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Introduction

Introduction

THIS work describes the main results achieved by the author during
his Ph. D., in the XXX Course of the International Doctorate School in
Information and Communication Technologies of the “Universita degli

Studi di Modena e Reggio Emilia”.

The continuous demand of new smart sensing solutions has opened the
doors to new research activities aiming at overcoming one of the main
drawbacks of conventional stand-alone battery powered wireless sensors:
the limited battery capacity. Indeed, despite the availability of ultra-low-
power electronic devices prolongs battery lifetime, the limited power
source of battery is still a severe issue. Moreover, the high maintenance
and replacement costs of the batteries, along with their sometimes
impractical or difficult accessibility, are limiting factors to emerging
scenarios such as Industrial Internet of Things (IloT) and Industry 4.0.
The current ambition is to combine artificial intelligence, smart sensing
and smart actuation together with the ultimate goal to create smart
factories able to enable robust consistent and accurate automation. In
these systems each sensor node is autonomous, in term of electrical and
computing powers, and able to compute, to promptly react to events, and
to communicate through wireless links with other smart devices. In this
scenario the continuous availability of autonomous wireless sensors play
a crucial role, and therefore a wireless autonomous sensor powered by an
unlimited power source is a necessity. Following this request, in parallel

to the development of ever-lower power consumption devices, new green
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Introduction

and free energy sources, such as thermal mechanical energy, have been
investigated as alternative power supplies to the batteries. This green and
free energy can be harvested from the environment exploiting different

Energy Harvesting (EH) technologies.

Particularly interested in the Energy Harvesting challenge, the Ph. D.
candidate has been involved in a research project concerning the analysis,
the development and the implementation of Energy Harvesting (EH)
Systems developed for Wireless Sensors Networks (WSNs) and IloT
devices. In this perspective, a new generation of sensor systems capable
of collecting energy from environmental energy sources (e.g. mechanical
or thermal energies) has been developed to increase sensor lifetime with
the ultimate goal to create autonomous sensors capable of operating for an

arbitrary long time.

In particular, the research activity conducted by the candidate is

threefold.

Firstly, he has worked on the development of transducers which
exploit the triboelectricity effect to harvest energy from mechanical
vibrations; this effect has also be exploited to create sensor capable of

measuring the flow rate of gases and fluids.

Secondly, he has designed and realized an ultra-low voltage DC-DC

converter, which exploits low thermal gradient EH.

Finally, he has designed and realized an ultra-low voltage and power

inductive proximity sensor for ultra-low power sensor applications.
The work hereby presented is organized in five chapters.

Chapter I provides an overview of the nowadays Energy Harvesting
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technologies, with particular emphasis on the two exploited energy

sources: vibrational and thermal.

Chapter II describes the key concepts useful to understand how it is
possible to convert the mechanical energy into electrical energy
exploiting the triboelectric effect. Moreover, the first part of the author’s
research project will be presented. In particular, it concerns the
development of Contact-Mode TriboElectric Devices (CM-TEDs) as
mechanical energy transducer. The realized CM-TEDs consist of
extremely low-cost commercial silicone used as dielectric material. In
order to maximize the device performance, a simulation-aided custom
design allows us to take into account application-dependent parameters
such as the impact forces. This simulation model allows us to better
understand the physics behind the contact-mode-triboelectric generation
and also to infer a relationship between the generated current and the
external forces acting on the system. This eventually allows us to predict
the electrical performances of the device including their dependence on

the impact force, thereby overcoming the limits of the classic models.

Chapter III presents an ultra-low-voltage DC-DC Boost converter for
low thermal energy harvesting. The converter is designed to have a self-
startup voltage of 11mV enabling very low Thermo-Electric Generator
(TEG)-based applications. After a theoretical analysis and a simulation-
aided design optimization the realized DC-DC converter improves its
performances in terms of both self-startup voltage and low-voltage
efficiency, as demonstrated by the comparison with other similar devices

presented in literature.
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Chapter IV is divided in two Sections which propose two different
sensors exploiting different technologies. Section 4.1 describes an
autonomous ultra-low cost triboelectric transducer capable of measuring
the flow rate of gases and fluids. The realized device is extremely low
cost because it uses commercial silicone as triboelectric material. The
comparison between the performance of commercial Hall effect-based
mechanical flow meters and our prototype, demonstrates the effectiveness

of the proposed solution in both constant- and variable-flow conditions.

Section 4.2 proposes an ultra-low voltage and power proximity sensors
based on eddy current principle. The sensor enabling circuit, based on a
Pierce oscillator topology, is designed to turn on with low-voltage supply.
The circuit has been optimized through the developed small-signal
analysis and spice-simulation-aid. The measurements carried out on the
realized prototypes show as it is possible to obtain a displacement

resolution lower than 10um with a power consumption lower than 30uW.

Finally, Chapter V summarizes the results obtained in this thesis work

with particular emphasis on the author’s contributions.
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Chapter I

Energy Harvesting Sources

The purpose of Energy Harvesting (EH) is to collect green and free
energy from the environment exploiting different transduction
mechanisms, such as electro-mechanical, electro-thermal, etc., to provide

electrical power for electronic devices.

In the WSN or IloT scenario the intention of EH is to power directly
wireless sensor nodes or to re-charge their battery equipment. Powering a
wireless and remote sensor node harvesting energy from its operating
environment, represents a zero-cost solution to prolong the battery
lifetime. When battery replacement or maintenance is costly or
dangerous, due to the practical inaccessibility to their operating ambient,
EH represents the main attractive and alternative power sources. The
constantly growing research field in EH solutions is driven by three main

aspects:

1) The possibility to enhance the battery lifetime and
consequently reduce the maintenance and replacement batteries
costs for WSNSs,

i) the possibility to reduce the pollution related to the battery
production and disposal,

1i1) searching for renewable and green energy resources with

reduced carbon emissions.

Light, vibrational, thermal and radiofrequency are the most promising

Energy Harvesting Sources 5



Energy Harvesting Sources Chapter |

energy sources. Table 1.1 shows their approximate area power densities.
High efficiency power conversion circuits are needed to avoid the wasting
of the low energy available. The power provided by the four EH sources
is at the same order of magnitude that an optimized ultra-low power
(ULP) circuits typically consumes. Each of the four energy sources listed

in the table present some challenges to consider.

. Harvested Area
Energy Source | Environment s Challenges
Power density
Indoor 10uW/cm? ; o
UGHT: | |essesstsificssafecad? K _{'@El‘j_’____ Wide Input Voltage
Qutdoor 10mwW/cm’ range
Human 4uW/cm . ; .
VIBRATIONAL  |==s=s=ssssmsnasfumnnatunssnnennnsd v bra‘if;‘f’a’gﬁq”e"“"‘
Industry 100pW/cm? el
Low Output Voltage
Human 20uW/cm? for Small Thermal
THERMAL Vocccicccocccoooclcceccccccoccazizzd Gradient
Industry 10mW/cm? Efficient Heat Sinking
RADIO | GsM | 0.1uW/em® | coupling and
FREQUENCY WiFi 0.001uW/cm? Rectification

TABLE 1.1 POWER DENSITY OF THE MAIN ENERGY HARVESTING SOURCES [1]

We focus our attention on vibrational and thermal sources, which will

be exploited and discussed in details in the following sections.

Vibrational energy can be found almost anywhere. Thus, converting
mechanical energy from ambient vibrations into electrical energy is an
attractive approach for powering Ultra-Low Power (ULP) devices. The
state-of-the-art mechanisms of vibrational EH, i.e. piezoelectric EH, have

the drawbacks to be high frequency selective[2][3]. The very narrow

6 Energy Harvesting Sources
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working bandwidth leads to low conversion efficiency and low output
power in environment with wide frequency spectrum, making the
traditional mechanisms inefficient [4]. In this perspective a new research
field, related to mechanical EH, is growing: triboelectric EH. Relying on
a coupling effect of contact electrification and electrostatic induction the
triboelectric principle has the potential to boost the vibrational energy
harvesting [5][6][7] and self-powered sensing. By contacting two
dissimilar materials, two opposite sign electrostatic charges are created on
their surfaces. Consequently, if the surfaces are separated, a voltage
difference can be established driving electrons in a closed circuit. The
Triboelectric Energy Harvesting Devices (TEHDs) are widely used as a
simple and low-cost vibrational and impact energy harvester, especially in
the low-frequency range [5][7].

Apart from light and vibrations, thermoelectric conversion is the third
important source for EH, that seem to be promising solutions to harvest
some waste heat coming from industry processes or central heating
systems. In recent years a lot of works were oriented to analyzing
efficiency of thermal energy conversion into electrical one [8] and the
physical structure of ThermoElectric Generators (TEGs) [9]. TEGs suffer
from relatively low conversion efficiency (not exceeding 12%). The core
element of a TEG is the thermocouple, that is comprised of two pillars,
made of two different materials and a metallic interconnect, as shown in
Figure I.1a. Each thermocouple converts the temperature difference,
between the hot and the cold junctions, into a voltage by exploiting the
Seebeck effect. A large number of thermocouples, connected thermally in

parallel and electrically in series, forms a thermopile, as shown in see
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Figure I.1b.

Metal
interconnect

(@) (b)

Figure 1.1 Schematics of a thermocouple (a) and of a thermophile (b)[11]

Thermal gradients across a conductive material cause heat to flow.
This results in mobile high-energy carriers flowing from high- to low-
concentration regions and in a potential difference between the hot and
the cold junctions. The reverse of this phenomenon, known as the Peltier
effect, produces a temperature differential starting from an applied
voltage. This is typically used in thermoelectric coolers (TECs). The
polarity of the output voltage depends on the direction of the temperature
difference across the TEG. By reversing the hot and the cold sides of a
TEG, the output voltage changes its polarity. The generated DC-voltage
and hence the generated power are proportional to the temperature
gradient between the hot and the cold junctions, AT, and by the Seebeck
coefficient of the two thermoelectric materials. Therefore a reliable

electro-thermal model of a Peltier module is composed by a DC-voltage
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source and the series resistance of the thermocouples [10][11].

Nowadays, TEGs are becoming more and more popular again as their
prices are going down and the new potential applications have appeared

due to recent developments in ever-lower electronic and wireless devices.

The commercial TEG, with an active area of 40x40mm, can generate
voltages above 20mV by exploiting thermal gradient lower than 2°C [12].
Large thermal gradients are necessary to produce voltage and power

levels suitable for practical applications, e.g. powering a sensor node.

Low power integrated circuits, like microcontrollers, transceivers, are
commonly available for several years. Thus, the efforts are focused
nowadays especially on ultra-low voltage conversion, energy storing and
efficient power management. The best commercial integrated DC/DC
converter is the LT3108-09 manufactured by Linear[13]. It is ideal for
harvesting and managing surplus energy, and it operates with input
voltages as low as 20mV. This voltage threshold represents the minimum
start-up condition of the state of art converters. A key concern, when
designing a TEG-based DC-DC converter for EH purpose, are the start-up

voltage threshold and the efficiency of the converter.

Energy Harvesting Sources 9
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Chapter 11

Energy Harvesting Exploiting
Triboelectric Effect

Among the large variety of energy sources, harvesting energy is widely
considered an interesting option to prolong batteries lifetime for a wide
range of applications including mobile/IoT devices and wireless sensor
networks. Mechanical energy can be harvested by exploiting different
physical principles, e.g. electrostatic, electromagnetic, piezoelectric, and
triboelectric effects. Among all, the triboelectric effect has recently drawn
a lot of attention in the scientific community because of its multiple
advantages: broadband behavior suitable for collecting vibrations
available in the environment, high energy density and easy fabrication

process based on low-cost materials.

The tribo-electricity effect has been widely explored for its great
potential to harvest mechanical energy from shocks and friction.
Compared to piezoelectric, electrostatic and electromagnetic energy
harvesting solutions, tribo-electricity generators offer great advantages in
terms of broadband behavior. In addition, tribo-generators can be
fabricated using low-cost organic materials that can deposited using very
simple techniques, making this energy harvesting technology solution

attractive for embedded applications, such as sensors systems [14][15].

The operating principle of tribo-electricity generators is based on the

charge transfer between two materials that get in temporary contact.

Energy Harvesting Exploiting Triboelectric Effect 10
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Despite the intense research, the physical mechanisms and the charge
species (i.e. electrons, ions or protons) involved in the contact
electrification are not yet assessed completely. Nevertheless, it is clear
that the charge transfer depends on the acidity (basicity) of the material,
which affects its capability to attract electrons (protons) to form a base
upon the contact. In addition, the electron transfer depends also on the

bulk material properties[ 16]-[20].

The operating principle of Contact-Mode Tribo-Electric Devices (CM-
TEDs) is based on the combination of contact electrification and
electrostatic induction, [21]. In CM-TEDs tribo-electricity is generated
when two different materials are put in contact. Due to the consequent

charge transfer, electrostatic induction drives an electric current.

Several works presented in the literature demonstrated empirically that
CM-TEDs could be used as energy sources as well as sensors. Most of the
CM-TEDs developed for energy harvesting purposes, exploit the well-
known cantilever shape (e.g. [22]). This kind of mechanical structure,
originally used in pure piezoelectric energy harvesting systems, has been
recently adopted also for hybrid piezo-tribo-electric devices (e.g. [23]-
[25]). From a mechanical point of view, it is easy to realize devices with a
cantilever shape, but these devices show an important limitation, i.e. their
intrinsic narrowband behavior. Indeed, these devices present appreciable
deformations (i.e. appreciable amount of generated energy) only in case
of vibrations occurring at their own mechanical resonance frequency.
From a practical point of view, this makes these devices not suitable for
most of the real operating scenarios, where intensity and frequency of

vibrations are randomly distributed and not known a priori. Therefore,

Energy Harvesting Exploiting Triboelectric Effect 11



Energy Harvesting Exploiting Triboelectric Effect Chapter 11

many efforts have been made to find solutions able to broaden the
operating bandwidth of these devices. One of the most investigated
solutions relies on the introduction of an amplitude limiter to induce non-
linearity resulting in a broadband behavior of the device [22].This
mechanism is particularly suitable for hybrid piezo-tribo-electric energy
harvesting devices because, while the cantilever can be realized using
piezoelectric materials (e.g. PVDF), a layer of tribo-electric material (e.g.
PDMS) can be fixed to the free end of the cantilever and another one can
be fixed to the amplitude limiter. The result is a classic piezoelectric
transducer that operates in combination with a CM-TED. Another way to
broaden the operating bandwidth in piezo-tribo-electric energy harvesting
devices is the contact-separation mechanism of tribo-electric layers to
induce stiffening in the cantilever as proposed in [26]. Of course, the
hybridization of two mechanisms makes sense only if they are able to
cooperate without any destructive interaction as shown in [27], where a

combined tribo-electromagnetic energy harvester is presented.

