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Chapter -1

Introduction

It is predicted that more than 25 billion sensors will be used by 2020 as part of the Internet
of Things (1oT). With the recent advances in wireless sensors such as medical implants and
animal tracking devices where battery replacement may be difficult or impossible to
achieve the need for energy harvesting systems has become more evident. Battery free
sensors is gaining popularity in the market. Fig.1 shows applications of IoT in day-to-day

activities.

1.1 Motivation -Beyond Battery

Harvesting energy is a process of obtaining ambient energy from environment, converting
it into electricity to power up electronic devices [1]. Most popularly used energy sources
are Light, Mechanical, Thermal, Electromagnetic and Chemical. These energy sources are
commonly utilized to power up automation systems, watches, mobile charging devices,

artificial pacemakers etc.

Fig. 2 shows the block diagram for rechargeable batteries using ambient energy sources, a
generator and a temporary storage system. The energy from the temporary storage system
like rechargeable batteries and ultra-capacitors can be used to power up electronic devices.
With the technology scale down, ultra-low power sensors can be designed [1] where the

ambient energy sources can be used to replace the battery.

Donelan [2] described how body energy can be used as an alternative source for battery.
Walking, pushing a button, squeezing hand can generate electrical energy that can be
harvested. A biomechanical energy harvester was fabricated in [2], this device was attached

to knees to generate electricity during walking.

The conversion of mechanical energy from periodic or non-periodic vibrations to electrical

energy is of particular interest. A new methodology using Micro electro mechanical sensors



(MEMS) has been described in this work to harvest energy from mechanical vibrations
This Chapter provides an overview of vibrational energy harvesting

Figure -1 Internet of things application [7]

EH Sources Generator Temp Storage
Eg: Solar, RF, || Eg: system Ex:
Vibration Piezoelectric, Rechargeable
PV, TE batteries
Rechargeable battery

Figure- 2 Charging electronic device with natural source.

1.2 Vibrational Energy harvesting as a potential solution

Harvesting energy from vibrational sources can be classified as shown in Fig.3




Electrostatic ___ J Electromagnetic

Piezoelectric

Figure -3 Vibrational energy harvesting classification.

Where,

e Electrostatic energy harvesters make use of parallel plate capacitors which helps to
generate electricity from relative motion between two plates as shown in Fig. 4a.

e Electromagnetic energy harvesters generate charges through a phenomenon
explained by Lenzs law [3] which involves relative motion between a mass (coil)
and a magnet as shown in Fig. 4b.

e Piezoelectric energy harvesters: When a piezoelectric material is subjected to stress
or strain it can generate electricity. Fig. 4c shows a piezoelectric material as a part
of cantilever beam. The in depth principle of operation for vibrational energy

harvesters is explained in chapter-2.

1.3 Comparison of Vibrational energy harvesters

A brief summary about the advantages and disadvantages of vibrational energy harvesters
is as shown in Table-1. Piezoelectric and electrostatic devices can be used for small-scale
energy harvesting as they can be integrated with MEMS structures. Due to the bulky size
of magnets, electromagnetic harvesters are suitable for larger sized devices [4].

This thesis mainly focuses on conversion techniques of electrostatic and piezoelectric

energy harvesting devices as it can be conveniently integrated with MEMS technology.
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Figure- 4(a) Electrostatic energy harvesters (b) Electromagnetic Energy harvesters

(C) Piezoelectric energy harvesters [8].

