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Harvesting Vibration Energy by Employing Piezoelectricity and Electromagnetism

by Ranjith Embuldeniya

Abstract

Many energy technologies have their environmental footprint. However, energy from renewable
sources does not. Venturing into green ways of producing energy is the order of the day. This
project aims at generating energy from vibrations created in pedestrian movement through the
joint application of piezoelectricity and electro-magnetism. Harvesting vibration energy through
these two methods would be to harness what would otherwise be a largely unharnessed energy
source. Piezoelectricity offers an advantage over other generation schemes by generating
electricity “intrinsically,” obviating the need for moving parts and mechanical complexity.
Electro-magnetism, on the other hand, does involve moving parts but is much less complex
compared to other renewable energy technologies. This project dwells deeply into weighing the
pros and cons of employing these two technologies and assessing whether, together, they would
be a good contender to other existing renewable energy sources in the context of being a feasible

micro-power generator.
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1. INTRODUCTION

1.1 Background

Many energy technologies have their environmental footprint. Energy from renewable sources
though, has zero effect on environmental pollution, and hence its contribution towards climate
change is non-existent, as no combustion takes place during their energy-generating process.
Harvesting vibration energy is to tap into what would otherwise be a largely unharnessed energy
source. Attempting to do this through piezoelectricity is a very green way of producing energy. It

offers the definite advantage of being lightweight, reliable, and wear-proof.

This research project’s purpose is to fathom if piezoelectric-based technology offers the potential
to be a good supplement to other existing or emerging renewable energy sources in the context of
being a micro-power generator within a Canadian setting, especially Nova Scotia. It will focus
on harnessing energy from public areas where random, ambient, sporadic, or predicted routine
activity is experienced, especially pedestrian movement and traffic movement. The report
reviews modalities adopted in recent projects that have been successful in some of the world’s

Capitals.

The core area of the project is to do with the employment of a piezoelectric sub-assembly
constituting multiple piezoelectric elements (discs) coupled with an electro-magnetic induction
sub-assembly. This would be referred to as a ‘Composite harvesting unit.” At the onset, thorough
consideration is given in selecting the best material to be made use of in the piezoelectric sub-

assembly.

Then the most appropriate physical design for the application will be discussed. Once the

optimum material has been decided upon and one physical design out of many has been selected,



the construction of the ‘Composite harvesting unit’ is carried out. The energies produced by

these two distinct working principles would be coupled to generate one single output.

Delving into optimum electronic circuitry, focusing mainly on power conditioning circuits will
be undertaken in this project, as there are three different circuit configurations considered and
each will have to have its best suited power conditioner so that optimum power is delivered to

the load. Energy storage is another area that would receive special attention.

It’s also pertinent to say that installations and assemblies practically launched hitherto have been
mostly in hot and humid environments or indoors. Our weather here in Nova Scotia is a distant
contrast to these tropical or dry conditions. Therefore special consideration must be given to

making installations sufficiently rugged and capable of withstanding harsh weather.

This report will
(1) Consider literature available on the subject of energy harvesting by employing
piezoelectricity
(2) Discuss the technical details from a molecular structural perspective and a
mathematical perspective in trying to explain the natural occurrence of
piezoelectricity
(3) Draw inferences in terms of design and budget constraints from existing projects in other
parts of the world where piezoelectricity is being harnessed at a commercial scale
(4) Make adjustments to (3) above as applicable to Nova Scotia
(5) Suggest the most appropriate workable model to amalgamate the energy produced by two
distinct methodologies, namely piezoelectricity and electro-magnetism.
(6) Make recommendations on how to make the product sustain extreme weather

conditions prevalent in most parts of Nova Scotia.



1.2 Why piezoelectricity as an alternate energy source?
(1) Fossil fuels are running out
(2) Fossil fuels are environmentally damaging
(3) Piezoelectricity is sustainable or renewable
(4) Piezoelectricity is a predictable outcome as long as the traffic patterns are known
(5) It’s a clean energy source

(6) Its output doesn’t depend on weather conditions as in solar power

(7) Energy produced could be stored locally and be made available for dynamic

demand, offsetting some amount of grid power.

1.3 What is piezoelectricity in simple terms
Piezoelectricity is the phenomenon of an electric charge being generated in certain materials
when they are subjected to mechanical stress. The opposite also becomes true in that when a

piezoelectric material is subject to an electric field, it changes dimensions.

1.4 Possible situations and surroundings where generation of piezoelectricity could
be practically implemented

(1) Airport Terminals

(2) Bus terminals

(3) Railway terminals

(4) Sidewalks

(5) Shopping malls

(6) Dance floors

(7) High Traffic streets

(8) Railway lines



(9) Entry points to busy workplaces
(10) Public libraries

(11) School hallways

(12) Hospitals

(13) Places of Worship

(14) Airport landing strips

(15) Artificial trees (Faux Plants)

(16) Human limbs (Bio nano generators)

1.5 Real-life examples of employment of piezoelectricity
(1) Small-scale applications
(@) In cigarette lighters
(b) Push start barbeques
(c) Piezoelectric microphones on acoustic guitars
(d) Energy harvesting from shoes and soldiers’ boots
(e) Piezoelectric tires
(f) Medical applications
(2) Commercial scale applications
(a) Harvesting kinetic energy from walking traffic at an airport passenger terminal
by East Japan Railway Company
(b) Piezoelectric lighting from dance floors in Club4climate project London U.K.
and Club Watt in Rotterdam, Holland
(c) Piezoelectric energy harnessed from busy highways and train tracks, launched

by Innowatchtech Inc. Israel



1.6 Aim of this research

(1) To highlight the carbon footprint left by energy sources that are not renewable.

(2) To emphasize and evaluate the scale of success of piezoelectric projects employed in

real-world applications.

(3) To lay out a comprehensive technical understanding of the functionality of

piezoelectricity and electro-magnetism from an energy harvesting point of view.

(4) To draw up and make concrete suggestions for employing the joint technologies mentioned in
(3) above to harvest vibration energy of foot passengers and motor traffic in the Halifax
Downtown area

(5) To make recommendations on how to make the product sustain the extreme weather

conditions prevalent in most parts of Nova Scotia.

(6) To conclude whether the final product is a viable subsidiary energy source to supplement the

main grid.

2. LITERATURE REVIEW
2.1 Background

This literature review aims at focusing on the work done by previous researchers and scholars to
harvest ambient vibration energy through the employment of Piezoelectricity. Firstly, therefore,
the advantages of energy harvesting are discussed, as per their findings. Thereafter the capability
of different piezoelectric materials in harvesting vibration energy is compared. Results of
recently carried out work, methodology, and viability of piezoelectric-based energy-harvesting
systems employed to tap the ambient vibration energy generated in pedestrian movement and
traffic movement are described. It is followed by some of the examples which are implemented
in real life, and then those which are still in contemplation are explained. Focus will be directed
on how the environment affects electrical installations. The fundamental prognosis of this project

itself is ‘to tap energy that can be used but is wasted if it isn’t and to lay special emphasis on how



to expand hitherto known technologies adapted to accommodate variations in climate and

withstand extreme weather.

Energy harvesting is the generic process of capturing small amounts of readily available

energy in the environment and then converting it into another form of usable energy [55].

Solar panels are the most common example of such a harvester which converts light energy into
electrical energy. Other harvesters take various kinds of energy present in the environment, i.e.,
mechanical, EM radiation, or heat, and convert them to usable forms of energy, generally
electrical [11]. Figure 1 shows the hierarchy of the main energy harvesting technologies based on

working principle and figure 2 shows energy harvesting technologies according to scale.

Energy
Harvesting

—
v v

Application Working
Field Principle
T S —
Solar Thermal RF Motion
. 6 vy iy y L | Vo y v oy I
| :, S p |
' | Photovoltaic Seebeck I Electromagnetic Eleclromagnetic Electrostatic Piezoelectric | |
| K (RF) (Mechanical) i
DC Output AC Output

Figure 1. - Tree diagram of main energy harvesting technologies according to working
principle [11].



The word piezoelectricity is made of two Greek words: ‘piezein’, which has the meaning
‘squeeze’ or ‘press’ and ‘elektron’. The ever-expanding vista of piezoelectricity was made
possible by the discovery of this phenomenon by two French physicists Jacques and Pierre Curie
in 1880 [24] but it was only in the ‘50s that it was used in industrial applications [16], [17].

Today Piezoelectricity is thought of as a viable means of harvesting energy from random or

predictable vibrations that are created by foot or vehicle traffic in public places.

Most energy harvester systems have a common structure which constitutes of a hosting structure
connected to the transducer that collects inputs through its frame, and then at the end of the
system chain, a power conditioning circuit that manipulates the electrical signal to make it

suitable to be fed to the load [11].

The generic layout of an energy harvesting process is shown in figure 3.

Energy Harvesting

Large Scale @

Electromagnetic )
Mech | E
EHED D
Electromagnetic

Figure 2. - Energy harvesting technologies classified according to scale [14].




This project specifically focuses on harvesting vibration energy by employing piezoelectricity.
Piezoelectricity is a property possessed by certain materials which are able to produce electricity

when subjected to pressure and vice versa [1], [16], [17].

From a ‘thinking green’ point of view, tackling the energy issue is a three-pronged
approach. The first would be to have cleaner forms of energy. The second is to develop
more energy-efficient appliances, and the last but not the least would be to ensure minimal losses

during distribution and transformation.

Energy Storage (Capacitor, super-
capacitor, rechargeable battery., etc
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Ambient Sources (e.g., Load Application
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Input: Vibrati
ioanen Bio-medical
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Figure 3. - The generic layout of energy harvesting modules (Experimental sub-blocks) [93].

2.2 Practical reality

Figure 4 depicts the ‘power density’ versus ‘voltage’ for different energy harvesting
technologies. Among all energy harvesting techniques, piezoelectricity emerges as the most
promising technology because of the simple structures it involves, which in turn make its

application easy [13].



There are two quantifiers that determine the amount of energy harvested by piezoelectric
applications: power and energy. Power being the unit of energy dissipated per second, is
measured in Watts (W). The other metric is energy. This is defined in either Joules or KWh.
Power and energy could also be re-derived as power density and energy density. They are the
amounts of power or energy which could be made available within an unit area or volume. For
example, a standard solar panel measures approximately 60 cm x 90 cm, or 0.54 square meters

(0.54 m?). If the solar panel generates 200 Watts then its power density would be 200/0.54 = 370

W/m2).
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Figure 4. - Power density against voltage for different energy harvesting technologies [13].

Table 3.1 below illustrates the frequencies of various vibrations caused by domestic appliances
and average human activity, which could be probable energy sources if harnessed. In this study,
sources that would generate a comparatively larger output would be looked at. Some of such
practical applications considered here are walkways with medium/high pedestrian traffic and

roadways with medium/high traffic.



Table 3.1. - Frequency of vibration of a few common sources [59], [62].

Source of Vibration Frequency (Hz)
Compartmet housing car engine 200
Car instrument panel 13
Casing of kitchen blender 121
Clothes dryer 121
Door frame just after closing 125
HVAC vents in office buidling 60
Small Microwave oven 121
Window panels next to busy road 100
Refrigertor 240
Human walking 1-2

There are other applications, such as harnessing energy from football stadiums, dance floors, and
railway lines, worthy of mention, but to make a reach out to them would be out of the scope of

this research undertaking.

2.3 Commercial projects underway internationally

Currently, there are various projects underway making use of the piezoelectric phenomenon.
Tapping of vibration energy using assemblies ranging from simple embedded discs to cantilevers
to special plates in public places such as sidewalks, highways, rail tracks, dance floors, and
libraries is taking place [47]. In the city of Rotterdam, at the Feyenoord football club’s ‘De Kuip’
stadium premises, Sustainable Energy Floor (SEF) tiles are placed in the entranceway at the
ground level of the seating stands. This would harness energy from as many football fans as

possible as they enter the stadium, as in figure 5 [34]
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Figure 5. - Feyenoord football club’s ‘De Kuip’ stadium in Rotterdam [34].

At club Watt, once again in Rotterdam in the Netherlands, a spring-loaded flooring system
employs piezoelectric tiles which independently move, generating electricity from dancers
moving on the floor [80]. It’s nicknamed ‘The sustainable dance floor.” Since 2008 piezoelectric
crystals are used to create electricity from this dance floor where power is harnessed from
people’s dance steps and is used to meet a portion of the power demand of the nightclub. Energy
Floors’ colorful LED-lit floor tiles are shown in figure 6. By this process of converting kinetic

energy into tangible use in terms of usable electricity, the ‘Sustainable Dance Floor’ has drawn

Figure 6. - Electricity created from dance floors.
(a) Electricity created from dance floors by employment of piezo tiles [33].
(b) Dance floor installed with piezoelectric tiles in Club Watt Rotterdam, Netherlands [80].
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increased global awareness. An identical project was launched in London by the Club4climate
project, where electricity is produced from dancers’ movements, which in turn charges batteries.

60% of the club’s energy needs are met this way [23].

Innowattech and the Israel National Rail Company have concluded their pilot projects, which
have resulted in generating 120 KWh/h from 1 Kilometer of rail. This was achieved by two
piezoelectric generators inserted in every sleeper and an average load movement of 300 wagons
every hour. (Israel National Roads Company Ltd, The highway to innovation 2010). See Figure

7 [20].

Figure 7. - Installing piezoelectric pads by Innowattech Inc. on Israeli railways.

Innowattech has also been involved in another Piezoelectric Electricity Generator project that
was carried out in Israel to harness energy from motor traffic on highways. The construction is
done with a first layer of fine gravel and sand content. Next, a layer of asphalt is laid to act as a
strong base for the piezo generators, which are placed in quick-drying concrete. As per the

design, they are 6 cm under road level, and 30 cm apart. Solidification takes place in 30 mins.
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Then all the generators are connected in series to produce the final output. Bitumen in sheet form
is used to cover all the generators, helping the concrete and asphalt adhesion. The thick layer of

asphalt is what is exposed to the outside world.

Figure 8. - Innowattech project of harnessing energy from road traffic in Israel
Source: Israel National Roads Company Ltd, The highway to innovation, 2010 [26].

From practical testing, the observations are that a truck weighing approximately 5 tons generates
2000 V, and generators laid along a Kilometer stretch of dual carriageway (assuming 600
vehicles pass through in an hour), can generate about 200 KWh energy, enough to power 600-

800 households [26], [80].

Near Zhaotong City, Yunnan Province, China, piezoelectric tiles are installed on the Ma-Zhao
two-direction six-lane highway as shown in figure 9. Fabricated piezoelectric tiles were
embedded to a total length of about 50 m. A SUV weighing 1600 Kg was used in the test as the
load on the piezoelectric tiles at a wheel speed of 20 Km/hr, 40 Km/hr, 60 Km/hr, and 80 Km/hr,
respectively. The measuring equipment used to monitor the open circuit voltage of the PE tile
recorded an average of 350 V open circuit voltage. In a demonstration conducted by the East

Japan Railway Company (JR East) in 2008, at Yaesu North Gate, Tokyo Station, as shown in
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figure 10 [22], a new power-generating floor was installed at the ticket gate area, which
generated electricity from the footsteps of passengers passing through the ticket gates. This
power-generating floor consists of embedded piezoelectric elements, which are disc-shaped and

35 millimeters in diameter. 600 of these elements are used per square meter.

Figure 9. - The installation process of PE tiles on Ma-Zhao highway
Zhaotong City, Yunnan Province, China [115].

Figure 10. - Power generating floor in Tokyo railway station [80].
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The floor coverings were made of rubber or stone tiles which proved to be a good mechanism in
improving energy generation. A total amount of 25 square meters of floor space is what they

were aiming for, which was expected to produce over 1,400 KW per day [80].

The world’s most efficient energy-converting process is found in these pedestrian floor systems
known as ‘Sustainable Energy Floors.” Human footsteps generate energy to meet certain
requirements of illumination in the space around them. Powering local systems such as street
lights and signage systems are some examples. In India, in an experiment was conducted by
getting people who weighed from 40 Kg to 75 Kg to walk on piezoelectric tiles to test the
voltage-generating capacity of these piezo tiles [25]. A maximum weight/force related to a
maximum generated voltage. A sizeable voltage of 40 V was generated by each tile when a

weight of 75 Kg was applied on them as shown in figure 11.

(a) (b)

Figure 11. - Sustainable dance floors and walkways [37], [40].
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A summary of international power generation projects presently underway is enumerated in table
3.2

Table 3.2.- Current international piezoelectric power-generating projects.