As mentioned before, another research topic that is collecting a
growing interest is the use of CM-TEDs to realize sensors (e.g. pressure
sensors) for motion and posture tracking applications (e.g. [28]-[30]), or
haptics (e.g. [31]).

Concerning the tribo-electric materials, most of the solutions presented
in the literature exploit classic materials like PDMS or PET, while EVA is
used in very few cases (e.g. [32]), nevertheless its advantages in terms of
cost, flexibility, and biocompatibility. Moreover, EVA is available in
form of sheets with macro-patterned bumps that increase the roughness of

the surface allowing increasing the surface charge density and

12 Energy Harvesting Exploiting Triboelectric Effect
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consequently the tribo-electric energy harvesting capabilities, as

demonstrated in several papers (e.g. [32]-[34]).

Concerning the physical dimensions of the CM-TEDs, instead, most of
the solutions proposed in the literature are related to micro or nano-scale
devices, while large area devices have been proposed only in the very

recent past.

In this scenario, the contributions of the research activity proposed in

this section are summarized hereafter.

First, in Section 2.1, the use of commercial silicone, as the material for
the active layers in CM-TEDs, is proposed. This allows realizing large-
scale devices at extremely low costs. Moreover, since the silicone is in
form of gel when deposited on the electric contacts of the CM-TEDs,
there is no need for additional manufacturing process steps for nano-
structured patterning of bumps to increase the surface charge density due
to the increase of its roughness during the solidification of the free

surface. Realized samples were characterized using an ad-hoc test bench.

In order to maximize device performances, a simulation aided custom
design is needed to explore different options for device optimization. For
this reason, in Section 2.2, a CM-TED model that takes explicitly into
account other application dependent parameters like the effect of the
impact force between the active layers is presented. This model, validated
by means of measurements performed on low-cost silicone-based CM-
TED prototypes, allows understanding the contact-mode tribo-electric
generation operating principles and their dependence on the impact force

while predicting correctly the electrical performances.

Energy Harvesting Exploiting Triboelectric Effect 13
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2.1 Low-Cost CM-TEDs for Energy Harvesting

We exploit the above mentioned principles to implement prototypical
tribo-electric mechanical energy harvester devices capable to generate
high voltage and power using different combination of low-cost materials
such as acetic, neutral and acrylic silicone. Realized samples were
characterized using an ad-hoc test bench, which allows measuring device

performances under either shock or periodic mechanical stimuli.

2.1.1 Tribo-electric devices and experimental set-up

Tribo-electric energy harvesting devices were realized through an easy
in-house fabrication tool for the manual deposition of silicone in form of
gel. After the deposition, the devices have been let at room temperature to
solidify for 24 hours before the use in the tests. The simple structure of
the devices is shown in Figure II.1. It resembles a Metal-Insulator-Metal
(MIM) with two dielectric layers. All devices have the same 37x37mm
active area, 4, while they differs in the stack for contacts (C; and C)),
thickness (d; and d>) and type of dielectrics (dielectric; and dielectric;)
used. With reference to the device stack schematized in Figure II.1, the
different performed tests and the relative parameters are summarized in

Table II.1

14 Energy Harvesting Exploiting Triboelectric Effect
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dielectric 1

dielectric 2 &

C

Figure 1.1 CM-TED structure. Composition, contacts and thicknesses are listed in
Table II.1.

As shown in Table II.1, the considered electrodes are made of Cu or
Al, while different type of silicone, with different thicknesses, are used to
compose the device stack. The different combinations highlighted in
Table II.1 have been used to find the better combination of contacts and

dielectrics (i.e. silicones) in terms of power generation.

Structure Stack
Stack C; | dielectric; | d; [mm] | dielectric, d; [mm] C,

Cu acetic 3 acrylic 3 Cu
B Cu neutral 3 acrylic 3 Cu
C Cu acetic 3 neutral 3 Cu
D Cu acetic 9 acrylic 3 Cu
E Al acetic 3 acrylic 3 Al
F Cu acetic 3 acrylic 3 Al

TABLE II.1 LIST OF THE TEST STRUCTURES WITH DIFFERENT THICKNESSES AND ELECTRODE/DIELECTRIC
MATERIAL COMBINATIONS

Figure I1.2 shows the experimental ad-hoc set-up implemented for the

characterization of the devices. A K2007E01 electromagnetic shaker from
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Modal Shop inc. has been controlled by an ad-hoc sinusoidal signal
generated in order to guarantee both a very repetitive movement of the
two plates of the device toward each other and a constant contact force, F.
The frequency of the generated mechanical stimulus has been fixed to 20
Hz in all tests, while the contact force has been varied modulating the
amplitude of the stimulus. In every test, the distance between the two
dielectric layers of the device ranges from Omm to 6mm upon the
sinusoidal displacement applied by the shaker. The contact force F' has
been measured by means of an impact hammer (i.e. 086C03 from PCB
Piezotronics), while the acceleration imposed by the shaker have been
measured by a 352C41 mono-axial accelerometer from PCB
Piezotronics). Both force and acceleration data have been acquired
through a NI-cRIO-9233 acquisition board and a NI-USB9162 high speed
USB carrier. The acquired data have been processed in real time by the
Signal Express tool available for the LabVIEW software from National
Instruments. The output voltage generated by the harvester has been

measured with a DSO-X 3034A oscilloscope from Agilent Technologies.
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Figure I1.2 Measurements setup. Simplified block diagram (top) and picture of the
implemented test bench (bottom).

2.1.2 Results and discussion

Device performances were measured by analyzing both voltage and the
power generation under different sets of stimuli. We characterized the
tribo-electric harvester prototypes by measuring the output voltage and

power in two different conditions:

e variable contact force, while keeping constant the load
impedance (in the most of the cases we considered the 10MQ
input impedance of the oscilloscope probe);

e variable load impedance, R;p4p, While keeping constant the

contact force at F'=10N;

Figure I1.3a shows the typical output voltage waveform obtained by

Energy Harvesting Exploiting Triboelectric Effect 17



2.1 Low-Cost CM-TEDs for Energy Harvesting Chapter I1

applying a sinusoidal mechanical stimulus to the triboelectric device.
Surprisingly, the voltage peaks at more than 80V upon the application of
a 10Nconstant force. In general, the voltage amplitude depends on the
device characteristics (i.e. dielectric and electrode materials, thickness of
the dielectric layers) and the contact force, which is related to the
acceleration imposed by the shaker. When the two dielectric layers get in
contact, as shown in Figure II.3b, the acceleration becomes negative due
to the mechanical resistance opposed to the shaker movement, generating
the contact force F which is measured using the impact hammer. The time
interval where F is higher than the defined noise threshold (i.e. 300mN) is
used to detect the initial and final contact times between the two

dielectrics.

a
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Figure 11.3 Typical output voltage waveforms of the realized CM-TEDs. a) Output
voltage waveform obtained with device stack A (see Table I) Rioap = I0MQ and F =
10N; b) Synchronization of output voltage, F and acceleration (t. is the contact time
of the two dielectrics). All the three curves refers to the same vertical scale.
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Figure I1.4shows the output voltage generated by the device D (see
Table II.1) when subjected to F' =10N.It is interesting to note that the
generated output voltage increases linearly with R;o4p. This indicates that
the optimum power matching between the harvester output and the load
occurs for R;p4p values higher than 50MQ, which were not considered

due to limitations of the available instrumentation.

R,poa=50M12
R),.d=40M02
R)pad=30M12
R psa=20MR2
Rpag=10M02
R, load =5M12

- M
o o

Voltage[V]

a"l\.’—l
© © ©

&
=

0.01 002 003 0.04 0.05
Time [sec]

o

Figure 11.4 Output voltage of the tribo-electric generator loaded with different R oap
at constant contact force F = 10N.

In order to characterize the performances of the realized harvester

prototypes, we calculated the output power Pour umeas, as

T
Pour MEAS = m f VOZUT_MEAS (t)dt (1)
0

where Vour meas 1s the output voltage across the load impedance
imposed by the probe of the oscilloscope, Z;04p and T=1/f, f being the

shaker frequency. For simplicity we considered only the resistive part of
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the Zr04p , Rroap.

To identify the stack combination maximizing the output power,
different silicone materials with the same thickness and the same
electrodes were considered. Figure II.5 shows the output power generated
by the A, B and C devices (Table II.1) connected to a 10MQ load and
subjected to a contact force F' ranging from 1N to 10N. As expected, the
acid-acrylic silicone combination (stack A) delivers the highest power, as
the electron/proton charge transfer responsible for the contact

electrification is maximum with materials with opposite pH

characteristics.
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Figure I1.5 Output power generated by the CM-TED connected to a 10MQ load at
different contact force, induced by different acceleration. We considered three
devices with different combination of silicone dielectric material: stack A, B, C of
Table I.

It is interesting to note that increasing the contact force leads to a
larger output power, as expected. The dependence of the output power on
the contact force is due to the “effectiveness” of the contact, which is

affected by the surface roughness, whose effect reduces progressively by

20 Energy Harvesting Exploiting Triboelectric Effect



Chapter 11 2.1 Low-Cost CM-TEDs for Energy Harvesting

increasing the contact force. Figure Il.6and Figure 11.7 show the output
power generated by the tribo-electric device prototypes A and D (same
electrodes and materials, different thickness) at increasing contact force
and resistive load, respectively. The harvester with the acid-acrylic
silicone material (that maximizes the output power) produces the largest
output power when thinner dielectrics are used, independently of the
contact force and of the load impedance. This is probably due to the
higher capacitance, which maximizes the voltage for a given charge
density, generated by the application of a given contact force. The

equivalent capacitance between the two electrodes, is given by
Ceq = Cdl || CdZ || Cair (2)

where Cy=Ag/d; and Cy=Ag)/d; are the capacitances of the two
dielectric layers, &, and d, being the dielectric permittivity and the
thickness of the n-th dielectric layer, respectively; Cair = A&y/d,i is the
capacitance of the air gap between the two dielectrics, &, and d,;, the air

dielectric constant and the thickness of the air gap, respectively.
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Figure I1.6 Output power generated by the CM-TED connected to a 10MQ

load at different contact force, induced by different acceleration. We
considered two devices with different thickness of silicone dielectric material:

stack A and D of Table I1.1.
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Figure 1.7 Output power generated by the CM-TED connected to a variable
load at contact force F = I0N. We considered two devices with different
thickness of silicone dielectric material: stack A, and D of Table II.1

The CM-TED can be modeled with a Thévenin equivalent circuit

comprised of a voltage generator, which models the open-circuit voltage
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Vo, connected in series with the impedance given by(3). Noticeably, V.
is dependent on the tribo-electric charge generated by both the contact
electrification and the variable capacitance of the air gap between the two
dielectrics. The voltage generated by the device when a load is connected,
V, is given by

_y _9
V=V, C (3)

eq

where Q is the transferred charges from one electrode to the other[1].
Since the dielectric capacitance is inversely proportional to the dielectric
thickness, the voltage V' generated by the tribo-electric device increases
with the reduction of the dielectric thickness, according to(3),consistently
with the trend shown in Figure Il.6and Figure I1.7.This is due to the
higher equivalent capacitance C.,, which minimizes the second term
Q/C¢y in (3). Similarly, increasing (decreasing) the distance between the
two dielectric layers modifies the air capacitor C,;, changing the voltage

according to (3)due to a pure electrostatic effect.

At the same time, also the electrode material influences the output
power generated by the harvester. In this respect, Figure 11.8 shows the
output power generated by A, E and F devices, when subjected to a
constant contact force F = 10N and connected to a variable load R;o4p.
The device with both contacts made in aluminum (stack E) shows the best
performance in terms of generated output power for the lowest R;p4p. On
the contrary, the device with the electrodes made of copper shows the

highest power at the highest R;o4p.

On the contrary, the device with the electrodes made of copper shows
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the highest power at the highest RLOAD.
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Figure 11.8 Output power generated by the CM-TED connected to a variable load
at contact force F = 10N. We considered three devices with different combination
of contact material: stack A, E and F of Table I1.1.

2.1.3 Conclusions

In this section a CM-TED designed to harvest energy from mechanical
shock has been presented. Device prototypes, realized using an in-house
fabrication process, were fabricated using ultra-low cost organic materials
such as silicone. The different combinations of silicone were investigated
to identify the best structure in terms of power generation. Measurements
carried out on the device prototypes show a 25uW output power peak for

a device subjected to 10N contact force loaded with a 50 MQ impedance.
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2.2 Modeling of Low-Cost CM-TEDs

In this section we investigate the effect of the contact force in Contact-
Mode TriboElectric Devices (CM-TED). In this kind of devices, as shown
in the Section 2.1, the generated output voltage and the electrical energy
harvested from mechanical impacts depend on the contact force. The
number of impacts and the contact force influences also the surface
charge density of the triboelectric layers of CM-TED. This is confirmed
by the measurements carried out on the low-cost CM-TED prototypes we
realized using commercial silicone as triboelectric material. The effect of
the impact force has been included into a device model suitable for both

dielectric-to-dielectric and contact-to-dielectric triboelectric devices.

