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Abstract

In the scenario of the Internet of Things (IoT), wireless sensor nodes play a
fundamental role for sensing and communication. Currently, most nodes are battery-
powered. However, with the proliferation of sensor nodes, the choice of battery
becomes unfavorable considering its inevitable maintenance and environmental burden.
On the other hand, energy harvesting, which exploits ambient energy to generate
electricity, has emerged a promising alternative solution in place of batteries. So far,
the main task for small-scale energy harvesting is to enhance the output power to
support a wider range of low-power electronics.

This thesis focuses on electret-based in-plane kinetic energy harvester which has
been demonstrated to be MEMS compatible, low in profile and to harvest more power
in sub-100 Hz frequency range compared electromagnetic counterparts. However, its
output power is severely constrained by the shunting effect of parasitic capacitance due
to its lower internal capacitance. Structural designs have been attempted to reduce the
parasitic capacitance. On the other hand, the shunting effect can be compensated by
nonlinear power management circuits such as SSHI (Synchronous Switch Harvesting
on Inductor). However, as electret-based energy harvester exhibits low output current
and low internal capacitance, high-voltage small-signal components should be selected
to minimize introduced capacitance and leakage current. Therefore, there has been no
existing study focusing on nonlinear circuits for electret-based energy harvester. The
present study attempts to develop nonlinear circuits for electret-based energy harvester,
aiming at enhancing its output power. The objective of the present study is to present
new approaches to optimize energy conversion from kinetic energy (human motion)
using rotational electret energy harvester and to describe the most important parameters
in circuit design. Meanwhile, in terms of wearable application, the height of the
proposed circuit should not exceed that of the low-profile electret energy harvester itself.
Therefore, the applicability of the proposed circuits to integrated circuit (IC) technology
is also investigated in the present study, aiming at realizing a practically-attractive low-
profile circuit.

In the present study, the electromechanical transduction mechanism of electret in-
plane energy harvester is elucidated analytically for the first time, which confirms the
applicability of nonlinear circuits on electret kinetic energy harvester. The proposed

model also enables a comparison of output characteristics between electret-based and



piezoelectric energy harvester, which specifies challenges of implementing nonlinear
circuits on electret-based energy harvesters, which are much more susceptible to
parasitic capacitance than piezoelectric ones.

Development of SSHI for electret-based rotational energy harvester is presented in
the present study. The theoretical performance of SSHI on electret EH is derived and
verified by simulation with LTspice, showing a power enhancing ratio of 6.7 against
the standard case, where a conventional full-bridge rectifier is employed. Circuit design
of parallel SSHI is then proposed using a resistive voltage divider as the low-voltage
signal generator. Based on this voltage-divider SSHI design, experimental validation
based on a test bench of electret-based energy harvester is carried out using discrete
components. In the external-powered SSHI where the control block is powered by
external DC supply, a power enhancing ratio of 2.47 is experimentally achieved at a
rotating speed of 1 rps. In addition, simulated results are in accordance with
experimental results, which makes it possible to analyze SSHI circuit based on
simulation. As a result, the inversion ratio, which is the benchmark of SSHI
performance, is highly related to the parallel resistance of the inductor due to the low
shunt capacitance of electret energy harvester. Since the serial resistance of the inductor
is not important in determining SSHI performance, it is valid to utilize thinner wires for
reducing the height of the inductor which dominates the height of the whole circuit.
According to the circuit efficiency analysis, the voltage-divider and the diodes in
rectifier turned out to be quite lossy in the high voltage range where the performance
of SSHI increases. Consequently, the efficiency of SSHI drops from over 80% @ 30V
to below 30% @ 200V.

In this regard, a novel dual-stage electrode design is proposed to achieve efficient
operation of SSHI. The proposed dual-stage electrode aims to reduce power loss by
removing the lossy voltage divider. Instead of the voltage-divider, a minority of area in
the stator serves as a control stage to provide low-voltage signal for the control block;
whilst a power stage with major area is in charge of power generation. Thanks to this
isolated control stage, the switch action is also immune to voltage drops led by
subsequent converter operation. Consequently, a power enhancing ratio of 4 is achieved,
which is 1.56 times of the power harvested with the voltage-divider SSHI. The
efficiency of SSHI is thus enhanced. Self-powered SSHI is then examined with a dual-
polarity converter to supply the control block, making the system energetically closed.

However, the power enhancing ratio reduces to 1.4 in the self-powered SSHI due to 1)

vi



the low voltage rating (50V) of the dual-polarity DC/DC converter, where the power
enhancing ratio of SSHI is merely 2.8; 2) the low efficiency 50% of the dual-polarity
converter. Dual-stage SSHI is successfully implemented on a fully-integrated electret
EH, instead of test bench, with cold-start and self-powering ability confirmed under
random excitation.

Since the proposed parallel SSHI suffers from the low efficiency of dual-polarity
rectifier and requires high voltage (input voltage>200V) DC/DC converter, which is
difficult to realize efficiently, a novel dual-stage SECE (Synchronous Electric Charge
Extraction) circuit for electret-based energy harvesters is presented. Compared with
SSHI, SECE is free of dual-polarity rectifier, and should harvest more power in a lower
load voltage range. Therefore, a higher overall power enhancing performance is
expected with SECE, especially in the low voltage range at DC load side. The
theoretical performance of SECE on electret EH is derived and then verified by
simulation with LTspice. Circuit design of SECE is then proposed, featuring a novel
switch control scheme adaptive to arbitrary internal capacitance and the external
inductor. Test-bench-based experimental validation is carried out with the control block
externally powered. Consequently, a power enhancing ratio of 2.77 against full-bridge
rectifier is experimentally achieved at a rotating speed of 1 rps. Notably, a power
enhancing ratio of 2 at a low load voltage of 5 V is achieved with current SECE design,
which confirmed that additional DC/DC converter is not required. Based on the
simulation, the end to end efficiency of the proposed SECE circuit reaches 80% at a
DC load voltage of 10V, which is superior to that in SSHI. Meanwhile, the voltage
stress at generator output in SECE is approximately twice of the open circuit voltage in
standard DC case, which is also several times lower than the optimal voltage in SSHI,
making it easier to miniature SECE circuit. Self-powering and cold-start of the
proposed SECE can be achieved by utilizing the charges accumulated in the control
stage. Moreover, simulation result shows that the inductor in SECE could be lower than
100 uH without severely reducing the power enhancing performance, which is also in
favor of the circuit miniaturization. Based on the efficiency analysis, reducing the
forward voltage drop of the freewheel diode, which consumes substantial power in the
freewheeling phase due to the large current amplitude, is crucial to improve the SECE
performance in low load voltage range.

The IC-compatibility of the proposed circuits is investigated. It is found that except

the inductor, components in the proposed nonlinear circuits can be integrated on chip
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by utilizing high-voltage BCD process. The inductor, on the other hand, could be
tailored to be low-profile in our case according to the discussion above. With the aid of
IC technology, the power consumption of the control blocks in nonlinear circuits should
be further reduced. In this regard, tri-stage SSHI circuit is proposed to remove the low-
efficiency dual-polarity converter. Instead, the control block is powered by a third stage
which outputs dual-polarity voltage with limited power. In this way, the converter in
the power stage could be a classic unipolarity converter which exhibits higher
efficiency. For SECE, with reduced power consumption of control block using IC, it
becomes feasible to power the control block by the DC-side storage capacitor of the
control stage, thereby achieving self-powering and cold-start. Therefore, low-profile
nonlinear circuits is achievable for electret energy harvester with the aid of IC
technology.

To summarize, the present study presents the development of nonlinear circuits
(SSHI, SECE) for electret kinetic energy harvester for the first time. Detailed circuit
design of the nonlinear circuits is proposed, simulated, experimentally validated and
analyzed. SSHI is developed for its higher theoretical output power at generator output
over SECE, but it needs high-voltage DC/DC converter which currently suffers from
low efficiency and low voltage rating. In this regard, SECE is developed for its higher
output power at low-voltage DC load side over current SSHI. A novel dual-stage
electrode design is proposed to address the high output voltage of the electret energy
harvester, thereby enabling efficient operation of SSHI and innovative design of control
block in SECE. Consequently, the effectiveness of the proposed dual-stage design is
experimentally confirmed. In regard to battery-less operation of the circuits, self-
powering and cold-start schemes for nonlinear circuits are proposed. The ability of
cold-start and self-powering under random excitation is experimentally confirmed for
the proposed dual-stage SSHI. Circuit analysis based on simulation is carried out to
provide guidance for improving the performance of the proposed nonlinear circuits and
for selecting a proper inductor which usually dominates the height of the circuit. Based
on the efficiency analysis, the lossy components in the proposed circuits are located
and methods to reduce their power consumption are indicated. By analyzing how the
inductance, series resistance and parallel resistance of the inductor influence the power
enhancing performance, it is found that the inductor in both circuits could be scaling
down to be low profile, without severely destroying the power enhancing performance.

It is also found that except the inductor, components in the proposed nonlinear circuits

viii



can be integrated on chip by utilizing high-voltage IC process. Therefore, low-profile
nonlinear circuits, which intend for wearable application, is feasible for electret energy

harvester.
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Introduction

Chapter 1 Introduction

1. 1. Energy Harvesting

1. 1. 1. Internet of Things

In the scenario of the [oT [1] (Figure 1-1), WSNs play a fundamental role for sensing
and communication. A typical WSN (Figure 1-2) contains three parts: a sensor, a
wireless MCU and their power supply. Currently, most WSNs are battery-powered.
However, with the proliferation of sensor nodes, the choice of battery becomes
unfavorable considering its inevitable maintenance and environmental burden. In this
regard, researchers are exploring alternative solutions in place of batteries.

On the other hand, thanks to the rapid development of electronic industry, the power
consumption of the components in a WSN has been reduced substantially (Figure 1-3).
For example, the wireless MCU CC2650 [2] exhibits a standby power dissipation as
low as 1.8 uW. Meanwhile, the sensor in a WSN usually consumes power ranging from
sub-10 uW to tens of milliwatts, according to its specific function. As a result, the
average power consumption of a WSN operating in an intermittent mode can be

restrained in uW level, which alleviates the stress on its power supply.

1. 1. 2. Small-scale Energy Harvesting

Energy harvesting is an emerging technology which exploits ambient ‘waste’ energy
to generate electricity, aiming to provide a local maintenance-free power supply for
WSN in place of battery [3] (Figure 1-4).

The ambient energy includes vibration, light, heat, radiation and so on. The term
‘waste’ means that this unconfined energy will otherwise be wasted if not captured by
the energy harvesting device. Therefore, the energy sources (light, heat, radiation, etc.)
for energy harvesting are usually weak and loose, which is different from those for
macroscale power generation. This is a major feature of energy harvesting which differs
from conventional power generation. The power densities of energy sources for energy

harvesting is given in Table 1-1.
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Table 1-1 Characteristics of various energy sources available in the ambient and

harvested power [4].

Source Source power Harvested power
Ambient light

Indoor 0.1 mW/cm? 10 uW/cm?

Outdoor 100 mW/cm? 10 mW/cm?
Vibration/motion

Human 0.5m @l Hz 1 m/s> @50Hz 4 pW/cm?

Industrial 1 m @5 Hz 10 m/s> @1 kHz 100 pW/cm?
Thermal energy

Human 20 mW/cm? 30 uW/cm?

Industrial 100 mW/cm? 1-10 mW/cm?
RF

Cell phone 0.3 uW/cm? 0.1 pW/cm?

On the other hand, since the energy harvester is intended for replacing small batteries,
it should be miniaturized. In this regard, small-scale (dimensions in cm-scale or less)
energy harvesters attract much attention[5][6]. Small-scale energy harvesters usually
generate up to hundreds of microwatts [4], which exceeds the power consumption of a

WSN in a cyclic mode. But the bottleneck is still the limited output power.

1. 1. 3. Kinetic Energy Harvesters

Kinetic energy harvester is extensively studied as motion is ubiquitous in ambient
environment [7]. Figure 1-5 shows a motion-powered quartz watch: Seiko Kinetic [8],
which is an example of successfully commercialized product based on kinetic energy
harvesting.

The kinetic energy source includes human and machine motion. Human motion is
usually around 1 Hz, featuring multiaxial motion with large amplitude; whilst machine
motion is usually sub-100 Hz linear vibration with limited amplitude. In other words,
the mechanical excitation in energy harvesting scenes is usually weak, intermittent and
low in frequency [9]. As a result, new challenges, which do not exist or stand out in
macro-scale power generation, arise in kinetic energy harvesting field, such as

designing a miniaturized energy harvester with high effectiveness [10], developing new
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mechanisms to achieve broadband energy harvesting [11] and introducing innovative
energy-efficient power conditioning circuits to optimize output power [12].

Three popular transduction principle are studied: electrostatic[13]-[15],
piezoelectric[16]-[ 18] and electromagnetic [19]-[21]. Figure 1-6 shows a comparison
of effectiveness between different types of linear vibration energy harvesters which is
suitable for capture machine motion. It reveals that electrostatic energy harvesters show
higher effectiveness at lower frequency, if compared with piezoelectric or
electromagnetic counterparts.

Recently, rotational kinetic energy harvester is gaining attention for its potential to
harvest energy from human motion. As human motion features large-amplitude multi-
axis movement, rotational structure should be more suitable than linear-motion-driven
ones. In addition, there is no upper limit of displacement for rotational devices, thereby
the power generation limit of VDRG can be overcome [22]. Romero et al. presented an
integrated electromagnetic rotational energy harvester (Figure 1-7a), harvesting 10 pW
from elbow motion at 1.56 m/s walking speed [23]. Xue et al. fabricated a wrist-worn
piezoelectric rotational energy harvester generating 40 uW at 1 rps rotational speed
[24]. Recently, Miyoshi et al. successfully fabricated a wrist-worn low-profile (3.3 mm)
electret (electrostatic) rotational energy harvester which outputs 80 uW at 1.45 m/s
walking speed [25].

1. 2. Electret-based Kinetic energy harvester

Electret is a dielectric material which is capable of storing charges quasi-
permanently[26]. It was firstly introduced by Eguchi in 1920 [27]. Later, Sessler [28]
in Bell Laboratories made a major breakthrough by applying electret into microphone,
known as ECM which is widely used in tape recorders, stereos, telephones, cordless
and cellular phones and hearing aids now [29].

The application of electret in power generation dates back to 1970s, when Jefimenko
reported the first electret generator (152 mm in diameter, Figure 1-8a) [30], later
improved and refined by Tada (90 mm in diameter, Figure 1-8b) [31], [32]. Electret
generator is a special type of electrostatic generator where a pre-charged electret where
a pre-charged electret serves as a quasi-permanent charge source, so it is free of external
circuitry to provide bias voltage or charge. In their generators, the charge on the counter
electrode, induced by the charged electret, changes due to in-plane motion of electret,

resulting in an alternative current in external circuit (Figure 1-9). Their pioneer work
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demonstrated the feasibility of electret generator, but no further application was
followed because electret generator has no distinct advantages upon electromagnetic
ones in macro scale.

In 2003, Boland et al presented a micro-scale electret generator (8 mm in diameter)
based MEMS technology [33]. It obtained 25 pW when rotating at 4170 rpm. In the
meantime, Genda et al explored the possibility of using electret generator in micro-
machined gas turbines[34]. Electret generator gains attention in micro scale because it
is compatible with semiconductor fabrication technology. Their work reveals that it is
necessary to enhance the output power of electret generator. Two major ways to do so
is to develop high-performance (high surface potential and long-term stability) electret
material and to evolve mechanical fabrication method (e.g. gap control, increasing
poles).

As for the high-performance electret, Kashiwagi et al developed nano-cluster-
enhanced high-performance perfluoro-polymer electrets, known as CYTOP EGG™,
exhibiting both high surface charge density and excellent long-term charge stability
(Figure 1-10) [35]. In addition, Hagiwara et al proposed soft-X ray charging (Figure
1-11) in place of conventional corona charging, which enables uniform charging
electret after package [36]. As for the fabrication evolution, progress are made in [14],
[37]-[39] by increasing the number of poles, introducing reliable spring and packaging.

These fundamental progress made electret generator interesting in kinetic energy
harvesting field in that: (1) frequency up-conversion, which is crucial in enhancing the
output power of energy harvester in low-frequency operation [40][41][42], is easily
achievable in electret generators by increasing the number of poles; (2)
electrostatic(electret) generators are compatible with semiconductor fabrication
technology, hence it is possible to integrated electrostatic energy harvester and other
low-power electronics in a WSN together. (3) Compared other types of electrostatic
generator [43][44], electret generator is free of external circuitry for providing bias
voltage or charge, which makes the generator simple and reliable.

As a result, Masaki et al reported a fully-integrated linear-vibration electret energy
harvester (Figure 1-12), harvesting 100 uW under 30Hz, 0.15 g. excitation[45].
Recently, Miyoshi et al reported a wrist-worn rotational electret energy
harvester(Figure 1-7¢) for human motion, harvesting 80 uW at a walking speed of 1.45
m/s [38].
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Besides the aforementioned in-plane overlapping-area-change type of
electrostatic(electret) (Figure 1-13a), there is another type called gap-closing (Figure
1-13b) [46]-[50]. In the overlapping-area-change type, the relative movement between
electret and its counter electrode, due to in-plane motion, directly leads to the variation
of induced charges on the counter electrode and hence an external current. In the gap-
closing type, the change of gap distance, driven by either in-plane or out-of-plane
motion, leads to capacitance change of the air layer, which initiates a charge
redistribution between the electret layer and the air layer, resulting in an external current.
This thesis focuses on the in-plane overlapping-area-change type which has been
demonstrated to be MEMS compatible, low in profile and to harvest more power in
sub-100 Hz frequency range if compared with its electromagnetic contour parts.
Therefore, the electret generator mentioned henceforth refers to in-plane type.

The research object of this research is the rotational electret energy harvester, as an
example of electret energy harvesters [51]. Figure 1-14 schematically depicts the low-
profile rotational electret energy harvester using PCB. PCB technology is employed for
its low parasitic capacitance, low cost and ease of fabrication.

On the rotor substrate, radial interdigital electrodes are formed as the base and the
guard electrodes, on which the electret material is uniformly coated. On the stator
substrate, same numbers of interdigital electrodes are formed for extracting the induced
charges to the external circuit. Note that only electret on the base electrode is charged,
whilst electret on the guard electret is not charged. When the rotor is driven by human
motion, the relative displacement between rotor and stator changes and so do the
induced charges on the collector electrode, resulting in an alternative current through

external load R;.
1. 3. Parasitic capacitance

1. 3. 1. Influence on output power

Parasitic capacitance, which locates parallelly between the generator and load
( Figure 1-15), usually contains the stray capacitance of the generator itself and the
introduced capacitance from subsequent power management circuits and/or
measurement setup.

