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Abstract

The interest in scavenging various energy sources from the environment is rapidly
increasing. Thanks to the advances in developing effective energy harvesters re-
searches. Kinetic energy is a renewable source and it can be found numerously in
the environment. One of the most popular class of the kinetic energy harvesters
in this field is vibration energy harvesters (VEH). It is an electrical source that
converts the vibrational energy into usable electrical energy to power up low-power
portable or unreachable devices. The harvesting system can be self-powered as
stand-alone or as alternative power source depending on the application.

In this thesis, we have studied and developed two architectures for electromag-
netic VEHs: a baseline VEH and a springless VEH. We introduced and studied
power management circuits consisting of a full-wave bridge rectifier and a smooth-
ing capacitor. Moreover, electromechanical model was developed and validated by
the comparison to the experimental data.

The basic electromagnetic VEH uses a mechanical mass-damper-spring oscilla-
tor to capture kinetic energy from vibrations. It has an electrical transducer using
induction between a moving coil and a fixed magnets. It uses a cantilever suspen-
sion and operates at a frequency range of 57-59 Hz. We re-designed it using 80
turns coil-chip instead of 30-turns. The springless VEH works in a frequency range
of 13-18 Hz. It was redesigned to carry 60 turns coil-chip. The re-design of the
VEHSs successfully increased the output voltage and power. The maximum power
experimentally measured were 14.3mW and 12.27mW at optimal loads Ry, of 40 €2
and 3 (), respectively.

The power management circuits introduced is consist of a MOSFET-based full-
wave bridge rectifier and a smoothing capacitor to convert the VEH AC output
waveform into a DC signal. We found that this rectifier can effectively convert
the VEHs output with high voltage and power efficiencies > 93 %. The smoothing
capacitor trades-in the signal ripples for lower voltage and power efficiencies > 79 %.

We identified the model parameters for the cantilever VEH, namely the natural
frequency w,, mechanical @),, and total @); quality factors, and effective average
magnetic field density B. We solved the model equations numerically and analyt-
ically to find the eigenvalues, frequency response, output voltage and power. The
model results agree with the obtained experimental results.
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Chapter 1

Introduction

Since the beginning of time, humanity has used various types of energy conversion to
meet different needs, such as residential, commercial, transportation and industrial
applications. The intensive usage of non-renewable energy can badly affect the
environment and eventually human life. A trend has grown towards the use of
renewable energy to reduce stress levels on the environment and living organisms.
Renewable energies are environment-friendly, such as wind, water and solar energies
that can be reused without harming the earth. The common method in accessing

renewable energy is via energy harvesting.

1.1 Energy Harvesting

Energy harvesting is a process in which energy in the environment is captured
and converted into usable electrical energy [1]. There are various types of ambi-
ent energy sources, such as wind, solar, mechanical vibrations, thermal, and radio
frequency energies. The output power generated by harvesting is usually low; there-
fore, it is mostly deployed to low power devices, such as wireless sensors [2]. Energy
harvesters can replace batteries and work as a maintenance free stand-alone power
source; where as batteries have a limited life span, need periodic maintenance, have
higher replacement complexity and contain hazardous materials [3]. Energy har-

vesters can be used in rural or dangerous areas. They can re-charge wireless sensors
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Figure 1.1: Stages of energy harvesting

continuously or discretely without human interference.

Figure 1.1 shows the stages of energy harvesting starts by capturing energy
from the environment. It is then converted into electrical energy using different
transduction techniques. The scavenged electrical power is rectified and voltage or
current boosted using power conditioning circuits. Next,its stored in batteries or

super capacitors to feed the load as needed [4].

1.1.1 Solar Energy Harvesting

Solar Energy has been utilized over the years to generate electricity. It is harvested
from direct sun light or indoor light. Solar power systems can generate electric
power in the range of milliwatts to megawatts, depending on the size and type.
While solar power station may generate up to hundreds of megawatts; hand-held

solar powered calculators and wrist watches generate tens of milliwatts. In between,
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Figure 1.2: Grid-connected PV solar system [6]

small grid-connected photo-voltaic (PV) systems can generate tens of kilowatts of
power to supply a small house [5].

Most of solar energy harvesters use semi-conductor photo-voltaic materials such
as mono-crystalline silicon, polycrystalline silicon, and amorphous silicon. When a
photon hits the solar cell, it excites electrons to jump and become free, then the
electrons start to flow through the cell generating electricity, this process is called
the photo-voltaic effect. A typical grid-connected PV solar system consist of a solar
panel, a peak power controller, a sun tracking control unit, a battery charger and
a battery as shown in Figure 1.2. It has a conversion efficiency of ~ 15%. Sun
tracking control commands the motor of the solar panel to dynamically track the
sun by rotating and tilting the solar panel on two axes. The Peak power controller
maintains maximum levels of voltage and current by matching the system load to
the solar panel cell output [6]. Brunelli et al [7] present an analysis of battery-less

solar circuit where they substitute the battery with super-capacitor.

1.1.2 Thermal Energy Harvesting

Thermal energy is one of the most prevalent energy sources in the environment.
Thermal energy harvester is based on seebeck phenomenon [9], where the typical
thermal energy harvester consists of two junctions (hot and cold) between two

dissimilar materials (metals or semiconductors), and a circuit connecting the two
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Figure 1.3: A typical thermoelectric generator [8]

junctions as shown in Figure 1.3. When expose to heat, the temperature difference
between the hot and cold junctions creates a potential voltage, where the energy

conversion efficiency is ~ 5% [10].

1.1.3 Radio Frequency Energy Harvesting

With the development of wireless telecommunication technologies (e.g. GSM, Wi-
Fi, Bluetooth and WLAN) ambient radio frequency power became an attractive
source for energy harvesting. A typical RF energy harvester, called a rectified an-
tenna “rectenna” [11], converts microwave energy into DC signal. The rectified
antenna consists of an antenna, microwave low-pass filter (MLPF), rectifier circuit,
DC filter and load as shown in Figure 1.4. When the antenna receives microwave
signals, it functions as a band bass filter, where it only capture the resonant fre-
quency of the antenna. Next, the low-pass filter suppresses higher order harmonics
to increase conversion efficiency and to matches the impedance of the antenna to
the impedance of the rectifier. The rectification circuit converts the AC signal
into DC signal. However, some AC components are not totally converted into DC;
therefore, a DC filter open circuits the remnant of alternate current and passes only

direct current to the load.
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LPF & _|DC
Antenna Impedance Rectifier | | pass LOAD
matching filter

Figure 1.4: Block diagram of the rectenna [11]

There are many types of “rectennas”such as the dipole rectenna, patch rectenna,
spiral rectenna and slot rectenna. Some rectennas designed for narrow band oper-
ation in a frequency range of ~ 2.5 GHz, while others are designed for wide band
operation in a frequency range of 1.7-2.5 GHz. Both designs can achieve high con-

version efficiencies over 60 % [12].

1.1.4 Kinetic Energy Harvesting

Kinetic energy is energy stored in moving objects, representing the work done to
accelerate the object from rest. This kind of energy is found in the environment in
many forms as vibrations, rotational kinetic energy and translational kinetic energy.
It is present in the movement of living beings and machines, acoustics vibrations,
natural events as earthquakes, mechanical impacts of bodies and sea waves. It can
be converted into other useful forms such as potential, heat, sound and electrical
energy. Different transduction techniques have been used to scavenge kinetic energy

from the environment and convert it into electrical energy.

1.2 Vibration Energy Harvesting

This thesis focuses on vibration energy harvesters and their power management
circuits. This section will discuss the principles of vibration energy harvester and

review the state-of-art of the harvesting techniques.
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Figure 1.5: Periodic vibration motion

1.2.1 Vibration Energy Harvesting

Vibrations are periodic motions of a body. This motion repeats itself at a charac-
teristic time interval T" as shown in Figure 1.5, with an amplitude A and a frequency
Q2. It can be described as:

x(t) = A cos(2t) (1.1)

where x(t) is the displacement of the body as a function of time ¢. The equation

of motion of a base excited linear oscillator can be written as:
mi + ct + kx = —mj (1.2)

where x(t) is the relative displacement of the oscillator. The oscillator, Figure 1.6,
is made of a traveling mass m, a spring k£ and a damper ¢ moving in response to

base displacement y(t). The undamped natural frequency of the oscillator is
Wp =1/ — (1.3)

When the frequency of base excitation matches the natural frequency of the
harvesting oscillator €2 = w,, the energy harvester extracts peak power from the
environment [13]. Damping for a harvesting oscillator lumps mechanical and elec-
trical energy losses ¢ = ¢,,, + c.. There are three main types of frequency responses

when a system oscillates due to motions:

e Undamped response: when energy losses are ignored.
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Figure 1.6: Mass-spring-damper oscillator [14]

e Over-damped response: when the system response exponential decays to

equilibrium without oscillation.

e Under-damped response: when the system response decays to zero with

oscillation.

1.2.2 Electrostatic Harvesters

The main concept of electrostatic harvesters is to convert vibrations into variable
capacitive charge between two plates, which flows as a current to feed the load. The
capacitive charge can be increased or decreased by changing the distance between
the capacitor plates or each plate surface area [15].

A state of the art electrostatic MEMS power generator was presented by Tao
et al [16]. This generator is made of three parallel silicon plates. The middle plate
is a movable plate carries double sided electrodes. There is a 180° phase difference
between the bottom and middle as seen in Figure 1.7.

When external forces are applied to it, the variation in capacitance between the
plate electrodes (top and bottom electrodes) creates current flow. The harvester
operates at 125 Hz harvesting an overall power of 0.12 W at an acceleration of
0.2g.

A two degree of freedom MEMS electrostatic energy harvester has also been

developed by Tao et al [17]. The device is based on a movable disc electrode sus-
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Figure 1.7: Sandwich structured electromagnetic energy harvester [16]
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Figure 1.8: Disc structured electromagnetic harvester [17]

pended by a spiral spring and a fixed bottom electrode. Force is applied to the
disc in two different configurations, the first one is out-plan where the disc moves
vertically, and the space between the electrodes change. The second configuration
is in-plan where the disc moves horizontally and causing overlap between electrodes
as shown in Figure 1.8. The harvester operates between 66-78.5 Hz in three vibra-
tion modes depending on the direction of the disc. The harvester results show a
maximum power output of 4.8nW at 0.05g.

