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ABSTRACT

Wireless Sensor Nodes are used for environment monitoring in many engineering
applications. Powering these small sensors with battery is not reasonable due to regular
replacement needs and the added size and mass of the batteries. Therefore, these sensors
could be powered with environmental vibrations sources via vibration-to-electrical energy
harvesters. Electromagnetic (EM) energy harvesting seems to be one of the most
promising ways to power wireless sensors in a wireless sensor network. In this thesis, FR4,
the most commonly used printed circuit board (PCB) material, is utilized as a mechanical
vibrating structure for EM energy harvesting to power body worn sensors and intelligent
tire sensors. The fundamental property of such vibration sources are that even though the
impact frequency is relatively low, the signal is nearly periodic, the impact duration is
short, and the vibration signal is rich in harmonic content. FR4 can be a better material for
such applications compared to Silicon MEMS devices due to lower stiffness and broadband
response. In order to demonstrate FR4 performance and broadband response, moving
magnet type EM generator designs are developed and investigated throughout this work. A
magneto-electro mechanical simulation model including the magnetic damping effects is
developed and the results agree well with the experimental results. Human running
acceleration at hip area that is obtained experimentally is simulated in order to demonstrate
system performance, which results in a scavenged power of about 40 pW with 15 m/s”
acceleration input. Mechanical stopper structures are built in the energy harvester design to
limit the stress on suspension springs and to achieve efficient energy scavenging from
nearly periodic and non-sinusoidal high-g excitations with rich harmonic content. For the
intelligent tire applications, a compact FR4 scavenger designed that is able to withstand
large shocks and vibrations due to non-linear mechanical shock stoppers built in the

structure. Using our design, 0.4 mW power across a load resistance of 100Q2 at off-

il
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resonance operation is obtained in shaker experiments with limited acceleration input. In
the actual operation, the tangential accelerations as a result of the tire-road contact are
estimated to supply power around 1 mW with our design, which is sufficient for powering

wireless tire sensors.

v
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OZET

Kablosuz Sensor Diiglimleri ¢evresel verileri incelemek {izere bir ¢ok miihendislik
uygulamalarinda kullanilir. Batarya ile bu kiiciik sensorlere gii¢ saglamak miimkiin
degildir. Cilinkii bataryanin diizenli degistirme ihtiyaci ve biiylikliigli nedeniyle uzun siireli
kullanimi bu sensorler i¢in uygun degildir. Bu nedenle, bu sensorler calisma ortamindaki
titresimi elektrik enerjisine harmanlama yoluyla ile beslenebilir. Elektromanyetik (EM)
yolla elektrik enerjisi elde etmek, bir kablosuz sensor aginda bulunan kablosuz sensorleri
beslemek icin en umut verici yollarindan biridir. Bu tezde, FR4, en yaygin olarak
kullanilan bir baski devre (PCB) malzemesi, viicuta giyilebilen sensorleri ve akilli lastik
sensorleri icin EM enerji harmanlanmasi uygulamalarinda mekanik bir titresim yapist
olarak kullanilmasi 6nerilmektedir. Bu tarz titresim kaynaklarinin darbe frekanslar diisiik
olmasina ragmen ve darbe miiddeti kisa olmasina ragmen, harmonik igerigi oldukga
zengindir. FR4 bu tiir uygulamalar i¢in Silikondan daha iyi bir malzeme oldugunu
kanitlamaktadir. Hareketli miknatis, sabit bobin tipli FR4 bazli EM jeneratorlerin
performanslar1 ve genis bant tepkileri bu ¢alisma boyunca deneylerle arastirildi. Bu
deneylere baslamadan once bir manyetik-elektro-manyetik sayisal modeli de gelistirildi.
Manyetik soniimleyici etkileri de bu simulasyon modeline dahil edildi . Daha sonra FR4
sistemi deneysel olarak elde edilen, kosan bir insanin kalgca bolgesinde olusan gercek
ivmelenme sinyalleri ile simule edildi. Numerik model, 15 m/s” ivme girisi ile 100 Q luk
yiik direncinde 40 pW gii¢ elde edildigini tahmin etmektedir

FR4 yaylarin deplasmanini azaltmak i¢in ve neredeyse periyodik ve sinusoid olmayan
zengin harmonik igerikli yiiksek siddetteki ivmelenmelerden efektif enerji
harmanlamasini saglamak i¢in mekanik durdurucu yapilar cihaza entegre edilmistir.

Bu durdurucular daha sonra lineer olmayan bir sekilde tasarlanip akilli lastik
uygulamalari i¢in kompakt FR4 enerji iireticilerine biiyiik soklara dayanikli olacak sekilde

entegre edilmistir. Teker ig¢inde olusan gercek ylizeysel kontak sinyalleri kullanilarak
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yapilan deneylerde 100 Q luk bir yiik direnci iizerinde 0,4 mW gii¢ elde edimistir. Bu gii¢
degeri calkalayicinin frekans degerleri ile sinirli kalmistir.  Gergek teker operasyonunda
giic degerlerinin 1 mW civarina ulasacagi tahmin edilmektedir ki bu kablosuz sensor

diigtimleri i¢in yeterli bir giic miktaridir.

vi
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Chapter 1

INTRODUCTION

Energy harvesting (or scavenging) means to extract any desired type of energy from the
environmental sources like heat, light, noise, vibration and etc. Humans have been
harvesting one form of energy to another for hundreds of years. The basic and maybe the
oldest example is the windmills. Windmills use wind as a power source to produce energy
in order to obtain flour for breads. The kinetic energy of the wind is harvested into useful
power to rotate the grinders.

In numerous engineering applications, energy harvesting plays a key role. For example,
the daily used vehicles and cars harvest the chemical energy stored in petroleum or gas into
kinetic energy. Beside, kinetic energy of wild rivers is harvested into electrical energy in
dams. Another important example is the wind turbines. Again the kinetic energy of the
wind, which is an unlimited source of energy, is harvested into electrical power that is on
the order of MW. The examples may grow, but the last two examples are much more
interest to this work. They are electrical generators, which are devices that harvest
mechanical energy into electrical energy via Faraday’s Law of Induction that is explained
in Chapter 3 in detail and it a basic way of producing electrical energy. This process of
acquiring the energy surrounding a system and converting it into usable electrical energy is
termed as “power harvesting” [1].

In recent years, alternative energy sources and energy producing techniques have

already gained more importance due to scarcity of exhaustible energy sources like
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petroleum, coal and natural gas. Moreover, the threat of global warming to the ecological
system is increasing. Among these energy producing techniques, power harvesting is an
extremely popular method, especially for portable electronics. Due to rapid advances in
portable technology (laptops, cell phones, wireless sensors), battery power stays limited.
Today’s advanced technologies like disk capacity, CPU speed, available RAM improved
by 1000 times since 1990s. However, battery energy density has improved only 10 times
more [2]. In addition, battery life is very short for high power consuming technologies.
Moreover, battery is bulky. While engineers design new electronic devices, most of the
available design volume is allocated for batteries. In addition, batteries need regular
replacements. All these facts are disadvantages for a battery.

Thus, some technologies do not prefer to perform regular replacements nor to allocate
large volumes for batteries. Wireless sensor nodes, which are the main interests of this
thesis, are one of those low power consuming electronic devices. They are autonomous and

can operate in wireless sensor networks, which is shown in figure 1.1.
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Figure 1.1 An example of wireless sensor network [3]
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These nodes are generally used for monitoring environmental conditions like pressure,
humidity, current, pollutants and etc. Since they are autonomous, they can communicate
with each other forming a wireless sensor network (WSN). They can be used in harsh
environments like in nuclear reactors in order to monitor radioactivity. In such applications,
battery replacements may become impossible. Depending on the environment they are
placed in, there can be environmental energy sources for harvesting their own power. By
this way, they get rid of battery dependence.

One of the abundant environmental sources is the vibration that is investigated
throughout this thesis. Nearly in every environment, vibrations may exist like in the cases
of human motion and tire-road contacts, which are two basic application areas that the
author of this paper is interested in. Body worn sensors and tire condition monitoring
sensors are two kinds of wireless sensors. Body worn sensors deliver information about the
human condition like heart beat rate, the external or internal body temperature and etc. Tire
sensors monitor the slip angle, the temperature, the tire pressure and etc. These sensor
nodes require very low powers to send informative signals like on the order of mW, so
small sized electromagnetic generator units attached to them could be used as to power
them. Once the sensors are spread or placed to the environment, they will harvest
mechanical vibrations into electrical energy and will operate for an infinite time unless any
hardware problem occurs. This kind of systems, which can power themselves through
power harvesting can be sometimes called “self powered systems”. Figure 1.2 below shows
a wireless sensor node developed by a group Berkeley University. The practical volume of

the device is comparable to a finger size.
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1.2 A wireless sensor node [4]

Since wireless sensor nodes are small scale devices, microscale power harvesting
devices are first suggested. These Micro-Electro-Mechanical-Systems (MEMS) based
electromagnetic devices are still popular today and a heavy research is going on. However,
these devices have very high resonance frequencies. As it will be explained in Chapter 3,
the optimum condition of power harvesting is to adjust the harvester resonance frequency
to environmental vibration frequency. However, examples like human motion and tire
rotation are low-frequency operations (1-100 Hz ) and it is impossible to design that low
frequency resonant device out of silicon due its high Young modulus. These devices, most
remarkable ones are reviewed in Chapter 2, generally have resonance frequencies that are
on the order of kHz. Moreover, most of the MEMS devices in literature are designed for
single frequency sinusoidal excitation. Nevertheless, the environmental vibrations are
generally broadband. Like the applications of our interests, the environment may have
impact like excitations with rich harmonic content. Therefore, there is a need for designing
low frequency and broadband harvesters, but should still occupy small volume that is at

least comparable with the size of a sensor node of figure 1.2.
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In this work, FR4, a very well known PCB material, is proposed as an alternative
material to design low frequency and broadband electromagnetic (EM) energy harvesters in
order to power wireless sensor nodes that are used in human condition monitoring and
intelligent tire applications. We propose FR4 for harvesting applications since it generate
notable power for a wide range of environmental frequencies with comparable or better
performance compared MEMS based devices due to its high intrinsic damping and lower
Young’ s modulus (about 10 times smaller than that of silicon). FR4 is also low-cost,
highly integrable with electronics, and lends itself naturally to electromagnetic sensing as
coils can be routed easily on the copper laminates.