Despite that parasitic capacitance is usually in pF range for electret energy harvesters,

it restrains the output power of electret energy harvester severely, as illustrated in
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Figure 1-16 [52]. Intuitively, parasitic capacitance shunts the charges generated by the
generator, thereby a portion of the charges cannot be delivered to the load. In electrical
engineering, the power consumed by this parasitic capacitance is defined as reactive
power. Although reactive power does no work, the current associated with reactive
power still must be supplied by the power source. Since electret generators have quite
weak current generation ability (<10 pA), it is sensitive to parasitic capacitance. From
a electromechanical point of view, the parasitic capacitance acts as an electrical spring
which weakens the electromechanical coupling. Therefore, reducing parasitic
capacitance is an effective way to enhance the output power (effectiveness) of electret

energy harvesters.

1. 3. 2. Attempts to tackle with parasitic capacitance

Several attempts have been made to reduce parasitic capacitance by structural design.
Since parasitic capacitance mainly exists between interdigitated electrodes (Figure
1-17), Masaki et al. developed concave electrodes (Figure 1-18a) to increase the creepy
distance between electrodes and hence reduce the parasitic capacitance from 25pF to
17pF. Consequently, the output power (Figure 1-18b) was increased from 40 pW to
100 uW [45]. Chen et al. developed suspended electrodes (Figure 1-19a) to reduce the
equivalent permittivity beneath electrodes and hence reduce parasitic capacitance by
36%, resulting in a 35% increase (Figure 1-19b) in the output power [53].

On the other hand, parasitic capacitance can be compensated by an inductor,
according to the well-known PFC theory. In this regard, Genda et al. proposed passive
LC resonant circuit (Figure 1-20) for electret generator in high-frequency (1 Mrpm)
operation. Simulated results (Figure 1-21) showed 80~90% of the theoretical output
power (without parasitic capacitance) was recovered with this circuit at resonant
frequency [34]. However, this passive approach cannot apply to energy harvesting field
where excitation frequency is low and broadly distributed. Firstly, to adapt the resonant
frequency of LC circuit to a low frequency, the inductor (value and volume) should be
impractically large, as the parasitic capacitance is in pF-range. Secondly, the
performance of passive LC circuit deteriorates sharply at off-resonant frequencies,
which is unfavorable in energy harvesting application where excitation is broadly
distributed in frequency. Therefore, a new design of power management circuit, aiming
to compensate parasitic capacitance, is bound to be developed for electret energy

harvester.
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1. 4. Power management circuits for Kinetic energy harvesters

Power management circuit, or interface circuit, is usually inserted between the
energy harvester and the load. As shown in Figure 1-22, power management circuit
may have two functions: (1) voltage regulation. In electret energy harvester case, it
converts the AC fluctuant high voltage to DC stable low voltage for subsequent
electronics; (2) conjugate impedance matching. Impedance matching is usually
implemented for maximal power transfer, but without conjugate impedance matching,
the maximal power is still constrained by parasitic capacitance. Conjugate impedance
matching employs an inductive component to compensate parasitic capacitance,
thereby booming the maximal achievable power.

The present work focuses on developing a power management circuit which
achieves conjugate impedance matching, also known as nonlinear interface circuit, for
electret energy harvesters. To distinguish it from conventional power management
circuit aiming at voltage regulation, the circuit to be developed here is called interface
circuit in this thesis.

Here a literature review of nonlinear interface circuits for other kinetic energy
harvesters, mainly piezoelectric ones, is presented first, to get an overview of progress
in nonlinear circuit field. Afterwards, a literature review of power management circuits
for electret (electrostatic) is presented, to confirm nonlinear circuits have not been

explored for electret energy harvesters.

1. 4. 1. Nonlinear interface circuits for piezoelectric energy harvesters

As explained in early section, passive compensation is not practical in energy
harvesting field. Therefore, active compensation is explored first in piezoelectric
energy harvesting field. The term ‘active’ means it needs additional active components
such as switch, which requires additional power, for the compensation.

In 2001, Taylor et al. proposed a concept called switched resonant-power conversion
(Figure 1-23) for piezoelectric ocean/river power generator [54], which turns out to be
the first trial of active compensation in energy harvesting field. It employs an intelligent
active switch and an inductor to reverse the voltage across the clamped capacitance
synchronously with the voltage source V., thereby compensating the shunt capacitance
(clamped capacitance in this case). They performed theoretical derivation and
simulation. Later in 2005, Guyomar et al proposed a nonlinear interface circuit (Figure

1-24) called SSHI for piezoelectric energy harvester, with rigorous theory and
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experimental validation [55]. In a narrow sense, the term ‘nonlinear’ refers to a
nonlinear processing achieved by a synchronized switch, which makes the output
voltage of piezoelectric disk nonlinear (Figure 1-25). It is called parallel SSHI where a
switch-inductor branch is parallelly inserted between generator and load. The switching
actions make sure that output voltage and the source current (velocity) always have the
same sign. Consequently, their product, the output power is enhanced by several
hundred percent (Figure 1-26). This method is especially effective for weakly-coupled
piezoelectric energy harvesters since it enhances the electromechanical coupling
(effectiveness) of piezoelectric energy harvester significantly.

Following this concept, numerous researches has been conducted to make SSHI
more practically attractive, efficient and compact. Lallart et al. reported an envelope-
detector-based (free of external displacement sensor) simple low-cost electronic switch
(Figure 1-27) to achieve an autonomous switching in a self-powering manner [56].
Krihely et al. proposed a self-contained SSHI-based rectifier (Figure 1-28) to reduce
components counts and power consumption in switch control circuitry [57].

In integrated circuit community, SSHI is also called bias-flip circuit. Ramadass et al.
reported an efficient bias-flip circuit (Figure 1-29) implemented in a 0.35 um CMOS
process. As a result, 4x power gain was achieved. Recently, Du et al. proposed
synchronized switch harvesting on capacitor (SSHC) (Figure 1-30) to replace inductor
with an array of capacitors, aiming at making bias-flip circuit fully integrated [58].

Besides aforementioned technical progress, principles of SSHI circuit is also
abundantly investigated, including modelling [59][60], performance evaluation
[61][62], switching delay effects [63] and choice of switch in main circuit [64]. These
papers provide generic knowledge for understanding and improving SSHI performance,
which is valuable reference for developing SSHI for electret energy harvester.

In addition to parallel SSHI, other derivative topologies such series-SSHI [65],
DSSH (SSHI with buck converter) [66], SSHI-MR [67], pre-biasing[68] are also
explored, each of which tackles with a particular problem. All of the nonlinear circuits
mentioned above feature in synchronously inverting the voltage across the shunt
capacitance. In addition, in these approaches the generator is directly connected to the
load/storage stage, hence the harvested power is usually load dependent. If the switch
is not placed in the main power transferring path, self-powering is usually easier to

achieve, by using the stored energy in the parallel SSHI. However, in real-world sensor
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node application, the load is usually time-varying (sleep mode, RF transmission, etc.).
Therefore, it is interesting to develop load-independent interface circuits.

In this regard, another group of load-decoupling nonlinear circuits are also
investigated. The load-decoupling is usually realized by using an inductor as an energy
intermediate between the generator and the storage capacitor. Lefeuvre et al. proposed
SECE circuit (Figure 1-31) in 2005 [69]. As shown in Figure 1-31, the synchronized
switch is turned on at displacement extremums of the piezoelectric cantilever,
converting the electrostatic energy stored in the internal capacitor into magnetic energy
in the coil. The switch is then turned off at voltage zero-crossing points. Afterwards,
the magnetic energy in that coil is freewheeled to the load. In this way, the shunting
effect is weakened (Figure 1-32). Theoretically, it achieves 4x power enhancement
regardless of load resistance (Figure 1-33).

Actually, SECE can be viewed as a conventional flyback converter [70] where the
switch is synchronized with the behavior of the generator at input. Therefore, it
simultaneously achieves both voltage regulation and conjugate impedance matching.
Potentially, SECE may have fewer components (inductors) if compared with SSHI,
because SSHI requires additional DC/DC converter.

Later in 2008, Wu et al. proposed SSCDI circuit (Figure 1-34). Compared with
SECE, the topology of SSDCI is a buck converter instead of a flyback converter.
Therefore, the transformer in original SECE is not required. The working principle of
SSDCI is almost the same as SECE. Therefore, the power enhancing ratio of SSDCI
retains 4 in the ideal case. When the losses in the circuit (especially the loss in LC
resonator) are considered, the power enhancing performance is shown in Figure 1-35.
Below a critical load voltage, the performance shows load independence like SECE.
The load dependence in very low load voltage is caused by the circuit loss. Above the
critical voltage, the discharging of the internal capacitor is not sufficient because the
load voltage is high.

Despite the merits mentioned above, the switch control of SECE/SSDCI is more
complex than SSHI [71], especially for turning off the switch at voltage zero-crossing
points. Although discharging of the internal capacitor is naturally cut off by the rectifier,
the switch still needs to be turned off at voltage zero-crossings, to avoid short circuit
during the next charging phase. The difficulty of switching off lies in the detection of
voltage zero-crossing points bidirectionally. Since the voltage shall cross zero in both

directions (positive to negative, or vice versa), a threshold voltage with either polarity

9



Introduction

(say, -5 mV) for zero-crossing detection will lose accuracy for the next detection when
the voltage drops in the other direction (say, negative to positive). A conventional
single-polarity zero-crossing detector usually led to imperfect voltage waveforms
which deteriorates the power enhancing performance, as shown in [72].

In early implementations with discreet components, the switch drive signals are
generated by external sensors[69][73], which is unfavorable for miniature devices. In
2013, Wu et al. proposed optimized synchronous electric charge extraction (OSECE),
which achieves better power enhancing performance than SECE, with simplified switch
control strategy (as simple as that in SSHI), but 3 coupled coils are required in practical
implementation [74]. Recently, Morel et al. developed a dual-mode comparator, which
addressed the switching-off issue by dynamically changing the polarity of the threshold
voltage in the zero-crossing comparator[75]. But this IC-based method is a little bit
complex to realize. For reliability, fixed on-duration switch is also employed [76], but
it is not adaptive to internal capacitance and external inductors, and hence loses
accuracy with device aging.

In addition, self-powering and cold-start of SECE are also not straightforward as
those in parallel SSHI, because the generator and the load is separated by a normally-
off switch. Therefore, an additional generator-to-storage branch (Figure 1-36) is usually
inserted parallelly with SECE main circuit for start-up [77][78]. For SSDCI which
features buck converter topology, at least one floating switch is necessary to make the
load have the same ground with the switch [75][73]. It is difficult to make this switch
energy-efficient when the generator outputs high voltage, like in the electret generator
case. Photo-coupled floating switch is utilized in [73], but it usually consumes mW-
level power. For OSECE, the switch unit is forwardly powered by the generator,
therefore self-powering is achieved without using the energy storage at load end. Self-
powered OSECE is reported in [79].

Most of the SECE-based circuits mentioned above are intended for piezoelectric
energy harvesters outputting low voltage (<10V). Surprisingly, Gasnier et al. developed
Multi-Shot SECE to handle very high voltages (>100V) in piezoelectric energy
harvesters, with a fully autonomous IC circuit and off-chip components [77]. The
discharging phase is spilt into several shots for efficient energy conversion from the
internal capacitor with high voltage to the coil. This pioneer work provides valuable

reference for electret-based energy harvesters which also features high output voltage.
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Recently, Short-Circuit SECE [80] and N-SECE [81]strategy are proposed to
optimize the output power and bandwidth and of highly-coupled piezoelectric energy
harvesters. Although it is interesting to include the electromechanical coupling of the
generator in the discussion of nonlinear circuits [82][83], it is out of the scope of this
thesis. Because the mechanical behavior of rotational electret energy harvester is still
under investigation [84]. The present work mainly focuses on the power enhancing
prospective under fixed displacement/rotational speed condition.

Generally, both SECE and SSHI features in synchronized switch. But the function
of the inductor in each case is different. In SSHI, the inductor serves just for inverting
the charges across the shunt capacitor, without holding the main power generated by
energy harvester. In SECE, however, the inductor acts as an energy intermediate; it
converts the electrostatic energy stored in shunt capacitor into electromagnetic energy
and stores the energy before releasing to load. Thanks to this decoupling inductor, the
performance of SECE is load independent. Meanwhile, SSHI exhibits higher power
enhancing ability in a load dependent manner. From a perspective of electrical
engineering, SSHI is an active power factor correction approach; whilst SECE is a
synchronous flyback/buck converter. Both of them enhance the electromechanical
coupling of the energy harvester by weakening shunt effect of the internal capacitance,
thereby achieving significant output power increase for weakly-coupled energy
harvesters. Technically, they differ in the switch control scheme and self-powering
strategies. More detailed comparison between these interface circuits is carried out in
[71][85][86](Figure 1-37). To summarize, both SSHI and SECE are valuable

candidates for enhancing the power output of electret-based energy harvesters.

1. 4. 2. Power management circuits for electret/electrostatic energy harvesters

So far, circuit design for electret-based EHs has not been explored as much as that
for piezoelectric ones. In early applications, full-bridge rectifier was employed for its
simplicity and reliability[45]. Later, High-efficiency (85%) ASIC buck converters with
high input voltage (60V) were developed in [87][88], with MPPT algorithm to achieve
maximal power transfer. But the switch inside their buck converter are not
synchronized with generator motion, therefore their circuits do not serve the purpose of
conjugate impedance matching for enhancing output power (Figure 1-38 ).

In gap-closing electrostatic generators, the converter circuit needs to extract the

charges stored in the internal capacitor at voltage maximums to the inductor. In this
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sense, the converter in gap-closing electrostatic energy harvesters behaves like SECE.
Therefore, the knowledge earned in this aspect should provide value reference for
developing SECE for electret generator, because both types of generator feature low
internal capacitance and high output voltage. In 2006, Stark et al. shed insights on
circuit design, semiconductor device selection and analysis of parasitics for micro
power gap-closing electrostatic energy harvester [89]. In their case, the generator
generates pulses of 250V on a 10-pF capacitor. The circuit needs to convet this energy
to a low voltage. They found that the effects of leakage and parasitic stored charges are
important. Recently, Perez et al. developed SECE circuit for a electret-based gap-
closing energy harvester [90][76], reporting a 50% conversion efficiency.

In a broader sense, triboelectric energy harvesters are also based on electrostatic
induction. Therefore, the circuit design for triboelectric generators is also reviewed here.
Park et al. developed dual-input buck converter with 70V voltage toleration and 70%
end-to-end efficiency[91][92]. Figure 1-39 shows a comparison of high voltage ASICs
intended for electrostatic/triboelectric energy harvesters. It reveals that even though
electret/electrostatic/triboelectric generators exhibit high voltages, it might still be
compatible with IC by utilizing high voltage process. With discrete components, Zhang
et al. reported a buck converter which handles 450V peak voltage of the triboelectric
generator [93]. This high-voltage toleration is achieved by using a mechanical switch,
instead of electronic switch, in the buck converter. Moreover, the turning-on of this
switch is achieved by point discharge instead of contact. As a result, the efficiency is
around 30% for this energy transfer.

Nonlinear circuits for triboelectric generators are reported lately. In 2019, Li et al.
proposed a SSHI rectifier for triboelectric gap-closing energy harvester[94], reporting
a 242.86% power increase over full-bridge rectifier. In 2019, Cao et al. proposed a
SECE-like circuit for in-plane triboelectric energy harvester [95]. In 2019, Xu et al.
proposed SSHI-based circuits for in-plane triboelectric generators[96]. These papers
proved that nonlinear circuit could be applicable on triboelectric generators
experimentally, but their circuit design is not close to practical application in terms of
in-situ switch control and self-powering issues.

To summarize, synchronized-switch-based nonlinear circuits are still not explored
for electret-based in-plane energy harvesters. Experiences in the circuit design of other

electrostatic/triboelectric energy harvesters have provided important knowledge in
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dealing with low current, low internal capacitance and high output voltage, but there is

still much room to further explore new understandings about it.
1. 5. Objective

1. 5. 1. Objective and approaches

The present study attempts to develop nonlinear circuits for electret-based energy
harvester, aiming at enhancing its output power. The objective of the present study is
to present new approaches to optimize energy conversion from kinetic energy (human
motion) using rotational electret energy harvester and to describe the most important
parameters in circuit design. Circuit analysis of the proposed circuits is to be carried
out to provide guidance for improving the performance

In addition, the present study also aims to develop a low-profile circuit which is
favor of wearable applications. Since the rotational electret energy harvester [38] is
only 3.3 mm thick, the height of the proposed circuit should not be higher. Usually, the
inductor employed in the circuit such as SSHI dominates the height, and relatively-
large inductance is necessary for high power enhancement. Therefore, there will be a
trade-off between the size of inductor and the power enhancement of the proposed
circuit. Therefore, circuit analysis is also to be conducted to optimize the volume of the
selected inductor. Moreover, the compatibility of the proposed circuits to IC technology
is also to be investigated in the present study, aiming at minimizing the area of the
proposed circuit.

The approaches employed in the present study include mathematical modelling,
SPICE-based circuit simulation, MEMS fabrication and experimental validation with

discrete components.

1. 5. 2. Outline

Contents in this thesis are arranged as follows:

In Chapter 1, previous studies on electret-based in-plane energy harvesting and
nonlinear circuits have been reviewed, respectively. It reveals that there has been no
existing study focusing on nonlinear circuits for electret-based in-plane energy
harvester. The objective of this thesis has been presented.

In Chapter 2, a generator model is proposed based on the 1-dimentional model of
electret-based in-plane energy harvester. It reveals that electret energy harvester

behaves similar to the piezoelectric energy harvester, which confirms the applicability
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of nonlinear power management circuits on electret-based energy harvester. A circuit-
model-based comparison between electret and piezoelectric EHs is presented to
identify challenges of implementing nonlinear circuits on electret EH.

In Chapter 3, development of SSHI for rotational electret energy harvester is
presented. Firstly, the theoretical performance of SSHI on electret EH is derived and
then verified by simulation with LTspice. Circuit design of parallel SSHI is then
proposed using a resistive voltage divider as low-voltage signal generator. Based on
this voltage-divider SSHI design, experimental validation based on a test bench of
electret-based energy harvester is carried out using discrete components. In this case,
the control block is powered by external supply. Since the simulated results are in
accordance with experimental results, SSHI performance evaluation, in terms of
voltage inversion ratio and circuit efficiency, is carried out based on simulation. As a
result, the voltage-divider and diodes in rectifier turned out to be quite lossy at high
voltage range where better SSHI performance locates.