Table 1: Comparison of Vibrational Energy harvesters

Piezoelectric Devices Electro Magnetic Devices Electro Static Devices

Compatible with MEMS  Not Compatible with MEMS = Compatible with MEMS

Bulky size magnets

No external VVoltage No external

Voltage source External Voltage source

source required for required for operation is required for operation

operation

Voltage from 1-10V are ~ Maximum Voltage generated = Voltage from 2-10V are

generated is 1V

generated



1.4 Micro Electro Mechanical (MEMS) Technology

MEMS devices are attractive for many applications due to their small footprint, low cost
and easy integration with available fabrication technologies. Fig. 5 shows various
applications of MEMS devices. On chip integration of electromechanical systems and
electrical circuitry is a major advantage of using MEMS technology over alternative
solutions. MEMS fabrication with integrated circuits improves reliability and reduces
manufacturing costs [5]. The use of MEMS structure in power harvesting is gaining
popularity as it overcomes the drawback of threshold voltage issues present in diodes which

will be explained in detail in chapter 2.

MEMS & Sensors

-

& ~
BAW Filters/
Duplexers

Accelerometer

< TouchScreen phone

@ Joystick

* Thermopiles

A MEMS RFID

B Miorotuol colls - MEMS Oscillators/Rgsonators

[ MEMS Speakersl—‘- _~"Pressure Sensors
Microdisplay

a Enivironmental Sensgrs

meter

v

Emerging Development Mature Decline

Figure- 5 Shows the development of MEMS sensor [8]

1.5 Utilizing MEMS Technology for Vibrational Energy Harvesting
MEMS is considered to be an attractive technology for small amplitude vibrations. Various
techniques are used to integrate mechanical components with electrical components.

Fabrication techniques for MEMS devices are [6]:

1. Surface Micromachining



2. Bulk micromachining
3. Molding

The MEMS devices used in this thesis are modelled using Intellisuite software design tools.
Simulations were carried out using 0.18um technology in Cadence environment.
Intellisuite was mainly used to create the 3D design of the harvesting structures. Chapter
-3 presents Electrostatic energy harvester utilizinga MEMS variable capacitor and MEMS
switches for low power energy harvesting. Chapter-4 provides the details of MEMS
rectification technique which is used to extract energy from a piezoelectric energy
harvester. Chapter-5 provides a slotted MEMS comb-drive used to implement a direct AC-

DC boost converter.

1.6 Research Objectives

The objective of this research is to improve the efficiency of energy harvesters using
MEMS technology. The major focus is on modeling a MEMS rectifier, super diode and
direct AC to DC MEMS boost converter to increase the efficiency.

The research contributions of this thesis have been summarized below:

1. An electrostatic transducer utilizing MEMS variable capacitor, switch and super
diode is presented. This approach eliminates the need for clock synchronization,
which is commonly required for transistor based electrostatic energy harvesters.
The simulation results of the proposed transducer compared to the transistor based
harvesters indicate an increase in efficiency by more than 25%.

2. An electronic interface is designed between harvester and load. A full bridge
rectifier was implemented using MEMS switches. The efficiency improvement of
MEMS based rectifier over the diode based rectifier is investigated. It is shown in
chapter 4 that the efficiency increase by about 30%, if MEMS switches are used
instead of diodes for rectification.

3. Integration of MEMS rectifier with a boost converter improves the performance
which is verified through simulations in Cadence environment using 0.18um
CMOS technology.



1.7 Thesis Overview

This thesis is organized as follows:
Chapter-1 gives a brief description of main topics and research objectives.

Chapter -2 provides in-depth literature reviews of vibrational energy harvesting. It also
provides details of different rectification techniques used to convert the AC input to a DC
output. Two stage power conversion technique for harvesting energy is also described in
this chapter.

Chapter-3 presents detail about electrostatic energy harvesters. It also provides details of
constant charge and constant voltage electrostatic harvesting techniques. This chapter
further introduces the concept of super diode which is used to increase the efficiency of

electrostatic energy harvester by 25% at 1V Vibrational input.

Chapter-4 explains the MEMS based rectification techniques to avoid the problem of
voltage drop across diodes. In this chapter the mathematical explanation of the proposed
technique is presented which indicate that the use of MEMS switches for rectification
increase the efficiency of energy harvester by more than 30% at 1V, low voltage

vibrational input

In chapter-5 a direct AC to DC MEMS boost converter is presented, where slotted MEMS
switch and split capacitor technology is used for rectification and power conversion stages.