Our group has done the pioneering work before in exploring FR4 mechanical properties
and its integration with electronics and micro-optics on the same movable platform [5-6].
FR4 is a well-engineered composite material for its electrical, thermal, and mechanical
properties and performed very well in reliability tests up to 250 million cycles and can be
operated at stress level up to 100MPa and already proved itself to be a good alternative to
silicon MEMS devices for certain applications [7].

The FR4 energy scavengers proposed in this study are also well-suited for both low and
high-g vibration environments due to the shock stoppers built-in the structure. They are
particularly well suited for nearly periodic and non-sinusoidal excitations with rich
harmonic content, such as those seen during human running and inside the car tire surfaces.

Chapter 2 investigates the previous energy harvesters with a chronological order to give
an insight about what has been done in the literature prior to this work.

Chapter 3 makes the backbone analysis of the governing equations of energy
harvesting. First, the reduced model for any inertial device is given. Then, the system
responses to sinusoidal and general periodic signals are obtained. For these signals power
equations are driven and the optimum conditions for energy harvesting are investigated via

base excitation and displacement transmissibility.
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Chapter 4 defines the numerical model developed to solve for the coupled equations
derived in Chapter 3. First FR4 energy harvester prototype, which is FR4 cantilever system
is introduced as a case study to explain the magneto-electro-mechanical model.

Chapter 5 verifies the numerical model with the pulse drive experiments of FR4
cantilever case study, in which the human running is approximated to a pulse excitation.
The numerical model results and experiment data are compared while observing the
broadband response. In addition, the effects of magnetic damping are investigated
experimentally. Then, a new harvester design is introduced and investigated in detail and
the scavenged power as a result of experimentally obtained real human hip acceleration
data is anticipated via the numerical model.

Chapter 6 first investigates the tire-road contact accelerations. Then, the tire energy
harvester design is described. The harvester system with mechanical stoppers is tested by
mechanical shaker with real world tire-road contact tangential accelerations as inputs.
Later, the power across a load resistance Ry for different vehicle speeds is anticipated for
the actual operation. The design is later improved with non-linear FR4 stoppers which
withstand the high-g accelerations occurring inside the tire. Contact analysis is performed
in Finite Element Modeling (FEM) software, ANSYS.

The thesis is concluded with the summary of the work done and future research work

for the FR4 based energy harvesters, especially for tire energy harvesters.
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Chapter 2

LITERATURE REVIEW

The history of small scale energy harvesters dates back to 1990s. Especially, the
research on MEMS energy harvesters popped out in 1996 under the name of Power
MEMS. This new term was first suggested to define a new class of MEMS devices by A.H
Epstein, S.D Senturia and their group in MIT [8].

Their target was to establish a MEMS heat engine made out of 1 cm diameter by 3 mm
thick Silicon Carbide (SiC) producing power of 10-20 Watt while consuming H,. It was
like miniaturizing large scale gas turbines. The working principle roots to pressurized gas
that spins the turbine. The heat that comes from burning the fuel expands air, and the high-
speed rush of this hot air spins the turbine.

Later on, this research expended to the vibrational-to-electrical energy harvesters.
These devices can be categorized under three types; Electrostatic, Electromagnetic and
Piezoelectric power generators. Electrostatic and Electromagnetic generators can be
modeled by mass-spring-damper systems since they are inertial devices as it is explained in
Chapter 3. To introduce the principle here briefly, the relative vibration of a wound coil and
a magnet enables to harvest mechanical energy to electrical energy via Faraday’s law of
induction. The governing equations and the law of induction is explicated in Chapter 3 in
detail.

The electromagnetic power generator model is first proposed in 1998 by Amirtharajah

et al [9]. A second order linearized model of the generator is developed by adapting
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traditional linear models for loudspeakers. The currents induced in the coil by the vibration
in turn generate an electromechanical force that feeds back and damps the mass motion.

In 2000, a power generator is designed to create a minimally sized, economical, and
circuit integrated electric power generator capable of producing enough voltage to drive
low-power IC or wireless micro sensors where mechanical vibrations are present. This
device designed by Neil N. H. et. al. [10] was the first attempt integrating a micro power
generator with the wireless module and to a produce enough voltage to drive low-power IC
or wireless micro sensors. In addition, the generator consists of five-layer coil
manufactured on PCB by the laser-mircomachining. The spring is made out of copper and
the magnet is placed on top. The device is able to generate SuW power when it is excited at
its resonance frequency that is 104 Hz with an amplitude of 190 um. Also, this is the first
attempt to integrate an energy harvester into PCB. However, the actuator is made out of
copper. In our work, the actuator is made out of FR4, whereas the coil is an external
bobbin.

One year later, El Hami et. al. [11] designed and simulated cantilever beam made out of
steel. At the tip of the cantilever, a housing is placed. When the system is excited, the
magnet mass moves relative to the housing and energy is stored in the mass-beam system.
Copper wire is fixed in position between the poles of the magnets three layers each
containing 9 single turn solid copper wires. (diameter= 0.2 mm). When the system is
vibrated sinusoidally at 320 Hz that is the natural frequency of the device, 1 mW power is
obtained. However, the system’s disadvantage is being large in volume. In this work, the
authors drag attention to the importance of designing low frequency and broadband
harvesters for the first time in literature.

In 2002, a commercial IR remote control system is powered with an energy harvester
by Neil N. H [12]. As remarkable novelties a zig-zag and a spiral springs are designed,

which are then vibrated at different modes (torsion and out of plane) in order to observe the
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emf generation. Around 0.8 mW power is obtained across a 1 kQ load resistance for torsion
mode.

In 2004, Kulah H. et al. [13] proposed a device and named this device as frequency-up
converter. It has two resonating structures. A big NdFeB permanent magnet is attached to a
diaphragm, which is suspended with a soft spring. Thus, the magnet can oscillate at low
frequencies. Just beneath this magnet, several silicon cantilevers with different resonant
frequencies are placed at an initial distance as second type of resonating structures. There
are iron weights on the tip of this array of beams. They also carry the pick-up coil. While
the magnet oscillates at low frequency due to environmental vibrations, it catches the
cantilevers at a specific point while getting closer to magnetic tips of the cantilevers. Then,
it releases the cantilevers while getting away the cantilevers. Due to this catch and release
mechanism, the cantilevers start to oscillate at their resonance frequencies until the next
catch. During this short time interval, the cantilevers start to oscillate at their mechanical
resonance frequency and generate emf. Therefore, the low frequency oscillation of the
magnet causes high frequency oscillation of the cantilever. It is like pulling and then
releasing the cantilevers. For this reason, the device is called MEMS-based frequency up-
converter. However, the practical obtained power levels are at 4 nW

In 2005, a high power EM generator is established by Das S. et al. [14]. The device had
a shaft connected to a series of magnets placed on a circular plate. The shaft is rotated with
120.000 rpm via air driven spindle. The magnets rotated with a high rotational speed with
respect to stationary coil around. 2.6 Watts of power is obtained. The device is coupled to a
transformer and rectifier, delivers 1.1 W of DC electrical power to a resistive load.
However, the high rotational speed can not be practically implemented.

In 2006, a linear electromagnetic generator suitable to supply power to body-worn
sensor nodes is introduced by Thomas Von Biiren et al. [15]. The power production from

human motion is optimized. It is characterized by non-sinusoidal waveforms, low
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frequencies (below 30 Hz) and large position amplitudes. The spring usage is avoided since
designing low frequency structures with silicon is difficult. The magnet makes pure
translational motion in a stator. The soft-magnetic spacers between the magnets are used as
they act as flux concentrators .Consequently, the generator has a higher flux gradient and
thus a higher force capability than designs with only a single magnet.

Most of the harvesters stated here are MEMS based and are optimized for high
frequency sinusoidal vibrations. Their resonance frequencies are on the order of kHz.
However, environmental vibrations are low frequency and broadband. FR4 with copper
laminates is a good alternative material to design low frequency and broadband EM energy
harvesters. Moreover, established FR4 based harvesters are suitable to be used for high-g
acceleration environments due to developed mechanical stoppers. Furthermore, there is no
good numerical model in the literature to be used for optimization. The governing

equations and a numerical model are also developed in this thesis.

10
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Chapter 3

GOVERNING EQUATIONS AND MODELING OF AN EM ENERGY
HARVESTING SYSTEM

3.1 Introduction to Faraday’s law of induction

Faraday’s law of induction states that the relative motion between a coil loop and a
magnet induces a voltage potential across the coil that is known as Electro Motive Force
(EMF). EMF, &, occurs across the conducting element through the relative motion of
magnet due to a magnetic flux, ¢, change with respect to time. For tightly wounded coils
like multirow and multilayer bobbins with N number of turns, this phenomenon is shown
as;

_ N9
dt

&

(3.1)

—_

where ¢ is expressed by the area integral of magnetic flux density, B ,over the bobbin

enclosed area, 4, that is ;

(3.2)

Equation 23 can be simplified and combine with equation 24 by assuming A is constant for

small displacements and the area vector stays parallel to the magnetic flux direction [16];
dB

&=—-NA— 33
" (3.3)

11
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3.2 Lenz’s Law and Magnetic damping

After Faraday stated the law of induction, Heinrich Lenz has determined its direction
and added a minus sign to equation 3.1. He explained the reason as “an induced current is
always in such direction as to oppose the motion or change causing it”.

This is based on the energy conservation rule. The induced current should create an
opposite polarity relative to the time rate of change of the magnetic flux in order to
maintain the magnetic flux in the loop area constant. If the polarity of the change and the
induced current were on the same direction, they would combine and increase the flux and
its time rate of change, thus induce a larger emf at each instant. This would result in infinite
induced current, which is a violation of the energy conservation.