A low frequency electrostatic harvester working at 2Hz was introduced by
Naruse et al [18]. The harvester consists of an electret plate on a middle silicon
substrate,two top and bottom collector electrodes on glass substrates and micro
ball bearings among the three substrates. The harvester collects charges when the
electret is aligned with a first collector electrode. As the electret transits from the
collector electrode (1) to the collector electrode (2) due to oscillation, the charges

transfer through the load connected between the two collector electrodes as shown
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Figure 1.9: Human motion electrostatic harvester [18]

in Figure 1.9. This harvester demonstrated maximum output power of 40 uW at
0.4 g when connected to 7M(S2 load resistance.

Electrostatic technique is a preferable candidate of MEMS energy harvesting,
because of its CMOS compatibility and micro-fabrication process ease [19]. On the
other hand, their low current output due to its high output impedance and their
dependence on external voltage source [20] make the use of electrostatic technique

in an ongoing challenge.

1.2.3 Piezoelectric Harvesters

Piezoelectric materials develop a potential difference when deformed under applied
stress [21]. There are many types of piezoelectric materials including polyvinyli-
dene fluoride (PVDF) and lead zirconate titanate (PZT). Piezoelectric harvesters
can be implanted inside the human body to act as human based energy genera-
tors [22]. Dagdeviren et al [23] used animal models to approximate human size
organs to demonstrate theses generators. They developed a thin film device made
of PZT ribbons and two electrodes fabricated on top and bottom of the film. An
interconnection array was implemented 10 PZT ribbons connected in parallel to
increase output current and 12 sets of PZT ribbons connected in series to increase
output voltage, Figure 1.10. The results show that the peak voltage and current at

maximum contraction is 3.7V and 0.15 uA, respectively.
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Figure 1.10: Implant piezoelectric energy harvester [23]

Another piezoelectric human based energy generator is designed to be installed
in shoes sole to convert the bending movement of the foot into electrical energy
[24]. Results show that at a gait frequency of 0.9 Hz, the maximum output power
is 1.3mW when connected to a resistive load of 250 k().

A typical structure of piezoelectric harvester is a simple fixed-free cantilever
beam with the piezo material mounted at the beam root. The beam consists of
a mass placed at the middle or the end. The location of the proof mass changes
the damping and natural frequency of the system; the farther the mass the higher
the damping and lower natural frequency. A low frequency piezo cantilever beam
energy harvester was presented by Han and Yun [25] using snap-through-buckling
to harvest low acceleration beams vibrations. The device consists of two elastic
sidewall beams with a buckled bridge beam connected between them, Figure 1.11.
Two piezoelectric cantilever beams and a proof mass are placed on the top of the
bridge beam. The maximum output power of this device was 10 uW at excitation
frequency of 15 Hz and acceleration amplitude of 0.5g.

Piezoelectric harvesters can produce a high voltage output compared to elec-
trostatic and electromagnetic energy harvesters. Furthermore, they are compatible
with MEMS due to their miniaturize dimensions. However, they have low current

(nA—pA) and high output impedance (on order of 100k(2).

10
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Figure 1.11: Novel cantilever based piezoelectric energy harvester [25]

1.2.4 Electromagnetic Harvesters

Electromagnetic energy harvesters are based on electromagnetic induction. This
phenomenon is described by Faraday’s law, which explains the interaction of mag-
netic flux with conductive coil. Faraday’s law states that any change in the magnetic
flux will cause an electromotive force (EMF) in the coil. The voltage generated (V)
is proportional to the rate of change of the magnetic flux ¢,, and the number of
coil turns N:

AP

V=-NT (1.4)

The induced output voltage of electromagnetic energy harvesters is relatively small.
Therefore, different methods had been developed to amplify the output voltage;
such as increasing the number of turns of the coil N or increasing the change in
the magnetic flux ¢,,, for example using stronger magnets. The relative motion
between the coil and magnet(s) cause a relative displacement ‘fl—f in the direction x
and results in the creation of potential difference in the coil that can be expressed

as:

yd0m d

Vi=-N"rae

(1.5)

11
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Figure 1.12: Tube electromagnetic energy harvester [26]

Tube Material list:
Tube: polyformaldehyde
Washer: polyslider
Magnet: NdFeB

Coil: enamelled copper

End washer

’ Section A-A of the tube assembly
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(a) Schematic diagram (b) Actual device

Figure 1.13: Tube electromagnetic energy harvester [27]

Halim et al [26] presented an electromagnetic energy harvester that operates in
low frequency (< 5Hz). The harvester consists of a non-magnetic steel ball inside a
cylindrical tube, two springs, and two magnets. The ball moves freely when excited
inside the tube striking the end magnets as shown in Figure 1.12. Two different
methods were used to test the harvester, a shaker and a manual hand shake. The
results show that the average power generated by hand shaking is 110 uW.

Another state of the art electromagnetic low frequency energy harvester has
been developed by Haroun et al [27] for frequencies in range of 2.5-3.33 Hz. The
harvester includes a free magnet inside a tube and stoppers at the ends of the tube

to create an impact, Figure 1.13. Different tube dimensions and magnet shapes
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e

(a) Schematic diagram (b) Magnet sway motion

3—‘ 2s N Housing

Figure 1.14: Roly-poly electromagnetic harvester 28]

were tested to optimize power. The highest output power this device can harvest
is 113.3 W at 3.33Hz and 71.8 uW at 2.5 Hz.

Choi et al [28] developed an approach to magnet and coil interaction. A spring-
less spherical magnet has been designed such that the center mass was away from
the sphere center.The ball sways when external forces are applied while maintaining
an upright position as shown in Figure 1.14]. This energy harvester has a maximum
output power of 9.03 uW at 20 Hz acceleration with amplitude of 3 g connected to
80 €2 load.

Our aim in this thesis is to study and optimize two architectures of electro-
magnetic energy harvesters. We will provide experimental results that surpass the

electromagnetic literature review in terms of voltage and power.

1.3 Power Conditioning

The limited output power from harvesters require the design of lower dissipation and
higher efficiency power conditioning circuits. Moreover, the harvester impedance,
and therefore level of output voltage and current, depends on its transduction
mechanism. For example, piezoelectric harvesters have relatively high impedance
output (< 100 K€?) resulting in high voltage (> 1V) and low current output (on the
order of pA). On the other hand, electromagnetic harvesters have low impedance
(in Ohms) resulting in low out put voltage (on the order of mV') and current on

the order of mA.
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Power conditioning circuits can be classified in three categories:

e Voltage or current boosters, such as DC-DC boosters, voltage multipliers and

Maximum Power Transfer Tracking (MPTT) circuits [29].

e AC/DC converters, such as full-wave, half-wave rectifiers, passive and active

rectifiers, and ripple smoothing circuits [30].
e Voltage stabilizers/regulators.

In this thesis, the focus is on AC/DC conversion, thus, more details will be provided

on this category only.

1.3.1 AC/DC Converters

Vibration based energy harvesters alternating current (AC); thereby requiring a
AC/DC conversion to power up electronics devices that utilize DC power supply.
The most common converters are bridge(full-wave)rectifiers, center tap rectifiers
and half-wave rectifiers. Passive rectifiers do not require external power supply, in
addition to the energy harvester. On the other hand, active rectifiers require extra
circuitry and an additional power supply, which adds to cost, complexity and size

of the power unit.

1.3.1.1 Components

AC/DC rectification circuits utilize basic components, such as diodes, transformers,
capacitors and MOSFETSs. Diodes are one of the fundamental nonlinear compo-
nents which has nonlinear [i — v] characteristics. Diodes operate in two different
modes, a forward biased mode and a reverse biased mode. In forward bias mode,
the diode allows current to flow, and in reverse bias mode, it blocks current pas-
sage. Ideal diodes allow current to pass through in one direction only, while totally
blocking reverse direction, means that output voltage should be the same as input
voltage V,,; = V;,. In practice, diodes have leakage current flow in the opposite

direction in reverse biased mode; in addition to a forward voltage drop needed to
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pass the current resulting in V,,; = V;, — V;, where Vj is the diode forward voltage

drop [31]. Each diode have a different V;, as shown in Table 1.1.

Table 1.1: Forward voltage drop V; for various diodes

Diode Type Voltage Drop

Silicon 0.7V
Germanium 0.3V
Schottky 02V

Since electromagnetic energy harvesters have a typically low output voltage;
diodes voltage drop V; stops current passage, and therefore energy harvesting during
the part of the harvesting cycle where V;, < V; and at V},, > V; the diodes start
to conduct current, therefore the energy harvesting will provide a DC power. This
make Schottky diodes popular due to its lower forward voltage drop.

While, transformers are popular components in rectification circuits, in low-
power energy harvesting they are not efficient because of the high power losses via
Hysteresis losses, Joule losses and flux leakage. Ideal transformers neglect all theses

losses and convert AC voltage from one level to another level.
N,
= Fp =a (1.6)

where V), and V; are the voltage on the primary and secondary windings, respec-
tively, I and I, are the current of the primary and secondary windings, respectively,
N, and N, are the primary and secondary coil number of turns, respectively, and
a is the turns ratio.

Capacitors store electrical energy in a process called charging, and release it
in a process called discharging. The capacitor consists of two ‘plates’ and a non-

conductive layer between them. The capacitance can be expressed as

€604

==

(1.7)

where A is the plate area, d is the distance between the plates, €y is the permittivity
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Figure 1.15: MOSFETSs i — v characteristics [32]

of free space and ¢, is the relative permittivity of the dielectric material between
the plates. Capacitors play an important role in smoothing output ripples after the
rectification and as a storage element after the power conditioning.