This integration method of power converter reduces component count in the harvester.
Chapter-6 covers conclusion and future works.
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Chapter -2

Literature Review

Low-level vibrations can be found in environments such as machinery, vehicles, human
walking. The vibrational energy from these sources can be converted into an AC signal.
The AC signal is then converted into a DC signal by a rectifier. Based on the vibration
frequency, harvesters can be divided into two groups (a) non-resonant and (b) resonant
energy harvesters. In a non-resonant energy harvester, the input contains very low
frequency (< 100 Hz) and has inconsistent and discontinuous vibrations. Such vibration is
generated by the motion of human body. On the other hand, resonant energy harvesters
contain vibrations of constant amplitude and higher frequency (>100Hz). To convert the
energy obtained from the vibrational energy harvesters into electricity, three mechanisms
of Electromagnetic, Electrostatic and Piezoelectric are discussed in this chapter.

2.1 Electromagnetic Energy Harvesting

Electromagnetic energy harvesting works based on the principle of Lenz law. When a coil
is moved in a magnetic field, current is generated [1]. Without the provision of external
voltage source, vibrations can be converted to electricity. In this process of energy
harvesting a permanent magnet is needed to create a magnetic field. As electromagnetic
harvester makes use of magnet, it is bulky in size, it’s hard to integrate electromagnetic
harvester with the MEMS technology. Moreover, the maximum voltage generated by the
electromagnetic harvesters is limited and commonly it is around 1V. Therefore, additional

transformer is needed to transform voltage to higher levels [2] for certain applications.

In [2] the authors presented a fabricated model of electromagnetic harvester. The
mathematical model of the harvester can be developed using mass spring damper system.
Based on the mathematical model it can be found that the output power of the generator is
proportional to the cube of vibrational frequency. Which indicates that the mass should be

as high as possible to generate more current. For an electromagnetic generator of the size



5mm x 5mm x 1mm, with the input vibrational frequency of 70Hz, the estimated output is
around 1pW [2].

2.2 Electrostatic Energy Harvester

Electrostatic Energy harvesting system is also known as capacitive energy harvester [3]. In
this energy harvesting system, vibrational energy is converted into electricity based on
capacitance variation of variable capacitors. A variable capacitor consists of two
conductors separated by a dielectric material. Vibration creates change of capacitance and
allows mechanical energy to be converted to electrical energy using the principle of
constant charge conversion. The major drawback in this system is a constant voltage
source is required to provide an electric field [3]. This type of harvester uses a capacitor
which can be integrated with MEMS devices [3]. In [4] authors fabricated an electrostatic
energy harvester and reported the total useable power of 5.6uW out of the total harvested
power of 8.6uW. A permanently charged dielectric for constant charge supply is reported
in [5] where there is no need for separate voltage supply. The drawback of this solution is
limited lifetime as the dielectric discharges over time. Electrostatic energy harvester based

on the position and the structure of the electrodes can be classified into three types [5]:

(@) In plane overlap converter: Comb-drive structure with variable overlap of fingers
moving in the perpendicular plane of comb-drive as shown in Fig. 6a.

(b) In plane gap closing: Comb-drive structure with variable gaps between fingers
moving in the plane of the comb-drive as seen in Fig. 6b.

(c) Out of plane gap closing: Planar structure with a variable air gap between plates
and the movement of the structure is perpendicular to the plane of comb-drive as
seen in Fig. 6c¢.
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Figure- 6 (a) In plane overlap converter (b) In plane gap closing converter (c) out
of plane gap closing converter [5].