Considering that all the designs in this thesis involve moving magnet type harvesters,
the current should counter-act the motion of the moving magnet, thus decreasing the kinetic
energy of the magnet. This is known as the magnetic damping (counter emf) and it is
modeled as a damper in the reduced second order system model that is explained in section

3.3.

3.3 Reduced Second Order Model

The harvesters explained in this thesis have spring-like structure made out of FR4, on
which the magnet is attached. Base excitation of the harvester results the vibration of the
magnet relative to stationary multirow, multilayer coil causing an induced current. The
moving magnet is linked to base with spring-like structure. Like any other inertial devices,

the generator can be modeled as a spring- mass-damper system as shown in figure 3.1.

12
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o g [l

x(t)

Ce L L) Cm y(©)

S ST

Figure 3.1 Linear mass-spring-damper model for inertial EM generators [17]

The relative displacement of the proof mass, m, with respect to the base, denoted as z(t),
can be expressed as the difference of the base displacement relative to the ground, y(t), and the

proof mass displacement relative to the ground, x(t):

z(t) = x(1) = y(2) (3.4)
The equation of motion of the magnet can be expressed as;
mi(t) = c(3(1) = () + k(y() = x(1)) (3.5)

The relative motion, the velocity and the acceleration of the magnet with respect to coil

(attached on the base) can be written as;

mi(t) = k|- z(t)]+ [~ 2(0)] (3.6)
Rearranging the equation 3.6;

ml(E(@0) + 3(0)] = ~kz() - 2(2) (3.7)

mz(t) + cz(t) + kz(t) = —my(¢) (3.8)

This second order non-homogenous ODE is the governing equation [18]. The total
damping, c, is the sum of mechanical damping and magnetic damping (counter emf). These

are shown as ¢, and c. respectively in figure 3.1.

13
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3.4 Response of the system to Sinusoidal Base excitation

If it is assumed that the input is a pure sinusoid like y(¢)=Ysin(wt), where Y is the input
amplitude and @ is the input frequency. Substituting this into the governing equation:
mz(t) + cz(t) + kz(t) = mo’Y sin(wt) (3.9
The homogenous solution of this equation gives the transient response, whereas the
particular solution gives the steady-state response. If it is considered that time goes to

infinity, one can assume a steady state solution such that z,(#) = X sin(wf - ). In order to
find the response of the system with the constants X and phase angle, 0, this particular
solution is substituted into equation 3.9 and rearranged as [19];
X[(k - mw? )sin(a)t —0)+cwcos(wt — 6’)]= ma?*Y sin(wt) (3.10)
Using the trigonometric relations that are;
sin(wt — @) = sin(wt) cos(8) — cos(wt) sin(H) (3.11)
cos(awt — 6) = cos(wt) cos(d) + sin(wt) sin(A) (3.12)
These are substituted in equation 3.10 as;

X [(k - mw? sin(wt) cos(d) — cos(wt) sin(&)) + ca)(cos(a)t) cos(8) + sin(wt) sin(H))]z

(3.13)
ma?*Y sin(wt)
Equating sin(wt) and cos(at) on both sides of the equation, then
X sin(a)t)[(k —mao* )cos(e) + cwsin(e)]z ma?Y sin(or) (3.14.2)
X cos(a)t)[— (k - mw? )sin(e) + ca)cos(e)]z 0 (3.14.b)

By using eq. 3.14.b, one can find the phase angle as;

(k —mao* )sin(e) = cacos(6)
0 =tan!| 2 3.15
tan ((—)k — } (3.15)

14
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By using eq. 3.14.a, magnitude of X can be found such that:

2
X = _ O Y (3.16)
(k = mo? )cos(6) + carsin(0)
2
x| = mo ¥ (3.17)
2§ 2
\/(k—ma) ) + (cw)
Then, the particular solution (steady-state solution) is found as;
2
2, ()= mo’¥ sin(at - 0) (3.18)

Je-mo?f + (cwp?

This is the response of the system to sinusoidal excitations.
3.5 Steady state response and electrical power for sinusoidal inputs

Since the electrical energy extracted from the motion of the magnet slows down the
movement of the magnet, electrical energy extraction is modeled as a damper. Then, the
mechanical power across the damper is equal to the electrical power extracted that is:

ai

P =[czd: =c,"- (3.19)
) 2

The velocity, z(¢), can be obtained by taking the derivative of equation 3.19;

mY®®

\/(k —mo’ )2 + (wc)2

Plugging equation 3.20 into equation 3.19;

(C%jmzYza)(’
P, = 5 (3.21)
(k - ma)z) +(co)

(3.20)

4=

15
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Dividing and multiplying the first term on denominator with m” to rearrange such that;

(gyore
mz(”;_wzf + (o)
(s

Po=— (3.23)

m2(0? - 0* | +(co)

P =

e

(3.22)

Dividing and multiplying the denominator with w;, ;

(C%)mZYza)é

" - (3.24)

1

0)}7 a)n a)n

Making the further re-arrangements;
3
o Myl @) s
2mow, | m ,

) = (3.25)

Where the total damping ratio is

¢, ¢
2\ km Zma)n

and the electrical damping ratio can be written as

& =

Ce

i
“ 2km 2mo,

16
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Plugging these into equation 3.25;

3
Em Yz(wJ ’
a)rl

ERIECH)

This is the generalized form of power extraction from the EM inertial devices. If the

(3.26)

EM device is set to work its resonance frequency (w=am,), the equation simplifies to [20]:

2 3
_emY o,

P
4¢7

e

(3.27)

3.6 Steady state response and power for any periodic signal

Like in the cases of human motion and tire-road contacts, the input signals to harvester
system may be periodic, but non-sinusoidal. In those cases, Fourier expansion can be used
in order to determine the response and generated power of the system. If a signal is periodic
with a period of7=27/w, , it can be expressed as a summation of harmonically related
complex exponentials.

The forcing function that is the right hand side of the governing equation of the system
given with the equation 3.9 can be expanded with the alternative Fourier series
representation;

F(t)= “70 +3 a, cos(mut) + 3 b, sin(awi) (3.28)
n=1 n=1

The Fourier coefficients, a, and b, can be calculated as;

a, = gJ.F(t) cos(nat)dt n=0,,23.. (3.29.a)
T

17
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b, = 2 [ F(@)sin(nex)d: n=123.. (3.29.b)
T

Equation 3.28 can be expressed with polar form as;

F(t) = % +3°C, cos(nwt +9,) (3.30)

n=l1

where C, =+/a? +b} andy, =tan"' (b, /a,).

Plugging equation 3.30 into equation 3.9, the governing differential equation of the
system can be re-expressed as
mE(6) + c(t) + ka(t) = “7 +3C, cos(mwt + ¢,) (3.31)
n=l1

Equation 3.31 is valid for any periodic signal. In order to find the total response, the
superposition method is used. Total response is the summation of individual particular
solution individual inputs on the right-hand side of the equation. The sinusoidal functions’
response is calculated similar to the analysis in section 3.4. When the response due to DC
component is included, the steady state solution of relative displacement of the magnet,

z(t), is given as ;
a, & (Cn10)

) ==>+,
z, 2% n=1\/(1_n2r2)2+(2§zrn)2

cos(nax—y,) (3.32)

where y,=0,+y,. ¥, is a phase angle calculated as ¢, = tan‘l[lzez%] and r=w/w, .
—-nr

The electrical power can be calculated with the equation 3.19 and the similar
method followed with section 3.4. The electrical power for an arbitrary periodic excitation,

the general expression for the electrical power is obtained as:

c & (nwC, k)
n=l \/(1 —n2r2)2 + (2§rl)2

sin(nat —y,)) (3.33)

18



Governing Equations and modeling of an EM energy harvesting system 19

This closed-form of electrical power is important and helpful to model the harvester
systems numerically that is explained in Chapter 4. If the excitation is sinusoidal, i.e., n=1,
equation 3.33 simplifies to equation 3.26.

The magnetic damping coefficient, c. , in equation 3.38 is given by;

2
) - (3.34)
R, +R; + jwL,

Ce

This equation can be driven by equating mechanical power to electrical power and is

already drived in [21].

3.7 Displacement transmissibility

In Laplace domain, the equation of motion can be represented as;
ms>Z(s)+csZ(s) + kZ(s) = —ms* Y (s) (3.35)

The transfer function obtained is;

2
Z(s) S ms (3.36)
Y(s) ms +cs+k
Replacing s=jw; and dividing the equation by m,
. 2

ZGw) _ 2 (3.37)
Y(]W) —w2+£0)j+7

m m

Rearranging and dividing the equation by ,’, the magnitude of the transfer function is;

T, =2= (3.38)

19
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This equation is known as displacement transmissibility [19]. The displacement
amplitude ratio of the moving mass to base vibration amplitude is optimized when the
excitation frequency is equal to the natural frequency. This can be well observed from
figure 3.2. When r=1, the displacement transmissibility is maximum. In other words, the
base vibration is totally coupled to magnet mass. By this way, the relative motion of the
moving magnet relative to bobbin is maximized. This is an important result. The average
power equations driven 3.26 and 3.33 gives the maximum power at the mechanical

resonance frequency. Due to this phenomenon, the energy harvesters’ resonance

frequencies are set to excitation frequency if the excitation is sinusoidal.

Displacernent Transrissibility, 2/

Figure 3.2 The Displacement Transmissibility curve for different £ values.
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3.8 Normalized Power Density (NPD)

One of the main aims of the energy harvesters is to be compact while generating
electricity. Therefore, the device performance is generally stated with a power density (W /
m’) in the literature. However, the testing conditions of stated harvesters are very different
(i.e acceleration amplitudes, frequency). For resonant harvesters, which are the devices
tested only with sinusoidal input at their mechanical resonance frequency, S. P. Beeby et al.
[20] proposed Normalized Power Density (NPD) in order to compare the performance of
different stated generators with each other. The amplitude of the peak acceleration of the
base, 4, is given by A, = ®”Y. Moreover, damping factor, c, is related to the total damping
ratio, &7, by ¢ = 2mm,&r , equation 3.29 can be restated as:

R

p =) (3.39)
2c

The average electrical power is proportional to Apz. Since the testing frequency is

resonance frequency, S P Beeby normalized the power of stated harvesters only with

acceleration square, Apz. Then, the formulation of NPD is given as;

NPD = P; (3.40)
A

where ¥ is the volume in m’. The NPD is therefore has the unit of “kgs / m*”. NPD will be

used as a tool in Chapter 4 to compare our harvesters with the other harvesters.