In Chapter 4, a novel dual-stage electrode design is proposed to achieve efficient
SSHI. The proposed dual-stage electrode aims to reduce power loss by replacing the
lossy voltage divider. Experimental validation of dual-stage SSHI is carried out. Self-
powered SSHI is then examined with a dual-polarity converter to make the system
energetically closed. However, the power enhancing ratio reduces to 1.4 in self-
powered SSHI, due to the low voltage rating and low efficiency of this converter. In
addition, implementation of dual-stage SSHI on a fully-integrated electret EH, instead
of test bench, is presented. It confirms the cold-start and self-powering ability of the
proposed dual-stage SSHI circuit under random excitation.

In Chapter 5, development of dual-stage SECE for rotational electret energy
harvester is presented. Compared with SSHI, SECE is free of dual-polarity rectifier and
harvests more power in a lower load-voltage range. Therefore, a higher overall power
enhancing performance is expected with SECE. Firstly, the theoretical performance of
SECE on electret EH is derived and then verified by simulation with LTspice. Circuit
design of SECE is then proposed featuring a switch control scheme which is adaptive
to arbitrary internal capacitance and external inductor. Test-bench-based experimental
validation is carried out with control block externally powered. In addition, a
performance evaluation of SECE based on simulation is carried out.

In Chapter 6, a PCB-based compact circuit design of dual-stage SECE is presented.
The IC compatibility of the proposed SSHI/SECE circuits are investigated. In addition,
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an IC-friendly self-powered SSHI with tri-stage design is proposed. These preliminary
investigations indicate the direction of future work towards low-profile IC-friendly
nonlinear circuits.

The conclusions are given in Chapter 7.
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Figure 1-12 A fully-integrated linear-vibration electret energy harvester [45].
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Figure 1-24 Parallel SSHI for piezoelectric energy harvester [55].
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Chapter 2 Generator model

2. 1. Introduction

To verify the applicability of SSHI, a generator model of electret-based energy
harvester ought to be built. This model, which links the mechanical domain (force,
displacement) and the electrical domain (voltage, current), has not been clearly
classified so far. Numerous researches have been focused on reliable prediction of
output power, including modeling of parasitic capacitance and/or fringe effects [33],
[100], [101]. Minor attention was drawn on the electromechanical model which is
important in dynamic analysis [84], electromechanical-coupled optimal design[102]
and synchronized circuit design in the present study. Specifically, this model consists
of two parts: (1) a circuit model which links the output current to the mechanical
displacement; (2) a dynamic model which defines the electrical restoring force applied
back to the mechanical structure due to power generation.

For the circuit model, Bartsch et al. proposed a square-wave voltage source in series
with an internal resistor (Figure 2-1), which served their aim of output power prediction
[52]. However, this model loses accuracy to predict the phase difference between
source current igs and output voltage V(z), because actually the internal resistor in this
model should be an internal capacitor.

As for the electrical restoring force, Miki et al. carried out numerical simulation and
proved that electrical restoring force is strongly dependent on the nonlinearity of
external circuit [103]. Crovetto et al. pointed out the electrical restoring force is more
related to the output voltage [ 104]. Murotani et al. derived a rigorous electromechanical
model in which an analytical form of electrical restoring force is presented, and
introduced time-delay model to address the phase lag between output voltage and
velocity of the mass [105]. But the conversion from equivalent circuit model to
linearized circuit model is obscure. The time-delay model does not fully disclose the
physics which caused the phase lag between output voltage and velocity.

In this paper, an analytical generator model for electret in-plane energy harvester is
presented. In this model, a circuit model which is compatible with spice simulation will
be presented, and an analytical expression of electrical restoring force is given. In
addition, physical meaning of each term will be clearly classified to reach a

comprehensive understanding on electromechanical behaviors of electret in-plane EH.
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2. 2. Electromechanical transduction

The generator model of piezoelectric energy harvester is introduced first before
looking into that of electret ones. Figure 2-2 shows the equivalent model of
piezoelectric vibration energy harvester [55]. The piezoelectric equations describe its
electromechanical transduction as

Fpr = Kppu+ apgV
{ PE PE PE (2-1)

I = apu— CPEV

It links mechanical parameters (displacement u, restoring force Fr) with electrical
ones (output current /, output voltage V). Kpg is the short-circuit stiffness of the
piezoelectric disk, Cpg is the clamped capacitance and apg is the force factor [55]. It
reveals that the restoring force Fpgis the sum of a mechanical elastic force from the
piezoelectric material and an electrical force Fepr=apgV proportional to output voltage.
On the other hand, as a generator, piezoelectric EH can be modelled as a current source
Ispr = apl in parallel with its shunt capacitance.

However, the electromechanical transduction equations of electret in-plane EH has
not been clearly addressed. Figure 2-3 shows the model of electret-based in-plane EH
assuming a one-dimensional electrostatic field [97].

The guard electrode and the base electrode are formed on movable structure; whilst
the collector electrode and the ground electrode are formed on fixed structure to collect
induced charges. Electret material is evenly coated on guard and ground electrodes, but
only the electret on the base electrode is charged. The load resistor R is connected
between collector electrode and ground electrode. The ground electrode, base electrode,
and guard electrode are grounded. The parasitic capacitance C,, which located between
interdigital collector and ground electrodes, is assumed to be constant with time. x;
represents the relative displacement of the collector electrode with respect to the
charged electret film. The horizontal gap between electrodes are neglected, hence x; +
x, = w, where w is the width of electrode.

Applying Gauss’s law at the electret surface, we get

{£1E1 —&§E; = o, (2-2)

£1E3—£ZE4 =0

where £, E3 are the electric fields in the air gap (permittivity: &; ); E>, E4 are the electret

&V .
25 s the surface

fields in the electret film (permittivity: &, ), respectively. o, =
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charge density, where Vs is the surface potential and d is the thickness of electret film.
Using Kirchhoff’s law, we obtain:

where V is the output voltage across load and g is the height of air gap. The output
current / is given by the conservation of charges:
0(0‘1le + O'szL) av

I=- = ~Cpay (2-4)

where L is the inward length of the electrode, 0, = —&,F; and 0, = —&,E5 are the

surface charge densities on the collector electrode. Combining (2-2)- (2-4) yields

C V 0x1 0V
—(C. - 2-5
S (C; +Cp) (2-5)

I=
at

EwL . . . .
where C; = . i =— is the internal capacitance between collector electrode and its counter

€1
axq . . :
electrode, % is the relative velocity between rotor and stator.

The terms on the RHS of Eq. (2-5) can be viewed as, 1) the induced current

CiVs 6x1
at’

I = which corresponds to the change of induced charges on the collector
electrode, and 2) the charging current of the internal capacitor C; and the parasitic
capacitance C,. Therefore, a circuit model is derived as Figure 2-4. Since C; is usually
smaller than C,, electret-based EHs are susceptible to €}, and the matched impedance
is determined in C, = C; + C,. Previous studies often failed to recognize the internal
capacitance C; which leads to additional phase lag between velocity and output voltage
besides parasitic capacitance.

On the other hand, to calculate the electrical restoring force F., the energy
conservation law is considered. For a given period of time, the change of electrical
energy E,;.. should be equal to the work done by electrical restoring force F, in lateral

direction since the structure is fixed vertically, namely

Eelec = Fex (2'6)

where E,j,. is the sum of internal electrostatic energy E;, and the external energy

E,x which is consumed by C,, and R:

6
1
Elec = = ZE CiVa + j dt + ZC V2 (2-7)
k:
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where Ci and Vi are the capacitances and voltages across the dielectric layers
corresponding to electric field E; to Es, respectively. By applying gauss’s in each layer,

Ein can be rewritten as

6
1 1 1£,9

Ein=Z§Cikvi =§Civz+§£1_dci Vi (2-8)
k=1

Combining (2-5)- (2-8) and considering I = V /R yields

— CiVs 174

F, W

(2-9)

Eq. (2-9) reveals that the electrical restoring force F. is proportional to the output
voltage V. Due to the phase lag led by C; and C,, in-plane electret EH cannot be viewed
as velocity-damped resonant generator (VDRG) in which F, is proportional to velocity
X.

Finally, combining (2-5) and (2-9) yields the electromechanical transduction
equations for in-plane electret EH:

{Fe =a,V (2-10)

I=au—-CV

Here the force factor of electret-based in-plane energy harvester is defined as
_CGVy  n&lVy

w 2
d+ £ g

a, (2-11)

The shunt capacitance C, in electret EH is the sum of internal capacitance C; and
parasitic capacitance Cp:

C.=Ci+C, (2-12)

Comparing Eq. (2-1) with Eq. (2-10), it is found that electret-based in-plane EH
behaves like piezoelectric EH, except that 1) electret-based in-plane has no intrinsic
stiffness like Kpgin piezoelectric EH; 2) the force factor of electret-based EH is tunable
(by n, Vs and g ) for a given dimension and material (L, &,, &; and d fixed), whilst the
force factor of piezoelectric EH is a quantity of material type if the dimension is fixed.

Table 2-1 shows a comparison between electret and piezoelectric EHs. Electret EH
is much more susceptible to parasitic capacitance due to its low internal capacitance
which results from relatively large vertical air gap (100 um). On the other hand, the

low shunt capacitance C. leads to high output voltage in spite of low source current.
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Table 2-1 Comparison between electret and piezoelectric EH based on circuit model

Electret EH Piezoelectric EH [81]

V(mm?) ®40%1.2 10*5*0.5

Is (LA) 7.9@1 Hz >100@100Hz

Ci (pF) 41 1400

Cy, (pF) 128 Neglected

Ce (pF) 169 1400

Voe (V) 107 <10@0.3 m-s?
P, (LW) ~200 7.2

For weakly-coupled electret EHs, increasing /; and reducing C, are two fundamental
ways to enhance the output power of electret EH. Note that both methods will inevitably

increase output voltage, which draws challenge for subsequent voltage converter design.

2. 3. Electromechanical model of linear vibration generator

Figure 2-5 shows an equivalent model of electret-based in-plane linear vibrational
energy harvester. F is the excitation force applied on a mass M mounted on moveable
part, D, is the mechanical damping coefficient and K. is the system stiffness. The
dynamic equation is

F=Mi+D,u+Kgu+a,V (2-13)

Similar to that in piezoelectric EH, the squared electromechanical coupling
coefficient k2 of electret EH can be defined as
az

K=
¢ KgC,+ a?

(2-14)
This coefficient is crucial to evaluate a kinetic energy harvester because it defines
the effectiveness of the generator. In other words, it defines the percentage of energy
from the motion into work done against the electrostatic force.
In piezoelectric energy harvester (Figure 2-2), the dynamic equation gives

Both the coupling coefficient of piezoelectric disk k.’ and the global coupling
coefficient of the EH k,” are defined as
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2
K2 =P (2-16)
™ KpgCpp + a3

2

a
k2 = L 2-17
P (Kpp +K{)Cp + a? (2-17)

E

where Kpp = % = ;%zap is the short-circuit stiffness of piezoelectric disk, Kis the

€334

structure stiffness, a, = is the force factor. £55 is piezoelectric coefficient and c%;

is the short-circuit elastic rigidity [55].

Based on a generic model of electret and piezoelectric EHs shown in Figure 2-6, a
comparison of the electromechanical coefficient is presented in Table 2-3. A highly
coupled piezoelectric generator composed of two single crystal PZT-PT plates is
chosen for a fair comparison [81]. On the other hand, a compact electret generator with
reduced parasitic capacitance and a low-elastic-coefficient external spring is chosen for
its potential high coupling[45]. The parameters are listed in Table 2-2.

As shown in Table 2-3, the force factor of electret EH is much smaller than
piezoelectric ones because the limited charge stored in electret and the relatively large
air gap. Consequently, the induced current of electret EH is usually lower than
piezoelectric ones. However, thanks to the much lower shunt capacitance and the
absence of material stiffness Kpz, the electret EH shows superior effectiveness over the
selected highly coupled piezoelectric EH.

Figure 2-7, Figure 2-8 and Figure 2-9 show the influence of surface potential,
parasitic capacitance and overall stiffness on electromechanical coupling coefficient,
respectively. It reveals that system stiffness, which can be tuned by designing an
external spring, draws a strongest impact on coupling. In the meantime, reducing
parasitic capacitance is an effective way to achieve higher coupling. The coupling
improvement led by solely increasing surface potential saturates in a region where

system stiffness plays a more important role.
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Table 2-2 Parameters in an electret-based in-plane linear vibration EH [45].

Parameters Definition Value (typical)
e Permittivity of electret 2.1¢g,
L Length of electrode 20 mm
Vs Surface potential 0~1000V (700V)
d Thickness of electret 15um
g Vertical gap 70um
K System stiffness 0~100N/m (30N/m)!
Cin Internal capacitance 5-8pF (6pF)
Cp Parasitic capacitance 17-25pF (25pF)
n Electrode pairs ~22

! estimated from [106].

Table 2-3 Comparison of -electromechanical coupling between electret and

piezoelectric EHs.

Parameters Piezoelectric EH[81] Electret EH[45]

a (mN/V) 90 0.035

C. (pF) 1400 25

Kpr(N/m) 7350 0

kn (<) 0.8 1

Ks(N/m) 7.36x10° 30

Puw) 7.2 @97.5 Hz, 0.3m"s 100@30 Hz, 1.47 m's?
M(g) 19.6 <3.7

K (-) 0.44 0.57

40



Generator model

2. 4. Circuit model validation

As the main purpose of the present work is to develop nonlinear circuit to electret

EH, the circuit model is validated as follows.

2. 4. 1. Fabrication process

The rotor and stator are fabricated based on MEMS technology. In the rotor part
(Figure 2-10), a 360-nm-thick Cr/Au/Cr layer is first coated on Tempax (glass) wafer.
Tempax wafer is chosen for its good transparency and resistance to thermal deformation.
Afterwards, 109 poles are patterned by photolithography. The horizontal distance
between electrodes at the innermost edge is chosen as 50 pm [37]. Afterwards, 17-um-
thick electret material CYTOP EGG [35] is spun-on the patterned electrodes. Only the
CYTOP film above the base electrode is charged with soft X-ray [36].Figure 2-12
shows a magnified view of the rotor. In the stator part (Figure 2-11), the same number

of poles are formed without electret coated.

2. 4. 2. Experimental setup

The difficulty in validating the theoretical analyses mainly lies in the accurate
inspection of the vertical gap between rotor and stator. In this regard, a test bench as
Figure 2-13 is developed to accurately control the vertical gap distance. At first, the
rotor is attached to a rotational stage (DDR100/M, Thorlabs) by thermal glue. The
rotational stage is driven to rotate at 1rps by PC. On the other hand, the stator is attached
onto a metal frame via a vacuum absorber. The metal frame is connected a 5-axis stage
which enables adjusting the position and inclination of the stator. This allows alignment
of center and parallelism between rotor and stator using a laser displacement meter (LT-
9500, Keyence). A stepping motor (DS102, Suruga Seiki) is employed to adjust the gap
distance accurately.

In the measuring part, An I/V converter (CA5350, NF) is placed in series with load
resistor to measure the generator output current in sub-10pnA range. Then the output
power for a give load is calculated. The validation of circuit model is carried out in
standard AC case. In this case, the rotational EH is connected to a resistive load.

Figure 2-14 shows the simulation setup in LTspice. Based on the circuit model in
Figure 2-4, assuming x;=0 at /=0 (Figure 2-3),the source current /; of a rotational

electret EH rotating at f; rps is a square wave as
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1
26,V.nf, te [kT, (k + E) T)
I = k=0,1,2..

_2C,V.nf, te [(k + %) T, (k + 1)T>

where C; = %. The generator parameters are listed in Table 2-4.
£

2. 4. 3. Results

Figure 2-15 and Figure 2-16 show a comparison of output voltage and output power
between simulation and experiment, respectively. In terms of output power, the
experimental results are in accordance with simulation. In figure 12(a), the output
voltage in experiment (red dots) is not as nonlinear as that in simulation. This is because
the fringe electric field and horizontal gap between electrodes are not considered in

simulation.

2. 5. Summary

The contents of this chapter are summarized as follows:

(1) An analytical generator model, including a circuit model and a dynamic model,
is proposed for the first time. It reveals that electret in-plane EH behaves like
piezoelectric ones. Namely, electret EH can be modelled as a current source in parallel
with its internal capacitance and parasitic capacitance, which confirms the applicability

of nonlinear circuits (SSHI/SECE). According to the dynamic model, the electrical

Table 2-4 Parameters in electret-based rotational EH

fr Rotational frequency 1 Hz

n Number of electrode pairs 109

A Maximum overlapping area 5 cm?

Vs Surface potential of electret 886 'V

2 Permittivity of electret 2.1¢g;

€l Permittivity of air 8.85x10"12F/m
d Thickness of electret 17 pm

g Air gap 100 pym

Gy Measured parasitic capacitance 128 pF

Ci Calculated internal capacitance 41 pF
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restoring force is proportional to the output voltage, which agrees with previous
experimental studies. The scale factor between the electrical restoring force and the
output voltage, known as the force factor in piezoelectric transducers, is hence defined
for electret energy harvester for the first time.

(2) An electromechanical model of in-plane electret linear vibration energy harvester
is derived. Thanks to the absence of intrinsic stiffness, electret energy harvester
presented stronger electromechanical coupling based on the case study.

(3) Based on the circuit model, electret EH is susceptible to parasitic capacitance
due to its low internal capacitance (<50 pF). On the other hand, despite that electret
generator generates much lower current (< 10 pA), the output voltage is still much
higher (10s~100s V) than that of piezoelectric ones, owing to its much lower shunt
capacitance (<200 pF). Therefore, electret energy harvester is sensitive to leakage
current and introduced capacitance which may led by the nonlinear circuit.

(4) In addition, the circuit model is experimentally validated using a test bench of

rotational energy harvester.
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Figure 2-1 Equivalent circuit representation of electret generator with square voltage

and internal resistor R; [52].
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Figure 2-2 Equivalent model of piezoelectric vibration energy harvester [55].
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Figure 2-4 Circuit model of electret-based in-plane EH.
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Figure 2-6 Generic model of electret and piezoelectric energy harvester.