MOSFETs (Metal Oxide Semiconductor Field Effect Transistors) are another
alternative to diodes. MOSFETSs are active, voltage controllable, devices where
the source-to-drain current I;, can be controlled by the gate-to-source voltage V.
MOSFETSs operate in three different regions as illustrated by the ¢ — v characteristic
curves shown in Figure 1.15: a cut-off region, a triode(linear) region, and a satura-
tion region. The cut-off region is when the gate-to-source voltage Vg, is less than
the threshold voltage needed to create a conduction path between the drain and
source Vs < Vi, no current pases from the source-to-drain I, in this case. The
triode region occurs where the voltage between the drain and source is less than
gate-to-source voltage minus the threshold voltage Vs, < Vs — Vi, The last region
is the saturation region where the conduction path is fully opened and the voltage
between the drain and source is larger or equal to the gate-to-source voltage minus
threshold voltage Vs > V,o — Vii. In electromagnetic harvesting, the MOSFETs
mostly operate in the linear and cut- off regions only because of the low voltage

level provided by the harvester.
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Figure 1.16: Half-wave rectifier circuit [33]

1.3.1.2 Half-Wave and Full-Wave Rectification

Half-wave rectifiers pass only half of the sinusoidal input cycle and eliminate the
other half, as a result 50 % of the output power eliminated. Half-wave rectifiers
consist of only one diode and a load as shown in Figure 1.16a. Half-wave rectification
is not perfect for energy harvesting applications as shown in Figure 1.16b. The
average dc output voltage of a cycle period T' can be calculated as,

Vie = = /T V(t)dt = Vin (1.8)

™

Full-wave rectifiers pass both positive and negative sides of the input signal.
Their advantages over half-wave rectifiers are larger average dc output voltage and
power and lower ripples. Typical center tap rectifiers contain a transformer and two
diodes, Figure 1.17. Each diode and half side of the transformer rectify a half-wave
cycle. Bridge rectifiers contain four diodes, two diodes configured to work in each
half-cycle only [34].

Center tap rectifiers are less efficient than bridge rectifiers because of the use
of a transformer that reduces power efficiency and increases rectifier size and total

cost. As a result, bridge rectifiers are more suitable for low power systems.

1.3.1.3 Active and Passive Rectification

Active rectification seeks to improve the power efficiency of rectification circuits

using active switches, such as MOSFETs or power Bipolar Junction Transistors
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Figure 1.17: Typical full-wave rectifier [35]

(BJTs), and control them by an external DC power supply. Passive rectification
circuits typically consist of diodes and do not require external power supply. The
use of active MOSFETSs over the passive diodes have a very low internal resis-
tance advantage Roy as low as m{2 compared to diodes. The voltage drop across
MOSFETSs Vy, = I4Ron is much lower than diodes which reduces power loss and
increases power efficiency. In comparison, the voltage drop in full bridge rectifiers

is doubled because two diodes works as pair in each half-cycle V,,; =V, — 2V}.

1.4 Motivation

The thesis motivation is to improve the efficiency of electromagnetic energy har-
vesting. There are many mechanical factors that can help in increasing the output
power such as harvester structure and size and weight of the seismic mass. The me-
chanical structure affect on the maximum output power, nonlinearity and natural
frequencies of the system. Decreasing the harvester size to micro level make it more
deployable almost every where, however it also minimize the output power dras-
tically. The power conditioning circuits can dissipate most of the acquired power
and drastically reduce the overall system efficiency. Thus high efficiency power
conditioning circuits, less electronics usage and lower mechanical damping are all

important steps toward optimal energy harvesting.
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1.5 Thesis Outline

This thesis arranged in a total of five chapters. Starts with chapter one, we demon-
strate different types of energies and their energy harvesting applications. Then, we
particularly explained the vibration energy harvesters (VEHs) and their transducer
techniques. A literature review introduced in this chapter listing the state-of-art of
some VEH transduction techniques. Next, we demonstrate different power condi-
tioning circuits and their components specially the rectification circuits.

In chapter two, we introduce a cantilever vibration energy harvester (VEH) and
its power conditioning circuits. The VEH tested with different coil turns where the
VEH re-designed to carry 80 coil turns instead of 30 turns. Three stages introduced
to analyze the VEH performance with a full-wave bridge rectifier and smoothing
capacitors. Analysis techniques implemented to compare the VEH parameter al-
terations and output voltage and power with different coil turns.

In chapter three, Parameter identification techniques used to obtain some pa-
rameters using the experimental data of chapter two. We lumped model the me-
chanical and transduction parts of the VEH and couple them with coupling forces.
The mechanical and electrical coupled models are solved homogeneously and par-
ticularly to find the eigenvalues and output voltage and power.

In chapter four, we introduce another energy harvester architecture which is the
springless vibration energy harvester (SVEH). The SVEH re-designed to hold 60
coil turns instead of 40 turns, then tested with the full-wave bridge rectification
circuit. We apply different analysis techniques to study the performance of the

SVEH such as output voltage and power.
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Cantilever Electromagnetic VEH

2.1 Introduction

Magnets

Coil Holder

Seismic Mass

Cantilever Beam

Figure 2.1: Top-view of VEH

Electromagnetic vibrational energy harvesters (VEH) couple a mechanical os-
cillator to an electromagnetic transducer. The oscillator, Figure 2.1, is made of a
cantilever beam, a seismic mass m, and damper with a damping coefficient of c.
When the base moves with a harmonic motion y(t) at a frequency €2, the cantilever

beam and the proof mass move with respect to the base by a relative displacement
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Chapter 2 Cantilever VEH

x(t). Using Newton’s second law, we write the oscillator’s equation of motion as:
mi + ct + kx = —mjj (2.1)
dividing Equation (2.1) by mass (m) we got:

k
—§ = I+ 2Cwp® + —x
m

Po= =gy — (2.2)

Q

The cantilever beam stiffness, resistance of motion, can be calculated as

 3EI

k= (2.3)

where E is the material elastic Young’s modulus, [ is the cross section second
moment of area, and L is the cantilever length.
Assuming a linear oscillator under a sinusoidal base excitation, the steady state

solution of Equation (1.1) can be written as [36]:

x(t) = ! A, sin(Qt + ¢) (2.4)

V(-2 2y

where A, is the amplitude of base acceleration. The average input kinetic energy

E 4,4 is obtained from the average velocity of the mass v4,, over a period as:

1
E gy = §mvivg (2.5)

Likewise, the average power flow from the base to the harvester [37] can be calcu-

lated as:
21 E 4, ™m
Py = Tg = ﬁvivg (2.6)
and also can be describe as:
1o
P, = §A Quwnm (2.7)
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Figure 2.2: Schematic side-view of the VEH

The electromagnetic transducer consists of a magnetic circuit and a coil. The
coil and mass are attached to the moving cantilever beam but the magnets are fixed
to steel cage. Individual magnets are arranged into a magnetic circuit to insure that
the highest magnetic flux density B cross the coil turns. The electrical side of the
VEH dissipates some of the kinetic energy in the coil R, and load Rj resistances,
these losses are denoted as electrical damping. The electrical damping force [38§]
can be describe as

cet = Bl (2.8)

% Bli (BO)%
t= Bl = B R TR R

(2.9)

where B is the magnetic flux density, V is the total voltage generated in the coil,
and ¢ is the effective coil length.

The other source of energy dissipation in the harvester is mechanical losses rep-
resented by a viscous damping coefficient ¢, such as friction and parasitic damping.

Inserting the electrical and mechanical damping into the EoM 2.1, we obtain

mi + (¢ + Ce)& + kx = —mjj (2.10)

2.2 VEH Specifications

The suspension cantilever beam and coil holder, Figure 2.2, are made from non-

magnetic 316 stainless steel. The cantilever beam is 42mm long divided into 3
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Chapter 2 Cantilever VEH

sections: a coil holder (20.5mm), a proof mass (6.5mm), and a cantilever root
(15mm). The thickness of the cantilever beam is 2.3mm. The seismic mass is

18 grams of brass.

3.6 cm

(a) Front view (b) Side view (c) 3D view

(d) Top view

Figure 2.3: Magnets and walls

A hand-made coil chip consists of two thin polycarbonate sheets and a thick
square core polycarbonate sheet assembled using epoxy glue. The coil is 30 turns of
hand wound magnetic wire (34 AWG). The coil core dimensions are 14x 11 x 1.2 mm

and the total wire length is calculated using the equation

Etotal - (gcore + Wcore) 2N (211)

as 1500 mm. The coil chip specifications are listed in Table 2.1.
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Table 2.1: Hand-made coil specifications

Coil specifications

Type 34 AWG
Length 1500 mm
Resistance 2.20Q

Chip specifications

Material polycarbonate
Core Dimensions 14 x 11 x 1.2mm
Outer Dimensions 19 x 16 x 2mm

Four NdFeB Magnets are distributed along the walls of a metal cage with an air
gap of 3.3mm between the facing magnets to form a magnetic circuit, Figure 2.3.
Each wall carries two magnets with a middle spacer to align the magnets with the
coil lines, Figure 2.3a. The magnet poles are arranged in opposite directions S-N
and N-S to create a closed magnetic circuit [39]. The dimensions of the magnet are

19 x 9 x 1mm. The cage is attached at a steel housing.

Table 2.2: Measured magnetic flux density

Sensor location B (G)

a 7650
b 882
c 8167
d 253

The magnetic flux density was measured at four points along the air gap length,
points (a), (b), (¢), and (d) shown in Figure 2.4. The results are listed in Table 2.2.
The maximum magnetic flux measured was ~ 8167 G at the center of the two lower
magnets where the coil lines are located. The gauss meter used is GM-2 [40] with

a minimum resolution of 0.01 G.
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Figure 2.4: Measuring magnetic flux density

2.3 Harvester Re-Design

The average electrical output power can be calculated as
Pe = —A2wnm (2]‘2)

where (., and (,, are the electrical and mechanical damping ratios. The electrical

damping ratio can be derived from Equation (2.9) as

BY)?
Ce = (B) (2.13)
2mwn (RL + Rc)
Using Equation (2.13) in Equation (2.12), we obtain
B2(?A?
P, = - 2.14
8(Rr + Re)(Ce + (m)? (2.14)

We can use the relationship between the quality factor and the total damping ratio

(Q¢ = 1/2¢;) to rewrite the average output power as

B2€2A2Q2
p=—"%t 2.15
2(Rr + Re) (2.15)

From Equation (2.15), we conclude that the options to increase the harvester
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output power are: increasing the magnetic flux density B, the effective coil length
¢, or the harvester total quality factor ();. The relative merits of each of these

options are:

e Using stronger (thicker) magnets will increase the magnetic flux density B,
however increasing the magnets dimensions will significantly increase the size

and weight of the VEH and make the overall system bulkier.

e Decreasing the air gap in the magnetic circuit will increase the magnetic flux
B on the coil but require decreasing the thickness of the coil chip and lead to
a lower number of coil turns. In addition to, the will increase the likelihood of
coil-magnet friction, thereby lower the quality factor, and make coil alignment

inside the magnetic circuit significantly harder.

e Decreasing the total damping of the harvester is an attractive route. However,
in the current VEH design there are no obvious options to reduce mechani-
cal damping beyond elimination of coil-magnet friction and backlash in the

cantilever beam support.

e Increasing coil number of turns will increase the Electromotive force (EMF')

induced in the coil and without requiring significant structural modifications.