21



Magneto-Electro-Mechanical Numerical Model 22

Chapter 4

MAGNETO-ELECTRO-MECHANICAL NUMERICAL MODEL

4.1 Introduction

In Chapter 3, analytical equations are derived for the steady state response of the
moving magnet’s relative motion with respect to the base including the electrical power
calculations for sinusoidal inputs as well as any periodic function. These equations are
helpful to understand the EM harvester system. However, there is a need of a good use of
these equations in a simulation environment to do numerical analysis.

In this chapter, the total physical harvester system with all coupled energy domains is
modeled in MATLAB / Simulink including the open loop (without) and closed loop (with
magnetic damping) operations. For the magnetic domain calculations, the magnet and its
magnetic flux density are modeled in COMSOL / Multiphysics module. The performance

of this magneto-electro-mechanical model is verified with simple shaker experiments.
4.2 Coupled Energy Domains

The ambient vibrations cause the base and thus the magnet to oscillate. The relative
displacement of the magnet with respect to stationary coil causes a magnetic flux change

with respect to time. This change induces voltage (emf) in pick-up coil. However, induced

current in the coil damps back the mechanical motion of moving magnet. Hence, the total

22
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physical system consists of three coupled-energy domains, which are mechanical, magnetic

and electrical as shown as in figure 4.1

dB/dz [@—dB/dz dz/dt |

—F.,
€ ¢ z(t)
Electrical Domain Magnetic Domain
—» F. z(t)

oooo
oo Pyt dz / dt
Base excitation Mechanical Domain

y(®)
Figure 4.8 Coupled Energy Domains

4.3 Governing equations, EMF and Magnetic Damping revisited

In this sub-section, some of the governing equations of section 3 are summarized and
extended since the numerical model that is explained in the next section solves for these
equations respectively.

The governing differential equation of the relative motion of the magnet , z(t) , is given
by equation 3.11. As already reviewed in section 3.1, the electrical energy is generated
based on Faraday’s law of electromagnetic induction stating that the time rate of change of
magnetic flux (¢) through a coil having N number of turns induces a voltage (emf) given by

equation 3.1. This equation is simplified by assuming A4 is constant for small displacements

and the area vector stays parallel to the magnetic flux direction. Since B is a function of
relative displacement, and the relative displacement is a function of time, equation 3.3 is

rearranged by using the chain rule as;
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dB dz dB -
= NALE - Na 2P
¢ dz dt dz ) @.1)

If the pick-up coil terminals are left open (i.e, open-loop operation), then the above
expression is enough itself to calculate €. If an induced current is generated by the presence
of a load such as a capacitor or a battery to store the energy, then the system is in closed-
loop mode and there is an additional magnetic damping term generated by the induced
current i(t), which effectively counter-acts the motion of the magnet as it is discussed in
Section 3.2. This magnetic damping force (Fy) dissipating the kinetic energy of the
vibrating magnet can be expressed as [22];

F, = NAd—Bi(t)
dz (4.2)
This damping force should be considered while establishing the model since it plays an

important role in EMF generation limitations. Its effect is investigated in Chapter 5 in detail
4.4 MATLAB / Simulink Model

Equations 3.11, 4.1 and 4.2 are used to build the numerical model in MATLAB /

Simulink environment. The explicit model is shown in Figure 4.1.

Clock |‘ initial gap betw.

w|—=

Zt)

1 + 1 1

c
|‘ bobbin and magnet
1/m > 1 P
1000 > #(t) s (1)
00
Acceleration

Input Fm l—<4—<4—<47 ) « T @ X

-y ;
dB / dz Magnetic calculations

Figure 4.9 Closed Loop Model
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When the system operates on open loop, there is no magnetic damping since there is no
current circulating due to open terminals of the coil. There is still emf generated, but there
is no counter emf. When this is the case, the Fy connector line is disconnected as shown in

Figure 4.2. In other words, electrical damping, c. ,does not occur.
k
@—} time Q -C-
Clock . initial gap betw.
\_’ hobbin and magnet
- 1/m p - p L
oooo 7 ;
I A’b_’ . i) s 0) s )
Acceleration @ « « -
Input . .
fpu it) EMF O outt nl4
dB/dz

o

f

Magnetic calculations

Figure 4.10 Open Loop Model

The basic advantage of this numerical model is all types of ambient acceleration
inputs (i.e human running and road-tire contact) can be given to the system in order to
predict EMF and magnetic damping effects. Thus, evaluation of the system performance
and optimization can be easily executed for any energy harvester including MEMS based
and FR4 based devices once the critical parameters are known.

The verification of the numerical model is overviewed in section 4.6 and the
magnetic calculations subsystem, which involve magnetic modeling is explained in section

4.7.

4.5 FRA4 cantilevers
Before reviewing the magnetic modeling over FR4 cantilever case study, a short
introduction is given in this section. In order to test the FR4 performance as a vibrating

platform and verify the numerical model, different types of cantilever beams as shown in
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figure 4.4 are cut from copper laminated FR4 sheets having thicknesses ranging from 178

um to 320 um.. For cutting process, a PCB cutting machine that is already available in

Optical MEMS Laboratory (OML) facilities is used.

Figure 4.4 320 microns thick FR4 plate from which different types of cantilevers are

manufactured
Cantilevers that are spring-like structures with high intrinsic damping have square pads

at the end on which the magnet could be attached. Despite these pads, the structures shown

in figure 4.4 can be still approximated as cantilever beams with uniform width. In order to
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calculate the natural frequency of the beams , /', the following equation that is derived by

Timoshenko is used [23];
1.732 | EI
_L1se /_ 4.3
S 27 \mP? *3)

The resonance frequency depends on width, thickness and length of the cantilevers.
Therefore, different cantilevers having various width, length and thicknesses are
manufactured. Since the environmental vibrations are between 0-100 Hz, the resonance
frequency is aimed to be lowered as much as possible without any failure. In order to
achieve low-frequency harvester, either the spring constant is lowered or the magnet mass

is increased.
4.6 FR4 Cantilever Case Study

One of these cantilevers is selected as a case study to explain the magnetic modeling
process over the cantilever system and also to test the numerical model (Chapter 5). Figure
4.5.a through 4.5.c demonstrates the preliminary energy harvester design, whose

parameters are listed in table 1.
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Figure 4.5.a b ¢ The preliminary FR4 cantilever design. The lower plate on which the
bobbin is placed is also copper laminated FR4.
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Table 4.1 FR4 cantilever case study and magnetic model parameters

Parameter Value
n 24,8 Hz
k 98 N/m
0 23,36
Iy 10 mm
Wp 15 mm
t 0.32 mm
Nd NdFeB
Grade N35
Br 098 T
m 4.036 gr
B, 1 Tesla
R 7,72 mm
H 3.17 mm
Vei 7,5 mm
Teo 12,2 mm
L. 15.56 uH
N 741
R. 100 Q
Ry 100 Q

The magnet is attached on the square pad that is at the end of the cantilever. On the
lower platform, multilayer coil with N turns coated with Parylene is placed. It is located
just beneath the magnet, which is free to vibrate due to ambient vibrations.

4.7. Magnetic modeling

Since the only unknown parameter in equations 4.1 and 4.2 is the position rate of

change of the magnetic flux density, dB/dz, a mathematical expression is needed to
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express this parameter. Therefore, the magnet should be modeled precisely. The FR4
cantilever beam and the Nd magnet, whose parameters are listed in table 4.1, are chosen to
exhibit the procedure for obtaining mathematical expression.

The bobbin used in this work is cylindrical air-core, multirow and multilayer coil and
therefore using a cylindrical magnet is reasonable. For a cylindrical magnet (figure4.6)
having a diameter of 2R and a height of H, the magnetic flux density on the axis line at a

distance z from the pole surface is defined with the equation 16 [24].

H

Figure 4.6: The cylindrical magnet

B, (H+2) z
B = - (4.4)
2 [\/R2+(H+z)2 \/R2+22]

By using teslameter (Magnet-Physik F54 model), the variation of B is determined as
a function of z is determined experimentally. The transverse Hall probe is aligned exactly
with the pole axis and the probe that is attached to a micrometer stage is held fixed at that
position ( z=0 ). The probe is then driven away from the pole position with 250 microns
increments along the axis of the centerline within the help of the micrometer stage. Figure
4.7 shows the magnetic flux density as a function of z. Actually, the magnet’s magnetic
lines are like a fountain when considered in 3D. However, the magnetic flux change along

the centerline is critical for modeling purposes in COMSOL.
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Figure 4.7 Experimentally obtained magnetic flux density of the test case magnet along its
axis of centerline.

In COMSOL Multiphysics module, 2D axis-symmetric magnetostatic analysis of the
magnet is performed. Using the centerline distribution, the magnetization of the magnet is
approximated to analytical and experimental values. While modeling the single magnet, the
2D axissymmetry is preferred since the magnet has cylindrical shape. Around the magnet,
the air is modeled, whose ., is 1. After fine meshing and solution of the domain, the

magnetic flux density distribution is obtained as shown in figure 4.8.

Contour: Magnetic flux density, 2 component [T] Mazx: 0,552
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Figure 4.8 2D axis symmetric flux lines of the magnet used in FR4 case study.
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First, the magnetic flux density over the magnet’s centerline is obtained in order to
compare the analytical, experimental and simulation results. As shown in figure 4.9, the
experiments obtained by teslameter testing and analytical modeling of the magnet given

with the equation 4.4, fits well with the COMSOL simulation modeling.

I

Anahytical
Experimental [
SOMSOL

Magnetic Flux Density, norm (T)
i

o & 10 15 20 25
Distance from pole surface, Z(mm)

Figure 4.9 Comparison of Magnetic flux density along the axis of magnet centerline.