Project Power generation

Innowatchtech project - | Up to 400 KW per Km along dual carriageway for traffic
energy harnessing from | volume > 600 per hour

highways - Israel [115] | Up to 250 KW per Km along single lane for traffic
volume > 500 per hour

Innowatctech project 120 KWh

Energy harnessing from
Rail tracks — Israel [6]

POWERIeap Inc. San | 720 KW
Francisco, California

& Treevolt located in

Columbia [29]
Ticket gate area Tokyo | 0.14 KWhr from 90 m?
Station by East Japan
Railway Company (JR
East) [118]

Digital Safari 17.5 W from a single step, 1.1 MWh annually

Greenbizz Company,
Public buildings:
Libraries [29]

Public places: 6.8 V with 0.000319 Watts of power per step. 7 Watts
Pedestrian crossings from one person
[103]

2.4 Future applications

Tire energy harvesting has been researched in recent years. Research in [66] and [67] revealed
how piezoelectric materials could generate power when assembled within the insides of a
vehicle’s wheel. In [53] the capabilities of a piezoelectric transducer to harness electric power
from the vibrations of an engine of an automobile are explored. The dependency of current
hybrid cars on conventional fuels to charge their batteries can be drastically reduced if these

ideas are developed. In [66] and [67], experiments generated approximately 2.3 watts of power
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by this experiment with around 160 piezo elements boned to the interior of a 185/65R14 tire,
traveling at a speed of 100 Km/hr and powering a load of 1000 Q. New ideas to improve energy
harvesting from low frequencies were developed in [2]. In [69] whether centripetal force could
be used to generate an impact on piezoelectric transducers is investigated. This system produced

4 mW of electrical power at a rotational speed of 800 rpm.

The harvesting of waste energy by piezoelectric materials has the potential to replace batteries
and reduce costs of battery replacement and disposal, accompanied by almost zero maintenance.
This provides advantages in several applications, use in wireless sensor nodes being one
important area. This creates environmental friendliness as the disposal of batteries is eliminated.
Batteries are known to contain materials harmful to the environment and damaging to human
health [59], [93], [95]. The battery-less self-powered systems could lead to becoming the
technology of the future, and more research is being done towards achieving sufficient

efficiency.

Piezoelectricity has found potential in applications to monitor remote or underwater locations.
Patterned ionic polymer metal composites were used to research harvesting of energy from

underwater torsional vibrations in [12].

In [15] it was explained how hazardous wind turbines could be in terms of damage to fauna.
According to [28], visual and acoustic manifestations of wind turbine farms have to be addressed
as possible areas of concern. This is of course not to underestimate this vast source of energy-
producing methodology but to be taken as a hint that venturing into other approaches to energy

harvesting wouldn’t hurt.

Experiments have been conducted in wind-harvesting plants, and in these schemes, the electro-

mechanical coupling has been achieved by piezoelectric elements hung on faux plants. Small
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strips of plastic with piezo properties inside the leaf stalks generate electrical charge as a result of

being bent by air drafts [71].

In [21] it was suggested that because human joints/organs are in almost-continuous motion (e.g.,
elbow, wrist), Piezoelectric Energy Harvesters (PEH) can play an influential role in human-based
nano-electronics. This concept could be extended to giving mobile devices (i.e., laptops, cellular
phones, etc.) the extended battery life they need. In contemporary machine-induced motion,

vibration occurs in the low-frequency range of 1-100 Hz [57].

IVDRPLT saocompose fi
Steel Belts

Bead |
Bndle Edge Cover (optional

Underwater Sensors Piezoelectric tires Faux Plants Self-Charging Battery
(2013) [12] [53] [71], [99], [101] [100]

Figure 12. - Future applications of piezoelectric energy harvesting.

Researchers at the Massachusetts Institute of Technology developed a battery-free underwater
communication system that utilizes almost zero power to transmit sensor data. Scientists
envision their system being made use of in monitoring sea temperatures, studying climate
change, and tracking marine life over prolonged time spans. [38]. Underwater applications which

are sonar-based mostly rely on ultra-sonic piezo transducers in generating sound waves and
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pulses. Navigation, communication with, or detection of objects, on or under the surface of the

water, such as fish or other vessels, is done using this methodology [43].

2.5 Choice of material

Most piezoelectric energy harvesters have a power output that ranges from nanowatts to
milliwatts. The use of all four types of piezoelectric materials i.e. single crystals, polymers,
piezoelectric ceramics, and quartz, has been explored by researchers, testing their performance in
various harvester configurations. The two widely known single crystal Ferro-electrics i.e. PZN-
PT (Lead Zinc Niobate- Lead Titanate) and PMN-PT (Lead Magnesium Niobate-Lead Titanate)
have a high piezoelectric performance; however, their wide use for energy harvesting is limited
by their high cost. Piezoelectric polymers PVDF (Polyvinylidene fluoride), considered Ferro-
electrets, are flexible when it comes to function and usage due to their tender nature, which helps
them to withstand considerable strain and is, therefore, better suited for applications requiring the
device to undergo considerable bending. However, their piezoelectric properties are found to be
weak, and harvesting devices utilizing these materials generate power outputs in order of milli to
microwatts. PZT ceramics, though brittle and non-flexible, have piezoelectric properties of 600
pC/N been reported, which is superior to composites and polymers and is also of low cost.
According to [59], and [64], there are five widely acknowledged types of piezoelectric material,

as listed below, with some examples.

Out of all materials listed below, Quartz is naturally occurring, and the other four are synthetic.
These other materials generate a noticeable amount of electricity even with a 1% change in
dimension. This gives rise to ruggedness and remarkably high natural frequencies with a very
good linear response, operating over a wide amplitude range. Ferro-electric material and Ferro-

electret material are worthy of comparison.
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Single crystal Ferro-electric (Relaxor based)

()PZN-PT (Lead Zinc Niobate- Lead Titanate), - ————————————— _\

Pb(Zn1/3Nb213)Os PbTiO3

(i)PMN-PT (Lead Magnesium Niobate-Lead Titanate),
Pb(Mg1/3Nb2/3)O3 PbTiO3

Ceramic

(i)Barium Titanate (BaTiOg): First piezoelectric ceramic to be discovered
(if)Lead Zirconate Titanate (PZT): Pb[ZrxTi1x]Oz withx=1orx=0
(iii)Rochelle salt (NaKCsH406.4H,0)
(iv)Pb(Ti,Zr)03,CaTiO3,Mg0O-Ca0-SiO,-Al,03

Polymer

(1))PVDF (Polyvinylidene fluoride) (B phase PVDF is a Ferro-electric)
(if)Cellular polypropylene (PP)

Composites
A combination of piezoelectric ceramics or single crystals with polymers

Quartz - Continuos framework
SiO4. Chemical formula - SiO> [59], [64]

electro-magnetic waves compared to most other energy harvesters.
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In [110] a very comprehensive investigative report was produced about vibration-based energy
technologies, encompassing theory, mathematical modeling and implementation of piezoelectric
materials. Their findings showed that piezoelectric energy harvesters have relatively low
coupling coefficients, but it was also shown that they have many advantages over other energy

harvesting technologies. Among them is the fact that piezoelectric materials are least affected by



Table 3.3 compares the piezoelectric charge constant (dsz) of known piezoelectric material. das is
a measurement of how much polarization is generated (in Coulombs) per unit of mechanical
stress (in Newton).

By definition of djj (piezoelectric charge constant), the subscript ‘i’ is for the direction of induced
polarization, with electrodes to measure it perpendicular to that direction when used in direct
mode (see Section 4.5.1) or applied field when used in the reverse mode (see Section 4.5.2). The
subscript ‘j* is for the direction of external stress applied, when used in the direct mode or
induced strain when used in the revere mode. Therefore, in the context of the direct mode, the
first subscript in dss, will mean that the induced polarization is along axis 3 (the electrodes will
be placed perpendicular to axis 3), and the applied stress also would be applied along axis 3.
Whenever there is only one subscript it means that the electrodes are placed perpendicular to the

direction indicated.

Induced polarization or electrical field Stress applied in direction j or
applied in direction i and induced strain in direction j
electrodes to measure it would be

perpendicular to direction i

Figure 13. - Notation for direction of induced polarization/applied electric field and direction
of applied stress/induced strain [16], [26].
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For a piezoelectric material, when used in the direct mode, meanings of ds3 and di3 would be as

shown in figure 14.

(@) (b)

Figure 14. - d3y mode and ds3 mode (a) dz1 mode: Induced polarization is along axis 3
and applied stress is in directions 1 (b) dzz mode: Induced polarization is along axis 3
and applied stress is in directions 3. [114].

Table 3.3. - A comparison of the piezoelectric dss coefficient for most common
piezoelectric materials.

Material ds3(pC/N)

Ceramic: Lead Zirconate Titanate (PZT) [85],[86] 170-600

Ferroelectrics: B-PVDF (homopolymer) [59], [61] 25-33
PVDF —TrFE (copolymer) [72], [116] 33.5-72
PVDF (composite) [79], [85],[86], [107] - [109] 30-87

Ferroelectrets: Optimized cellular polypropylene (PP) (single) [105] 1400

Optimized cellular polypropylene (PP)(multi) [74],[75] 2010
Optimized cellular PETP polyethylene terephthalate[107]- [109] 15
Optimized cellular PTFE [92] 220

Optimized cellular fluoroethylenepropylene (FEP) (single) [85],[86] 40
Crystal: quartz [72] 2.3
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Table 3.4. - Vital properties of certain selected piezoelectric ceramics, single crystals, PZT-
polymer composites and polymers. Source: Li H. et al (2014) [59].

Parameter PMN-32PT PZT -5H PVDF PZT -
(Single crystal) | (Ceramic) (Polymer) (Polymer
[81] [96] [8],[9],[99] | composite) [27]
(i) Density (g/cmd) 8.1 7.65 1.78 3.08
(ii) Dielectric constant (€) 7000 3250 6.0 380
(iii) Young’s modulus Y33 (GPa) 20.3 71.4 2
(iv) Mechanical quality factor Qm 32 10
(v) Piezoelectric charge constant 1620 590 25 375
da3 (pPC/N)
(vi) Piezoelectric charge constant -760 -270 12-23 30-87
ds1 (pC/N)
(vii) Electro-Mech coupling factor 0.93 0.75 0.22
Kss

Table 3.5. - Comparison of vital characteristics of major piezoelectric materials.

Ease in Rigidity/ Piezoelectric Fundamental Cost Overall
fabrication | robustness | Properties Frequency Ranking
(d33and k33
combined)
Single Less than Moderate Best Moderate High 1
Crystals moderate
(Relaxor
based)
(PZN,PMN)
Polymers Less than Lowest Lesser than some Lowest(good) | Low 4
(PVDF) moderate others
Ceramics Moderate Highest Better than Highest Low 2
(PZT) (Fragile) Polymers
Composites | Less than Moderate Moderate Low Moderate 3
moderate
Quartz Natural High Lowest Moderate Low but 5
more
than
ceramics
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das, the piezoelectric coupling coefficient is also known as the charge constant and gives an idea
of how much electricity is generated for a unit amount of force applied. kss is the electro-
mechanical coupling coefficient and measures the efficiency of transformation of mechanical
energy into electrical energy. Table 3.5 gives a relative comparison of common piezoelectric
materials with an overall ranking assigned to each material from a suitability point of view for

this project. Table 3.6 gives the definition of symbols of major piezoelectric properties.

In [54], a comparison is provided about the performances of PMN-PT and PZN-PT single-
crystals. They concluded seeing no significant differences (regarding amplitude of desired output
against frequency bandwidth) between these single-crystal transducers, whose fabrication
conditions were the same. However, both PMN-PT and PZN-PT single-crystal materials have
shown better electro-mechanical coupling coefficients than PZT ceramics, as expected, with
better bandwidth and sensitivity too. The negative aspects were, however, significantly higher
costs and complexities in the manufacturing process. The work in [65] agrees with this view and
in addition, say that single crystals have strong anisotropy of their properties, which offer new
opportunities for device design. In [4], a finite element model each for PZT and PMN-33% PT
was implemented to compare their performances. For the configuration selected PZT delivered
the best energy transformation efficiency, which is interesting but not a reason to discard other

materials as they exhibited reasonably satisfactory performances in some other respects.

In [7] it is highlighted that among the several materials earmarked for the implementation of a
nano-generator, PVDF is the most promising material due to its good Ferro-electric,
piezoelectric, and pyro-electric properties, flexibility, biocompatibility, and nontoxic nature and
could therefore tap the micro-power generated by body movements. The work in [59] make a

good comparison as far as the most vital characteristics of major piezoelectric materials are
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concerned, and they are tabulated in table 3.4 above. Giving due consideration to the above PZT
ceramics becomes the most suitable candidate with advantages over criteria (i), (iii), (v), and
(vii). The second choice would be piezoelectric polymers, not withstanding criteria (v). For this

project, piezoelectric ceramics were chosen.

Table 3.6. - Important parameters associated with piezoelectric materials.

Symbol Name Description Units
p Density The ratio of the mass to volume of the material | Kg/m?3
(Kilo gram per
cubic meter)
d piezoelectric Field induced by applied stress or mechanical C/N
charge constant strain produced by an applied electric field (Coulombs per
Newton)
k Coupling Efficiency of conversion of mechanical energy | No Units
coefficient into electrical energy or vice versa.
G Voltage Ratio of the electric field produced to the Vm/N
co-efficient mechanical stress applied Voltmeter per
Newton
Y Young's modulus Ratio of stress (force per unit area) to strain GPa
(change in length per unit length). (Giga Pascals)
G Tensile strength maximum load that a material can support N/m?2or MPa
without fracture when being stretched, divided | (Newtons per
by the original cross-sectional area of the square meter)
material
& The relative Ratio of the permittivity of the material, £, to | No Units
dielectric constant the permittivity of free space, =, in the
unconstrained condition, i.e., well below the
mechanical resonance of the part.
C Capacitance Relative dielectric constant multiplied by the F
permittivity of free space and electrode surface | (Farads)
area, then dividing by the distance between the
electrodes.
T. Curie temperature | temperature at which the crystal structure °C
changes from a non-symmetrical (piezoelectric) | (degrees
to a symmetrical (non-piezoelectric) form Celsius)
P Poling direction The direction in which poling has being done. No Units
A material could be x- poled or z-poled.
T Thermal Temperature range across which stable °C
stability piezoelectric operations could be achieved (degrees
temperature Celsius)
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The following are trade-offs when selecting a suitable piezoelectric material.
(1)Ability to sustain larger strain at the optimum resonance frequency

(i) Flexibility

(iii) Lightweight

(iv) Excellent environmental resistance

(v) Exceptional piezoelectric properties including power output

(vi) Formability into a complex shape

(vii) Workable power output at low frequencies

(vii) Cost-effectiveness
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Figure 15. - The evolution of piezoelectric transducer material

KDP/ADP: KH2PO4(NH4)H2PO4; BT: BaTiOs; LN: LiNbOgz; PZT: Pb(ZrTi)Os;
PN: PbNb2Os; PMN:Pb(Mg1/3Nb2/3)O3; PNM-PT: Pb(Mg1/3Nb2/3)O3-PbTiOs3
[117].
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2.6 Piezoelectric inter-relationships

All piezoelectric material are piezoelectric

All pyro-electric material are pyro-electric

All anisotropic material are anisotropic

All Ferro-electric material are Ferro-electric material
All Ferro-electret material are Ferro-electret material
Material that could be are subject to poling
subjected to poling (Could be poled)

Figure 16. - Relative relationships between piezoelectric materials [16],[17].

Piezoelectric materials

Pyroelectric materials

Ferroelectric materials

Figure 17. - The relationship between piezo-, pyro-, and Ferro-electric materials
shown in a Venn diagram.
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Figure 18. - Inter-relationships in piezoelectricity [16].

2.7 Choice of geometry of structure
Different factors influencing the output of piezoelectric harvesters are geometry, type of
material, the resonance frequency of the piezoelectric material [110], and associated electric

circuitry [60].

Piezoelectric materials though of low power and efficiency could be improved by modification
to the materials, changing the stress direction, selection of a proper coupling mode of operation,
adopting suitable construction architecture, and incorporating improved electronic circuitry. To
achieve practical worthiness of piezoelectric micro-electro-mechanical systems (Piezo-MEMS),
an energy harvester in the order of a quarter size dollar coin measuring 24.26 mm in diameter
and 1.75 mm in thickness should be able to produce about 100 uW continuous power from low-

frequency ambient vibrations of order 102 Hz. Talking about the ‘choice of a coupling mode of
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operation’ two fundamental modes exist. The first mode, the 31 mode, has the excited vibration
force applied perpendicular to the poling direction. In the other mode, the 33 mode, the direction
of force applied and the poling direction are the same. Of the two modes, the 31 mode is widely
used, which produces a lower coupling coefficient “k” than the 33 mode, but however, has other
advantages. Figure 14 shows the two modes. However, as they are very thin, the piezo discs used

in this project are of coupling mode 33.

2.7.1 The plucked method

In an experiment performed in [87], a two-staged piezoelectric energy harvester was designed for
considerably low-frequency vibration environments. (range 0.2-0.5 Hz). They called it the
‘Plucked method.” The two parts contained in this design is firstly, the mechanical energy
transfer unit which is attached to a vibration platform, and the next, a secondary vibration unit
composed of piezoelectric elements and vibrating beams as shown in figure 19. Due to the initial
impact on the platform, the mass attached to the mechanical energy transfer unit vibrates at a low
frequency. This low-energy vibration then excites the piezoelectric beams as the transfer unit

traverses within the secondary vibrating unit.

