvesters produced higher levels of electrical power than
polycrystalline devices. In another study, the potentials of generating high
output power using 0.71Pb(Mg;;3Nb,/3)05-0.29PbTiO; (PMN-PT) single
crystals for energy harvesting is demonstrated.'"® The piezoelectric, dielectric,
and loss properties of different single crystals, such as pure, Mn-doped PMN-
PZ-PT, and those poled along their primary crystallographic directions
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together with hard PZT ceramics are provided in a tabulated form in Ref. §5.
Various properties of hard and soft piezoelectric ceramics and PMN-PT and
PMN-PZT single crystals that affect energy-harvesting performance are also
given in Ref. 23.

The conclusions reached regarding the use of piezoelectric ceramics and
single crystals as transducers in energy-harvesting devices in the published
literature, including in the above references, may be summarized as follows.

In contrast to polycrystalline ceramics, relaxor-PT crystals possess not
only very high piezoelectric and electromechanical properties, but their
properties are also highly tunable. Different piezoelectric and electromechani-
cal properties can be achieved in relaxor-PT crystals by taking advantage of
engineered domain configurations, crystal phase, orientation, and anisotropic
characteristics, which are not achievable in polycrystalline ceramics.”®

In polycrystalline ceramics, reduction in internal mechanical damping is
achieved by sacrificing electromechanical couplings. In domain-engineered
relaxor-PT crystal systems however, their internal mechanical damping can be
improved without sacrificing their electromechanical coupling.®’

The dielectric loss of PMNT and PZNT crystals is similar to that of hard-
PZT-based piezoelectric ceramics. However, their internal mechanical damping
is higher than that of hard PZT but similar to that of soft PZT.'"”"-''* The
internal mechanical damping of relaxor-PT ferroelectric crystals can be reduced
by either acceptor doping or through anisotropic domain engineering.®

The Curie temperatures of PMNT and PZNT single crystals are relatively
low (~130 to 170 °C)* and may therefore limit their applications.

In conclusion, single crystals appear to present several advantages over
polycrystalline ceramics for certain energy-harvesting applications. Current
challenges facing single crystals for energy-harvesting applications include
high fabrication cost and difficulties in growing relatively large crystals with
adequate homogeneity. For these reasons, the use of expensive single crystals
is generally limited to medical ultrasound imaging applications where
performance considerations outweigh the materials cost.”” It is, however,
appreciated that new as well as modified single crystals and piezoelectric
ceramics are continuously being developed. This includes those that are in
composite form or constructed in geometries that make them particularly
suitable for energy harvesting, actuation, or sensory applications.

2.2.4 Lead-free piezoelectric materials

The piezoelectric materials currently used in energy-harvesting devices are
mostly lead based. There is, however, a desire and, in some cases, a
requirement to use lead-free materials instead. Lead-free materials with
significant piezoelectric effect for energy-harvesting devices are not currently
available, but a number of promising materials are under investigation. Until
recently, the piezoelectric effect of available lead-free materials has been very
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low;' """ however, new lead-free piezoelectric materials are being developed
with improved functional response.”>''*71%2

Smolenskii et al.'** discovered bismuth sodium titanate (Bi;;,Na,,,TiO5 or
BNT), which is a perovskite ferroelectric. BNT is considered to be an excellent
candidate material for lead-free piezoelectric ceramics because it is a
ferroelectric with the Curie temperature of 7. =320 °C."*! For this reason,
several studies have been done to address their manufacturing and
piezoelectric properties.'?*'?!-12*12° T imijted commercial BNT-based ceramic
products are currently available, which, due to their low piezoelectric coupling
factors as compared to PZT materials, are still not generally suitable for
energy harvesting devices. However, considering the amount of work in this
area and the rapid progress that has been made in recent years, lead-free or at
least low-lead piezoelectric materials suitable for use in energy-harvesting
devices might become commercially available in the near future.

In addition, for the case of mechanical-to-electrical energy transducer
applications, the environmental conditions; the nature, type, and level of the
input mechanical energy; the characteristics of the host system; the mechanical-
to-electrical energy transducer interfacing mechanism; and the electrical energy
collection, regulation electronics, and characteristics of the output storage
and/or load also influence the choice of the most suitable transducer for each
application. The internal damping characteristics of the transducer and the
elastic elements of the vibration-based energy-harvesting device are also
important and can become critical at high operating frequencies. Many of
the above and related issues are addressed in the following two chapters of
this book.

2.2.5 Piezoelectric materials for high-temperature applications

Mechanical-to-electrical energy transducers for energy harvesting at elevated
temperatures are of interest in numerous applications such as for powering
various sensors and electronic devices.””'?”"'*! At elevated temperatures,
transducer stability is the main concern, particularly when the device is
subjected to repeated loading. High-temperature stability for several other
single crystals is reported in Ref. 28, indicating that certain crystals have the
potential to generate electrical energy at temperatures of up to 1000 °C.

The results of an experimental study of the output power from soft and
hard PZT elements in a vibrating-beam-based energy-harvesting device is
reported in Ref. 132. In this study, the output power is measured as the
temperature is increased from room temperature to 150 °C. The drop in
generated power is shown to be less than 6% at 75 °C and becomes
increasingly larger at higher temperatures.

Wide-bandgap materials having a wurtzite structure have also been
considered as promising material candidates for harvesting energy at elevated
temperatures.22’25’133’134
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2.2.6 Other piezoelectric material types and structures

Tailoring the microstructure of piezoelectric ceramics has been a pursued
approach for enhancing their performance.”” To date, different methods have
been used to fabricate highly textured piezoelectric materials with superior
properties.'*> 1%

PZT-polymer composites with enhanced performance for sensors and
ultrasound applications have been fabricated using various techniques.’*'**'4”
The use of composites fabricated as layers of carbon/epoxy, PZT ceramic, and
glass/epoxy has been reported for energy-harvesting transducers.'”’ Other
layered structures have been developed for MEMS energy-harvesting devices,
such as epitaxial PZT thin films deposited on silicon substrate.'>'!>*

Other piezoelectric materials have also been investigated for actuation as
well as energy harvesting, such as those using aluminum nitride (AIN) and
Zn0.">13% AIN has been indicated as a potential alternative to PZT since it is
lead free and suitable for MEMS manufacturing processes such as sputtering.
The piezoelectric coefficient of AIN is lower than that of PZT, but its
dielectric constant is also lower.'>!'>

2.3 Electromagnetic Induction Transducers

Electromagnetic induction transducers function on Faraday’s law, which was
discovered in 1831. In such transducers, the input mechanical energy produces a
time-varying magnetic flux through a conductor, usually a coil, thereby
generating an electromotive force in the conductor. The magnetic flux variation
is usually achieved through the relative linear or rotary motion between a coil
and a permanent magnet. Magnetic flux variation may also be realized through
variation in the magnetic field.'**'%® The relative motion between the coil and
the permanent magnet may be the result of moving the coil relative to a fixed
permanent magnet or moving the permanent magnet relative to a fixed coil.
The latter method is usually preferred in energy-harvesting devices since it
results in fixed output wires. The amount of power that an electromagnetic
induction harvester generates is dependent on the length of the conductor,
1.., the number of turns of the coil, the strength of the magnetic field and its coil
coupling, and the velocity of the coil motion in the magnetic field.

Electromagnetic generator technology is highly developed and has been
used in small handheld devices to generate a small fraction of one watt as well
as in power plants to generate megawatts of power. Such electrical energy
generators are rotary machines and have also been used in “more traditional”
energy-harvesting systems such as windmills.'*'®> However, the emphasis
here is on small generators and micro-generators, and primarily those with
linear, rotary or vibratory, or oscillatory input motions.

In recent years, numerous researchers have investigated, fabricated, and
tested different electromagnetic-based energy-harvesting devices for various
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Magnet — i Permanent
Field E Magnet

Figure 2.6 The basic model of an electromagnetic induction transducer.

20,166—-175 163,169,176-191

applications, including for powering MEMS devices.
For additional in-depth treatment, the reader is also referred to reviews
provided in Refs. 11, 163, and 170. A comprehensive review of the physical
and performance characteristic of several such electromagnetic-based micro-
generators is summarized in a tabulated form in Ref. 11.

A typical electromagnetic-induction-type generator may be represented as
shown in the schematic of Fig 2.6. In electromagnetic induction transducers
(generators) used in energy-harvesting devices, the magnetic flux is usually
generated by permanent magnets, and a coil is used as the conductor. The coil
crosses the magnetic flux at a certain velocity, generating an induced
electromotive force (emf). The strength of the magnetic flux crossing the
conducting coils is dependent on the strength of the permanent magnets and
the closeness of the coil to the permanent magnets.

In the schematic of the electromagnetic induction generator of Fig 2.6, the
permanent magnet is positioned inside the coil and is shown to be moving
relative to the generator coil, which is considered to be fixed. The time-varying
position x of the permanent magnet produces a time-varying magnetic
flux linked to the coil. At any given instant, the permanent magnet velocity
v = dx/dt, where ¢ is time, / is the total coupled (effective) coil conductor length
with the corresponding crossing magnetic flux density B(x) at the position x
of the permanent magnet, the induced potential difference between the ends of
the coil conductor [electromotive force (emf)] is'>” '%*!%2

Vems = [ B(x)v. (2.16)

If the coupled coil consists of a wire that is wound N number of turns at a
diameter D, then the effective length / is wND.

The circuit representation of an electromagnetic induction generator of
the type shown in Fig. 2.6 is shown in Fig. 2.7, where R and L are the coil
resistance and inductance, respectively. If the generator output, i.e., the
generator coil, is connected to a resistive load Ry, the load closes the generator
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Figure 2.7 The circuit representation of an electromagnetic induction generator.

circuit as shown in Fig. 2.7, and the generated voltage V., causes a current i
to flow through the circuit.
Neglecting the inductance L, the current 7 is seen to be

i=Vey/R=1BVv/R, (2.17)

where R = Rc + R;. As the permanent magnet moves with velocity v, the coil
moving in the magnetic field with the induced passing current i requires an
applied external mechanical force Fj,,, to overcome the magnetic force
(magnetic drag) exerted on the passing coil by the magnetic field."”> The
magnetic force and its overcoming mechanical force Fj,,,, is given as

Fipy =11 B=vIB*/R, (2.18)
making the input mechanical power
Pinput = Finputv =P BZ/R (2.19)

From Eq. (2.17), the output electrical power, i.e., the electrical power
dissipated in the resistive load R;, can be seen to be

Pyyps = R 2 = (P P B2 /R)R,. (2.20)

Then, as expected, the ratio of the output electrical power to input mechanical
power becomes

Poutput/Pinput = RL/R = RL/(RC + RL)’ (221)

which means that in the absence of coil inductance L., the only transducer
loss is due to the electrical resistance of the coil of the electromagnetic
induction generator.

Electromagnetic-induction-based transducers are highly reliable and,
unlike piezoelectric transducers, do not exhibit structural resistance to the
applied motion. The fabrication and assembly of submillimeter electromag-
netic systems remain a challenge for implementation in MEMS devices.”” In
addition, the voltage generated with such devices is usually between 0.1 and
0.2 V, and transformers are usually needed to meet voltage requirements for
MEMS applications.'’
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2.4 Electrostatic Transducers

A capacitor consists of two conductive overlaying plates that are held a
certain distance apart. The gap between the two conductive plates may be
vacuum, or may be filled with air or another nonconductive gas or a certain
insulator (dielectric) material.

Electrostatic transducers use capacitors for which their capacitance can be
mechanically varied. The mechanical work done to vary the capacitor’s
capacitance is then converted to electrical energy to be harvested. The
capacitor’s capacitance may be varied by varying the distance between the
capacitor’s conductive plates or by varying the extent of their overlapping
surfaces.

Electrostatic transducers have long been used in audio speakers and
receivers.'”*'”* In recent years, and particularly due to their relative ease of
implementation in MEMS devices, their application for mechanical-to-
electrical energy conversion has attracted attention.?’:'?>"%?!

In an energy-harvesting device, an electrostatic transducer may be used in
two different modes to convert mechanical energy to electrical energy. In both
modes of operation, the transducer capacitor is initially charged by an external
source. In one mode, the capacitor charge is kept constant as the transducer
converts input mechanical energy to electrical energy, which is stored in the
transducer capacitor. This mode of operation is the “charge-constrained
mode.” In the other mode, the voltage across the capacitor’s conductive plates
is kept constant as the transducer converts input mechanical energy to electrical
energy, which is also stored in the transducer capacitor. This mode of operation
is the “voltage-constrained mode.” In either mode of operation, the generated
electrical energy—generally together with the initially charged electrical
energy—is then extracted for direct use or storage in an electrical storage
device. The transducer capacitor is then returned to its initial charged state.

The principal operation of electrostatic transducers is very simple. In the
aforementioned charge-constrained mode of operation, the variable capaci-
tance capacitor is first charged at its maximum capacitance configuration,
i.e., when the conductive plates are at their minimum distance and/or at
maximum overlap depending on the capacitor type. The schematic of such a
variable capacitor of the former type is shown in Fig. 2.8. In the maximum

1> s

S, 1F\‘ 1-1-1-1-1-1-1-1-1--!»1»1»—,—'
Ch
+ —++++++++++++_L d, Collzéggn
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Q (Cpax and Vi) Q (Cpip and Vipay)

Figure 2.8 Charge-constrained mode of electrostatic transducer operation.
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capacitance configuration [Fig. 2.8(a)], the capacitor is considered to have a
capacitance of C,,,, and is charged by an external source to a certain voltage
V..in» after which the external source is disconnected by opening the switch S;.
Now by mechanically separating the two conductive plates of the capacitor by
the application of an external force F, the capacitor’s capacitance is
continuously decreased. In the schematic of Fig. 2.8(b), the capacitor is
shown in its considered maximum conductive-plate separation at which point
its capacitance is at its minimum, indicated as C,,;,. Since the total charge Q
stored on the capacitor is fixed, i.e., constrained from being discharged, the
capacitor voltage is increased to its maximum level V,,,. as the capacitor
conductive plates are separated and the capacitance C,,;, is reached. Because
the total charge Q is constant,

O = Chiax Vinin = CoinV max- (222)
And since the electrical energy stored in a capacitor is

E=%CV2 (2.23)

the mechanical energy converted to electric energy is

Ee =Y Cmin Viznax L) Cmax Vzmin = 1/Z(C'max - Cmin) Vmax sz'n' (224)
It is also readily seen that the converted mechanical energy may also be
written in terms of the total capacitor charge Q as

Ee =Y Qz(l/cmin - 1/Cmax)' (225)

Once the maximum voltage V.. has been reached, the capacitor charges
are discharged into the charge collection unit shown in Fig. 2.8 by closing
switch S5.

It can also be shown from Coulomb’s law that the external force F
(Fig. 2.8) needed to counter the attractive force between the charges on the
capacitor conductor plates is

F=0)2¢A, (2.26)

where ¢ is the permittivity of the material between the capacitor plate. The
mechanical work E,,, done by the force F as the capacitor conductive plates are
separated from their minimum and maximum distances d; and d>,
respectively, correspond to the capacitor maximum and minimum capaci-
tances C,,.. and C,,;,, respectively; i.e., the mechanical energy input into the
electrostatic transducer therefore becomes
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E, = (dy-d)0*/2e 4= (Q*/2)(dr/e A~d,[e A)
= (Qz/z)(l/cmmf I/Cmax)ﬂ (227)

which as expected equals the generated electrical energy E, [Eq. (2.25)].

In the voltage-constrained mode of operation, the variable-capacitance
capacitor is connected to a constant voltage source that can maintain the
capacitor at a certain voltage V. In its initial state, the capacitor is in
its previously indicated maximum capacitance C,,,, state. Since the capacitor
voltage ¥V is constant, as the overlap area between the conductive capa-
citor plates is decreased, the capacitor capacitance decreases while the
capacitor charge is decreased, thereby generating a current that can be used by
an external load or stored in an electrical energy storage device. The charges
remaining in the capacitor at its latter minimum capacitance C,,;, state may
also be collected. The total amount of mechanical energy that is converted to
electrical energy as the capacitor capacitance is varied from C,,,, to C,,;, is

E, =" Cpux V2V Conin V2= 1/Z(C‘max - Cmm) V2, (2.28)

Electrostatic transducers have been grouped into three -catego-
ries: ! 84203:212:222224 (1) in_plane overlap varying, (2) in-plane gap varying,
and (3) out-of-plane gap varying. Figure 2.9 illustrates the basic design of the
three electrostatic transducers.”’” In the in-plane overlap varying type

[Fig. 2.9(a)], the motion indicated by the double arrow causes overlapping

EWI .- e o

(a) (b)

i i
(c)

Figure 2.9 Three basic designs of an electrostatic transducer: (a) in-plane overlap
varying, (b) in-plane gap varying, (c) out-of-plane gap varying. The tabs on the device
capacitors are shown on each meshing capacitor fingers.

212
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surfaces between the two capacitor electrode fingers to vary, thereby varying
the capacitor capacitance. In the in-plane gap varying type [Fig. 2.9(b)], the
indicated motion causes the gap between the two capacitor electrode fingers to
vary, thereby varying the capacitor capacitance. In the out-of-plane gap
varying type [Fig. 2.9(c)], changes in the distance between the capacitor
electrode plates causes the capacitor capacitance to vary.

The electrostatic transducers require an input charge or a constant voltage
source for their operation, which must be provided by an external power
source. Electrostatic transducers have been developed that use electrets to
provide biasing charges for their operation. Methods have also been
developed to use part of the generated electrical energy for this purpose
following initial charging of the transducer. The requirement of initial
charging via an external source makes electrostatic transducers not suitable
for certain applications. Different approaches for the design and efficient
harvesting of the generated electrical energy by electrostatic transducers are

provided in the literature referenced in this chapter,'8%193-197.199.200-209.
211-215,217-219,221,222,224-231

2.4.1 Electret-based electrostatic transducers

One shortcoming of the electrostatic transducers described above is that they
require an external source of input charge or constant voltage for their
operation. Electrostatic transducers may however be provided with layers of
electret on one or both capacitor’s conductive plates to induce initial voltage.
The electret-based and externally charged electrostatic transducers function
similarly to convert mechanical energy to electrical energy. The main
difference between the two is that the electret-based electrostatic transducers
do not require any initial electrical energy to operate since the initial charges
are provided directly by the transducer electret layer.'””

Electrets are dielectric materials that have a quasi-permanent electric
charge or dipole polarization.'”> The English physicist Oliver Heaviside”*
named the material “electret” as an electrostatic equivalent of a permanent
magnet (electricity magnet). Dr. Mototaro Eguchi®*® later successfully
fabricated the first electret using a thermal charging method.

A review of the different types of electrets, their characteristics, and
methods of manufacture are provided in Ref. 195. The most commonly used
electrets in electret-based electrostatic mechanical-to-electrical energy trans-
ducers are obtained by implanting electric charges into dielectrics using
different techniques.'”>***2*® These electrets include those based on
Teflon™*> 2% and CYTOP™.?**2*7 Many other types of electret materials
and their characteristics are provided in the above references. Dielectric
materials are however not perfect insulators, and the charges may dissipate
over time. As a result, recent research efforts in this area have concentrated
on implanted charge stability,”***** and materials such as Teflon and
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silicon-dioxide-based electrets with an estimated life of over 100 years have
been developed.??%-239-241.243

Electret-based transducers convert mechanical energy to electrical energy
in a manner similar to that described for externally charged electrostatic
transducers, i.e., by varying the capacitance of a charged capacitor. Different
designs of electret-based transducers and the use of different electret materials
have been reported in the literature,'82!:216.234.249-236

In an electret-based mechanical-to-electrical energy transducer, the
electret element maintains the transducer capacitor charge at all times
without the need of an initial charging. Electrets are dielectric materials that
are capable of maintaining an electric field and a surface voltage in the way
that permanent magnets maintain a magnetic field. The operation of electret-
based transducers may be described using the transducer of Fig. 2.10, which is
intended to function in the same mode as the transducer of Fig. 2.8. Using the
terminology of Boisseau,”** the transducer consists of an electrode plate on
which an electret layer is deposited. The other capacitor electrode plate, called
counter-electrode, is positioned parallel to the other electrode at a certain
varying distance. The gap between the counter-electrode and the electret is
filled with a certain gas such as air.

Let the constant charge on the electret be indicated as Q, and the resulting
charges on the electrode and counter-electrode be Q; and O, respectively.
The sum total of induced charges Q; and Q, on the electrode and counter-
electrode must equal the charge on the electret Q,, i.e.,

01+ 0,=0.. (2.29)

Then, when the externally applied force F moves the counter-electrode toward
the electret layer, the gap between them is decreased. If the switch S is open,
since the charge Q, is constant, the voltage across the transducer and thereby
the electrical energy stored in the transducer equivalent capacitance C,, is
increased. Here, C,, is the capacitance between the counter-electrode and the
electrode, which includes the in-series capacitance of the electret and the gap
between it and the counter-electrode. As a result, and similar to the transducer

1!’
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Figure 2.10 An electret-based electrostatic transducer.
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of Fig. 2.8, the work done by force F increases the total electrical energy
stored in the transducer to

E ot = 2 Qz/ceq- (230)

The generated electrical energy can then be discharged into the charge
collection unit shown in Fig. 2.10 by closing the switch S for direct use or
storage. As discussed above for the electret-free implementation, the electret-
based electrostatic energy harvester can be operated by varying either the gap
or the overlap area between the electrodes.

2.5 Magnetostrictive-Material-based Transducers

Magnetostrictive-material-based transducers have also been used in energy-
harvesting devices. Magnetostrictive materials deform when subjected to a
changing magnetic field. These materials also induce changes in the magnetic
field when deformed. The latter phenomenon is known as inverse
magnetostrictive, magnetoelastic, magnetomechanical, and Villari effects
(after the Italian physicist who discovered it in 1865).

When used as a mechanical-to-electrical energy transducer, a time-varying
strain is applied to the magnetostrictive material, thereby obtaining a time-
varying magnetic field, which is then used to generate a current in a pick-up
coil or solenoid positioned within the changing magnetic field. It is therefore
appreciated that these transducers can generate appreciable electrical energy
only if strained at high rates, which in dynamic mechanical systems indicates
that the applied external or dynamic forces have to be large and long enough
in duration (low enough frequency if vibrational) to allow an appreciable
strain/deformation rate to be achieved.

Among the magnetostrictive materials that are currently available and
have been used as mechanical-to-electrical energy transducers,”’2°° most
common are the crystalline alloy Terfenol-D (Tby 3Dyo 7Fe; o_5)*°*?°” and to
a lesser degree amorphous metallic glass Metglas™®.?04200:268-270

The magnetostrictive material Metglas’®®>’" has been used for
mechanical-to-electrical energy transduction.”®*?°® For this application,
thin film Metglas material layers have been annealed under a strong
transverse magnetic field in the width direction to enhance magnetomecha-
nical coupling”®®*’” and mitigate the need for a bias magnetic field to reduce
the transducer size.”**?°° In this configuration, several laminated thin 18-
pm Metglas (2605SC) ribbons are bonded to a copper cantilever beam and a
pick-up coil is provided around the beam—Metglas laminate. Strain in the
laminate due to the bending vibration of the cantilever beam induces a
change in the magnetization of the Metglas laminate, generating current in
the pick-up coil. Electrical energy is then extracted from the coil by an
appropriate circuitry.
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Attempts have been made to use Terfenol-D for mechanical-to-electrical
energy transduction.’®**** Such transducers developed to date are however
bulky and generate very small amounts of electrical energy relative to their
size and space that they occupy. Terfenol-D does however provide relatively
large strains compared to piezoelectric material and has therefore been used
to form piezoelectric-magnetostrictive composites. In such composites, the
relatively large Terfenol-D-generated strain due to an externally applied
magnetic field is used to strain piezoelectric layers to generate relatively
large amount of electrical charge.””>>%?°! Such composites were originally
used in magnetic field sensors.”* When used for energy harvesting, the
varying magnetic field has to be applied externally. For example, in the
device described in Ref. 258, four magnets positioned on the free end of a
vibrating cantilever beam are used as the external source of the varying
magnetic field.

One advantage of piezoelectric-magnetostrictive composites for mechanical-
to-clectrical energy transduction as compared to transducer types that
utilize straining magnetostrictive elements with pick-up coils is that they do
not rely on the rate of change in the applied strain, i.e., the level of input
mechanical power, to generate electrical energy. As a result, the former can be
used at relatively low as well as high rates of mechanical energy input, while the
latter can generate appreciable electrical energy only when the rate of
mechanical energy input is high.

2.6 General Comparison of Different Transducers

In this section a mostly qualitative comparison is provided for use by energy-
harvesting device designers as merely a guide in selecting the most suitable
transducer type for an energy-harvesting device type and application. It is
appreciated that many other factors that must be considered—such as
limitations in size and shape; operating environment; input mechanical energy
type and level; electrical energy and/or power requirement of the devices to be
powered; amount of electrical energy to be generated; acceptable level of
complexity in the electrical energy collection, regulation, direct usage and/or
storage electronics and controls; and usually many other limiting factors—
would also narrow the range of acceptable transducers. It is assumed that the
designer would be following good engineering practice and that therefore
issues such as mechanical and electrical overload protection and other factors
to ensure structural integrity and proper operation of the selected transducer
would be considered during the design process.