Therefore, increasing the number of turns is a better option to optimize harvester.
This is specially true since there is enough space to design a new coil chip that can
house a higher number of turns without leading to coil-magnet friction.

A cheap and accurate way to fabricate the coil chip is 3D printing. A new coil
chip was made from polycarbonate-acrylonitrile butane styrene (PC-ABS) using
enhanced 3D printing with a dimensional tolerance of £127 ym [41]. The dimen-
sions are designed to better locate the coil lines at the centers of the top and bottom
pairs of magnets where maximum flux density is located. The size of the core was
reduced to allow for a larger number of coil turns. The dimensions of the coil chip
are listed in Table 2.3 and the blue print of the new coil is shown in Figure A1.

The new chip can carry up to 80 coil turns equivalent to 3360 mm coil length.
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Table 2.3: 3D coil-chip specifications

Coil specifications

Type 34 AWG
Length 3360 mm
Resistance 4.2€)
Inductance 125 pH
Chip specifications
Material PC-ABS

Core Dimensions 11 x 10 x 1.2mm
Outer Dimensions 18 x 17 x 2mm

Shaker Unlt

N SRR

= Contrdller‘Ur]it;“‘
4 2 -

Figure 2.5: VEH Experimental setup

2.4 Experimental Setup

The experimental setup, shown in Figure 2.5, consists of:

e An electromagnetic shaker [42].
e A control unit [43].
e Accelerometer [44].

e Oscilloscope [45] and multimeter [46].
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Table 2.4: VEH test parameters

Parameter Value
Frequency range 50 — 65 Hz
Slew rate 1 Hz/min
Acceleration amplitude 0.5g

Test period 15 min/test

Shaker, control unit and accelerometer acting as a close loop circuit. The con-
trol unit defines test frequency, acceleration amplitude and slew rate, while the
accelerometer attached to the shaker platform measures acceleration and sends a
feedback signal to the control unit. The accelerometer sensitivity is 500mV /g. The
test setup parameters are listed in Table 2.4. This experimental setup was deployed

to compare the performance of the 30 and 80 turns VEHs.

2.5 Frequency response of the 80 Turns VEH

2.5.1 Open Circuit Tests

The frequency response of the open circuit voltage for the 80 turns VEH is shown
in Figure 2.6. The peak-to-peak voltage is obtained for an acceleration amplitude
of A, = 0.5g and the frequency is swept in the range of 50-65Hz. Maximum
Vp—p = 3.65V was acquired at the resonant frequency f, = 57.2Hz. The frequency-
response curve is tilted to the left indicating a softening (net) nonlinearity. The
effect of the nonlinear forces on the oscillation are small, this could be could be a
reason of the small acceleration amplitude applied. Where the nonlinear VEH acts

as a linear since the nonlinear component is smaller than the linear component < 1

[47].
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Cantilever VEH
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Figure 2.6: Open circuit frequency response
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Figure 2.7: FFT signal analysis

A spectrum analyzer was used to study the frequency spectrum of the VEH out-

put voltage for an excitation near resonance at w=>57 Hz. The spectrum bandwidth

was set to 30-330 Hz to capture higher harmonics present in the output signal.

The FF'T of the signal is shown in Figure 2.7. The peaks observed at 2w and 4w

indicate the presence of a quadratic nonlinearity in the harvester dynamics. On the
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other hand, the peaks at 3w and 5w indicate the presence of a cubic nonlinearity.
The presence of higher power (higher peaks) in the odd harmonics than exists in

the even harmonics indicates that the cubic nonlinearity is dominant and softening.

2.5.2 Closed Circuit Tests

\\\L‘\\\\

(3]
a
A
(=]

57 58 59 60 61
Frequency (Hz)

Figure 2.8: Frequency-response curves of the 80 turns VEH for R;=30-552

Two experiments were conducting to determine the optimal load, maximum power,

and linearity of the VEH.

- Experiment # 1: The harvester circuit was closed by connecting the leads
of the coil to a potentiometer allowing us to vary the VEH resistive load Rp,
from 30€2 to 55€2 in increments of 5¢). The acceleration amplitude was set
to 0.5g and the frequency was swept from 55 to 61 Hz while the controller
was used to capture the peak-to-peak magnitude of the output voltage V,_,,.

The resulting frequency-response curves are shown in Figure 2.8.

The curves show the resistive load has minimal effect on the harvesting band-

width the VEH, which remains throughout at about 2 Hz, from 57 Hz to 59 Hz.
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Figure 2.9: Output voltage waveform captured using an oscilloscope at resonance
and optimal load

In this range, the VEH can produce > 1V),_,. The softening nonlinearity re-
sults in a downward shift in the resonance frequency as the output voltage
increases. This increase in voltage is due to increased load resistance R,

resulting in a decrease in electrical damping c..

- Experiment # 2: An oscilloscope and a multimeter were used to capture
and measure the voltage Vgzyrs across the resistive load Ry, as it was increased
from 5 to 100 in increments of 52 . The acceleration amplitude was held

at 0.5 g and measurements were taken at resonance in each stage.

2.5.3 Output Voltage and Power

Two approaches were used to determine Vzyrs. The RMS voltage was calculated

from oscilloscope captured time-domain waveform, Figure 2.9, using the average

V2
Vs = \/% (2.16)

where N is the number of samples and V; is the discretized voltage. It was also

root mean square equation

measured directly across the resistive load via a voltmeter. The results of both

approaches were identical. Since the coil inductance is negligible (L=125muH),
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Table 2.5: Voltage and power at various resistive loads

Load 2 Voltage (mV) Power (mW)

3 149.23 4.45

10 286.90 8.23

15 399.00 10.61
20 510.20 13.02
25 575.70 13.26
30 641.40 13.71
35 699.40 13.98
40 756.20 14.30
45 791.10 13.91
20 824.10 13.58
25 849.20 13.11
60 871.20 12.65
65 900.00 12.46
70 920.00 12.09
75 935.21 11.66
80 958.10 11.47
85 966.80 11.00
90 981.90 10.71
95 992.40 10.37
100 1007.10 10.14

we assume the load is a purely resistive and calculate the output power P,,; using

the equation

V2
P, = —2MS 217
t R, (2.17)
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Figure 2.10: Output power as a function of resistive load

The transduction output power P, and voltage Vs listed in Table 2.5 were
determined at resonance (peak voltage) and base acceleration amplitude of 0.5 g as
a function of the resistive load Ry. The output power P, is shown in Figure 2.10

showing a maximum output power of 14.3mW at the corresponding 'optimal' load

of RL =409.

2.6 Comparison of the 30 and 80 Turns VEHs

The frequency-response curves of the 30 and 80 turns VEHs obtained at their total
optimal loads Ry + R¢ of 132 and 44 (), respectively, are shown in Figure 2.11.
Results show an increase of V,_,, from 0.7 to 2.3 between the 30 and 80 turns VEHs.
This voltage increase is due to improved coil location with respect to magnetic field
and the use of more turns as per Equation (1.5). The change in optimal load is
due to improved coil chip design leading to lower mechanical losses in the harvester
and a higher @), of 70.06. This is another reason for the 80 turns VEH increased

output power.
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Figure 2.11: Frequency-response of the 30 and 80 turns VEHs

2.7 Summary

In this chapter, a cantilever VEH introduced and its specifications listed. The VEH
is re-designed to optimize its output power using 3D printer where a coil-chip was
designed to carry 80 turns instead of 30 turns.

The Evaluation experiments conducted to analyze the 80 turns VEH frequency
response at open and close circuit. In addition to, different parameter identification
utilized such as backbone technique, quality factor estimation and transduction
parameter estimation.

A comparison made between the 80 and 30 turns frequency response including
the positive and negative effects of increasing coil number of turns on linearity,
output power and optimal load. Results show the maximum output power extracted
using the 30 turns VEH is ~ 6.1 mW at 0.5 g, the resonant frequency f, 58 Hz and
the optimal load is 11€2. On the other hand, the 80 turns VEH increases the
maximum output power to ~ 14.3mW at 0.5g, its resonant frequency is f, =

57.7Hz and its optimal load is 40 (2.
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Power Unit Modeling and

Realization

3.1 Power Unit

The power unit consists of three parts: VEH, rectification circuit and smoothing

capacitor. The power unit scavenges kinetic energy and delivers DC power.

3.1.1 Rectification Circuit

We adopted the passive AC/DC conversion circuit architecture proposed by Peters
et al [48]. This architecture overcomes the drawbacks of diodes and active control
circuits; namely lower efficiency and higher power consumption. The circuit consists
of four MOSFETS, two P-channel [49] and two N-channel [50], configured as a full-
wave bridge rectifier as shown in Figure 3.1. It is fabricated on 2.54 x 2.54 cm PCB
and shown in Figure 3.2.

During the input voltage Vj,, positive half-cycle, P-M1 and N-M2 conduct cur-
rent; while, P-M2 and N-M1 are in cutoff mode. During the negative half-cycle,
P-M2 and N-M1 conduct current while P-M1 and N-M2 are in cutoff mode. The
MOSFETSs threshold voltage V;;, and gate voltage V, control the current path; a
P-channel MOSFET requires negative gate voltage and a N-channel MOSFET re-
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Figure 3.1: Schematic diagram of the full-wave bridge rectification circuit

Figure 3.2: Picture of the fabricated full-wave rectification circuit

quires positive gate voltage to conduct. The MOSFETSs in each half-cycle drive the
current to reach the load in the same direction. As a result, the negative half-cycles
(black curve) flip to positive cycles (blue curve) and the frequency of the output
voltage is doubled, Figure 3.3.

The P-channel MOSFETSs conduct at V;;, = —0.4V and the N-channel at V};, =
0.4V. Hence, the rectifier requires at least 0.4V input voltage to control the
MOSFETSs gates. Because of nonidealities, losses in MOSFETSs internal resistance
Rys, switching losses between cutoff and conduction states and current leakage, the
rectifier requires more than 0.4V to control the MOSFETs.