After modeling the magnet in COMSOL, the average magnetic flux density of the
magnet over the bobbin area is determined. As given in equations 4.1 and 4.2, the
important criterion is to know B(z) over the enclosed area, 4. This is shown in figure 4.10

in more detail.
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Figure 4.10: a)Bobbin used in experiments b) Magnetic flux lines over bobbin area

By using small increments of z values, much more precise magnetic flux density values

are extracted from COMSOL over 4 as shown in figure 10.b. The radial flux components

are not taken into consideration since their projection to flux area does not create any flux

density.

In Figure 4.11, the graph of magnetic flux density z component as a function of z over

bobbin diameter A is shown for different distances that are from magnet pole to the bobbin

center. As the distance between the magnet and the bobbin increases, the magnetic flux

density decreases sharply.
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Figure 4.11. Magnetic flux density z component over the pick-up coil (Table 1) enclosed

v

area at various z distances from the magnet pole surface
The figures 4.9 and 4.11 are similar graphs. However, figure 4.9 shows only B values
as a function of z along the axis of the magnet, whereas figure 4.11 shows B values as a
function of z over 4. For each z value, B is averaged to a single value for those specific
distances. Finally, averaged magnetic flux density z component values as a function of

distances that are from magnet pole to bobbin center are obtained.
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Figure 4.12 (a) Average magnetic flux density distribution (B(z)) over the bobbin area
versus distance from the magnet pole surface, z. The function is extracted from COMSOL
by the data obtained from experiments. The exponential fit is done to express this function
mathematically in MATLAB/ Simulink model. (b) Position rate of change of magnetic flux

density, dB/dz versus distance from the magnet pole surface, z.

As it is emphasized before, the only unknown parameter to calculate € in simulations is

dB/dz . To fit a mathematical expression defining the behavior shown in figure 4.12.a ,
least square method is used. A third order exponential fit is performed for defining B as a

function of z:

3 2
B(Z) — eAz +Bz“+Cz+D (19)
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Now, the derivative of equation 19 can be easily calculated as;

B 3 2
dB(z) _ (A22 4 Bzt C)eAz +Bz2+Cz4D 20)

dz
Finally, the B (z) and ¢ distribution is obtained with a fine magnetic modeling via
COMSOL. Once B (z) is expressed with a third order exponential fit, its derivate can be

easily implemented into simulink in oder to solve the equations needed to calculate emf.

4.8 Implementation of magnetic modeling

The mechanical domain outputs of z(t), and Z(f) of the moving mass, are taken as

inputs in magnetic domain in order to calculate emf (see figure 4.2).
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Figure 4.13: The magnetic subsystem is explicitly shown.

Since the bobbin has a thickness in z direction, dB/dz is calculated along the height of
the bobbin and it is also averaged along its thickness, 4. In magnetic calculations
subsystem, the fitting polynomial is calculated for many times along /. Once dB/dzis

multiplied by velocity and then N and 4, the emf is obtained. If the system is in closed loop
operation, magnetic damping is calculated additionally as calculation methodology is

shown in figure 4.13.
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Chapter 5

NUMERICAL MODEL VERIFICATION AND HAVESTER DESIGN FOR
HUMAN RUNNING

5.1 Introduction

In the previous chapter, a numerical model of an EM harvester system is established
using MATLAB / Simulink and COMSOL. This model is helpful to simulate the system
parameters for various types of inputs. One of these inputs is human running. As it is
indicated before, human running motion is one of our application interests. First, it is a low
frequency motion. Second, there are several types of wireless sensors that are implantable
or body-worn. Third, several portable electronics are carried on the body and the body is a
source of environmental vibration. Especially, considerable amplitudes of acceleration may
occur while running.

In this chapter, the numerical model introduced in Chapter 4 is verified for sinusoidal
resonance excitation as well as for pulse excitation with the shaker experiments.
Considering each stride as an impulse to the harvester system, the running motion is
approximated with pulse excitation first. Meanwhile, the harvester system is tested with
closed loop and open loop operations. Thus, the effects of magnetic damping are
investigated clearly. Later, the real acceleration data is collected from human subjects
experimentally. Then, the model prediction of the power generated is simulated for FR4

cantilever of figure 4.5 with these signals. In the light of the experiments, a new harvester
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design is developed. With this design, the power generation is increased while the volume

of the device is decreased compared to FR4 cantilever.

5.2 Pulse Drive of the FR4 cantilever

During the human motion, each stride is like an impulse to the body. Even the legs can
be modeled as spring mass damper systems [25]. If the harvester unit that is FR4 cantilever
of figure 4.5 is placed on the hip area, the magnet will oscillate relative to stationary coil
since the body is vibrated due to this stride impulse. Therefore, the body acts like the base
and the stride impulse causes base excitation. This environmental vibration source may be
harvested into useful electrical energy with FR4 cantilever. Before working with the
experimentally obtained hip area accelerations, the stride is approximated to a pulse input.
By this way, the numerical model can be also tested easily.

Average human walking and running stride frequency may vary between 1-4 Hz, where
the average is 2.75 Hz [25]. During the average running, the acceleration amplitudes are
around 15 m/s”. Also, the stride contact time to ground is 50% of the period. From Chapter
3 results, it is concluded from equations 3.30 and 3.43 that the optimum electrical energy
occurs at the resonance frequency. However, it is difficult to design a resonator at these low
frequencies. Nevertheless, electrical energy can be still obtained at off-resonance operation.
Since the excitation is impulse, the power generation will be optimized at harmonics.

In order to observe energy generation at harmonics and to test the numerical model
verification, a frequency sweep is performed by using a mechanical shaker (Model: Data

Physik). Figure 5.1 shows the schematic experimental setup.
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Figure 5.1 Mechanical Shaker experimental setup

The desired signals are fed into the power amplifier, which amplifies the signal to
shaker and causes the shaker to supply the desired vibrations at desired amplitudes.
However, the shaker should be driven by displacement data. Therefore, the integral of the
acceleration data should be taken twice and this should be fed into the shaker in order to
obtain desired acceleration waveforms. Figure 5.1 demonstrates the experimental setup for
closed loop operation. During the experiments, the RMS voltage across Ry is monitored for
both open and closed loop operation. Figure 5.2 demonstrates the shaker on which

accelerometer and a dummy FR4 sample is placed.

Figure 5.2 The mechanical shaker
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The frequency sweep of FR4 cantilever with an acceleration amplitude of 15 m/s2

having 50% duty is performed and the obtained data is demonstrated in figure 5.3
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Figure 5.3 The frequency sweep of FR4 cantilever with pulse input

The FR4 cantilever having a resonance , f, , of 24.8 Hz has failed mechanically closer
to its resonance frequency. However, figure 5.3 shows the harmonics and obtained power.
Notice that each peak is fairly broad. The maximum RMS power would be obtained at the
resonance frequency. Nevertheless, there are local peaks at odd harmonics of f, (i.e., f,,
f/3, fu/5 etc.) since square wave does not have even harmonics. When the input
acceleration harmonics coincide FR4 cantilever’s harmonics, the local peaks are observed.
This is the experimental validation of the Fourier series expansion of a general periodic
function, where the signal can be defined as the sum of harmonically related exponentials

(see Chapter 3, section 3.5). It is also very important to remark that mechanical oscillations
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are always at f, even the input frequency is different from f,. An oscilloscope screen shot,
which is shown in figure 5.4, demonstrates the induced emf waveform and the input
acceleration waveform. Notice that the frequency of the oscillation is at f, even if the

excitation pulse is at 5 Hz.
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RMS 86.71mY 71.27m  20.99m 86.83m 28.14m

Frequency 24.65Hz 5190.4 24.54 8.233k  1.722k

Peak—Peak 340mVv 288m 116m 344m 93.7m 18:48:59

Figure 5.4 Signal 2 (Red) is input whereas the signal 1 (blue) is the induced emf across R.

Note that the oscillations are always at f,,.

The human motion frequency range is 1-4 Hz. Figure 5.5 shows the low-frequency
human motion range. Note that there is a local power peak close to the average human
running frequency that is 2.75 Hz. It is the 1/7™ harmonic. Despite off-resonance operation

which already decreases power generation efficiency. This kind of energy generation at
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harmonics is very important to design broadband harvesters, which is one of the main aims
of this thesis. FR4 is ideal material for designing these broadband devices since it has a
lower Q value when compared to silicon-based devices, which have high Q values. As this
is already a good example, the environmental vibrations are broadband besides being low-
frequency. This kind of energy generation at harmonics will lead us to design broadband
and compact harvesters for wireless tire sensors, which is investigated in Chapter 6 in

detail.
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Figure 5.5 Experimental EMF generation of FR4 cantilever system to pulse input at human

motion frequency range

Approximating every stride impulse crudely to pulse excitation having 15 m/s*
amplitude and 50% duty, the performance of FR4 cantilever could be observed. When the
excitation frequency is close to fn, the power levels are satisfying (see figure 5.3).

However, the power levels decrease sharply at human motion frequency range.
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5.3 Magnetic damping effects

Besides testing the performance of FR4 cantilever, the pulse drive experiment is also
used to observe the effects of magnetic damping. As it is already reviewed sections 3.2 and
4.3, the counter emf reduces the magnet’s kinetic energy and slows down the magnet,

limiting the induced emf that could be generated.
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Figure 5.6 Experimentally observed effects of magnetic damping Again the experiment is
cut at that specific frequency due to failure of FR4 cantilever
This effect is clearly observed during the experiment. Figure 5.6 clearly demonstrates
the effects of magnetic damping. As it is observed from the figure, p-p and RMS induced
voltage values differs for closed loop (with magnetic damping) and open loop (without
magnetic damping) cases for the same pulse input. At closed loop, the emf is measured

across Rp whereas; open loop operation voltages are measured at the open coil terminals.
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For this pulse drive experiment, the open loop potential is nearly 3 times larger than the
closed loop potential since there is no current circulating in the bobbin to damp out
magnet’s motion. On the other hand, the induced emf decreases due to circulating current

when the coil terminals are closed via R;.