> Vibrating Platform

Piezoelectric
Elements

Vibrating Units

Mechanical
Energy
Transfer Unit

Vibrating
Beams

RNERNANNS

L ALLLS

Figure 19. - The plucked method [87].
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The energy yielded is directly proportional to the duration that the piezoelectric elements remain
activated. The units are placed about five centimeters below the surface where movement takes
place. However, due to design complexities, it was decided not to pursue the plucked method in

this research.

2.7.2 Cantilever beams

A cantilever can be built with a thin layer of piezoelectric ceramic, bonded to a non-piezoelectric
layer (usually metal), serving as a conductor of the generated charge. One end would be fixed to
give a flexural mode to the structure. With only one active piezoelectric layer, such a
configuration would be called a “unimorph”. A cantilever made by bonding two thin layers of

piezoelectric ceramic on either side of the same metal layer is called a “bimorph”.

(b) Single deflection,
Decaying vibration
I Non-piezoelectric §mmmn""“--~--‘__l deflection
I Prezoclectric
(@) |
Connection pads Elsctrodes § e _—J_";ﬁ,é
\ K&. Passivation layer deflection
;.J? PZT N W/
Silicon Nitride | .
| | § L s
Silicon MAAN S
Time
(b) (c)

Figure 20. - Cantilever structure construction and employment in low-frequency energy
harvesting.

(a) Unimorph and bimorph cantilever architecture [59].

(b) Construction of a simple piezoelectric PZT- on- Si cantilever resonator.

(c) Performance characteristics of a unimorph energy harvester. Source: DNV KEMA Ca. U.S.
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As two active layers are used in this structure, the power output would be obviously higher. The

two structures are shown in Figure 20(a).

In [89] and [90] piezoelectric generators were developed based on this two-layer bender
(bimorph) architecture. Piezoelectric materials are on the opposite planes (faces) of the device. A
downward bend of the beam would produce tension due to elongation in the top layer and
compression in the bottom layer. The voltage developing across each layer could be tapped off in

series or in parallel [91], [104].

Cantilever geometry is one of the most indulged geometries. Therefore, most often, the sought-
after structure in piezoelectric energy harvesters, especially for harnessing mechanical energy
from vibrations because it is able to withstand large mechanical strain, has high responsiveness
to small vibrations, and simple in construction. Moreover, the fundamental flexural frequency of
a cantilever is much lesser than the other vibration modes of the piezoelectric element itself.
Therefore, most piezoelectric energy harvesting devices reported today incorporate a unimorph

or bimorph cantilever design [59], as shown in figure 20.

Bimorph piezoelectric cantilevers may be a better choice in piezoelectric energy harvesting
applications because it gives a double portion of energy as output without a significant increase

in the device volume.

However, the work in [48] demonstrated that the unimorph cantilever beam configuration also
could generate high power under lower excitation frequencies and load resistance. Two Macro
Fiber Composite (MFC) materials attached in parallel onto the beam could increase the current.
A maximum voltage of 50 V ac could be generated at resonance frequency which could be
converted to DC by using a suitable rectifier circuit. Finally, energy is saved in capacitors or

batteries.
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2.7.3 The Moonie

Poled ceramic Lead Zirconate Titanate (which is of PZT-5H category) is sandwiched between
two specially designed metal end caps to create the “Moonie.” [58]. The energy output recorded
from one step (one foot down) was 81 pJ which translates to 162 puW for both feet when walking
at a rate of 2 Hz (meaning 2 feet contacting the ground per second). The power output at 1Hz

step frequency was measured to be 56 pW.
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Figure 21.- The Moonie [58].

2.7.4 Compression-based energy harvester systems
In compression-based energy harvesting systems, the piezoelectric material is subject to direct

vertical mechanical force which in turn induces an electric field at the opposite faces of the

2 2

Power

Time

Figure 22. - Performance characteristics of a multi-layer compression-
based energy harvester. Source: DNV KEMA, California.
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material. The harvesting unit could consist of a single layer or multiple layers of piezoelectric

material. This simple construction of such a contraption is shown in figure 22.

The piezoelectric energy harvesting systems that would be considered in this project caters to
low motion frequencies. The thinner and flatter a piezoelectric element is, it allows ready
interaction with the motion of the host structure. The overall dimensions and weight of the
energy harvester are reduced by such a geometrical form. Thus, a thin-layer geometric shape
stands out in this regard. The mode of operation for piezo discs for this project would be 33

mode.
2.8 Rectification and power management circuits

2.8.1 Rectification

In many areas, the energy generated is in the micro to milli range. Hence a boost up in the
primary voltages before it could be put into use in a system is very pertinent. In [93] DC-DC
Step-Up Converter of 1.67 V is simulated with an overall circuit efficiency of about 80%. In [3]
it is demonstrated that a Dynamic Threshold —Voltage MOSFET (DTMOQOS) is ideal for low-
power, low-voltage operation as it has a good operating threshold (cut-in) and higher carrier
mobility than the standard MOSFET. The research done in [5], proposed a DTMOS-based
voltage differencing buffered amplifier (VDBA) circuit which could work with 0.4 V voltage
while consuming just 6.22 nW, thus qualifying for ultra-low voltage and ultra-low power
operations. In [49] a low voltage rectifier with high power conversion efficiency (PCE) is
propose based on SMIC (Semiconductor Manufacturing International Corp., Shanghai, China)
0.18 um standard CMOS technology for PE energy harvesting. This application facilitates the
rectifier with dynamic control over the threshold voltage as shown in figure 23 (a) and (b). Their

simulations showed that both the voltage conversion efficiency and the power conversion
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efficiency can achieve 95.5% respectively with an input voltage of 0.2 V, operating at 100 Hz
and a load resistance of 50 kQ. They further demonstrated that rectification could be affected on
input voltages with frequencies as low as 10 Hz-1 kHz.

In [113] a rectifier is proposed to deal with very low voltages produced by a PE energy harvester,
consisting of diodes integrated with a parallel Synchronous Switch Harvesting on Inductor

(SSHI) technique, yielding a high efficiency (figure 23(c)).
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Figure 23. - DTMOS architecture and SSHI circuit

(@) The basic building block of DTMOS architecture.

(b) The proposed active rectifier [49] .

(c)Parallel SSHI circuit followed by a diode bridge rectifier [113].
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2.8.2 Power management

The DC-DC converters usually fall into the category of boost, buck, or buck-boost. These
converters act on the principle that the output voltage magnitude increases or decreases when
compared to the input voltage [95]. DC-DC converters when operated under an open loop
condition, offer poor voltage regulation and a tangible outcome to work with. However, if used
in a closed-loop feedback control system, (with the duty cycle being adjusted due to the
converter switching on and off) it (the controller) passes on optimal output voltage to the load.
Power flow regulation is achieved through switching the MOSFETS (in the circuitry of the DC-
DC converter) ON and OFF which is equivalent to pulse width modulation (PWM). The
advantage of a single-phase DC-DC converter is the need for just a single MOSFET to be
switched, causing small losses, thus promoting its suitability for energy harvesting applications

[94].

It could be proved that the optimal power transfer to the battery occurs when the rectified output
is half the open circuit voltage of the piezoelectric element [73]. Experimental results have
proved that adaptive DC-DC converters increases power transfer by over 400% as compared to

circuits that don’t use them.

There are two types of power management circuits that could be employed as shown in figure
24,

(a) Step—up circuits, also known as Boost converters

(b) Step-down circuits, also known as Buck converters

The Buck converter is a step-down converter which offers a lower voltage at the output
compared to what’s available before the controller and the Boost converter is a voltage step-up

converter. The Boost converter is used to ‘step up’ the voltage available from the source, to some higher

35



level, required by a load. This is achieved by the stored energy in the inductor being released so
that the load sees a higher voltage Hence a Boost converter is the complement of a Buck. A Buck

converter is just a step-down chopper. It's just like a transformer, but the conversion is in DC.
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Figure 24. - Buck and Boost converters (a) A step-down DC-DC converter (Buck Converter)
(b) A step-up DC-DC converter (Boost Converter) [10].

An advantage of using a Buck converter is that; the inductor is placed on the load side, which
makes the ripple in the output current i.e. load current be reduced, thereby giving fruitful
operation of the load. The capacitor helps here by limiting the ripples in the output voltage. It is
called a Buck converter because the voltage across the inductor opposes or ‘bucks’ the supply
voltage. Switching converters such as buck converters, provide much greater power efficiency in
their role as DC-DC converters than their linear counterparts, which are of course simpler
circuits that steps down voltages by dissipating power as heat but do not step up output current.
The efficiency of Buck converters can reach as high as 90%. [32]. This project uses a Buck
converter with the series-parallel configuration and the Boost converter with the all parallel

configuration due to the aforesaid reasons.
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2.8.2.1 Power losses
Since the order of power generated by the proposed system is small, other power losses are of

concern. However, they are inevitable as discussed in sections 3.8.2.1 t0 3.8.2.4

2.8.2.1.1 Power loss in an inductor

An inductor (coil) consists of a number of turns of wire. Since all this wire possesses some
resistance, inductors definitely offer a certain amount of resistance. Usually this resistance is
small which is neglected in solving various types of ac circuit problems. The reactance of the
inductor (the inductive impedance or opposition to a.c.) is so much greater than the resistance,

that the effect of resistance on the current is negligible.

The losses that an inductor offers as a virtue of its Ohmic resistance is called ‘Copper losses’
(I’R) and are disregarded, as explained above. In addition, an inductor has two other losses called
‘iron losses’, namely ‘Hysteresis Loss’ and ‘Eddy-Current Loss.” All these losses dissipate
power in the form of heat and hence are lost power. (Power Loss in an Inductor [45]). Inductors of
higher value have a larger number of turns and therefore have larger DC resistance and vice
versa. For higher operating frequencies, the value of the inductance needed goes low and vice
versa. D.C. resistance proportionally affects losses. Therefore, there has to be a tradeoff between
the operating frequency and the value of inductance chosen. In our case, the operating
frequencies are low. This should not necessarily mean that an inductor of a large value is
selected, which would lead us to larger losses. Therefore, the inductors selected would be of

mid/moderate magnitude.

2.8.2.1.2 Power losses in the capacitor
Power loss in a capacitor takes place within the dielectric. They are namely ‘dielectric hysteresis’

loss and ‘dielectric leakage’ loss. Dielectric hysteresis and the hysteresis found in a magnetic
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material bear a similarity. It results from the rapid reversals of the polarity of the line voltage.
Even though there is an assumption that the dielectric virtually prevents the flow of current
through the capacitor because of the extremely high resistance of the dielectric, a minute amount
of current will still flow, causing dielectric leakage losses. However, this current is so minute
that for all practical purposes, it is neglected, and it is assumed that the capacitor returns the total

charge back to the circuit [46].

2.8.2.1.3 I’R losses (resistive losses)
All conductors do pose some resistance and therefore incur resistive losses, which are equal

tol?R but these are considered to be negligible for our calculations.

2.8.2.1.4 Power losses in synchronous Buck/Boost converters

There are three main sources of power loss in synchronous buck converters: quiescent losses
(static losses), switching losses, and conduction losses. Quiescent losses generally represent only
a small percentage of the total losses when the load at the output of the converter is above a few
tens of milliamps and, therefore, can be neglected. In applications of relatively higher currents,
switching and conduction losses play a much bigger factor than the quiescent losses. Switching
losses in synchronous buck converters are the result of charging and discharging the capacitances
that exist between gate-to-drain and gate-to-source of the power MOSFETS, which comes into
effect when they are turned on and off. One part of the conduction losses (Joule losses) in a buck
converter is due to the drain-source on-state resistance of the power MOSFETSs. These losses
listed from 8.2.1 up to 8.2.4 are liable to reduce the power available at the output of the

piezoelectric system. However, they are considered inevitable.
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2.9 Weather and climate considerations

Electrical circuits and components deployed in sub-zero temperatures could be pushed to their
extremes. The properties of the materials used in the construction of electrical equipment could
be altered or negatively affected by low temperatures and therefore its smooth functionality
could be hindered.

Though often, temperatures during winter will be within operating ranges of much electrical
equipment, there may exist intermittent periods of extremely low temperatures that fall outside of
the standard operating temperature ranges of many common electrical equipment. —50°C
temperatures, are not an impossibility in some areas, even for a short period of time. In Nova

Scotia temperatures can vary rapidly and take any value from 10°C to -10°C within a single day.

The material used in electrical circuits could lose strength rendering them more brittle at

lower temperatures. This indicates that low temperatures can change the properties of materials
used in the construction of electrical equipment and hence require changes to be made in
installation and operation to be affected to them in order to negate the effects of low
temperatures. In addition to low temperatures prevalent in cold weather regions, low humidity,
wind, snow, and ice formation are some other conditions that can also influence electrical

equipment [51].

Metals can become less ductile and more brittle at very low temperatures. This impacts their
ability to withstand impact. ‘Embrittlement’ which is the tendency to become brittle, is more
characteristic in some materials than others. The crystal lattice structure of the metal is a strong

determinant of the effects that temperatures has on the ductility of metals.

The decrease in ambient temperature leads to the insulation on wire and cable to harden and

become brittle. Cables can experience damage during the process of being installed at low
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temperatures. Standards regarding cable installations say that they be installed at a temperature
range between their certified cold bend temperature up to 15°C in excess. It is also recommended
that before installing cables in a cold atmosphere, they be stored at temperatures over 10°C, for
one day. Impacting, dropping, or sharply bending cables should be avoided during installation
and cables should be pulled slowly with care and trained (to remain in the path it is supposed to)
the same day that it is removed from warm storage [51].

Figure 25 shows the three primary crystal structures for metals, body-centered cubic (BCC),
face-centered cubic (FCC), and hexagonal close-packed (HCP) [51]. Commonly used industrial
metals have BCC and FCC lattice structures. Metals with a crystal lattice structure of the BCC

type lose their ductility easily compared to other lattice types due to low temperature.

Perovskite material which is known to have a molecular structure that is a combination of BCC
and FCC exhibits almost negligent changes to subzero temperatures. Hence the employment of
piezoelectric material itself in low temperatures experienced in Nova Scotia doesn’t pose a major
concern. But however, the effects of temperature on other components such as wire and cable

will have to be taken into consideration.

Even though low temperatures would only have a negligible effect on the ductility of majority of
metals used for electrical enclosures and fittings, care needs to be taken in selecting mounting
structures, fasteners, equipment housings, and terminal, and all other parts that are made of

materials that may experience embrittlement at low temperatures.
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Figure 25. - BCC, FCC and HCP and Perovskite lattice structures [51].
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Figure 26. - Ductile to brittle transition [51].

Although materials used for components installed within enclosures are protected from impact
they may be negatively affected by low temperatures and if made brittle by the low temperatures,
could face fracture as a result of vibration, expansion, contraction or other occurrences that bring

about stress.
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Solder materials have problems too. Standard lead-tin solder and certain non-lead solders can
have a fairly high ductile-brittle transition temperature (DBTT). It is vital to ensure that the

solder materials used too are suitable for operating ground temperatures [51].

Differential expansion and contraction occurs because different materials have different
coefficients of expansion. This could pose potential problems with both metals and non-metals

and is encountered when alloys are used.

When equipment have to be explosion-proof and flame-proof, mating parts made of different
materials should meet the requirement that the minimum flame path gap must be held across the
entire range of ambient temperature. Tight tolerances on flameproof joints could bring that joint
out of tolerance due to differential expansion or contraction at low temperatures. Differential

expansion, if not given due consideration could cause electronics to fail.

Lubricants, unless specifically fabricated for low temperatures, can freeze and cause equipment
to malfunction. In instances where it is required to use a lubricant, the manufacturer’s guidelines

should be faithfully followed with regard to use at low temperatures.

Installations and assemblies practically launched for the harnessing of piezoelectricity hitherto
have been in mostly hot and humid environments or indoors. Our weather here in Nova Scotia is
a distant contrast to these tropical or dry conditions and therefore special consideration has to be
given to making installations sufficiently rugged. This will help them to withstand inclement or

harsh weather conditions and unpredictable atmospheric disturbances.

Further study is required to come up with exact measures which need to be taken to make energy

harvesting installations withstand extreme weather conditions and this project will undertake to
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identify gaps in the study and practical manifestations of quantitative methods available for

assessment of component vulnerability, and its application.

According to [78], the determinants of vulnerability to climate and weather hazards include
exposure, sensitivity, and adaptive capacity. As per the papers presented at the 2014 Inter-
governmental Panel on Climate Change (IPCC), the two factors are just sensitivity and adaptive
capacity as shown in figure 27.