To complete the AC/DC conversion process electrolytic smoothing capacitors

are introduced to reduce the ripples of the rectified signal, the green and orange
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Figure 3.3: VEH output voltage waveforms measured across R;=40 ()

curves shown in Figure 3.3. We calculated the power conversion efficiencies at

different output stages using the equation:

t+T
Pout = / V;)ut[out dt
t

t+T
t

P, out

m

Ny = 100% (3.1)

where P,,; is the output power and P, is the input power into the power manage-

ment module.

3.1.2 Power Factor (PF)

The introduction of a capacitor into the rectification circuit delays the voltage signal
with respect to the current signal. The phase angle between voltage and current

0 (due to reactance) reduces the output power. This reduction is described by a
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Figure 3.4: A schematic diagram of the current sensing circuit

power factor PF calculated as [51]

PF = cos 0 (3.2)

The voltage-current phase difference 6 is calculated as

0= % x 360 (3.3)

where At is the time delay of the voltage peak with respect to the current peak
and T is the signal period. We can calculate the average output power using the
power factor as

Pavg = Vour X Lous X cos 0 (34)

We measured the rectifier output current using the circuit introduced in Fig-
ure 3.4. An instrument amplifier (INA126P) was used to measure the current
passing through a sensing resistance Rg. This circuit amplifies the current signal,
so that it can be detected using an oscilloscope since the VEH output current is

low.

3.2 Power Unit Evaluation

The performance of the power unit is studied at three stages in the power conversion

process as shown in Figure 3.5:
Stage 1: The output of the VEH.
Stage 2: The output of the VEH and rectification circuit.
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Figure 3.5: Stages of the conversion process

Stage 3: The output of the VEH with rectification circuit and smoothing ca-

pacitor.

In the following, we compare the output voltage, power, and efficiency among the
three stages. Moreover, we analyze power losses throughout the unit and optimal

resistance.

3.2.1 Output Voltage

The output voltage waveforms of the three stages are shown in Figure 3.3. They
were measured across a resistive load of Ry = 402 under base acceleration ampli-

tude of A =0.5g. These waveforms are:

- Stage 1 output voltage (black curve) has an AC signal waveform with peak

voltage V, = 1.069 V and Vgyg = 0.756 V.

- Stage 2 output voltage (blue curve) is a rectified signal with peak voltage V,, =
1.045V and Vzys = 0.739 V. A small phase-different between the harvester
output and rectified signal is observed. It may be a result of the MOSFET’s

internal capacitance.

- Stage 3 involved two test cases of 220 uF and 1000 uF smoothing capacitors.
The output voltage of the 220 uF case (green curve) shows a peak voltage of
Vp, = 0.863 V and RMS voltage of Vzyg = 0.610 V. The output voltage of the
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Figure 3.6: VEH output voltage as a function of Ry,

1000 pF case (orange curve) shows a peak voltage of V,, = 0.873V and RMS
voltage of Vg = 0.617V.

This experiment was repeated for resistive loads in the range of 5-100€2. The
measured RMS voltage is shown in Figure 3.6 as a function of R;. The voltage

efficiency shown in Figure 3.7, was calculated using this equation

‘/out
Vin

v = 2 100% (3.5)

where V,,; and V,, are the output and input voltages of the power management
module. The rectified voltage efficiency at stage 2 is 97.60 % at load resistance of
Ry, = 409Q. The voltage efficiency at stage 3 is 80.67 % for 220 uF and 81.66 Q2 for
1000 uF calculated at Ry = 402.

The initial increase in voltage efficiency is due to the increase in output voltage
as load resistance increases. As a result, the fraction of the harvesting cycle stopped

(lost) by the rectifier decreases.
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Figure 3.7: VEH output voltage efficiency as a function of Ry,
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Figure 3.8: Output power as a function of R in the three conversion stages

3.2.2 Output power

The maximum output power and power efficiencies 7, obtained for the three con-

version stages of the power unit are shown in Figures 3.8 and 3.9.
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Figure 3.9: Power efficiency as a function of Ry, in the three stages

The energy harvester output (stage 1) provides an optimal power of 14.30 mW
at the optimal resistance R; = 40€). The power obtained from the VEH once the
rectification circuit is introduced (stage 2) drops to 13.64 mW but the optimal load
remains at Ry = 40€). This power reduction is due to rectification losses. The power
efficiency of the rectification process is 95.4 %. Introducing a smoothing capacitor
adds a reactive load to the power unit that decreases the VEH power efficiency 7,
to 79.45 % and 87.04 % at 220 and 1000 uF, respectively, and increases the optimal
load to Ry, = 55€2. The maximum power obtained are 10.42 and 11.06 mW at 220
and 1000 puF respectively.

The voltage waveforms in Figure 3.10 describe the output voltage for various
smoothing capacitors (brown, green and orange curves). It also describes the VEH
output current (black curve) and the phase difference between the voltage and
current. This figure shows that increasing the capacitance from 100 to 1000 uF
increases the phase angle 6 from 33.08°-43.84° and decreases the ripple. The highest
PF is determined to be 0.837 at 100 uF and the lowest PF to be 0.721 at 1000 uF
as listed in Table 3.1. The phase angle # and power factor PF in the three cases
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Figure 3.10: The relationship between V,,; and I, at stage 3 for R;=>55¢2

were calculated using Equations (3.3) and (3.2), respectively.

Table 3.1: voltage-current Phase Angles

Capacitance uF Phase angle 6 PF

100 33.08° 0.837909
220 37.00° 0.798636
1000 43.84° 0.721277

From these experiments we conclude that increasing the capacitance of the
smoothing capacitor increases the voltage-current phase angle, the output voltage
and the optimal load while minimizing the ripples. A summary of the voltage,

power, and power efficiency of the harvesting stages appears in Table 3.2:
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Table 3.2: Obtained voltage, power, 7, and optimal load of the power unit

Load(? Case 1 Case 2 Case 3
220 pF 1000 pF
mV mW mV mW  9p%

5 149.2 445 1389 3.86 86.63 106.0 2.15 4831 87.0 1.48  33.21
10 286.9 823 2619 686 8333 191.0 3.57 4339 170.0 287 34.90
15 399.0 1061 3747 936 88.19 270.0 4.78 45.03 249.0 4.16  39.18
20 510.2 13.02 480.3 11.53 88.62 338.7 5.66 43.46 305.0 491 37.73
25 575.7 13.26 557.0 1241 93.61 416.0 6.74 50.83 400.0 6.26  47.22
30 6414 13.71 633.3 1337 9749 4920 7.68 5597 487.0 7.50 = 54.69
35 699.4 13.98 688.7 13.55 96.96 540.0 834 59.70 539.0 830 59.39
40 756.2 14.30 738.7 13.64 95.43 610.0 9.24 64.64 6175 9.40  65.78
45 791.1 1391 777.0 1342 96.47 670.0 9.88 71.06 680.0 10.17 73.10
50 824.1 13.58 807.5 13.04 96.01 727.0 10.36 76.27 744.0 10.80 79.48
55 849.2 13.11 8399 1283 97.82 766.0 10.42 79.45 787.0 11.06 84.33
60 871.2 1265 866.9 12.53 99.02 793.0 10.21 80.68 823.5 11.01 87.04
65 900.0 1246 891.7 12.23 98.16 820.0 10.14 81.33 853.0 10.88  88.87
70 920.0 12.09 9116 11.87 98.18 8434 995 8231 876.5 10.75 89.13
75 935.2 11.66 929.5 11.52 98.78 863.0 9.73 8348 896.0 10.39 88.01
80 958.1 1147 946.7 11.20 9763 879.1 945 82.36 909.8 10.10 88.78
85 966.8 11.00 959.6 10.83 98.52 892.0 9.19 8355 921.0 9.76 87.96
90 981.9 10.71 970.6 10.47 97.71 904.0 886 82.70 9329 942  87.54
95 992.4 10.37 979.1 10.09 9734 9140 864 83.32 936.5 9.08 87.54
100 1007.1  10.14 998.6 997 98.32 920.0 828 81.64 942.0 874  86.19

3.3 Power Unit Modeling

Mathematical modeling is an efficient way to analyze and optimize systems. We

couple the VEH and the power management subsystems into an electromechanical

44



Chapter 3 Power Unit

model in order to better understand their interactions and to optimize the power
unit as a whole.

Elvin et al [52] proposed a coupled electromechanical model for an electromag-
netic vibration based power unit. They estimated the electromechanical system pa-
rameters including the magnetic flux density found using Biot-Savarat Law. Wang
et al [53] presented another method to estimate the magnetic flux as a piecewise

function of the coil position with respect to the magnets.

3.4 Parameter Identification

Parameter identification is a part of the modeling process in which we estimate the
model parameters from experimentally measured data. The acquired parameters

are used to solve the model equations.

3.4.1 Natural Frequency

We used a nonlinear system identification technique, the backbone technique [55],
to determine the natural frequency w,, of the VEH. We created a parabolic fit for
the resonance frequency f, as a function of the peak voltage a, from the frequency-
response curves obtained in experiment # 1, Figure 2.8. The built-in Mathematica

function Fit was used to obtain the quadratic fit,

fo(a.) = 57.85 — 0.0406 a? (3.6)

The natural frequency constitutes the intercept of the parabola with the horizontal

axis in Figure 3.11, f,, = 57.85 Hz.

3.4.2 Quality Factor

The quality factor Q of an energy harvester describes the harvesting bandwidth.
The half-power bandwidth method is traditionally used to calculate the quality
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Figure 3.12: Estimation of the quality factor

factor for linear systems [56]

_ I

Q= Af (3.7)

where the bandwidth Af is the difference between the frequencies f, and f; where

a

S

the response amplitude a = Davis [57] introduced a more accurate formula to

S
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estimate the quality factor for nonlinear systems

2
Q:Af—’}\/%—l (3.8)

where a, is the response amplitude at resonance, Figure 3.12.

The mechanical quality factor was estimated from the open-circuit frequency-
response curve shown in Figure 2.6 using Equation (3.8) as @,, = 70.06. The total
quality factor ); and the damping ratio for each of the closed-circuit frequency-
response curves shown in Figure 2.8 were also calculated using Equation (3.8). They
are listed in Table 3.3.

The results show that the electrical and total damping drop as the load resis-
tance increase in agreement with the predictions of Equation (2.13). The quality
factor of the system is significantly ¢) > %, which indicates that the stored energy in
the system is much higher than the losses per cycle and the overall system response

is lightly damped.