5.4 Numerical Model Verification

As it is indicated before, the pulse drive experiment is also performed to test the
numerical model. FR4 cantilever EM harvester system that is already modeled in Simulink
is simulated with the exact pulse input emphasized in section 5.2. The system parameters
are given in table 4.1. Figure 5.7 shows below the comparison of numerical model results
with the experimental results.
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Figure 5.7 Frequency sweep results only showing the harmonics with pulse
acceleration input using the FR4 cantilever. Both simulation and experimental results are

showing for both open-loop and closed-loop cases.
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Despite the large number of variants in mechanics and magnetics, the numerical model
that is explained in previous chapter agrees well with the experiments for both open-loop
and closed-loop cases. This verified simulation technique is valuable in anticipating the
induced voltage for EM harvesting systems. It also solves for the magnetic damping

precisely.

5.5 Human Hip Acceleration Data

Human running motion is investigated as an exemplary body motion After the FR4 cantilever
is tested and the numerical model validated for this EM harvesting system, the human
acceleration waveforms are obtained experimentally in order to be used for numerical
model. An accelerometer is placed on the hip area of 3 human subjects, where all are male
and do not have any health problems. The subjects have an age average of 25.3 and a
weight average of 67.6 kg. Before performing the experiments, subjects consent to

participate in the experiments voluntarily.

Figure 5.8 Possible wireless sensor placement points [22]
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The available and possible points for sensors placement on the human body are shown
in figure 5.8. The hip area shown with point 2 is the interest of this work since most of the
portable devices or sensors can be located around the hip practically. The hip acceleration
determination experiments are carried out at three different speeds, which are walking,
jogging and outrun. The subjects used a standard treadmill, on which the speeds are
adjustable. The walking speed, the jogging speed and the outrun speeds are set to 3 km / h,
9 km / h and 15 km / h respectively. The waveforms including their amplitudes and
frequencies are monitored and recorded. The data are published in APPENDIX A.

5.6 Anticipated EMF for human running

In order to predict the induced voltage as a result of human stride excitation of FR4
cantilever case study, the numerical model that already defines the physical system
precisely is used. Since the average running frequency stated in the literature is about 2.75
Hz, a subject’s running signal that has almost the same frequency is chosen from the
experimentally obtained hip area accelerations in order to input this signal to the numerical
model. Figure 5.9.a demonstrates this acceleration waveform obtained at 9 km / h running
speed. Each peak corresponds to each stride. Note that for every two successive peaks, one
of them is sharper than the previous one. The reason is the accelerometer placement point.
The accelerometer is placed on the right side of the hip. Therefore, strides due to right foot
are sharper than the left foot strides.

For the given input of figure 5.9.a, the simulations predict 39.5 puW rms power over Ry
for the given subject’s input. Figure 5.9.b shows the predicted emf signal. The numerical
simulation is repeated with other 2 male subjects’ signals for the same running speed. The
stride frequencies and the resultant emf results are similar. In the experiment performed

with square wave base excitation in section 5.2, the obtained rms power at 2.75 Hz input is
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34 uW (see figure 5.5). The close power levels also prove that each stride is like an impulse
to the scavenging system, which can be crudely approximated with a short pulse. The pulse
excitation experiment in section 5.2 proves to be a good analysis method to mimic the

acceleration data obtained using running human subjects.
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Figure 5.9. (a) Acceleration waveform obtained from a running test subject at hip area for

jogging speed, (b) corresponding emf produced predicted by the simulation model.
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5.7 Compact and broadband harvester

After the pulse drive experiments and numerical analysis with human hip acceleration
waveforms, FR4 seems to be a promising material to design vibrating structures in order to
design broadband devices. The FR4 cantilever design used during the experiments is
chosen to test the performance and to validate the numerical model. Besides, it is easy to
analytically express the resonant frequency of cantilever beams, which is given with the
equation 4.3.

At this point, there is a need of designing a more advanced, compact and still low-
frequency device in order to increase the power density. Keeping the harvester volume low
is important since the wireless sensor nodes are also small volume devices as already
discussed in Chapter 1. Moreover, placing a heavier magnet will cause much more
oscillations as well as increased flux, so the magnet mass should be also increased.

Considering all these important design needs in order to increase power density, a
unique actuator is first manufactured from very thin copper laminated FR4 sheets. The

manufactured actuator is shown in figure 5.10 below.

Figure 5.10 Fabricated FR4 structure with special spring design that gives compact

form factor.
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The design consists of 2 parallel cantilever beams connected to clear aperture with two
other shorter cantilever springs. The total dimensions are 20 x 16 x 0.178 mm.

Using thin copper laminated FR4 aids to keep the spring constant low, thus the
resonance frequency can be kept low. Another factor lowering the spring constant is the
long crab-leg like cantilever beam geometry.

One may question how the placement of a heavier magnet on clear aperture is possible.
The moving aperture has dimensions of 5 x 5 x 0.178 mm. The magnet used in FR4
cantilever design had a diameter of 15 mm and it is not possible to place a large magnet
directly on this aperture. However, the magnet size limitation problem is solved using

smaller spacer magnets as shown in figure 5.11.

net

q:l

FR4 spring

Figure 5.11 The components of the unique energy harvester design

A small rectangular FR4 spacer is first placed onto the aperture. On this piece, another
larger FR4 piece that is circular is placed. By this way, a bigger magnet than the aperture
that has a diameter of 13 mm and a height of 6 mm is placed onto the spacer. Thanks to

spacer, the placed magnet (5.36 gr) is heavier when compared to the magnet used in FR4

49



Magneto-Electro-Mechanical Numerical Model 50

cantilever design (around 4 gr), which results that environmental accelerations will be
coupled to mass more, creating larger amounts of vibration. The springs then stays
completely hidden under the spacer. The pick-up bobbin that has the same specifications
with the one listed in table 1 embraces the spacer. Figure 5.12 demonstrates the

components from isometric view.

Figure 5.12 The spacer acts as a connector between the magnet and the FR4 spring.

Due to the actuator geometry, first two modes of the device are at low frequencies.
These are torsion mode and out-of-plane mode, whose natural frequencies are 14.4 Hz and
24.4 Hz respectively. In the next section, effects of these two modes on energy generation
will be investigated. The assembled FR4 EM harvester, abbreviated by calling the design
FR4-H, is shown in figure 5.13 below.

Figure 5.13 Assembled energy harvester, FR4-H
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5.8 Pulse drive experiments for FR4-H.

The same experiment performed in section 5.2 is repeated for FR4-H. Since the hip
acceleration can be mimicked by a short pulse effectively, the square wave with the same
amplitude and same duty is given to the EM energy harvester system via mechanical
shaker. In addition, it is much easier to give pulse signals through the shaker. Since 1-5 Hz
frequency region is the interest, figure 5.14 shows this region and the induced voltage

values for open and closed loop operations.
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Figure 5.14 emf generation with FR4-H as a result of pulse drive.

It is observed that the compact design with spacers is more efficient than the cantilever

based design. For comparison, the compact FR4-H design with spacer generates 49 uW
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rms power over Ry at average running frequency that is 2.75 Hz, which is an improvement
of 25% compared to the cantilever based design of Figure 4.5. In addition to emf
improvement, the practical volume is reduced by 74% down to 4.1 cm® when compared to
the FR4 cantilever design.

Since some asymmetries existing in the system, the torsion mode is also excited along
with the out of plane mode.. This increases the number of local emf peaks for different
frequencies, so the harvester becomes much more broadband. This is also remarkable

feature of this design.

5.9 NPD for FR4-H

After the FR4-H design is tested for pulse drive, it is tested at resonance operation with
sinusoidal input. In order to compare the device performance with the other energy
harvesters in literature, resonance sinusoidal excitation is needed as explained in section
3.7. To emphasize again, nearly all reported energy harvesting devices are operated at their
resonance frequency. The analytical reasons are well explained and reviewed in Chapter 3.

For calculations of NPD, the FR4-H energy scavenger is tested with a sinusoidal
acceleration input of peak-to-peak amplitude 2m/s” at the device resonant frequency of 24.4
Hz and compared with the reported scavengers in the literature [20]. An RMS power of
0.144 mW is obtained using a standard load resistance of Ry = 100 Q.. The NPD is
calculated with the equation3.45. Despite not being fully optimized, it demonstrates a
notable normalized power density of 35.1 kgs / m’. The comparison chart is demonstrated

in figure 5.15.
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Figure 5.15 NPD comparison chart. FR4-H performance is notable.

Some of the better NPD values are obtained for higher resonant frequency () devices
and using vacuum conditions. NPD measured at resonant frequency is not a very good
metric for practical applications involving environmental vibrations, but it is a good scale
to compare the power outputs of various devices. Our design compares quite well with
others in the literature. However, the real strength of our design is that it is not limited to
narrowband sinusoidal excitations. It performs more favorably for low-frequency and

broadband excitations, which is more important for practical applications.
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5.10 Introduction to mechanical stoppers

Besides the spacer mechanism introduced in section 5.7 is used to place a bigger
magnet in dimensions than the clear aperture, it also acts as a mechanical stopper. Due to
spacer geometry, when the magnet tends to move in —z direction (see figure 5.12) and the
springs deflect in —z direction, mushroom-like spacer contacts with the springs preventing
them to deflect more than elastic limit.

In +z direction, the bobbin acts like a stopper too. It is placed on a FR4 platform, which
has a known thickness. By manipulating this thickness, the spring deflection in +z direction
is limited. The springs contact with the bobbin surface at a specific distance. In this design,
the platform thickness is 1 mm.