In particular, the developed model allows the estimation of the surface
charge density of the dielectric materials used in the CM-TED. While in
the classic models, e.g. [21], it is considered constant and dependent only
on material properties, in the proposed one it is demonstrated to be a
function of the impact force. This represents an important improvement
compared to models proposed for the CM-TED up to now in the

literature, which neglect the effect of the impact force.

The model predicts the output voltage and power at given conditions

and it can be used to design ultra-low cost triboelectric energy harvesters.

In addition, the model equations allow also to estimate the impact
force required to obtain a given output voltage accordingly with the
voltage/power requirements of a specific application. Consequently, the
developed model can be used to design custom CM-TED, for both energy

harvesting and sensing purposes.
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2.2.1 CM-TED Prototypes, Measurement Set-up, and Experimental

Results

The CM-TED can be classified in dielectric-to-dielectric and contact-
to-dielectric devices. As shown in Figure I1.9 they differ only in the
number of dielectrics acting as triboelectric layers. From a device
modeling point of view the most general representation is related to the
dielectric-to-dielectric device (Figure I1.9a), therefore this is the one we
considered in the model development. The representation of the device
sketched in Figure I1.9b, indeed, can be easily obtained by means of a
simplification of the model obtained for devices with the structure shown

in Figure I1.9a.

The CM-TED prototypes we fabricated and used to develop and test
the model have the dielectric-to-dielectric structure shown in Figure 11.9a,
where the Dielectric 1 is Acrylic Silicone (with &, = &4, = 10, and
thickness d; = 1.9 mm) and the Dielectric 2 is Acetylic Silicone (with
&r=€acer— 2.2, and thickness d> = 1.9 mm). Two classic FR4 boards for
PCB applications with 35 um Cu layer have been used as Contact 1 and
Contact 2. The device prototypes were realized using a very simple and
low-cost in-house fabrication process: the silicone-gel dielectrics are
manually deposited at room temperature, and they are let solidifying for
24 hours. The obtained device has an active triboelectric area, .S, of 37x35

mim.
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Figure I1.9 General structures of Contact-Mode Triboelectric Energy Harvesting
Devices. (a) Dielectric-to-Dielectric, (b) Contact-to-Dielectric.

The realized CM-TED has been characterized exploiting the setup
shown in Figure I1.10. It comprised of a laser vibro-meter, an
electromagnetic shaker, an instrumented impact hammer and an
oscilloscope. For each test, this set-up allowed to measure: i) the output
voltage generated by the CM-TED when the two tribo-electric layers (i.e.
the two dielectric layers) are repetitively put in contact with a given force;
i1) the relative displacement, the relative velocity and the impact force

between the two dielectric layers of the CM-TED.

Oscilloscope with embedded
Function Generator

. Electromagnetic Shaker
. (Modal Shop K2007-E1)

Laser Vibrometer

(Polytec OFV-503) Impact Hammer

'Y (Modal Shop 086C03)

Figure II. 10 Measurements Setup
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In particular, the device plate of the CM-TED with the layer of Acrylic
Silicone is fixed to the impact hammer, used to measure the contact force

of the mobile plate of the device.

The mobile plate, with the Acetylic Silicone triboelectric layer, in turn,
is fixed to an electromagnetic shaker (i.e. Modal Shop K2007-El)to
generate the mechanical stimulus with controlled frequency and

amplitude.

The shaker is excited exploiting the waveform generator embedded in
the oscilloscope (i.e. Agilent DSO-X 3034A) used to acquire the output
voltage generated by the CM-TED.

Velocity and displacement of the CM-TEHD’s mobile plate are
measured by means of a laser vibrometer (i.e. Polytec OFV-503), while
the force of the repetitive impacts is measured by the reference impact
hammer (i.e. Modal Shop 086C03). All measured signals are acquired and
processed in real time by a LabView-based data acquisition system
comprised of a data acquisition board(i.e. NI-cRIO-9233) hosted by a
single carrier module for USB interface (i.e. NI-USB9162) with a

personal computer.

Figure I1.11 shows three different output voltage waveforms generated
by the CM-TED for three different peak impact forces (i.e. 12N, 25N,
50N respectively). Acquisitions are synchronized in post processing
thanks to the velocity, displacement and contact force of the CM-TED
mobile plate measured by the laser vibro-meter and the instrumented
impact hammer. It is already possible to note that the contact force

influences the voltage generated across the device terminals and
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consequently the CM-TED generated output power.
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Figure II.11 Output voltage waveforms generated by the CM-TEHD at different forces.
The waveforms are used as input of the developed Matlab-based model. The positive
peak is larger than the negative one: this is due to the faster contact phase between the
triboelectric layers than the separation one, while the total amount of charge
transferred is the same.

2.2.2 The Triboelectric Device Model Accounting for the Impact
Force Effect

In order to model the CM-TED devices including the contact force
effect, we extended the popular models proposed in [21] for the operation

and the power generation.

The most popular models proposed for the operation and the power
generation modeling of a CM-TED are based on the so-called “V-Q-x
relationship” (e.g. [21]), where V' is the voltage generated between the two

CM-TED contacts, Q is the amount of transferred charge between the
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contacts, and x is the distance between the two CM-TED dielectric layers,
that varies accordingly with the mechanical stimulus. According to this
models, the voltage generated by the CM-TED device depends on the

charge transferred and on the displacement as:

_Q dy  dy ox(t) “4)
V——S—go(a-l-;*'X(t))-l' &

where S is the active area of the CM-TEHD, ¢, is the air dielectric
constant, d; and ¢,; are the thickness and the relative permittivity of
dielectric 1, d, and ¢,, are the thickness and the relative permittivity of
dielectric 2, and o is the constant surface charge density coefficient.
Indeed, these models consider an instantaneous contact time and do not
take into account the effect of the contact force F' between the two
dielectric layers, which was measured to influence the generated voltage

(see Figure 11.11).

Therefore, we included this effect by considering that the charge
density o depends not only on the properties of the dielectric materials but
also on the contact force, i.e. o=f(F). This agrees with experimental
results on triboelectric generators with specific surface structures (e.g.

pyramid arrays) reported in the literature (e.g. [22],[35]).

Figure I1.12 shows the surface charge density, o, estimated using the
experimental output voltage and output power measured during the
characterization of the same CM-TED sample described in the previous
section. The characterization has been carried out by exploiting the same

setup shown in Figure II.10.

30 Energy Harvesting Exploiting Triboelectric Effect



Chapter I1 2.2 Modeling of Low-Cost CM-TEDs

11 - :
10 -
s
8 1
~ 1 i
£ 74
g .1 |
b 5 f ‘ir.’,'
i T
4 Gt
B ]l ot
21—+ i ]
0 10 20 30 40 50 60 70

Impact Force [N]

Figure I1.12 Surface charge density values calculated by substituting in (1) the
measured values of the CM-TED output voltage, Vour meas(t), and displacement,
Xyeas(t), for different values of impact forces F.

It is possible to note as the impact force F influences in a not
negligible way the surface charge density o, that passes from less than 4
uC/m? to more than 10 uC/m? in the considered range of F (i.e. 9 N = 65
N).

For each considered F, the calculated value of ¢ has been obtained by
applying to (4) the measured value of the CM-TED output voltage,
Vour meas(t), and the displacement, xz4s(2).

In order to include the dependence of ¢ on the impact force, F, (i.e. o=
o(F)) in the classic CM-TED models defined by (4), we developed a two-
step procedure based on the measured values of the CM-TED output
voltage, Vour meas(?).

First, it is possible to calculate the measured output power of the CM-

TED, Pour meas, as in (1) by using the measured output voltage,
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Vour meas, and knowing the load impedance imposed by the probe of the
oscilloscope, Z;04p, and the period T of the stimulus provided by the

shaker (i.e. 50msec for the reported example).

Second, thanks to an ad-hoc developed automatic and iterative power
fitting Matlab-based procedure, it is possible to find the optimal value of
the surface charge, oppr(F), that minimize the output power error, epoyr=
Pour meas - Pour siu for a given F, where Pour sy 1s the simulated
output power calculated from the simulated output voltage Vour sm. In
turn, Vour siv 1s obtained by applying the displacement measured by the
vibrometer xyz4s(t) to (4) and varying iteratively the value of o. The

procedure has been repeated for all the considered impact forces F.

The expression used to define oppr(F) used in the procedure

summarized above is reported in (5),
O-(F)ln—n,o = Uoo[l - e_CF] + UOe—CF (5)

where o(F) is the surface charge density, expressed in exponential
form after a number of impacts, n, large enough to approximate a steady
state condition of the charge transfer mechanism at a given impact force,
F, (i.e. n =).In (5) 0., 0y are the saturation and the initial value of the
charge density for the considered dielectric materials, respectively, and ¢
is a coefficient obtained from the automatic iterative calibration procedure

implemented in the model.

The empirical relationship expressed by (5) has been obtained by
applying to large-scale CM-TEDs the approach proposed in [37] to
describe the tribo-electric charging mechanisms of single particles hitting

a wall. In particular, we used the assumption of [37] concerning the
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saturation of the amount of transferred charge, ¢, after a given number of
impacts, n, and using the relation g= oS, where S is the contact area of the
CM-TED. The obtained o=f(F) can be directly included in (4) to account
for the contribution of the impact force F' on the output voltage V
generated by the CM-TED, accordingly with the macroscopic behavior
observed in the CM-TED prototypes.

Considering the device stack described in the previous section and the
experimental output voltage waveforms shown in Figure IL.11 as input
parameters, the proposed model has been applied to the CM-TED
prototype we realized. With reference to(5), the model produced (0., oy,
¢) = (12.3 pC/m?, 1.69 pC/m?, 0.02459) for the considered CM-TED.
Using these values in (5) and including the resulting o(F) in (4) it is
possible to estimate the CM-TED output voltage for any given impact

force F.

Figure I1.13 and Figure II1.14 show respectively the comparison
between the measured output voltage and the measured output power with
the simulated ones obtained by applying the proposed model. A very
good agreement between simulations and measurements is shown,
supporting the validity of the proposed model. The results confirm that,
differently from the assumptions of previous models, the contact time is
not zero and the impact produces a variation of o. This effect contributes
also to the output power generation, which increases linearly with F (see

Figure 11.14).
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Figure I1.13 Comparison between the measured output voltages generated by the
implemented CM-TEHD prototype at 9N, 37N and 65N and the corresponding output
voltages simulated by means of the proposed model.
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Figure I1.14 Comparison between the output power of the implemented CM-TEHD
prototype  calculated  from the measurements with a Zioap=10MQ/11pF

(oscilloscope’s probe) and the simulated ones. Poyr = TZ; fOT Vé,r (t)dt, where
LOAD

T=50msec is the period of the stimulus provided by the shaker.
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Finally, as already mentioned, the model can be used also to design
custom CM-TEDs. To this purpose, we realized and characterized a
second prototype with: 1) same materials stack and same active area of the
first one; ii) different thicknesses (d; = 3 mm for acrylic silicone, d, = 9

mm for acetylic silicone).

The surface charge density o(F), as well as the coefficients (0., gy, ¢),
calculated by the model, are specific parameters for the considered
materials pair put in contact. Therefore, they can be used also for the
simulation of the second CM-TED prototype. An example of comparison
between simulated and measured output voltage for the second CM-TED
prototype in the case of a desired F'= 9 N is shown in Figure I1.15. Also
in this case, it is possible to note the very good agreement between
simulations and measurements, a further demonstration of the validity of
the proposed solution. Comparing the results of Figure I1.13 for F =9 N
and Figure I1.15, it is possible to note as the second prototype generates a
peak output voltage smaller than the first one. This is due to the effect of
the thicker tribo-electric layers on the equivalent capacitance of the

device, as already explained in the literature (e.g. [6]).

Of course, the effect of impact force F in the output voltage (and
power) generation is valid also in the case of contact-to-dielectric devices
(i.e. devices with only one tribo-electric layer, see Figure 11.9b). For these
devices (4) can be easily adapted by eliminating the terms ¢,,/d; related to

the second dielectric layer.
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Figure I1.15 An example of comparison between simulated and measured output
voltages generated by the second CM-TEHD prototype for a desired F = 9N.

2.2.3 Discussion on influence of the impact force on the surface

charge density

As demonstrated in several papers (e.g. [26], [32]-[34]) the output
voltage generation takes benefit from a bumped micro nano-pattern
designed on the surface of the tribo-electric layer of the CM-TED. Indeed,
this produces an increase of the surface charge density o of the layer and
an increase of the contact area. Moreover, [37] demonstrated that o
depends also on the number of impacts n. In particular, ¢ increases with
the number of consecutive impacts and saturates after a number of
consecutive impacts large enough to reach a steady state condition of the

tribo-electric layer surface.

As shown in the following, we demonstrated that the number of
impacts n needed to reach the steady state condition depends on the

impact force F.
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In order to demonstrate the effect of 7 and non ¢ in CM-TED large
scale devices, we realized a 40x40 mm prototype of a CM-TED device
with a 1 mm thickness of acetylic silicone acting as active tribo-electric
layer. Differently from the other prototypes, the device has been realized
using a fabrication process to reduce the surface roughness, minimizing
the contribution of the increase of the contact area during the impact. In
particular, the deposited silicone has been let solidify sandwiched
between the FR4 board used as contact of the CM-TED and a grinded
aluminum surface. The resulting roughness is the same of the aluminum
surface that has been grinded with a standard mechanical machining (i.e.
0.8 um).

The obtained prototype, resembling a contact-to-dielectric CM-TED
(see Figure 11.9b), has been tested in a range of low impact forces F (i.e.
up to 25 N) allowing to further neglecting the contribution of the
increasing contact area in the CM-TED output voltage generation during

the impact.

Using the developed model, it has been possible to obtain the value of
o as function of the number of consecutive impacts for different values of
F. The results are shown in Figure II.16.According to (5), Figure I.16
reveals that ¢ has an initial value gy (i.e. for n = 0) that depends only on

the specific triboelectric material considered.