Table 3.3: Total quality factor at various resistive loads

Ry () @ Gt

30 40.314  0.01240
35 43.301 0.01240
40 46.022  0.01086
45 47.889 0.01044
50 49.571  0.01009
55 51.331 0.00974

3.4.3 Effective Mognetic Flux Density

We developed a method to estimate the magnetic flux density B using the measured
mechanical quality factor @),, and total quality factor ;. First, the electrical
quality factor (). was obtained. The relationship between the mechanical, electrical

and total quality factors is
1 1 1

Qt Qm - @ (39)
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Figure 3.13: Effective magnetic flux density B as a function of Ry,

which was used to evaluate (). as listed in Table 3.4.
The electrical quality factor is also related to the electrical damping ratio (.,

Equation (2.13), by

1

T2
_ mwy(Rr + R.)
= (3.10)

Qe

Substituting for @Q., from Equation (3.9) into Equation (3.10), and solving the

resulting equation for B/, we obtain

Bl = \/mw,(Ry, + R.) O = G (3.11)

QmQt
This equation was used to calculate the transduction coefficient B¢ (Table 3.4)
for each of the closed-circuit frequency-response curves of Figure 2.8.
The effective length of the coil can be estimated from the coil-chip geometry,

Figure A1, and the number of coil turns N using the relationship,

dy +dy+d.

{=2N x ( 5

) (3.12)
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where d; is the coil outer length, dy is the coil core length, and d. is the wire
thickness. We found the effective length to be ¢ = 2.33m. The calculated average
magnetic flux density B, from the transduction coefficient B¢ and the coil effective

length ¢, are listed in Table 2.2.

Table 3.4: Variation of transduction coefficient B¢ and electrical quality factor Q).
with RL

Ry () B(T) Bt Qe

30 0.8869 2.069 94.950
35 0.8690 2.027 113.370
40 0.8483 1.979 134.134
45 0.8426 1.966 151.328
50 0.8356 1.949 169.503
95 0.8205 1.914 192.015

The effective flux density is shown in Figure 3.13 as a function of load resistance.

We note that it decreases linearity with R, following the relationship:

B(RyL) = 0.957 — 0.0025R,, (3.13)

The drop in magnetic flux is proportional to the coil stroke. At equilibrium, the coil
is placed at the centers of the magnets (maximum B). As it oscillates away from
equilibrium, it experiences lower flux density, Figure 2.4. The value of B identified
above represents a weighted average of B. As resistance increases, total damping
drops allowing the coil oscillations z(t) to increase and reach regions where B drops

further.

3.4.4 Optimal Resistance

The optimal resistance for a linear VEH is obtained by taking the derivative of the

average electrical output power P,, Equation (2.12), with respect to the electrical
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damping ratio (. and setting it equal to zero.

P, mA2 .w, N mA2w,
dCe  2(CetCm)®  ACe + Gn)?
_ _mAan(Ce - Cm)

4(Ce + Gm)?
~0 (3.14)

which results in the well known impedance matching condition: (. = (,,. In other
words, to maximize output power, the impedance matching theory mandates that
the mechanical and electrical quality factor should be equal and twice the total
quality factor [58].

Our results show a mismatch between the mechanical and electrical quality
factors, Q). = 134.134 and @,,, = 70.060, at the maximum output power of the VEH
(R,=40%2). This impedance mismatch is a result of the nonlinearity in our VEH.
Equation (2.12) assumes a linear electromechanical model to estimate the output
power. On the other hand, given the nonlinear behavior of our VEH optimal power

is obtained when (. ~ £(n

3.5 Electromechanical Model

We present an electromechanical model of the power unit and identify its parame-
ters. Mechanical and electrical coupling forces are included in the model to derive
the coupling relationship. This model was solved using two methods: numerically
using Mathematica’s built-in function NDSolve and analytically using operator
notation [54]. Moreover, the eigenvalues were calculated to determine damping,
stability and the effect of the coupling on the system response. Finally, we com-
pared the obtained model frequency-response curves, voltage and power output to

the experiment results to validate it.
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Figure 3.14: The equivalent circuit model of the power management module

3.5.1 Power Management Circuit Model

The equivalent circuit model of the power management module is shown in Fig-
ure 3.14. The model presents all the components of the module including coil
parasitic resistance R¢, coil inductance L, MOSFETSs internal resistance (Ryyo0s
and Rpy0s), smoothing capacitor C' and resistive load R;. The MOSFETS capac-
itance was ignored assuming it is negligible [59].

Applying Kirchhoff’s Voltage Law (KVL) to the electrical equivalent circuit, we
obtain:

~Vin+ R, I+ LI +V,y =0 (3.15)

where (R,[) is the voltage across parasitics resistance (R,=R¢ + Ryyvos + Rpyos)
and (LI) is the voltage across the inductance L. The smoothing capacitor C' and
load resistance R; share the same output voltage V,,,. We applied Kirchhoff’s
Current Law (KCL) on node A to obtain:

I =1c+1Ig

= C"/out + @

i (3.16)
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Taking the time derivative of Equation (3.16) we get:

"/;)ut
Ry

[ =CVpu + (3.17)

Using Equation (3.16) and (3.17) to substitute for I and I in Equation (3.15), we
obtained a second-order model of the electrical subsystem as a function of V,;.

! ‘/ou o ‘/ou
V;n = Rp<0‘/;)ut + t) + L(C‘/out + t) + ‘/out
Ry, Ry,
= Ry,CVout + = Vour + LCVout + —Vour + Vour
Ry, R,
‘/out == E(V;n - Rpc‘/out - R_L‘/out - R_L‘/;)ut - ‘/out) (318)

3.6 Coupled System Model

The coupling coefficients represent the interaction forces between the mechanical
and electrical subsystems. The electrical coupling force F, arises due to the induc-

tion of current I passing in the coil as per Lorentz Law [52],
F, = BlI (3.19)

This force acts on the coil to oppose its motions through the magnetic field, therefore

modifying the inertial mass equation of motion, Equation (2.2), to

s W o F
Q " T
n . . Bl

Substituting the equivalent circuit current I from Equation (3.16) into Equa-
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tion (3.20), we obtain the mechanical subsystem model,

. Wnp . . B£ . ‘/ou
X :—ax—wix—y—E(CVwH— RLt)
Wp BlC . B¢
=—§$—wi$—y—7‘/mf— RLVout
- _,U/mx - Wix - ?/ - Kbsv;mt - Kb‘/out (321)
We denoted:
B
Kys = Bl (Backward stiffness) (3.22)
m
Bl . .
K, = I (Backward electromechanical coupling) (3.23)
mivy,
JTRES % (Mechanical damping) (3.24)

The forward coupling between the electrical subsystem and the mechanical sub-
system occurs via Faraday’s Law [52]. Since the coil velocity & is perpendicular
to the magnetic flux density B, we can represent the voltage induced in the coil
effective length ¢ as

Vin = Blx (3.25)

Substituting the induced EMF, Equation (3.25), into the electrical subsystem model,
Equation (3.18), yields

. 1 . - L . R
‘/out = E(ng - Rpc‘/out - R_L‘/out - R_z‘/out - ‘/out>
BY R, 1 . 1 R
= i = (Pt 5 )Wour — 7455+ 1)Vou
o (T TRV — 7R, T Ve
= K& — pteVour — w2Vour (3.26)
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where:

Bl
Ky = ic (Electromechanical forward coupling) (3.27)
R
fe = fp + R.C (Electrical damping) (3.28)
1 R
w? = E(R_i + 1) (Electrical frequency) (3.29)

3.6.1 Solving the Linear System

The coupled electromechanical model, Equation (3.21) and (3.26) were solved to
analyze the power unit system response. As a first cut analysis, we neglected the
nonlinearity present in the magnetic field B and potentially arising from friction
between the coil and magnets. We note that the effective nonlinearity is small as
seen in the experimental results.

The numerical solutions of NDSolve and operator notation method were com-
pared to investigate the quality of our results. The derivation of the numerical

operator notation is described in the flow chart shown in Figure A3.

3.6.2 Eigenvalues

We solved the homogeneous problem of the coupled electromechanical system to
determine the eigenvalues. The state-space matrix of the system is constituted from

Equations (3.21) and (3.26) as

Vi 0 1 0 0 1%
Vo | | —w? —pe 0 K Va
a1 | o o o 1 xl
Zo Ky, —Kps —w2 —pim || 2
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or

Vi=V,
Vo= Kpay — p1cVa — w? Wy
(Iflzflfg

Ty = — Ty — W2 11 — KpVo — KW4 (3.30)
The linear system can be written as

{a} = [A{u} (3.31)
The determinant of the matrix [A — AI] is the system characteristics equation:

A (Kbe + Wf/vbm + ,U/ewi) + >\2 (Kbst =+ e lbm + W? + wi)

A (pte + ) + Wiw? + AT =0 (3.32)

The roots of this equation \; are the system eigenvalues.

The eigenvalues were calculated using Equation (3.32) for two cases. In the first
case, we used only the mechanical subsystem model to represent an open circuit
VEH where the current I passing in the electrical subsystem is zero. In the second
case, we used the coupled electromechanical model and varied the resistive load
Ry, from 309 to 552, without a smoothing capacitor (C—0). These two cases
correspond to the experiments presented in Figures 2.6 and 2.8.