A number of researchers have provided comparisons between the modes
of operation, basic characteristics, output, and general advantages and
disadvantages of each transducer type for energy-harvesting applica-
tions, ' +20:24:103.223.224.265.271.272 A qummary of general advantages and
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Table 2.1 Comparison of different mechanical to electrical energy transducers

Type

Advantages

Disadvantages

Piezoelectric

Electrostatic

Electromagnetic

Magnetostrictive

No external voltage source
High output voltage
Compatible with MEMS
Simple structure

Easy to integrate with MEMS
High output voltage

Function well at slow and fast
displacement rates

High degree of miniaturization
possible

No external voltage source
High output current
Well-established technology

No external voltage source
No depolarization problem
Highly flexible films available™®

Low output current

Low toughness

Low tensile strength”
Charge leakage”™
Depolarization and aging”™"

External voltage source needed®
Low output current

Difficult to fabricate large capacitor
surfaces

Difficult to integrate with MEMS—requires
permanent magnet and pick-up coil

Low output voltage

Low output energy at slow speeds

Low output energy in small size

Difficult to integrate with MEMS—requires
pick-up coil

Low output energy at slow speeds

Low output energy in small size

May need biasing magnets

“May need to be preloaded in compression if subjected to equal compressive and tensile loading.
“"Makes it not suitable for applications with slow stain rates.
""Mainly for polymer and polycrystalline ceramic types at high temperature.
SUnless using charged electret.

SParticularly, the amorphous metallic glass type (Metglas®®).

disadvantages of each transducer type for use in energy-harvesting devices is
provided in Table 2.1. Possible implications of certain shortcomings and basic
methods of addressing them are also provided.

2.7 Transducer Shelf Life and Operational Life

Energy-harvesting devices must satisfy the application shelf life and operational
life requirements in the relevant environment. In many applications such as in
implanted devices, operational life of over 20 years is highly desirable or
required. In other applications such as in emergency equipment or certain
normally dormant event detection sensors, or in impact- or impulse-activated
devices, the energy-harvesting transducer must have a very long shelf life,
sometimes well over 20 years, and during this time it may be subjected to highly
fluctuating temperatures or be subjected to other environmental elements.
Several lifetime studies have been performed and reported to date for PZT
materials used for actuation purposes. Repeated mechanical and electrical
cycling of piezoelectric ceramics has been shown to result in a progressive
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degradation in performance to various degrees.”’”’° During a typical
operation, the piezoelectric element of the device may experience repeated and
varying mechanical loading and electric voltage inputs at varying environ-
mental conditions such as temperature.”’”’ The level of performance
degradation depends on the level, duration, and frequency of the input
mechanical load and the electrical voltage input; the PZT material
composition; and environmental conditions that affect mechanisms such as
the loss of mobility in domain walls, depoling, formation of micro-cracks, and
failure of the electrode-ceramic.?’**"’

Other related life cycle studies of PZT materials focused on stack
configurations for actuation purposes for applications requiring long-term
operation in challenging environments such as in space.”’®*%0 2%

From the shelf-life and operational-life cycle points of view, piezoelectric
transducer degradation of performance needs to be considered. Performance
degradation can be due to: depoling from thermal effects and high levels
of loading and number of cycles; degradation in the material properties
due to aging and environmental conditions; fatigue failure; piezoelectric
creep; and many other application-specific factors that may need to be
considered.

There is a relatively limited amount of information available about the
shelf life, life cycle, and life cycle time of transducers under various operating
and environmental conditions. The available information is primarily on
PZT-based materials and mainly covers these materials being used as
actuation devices and not for energy harvesting. There is therefore a great
need for systematic studies to provide the needed information for the
developers of energy harvesting devices using different piezoelectric materials
and composites, particularly for energy harvesting devices that have to
reliably operate for long periods of time, sometimes well over 20 years, and
sometimes in relatively harsh environments.
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Chapter 3

Mechanical-to-Electrical Energy
Transducer Interfacing
Mechanisms

3.1 Introduction

Harvesting electrical energy from mechanical energy of a mechanical (host)
system involves the use of transducers (electrical generators) such as those
introduced in Chapter 2. In almost all cases an appropriate interfacing
(“conditioning”) mechanism is needed for effective integration of the
transducer with the source of mechanical energy, i.e., the host system. Such
interfacing or conditioning mechanisms may for example be needed to
amplify force or displacement or to increase or decrease input displacement or
frequency of an input oscillatory motion. Hereinafter, the term interfacing
mechanism 1s intended to refer to those devices that are used to transfer
mechanical energy to the transducer, while in some cases performing certain
motion and/or force conditioning action. In addition, motion is intended to
refer to translational as well as rotational motions. The term “force” is used to
also indicate couple, moment, and torque when appropriate. The transfer of
mechanical energy to a transducer may be direct or through other
intermediate elements in which the mechanical energy may, for example, be
stored in the form of potential or kinetic energy and when needed (or a
threshold is reached) be released to the transducer for conversion to electrical
energy.

A host system may provide mechanical energy for harvesting in the form
of kinetic energy, potential energy, or a combination of both. For example,
the “GravityLight,” (declared as one of “The 25 Best Inventions of the Year
2013” by Time Magazine), harvests potential energy stored in a descending
mass to generate electrical energy. The mechanical energy stored in a moving
vehicle at the time of braking is in the form of kinetic energy, and a
regenerative braking system converts it to electrical energy. In a mass—spring
system vibrating at its natural frequency, the kinetic energy is converted to
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potential energy, and vice versa, during each cycle of vibration; depending on
the type of transducer that is used, only one of the forms of mechanical energy
is usually converted to electrical energy (harvested). For example, if an
electromagnetic-type transducer is used, mechanical energy is harvested only
when it is in the form of kinetic energy. On the other hand, if the spring
pressure on a piezoelectric element is used to generate electrical energy,
mechanical energy of the vibrating mass—spring element is harvested only
when it is in the form of potential energy.

Potential energy is stored in a mechanical system either due to elastic
deformation of flexible elements such as springs or structure of the system, or in
a mass element displaced (raised) against the gravitational field of the earth.
For example, the work done to compress a spring is stored in the spring element
as potential energy while accounting for losses due to internal damping of the
spring material and other damping and/or friction losses during the spring
compression. Similarly, the work done on a mass element to raise it a certain
distance against the gravity-field-induced force is the potential energy that is
stored in the mass element. The kinetic energy is the amount of work that has
been done on an object to accelerate it from rest to its linear and/or rotational
velocity state relative to the inertial reference frame.

As indicated in the previous chapter, piezoelectric, electromagnetic and
electrostatic, and to a lesser degree magnetostrictive are the foremost motion-
based transducers for generating electrical energy. When used in an energy-
harvesting device to convert mechanical energy to electrical energy, each one
of the above transducers demands a different interfacing/conditioning
mechanism for their efficient operation. In many cases and depending on
the characteristics of the mechanical-energy-providing host system, each
transducer type and design may require a different interfacing mechanism for
proper operation and without interfering with the operation of the host
system. For these reasons, a wide range of interfacing mechanisms are needed
to cover all possible applications.

The choice of interfacing methods and mechanisms is dependent on the
characteristics and limitations imposed by the host system as well as the
transducer type and design. The choice also depends on the criteria with which
the effectiveness of the energy-harvesting device is to be measured for a given
application. For example, from a mechanical-to-electrical energy conversion
point of view, the criterion may be the amount of electrical power that the
energy-harvesting device can provide when a continuous flow of mechanical
energy is available to the device. However, when only one or relatively
infrequent bursts of mechanical energy is available, the optimal energy-
harvesting device may be the one that captures the maximum amount of
available mechanical energy and stores it as potential and/or kinetic energy
and converts it to electrical energy over a relatively long period of time. On
the other hand, if the electrical energy generated by the same infrequent bursts
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of mechanical energy is to be used directly, for example to generate heat in a
resistive filament, the available mechanical energy may have to be converted
to electrical energy as soon as it becomes available. In other words, even for
the same host system, the optimal performance of the energy-harvesting
device is dependent on the electrical load, that is, the system/device to be
powered. In each case a different interfacing mechanism is generally needed to
achieve effective overall performance of the system consisting of the energy-
harvesting device as well as the powered device.

Thus, the designer should consider the host system, the interfacing
mechanism, the system or device to be powered, and the electrical energy
collection and conditioning electronics, which may include various sensors,
processing units, driving software, and storage devices, as an integral system.
Hereinafter in this book, the system consisting of all the above components, as
well as driving software if any, is referred to as the “integrated system.”

In this chapter, the reader is introduced to different basic methods and
types of mechanisms for interfacing host systems to different types and designs
of transducers for powering a given system or device type without being
specific to any particular host or powered system. It is appreciated that the
presented interfacing mechanisms and host system or device types to be
powered are by no means exhaustive, particularly considering the fact that
new applications and transducers are constantly being developed. The method
of classifying interfacing mechanisms should however serve as a guide for
their placement in the proper category. In addition, the systematic method
being presented for selecting proper transducers and their host-system-
interfacing mechanisms for effective overall system performance is general
and should be expandable to include new components and applications.

In the process of selecting transducer type and design and a mechanism
for interfacing it to the host system for powering a specific system or device,
the designer must determine which of the following factors must be considered
for proper operation of the integrated system:

— If the host system provides mechanical energy in the form of either
potential energy or kinetic energy:

* Is the potential energy due to the gravitational field or due to elastic
deformation of certain structure—and the type of deforming
structure, e.g., a helical or linear or torsional spring or bending
flexure, etc.?

* What are the maximum and minimum force/torque/moment and
displacement/rotation levels that the host system can provide?

* What is the level of kinetic energy that the host system can provide?

— If the host system provides a nearly continuous periodic oscillatory
translational or rotational motion or vibration:

* The frequency content and range of its variation and power
distribution;
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* Whether the motion is a simple harmonic, and its frequency and
variations—if any;

* The type(s) of oscillatory motion, i.e., translational, rotational or
their combination.

— If the host system provides continuous and nearly random translational
and/or rotational oscillatory motion or vibration:

» The characteristics of the available oscillatory motion(s) in terms of
motion amplitudes (displacement, velocity, and acceleration), forces/
torques/moments, and frequency distribution.

— For continuous and nearly periodic oscillatory motions of the host

system:

* Does the range of vibration frequencies allow direct excitation of a
vibration-based energy-harvesting device in resonance and transfer of a
significant portion of the available mechanical energy to that system?

* If not, is the range of frequencies of the oscillatory motions of the host
system relatively low or high (as will be discussed in detail later in this
and the next chapter)?

— If the host system provides a continuous but relatively slow motion or a
relatively low frequency oscillatory motion:

* The characteristics of the available continuous or oscillatory motion
in terms of speed, frequency, type of motion, range of motion, and
any motion and/or force/torque/moment limitations that must be
considered to prevent interference with the proper operation of the
host system.

— The force/torque/moment limitations that must be considered so that the
energy-harvesting device does not interfere with the proper operation of
the host system.

— The total amount of mechanical energy that the host system can provide
for extraction and conversion to electrical energy as a function of time
without interfering with its proper operation.

— The percentage of the available mechanical energy that has to be
harvested to satisfy the power-consuming system or device needs.

— Any limitations on the effects of the energy-harvesting device on the
operation of the host system, such as its dynamics, motion pattern,
precision, and the like.

—Any potentially positive effect that the energy-harvesting system can
provide to the host system, such as damping certain unwanted modes of
vibration or serving as an integrated sensor to enhance the performance of
the host system controls or to control the energy harvesting level and rate.

— Any size, shape, or weight limitations for the energy harvesting system.

— If the mechanical energy provided by the host system is in the form of
relatively short-duration impulse(s) such as short-duration force, torque,
pressure, acceleration, or the like:
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« If the impulse event occurs only once, i.e., if it is a so-called one-shot
event such as those occurring during a car accident impact, munitions
explosion, or gun firing or target impact; the impulse profile and its
variations.

« If the impulse events consist of continuously occurring, relatively
short-duration impulses that are regularly or randomly spaced in
time; the minimum and maximum time spacing(s), and the impulse
profile and its variations.

— Can the energy-harvesting device be provided with external sources of
power?

— Can the energy-harvesting device be provided with internal or external
processing capability?

It is appreciated that in addition to the above factors, others may also
have to be considered depending on a specific application. In addition, the
main purpose of the above list is to provide designers with the types of
constraints that may have to be considered while searching for the best
transducer and host-system-interfacing mechanism and other components of
the energy-harvesting device for a particular application. The provided
classification of the characteristics of the mechanical energy that the host
system can provide is also not unique and universally accepted but should
provide a quick guide for the formulation of the energy-harvesting device
design requirements and constraints that must be considered.

It is also noted that most energy-harvesting devices have nonlinear
behavior due to their kinematics, their motion-limiting elements, their
transducer and structural dynamics, as well as in most cases their electrical
energy collection and regulation electronics. It is therefore critical for the
designer to consider the effects of such nonlinearities on the overall design of
the energy-harvesting device and their possible interference with the proper
operation of the host system. The development and use of linearized models is
always useful as an initial step, but in many cases, particularly when
attempting to maximize energy-harvesting device performance, all significant
nonlinearities must be considered before embarking on generally costly and
time-consuming prototyping and testing efforts.

In the following sections, the basic interfacing mechanisms that are
particularly suitable for different transducer types and designs are described.
The designs consider the nature of the mechanical energy provided by the host
system as well as the system or device to be powered. An attempt is also made
to address the consequences of the previously indicated limitations on the
proper choice of interfacing mechanisms.

For each transducer type and design, interfacing mechanisms are
categorized in groups based primarily on the characteristics of the mechanical
energy provided by the host system. Some overlap is inevitable, and the reader
must view the categorization as a basic guide for the selection of a suitable
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interfacing mechanism, noting that in many applications, due to the
limitations imposed on the overall system, a sub-optimal mechanism may
be more suitable. The mechanical energy provided by the host system falls
primarily into the following three basic categories:

1. Mechanical energy in the form of potential energy or kinetic energy of
rotating elements;

2. Mechanical energy to be extracted from a continuous oscillatory
(vibratory) motion;

3. Mechanical energy to be extracted from relatively short-duration
“pulses” of force or torque, pressure, or linear or rotary motions, with
the distinctive characteristic of being either a single event or multiple
events but spaced significantly far from each other.

The electrical energy collection and conditioning electronics as well as the
characteristic of the device to be powered or the storage device type and
capacity, etc., are also factors to be considered and will be addressed in
Chapter 4.

3.2 Interfacing Mechanisms for Piezoelectric-based
Transducers

Piezoelectric transducers generate electrical charges when strained. The
applied strain may be tensile/compressive or shearing. The amount of
allowable tensile, compressive, and shear strain is dependent on the material
type and the transducer design. A review of piezoelectric materials and their
mechanical and electrical characteristics is provided in Chapter 2 with an
extensive list of references for more in-depth reading.

3.2.1 Interfacing mechanisms for potential energy sources and
continuous rotations

Piezoelectric elements cannot be used to continuously convert potential
energy to electrical energy. For example, the potential energy stored in elastic
elements such as linear, torsional power springs, or the potential energy due to
raising of a mass in the gravitational field as in a grandfather clock, can only
be converted to electrical energy using an appropriate interfacing mechanism.
This is also the case if the mechanical energy provided by the host system is in
the form of a continuous rotation of an object such as a flywheel. In both
cases, the available mechanical energy may be used to directly strain a
piezoelectric element to generate a charge, but only once.

Rotary-type electromagnetic transducers (generators) are generally best
for direct conversion of mechanical energy from continuous rotary motion
provided by the host system. Speed-increasing gearing may also be used when
the host system speed is relatively low. This is also the case when potential
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energy has to be converted to electrical energy over a relatively long period of
time, such as for the case of the electrical generator of the aforementioned
GravityLight device. The available potential and kinetic energy can,
however, be “conditioned” for conversion to electrical energy by piezoelectric
transducers using a two-stage (or similarly operating multistage) interfacing
mechanism.'!' Multistage interfacing mechanisms may also be used in
applications where the mechanical energy provided by the host system is due
to oscillatory or vibratory motions. Such cases are discussed later in this
section.

The functioning of two-stage interfacing mechanisms for transferring
potential or Kkinetic energy to a piezoelectric-type transducer may be
illustrated by the schematic of Fig. 3.1. Here, the wheel is considered to be
turning continuously at a certain rate that might be time varying. The wheel is
provided with certain means, in this case one or more engagement teeth, to
intermittently transfer its kinetic energy to one or more secondary vibrating
elements, in the present case in the form of potential energy stored in their
elastic elements. The consequent vibration of the secondary vibrating elements
can then be transformed into electrical energy via provided piezoelectric
transducers. In practice, to reduce mechanical losses due to friction between
the engagement teeth and the vibrating element, properly oriented magnets
may be arranged at the engaging surfaces, as described in Refs. 3 and 8, to
perform the same function without friction losses.

In the schematic of Fig. 3.1, two secondary vibrating element types are
presented. It is appreciated that countless other such vibrating-element designs
with essentially one or more significant modes of vibration may be used for
this purpose. The one to the right is a vibrating element that is in the form of a
cantilevered beam with one piezoelectric layer that is intermittently deflected
and released by the engagement teeth provided on the rotating wheel. As a
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Piezoelectric Testh

stack Piezoelectric
Layer

\
/

o Cantilevered
Vibrating beam Vibrating beam
with end mass

e
|

Figure 3.1 The functioning of a two-stage interfacing mechanism.
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result, during each engagement, kinetic energy is transferred from the rotating
wheel (the first stage of this two-stage interfacing mechanism) to the
secondary cantilever vibrating beam (the second stage of the two-stage
interfacing mechanism). Such cantilevered-beam types of energy-harvesting
devices—with one or two piezoelectric layers (uniform or bimorph) and in
certain cases with a tip mass in different geometries attached to a host
structure to be excited in vibration from the beam base—have dominated
studies of energy-harvesting devices, particularly due to their relative ease of
implementation in MEMS and similar devices, e.g., see Refs. 12-36. In
Fig. 3.1, the cantilevered beam to the left is shown to be provided with an end
mass—generally to reduce the natural mode of vibration—that could also be
included on the cantilevered beam to the right.

In the schematic of Fig. 3.1, two distinct types of secondary vibratory
element types are shown. The basic functional difference between the two
secondary vibratory elements is the manner in which the potential-energy-
storing elastic element—in both cases the cantilevered beam elements—and
the straining piezoelectric members are configured. In the vibrating element to
the right, the piezoelectric member is configured in parallel with the equivalent
spring element of the vibrating cantilevered beam as shown in the model of
Fig. 3.2. In this configuration and considering a single mode of vibration,
piezoelectric member strain and beam deformation are proportional. In the
model of Fig. 3.2, k, and m, are the effective vibrating beam and piezoelectric
member spring and mass, respectively, for the considered first mode of
vibration, k, is the effective spring rate (constant) of the piezoelectric material
for the considered mode of vibration, and the forces F,; represent the
electrostatic forces that resist the piezoelectric member strain due to the
generated charges. The piezoelectric member strain resisting forces F,, are
present as long as the generated charges are not removed, i.e., collected by the
electronics unit of the energy-harvesting device.

In the secondary vibrating element to the left in Fig. 3.1, the piezoelectric
members are effectively configured in series with the equivalent spring element

Figure 3.2 Mass—spring and piezoelectric-induced electrostatic force model of the
secondary vibrating element on the right in Fig. 3.1.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Mechanical-to-Electrical Energy Transducer Interfacing Mechanisms 61

Rigid mass-less

|_— structure

3

Figure 3.3 Mass—spring and piezoelectric-induced electrostatic force model of the
secondary vibrating element on the left in Fig. 3.1.

of the vibrating cantilevered beam as shown in the equivalent model of
Fig. 3.3. In this configuration, the reaction couple at the base of the vibrating
beam is transferred to the two symmetrically positioned piezoelectric members
as shown by the reaction forces. The piezoelectric elements are preferably of
stacked type and axially strained (Fig. 2.5).

In the model of Fig. 3.3, k; and m, are the effective spring rate and mass of
the vibrating beam and its base structure, respectively, for the considered first
mode of vibration, and Fj, is the magnitude of the forces that form a couple
balancing the moment generated by the spring &, force acting at the tip of the
rigid and mass-less structure of the device. Equal and opposite reaction forces
are applied to the piezoelectric members, which are modeled as springs with
an effective spring rate k, due to the member axial elasticity and the strain-
resisting forces F,, representing the generated electrostatic forces that resist the
piezoelectric member strain due to the generated charges. The forces F,, are
present as long as the generated charges are not removed (harvested) by the
energy-harvesting device.

It is appreciated that the basic in-series design of the secondary vibratory
element of Fig. 3.3 may be implemented in numerous other configurations. In
fact, the potential-energy storage (elastic) element of the secondary vibratory
element does not have to be a cantilevered beam and may be formed by helical
or any other type of spring (elastic) elements, or may even be an integral part
of the harvester structure.

The basic design illustrated in Fig. 3.3 is intended for use to describe the
functionality of the secondary vibratory element and to compare it with the
in-parallel version of Fig. 3.2. In this regard, the in-series design shown
schematically in Fig. 3.3 has several design and operational advantages over
the in-parallel design of Fig. 3.2. Firstly, by providing mechanical stops for
the structure of the device against the ground, the piezoelectric members can
be protected against overstraining. Secondly, the brittle piezoelectric members
can be protected from excessive tensile loading by preloading them in
compression (see Section 3.2.3 and Chapter 5 for a more detailed discussion
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on methods of protecting generally fragile piezoelectric elements from
excessive compressive and tensile loading). Thirdly, in general, significantly
more potential energy may be stored in elastic element(s) of in-series
secondary vibratory elements than those of in-parallel designs. This is the case
since relatively large amounts of potential energy may be stored in the elastic
elements of an in-series device and harvested over many cycles of its mass—
spring vibration. Fourthly, because the piezoelectric members are deployed in
the 33 mode and may in general be designed with relatively small cross-
sections and long lengths, in many applications they can be designed to
generate larger amounts of charges with the available mechanical energy
during each cycle of beam vibration. The main shortcoming of in-series
secondary vibratory elements is their relatively more complex construction
and the challenges of their implementation in microscale energy-harvesting
devices.

In Fig. 3.1 the model of the basic design of a rotary two-stage interfacing
mechanism for transferring kinetic energy stored in a rotating wheel to a
secondary vibratory element is illustrated. Potential energy stored in an elastic
(spring) element or a mass in the gravitational field may be similarly
transferred to such secondary vibratory elements. This can be simply done by
using the potential energy to cause the rotation of a wheel that serves as the
first stage of the interfacing mechanism, for example, through a wound cable
attached to the falling mass or a pulling spring, and possibly with speed-
reducing gearing to match the rate of potential energy availability to the rate
of its conversion to electrical energy by the transducer(s). Alternatively, the
engagement teeth (Fig. 3.2) may be directly attached to a cable/belt attached
to the falling mass to directly engage and transfer potential mechanical energy
to the secondary vibratory elements.

Two-stage interfacing mechanisms may be similarly used to transfer
potential and/or kinetic energy to almost any transducer type and design, as is
discussed in the following sections of this chapter. Two-stage interfacing
mechanisms are particularly suitable for harvesting very slow oscillatory
motions as described in detail in Section 3.2.3.2. Briefly, the following features
of the present two-stage interfacing mechanisms make them particularly
beneficial in the design of highly effective energy-harvesting devices for a
number of applications, in addition to those with potential energy or
continuously rotating sources of mechanical energy:

— Since potential energy is transferred directly to the secondary vibratory
element, the efficiency of the energy-harvesting device can be optimized
by proper selection of the frequency of the natural mode of vibration of
the secondary vibratory element.

— The performance of the resulting energy-harvesting device is indepen-
dent of the host system’s frequency of vibration (oscillatory motion),
which may be widely varying over time.
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— The energy-harvesting device may use multiple secondary vibratory
elements, thereby allowing it to harvest the available mechanical energy
at relatively high rates.

— Using the proper number of engagement teeth on the first stage of the
interfacing mechanism and by optimal positioning of the secondary
vibratory elements, the transferred potential energy can be harvested
over several cycles of vibration of the secondary element, thereby
increasing the overall efficiency of the energy-harvesting device.

— Using in-series secondary vibratory elements, a relatively large amount
of potential energy can be transferred to their elastic potential-energy
storage component, and electrical energy can be harvested over a
significantly longer period of time over several cycles of vibration of the
secondary element.

3.2.2 Interfacing mechanisms for continuous oscillatory translational
and rotational motions

In this section, possible interfacing mechanisms for input mechanical energy
from continuous translational and/or rotational oscillatory motions of host
systems are described. The oscillatory motions are considered to be
continuous; i.e., they continue past the point in time at which the energy-
harvesting system achieves its steady state condition.

Continuous oscillatory motions provided by host systems to energy-
harvesting devices may be grouped into the following three categories:

1. Continuous periodic simple harmonic oscillatory motions;
2. Continuous periodic multiple-harmonic oscillatory motion; or
3. Continuous random oscillatory motions.

For each of the above three categories, the oscillatory motions may also
be broadly divided into the following two subcategories:

* “Low-frequency” continuous oscillatory motions—referring to applica-
tions in which resonant excitation of vibration-based energy-harvesting
devices is not practical—usually due to the resulting size/weight of the
device;

* “High-frequency” oscillatory motions—applications in which resonant
excitation of vibration-based energy-harvesting devices is practical.
Frequencies above which mechanical systems do not usually respond
due to their “low-pass” filtering characteristics are intended to be
excluded from discussion.

Here, the terms “low-frequency” and “high-frequency” are used solely for
the lack of better words and as a qualitative indication of the practicality of a
vibration-based harvester that is excited in resonance. An energy-harvesting
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device is considered to be practical if its size and weight are within the overall
system limitations and do not interfere with the proper operation of the host
system.

In the following sections, interfacing mechanisms for the above three
categories of translational and/or rotational oscillatory motions are discussed.
For each category, the motions that are “low-frequency” and ‘“high-
frequency” as described above are also considered. Unless indicated, it is
also assumed that the energy-harvesting device cannot be “grounded” to the
base/foundation structure of the host system relative to which the present
continuous oscillatory motions takes place.

3.2.2.1 Should a vibration-based energy-harvesting device be designed for
excitation at resonance?

When selecting the type and design of a vibration-based energy-harvesting
device that is to be attached to the structure of a host system that undergoes
continuous oscillatory translational and/or rotational motions, the first
question is whether it should be designed to be excited in resonance. It is
noted that in certain applications the objective is to generate as much
electrical energy as possible, which requires maximizing the amount of
electrical energy generated during each cycle of the host system oscillation.
Maximizing the amount of generated electrical energy may however not be
the main goal in the design of an energy-harvesting device.