The slight differences in the initial surface charge densityo at different
Fare due to the differences of the initial of the single measurement carried
out. Indeed, in the case of prolonged series of consecutive impacts, a

residual charge remains trapped on the surface of the tribo-electric layer
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due to drift, diffusion and charge recombination mechanisms.

The decay of this residual charge takes a relatively long time [38].
Consequently, with the available setup, it was quite difficult to determine
when the residual charge was completely recombined allowing starting

the new data acquisition with the same a.
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Figure 11.16 Surface charge density, o, vs. number of consecutive impacts, n, for
different values of F. Each measurement have been carried out with periodic impacts
at the frequency of 30 Hz, which is the excitation frequency of the shaker.

Indeed, if the impact frequency is high enough, a small amount of
residual charge remains trapped on the surface of the triboelectric layer at
each impact. Therefore, the larger is the measurement time (i.e. larger
number of impacts) the larger is the time interval needed between two set

of measurements.

For example, Figure II.17 shows the measured CM-TED output
voltage, Vour, once a 3 minutes long series of repetitive impacts at the
frequency of 30 Hz with a constant impact force /= 10 N has been
stopped. In order to highlight the decay effect of the trapped residual

charge and have a rough estimation of when the surface charge density
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came back to its original value oy, we did not turn off the shaker. We kept
the same frequency and reduced the amplitude of the vibration to the level
needed to have no contact between the mobile plate of the shaker and the

tribo-electric layer of the realized CM-TED (i.e. no impacts occuring).
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Figure I1.17 Decay of the residual charge in case of 3 minutes long series of
repetitive impacts. The impacts occurred at the frequency of 30 Hz, while the impact
force was F =10 N.

As one can note, once the impact series ends, there is an instantaneous
drop of the output voltage generated by the CM-TED because the
contribution of the impact force in the charge (and output voltage)
generation ends. Keeping moving the mobile plate of the shaker allows
the operation of the CM-TED, but due to the absence of impacts, the
residual charge trapped in the tribo-electric layer of the device recombines
in air. Consequently, the output voltage of the CM-TED decreases over
the time to reach a steady state condition at the level corresponding to the
specific working condition imposed by the movement of the mobile plate
of the shaker, where the only contribution in the output voltage generation

1s due to the electrostatic induction.
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The amount of trapped charge for each impact depends proportionally
on the impact force F. Indeed, as it is possible to note in Figure II.16, this
has a non-negligible effect on the number of impact n needed to reach a
steady state condition of the surface charge density o, as stated in [37].
For example, for the considered CM-TED, while in first approximation, o
can be considered quasi-constant after n = 1800 for ' = IN, ¢ can be

considered quasi-constant after n = 3500 for /= 10N.

2.2.4 Conclusions

Concluding, we presented a model that can be used to design large
scale CM-TEDs. Differently from the models presented previously in the
literature, the proposed one takes into account the effect of the impact

force.

In addition to the known effect of the number of impacts, indeed, the
presented results demonstrate how also the impact force influences in a
not negligible way the surface charge density, o, of tribo-electric layers.
Several prototypes of ultra-low cost silicone-based CM-TED has been
realized to validate the model. As confirmed by the very good agreement
between measurements and simulation results, the developed model
predicts the output voltage and the output, power at given working
conditions (e.g. estimated impact force, displacement, electrical load), and

can be used to design CM-TEDs for energy harvesting purposes.
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Ultra-Low Voltage Boost Converter
for Low Thermal Gradient Energy
Harvesting

In this chapter an enhanced self-powered ultra-low input voltage DC-
DC converter is presented. The converter needs only 11mV input start-up
voltage providing a 2.1V output voltage, while provides more than 3V
output voltage with only 12 mV input voltage. It was optimized to work in
the range 11mV-20mV. With 11mV input voltage the time needed to
charge a completely discharged 500uF capacitor at 2.1V is about 524s.
From an energy harvesting point of view, it represents an enabling
functional block to convert the low voltage generated by the Thermo-
Electric Generator (TEG) operating with a very low thermal gradient,
lower than 1°C. In fact as the measurements demonstrate, the
implemented circuit is able to convert thermal energy starting from a
thermal gradient of 0.6°C by means of a commercial TEG having a
thermal resistance of 2°C/W. The solution, tested with an input thermal
range between 0.6 to 4°C, can support low-power pulsed-load
applications, such as low duty cycled BLE transmission with transmit

burst rate in the range 0.08 - 3.4Hz.
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3.1 Introduction

The proliferation of Industrial Internet of Things (IloT), such as smart
wireless sensor for measurement and control, has been driven by the new
ultra-low-power sensor nodes. Despite the reduction of power need, that
has allowed battery lifetime extension, the limited power source of battery

is still a severe issue and the main limiting factor of the emerging IloT.

In this scenario, harvesting energy from environment can supplement
or eliminate the need for batteries and all the correlated maintenance costs
and problems when their accessibility is difficult or impractical. Ultra-low
power sensor nodes combined with new energy harvesting technologies,
can produce completely autonomous systems[39]. However, the limited
power attainable from energy transducers leads us to search for
increasingly efficient methods and circuits to manage and gather the
energy. But since the energy available is often very small and
unpredictable, most of the initial target applications can only work with a
very constrained duty-cycle. This ensures sufficient time to accumulate
energy, while a microprocessor or a sensor circuit is in sleepmode. This
type of system needs to be in sleep mode and wake up only to perform its
duty. Energy harvesting circuitry must be able to capture energy from
sources producing less than 50mV. We are expecting an increasing
demand of solutions using, for example, thermoelectric generators
(TEGs) subject to very low thermal gradients.

Some recent publications [40] and [41] have reported TEG-based

applications operating at supply voltages as low as 21 mV. [42]

demonstrates energy harvesting from as low as 12-mV input while biased
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by an external 1V battery. Previously published TEG-powered converters
operating with the low minimum input voltage 9mV [43] are able to
regulate a voltage at 1.2V. At this condition the output voltage is not
sufficient to supply the traditional devices that require a voltage larger
than 1.8V. However, they use DC-DC converters that require specific
startup conditions. Moreover, in some of these publications, the real-

startup voltage condition is not clearly presented and discussed.

The ignition of a DC-DC converter requires a time-varying signal,
which is commonly obtained from an electronic oscillator. The current
state-of-the-art seems to rely on low-voltage DC-DC converters operating
at minimum 20mV [13], which impose a severe limitation to the

maximum energy that can be harvested.

To cope with this, the research activity has focused on the possibility
to overcome this limitation in order to reduce the minimum threshold for
voltage conversion start-up. In order to achieve this result, a modification
of the typical converter topologies was developed with the aim of
reducing the minimum voltage required for start-up, as discussed in the
Section 3.3. Minimizing the startup voltage results in a higher conversion

efficiency.

This chapter is organized as follow. Section 3.2 presents an overview
of the state-of-the-art and main limitations of the DC-DC converters for
thermal energy harvesting applications. The proposed solution is deeply
described in Section 3.3. Experimental results confirming the
effectiveness of the proposed solution are presented in Section 3.4.

Finally, Section 3.5 concludes the chapter.
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3.2 Analysis of performances and limits of current low-voltage

DC-DC converters

The current state-of-the-art relies on self-startup low-voltage DC-DC
converter operating at minimum 20mV to produce at least 1.8V output
voltage level, which impose a severe limitation to maximum energy that
can be harvested. For low-voltage thermal energy harvesting with an
input voltage in the range 20mV-50mV, the DC-DC converters
commonly used and discussed in literature use an initial stage with a self-
oscillating Armstrong architecture [44] as shown in Figure III.1, followed

by a charge-pump and a rectifier.

The operating principle exploits the resonant LC-oscillator composed
of a small step-up transformer (with N turns ratio) and a normally-on
mosfet (Mpgp) to start the self-oscillation and to boost the low-input-
voltage. The Mpgp mosfet is in charge of starting the oscillation and is
commonly parallelized with an enhancement mosfet (Mgny) that operates
in switched-mode and in charge of the power transfer. In fact, once the
circuit is turned on the oscillation gradually increases as soon as it reaches
the threshold voltage of the Mgny the circuit starts to operate in switched-
mode. Cgs, Cx and Cp are respectively the gate-source capacitance, a
capacitance between the transformer and the gate of the transistor and the

input capacitance of the charge pump and rectifier.
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Figure IIl.1 Classic Armstrong oscillator with a charge-pump and rectifier.

Several works demonstrate that this kind of circuit has the main

limitation to turn on with an input voltage higher than 20mV.

As widely discussed in literature the start-up condition of this topology

oscillator occurs (neglecting in the C; and Cy), when

Im(Vgs),Vas)) N Tas(Vys(o),Vasoy) > 1 (6)
where N is the transformer turns ratio, r4s and gy, are respectively the
channel resistance and the transconductance of the depletion mosfet at
initial voltage, Vg(0)=0V and V4,(0)<Vi,.
A normally-on n-mos typically used are the BSP149 that exhibits a
threshold voltage of -870mV [45]. Since Vg = 0V, applying an input
voltage at the primary side of the transformer lower than 50mV the

mosfet works in the active region.
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VdS(O) < 50mlV « |Vth| (7)

Considering the level-1 mosfet equation allows calculating:

14
Im = kn TVds (®)
1
Tas = ©)

4
kn T(IVthl - Vds)

where k,’ is transconductance factor (i.e. electron mobility and oxide
capacitance), W and L are respectively the width and length of the
channel. Considering (7), Eq.(8) can be simplified resulting independent
from Vg. At the initial condition, neglecting the R, we can consider
V4s=Vin and thus the (6) is given by

Vin

|Vinl

N >1 (10)

3.2.1 Small Signal Analysis

Equation (10) is a good approximation of the more accurate expression
of the startup condition that can be derived starting from the equivalent
small-signal model of the Classic Armstrong Oscillator shown in Figure

I11.2, accounting the parasitic of the components.

It is comprised of the small-signal model of the transistor (that include
the transconductance, g,, and the drain-source channel resistance Ry;s), the
resistance of the source (R;), the equivalent DC resistance of the primary
and secondary winding of the transformer (R, and R.), the gate-source
capacitance of the mosfet Cg, the capacitance connecting the secondary
winding of the step-up transformer to the gate of the mosfet C; and the

eventual capacitance loading the oscillator Cy.
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Figure I11.2 a) Equivalent small-signal circuit of the oscillator, b) same equivalent circuit
of (a) rearranged with all the passive components brought to the secondary side of the
transformer; c¢) same equivalent circuit of (b) rearranged with the active voltage-
dependent current-source brought to the secondary side of the transformer.

Figure II1.2b and ¢ show the steps needed to rearrange the Figure II1.2a
to bring all the primary side elements of the transformer (left side) to its
secondary side (right side), which means Req’ = Req "N? with Reg=Rs +
Ryri , Rys = Ry N7and Ry, = Ree.

The equivalent circuit at the secondary side of the transformer can be
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seen as an equivalent impedance Z, that transform the current input I in

the output voltage V defined as:

V. I
Z, =X =27 11
T IS IS (o ( )

Where Z. = 1/ sCgs.
Thus the startup condition occurs for the well-known Barkausen

criteria conditions.

gm(Vgs(](\)[),VdS(O)) Z > 1 (12)

where Z, can be seen as the passive gain and g.,/N the active gain of the

closed-loop gain.

Starting from the right side of the equivalent small-signal circuit in
Figure III.2, and recursively applying the current divider between two
adjacent paths we can obtain the follow expression:

Zx(S)
SKC Ly R (13)

(S2(Liy, + L)C + SCRy, + 1)(RYs + Rby) + SLiy(SCR, + 1)

Where C = (Cg5||C1) +CL and K=C1 /(CgSC1+CgS+CL+CL+C1).
Solving the equation for S = jo and after some manipulation the self-
resonant oscillation frequency can be obtained as:
_ Rgs + Regq
C Lm(Rys + Riq + Rp)

g

(14)

Under the assumption that Ry, << Ras + Req’, (14) can thus be simplified
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5 1
©o =TI (15)
The expression of the equivalent impedance is given by
K C Ly, R
C Ry(Rys + Rby) + Ly,

Zy(wo) = (16)

Combining (16) into (12) the startup condition can be satisfied by
means of several tradeoff and choosing: a mosfet with high trans-
conductance at the initial DC condition but low as possible input
capacitance, a transformer with high turn ratio but low as possible DC

resistance, Ry, (included in Ry).

Importantly, the mosfet switches must have Vy, as lower as possible in
order to work efficiently with low input voltage. In fact the turn on of
Mpgp occurs when the Vpg is approximately:

[Vinl

N (17)

Vis = Vin +

The larger Vy, the larger Vg4 and the switching power. In order to
minimize its power dissipation, the transistor should ideally switch when

the applied voltage tends to zero (e.g. Zero Voltage Switching technique).

The depletion mosfet are typically chosen despite the high negative Vy,
introducing an high dissipation during switching between off and on state
as show in Figure III.3. This is an important issue for low voltage and
power energy harvesting limiting the whole performance of the energy
conversion. For this reason and for the (10) the threshold of the mosfet

must be, in absolute value, as low as possible.
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Figure II1.3 Typical waveforms obtained simulating in LT-spice the circuit in Figure
111 using the BSP149 as Mosfet and a V;,,=22mV. V(Vd) represents the drain-source
voltage and Ix(M1:D) the current of the mosfet.

To address these issues, the research activity has focused on the
possibility to reduce the minimum start-up voltage while maintaining a
good efficiency. In order to achieve this result, we propose a variation of
the typical Armstrong oscillator topology, which allows the DC-DC

converter to operate with an input voltage as low as 11mV.