We calculated the mechanical (), and total @); quality factors from the lowest

two eigenvalues A\; and Ay of case#1 and case#2, respectively. The relationship
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between the eigenvalue A and the quality factor @ can be described by [60]

)\:Uiiwd

Wg = wpy/1— (2

o= (Cwy,
Wn
=2

(3.33)

(3.34)

The eigenvalues A, damping ratio ¢, quality factors () and error in ) are listed

in table 3.5. The results for the total (); and mechanical @), quality factors show

a reasonable agreement between experimental results listed in Table 3.3 and model

predictions.
Table 3.5: Predicted quality factor
R, () A ¢ Q@  Q Error(%)
30 —4.352 + 363.4427  0.0119 41.752 3.6
35 —4.055 + 363.444+ 0.0111 44.810 3.5
40 —3.813 £ 363.4467 0.0105 47.661 3.6
45 —3.609 &+ 363.4477  0.0099 50.351 5.1
50 —3.434 £ 363.4487  0.0095 52.915 6.7
55 —3.281 £ 363.4497 0.0090 55.378 7.9
Open circuit —2.5963 + 363.4737 0.0071 69.999 0.1

The mechanical (wg), and electrical (wg). natural frequencies were also deter-

mined from the eigenvalues as function of load resistance Ry, Table 3.6. The results

show an increase of the mechanical natural frequency with the increase of the load

resistance. This is a result of the drop in damping as R increases. As per Equa-

tion (3.33), the damping natural frequency of the harvester approaches the natural

frequency of the open-circuit harvester as R; — co. The results also show that the

determined experimental natural frequency w,, using the backbone technique is sim-

ilar to the model calculations. On the other hand, the electrical natural frequency

decreases while resistive load Rj, increases. The electrical natural frequency is zero

at the open circuit which means the transduction circuit is not conducting current.
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Table 3.6: Predicted natural frequencies

Rp ()  (wa)m (Hz)  (wa)e (Hz)
30 57.8436 14235.7
35 57.8438 14228.5
40 57.8440 14216.4
45 57.8441 14203.0
50 57.8442 14189.9
55 57.8443 14177.4
Open circuit  57.8485 0

— = — Model 55 0
~—— Experiment 55
Model 50 Q
Experiment 50 O
Model 45
Experiment 45
Model 40 Q
Experiment 40 O
Model 35 0
Experiment 35 Q
Model 30 Q
Experiment 30 Q

57

58
Frequency (Hz)

3.6.3 Power Unit Response

3.6.3.1 Frequency-Response Curves

59 60 61

Figure 3.15: Model and experiment frequency-response curves

We evaluated the full solution (forced response) of the coupled model in order to

plot the frequency-response curves for resistive loads in the range of (30-552), Fig-

ure 3.15. The peak-to-peak voltage V,,_, was calculated as a function of frequency in

the range of 55 to 61 Hz. The quality factor @y was estimated using Equation (3.8)

on the frequency-response curves of Figure 3.15.

The peak-to-peak voltage V,_, and total quality factor ¢); shown in Table 3.7.
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The coupled model shows similar @); and V,,_, compared to the experimentally
measured values. The differences in voltage are due to unaccounted for losses and

the neglect of nonlinearity in the model.

Table 3.7: Frequency-response curves analysis

Rp (Q> V;)fp Qt
30 1.91 41.028
35 2.09 45.542
40 2.25  46.280
45 2.40 50.305
50 2.54  52.591
55 2.67 55.095

3.6.3.2 Voltage and Power

The model output voltage and power as functions of R;, are compared to the exper-
imental results, Figure 3.16. The model results are shown in Table 3.8. The model
presents the rectified output voltage and power without the smoothing capacitor.
The results show that the output voltage increases with load resistance. The model
shows a maximum output power of 17.33mW at optimal load of 302 compared
to 14.30mW at 40Q (see Table 2.5). This shift in optimal resistance is due to
the model neglect of the electromagnetic field nonlinearity. The average voltage

difference between the experiment and the model is 13.3 %.
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Table 3.8: Voltage and power of the coupled models as a function of Ry,

Rr 2 Voltage (mV) Power (mW)

5 208.56 8.70
10 360.57 13.00
15 487.83 15.87
20 579.74 16.80
25 657.51 17.29
30 721.14 17.33
35 T77.70 17.28
40 827.19 17.11
45 869.61 16.80
50 904.69 16.38
55 936.77 15.96
60 961.52 15.41
65 082.73 14.86
70 1003.94 14.40
75 1025.15 14.01
80 1046.36 13.69
85 1060.50 13.23
90 1074.64 12.83
95 1088.78 12.48
100 1102.92 12.16

12 T et 0 T e |____

Voltage (V)

0 20 40 60 80 100 0 20 40 60 80 100
R, (Q) R ()

(a) Voltge (b) Power

Figure 3.16: Electromechanical model output voltage and power as functions of
load resistance R,
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3.7 Summary

This chapter introduces and analyze a power management circuit consists of AC/DC
full-wave bridge rectifier and smoothing capacitor. Moreover, we introduces and
analyze a combined electromechanical model of a power unit comprised of an elec-
tromagnetic VEH and its power management circuit. We identified the model
parameters and solve it to compare its prediction to the experimental results.

Three comparison stages listed to analyze the effect of the power management
circuit on the 80 turns VEH. Introducing the rectification circuit (stage #2) de-
creases the output power at the 40 {2 optimal load from 14.3mW to 13.64 mW with
a power efficiency of 95.4 %. Introducing a smoothing capacitor after the rectifica-
tion circuit (stage #3) decreases the output power to ~ 11 mW and increases the
optimal load to 55€). Phase angle test conducted to analyze the change of voltage-
current phase difference on different smoothing capacitors where it shows a rise in
phase angle between the 220 uF and 1000 pF from 58° to 64.84°; respectively.

The electrical backward coupling force F, was introduced in the linear oscillation
model using Lorentz Law. On the other hand, the mechanical forward coupling
force was introduced in the linearized transduction model using Faraday’s Law to
give us a second order differential equation as a function of voltage V(t). The
electromechanical model was solved numerically using Mathematica and operator
notation.

Quality factors were analytically and numerically determined using the eigenval-
ues from the homogeneous solution of the electromechanical model. The eigenvalues
were obtained for the open circuit case and closed circuit case. In the closed circuit
case we used variable resistive loads ranged between 30-55 {2 mimicking the exper-
imental setup. The estimated quality factor @); at optimal load of 40 is 47.661
which is similar to the experimental ); of 46.022. Where the quality factor error
between the experiment and model is ~ 3.6 %.

The frequency-response curves where determine from the particular solution of

the coupled model. We used the closed circuit case to obtain the total quality factor
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@Q: and voltage peak-to-peak V,_, from the frequency-response curves. The coupled
models show promising results compared to the experimental results. Where the
determined ); and V,_, at 402 optimal load are 46.280 and 2.25V, respectively.
The estimated error between the experimental and model are ~ 0.6 % for the Q;
and ~ 12 % for the V,_,.

We obtained output voltage and power by solving the voltage V(t) of the cou-
pled model at various load resistances from 5-100(2 replicating the experiment
setup. The MOSFETSs internal resistance was inserted in the coupled model to
predict the rectifier output voltage and power. The rectifier output RMS voltage
model calculated is 827.19 mV compared to 738.7mV experimentally at 40€2. The
maximum power determined is 17.33 mW at optimal load of Ry = 302 compared

to 13.64 mW at optimal load Ry = 40 () experimentally.
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Springless Electromagnetic VEH

4.1 Introduction

Springs
Rail
Rail guide and

bearing balls

Magnets

(a) Actual device (b) Device details

Figure 4.1: Springless VEH

The springless vibration energy harvester (SVEH), shown in Figure 4.1, con-
sists of a magnetic cage of mass m, four springs, cart and rail guide. Mechanical
damping, such as air resistance, spring hysteresis [61], and mechanical friction ¢,
occur between the rail guide and the bearing ball when the cage moves due to base

excitation y(t). The SVEH model can be described as

mi + ci + F(x) = —mjj (4.1)

where x is the displacement of the mass and F(x) is the restoration force which
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Xe -
Xs
I steel Plate — ™
[ ] Magnets
i---3 Magnetic Cage
I coil
Cart with mass M —T =

L2 hia
Figure 4.2: Schematic diagram of the springless VEH
varies according to the mass positions as shown in Figure 4.2. The relation between
the mass displacement and limiters are as follows:

Condition#1 If —z, < x < z, then no spring-mass contact.
Condition#2 If z. < |z| < x4 then spring-mass contact occur.

Condition#3 If z. < |z| < % then fully compressed spring contact occur.

The restoring force F(z) relationship with the displacement is shown in Fig-

ure 4.3. It can be described as [62]:

(
0 —rs < x < x4

Fi(x — ) Ts <z < 2,
Fa) = ko(z — 20) + ki (e — 7)) zo <2z <k

ki(x + x5) — T, <X < —Ty

k(x4 xe) + ki(zs —2.) -2 <2< —a.
\

4.2 Springless VEH Specifications

This energy harvester consists of three main parts: base, magnetic cage and coil-

chip. Where the base made of aluminum include two walls, four springs (limiters)
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k>
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—0.00 + Q035

ky

k>

Figure 4.3: Restoring force and displacement relationship [62]

and a rail. The steel-brass cage carries four NdFeB magnets and rides over a cart,
Figure 4.1. Each pair of magnets is attached to a steel plate. The brass sides are
used to separate and support the steel plates leaving an air gap between each two
set of magnets. A rectangular coil-chip fixed on top of the end walls as shown in
Figure 4.2 to complete the transduction circuit where the magnetic flux induces
electromotive force in the coil wire as the magnetic cage moves, Figure 4.2.

The SVEH has a total rail length of 41 mm including 26.2 mm magnetic cage
length. The remaining 14.8 mm are divided between the springs and the rail free
length. We measured the average uncompressed spring length as 4.7mm. The
average fully compressed springs length was measured as 1.65mm. The free rail
length of 5.4 mm was determined from the total rail length, cage length and springs
length, where the cage moves freely without touching the springs (condition#1).

These dimensions are summarized in Table 4.1.

Figure 4.4: Polycarbonate coil-chip

The coil-chip shown in Figure 4.4 is made from polycarbonate and has a dimen-
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Table 4.1: Springless VEH specifications

SVEH dimensions

Total Mass

Total Length Including Walls

Rail Total Length

Magnets Cage Length (Along the track)
Magnets Cage Width

Average Length of the Springs

Average Length of the Compressed Springs
Rail Free Length

110g
55.5 mm
41.0 mm
26.2 mm
34.3mm
4.70 mm
1.65 mm
5.4mm

sions of (53.5 x 20 x 1.2mm). It can carry up to a maximum of 40 turns without

magnet-coil friction. The coil specifications are listed in Table 4.2.