Two very distinct vibration-based energy-harvesting-device types are
generally available: (1) those that are excited at their one or more natural
modes of vibration and (2) those that are not excited at any of their natural
modes of vibration. Neither of the two vibration-based energy-harvesting
device types is optimal for every application. The most appropriate choice is
generally dependent on the characteristics of the host system and the
limitations that it imposes, as well as the characteristics and power
requirements of the system or device to be powered. These include the
following:

— Whether the frequency of the oscillatory motion of the host system is
fixed within a relatively narrow range or it is widely varying;

— The amount of mechanical energy that the host system can make
available for harvesting without affecting its proper operation;

— The limitations on the size and weight of the energy harvesting device;

— The amount of electrical energy that has to be generated for the given
application— an amount that the host system must obviously be
capable of providing.

In general, it can be said that vibration-based energy-harvesting devices
that are to be excited in resonance by the host system translational and/or
rotational oscillatory motions provide best performance per unit volume if the
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amount of mechanical energy that can be converted to electrical energy is
significantly larger than the amount of electrical energy that has to be
generated by the energy-harvesting device. Here, performance is used in terms
of the potential amount of electrical energy that can be generated during each
cycle of device vibration (power output) per unit of energy-harvesting device
volume.

The efficiency of vibration-based harvesters operating at resonance in
converting the available mechanical energy to electrical energy is not high for
the following obvious reasons. If the mechanical energy available during each
cycle of host system oscillation were to be transferred to the energy-harvesting
device and were converted to electrical energy, then no mechanical energy
would be left to accumulate in the vibration-based harvesting device in
resonance. In such a case, even wide variations in the frequency of the host
system oscillatory motion would have little effect on the harvester output—
not considering its effects on losses due to structural damping, friction,
transducer, and electrical energy collection electronics inefficiencies, etc.

Now consider the case in which the amount of mechanical energy that has
to be transferred to the energy-harvesting device to generate the required
amount of electrical energy for a given application is less than the available
mechanical energy from the host system. In such cases, mechanical energy can
be transferred and accumulated in the vibration-based energy harvester most
efficiently at resonance, achieving larger amplitude vibrations of the harvest-
er’s vibrating element(s), and thereby applying larger strains (forces/torques/
flexural moment) to the harvester transducer. As a result, larger amounts of
electrical energy can be produced with a relatively smaller energy-harvesting
device, thereby potentially resulting in larger generated power per unit
volume. Such options may also become relevant if the peak acceleration levels
of the host system oscillatory motion and overall harvester size constraints
limit the maximum levels of piezoelectric member strain energy for efficient
electrical energy generation and harvesting without the resonant accumula-
tion of mechanical energy in the vibrating element of the harvester,
particularly considering the quadratic nature of the relationship between
piezoelectric transducer strain and the generated electrical energy.

Many applications in which energy-harvesting devices are considered to
be used fall in the latter category in which the host system can provide a
significantly larger amount of mechanical energy than is required by the
energy-harvesting device. In the following sections, interfacing mechanisms
for vibration-based energy harvesting devices that are to be excited from the
base input motion in resonance are discussed first for host system oscillatory
motions that are periodic with single or multi-harmonic content. Host system
motions that are random in frequency and amplitude, including pulsed one-
shot or multiple pulsed inputs that occur randomly or are far apart, are
addressed in Sections 3.2.4 and 3.2.5.
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3.2.3 Interfacing mechanisms for periodic oscillatory translational
and rotational motions of the host system

Mechanical energy provided by host systems through periodic oscillatory
translational or rotational motion for conversion to electrical energy needs to
be first examined to determine if it should be categorized as relatively “high-
frequency” or “low-frequency” as previously defined, i.e., whether it can be
used for direct base excitation of a practical vibratory system in resonance. In
general, what determines the practicality of exciting a vibrating system in
resonance is the limitations on the size and mass of the harvester that can be
accommodated by the host system, noting that the lower the excitation
frequency the larger the equivalent mass and/or the softer the springs need to
be in the construction of the harvester vibratory member.

3.2.3.1 “High-frequency” periodic oscillatory motions of the host system

If a vibration-based energy-harvesting device that can be excited by the
periodic oscillatory motion of the host system is considered to be practical,
then either one of the in-series or in-parallel vibratory element types shown in
Figs. 3.2 and 3.3, respectively, may be used. The base of the vibratory element
is then attached directly to the host system, and the frequency of its natural
mode of vibration is designed to match the frequency of the fundamental
harmonic of the host system periodic oscillatory motion or one of its
significant harmonics. No motion or force-modifying interfacing mechanism
is therefore required.

Cantilevered-type energy-harvesting devices of various designs are the
most widely studied and were discussed in Section 3.2; several references were
provided for further reading on their possible designs, modeling, and testing
performance results. Cantilevered-type devices of the type shown in in Fig. 3.2
provide piezoelectric members that are strained in parallel with the device
elastic element, thereby presenting the previously indicated shortcomings for
certain applications but having the advantage of being relatively easy to
implement in MEMS and other similar micro-generators.

In-series energy-harvesting devices such as the type shown in Fig. 3.3 are
more challenging to miniaturize but can usually generate larger amounts of
electrical energy since they can accommodate larger piezoelectric elements
and achieve more-uniform strain patterns in the 33 mode. Such in-series
harvesting devices may also be designed with axially vibrating mass—spring
systems. The schematic of the basic design of such an axially vibrating mass—
spring system with an in-series piezoelectric element that is strained in the 33
mode is shown in Fig. 3.4 (left) together with its lumped model (right). If the
piezoelectric element is of a relatively brittle type, it is preferably preloaded
in compression so that it is not subjected to excessive tensile loading.
Examples of methods to provide compressive preloading for axially strained
piezoelectric elements are discussed in more detail in Chapter 5. The level of
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Figure 3.4 Schematic and model of the basic design of an axially vibrating energy-
harvesting device with overload protection.

piezoelectric element compressive as well as tensile deformation may also be
limited by constraining the deformation of the vibrating unit spring by the
provided stops. In practice, the stop-engaging member is preferably
provided with relatively stiff springs, such as Belleville washers as described
in Chapter 5, to minimize introduction of impulsive forces as the stops are
engaged.

In Fig. 3.4, k, and m, are the effective spring rate and mass of the vibrating
element of the generator, respectively, &, is the effective axial spring rate of the
piezoelectric element, and F,, represents the electrostatic forces that resist the
piezoelectric element member strain due to the generated charges. The springs
k are used to preload the piezoelectric element in compression as needed to
limit its tensile loading (not shown in the model to the right). The piezoelectric
member strain resisting force F,, is present as long as the generated charges
are not removed, i.e., collected by the energy harvesting device electronics. In
Fig. 3.4, the ground indicates the structure of the host system to which the
energy-harvesting device is attached.

3.2.3.2 “Low-frequency” periodic oscillatory motions of the host system

If a vibration-based energy-harvesting device that can be excited in resonance
by the oscillatory motion of the host system is not considered to be practical,
as was previously discussed due to the low frequency of its otherwise periodic
oscillatory motion, the oscillatory motion is considered to be at “low-
frequency.” As a result, the host system cannot transfer a significant amount
of mechanical energy to the energy-harvesting device for conversion to
electrical energy. In such cases, the interfacing mechanism and/or its operating
environment has to be configured to produce appropriate higher harmonic
motions with significant amplitudes to make it possible to excite the natural
mode of a properly designed vibration-based energy-harvesting device in
resonance.
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Here, the interfacing mechanisms to be considered are limited to those
with a single degree-of-freedom and constructed with passive elements. The
basic methods may, however, be readily expanded to multiple-degrees-of-
freedom systems. For the sake of simplicity, the dynamics of the interfacing
mechanisms is considered to be decoupled from that of the vibration-based
generator of the energy-harvesting device. The output of the interfacing
mechanism is therefore input to the vibration-based generator. When
designing such energy-harvesting devices, the coupling of the dynamics of
the two systems must be considered.

A quick look at the equation of motion of a vibrating mechanical system
that is subjected to a certain “low-frequency” input motion clearly indicates
the range of possible methods for achieving a higher harmonic system
response. To this end, consider the simple lumped one degree-of-freedom
mass—spring-damper model of Fig. 3.5, where m, k, and ¢ are the vibrating
mass, spring rate, and viscous dampers, respectively; f(¢) is the externally
applied time-varying force; ¢ is time; y is the motion of the device base, i.e., the
host system structure, which is shown as the ground; and x is the position of
the mass relative to the base structure. The schematic of the linkage to the left
represents a one-degree-of-freedom (mass-less) mechanism that constrains the
motion of the system mass in the x direction. The equation of motion of the
system is readily seen to be

mi+cx+kx=Fy,t)+f(1). (3.1

In the Fig. 3.5 the vibrating mass—spring—damper system is considered to
be attached to a host system that is undergoing a certain, in this case
oscillatory, motion. On the right-hand side of the equation of motion
[Eq. (3.1)], the term F(y, ), which is related to the motion of the host system in
the direction of mass vibration x and the externally applied forcing function
(1), does not obviously affect the natural motion of the system.

In the model of Fig. 3.5 the vibrating system parameters are lumped, and
its equation of motion is described by the ordinary differential [Eq. (3.1)].

S lﬁf)

Figure 3.5 Model of a simple mass—spring—damper vibrating system attached to a host
system.
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The system is considered to represent an interfacing mechanism that is
attached at the base (ground) to a host system, and its output motion x(z) is
used to transfer mechanical energy to an energy-harvesting device such as the
vibration-based cantilevered beam with piezoelectric layers of Fig. 3.1.

If the motion of the interfacing mechanism is subjected to other
constraints such as those due to provided displacement range-limiting stops
(Fig. 3.5) or by a linkage mechanism constraining the motion of the mass m to
a certain motion pattern, the equation of motion must be supplemented with
the relationships describing such constraints. For example, for the case of
displacement limiting stops, the constraint is

x<x<xY, (3.2)

where x” and xV are the lower and upper limits, respectively, of the possible
mass displacement. The interaction of the interfacing mechanism with the
provided motion constraints must obviously be considered when analyzing the
dynamic behavior of the interfacing mechanism and the energy-harvesting
device.

Now consider the case in which the base of the interfacing mechanism of
Fig. 3.5 is subjected to a relatively low frequency, oscillatory motion by the
host system. The output motion of the interfacing mechanism, i.e., the motion
that is to transfer mechanical energy to a vibration-based energy-harvesting
device, would contain higher harmonics of the input motion only if:

— FEither the differential equation describing the natural motion of the
system, i.e., the left-hand side of the Eq. (3.1), is nonlinear; or
— Forcing functions with the desired frequency content are provided.

The equation of motion of the interfacing mechanism may be rendered
nonlinear by constructing the mechanism with nonlinear kinematics, or by
providing it with nonlinear spring and/or damping elements. The kinematic
nonlinearity may, for example, be provided by including stops to limit the
range of motion, or by constraining motion to a certain path through the use
of linkage-type mechanisms.

The forcing function on the right-hand side of Eq. (3.1) is seen to have two
components. If the differential equation describing the natural motion of the
system, i.e., the left-hand side, is linear and no motion constraints are present,
the steady state response of the system to the forcing functions F(y, ) and f{(r)
has the same harmonic content as the forcing functions. The transient
response of the system also contains the frequency of the natural mode of
vibration of the interfacing mechanism. In the present case, since the forcing
function F(y, f) due to the oscillatory motion of the host system is considered
to be low frequency, the steady state response to it is also low frequency and
not suitable for exciting a vibration-based energy-harvesting element in
resonance. It is also noted that since the objective of using energy-harvesting
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devices is to generate electrical energy, the use of externally powered means of
applying the forcing function £{¢) is generally ruled out.

Here, the dynamics of the interfacing mechanism is assumed not to affect
that of the host system or the energy-harvesting member. The former
assumption is usually valid since the energy-harvesting device together with its
interfacing mechanism is generally small compared to the size of the host
system, and a small fraction of its available mechanical energy is harvested.
The latter assumption, however, is usually not totally valid, and the dynamics
of the energy-harvesting device must be considered when analyzing the overall
behavior of the interfacing mechanism, and vice versa.

Thus, if a vibration-based energy-harvesting device that can be excited in
resonance by oscillatory motions of the host system (where the base of the
interfacing mechanism is still considered to be attached directly to the
oscillating host system) is not considered to be practical, several transducer-
interfacing mechanism options are available. The following mechanisms may
be used to transfer a significant amount of mechanical energy from the host
system to the energy-harvesting device for conversion to electrical energy:

1. Two-stage interfacing mechanism types;

2. Interfacing mechanisms with a direct oscillatory motion frequency-
increasing feature;

3. Interfacing mechanisms with nonlinear behavior to generate higher
frequency harmonics; or

4. Provision of a position-dependent external force.

The second interfacing type of mechanism above is a specific case with
nonlinear kinematics that can directly double the frequency of the input
motion, as described later in this section. A certain level of overlapping is seen
between the first and third types of interfacing mechanisms listed above.

It is noted that in many mechanical systems, low-frequency oscillations
are not in the hundreds or sometimes not even in the tens of cycles per second
and may even be one cycle in several seconds, such as is the case in ocean
waves or rocking motions of a ship. The frequency content and amplitudes of
the input oscillatory motions or input forcing functions may also vary widely.
In most mechanical systems, oscillatory motions with several hundred cycles
per second are rare, and those in the thousands of cycles per second are
exceptionally rare.’’ "

3.2.3.2.1 Two-stage interfacing mechanisms

The objective of a two-stage interfacing mechanism is to “condition” the input
low-frequency oscillatory motions of the host system for effective transfer of
mechanical energy to vibration-based energy-harvesting devices for conver-
sion to electrical energy. Two-stage interfacing mechanisms are particularly
effective if the frequency of the oscillatory motion of the host system is highly

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Mechanical-to-Electrical Energy Transducer Interfacing Mechanisms 71

variable. Two-stage interfacing mechanisms may be constructed to operate
based on the following two methods: (1) during each cycle of host system
oscillation, mechanical energy is intermittently transferred to secondary
vibratory elements (similar to the method of Section. 3.2); and (2) during each
cycle of host system oscillation, mechanical energy is transferred to a
potential- or kinetic-energy storage element, and when a predetermined
threshold is reached, the stored mechanical energy is released to the provided
generator for conversion to electrical energy.

The first method is very similar to the two-stage interfacing mechanisms
described in Section 3.2, except that in this case the engaging teeth (Fig. 3.1)
are oscillating back and forth, each time transferring a certain amount of
mechanical energy to the secondary vibrating element(s). An example of such
a host system with low-frequency oscillatory motion is a platform such as a
ship or buoy undergoing rocking motion due to the ocean waves. Human and
animal locomotion and rocking motions encountered in most vehicles and
machinery are other examples of such host systems that provide low-
frequency oscillatory motions that can be used to harvest electrical energy.

The basic idea of two-stage interfacing mechanisms for low-frequency
oscillatory motions is described in Refs. 6, 10, and 11, and is best illustrated by
Fig. 3.6, where the interfacing mechanism consists of a sliding mass that is
released to slide downwards when the rocking host system, to which the
energy-harvesting device is fixed, rocks at angle a. A simple release
mechanism may consist of a very shallow blocking element over which the
sliding mass can slide when the threshold angle « has been reached. One or
more secondary vibratory elements are provided to receive a portion of the
potential energy stored in the sliding mass and convert it to electrical energy.
The secondary vibratory elements in Fig. 3.6 are the cantilevered type such as
the one shown in Fig. 3.1, but any other type may obviously be used.

Such a two-stage interfacing mechanism may also be constructed as a
simple pendulum as shown in Fig. 3.7. If the rocking motion is symmetrical

Secondary vibratory
———  elements

| — Sliding mass

‘\ Rocking host system

Figure 3.6 A two-stage interfacing mechanism depicting the basic method of transferring
mechanical energy from the low-frequency rocking oscillation of a host system.
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Figure 3.7 A two-stage interfacing mechanism for a host system undergoing rocking
motions.

with respect to the direction of gravity and has an amplitude of «, then during
each cycle of host-system rocking motion and assuming no losses, the available
mechanical energy for harvesting is £y, = 2mgh = 2mgr (1 — cos o), where m is
the pendulum mass, g is the gravitational acceleration, and r is the length of
the pendulum arm, which is considered to be mass-less. As expected, larger
amounts of mechanical energy can be made available using a longer pendulum
and/or a larger mass or both.

During each cycle of the rocking motion of the host system, the pendulum
teeth twice engage the tip of the secondary vibratory element where it transfers
a portion of its mechanical energy for conversion to electrical energy. In
Fig. 3.7, one of the two secondary vibrating elements shown in Fig. 3.1 is
being used. Any other type of secondary vibratory element, for example, the
vibration-based generator shown in Fig. 3.4, which is similarly excited but in
the axial direction, may also be used. Friction-type engagement teeth may also
be replaced with the previously described permanent magnets to minimize
related losses.”®

Other examples of two-stage interfacing mechanisms are presented in
Refs. 4042 and shown in Fig. 3.8. In the example of Fig. 3.8, the interfacing
mechanism (driving beam) is provided with stops, in this case, two secondary
vibrating elements (generating beams). The interfacing mechanism base is
attached to the host system and intermittently transfers mechanical energy to
the secondary vibrating eclements (generators) upon each impact. A
shortcoming of the impact (impulse) mode of mechanical energy transfer to
secondary vibrating elements in comparison to the aforementioned permanent
magnet type of engagement mechanism is a considerable amount of

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Mechanical-to-Electrical Energy Transducer Interfacing Mechanisms 73

( a) Driving heam.’,/"\\x (C) Driving beam Front view
Generating beams

Generating beam

] Tip mass
PMN-PT

on stainless steel Driving beam with
= (d) exténded tip

Vibratin
base

(b)

g\x

Driving beam with
horizontally extended tip

Dutp

Figure 3.8 A two-stage interfacing mechanism transferring mechanical energy to the
secondary vibrating elements upon each impact. (Reprinted with permission from Ref. 42.)

mechanical energy loss due to each impact. In addition, the level of
transferred mechanical energy usually varies from one impact to the next.

It is worth noting that the mechanical energy to be transferred from the first
stage of a two-stage interfacing mechanism may be transferred to a
nonvibrating secondary element such as a flywheel with engagement teeth
similar to those of Fig. 3.1, which would in turn engage an element-generating
electrical energy such as the secondary vibratory elements mentioned above.
Such intermediate mechanical-energy storage elements may be necessary in
cases where the energy to be transferred is relatively large, the period of host
system oscillation is relatively long, or the flywheel engages the vibration-based
generators several times during each cycle of host system oscillation.

The second method of constructing two-stage interfacing mechanisms uses
the oscillatory motion of the host system to store mechanical potential or
kinetic energy in a certain energy-storage device and releases it when enough
mechanical energy has been stored for effective conversion to electrical energy.
As an example, a torsion (power) spring may be wound using a pendulum-type
mechanism with a ratchet, similar to mechanical self-winding watches, or a one-
way clutch. The potential energy stored in the power spring may then be
released after a threshold level has been reached to intermittently excite a
secondary vibratory element as was described in Section 3.2 [e.g., to rotate a
wheel with teeth (Fig. 3.1)]. Different mechanisms may be used to perform the
power spring winding and releasing functions.*> When a power spring is used to
store potential energy, rotary eclectromagnetic transducers (generators) are
generally more suitable since the released potential energy can be used to
continuously rotate such a transducer at relatively high speed, as long as the
generally larger size can be accommodated. This type of interfacing mechanism
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is of particular interest when the mechanical energy available during each cycle
of host system oscillation is too small for direct harvesting.

A MEMS-scale two-stage device—in which the secondary vibrating
element is a piezoelectric beam with sharp probes that translates against ridges
provided on the base of the device that is attached to the host system—is
presented in Ref. 44. Other similar two-stage energy-harvesting devices are
described in Refs. 36 and 45-48.

3.2.3.2.2 Interfacing mechanisms for direct doubling of input oscillatory motion
frequency

Kinematic nonlinearity in the interfacing mechanism may be used to excite a
secondary vibratory element at frequencies higher than the host system
frequency of oscillation, thereby making a more effective and more
realistically sized energy-harvesting device practical. For a host system
providing a periodic motion, the effect of kinematic nonlinearity of the
interfacing mechanism is to generate harmonics of the input motion. The
frequency of the available oscillatory motion to the secondary vibratory
element is thereby increased. In most interfacing mechanisms the output
motion contains the fundamental frequency of the input motion, and in
general the generated higher harmonics of the output motion have relatively
small amplitudes and energy content. As a result, only a fraction of the
mechanical energy available from the host system can be transferred to the
secondary vibratory system in resonance.

However, a class of interfacing mechanisms has been found that can be
used to double the output fundamental frequency.* >® This class of
mechanisms has been referred to as “motion-doubling” mechanisms. These
mechanisms are designed to undergo oscillatory motions about their kinematic
singularities as described below and may be cascaded to increase the input
fundamental frequency by a factor of 2", where n =1, 2, ..., even though each
doubling similarly reduces the amplitude of output motion, thereby making an
increase larger than 2x or 4x impractical in most applications.

This class of motion-doubling linkage mechanisms are fully described in
Ref. 56 and for energy-harvesting application in Ref. 50. Briefly, consider the
so-called slider-crank mechanism of Fig. 3.9. The link OAA is the rocking
input link, and the slider ¢ motion is the mechanism output. The input and the
coupler link AB are in their singular position when in OoA’B’ configuration.
The input link undergoes a periodic rocking motion that is symmetric about
its singular position OpA’. This periodic motion is a simple harmonic with a
frequency w described as

6 = 0, sin(w?), (3.3)

where 8; is the amplitude of the input link oscillation about its singular
position, and ¢ is time. In Fig. 3.9 the position of the slider is indicated by s.
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Figure 3.9 A motion-doubling mechanism undergoing symmetric input link oscillation
about its singular position OaA'.

During one cycle of its rocking motion, the input link rotates clockwise
from its position OxA, passes through its singular position to position
OAA” during the first half of its motion cycle, and rotates counterclockwise
back to position OpA during the second half of its motion cycle. It is
noted that during this one cycle of input link rotation, slider c is translated
a distance As from point B to B’ as the input link is rotated from position
OAA to its singular position and is then translated back to the point B as the
input link continues to rotate to the position OoA”. The cycle of back-
and-forth translation of slider ¢ is repeated as the input link rotates back
to its position OpA. Therefore, during one cycle of input link oscillation,
slider ¢ undergoes two cycles of back-and-forth translation. Thus, for the
simple harmonic oscillation [Eq. (3.3)] of the input link, position s of slider
¢ becomes

s = 5o + 51 sin2wi), (3.4)

where s, is the position of slider ¢ at 6 = 0 and s, is the amplitude of the output
(slider) motion. The fundamental frequency of the translational oscillatory
motion of the slider is obviously doubled to 2w and contains harmonics of this
(fundamental) frequency due to the nonlinearity of the kinematics of the
mechanism motion. A close examination of the motion of the above
mechanism shows that one cycle of output slider motion occurs in one
branch of the mechanism input—output relationship and the second cycle in
another branch.”®

Motion-doubling (frequency-doubling) mechanisms may be constructed
from almost any linkage mechanism. Any such mechanism may then be used
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Figure 3.10 An example of a two-stage energy-harvesting device with a frequency-
doubling interfacing mechanism and a cantilevered secondary vibratory element.

as an interfacing mechanism to excite a secondary vibratory element at twice
the frequency of oscillation of the host system. A simple example of a two-
stage energy-harvesting system with a frequency-doubling interfacing mecha-
nism and a cantilevered-beam-type secondary vibratory element is shown in
Fig. 3.10.

The interfacing mechanism is constructed with two links that oscillate
about their singular positioning, which is reached when the two links are
collinear. The input (low-frequency) oscillatory motion of the host system
indicated by the double arrow causes the interfacing mechanism with the
provided mass and spring to vibrate about the mechanism’s singular
positioning. The provided spring is preferably biased to position the
mechanism in its singular positioning in the absence of the host system
vibratory motion. Then, similar to the mechanism of Fig. 3.9, during each
cycle of host system oscillation, the mechanism joint attached to the
cantilevered secondary vibratory element applies two cycles of bending
displacements to the beam, thereby exciting it at double the frequency of the
oscillation of the host system.

One simple implementation of the frequency-doubling interfacing
mechanism of Fig. 3.10 is achieved by replacing the two links of the
mechanism with a cable with the mechanism oscillating mass attached at its
center as shown in Fig. 3.11. The balancing spring shown in Fig. 3.11 may be
needed to allow the oscillating cable to be preloaded in tension with minimal
bending loading of the cantilevered energy-harvesting beam.

The frequency-doubling interfacing mechanism of the type shown in the
schematic of Fig. 3.11 has been used in the development of energy-harvesting
devices for a number of applications.”” ' The frequency-doubling interfacing
mechanisms may be cascaded to further double the frequency of the host
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Figure 3.11 An implementation of the interfacing mechanism of Fig. 3.10.

system oscillatory motion. Interfacing mechanisms may be used with almost
any type of secondary vibratory elements.