50 Ultra-Low Voltage Boost Converter for Low Thermal Gradient
Energy Harvesting



Chapter 111 3.3 Circuit Architecture and Design Guideline

3.3 Circuit Architecture and Design Guideline

A key requirement for this ultra-low input voltage power converter is
to make the circuit internally self-powered. Therefore the goal is to have
an ultra-low voltage voltage-booster that requires a minimal amount of

startup power at the lowest possible voltage.

Power
T ; transfer

Step-Up
transformer

MENH

DC Bias

AC
signal |

DC
source —

Figure I11.4 Block diagram of the proposed DC-DC converter

The circuit architecture realized is sketched in Figure II1.4. The basic
idea is to bias the gate of the enhancement mosfet (Mgny) with an
internally self-powered DC-regulated source. In this way the main
limitation of this topologies, i.e. the minimum start-up voltage of 20mV
can be overcome as detailed below. The circuit consists of 5 functional

blocks:
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1. Ultra-Low Voltage Oscillator (ULVO): it is a self-resonant
oscillator that converts the low DC-input voltage into a high
amplitude AC signal.

2. Charge-Pump and Rectifier (CPR): it doubles and rectifies the AC
signal of the ULVO.

3. Low-DropOut regulator (LDO): it regulates the output voltage of
the CPR to the optimal value needed for the correct biasing of the
VBO.

4. Voltage Biased Oscillator (VBO): it is an Armstrong-oscillator
biased and activated by the LDO.

5. Full-Wave Charge Pump and Rectifier (FW-CPR): it comprises
two voltage doublers acting on both the positive and the negative

waveform of the VB output signal.

With reference to Figure II1.4 the operating principle of the proposed
DC-DC converter is the following: ULVO is the enabling functional
block of the whole DC-DC converter. This block, described in
Section3.3.1, converts the low-DC-input-voltage in AC waveform. The
output of ULVO is fed into CPR. The CPR boosts and rectifiers the AC-
input signal providing a DC output voltage higher than the threshold
voltage of the VBO mosfet, M,.

The LDO-block regulates the output voltage of the CPR to the optimal
value needed for the correct biasing of the VBO, which occurs for Vg =
Vih. Starting from the initial condition where all the capacitors are
completely discharged, the output voltage of the LDO gradually increases
and when it reaches the threshold voltage of the M2, the VBO starts to

oscillate in switched mode. Since the mosfet trans-conductance reaches
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its maximum at the V= Vy, the LDO is aimed at dynamically biasing the
VBO at Vy, in order to start the oscillation. Too high values of voltage
bias, as results of too high input-voltage, can reduce the efficiency and the
average output current capability. This leads to the well-known squegging
that blocks or stops the oscillation for a period of time much longer than
the period of oscillation. The LDO allows to prevent this issue and

extends the input voltage range of the converter avoiding the squegging.

Once the VBO starts to oscillate the high current full-wave charge

pump and the rectifier charge the two output capacitors.

In the following I describe in details each building blocks, explaining

the circuit operation and showing the design guideline.

3.3.1 Ultra-Low Voltage Oscillator (ULVO)

The enabling function block of the proposed ultra-low voltage DC-DC
converter is a new-designed ultra-low voltage oscillator. The oscillator is
obtained by modifying the widely used Armstrong topology as show in
Figure III.1. The normally-on nMos widely used in literature to enable the
self-oscillation is replaced with a zero-threshold nMos, i.e. ALD21290,
ensuring both a low start-up voltage and low dissipation during switching.
Moreover, an inductor L, is added in series to the secondary winding of
the transformer in order to improve the start-up condition and oscillation
amplitude as described following.

This sub-section is organized as follows. The first part provides an

analysis of the proposed ULVO. Finally some preliminary experimental

results are shown.
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3.3.1.1 Optimized ULVO

The ULVO is obtained by replacing the depletion mosfet with a zero-
threshold mosfet, i.e. ALD212900 of the EPAD® MOSFET Family, with
increased forward transconductance and output conductance, particularly
at very low supply voltages. This allows reducing the power dissipation

during switching, the transformer ratio and the associated parasitics.

This zero-threshold voltage mosfet allows the oscillator working with
very low input voltage, lower than 6mV. Thus with an input voltage
lower than 20mV, the mosfet operates in saturation or, in some cases,
near to the saturation or in sub-threshold region. In all cases, the trans-
conductance and resistance between drain and source of ALD212900 is
sufficient to trigger the oscillation even with very low input voltage.
Table III.1 shows a comparison between the parameters of the two
mosfets, which is obtained by means of a spice-model simulation under

the initial operating conditions.

Parameter BSP149 ALD212900 Condition
Type depletion enhancement
Vth (-870mV) =0
gm(S) 1.79E-03 9.30E-06 Vds=6mV, Vgs=0V
ro(Q) 1.7 1.35E+04 Vds=6mV, Vgs=0V
workregion active saturation Vds=6mV, Vgs=0V
gain 0.003043 0.12555 Vds=6mV, Vgs=0V

TABLE III.1 COMPARISON BETWEEN THE TWO MOSFET BY MEANS OF THE SPICE-MODEL PARAMETER
EXTRACTION

The gain that we obtain by using theALD212900, is the key aspect to
develop an ultra-low voltage boost converter. In fact, thanks to the high

gain exhibited by the ALD212900 in condition of zero gate-source
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voltage, it is possible to reduce the transformer ratio and consequently the

parasitic resistance shown in (16) accordingly to (12).

In addition to the previous considerations an inductor in series with the
secondary winding of the transformer is introduced as shown in Figure
II1.5. The addition of L, is beneficial in terms of oscillation amplitude and

minimum input voltage requested for the oscillation start-up.

Req
[} [ ]
Vin :__+ Lm T:N
] L,
_|
M, pH
_|

Figure 1.5 Proposed Oscillator with an inductor L, at the secondary winding of the
transformer.

The small-signal circuit of the proposed solution is shown in Figure
I1.6. With respect the Figure II1.2c, now Ry, = Ry, + R,, where R; is the

DC parasitic resistance of L.

’ L, R

Is Req
E— /\/\/\f NW‘\_/\/\/\/:L_é T Vs
’ 1
Ras’ L C Cgs
Om Vgs I N I

1

Figure I11.6 Small-Signal Circuit

The same procedure discussed in (11) allows calculating the resonance
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frequency,
R, + Req
C [Lin(Riys + Roq + Ry) + Ly(Rys + Rig) |

w3 =

(18)

Under the assumption that R, << Ry + Req’, (18) can thus be simplified

as
6= - (19)
YOS T W + L)
Considering (19) the Z, can be defined as:
K C L, Ry
Zr(wo) = 1L, (20)

C Ry(Ris + Rby) + Ly —

Lhn+Ly
Comparing (20) to (16), it is evident how the added inductor benefits
the startup-condition and the amplitude oscillation. In fact, the key point
is to maximize the Z(®,), which requires minimizing the denominator of
Equation (20). In this perspective, the choice of L, is crucial: if L, is
arbitrarily larger than Ly, (21) simplifies as,
L'yL, K C Ly Ry

=L -7 (w,) =
o L, = Lm = Zr(@o) C Ry(Rls + Rbq)

L, » L, - (21

However, a larger L, implies larger R, and Ry, which degrades the
start-up of the system. Consequently a tradeoff is needed. The concept is

summarized by (22).
L,T » R, T » R, T = Z.(wp)! (22)

The optimum results in a transformer 1:16 (Coilcraft , FA2469-AL), L, of
12mH and with a DC resistance of 20Q2 (22R106C Murata).

In order to further verify the above considerations we compare two
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oscillators with and without L,. The oscillations in both cases are fed into

rectifier.
without L, with L,
Vin[mV] Oscillation Rectified Oscillation Rectified
Pk-Pk[mV] Freq[kHz] [Vout[mV] [Pk-Pk[mV] Freq[kHz] |Vout[mV]
5 0 0 0 220 125 34
7 181 166 24 490 125 135
10 366 166 90 750 125 260

TABLE II1.2 RESULTS OF COMPARISON BETWEEN TWO OSCILLATORS WITH AND WITHOUT L,

The results reported in Table III.2 that shows how the introduction of
L, benefits both the sensitivity and oscillation amplitude. In addition L,

decreases the oscillation frequency according to (18).

The function of this block is not to transfer a large amount of energy
from input to output but to boost the low-voltage DC source to a level
suitable for biasing of the VBO. A second normally-on mosfet
commonly used in the Armstrong configuration to increase the energy
transfer is thus not necessary in this stage, preserving the whole efficiency

and start-up sensitivity of the converter.

3.3.2 Charge-Pump and Rectifier Circuit (CPR)

The AC voltage produced by the ULVO is boosted and rectified by
using a charge pump and voltage rectifier. The charge pump capacitor
acts as a load for the ULVO affecting the terms K and C in (20). With
reference to Figure II1.7, when the voltage across Ccpr is close to zero, the
load seen by the ULVO is Cy. Thus, C and K of (20) are defined as the
parallel between Cgs and Cy. Cpis 100nF to ensure the oscillation startup.

This block, in combination with the ULVO described in the section 3.3.1,
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can boost 10mV-DC input over the threshold voltage (typically 1V) of M>

guaranteeing the correct operation of the VBO.

Figure [11.7 ULVO and CPR circuit

3.3.3 LDO

The LDO compensates the unpredictable variations of the available
power at the source, keeping constant the output voltage, Vipo at the
optimal value required for the VBO biasing. The transistor level
implementation of the proposed voltage regulator is depicted in Figure

II1.8. LDO block has two important functions:

e The regulation of the output voltage of the CPR to the optimal value
needed for the correct biasing of the BS.

e To avoid the Squegging phenomenon that can occur when a charge
builds up on the coupling capacitor C4, which shifts the DC bias

point suppressing the oscillation for a certain period of time.
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This block has to be designed in order to obtain a power consumption
as lower as possible at low input-voltage. This is very important to avoid
overloaded ULVO. In this perspective ALD21290x device are the key
components due to the tight threshold voltages control, which enables

predictable transistor operation at very low voltages and current.

To the Gate of

M2
Vipo %RB
R, I Cioo
R

5

Vcrr
Ccrr %

Figure I11.8 LDO circuit

In the LDO circuit, shown in Figure I11.8, M3 has the function of pass-
transistor between the input and the output, respectively Vepr and Vipo.
The gate of M3, Vemp, is driven by R3 and My that act as an inverter
supplied by the input voltage, Vcpr. My is controlled by means of two
feedback resistors, R4 and Rs. The Vcpr rise increases Vemp and
consequently the source-gate voltage of Ms, as well as Vipo. A higher
V1po forces an increase of Verrr, counteracting the initial Veyp variation.
Therefore, the LDO behaves as an active DC regulator, clamping the DC
output voltage, Vipo, at the optimal value for the VBO biasing (achieved
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through Rg). R3 = 10MQ, Ry = 10MQ Rs = 8MQ and Rg = 100kQ have
been chosen, after simulations and empirical tests, in order to minimize

the load applied to the ULVO yet without compromising its regulation.

3.3.4 Voltage Biased Oscillator (VBO)

The second oscillator has been designed to maximize the energy
conversion and transfer between the source (Vi,) and the output (Vo+, Vo).
We used an enhancement M, (IRLML6346TRPbF) that exhibits a
threshold voltage of about 800mV and high current capability.

The nominal parameter values (g, and ry4) reported in the datasheet
and confirmed through spice-simulations are summarized in the Table

II1.3 at different work conditions (Vs and V).

Parameter Condition Calculation
gm[mS] r'ol:gl] Vgs[V] Vds [mV] N (6)
23.4 7.6 0.8 10 20 3.5568
76.9 0.9 1 10 20 1.3842
104 0.284 1.25 10 20 0.59072
23.4 7.6 0.8 10 50 8.892
76.9 0.9 1 10 50 3.4605
104 0.284 1.25 10 50 1.4768

TABLE II1.3 IRLML6346TRPBF MOSFET PARAMETER AND SIMPLE CALCULATION OF (6) FOR THE VBO

Looking at the Table III.3 and biasing the gate of the transistor slightly
above its threshold voltage (about 800mV) with the two blocks described
in the sections 3.3.1, 3.3.2 and 3.3.3 the mosfet will work near to the
saturation region ensuring the condition in (6) also with a transformer

ratio 1:20. In order to improve the oscillation startup and to increase the

60  Ultra-Low Voltage Boost Converter for Low Thermal Gradient
Energy Harvesting



Chapter 111 3.3 Circuit Architecture and Design Guideline

oscillation amplitude we have used for this oscillator a transformer with a

winding ratio of 50 (Wurth 774 8854 0120) as depicted in Figure II1.9.
°
Vi —— Lm

- = —_—¢C,

1:50 To FW-CPR

~—

_I
M, H‘
_I

|

= From LDO

Figure I11.9 BSO circuit

3.3.5 Full-Wave Charge Pump and Rectifier

The AC voltage waveform generated by the VBO, is boosted and
rectified by a full-wave charge pump voltage doubler which duplicates the
voltage acting on both the positive and negative voltages. The circuit
shown in Figure III.10 represents a pair of voltage doublers of opposite
polarities. The output of the circuits is taken between the terminals of the
two voltage doublers. A capacitor, Coy+, s charged up to the AC voltage
peak on the positive half cycle while the other, Cg,.. is charged up during
the negative half cycle. Since the target load is connected between these
two capacitors, it is subject to a voltage difference that is fourth times the
amplitude, Vos. Since Coyr and Coye. are both part of the total reservoir

capacitance and each one is charged on alternative half cycles, the total
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reservoir receives a charging pulse twice every mains cycle, so it is a full
wave circuit. The output voltage, Vour, is defined as the difference

between the voltage across the two capacitor, V,: and V,.:

Vour = Votr — Voo (23)

N >
[ | |l

From VBO
—

Ce

Figure I11.10 FW-CPR circuit
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3.4 Measurements and Results

The measurements performed on the whole circuit shown in Figure

I11.4 are discussed in this section.