Even though these concepts were first introduced to discuss eco-systems and habitats they
equally well apply to structures and composite hardware systems. The degree to which
infrastructure is exposed to hazards is simply known as ‘Exposure’ and can change as the
frequency and intensity of hazards change. The degree to which electricity systems and
infrastructure are affected by a hazard is known as ‘Sensitivity’. Adaptive capacity is the ability

to adjust to potential hazards or respond to consequences.

Exposure Sensitivity

Potential Impact }< --------- Adaptive Capacity

T
\ Ny

Sensitivity Adaptive Capacity

Vulnerability Vulnerability
[PCC 2007 Paradigm [PCC 2014 Paradigm

Figure 27. - The concept of vulnerability as presented in the IPCC 2007 and 2014 reports [97].
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The review in [78] provides a collection of quantified relationships for determining grid
(electrical) component sensitivity to extreme weather and climate hazards i.e. providing
relationships between a potential environmental threat to a specific component and how that
threat could snowball to affect consequences on the entire system (e.g., damage to equipment,
duration of outages, etc.). The outlining of these mathematical formulae is beyond the scope of

this project.
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3. TECHNICAL CONTENT

3.1 What is piezoelectricity in detail

Certain materials, when subjected to physical distortion (changes to its dimensions as a result of
external force) produces an electric charge across parallel opposite planes oriented in the
conventional x,y or z axis. While this is what piezoelectricity is, the occurrence just mentioned in
the previous sentence is called the direct piezoelectric effect. The opposite or the inverse effect
(also called the reverse effect) is about deformation (changes to dimensions) of the material
when it is connected to an external electric field. The word piezoelectricity is made of two Greek
words: ‘piezein’ which means squeeze and ‘elektron’. Piezoelectricity was first discovered by
two French physicists Jacques Curie and Pierre Curie in 1880 but it was only in the ‘50s that it
was used in industrial applications. In 1881 inverse piezoelectricity was mathematically deduced
by Lippmann using fundamental thermodynamic principles. Later the inverse piezoelectric effect

was confirmed by the Curies to be a fact [70].

Piezoelectric materials used today range from naturally occurring substances to synthesized
substances. Each material has its own unique performance and there is an indication that the later
discoveries being made with the passage of time are yielding better outcomes with their superior
properties. The fundamental principle of operation and activity at the molecular/atomic level

remains the same in almost all of these materials.

A good understanding of a piezoelectric material’s behavior at the molecular level is needed to

comprehend the causes that make a material possess piezoelectric properties.

What causes the piezoelectric effect is a phenomenon called ‘spontaneous polarization’ [83].
Two effects are contributory to this phenomenon. First is that the electron clouds in the atoms of

the piezoelectric material displace onto one side of their positively charged nucleus. The second
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is that positive ions in the crystal structures of the material distance themselves relative to their
negative ions. Both of these effects create tiny electric dipoles within the crystals. In a piece of
untreated or unpoled (poling explained in section 4.4) piezoelectric ceramic, all dipoles are

oriented in random directions, so that no real piezoelectric effect is witnessed.

Figure 34 (a) presents a schematic view where a cross-section of a piezoelectric material is
shown with dipoles, randomly oriented. Poling it (say below Curie temperature for now) gives it
a macroscopic piezoelectric effect as shown in figure 34 (b). A poled piezoelectric material is
one which has its dipoles remain aligned in the poling direction, even after the poling process is

complete, as shown in figure 34(c)

The two electric fields i.e. polarization voltage and the polling voltage occur in the same
direction in all materials with the exception of piezo-electrets where a third voltage comes into
play known as the °‘electet’ voltage. The piezoelectric phenomenon too has a different

explanation in these materials.

The ultimate deciding factors of a piezoelectric material will be its electro-mechanical coupling
co-efficient, flexibility, frequency response, thermal stability, and cost. All known piezoelectric
materials compete very closely in many of these areas but it’s imperative that a clear winner is

chosen in order that the optimum results are delivered in an individual’s project/application.

3.2 Ferro- electrets

Piezoelectricity in Ferro-electrets is a result of deformation of charged voids. The dynamics of
piezoelectricity in Ferro-electrets is illustrated in figure 28. Polymer films with closed internal
voids are subjected to an electrical field. This makes the gas inside the voids to break down. The
piezoelectricity in these films manifests from the macroscopic dipoles created due to the

separated positive and negative charges positioning themselves at the gas/polymer interface on
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the opposite boundaries of the voids. Upon metallization, compensating charges are seen on the
electrodes with the polarity opposite of the polarity of the dipoles closest to that side as shown in
figure 28(a). Under the influence of an externally applied stress, the Ferro-electret’s experiences
a volume decrease. A decrease in the dipole distances results in a decrease in dipole moments.
On the other hand the decrease in the whole film volume, leads to an increases in dipole density.

The extent of the dipole moment reduction is however, more contributory than the increase in
dipole density. Therefore the amount of compensating charges on the metal electrode decreases
and the change in dipole moment causes the flow of charges as displayed in figure 28(b). The
special aspect of the electret effect is that it is the surface charges that are responsible for the
electret effect. Because the surface charge is opposite in sign from that associated with the
polarization (taking place within the voids) and the electret voltage is measured at the surface,
the electret voltage polarity is opposite to the polarization voltage polarity (polarization voltage
as applicable also to Ferro-electric material) and is the same as the poling voltage polarity as

shown in figure 29 [64].

Even though very good piezoelectric properties have been displayed by Ferro-electrets their
manufacture and commercial use faces a few challenges such as very poor charge stability at
high temperatures, random individual void geometry, and irregular overall cellular structure.
Therefore, the material is still under experimentation. This project limits itself to Ferro-electric

material.
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Figure 28. - Ferro-electret poling and charge movement [64].
(a) Macroscopic dipoles are formed in the voids at the gas/polymer interface after charging.
(b) Under mechanical stress, change in dipole moment causes the flow of charges.
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Figure 29. - Poling voltage, electret voltage and polarization voltage in Ferro - electrets

[64].

HHHHHHBHHHH
\/ \N/ \N/ \/ \/
AN
Pr

p h VRN VRN
r = F F

Figure 30. - Molecular behavior B PVDF during reverse piezoelectric effect [7].

(a) When the applied electric field is of the same polarity as the poling voltage the material

is contracted (elongation in the direction of applied field).

(b) When the applied electric field is of opposite polarity to the poling voltage the material

is stretched. (Contraction in the direction of applied field).




Figure 30 shows the molecular behavior of B PVDF during the reverse piezoelectric effect.

PVDF is a polymer but however, unlike other polymers behaves like a Ferro-electric.

3.3 Ferro-electrics

In Ferro-electric material, the unit cells (the basic repeating unit) inside the crystal may not be
symmetrically arranged unlike in most other crystals. The crystal itself will still remain
electrically neutral with a net non-zero charge in each unit cell of the crystal. Ideally, the centers
of the positive and negative charges of each molecule should coincide resulting in electrically
un-polarized molecules. However, as a result of the Titanium or the Zirconium ion occupying a
slightly off-center position, an electrical polarity develops; effectively turning the unit cell into
an electric dipole. These dipoles would be randomly oriented due to the unit cells themselves
being randomly oriented.

With no external pressure (Stress) and the structure therefore undisturbed, electric dipole

moments would cancel each other with no change to the charge distribution.
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Figure 31. - Perovskite structured tetragonal unit cell of Lead Zirconate Titanate,
Pb(Zr,Ti)Oz [112].
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Piezoelectricity occurs due to an external stress that is applied which deforms the structure. This
displaces the Ti or Zr ionic charges as shown in figure 31. When charges get displaced the

charge distribution which so far was symmetric will no longer remain so.

The Piezoelectric material will now possess a lattice structure in which the centers of positive
and negative charges aren’t overlapping anymore. When each dipole rotates from its original
orientation towards another direction, the overall electrical and mechanical energy stored in them
is minimized [19]. This re-orientation pushes some of the atoms closer together or further apart
and while this effect propagates throughout the whole structure, net positive and net negative
fixed charges appear on the opposing faces of the crystal, i.e. net polarization occurs as shown in
figure 33. The poles facing each other with opposite polarity inside the material will still cancel

each other and the crystal as a whole will still remain neutral.

The spatially separated charges at the two opposite surfaces result in an electric field and in turn
a potential difference across them. The ‘free charges’ available at the opposite faces are now
ready to flow through an externally connected conductor. Thus the electric field generated could
be instrumental in transforming the mechanical energy that was used to deform the material into
electrical energy.

Lead Zirconate Titanate is said to have a Perovskite structure. Originally the crystal structure of
calcium titanium oxide (CaTiOs), was named the ‘Perovskite structure’, or A>*B* X3 with the
oxygen(X) in the edge centers as shown in figure 32. This mineral was first discovered in the
Ural Mountains of Russia by Gustav Rose in 1839 and its structure got its name after Russian
mineralogist L. A. Perovski. Now any material with this same type of structure is called a

Perovskite [112].

50



(b) 0

Figure 32. - Perovskite structured Barium Samarium Niobate crystal (Ba2SmNbOg ) [52].
(a)Three-dimensional cubic crystal structure of typical ordered Perovskite.
(b) Skeletal cubic crystal structure of typical ordered Perovskite.
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Figure 33. - Molecular behavior in Ferro-electric material [16].

(&) An undisturbed molecule with no piezoelectric polarization.

(b) A molecule subjected to an external force resulting in polarization.

(c) Polarization effect when piezoelectric material is subject to external force.
Incidentally, Ferro-electret polymers and Ferro-electric polymers have dss (PZ coupling co-
efficient) of opposite signs. In Ferro-electrets the most common effects referred to as the direct
and inverse effects, behave in a way different from the corresponding mechanisms in Ferro-
electric polymers. In Ferro-electric polymers, a compressive stress in the 3-direction causes a
decrease of distance between the molecular chains. This is due to the relatively weak Van Der

Waals and electrostatic interaction between chains in comparison to the strong covalent bonds

within the chain. The thickness decrease causes an increase of dipole density and then an

52



increase of the charges on the electrodes, yielding a negative dss coefficient. In Ferro-electrets
polymers, a compressive stress in the 3-direction also decreases the thickness of the sample.
With this decrease of thickness occurring dominantly across the voids, the macroscopic dipole

moments also decrease, and so do the electrode charges, yielding a positive dsz [30], [63].

3.4 Poling

Since all dipoles are initially randomly oriented (i.e. a net polarization of zero) before poling, the
piezoelectric effect exhibited will be negligible. (Figure 34 (a)) The decisive criterion of the
piezoelectric effect is the change (increase or decrease) in polarization when subjected to
mechanical stress. Therefore, creating an initial state in the material where most dipoles are
more-or-less oriented in the same direction would be helpful, making it more piezoelectric

sensitive, i.e. yield more polarization when mechanically stressed.

The material could be yielded to such an initial state by poling it. Poling is done by applying a
strong electric field across the material while the material remains at an elevated temperature
known as the Curie temperature. The heat enables the free movement of the molecules and the

electric field forces the dipoles to align themselves in accordance with it.

After cooling while the electric field still remains, and then the subsequent, complete removal of
the electric field, not all dipoles return to their original direction. This results in what’s called
‘remnant polarization’ denoted by Pr which will be a permanent feature of the material and
qualifies it to the status of a poled material. It is now ready to produce electricity; piezoelectricity

[64].

53



e
TTtT

- IR
JUN Lttt

+

FTAT
AA
AN

+

i

+

Unpoled During Poling After Poling
(@) (b) ()

Figure 34. - Dipole orientation during the process of poling [35], [84].
(a) Dipoles in an un-poled piezoelectric material.

(b) Alignment of dipoles during poling.

(c) Alignment of dipoles after poling.
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Figure 35. - Polling voltage, polarization electric field and remnant polarization [64].

The positive and negative signs in figure 34 (b) represent dipole orientation. Since the negative
ions are attracted towards the positive end of the applied electric field and the positive ions are

attracted towards the negative end of the applied electric field, the electric field created within
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the material due to poling, opposes the applied electric field. The direction along which the
dipoles align themselves is known as the ‘poling direction’ and the remnant polarization (Pr)
would remain in this direction as shown in figure 34(c) and figure 35. Terms such as
‘Polarization vector’ (PL) and ‘Polarization axis’ are also used and are marked in the same
direction as Pr. The small arrows showing dipoles and the arrow showing Pr shouldn’t be

confused with the convention used to mark electric fields.

During the poling process dipoles not only rotate, they also stretch and this dipole activity causes
the material to expand in the poling direction, as shown in figure 36. In keeping with Poisson
effects, contraction occurs in the transverse directions. This results in permanent alterations to
the dimensions of the piezoelectric material i.e. the dimension between the poling electrodes
increases and the dimensions parallel to the electrodes decreases. The piezoelectric nature of the
material will remain as long as the material is not de-poled, due to for example operating at a
temperature which is in excess of the Curie point, or being subjected to extreme electric or

mechanical conditions.

The phenomenon of piezoelectricity occurs when a poled piezoelectric material experiences
mechanical stress which causes it to get electrically polarized. However, it is interesting to note

that all piezoelectric materials cannot be poled.

A poled piezoelectric material displays different electro-mechanical properties in different
directions depending on the axis along which electrical and mechanical excitations are applied.
This is the property of being ‘anisotropic’. Incidentally, there are no isotropic piezoelectric
materials. The axis which gives optimum results should be selected before selecting a material

for any particular practical purposes and this would decide the application of the poling field and
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therefore the poling axis. Conventionally, the poling direction is considered to be the 3' axis (z-

axi), except in quartz where the polarity is considered to be along the 1 axis [19].
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Figure 36. - Dimensional changes to piezoelectric material
before (dotted line) and after poling (thick line) [16].

The dipole model is a simplification of the true piezoelectric mechanism in two ways. The first
simplification is that in the actual case, electric dipoles with like orientation group themselves
into tiny domains and it is these domains that get aligned with the electric field when polarized.
The second simplification is that not all of these domains are able to completely align themselves
with the electric field due to micro-mechanical effects.

However, enough does align to deliver the desired piezoelectric effect [76]. A material with
randomly oriented grains (unsymmetrical) must be Ferro-electric, to be able to be poled. Being
‘Ferro-electric’ means the dipole moment could be nullified when an external electric field in the
opposite direction is applied. Ferro-electric crystals exhibit electric dipoles even before being
poled, because the center of the positive charge(s) of the crystal does not coincide with the center
of the negative charge(s). This tells us that dipoles thus exists even before poling, they are just

not aligned.
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Figure 37. - Hystersis behavior of Ferro-electric material [16].

(@) Typical Polarization (P) Vs Applied Electric Field (E) hysteresis plot.

Ps: saturation polarization; Pr: remnant polarization. Ec: coercive field.

(b) Strain (S) versus Electric Field (E) plot of a piezoelectric material.
All Ferro-electrics are pyro-electric. Pyro-electricity is the capability of a material to generate a
temporary voltage when it is subjected to a temperature which is a fair departure from ambient

temperature. They have the additional property that their natural electrical polarization is

reversible.

3.5 Basic behavior of piezoelectric material (static action)
The basic behavior of piezoelectric material could be categorized into direct behavior and

reverse behavior.

3.5.1Direct piezoelectric effect
When a compressive force is applied parallel to the poling axis, or a tensile stress perpendicular
to the poling axis, a voltage would be generated between the electrodes which would have the

same polarity as the poling voltage.
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Alternatively when a tensile force is applied parallel to the poling axis or a compressive force
perpendicular to the poling axis a voltage would be generated between the electrodes which
would have opposite polarity to the poling voltage as shown in figure 38(a) and figure 38(b). The
solid arrow indicates the direction of the current flow. The plus and minus signs near the
ammeter show the correct meter polarity for the current measurement. An ammeter is always
connected so that the current will flow into the positive terminal and out of the negative terminal.

A galvanometer doesn’t have this restriction.

I}

(a)

Figure 38. - Direct piezoelectric effect [24].

(a) Generated voltage with polarity similar to the poling voltage due to longitudinal
compressive stress.

(b) Generated voltage with polarity opposite to the poling voltage due to longitudinal
tensile stress.

No Stress Tension Compression

. ++ + 4+ +
+Silicon Atom, - Oxygen Atom

Figure 39. - Molecular behavior during direct piezoelectric effect in Quartz [98].
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3.5.1.1 Direct piezoelectric effect explained in terms of longitudinal and transverse
piezoelectric effect

Longitudinal piezoelectric effect (as shown in figure 40)

When a force is applied to a piezoelectric material in the longitudinal direction (parallel to the
axis of polarization- z-axis), a voltage is generated across the two opposite faces along the ‘z’
axis. This voltage tries to restore the piece to its original thickness.