3.2.3.2.3 Interfacing mechanisms to generate higher frequencies of the input
oscillatory motions

This section describes general methods of developing interfacing mechanisms
with inherent nonlinear behavior for the purpose of generating higher-
frequency harmonics of the host system oscillatory motions. The currently
available and proposed methods may be categorized as follows:

1. Methods based on the kinematic (geometric) nonlinearity of the
interfacing mechanisms;

2. Methods based on integrating “motion constraints” into interfacing
mechanisms for added or enhanced kinematic nonlinearity;

3. Methods based on integrating nonlinear spring or damping elements
with the interfacing mechanism;

4. Methods providing position-dependent external forcing functions.

Most linkage-type mechanisms with rotational joints undergoing rela-
tively large motion exhibit kinematics (geometry)-based nonlinear dynamic
behavior.”” ®' Kinematics-based input—output motion nonlinearity of linkage
mechanisms may be used to generate higher harmonics of the input
motion. As an interfacing mechanism, such linkage mechanisms may be used
to transmit host system oscillatory motion to a vibration-based energy-
harvesting device with higher-frequency content. The vibration-based energy-
harvesting device may, for example, be a cantilevered type and be excited by
the interfacing linkage mechanism as shown in Fig. 3.10. The output of the
interfacing linkage mechanism may also be used to excite other vibrating
mass—spring-type energy-harvesting devices such as the one shown in Fig. 3.4
from the base.
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When designing machinery with such linkage mechanisms, an attempt is
made to minimize the content and amplitudes of the generated higher-
frequency harmonics to avoid excitation of the natural modes of vibration of
the machine.”®® In the present energy-harvesting applications, interfacing-
linkage-type mechanisms can be similarly designed in order to maximize the
amplitudes of those output motion harmonics that are close to the natural
mode(s) of vibration of the vibration-based energy-harvesting device. For
linkage mechanism types and their design and analysis, the reader is referred
to general textbooks on the subject, such as Ref. 62.

It is noted that many mechanisms used for generating higher-frequency
oscillatory motions—and in fact most interfacing mechanisms—routinely use
so-called “living joints.” Living joints indicate structural flexibilities that allow
for the desired gross motion of the relatively rigid segments of the interfacing
mechanism and are generally preferred since they minimize friction and can
lead to significantly smaller mechanisms. Living joints are also essential and
readily implemented in MEMS and other miniaturized devices. The inherent
elasticity provided by living joints and the device structure may also be used to
eliminate the need for stabilizing or biasing springs.

One basic method of enhancing kinematic nonlinearity is the provision of
motion constraints in the form of impact-generating stops in the path of
natural motion of an interfacing mechanism. For example, by providing a
stop in the path of a link or an oscillating mass of the motion-doubling
mechanism of Fig. 3.10, the intermittent engagement of the interfacing
mechanism with the provided stops introduces an impulsive force that can
excite a wide range of modes of vibration of the secondary vibratory element
used for electrical energy generation. Motion constraints in the form of a
“rack” placed transversely near the tip of a vibrating beam that would pluck
the beam as it vibrates have also been used to make a sudden change in the
state of the vibrating system.®

Similar motion constraints may be provided to generate varieties of
dynamic effects that can be utilized to transfer mechanical energy to
secondary energy-harvesting devices, and as long as the host system can
transfer mechanical energy to the interfacing mechanism, the secondary
vibratory element (generator) can harvest the energy at resonance.

The other method of generating or enhancing nonlinear behavior of an
interfacing mechanism of a vibration-based energy-harvesting device is to
provide the mechanism with a nonlinear spring, a viscous damping element,
or a Coulomb damping element. In general, damping elements may not be a
good choice if they can be avoided since they dissipate a portion of the
available mechanical energy. Nonlinear spring elements on the other hand do
not dissipate mechanical energy, except for the internal damping of their
material, and may be used to broaden the natural modes of vibration of the
affected system.®*
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3.2.3.2.4 Provision of position-dependent external forcing functions

The above methods presented in this section are intended to provide the
means of rendering the dynamics of the natural motion of the interfacing
mechanism [Eq. (3.1)] nonlinear. As a result, the interfacing mechanism
output motion would contain higher harmonics of the input motion provided
by the host system. The higher harmonics of the interfacing mechanism
output are in turn intended to excite a properly designed vibration-based
energy-harvesting device in resonance.

It is noted that Eq. (3.1) represents the equation of motion of the
interfacing mechanism of the energy-harvesting device, the output of which is
input to a vibration-based (piezoelectric) generator. In cases in which the
vibration-based generator is directly attached to the host structure, Eq. (3.1)
can still be used to describe its dynamics in which y and x are the host system
displacement and the deformation of the generator elastic element,
respectively. For example, in the cantilevered beam generator shown in
Fig. 3.1 and the model in Fig. 3.2, the deformation x would represent the
amplitude of the first mode of vibration of the cantilevered beam.

An interfacing mechanism or a vibration-based generator attached
directly to the structure of the host system undergoing low-frequency
oscillatory motion may also be forced to undergo higher-frequency vibrations
by the provision of passive position-dependent external forcing functions.
Considering this forcing function to be f..(x), the equation of motion
[Eq. (3.1)] becomes

mx+cx+kx=F,t)+fo(x). (3.5)

The function f,,(x) may be linear or nonlinear. If it is linear, then its effect is
similar to the spring constant k. If the function is nonlinear, the interfacing
mechanism (or the vibration-based generator directly attached to the host
system) is forced to respond to the sum of the applied external forces,
i.e., right-hand side of Eq. (3.5), with the component corresponding to the
external force f,.(x) containing higher harmonics of the host system motion. If
the interfacing mechanism has nonlinear dynamics, the nonlinear function
Jex(x) may be used to enhance the nonlinear behavior of the system, thereby
increasing the harmonic content and amplitudes of the higher-harmonic
components of the output motion, i.e., the input to the vibration-based
energy-harvesting device.

One widely studied method for providing position-dependent external
forcing functions is the use of one or more magnets to generate a magnetic
field to apply position-dependent forces to vibration-based energy-harvesting
devices that have interacting magnets or certain magnetizable elements.
Various arrangements of magnets and magnetizable elements on the vibrating
elements and the base structure of the vibrating element have been used. For
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example, these arrangements have been used to construct vibrating systems
that are bistable or tristable, or that exhibit other similar behaviors.®®*?

It is appreciated that the magnetic field generated by permanent magnets
may be used to apply position-dependent forces to an interfacing mechanism
attached to a host system undergoing oscillatory motion or may be used to
apply the position-dependent force directly to a vibration-based energy-
harvesting device as has mostly been done in the aforementioned references.

The characteristics and dynamic behavior of vibration-based energy-
harvesting devices with position-dependent external forces can be described by
examining the basic system shown in the schematic of Fig. 3.12. For the sake of
simplicity, a cantilevered-beam-type vibration-based energy-harvesting device
similar to the one shown in Fig. 3.10 is attached directly to the host system
without an intermediate interfacing mechanism. The host system oscillates in
the direction shown by the double arrows at a frequency that is significantly
lower than that of the natural mode of vibration of the beam. The tip mass is
made of iron. Several permanent magnets are positioned on the base structure
of the energy harvester along the path of oscillation of the iron tip mass. The
permanent magnet spacings a, b, and ¢ may be the same or different and, as
described below, have a significant effect on the vibration of the device.

In the system of Fig. 3.12, the permanent magnets generate a magnetic
field, through which the tip iron mass undergoes oscillatory motion as the host
system applies an oscillatory motion to the base of the cantilevered beam, as
indicated by the double arrow. During each passing of the tip iron mass
through the established magnetic field, the net attracting force applied to the tip
mass undergoes a minimum-maximum variation depending on the tip position
relative to the permanent magnets. The (lateral) component of the force in the
direction of the tip mass vibration acts to accelerate or decelerate the mass

Permanent magnets

Host system Piezoelectric

Figure 3.12 A vibration-based energy-harvesting device with position-dependent
permanent-magnet-based external-force sources.
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motion depending on the direction of its vibratory motion. The longitudinal
component of the applied force generally has a slight stiffening effect on the
cantilever beam, the effect of which is not considered in this discussion.

Here, it is assumed that the attracting force applied by each permanent
magnet is not high enough to hold the mass attracted to a single permanent
magnet and that the host system displacement causes the cantilevered beam
and its tip mass to vibrate across the provided permanent magnets and their
generated magnetic field.

If the permanent magnets are spaced at equal distances with respect to
the vibrating beam tip, and if the tip mass travels past the magnets at a
constant speed, then the lateral component of the attracting force acting on
the tip mass exhibits a minimum-maximum variation profile with a first-
order approximation of a sinusoidal function with a frequency that is
dependent on the velocity of the passing tip mass. The faster the velocity of
the passing tip the higher the frequency of the sinusoidal function. If the
permanent magnets are not positioned at equal distances, the first-order
approximation of the attractive force acting on the tip mass contains several
frequencies depending on the spacing of the permanent magnets. In general,
the tip mass velocity includes a combination of frequencies of the natural
mode of vibration of the cantilever beam and the oscillatory motion of the
host system in the absence of the permanent magnets, thereby resulting in
added motion harmonics due to the added position-dependent external force
with the provided permanent magnets.

The introduction of high-frequency oscillatory motions to the energy-
harvesting device by the introduction of the position-dependent component
for(x) (in the case of the system of Fig. 3.12, a cantilevered beam with
piezoelectric transducer) ensures excitation of the beam at the generated high
frequencies. The frequencies of the generated excitations also vary due to their
dependence on the tip velocity. In particular, if several permanent magnets are
used and are irregularly positioned, then the range of higher-frequency
excitations is increased. As a result, the number of cycles of energy-harvesting
device (cantilevered-beam) oscillation per cycle of host system oscillation can
be significantly increased, and thereby the electrical energy that the harvesting
device can generate is similarly increased.

It is appreciated that the positions of maximum attractive force appearing
in the aforementioned attractive force profiles indicate points at which the
cantilevered beam and the permanent magnet system can be at their minimum
potential energy state, and thereby at a stable configuration state. As previously
indicated, this characteristic of such systems with permanent-magnet-generated
magnetic fields and with magnitizeable or permanent magnet tip mass have
been configured to generate bistable or tristable systems or systems with a
multiple-stable configuration.®® ™ If a permanent magnet is used instead of the
iron mass at the tip of the bending beam (Fig. 3.12), and if the magnets are
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positioned in repulsive configuration, then the above stable configurations are
at the points of minimum-repulsive beam tip positions. Other permanent-
magnet and magnitizeable, or permanent-magnet tip mass configurations, are
also possible and would generally provide similar stable configurations.

It is also appreciated that the external force profile generated by the
established magnetic field is expected to have significantly high-order terms
and have a significant effect on the vibration of the cantilevered beam. The
purpose of the present simplification is to illustrate the basic characteristics of
the behavior of the energy-harvesting device in the presence of the externally
applied position-dependent forces generated by the permanent magnets. In
addition, important insight is provided that can assist the designer to develop
higher-performance concepts and maximize harvester performance. For more
detailed modeling and experimental results, the reader is referred to the
provided references.

In the system of Fig. 3.12, the force applied to the tip of the vibrating
beam by the permanent-magnet-generated magnetic field is dependent on the
position of the beam tip in the magnetic field. The applied force may also be
made dependent on the velocity of the beam tip in the magnetic field by
providing a coil (connected to an electric load) close to the tip, in effect
forming an electromagnetic generator.

3.2.3.2.5 Methods to develop relatively small and lightweight structures with low
natural frequencies

The natural frequency of a vibration-based energy-harvesting device can be
lowered by either increasing the effective mass or decreasing effective
stiffness. However, by increasing the effective mass the device becomes
heavy and relatively large. In general, the natural frequency of a vibrating
structure decreases more rapidly by increasing its size as compared to its
mass due to faster reduction of its stiffness. For example, in a cantilevered-
beam-type vibration-based energy-harvesting device, doubling the tip
mass results in a drop in the natural frequency of the beam by a factor of
around 1.4. However, by doubling the length of the beam and assuming no
change in its effective mass, the natural frequency is dropped by a factor of
around 2.8, i.e., at twice the rate. The effective spring rate of the beam
can also be reduced by a factor of 2.8 by reducing its thickness by one-half
and by a factor of 1.4 by reducing its width. It is therefore readily seen that
to achieve low natural frequency in a cantilevered-beam-type energy-
harvesting device, the best beam geometry is a thin, long beam with a tip
mass. The beam must however be wide enough to achieve stable vibration
with minimal twisting.

As a result, attempts have been made to achieve longer effective lengths by
using a so-called meandering piezoelectric beam'* or by using a zig-zag
structure.® > Such techniques make it possible to achieve longer effective
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lengths while maintaining a smaller footprint, thereby resulting in a natural
frequency reduction of more than an order of magnitude.

3.2.4 Interfacing mechanisms for oscillatory translational and
rotational motions with highly varying frequencies and random
motions

In some applications, the host systems exhibit oscillatory motions that are
essentially simple harmonic motions with relatively fixed frequencies. Such
applications are however very few, and in the majority of host systems of
interest, the oscillatory motions contain more than one significant harmonic
that may vary over time. In many other applications, host system oscillatory
motions are more or less random, particularly when the host system is
subjected to random input forcing functions, such as in the case of a vehicle
traveling on a road.

In general, the bandwidth of vibration-based energy-harvesting devices
that are designed for single-mode excitation is narrow. When the frequency of
the input oscillatory motion of the host system is known and relatively fixed,
such vibration-based energy-harvesting devices would obviously exhibit good
performance. However, if the input frequency is varying beyond the
bandwidth of such vibration-based energy-harvesting devices, then a
broader-bandwidth energy-harvesting device is needed.

One approach for increasing the bandwidth of vibration-based energy-
harvesting devices has been the use of multiple transducers with slightly
different natural frequencies to provide overlapping bandwidths.*** In most
such energy-harvesting devices, transducers have been of the cantilevered
type. In Ref. 89 it is also shown that by elastically connecting the cantilevered
beams, a broader frequency response can be obtained.

In certain applications, the host system exhibits oscillatory motions with
multiple frequencies with significant amplitudes. If the multiple frequencies
are fixed or vary within a very narrow range, then a vibration-based energy-
harvesting device with multiple transducers, such as those described in
Refs. 32 and 86-89, may be effective. It should however be noted that at any
given point in time only a limited number of vibration-based generators would
be effectively generating electrical energy. A survey of many of the different
methods for the design of broadband vibration-based energy-harvesting
devices and their advantages and disadvantages for different applications is
provided in Ref. 32.

When the oscillatory motions of the host system are highly varying and
even random but provide excitation frequencies within a relatively limited
range, then multiple-transducer harvesters may prove effective.’***” Other
options to consider include the use of position-dependent external-force-
generating permanent magnets as described in Section 3.2.3.2.4. The use of
kinematic nonlinearity, nonlinear spring, or damping elements is generally not
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as effective since these only cause generation of harmonics of the input host
system oscillatory motions, particularly when the input frequencies vary over
a very wide range.

When the oscillatory motions of the host system are highly varying,
particularly when the oscillatory motions are relatively slow, energy-
harvesting devices using the two-stage interfacing mechanisms described in
Section 3.2.3.2.1 are the most effective. The shortcoming of two-stage energy-
harvesting devices, however, is the challenges of their implementation in
MEMS-scale devices. Another option for such cases is the use of mechanical
stops as described in Section 3.2.3.2.1 to apply short-duration impulses to the
vibratory element(s) of the vibration-based energy-harvesting device for
effective transfer of mechanical energy. The shortcomings of the latter
approach are the relatively high levels of energy loss during each impact and
the challenges of its implementation in MEMS-scale devices.

3.2.5 Interfacing mechanisms for energy harvesting from short-
duration force and accelerating/decelerating pulses

In some applications, the energy-harvesting device is intended to generate
electrical energy from impulsive loading. Such impulsive loading may, for
example, be due to impact of an object with the host system, impact of the
host with an object, pressure-wave or short-duration acceleration or
deceleration shock loading due to detonation of explosives such as in
munitions, and the like. The distinguishing characteristic of such energy-
harvesting device input loading and related motions is their short duration
and generally large amplitudes. The host system may provide a single or
multiple pulses that are significantly far apart with minimal interaction
between their effects. The energy-harvesting device and its electrical energy
collection electronics must therefore be capable of addressing issues such as
transducer physical damage protection, efficient transfer of available
mechanical energy to the energy-harvesting device, efficient collection of the
generated short-duration charges, and other application-specific issues.

Energy-harvesting devices developed to date for generating electrical
energy from shock loading, such as from shock loading induced by firing
setback acceleration in munitions or due to impact type of shock loading, may
be divided into two basic groups.

The first group includes those devices in which the short-duration (shock)
loading is applied directly to the piezoelectric transducer to generate electrical
energy. In some cases, the pulse duration is a small fraction of a millisecond
and thereby poses efficient collection and storage challenges. In some
applications, such as in many impact or munitions firing applications, the
shock loading occurs only once. Such devices are referred to as one-shot
energy-harvesting power sources or generators.go’92
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The second group includes those devices in which interfacing mechanisms
are used to transfer mechanical energy made available by the input shock
loading to a mechanical energy storage device. The stored mechanical energy
is then converted to electrical energy using an appropriately designed
transducer such as piezoelectric elements. For example, the interfacing
mechanism may consist of a mass—spring system in which the input shock
loading is stored as mechanical potential energy in its spring element and/or as
mechanical kinetic energy in its mass element. Following the shock loading,
the mass—spring system begins to vibrate. The mechanical energy of vibration
is then converted to electrical energy using piezoelectric elements. The natural
frequency of the mass—spring system must be selected taking into consider-
ation the duration of the impact loading event and the rate at which electrical
energy has to be generated.

The energy-harvesting devices belonging to the first group can generally
convert a very small fraction of the total available mechanical energy to
electrical energy. However, due to their relatively small size compared to the
energy-harvesting devices of the second group, they are used in applications
with limited available space and when only small amounts of electrical energy
is required to be generated. Such devices are also used in applications in which
the magnitude of the generated voltage pulse is important rather than the total
amount of generated electrical energy, such as in impact level detection or
pyrotechnic initiation devices.

The earliest published literature related to the first group appear to be
related to extracting electrical energy from the impact of dropping a steel ball
onto piezoelectric transducers for storage in capacitors and rechargeable
batteries.”** Similar dropping-ball-induced impact pulsed loading of piezo-
electric elements are described in Refs. 95-98. Studies of impact compressive
loading of piezoelectric elements positioned between the impacting head of an
object housing and a loading mass during impact with relatively hard
surfaces to generate very short-duration electrical energy pulses are provided
in Refs. 99-104. Electrical energy generation based on the impact of dropping
weights on piezoelectric elements is also presented in Ref. 105.

In another approach, Ref. 106 presents interfacing mechanisms that can
be used to lock the generated strain in compressively loaded piezoelectric
elements of energy-harvesting devices when the device is subjected to
impulsive (shock) loading due to firing acceleration in munitions or during
target impact.

A simple interfacing mechanism for the second group of energy-harvesting
devices is the mass—spring system shown in Fig. 3.13. The system consists of
an equivalent mass m and a spring with a rate k. As a result of shock loading
due to an externally applied force to the mass m or when the device platform is
subjected to an acceleration pulse a (such as during firing setback acceleration
in munitions), the spring and the mass elements are provided with an initial
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|

v

Piezoelectric
stack

Host system

Figure 3.13 A mass—spring interfacing mechanism of an energy-harvesting device for
storing mechanical energy from shock loading.

deflection d and velocity v, respectively. An initial potential energy (1/2) kd”
and kinetic energy (1/2) mv* is thereby stored in the mass—spring system.
Following the shock loading, the mass—spring system begins to vibrate. A
piezoelectric transducer (preferably, a stack type operating in the 33 mode)
may then be provided between the base of the spring element and the structure
of the host system to convert the mechanical energy stored in the mass—spring
interfacing mechanism to electrical energy.

In practice, particularly when high levels of shock loadings are involved,
the piezoelectric element has to be protected from excessive tensile as well as
compressive loading as described, for example, in Refs. 92 and 107-109, and
later in Chapter 5. The mass element is also preferably an integral part of the
elastic element of the mass—spring interfacing mechanism.

The frequency of the natural mode of vibration of the mass—spring system
must be selected to allow effective transfer of mechanical energy and to provide
the generated electrical energy at the desired rate. It is also noted that since a
significant amount of mechanical energy can be stored in a properly designed
mass—spring-based interfacing mechanism, such energy-harvesting devices can
generate significantly larger amounts of electrical energy over several cycles of
vibration of the mass—spring system than a single piezoelectric transducer can
generate when subjected to the same shock-loading event.

An example of another related type of energy-harvesting device that is
referred to as piezoelectric-based “mechanical reserve power source” is shown
in the schematic of Fig. 3.14. This power source functions similarly to chemical
reserve batteries such as thermal batteries and liquid reserve batteries with the
difference that mechanical energy is stored in them in the form of potential
energy. Upon activation of the power source, the released mechanical energy is
converted to electrical energy by the piezoelectric transducer. Several designs of
such mechanical reserve power sources using compressive-, tensile-, torsional-,
or bending-type springs are described in Ref. 110. In the example of Fig. 3.14, a
mass—spring vibrating element is mounted over a piezoelectric stack. The power
source is attached to the structure of the host system. Prior to activation, the
spring element is preloaded in compression and is kept in this state by preload
retention members (solid lines). The preload retention members are also
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Figure 3.14 A schematic of a linear acceleration pulse or spin-activated piezoelectric-
based mechanical reserve power source—U.S. Patent number 8,183,746."1°

provided with an “offset mass element,” which tends to apply a bending
moment that releases the preloaded mass—spring element (dashed lines) when
the host system is subjected to an acceleration « in the direction indicated by the
arrow or a rotary acceleration «, thereby activating the power source and
allowing electrical energy to be generated by the vibrating mass—spring system.

3.3 Interfacing Mechanisms for Electromagnetic-based
Transducers

In electromagnetic induction transducers the input mechanical energy is used
to vary magnetic flux through a conductor, usually a coil, to generate
electrical current in the conductor connected to a load. The magnetic flux
variation is usually achieved via relative linear or rotary motion between a coil
and a permanent magnet. The relative motion between the coil and the
permanent magnet is preferably the result of moving the permanent magnet
relative to a fixed coil since it results in fixed output wires. The amount of
power that an electromagnetic induction transducer generates is dependent on
the length of the conductor, i.e., the number of turns of the coil when it is
wound, the strength of the magnetic field and its coil coupling, and the
velocity of the coil motion in the magnetic field.

A review of electromagnetic transducers and their characteristics is
provided in Chapter 2 with an extensive list of references for more in-depth
reading. As indicated, electromagnetic generator technology is highly
developed and has been used to generate electrical power ranging from a
small fraction of one watt to megawatts. In almost all such applications,
electrical energy is generated through rotary motion to achieve high relative
velocities that are continuous, and when possible constant, for efficient
electrical energy generation and to minimize mechanical as well as electrical

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



88 Chapter 3

losses. The emphasis in this section is on small and micro-generators,
primarily with linear or rotary vibratory or oscillatory input motions.

Electromagnetic transducers, particularly their continuously rotating
versions, are difficult to implement in micro-scales and even very small scales
due to transducer coils as well as permanent magnet component limitations.
For this reason, they have been studied mostly for use in relatively large
energy-harvesting devices. In addition, as indicated in Chapter 2, electromag-
netic transducers (generators) are not efficient in converting mechanical
energy to electrical energy at low relative velocities of transducer coil in the
established magnetic field. For this reason, they may have to be provisioned
with speed-increasing gearings in applications such as windmills.

The electromagnetic transducers of a continuously rotating type are
generally more efficient than vibration-based types, particularly when
relatively high rotary speeds can be achieved. It is also noted that vibration-
based generators exhibit significant mechanical energy losses due to internal
damping of their elastic members. Internal damping losses are proportional to
the strain rates in the device elastic (spring) members. However, to increase
the generator efficiency, the vibration amplitude and frequency must be
increased. This would however also increase mechanical energy losses due to
internal damping of the device elastic members. These issues make the design
of highly efficient vibration-based electromagnetic energy-harvesting devices
challenging.

In the remaining part of this section, mechanisms for interfacing
electromagnetic transducers to host systems undergoing different types of
motions are described. Similar to the case of piezoelectric-based devices
described in Section 3.2, interfacing mechanisms are intended to effectively
transfer mechanical energy to the electromagnetic transducer of the energy-
harvesting device for conversion to electrical energy.

3.3.1 Interfacing mechanisms for rotary input motions

When input motion from the host system is continuous and rotary, the need
for an interfacing mechanism is dependent mainly on the input speed. If
the input speed is high enough for efficient conversion to electrical energy
with a rotary electromagnetic transducer, the host system may be directly
coupled to the transducer. Otherwise, interfacing mechanisms may need to
be considered.

When the input speed provided by the host system is relatively low, the
commonly used solution for efficient operation requires speed-increasing
gearing. Such gearing mechanisms have long been used in windmills, but
attempts are being made to avoid their use due to high operating costs.
Electromagnetic generators for efficient operation at speeds on the order of
5-10 rpm are possible in the absence of space limitations. However, at speeds
approaching fractions of one rpm, direct coupling to electromagnetic
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generators for efficient operation is not practical with currently available
technology.

For very low input speeds or when the input speed is highly varying over
time or even intermittent or reversing, the following two basic interfacing
mechanism types may be used for effective transfer of mechanical energy from
the host system to electromagnetic transducers for efficient conversion to
electrical energy:

1. The interfacing mechanism transfers mechanical energy from the host
system via its rotary motion to a mechanical potential energy storage
device. Then when a predetermined threshold is reached, the stored
mechanical energy is released to the provided generator for conversion
to electrical energy. The generator is preferably provided with an
appropriately sized flywheel to allow for a smooth and effective transfer
of mechanical energy and efficient generator operation. The potential
mechanical energy storage device is preferably a power spring, and the
indicated release threshold is selected to achieve the desired generator
input speed. The potential energy from the power spring is preferably
first transferred to a flywheel, which is in turn connected to the
electromagnetic generator.

2. Another approach is to use a two-stage interfacing mechanism similar
to that shown in the schematic of Fig. 3.1 but using a vibration-based
electromagnetic generator instead of a piezoelectric-based generator.
Such vibration-based generators are described later in this section. It is,
however, appreciated that in both of the above cases, the energy-
harvesting device may be considered to be grounded, i.e., attached to
the foundation of the host system, or attached to the host system.