We tested the DC-DC converter electrical performances using the DC
Power Analyzer, N6705B, and the Agilent DSO3034A oscilloscope. The
tests was conducted by measuring the performance of the DC-DC

converter in terms of:

e The Minimum input-voltage V;, necessary to charge the two
completely discharged output capacitors to a suitable voltage
level of at least 1.8V(to power for example microprocessors, or
wireless sensor nodes).

e The Charge Time (T.) and the Charge Efficiency (nc¢) for
different Vi,

e The DC-DC Input Resistance (Rj;,) to match the output

impedance of the voltage sources (i.e. TEGs).

All the measurements we performed by considering the same two
output capacitors, ImF for each charge-pump rectifiers as described in
section 3.3.5. Thus, the equivalent capacitor at the output was S00uF in

all the measurements.

We characterized also the performance of the DC-DC converter

connected to a TEG (Laird HT2,12,F2,3030).
In conclusion, a duty-cycled wireless application taking into account

the power consumption of the CC2650 of the Texas Instruments, is

proposed.

Ultra-Low Voltage Boost Converter for Low Thermal Gradient Energy
Harvesting 63



Chapter 11 3.4 Measurements and Results

Figure III.11a shows the typical Input Current (Iin)-Time and Output
Voltage (Vour)-Time curves measured for Viyn=14.6mV. The Iy and the
two output capacitor voltages (Vo+ and V,.) have been acquired on three
different channels of the N6705B. Figure II1.11b shows the initial portion
of the larger acquisition depicted in Figure III.11a. Vour starts to increase
after a few seconds. This is the time needed by the ULVO to start-up and
to bias VBO mosfet at its threshold voltage. Once the VBO transistor is
correctly biased the DC-DC starts transferring energy from the input to
the output, charging the two capacitors. When Vour increases the Iy

slowly decreases and then also the output current decreases.

- 3 4
< — 1.5
"E" o , o E 25 Input Current
= = 2 1>
g 15 2 ;'5"‘ E is =—\out (Cout= SO0UF) E‘
a 1 ——Input Current g § 1 0.5 g
S 05 ——Vout [Cout= 500uF) 305
o c 0
E o0 0 T e 100
0 100 200 300 400 500 Time [s]
Time [s]
(a) (b)

Figure IlIl.11 a) Input Current and Output Voltage over Time for Vin=I14.6mV,; b)
detailed view of the first 100s of the acquisition.

Figure II1.12 shows the charge time T, vs Vv at two different Vour
(2.1V and 3V) both suitable to power microprocessors, or wireless sensor
nodes. For a Viy ~ 11mV the time needed to charge the two completely
discharged capacitors to 2.1V is 524s. Around 12mV-input voltage the
converter needs only 260s. At this minimum input-voltage, the DC-DC
converter can charge the capacitor over 3V in 530s. The efficiency nc,
calculated as the ratio between the output and input power at Voyr = 3V,

is shown in Figure I1I1.12b. The peak of efficiency, about 34%, occurs at
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Vin=13mV and is better than the efficiency obtained by [13] also with
higher input voltage (20mV), confirming the goodness of the proposed

solution. In fact the circuit has been optimized to work at low input

voltage.
600 40.0 2

= 500 % '-l - == Vout = 2.1V s % Vou = 3V
g 400 I- ". =#=Vout=3V — 30.0 \.’Q Coue = S00UE
E oo io £ 200 e
20 ww g 100 —
S 100 - :::‘: == :5 )

" *WE=zzazcescccg 0.0

10 20 30 a0 50 10 20 30 40 50
Vin[mV] Vin[mV]
() (b)

Figure II1.12 a) charge time T, vs input voltage V,, , for two different V,,, ; b) charge
efficiency (nc) vs Vi,

In order to collect the maximum amount of power available from a

given source the converter impedance must match the source

12 15 -
10 * e
i §E 10 2
S * <
el === £ Pl
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e 2 = M‘
0 v
10 20 30 40 50 0
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Figure I11.13 a) Input resistance of the proposed DC-DC converter vs Vin; b) Input
current absorbed by the DC-DC converter vs the input voltage.

The proposed circuit exhibits a low input resistance as shown in Figure

III.13a, ensures a nearly optimal power transfer with different sources,
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(such as TEGs) and draws current from the low-voltage source as

depicted in Figure II1.13b.

Commercial TEGs offer an internal resistance that varies from 0.8 to
6Q [43]. The low input resistance offered by the proposed DC-DC

converter ensures a nearly optimal power transfer with different TEGs.

The size of the TEG required for a given application depends on the
minimum AT available, the maximum power required by the load, as well
as the thermal resistance, Ry, of the cold side. Ry, is the most critical
parameter for power generation purpose. By increasing the Ry, from
1°C/W to 10°C/W the output power generation decreases by 95%. The
use of a heat sink (cold side) with the lowest possible thermal resistance
R, maximizes the electrical output by maximizing the temperature drop

across the TEG (AT).

Laird HT2,12,F2,3030 Vout =2.1V

50 .
_ 40
=
£ 30
: g Rth=2°C/wW
>Z 20 'ﬁy *mh-rcjw
10 o -
——Rth=5°C/W
0
0 1 3 4 5

2
AT [°C]

Figure I11.14 input voltage V,, vs thermal gradient AT applied between hot and cold
Jjunctions of the TEG.

Figure III.14 shows the voltage measured at the DC-DC converter
terminals (Vn) when it is powered by the TEG under different AT
conditions. In order to achieve the specific Ry, conditions different heat

sinks of the WAKEFIELD Thermal Solution were used. The
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measurements, as depicted in Figure III.14, were realized starting from

Rp=2°C/W as it is technically difficult to obtain a lower value.

In Figure II1.15a an example of duty-cycled wireless sensor application
powered by the TEG is simulated. The relation Vi,-AT is the same of the
Figure III.14. The results are achieved considering the BLE power
consumption of the CC2650 Wireless MCU (Texas Instruments). The
CC2650 with a very low active RF and low-power MCU provides
excellent battery lifetime and allows for operation on small coin cell
batteries, also it is suitable for energy-harvesting applications. The
parameters used for the power consumption simulation were the results of
the BLE tests carried out on CC2650 device running a demo application
with 100 data packets sends per second for different level of power

transmission and voltage power supply as reported in the Table I11.4.

lpuise [MA] Voo [VI]
tpuse[ms] 3.1 2.1 2.7 3 3.3
5 5.62 4.24 3.97 3.72
0 5.37 3.88 3.68 3.59
Py [dBm] | -6 5.13 3.74 3.56 3.48
-15|  4.99 3.76 3.41 3.36
21| 4.78 3.68 3.45 3.27

Table I11.4 CC2650 CURRENT CONSUMPTION DURING BLE TRANSMISSION

To support pulsed application, a reservoir capacitor has been
dimensioned to ensure the total pulsed-current for the transmission and to
obtain the lowest voltage drop. As reported in [43] the capacitor is

dimensioned according to the following formula.
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IpyLsetpuLse (24)
AV

Cour >

Where AV = 40mV is the allowed drop-down voltage on the reservoir
capacitor Cou, Ipuise = 6mA is the average current during the transmission,
touise = 3mS is the duration of the transmission. Given these requirements
Cout must be 470uF. The equivalent C,, of 500uF, used in the previous
measurements, is sufficient. Considering that the stand-by current
between transmit pulses can be very small, (about 2.7uA), the outputted

current is able to recharge the capacitor during the interval between load

pulses as depicted in Figure II1.15b.

CC2650: BLE +5dBm trx = 3mS

'l"? 10 80
= + 60 Vout =21V "*
= === < Cour = 500uF .-~
[ - =
£ 1 20y = a0 e
. /' Cout = 500uF s gt
> 5 ¥
= . o
0
0.01 ' ' 10 20 30 40 50
10 20 30 40 50 V,\[mV]
V,y [mV]
(a) (b)

Figure IIl.15a) Example of duty-cycled application simulation with different V;,; b) the
outputted currents from DC-DC converter in function of the V;, at Voyr=2.1V.

A simple way to estimate the maximum duty-cycle is to divide the net
current charging the capacitor during the stand-by mode of the CC2650
by the average current during the transmission. The maximum transmit
burst rate that the harvester can support is defined as the ratio between the
duty-cycle and the tyuse and depends on the input voltage as shown in

Figure III.15a.
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3.5 Conclusions

A new ultra-low-voltage DC-DC converter able to boost 11mV-input
voltage to 2.1V output voltage has been presented. The converter can
charge a completely discharged 500uF capacitor above 2.1V in 524s
starting from 11mV. The proposed solution reduces the conversion
threshold of the traditional and commercial DC-DC converter by a factor

two.

The proposed DC-DC circuit has been optimized to convert power
from low voltage source, such as TEGs. In fact the internal resistance of
the commercial TEGs can be well-matched with the proposed DC-DC
converter. The converter tested with an input thermal range between 0.6
to 4°C, can support low-power pulsed-load application, such as a low
duty cycled BLE transmission with a transmit burst rate over the range of

0.08 - 3.4Hz.
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Sensors

During the past four decades, the term “sensor” evolved from the
concept of mere passive probes (e.g., thermistor used as temperature
sensor) towards the concept of active smart devices able to measure and
locally process information. Sensors have become widespread in every
industrial automated production and logistic environment and consumer
applications. With advance in easy-to-use microcontroller platforms, the
use of sensors expands beyond the traditional application fields, such as

temperature, proximity and flow measurement.

In this scenario, the quest to achieve ever-lower power consumption
levels and lower cost for the smart-sensor has become a must that has
placed difficult challenges on engineers. In the following section we
discuss about innovative low-cost and low power sensor exploiting

heterogeneous technologies.
This chapter is organized as follow.

Firstly, a self-powered and ultra-low cost triboelectric flowmeter
suitable for flow metering of gases or fluids is presented. Differently from
other flowmeters presented in the literature, the prototype we realized is
based on the triboelectric effect allowing obtaining a self-powered
transducer. The realized device is extremely low cost because it uses
commercial silicone as triboelectric material. The comparison between

experimental measurements and output data of a commercial flowmeter,
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used as reference, demonstrates the effectiveness of the proposed solution
in both constant and variable flow conditions. The proposed solution can
be used also as a starting point in the development of a fully self-powered

smart flowmeter exploiting their energy harvesting capabilities.

Secondly,the first ultra-low voltage and power displacement sensor
based on eddy current principle is presented. The aim of the research
work is to demonstrate the possibility to have at least 10pm-displacement
resolution with a power consumption lower than 100uW. The designed
optimized circuit is able to detect a 6pum-displacement with an input

voltage of 100mV and a power consumption of 28uW.
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4.1 Self-Powered and Ultra-Low cost Triboelectric Sensor for

Smart Flow Metering

In the last few years, thanks to the advances in emerging and enabling
technologies like wireless connectivity and energy harvesting system, the
smart metering received a growing interest resulting in a boost of research
activities in both industry and academic domains. In this scenario, new
flowmeters for civil and industrial applications gained renewed attention
as demonstrated by the number of papers presented in the literature. Most
of the presented solutions refer to enhanced versions of devices based on

well-known transduction principles.

For example, electromagnetic flowmeters (e.g. [46]), are obstruction-
free systems and have their main advantage in the not interruption of the
flow in the pipe, but they do not work with non-conductive fluids.
Coriolis mass flowmeters do not suffer from this limitation and keep the
non-invasive feature, but are based on the mechanical oscillation of the
pipe and it is essential to have a closed-loop control system to keep stable
the oscillation and consequently obtain higher precision and stability of
the measurement, (e.g. [47]). Vortex flowmeters, instead, are suitable for
measuring all types of fluids or gases, but are not obstruction-free. In real
applications the measurement is affected by impacts and vibrations
occurring during the normal operation, and therefore require complex
signal processing algorithms to eliminate these effects on the

measurement, (e.g. [48]).

Optical and ultrasonic flowmeters have the advantage of non-contact

measurement with the fluid or gas flowing through the pipe, therefore are
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very useful for applications with extreme temperatures or highly polluted
fluids, and gases. They can use several mechanisms like Doppler effect,
laser beams (e.g. [49]), or sound pattern (e.g. [50], [5S1]) and are based on
the cross-correlation of known signals disturbed by the fluid flowing
through the pipe. Their main disadvantages are the strong dependence on
the acoustic properties of the fluid that can be influenced by
environmental factors (e.g. temperature), the material properties of the
fluid (e.g. low density, especially in case of gases),the impurities in the
fluid itself and the very small amplitude of the signals that have to be

processed.

The solution proposed in this chapter aims to overcome the main
drawbacks of classic flowmeters by using triboelectricity as transduction
mechanism. Differently from the classic flowmeters, there is no need to
power supply the transducer allowing obtaining a self-powered device.
Indeed, thanks to the transducer architecture described in the following, it
is possible to estimate the amount of material flowing through the device
(air in our case) by measuring the frequency of the voltage pulses
generated by the realized device. Indeed, like in classic Hall effect-based
mechanical flowmeters, the frequency of the voltage pulses is directly
proportional to the velocity of the fluid flowing through the device. By
knowing the section of the pipes, it is possible to obtain the desired flow

measurement.

Moreover, the proposed device has been designed with a very simple
and effective architecture that is enabling for redundant measurements
and triboelectric energy harvesting capabilities that in turn help in the

implementation of a fully self-powered smart sensor.
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The section is organized as follows. In Section 4.1.1 we describe the
realized prototype, while its operating principle is detailed in Section
4.1.2. The measurement setup and the experimental results are presented

in Section 4.1.3.Section 4.1.4 concludes the chapter.

4.1.1 System Description

The exploded sketch of the TriboElectric Flowmeter (TEF) we realized
is shown in Figure IV.1. All the mechanical parts have been realized in
ABS (Acrylonitrile Butadiene Styrene) using a commercial 3D printer. To
validate the proposed solution we used the air flow provided by a portable
air compressor. The system is comprised of two main parts. The first one
(i.e. Main Body) resembles the classic structure of impeller-based
flowmeters, while the second one (i.e. Crankcase) includes the

triboelectric transducer.