2.3 Piezoelectric Energy harvester

Piezoelectric energy harvesting is a material based energy harvester for motion driven
power scavenging. The piezoelectric effect is displayed in certain class of materials like
ceramics, crystals, Polyvinylidene fluoride (PVDF) [6]. When mechanical strain is applied
on the piezoelectric material few materials show electric polarization which is proportional
to the applied strain. Piezoelectric elements have different geometries. But the most
popular one is the cantilever and comb-drive structure [7]. This configuration has an added
advantage that can be easily integrated with MEMS structure. Furthermore, it has the most
efficient conversion mechanism [8]. No separate voltage source is required as in the case
of electrostatic transducers. The output voltage generated varies from 3V to 8V [8]. The
energy density of piezoelectric materials is three times higher than electromagnetic and
electrostatic energy harvester [8]. The major drawback of this system is that it is more
complex to integrate piezoelectric materials into the microsystems. As the integration
needs strong electric field and high temperature (365°C) [8]. The integration can be

simplified by using thin film piezoelectric configuration, which requires a lower voltage of
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200 V for 127um thick film [9]. [9] High temperature is not required in the integration of

thin film piezoelectric materials with IC.

The signal generated by electrostatic, electromagnetic and piezoelectric energy harvesters
are in the form of an AC signal. To convert the AC input into a DC output, different types
of rectification techniques are employed as explained in section 2.4.

2.4 Rectification Techniques

. The output of Vibrational energy transducers is in AC form. However, most of the
portable devices requires DC power supply to operate. Therefore, a rectifier circuit is
essential to convert the AC output of transduces to DC signal. AC to DC rectifiers utilizing
diodes are widely used to convert an input AC to a DC output. Conventional rectification
techniques such as full bridge rectifier, MOSFET bridge rectifier are discussed below and

their limitations for energy harvesting have been  presented.

2.4.1 Full Bridge rectifier

In the case of conventional full bridge rectifier which consists of four junction based diodes
[10] (Schottky or PN). The forward bias voltage for junctions based diodes is 0.1V or
higher [10]. For low power applications, the voltage drop due to forward bias leads to poor
efficiency. If the input to the vibrational energy harvester is around 1V because of the
voltage drop of 0.1V there is at least 40% power loss in a full bridge rectifier. As a result,
diode based full bridge rectifier are not efficient in low power energy harvesting system.
Fig. 7 represents the electrical equivalent of a piezoelectric generator. Fig. 8a shows the
circuit diagram of a full bridge rectifier. Where, Vpiezo indicates piezoelectric vibrational
output signal, Rpiezo represents the dielectric loss due to the piezoelectric material and Cpiezo
depicts the loss due to self-capacitance of the piezoelectric material. During the positive
cycle of vibration, diode D1 and D are forward bias and during the negative cycle Dz and
D4 conduct the current.

12



2.4.2 Voltage Doubler

Voltage doubler circuit was introduced for low power application to overcome the problem
of low level output voltage of bridge wave rectifier. Fig. 8b shows the circuit of a typical
voltage doubler. During the positive half cycle of the piezoelectric signal, D> is forward
biased and D; is reverse biased. Where as in the case of negative half cycle D; is reverse
biased and D is forward biased. The major drawback of this circuit is power delivered to
the output is low, this is due to the fact that the power is delivered only during one half
cycle of the input alternating voltage. This reduces efficiency of the harvester by 50% in

low power applications [10].

2.4.3 MOSFET Bridge rectifier

The rectifier in Fig. 8c consists of MOSFETS connected on bridge topology. [10] Here
large sized MOSFETS with aspect ratio of 751/1 um are used to reduce the turn on
resistance. So that the voltage drop and power consumption of the rectifier can be
minimized. As MOSFETS are utilized instead of diodes, the problem of threshold voltage
of diodes is replaced by the on resistance of switches. Fig. 8c shows the bridge wave
rectifier during positive cycle where MOSFETs M3z and M4 act as conducting switches and
M1 and M act as non-conducting switches. Similarly, during the negative half cycle M
and M act as conducting switches and Mz and My act as non-conducting switches. The
main drawback of MOSFET bridge rectifier is that the ON time and the OFF time of NMOS
and PMOS transistors have to be accurately controlled. Therefore, a synchronization circuit

is needed to properly control the switch time of MOSFETSs.