3.3.2 Interfacing mechanisms for continuous oscillatory translational
and rotational motions

Interfacing mechanisms appropriate for extracting mechanical energy from
translational or rotational motions of a host system for transfer to an
electromagnetic transducer may be categorized as follows based on the
characteristics and magnitudes of the oscillatory motions and the transducer type:

1. If the translational or rotational oscillatory motion of the host system is
fast enough to provide high enough translational or rotational speeds,
and if the energy-harvesting device and its transducer can be grounded,
the energy-harvesting device transducer may be connected directly to
the host system with an appropriate coupling member. For rotary
oscillatory motions, the transducer is preferably of rotary type. For
translational oscillatory motions, the transducer may be a linear type
similar to linear motors or may be a rotary type coupled to the host
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system as a so-called slider-crank mechanism, in which the host system

serves as the slider and the transducer shaft as the crank, connected to

the host system with a coupling link. The dimensions of the slider-crank
mechanism links can be selected to provide the transducer a range of
rotary speeds at which it can efficiently generate electrical energy.

2. For the host system oscillatory motions described above, if the energy-
harvesting device and its transducer cannot be grounded, the harvesting
device has to be directly attached to the host system. Mechanical energy
must then be transferred from the translational or rotational oscillatory
motion of the host system to the transducer via an appropriate
interfacing mechanism. Similar to piezoelectric-based energy-harvest-
ing devices, the following cases need to be considered:

a. If the frequency of oscillatory motion of the host system is not very
high, a two-stage interfacing mechanism similar to the pendulum-
type mechanism described in Section 3.2.3.2 may be used to wind a
torsion (power) spring. The potential energy stored in the power
spring may then be released after a threshold level has been reached
to directly rotate the shaft of a rotary electromagnetic generator or
to rotate a wheel with teeth as shown in Fig. 3.1 to intermittently
excite a secondary vibratory element, which in the present case uses
an electromagnetic transducer to generate electrical energy. When
using a rotating generator, the potential energy is preferably
transferred to a flywheel, which may be integral to the generator
rotor, for efficient conversion to electrical energy over several
rotation cycles.

b. When using vibration-based electromagnetic transducers, the
interfacing mechanisms similar to those described in Sections 3.2.2—
3.2.4 for piezoelectric-based transducers may be employed,
depending on the frequencies of the host system oscillatory motions
and whether the frequencies are relatively fixed or time varying.

The development of various relatively small vibration-based electromag-
netic energy-harvesting devices has been reported.'''™'?* The implementation
of electromagnetic-based transducers is more challenging at MEMS scale and
has been the subject of several efforts (e.g., Refs. 114-120).

Both linear and rotational electromagnetic transducers may be used as
secondary vibrating elements in two-stage energy-harvesting devices. Sche-
matics of such linearly and rotationally vibrating systems are shown in
Figs. 3.15 and 3.16, respectively. A linearly vibrating electromagnetic
generator may also be configured similarly to the piezoelectric-based mass—
spring generator shown in Fig. 3.13 or the flexible vibrating-beam-type
generators of Fig. 3.1, with a permanent-magnet- and coil-based transducer
replacing the piezoelectric transducer.
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Figure 3.15 A schematic of a linear vibratory electromagnetic generator.
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Figure 3.16 A schematic of a rotary vibratory electromagnetic generator.

In the generator of Fig. 3.15, the mass of the mass—spring element preferably
consists of or is provided with at least one permanent magnet and is attached to
the generator structure by a spring element. The generator coils are fixed to the
structure of the generator. The vibratory motion of the permanent magnets
produces a time-varying flux linked to the coil. An electrical potential difference
is thereby induced between the ends of the coil conductor [electromotive force
(emf)], providing electrical energy that can be collected as described in
Chapter 4. It is appreciated that the permanent magnet of the generator in
Fig. 3.15 may be attached to the tip of a vibrating beam to allow similar
vibratory motion of the permanent magnet between the generator coil(s). The
configuration of the coil elements may have to be modified to allow for
vibratory motion of the permanent magnet(s) close to the coils. The replacement
of the helical spring shown in Fig. 3.15 with such a vibrating-beam-type elastic
element does not affect the basic operation of the generator.

The vibratory generator shown schematically in Fig. 3.16 functions
similarly but in rotational mode. The rotary electromagnetic generator is
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provided with an off-set mass and linear or torsional spring element to form a
vibrating mass—spring system. The rotational vibration of the mass—spring
element directly, or through a speed-increasing gearing or linkage mechanism,
rotates the rotor of the generator, thereby generating electrical energy to be
collected.

3.3.3 Interfacing mechanisms for energy harvesting from short-
duration force and acceleration pulses

When the energy-harvesting device is intended to generate electrical energy
from a host system that is subjected to impulsive loading such as due to the
events described in Section 3.2.5, the interfacing mechanisms described in that
section for piezoelectric-based transducers may be similarly used for
electromagnetic transducers. In such applications, the impulse loading or
acceleration pulse is also used to transfer mechanical potential and/or kinetic
energy to the device spring and mass of a mass—spring vibrating system such
as those shown in Figs. 3.15 and 3.16. The transferred mechanical energy is
then converted to electrical energy as the mass—spring system vibrates via the
provided electromagnetic transducer.

The mechanical reserve power source shown in Fig. 3.14 may similarly be
designed to operate with an electromagnetic generator. Such reserve power
sources can be designed to generate a significant amount of electrical energy
to power emergency equipment such as emergency sensors and transmitters or
to operate certain electronic devices. Such reserve power sources have the
advantage of having very long shelf life of well over 20-30 years when
packaged in a hermetically sealed housing.

3.4 Interfacing Mechanisms for Electrostatic- and
Magnetostrictive-based Transducers

The modes of operation of electrostatic and magnetostrictive transducers are
generally similar to those of piezoelectric and electromagnetic transducers,
respectively. For this reason, their proper interfacing mechanisms are
generally similar to those described for piezoelectric and electromagnetic
transducers and are briefly described below.

As the output energy of electrostatic transducers is a function of the
displacement between the electrodes or the overlap area between the
electrodes, the interfacing techniques described above for piezoelectric
harvesters are directly applicable to these transducers. This is particularly
the case for those described for vibration-based piezoelectric energy-
harvesting devices. In the case of magnetostrictive transducers, the output
energy is a function of the displacement rate; thus, the interfacing techniques
described above for electromagnetic harvesters are directly applicable to
such transducers.
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Chapter 4
Collection and Conditioning
Circuits

4.1 Introduction

In the previous chapters, four commonly used transducers for converting
mechanical energy to electrical energy are described, that is, piezoelectric,
electrostatic, electromagnetic, and magnetostrictive transducers. In all cases,
external mechanical energy is converted to electrical energy and is available
at the output of the transducer for collection, conditioning, and delivery to
the load. A collection and conditioning (CC) circuit is needed to ensure that
the energy demands of the load are satisfied over the entire operating range.
In case of sporadic availability of input mechanical energy, an intermediate
storage capability may be needed to accumulate the energy to a suitable
level.

In general, the complexity of the CC circuit is dependent both on the
output energy and the voltage/current characteristics of the transducer, and on
the energy demands of the load. All transducers considered here produce a
time-varying voltage or current, but none are ideal sources; thus, CC circuits
are required for each specific system configuration. The time-varying features
of the transducer output can be separated into oscillatory, or pulsed periodic,
or pulsed sporadic, or even a single pulse. In the latter cases, the peak pulse
amplitude as well as duration need to be considered, while for oscillatory
outputs, their temporal profile as well as their periodic features must also be
considered.

In addition to the transducer output energy consideration, the intended
use (load) of the harvester needs to be an integral part of any CC circuit
design. All loads, either passive or active, can be expressed in terms of
their input impedance, which may or may not be time dependent.
These include discrete components such as resistors, inductors, and
capacitors. Electronic loads, comprising either discrete circuit components
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or integrated circuits or microprocessors, have high input resistance
kilohms (kQ) and an input capacitance of a few picofarads (pF). Motors
present an inductive load, while bridging wires used in initiation systems
are resistive and flash lamps are time-dependent resistive loads. The latter
type falls into the category of high-energy-demand loads, which can be
serviced by event-driven storage elements on the output side of the
conditioning circuit. However, while knowledge of loading is important to
the design of the CC circuit, it may be possible to exclude loading effects by
isolating the transducer output side of the CC circuit (buffering) from the
load. Most contemporary designs attempt to do just that but require added
circuit complexity and in some cases external energy sources to power the
active components.

In general, an optimal CC circuit is a nonlinear matching network that
ensures that the energy demands of the load are satisfied under the specified
operating conditions. While coupling efficiency between the transducer and the
load has become a comparative metric between diverse platforms, it is not
relevant to the design of the CC circuit, which is constrained only by the need to
satisfy the load demand, given the available transducer output energy.
Figure 4.1 shows an energy-based approach for selecting an appropriate
CC circuit design. For practical energy harvesters, a CC circuit with a low
component count and lower complexity (fewer or no switching devices) is the
preferred solution, even though it may not be the most efficient.

In view of the relative energy constraints discussed above, CC circuit
designs may be categorized into the following two groups:

1. Basic Energy-Harvesting Circuits: If the transducer output energy is
considerably greater than the energy demand of the load, then a standard
circuit design using rectifier diodes and either a large capacitor or

Transducer output Collection and conditioning circuit Load types

Analog diode rectifier with a large
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Figure 4.1 Collection and conditioning circuit design approach based on energy
considerations.
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inductor will suffice. The output of this circuit is characterized by either
an ideal voltage or current source and can drive any load. The voltage
level at the output of the transducer can be changed to match the load
requirements either through a passive DC-to-DC converter at the output
of the rectifier or through a transformer at the output of the transducer.

2. Circuits to Maximize Harvested Energy: If the transducer output energy
is not considerably greater than the energy demand of the load, then
two CC circuit design paths are possible: circuit designs that are
suitable where the output of the transducer is oscillatory, and designs
where the transducer output is pulsed. These two CC circuit design
paths may be described briefly as follows:

— The first path for oscillatory transducer output leads to three CC circuit
design branches, with increasing circuit complexity due to the lower
energy levels at the output of the transducer (Fig. 4.1). In the latter
cases, the CC circuits have to be more efficient. Improvement in
efficiency is achieved through the use of complex electronic-switching
arrangements. The first CC circuit design, which has been referred to as
the standard energy-harvesting circuit (for example, Ref. 1), uses a
rectifier diode bridge to convert the AC transducer output to a DC
signal. A DC-to-DC converter changes the voltage level as required by
the load. The second CC circuit design uses a synchronous-switched-for-
harvesting (SSH) technique, which increases the collection efficiency. A
DC-to-DC converter is used to isolate the load from the transducer as in
the standard circuit. The third CC circuit design, referred to as
synchronous electric-charge extraction (SECE), uses electronic switch-
ing, which increases the efficiency by synchronizing energy collection
with the phase of the energy-producing portion of the harvester cycle.
Furthermore, a flyback transformer approach isolates the transducer
from the load, thereby making it possible to charge rechargeable
batteries, supercapacitors, or capacitors. In general, electronic switching
circuits are active, requiring either an external voltage source or some
self-starting feature in the CC circuit.

— The second path leads to CC circuit designs that are suited for
transducers driven by pulsed input, which leads to an energy pulse at
the output of the transducer. The output energy pulse is characterized
by its amplitude profile. Depending on the application, the generated
electrical energy may be used directly or may be accumulated in a
storage device.

Conditioning circuit designs have evolved with respect to particular
harvester types; as a result, there is considerable overlap and repetition of the
corresponding electronic solutions. The remainder of this chapter is organized
according to these similarities and, subsequently, the particular CC circuit
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design topology is described in terms of the dominant transducer technologies.
Specific variants of the generic CC circuit are highlighted for the particular
transducer types. It should be noted that piezoelectric and electrostatic
harvesters are modeled primarily as current sources, while the electromagnetic
and magnetostrictive transducers are considered to be voltage sources. The
reader is referred to the references for transducer-specific development of CC
circuits; for piezoelectric devices with oscillatory output (see Refs. 1-17; for
impulse driven piezoelectric devices see Refs. 18-34; for electrostatic
harvesters see Refs. 35-36; for electromagnetic harvesters see Refs. 37-40;
and for magnetosrtictive harvesters see Refs. 41-44.

Design of collection circuits requires knowledge of the temporal character-
istics of the transducer output. In general, the characteristics of the mechanisms
interfacing the host system to the transducer are not required for the design of the
CC circuits unless they can be used to provide certain sensory information to
enhance the efficiency of circuits. However, precise knowledge of the transducer
output profile is needed to efficiently collect the generated electrical energy and
condition it for a particular load type. For example, in the case of a piezoelectric
transducer, the energy is preferably extracted at the extremum values of the
electrical potential energy (PE), whereas, for electromagnetic transducers, the
generated electrical energy may be extracted continuously.

Piezoelectric transducers have dominated small energy-harvesting devices
for use in remote sensors and the like. For this reason their CC circuits are
described in more detail. Electromagnetic transducers are also widely used but
are difficult to implement in MEMS and other small devices, and their CC
circuits are well-known technologies and for this reason are described in less
detail following the section on piezoelectric CC circuits. The CC circuits for
electrostatics- and magnetostrictive-based harvesters are addressed next.

4.2 Collection and Conditioning Circuits for Piezoelectric
Transducers

4.2.1 Direct rectification and conditioning methods

If the output energy of the transducer is enough not to require highly efficient CC
circuits, then a simple rectifying circuitry such as a four-diode bridge may be
used. For example, a typical circuit shown in Fig. 4.2 becomes appropriate when

Piezoelectric
element

Conditioning Load
Circuit

D — |

Figure 4.2 Basic collection and conditioning circuit (AC to DC).
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the transducer output is oscillatory or pulsed. Since most loads require a DC
voltage (or current), a CC circuit with a four-diode bridge rectifier followed by a
conditioning circuitry to bridge the load have been routinely used. Integrated
circuits have even become commercially available to serve this purpose (for
example, IC number LTC3588-1 from Linear Technology Corp.). These circuits
have been used in many commercial systems, such as emergency beacons, which
may need only to power a light or transmit a single-tone.

It is appreciated that in certain applications, for example, when powering
heating filaments, there is no need for rectification and conditioning circuitry.
In such cases the collected energy may be transferred directly to the filament.

4.2.2 Circuits to maximize harvested energy

When the output energy of the transducer does not leave enough margin for
losses that are inevitable in any CC circuitry, then the circuits have to be
designed to maximize the amount of energy that is transferred to the load. A
few such circuit designs are described in this section. However, to better
describe the circuit designs and their logic and functionality, it is helpful to
first illustrate the physics of the mechanical-to-electrical energy conversion
process in piezoelectric transducers.

A piezoelectric transducer designed for energy harvesting is poled such
that when properly strained, electrical charges accumulate on its electrodes for
collection. These charges result in the development of a voltage difference
between the two electrodes.

Consider the case in which a sinusoidal strain is applied to a
piezoelectric element in the direction of its poling (Fig. 4.3). The open-
circuit voltage continues to build up proportionally in response to the
increasing applied strain, as illustrated in Fig. 4.3. In the case of an
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Figure 4.3 The open-circuit voltage (dashed line) generated by a piezoelectric transducer
with an applied oscillatory strain (solid line). Points P and R indicate the extremum values of

the voltage, corresponding to the points of maximum electrical PE.
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Figure 4.4 Energy-harvesting cycle for a piezoelectric transducer. The solid curve is the

applied strain, the dashed curve is the unloaded voltage profile (no energy harvested), and
the dash-dotted curve is the voltage profile with energy-harvesting points P, S, and X.

oscillatory applied strain, the voltage polarity reverses as the applied strain
transitions from compressive to tensile, and vice versa.

The maximum electrical energy becomes available when the extrema of
generated open-circuit voltage levels have been reached, as illustrated in
Fig. 4.3 by the points P and R. Figure 4.4 shows the ideal energy-harvesting
cycle that maximizes the harvested electrical energy. Here, to present
the basic concept of maximizing the extracted electrical energy from the
piezoelectric transducer, an idealized sinusoidal strain is applied to the
transducer.

Referring to Fig. 4.4, the energy-harvesting cycle begins from the zero
strain point indicated by O. The open-circuit voltage follows the unloaded
voltage profile in response to the applied compressive strain until it reaches
the extremum value indicated by point P. At this point, energy is extracted
from the transducer by momentarily connecting it to the load. Immediately,
the open-circuit voltage drops to zero (point Q). Subsequently, the load is
disconnected as the compressive strain cycle begins to decrease toward zero,
however, with a reversal of the polarity of the voltage. Consequently, the
unloaded open-circuit voltage increases with negative polarity. As the strain
cycle switches from compressive to tensile, a new extremum in the unloaded
open-circuit voltage is reached (point S). It should be noted that the new
voltage extremum (point S) is twice the magnitude of the extremum value of
the unloaded voltage cycle, indicated by point R. At the extremum point S,
energy is extracted from the transducer in the same fashion as indicated
above for point P. Subsequently, the open-circuit voltage goes to zero at
point T. As a tensile strain is applied to the transducer, the open-circuit
voltage is increased, reaching a new extremum point X, which has twice the
magnitude of the corresponding point Y of the unloaded open-circuit cycle.
The above discussion shows that the open-circuit voltage during the energy
harvesting cycle is twice that predicted by the unloaded voltage/strain
response. This means that quadruple the amount of energy is ideally

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Collection and Conditioning Circuits 109

available for collection if the harvesting process is synchronized with the
extremum points of the open-circuit voltage.

It is noted that the input from the host system to the piezoelectric
transducer can rarely be considered to be a strain, and that it is not affected by
the extraction and/or accumulation of generated charges. In most practical
implementations, the transducer input is force, and the collection and
accumulation of charges greatly affect the amount of mechanical strain that
the piezoelectric transducer can undergo, as described in detail in Chapter 2.
Selection of a sinusoidal strain input in the example of Figs. 4.3 and 4.4
idealizes the process of energy harvesting for the purpose of simplifying the
discussion. In this way the effects of the generated charges in the piezoelectric
transducer on the generated mechanical strain can be ignored. However, the
process is similar even when the transducer input is force; thus, maximum
electrical energy should be extracted at the extremum values of the open-
circuit voltage by momentarily closing a switch that connects the transducer
output to the collection circuit to maximize the harvested electrical energy. It
is appreciated that since the electrical energy is proportional to the square of
the voltage, it is prudent to extract energy very close to the extremum open-
circuit voltage. In addition, the electrical energy must be collected rapidly
before the open-circuit voltage has significantly dropped. The design of the
CC circuitry must therefore consider the transducer input and the resulting
open-circuit voltage time profile for maximum energy collection.

In the following sections the various collection circuit techniques that have
been used for efficient harvesting of generated electrical energy are discussed.
The section on specific collection circuits begins by highlighting the salient
features of the energy-harvesting process for oscillatory strain through the use
of simple resistive and capacitive loads. This discussion establishes the need
for elaborate switching circuits when the amount of energy to be harvested is
to be maximized.

4.2.3 Collection circuits

In the above discussion, it was noted that the collection of the generated
electrical energy (or charge) from a piezoelectric transducer is accompanied by
an immediate drop in the load voltage to zero. In practice, the dynamics of the
collection process is dependent on the nature of the load or the collection
circuit. For example, the harvested energy may be used to drive a resistive
load as illustrated in Fig. 4.5. At the extremum voltage points of the
transducer output, a switch S is closed to deliver the electrical energy to a
resistive load Ry such as a heating filament. In this simple example, the energy
transfer time is (R Cp), where Cp is the equivalent piezoelectric capacitance.
In the case of a heating element, this time is relatively fast since the resistance
of the filament Ry is usually taken to be very low. This simple example further
illustrates that the piezoelectric energy harvester is not close to being an ideal
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Figure 4.5 Energy transfer to a resistive load.
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Figure 4.6 Electrical energy collection circuit using a load capacitor C, .
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current or voltage source, and the reader should exercise caution when using
circuit models of piezoelectric transducers with equivalent current and voltage
sources.

In the case of capacitive loads, the generated energy can be transferred to
the load capacitor by closing switch S as indicated in Fig. 4.6. In this situation,
the energy is transferred from the piezoelectric capacitance to the load
capacitance until their voltages are equal. If the ratio of the two capacitances
is v = C;/Cp, then using basic circuit analysis and conservation of charge, the
final voltage for the two connected capacitors is

1 .
Vgnal — Vinal — ; n . Vg}ltlal (41)

Since the stored energy in the capacitor is proportional the product CV?, the
following equations express the initial and final energy values of the system:

1 i
Eﬁnal — Elnltlal’
S (42
final _ ¥ initial
SR
1 .
final __ Emltlal
T 14y T 7

where Eg is the generated electrical energy stored in the piezoelectric element
with capacitance Cp, Ey is the electrical PE in the load capacitor, and Er
represents the total energy of the system, i.e., both capacitors. For the
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symmetrical case, with C; = Cp, 25% of the initial energy remains in Cp and
25% is transferred to C;, while 50% of the stored energy is lost during the
transport of charges from the storage capacitor to the load capacitor.

An explanation for the missing energy cannot be found by considering
only the steady state conditions described by the above equations.
Fundamentally, in the absence of circuit inductance, the circuit resistance
becomes dominant. Therefore, attainment of steady state conditions requires
losses in the circuit in the form of joule heating and radiation as the charges
are transferred from one capacitor to the other.*” In the presence of
appreciable inductance, charges will oscillate between the two capacitors until
steady state is reached.

The above analysis illustrates the need for additional circuitry for
maximizing the transfer of generated electrical energy from piezoelectric
transducers. Additionally, as illustrated in the example of Figs. 4.3 and 4.4,
the collection circuits must also contend with the issue of polarity reversal.
This voltage polarity reversal is of no consequence for a resistive load, such as
a heating filament. However, in the case of capacitive (or inductive) loads, the
collection circuit of Fig. 4.6 requires additional circuitry to handle the polarity
reversal of the open-circuit voltage. One possible solution, illustrated in
Fig. 4.7, uses a set of four switches to control the flow of current so that the
stored charge can be transferred to the load capacitor at both extremum
points of the open-circuit voltage. For example, at one of the two alternating
extremum voltage points, switches S; and S, are open while S; and S, are
closed, and at the next extremum point of opposite polarity the switching
sequence is reversed.

A second solution, illustrated in Fig. 4.8, uses two load capacitors Cy ; and
Ci, for charge transfers when the energy harvester is in one of the two voltage
extremum states. For example, for a positive-polarity voltage extremum, Sy is
closed and S, is open, and for the next voltage extremum (negative polarity),

Piezoelectric
element

Cp

Figure 4.7 Energy transfer to a capacitive load during both extremum points of open-circuit
voltage. The dashed path provides charge transfer when V¢ is positive, and the dot-dashed
path provides charge transfer when V¢ is negative.
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Piezoelectric
element

Figure 4.8 Energy transfer to a capacitive load during both extremum points of open-circuit
voltage: S1 when Vg is positive and S, when Voc is negative.

S, is open and S, is closed. In this configuration the two load capacitors can
either supply electrical energy to two independent downstream circuits or be
combined to accumulate the energy in a single capacitor.

As discussed above, a capacitor-to-capacitor transfer of energy is
inefficient. However, 100% of the PE stored in the electrostatic field can be
transferred to a load capacitor through the use of a switched inductive element
as described below.

The collection circuit of Fig. 4.6 is modified to include an inductor L with
switches S; and S,, as illustrated in Fig. 4.9. At the extremum voltage points,
collection of the stored charge in the piezoelectric element begins by closing S,
with S, in the open position, forming a LCp tank circuit (a harmonic
oscillator). The initial value of the inductor current is the highest and begins to
decrease as the back electromotive force (emf) in the inductor increases. After
some time, all of the energy from the piezoelectric capacitor Cp is transferred
to the inductor but at this point the current in the inductor is not flowing in
the desired direction for energy transfer to the load capacitor. However, one
half-period later, maximum energy is stored in the inductor again, and the
inductor current is flowing in the correct direction for the next phase of the
collection circuit operation. At this time, S; is opened as S, is closed,
connecting the fully charged inductor to Cp. Subsequently, all of the energy
from the inductor is dumped to the load capacitor Cy. Upon completion of

s P
Voc
Piezoelectric
element Cp
= L —
Cp

Figure 4.9 Switched-inductor collection circuit.
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the energy transfer, S, is opened to isolate the load capacitor from the
piezoelectric element. The two (LCp) and (LCy) loops formed by closing the
switches S; and S, in Fig. 4.9 have different characteristic time periods that
are proportional the square-root of the (LC) product. It is appreciated that
timing is critical to proper and efficient operation of these collection circuits.
In general, the effective transfer time of the electrical PE from Cp to the
inductor must be faster than any effective mechanical time period, in other
words, transfers must take place rapidly at the extremum voltage points as
discussed in the above sections.

In the above collection circuit descriptions, a generic ideal switch has been
used to illustrate the circuit concepts, i.e., zero resistance. For practical
circuits, several switching options are available. A diode has been extensively
utilized as a passive switching device, and various low-voltage solutions exist.
For better performance and lower loss, active switches based on diode-
transistor, MOSFET (metal-oxide—semiconductor field-effect transistor), and
comparator-synchronized MOSFET may be used. Furthermore, the speed of
a switch may also affect performance of the CC circuit.

4.2.4 Conditioning circuits

Typically, there is a mismatch between the output voltage of the collection
circuits and the voltage requirements of the load. For example, a piezoelectric
energy harvester may produce a DC voltage of over one-hundred volts at the
output of the collection circuit, while the load may be a 5-V rechargeable
battery. In such cases, a conditioning circuit is needed to provide the necessary
electronics for translating voltage levels to satisfy the voltage requirements of
the load. Ideally, the conditioning circuit would be a buffer circuit that isolates
the load from the collection circuit. For some harvesters, as discussed below,
DC-to-DC buck-boost switching regulators are sufficient, while in others, a
flyback transformer implementation may be a better solution. The following
section describes some of the proposed CC circuit solutions that have been
published for collecting and conditioning the output of piezoelectric transducers
subjected to a sinusoidal strain profile. This is not an exhaustive review of the
literature but is rather a synopsis and comparison of the proposed circuit
solutions using an electromechanical figure of merit'® that they have defined as
a measure of the effective volume of piezoelectric material required to achieve
the same level of output power as the standard AC-to-DC circuit.