Transverse piezoelectric effect (as shown in figure 41)

When the force is applied along the neutral axis, say ‘x’ or ‘y’ (perpendicular to the axis of
polarization: z-axis) charges are displaced along the z-axis so that a voltage is generated across
the two opposite faces along the z-axis. This voltage tries to restore the piece to its original

length and width.
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Figure 40. - Longitudinal piezoelectric effect.
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Figure 41. - Transverse piezoelectric effect.
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A point to note is when mechanical stress (compression or tensile) is applied longitudinally
(same direction as polarization) the voltage generated is such that, if that voltage were to be
applied externally it would try to bring the material to its original length. A similar argument
exists when stress is applied in a transverse direction (perpendicular to polarization) [82]). This
is in line with the fact that the material is trying (or would try) to resist external effects to try to

regain its original dimensions, akin to the action of an inductor.

3.5.2 Reverse piezoelectric effect

After the poling process is complete, even a voltage lower than poling voltage will cause a
dimensional change in the piezoelectric material. This effect of reverse piezoelectricity was first
discovered by Lippman during the study of thermodynamic principles and was further confirmed

by the Curie brothers.

(b)

Figure 42. - Reverse piezoelectric effect [24], [50].

(a) Expansion of material when externally applied voltage has same polarity as
poling voltage.

(b) Contraction of material when externally applied voltage has opposite polarity
to poling voltage.

A voltage applied externally with the same polarity as the poling voltage will cause expansion of
the material along the poling axis and contraction perpendicular to the poling axis.
A voltage applied externally with polarity opposite to the poling voltage will cause contraction of

the material along the poling axis and expansion perpendicular to the poling axis.
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Figure 43. - Schematic diagram of (a) Direct piezoelectric effect and (b) Reverse
piezoelectric effect.

3.6 The basic mathematical relationships governing piezoelectricity
(1) Relationship between charge generated and force
The basic mathematical relationship of a piezoelectric material, between its charge generated
and force applied, is given by
Cx = (duy)(Fy) (b/a)(n) (4.1)

Where

Cx = Amount of charge generated in Coulombs
dxy = Piezoelectric coefficient in C/N (Coulombs/Newton)
- Electric polarization generated per unit of mechanical stress applied

Fy = Applied force in N (Newton)

a = The dimension in line with the neutral axis (the axis along which the pressure is
applied. Here it is ‘y’

b = The dimension in line with the charge-generating axis (Perpendicular to
dimension ‘a’). Here it is ‘x’.

n = number of elements in electrical parallel
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(2) Piezoelectric linear constitutive relations
Linear piezoelectricity is a combined or cross-coupling effect of
(a) The linear electrical behavior of the material:
D=¢E = Di=&ijE;j (4.2)
Where D is the electric charge density and ¢ is the permittivity and E is the electric field
strength.
And also, whereV.D=0and V x E =0 (the dot product and the cross product);
and
(b) Hooke’s law for linear elastic materials
S=sT — Si=SsikTu (4.3)
Where S is strain, s is compliance and T is stress.

Vu +uV

And also, whereV.T=0 andS=

These may be combined into so-called coupled equations of which the strain-charge form is

S=sT+ o'E (4.4)
D=0T+¢E (4.5)
In matrix form it is
iy =1%oy + 10 ey (4.6)
o=l + e (4.7)
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Where

{s }is the strain matrix

{D} is the electric charge density matrix
{E} is the electric filed strength matrix
{T} is stress matrix

s is compliance

[d] is the matrix for the direct piezoelectric effect

la] is the matrix for the converse piezoelectric effect

€ = permittivity

The superscript E indicates a zero or constant electric filed
The superscript T indicates a zero or constant stress field

The superscript t stands for the transpose of a matrix

Considering tensor directions, the constitutive relations (or coupling) between mechanical stress,
mechanical strain, electric field and electric displacement could be given by the following
equations
Sp = SptTq + dpkExk (4.8)
Di= digTq+ eik Ex (4.9)
Where
Sp : mechanical strain in the p™ direction, S= F/A; F is stress and A is area
spa” : elastic compliance tensor under constant electric field
Tq: mechanical stress in the g™ direction
dok : piezoelectric constant tensor (not to be confused with piezoelectric charge constant)
Ex: electric field in the k™ direction
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Di: electric displacement or charge density in the i direction, where in general D = Q/A;
Where Q = Charge in Coulombs and Ar = Area

diq : transposition of dpk

eik' - dielectric constant tensor under constant stress

and where

p: 1Sp<6

q:1<q<6

k:1<k<3

:1<i<3

The equation for the direct piezoelectric effect is

1] 11812813
D1 d, d, dy d, dg dg 112 P El
2122623
D2| = d, dy, d, dy dy dy 13| + E2 (4.10)
D3 q d d q q d €31€32833 E3
31 32 33 34 35 36 T4
T5
_T 6_
And the equation for the converse piezoelectric effect is
- . E E E E E ET [aa
S, 1 S11 S12 S13 S14 Si5 Si6 T1 d d done
S 321E SzzE 323E 324E stE stE T2 H 12 13
2 dy1 dyp dys E
E E E E E E 1
S, S31 S3, Sa3 S34 S3s S36 T3 dz; dsp dz3
= E E E E E E + d d d E, (4.11)
S, Si Siz Ssi3 Sis Sis Sus T4 41 Q42 O43
E E E E E E d51 d52 d53 E3
Ss Ss1 S5, Ss3 Ss4 Sss Ssg T5 d d d
S e . £ . . . T6 61 62 63
L GJ | Se1 Se2 Se3 Ses Ses Ses | L!9]

Processing conditions such as extrusion and particular crystal symmetry of piezoelectric material
determine which components of the dielectric constant, piezoelectric and elastic compliance
tensors are non-zero and unique. As such for most common piezoelectric material the above

equations could be re- written as follows.
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T1
D1 o 0 0 0 dy O T2 £,,00 El
2= o 0 0 d, 0 0| |[T3+ {08220] E2 (4.12)
D3 T4 00s,, | LE3
dy; dy dy O 0 O T5 :
| T6
S, | [S117  S12°  S13 0 0 07 T1 - 0 0 dys
S, S217  S227  Sa23 0 0 0 T2 0 0 dysl|E
S; s31” 3" 33 0 0 0 T3 + 0 0 dsz E (4.13)
S, 0 0 0 suf 0 0f|T4 0 dy, O EZ '
S, 0 0 0 0  ss5 0|15 ds; O 0 3
s, | ! 0 0 0 0 0 sk T6| 0 0 0

Where Sgg = 2(Sy; = Sy)
When a piezoelectric material is used in the thickness mode i.e. both stress and electric field are

along the 3-direction, as in figure 14 (b), the equations can be expressed as

D, =d,,T, +&LE, (4.14)

Se = S3EsT3 +de.3E3 (4.15)

A piezoelectric material’s position is specified by the Material Coordinate System, which are the
universally accepted XYZ axes (denoted in Capital). Therefore, while simulating piezoelectric
materials, its spatial orientation and poling direction should be considered correctly in order to
interpret the material properties. If the principal axes of the crystal do not align with the axes of
the Material Coordinate System, an appropriate user-defined coordinate system would be created
to provide a mapping function for appropriate transformation and interpretation of the material’s

properties.

The direction along the ‘z’ axis is considered the positive direction in a rectangular cardinal

system, which comprises ‘x’, y’, ‘z’ axes. Subscripts 1, 2, and 3 represent these global axes
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directions and shear related to these axes are represented by ‘4’, ‘5’ and ‘6’. The direction of

positive polarization usually is made to coincide with the Z-axis of a rectangular system of X, Y,

and Z axes as shown in figure 44.

Z Poling 3
axis
5
4
/@\ v ‘w @. )
X 1
(a)

Figure 44. - Tensor directions for defining the constitutive relations [16], [26].

(@) Universal x,y,z coordinate directions.
(b) 1 corresponds to the draw direction. 2 to the transverse direction, 3 to thickness.

e e

z-polarized X X-polarized

(@) (b)

Figure 45. - z-poled and x-poled piezo material [36].

(a) Pictorial representation of a z-poled piezo where the principal crystal directions 123
are aligned with XYZ axes of the material coordinate system.

(b) An x-poled piezo is represented differently such that the 1% principal direction is
aligned with the Z-axis of the material coordinate system.

66



T +— Allstresses on the material are constant or no external forces
S |D «— Compliance is measured in apen circuit 8
|
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| y — Stress is obseved in direction 1 | )
Stress is applied in direction 1 Electrodes are perpendicular to axis 1

Elastic compliance Permittivity

Figure 46. - Subscripts of coefficients sjj and &ijj have special meaning [35].

Note that the axis directions 1.2.3 in figure 44 and 45 might not be pointing the same way;

however their relative orientation is the same.

3.7 Piezoelectric sensor response with respect to frequency

Piezoelectric materials produce a characteristic response which is analogue in behavior when
subjected to a varying mechanical force. The peak of the response curve would correspond to
some frequency named resonance frequency (Fr). Maximum energy conversion takes place for
this value of frequency. A replica of the Voltage Vs frequency response is shown in figure 47
[18]. But quite often the working frequency for many a practically implemented structure is
outside this resonance frequency, mainly towards the lower region. It’s in the flat region between
the high-pass cutoff (point A) and left of resonance (point B) in the frequency response plot that

a sensor is typically used.

i
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-

high pass usable region
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Figure 47. - Voltage response of a piezoelectric against frequency of applied force [111].
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3.8 Matching the resonance frequency of the piezoelectric element to input frequency of the
host structure

The biggest challenge in piezoelectric energy harvesting is low input frequencies. To get
piezoelectric harvesters to yield an appreciable power output at these low frequencies is where
the hump point lies. Different types of piezoelectric materials, harvester contraptions and new
techniques were considered in this project in order to seek ways to achieve optimum
performance in the mechanical-to-electrical energy conversion.

The fundamental frequency that the host is going to operate at has a direct relationship to the
type, size and numbers of the basic piezoelectric element chosen, in creating the finished
contraption. Most vibrational energy harvesting applications work with frequencies of hundred
or below, which rather a mismatch with the natural resonance frequency of small piezoelectric
harvesters.

Hence a broad spectrum of frequencies, in the low frequency range though, will have to be
catered for. Ideally several frequency tuning and bandwidth enhancing techniques will have to be
employed in order to improve the efficiency of piezoelectric energy harvesters. This, it is
anticipated, would add to the complexity, and therefore the cost, of the harvesting systems.
Therefore, such considerations have been set aside as far as this project is concerned, but
nevertheless archived for future investigation. In [89] and [90] it is identified that the low
frequency fundamental mode should be targeted in the design rather than the higher harmonics
because the potential output power is proportional to 1/w, where ® is the frequency of the
fundamental vibration mode. The various techniques to be considered in achieving a lower

resonance frequency in a relatively small package size, apart from the choice of piezoelectric
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material used, configuration and design of the energy harvesting element, are also parameters
archived for future investigation.

While most machinery operate at frequencies 100 Hz or higher, human activity is usually within
the 1-30 Hz range. Piezoelectric ceramics which are metal oxides, exhibit much higher
fundamental frequencies than composites and polymers of comparable size and geometry, with
the same vibration mode. If monolithic piezoelectric ceramics are used as the energy harvesting
element, the lowest resonance frequency mode is in the kilohertz range or higher, significantly
beyond the frequency range of vibration of human sources. The lower the frequency of the
vibration source, the more complex it becomes to design the energy harvesting unit using
piezoelectric ceramics, as dimension and weight constraints could be limiting factors towards
achieving the desired fundamental frequency. Under these situations even though piezoelectric
composites and polymers seem to be the ideal ‘material’ candidates, in this project ceramics are

selected for reasons enumerated in section 3.5 with table 3.5 cited.

3.9 Physical implementation and distinct stages in the energy harvesting system
A schematic diagram showing the basics of a piezoelectric energy harvesting system is shown in

figure 48 and a block diagram of such a system in detail is shown in figure 49. Generally it

—

Piezoelectric
Transducer

Inverter A | ﬂ '
_+ Electrical symbol of a
piezoelectric transducer
Load

Batterv Bank

Figure 48. - Schematic diagram showing the basics of a piezoelectric energy harvesting system.
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contains four main electronic units: an ac-DC rectifier, a voltage regulator, an energy storing
device and an inverter.
The functions of the blocks shown in figure 49 are respectively as follows:
(a) The Piezoelectric harvester platform
(b) Converting voltage output from the piezoelectric material from ac to DC
(c) Regulating/conditioning the DC power supplied to the external load or the storage

device
(d) Storage of energy harvested
(e) Inverting the DC voltage once again to ac as required
(F) The Load
Circuit design has a lot to play in the overall efficiency of power conversion. Various methods
and designs have been looked into in improving the efficiency of rectifier and regulator circuits.
Now with the advancement of micro-electronic technology, there exists small energy harvesting
interface circuits, successfully mounted on a single chip which has low quiescent currents too.
This project looks at both building a regulator circuit from basic components and also using a

single power conditioning chip.

Piezo ! Rectifier Regulator } : Energy Storge } . '""ertlerd load i
: Element : i (ACIDC): i Pl Device : o |feraeled | ;
é ._>: ._>: N our ._>E L ﬂ_— I—P _l —P; p|4 ]
§in E E E E GrIJD E E E E / E-P! P -,N\/‘_E
P B i [ T ES I I
. E Bridge . E LDO . E Capacitor  Battery E IC Resistor  }

@) (b) © C) () ®

Figure 49..- Block diagram of a general electrical circuit for piezoelectric energy harvesting systems.
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3.9.1 The piezoelectric unit (The basic element)

Figure 50. - Piezoelectric discs of various sizes and shapes.

(a) Piezoelectrics discs usable in harvesting energy from pedestrian traffic [31].

(b) The basic piezoelectric transducer discs used in this project for fabrication of the
piezoelectric sub-assembly (27 mm outer diameter, D).
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Plate size diameter, D (mm) 20.0 27.00
Element size diameter, d (mm) 14.0 19.7
Electrode size diameter, b (mm) 12.8 18.2
Thickness, T (mm) 0.42 0.54
Metal plate thickness, t (mm) 0.20 0.30
Resonance frequency, fr (KHz) 6.3+0.6 4.6 +0.5
Capacitance, C (nf) 10.0 £ 30% 20.0 £ 30 %
Dielectric constant, & 1510 1510
Resonance impedance, R (Q) <300 <300
Input voltage, Vpp max (V) 30 30
Operating temperature, (°C) 20 ~ 70 20 ~ 70

Figure 51. - Data sheet for commonly used 20 mm and 27 mm piezo discs [77].
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3.9.2 Construction of the piezoelectric transducer sub-assembly

Hardwood
covers

iezoelectric discs

N _—

Electrical
Leads

Bottom platform of
piezoelectric unit

Figure 52. - Exploded view of a single piezoelectric transducer sub-assembly.

Parallel Series

W

Figure 53. - Basic configurations of piezoelectric elements: parallel and series.

Figure 54. - Contact pods attached to the upper layer of the piezoelectric sub-assembly.
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Figure 55. —Piezoelectric elements attached on wooden platform of piezoelectric sub-assembly.

0.3 mm
igha
|
Polling direction
thickness wise.
(Disc used in 33 mode) ! |
e
0.54 mm

Figure 56. - Polling direction and dimensions of piezo discs

ThobHL BB
HOHOHH O O
HOHOHH O O
HOHOH O O
HOHOH O O

Figure 57. - Electrical connections of piezoelectric discs in the hybrid
parallel-series configuration.
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Figure 58. - Electrical connections of piezoelectric discs in all-parallel
Configuration.
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Figure 59. - Electrical connections of piezoelectric discs in the hybrid series
- parallel configuration.

74




3.9.2.1 Stacked configurations of the basic piezoelectric transducer unit (discs)

The stacked piezoelectric configuration could consist of two or more basic piezoelectric
transducer elements, which in this project are ‘discs’ and two of them are used. An alternate
configuration as shown in figure 61could be adopted for a single tier or multiple tier arrangement

which gives more space efficiency and material saving.

Figure 62. - 3D view of alternate configuration shown on figure 61.
In this project multiple layers of the basic piezoelectric discs were used using configurations

given in figures 57, 58 and 59.
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3.9.3 Empirical formula to calculate efficiency
The following formula could be used to calculate the average efficiency of a piezoelectric

harvesting unit if  the energy IS directly  supplied to a load

n =2 x100%

m

(Vi +Vn—1 )?

== ym R (4.16)

m “N=2 [(Fy+ Fpq) (dn — dn—1 )1/(tn —tn-1)

Where 1 is the efficiency, V is the voltage drop across load resistance R, F is the force applied to
the base of the plate, d is the displacement of the plate, t is the time increment between data
points, n is the data point index, and m is the total number of data points

measured [100].

The efficiency figure we obtain here is not the efficiency of the sum piezoelectric discs but the
efficiency of the entire system as a whole, because the experimental set up involves i’ R losses
(along connecting wires) and mechanical losses in the form of energy absorbed by springs. This
could be considered the most universal form of efficiency calculation. The power in and power

out calculation would depend on the method adopted.

As such in this project a more subjective approach would be adopted where the electricity
generated by each piezoelectric unit would be calculated and then multiplied by the number of
piezoelectric units being utilized to come with an estimate of the final value of electricity

generated.