In the following chapter, the mechanical stopper mechanism will be extended to tire

applications while introducing non-linear spring and hard contact stoppers.
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CHAPTER 6

TIRE ENERGY HARVESTER & NON-LINEAR MECHANICAL STOPPERS

6.1 Introduction

Energy harvesting for body-worn sensors and portable electronics from the human
motion is reviewed in Chapter 5. However, the harvestable power from low frequency
running of a human at the hip area is on the order of a few microwatts is not sufficient for
most wireless sensor nodes since they generally consume power around 1 mW. Therefore,
powering tire wireless sensors with our similar FR4 technology introduced in Chapter 4
and 5 is more attractive since there are broadband accelerations with rich harmonic content
and high amplitudes in a rotating tire while the rotation frequency is typically less than 40
Hz. We believe FR4 based tire harvesters with their broadband response is a good solution
for harvesting energy in such environments such as tire. It is important to power wireless
sensors as long as a life of a tire. These tire sensors are important to monitor tire conditions.

In this chapter, the accelerations occurring due to tire-road contact is first introduced.
The acceleration waveforms, amplitudes and modeling are reviewed. Then, the harmonic
content of these waveforms are obtained. Later, compact FR4 based tire energy harvester
design with mechanical stoppers is explained. Then, the tire energy harvester broadband
response is tested with the mechanical shaker. Due to shaker limitation, high-g acceleration
could not be given to the system. However, the power levels for high acceleration

amplitudes are anticipated. Finally, a much more robust non-linear mechanical stopper
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mechanism is introduced to the energy harvester. The contact analysis is performed in

ANSYS in order to test the stopper performance. The chapter ends with discussion.

6.2 Tire-road contact acceleration

There is a need for broadband and robust scavenger for the wireless intelligent sensors,
which are vitally used in tire applications like the Pirelli’s Cyber™ Wheel [24] and
SmarTire Systems [25] systems. The tire-road interaction, slip angle [26] and tire condition
are tracked during the life of the tire via these wireless sensors. MEMS-based
accelerometers or magnetostrictive sensors are placed into the inner liner of a tire. For Tire
Pressure Monitoring Systems (TPMS), which are used to track the internal air pressure of
the tire, the pressure sensors are placed onto the rim instead of the tire. These sensors
should be powered via an energy source. Power harvesting for these sensors through

contact accelerations seems a very good solution.

Figure 6.11 A typical tire. The contact deformation region is exaggerated. The three
contact acceleration directions are shown.
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During tire rotation, some portion (about 10-15% of the perimeter) of the tire contacts
with the road as shown in Figure 6.3. This contact region of a tire elastically deforms and
becomes almost flat due to weight of a vehicle. This deformation and then un-deformation
occurs periodically. During this cyclic deformation, accelerations occur due to this contact
in three different directions, which are lateral (a;), tangential 1(a;) and radial (a;).

These accelerations are perfect source to power the sensors. Figure 6.4 demonstrates an
example of the expected tangential acceleration waveform occurring during the contact for
a vehicle having a translational speed of 30 kph, resulting in 4.65 Hz periodic excitation

considering the tire scavenging system is placed along the inner liner of a 195/50 R15 tire.

0.25

Figure 6.12 Typical tangential and radial acceleration waveforms for 30 kph vehicle speed
[27].
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The tire-road contact supplies tangential acceleration amplitudes reaching up to 300g
and radial acceleration amplitudes reaching up to 1500g depending on the tire operating
conditions [27]. The acceleration amplitudes are proportional to translational speed square.
Besides, the magnitude and the shape of the tangential waveform fit well with the first
derivative of Gaussian pulse whereas the radial acceleration waveforms can be expressed
with the second derivative of a Gaussian function. As an example, tangential acceleration
waveform shown in Figure 6.4 can be expressed with the derivative of a Gaussian equation;

$(1)=0.18¢T/207/20%) (6.1)
where T is the period (0.215 sec for 30 kph) and o is the variable determining the duty
cycle (0.0023 for 30 kph). The contact duty-cycle is estimated as 10-15 % as indicated
before.

The tire harvester is planned to be mounted onto the inner liner of a tire such that the
tangential acceleration will cause out-of-plane deflection of the moving magnet and the
radial and lateral accelerations will cause torsional deflection. However, tangential
accelerations are selected as the main vibration source since the radial and lateral
accelerations have also a DC component. Therefore, the radial and lateral accelerations are
not tested in the shaker experiments, but the tangential acceleration waveforms are used
instead. On the other hand, a stopper mechanism is inserted into the system to avoid high
torsional deflections due to radial and lateral accelerations. This is explained more detailed
in the following sections.

Owing to these high acceleration amplitudes, it is also impossible to design a resonant
device with high efficiency due to inevitable mechanical failure. Therefore, the target is to
harvest power off-resonance as it is done in Chapter 5. In order to design the tire energy
harvester at optimum levels, the frequency spectra for different wheel translational speeds
are thus obtained. Figure 6.5 demonstrates the frequency spectra of the tangential

accelerations occurring as a result of tire-road contact. The short-pulse like waveforms
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have rich harmonic content increasing the power harvesting efficiency of our system at off-

resonance operation. Furthermore, the harmonics frequency range is broad.
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Figure 6.13 The Frequency Spectra of expected tangential accelerations occurring at

selected translational vehicle speeds.

6.3 Tire Energy Harvester

According to harmonic distribution and the energies of these harmonics, the tire energy
harvester resonance frequency is set to 46 Hz. This frequency is selected since the tire
harvester is expected to generate emf for a wide range of vehicle speeds. Figure 6.6 shows
the frequency spectra of different speeds plotted over each other. At 46 Hz frequency, the

harmonics related to different speeds coincide and they have notable energy.

59



60

Magneto-Electro-Mechanical Numerical Model

\\\\\\\\\\\\\\\\\\\\\\\\\\

I | | | o | o
| | | | |
i B i i el B A
| | | | | -
| | o] | | o |
e St Sty St Bt Bl
| | | | |
1 O
| | | | o |
| | | | | _
[~~~ T~~~ 7- =~~~ ~—7°9- -~~~ 57
| | | | |
L _1___1_ 219 1__ 9 __ o |
| | | | |
| | | | | o]
r-——+ - ——4—-——4—-—— 4= =~ 1= = =7
| | | | Q -
S B
| | | | |
| | | | | o
HM.M.W‘M.\\L\\\LO\\L@\\\
| | |
2%88 __ o o7
1 i |
PrTr 1 de e
5 5§ B § E

(;8/w) uonelsid

Q

oV

Frequercy (H7)

Figure 6.14 Frequency spectra of targeted vehicle speed range that is between 10 kph to
150 kph. At 46 Hz (zoomed box), the harmonics for different speeds coincide. Therefore, it
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is reasonable to design the harvester resonance frequency at 46 Hz.



Magneto-Electro-Mechanical Numerical Model 61

The tire energy harvester shown in Figure 6.7 has a similar design with the compact
FR4 harvester designed for human running motion (see Chapter 5). Again, the movable
FR4 spring is hidden just in the bobbin, which has the same specifications given in table

4.1.

Figure 6.15 Tire Energy Harvester

Since tire experiences high amplitude accelerations during the rotation, the spacer
mechanism explained in section 4 is incorporated into the system to act as a mechanical
stopper. However, four smaller Nd stacked magnets beneath one oversized Nd magnet (Br
~ 1 Tesla) on the top are utilized as spacers rather than using FR4 as a spacer. The
dimensions of the stacked magnets and the oversized magnets are given in table 6.1.

Table 6.1 Oversized and spacer magnet dimensions

radius height

Magnet (mm) (mm)

Oversized 10 2
Spacer 1 7.5 2
Spacer 2 4 3
Spacer 3 2.5 1.5
Spacer 4 2.5 1
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The schematic of stacked magnet and FR4 platforms assembly is shown explicitly in
figure 6.6. The smaller magnets completely stay inside the pick-up coil enabling to achieve

a more compact design.

——» Magnet
assembly

11.7mm —— Pick-up coil
» Upper PCB platform

» FRA4 spring
: : : ; ———» Lower stopper platform

»
»

A

30 mm

Figure 6.6. The FR4 spring, having a very similar design with the spring shown in
figure5.9, is sandwiched between two thicker FR4 platforms. This time, the oversized

magnet, lower stopper platform and bobbin act as mechanical stoppers.

Compared to single magnet configuration discussed in Chapter 5, the novel stacked
magnet configuration supplies a better magnetic flux density gradient, which in turn
generates higher levels of emf. Figure 6.7 demonstrates the magnetic flux density over
magnet radii as a function of z. When this flux distribution is compared with the one in
figure 4.8, one can easily realize that the magnetic flux density gradient is higher and
broader. The maximum flux density value is also higher for the stacked magnet

configuration when compared to the single magnet configuration.
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Figure 6.7 Contour plot of magnetic flux density, z component. The unit is Tesla. Note that

the contour lines are wider and the maximum and minimum flux values are broader.

The main novelty of the design is being compact as well as efficient. The efficiency is
increased by utilizing Nd magnets as spacers while supplying a better flux density gradient.
In order to test the performance of the tire energy harvester, shaker experiments are carried

out as tangential contact accelerations are used as input to the system.

6.4 Shaker experiments

In order to test tire scavenger performance, shaker experiments are performed for
various vehicle speeds. The expected tire-road contact tangential acceleration waveforms

similar to shown in figure 6.2 are given by the shaker over an arbitrary signal generator.
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Since the shaker is driven with displacement data, the integral of the Gaussian function,
which is the error function, is fed to the shaker to obtain the desired shaped acceleration
waveforms. Figure 6.8 exhibits the tire energy harvester’s wideband response to
acceleration inputs for different speeds (contact frequencies). The acceleration input is
fixed at constant amplitude that is 1.5g. In actual operation, the amplitudes are increasing
as the vehicle speed increases. However, the high acceleration values could not be achieved
by the shaker at low frequencies due to shaker frequency-amplitude limitations.

Nevertheless, the FR4 tire harvester response is observed.
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Figure 6.8. Power across Rp versus various vehicle speeds for 3g p-p tangential
acceleration input. Corresponding contact frequencies can be calculated using the

conversion factor 1 Hz = 6.57 kph.
As the harmonics of the energy harvester match with the excitation frequency, local

peaks in the power are observed. Since the mechanical Q factor of the structure is low

unlike silicon based energy harvesters, the power output is broadband. Notice that each
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peak is fairly wide. Therefore, electrical induction is not limited just to resonance
operation. Indeed, it is extended to off-resonance operation over a wide range of
frequencies. This is a remarkable result and an important advantage of FR4 based
harvesters over MEMS based harvesters.