4.2.4.1 Standard AC-DC interface

As an illustrative example, the CC circuit in Fig. 4.10 has been used to harvest
electrical energy from piezoelectric energy harvesters driven near resonance.'
Consequently, the output of the transducer is modeled by a sinusoidal current
source shunted by an equivalent piezoelectric capacitance Cp, generating an
AC voltage at the output of the piezoelectric transducer. The AC voltage is
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Figure 4.10 Standard CC circuit for harvesting electrical PE from a piezoelectric
transducer with a sinusoidal strain profile.’!

—eee ¥

converted to a DC voltage using a four-diode bridge rectifier and a large
smoothing capacitor C;As the generated DC voltage is likely to be different
from that required by a load, such as a rechargeable battery, a DC-to-DC
regulator’® is used to perform the needed voltage-level transformation. The
circuit of Fig. 4.10 has come to be known as the “standard” interface as it
provides the simplest method for harvesting electrical PE from piezoelectric
harvesters driven near resonance.

Under steady state conditions, this standard CC circuit has been used to
establish a benchmark for comparison with other CC circuits used for
harvesting electrical PE from piezoelectric transducers assumed to be
generating an AC voltage. This standard circuit has been extensively
analyzed®'**”* to determine optimal power transfer conditions, which are
valid only near resonance.

While the standard CC circuit has utility when large circuit losses may be
acceptable, it is not a preferred solution in practical energy harvesters with
limited output energy. More efficient designs using inductor switching and
synchronized energy exchange have been designed and are briefly described
below.

4.2.4.2 Synchronized switch harvesting on inductor

Various versions of the switch inductor technique described in Section 4.3.3
have been used in piezoelectric harvesting systems.®**? Two approaches
implement these concepts using an inductor in either a parallel or series
configuration.

The parallel configuration of the synchronized switch harvesting on
inductor (SSHI) technique is illustrated in Fig. 4.11(a).>>® Circuit
operation is divided into three discontinuous operating phases. The
corresponding voltage/strain waveforms are illustrated in Fig. 4.11(b).
In the conductive phase, the rectifier passes the current from the
piezoelectric element to the storage circuit element C;, while the
piezoelectric voltage remains clamped at its extremum value. During
the next phase, the load is isolated from the piezoelectric, and the inductor
L is connected to the piezoelectric element, creating the LCp tank circuit.
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Figure 4.11 Parallel SSHI CC circuit: (a) circuit schematic and (b) corresponding
waveforms of the applied strain (or deflection) S, the piezoelectric terminal voltage Vp,
and the load voltage V.6

The switching inductor causes a rapid reversal of the piezoelectric voltage.
After a further half-cycle, the inductor switch is opened again. The
switching phase duration, determined by the resonance frequency of the
electrical oscillator formed by the piezoelectric element capacitance and
the shunt inductor L, must be much faster than the resonance frequency of
the applied strain.

The series SSHI circuit sketched in Fig. 4.12 places the switch and
inductor in series with the piezoelectric element.”* The operation of this CC
circuit is similar to that of the parallel circuit; i.e., the electrical PE is extracted
at the voltage extremum points, corresponding to the extremum points of the
applied strain in Fig. 4.11.

It should be noted that most often [including in Fig. 4.12(b)], a sinusoidal
strain profile is used and the effect of extracting the generated charges on the
strain profile is neglected. This is done mainly to simplify the description of
the energy-harvesting process without affecting the basic method of operation
of the corresponding CC circuitry. In the simulation of the actual CC circuits,
the effects of this coupling should be included.

g L
— e T
VP

Piezoelectric

B N

(a) (b)
Figure 4.12 Series SSHI: (a) schematic and (b) corresponding waveforms of the applied
strain S, the piezoelectric terminal voltage Vp, and the load voltage V,.>®
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4.2.4.3 Synchronous electric charge extraction (SECE)

The CC circuits described in the previous section are designed to supply power
to a resistive load. Under the assumption of oscillatory applied strain at the
resonant frequency of the interfacing mechanisms, loading conditions for
maximum power transfer are employed.'” However, for general and
nonresonant applied strain, a buffer circuit is the preferred method of
isolating the load from the source. One type of active CC circuit that achieves
the buffering function uses synchronous electric charge extraction (SECE), as
illustrated in Fig. 4.13(a). A transformer M provides the isolation function
and is commonly used in DC-to-DC converters when combined with an active
MOSFET switch T on the primary side of the transformer (the buffering
circuit known as a flyback transformer).

When the piezoelectric voltage reaches an extremum of the piezoelec-
tric transducer voltage, the transistor T is turned ON, and the stored
electric energy in Cp is transferred to the primary side of transformer M. As
the piezoelectric voltage Vp passes zero, all of the energy has been
transferred to the primary winding of the transformer, and the transistor is
switched OFF. The value of the inductor is chosen so that the resonance
period of the LCp tank is much shorter than the period of the
applied strain. The switching ensures that the piezoelectric element is in
the open-circuit configuration during the energy transfer. As illustrated in
Fig. 4.13(b), the piezoelectric voltage is a discontinuous piecewise function
of the applied strain S.

The SECE technique achieves very good isolation between the load and
the transducer output, thereby power delivery does not require any
optimization strategy. It should be noted that the turns ratio of the secondary
to the primary windings of the transformer may be selected to provide any
charging voltage V. For detailed analysis and methods for selecting inductors
to ensure correct timing, the reader is referred to Ref. 55.

Vp

Piezoelectric
element

=

(a) (b)

Figure 4.13 Schematic of the SECE operation: (a) circuit schematic, where T is a
MOSFET switch, M is a transformer, and D is a high-speed diode; and (b) corresponding
waveforms of the applied strain S and the piezoelectric terminal voltage Vp. (Reprinted with
permission from Ref. 53.)
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4.2.4.4 Comparison of synchronized switch harvesting techniques

The four synchronized switch harvesting (SSH) techniques discussed were
developed for harvesters operating at resonance. Figure 4.14 shows a
comparison of the normalized output power as a function of the
electromechanical figure of merit,'” which is expressed as the product of
the square of the coupling coefficient and the electromechanical quality
factor. It is proportional to the square of the piezoelectric coefficient and
inversely proportional the resonant frequency. The output power of each
conditioning circuit is normalized to the output power of the standard
circuit.

Figure 4.14 shows that all conditioning circuits reach the same
asymptotic value of the normalized power; the difference between the
various techniques is the value of the electromechanical figure of merit M
(defined in Ref. 10), which is a direct measure of the amount of piezoelectric
material used. Thus, lower values, which correspond to smaller transducers,
are preferable for space-constrained applications. It can be ascertained from
Fig. 4.14 that SECE techniques lead to three-fold reduction in the amount of
piezoelectric material needed to generate the same amount of power as is
generated by the standard technique. However, as they require active
switches, the CC circuit will need to be powered by a button battery or the
like.

The original SSH techniques are suitable for resonant structures with a
narrowband frequency spectrum. These techniques have been extended for use
with pulsed operation®® to include energy harvesters excited by mechanical
shocks and impacts. As discussed in Ref. 50, the efficiency of energy
conversion for pulsed operation is strongly dependent on the speed of
conversion of the mechanical energy to electrical energy. The authors have
experimentally confirmed that parallel SSHI configuration is the CC circuit
design of choice, giving a five-fold improvement in comparison with other
techniques discussed above.

-
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Figure 414 Comparison of normalized harvested power for SSHI techniques.'°

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



118 Chapter 4

Standard and SSH techniques may be used to harvest energy from
broadband excitation using multimodal resonant mechanical structures.''
However, the SECE techniques exhibit two major advantages. Firstly, the
SECE techniques do not require load optimization, which has no utility for
broadband sources of mechanical energy, as the optimal load is dependent
on the resonant frequency. Secondly, SECE circuits are said to harvest 4
times more energy compared with the standard circuit, with a figure of merit
below 2.

Other evolutionary implementations of the SSH technique for use with
low piezoelectric voltages and practical electromechanical figures of merit
are discussed in detail in Ref. 10. Piezoelectric transducers with output
powers below a few microwatts present a challenging problem for the
switching circuits, as most transducer power is dissipated in these circuits.
Such systems are prevalent in MEMS-based devices with open-circuit
voltages of a few volts, which may be below the threshold voltage of
commonly available diodes. One approach to mitigate the low-voltage issue
is to replace the full-wave rectifier (four diodes) by a half-wave rectifier (two
diodes), resulting in the development of half-bridge SSH circuits.”~” Further
reduction of collection circuit losses is possible through the use of a single
diode, or active diodes emulated using a comparator/switch combination. A
collection circuit consisting of a transformer and dual inductive switching
(Fig. 4.15) is referred to as a SSHI-MR (SSHI magnetic rectifier) and is a
preferred configuration.

In the SSHI-MR collection circuit of Fig. 4.15, a transformer T with two
primary windings and one secondary winding replaces the diodes and the
series inductor of a SSHI circuit. The transformer is used as a voltage up-
converter, so that the voltage coupling factor is much larger than unity.
Consequently, the ohmic losses in the transformer are lower due to the
reduced current. An added benefit is the higher output voltage, which can be
matched to the desired logic device voltage levels. These circuits have
harvested energy in low levels of vibration, producing a transducer output
voltage at 20-mV levels.™®

Piezoelectric
element L

T § R,

Figure 415 SSHI-MR collection circuit.>®
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Figure 4.16 (a) DSSH circuit schematic and (b) graphical representation of normalized
harvested power versus figure of merit.'°

Further evolutionary changes in SSH circuit architecture to double
synchronized switch harvesting (DSSH)® are enabling energy harvesting in the
domain of weak electromechanical figures of merit. The DSSH circuit in
Fig. 4.16 is a series combination of the series SSHI and a buck—boost DC-DC
SECE circuit. The SECE section provides load isolation for the SSHI circuit,
thereby, making the harvested energy independent of the resistive load; that is,
the same performance results under all loading conditions.

The energy transfer can be described in four distinct steps. During the
first step, both switches (S; and S,) remain open until the piezoelectric voltage
reaches one of its extremum values. At that point the circuit enters the second
step by momentarily closing switch S;, allowing the generated electrical energy to
be dumped into the intermediate storage capacitor, C;. The resonance time of the
(L1C)) tank is much faster than the mechanical time constant. The third step
begins by opening switch S; and closing switch S, to transfer the stored energy to
the inductor L,. The fourth and final step in the cycle transfers the energy stored
in L, to the reactive load modeled by resistor Ry, and capacitor C;.

The DSSH configuration synchronizes the switching cycles at the
extremum values of the piezoelectric transducer output voltage. According
to Lallart et al.,® the energy conversion is optimal when the shunt capacitance
C; is much larger than the piezoelectric element capacitance Cp for the case of
weak values of the figure of merit; otherwise, an appropriate value has to be
calculated."” Figure 4.16(b) shows a comparison of normalized power
harvested as a function of the figure of merit for the DSSH, SECE, and the
standard circuit.

The energy-harvesting circuit designs presented above are predominantly
for piezoelectric devices driven by narrowband oscillatory motion. For all
other mechanical motions, these circuits are far from optimal, but the concept
of synchronizing electrical PE energy harvesting with the applied strain cycle
is applicable to all harvester types. The primary concern with the above
designs is their inherent dependence on the resonance condition. If resonance
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synchronization cannot be maintained, the result is the loss of a significant
portion of the available energy. A delayed-switching approach has been
proposed to mitigate some of the losses due to mistuning.’”

4.2.5 CC circuits for pulsed piezoelectric loading

Pulsed loading of piezoelectric transducers occurs in many applications, such
as those in munitions firing or when a mechanical system is subjected to
impact-type loading. In such cases, the charges generated by the piezoelectric
transducer are typically short lived, and the CC circuits have to be designed to
capture the maximum amount of electrical energy.

The generated electrical energy may be dumped directly to a load, as
described in Section 4.2.5.1, or provided by a properly designed CC circuitry
for storage in a capacitor, as described in Section 4.2.5.2. The latter circuitry
may be provided with shock-loading event detection logic as described in
Section 4.2.5.3. Key differences in the conditioning circuits and their detailed
descriptions are provided in Refs. 25 and 27. These types of generators are
referred to as one-shot power sources. In almost all such energy-harvesting
devices, the piezoelectric transducer is considered to be loaded in compression
and in the 33 mode. In certain applications, added mass may be required to
achieve the desired level of transducer compressive loading.

Design of efficient CC circuits is particularly challenging in applications
such as gun-fired munitions, which require additional safety features to
prevent accidental powering of the load. In general, the CC and the safety and
event detection circuits have to be passive and use minimal amounts of the
generated electrical energy to allow the use of relatively small piezoelectric
elements.

4.2.5.1 CC circuits for event detection and direct transfer of generated
electrical energy to the load

Self-powered conditioning circuits for one-shot piezoelectric generators that
are used as event-detection sensors with integrated safety electronics for
initiation and switching in munitions have been reported.””>’ " Figure 4.17
shows the schematic of a passive CC circuit for shock-loading event detection
with safety logic and direct transfer of the generated electrical energy to the
load, in this case a bridge wire.

The circuitry shown in Fig. 4.17 is designed to differentiate firing setback
induced shock loading (of the order of one to tens of thousands of G=19.8 m/
s?) from all other no-fire accelerations such as high-G but with much shorter
duration pulse(s), or relatively low-G but with long-term vibration loading
such as those experienced during transportation and the like.

In the safety and all-fire event detection circuitry of Fig. 4.17, electrical
energy (charge) is provided by the piezoelectric element via its compressive
loading due to an experienced acceleration event. The all-fire setback
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Figure 4.17 The safety and all-fire detection circuit with a switching circuit.

condition is detected by the voltage level of the capacitor C;, while the
circuitry prevents the charging of the capacitor C; to the prescribed voltage
level if the generated piezoelectric charges are due to any of the
aforementioned no-fire conditions, as described below. Diode D; has a low
forward voltage drop and a very fast switching action. Diode D, also needs a
high backward leakage, which is used as a safety feature for discharging
collected charges in the capacitor C; when the voltage of the piezoelectric
element drops below the prescribed all-fire voltage level.

The current due to the charges generated by the piezoelectric element
passes through diode Z; (preferably a Zener or a similar diode) and resistor R
to charge capacitor C;, and also passes through resistors R, and Rj to the
ground. During this time, diode D, is under reverse bias, thereby passing a
very small amount of current. The resistance of resistor R; is selected to be
very high and the capacitance of the capacitor C; very low to minimize the
amount of electrical energy that is drained from the piezoelectric transducer.
This is generally necessary to minimize the required size of the piezoelectric
transducer.

The CC circuit is designed to detect acceleration profiles that generate
piezoelectric voltage amplitudes that are of a sufficiently high and long
duration to correspond to the all-fire event and be detected. All other
generated voltage pulses not satisfying both constraints are considered to be
no-fire events. The discussion below describes the operation of the basic CC
circuit design shown in Fig. 4.17.

When a device using the circuitry shown in Fig. 4.17 is subjected to a
relatively short-duration shock loading such as that due to accidental
dropping, the piezoelectric element generates relatively high voltage pulses
with very short duration. The generated voltages may even be higher than the
voltage levels that are generated as the device is subjected to a prescribed all-
fire setback acceleration, but the duration of such pulses is significantly
shorter than those of the all-fire setback acceleration pulses. For example, an
all-fire acceleration may be around 1000 Gs with 10 ms of duration, while an
accidental drop may cause a shock loading of up to 2000 Gs but for a very
short duration of less than 0.5 ms.
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The passive circuit of Fig. 4.17 performs the needed event detection
functions through an innovative circuit configuration that allows
the voltage threshold and charging time constant of C; to be changed,
while minimizing the energy consumption of the components. A typical
implementation of the CC circuit requires the determination of suitable
values for the components R, R, Rj; and C; for detection of the intended
shock-loading event. Firstly, resistor R; and capacitor C; are selected
such that a very small amount of generated electrical energy is consumed.
As previously described in Section 4.2.3, the fractional energy extracted
from the piezoelectric element is proportional to the load capacitance;
thus, a value of C; that is much smaller than the equivalent capacitance
of the piezoelectric element is required. The time constant of the CC
circuit is a function of Ry, R, Rj and C;, while the required threshold
voltage is determined by the values of R,, R; and the voltage across
capacitor C;.

It is noted that leakage through resistors R, and Rj; is generally used
to vary the time constant of the CC circuit. This capability provides a
simple tool to readily adjust (“program”) the device to the desired
all-fire condition. The leakage through resistors R, and R; would also
provide additional means of ensuring that the aforementioned high-
voltage and short-duration pulses do not accumulate charge in capacitor
C; to trigger a false all-fire detection signal. In addition, vibration
loading such as that experienced during transportation—even if it is
accompanied by high-G but short-duration shock-loading pulses—is
similarly rejected by diode Z; and leaking resistors R, and Raj.
Vibration-related loading usually has significantly lower peak G levels
than that of accidental drops.

Several applications of the basic CC circuit of Fig. 4.17 for event detection
are described in Chapter 3.

4.2.5.2 CC circuits for efficient transfer of generated electrical energy to a
storage device

A CC circuit used for one-shot harvesting of electrical energy and storage in a
capacitor is illustrated in Fig. 4.18. This passive circuit is ideally suited for
micro-energy harvesters. In this circuit, when the piezoelectric element is
subjected to a shock loading such as during impact or munitions firing, it
generates charge Q. As illustrated in Fig. 4.19, the piezoelectric element may
be modeled as a current source I; that is shunted by the piezoelectric element
equivalent capacitance Cp. In response to the increasing strain, the voltage Vp
increases, resulting in an equivalent current source I;, which divides into three
components as indicated at node M. The majority of the initial current flows
into the piezoelectric capacitor Cp. The initial inductor current I, is
comparatively small as is proportional to the integral of the voltage. Current
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Figure 4.18 Charge collection and storage circuit for one-shot energy-harvesting devices.
(Reprinted with permission from Ref. 27.)

L,

Piezoelectric
element

Figure 4.19 Equivalent circuit for the charge collection and storage circuit of the one-shot
energy-harvesting device shown in Fig. 4.18.

I4 is negligible because diode D, presents a very high impedance path. As
applied strain increases toward the maximum value, the rate of change of
voltage decreases, while the voltage increases. Thus, capacitor current I3
decreases, while inductor current I, increases. The (L;Cp) configuration is
described as a tank circuit. The corresponding rise time of the tank circuit
should be smaller than the rise time of the applied loading pulse. At the point
of maximum strain, the open-circuit voltage is maximum and the inductor
current will be maximum. As the strain begins to reverse, there is also a
reversal in the voltage polarity at the node M. At this point the directions of
current flow are reversed. Now the generated current flows into node N,
through diode D, and inductor L,, through storage capacitor C, and returns
through diode D3, forming a second (L,C) tank. It should be noted that the
generated current is prevented from flowing through the piezoelectric
capacitor Cp by diode D,. Furthermore, it should be noted that the energy
stored during the first half of the pulse is also recovered from inductor L;. Due
to the reversal of the polarity, inductor L; discharges and dumps its stored
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energy into the (L,C) tank via diode D3, which presents a very low impedance
path compared with the piezoelectric capacitor Cp. In this way, the maximum
electrical energy is harvested from the short-duration pulsed loading of a
piezoelectric element.

4.2.5.3 CC circuits for event detection and efficient transfer of generated
electrical energy to a storage device

In certain applications the event detection circuit of Fig. 4.17 may be
combined with the collection and storage circuit of Fig. 4.18 to transfer the
generated electrical energy to a holding storage capacitor once the intended
all-fire event is detected.” Such circuits may be designed to serve various
functions such as event sensing and switching, several of which are described
in some detail in Chapter 5.

4.3 Collection and Conditioning Circuits for Electromagnetic
Energy Harvesters

Generation of electrical energy based on Faraday’s electromagnetic induction
is perhaps the most established method of generating electrical energy from
the microwatt to the gigawatt scale. Fundamentally, rotary or linear kinetic
energy in the presence of a magnetic field produces an electromotive force
(emf) within the conductor. The induced emf, as described in Chapter 2, is
proportional to the rate of change of the magnetic flux linked by a conducting
loop. In this section, some of the CC circuit techniques that are applicable to
micro-generators that produce DC outputs compatible with integrated circuits
(ICs) are briefly highlighted, and the reader is referred to the vast body of
commercial and research literature on the general subject matter. A basic
description of electromagnetic generators is followed by a brief description of
particular techniques such as synchronous magnetic flux extraction and active
full-wave rectifier systems.

Collection and conditioning circuits for micro-electromagnetic energy
harvesters with energy output of a few micro-joules require the use of low-loss
active-switching components for rectification and voltage level amplification,
either through the use of voltage doublers/quadruplers on the AC side or a
separate DC-DC boost circuit. Some of these conditioning circuit designs are
based on active AC-DC rectification, transfer window alignment,® synchro-
nous magnetic flux extraction (SMFE),®' or a feedforward and feedback DC-
DC pulse-width-modulated boost converter.®>

Typically, conditioning circuits are designed to produce a DC output
voltage that is compatible with a buffer capacitor for storage. The harvester
has a charging phase that adds energy to the reservoir capacitor during each
cycle. The charge can either be delivered to the load during each cycle, or be
accumulated to a desired level needed for the load and transferred
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asynchronously (event triggered). In all cases, the switching circuits need a
start-up time that is determined by the voltage requirements of some
components of the conditioning circuit. Several application-driven condition-
ing circuits are in use. As discussed in the beginning of the chapter, the
complexity of the conditioning circuit is determined by the output energy of
the transducer and the load demand. These circuits use the fundamental
principles of switched capacitors and inductors. All circuits require rectifica-
tion, which is implemented either using diodes, or using electronic switches or
active diodes.

4.3.1 Synchronous magnetic flux extraction

Synchronous magnetic flux extraction (SMFE) is a switching technique used
for vibration-based harvesters with electromagnetic transducers.®’ It is, in
principle, equivalent to a synchronous electric charge extraction technique
used for harvesting energy from piezoelectric transducers, as discussed in
Section 4.2.4.3. SMFE is also referred to as a split-capacitor rectification® or
as the flux-shaping method.®” A schematic of a typical circuit, along with the
corresponding waveforms, is provided in Fig. 4.20. The transducer output is
described by an equivalent sinusoidal voltage source Vgy in series with the
winding resistance Rg and inductance Lg. The method is similar to switching
techniques used for piezoelectric harvesters discussed earlier. Charging current
to the two capacitors with the extremum of the magnetically induced current,
as illustrated in Fig. 4.20(b). The commutation gives a full-wave rectification
of the sinusoidal signal from the transducer. Another shunting capacitor (not
shown) may be used to further reduce the load voltage ripple. This is a simple
solution that does not require complex switching circuits. However, a DC-DC
boost converter is still needed to obtain voltages larger than the rectified
voltage.

The above discussion of CC circuits for electromagnetic generators is
applicable for vibration-based sources of mechanical energy. CC circuit

D
3|

Displacement

Electromagnetic
generator

(a) (b)

Figure 4.20 (a) SMFE circuit and (b) corresponding waveforms: displacement of the mass,
current i, and output voltage V.. (Reprinted with permission from Ref. 61.)
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techniques are well established for energy-harvesting devices with continu-
ously rotating electromagnetic transducers; the reader is referred to
appropriate references on this subject matter, which are easily accessible.

4.3.2 Active full-wave rectifier

To overcome the above loss limitations, an active full-wave (AFW) rectifier
(Fig. 4.21), comprising a cross-coupled transistor rectifier (CCTR) and an
active diode (pCGAD) that prevents reverse saturation current flow, is
preferred to the SMFE technique described above.

The active diode operates over a wide input voltage range from 0.48 V to
3.3 V, with efficiencies over 90%. This design uses a low-power solution gain-
stage as a pseudo-comparator, producing more efficient and stable solutions
as compared to typical active rectifier circuits. These circuits generally include
a self-start feature that allows the CC circuit to reach full functional capability
without the need for external voltage sources to power up the active transistor
switches.**

4.4 Collection and Conditioning Circuits for Electrostatic
Energy Harvesters

Electrostatic energy harvesters (¢EHs) are characterized by open-circuit
voltages that can reach hundreds of volts, but with a small sourcing current,
of a few hundred nano-amperes. An electrostatic energy harvester is primarily a
low-energy source, producing electrical output power less than a few 100 wWW.
Subsequently, CC circuits have to be low loss. As discussed for harvesting
energy from piezoelectric devices, the most efficient extraction techniques are
based on switched-mode operation. However, simpler passive designs with
electret-based eEHs are attractive for certain low-energy-demand applications.

.........................

Cp

Ry

i 141 pCGAD i T

EM transducer AFW Interface Load

Figure 4.21 Active full-wave (AFW) rectifier CC circuit.?* (Reprinted with permission from
Ref. 64).
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As discussed in Chapter 2, electrostatic transducers are capacitor-based
devices in which relative movement between the electrodes causes a change in
capacitance, resulting in the generation of electric charges. Two transducer
designs are possible: (1) an electret-free design that requires an external
voltage source to create the charge/discharge cycles and (2) an electret-based
design that has permanent charges stored in the electret material. The former
requires active electronic circuits that provide synchronization of the
mechanical charge/discharge cycle with the changes in capacitance, while
directly converting mechanical energy to electrical energy. The changes in
capacitance are obtained by both in-plane and out-of-plane gap closing and
in-plane and out-of-plane area overlap of the charged electrodes.”>®

In order for the electrostatic transducer to function as an energy harvester,
two methods of establishing an initially charged capacitor are in use. The first
uses an external voltage source to provide the initial charge on the electrodes
of the capacitor, while a second approach uses a charged dielectric, known as
an electret, sandwiched between the capacitor plates. The remainder of this
section is divided into an introductory section followed by discussions on CC
circuit designs for the electret-based and the electret-free configurations.
Electret-based eEHs are operated either as passive devices suitable for direct
use as sources in low-power applications such as wireless sensor networks, or
as active energy harvesters providing 100-fold more power. In the latter mode,
the eEH can be configured for energy transfer on the voltage extremum or
with a pre-storage capacitor.