Many other formulae could be brought forward for calculation/prediction of amount of electricity
generated based on the method employed i.e. landing of aircraft, athletes footsteps, internal
pneumatic tire pressure, motor vehicle pressure exerted on road etc., but these are outside the

scope of this project.
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3.9.4 Additional electro-magnetic induction sub-assembly

Four EM units made of magnetic bolts are screwed onto the underside of the piezoelectric unit as
shown in figure 63. When the external mechanical vibrations are applied to the upper platform
(the primary system) of the PE harvester, the magnetic units follow this same motion of
displacement and make the magnets move in and out of copper coils placed below. The central
axis of the coils is in line with the axis of motion of the magnets. Therefore, when external
mechanical vibrations are applied to the PE harvester base, the primary system oscillations are
transferred to the electro-magnetic system at the same frequency i.e. the EM generators follow
the same reciprocating movement as the PE generators. The relative motion of the magnets
causes the magnetic flux density to change through the coils and hence induce an electromotive
force (emf) inside the conductive coils by Faraday’s law of electro-magnetic induction. When in
operation, the system is excited as a whole. The overall system then exhibits MDOF (Multiple

degree of freedom) behavior [102].

Magnetic Screws

Coils embedded in

base platform

\ e Upper
Pat— Platform of
& piezo unit
| N Bottom platform

N foi i
Base platform of piezo unit

Figure 63. - Additional electromagnetic sub-assembly to be used in conjunction with the
PE harvesting sub-assembly.
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Electro-magnetic generators work on the principle of electro-magnetic induction which is
Faraday’s law of induction. It states that the electro-motive force around a closed path (loop) is
equal to the negated rate of change of the magnetic flux enclosed by that path.

emf = -dy (417)
dt

where emf is in volts, and v is the magnetic flux expressed in Weber as though the coil is a one-
turn coil. The negative sign on the right side together with Fleming’s right hand rule ensures that
Lenz’s law is always satisfied. Lenz’s law states that the sense (direction) of the induced electro-
motive force (emf) is such that any current it produces tends to oppose the (change of) the very
magnetic flux producing it. If the loop contains more than one turn, (say N: turns) then this is the
same as having Nt separate, identical, single-turn loops stacked tightly one on topf of the other,
so that the emf induced in the Nt turn coil is Nt times that induced in one turn. So it follows that

for an N turn coil,

emf = —N, = (4.18)

Figure 64 shows the dimensions of a cylindrical magnet involved in the calculations of its

magnetic flux density

R
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/
\_/

-
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Figure 64. - Dimensions involved in calculating the flux density of a cylindrical magnet [44].
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The formula for calculating B field (magnetic flux density) on the symmetry axis of an axially

magnetised cylinder magnet (disc or rod) is as follows

Br D+Z z

B=Z] - ] (4.19)

2 1 1
{R2+(D+2)? }2 {R2+z2}2

Where;

Br: Remnant field (flux density), independent of the magnet's geometry
D: Thickness (or height) of the cylinder

Z: Distance from a pole face on the symmetrical axis

R: Semi-diameter (radius) of the cylinder

The unit of length can be selected arbitrarily, as long as it is the same for all lengths.

NdFeB and SmCo are both known as rare-earth magnets because they are composed of materials
from the Rare Earth group of elements. The magnets used in this project are made of rare earth

material.

Table 4.1. - Remnant magnetic field for rare earth magnets [41].

Material | Grade Br Hc Hci BHmax Tmax (°C) *
(Gauss)

NdFeB 39H 12,800 | 12,300 | 21,000 40 150

SmCo 26 10.500 9.200 | 10.000 26 300

Using a typical value for Br = 11650 Gauss (1.165 Wh/m?) and equation 4.19 to calculate the

magnetic flux density with R= 0.5 cm and D=0.75 cm

B= 1% ! =0.521 Wb/m? ; the Z dimension being regarded as zero.

2 J(0.5)2+12

In this project the formula for induced e.m.f. in a conductor moving in a fixed magnetic field will

be used.

79



An emf induced by motion relative to a magnetic field is called a motional emf. Quantitatively it
is represented by the equation

emf = -Blv (4.20)
Where;
B = strength of the magnetic field in Weber/m? (Webers per square meter) or T (Tesla)
| = is length of the conductor in m (Meters)
v = speed of moving conductor relative to the magnetic field in m/s (Meters per second)
The minus sign in the above equation is because the induced e.m.f. is in such a direction that
would attempt to negate the very flux change that is causing it.
Substituting values in the above formula as follows;
B =0.521 Wb/m?, 1=2m;v=0.4m/s; 2m being the extended length of one coil.
The induced e.m.f work out to be 0.4168 Volts per coil. As there are 4 coils the total induced
e.m.f. would be 4 x 0.4168 = 1.6672 V. The four coils are connected in series so that the e.m.f.’s
generated would add up and create an e.m.f. that would be larger than that produced just by one

coil magnet assembly.

The extending leads were configured in series and then in parallel to the leads of the
piezoelectric sub-assembly and was checked as to which configuration gave a larger total e.m.f.
for the composite assembly. The individual waveforms of the piezoelectric sub-assembly and the

EM sub-assembly are identical except for the fact that they have different amplitudes a shown in

Figure 65.
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Figure 65. - Replica of e.m.f. wave patterns (a) Theoretical e.m.f. wave pattern generated by the piezoelectric
sub assembly. (b) Theoretical e.m.f. wave pattern generated by the electro-magnetic induction sub assembly.
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Figure 66. - Four permanent

Figure 67. - Screw and spring assembly to
magnets mounted on insulator stubs. attach the permanent magnets.
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Figure 68. - Electro-magnetic sub-assembly.
(a)Arrangement of electromagnets.
(b)Coil arrangement on the bottom board.
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Piezoelectric
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Bottom platform
of piezoelectric
unit

Electrical
Leads Electromagnetic Bottom platform of
units composite unit

Figure 69. - The blown-out image of the combined PE harvester sub-assembly

and electro-maanetic sub-assembly (composite enerqy harvester).
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(a) Parallel —Serial configuration
(b) Serial-Parallel configuration

(c) All Parallel configuration

(@)

(b)

Figure 70. - The three different configurations of the composite energy harvester.

3.9.5 Rectifier stage
Efficient rectification is an essential part of an electrical energy harvesting system and the
rectification process plays a critical role in overall conversion efficiency. The idea is to pass over

as much generated energy as possible from the source for the consumption of the load.

{—4
ﬁb
Piezo g ¢ om § Ri

%

Figure 71. - A simple diode bridge rectifier [11].

The electricity generated by piezo films, vibrating in a simple harmonic motion is unarguably ac

in nature. This ac electrical energy is required to be converted into usable DC power and a
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passive rectifier is needed for this conversion. The most commonly used passive rectifier in
energy harvesting is the full-wave bridge rectifier as shown in figure 71. One of the important
factors that affect the conversion efficiency in a diode-based rectification process is the turn-on
voltage (or cut-in voltage or threshold voltage). This is because until the diode reaches the ‘turn-
on voltage’, it remains ‘off’. As a result, up to the turn-on voltage, no voltage would be available
to the load for that duration of time. Therefore to construct rectifier circuits, especially for low
energy harvesting systems, diodes of lower turn-on voltages are preferred. Schottky diodes have

the lowest turn-on voltage when compared with Si, Ge diodes [68].

It has been experimentally shown that Schottky diodes can be used to obtain usable dc energy
from mechanical vibration. Though the conversion efficiency of Schottky diode is better in
comparison to other diodes, it has, however, its own limitations. For example, the turn-on
voltage of a Schottky diode is about 0.2 V and thus the bridge rectifier remains off from the
beginning of an a.c. input cycle (voltage 0V, time = 0 s,) until it reaches a magnitude of 0.4 V (or
2x0.2 V, i.e. 2 diodes have to be traversed ). Another limitation of the Schottky diode is its
reverse saturation current which is high and about three orders higher than that of other diodes.
This gives rise to a higher energy loss through the reverse-biased diodes during the rectification

process.

To overcome the limitation of bridge rectifiers a more efficient rectifier circuit is needed. This
project will use the low voltage rectifier with high power conversion efficiency (PCE) based on
SMIC 0.18 pm standard CMOS technology for PE energy harvesting as proposed in [49] and

shown in Figure 23(b) for reasons mentioned in paragraph 3.8.1.
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3.9.6 Employing a power management circuit (DC-DC conversion)

A power management circuit is another important stage in any energy harvester system. This is
employed with an intention of maximizing the ‘raw power harvested’ to ‘net energy harvested’
ratio. The power management circuit of a small-scale energy harvester should dissipate minimal
power in addition to ensuring maximum power is transferred to the load side. Its special circuit
design will include a simple maximum power point tracking scheme. The power management
circuit in the dashed frame as shown in figure 72 consists of a single stage DC-DC converter

with a controller.

I _______ b |
I

Energy : DC-DC 1 | Energy
Harvesting [ onverter :: Storage »| Load
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Figure 72. - Block diagram of a DC-DC powver.

The difference between a typical electrical power source and a vibrating piezoelectric device
used in the low frequency region is that it (the piezo device) is considered as having capacitive
rather than inductive source impedance. This fact is used in deriving formulae to arrive at the

maximum power transfer condition.

Usually harvesting circuits simply consist of an ac—dc rectifier which converts the a.c. into D.C.
so that the storage battery can be charged. However, in the case of piezoelectric energy
harvesting, the rectified DC voltage may not be constant as it depends on the vibration frequency

and intensity experienced by the piezoelectric harvesting unit. This calls for adaptability of the
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circuit i.e., to provide an optimum voltage to the load by making adjustments (compensation) to
the output voltage of the rectifier. In other words, the adaptive control technique would facilitate
the attainment of optimum voltage, which in turn would ensure continuous, maximum power

transfer to the load or storage unit.

To achieve this, a switched-mode dc—dc converter together with control circuitry is placed at the
output of the rectifier, which would control the energy flow from a vibrating piezoelectric
transducer into the electro-chemical battery (Figure 73, 75). As battery voltages change very
slowly, this maximization of energy transfer we speak about amounts to maximizing the current
into the battery. The controller monitors the output power, i.e., in actual reality, the current into
the battery, and dynamically adjusts the duty cycle of the DC-DC converter to maximize the
current and therefore the power transfer [56]. This procedure is somewhat similar to maximum
power point tracking employed in solar power harvesters. A super capacitor could be employed
as the storage device for the proposed system due to less stringent requirements for charging

compared with rechargeable batteries and having virtually infinite life cycles.
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Figure 73. - Adaptive energy harvesting circuit [73].
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In this project both step up (Boost converter) and step-down (Buck converter) circuits will be
used. The first one will be used with the ‘all serial’ configuration and the second one will be used
with the ‘series —parallel’ configuration. However due to space constraints only the operation of

the Buck converter is explained as below.

Vs ON |Vs OFF
+ + O([E]
™ T
CONTROL UNIT CONTROL UNIT J
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OFF OFF|
- O—— - O
(b)
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+ +
" "
CONTROL UNIT CONTROL UNIT
ON oN A
JuL T
- O o
(c) (d)

Figure 74. - Buck-Boost converter [10].

(a) Operation as a Buck Converter during Try ‘ON’ Period.
(b) Operation as a Buck Converter during Tr1 ‘OFF’ Period.
(c) Operation as a Boost Converter during Tr2 ‘on’ Period.
(d) Operation as a Boost Converter during Tr2 ‘off” Period.

In a buck converter Tr2 is going to be always ‘OFF’. Therefore, it might as well be removed and
short circuited so that a constant ‘OFF’ pulse from the control unit doesn’t have to be supplied to
it. A MOSFET serves dual purposes i.e., high speed switching of the output voltage and
providing high current with less dissipation of heat.

During the period when Try is ‘ON’ it conducts with the input current passing through the

inductor L, energizing its magnetic field, charging C and supplying the load. The current then
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flows back to the supply negative terminal. While this is happening D1 cannot conduct as its

anode is being held at a positive potential by the heavily conducting Tr.

During the period that Try is “OFF’ the initial source of current is now the inductor L. With its
magnetic field collapsing, the back e.m.f. generated reverses the polarity of the voltage across L,
which turns on D1 and current passes through D> and the load ensuring a smooth supply of
current to the load. Schottky diodes have a property that they dissipate very low heat and work
fine at higher frequencies than regular diodes. The Inductor is used to control voltage spikes
which can otherwise damage the MOSFET. Since operating frequencies are low, the value of the

inductance required for this purpose would be high. (around 0.95 H).

As the current decreases along with the discharge of L, the charge accumulated in C during the
‘ON’ period of Tr1 now adds to the current flowing through the load, keeping Vour faithfully
constant during the Try ‘OFF’ period. This helps to keep the ripple to a minimum and Vour as

close to Vs as possible.

Figure 75 shows elaborate circuitry of a more complex DC-DC converter (incorporating a Buck
converter) which could take the place of the broken lined box in figure 73. In this circuit Tr, of a

conventional buck-boost converter has been removed.

The fact that all piezoelectric elements used in the experiment are of the same characteristics and
therefore possess the same resonance frequency; the use of one and same rectifier circuitry for
the composite structure becomes possible. If in case piezoelectric elements of different resonance
frequencies were used a separate rectifier circuit would have to be used for each different group
because their peak powers would occur at different frequencies. Also, each ‘piezo group-rectifier
circuit’ combination having its own inherent output impedance might lead to impedance

mismatches if they are all connected in parallel at the load or storage device.
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Figure 75. - Circuitry of a more complex DC-DC converter (employing a Buck
converter) [73].

Figure 76 shows the discrete components required for the power management circuitry shown in

figure 75.

(@) (b) (©) (d)

Figure 76. - Components of the DC-DC converter and power management circuit.
(@) OP-AMP (296-TLV9061SQDBVRQ1CT-ND).

(b) DSP (TMS 320LC31).

(c)MOSFET High Side Driver (MIC5018YM4-TR).

(d) P Channel MOSFET (BSH205G2AR).
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3.9.7 Regulator stage

The rectified voltage of the AC-DC converter is dependent on the Copper distance from the
source and the amplitude of the input signal. A simple regulator could be employed in place of
the sophisticated circuitry given in section 4.9.6 to overcome the loss of voltage that’s dropped
along lengthy circuitry. This will minimize any variation caused by fluctuations in the input
voltage or the load. However, due to limitation on available power, the regulator must be
efficient and must be able to work with low voltage levels. An Integrated circuit (IC) could be
employed for this purpose. A linear voltage regulator comprises of an active (BJT or MOSFET)
pass device (series or shunt) controlled by a high gain differential amplifier. It does a comparison
of the output voltage with a precise reference voltage and adjusts the pass device to provide a
constant output voltage [93]. The circuit diagram of a voltage regulator is shown in figure 77(a).

Figure 77(b) is a picture of a real voltage regulator.
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Figure 77. - A voltage regulator (a) A circuit diagram of a typical linear voltage regulator.
(b) A voltage regulator in real life.

In this project, for voltage conditioning (power management) Buck or Boost circuitry will be
used as appropriate with closed loop feedback through a comparator which will provide the
dynamic adjustment to the duty cycle of the DC-DC converter. This amounts to a combination of

components mentioned in section 4.9.6 and this section.
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3.9.8 Energy storage stage

The energy generated by piezoelectric systems are not sizeable enough to be able to deliver
power to consumer electronics directly. Therefore, for power harvested through piezoelectricity
to fit into the commercial market, there should be means for gathering and storing it, until

enough can be made available to power consumer electronics [100].

Capacitors and rechargeable batteries both could be used for energy storage. Capacitors do not
require a minimum voltage to start charging unlike rechargeable batteries. Charging and
discharging can take place very quickly due to their high power density, making instantaneous
provision of the accumulated energy possible. However, compared with batteries the energy
density of capacitors is lower; thus, they lose their voltages quickly as they discharge. Therefore,
they find their suitability in applications that require rapid energy transfers and not for
applications where an almost constant output voltage or a steady energy supply is required. Only
continuous physical vibrations experienced, which can generate sufficient energy, will help them

sustain constant operation of the load.

Batteries, could boast of being free of this shortcoming. As widely known they can store the
energy from the PE harvester for subsequent use and thus are capable of supplying constant
voltage and power even with intermittent energy generating physical vibrations experienced by
the piezoelectric unit. The limited number of charging cycles is however, the main disadvantage
of rechargeable batteries when used for piezoelectric energy harvesting applications. 300-1000
charging cycles is the average for both nickel metal hydride (NiMH) batteries and lithium-based
rechargeable batteries, after which the capacity of the battery becomes significantly reduced and

renders the battery unusable.
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One large battery could be employed for storage or a battery bank consisting of multiple batteries
could be employed for larger systems, to store the electricity generated by the piezoelectric
system. It depends on how much energy one envisages to produce and how much energy one

plans to store and draw later.