When a gas/fluid flows through the main body induces the rotation of
the impeller into the main body, which in turn activates the rotation of the
triboelectric impeller into the crankcase thanks to the rigid connection

realized by the shaft.

The crankcase is a dry chamber isolated from the main body by means
of gaskets. Consequently, the measurement is independent of the gas/fluid
flowing into the main body and it is related only to the rotation speed of
the triboelectric impeller and to the internal diameter of the incoming and

out coming pipes of the main body.

The four-blade impeller inside the dry chamber operates as a
triboelectric element. A 0.2 mm thick layer of commercial acetylic

silicone has been deposited onto the surface of the impeller facing to the
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closure cap. In the triboelectric series, the silicone is one of the most
electronegative materials (i.e. with a great tendency to gain electrons)
while the ABS used to realize the impeller is neutral from a triboelectric
effect point of view. The silicone in gel form has been deposited at room
temperature and let solidify. The crankcase closure cap, instead, is
realized using a double-sided 1.6 mm thick FR4 board with 35 pm of
copper on each side. The surface of the closure cap faced to the impeller
has been divided into eight sectors by mechanical milling, and an electric
contact for each sector has been realized. Each sector has the same
physical dimensions (and same area) of a blade of the triboelectric

impeller.

From an electric point of view, two adjacent sectors (namely S- and
S+) form a pair of positive and negative contact from which is possible to
measure the output voltage generated by the rotation of the triboelectric
impeller. Consequently, the whole cap has been divided into four pairs of
sensing elements (i.e. sectors S;, where i = 1,2,3,4). By combining
opportunely the electric contacts of the four sectors, it is possible to
obtain different configurations of the device. For example, with four
independent pairs of sectors, it is possible to obtain a redundant
measurement. Alternatively, it is possible to use just one sector for flow
metering while the remaining three sectors can be connected in parallel in
order to obtain an equivalent larger active area of the triboelectric device

that is fine for energy harvesting purposes.

In this work, we focused on the wvalidation of the measuring
capabilities of the proposed flowmeter, neglecting its energy harvesting

capability.
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Double side FR4
Closure Cap

Triboelectric
Impeller

Closure Cap with Bearing

Figure 1V.1 Exploded 3D sketch of the proposed TEF prototype. The fully assembled
prototype is shown in the inset.

4.1.2 Operating Principle

The silicone surface of the impeller and the copper surface of the
closure cap have been put in contact and separated during the assembly of
the whole device. In this way, a negative charge has been induced into the
silicone layer of the impeller because of the tribo-electrification process
(i.e. transfer of electrons from the copper surface of the closure cap to the
silicone).

Once fully assembled, the realized transducer resembles the structure
of a single dielectric triboelectric device operating in non-contact mode,
as schematically depicted by the 4-step sequence shown in Figure IV.2.
For sake of simplicity, the following description refers just to a pair of
adjacent sectors (i.e. only one S+ and one S-) and one blade of the

triboelectric impeller.

The basic assumption is that the initial amount of triboelectric charge,

0, obtained by putting in contact the triboelectric blade and the closure
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cap during the assembly of the device remains constant during the
rotation of the impeller because the device operates in non-contact mode.
In this way, by changing the capacitive coupling between S- and S+,
represented by the parameter C, it is possible to obtain a voltage
generation, V, across the S- and S+ terminals because of O=C-V. The
variation of C can be easily obtained by exploiting the rotation of the
triboelectric impeller that causes a variation in the overlapping between

the impeller itself and S+ and S-.

Triboelectric Impeller Blade Closure Tap
Copper
ABS
iy e [
S+ (and S-) Copper

Direction of rotation
—

[— [E—

) e B b
S S+ S- S+
[ e

) EEEE
S S+ S- S+

Figure 1IV.2 Four-steps sequence of the operating principle of the proposed TEF a)
approach; b) cross; c) overlap;, d) overtake. The material stacks used for the
triboelectric impeller blade and the closure cap (with the copper electric contacts) are
sketched in the upper side.

The experimental output voltage generated by the TEF shown in
Figure 1V.3 confirms this behavior. As it is possible to note while the
impeller blade is far from the gap between S- and S+ (see Figure IV.2a),
or it overlaps the gap (see Figure 1V.2c), there is no change in C and

consequently no AV is generated between S- and S+.

Vice versa, when the blade crosses and overtakes the gap between S-
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and S+ (Figure IV.2b and Figure 1V.2d, respectively) a AC occurs, and
consequently a negative voltage pulse, and a positive one are generated,
respectively. The frequency of the pulse train generated by the cyclic
sequence of the four phases described above is related to the rotation
speed of the triboelectric impeller, and consequently to the speed of the

gas/fluid flowing through the main body of the TEF.

The gap between the closure cap and the triboelectric impeller in the
dry chamber strongly influences the proper operation of the device. In
non-contact triboelectric devices, indeed, the closer is the gap the higher
is the sensitivity of the triboelectric transducer, [52]. In the prototype we
realized, the gap is about 2.0 mm, due to mechanical constraints of the

realized crankcase.

The initial charge generated by the triboelectrification process can not
be stored by the silicone layer of the triboelectric impeller indefinitely. It
has a decay time that depends strongly on the environmental conditions
(e.g. humidity) and on the properties of the material used, [53]. In any
case, in further TEF implementations, it can be regenerated by
periodically put back in contact the triboelectric impeller and the copper

closure cap.
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Figure IV.3 Output voltage generated by the TEF in conditions of low air flow to
highlight the corresponding steps of the sequence shown in Figure IV.2.

4.1.3 Experimental Results

The realized prototype has been characterized by using the setup
shown in Figure IV 4. The air exits from the blow gun of the portable air
compressor and is canalized into the realized TEF by a flexible rubber
pipe. The air exiting from the TEF flows into a second flexible rubber
pipe and enters in the commercial Hall Effect-based flowmeterused as
reference transducer. In this way, the two flowmeters are connected in
series and are subjected to the same air flow. Both the output voltage
generated by the TEF and the output signal of the Reference Flowmeter
(RF) are acquired with an Agilent DSO9254Ao0scilloscope.The RF is
powered by an Agilent E3631A power supply.

It is important to note that the main body of the TEF, resembling the
structure of a classic impeller-based flowmeter (see Figure IV.1), has

been designed reproducing the same mechanical dimensions of the
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commercial flowmeter (i.e. same internal diameter of the pipes, same
dimensions and same number of blades of the impeller). Moreover, the
triboelectric impeller has been designed with four blades in order to have

four output voltage pulses per round, the same ones of the RF.

Portable Air
Compressor

DSO 9254 Oscilloscope

Reference =4
Flowmeter

E3631A Power Supply

(for Reference Flowmeter only)

Air Blow Gun

‘ (Manual Control)

Figure 1V.4 Experimental setup. The inset shows a zoom of the realized TEF and the
reference flowmeter connected in series

In this way, it has been possible to compare directly the pulse sequence
generated by the TEF with the one generated by the RF, validating the

proposed solution.

Figure IV.5 shows an example of comparison between the two output
signals provided by the RF and by the proposed TEF when operating with
a constant (on the left) and a variable (on the right) air flow once
synchronized in post-processing. As it is possible to note, there is a very
good agreement between the voltage peak (negative or positive) generated

by the TEF and the rising and falling edges of the RF output signal.
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Figure IV.5 Comparison between the output signal of the reference flowmeter and the
output voltage generated by the TEF measured across the S- and S+ terminals of the
sector S1 in case of constant (left) and variable (right) air flow

The slight differences in the peak amplitude of the TEF output signal
are related to two different aspects of the TEF prototype fabrication
process. The first one is the non-uniform thickness of the silicone layer
due to the manual deposition process. The second one is the slightly
eccentric rotation of the triboelectric impeller due to the mechanical
tolerance of some 3D-printed parts. Both these aspects produce the same
macroscopic behavior: a variation in the gap between the triboelectric
impeller and the closure cap during the normal operation of the TEF.As in
any triboelectric/electrostatic device, indeed, a variation of gaps or
overlaps between its elements produces a variation of its equivalent
capacitance, with a consequent variation in the voltage generation. It is
worth noting that these non-idealities do not affect the flow rate

measurement because it is based on the frequency of the pulses and not on
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their amplitude.

The amount of air flowing into the TEF can be estimated by knowing
the mechanical parameters of the main body of the TEF (i.e. internal pipe
diameter), measuring the time interval between four consecutive peaks of
the same sector (either positives or negatives) and implementing a classic
Frequency-to-Voltage converter.
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Figure IV.6 Output voltage signals generated by the two adjacent sensing elements S1
and S2 of the realized TEF, in case of constant air flow

Figure IV .6, instead, shows an example of measurements of the output
voltage generated by two adjacent sectors of the TEF (i.e. S1 and S2) in
case of constant air flow. As expected, they present the very same
behavior and, accordingly with the rotation direction, the pulses occur in
the very same order (i.e. first S1 followed by S2). Moreover, the delay,
T, between the pulse generated by S1 and the corresponding one
generated by S2 is constant because of the air flow is constant (i.e. the

triboelectric impeller rotate at constant speed).

From a practical point of view, it is easy to determine the rotation
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direction of the impeller and consequently the direction of the air flow by
the simple analysis of the sequence in which the pulses occur (e.g. S1-S2-
S1-S2-... means clockwise rotation direction of the impeller, S2-S1-S2-
S1-... means counterclockwise rotation direction). At the same time, it is
possible to obtain a redundant measurement, by comparing the time
interval between two consecutive positive (negative) pulses of S1,7s;,and

the corresponding T, of S2.

4.1.4 Conclusion
In this chapter, we presented a self-powered ultra-low cost triboelectric
transducer suitable for flow metering of gases or fluids. The transducer

exploits commercial silicone as triboelectric material.

The effectiveness of the proposed solution is demonstrated by the very
good agreement resulting from the comparison between the output data of
the realized prototype and the ones provided by the commercial reference

flowmeter.

Finally, thanks to the possibility of the realized prototype to
reconfigure the electric contacts, it is possible to enable additional
features like flow direction detection or even energy harvesting
capabilities, that is useful in order to design a fully self-powered smart

flowmeter.
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4.2 Ultra-Low Voltage and Power Displacement Sensor

The demand of displacement sensors is rapidly increasing with the
proliferation of industrial automation. At the same time, we observe a
strong request to achieve ever-lower power consumption technologies and
low cost displacement sensors. Displacement sensors have an important
role in the sensor world because of their intrinsic capabilities to estimate
multiple quantities such as pressure, acceleration, etc., which make their

application range very wide.

These sensors typically exploit optical, capacitive, and eddy current
principles. Optical sensors usually have high resolution with large
measurement range, but they are often expensive, sensitive to optical
contaminations and power hungry. Capacitive sensors can achieve
extremely high resolution, but target grounding is necessary and they are

sensitive to the properties of dielectrics placed in the measuring gap[54].

Conversely, Eddy Current Sensors (ECSs), operating on the principle
of magnetic induction, can precisely measure the position (Displacement,
x) of a metallic target in contaminated environments (e.g. dust, oil
particles, etc.) and also through non-metallic materials such as plastics,
dirt, etc.[55]. The main drawbacks of ECSs is the high thermal drift that
under uncontrolled conditions can negatively impact the measurement

precision.

ECSs are widely used in industrial applications for direct displacement
measurements or indirect quantities measurements (vibration,
acceleration, etc.), also they can be used to estimate material property,

detect crack fatigue inspection.
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Different methods have been developed to enhance the resolution and
reduce the thermal drift, such as measuring the working frequency,
precise amplitude demodulation, etc. However, none of these methods
can ensure ultra-low power performance. In fact, many works [55] to [57]

show that the power consumption cannot be lower than SmW.

This Section presents a simple design and implementation of an ultra-
low-power and voltage micrometric-resolution-eddy current displacement
sensor. The purpose of this work is to demonstrate that a 10pum-resolution
eddy current sensor can achieve a power consumption lower than 30uW
even supplied with a voltage constant room temperature in order to

eliminate any thermal drift issue.

This Section is organized as follows. In Section 4.2.1 we describe the
operating principle of the sensor, which is subsequently modeled in
Section 4.2.2. Section 4.2.3 describes more in detail the proposed low-
voltage and low-power eddy current displcement sensor. The
experimental results are presented in Section 4.2.4. Section 4.2.5

concludes the sub-chapter providing the results summary.

4.2.1 Operating Principle
A typical ECS system consists basically of a sensing coil, and a
conductive target. As shown in Figure IV.7a, the coil is excited by an ad-

hoc signal generated by a control unit.
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Figure 1V.7a) Typical ECS schematic;, b) Equivalent circuit of an ECS; c) Typical
inductance and resistance responses over x,; d) Transformer model of ECS. Re-plotted

from[57].

The sensor coil, driven by an AC current, generates alternating
magnetic field, which concatenates with the nearby conductive target
inducing eddy currents. In turns, eddy currents generate magnetic field,
which is opposite to the one generated by the coil. This causes a magnetic
flux reduction and energy dissipation in the coil. With reference to Figure
IV.7¢c, the proximity of the conductive target influences both the coil
inductance L., and the series resistance, R.. More precisely, by moving
the target closer to the inductance L, increases, whereas the resistance R,
decreases. At the coil terminals, this results in a variation of the
equivalent sensor impedance, Z. depicted in Figure IV.7b.The
impedance Z. can be represented as the parallel between Zy, formed by
the Ry-L series, and a capacitance C forming a LC tank. The capacitance

C includes also the parasitic capacitance of the coil.