1.0 T T T 1
0.8F .
0.6F

a )

2
0.4F
0.2F Ks=30 N/m
Cp=25 pF

0.0

Vi (V)

"0 200 400 600 800 1000

Figure 2-7 Generator coupling coefficient k.” as a function of surface potential V.
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Figure 2-9 Generator coupling coefficient k.° as a function of overall stiffness K.
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Figure 2-10 Rotor fabrication using Tempax wafer.
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Figure 2-11 Stator fabrication using Tempax wafer.
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Figure 2-12 Magnified view of rotor.
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Figure 2-13 Test bench of electret-based in-plane EH.

Figure 2-14 Simulation setup in LTspice (standard AC)
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Figure 2-15 Simulated and measured output voltages of electret EH.
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Figure 2-16 Simulated and measured output power of electret EH.
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Chapter 3 Synchronized Switch Harvesting on Inductor

3. 1. Output power of rotational electret EH with SSHI

3. 1. 1. Standard DC

Figure 3-1 shows the standard DC case where rotational electret EH is connected to
a full-bridge rectifier. At steady state, the DC voltage across storage capacitor Csis Viec.
The generator output voltage V, is shown as Viandara in Figure 3-4. The charge

conservation law in half a period gives

1.T V...T
sz = 2C,V, e +% (3-1)

Therefore, the output power is

2
rec

Po = T = IsVrec - 4'CefsV$ec (3'2)

where Iy = 2Q,f; = 2C;V;nf, based on Eq. (2-18), Q. is defined as inducible charge in

a rotational electret EH. The optimal voltage and maximal power are given as

c,V
Vopt = 4_lC: (3-3)
C*V2nf
Pmax = % (3'4‘)
e

Based on Eq.(3-3), it is found that ¥, is independent of rotational frequency. On

the other hand, if there is no parasitic capacitance, then C.=C;, thereby the optimal
voltage Vypr = il/;. Since the surface potential Vs is usually in 0.3~2 kV range,

stepping down the high output voltage is a fundamental challenge in terms of circuit

design for electret EH.

3. 1. 2. Parallel SSHI

Figure 3-2 shows a parallel SSHI interface circuit where a L-S branch is inserted
parallelly between generator and full-bridge rectifier. The switch is turned on at zero-
crossings of the source current to initiate a L-C. oscillating process. This process is then
stopped after half-period of the LC resonator, resulting in a voltage inversion across Ce.

Usually the period of LC resonator is set to be much smaller than that of the current

source (T, = — , hence the voltage inversion is completed instantly, as Vi shown in
S nfS g p y
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Figure 3-4. Due to the resistance in the LC loop, the amplitude of voltage -V, after

inversion cannot be equal to V... Here we define an inversion ratio as

Vinv
= (3-5)
Viec
where
__r
y=e 20Q; (3-6)

r

is determined by the quality factor of the LC loop Q; = 2 \/Cz [55]. Based on this

equation, Q; for electret generators should be higher than that in piezoelectric ones for
a given inductor (inductance L and series resistance r defined), because the shunt
capacitance C, is usually much lower in electret generators.

As shown in Figure 3-4, it is clear that the switch actions make sure that /; and V,
always have the same sign in SSHI case, indicating more power extracted from
mechanical structure than that in standard case. On the other hand, the load voltage V..
in SSHI case exceeds that in standard case, indicating more power harvested on load.

The charge conservation law during half a period gives

1.T Voo
ST = Ce(l - Y)Vrec + % (3'7)

Therefore, the output power in parallel SSHI case is

VZ
Po = ;;C = IsVrec - 2(1 - Y)CofsVEec (3'8)

The optimal voltage and maximal power are given as
Ci Vs
Vopt = 55— 3-9
Opt 2 (1 _ y) Ce ( )
Civinf,

= isHr 1
Fmax =20 -7)C, (310)

By comparing Eq. (3-2) and Eq. (3-8), it is found that the effect of parallel SSHI is

(1-y)
2

to equivalently reduce the shunt capacitance from C,. to C., thereby leading to
power enhancing ratio of ﬁ—y, theoretically. Note that the optimal voltage of parallel

SSHI is also ﬁ—y higher than that of standard DC case.
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3. 1. 3. Series SSHI

Figure 3-3 shows a series SSHI interface circuit where a L-S branch is inserted
between generator and full-bridge rectifier in series. Series SSHI is considered because
it has the same optimal impedance as that in the standard case, which is much lower
than that in parallel SSHI case [65]. In other words, the optimal voltage in series SSHI
should be lower than that in parallel SSHI case, which is favorable for subsequent
voltage stepping down. Similar to parallel SSHI, the switch S is controlled to flip the
voltage across the shunt capacitance C, at zero-crossings of the current source. The

charge conservation law during half a period gives

1.T Voo
ST = Ce(l - Y)Vrec + ;‘;;

(xx) (3-11)

Therefore, the output power in series SSHI case is

1+y 9
Po = ?y (IsVrec - 4'COfsVrec) (3'12)

The optimal voltage and maximal power are given as
_ CiVs

Vopt - 4'—Ce (3'13)

p G+ VCEVEnf;
T 41 -p)C

By comparing Eq.(3-3) and Eq.(3-13), it is found that the optimal voltage at DC side

(3-14)

is the same as that in standard case. The output power is enhanced by a ratio of g by

comparing Eq. (3-4) and Eq. (3-14).

Figure 3-5 shows a comparison of theoretical performance between series SSHI and
parallel SSHI. In series SSHI case, the generator output voltage V, is very high
especially for low rectified voltage V.., which leads to very high voltage stress on the
switch S during cold-start where V.. increases from 0. Moreover, it needs additional
circuitry for cold-start as the switch S is in series with full-bridge rectifier. In view of

these practical issues, parallel SSHI is chosen for the first attempt.

3. 1. 4. Ideal SSHI
To verify the theoretical analysis in standard and parallel SSHI cases, numerical
simulation is carried out using LTspice. Figure 3-6 shows the simulation setup of ideal

SSHI using LTspice. The term ‘ideal’ means that the action of switch S is perfectly
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Table 3-1 Parameters in ideal SSHI simulation setup.

Parameters Definition Value
I Generator source current 7.9 nA
Ce Generator shunt capacitance 169 pF
L Inductance 5.6 mH
r Series resistance of the inductor 1.37 kQ
Cs Storage capacitance 0.1 uF

synchronized with the current source /.. This is achieved by the voltage-controlled
switch S provided by LTspice and its supervisor V,, which is set to be synchronized
with /. The parameters in the circuit is shown in Table 3-1. The generator parameters
are calculated based on Table 2-4. Note that the series resistance 7 of the inductor L is
tuned to achieve a realistic inversion ratio y=0.7. In the standard DC case, the S, V;, and
L are excluded.

Figure 3-7 shows the simulated and calculated results of output power as a function
of rectified voltage V.., which verifies the equations derived in the theoretical analysis.
Consequently, a power enhancing ratio of 6.7 is obtained at V,..=350 V, with an output
power of 1.2 mW. Despite the attractive power enhancing performance, the high Ve
required for optimal performance draws significant challenges for practical circuit

design.

3. 2. Circuit design

The challenges of circuit implementation are resulted from the features of electret
EH: 1) low source current makes the generator sensitive to leakage current; 2) low
internal capacitance make the generator susceptible to parasitic capacitance introduced
by nonlinear circuit. In view of these two features, electric components for small signal
application should be chosen. 3) High output voltage makes it challenging for the
control block which requires low input voltage and low DC voltage (<5V) supply.

Figure 3-8 shows a block diagram of SSHI circuit design for electret EHs. The main
circuit, which consists of the switch unit and the dual-polarity rectifier, operates at high

voltage (50~240 V) for transferring power from generator to load. On the other hand,
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the peak detector serves as a control block to trigger and drive the switch for SSHI
operation. Here a voltage divider is employed to convert the output voltage to a low
one as the input to the peak detector. The peak detector is powered by the low-voltage
DC output of the rectifier, thereby achieving an energetically closed system. Figure 3-9
shows a detailed circuit design of voltage-divider-based SSHI. It is explained in detail

as follows.

3. 2. 1. Switch unit

Figure 3-10 shows the switch configurations of the L-S branch utilized in
piezoelectric SSHI.

In the N-P configuration (Figure 3-10b), a pair of paralleled MOSFETs (M,: N-
channel MOSFET; M,: P-channel MOSFET) switches are employed [57][107]. Since
electret EH is modeled as current source in parallel with capacitance, the zero-crossing
points of source current correspond to the extremes of the output voltage Vyax. When
the output voltage reaches its positive maximum, namely V,=+Vax, Mn is turned on
(by Vi>Vimn, Vi 1s the threshold voltage of M,) to enable a charge flipping of C. via L-
Dy-M,. This process is stopped by D, when the loop current tends to reverse, which
indicates the completion of voltage inversion. Similarly, when Vo=-Vax, M, is turned
on (by V,<-Vinp, Vinp 1s the amplitude of M, threshold voltage) and a charge flipping of
C. is initiated via L-D,-M,. The latter is stopped by D,. Note that the pulse generated
for V, and V, has to be dual-polarity with respect to ground.

In the N-N configuration (Figure 3-10c), a pair of N-channel MOSFETSs (M,.;, M,>)
switches are employed [60] [108]. The source of M,; is connected to ground and the
source of M, is connected to the output voltage, respectively. The working principle is
similar to N-P configuration.

The N-N configuration is popular in piezoelectric application because 1) NMOS has
lower on-resistance and volume; 2) N-N configuration doesn’t require dual-polarity
pulse for V,; and V... However, it is unfavorable if the generator output voltage is high,
like that in the electret EH case. The reason is explained as follows. To turn on M,
without breaking it, -ViatVes ma>Vn2>-VimaxtVin2 should be held. Vs mar is the
maximal gate-to-source voltage and V2 is the turn-on threshold voltage. When Vix
is large, a level-shifter is necessary to convert low-voltage pulse signal to high-voltage

switch drive signal 7,2 [108].
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Howeyver, in the case of electret EH, an over-100V level-shifter is hard to realize in
an efficient way considering an overall power budget of uW level. On the other hand,
a local electronic breaker at high side could be another option[60]. However, the
discharge of the capacitor in the envelop detector is tricky, because a proper gate
resistor for discharging will introduce a significant leakage current to the generator.
Moreover, the local electronic breakers introduce much parasitic capacitance to the
generator.

Therefore, the N-P configuration is chosen for electret EH despite a dual-polarity

pulse is required.

3. 2. 2. Peak detector

As illustrated above, a peak detector to detect the extremes of the generator voltage
is needed for trigger the switch. It is achieved by calculating the derivative of the output
voltage [56]. In Figure 3-11, assuming V,=Vyu. at t=0, the input signal V. to the

inverting input of the comparator is

t t
V,=Vy—V,.=V,—Vye ReaCea = (1 - e‘RedCed) v, (3-15)

Therefore, V', is the difference between current V, and a previous V,, which is preserved
on Ceq, of a moment (1=R.4Ceq) before. In other words, V. indicates the time derivative
of the output voltage. After a time period t from the V,=V,ax, V- turns negative and
hence Vy=V.., thereby turning on M, to initiate the voltage inversion from positive to
negative. The process at V,=-Vyax is similar. The comparator in this case can be a BJT

[56], a MOSFET [64]or an IC [57]. In this way, the peak detection is achieved.

3. 2. 3. Dual-polarity rectifier

Since the peak detector in this case requires dual-polarity voltage supply, a dual-
polarity rectifier is proposed for achieving self-powering. It is based on a unipolarity
rectifier.

Figure 3-12 shows a unipolarity rectifier developed by OWL Co.[109]. The working
principle is explained as follows. In Figure 3-13, when the voltage V... across the
primary capacitor C; exceeds the threshold voltage of the Zener diode, it breaks down
and hence the IC is powered to turn on the switch S which enables power transfer from
generator to load. Figure 3-14 shows the measured results of converter efficiency as a

function of generator source current which is derived based on the circuit model. It
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reveals over an efficiency of over 70% was obtained at a very low sub-10 pA. By
selecting an appropriate Zener diode, the average rectified voltage V... can be
maintained at optimal voltage Vo, in Eq. (3-3), thus achieving maximal power transfer.

Figure 3-15 shows a detailed schematic of the dual-polarity rectifier. The dual-
polarity rectifier consists of two half-wave bridge rectifiers flowed by a positive
converter and a negative converter, respectively. In the positive converter, the buck
converter is identical to that in unipolarity converter. The negative converter has a
mirrored configuration compared with the positive converter. In this way, the AC input
high voltage is rectified and converted to low-voltage dual-polarity output voltages

(+Vs and -V) with respect to the ground at AC side.

3. 3. Simulation results

Figure 3-16 shows the simulation setup of voltage-divider SSHI. Since the main
scope of this work is the SSHI nonlinear circuit, so the dual-polarity rectifier is replaced
by a full-bridge rectifier with a storage capacitor Cs and load R;, to exclude the
influence led by dual-polarity rectifier. In this case, the comparator is externally
powered by DC voltage supply (V=3 V). Table 3-2 shows the parameters used in the
simulation. The generator parameters are fitted from a test-bench-based electret EH
device based on its output power in standard case. The components, which are also used

in experimental validation, are characterized in detail.

The inductor is characterized using an impedance analyzer, with its inductance L,
series resistance rseries and parallel resistance rpanliel specified. The MOSFETs are
intended for high-voltage small-signal application. Here the MOSFETSs of the highest
voltage-rating (Mn: BSP89, 240V; M,: BSP92P, -250V) are selected, where the
parameters from their datasheets are applied into simulation. Note that the upper limit
of generator output voltage is then constrained at 240V considering the withstand
voltage of the n-channel MOSFET. 250V-tolerable diodes BAV21 are characterized
using a multimeter (U1282A, Keysight), with forward voltage drop V¥=0.6 V and
reverse resistance rreverse measured. The rreverse of D1, D2, D3, Da, Dy, Dp are 370 MQ,
233 MQ, 216 MQ, 285 MQ, 376 MQ, 421 MQ, respectively. A 0.1 uF multi-layer
ceramic capacitor is chosen for the storage capacitor Cs for its ultralow dielectric loss,

which is negligible because the resistance of Csis out of the range of the multimeter.

Table 3-2 Parameters in VD-SSHI simulation and experiment.
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Definition Value Definition Value
Is 7.32 pA@109 Hz M BSP89 [110]
Ce 147 pF M, BSP92p [111]
Rai 100 MQ Cs 0.1 uF (MLCC)
Ra 4.8 MQ Comparator LTC1540
L 5.6 mH Ced 100 pF
Iseries Of L 10.22 Q Red 50 kQ
I'parallel of L 130 kQ D, Dp, D1-D4 BAV21
Cpar of L 5 pF Treverse Of D 233~421 MQ

Figure 3-19 shows the simulated output voltage which shows an inversion ratio as
high as 0.8. Figure 3-20 shows the simulated output power as a function of rectified

voltage. A power enhancing ratio of 2.45 is obtained at V,..=140 V.
3. 4. Experimental results

3. 4. 1. Measurement setup

Figure 3-17 shows a schematic of measurement setup in standard DC and external-
powered SSHI cases. In standard DC case, the inductor L, switch S and its peripheral
circuits are not included. In external-powered SSHI case, the term ‘external-powered’
refers to the comparator in peak detector is powered by DC supply externally. As
aforementioned, each component is characterized.

The AC-side voltage is measured by an oscilloscope (DSO6014A, Agilent) via a
high-input-impedance (1GQ, 5pF) voltage probe (HV-P60A). The power harvested on
load at DC side is calculated by P, = I?R, . The load current I is derived by measuring
the voltage across a sampling resistor R (100 k) using a digital multimeter (U1282A,
Keysight). The voltage probe is detached during output power measurement. Figure
3-18 shows the experimental setup of self-powered SSHI circuit which is made up of
discrete components. Note that dual-polarity rectifier is excluded in external-powered

SSHI case.

3. 4. 2. External-powered SSHI

Figure 3-19 shows the measured output voltage in external-powered SSHI case, with
R1=9 MQ. An inversion ratio of 0.74 was observed. Consequently, a power enhancing
ratio of 2.47 is obtained with SSHI experimentally (Figure 3-20). In addition,
experimental and simulated results show good consistency, which enables an analysis
of SSHI circuit efficiency based on simulation. By the way, the measured power

consumption of comparator is 6 pW, indicating a self-powered operation is feasible.
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3. 4. 3. Self-powered SSHI

In self-powered SSHI, 3 cases are investigated: standard, bi-standard and self-
powered SSHI, as shown in Figure 3-21.

In standard case (Figure 3-21a), a unipolarity converter (Figure 3-12) is connected
to the generator. In bi-standard case (Figure 3-21b), dual-polarity converter (Figure
3-15) is connected to the generator. In self-powered SSHI case (Figure 3-21¢), SSHI
circuit are inserted into bi-standard case.

Considering the high optimal voltage in SSHI case (Figure 3-20), dual-polarity
converter rated at Vc=50V (the highest voltage rating so far) is employed to achieve

higher output power in SSHI. Since dual-polarity converter outputs V), and V,, the load

Vp—Vn

voltage is defined as V}, = . Figure 3-18 shows a view of the experimental setup.

Figure 3-22 shows the power generation results. By comparing bi-standard and self-
powered SSHI case, we can observe the power enhancing effect of SSHI without the
influence of converters. Consequently, 1.82x power gain was obtained in self-powered
SSHI case against bi-standard case.

By comparing standard and bi-standard cases, the efficiency difference of
unipolarity converter and dual-polarity converter are revealed. Unfortunately, for a
given input power around 200 pW, the conversion efficiency of dual-polarity converter
was 50%, approximately 30% lower than the unipolarity converter.

Finally, the overall performance of self-powered SSHI case is evaluated by
comparing standard and self-powered SSHI cases. A moderate 1.22x power gain is
achieved in self-powered SSHI case. The limited performance is mainly resulted from
low efficiency and low voltage rating (50V) of dual-polarity converter.

Figure 3-23 depicts the measured voltage waveforms during cold-start process of
self-powered SSHI in unloaded cases. At 1 rps rotational speed, it takes 10s to start the
SSHI operation when the load voltage reaches 1.5V. SSHI voltage waveform with high
inversion ratio was observed when load voltage exceeds 2V, which is the lower limit
of supply voltage for normal operation of the comparator LTC1540. The upper limit of
load voltage is 3.3V, owing to a protection circuitry inside the rectifier. It also reveals

that after SSHI is initiated, more power was harvested on load.
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3. 5. Discussion

3. 5. 1. Inversion ratio
The inversion ratio y is an important benchmark to evaluate the performance of SSHI.