The inverter will have a direct physical connection to the battery bank and the battery bank
should be of sufficient capacity such that it is capable of coping with the current consumption of
the inverter. Ideally a current of 1A a.c. on the demand (load) side translates into a requirement
(a draw) of approximately 25 A on the DC side. When calculating how much battery bank
capacity we should have, it’s prudent to plan for a discharge of only half the battery bank so that
it’s not run down to the very bottom. In other words the depth of discharge (DoD) should be

ideally 50%.

Table 4.2. - Typical battery bank sizes [42].

Inverter output Typical Battery Bank size
1000 Watt h/Day 420 Ah

1500 Watt h/Day 540 Ah

2000 Watt h/Day 750 Ah

2500 Watt h/Day 1000 Ah

Lower temperatures cause batteries to be less efficient. Table 4.3 gives a multiplying factor
depending on working temperature to arrive at the correct battery capacity needed.

Table 4.3. - Multiplying factor depending on working temperature.

Temp °F Temp °C Factor
80 26.7 1

70 21.1 1.04
60 15.6 1.11
50 10.0 1.19
40 4.4 1.3

30 -1.1 1.4

20 -6.7 1.59

91



A large spectrum of rechargeable solutions is available in the commercial market today, such as
rechargeable batteries (Lead acid, NiCd, NiMH, Li ion, etc.), fuel cells, capacitors, and hybrids

of these categories (e.g. ultra-capacitors).

In one’s choice of a rechargeable energy storage system many factors must be taken into
account. The main requirements to consider in selecting a rechargeable energy storage system,

could be summarized as follows.

(1) The life span of the energy storage device, as well as the harvester, must match the estimated
operational life for the system.

(if) Having the ability to make available a continuous power supply through the longest expected
period of inactivity, where energy harvesting will be unavailable. (e.g., bad weather that may last
for several weeks).

(iii) The voltage of the energy storage must be consummate with both powering the load and also
being charged by the power generated from the harvester.

(iv) The maximum level of current (or power) available from storage must outdo the peak
current (or power) demand of the load.

(v) Appropriate design in meeting the challenges, demands and constraints of the application,
including temperature, humidity, possible impact, etc.

(vi) The energy storage system must meet the environmental considerations with respect to safe
disposal or recycling [106].

(vii) The possibility of providing a charging current of at least one tenth’s of the battery’s
capacity or higher, throughout a majority time of operation [100].

Figure 78 shows a comparison between batteries and capacitors as far as energy density and

power density is concerned.
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Figure 78. - Comparison of energy density against power density of popular

charge storage devices [88].

capacitors.

The following table shows a detailed comparison of vital features between batteries and

Table 4.4. - Comparison of major features between batteries and capacitors.

Feature being compared Batteries Capacitors

Charge storage methodology The chemical reaction | Electric field for
for storage storage

Type of interaction Active component Submissive component

Energy-density High low

Charging/discharging Slow fast

Output Voltage constant Relatively unstable

Operating temperature 25°C 3°Cto+125°C

Composition Contrive of metals, Contrive of metal
chemicals sheets

Charge/discharge Cycles 500 500,000

Cost Low Relatively high

Stress during peak demand Stressed Not stressed

and passivity of interaction.
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3.9.9 The inverter stage
Inverters are required to convert Direct Current (DC) into alternating current (a.c.).
The input voltage could be 24, 36 or 48 V DC if it’s for a home energy system and 200 to 400 V

DC when the input power is from, for example, a photovoltaic solar panel.

If the inverter produces only a square wave output, it is suited only for applications that require
low sensitivity such as lighting devices and heating devices. A circuit diagram of an inverter is
shown in figure 79. When power inverters are used instead of a standard lines power supply the
best effort should be made to create (produce) a sine wave output because most
electrical/electronic appliances /devices are made to operate best with a sine wave power input.
The aim when employing an inverter is to have an inverter that produces a pure sine wave. This

is done with an intention of having a very low if not zero Total Harmonic Distortion (THD).

Total harmonic distortion

It is the ratio of the root of the sum of the mean squares of the harmonics to the root mean square

of the fundamental.

THD = \/sz +V32 +V42 +oeene (421)

In square waveforms THD is found to be 48.3%. A pure sine wave would have a THD of zero.

(Because it has no harmonics).

l| } Output

B

Figure 79. - A block diagram of a simple inverter.

%94



3.10 Maximizing the net energy harvested
It is of paramount importance that the energy harvested be transferred to the load with the

maximum possible efficiency. Power factor correction is as important as power management.

3.10.1 Power factor correction
Power factor correction plays an important role in power generation and distribution for a.c.
loads. The ratio of consumed or delivered power to apparent power is defined as the power factor
(PF).
The apparent power of an a.c. system would be equal to the multiple of voltage and current. i.e.
VI. If power factor = Cos ¢, where ¢ = phase difference between the alternating current and
alternating voltage; then

Delivered power = VI Cos ¢ (4.22)

Therefore

Power, Delivered
Cosg = (4.23)
Power, Apparent

When the a.c. voltage and current supplied to the load is in phase the power factor is unity as Cos
0°= 1. The primary reason for wanting a PF close to unity in most large scale industrial
applications is the increase in the electrical capacity of the distribution system (lower current
requirements).

Consideration given to power factor correction offers immediate benefits at the micro level too,
e.g. designing of energy-harvesting circuits. Power-conditioning circuits used in harvesting
energy from ambient sources often result in harmonics in output current. This results in power
losses. The use of either linear regulators or switched regulators could offer challenges; the first:

reduced efficiency when operating outside an optimal operating envelope, the second: additional
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design challenges required to address stability issues that can limit optimum power output.
Power Factor Correction circuits are designed to address these challenges.

However, power factor correction consideration have been overlooked in this project as it is
comprehended as being beyond the scope of this project and penalties for a low PF aren’t viewed

an issue as this project involves an experimental standalone installation.

3.11 Equivalent circuit of the basic piezoelectric sensor
A piezoelectric transducer can be modeled as a proportional voltage source and filter network

because it has very high DC output impedance.

The applied force, pressure, or strain produces a voltage V at the source which is directly
proportional to it. The output signal is therefore related to this mechanical force as if it had

actually taken place (not physically though) within the equivalent circuit.

--------------------

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

Figure 80. - Schematic symbol and detailed electronic model
of a piezoelectric sensor [111].

An equivalent electronic model as indicated in figure 80 includes the effects of the piezoelectric
sensor's mechanical and electrical characteristics. The inductance Lm is a representation of the

seismic mass and inertia of the sensor. Ce is inversely proportional to the mechanical elasticity of
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the sensor.Co is due to the static capacitance of the transducer. Ri is the insulation leakage
resistance of the transducer element. If the load resistance is thought to act in parallel with the
sensor insulation resistance, it contributes towards increasing the high-pass cutoff frequency

(refer figure 47).

If the load and leakage resistance are large enough so that effects of low frequencies prevalent,
are not lost, a more simplified equivalent circuit model can be used, in which Cs represents the
capacitance of the sensor surface itself (determined by the standard formula for capacitance of
parallel plates) as in figure 81 (a) or as a charge source (current source) in parallel with the

source capacitance as in figure 81 (b), where the charge is directly proportional to the applied

force.
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Figure 81. - Simplified equivalent circuit of a piezoelectric sensor [111].
(a) The piezoelectric sensor can be modeled as a voltage source in series with the
sensor's capacitance or (b) A charge source in parallel with the capacitance.
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3.12 Modelling and simulation of the composite energy harvester in MATLAB Simulink
3.12.1 Modeling of the basic piezoelectric unit (disc)

The equivalent circuit of the basic piezoelectric sensor implemented in SimscapeTM is as shown
in figure 82. Blocks used for model execution are listed below.

(1)_The Solver Configuration:

It is used to provide the specification of solver parameters for the start-up of the simulation, i.e.
prior to the beginning of the actual simulation. All network blocks in Simscape ™ are required to
have a separate solver configuration connected to that block.

(2)_The PS-Simulink Converter:

This block is used to change a physical signal into a Simulink output signal. It also provides the
related units of the signals that are traced at the output.

The Simulink-PS Converter

converts the unitless Simulink input signal into a physical signal.

(3)_The Electrical Reference block:

The Electrical Reference block is used to provide an electrical ground. A model having
electrical elements must include at least one Electrical Reference block.

(4)Voltage Sensor block:

This is to measure the voltage at the output.

(5)_Current sensor block

The current sensor block is used to measure the current generated in the transducer.
If Vp is the output voltage of this basic piezoelectric sensor, C, its piezoelectric capacitance, and

Q, the charge applied, then Vp = Q/(Cyp)
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Figure 82. - Basic piezoelectric transducer unit (disc) modelled in MATLAB.
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Figure 83. - Output voltage and output current of basic piezoelectric transducer unit
(QP20W piezo disc) when modelled in MATLAB Simulink.

The output voltage and current waveforms which are shown in figure 83 (a) and (b) respectively
are influenced directly by variations of the resistive load. The Cp, and load resistance is taken as
12 nF and 10 Q for simulation

Next the detailed piezoelectric electrical model was implemented, and the related results were

recorded. As previously referred, the vibration energy harvesting system consists of two parts,

the mechanical and electrical part.
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3.12.2 Modeling of the mechanical input to the composite harvester unit

Figure 84 (a) shows the Simulation of the mechanical part of the piezoelectric transducer in
MATLAB Simulink and Figure 84(b) shows the wave form of the input as observed in the scope,
which has a 0.5 second period (frequency of 2 Hz) and 1 Newton of amplitude. A saw tooth
waveform has been selected for the physical input because it very closely represents the pressure

applied by physical footsteps i.e. a rising pressure and then release.
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Figure 84. - Simulation of the mechanical input to the composite harvester unit.
(a) The Simulink model.
(b) The waveform of the input as observed in scope 2.
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3.12.3 Modeling of the piezoelectric transducer sub-assembly

The Piezo Stack in figure 85 and figure 88 represents the piezoelectric transducer sub-assembly
with parameters as shown in figure 85, 86 and 87. Only the ‘all — parallel” PZ sub-assembly
(Connections shown in figure 58) together with the EM sub-assembly is considered for modeling
from section 4.12.3 up to section 4.12.9 with practical experimental results in 4.12.10, as that

configuration proved to produce the best results.

Static Force  Dynamic Forces  Initial Conditions

Parameterization: Specify from a datasheet
! e Stack area: 1518 mm”2
— Stack length: 45.974 mm
| : Ld;;gad displacement at V0 0.4318 o
Blocking force at VO volts: 3058 N
Test voltage VO: 40 \
Capacitance: 145 nF

Figure 85. - Piezo stack parameters - Static Forces.

Static Force Dynamic Forces Initial Conditions

Parameterization: Specify material properties -
Damping: \0 \ \N/(m/s) v\
Effective mass: \50 \ \g v\

Figure 86. - Dynamic forces of the piezoelectric stack

Static Force  Dynamic Forces  Initial Conditions

Initial stack deflection: \20 | \mm v|

Initial voltage: \20 | \V V|

Figure 87.- Initial Conditions of the piezoelectric stack.

The piezo sensor is first tested without load, i.e, in open circuit, as shown in Figure 88.
The ideal force source represents a force proportional to the input physical signal. The
‘mechanical translational reference’ represents a mechanical translational reference point. The

ideal translational motion sensor converts an across variable measured between two mechanical
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translational nodes into a control signal proportional to velocity and position. The translational
damper represents an ideal mechanical translational viscous damper with 12 N(m/s) and the

Translational Spring is an ideal mechanical linear spring with 10 N/m value.

The simulation result of piezoelectric sensor output voltage and current with no load when a

force of 1 Newton is applied is shown in figure 89 and 90.
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Figure 88. - Simulation of the piezoelectric transducer sub-assembly in MATLAB.

Figure 89. - Piezoelectric sub-assembly Figure 90. - Piezoelectric sub-assembly
voltage output at 2 Hz frequency (scope 1). ~ current output (scope 2).
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3.12.4 Modeling of the piezoelectric transducer sub-assembly with buck converter added

Figure 91 shows the MATLAB Simulink model of the piezoelectric transducer sub-assembly
coupled with the buck converter and figure 92 shows the output waveforms. All graphs from
section 4.12.4 up to 4.12.9 show scope readings of probes taken top to bottom in the circuit

diagrams and the corresponding graphs reading top to bottom first on the left and then right.
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Converter1

Diode1

Figure 91. - MATLAB Simulink model of the piezoelectric transducer sub-assembly
coupled with buck converter.
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Figure 92. - Output wave forms of the piezoelectric transducer sub-assembly
coupled with buck converter.
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3.12.5 Modeling of the electro-magnetic sub-assembly

Figure 93 shows the MATLAB Simulink model of the electro-magnetic sub-assembly and the

mechanical input, voltage and current output of the electro-magnetic sub-assembly are shown in

that order in the first three graphs of figure 94.
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Figure 93. - The electro-magnetic sub-assembly modelled in MATLAB Simulink.

Figure 94. - The mechanical input waveform (in black), the voltage output (in blue)
and the current output (in red) of the electro-magnetic sub-assembly.
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3.12.6 Modeling of the piezoelectric sub-assembly and the electro-magnetic sub-assembly

connected in parallel

Figure 95 shows the MATLAB Simulink model of the piezoelectric transducer sub-assembly

coupled with the magnetic sub-assembly in parallel and figure 96 shows the output waveforms.
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Figure 95. - Piezoelectric transducer sub-assembly coupled with the electro-magnetic
sub-assembly (connected in parallel).

Figure 96. - Output waveforms of the piezoelectric transducer sub-assembly coupled
with the electro-magnetic sub-assembly (connected in parallel).
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3.12.7 Modeling of the piezoelectric sub-assembly and the electro-magnetic sub-assembly
connected in series
Figure 97 shows the MATLAB Simulink model of the piezoelectric transducer sub-assembly

coupled with the magnetic sub-assembly in series and figure 98 shows the output waveforms.
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Figure 97. - Piezoelectric transducer sub-assembly coupled with the electro-
magnetic.

Figure 98. - Output waveforms of the piezoelectric transducer sub-assembly coupled
with the electro-magnetic sub-assembly (connected in series).
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3.12.8 Modeling of the piezoelectric sub-assembly and the electro-magnetic sub-assembly
connected in parallel with buck converter added

Figure 99 shows the MATLAB Simulink model of the piezoelectric transducer sub-assembly
with the electro-magnetic sub-assembly and buck converter and figure 100 shows the output

waveforms
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Figure 99. - MATLAB Simulink model of the piezoelectric transducer sub-assembly coupled
with the electro-magnetic sub-assembly (connected in parallel) with buck converter.

Figure 100. - Output waveforms of the piezoelectric transducer sub-assembly coupled
with the electro-magnetic sub-assembly (connected in parallel) with buck converter.

107



3.12.9 Modeling of the piezoelectric sub-assembly and the electro-magnetic sub-assembly
connected in series with buck converter added

Figure 101 shows the MATLAB Simulink model of the piezoelectric transducer sub-assembly
with the electro-magnetic sub-assembly (connected in series) with buck converter and figure 102

shows the corresponding waveforms
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Figure 101. - MATLAB Simulink model of the piezoelectric transducer sub-assembly coupled
with the electro-magnetic sub-assembly (connected in series) with buck converter.

T

Figure 102. - Output waveforms of the piezoelectric transducer sub-assembly coupled
with the electro-magnetic sub-assembly (connected in series) with buck converter.
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3.12.10 Modeling of the piezoelectric sub-assembly and the electro-magnetic sub-assembly
connected in series with buck converter and relay added

Figure 103 shows the MATLAB Simulink model of the piezoelectric transducer sub-assembly
with the electro-magnetic sub-assembly (connected in series) with buck converter and figure 104

shows the corresponding waveforms
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Figure 103. - MATLAB Simulink model of the piezoelectric transducer sub-assembly coupled with
the electro-magnetic sub-assembly (connected in series) with buck converter and relay added.

Figure 104. - Output waveforms of the piezoelectric transducer sub-assembly coupled with the
electro-magnetic sub-assembly (connected in series) with buck converter and relay added.
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3.12.11 Summary of output voltages and currents from practical experimentation of the

various circuit connections

Table 4.5. - Summary of voltage outputs and currents for the various configurations of the ‘serial-

parallel’ configuration for an applied force of 20 Newton.

Configuration

Open Circuit Voltage
(V) Peak value

Short Circuit Current
(MA) Peak —Peak value

1)

piezoelectric transducer sub-assembly

24

8.4 (Pk-PK)

)

piezoelectric transducer sub-assembly
coupled with boost converter

2.0

9.1 (Pk-PK)

@)

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in parallel)

15(mV)

19.6 (PK-PK)

(4)

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in series)

2.7

6.52 (Pk-PK)

()

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in parallel) with
boost converter

15(mV)

21.7(Pk-PK)

(6)

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in series) with
boost converter

2.9

5.2 (Pk-Pk)

Table 4.6. - Summary of voltage outputs and currents for the various configurations of the “all-
parallel’ configuration for an applied force of 20 Newton.