The changing trend for components to rectify low voltage signal is shown in Fig. 9. In this
thesis to overcome the threshold voltage drop issues of diodes and Ron resistance of
MOSFETs, mechanical rectification suitable for low voltage applications is presented in

chapter-4.
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Figure- 9 Hierarchy of switches in MEMS implementation

2.5 Conventional Interface circuit between energy harvester and load

A two stage power converter is as shown in Fig.10. The power converter mainly consists
of a front end bridge rectifier and a DC-DC converter which is generally a buck or boost
converter [11]. The major drawbacks of two stage power converters are: The threshold
voltage of diodes and the ON resistance of MOSFET reduce the efficiency significantly at
low input voltage. The output of a rectifier is nonlinear, so a DC-DC converter is required.
As the rectifier and the converter require a minimum number of five diodes this leads to
decrease in efficiency by 75% for low power applications [12]. Instead of using two stages
of power conversion, researches have integrated the AC to DC and boost converters to
increase the efficiency. In [12] a dual polarity boost converter topology for direct AC to
DC boost converter topology is implemented. Where the converter utilizes two inductors
and the output power harvested is stored in a series of split two capacitors. Each capacitor
is charged in one-half operating cycle of AC input. In this approach the main drawback is
that, the direct converter requires some synchronization circuits. Slotted MEMS direct DC-
DC converter improves efficiency by more than 25% when compared to conventional boost
converters will be explained in detail in chapter 5. This chapter presents a solution utilizing

adirect AC to DC MEMS boost converter to address and overcome the above stated issues.
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Chapter -3

Design and Development of High Performance Electrostatic Energy harvester

3.1 Introduction

Internet of Things (lIoT) is gaining popularity and billons of sensors are expected to be
deployed by 2020. Powering up the sensors to allow communication between a vast
numbers of sensors will soon become a major challenge. The need for battery free sensors
is growing. An emerging solution is to make use of energy that is available in the
environment to power the circuit without the need of battery. Electrostatic transducer is
one such transducer, which powers up sensors and extends the battery life of wireless
sensors. In this chapter we are focusing on powering up sensors during human walking.
Piezoelectric energy harvester takes the advantage of rearrangement of dipoles in the
piezoelectric materials. So, when this material is subjected to strain the dipole undergoes
polarization effect and arranges itself to convert vibrational energy into electricity. The
materials that follow this arrangement are polycrystalline ferroelectric ceramics such as
barium titanate (BaTiO3) and lead zirconatetitanate (PZT) [1]. A piezoelectric energy
harvester has a high energy density [2]. Methods such as parametric frequency generators
have been proposed to improve the efficiency of piezoelectric based energy harvesters
[3].Implementation of this technique is not suitable for harvesting energy generated
through human walking. Furthermore, Piezoelectric and electromagnetic transducer cannot
be readily used as they are relatively complicated to fabricate them particularly at
dimensions desired for body implementations [4]. Basic configuration for electrostatic
energy harvester is shown in Fig.11.

18



Vin C) 1 :J — CZ

(b)

Figure- 11(a) Ideal Electrostatic energy harvester (b) Electrostatic energy
harvester using diodes [1]

Fig. 12 [5] shows the life cycle of an energy harvesting system, which involves two phases:
(a) pre-charge (b) harvest. In the pre-charge phase of operation, the variable capacitor C;
is charged to the input voltage and then in the harvesting phase the charges stored in Cy is
transferred to C>. Two types of electrostatic transducers are presented in the literature [7]
(a) Constant Voltage electrostatic transducer and (b) Constant charge electrostatic
transducer. As the name indicates in constant charge electrostatic transducers, the charge
is kept constant and the voltage is varied to convert the mechanical input to an electrical

output. Similarly, in the case of constant voltage the voltage is kept at a constant value and
charge is varied.
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