4.4.1 Electret-based eEHs

Electret-based energy harvesters are typically used to power MEMS-based
devices®® using resistive flyback®”®® or inductive flyback.*® However, the
energy cycles are independent of how the initial voltage is supplied. In the case
of electret-free construction, the external voltage is supplied through a battery,
and since this voltage is typically not high enough, DC-DC charge pumps are
needed to boost the bias voltage from 3 V to, e.g., the 100 V needed for an
operational eEH.*

Electret-based harvesters offer a low-cost solution that can be exploited in
certain applications when losses in the conditioning circuits are not of
concern. These harvesters do not require the charge/discharge cycles
associated with electret-free eEHs to be described in Section 4.4.2.

Figure 4.22 shows an equivalent circuit model comprising an equivalent
fixed-voltage source Vg, corresponding to the electret charge density, in series
with a variable capacitance C(t), which is dependent on the motion of one of
the electrodes.

As illustrated in Fig. 4.22, eEHs can directly drive resistive or capacitive
loads, provided that load current demand is on the order of nano-amperes.
Since typical eEH capacitances are small, consideration of parasitic circuit
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&

~par

— §RL

Electret based

Figure 4.22 Equivalent circuit model for an electret-based electrostatic transducer, where
Vs is the electret equivalent voltage, C(t) is the variable capacitor, R, is the load resistor,
Cyar is the parasitic capacitance, and V| is the load voltage.

capacitance Cp,, should be included in any design analysis. The conditioning
circuit can be configured to be either passive or active. This provides the
simplest means for converting the AC high-voltage, low-current eEH output
into a 3-V DC power supply source, which is suitable for most system
applications such as wireless sensor networks. A simple diode-based rectifier
circuit such as that discussed in Section 4.2.1 can be used.

4.4.2 Active conditioning circuits

Active eEHs are needed to step down the high AC open circuit to match the
operating voltage of the capacitor. Common configuration of these circuits
include the use of step-down buck converters and flyback conditioning circuits
to generate a 3-V DC voltage. While a number of designs are possible, two
accepted approaches are described here. The first uses energy transfer based
on maximum voltage detection, and the second uses energy transfer based on
a pre-storage capacitor, which keeps an optimal voltage across the eEH.

4.4.21 Energy transfer at maximum voltage detection

The conditioning circuit designed to transfer power at maximum voltage
detection is illustrated in Fig. 4.23. Closing switch S; on the primary side of
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Figure 4.23 Energy transfer at maximum voltage detection.*®
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Electret based DC-DC converter

Figure 4.24 eEH energy transfer with pre-storage capacitor Cps.

the transformer after detection of the eEH voltage maximum initiates energy
flow to the magnetic circuit on the primary side. As the primary current
reaches its maximum value, the voltage goes to zero, indicating that the
primary inductor is fully charged and all of the energy from the eEH has been
stored in the magnetic field. At this time point, switch S, is opened and S; is
closed to magnetically couple energy to the secondary coil and into the storage
capacitor Cy.

Due to the small capacitance of the eEH, parasitic capacitances of the
transformer winding can cause increased conversion losses. These are reduced
by using a pre-storage capacitor Cpg at the output of the diode bridge rectifier
as illustrated in Fig 4.24. Although not explicitly shown, the precise switching
action is achieved through the use of digitally controlled electronic switching
devices such as MOSFETs, BITs (bipolar junction transistors), and IGBTs
(insulated-gate bipolar transistors).

4.4.2.2 Energy transfer with a pre-storage capacitor

In this mode, Cpg essentially maintains an optimal voltage across the diode
bridge, which maximizes the energy extraction from the eEH. The
conditioning circuit maintains the voltage Vpg within +10% ripple as
illustrated in Fig. 4.24. When V1 exceeds the upper limit, energy from Cpg
is sent to Cp through the flyback capacitor in order to maintain a constant
rectifier output voltage.

4.4.3 Electret-free eEHs

For the present discussion on CC circuits, most of the contemporary CC
circuit designs are based on the SECE techniques described in Section 4.2.4. In
particular, two switching configurations based on maintaining either constant
charge or constant voltage during energy conversion are preferred.’>*%%
Electret-free eEHs have three phases of operation—charging, harvesting, and
pre-charge—while the charge/discharge phases are not needed for electret-
based devices. Precise timing knowledge of these distinct time events is critical
to the design of an efficient CC circuit, which is typically analyzed using the
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steady state equivalent for each of the phases of the energy cycle. Harvesting
cycles can be triggered by internal voltage/current swings or through the use of
external sensors attached to the mechanical system. The time-dependent state
of the variable capacitor may be determined using the charge-voltage
diagrams described in Ref. 69.

Electret-free eEHs need sophisticated timing circuits to charge/discharge
the capacitor at the appropriate time. As discussed in Chapter 2, there are two
possible operational modes that are either the voltage constrained or charge
constrained.

4.4.3.1 Voltage-constrained conditioning circuits

Figure 4.25 is a schematic of the conditioning circuit used to implement the
voltage-constrained cycle. This conditioning circuit requires two switched
inductor networks to maintain constant voltage during the energy conversion
phase. The constant voltage Vy is achieved through the use of the capacitor
Cr. A rechargeable battery V., charges the variable capacitor C(t) using
switches S; and S, of the magnetic core M;. The switching time is much faster
than the period of the mechanical input motion. Closing of S; is synchronized
with the time at which the variable capacitance is at its maximum value. A
charge AQ=V;AC(?) is transferred to the constant voltage capacitor Cy.
When the voltage Vy is higher than the threshold voltage, a quantity of energy
is transferred from the constant voltage capacitor to the rechargeable battery
by closing switch S4 and then S;. At the end of the conversion cycle, when the
variable capacitor reaches its minimum value, the remaining stored energy is
transferred back to the rechargeable battery by closing switches S, and S;.
Variations of this circuit using a charge pump and transformer-based
switching circuit have been proposed.”’ In practice, due to the difficulty of
operation, few practical systems use the constant-voltage-cycle conditioning
circuit.

4.4.3.2 Charge-constrained conditioning circuit

Compared to the voltage-constrained cycle, the charge-constrained cycle
(Fig. 4.26) is easier to implement as the charging step (1) takes place at the
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Vexl ]_,1
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Figure 4.25 Example of a voltage-constrained conditioning circuit.®®
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Figure 4.26 Electret-free energy conversion steps for the charge-constrained configura-
tion.

maximum value of the capacitance. During the energy conversion phase
(2), the variable capacitor is open-circuit as its capacitance decreases to its
minimum value, resulting in an increase in the voltage across the variable
capacitor. The discharge phase (3) takes place at minimum capacitance as the
energy is returned to the storage element. As the polarizing voltages are on the
order of several hundred volts, bidirectional DC-DC buck-boost converters
or bidirectional flyback converter designs are needed for the conditioning
circuit. The former requires bidirectional transistors for operation, but the
latter do not. Figure 4.27 shows the flyback implementation, and Fig. 4.28
illustrates the corresponding voltage—current waveforms.

Charging of the variable capacitor C(t) [step (1) in Fig. 4.26] is initiated by
closing S; for time t; to charge the inductor L; with sufficient energy to
polarize the energy harvester. S; is opened and S, is closed until current I,
goes to zero, indicating completion of the charging of the variable capacitor of
the eEH. Transfer of the energy from the magnetic core M to the C(t) is
accomplished in time interval t,. During step 2 mechanical energy is converted
to electrical energy. Both switches S; and S, are open to allow the voltage
across the eEH to vary freely as the capacitance changes to its minimum
value. Step 3 of the energy-harvesting cycle illustrated in Fig. 4.26 discharges
the variable capacitor by transferring the energy back to the voltage source via

L, C(ty

 (

Figure 4.27 Bidirectional flyback CC circuit design for the electret-free eEH.
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Figure 4.28 Current waveforms of the bidirectional flyback converter energy-harvesting
cycle illustrated in Fig. 4.26%° (O — switch open, C — switch closed).

the magnetic core. At the end of step 3, the variable capacitor is in its
uncharged state. Step 3 is initiated by closing S, for a time t5 to transfer energy
to inductor L; and then opening S, and closing S; until current I; goes to zero.

4.5 Conditioning Circuits for Vibration-based Magnetostrictive
Energy Harvesters

The electrical circuit equivalent of a vibration-based magnetostrictive energy
harvester is similar to that of the electromagnetic energy harvester; namely,
the time-varying strain generates a time-varying voltage according to
Faraday’s law. However, because the AC voltage is typically less than 1 V,
conditioning circuits include a DC voltage multiplication stage as a part of the
passive diode rectification. Figure 4.29 shows a rectifier with a quadruple
multiplier. These conditioning circuits usually employ low-loss Schottky
diodes and have been used in other high-voltage DC-to-DC applications.
This chapter has described the fundamental electrical circuit concepts for
collecting and conditioning electrical energy generated from mechanical
sources of kinetic and/or potential energy. While there are common design
principles such as the universal use of switching devices across the various
transducer types, some specific features are unique to a particular transducer;
for example, the charge/voltage-constraint energy-harvesting cycles are
specific to electrostatic energy harvesters. In the above discussion the

Figure 4.29 AC rectification and voltage quadrupler for a magnetostrictive energy
harvester.

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Collection and Conditioning Circuits 133

emphasis has been on principles rather than detailed analysis and simulation
of particular designs. In general, collection and conditioning circuits are
nonlinear and are typically analyzed by separating the design into linear
regions in the time domain. For an in-depth discussion of the related topics,
the reader is referred to Ref. 46.
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Chapter 5
Case Studies

5.1 Introduction

This chapter highlights some of the mechanical potential and kinetic energy-
harvesting technologies that have infiltrated or are on the verge of reaching
the commercial marketplace, or are currently under development. Energy
harvesters are enabling technologies that are driving a number of diverse
applications. These include the direct replacement of batteries (as supplemen-
tal power sources), self-powered devices, and for vibration damping to
dissipate the potentially damaging energy from a structure or system, in the
process of which they may also serve as power sources. In certain applications,
energy-harvesting devices may serve as power sources as well as self-powered
event-detection sensors with integrated logic circuitry.

As discussed in previous chapters, several transduction methods are
available to convert mechanical kinetic and potential energy into electrical
energy. There is a long history of such energy-harvesting systems. Dynamos,
which convert mechanical energy into electrical energy via electromagnetic
transduction, are popular with bicyclists and have been around since the late
nineteenth century, and are still in use today.' In fact, one of the contemporary
commercial success stories is the regenerative braking system, which is based on
the same energy-harvesting principle. Push-button piezoelectric igniters
generating a few thousand volts have been used as ignition sources in gas
appliances. These piezoelectric ignition systems are small, simple, long lasting,
and require little maintenance.”

The academic literature as well as manufacturers’ data sheets often
characterize and compare the output of energy harvesters in terms of power.
The use of power is somewhat misleading in many cases since it implies that the
energy harvester is to serve as a source of continuous power at a certain
prescribed voltage, similar to chemical batteries. However, in many applications,
the host system cannot be considered to be a continuous source of mechanical
energy to the energy harvester and may provide the energy for intermittent
harvesting. In fact, in many applications the provided mechanical energy may be
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in the form of shock-loading events that may be far apart or occur randomly. In
the case of a remote-emergency-event-detection sensor powered by an energy-
harvesting device, the events may occur very infrequently and far apart. In the
case of an impact shock-loading detection device, the event may even occur only
once, such as in the case of a remote sensor used to detect catastrophic failure of
a system or sensors used to detect firing in gun-fired in munitions.

In general, an energy-harvesting-based electrical power source should be
considered as two separate subsystems that are properly designed for
integration to satisfy the requirements of each specific application. The first
subsystem is the electrical energy generator that converts mechanical potential
and/or kinetic energy from a host system to electrical energy. In the second
subsystem, an appropriate CC circuitry would then collect, condition, and
transfer the generated electrical energy directly to power the load and/or to be
stored in an electrical energy storage device. The primary function of the first
subsystem is to generate enough electrical energy to satisfy the total electrical
energy requirement of the application at hand, considering its energy demand
profile over time. All energy losses in the CC circuitry, storage devices, etc.,
must also be considered. The primary function of the second subsystem is to
efficiently collect the generated electrical energy and condition it for direct
transfer to the application electronics and/or for storage in an electrical energy
storage device that would serve as a power source for later use.

As discussed in the previous chapters, the designer of the energy-harvesting
solution is faced with a number of critical choices before embarking on the
actual design solution. The process begins by identifying the required energy
demand of the load and the available source(s) of the mechanical energy to be
harvested. The designer should do a critical analysis of the energy demands of
the expected load, as the demand is likely to be very event (time) dependent.
Additionally, the designer has to be cognizant of the size and environmental
requirements of the host system, as this will dictate the complexity of the
interfacing mechanisms, as well as the design of the CC circuit.

Several vibration energy-harvesting power sources are becoming available
to consumers, such as the Volture™ and Perpetuum products.™* Semiconduc-
tor manufacturers such as Cypress Semiconductor Corp., Linear Technology
Corp., and Maxim Integrated Products, Inc., have complementary ICs that
are generally suitable for conditioning continuous and narrowband harvester
outputs, producing a regulated output voltage.

The following sections highlight a number of mechanical-energy-harvest-
ing systems and their components. Section 5.2 describes some commercial
vibration energy harvesters. Section 5.3 describes current developments for
wireless tire-pressure-monitoring solutions. Section 5.4 presents discussion of
an energy-harvesting power source for gun-fired munitions. Sections 5.5 and
5.6 describe self-powered shock-loading event detection with a safety logic
circuit and its applications.
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5.2 Commercial Vibration Energy Harvesters

Energy-harvesting solutions are being offered by some of the large electronic
distributors. For example, the Volture™ [Fig. 5.1(a)] is a vibration energy-
harvesting module that consumers can integrate into their mechanical
vibration energy source. It is based on the Midé Technology Corp.’
proprietary Piezo Protection Advantage (PPA) manufacturing process that
creates hermetically sealed and electrically insulated transducers [Fig. 5.1(b)].
PPA products are said to be capable of being tuned to a wide range of
frequencies from a few hertz to 500 Hz, to match the resonant frequency of the
source of mechanical vibration. Output powers of 60 mW at a resonant
frequency of 60 Hz, using a 2.0-g tip mass have been reported on the
manufacturer’s data sheets.”

Another commercial vibration energy harvester, the Perpetuum PMG/C,*
is offered by the manufacturer Perpetuum Ltd. It is based on electromagnetic
transduction to convert vibration energy to electrical energy. Figure 5.2(a) is a
photograph of a commercial device that can produce an output power of
27 mW at two output voltages of 5 V and 8 V. Figure 2(b) is a schematic

Encapsulation

- «=—Piezoceramic

Copper connection

Encapsulation
(b)

Figure 5.1 (a) The Volture™ power module and (b) Piezo Protection Advantage (PPA).?

Locomotive wheel

Case

Magnet
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T Spring

+——— Vibration
Self-powered
wireless sensor

() (b) (c)
Figure 5.2 (a) Electromagnetic vibration energy harvester shown (b) as a schematic and

(c) installed on a train wheel for wireless vibration monitoring. (Reprinted with permission
from Ref. 5.)
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showing the internal components. The vibration input has maximum limits of
10 G in the resonant frequency range of 100 Hz to 10 kHz. These power
sources are integrated into self-powered wireless sensors, which transmit real-
time data back to the asset owner. They have been installed on train wheels to
report bearing, wheel, and track vibrations [Fig. 5.2(c)], and have been
deployed in other industrial applications.’

There are also some novelty and hobbyist products that exploit energy-
harvesting solutions. For example, several manufacturers sell electromagnetic
flashlights. Basically, shaking the flashlight moves a magnet up and down
inside a conducting coil, generating a small amount of electrical energy that is
stored in a capacitor until powering an LED (light-emitting diode). Generally,
such generators produce a very small amount of electrical energy by the
shaking action. A properly designed generator using a vibratory mass and
spring element should constitute a significantly more efficient means of
transferring mechanical energy from the shaking action to the mass and spring
element as potential and/or kinetic energy.

5.2.1 IC products for energy-harvesting devices

Some semiconductor manufacturers have developed ICs for collection and
conditioning of generated electrical energy by piezoelectric-based energy-
harvesting devices. These ICs are generally designed for energy-harvesting
devices used in mechanical systems with a nearly continuous vibratory
motion. For example, Linear Technology Corp.’s LTC3588-1 IC® has been
used by Midé Technology Corp.” to develop the MIDE V2 1BL piezoelectric
energy harvester (Fig. 5.3) that can be programmed to output voltage levels of
1.8V,25V,33V,and 5V, and can source up to 100 mA.

piezoelectric energy harvester

PZ1 P22 10uH

4 Vi sSw Vour
LTC3588-1
= = bl ge sy

1uF
6V
T o PGOOD }— -’ ™

—L— CsT0RAGE 2 =
e QUTPUT
25V F Vinz DO, D1 VOLTAGE
4.7yF GND SELECT
é 15881 TANY

T

Figure 5.3 Collection and conditioning IC #LTC3588-1 for use in a piezoelectric energy
harvester with generated AC electrical energy. (Reprinted with permission from Ref. 6.)
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Figure 5.4 Collection and conditioning Cypress Semiconductor Corp.’s IC MB39C811 for
piezoelectric energy harvesters and solar cells.”

Other semiconductor manufacturers have similar ICs for providing
electrical energy collection and conditioning in energy harvesters. For
example, Cypress Semiconductor Corp.’s MB39C811 (Fig. 5.4)" has a single
IC solution for use with either a piezoelectric or a solar harvester. The 1C
contains a simple bridge rectifier and DC/DC regulation. The reader is
cautioned that as discussed in Chapter 4, the ICs of Figs. 5.3 and 5.4 do not
provide the maximum generated-to-harvested electrical energy efficiency.
However, these circuits are very simple to use and are applicable when the
amount of electrical energy that is needed by the load is significantly less than
the amount of energy that the host system can provide. Detailed discussion is
provided in Chapter 4.

5.3 Tire Pressure Monitoring System

Tire pressure monitoring systems were first employed by FEuropean
manufacturers in the late 1980s. Subsequent to hundreds of fatalities related
to vehicle roll-over as a result of tread separation, the U.S. Congress passed
legislation known as the Transportation Recall Enhancement, Accountability
and Documentation Act (TREAD Act) in November 2000.° The “Early
Warning” reporting of low tire pressure is the central mandate of the Act.
Vehicles manufactured after 2007 are equipped with wireless tire pressure
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Figure 5.5 Example of a wireless TPMS: (a) mounted inside the tire and (b) components of
the TPMS. (Reprinted with permission from Ref. 9.)

monitoring systems that are an integral part of the valve in each tire. Since the
TREAD Act legislation, there has been a proliferation of the wireless tire
pressure monitoring systems (TPMSs) for retrofitting to pre-2007 vehicles.

Figure 5.5 illustrates an example of a typical wireless TPMS used in
automobiles to monitor the air pressure inside pneumatic tires.” The system
comprises a direct air pressure sensor with the necessary electronics and
transmitter mounted inside the tire, while the receiver unit is in the car. The
system provides real-time status of individual tires while the vehicle is in motion
and alerts the driver when the pressure falls below a pre-determined safe level.
The system is powered by lithium ion batteries with a design life of 7 to 10 years.

While existing systems have been effective, a consensus among automobile
manufacturers to replace the battery by a perpetual energy source has been a
driving force in the development of energy-harvesting solutions that harvest
mechanical energy from the rotating wheel or road vibrations.'’~"?

No commercial battery-less TPMS solutions are currently on the market.
However, several companies have ongoing efforts that are closer to reaching
the market. These include Honeywell (Weybridge, UK), Michelin (Greenville,
South Carolina, USA), Visityre (East Killara, Australia), ASTRI (Hong
Kong), Perilli (Milan, Italy), Goodyear Tire and Rubber Co. (Akron, Ohio,
USA), and Siemens VDO (Regensburg, Germany). These ongoing efforts
include energy harvesting based on piezoelectric and electromagnetic
transducers, and the details of the systems are proprietary.

While there are many potential sources of energy that can be harvested
from a vehicle in motion, for the TPMS, it is generally desired that the energy
harvester be an integral part of the air valve or at least be located in the
interior region of the tire. Thus, the effects of vehicle acceleration and
deceleration, as well as road-induced and other sources of vehicle vibration
are excluded as sources of mechanical energy for harvesting.”'*~'°
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Figure 5.6 Schematic of the proposed MEMSs electrostatic energy harvester being
developed for TPMS. (Reprinted with permission from Ref. 16.)

Due to the potentially large market generated by mandated regulations,
several developments are under way in search for a commercially viable
TPMS that uses energy harvesters as its power source. One such solution
(Fig. 5.6), a MEMS energy harvester using an electret-based electrostatic
transducer, is reported to generate up to 50 wW of electrical power under
normal road conditions.'® As illustrated in the figure, the device consists of a
central wafer that is a mechanical resonator made of a proof mass and springs
etched into silicon. A corrugated electret, which is obtained by corona
charging a SiO,/Si;Ny stack, is supported by the proof mass. The bottom
wafer is made of glass and has two metallic electrodes connected to a load.
The top glass allows hermetic sealing of the device.

This particular arrangement of electret/electrode is referred to as slit or
slot effect. In this configuration, both electrodes are attached to the “stator,”
while the electret is attached to the “rotor.” Operation of these types of
electrostatic energy harvesters is described in Chapter 2. For a detailed
description of this particular device, see Ref. 16. Another solution uses an
electromagnetic transducer to harvest the kinetic energy of the rotating tire.'’

5.4 Self-Powered Wireless Sensors

A typical self-powered wireless sensor (SPWS) comprises an energy-harvesting
module; sensors for measuring (for example) temperature, pressure, and
acceleration; and a wireless communication capability to connect to a
monitoring station or to another SPWS. These sensors can be deployed rapidly
on existing infrastructure and can remain functional almost indefinitely. A
SPWS can provide vital asset-monitoring capability to operators of large
industrials plants, transportation systems, and many other similar applications
requiring remote sensing, monitoring, and emergency-event-detection and
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warning systems. Its real value is realized in applications where wired sensors
are not practical and where battery replacement is not an option or is costly. In
those scenarios, a SPWS can reduce operational costs for large industrial
concerns by providing event-driven alerts and by monitoring the health of
critical components that can be serviced prior to catastrophic breakdown.

SPWSs are under development both in academic institutions'® ' as well as
in the commercial sector.®”->> One such SPWS that incorporates the Perpetuum
PMG/C energy harvester has been deployed on the wheels of trains [Fig. 5.2(c)]
operated by the Southeastern Railway of the United Kingdom.” The SPWS
provides real time monitoring to the health of the asset to its operator. In
particular, the SPWS reports on the vibrational activity of the wheel and the
bearing as well as that of the track. Among several other deployments, Fig. 5.7
shows the SPWS mounted on large industrial machinery.”’

Figure 5.8 shows another example of a SPWS: a MEMS-based vibrational
energy harvesting micro-power generator (MPG).”* These generators use

Self-powered
wireless
sensor

Figure 5.7 Self-powered wireless sensor mounted on power plant machinery. (Reprinted
with permission from Ref. 23.)

Large silicon end mass

Cantilever : 25 — 100 microns
piezoelectric element

Figure 5.8 Piezoelectric MEMS vibration energy harvester. (Reprinted with permission
from Ref. 24.)
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MEMS technology to implement a cantilevered vibration harvesting generator
(Fig. 5.8). Operation of such energy harvesters is based on the assumption of
continuous oscillation at the resonant frequency. The generated electrical
energy is regulated and stored in a super-capacitor. The semiconductor
manufacturer Linear Technology Corp. has incorporated these energy
harvesters into the DC9003A-B Smart-Mesh™ wireless mote for constructing
self-powered remote sensors with built-in networking capability.>

5.5 Piezoelectric Energy-Harvesting Power Sources for
Gun-Fired Munitions and Similar Applications

Piezoelectric-based energy-harvesting power sources have been developed for
gun-fired munitions and other similar applications.”**° Energy-harvesting
devices for gun-fired munitions in which the piezoelectric transducer is also
used for firing or impact acceleration event detection are described in
Refs. 37-45. Self-powered electrical initiation devices for thermal reserve
batteries and the like with event-detection and safety electronic and logic
circuitry that use piezoelectric transducers to harvest energy from a firing
acceleration event are described in Refs. 46-54. These piezoelectric-based
self-powered devices may also be used as stand-alone firing or impact-
event-detection sensors.

Piezoelectric-based energy harvesters with stored potential energy have also
been used to develop reserve-type power sources that are activated by various
events such as impact and are described in more detail in Section 3.2.5.%

For munitions applications, the developed power sources are designed to
harvest mechanical energy primarily from the firing acceleration, but may
also be designed to harvest mechanical energy from in-flight vibration and
oscillatory motions, and convert it to electrical energy.

One class of such energy-harvesting devices may be represented by the
schematic of Fig. 3.13. The device uses a mass—spring type of interfacing
mechanism and is aligned with the direction of munitions firing. During the
munitions firing, the mass—spring element reacts to the firing (setback)
acceleration, deforming and storing mechanical energy primarily in the form
of potential energy. After the projectile exits the muzzle, the mass—spring
element is free to vibrate, and the energy of vibration is harvested using
piezoelectric transducers. The energy-harvesting device may similarly be used
to generate electrical energy upon target impact.