Configuration

Open Circuit Voltage
(V) Peak Value

Short Circuit Current
(MA) Peak-Peak value

)

piezoelectric transducer sub-assembly

3.0

60.4 (Pk-PK)

2

piezoelectric transducer sub-assembly
coupled with buck converter

3.8

40.1(Pk-PK)

®)

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in parallel)

12.0 (mV)

20.6 (PK-PK)

(4)

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in series)

3.9

76.5 (Pk-PK)

Q)

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in parallel) with
buck converter

10(mV)

23.7 (Pk-PK)

(6)

piezoelectric sub-assembly coupled
with the electro-magnetic sub-
assembly (connected in series) with
buck converter

3.3

80.2 (Pk-PK)
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3.13 Practical experimentation of composite energy harvester

The composite energy harvester is shown in figure 103. A galvanometer was used to determine
the positive direction of current flow out of the piezoelectric sub-assembly and the electro-
magnetic sub-assembly separately so that they could be joined accordingly to create the series or

parallel configuration.

Composite Piezoelectric
Electro-Magnetic
harvester unit

Oscilloscope

Piezo-electric
discs

Electrical Leads

Figure 105. - Experimental layout of composite energy harvester.

Figure 104 shows the oscilloscope reading of the voltage output of only the PZ sub-assembly.

The discontinuity and irregularity in amplitude is caused due to the unit being hand pumped.

Figure 106. - Oscilloscope reading of the voltage output of the ‘all-parallel’ PZ sub-

assembly (hand pumped, 20 Newton force).
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Figure 105 shows the oscilloscope voltage reading of the PZ-EM composite energy harvester.

Hantek RA/[#] I8l

Figure 107. - Oscilloscope reading of the voltage output of the composite unit ‘all-
parallel’ PZ sub-assembly and EM sub-assembly (hand pumped, 20 Newton force).

The discontinuity and irregularity in amplitude is caused due to the unit being hand pumped and
not really subjected to a regular human weight. The difference between the theoretical output
using Matlab Simulink and the real practical output is because the input used in the theoretical
model is a continuously increasing ramp and abrupt release, but however practically the pressure

applied by the physical step does not exactly bear resemblance to this shape.

4. RESULTS

The composite energy harvester would be referred to as a ‘tile” and the following assumptions
are made.

(1) Tiles are activated once per single footstep.

(2) A single pedestrian’s two feet are upon two consecutive tiles within a second

(3) In a busy street a pedestrian behind would step onto a tile within 0.5 secs after the foot of the

pedestrian before him is off it. (Giving a frequency of vibration of 2 Hz per tile). It follows that
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the whole experimental area would be occupied by pedestrians with all tiles being activated at a

frequency of 2 Hz.

With the above assumptions the current generated (I) can be calculated with the help of formula
I=fxmxMxq (5.1)

Where

| = current generated in Amperes (A)

f = frequency of vibration of each tile in Hertz (Hz)

m = total number of harvester units (tiles) operating at frequency f

M = force presented on a single tile by one footstep in Newton (N)

q = electricity generated by a single step per tile in coulombs (C)

‘m’ in the above equation is the number of tiles ‘s’ stepped on by a pedestrian at any given time

multiplied by the number of pedestrians over the experimental area.

In converting the body mass into Newton a figure of 1/5 of gravitational acceleration ‘g’ is to be
used (2.5 m/s?) which is typical of most low level vibrations [85]. ‘q’ in the above equation

works out to be the ‘charge generation constant’ for the composite energy harvester.

Erika Butller of the ‘Halifax Examiner’ in their project ‘Making room for pedestrians on Spring
Garden Road’ found out that there would be an average of 2600 pedestrians walking both ways
down Spring Garden Road on a summer week day between 3.30 p.m. 5.30 p.m. and 2350 on a
Saturday afternoon from 11.00 a.m. to 1.00 p.m. [39]. Assuming the average body mass of a
person to be 70 Kg and the charge generation co-efficient per composite harvester unit to be an
optimum figure of 5 uC/N, the current generated from 10 tiles placed on either side walk (total
of 20), according to equation 5.1 would be 2 x (2 x5 x 2) x (70 x 2.5) x (5 x 10°) = 0.035 A.

(Notice 2 x_ 5 = 10). By increasing the total number of tiles to 2000 (1000 on each side of the
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road) the generated current would be 3.5 A as it would be a scale up by a 100. i.e. 2 x (2 x 500 x
2) X (70 x 2.5) x (5 x 10 = 3.5 A. To generate the above quantity of current we need 14,400
(=2 x 2 x 60 x 60) pedestrians during a period of 2 hours. The proportionate current generated
with 1000 tiles on each sidewalk, for the given number of pedestrians during different periods of
the day is given in table 5.1. Therefore, to charge a 40 AH battery it would take approximately
12 Y2 days assuming 2 hours peak activity and 6 hours half peak activity and progressively

reducing activity during the rest of the day.

Table 5.1. - Current generated during different times of the day.

Duration of the day No. of hours | No. of pedestrians | Current generated
7.30 a.m.- 9.30 a.m. 2 1260 0.3062 A
9.30 a.m.- 11.30 p.m. 2 743 0.1805 A

11.30 p.m.- 3.30 p.m. 4 1260 0. 1531 A
3.30 p.m.- 5.30 p.m. 2 2600 0.63A
5.30 p.m.- 7.30 p.m. 2 371 0.09A
7.30 p.m - 9.30 p.m. 2 223 0.054 A
9.30 p.m.- 7.30 a.m. 10 74 0.0035 A

If X is the number of days, it would take to fully charge a 40 AH battery then value X could be

obtained from the following equation.

[(0.63 x 2) + (0.3062 x 2) + (0.1805 x 2) + (0.1531 x 4) + (0.09 x 2) + (0.054 x 2) + (0.0035 x 10)] X = 40
X =12.65 days

If the average output voltage is 2 V these results yield that 0.48 KWh/year can be harvested
annually from pedestrian footstep vibration energy by considering only peak hours of weekdays.
Calculations show that these composite energy harvesters can save Can $ 540 in the annual
running costs and reduce 4 percent of greenhouse gas emissions by taking this amount of

electricity off the power grid.
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The most populous intersections and crosswalks identified in Downtown Halifax area as shown

Figure 108. - Halifax city map with important intersections

in figure 106 are as follows.

(i) Spring garden- South Park Street Intersection

(i) Spring Garden- Dresden Row Intersection

(iii) Spring Garden- Barrington Street Intersection

Visitors to the Halifax Public library are as appended in table 5.2 below.

Table 5.2. - Visitors to the Halifax public library.

Halifax Central Library - Visitor Counts

Visitors Hours Open Visitors per Hour

Aug-18 123122 309 398
Sep-18 121002 291 416
Oct-18 132467 315 421
Nov-18 107192 291 368
Dec-18 104072 275 378
Jan-19 128408 312 412
Feb-19 122467 264 464
Mar-19 142888 312 458
Apr-19 116842 284 411
May-19 115629 309 374
Jun-19 109682 303 362
Jul-19 122916 312 394
AVERAGE 120557 298 405
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According to Darla Muzzerall, Manager, Research & Analytics Alderney Gate Public Library;
visitors to the Halifax Public library on Spring Garden, number on average to about 400 per hour
as shown in table 5.2. The figure doubles when both in and out movement is considered. Once
again assuming 10 tiles are placed each way, the average body mass of a person to be 70 Kg and
the composite charge co-efficient to be 5 pC/N, the current generated would be 2 x (2 x 0.12 x 2)
X (75 x 2.5) x (5 x 10 = 0.0009 A. The 0.12 in the above equation for the total number of
commuters comes from the fact that there would be that number over the experimental area at

any given time based on visitor statistics.

5. FUTURE EXPANSION: HARVESTING VIBRATION ENERGY FROM ROADS
WITH MEDIUM/HIGH TRAFFIC

Each vibration event from one vehicle will not be independent of another, with only some
dampening occurring before the next vehicle approaches. But for calculation purpose it has to be
assumed that all vibration events are independent of each other. Therefore, the total energy
harvested by all piezoelectric devices along a unit length of road is the multiplication of the
‘number of cars that pass’ by the ‘sum vibrational energy’ that one car transfers to the road along
that unit length. The energy a car transfers as vibrations in asphalt would be, by common sense,
less than the energy a car puts to mechanical work over a unit length of road. A close value for
this amount of energy can be calculated by a multiplying the energy consumed from gasoline by

thermal efficiency.
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Asphall Layer
Piezoelectrics
Subtrate/roadbed

Figure 109. - Cross sectional schematic diagram for piezoelectric energy
harvesting from motor traffic in roads/highways.
Source: DNV KEMA Energy and Sustainability, Oakland, California.

Factors to be considered in this calculation are

(i)Expended Energy (Gasoline Used) in terms of Joules
(i)Energy Density of Gasoline in terms of Joules per Kilogram
(iii) Density of Gasoline in terms of Kilogram per Gallon
(iv)Thermal Efficiency (as a percentage)

(v) Number of vehicles passing by

(vi)Weight of vehicle

Figure 110. - 3D diagram of the roadway installation of piezoelectric energy harvesters
Source: DNV KEMA Energy and Sustainability, Oakland, Ca, U.S.A..

A modest figure of 0.1 or 10% has been assumed for thermal to vibrational energy transfer
leaving a good 90% for other energy dissipations such as internal friction, friction between tires

and asphalt, braking and air-conditioning/heating.
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Transferred (or converted) energy per meter length of road

= (Density of Gasoline) x (Energy Density of Gasoline) x (Energy transfer factor)
(Gasoline consumption rate) (6.1)

Using equation 6.1 figures could be calculated to be

[(1 km x 10 x (0.621 mi/km)] x (2.8 ka/gal) x (4.43 x107 J/kq) x (0.1)
(20 mi/gal)

= 0.385 KJ

Erika Butller of the ‘Halifax Examiner’ in their project ‘Making room for pedestrians on Spring
Garden Road’ found out that there would be an average of 3400 motor vehicles plying down
Spring Garden Road (both ways) on a summer week day between 3.30 p.m. 5.30 p.m. and an
average of 2350 on a Saturday afternoon from 11.00 a.m. to 1.00 p.m. [39]. Eastward and

Westward traffic on six consecutive days of a week in July 2018 is shown in figure 109.

Wadn, luly 25, 2018 Thurs. Juby 26, 2018 Fii, Juby 27, 2018 St July 28, 2018 Sun, My 29, 2018 Man

Figure 111. - Transportation patterns in Halifax, NS
Source: Halifax Regional Council, Transpotation standing commiittee March 2019.
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Using these figures the energy converted by 1700 vehicles (plying both ways) per hour would be

.385 x 1700 = 654.5 KJ per hour =181 W

The expectation of generating up to approximately 350 kilowatts of energy from a kilometer
stretch of dual carriageway, assuming 450+ vehicles on average would ply through a road

segment of this length in an hour, would not be too optimistic.

6. EVALUATION AND REFLECTION

Small-scale energy requirements powered by piezoelectric energy harvesters are picking up
rapidly around the globe. In addition to small-scale applications, the manufacturing and
construction industries are also finding applications for piezoelectric devices. The automotive
industry is closely following on their heels. Applications in instruments in the medical field as
well as powering devices in remote locations for information transmission in
telecommunications are two distinct areas which offer piezoelectricity high prospects. Exploring
and exploiting piezoelectricity in these areas will have high stakes. The piezo technique can also
solve the problem of electricity to road lighting systems, obviating the need for kilometers of
electrical wire running alongside roads. It is a more efficient operation technique with cost
effectiveness. There exists piezoelectric materials that can carry high physical loads and also
operate at very high frequencies. The correct choice of material will depend on the circumstances
it is used. It requires little or no maintenance as there are no moving parts. However, protection
of sensitive piezoelectric devices is required against harsh weather conditions, and strong electric

fields (200-500v/mm) which can break down dipoles and depolarize piezoelectric material.
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7.CONCLUSION

Piezoelectric materials have the unique ability of transforming mechanical stress or strain energy
into electrical energy. Understanding and exploiting this phenomenon is quietly gaining
momentum globally but the tangible outcome is still in its fledgling status though. The amount of
energy produced solely depends on the volume of traffic (Human/Vehicular) and the number of
piezoelectric elements placed under the surface. A vehicle that moves slowly and foot traffic that
moves fast appears to generate slightly more energy. Further research is necessary to tap into the
potential of piezoelectricity as a viable alternate power generation system. Research into
materials that provide higher piezoelectric charge constants and possess lower resonance
frequency has to be carried out. Different geometric structures have to be experimented with
once again taking into account the material being used. This is important because different
materials give different results for energy produced depending on the mode (33, 31, etc...) they
are used. Hence the material used, the mode it’s being used and the application for which it’s
used all have a bearing on the end result of the product.

Harvesting energy from ambient vibrations has tremendous scope for future energy/ power
solutions and provides an impetus towards providing greener and more sustainable energy with
creating a healthier environment as an equally valuable end result. It is really showing signs of
being a viable alternative in proving power to wireless sensor nodes. The indirect piezoelectric

effect which is used in actuators is already widely employed in the medical field.

In this project, the joint employment of piezoelectricity and electro-magnetism has been looked
into. Further composition of technologies could be researched so that they could be combined to

enhance the power generating potential. Considering seebeck effect is a worthwhile undertaking,
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even though the amalgamation of a.c. and D.C. power could pose a challenge. But there is a way

around it akin to the digital hierarchy in data systems.

The modest amount of energy produced by basic energy harvesting systems should not be a
discouragement but rather an impetus to dig deeper in to this hitherto vastly latent area in the
energy industry. Collaboration with other foreign universities in countries like Japan and Israel is
recommended to get more exposure on how they have advanced in renewable energy

technologies, especially vibration energy harvesting.

| really hope my research done in this project would help all future aspirants who have taken

renewable energy technologies as a serious pre-occupation.
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Poled 25, 27, 32, 46, 53, 55, 56, 66
(un) poled 54
(de) poled 55
Poling 25, 27, 29, 46, 47, 48, 53, 54, 55, 56, 57, 58, 60, 65, 66, 124, 126, 134
Polymers 19, 20, 23, 25, 49, 52, 53, 69, 123, 129, 130, 135, 136
Potential 1,17,42, 43, 44, 50, 68, 87, 120, 128
Power(s) 1,2,3,7.8,9,11, 13, 14, 16, 17, 18, 19, 24, 26, 28, 31, 32, 33, 35, 36,
37, 38, 68, 70, 76, 82, 83, 84, 85, 87, 88, 89, 90, 92, 93, 94, 95, 96, 114, 120, 121,
122,123, 124, 125, 126, 128, 129, 130, 132, 134, 136
(-ed,-ing) 15,17,92,118, 119, 123
PVDF (Polyvinylidene fluoride) 19, 20,22, 23, 24, 48, 49, 122, 132
Pyro-electric(ity) 24, 27, 57

Q
Quartz 19, 20, 22, 23, 56, 58

R

Railway(s) 3,4, 10,12, 13,14, 16

Rectifier 31,33, 70, 82, 83, 84, 85, 87, 127
- Bridge 34, 82,83

- SSHI 135

Re

-charge(able) 85, 90, 92
Resistance 26, 31, 34, 37, 38, 76, 97, 99,
Roadway 9,117,125

S

Semiconductor(s) 33, 127

Sensitivity 24, 43, 44, 94, 125

Sensor(s) 17,18, 67, 96, 97, 98, 101, 102, 120, 123, 126, 127, 128, 129, 130, 132, 133,

134,135
SSHI 34,135
Silicon 58
Speed 13, 17, 80, 86
Strain 19,21, 25, 26, 28, 31, 57, 62, 63, 96, 120

140



T

Thermal 26, 46, 116, 117

Train 4,124

Transducer(s) 7, 16, 17, 18, 24, 26, 69, 71, 72, 75, 85, 96, 97, 98, 99, 100, 101, 102, 103,
105, 106, 107, 108, 109, 110,123, 125, 127, 130, 131, 133, 134, 135, 136

Transistor 122

U

Ultra

- capacitor 92,

- low (Voltage) 33, 122, 127, 135
- low (power) 33,

- sonic(s) 18, 123, 125, 127, 130, 133
- sound 19, 123, 127
Vv

Vibration(s) 1,5, 7, 8,9, 10, 16, 17, 18, 20, 28, 29, 31, 41, 68, 69, 77, 83, 84, 90, 99, 111, 112,
113, 115, 116, 119, 120, 121, 122, 123, 124, 125, 127, 128, 129, 131, 132, 134, 135

Voltage 8, 13, 15, 31, 32, 33, 34, 35, 36, 38, 46, 47, 48, 54, 57, 58, 59, 60, 61, 67, 70, 76,
83, 84, 85, 86, 87, 89, 90, 92, 93, 94, 95, 96, 97, 98, 99, 102, 104, 110, 111, 112,
114,122,127, 133, 135

W
Weather 2, 3,5, 6, 39, 40, 42, 43, 44, 92, 119, 127

Y
Young’s modulus 23, 25
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