In order to estimate the power output in actual operation, a final shaker experiment
is carried out. For five different vehicle speeds, tangential acceleration amplitude is
increased to the limits of the shaker for each frequency. Since the shaker can give higher
amplitudes at higher frequencies, the acceleration amplitudes are increased during testing
tire energy harvester. As shown in figure 6.9, the tire energy harvester can generate 0.4
mW power across Ry at off-resonance operation for 15 g p-to-p tangential acceleration

input corresponding to 150 kph speed.
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Figure 6.9 Power across Ry = 100 Q versus increasing acceleration amplitude for 5

different vehicle speeds.
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The acceleration inputs tested using the shaker is limited to less than 1/10™ of the
accelerations in actual operation. Considering the fact that 150 kph vehicle speed is a local
minimum at power generation (Figure 6.9), the power levels at coinciding harmonics for a
single device could easily go beyond 1 mW range, which is sufficient to power wireless tire

sensors. Multiple FR4 scavengers can be connected in series to increase the power further.

6.5 Effects of hard mechanical contacts

In section 6.4, the testing amplitude was chosen as mechanical contact does not occur.
In order to observe the effects of the mechanical contacts formed by the bobbin and stopper
platform, the tangential acceleration input is increased to 8g peak-to peak amplitude. The
emf generated with tire energy harvester involving contact versus non-contact cases are

shown in figure 6.10.
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Figure 6.10 emf generated as a result of tangential accelerations with and without contact

66



Magneto-Electro-Mechanical Numerical Model 67

The peaks at harmonics are distorted at contact case and the resonance frequency shifts
a few Hertz due to increased stiffness at contacts. While the stoppers limit the deflection of
the FR4 spring, some of the energy is lost due to contact as expected. Nevertheless, emf
generation is still notable. The effect of contacts can be also observed from the shape of the
emf waveforms. Figure 6.11 shows the two cases of emf generation; at contact case versus
at the non-contact case for constant amplitude sinusoidal excitation. The frequency and

amplitude is chosen arbitrarily.
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Figure 6.11 a) emf generation at non-contact case b) emf generation at contact case.
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6.6 Break test at resonance

Despite the fact that tire energy harvester targets emf production at off-resonance, it is
also tested at its mechanical resonance frequency with sinusoidal acceleration input in
order to test how robust is the stoppers and the FR4 spring. Figure 6.12 shows the break

test at resonance. The emf is recorded for NPD calculation purposes.
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Figure 6.12 Break test at resonance for sinusoidal input.

Resonance operation is the extreme case as indicated. However, the device failed for
5.5g p-to-p acceleration input. The failure occurred due to shear at the clear aperture
connection regions to spring arms as shown in figure 6.13. Even though the contact
acceleration frequencies never reach to mechanical resonance frequency of the tire

harvester, the springs should be robust for any case of excitation frequency.
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Figure 6.13 The failed specimen

6.7 Non-linear mechanical stoppers

The stopper mechanism is needed since tire experience high-g contact accelerations. In
order to withstand to these accelerations, mechanical stoppers prove themselves to be a
good mechanism. The hard contact mechanism effects and functionality are observed
experimentally in the previous section.

In order to improve the stopper mechanism, non-linear mechanical stoppers are
introduced in this section. These newly proposed stoppers are much more robust
mechanism and efficient compared to hard contacts.

The tire energy harvester design introduced in section 6.6 is modified with the non-
linear mechanical stoppers. The stacked magnet configuration is placed on top of the FR4
spring actuator, which is sandwiched between upper and lower FR4 platforms. Above and
below of the magnet configuration, two FR4 stoppers whose spring constants are
comparable with the actuator is placed. If the magnet deflects due to tangential
accelerations, the stoppers deform due to magnet contact. Once the magnet and the stopper
are in contact, the spring constant is increased, so the magnet deflection is decreased. If

more stoppers are introduced within the deformation region of the magnet, the stoppers
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behave as non-linear springs. In other words, the spring constant increases as the deflection
of the magnet increases. By this way, the magnet deflection is limited. Compared to hard
mechanical contacts, less energy is lost during contacts. Furthermore, the stopper springs
store some of the energy and give this to the magnet after the contact separation.

The contact springs can be cascaded with specific distances. However, two stoppers are

adequate for tire energy harvester. Figure 6.14 shows the non-linear stopper mechanism.
i -

TYPE NUM

Figure 6.14 a) The tire harvester with non-linear stopper mechanism. b) The cross

sectional view of the system.
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6.8 Contact Analysis

Due to the limitations of the mechanical shaker in our facilities, the high-g
accelerations are simulated in FEM package, ANSYS. In the simulation environment, the
tire-road contact accelerations including tangential and radial waveforms are simulated
using transient analysis with contact. The acceleration amplitudes can reach up to 300 g in
tangential direction and 1500 g in radial direction [27]. The FR4 stopper springs are
designed as to survive under these inputs. As it is discussed in previous sections, the radial
accelerations cause torsional vibration whereas the tangential accelerations cause out-of-
plane vibrations. For both types of inputs, the introduced system shown in figure 6.14 is
able to deflect in the limits of elastic deformation. The FR4 spring can deflect £0.8 mm
without any plastic deformation. The stopper springs, being stiffer than the FR4 spring, are
placed 0.4 mm away from the magnet configuration at rest position. Therefore, the contact

occurs at 0.4 mm above and below the magnets as shown in Figure 6.15.

Figure 6.15 The FR4 spring and FR4 stopper spring contact condition at one of the
extremum points for 300g acceleration amplitude. The contact occurs at 0.4 mm deflection.

Symmetry boundary condition is used in order to reduce the simulation cost.
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After contact, the spring constant is increased to the sum of the FR4 spring and FR4
stopper. Thus, the deflections are decreased at contacts as the system has a non-linear

spring constant.
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CONCLUSIONS

In this work, copper laminated FR4, which is a well known PCB material is proposed
as an alternative material to design low frequency and broadband EM energy harvesters
that are used to power wireless sensor nodes via environmental vibrations. Generally, the
devices in literature are MEMS based and have frequencies on the order of kHz while
being narrowband due to low intrinsic damping. However, environmental vibrations are
broadband and generally between 0-100 Hz. FR4 with its high intrinsic damping and lower
stiffness value compared to silicon enables to design low frequency harvesters.

Before testing the FR4 performance, the governing equations and modeling of an EM
energy harvesting system is given. The basic laws like Faraday’s law of induction and Lenz
law are clearly explained. The EM energy harvesting system can be modeled as a reduced
second order mass spring damper system with base excitation. The induced power over a
load resistance for sinusoidal and non-sinusoidal periodic excitation signals are driven.

These equations are later used to develop a numerical magneto-electro-mechanical
model. This model offers a good numerical testing environment, which was lacking in the
literatuire. Once the numerical model including the magnetic damping effects is
established, FR4 performace is first tested with preliminary design that is a simple
cantilever. FR4 cantilevers with different natural frequencies are manufactured from thin
sheets of FR4. One of them is studied as a case study to validate the numerical model and
observe the performance. The cantilever system is tested with pulse excitation via
mechanical shaker. This kind of excitation is chosen to mimic the strides of a human.
Considering every stride as an impulse, the FR4 cantilever system is driven with pulse with
closer duty cycle of human running. Despite the variants in magnetic and mechanical

domain, the numerical model fitted well with the experiments.
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Then, the real human running data at the hip area are collected experimentally with
accelerometers. These signals are given to numerical model to find out the generated emf
as human runs. The results indicate that about 40 uW power over a load resistance of 100
Q with 15 m/s” acceleration input is obtained.

A more compact and robust harvester system is later developed with built-in
mechanical structures. The system has notable NPD values. The shaker experiments with
pulse excitation is repeated for this system and power generation improved 25% while
reducing the volume by 74% when compared to the FR4 cantilever beam case.

This compact design lead the author to design a more efficient device with stacked
magnet configuration, which increases the magnetic flux gradient. This particular design
explained in Chapter 6 is targeted to be used inside a rotating tire. Due to contact of the tire
with road, contact accelerations occur. These accelerations are given to the system with
arbitrary signal generator through the mechanical shaker. Over the same load resistance,
0.4 mW power is obtained at 150 kph vehicle speed for 15g p-p acceleration. Due to shaker
limitations, high-g accelerations that are expected in actual operation could not be supplied.
However, an anticipated power trend is obtained and the power levels are expected at mW
regions which is sufficient to power tire wireless sensors.

Finally, a more robust non-linear stopper mechanism is offered. This mechanism works
as spring stiffening when the magnet deflection tries to pass over the desired levels. In
other words, the deflection of the magnet is limited within the elastic region by stiffening
the actuator spring. This system is modeled in FEM package and simulated with high-g
accelerations. However, the system is not tested experimentally yet.

The future work includes the testing of these non-linear stoppers and the mounting of
the system inside a real tire. Then, the performance of tire energy harvester may be
observed under actual operation. In any case, FR4 proves itself to be a good material for

energy harvesting applications though.
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APPENDIX A: EXPERIMENTALLY OBTAINED HUMAN RUNNING DATA

The names of the test subjects are Onur Ferhanoglu, Fatih Senbabaoglu and Gokhan
Hatipoglu. At each presented data below, the subjects names are wirtten above each data.

By this way, a comparision may be possible. The accelerometer is placed on the subject’s

hip area. The walking and running speeds are 3 km/h, 9 km/h, 15 km/h and 20 km/h. The x

(P2

axis is time in “seconds” and the y axis is hip acceleration in “g”.
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Figure A-1 Human hip acceleration for 3 km /h walking speed.
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Jogging speed: 9 km/h
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Figure A-2 Human hip acceleration for 9 km /h jogging speed.
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Figure A-3 Human hip acceleration for 15 km /h fast running speed.

79



80

Appendix A: Experimentally Obtained Human Running Data
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Figure A-4 Human hip acceleration for 20 km /h outrun speed.
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