Based on Eq. (3-6) and the inductor parameters in Table 3-2 , the theoretical inversion

should be
T —7Z—t*10.22* %1?):;2
Vser = € 20r=¢ o = 0.997 (3'16)

However, vy in simulation and experiment is merely 0.74. Based on Eq. (3-6), y=0.7
corresponds to a series resistance of 1.37 kQ in the LC loop, which is unrealistic in the
case that M, and D, are turned on. Therefore, the inversion ratio in Electret EH cannot
be simply estimated by Eq. (3-6) which corresponds to a series RLC circuit.

To disclose this problem, a detailed circuit model of the L-C loop is built in Figure
3-24, taking the positive voltage conversion as an example. In the model, the series
resistance R, the parallel resistance R, and the parasitic capacitance Cp,- of the
inductor are considered; R, « and R,, » denote the on-state resistances of D, and M,.
Note that D, and M, are bypassed by D, and M,, hence their reverse resistance and
parasitic capacitance are not considered. The value of parameters above is list in Table
3-3.

Table 3-3 Parameters in the detailed model of LC loop.

Parameters Definition Value
Ce Generator shunt capacitance 147 pF
L Inductance 5.6 mH
Ryer Series resistance of the inductor 10.22 Q
Rpar Parallel resistance of the inductor 130 kQ
Coar Parasitic capacitance of the inductor 5pF
Ron a On-state resistance of diode Dy 50
Ron n On-state resistance of resistance M, 6 Q
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The influence led by the parasitic capacitance of inductor can be neglected as it is
much smaller than C.. However, the shunt current led by R, cannot be ignored as it is
comparable to the impedance of C.. Here we propose a simplified model (Figure 3-25),
where Ry, is included. Note that R; is the sum of Rser, Ron o and Ron n.

Figure 3-26, Figure 3-27, Figure 3-28 show the simulated inversion ratio as a
function of Ryar, Rpar and L in SSHI (Figure 3-16) and the proposed simplified model,
respectively. Compared with Eq.(3-6), the proposed model shows an improved
consistence with SSHI simulation by considering R,... The over-estimation by the
proposed model might be caused by the transient resistance of MOSFET which is not
considered.

Specifically, Figure 3-26 shows that parallel resistance (usually 10s~100s kQ) draws
a significant influence on inversion ratio. Figure 3-27 reveals that series resistance does
not influence the inversion ratio in its usual range (<100 Q). In Figure 3-28, the blue
line depicts the inversion ratio in positive-to-negative voltage inversion and the green
one corresponds to negative-to-positive inversion. To attain an average inversion ratio
of 0.8, ImH inductor should be enough, which is much smaller than the currently-
employed 5.6 mH one.

The new findings above lead to new criteria for selecting an inductor which, as the
only off-chip component, dominates the circuit volume. First, since series resistance is
not important, hence the wire in the coil can be thinner, thereby reducing its volume at
the cost of higher series resistance. Second, a 680- 1000 uH inductor is sufficient to
guarantee an inversion ratio above 0.65, which could effectively reduce the turns of the
inductor. Third, even though parallel resistance influences the inversion ratio to a large
degree, it exhibits a saturation if Rpa>100 kQ, which means it is unnecessary to increase
Rpar further beyond 100s k. These criteria are quite different from those in
piezoelectric EH case which are based on Eq.(3-6).

To understand this abnormal phenomenon, the following is considered. Actually,
Eq.(3-6) is based on the series RLC model. The series RLC circuit model, where Ry,
L and C. share the source voltage, is not suitable for electret EH case, because the
voltage across Ry cannot be comparable to that across C., considering the low
resistance Ry the high impedance of C..

Instead, a parallel RLC circuit (Figure 3-29), where Ryur, L and C, share the source

current, is more suitable to estimate the inversion ratio in electret EH case, because the
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impedance of R, and C. are comparable. In this case, the quality factor and inversion

ratio are given by

Q; = Ry " (3-17)
__T n
Yy =e 20 =¢e 2:21 = (0.928 (3-18)

Although the inversion ratio yield from parallel RLC circuit gives a closer result
to the experimental case, it is not accurate enough. Therefore, it is better to employed

the enhanced model to estimate the inversion ratio.

3. 5. 2. Efficiency analysis

Since the simulated output voltage and output power show good consistence with
experimental results, an efficiency analysis of SSHI circuit is carried out based on
simulation.

Figure 3-30 shows the power dissipation of each component in the voltage-divider
SSHI circuit. Based on current design, voltage divider and diodes consume substantial
power with increasing output voltage, followed by the inductor. For the voltage divider
of 104.8 MQ, its power consumption is proportional to V,?, resulting in a approximate
power dissipation of 400 pW at V...=200 V. For the diodes in the rectifier, their reverse
resistances are between 200-400 MQ, which corresponds to a 100-200 MQ parallel
resistance to the generator, resulting in substantial power loss.

Consequently, the efficiency of SSHI decreases from over 80% @ 30V to below
30% @ 200V. If we consider the efficiency of 50% for the 50V-rated dual-polarity
converter, the overall circuit efficiency of self-powered SSHI is merely 25%. Therefore,
there is much room to enhance the performance of voltage-divider based SSHI to attain
much higher absolute output power, by selecting diodes with higher reverse resistance,
increasing the efficiency of dual-polarity rectifier and seeking alternative solution in

place of voltage divider.

3. 6. Summary

In this chapter, a nonlinear circuit, known as SSHI, has been developed for electret
energy harvester for the first time. Moreover, The simulated and experimental results
of SSHI show good consistence, which allows a circuit analysis is based on simulation.

The following results are obtained:
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(1) A parallel-SSHI-based circuit design was proposed, simulated and
experimentally validated. As a result, a power enhancing ratio of 2.47 has been obtained
in SSHI case against conventional full-bridge rectifier experimentally, with control
block externally powered.

(2) In self-powered SSHI, the ratio reduced to 1.2 due to the limited efficiency and
voltage rating of the proposed dual-polarity converter.

(3) The inversion ratio, which is a benchmark to indicate power enhancing
performance of SSHI, shows a dependence on the parallel resistance of the inductor.
On the other hand, the series resistance of the inductor doesn’t influence the inversion
ratio in a certain range. This phenomenon, which is not observed in piezoelectric case,
might be resulted from low internal capacitance of electret energy harvester. This
knowledge shed new criteria in selecting inductors: smaller inductor with higher series
inductance is acceptable in electret case.

(4) The presented voltage-divider-based SSHI (externally powered) circuit shows
merely an efficiency of 50% at optimal voltage. It is found that the main power loss lies
in the lossy voltage divider and rectification diodes. In addition, this efficiency reduces
to 25% in self-powered SSHI, owing to the low efficiency of the proposed dual-polarity
rectifier.

Therefore, future work should be done to achieve efficient operation of SSHI.
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Chapter 4 Dual-stage Synchronized Switch Harvesting on

Inductor

In chapter 3, it is found that the voltage divider employed in SSHI design is one of
the main bottlenecks to achieve efficient operation of SSHI. In this chapter, a dual-stage
electrode design, in place of voltage divider, is proposed to achieve a more efficient

SSHI operation.

4. 1. Dual-stage electrode design

Two types of dual-stage electrode design are proposed: radius-based and pole-
number-based. Figure 4-1 shows a schematic of radius-based dual-stage design. It
consists of a control stage (Ve, Veg) and a power stage (Vpo, Vpg). The power stage,
which occupies the majority of the total area, operates at high voltage for power
generation. Meanwhile, the control stage, which occupies the minority of the total area,
operates at low voltage for the control circuitry. Note that the current generated by the
control stage is inherently in phase with that generated by the power stage, hence it is
suitable to trigger the synchronized switch. Figure 4-2 shows a schematic of pole-
number-based dual-stage design. In this case, a minority of poles constitutes the control
stage; whilst a majority of poles constitutes the power stage. Figure 4-3 shows an
enhanced SSHI circuit based on dual-stage electrode design. Compared with the
voltage-divider SSHI, the control stage, instead of voltage divider, provides a low-
voltage, isolated signal of generator output voltage to the peak detector.

The pole-number-based design has advantages upon radius-based design in a larger
effective area, lower inter-capacitance between control and power stage and ease of
lead-out. On the other hand, the radius-based design could lead to lower parasitic
capacitance in the power stage, which is in favor of power generation. Since the
distribution of parasitic capacitance in radial direction is not even, the inner part
contributes the majority of parasitic capacitance. Therefore, the parasitic capacitance
of power stage is equivalently reduced by making the inner part as control stage, if

compared with the conventional uni-stage design.

4. 2. Comparison between dual stage and voltage divider

Table 4-1 shows a comparison between dual-stage SSHI and voltage-divider SSHI
in terms of efficiency and reliability. The power loss led by control stage is lower than

the voltage divider, and the switch action in dual-stage SSHI is immune to subsequent
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Table 4-1 Comparison between dual stage and voltage divider in SSHI operation

Voltage-divider SSHI Dual-stage SSHI

Power loss high low
Interference with converter Yes No
High voltage spike on comparator Yes No

Efficiency low high

Reliability low high

converter operations. Therefore, dual-stage SSHI should be more efficient than voltage-
divider SSHI. On the other hand, due to the isolation feature, control will not lead to
high voltage spikes on comparator as the voltage divider do, resulting in higher

reliability. These features will be elaborate as follows.

4. 2. 1. Power loss
Figure 4-4 shows a schematic of voltage-divider SSHI (Figure 4-4a) and dual-stage
SSHI (Figure 4-4b). The power dissipated by the voltage divider P, is
Vs

Pvd = F (4'1)

where R is the resistance of the voltage divider, ¥, is the output voltage of generator.
On the other hand, since control stage is not utilized for power generation, the
equivalent power loss is

Pds = IctVo (4'2)

Where I is the generated current by control stage, V, is the output voltage of power
stage. Figure 4-5 shows a comparison of power loss between P, and Pgs, based on the
parameters given in Figure 4-4. It reveals that dual-stage design can effectively reduce
the power loss at high voltage.

Honestly speaking, this comparison may not be fair because it is based on a pair of
instances of voltage divider and dual stage. In other words, it is possible to increase the
resistance of voltage divider to achieve lower power dissipation in voltage divider case.
In the meantime, it is also to possible to reduce the power loss of control stage by
reducing 7. in radius-based design or by reducing 7. in pole-number-based design. a

fair comparison can be carried out if we know the maximal limits of both designs in
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practical implementation. However, this kind of experiment is not so interesting.

Therefore, the comparison here aims to provide a generic trend.

4. 2. 2. Interference with subsequent converter

Figure 4-6 shows the measured output voltage in voltage-divider-based self-
powered SSHI case. It is observed that the switch is triggered at some undesired points
which do not correspond to the current zero-crossings of the generator. Actually, it is
caused by the voltage drop due to power transfer from generator to load. Specifically,
when the rectified voltage V.. exceeds the rated voltage of the DC/DC converter, the
switch in the converter is turned on to initial power transfer from C; to Cs (Figure 3-13),
which leads to a voltage drop of V... This voltage drop, which can be viewed a local
peak, is detected by the peak detector via voltage divider and hence triggers the switch
mistakenly. This undesired switch could lead to significant power loss as the generator
needs to recover the voltage amplitude in several attempts afterwards.

Figure 4-7 shows the measured output voltage in dual-stage-based self-powered
SSHI case. Thanks to the control stage isolated from the rectifier, the voltage drop in
power stage will not conducted to control stage. Therefore, undesired switch actions
have not been observed in dual-stage-based self-powered SSHI case. Therefore, dual-

stage SSHI is more efficient in the self-powered operation than voltage-divider SSHI.
4. 3. Results

4. 3. 1. Simulation results

Figure 4-3 shows the simulation setup for dual-stage SSHI. the dual-stage rectifier
is replaced by a storage capacitor in parallel with a load resistor.The generator
parameters in dual-stage and voltage-divider SSHI cases are listed in Figure 4-4. The
output current and shunt capacitance of each stage are calculated based on the proposed
model. The circuit parameters are identical in both cases. Note that Reg=2.4 MQ in this
case.

Figure 4-8 shows the simulated output power in standard, voltage-divider SSHI and
dual-stage SSHI cases. It is clear that dual-stage SSHI harvests more power with the

rectified voltage increasing.
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4. 3. 2. Experimental results

The radius-based design is chosen for SSHI for the first attempt. Figure 4-9 shows
the fabricated dual-stage electrode. Since control stage and power stage in SSHI share
a common ground, it has three terminals including a common ground. The large portion
of the electrode in the outer part (10 mm < r <20 mm) constitutes power stage. On the
other hand, the smaller inner part (9 mm < r < 10 mm) constitutes control stage.

Figure 4-10 shows the experimental setup for dual-stage SSHI which is quite similar
to that for voltage-divider SSHI, except that voltage divider is replaced by control stage.
The measurement setup is identical with that in voltage-divider SSHI case. Figure 4-11
shows the measured output voltage in external-powered SSHI case. An inversion ratio
of 0.8 was obtained. Figure 4-12 shows the output power versus load. With the present
SSHI circuit, 582 pW has been obtained for a rectified voltage Vrec=230 V, which is
4.2 times higher than with the standard full-bridge rectifier where conventional
electrode design is employed. Moreover, power harvested in the present dual-stage case
is 1.56 times higher than that in the voltage-divider case, indicating a more efficient
SSHI by using the present dual-stage strategy.

Figure 4-13 shows the power generation results. By comparing bi-standard and self-
powered SSHI case, we can observe the power enhancing effect of SSHI without the
influence of converters. Consequently, 2x power gain was obtained in self-powered
SSHI case against bi-standard case.

Finally, the overall performance of self-powered SSHI case is evaluated by
comparing standard and self-powered SSHI cases. A moderate 1.41x power gain is
achieved in self-powered SSHI case. The limited performance is mainly resulted from

low efficiency and low voltage rating (50V) of dual-polarity converter.
4. 4. Implementation on the integrated rotational electret EH

4. 4. 1. Energy harvester fabrication

It would be more interesting if the proposed dual-stage SSHI could effective with
the generator excited by real-world random excitation. In this regard, dual-stage SSHI
is implemented on a fully-integrated rotational electret EH.

In this generator, print circuit boards (PCBs) are used for the electret and electrode
substrates. To reduce the parasitic capacitance between the adjacent electrodes, 170

um-thick PCB with low permittivity (¢=2.4) is used as the stator substrate for the
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current collector electrodes (Figure 4-14a). The outer/inner diameters are 38 mm and
18 mm, respectively. Number of poles for the control stage is 115 while 4 poles serve
as the control stage. The parasitic capacitance of the power stage is 110 pF. On the other
hand, 105 pm-thick glass-fiber-reinforced PCB is employed for the electret substrate
(Figure 4-14b) in order to minimize deformation during the thermal curing process of
the electret material. The minimum electrode width is 185 um, and the gap between
comb electrodes are chosen as 50 um. Both PCBs have backside electric contact for
charging/ extracting power. 15 pm-thick CYTOP EGG is spun-on the rotor PCB with
patterned electrodes. Only the CYTOP film above the base electrode is charged with
soft X-ray. Then, the rotor is assembled with the stator and the high-precision ball
bearing as shown in Figure 4-15. The assembled rotational EH has the air gap of 300
um. Surface voltage of electret is -807 V. Note that the mechanical damping of the

bearing is as low as 20 % of the estimated electrostatic damping.

4. 4. 2. External-powered SSHI results

In order to evaluate the effectiveness of proposed SSHI with dual-stage electrode
design, power generation experiments are carried out using the assembled generator
and discrete electronic components listed in Table 4-2. In the present experiment, the
rectifier and buck converter are replaced by a resistor, corresponding to the SSHI-AC
case. In this case, the comparator is externally powered by a DC power source, but its
power consumption is below 6 pW. In the standard case, the resistive load is directly
connected to generator output. In the voltage-divider SSHI case, the voltage divider is
employed to generate low-voltage signal. In dual-stage SSHI case, control stage
generates low-voltage signal. Note that in standard and voltage-divider SSHI cases, V),

and V. are connected to employ all 119 poles for power generation.

Table 4-2 Parameters in circuit design of dual-stage SSHI for PCB-based electret EH

Definition Value Definition Value
Ipo 8.61 HA Ml BSP&9
Lot 0.38 pA M BSP92p
Cpo 110 pF Dl, D2 BAV21
Cet 4 pF Comparator LTC1540
L(r) 5.6mH(4.9Q) Ced 100pF

Rectifier Dual-polarity Red 2.4MQ
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In the present study, the generator is driven by hand motion. Since it has 120
(including 1 void) poles, a rotational speed of 1 rps should correspond to a 120 Hz
output voltage. In view of the high load resistance (up to 100 MQ), the power is
calculated from the measured load current rather than the load voltage. By measuring
the voltage across a 100 kQ sampling resistor in series with load, the load current is
calculated.

Figure 4-16 shows the measured output voltage of rotational electret EH with the
dual-stage SSHI. The load resistance is chosen as 100 MQ. An inversion ratio y as high
as 0.8 is obtained. Figure 4-17 shows the power generation results. 143 pW has been
obtained on load with the proposed dual-stage SSHI, which is 2.6 times and 1.33 times

more power than the standard case and the voltage-divider case, respectively.

4. 4. 3. Self-powered SSHI results

The aim of this section is to validate the cold-start and self-powering ability of the
proposed SSHI circuit under random excitation. The power enhancing performance is
difficult to quantitatively define, because it is hard to maintain the rotor motion in a
fixed manner using the fully-integrated electret EH, which can be achieved using test
bench.

Figure 4-18 shows the experimental setup for validating the cold-start and self-
powering ability of the proposed SSHI circuit under random excitation. Voltage-divider
SSHI is chosen because it has similar performance with dual-stage SSHI at V,..=40V,
which is the input voltage rating of the dual-polarity converter.

Figure 4-19 show the generator output voltage and load voltage during the cold-start
process under unloaded condition. When the load voltage is null, the circuit works in
standard DC mode (Figure 4-20) to charge the storage capacitor. When the load voltage
across the storage capacitor exceeds the lower limit of the comparator’s supply voltage
(1.6V), SSHI is activated (Figure 4-21). With the load voltage increasing, the supply
voltage for the control block increases, which lead to higher inversion ratios in SSHI
(Figure 4-22). Note that the upper limit of load voltage is 3.3 V due to the output

protection of the converter.