Table 4.2: SVEH hand-made coil specifications

25 turns coil specifications

Type 34 AWG
Length 1750 mm
Resistance 2.40)
Inductance 21 pH

40 turns coil specifications

Type 34 AWG
Length 2800 mm
Resistance 3.6 (2
Inductance 64 pH

4.3 Harvester Re-Design

A 3D printed coil-chip was designed to carry up to 60 turns of copper wire. The

reasons of using this optimizing approach in the energy harvester had been discussed

in section 2.3. The new coil-chip was made from polycarbonate-acrylonitrile butane

styrene (PC-ABS) using enhanced 3D printing to act as placement for the hand-

made 40 turns coil-chip. The new design has four depressions as shown in Figure 4.5

allowing for more turns.
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Figure 4.5: 3D printed coil-chip

The dimensions of the coil-chip (53.5 x 20 x 1 mm) are shown in the blue print
in Figure A2. Each depression has dimensions of (11.5 x 3 x 0.5mm). The coil

wire has a total length of 4200 mm. The coil-chip and coil specifications are listed

in Table 4.3.
Table 4.3: SVEH 3D printed coil-chip specifications

60 turns coil specifications

Type 34 AWG
Length 4200 mm
Resistance 6.2€)
Inductance 190 pH

60 turns chip specifications
Material PC-ABS
Carving Dimensions 11.5 x 3 x 0.5 mm
Outer Dimensions 53.5 x 20 x 1 mm

4.4 Evaluation of SVEH

This section illustrates the frequency response and output waveform of the SVEH
and determine the output voltage and power characteristics. We also apply the
rectification circuit introduced in section 3.1.1 to test the SVEH output waveform

and compare it to the VEH output waveform.

4.4.1 Frequency Response of the 60 Turns SVEH

A frequency-response test was utilized to evaluate the performance of the SVEH

at different frequencies and resistive loads. The experimental setup, shown in Fig-
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Figure 4.6: SVEH experimental setup

1i

0.8 —

12 16 20 24
Frequency (Hz)

Figure 4.7: SVEH 60 turns frequency response

ure 4.6, is the same setup used for the VEH of section 2.4. The frequency sweep
starts from 10 to 22 Hz at acceleration amplitude of 0.5 g. The slew rate is 1 Hz/min,
therefore each sweep lasts for 12 minutes. The SVEH was aligned horizontally and
the resistive loads R; was varied from 1 to 6 ).

The results show an increase in output voltage from 0.270 - 0.747 V,,_,, and band-

width from 5.45 - 5.64 Hz when increasing the resistive load as shown in Table 4.4.
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Table 4.4: Comparison between 40 and 60 turns

RL fl fpeakz BW ‘/peak

13.60 19.24 5.64 0.747
13.56 19.18 5.62 0.695
13.53 19.14 5.61 0.630
13.40 18.95 5.55 0.550
13.36  18.90 5.54 0.350
13.15 18.60 5.45 0.270

DY U W N =

We observed a frequency drop at fpeqr where the SVEH drops from the impact-
ing to the non-impacting branch, Figure 4.7. As the SVEH starts oscillations at low
frequency (10 Hz), the mass impacts on the limiters building-up the restoring force
F(x). As the frequency increases the impact velocity increases and consequently
the measured output voltage. The basin of attraction of the resonant (impacting)
orbit shrinks as the frequency increases. Eventually the resonant branch reaches a
point where the basin of safe motions disappears and the response falls down on

the non-impacting branch.

4.4.2 Voltage and Power of the SVEHs

The output voltage and power of the 40-turns and 60-turns SVEHs were determined
using the technique described in 2.5.3. The results show an expected increase in
the 60-turns SVEH output voltage and power compared to-40 turns from 8.3 to
12.3mW where the maximum power was calculated at R; = 32, Figure 4.8.

The closed circuit voltage waveform at Ry = 3€2, Figure 4.9, indicates a higher
nonlinearity compared to the cantilever VEH output waveform, Figure 2.9. This
nonlinearity is a result of the seismic mass impact into the limiters. The 40 and 60

turns coil-chips output power, voltage and load Rj, are listed in Table 4.5.

68



Chapter 4 Springless VEH
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Figure 4.8: SVEHs output power
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Figure 4.9: Output voltage waveform across the optimal load R;=3¢2 for the 60-
turns SVEH

4.5 Rectification Performance

We utilized the rectification circuit presented in section 3.1.1 to study its perfor-
mance with the 60-turns SVEH. An open circuit test conducted to capture the out-
put waveforms of the SVEH and the rectification circuit, as shown in Figure 4.10.
These waveforms were utilized to calculate the output RMS voltages using Equa-

tion (2.16). The calculated harvester and rectified output RMS voltages are 575 mV
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Table 4.5: Comparison between 40 and 60 turns

40 turns 60 turns
Load Voltage Power Voltage Power
1 84.40 7.12  100.29  10.06
2 129.10 833  155.61 11.86
3 158.40 836  191.88  12.27
4 181.30  8.20 22047 12.15
5 200.10  8.01 24230 11.74
6 21450  7.67  260.42 11.30
7 220.10  6.92 27291 10.64
8 221.20  6.12  284.16  10.09
9 226.00 5.68  293.59  9.58
10 228.00 520 301.89 9.11
08 --——-—————————————

Voltage Amplitude (V)

Harvester
Rectifier

-0.8

0

Figure 4.10: SVEH output voltage waveform
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0.25

and 535mV, respectively. These calculations indicate a 93 % voltage efficiency at

open circuit; in comparison to 97 % VEH-rectifier voltage efficiency at optimal load

(see subsection 3.2). Moreover, the SVEH higher nonlinearity did not significantly

effect the AC/DC converted waveform.

We also tested the rectifier at close circuit SVEH (R;, = 3(2), shown in Fig-

ure 4.9, where the SVEH provides an output RMS voltage of 191.88 mV. The result
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indicated that the rectification circuit was operating in the sub-threshold region
(weak-inversion region) because of the threshold voltage Vj;, applied to the MOS-
FETs is < 400mV [63].

4.6 Summary

This chapter introduced and analyzed the performance of the springless vibration
energy harvester (SVEH) using different coil-chips. The polycarbonate coil-chip
and the re-designed PC-ABS coil-chip specifications were compared and listed. In
addition, the specifications of the 25, 40 and 60-tuns SVEHs were compared and
listed.

Experiments present the 60-turns SVEH frequency-response curves in the range
of 10 to 22 Hz at different loads (R, = 1-62). Output voltage and power analysis
were carried out at the peak point to compare the performance of the 40 and 60-
turns SVEHs at different loads (1-10€2). The determined output RMS voltage
and power of the 40-turns SVEH at optimal load R;, = 3 are 134.68 mV and
8.36 mW. On the other hand, at 60-turns SVEH output voltage and power increased
to 191.88mV and 12.27mW at optimal load R;, = 3€). The SVEH-rectifier circuit
analysis shows an open circuit voltage efficiency of 93%. However, the power
efficiency at closed circuit was zero because no current can pass through the rectifier

due to the lower threshold voltage V;;, < 400mV.
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Conclusions and Future Work

5.1 Conclusions

We re-designed and experimentally studied two architectures of vibration energy
harvesting, the cantilever (VEH) and the springless (SVEH). Voltage and power
frequency responses have been analyzed to examine the response as a function of
resistive loads Ry. The same experimental setup has been used in all tests to keep
the consistency of the results. An acceleration amplitude of 0.5¢g and sweep rate
of 1 Hz/min have been utilized in all tests. The frequency range in each case varies
depending on the VEH operating frequency. The cantilever VEH operates in the
frequency range of 57-59Hz. The SVEH operates in the frequency range of 13—
18 Hz. The VEHs have been re-designed by developing a 3D printed coil-chip to
carry more coil turns in order to increase the output voltage. The VEH 3D coil-
chip can hold up to 80-turns resulted in increasing the output power at the peak
frequency and an optimal load of Ry, = 402, from 6.1 mW to 14.3 mW compared to
the 30-turns coil-chip. The SVEH has been re-designed to have 60-turns coil-chip
which also increased the output revert power at optimal load of R;, = 32 from
8.36 mW to 12.27 mW compared to the 40-turns coil-chip.

We introduced a passive rectification circuit and a smoothing capacitor to man-
age the VEHs output. We utilized different approaches to measure the output

voltage, power, and efficiency. The cantilever VEH output waveform was analyzed
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in three stages: harvester, rectifier only, and rectifier with a smoothing capacitor, as
a function of different resistive loads ;. The passive rectifier converts the harvester
AC signal into a DC signal with a voltage efficiency of 97 % and power efficiency
of 95% at an optimal load of 40€2. Smoothing capacitors of 220 uF and 1000 uF
were introduced to minimize the rectifier output waveform ripples. The smooth-
ing capacitor trades-in minimized ripples with output power efficiency resulting in
input-output power efficiency np of 79.45 % using 220 uF and 84.33 % using 1000 uF
at an optimal load of 55€2. We were not able to rectify the SVEH waveform since
it had low output voltage (191.88mV) at an optimal load of Ry = 32 while the
rectifier requires at least V3, = 400mV threshold voltage to operate the switching
MOSFETSs. However, the passive rectifier had been tested with the open circuit
SVEH, resulting in a rectified output signal with a voltage efficiency of 93 %.

We developed an electromechanical model for the cantilever VEH. The coupled
model was solved numerically and analytically using the experiential data and the
identified parameters to determine the quality factors, frequency response, output
voltage and power as a function of resistive load R;. Then, we compare the results
to the experimental data and calculated the average errors in percentage.

Parameter identification techniques were utilized to determine the natural fre-
quency w,, the mechanical quality factor @,,, the total quality factor ¢); and the
effective average magnetic field density B of the cantilever VEH using the obtained
experimental data. The natural frequency w, = 57.85Hz was calculated using
the backbone technique. The quality factors were estimated using Equation (3.8).
The effective average magnetic field density B was determined using the total and

mechanical quality factors.

5.2 Future Work

The electromagnetic VEHs showed auspicious results in terms of voltage and power
make them usable candidates to power up some electronics applications. We can

introduce other transduction techniques and combine them with the electromag-
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netic technique in a new state-of-art design. The miniaturization application is
an attractive approach, where we can utilize the MEMS technology to fabricate a
small scale cantilever VEH or SVEH in consideration with the device parameters.

Also, we can develop the mechanical and electrical model by introducing the
non-linearity term for the cantilever VEH. Finally, We may present a better recti-

fication model by including the MOSFETs ON and OFF states.
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THE INFORMATION CONTAINED IN THIS Coil-Chip Schematic Diagram
DRAWING IS THE SOLE PROPERTY OF
UNIVERSITY of WATERLOO. ANY Polycarbonate COMMENTS:
REPRODUCTION IN PART OR AS A WHOLE acrylonitrile
WITHOUT THE WRITTEN PERMISSION OF butadiene styrene SIZE | PART NO REV.
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SCALE: 5:1 SHEET 1 OF |

Figure 1: Blue print of the VEH coil-chip
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Figure 3: Operator notation linear solution
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