The relationship between Z, and the target position x depends on the

characteristics of the sensor coil, on the working frequency, and on the
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properties of the target. All this can be summarized with reference to [57],

with the following equation

Zy =R, +jwL, 25)
= [Re + Re(x,0,%, W] + jw[Le = Le(x, 0, x, )]

where R, and L. are the resistance and inductance of the sensor coil; R,
and L. are the resistance and inductance caused by the eddy current; o is
the electronic conductivity of the target; p is the permeability of the
target; fis the working frequency of the ECS. The target should have: ¢ as
high as possible, in order to reduce the electrical resistance of the target
and to amplify the eddy current induction; p as low as possible, in order
to reduce the magnetic reluctance that operates in opposite direction with
respect to the eddy currents. Ferromagnetic materials are not
recommended as target for ECS system [58] to avoid a mixture of eddy

current effect and magnetic reluctance that may cancel each other, hence

resulting in a poor net sensitivity.

In general, non-ferromagnetic materials, such as copper, aluminum or

stainless steel are preferred as target materials.

However, existing solutions use ferromagnetic materials as a core for
the sensor coil, in order to increase the inductance of the coil (Q factor)
resulting in high sensitivity. The main limitation is related to the thermal

instability that can limit the precision in uncontrolled environments.

4.2.2 Transformer Model of ECS
The coil-target air coupling can be considered as an equivalent
transformer[59], as shown in Figure IV.7d. The primary of the

transformer, in which the driving current I; flows, is comprised of the
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inductor L. and the series resistor R, and represents the sensor coil. The
secondary of the transformer in which the eddy current I, flows, and
formed by the inductor L; and a series resistor R; in short, represents the

target.

According to (25) the equivalent impedance Z at the input of the
transformer, can be obtained applying the Kirchhoff’s Law, KL. The

equivalent inductance Ly and series resistance Ry forming Zy, are given by

R, =R.+ ﬂR 26

x — ‘e th + (th)Z t ( )
2

Ly = Ly - — M) @7)

R+ (wL)? "
Where w=2nf, being f the frequency of the excitation signal; and M is

the mutual inductance between the coil and the target given by

M = k(x){/L¢L. (28)
k is the coupling factor between the primary and the secondary of the
transformer, which is a function of the distance x and limited between 0

and 1.

The change in Ry and Ly are highly nonlinear over a large displacement
range. If the application requires a small displacement range, an

acceptable Zx-x linearity can be obtained.

ECS requires an AC signal to generate alternating magnetic field. The
typical approach is to drive the LC-tank oscillator, comprised of the self-
inductance of the coil and the external capacitance. An active circuit acts
as a negative resistance restoring the power loss in the tank due to the

change in Ry as result of the displacement variations.
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4.2.3 Negative resistance perspective

In order to compensate for the tank loss, accounted to Ry, an equivalent
negative resistance is needed. The idea is to create an active device that
behaves as a negative resistance generator as shown in Figure IV.8a. In
steady—state condition the power losses in the tank (due to conductance
Gx=1/Ry) are counter-balanced by the power drawn from the active device
through its negative conductance —Gy, In steady-state condition, the
circuit will operate in a stable point with a fixed oscillation amplitude.
Intuitively we can see that if the Gy become larger than Gy, the circuit has

net loss and the oscillation amplitude tend to decrease.

Vadd

Target
—
Lbias

Target I:I |58 Z. =Rusjwls
Cr
T

i

(a) (b) (c)

Figure IV.8 a) General LC-tank oscillator schematic; b) Pierce oscillator; ¢) Small
signal circuit for the circuit in (b).

The negative resistance can be obtained by considering the Pierce
oscillator configuration as depicted in Figure IV.8b. The circuit is
comprised of an active device M, a passive network Z,, the capacitances
C; and C; and the inductor Ly;,s for biasing the circuit. Ly, acts as a
constant source. Considering the equivalent small signal circuit depicted

in Figure IV.8c and applying the KL we can obtain the following equation
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1 Rds
JjwC;y 1+ jwR,Cy 20
1 Rgs 29

- R. + jol
G, T T+ joRgC, Tk H0k

In order to trigger an oscillation the two Barkausen criteria conditions

must be satisfied. Solving the equation in terms of s=jm we obtain

_ CiRy + Rys(Co + C4)

w2 (30)
CzcleRds
Cl Rx + Rds Cl sz Rx
G >—|——— |+ ———+—=(C,+C 31
m CZ( Rdsz L2 Rds Lz( 2 1) ( )

As denoted in the latter equation the trans-conductance depends on Ry.

By neglecting the term Rpg the two above equations become:

, 1
w" =0 L (32)
(Ca+C) %
Ry
2

The equation (33) describes the condition on the transconductance of
M; to ensure the oscillation. Better performance in term of power
consumption and sensitivity can be achieved by lowering the Ry and
consequently by increasing the quality factor of the coil, which is defined

as
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wL,

Q) = —

(34)

x

The Q factor depends on the displacement, x, because both Ly and Ry
are functions of the displacement x. High Q leads to high accuracy and
stability. Also the oscillation frequency depends on the x according to
Equation(30). By reducing x, the oscillation increases with a lower rate
with respect to the decrease of the inductance and consequently the Q

decreases.

Thanks to the AC driving signal an electro-magnetic field is created
around the inductor L., which produce the sensing field. Once the metal
target enters the sensing field, eddy currents are induced on its the metal
surface. This causes the oscillation amplitude to decrease, the closer it
moves to the sensor coil. In other words the amplitude of oscillation
dampens until the oscillation will eventually stall. Conversely as the metal
object moves away from the sensor the oscillation amplitude increases its
intensity.

To extract the displacement information from the measurement a
variety of demodulation techniques have been developed for ECS system
[55]-[58] e.g. frequency modulation (FM), amplitude modulation (AM),

phase detection and balanced bridge.

The purpose of this work is to demonstrate the possibility of obtaining
an ultra-low-power and voltage ECS. Thus, the attention is not addressed
to the data-extraction technique but rather on the possibility to have an
output voltage proportional to the displacement position, x. In this
perspective the simplest peak-detector is connected at the gate terminal of

the mosfet as shown in Figure IV.9 for the oscillation amplitude
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demodulation.
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Figure IV.9 Implemented eddy current sensor inteface

Relying on the previous analysis and after a simulation-aided design
optimization, the oscillator circuit has been designed and realized using a
zero threshold mosfet ALD212900 and high quality passive devices as
following described. The ALD212900, with a high forward
transconductance and output conductance at very low supply voltages,
allows lowering the voltage supply level of the circuit, consequently
reducing the power consumption of the circuit. The inductor chosen as Ly
(22R106C Murata) has a high Q (beyond 140) at the circuit oscillation
frequency (about 160kHz). To ensure the validity of Eq.(31) the terms
Ci/C; and C;+C; must be minimized. Thus, C;=10nF is chosen to be
lower than C,=100pF and sized larger than the gate-source capacitance of

the mosfet (about 30pF) in order to be unaffected by the variations of the
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input capacitance of the mosfet (that depends on its working region).

Conversely to the traditional design of a Pierce oscillator, the oscillator
outputted node is taken at the gate of the transistor. The output load is

composed by Rour=886kQ and Coy1=100nF.

4.2.4 Measurements and results

All the tests have been conducted maintaining constant the operating
temperature (T,mp = 25°C) in order to eliminate the thermal drift issues.
The material used for the target is copper with an area of 15x15mm’
larger than the diameter of the inductor used as coil. The tests have been
conducted by moving the target with respect the coil and by using a
micrometric positioning stage.

Figure IV.10 shows the Vour over time for a dynamic micrometric-
displacement of the target with respect to the coil. The circuit is powered
by an input voltage of 100mV. In particular the figure shows how the
Vour changes in function of different displacements. Different relative
positioning steps (0-500-1000-2000-3000-4000-5000um) are reported to
demonstrate the effective change of Vour. As previously discussed, when
the target is close to the coil, the oscillation amplitude decreases due to
the higher power losses, with a consequent decrease of Voyr. Conversely,

by moving the target away from the coil the Voyrincreases.
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Figure IV.10 a) Voyr over the whole acquisition time during micrometric movements of
the target with respet the coil; b) inset of figure (a).

The sensitivity and resolution with reference to [60] are reported in
Figure IV.11. Both the sensitivity, S, and the resolution, R, are obtained

by discretizing the whole measure range AX in n sub-ranges:

S—AVn— mV 35

- Ax, lum (35)
N,

Rz?nz[um] (36)

where N,, is the RMS voltage noise of the signal [mV] in the n-th sub-
range, AV, is the output voltage variation [mV]in the n-th sub-range and
Ax, is the considered sub-range [um]. The larger the sensitivity, the better
is the resolution of the ECS. With a power consumption of only 28uW,
the resolution is better than 10um over a distance range from 0 to 3mm.
Specifically, in a the displacement range Ax, = 0-500um and with

100mV-supply voltage the resolution can slightly improve to 6um.
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Figure IV.11 Voltage-referred Sensitivity and the Resolution with respect to the Ax, for
the proposed circuit powered by 100mV.

In Figure IV.12 the resolution is analyzed according to different supply
voltages. Under equivalent displacement conditions Ax,, an increase of
the supplied voltage, hence of the supplied power, improves the
achievable resolution. Specifically, in the displacement range Ax, = 0-
500pum and with 200mV-supply voltage and 140puW-power consumption

the resolution can slightly improve to 3um.

For Ax,=0-500pm an acceptable linearity R-Piy can be achieved in the

supply voltage range 100mV-200mV.
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Figure 1V.12 Input Power and Resolution according to different supply voltage values
into the range 0-500um.

4.2.5 Conclusions
The first ultra-low voltage and power displacement sensor based on the
eddy current principle has been presented. The sensor is excited by an ad-
hoc designed Pierce oscillator exploiting the high transconductance and
output conductance at low level voltages allowed by the ALD212900
(Advanced Linear Device EPAD® MOSFET Family).

The effectiveness of the proposed solution is demonstrated by means
of laboratory experiments, which show that resolution of 6um can be
obtained with an input voltage of 100mV and a power consumption of

28uW.
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Chapter V

Conclusions

This thesis presents the main research activities carried out by the
author during his three years of Ph. D Course of the International
Doctorate School in Information and Communication Technologies of the

“Universita degli Studi di Modena e Reggio Emilia”.
In particular, the research activity conducted by the author is threefold.

The first one concerns the investigation of triboelectricity as both new
transduction mechanism to harvest energy from vibration and impacts,
and new sensor mechanism for low cost flowmeter sensors occurring in

many industrial applications.

The second one is related to the design and realization of ultra-low
voltage DC-DC converter for Thermal Energy Harvesting (EH)

applications.

The third one concerns the design and realization of an ultra-low

voltage and power displacement sensor based on eddy current effect.

The first activities have been focused on the development of a Contact-
Mode TriboElectric Device (CM-TEDs) whose operating principle is
based on the combination of contact electrification and electrostatic
induction. The triboelectric device, validated experimental data measured
on prototypes fabricated at our premises, generates up to 25uW when
subjected to repetitive shocks of 10N intensity. The prototype consists of

extremely low-cost commercial silicone used as dielectric material. In
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order to maximize the device performance, a simulation-aided custom
design has been developed. Differently from the models presented in the
literature, the proposed one takes into account the effect of the impact
force. This eventually allows us to predict the electrical performances of
the device including their dependence on the impact force, thereby
overcoming the limits of the classic models. In addition the presented
results demonstrate how also the impact force influences the surface
charge density, g, of tribo-electric layers. Several prototypes of ultra-low
cost silicone-based CM-TED has been realized to validate the model. The
very good agreement between measurements and simulation results
confirms that the developed model can predict the output voltage and the
output power at given working conditions (e.g. estimated impact force,
displacement, electrical load), and can be used to design CM-TEDs for

energy harvesting purposes.

The above developed CM-TEDs was used to realize an autonomous
ultra-low cost transducer capable of measuring the flow rate of gases and
fluids, and which exploits the triboelectric effect to power the sensor. The
realized device is extremely low cost because it uses commercial silicone
as triboelectric material. The comparison between the performance of a
commercial flowmeter and our prototype, demonstrates the effectiveness

of the proposed solution in both constant- and variable-flow conditions.

In addition to energy harvesting methods that exploit mechanical
energy, the candidate has worked also on the development of energy
harvesting systems based on the Seebeck effect and the temperature
differences to generate an electrical energy. The voltage and the power

generated by the thermoelectric generators (TEGs) are proportional to the
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temperature gradient between the hot and the cold junctions and by the
Seebeck coefficient of the two thermoelectric materials. The commercial
TEGs can generate voltages above 20mV by exploiting thermal gradient
lower than 2°C. Large thermal gradients are necessary to produce voltage
and power levels suitable for practical applications, e.g. for powering a
sensor node. Some recent publications have reported TEG-based
applications operating at supply voltages as low as 20 mV but the
presented DC-DC converters require specific startup conditions (e.g. use
of backup battery at device start-up). The start-up of DC-DC converters
requires a time-varying signal, which is commonly obtained from an
electronic oscillator. The state-of-the-art commercial devices, instead, rely
on low-voltage oscillators operating at minimum 20 mV. This imposes a
severe limitation to the maximum energy that can be harvested. The loss
of energy conversion for lower voltages (below 20mV) results in a
considerable limitation of the application range. To address this issue, the
research activity has focused on the possibility to overcome this low-
voltage start-up limitation in order to reduce the minimum voltage
threshold necessary to enable the startup of the converter. In order to
achieve this result, a modification of the typical Armstrong oscillator
topologies was realized. After a simulation-aided design optimization, a
new DC-DC converter with an 11mV start-up threshold has been
developed and realized. The converter can charge a completely
discharged 500uF capacitor above 2.1V in 524s starting from 11mV
input-voltage. The new circuit is able to convert the voltage generated by

the TEG subjected to a very low thermal gradient as low as 0.6°C.

Finally, a Pierce oscillator topology designed to turn on with low-
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supply voltage has been used for the realization of ultra-low voltage and
power proximity sensors based on eddy current effect. Differently from
the circuit presented in the literature, the proposed one aims to
demonstrate micrometric-resolution low-power eddy current displacement
sensor. The developed sensor has a resolution slightly higher than 6um
with a power consumption lower than 30uW. It represents the first one

low-power eddy current displacement sensor.
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