4. 5. Summary

In this chapter, a novel dual-stage electrode design is proposed for efficient SSHI by

removing the lossy voltage divider. The following results are obtained:
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(1) A power enhancing ratio of 4 upon standard case is experimentally achieved in
dual-stage SSHI (externally powered), which is 1.56 times of the power harvested with
the voltage-divider SSHI. Therefore, the efficiency of SSHI is enhanced by dual-stage
design. However, the power enhancing ratio reduces to 1.4 in the self-powered SSHI,
indicating an overall efficiency of 25%, due to the low voltage rating and low efficiency
of the dual-polarity converter.

(2) The proposed dual-stage SSHI is successfully implemented to a fully-integrated
rotational electret energy harvester, with power enhancing performance confirmed.
Moreover, the self-start and self-powering ability of dual-stage SSHI under random

excitation is also confirmed using this fully-integrated generator.
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Figure 4-1 Schematic of radius-based dual-stage design.

Figure 4-2 Schematic of pole-number-based dual-stage design
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Figure 4-18 Experimental setup for validating cold-start and self-powering ability of

voltage-divider SSHI circuit under random excitation.
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Figure 4-19 Output and load voltage of rotational electret energy harvester during start-

up process.
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‘% Agilent Technologies THU FEB 21 16:0051 2019

1] 2] 8 [

ST

2

BW Limit Fine Invert Probe
DC ] O | ~>

Figure 4-21 Magnified voltage waveforms when SSHI is started.

Agilent Technologies THU FEB 21 16:04:41 2019

1] 2] ] [

v AR e

[

BW Limit Fine Invert Probe
DC _ - [ ~5
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Chapter 5 Dual-stage  Synchronized Electric  Charge

Extraction

In parallel SSHI, two major challenges remain: (1) SSHI has better performance at
high voltage (>200V) range, which make it difficult to step-down the high voltage to
sub-5 V efficiently based on current DC/DC converter technology. (2) Dual-polarity
converter, which suffers from lower (<50%) conversion efficiency than classic uni-
polarity converter, is required for self-powering. Therefore, a novel circuit, which
addresses these challenges, is to be developed. This chapter introduces the development
of such a circuit, which is based on the concept of SECE in piezoelectric case, for

electret EH.
5. 1. Theoretical analysis of SECE

5. 1. 1. Output power of electret EH with SECE

Figure 5-1 shows a circuit diagram of SECE for electret EH. The topology is similar
to SECE [69] or SSDCI [73] for piezoelectric EHs.

The working principle is explained as follows. Assuming V,=0 at initial state and
the switch S is turned off, hence the current source /Iy starts to charge its shunt
capacitance C. from null. After half a period, the accumulated electrostatic energy E.
in C. reaches its maximum, in ahead of I, alters its direction. The E. at this instant is

given by

1 /IL,T\* C?V?
(5) = (5-1)

1
E.=-CJV: =-C
co27em 2 2C, 2¢C,

At this voltage peak V,, the switch § is turned on to transfer Ec to the inductor L.
Assuming Cs >> C. and V; =0, after Y4 of the LC period, when ¥, becomes null, E. is
totally converted to magnetic energy in L. At this instant, the switch is turned off again.
Afterwards, the current source charges C. to the opposite polarity; whilst the magnetic
energy in L is transferred to load through the freewheel diode D. In this way, E. is
extracted every half a period. The output power in SECE case is then given by
0.5T 2 2C, 4C, C.

(5-2)

P, =

Comparing with the maximal power in standard case in Eq. (3-4), it is found that a

power enhancing ratio of 4 is achieved with SECE, regardless of the load impedance.
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5. 1. 2. Influence of load voltage on SECE

In fact, Eq. (5-2) maintains its accuracy in case that Vi<<V,. In SECE
implementation, an impedance converter, in this case a fly-back transformer, is inserted
between load and the output of rectifier to scale down Vo viewed by the transducer
(Figure 5-2), which functions like maintaining VL<<V, in Figure 5-1. Therefore, it is
claimed that the harvested power in SECE is load independent [69], as shown in Figure
5-3.

In the case that the transformer is not employed, Eq.(5-2) loses its accuracy as the
storage capacitor charges. Since the difference between Vi and Vi, decreases as Cs
charges, the discharging of Cc becomes insufficient, reducing the energy extracted from
transducer, as well as the effectiveness of weakening the shunting effect. Simulation is
carried out to illustrate this case.

Figure 5-4 shows the simulation setup for ideal SECE in electret EH. The switch S
is perfectly triggered with Is and keeps an on-state duration of Y4 LC period. The
inductor L has no series resistance. The diodes have infinite reverse resistance and zero
forward voltage drop. A DC voltage source is employed to emulate the load in the
steady state. The output power in this case is measured by power consumption of the
DC voltage source. The parameters are listed in Table 5-1. To keep consistency,
generator parameters (/;, Ce) and the inductance of the inductor L are identical to those
in ideal SSHI simulation.

Figure 5-5 shows the simulated transducer voltage V, waveforms for V;=1V and
V1=50V, respectively. First, V, ramps to Vi instead of 0 in ¥4 LC period, therefore, with

V1 increasing, the discharge of C. becomes less sufficient, indicating less power

Table 5-1 Parameters in ideal SECE simulation.

Parameters Definition Value
I Generator source current 7.9 nA
Ce Generator shunt capacitance 169 pF
L Inductance 5.6 mH
Cs Storage capacitance 0.1 uF
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extracted from C. to load. On the other hand, as the residual voltage across C. after
discharging is Vi instead of 0, the transducer needs to discharge it first. In this regard,
the shunt effect of Ce is less effectively weakened with Vi increasing. Therefore, the
Vo peak in VL=50V case is much lower than that in V1=1V case, indicating less power
extracted from mechanical structure. Therefore, if the on-state duration of S is fixed at
Y4 LC period, both generator output power and power on load decrease with VL
increasing. Actually, if the on-state duration of S is tuned to make ¥, ramps to 0 during
discharge, instead of fixing at % LC period, the output power can be less dependent on
load voltage (Figure 5-6), which is discussed in detail in [73].

In the fixed on-state duration case, for a given load voltage Vi, the charge

conservation law gives
1,T
2

Cc(Vi + Vi) = (5-3)

where V, is the amplitude of V,. The extracted power from transducer as a function of

V1 is then given by
%Ce(Vn% - V) I2T e
Po_ Z __ISVL+4_Ce (')
2

Note that Eq.(5-4) reduces Eq. (5-2) if VL.=0. Figure 5-10 shows the simulated and
calculated generator output power as a function of load voltage Vi. In standard case,
V1 refers to the rectified voltage V... Figure 5-7a shows that a power enhancing ratio
of 4 with SECE is obtained at very low load voltages Vi <10V (Figure 5-7b). Note that
high voltage still exists at generator output of which the peak is 2Vc. Vo is the open-
circuit voltage in standard case.

To summarize, the major merit of SECE is that it has superior performance at low
Vi range. It is also found that if switch S is fixed to close for % LC period, SECE
exhibits load dependency. In this regard, it is better to optimize the on-state duration of

switch S in circuit implementation to ensure Vo discharge to 0.

5. 1. 3. Theoretical comparison with SSHI
Table 5-2 shows a comparison of SECE (Figure 5-8b) and SSHI (Figure 5-8a) for

Is
4Cefs

a rotational electret EH (I=7.9 pA, Ce~169 pF).V,. = denotes the open-circuit

voltage in standard case.
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Theoretically, SSHI is able to present higher power enhancing performance at
generator output than SECE, at cost of several times higher generator output voltage
than that in SECE for optimal operation. However, a DC/DC converter is necessary to
convert this high voltage to sub-3V for electronic devices in a sensor node. Currently,
the efficiency of unipolarity DC/DC converter has an efficiency of 80% at input
voltages of 40~60V. To achieve self-powering of SSHI, a dual-polarity converter is
required. Unfortunately, the efficiency of the dual-polarity converter efficiency drops
to 50% at 50V. Since the power enhancing ratio of dual-stage SSHI at V,...=50 is around
2.2, the overall power enhancing ratio at load end Vi becomes merely 1.4.

On the other hand, SECE performs a power enhancing of 4 at generator output with
much lower voltage, which is twice of the open-circuit voltage in standard case, than
that is SSHI. Since SECE circuit itself serves as a DC/DC converter, no additional
DC/DC converter like that in SSHI case is needed. In piezoelectric case, the efficiency
of power transfer is around 60% in [77]. In electret case, it is still unknown. Assuming
an efficiency of 60% in electret case, the overall power enhancing performance is 2.4
at DC low-voltage end. Moreover, the switch in SECE doesn’t require dual-polarity
supply, so dual-polarity rectifier is not required in this case. In this regard, the power
enhancing ratio may keep in self-powered case. Therefore, an overall power enhancing
ratio of 2.4 can be expected with SECE, which is higher than that in SECE.

In addition, due to the absence of additional (dual-polarity) DC/DC converter, SECE
should have fewer components count than SSHI. Therefore, it is interesting to develop

SECE circuit for electret EH for a better overall performance than SSHI.

5. 2. Circuit design

Figure 5-9 shows a block diagram of self-powered SECE system design. The
generator is divided into power stage and control stage. Similar to dual-stage SSHI, the
power stage, which occupies majority of poles on the stator, outputs high voltage V, to
the SECE main circuit for transferring power. On the other hand, the control stage,
which occupies minority of poles, outputs low voltage V. to the control block which
generates Vg to drive the switch action in SECE main circuit. As SECE functions
DC/DC conversion itself, the output voltage of SECE circuit Vi is DC low voltage V.
readily for the load. Note that the control block in this case is expected to be powered

by the control stage itself, as will be explained later, for self-powering.

100



Dual-stage Synchronized Electric Charge Extraction

Table 5-2 Theoretical comparison between SECE and parallel SSHI on rotational

electret EH.
Parallel SSHI SECE
Generator power 4~10x 4x
(compared with standard) (15_}/’ ¥=0.5~0.8)
Generator output voltage V, 432~1080V(optimal) 216V
(ﬁ—y Ve, y=0.5~0.8) (2Vpc)
Additional DC/DC converter? Yes No
Requirements for converter Dual-polarity -
High input voltage
DC/DC converter efficiency 50% 60%
(dual-polarity (SECE fitself, Piezo)
converter)
Load power 1.4x 2.4x
(y=0.7, V,=60V) (Expected)

Figure 5-10 shows a detailed circuit design of dual-stage SECE. The working

principle is explained as follows.

5. 2. 1. Dual-stage electrode design

Figure 5-11 shows the pole-number-based dual-stage electrode design for SECE. the
number of poles 7. for control stage and control stage is 9 and 100, respectively. As
shown in Figure 5-10, the power stage outputs V, and V,; whilst the control stage
outputs V), and V.. Note that the ground in SECE is on DC side, therefore ¥V, and V.
are not connected as that in SSHI case. The currents generated by the power stage and
the control stage are /,, and /., respectively. The shunt capacitances of the power stage
and the control stage are Cy, and C, respectively. Note that the source current and
shunt capacitance of each stage is proportional to its poles. The inter-terminal parasitic

capacitance is useful for discharging, as will be explained in later section.
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5. 2. 2. SECE main circuit

Figure 5-12 shows 3 possible topologies of SECE main circuit. In Figure 5-12a,
the inductor L and storage capacitance are connected in parallel [72], which allows Ve
ramps to 0 during discharging phase, regardless of the load voltage V. This is a
favorable feature for SECE operation. However, if the on-state duration of the switch
is not precisely tuned to the % period of L-Ce period, which often happens in view of
the extradentary short L-Ce period [72], there will be voltage residual (On-duration too
short) after the discharging phase. In this case, both the effectiveness of weakening the
shunt effect and the stored energy in coil will be reduced. Therefore, the requirement
of high precision on switch on-duration limits a robust operation of SECE. In addition,
the ground of V¢ is not the ground of the switch S. Therefore, a fly-back transformer
[69][90] or a pair of exclusive switches [75] is usually employed to convert the ground
of Vi for self-powering. However, a fly-back transformer could be bulky and the
exclusive switches include a high-side switch which is difficult to realize in electret EH
case because Ve is high.

In Figure 5-12b, a high-side switch is employed to release the constraint of ground
conversion. However, the high-side switch itself becomes quite lossy under high
voltage. A photocoupler was employed to drive the high-side switch in [73], but it
consumes mW-level power, which is unfavorable for small scale energy harvesting.

In the present study, the topology in Figure 5-12c is employed. It features a low-
side switch and a series connection of L and Cs. Due to the series connection, the current
flowing in L is bound to charge Cs. Even if the on-duration of the switch is much longer
than % of L-C. period, Cs will be charged continuously during the overlong L-C.
oscillation, because Cs, which locates in DC side, is in series with L. In a parallel L-Cs
configuration as in Figure 5-12a, if the on-duration of the switch is overlong, the energy
stored in L will be lost in L-Ce oscillation, instead of charging Cs, because Cs is
bypassed by L. Therefore, the on-duration of the switch in this case can be longer than
ideal, as long as it is still much smaller than the period of the source, thus achieving a
more robust operation of SECE, comparing with parallel L-Cs configuration. Note that
the load voltage V7 in this case is also floating, but it does not matter if an alternative
way to achieve self-powering, instead of using Vi, is achievable, which will be

illustrated later.
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5. 2. 3. Control block

The control block consists of a full-bridge rectifier, a storage capacitor C,, two
comparators and an AND gate. The input signals to the control block are the AC output
voltages of the control stage (V). and V,.). The output signal of the control block V,
drives the NMOS switch. The control block detects the peak and zero-crossing of V),
to turn on and turn off the switch, respectively.

Figure 5-13 illustrates the waveforms during SECE operation. Assuming />0, V>0
since t=0", hence V,=Vst+Vp, V,e=-Vp. Vp is the forward voltage drop of the diode in
the rectifier. As shown in Figure 5-10, the condition for V', outputting high is V,->0 and
Vu>0. Therefore, Vy=0 since t=0+.

At t=t;, I, alters its direction to -I; and so does /... Therefore, V. starts increasing
from -Vp toward 0; whilst V). is still positive but starts decreasing from Vs+Vp towards
0. At t=t2, Ve exceeds 0, which satisfies the condition for Vg outputting high, thereby
activating the discharging phase. Note that A¢=t,-¢, is the switch delay in this case. From
t=t> and t=t3, V), quickly ramps to 0 and so does V), owing to the parasitic capacitance
between them. At t=t3, V. drops below 0 making Vg output low, thereby terminating
the discharging phase. After =t3, another charging cycle initiates and the stored energy
in the inductor will freewheel to the load. In this way, the control block governs the
switch action, adapting to arbitrary internal capacitance and external inductor. Actually,
the on-duration of the switch is extradentary short (sub-3 ps) comparing with the source
period (~10 ms), hence the discharge phase happens instantly.

Table 5-3 shows a comparison of several control schemes in SECE implementation.
It is clear that the proposed diode-based switch control method is simple, adaptive and

IC-compatible.

Table 5-3 Comparison of switch control schemes in SECE

Fixed time Dual-mode Sensor-based | Diode-based
[77] comparator[112] | [69][73] [This work]
Merits -Reliable -Adaptive -Adaptive -Adaptive
-Easy to realize -Easy to | -Easy to
realize achieve
Drawbacks | Not adaptive Complex Bulky -
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5. 2. 4. Self-powering

Most SECE implementations utilize the power harvested on load to power the
control block of SECE in a feedback manner. It usually requires a fly-back transformer
or a high-side switch, both of which are unfavorable in electret EH case. In dual-stage
SECE, the energy accumulated in the storage capacitor of the control stage C,can be
used to power the control block, because it shares the same ground with the control
circuitry. The critical challenge here is whether the control stage is able to generate

enough power for the control stage, which will be discussed in next chapter.

5. 3. Simulation results

Figure 5-14 shows the simulation setup of dual-stage SECE. The parameters are listed

in

Table 5-4. The generator parameters are calculated based on the circuit model, using
the output power of an electret EH in standard case. The components, which are also
used in experimental validation, are characterized in detail for a more realistic
simulation. The inductor is characterized using an impedance analyzer, with its
inductance L, series resistance rseries and parallel resistance rparaliel specified. The
MOSFET series is intended for high-voltage small-signal application. Here the
MOSFET of the highest voltage-rating (Mn: BSP89, 240V) is selected, where the
parameters from their datasheets are applied into simulation. Note that the upper limit
of generator output voltage is then constrained at 240V considering the withstand
voltage of the n-channel MOSFET. 250V-tolerable diodes BAV21 are characterized
using a multimeter (U1282A, Keysight), with forward voltage drop Vr=0.6 V and
reverse resistance rreverse measured. A 0.1 pF electrolytic capacitor is chosen for the

storage capacitor Cs of the resistance is out of the range of the multimeter. C; is the

Table 5-4 Parameters in dual-stage SECE simulation and experiment

Definition Value Definition Value
Ipo 5.78 nA@109 Hz M, BSP89 [110]
Cpo 145 pF Cs 0.1 ].,LF
Let 0.52 nA@109 Hz Comparator LTC1540
Cet 13 pF Diodes BAV21
L 5.6 mH Ci 8 pF
Tseries Of L 10.22 Q C, 8 pF
Tparallel Of L 130 kQ AND gate SN74HCI11IN
Cpar of L 5 pF DC supply 3V
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measured parasitic capacitance between V), and V).; whilst C; is the measured parasitic
capacitance between V, and V,. The control block is powered by a DC supply
externally. The DC side of the control stage Vs is also connected to the DC supply.

Figure 5-17 shows the simulated rectified voltage in SECE case. It is clear the switch
is turned on at voltage peak and then turned off at the zero-crossing point of the voltage.
Afterwards, the energy in the coil is transferred to the load via the freewheel diode D..
The current in L is null, D2 recovers to reversed state with high-frequency oscillation.
The plateau indicates that the generator needs some time to charge the internal capacitor
to V7 after the switch S is turned off. The simulated on-duration is actually around 50
us, much longer than Y4 of L-C. period. This will cause some charge loss but not much,
because 50 ps is much shorter than 5 ms, which is % of the source period. Figure 5-19
shows the simulated load power as a function of load voltage. A power enhancing ratio
of 2.77 is obtained at a load voltage of 60V. Note that a remarkable power enhancing
ratio of 2 is obtained at load voltage of 5V, which is an end-to-end power enhancing

performance.
5. 4. Experimental results

5. 4. 1. Experimental setup

Figure 5-15 shows a photo of fabricated dual-stage electrode. It has four lead-outs,
namely V,, Vi, Ve and V,e. The number of poles for control stage and power stage is 9
and 100, respectively. Figure 5-16 shows the SECE circuit using discreet components.
The control block and the DC side of control stage are connected to a 3V DC supply.
The detailed information of the generator and the components are listed in

Table 5-4.