Such piezoelectric-based energy-harvesting devices have been shown to
produce enough electrical energy for many applications (such as for certain
fuzing) and may be able to eliminate the need for chemical batteries in some
applications. When employed in fuzing applications, the developed power
sources have the added advantage of providing augmented safety, since the
fuzing electronics are powered only after the projectile has exited the muzzle
and has traveled a safe distance from the weapon platform. In addition, the
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piezoelectric output can be used as the means of detecting firing, muzzle exit
and target impact events, and the corresponding acceleration and deceleration
magnitude profiles.

Energy-harvesting devices using mass—spring interfacing mechanisms to
store mechanical energy from short-duration acceleration and deceleration
pulses such as those shown schematically in Fig. 3.13 are described in
Section 3.2.5. This section describes two design variations of such energy-
harvesting devices for use in munitions, including methods of hardening the
power sources for high-G firing accelerations primarily to protect the
piezoelectric element. One of the described designs is modular in the sense
that its mass—spring element can be readily changed to vary its natural
frequency (i.e., the rate at which it produces power) and the total mechanical
energy that it can store when subjected to a certain firing acceleration
level. Several of such piezoelectric-based energy harvesters have been
prototyped and tested in the laboratory by air gun firing, and test fired at
over 45,000 Gs.

In almost all devices for mounting in gun-fired munitions, one of the main
problems facing the designer is the high and very rapidly varying acceleration
and deceleration that such devices are subjected to during the firing process.
The solid model of one high-G-resistant piezoelectric-based energy-harvesting
device with a cut-away to show the various elements of the unit is shown in
Fig. 5.9. The energy harvester is designed to be mounted into the projectile
such that the firing acceleration is in the longitudinal (upward) direction. This
design is particularly resistant to high-G firing accelerations since the
piezoelectric element is positioned such that the firing acceleration does not
cause loading of the element by the mass—spring assembly of the generator.
This design can be considered to be modular in the sense that it can be

Piezo
stack

Belleville Housing

washers

Support .
colufan Mass-Spring

element

Figure 5.9 The solid model of a high-G-hardened piezoelectric-based energy-harvesting
device for munitions applications.*®

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 07 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Case Studies 149

assembled with a wide range of mass—spring units and piezoelectric element
preloads to match the requirements of the munitions powering.

As shown in Fig. 5.9, each device consists of a mass—spring element that
rests against the piezoelectric stack positioned inside the device housing. A set
of Belleville washers provides a preloading force, pressing the base of the
mass—spring element against the piezoelectric stack. The preloading is
achieved by the support column, which also serves as the means of positioning
the spring centered inside the housing. This energy-harvesting device has been
shown in finite element simulations to be capable of withstanding firing
accelerations on the order of 100,000 Gs. The piezoelectric stack is attached to
the housing with epoxy. During the firing, the firing acceleration causes the
mass—spring element to elongate, thereby storing the desired amount of
potential energy in the spring. The gap provided between the bottom surface
of the mass—spring element and the support column base serves to limit the
amount of elongation of the spring. The spring element is constructed with
three helical strands so that during vibration, the mass—spring element
undergoes minimal lateral displacement.

The fabricated prototype of the energy-harvesting device of Fig. 5.9 is
20 mm in diameter and 45 mm in length. The spring rate is k = 168 x 10°> N/m
with an equivalent mass of about m=7.6x 107> kg, yielding a natural
frequency of approximately 750 Hz. The spring is designed such that a firing
acceleration of about 18,000 Gs would fully extend the end of the spring to the
bottom of the assembly. The spring stores about 2 J of potential energy for
conversion into electrical energy.

The assembly drawing and cross-sectional view of another developed
piezoelectric-based energy-harvesting device for munitions applications is
shown in Fig. 5.10. This design is also modular in the sense that the
piezoelectric element is packaged as one unit to which various mass—spring
elements can be attached to match the application power requirements. The

Mass-Spring

‘Q / element .
Screw [s G
S

JRNNANN

Piston \

—— Belleville

g — washers

Piezoelectric
stack

Figure 5.10 Drawing of a modular high-G-hardened piezoelectric-based energy-harvest-

ing device for munitions applications.®®
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harvesters are designed to be mounted in the projectile aligned with the
direction of firing acceleration.

Each generator consists of a mass—spring element (module) that is
fastened to the generator module by a screw. The generator module is
designed to withstand very high firing (setback) accelerations and set-forward
decelerations. The generator module has a housing inside to which the
piezoelectric stack is attached with epoxy. A load-distributing flat ground
washer is attached to the top surface of the piezoelectric stack, over which
Belleville washers are positioned. The piston head is positioned between the
aforementioned set of Belleville washers and another set of upper Belleville
washers. During assembly, the Belleville washers are compressed to preload
the piezoelectric stack in compression and are locked in place by a retaining
ring (to simplify the drawing in Fig. 5.10, the retaining ring is shown as a step
inside the housing). For very high-G applications, a cylindrical spacer is
placed around the piston to fill the gap between the retaining ring and the
cylinder to prevent the retaining ring from being released during the firing.
The gap between the mass—spring element and the top surface of the housing
is provided to limit the maximum compressive force on the piezoelectric stack.
The retaining ring in turn limits the maximum upward movement of the
piston, thereby preventing loss of contact with the piezoelectric stack.

A number of the aforementioned designs of high-G-hardened piezoelec-
tric-based energy-harvesting power sources have been prototyped and
successfully tested for survivability in shock-loading machines, air gun firing,
and actual munitions firing at up to 45,000 Gs. High-strength aluminum and
stainless steel are primarily used to construct the mass—spring units. The basic
design rules include keeping the frequency of the natural mode of vibration of
the mass—spring unit as low as possible, preferably less than 300 Hz, since at
higher frequencies the amount of stored mechanical energy that is lost due to
internal damping of the spring material becomes increasingly large and
quickly passes 50-75% levels. The efficiency of converting the stored
mechanical energy to electrical energy can then rapidly drop to 5-10% or
less. The amount of electrical energy that such energy-harvesting devices can
produce is obviously dependent on the size of the device, the firing shock
acceleration level, and the amount of oscillatory motions during the flight. As
an example and just from the indicated size and firing acceleration levels for
the harvester shown in Fig. 5.9, harvested electrical energy levels in the range
of 20-50 mJ have been shown to be possible.

5.6 Self-Powered Shock-Loading-Event Detection with Safety
Logic Circuit and Applications

Piezoelectric generators that are self-powered for one shot and have shock-
loading-event detection and integrated safety logic for initiation and switching
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Piezoelectric
element

Output

> GND

Figure 511 The basic safety and shock-loading-event-detection portion of the self-
powered circuit of Fig. 4.17 (GND is ground).

in munitions are presented in Refs. 27, 37, 47, 57, and 58. Figure 4.17 shows
the schematic of such a passive CC circuit for shock-loading event detection
with safety logic and direct transfer of the generated electrical energy to the
load. The circuit operation is described in Section 4.3.5.1.

The piezoelectric-based, self-powered circuit of Fig. 4.17 functions as a
shock-loading-event detection sensor, the output of which is typically a
voltage signal that can be either used to initiate direct transfer of the generated
electrical energy to the load, or be the input to a passive or active logic
circuitry that controls the flow of the generated electrical energy. Two such
applications are described in this section.

The basic safety and all-fire detection portion of the circuit of Fig. 4.17 is
shown in Fig. 5.11 with the addition of a Zener diode Z,. In certain
applications, as when the piezoelectric voltage drops, the amount of discharge
through diode D, needs to be limited to a certain voltage threshold. The
voltage threshold may be required, for example, to prevent the voltage at
the circuit output from dropping below a certain limit. This goal can be readily
achieved by, for example, the addition of a Zener diode Z, between diodes D,
and D, as shown in Fig 5.11. As a result, when the piezoelectric voltage drops,
the charge accumulated in capacitor C; is discharged through diode D,, but
only to the breakdown voltage level of diode Z, instead of dropping to
essentially the voltage level of the piezoelectric element. Integrated event-
detection and energy-harvesting devices using electromagnetic transducers have
also been developed and are described in Refs. 59 and 60.

5.6.1 Self-powered shock-loading-event-detection and initiation
device

The safety and all-fire detection circuitry of Fig. 5.11 is an essential front-end
for constructing passive initiators for pyrotechnic materials as shown in
Fig. 5.12. In such a device, when the prescribed all-fire voltage threshold is
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Output voltage threshold
detection and switching element
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D, Df—i¢
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Piezoelectric Z, R J bridge
element

wire

GND

Figure 5.12 The circuit diagram of a piezoelectric-based, self-powered electrical initiator
with safety and all-fire detection logic.

detected, the output-voltage-threshold-detection-and-switching element would
close the indicated circuit and allow for direct flow of current from the
piezoelectric element through the initiator bridge wire to the ground. The
initiator bridge wire (usually around 1-3 (}) is then heated by the passing
current and ignites the pyrotechnic material. Initiator bridge wires of different
types and different primary pyrotechnic materials may be used.

The output-voltage-threshold-detection-and-switching element may be
designed in a number of ways. In the munitions applications, however, one of
the main objectives is safety, i.e., the elimination of any chances that initiation
occurs in the absence of all-fire detection. Other objectives in munitions
applications include: passive circuitry, i.e., the initiator circuitry not requiring
external power; and miniaturization, which requires very low-power circuitry
that can be powered with very small piezoelectric elements. Some of these
designs, while being passive, can include additional logic circuitry for
munitions or the like applications and are described in Ref. 37.

In the passive initiator of Fig. 5.13, the safety and all-fire detection
circuitry is provided with the output-voltage-threshold-detection-and-
switching element designed with a circuitry shown in a box drawn with
dashed lines. In the circuitry of Fig. 5.13, by proper selection of its component
parameters, when the voltage at the OUTPUT of the safety and all-fire
detection circuitry reaches the prescribed all-fire threshold, the N-MOS (Q;) is
switched on. During this switching-on process, the voltage on resistor Ry
increases and produces a current on an NPN transistor (Qs) in the direction of
the arrow at B. NPN transistor Qs amplifies the current and introduces the
current on a PNP transistor Q,, while the PNP transistor Q, amplifies the said
current and sends it back to NPN transistor Qsz. This positive-feedback
configuration of transistors Q, and Q3 saturates the two transistors, making
them act as a “switch” that has been closed between the nodes N; and N, in
the circuit, thereby allowing the charges generated by the piezoelectric element
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Output voltage threshold
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Figure 5.13 The self-powered initiation device with all-fire-event-detection and safety logic
circuit.

to be discharged through the indicated bridge wire to the ground. The very
low-resistance initiator bridge wire is then heated by the passing current,
which then ignites the provided pyrotechnic material.

It should be noted that once the conduction path from the piezoelectric
element through the bridge wire is established, transistors Q2 and Q3 remain
latched in the saturated state (ON) until the bridge wire has been completely
expended. However, in the absence of the latching action of Q2 and Q3, the
conduction path from the piezoelectric element, through the bridge wire to
the ground, is not sustainable, as the detected all-fire signal voltage at the
“output” node drops below the threshold voltage, thereby shutting down
transistor Q1. While the switching action of Q1 alone could be used to provide
a current path through the bridge wire, the utilization of transistors Q2 and
Q3 ensures 100% device initiation upon detection of the all-fire signal.

5.6.2 Shock-loading-event-detection switching applications

This section describes the design of a shock-loading-event-detection switch-
ing device that uses a self-powered event-detection sensor with the integrated
safety logic circuit of Fig. 5.11. Here, the detection of shock loading is
selected as a typical application for describing such event-detection devices.
The shock-loading event may be induced by, for example, munitions firing
setback, set-forward acceleration pulse, or impact. As can be seen, the
present event-detection devices may be used for detecting one or more
shock-loading events as well as the level of each experienced shock loading
as a function of time.
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Figure 5.14 The self-powered shock loading sensor for detection and recording of one or
more events.

The basic method for implementing the present self-powered event-
detection sensor is described using the schematic of Fig. 5.14. In Fig. 5.14,
the shock-loading-event-detection sensor circuitry portion of the sensor is
shown enclosed by dashed lines. In this method, the safety and shock-
loading-event-detection circuitry of Fig. 5.11 is used to detect the shock-
loading events, and a powered output-level-detection-and-recording unit
records the level and time history of the detected shock loadings. The shock-
loading sensor of Fig. 5.14 can be used to detect one or more of such events
while rejecting all aforementioned non-event loadings. The shock-loading
events are detected as described for the initiator device of Fig. 5.12 by
the voltage level of capacitor C;. The circuitry similarly prevents the
charging of the capacitor C; to the prescribed voltage levels if the generated
piezoelectric charges are due to the aforementioned non-event conditions.
Once a shock-loading condition is detected, the provided powered output-
level-detection-and-recording-unit of the sensor can record or register the
event as a function of time.

In Fig. 5.14, the safety and event-detection circuitry portion of the sensor
is shown to be provided with two voltage detection levels: OUTPUTI1 and
OUTPUT?2. By using such multiple output-voltage detection levels, the shock-
loading profile can be detected as a function of time with the desired accuracy.
It is also appreciated that the circuitry output(s) may be similarly used to
provide logic signal flags when the intended shock-loading-event levels and
durations are encountered. As such, the described logic signal flags require
minimal detection electronics and computational capability, and can also
function as switches that can be triggered by the detection of the prescribed
shock-loading event. It is also appreciated that the output voltage of the safety
and event-detection device of Fig. 5.14 may be monitored directly by
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externally powered electronics and possibly certain processing units for
various purposes, such as for certain switching or event triggering.
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AC-DC rectification, 124

acceleration profiles, 121

active diodes, 118

active eEHs, 128

active full-wave (AFW)
rectifier, 126

aging, 31

all-fire event detection circuitry, 120

all-fire event, 121

all-fire voltage level, 121

aluminum nitride (AIN), 20

amorphous metallic glass
Metglas, 28

B

back electromotive force, 112

bandwidth of vibration-based
energy-harvesting devices, 83

barium titanate, 12

Beam-vibration-mode, 16

bidirectional flyback
converter, 131

bidirectional transistors, 131

bismuth sodium titanate, 19

bistable, 80

BNT, 19

broadband excitation, 118

buffer circuit, 113, 116

C
cantilever vibrating beam, 60
cantilevered beam, 59
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cantilevered type, 66
cantilevered vibration harvesting
generator, 147
capacitive loads, 109-110
CC circuit, 140
ceramic composites, 17
charge balance, 12
charge-collecting electrodes, 14
charge-constrained cycle, 130
charge-constrained mode, 23
charge/discharge phases, 129
charge—voltage diagrams, 130
charging voltage, 116
collection and conditioning (CC)
circuit, 102
collection and storage
circuit, 124
collection circuit, 109
collection circuits, 106, 111
collection process, 109
compliance coefficient, 14
compliance coefficients, 16
composite structures, 17
compression, 120
compressive loading, 120
compressive preloading, 66
conditioning circuit, 113
constant-voltage-cycle conditioning
circuit, 130
constitutive equations of
piezoelectric materials, 13
continuous and narrowband, 140
continuous oscillatory motions, 63
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continuous periodic multiple-
harmonic oscillatory motion, 63

continuous periodic simple
harmonic oscillatory motions, 63

continuous random oscillatory
motions, 63

continuous rotation, 58

cross-coupled transistor
rectifier, 126

Curie temperature, 19

Curie temperatures, 18

D

damping, 54

DC voltage multiplication, 132

DC-DC boost circuit, 124

DC-DC charge pumps, 127

DC-to-DC buck-boost, 113

DC-to-DC converter, 105

DC-to-DC regulator, 114

delayed-switching, 120

depolarization, 12

depoling, 31

detection, 150

dielectric permittivity, 14-15

dipole polarization, 26

domain walls, 12

double synchronized switch
harvesting, 119

Dynamos, 138

E

effective mass, 82

effective stiffness, 82

effective volume of piezoelectric
material, 113

efficiency, 65

efficient operation, 113

elastic deformation, 54

electret, 26, 127, 145

electret-based design, 127

electret-based devices, 129

electret-based eEHs, 126
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electret-based electrostatic
transducer, 145
electret-based electrostatic
transducers, 26
electret-free design, 127
electric displacement
(flux density), 14
electric field component, 14
electrical energy upon target
impact, 147
electrical generators, 52
electrical potential energy,
16, 106
electromagnetic and
magnetostrictive transducers, 106
electromagnetic energy
harvester, 132
electromagnetic energy, 4
electromagnetic induction
generator, 21
electromagnetic induction, 124
electromagnetic transducer, 145
electromagnetic transducers,
88, 125
electromagnetic transduction,
138, 141
electromechanical coupling, 17
electromechanical figure of merit,
113, 117
electromechanical figures of
merit, 119
electromotive force, 20, 124
electronic switching devices, 129
electrostatic energy harvesters, 145
electrostatic field, 112
electrostatic forces, 61
electrostatic transducer, 127
electrostatic transducers, 23, 127
electret-based eEHs, 127
electret-based energy
harvesters, 127
electret-based harvesters, 127
electret-free eEHs, 129
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electromagnetic generator, 20 generated charges, 109
electromagnetic induction gravitational field, 54
transducers, 20 GravityLight, 52
electronic loads, 102 gun-fired in munitions, 140
electrostatic, 30 gun-fired munitions, 120, 140,
electrostatic energy harvesters, 126 147-148
electrostatic transducers, 23, 26
emergency-event-detection and H
warning systems, 146 half-wave rectifier, 118
energy demands, 140 harvested energy, 109
energy transfer, 119 hard PZT, 12
energy transfer time, 109 high-G-hardened piezoelectric-
energy-harvesting cycle, 108, 131 based energy-harvesting power
energy-harvesting device, 54, 149 sources, 150
energy-harvesting devices, 120 High-frequency oscillatory
energy-harvesting process, 109 motions, 63
equation of motion, 68 high-temperature stability, 19
event detection, 120, 122 host system, 7, 52, 140, 143
event detection circuit, 124 host, 52
event-detection sensors, 120 human activity, 4
event-driven alerts, 146 human locomotion, 5
extremum values, 119
extremum voltage points, 113 I
ICs for collection and
F conditioning, 142
fatigue failure, 31 IEEE Standard, 13
ferroelectric ceramic, 12 impact, 84
fibrous composites, 17 impact-event-detection sensors, 147
figure of merit, 119 impact-generating stops, 78
firing accelerations, 148 impact-type loading, 120
flux-shaping method, 125 implanted charge stability, 26
flyback capacitor, 129 impulse events, 57
flyback conditioning circuits, 128 impulsive loading, 84, 92
flyback transformer, 105, 113, 116 in-parallel design, 61
flywheel, 58 in-series design, 61
force, 109 induced emf, 124
forcing function, 69 inductive switching, 118
four-diode bridge rectifier, 114 inductor switching, 114
frequency-doubling interfacing initiation and switching, 120
mechanism, 76 initiator circuitry, 152
friction, 54 integrated system, 55
full wave rectifier, 118 interacting magnets, 79
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interfacing mechanism, 7, 52, 74
interfacing mechanisms, 57, 140
interfacing methods, 54
intermittent engagement, 78
internal damping, 19, 54, 78, 150
inverse magnetostrictive, 28
inverse piezoelectric effect, 10

K
kinematic nonlinearity, 74, 78
kinetic energy, 7, 52, 55

L

lead zirconate titanate (PZT), 12

lead-free materials, 18

leakage, 122

living joints, 78

load, 109

low-frequency, 67

low-power circuitry, 152

“Low-frequency” continuous
oscillatory motions, 63

M
magnetic circuit, 129
magnetic field, 22
magnetic flux, 20
magnetic force (magnetic
drag), 22
magnetically induced current, 125
magnetoelastic, 28
magnetomechanical, 28
magnetostrictive, 30
magnetostrictive energy
harvester, 132
magnetostrictive-material-based
transducers, 28
mass—spring element, 147, 150
mass—spring interfacing, 148
mass—spring system, 52, 86
matching network, 104
maximum energy collection, 109
maximum power transfer, 116
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mechanical energy from in-flight
vibration and oscillatory
motions, 147

mechanical energy, 7

mechanical energy to be
harvested, 140

mechanical potential energy, 16

mechanical resonator, 145

mechanical shocks and impacts, 117

mechanical stress, 15

mechanical-to-electrical energy
conversion, 107

MEMS, 145

MEMS-based devices, 118, 127

MEMS-based vibrational energy
harvesting, 146

micro-electromagnetic energy
harvesters, 124

micro-energy harvesters, 122

micro-generators, 21, 124

mistuning, 120

mode, 14

modes of vibration, 59

monocrystal, 11

MOSFET switch, 116

motion constraints, 69, 78

motion-doubling linkage
mechanisms, 74

munitions firing, 120

N

narrowband frequency
spectrum, 117

natural frequency, 52, 82

no-fire conditions, 121

no-fire events, 121

nonlinear behavior, 57

nonlinear kinematics, 69

nonresonant applied strain, 116

(0]
one-shot energy-harvesting power
sources, 84
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one-shot harvesting, 122

one-shot piezoelectric generators, 120

one-shot power sources, 120

open-circuit, 116

open-circuit voltage, 14, 107

operational life, 30

oscillatory motion frequency-
increasing, 70

oscillatory motion, 56

P
passive circuit, 122
passive circuitry, 152
pendulum-type mechanism, 73
performance degradation, 31
periodic oscillatory motion, 66-67
periodic oscillatory motions, 56
permanent magnet, 20
perovskite ferroelectric, 19
photovoltaic devices, 4
piezoelectric, 30
piezoelectric and electrostatic
harvesters, 106
piezoelectric-based, 151
piezoelectric-based energy
harvesters, 148
piezoelectric capacitance, 109
piezoelectric ceramics, 17
piezoelectric constant, 14-15
piezoelectric creep, 31
piezoelectric effect, 10, 12
piezoelectric element, 114
piezoelectric—magnetostrictive
composites, 29
piezoelectric polymers, 17
piezoelectric stack, 150
piezoelectric transducer, 107,
120, 147
piezoelectric transducers, 10, 58, 106
piezoelectric voltage, 116, 119
piezoelectricity, 10, 13
PMN-PT, 17
PMNT, 17
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polar axis, 11

polarity reversal, 111

polarization, 12

polarized, 12

poled piezoelectric, 10

polycrystalline PZT-5A, 17

polycrystals, 11

polyvinylidence fluoride, 17

potential electrical energy, 15

potential energy to electrical
energy, 58

potential energy, 7, 52, 54, 55

power harvested, 119

progressive degradation, 31

pulsed loading, 120

pulsed operation, 117

push-button piezoelectric
igniters, 138

PZN-PT single crystals, 17

PZNT, 17

PZT-polymer composites, 20

PZT, 17

PZT-5H ceramics, 17

Q
quartz, 12

quasi-permanent electric charge, 26

R

random input forcing functions, 83
rectifier diode bridge, 105
rectifying circuitry, 106
regenerative braking system, 138
regenerative braking, 52
relaxor-based single crystals, 17
relaxor-PT crystals, 18

remote sensing, 145

resistive load, 111

resonance, 64

resonance condition, 119
resonant structures, 117

reverse saturation current, 126
Rochelle salt, 12
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rotary or linear kinetic energy, 124

rotary-type electromagnetic
transducers, 58

rotating electromagnetic
transducers, 126

S

safety and all-fire detection
circuitry, 151-152

safety and event-detection
circuitry, 154

Schottky diodes, 132

secondary vibrating elements, 59, 72

self-powered, 150

self-powered conditioning
circuits, 120

self-powered electrical
initiation, 147

self-powered event-detection sensor,
153-154

self-powered event-detection
sensors, 138

self-powered shock-loading event
detection, 140

self-powered wireless sensor, 145

self-start feature, 126

series SSHI, 115

shelf life, 30

shock loading, 84, 153

shock-loading event, 122, 150

shock-loading event detection
logic, 120

shock-loading-event detection
sensor, 151

shock-loading-event-detection
switching device, 153

short-duration impulse, 56

short-duration pulsed loading, 124

silicon-dioxide-based electrets, 27

single-crystal PMN-PZT, 17

sinusoidal strain, 107

sinusoidal strain profile, 113

smoothing capacitor, 114
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soft PZT, 12

solar energy, 4

solar harvester, 143

split-capacitor rectification, 125

SSHI-MR collection circuit, 118

standard AC-to-DC circuit, 113

standard circuit, 117

standard circuit design, 104

standard energy-harvesting
circuit, 105

step-down buck converters, 128

stiffness, 15

storage capacitor, 124

strain, 14-15, 58

stress, 14

switch inductor, 114

switched inductive element, 112

switched-mode operation, 126

synchronization, 120

synchronized energy exchange, 114

synchronized switch harvesting on
inductor, 114

synchronized switch harvesting, 117

synchronous electric charge
extraction, 116

synchronous electric-charge
extraction (SECE), 105

synchronous magnetic flux
extraction, 124

synchronous-switched-for-
harvesting (SSH) technique, 105

T

tank circuit, 114, 123
Teflon, 26

Terfenol-D, 28

textured piezoelectric, 20
thermal effects, 31
thermoelectric effect, 3
tire-pressure-monitoring, 140
tire pressure monitoring systems, 143
tourmaline, 12

transducer, 7
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transducers, 52

tristable, 80

two-stage device, 74

two-stage interfacing mechanism,
62, 70, 89

two-stage interfacing mechanisms,
59, 71, 73

U
unloaded open-circuit voltage, 108
unloaded voltage/strain

response, 108

\Y%

variable-capacitance capacitor, 25

vibration energy harvesters, 140

vibration energy-harvesting power
sources, 140
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vibration-based energy-harvesting
device, 66, 82

vibration-based harvesters, 65

vibration-based sources of
mechanical energy, 125

vibration-based types, 88

vibratory mass and spring
element, 142

Villari effects, 28

voltage doublers/quadruplers, 124

voltage extremum, 111

voltage-constrained cycle, 130

voltage-constrained mode, 23, 25

Z
zig-zag structure, 82
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