The AC-side voltage is measured by an oscilloscope (DSO6014A, Agilent) via a
100:1 (100 MQ, 5pF) voltage probe. The power harvested on load at DC side is
calculated by P, = I?R,. The load current [ is derived by measuring the DC voltage
across a sampling resistor Rs using a digital multimeter (U1282A, Keysight). The

voltage probe is detached during load power measurement.

5. 4. 2. External-powered SECE
Figure 5-17 shows the measured rectified voltage of generator output in external-

powered SECE case, with Rp=2 MQ. It shares the same shape with the simulated result.
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But the voltage amplitude of experimental result is lower than that of simulated one.
One possible reason for this is that the impedance of the probe (100 MQ) is not high
enough, it shunts a portion of charges during the open-circuit charging phase, which
results in lower amplitude of experimental results. This reason might be true because
the power generation results with Rp=2 MQ (Figure 5-19), where the probe is detached,
do not show much difference between simulation and experiment. A second reason is
that the on-duration of the switch in experiment is longer than that in simulation,
because unexpected switching on is observed in experiment (Figure 5-18). This
undesired jitter might be caused by the environmental noise to the discrete components.

Figure 5-19 shows the power generation results in standard, voltage-divider SSHI
and SECE cases. The control block in SSHI and SECE are externally powered. The
load voltage in standard and SSHI cases refers to the input voltage to the DC/DC
converter or primary storage capacitor; whilst the load voltage in SECE case refers to
the load voltage across the storage capacitor, which could be DC low voltage without
using DC/DC converter. Consequently, a power enhancing ratio of 2.77 is obtained
with SECE. More importantly, a power enhancing ratio of 2 is achieved at a load
voltage as low as 5V. In addition, experimental and simulated results show good
consistency until V=70V, which enables an analysis of SECE circuit based on
simulation. The reason for the difference between experiment and simulation in over-

70V range remains to be disclosed.
5. 5. Discussion

5. 5. 1. On-state duration of the switch

It is observed that both in simulation and experiment, the on-duration of the switch
is much longer than % of L-C. period, but the power enhancing performance is still
remarkable. Specifically, the calculated % of L-Ce period is around 1.5 ps, but the on-
duration in simulation is 50 pus (Figure 5-20) and that in experiment is 40 us (without
jitter) and 190 ps (with jitter). Therefore, it is interesting to look into the power transfer
process.

Figure 5-20 shows the power transfer process in SECE. It can be divided into three
phases: discharge, free wheel and neutralization. In the discharge phase, V, goes high
at the peak of V), to turn on the switch, thereby activating discharging C. to the inductor
L. This phase stops when V), ramps to 0, because the LC oscillation is blocked by the
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rectifier. Note that the discharging phase stops even if V; does not go low to turn off
the switch. In the next freewheel phase, the inductor current freewheels to load through
Dr (see Ipr), thereby converting magnetic energy stored in L to the storage capacitor Cs.
This phase stops when /; ramps to 0. In the next neutralization phase, the diode DF
oscillates to reversed state, so that the voltage across the inductor oscillates to 0 and
Vrec oscillates to V.

By analyzing the power transfer process, the followings are found. First, the on-
duration is bound to be larger than Y4 of LC period to ensure that V},, ramps to 0. As
shown in Figure 5-20, it takes 5 us for V), to ramp to 0. Second, the overlong on-
duration does not jeopardize transferring energy from C,, to Cs, because the LC
oscillation is naturally blocked by the rectifier at V,,=0. Third, the overlong on-duration
does not hinder the re-charge of C. by I, reversely, as long as the amplitude of V), is no
larger than V. The extreme of V,,, which is less than 2V,., might be caused by the
introduced impedance of the SECE circuit, instead of overlong on-duration time.

Therefore, even though the on-duration of the switch is longer than expected, it does
not hinder harvesting and transferring power in a typical SECE manner, as long as the

on-duration is not long enough to make | V.| exceed V7.

5. 5. 2. Inductor selection
The inductor size is another concern because it dominates the volume of the circuit.
Since the inductor also acts as an energy intermediate in SECE, the quality factor Q; =

1

\/cz may also influence the performance, especially in low load voltage cases where
e

Rser
the voltage difference between generator and load is high. Therefore, the influence of
inductance L, series resistance Ry and parallel resistance R,q- is investigated base on
simulation, with load voltage Vi=5V.

Figure 5-21 shows the power harvested on load as a function of the inductance. It
clearly reveals that the inductance has a significant influence on load power, if the
inductance is lower than 100 pH. However, the improvement led by increased
inductance saturates when the inductance exceeds around 100 uH. Therefore, replacing
the 5.6 mH inductor employed in current SECE by a 100 pH one will not severely
damage the power enhancing performance. But it can effectively reduce the height of

the inductor because the turns of the coil are reduced to a large degree.
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Figure 5-22 shows the power harvested on load as a function of the parallel
resistance of the inductor. If the parallel resistance is over 100 kQ, which is usually
satisfied for practical components, it will not influence the load power significantly.

Figure 5-23 shows the power harvested on load as a function of the parallel
resistance of the inductor. It reveals that the load power is dependent on the series
resistance in a quasi-linear manner, but the ramp is not high. If the series resistance
increases from 1 Q to 50 Q, the load power just decreases by 10%. Therefore, there is
a trade-off between power performance and coil diameter in choosing the series

resistance.

5. 5. 3. Efficiency analysis

Figure 5-24 shows the power consumption of each component in SECE as a function
of load voltage. It reveals that the freewheel diode consumes substantial power at low
load voltage. This is because the current amplitude of the inductor is high when the
voltage difference between generator and load is large. Therefore, the power
consumption of the freewheel diode, which is the product of inductor current and
forward voltage drop, is significant at low load voltage. Since a larger inductance is not
preferred in our case, an effective method to address this issue is to choose a freewheel
diode with lower forward voltage drop (currently 0.5V).

The efficiency of SECE circuit exceeds 80% even at sub-10V load voltage range,
which is remarkable compared with that of SSHI for electret EH. This is because the
quality factor is high, thanks to the ultralow shunt capacitance Ce.

A comparison between dual-stage SSHI and dual-stage SECE with experimental

results is given in Table 5-5.

5. 6. Summary

In this chapter, a dual-stage SECE circuit is proposed to achieve a higher overall
power enhancing performance over SSHI. As a result, the followings are obtained:

(1) A novel SECE circuit design for electret energy harvester is proposed for the first
time. Thanks to its buck converter topology, the proposed dual-stage SECE also
achieves voltage-stepping-down function. Moreover, thanks to the DC side switch,

dual-stage SECE is free of the dual-polarity converter needed in SSHI. In addition, The
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Table 5-5 Comparison between dual-stage SSHI and dual-stage SECE with

experimental results.

Parallel SSHI SECE
Generator power (Theoretical) 4~10x 4x
(compared with standard) (15_}/’ ¥=0.5~0.8)
Generator power 4X @ Viee=180V 2.85x
(Experimental) (Viee=160V)

(externally powered)

Additional DC/DC converter? Yes No

DC/DC conversion efficiency 50% 80%

(Experimental) (Dual-polarity)

Load power 1.4x @ 5V 2.3x @5V

(Experimental) (y=0.7, Vo=60V)

Self-powering Experimentally Proposed
confirmed

Random Excitation Experimentally To be confirmed

Applicable? confirmed

Circuit Volume Large Small

(3 coils) (1 coil)

proposed control block is adaptive to arbitrary internal capacitor and external inductor,
thus enabling a robust operation against generator/components aging.

(2) Experimentally, a power enhancing ratio of 2.77 is obtained in SECE, with
control block externally powered. More importantly, a power enhancing ratio of 2 is
achieved at a load voltage as low as 5V, which means no additional DC/DC converter
is needed. The voltage stress at generator output is twice of the open circuit voltage in
standard case, which is much lower than that in SSHI case. Self-powering schemes is
also proposed by using the charges accumulated in the storage capacitor of the control

stage.
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(3) Based on the simulation, the efficiency of proposed SECE circuit is above 80%,
thanks to the high LC quality factor led by the ultralow internal capacitance of the
generator.

(4) The inductor in SECE could be lower than 100 uH without severely reducing the
power enhancing performance, which is in favor of the circuit miniaturization.
Reducing the forward voltage drop of the freewheel diode is crucial to improve the

SECE performance in low load voltage range.
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Figure 5-1 Schematic of SECE for electret energy harvester.
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Figure 5-2 Experimental circuit with flyback transformer to perform SECE in
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Figure 5-3 Theoretical output power of piezoelectric EH in (1) standard DC and (2)
SECE cases [69].
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Figure 5-8 Schematics of (a) parallel SSHI and (b) SECE for comparison.
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Figure 5-9 Block diagram of SECE design.
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Figure 5-10 Circuit design of dual-stage SECE.

Figure 5-11 Pole-number-based dual-stage electrode design for SECE.

115



Dual-stage Synchronized Electric Charge Extraction

(a)
~, &4-
Energy —Z:( A g J_
harvester L -
Cs
Vrec -|_ VL
+
S\ D
A4
(b)
QM Xt ;c M
Energy - ﬁ( L
harvester ~
+
) Viec ZS D Cs — f]_VL
A4
()
~n &4-
Energy —f): £
harvester ~ o1 Z& J_ +
D Cs Vi
Vrec L -|_
€ v -
(o]
Sy

Figure 5-12 Topologies of SECE main circuit, (a) parallel L-Cs, (b) high-side switch
and (c) series L-Ci.
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Figure 5-14 Simulation setup of dual-stage SECE.

Figure 5-15 Pole-number-based dual-stage stator electrode for SECE experiment
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Figure 5-16 SECE circuit using discrete components.
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Figure 5-18 Observed unexpected switch action in SECE operation.
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Figure 5-19 Power generation results in SECE (externally powered).
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Figure 5-24 Power consumption of the components in SECE.
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Chapter 6 Toward IC-friendly Nonlinear Circuits

IC technology can contribute to nonlinear circuits in three ways: (1) it can effectively
reduce the volume of the circuit (especially control circuitry working in low voltage);
(2) it can reduce the power consumption of components, especially the power
dissipation of the control block, thereby enabling more energy efficient self-powering
schemes; (3) It may increase the performance of the proposed nonlinear circuits by
improved peak/zero detecting accuracy and immunity to noises. Therefore, it is

meaningful to investigate the applicability of the proposed circuits to IC technology.
6. 1. PCB-based prototype of dual-stage SECE

6. 1. 1. Prototype description

Figure 6-1 shows a PCB-based prototype of dual-stage SECE using discrete
components. It is fabricated to roughly estimate the volume of dual-stage SECE and to
check its performance. As shown in Figure 6-2, the board contains 3 parts: (1) The main
circuit of SECE, which operates at 200 V or more; (2) The control block of SECE.
which operates at 5V or lower; (3) The hysteresis switch intended for sensor node
operation, which operates at 5V or lower.

The total area is 24 mm x 24mm. The SECE circuit is on the front side; whilst the
hysteresis switch is on the back side (Figure 6-3). The height of the SECE part is 3.6
mm, 0.3 mm taller than rotational electret energy harvester. The height of inductor (1
mH) used here is 2.6 mm. The area of this prototype can be further minimized by
integrated the control circuit and the hysteresis switch using 5V CMOS technology. In
that case, the total area is expected to be 15 mm x 15 mm. To further integrate the main

circuit, it is possible to employ the high-voltage process shown in Figure 6-4.

6. 1. 2. Test results

In the standard case, the generator outputs, both power and control stages, are
connected to a high-input-impedance (1GCQ, 5pF) voltage probe (HV-P60A), to emulate
the open-circuit condition (Figure 6-5). The measured voltage amplitude in this case is
around 100V (Figure 6-6).

In the SECE experiment, the control block is externally powered by a 3 V DC
supply. The rectified voltage V.. is measured by the HV-P60A voltage probe. The gate

voltage V, to the switch is measured by a 100:1 voltage probe.
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Figure 6-8 shows the measured voltages in SECE case. The typical voltage
waveform in SECE is obtained at control stage output. The measured voltage amplitude
is 170V. Theoretically, the amplitude should be 200V, twice of the open-circuit voltage
in standard case. The reason for this discrepancy might be (1) introduced 1 GQ
impedance by the voltage probe, (2) overlong ON-state duration of the switch.

To check the power enhancing performance, two cases, SECE and classic buck
converter, are considered for a fair comparison (Figure 6-9). In the SECE case, SECE
is inserted between the generator and the low-voltage load. In the classic BUCK case,
a full-bridge rectifier and a classic buck converter are inserted.

Figure 6-10 shows the power generation results. The power harvested in SECE is
twice of that in classic buck case, at a load voltage of 5V. The performance of SECE

should be further improved by employing an inductor with higher inductance.

6. 2. IC compatibility of current nonlinear circuits

Obviously, the control block in the nonlinear circuit is compatible with low-voltage
IC process. If the main circuit is also to be integrated, high-voltage IC process should
be employed in the main circuit to address the voltage stress. Figure 6-4 shows the
available Bipolar-CMOS-DMOS (BCD) processes provided by STMicroelectronics Co.
which can tolerate as high as 800V [70].

The remaining off-chip components are inductors over nH-level and capacitors over
uF-level. For capacitors, usually the storage capacitors at low-voltage load side are
several microfarads. Fortunately, off-chip surface-mount capacitors are usually low in
profile, so the capacitor is not a concern. As for the inductor, in dual-stage self-powered
SSHI (Figure 6-11), 3 inductors cannot be integrated (1 in main circuit and 2 in dual-
polarity converter), which makes the system bulky. In dual-stage SECE, only 1 inductor
(~100 pH) cannot be integrated and it can be tailored to be low profile according to
previous discussion. Therefore, dual-stage SECE is more IC-friendly compared with

dual-stage SSHI.

6. 3. Tri-stage IC-friendly SSHI

To reduce the inductor counts in dual-stage SSHI, here a tri-stage SSHI is proposed.
It employs a more energy-efficient self-powering scheme, instead of dual-polarity

converter, to remove two inductors used in dual-polarity converter. A classic
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unipolarity rectifier which exhibits higher efficiency and smaller size is then used for
voltage regulation.

The self-powering is achieved by introducing a third stage to provide a dual-polarity
voltage supply directly to the peak detector. With the aid of IC technology, it might be
feasible if the power consumption of the control block reduced by IC design could
match the very little power generated by the electret energy harvester.

Figure 6-12 shows the tri-stage electrode design. It contains three stages, of which
function is shown in Figure 6-13. The power stage, which occupies major poles, is in
charge of power generation. The sensing stage, which occupies 1~3 poles, is a low
voltage serving as the input signal to the control stage. The supply stage, which
occupies around 10 poles, is connected to a half-bridge rectifier, to attain a dual-polarity

DC output voltage for suppling the control block.

6. 4. Summary

The IC-compatibility of the proposed circuits is investigated in this chapter. The
results are summarized as follows:

(1) In view of the PCB-based prototype, dual-stage SECE circuit exhibits a volume
of 24 x 24 x 3.6 mm? using discrete components. With control block integrated, the
chip is expected to be 15 x 15 x 3.6 mm’?

(2) If high-voltage BCD process is employed, all the parts of dual-stage SECE,
except the inductor, can be integrated. The inductor, on the other hand, could be tailored
to be low-profile in our case. Therefore, low-profile nonlinear circuit is feasible for
electret energy harvester.

(3) Toward the IC-friendly nonlinear circuits, tri-stage SSHI is proposed for efficient
operation of SSHI by removing the low-efficiency dual-polarity converter. It could be

achievable if the power consumption of the control block is reduced by IC design.
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Figure 6-1 PCB-based prototype of dual-stage SECE circuit.
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Figure 6-2 Circuit diagram of dual-stage SECE circuit (Hysteresis switch is for WSN
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Figure 6-12 Tri-stage electrode design for efficient SSHI by removing dual-polarity

converter.
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Figure 6-13 System description of tri-stage SSHI.
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Chapter 7 Conclusions

The present study presents the development of nonlinear power management circuits
(SSHI, SECE) for electret kinetic energy harvester for the first time, featuring a novel
multiple-stage electrode design. In addition, improved analysis of nonlinear circuit
operation is carried out. The new knowledge derived from this analysis could apply to
circuit design for other electrostatic energy harvesters. Specifically, the following
conclusions have been obtained:

(1) An explicit generator model of in-plane electret energy harvester is proposed for
the first time. The model predictions are in good accordance with the experimental data
using a power generation test bench of rotational electret generator. It reveals that in-
plane electret EH behaves like piezoelectric ones, which confirms the applicability of
nonlinear circuits (SSHI/SECE). According to the dynamic model, the electrical
restoring force is proportional to the output voltage, in which the coefficient (force
factor) has been analytically derived for the first time. Based on the generator model,
an electromechanical model of in-plane electret linear vibration energy harvester is
derived. Thanks to the absence of intrinsic stiffness, electret energy harvester presented
stronger electromechanical coupling based on the case study. Based on the circuit
model, it is confirmed that electret EH is susceptible to parasitic capacitance which may
led by the nonlinear circuit, and sensitive to leakage current.

(2) SSHI has been developed for electret energy harvester for the first time. A power
enhancing ratio of 2.47 over the conventional full-bridge rectifier has been obtained in
the present experiment, with control block externally powered. Unlike in piezoelectric
EHs, the inversion ratio, which is usually used as a benchmark to indicate power
enhancing performance of SSHI, shows little dependence on the series resistance of the
inductor. This new finding allows reducing the size of inductor at the expense of series
resistance. The presented voltage-divider-based SSHI (externally powered) circuit
shows merely an efficiency of 50% at optimal voltage. It is found that the main power
loss lies in the lossy voltage divider and rectification diodes. In self-powered SSHI, the
ratio reduced to 1.2 due to the limited efficiency and voltage rating of the proposed
dual-polarity converter. The efficiency of self-powered SSHI reduces to 25% owing to

the low efficiency of the proposed dual-polarity rectifier.
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(3) A novel dual-stage electrode design is proposed for efficient SSHI by removing
the lossy voltage divider. As a result, a power enhancing ratio of 4 over the standard
case is experimentally achieved in the dual-stage SSHI (externally powered), which is
1.56 times of the power harvested with the voltage-divider SSHI. The proposed dual-
stage SSHI is successfully implemented to a fully-integrated rotational electret energy
harvester, with power enhancing performance, self-start and self-powering ability of
dual-stage SSHI under random excitation confirmed. But, in the self-powered mode,
the power enhancing ratio of dual-stage SSHI again reduces to 1.4 in the self-powered
SSHI, indicating an overall efficiency of 25%, due to the low voltage rating and low
efficiency of the dual-polarity converter.

(4) A novel dual-stage SECE circuit is proposed for the first time to achieve a higher
overall power enhancing performance over SSHI at low load voltage range, by
removing the low-efficiency and bulky dual-polarity converter. Thanks to its buck
converter topology, the proposed dual-stage SECE also achieves voltage-stepping-
down function. The proposed control block is easy to realize and adaptive to arbitrary
internal capacitor and external inductor, thus enabling a robust operation against
generator/components aging. Experimentally, a power enhancing ratio of 2.77 is
obtained in SECE, with control block externally powered. More importantly, a power
enhancing ratio of 2 is achieved at a load voltage as low as 5 V, which means no
additional DC/DC converter is needed. The voltage stress at generator output is twice
of the open circuit voltage in the standard case, which is also much lower than that in
the SSHI case. Self-powering schemes are also proposed by using the charges
accumulated in the storage capacitor of the control stage. Based on the simulation, the
efficiency of proposed SECE circuit is above 80%, thanks to the high LC quality factor
led by the ultralow internal capacitance of the generator. The inductor in SECE could
be lower than 100 uH without severely reducing the power enhancing performance,
which is in favor of the circuit miniaturization. Reducing the forward voltage drop of
the freewheel diode is crucial to improve the SECE performance in low load voltage
range.

(5) Using a PCB-based low-profile SECE board, doubled harvested power
(compared with classic buck converter) was obtained at a load voltage as low as 5 V
experimentally. With control block integrated with 5 V IC process, the volume of SECE
board is expected to be 15 x 15 x 3.6 mm. It can be further miniaturized with the main

circuit integrated using high-voltage BCD process.
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(6) The RLC resonant loop in electrostatic energy harvester is found to be closer to
parallel RLC model, where the quality factor is hardly influenced by the series
resistance of the inductor. Therefore, it is valid to scale down the inductor at the expense
of increasing the series resistance. This generic knowledge should apply to other types

of electrostatic devices where LC resonance is employed.

135



Reference

Reference

[1]
[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

N. Pineda, “M2M VS IoT: Know the Difference.” [Online]. Available:
https://www.peerbits.com/blog/difference-between-m2m-and-iot.html.

Texas Instruments, “CC2650 - SimpleLink™ Multistandard Wireless MCU,” pp.
1-59, 2015.

B. E. White, “Beyond the battery,” Nat. Nanotechnol., vol. 3, no. 2, pp. 71-72,
2008.

R. J. M. Vullers, R. van Schaijk, I. Doms, C. Van Hoof, and R. Mertens,
“Micropower energy harvesting,” Solid. State. Electron., vol. 53, no. 7, pp. 684—
693, 2009.

T. Salter, G. Metze, and N. Goldsman, “Parasitic aware optimization of an RF
power scavenging circuit with applications to smartdust sensor networks,” RWS
2009 IEEE Radio Wirel. Symp. Proc., pp. 332-335, 2009.

E. M. Yeatman, “Energy harvesting: small scale energy production from ambient
sources,” Act. Passiv. Smart Struct. Integr. Syst. 2009, vol. 7288, no. April 2009,
p. 728802, 2009.

S. P. Beeby, M. J. Tudor, and N. M. White, “Energy harvesting vibration sources
for microsystems applications,” Meas. Sci. Technol., 2006.

T. Xue, S. Kakkar, Q. Lin, and S. Roundy, “Characterization of micro-generators
embedded in commercial-off-the-shelf watches for wearable energy harvesting,”
Ind. Commer. Appl. Smart Struct. Technol. 2016, vol. 9801, no. April 2016, p.
980100, 2016.

P. D. Mitcheson, E. M. Yeatman, G. K. Rao, A. S. Holmes, and T. C. Green,
“Energy harvesting from human and machine motion for wireless electronic
devices,” Proc. IEEE, vol. 96, no. 9, pp. 1457-1486, 2008.

S. Roundy, “On the effectiveness of vibration-based energy harvesting,” Journal
of Intelligent Material Systems and Structures. 2005.

D. Zhu, M. J. Tudor, and S. P. Beeby, “Strategies for increasing the operating
frequency range of vibration energy harvesters: A review,” Meas. Sci. Technol.,
vol. 21, no. 2, 2010.

D. Guyomar and M. Lallart, “Recent progress in piezoelectric conversion and
energy harvesting using nonlinear electronic interfaces and issues in small scale
implementation,” Micromachines, vol. 2, no. 2, pp. 274-294, 2011.

S. Meninger, J. O. Mur-miranda, R. Amirtharajah, A. P. Chandrakasan, and J. H.
Lang, “Vibration-to-Electric Energy Conversion,” vol. 9, no. 1, pp. 64—76, 2001.
Y. Suzuki, D. Miki, M. Edamoto, and M. Honzumi, “A MEMS electret generator
with electrostatic levitation for vibration-driven energy-harvesting applications,”
J. Micromechanics Microengineering, 2010.

P. Basset, D. Galayko, A. M. Paracha, F. Marty, A. Dudka, and T. Bourouina,
“A batch-fabricated and electret-free silicon electrostatic vibration energy
harvester,” J. Micromechanics Microengineering, vol. 19, no. 11, 20009.

J. Kymissis, C. Kendall, J. Paradiso, and N. Gershenfeld, “Parasitic power
harvesting in shoes,” Int. Symp. Wearable Comput. Dig. Pap., vol. 1998-Octob,
pp. 132-139, 1998.

L. Tang and Y. Yang, “A nonlinear piezoelectric energy harvester with magnetic
oscillator,” Appl. Phys. Lett., vol. 101, no. 9, 2012.

D. Gibus, P. Gasnier, A. Morel, S. Boisseau, and A. Badel, “Modelling and
design of highly coupled piezoelectric energy harvesters for broadband
applications,” no. figure 1, pp. 2-5, 2019.

136



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Reference

B. Yang et al., “Electromagnetic energy harvesting from vibrations of multiple
frequencies,” J. Micromechanics Microengineering, vol. 19, no. 3, 2009.

Y. Rao, S. Cheng, and D. P. Arnold, “An energy harvesting system for passively
generating power from human activities,” J. Micromechanics Microengineering,
vol. 23, no. 11, 2013.

K. Tao, G. Ding, P. Wang, Z. Yang, and Y. Wang, “Fully integrated micro
electromagnetic vibration energy harvesters with micro-patterning of bonded
magnets,” Proc. IEEE Int. Conf. Micro Electro Mech. Syst., no. February, pp.
1237-1240, 2012.

Y. Feng, “Improved Capacitance Model Involving Fringing Effects for Electret-
Based Rotational Energy,” vol. 65, no. 4, pp. 1597-1603, 2018.

E. Romero, M. R. Neuman, and R. O. Warrington, “Rotational energy harvester
for body motion,” Proc. IEEE Int. Conf. Micro Electro Mech. Syst., pp. 1325—
1328, 2011.

T. Xue, H. G. Yeo, S. Trolier-Mckinstry, and S. Roundy, “A wrist-worn
rotational energy harvester utilizing magnetically plucked {001} oriented
bimorph PZT thin-film beams,” TRANSDUCERS 2017 - 19th Int. Conf. Solid-
State Sensors, Actuators Microsystems, pp. 375-378, 2017.

T. Miyoshi, M. Adachi, K. Suzuki, Y. Liu, and Y. Suzuki, “Low-profile
rotational electret generator using print circuit board for energy harvesting from
arm swing,” Proc. IEEE Int. Conf. Micro Electro Mech. Syst., vol. 2018-Janua,
no. January, pp. 230-232, 2018.

G. M. Sessler, “Physical Principles of Electrets,” 1980.

M. Eguchi, “ XX. On the permanent electret ,” London, Edinburgh, Dublin
Philos. Mag. J. Sci., vol. 49, no. 289, pp. 178—192, 1925.

G. M. Sessler and J. E. West, “Foil-Electret Microphones,” J. Acoust. Soc. Am.,
1966.

M. Goel, “Electret sensors, filters and MEMS devices: New challenges in
materials research,” Current Science. 2003.

O. D. Jefimenko and D. K. Walker, “Electrostatic Current Generator Having a
Disk Electret as an Active Element,” IEEE Trans. Ind. Appl., vol. IA-14, no. 6,
pp. 537-540, 1978.

Y. Tada, “Experimental characteristics of electret generator using polymer film
electrets,” Jpn. J. Appl. Phys., vol. 31, no. 3R, pp. 846851, 1992.

Y. Tada, “Theoretical characteristics of generalized electret generator, using
polymer film electrets,” IEEE Trans. Electr. Insul., vol. EI-21, no. 3, pp. 457—
464, 1986.

J. Boland, Y. H. Chao, Y. Suzuki, and Y. C. Tai, “Micro electret power
generator,” Proc. IEEE Micro Electro Mech. Syst., pp. 538-541, 2003.

T. Genda, S. Tanaka, and M. Esashi, “High power electrostatic motor and
generator using electrets,” TRANSDUCERS 2003 - 12th Int. Conf. Solid-State
Sensors, Actuators Microsystems, Dig. Tech. Pap., vol. 1, pp. 492—495, 2003.
K. Kashiwagi et al., ‘“Nano-cluster-enhanced high-performance perfluoro-
polymer electrets for energy harvesting,” J. Micromechanics Microengineering,
vol. 21, no. 12, 2011.

K. Hagiwara et al, “Electret charging method based on soft X-ray
photoionization for MEMS transducers,” IEEE Trans. Dielectr. Electr. Insul.,
2012.

J. Nakano, K. Komori, Y. Hattori, and Y. Suzuki, “MEMS Rotational Electret
Energy Harvester for Human Motion,” J. Phys. Conf. Ser., vol. 660, p. 012052,

137



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]
[48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

Reference

2015.

T. Miyoshi, M. Adachi, K. Suzuki, Y. Liu, and Y. Suzuki, “Low-profile
rotational electret generator using print circuit board for energy harvesting from
arm swing,” Proc. IEEE Int. Conf. Micro Electro Mech. Syst., vol. 2018-Janua,
no. January, pp. 230-232, 2018.

T. Masaki et al., “POWER OUTPUT ENHANCEMENT OF VIBRATION-
DRIVEN ELECTRET.”

S. Cheng and D. P. Arnold, “A study of a multi-pole magnetic generator for low-
frequency vibrational energy harvesting,” J. Micromechanics Microengineering,
vol. 20, no. 2, 2010.

L. Gu and C. Livermore, “Impact-driven, frequency up-converting coupled
vibration energy harvesting device for low frequency operation,” Smart Mater.
Struct., vol. 20, no. 4, 2011.

P. Pillatsch, E. M. Yeatman, and A. S. Holmes, “A piezoelectric frequency up-
converting energy harvester with rotating proof mass for human body
applications,” Sensors Actuators, A Phys., vol. 206, pp. 178-185, 2014.

C. P. Le and E. Halvorsen, “MEMS electrostatic energy harvesters with end-stop
effects,” J. Micromechanics Microengineering, vol. 22, no. 7, 2012.

E. O. Torres and G. A. Rincon-Mora, “Electrostatic energy harvester and Li-Ion
charger circuit for micro-scale applications,” Midwest Symp. Circuits Syst., vol.
1, pp. 65-69, 2006.

T. Masaki et al., “Power output enhancement of a vibration-driven electret
generator for  wireless sensor applications,” J.  Micromechanics
Microengineering, vol. 21, no. 10, p. 104004, 2011.

Y. Feng, Z. Yu, and Y. Han, “High-performance gap-closing vibrational energy
harvesting using electret-polarized dielectric oscillators,” Appl. Phys. Lett., 2018.
S. Boisseau, G. Despesse, T. Ricart, E. Defay, and A. Sylvestre, “Cantilever-
based electret energy harvesters,” Smart Mater. Struct., 2011.

F. Wang and O. Hansen, “Electrostatic energy harvesting device with out-of-the-
plane gap closing scheme,” Sensors Actuators, A Phys., 2014.

Y. Chiu and Y. C. Lee, “Flat and robust out-of-plane vibrational electret energy
harvester,” J. Micromechanics Microengineering, vol. 23, no. 1, 2013.

D. Hoffmann, B. Folkmer, and Y. Manoli, “Fabrication, characterization and
modelling  of electrostatic =~ micro-generators,” J.  Micromechanics
Microengineering, vol. 19, p. 094001, 2009.

T. Miyoshi, M. Adachi, Y. Tanaka, and Y. Suzuki, “Low-profile rotational
electret energy harvester for battery-less wearable device,” IEEE/ASME Int.
Conf. Adv. Intell. Mechatronics, AIM, vol. 2018-July, pp. 391-394, 2018.

U. Bartsch, C. Sander, M. Blattmann, J. Gaspar, and O. Paul, “Influence of
Parasitic Capacitances on the Power Output of Electret-Based Energy
Harvesting Generators,” Proc. PowerMEMS 2009, pp. 332-335, 2009.

R. Chen and Y. Suzuki, “Suspended electrodes for reducing parasitic capacitance
in electret energy harvesters,” J. Micromechanics Microengineering, vol. 23, p.
125015, 2013.

G. W. Taylor, J. R. Burns, S. M. Kammann, W. B. Powers, and T. R. Welsh,
“The energy harvesting Eel: A small subsurface ocean/river power generator,”
IEEE J. Ocean. Eng., vol. 26, no. 4, pp. 539-547, 2001.

D. Guyomar, A. Badel, E. Lefeuvre, and C. Richard, “Toward energy harvesting
using active materials and conversion improvement by nonlinear processing,”
IEEFE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 52, no. 4, pp. 584-594,

138



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Reference

2005.

M. Lallart and D. Guyomar, “An optimized self-powered switching circuit for
non-linear energy harvesting with low voltage output,” Smart Mater. Struct., vol.
17, no. 3, p. 035030, 2008.

N. Krihely and S. Ben-Yaakov, “Self-contained resonant rectifier for
piezoelectric sources under variable mechanical excitation,” /EEE Trans. Power
Electron., vol. 26, no. 2, pp. 612621, 2011.

S. Du and A. A. Seshia, “An Inductorless Bias-Flip Rectifier for Piezoelectric
Energy Harvesting,” IEEE J. Solid-State Circuits, vol. 52, no. 10, pp. 27462757,
2017.

P. Energy, J. Liang, W. Liao, and S. Member, “Improved Design and Analysis
of Self-Powered Synchronized Switch Interface Circuit for Improved Design and
Analysis of Self-Powered Synchronized Switch Interface Circuit for
Piezoelectric Energy Harvesting Systems,” no. February 2015, 2012.

W. Liu, A. Badel, F. Formosa, Q. Zhu, C. Zhao, and G. Di Hu, “A
Comprehensive Analysis and Modeling of the Self-Powered Synchronous
Switching Harvesting Circuit with Electronic Breakers,” IEEE Trans. Ind.
Electron., vol. 65, no. 5, pp. 3899-3909, 2018.

Y. C. Shu, L. C. Lien, and W. J. Wu, “An improved analysis of the SSHI interface
in piezoelectric energy harvesting,” Smart Mater. Struct., vol. 16, no. 6, pp.
2253-2264, 2007.

I. C. Lien, Y. C. Shu, W. J. Wu, S. M. Shiu, and H. C. Lin, “Revisit of series-
SSHI with comparisons to other interfacing circuits in piezoelectric energy
harvesting,” Smart Mater. Struct., vol. 19, no. 12, 2010.

M. Lallart, Y. C. Wu, and D. Guyomar, “Switching delay effects on nonlinear
piezoelectric energy harvesting techniques,” IEEE Trans. Ind. Electron., vol. 59,
no. 1, pp. 464-472, 2012.

W. Liu, A. Badel, F. Formosa, Q. Zhu, C. Zhao, and G. Hu, “Comparative case
study on the self-powered synchronous switching harvesting circuits with BJT
or MOSFET switches,” IEEE Trans. Power Electron., vol. 8993, no. c, pp. 1-1,
2018.

A. Badel, A. Benayad, E. Lefeuvre, L. Lebrun, C. Richard, and D. Guyomar,
“Single crystals and nonlinear process for outstanding vibration-powered
electrical generators,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 53,
no. 4, pp. 673-683, 2006.

M. Lallart, L. Garbuio, L. Petit, C. Richard, and D. Guyomar, “Double
synchronized switch harvesting (DSSH): A new energy harvesting scheme for
efficient energy extraction,” /IEEE Trans. Ultrason. Ferroelectr. Freq. Control,
vol. 55, no. 10, pp. 2119-2130, 2008.

L. Garbuio, M. Lallart, D. Guyomar, C. Richard, and D. Audigier, “Mechanical
energy harvester with ultralow threshold rectification based on SSHI nonlinear
technique,” IEEE Trans. Ind. Electron., vol. 56, no. 4, pp. 1048—-1056, 2009.

J. Dicken, P. D. Mitcheson, I. Stoianov, and E. M. Yeatman, “Power-extraction
circuits for piezoelectric energy harvesters in miniature and low-power
applications,” IEEE Trans. Power Electron., vol. 27, no. 11, pp. 4514-4529,
2012.

E. Lefeuvre, A. Badel, C. Richard, and D. Guyomar, “Piezoelectric Energy
Harvesting Device Optimization by Synchronous Electric Charge Extraction,” J.
Intell. Mater. Syst. Struct., vol. 16, no. 10, pp. 865-876, 2005.

R. Erickson, M. Madigan, and S. Singer, “Design of a simple high-power-factor

139



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Reference

rectifier based on the flyback converter,” Conf. Procedings - IEEE Appl. Power
Electron. Conf. Exhib. - APEC, no. April 1990, pp. 792-801, 1990.

D. Guyomar and M. Lallart, “Recent progress in piezoelectric conversion and
energy harvesting using nonlinear electronic interfaces and issues in small scale
implementation,” Micromachines, vol. 2, no. 2, pp. 274-294, 2011.

S. Xu, S. Member, K. D. T. Ngo, S. Member, and T. Nishida, “Low Frequency
Pulsed Resonant Converter for Energy Harvesting,” vol. 22, no. 1, pp. 6368,
2007.

W. J. Wu, A. M. Wickenheiser, T. Reissman, and E. Garcia, “Modeling and
Experimental Verification of Synchronized Discharging Techniques for
Boosting Power Harvesting from Piezoelectric Transducers,” Smart Mater.
Struct., vol. 18, no. 5, p. 055012, 20009.

Y. Wu, A. Badel, F. Formosa, W. Liu, and A. E. Agbossou, “Piezoelectric
vibration energy harvesting by optimized synchronous electric charge extraction,”
J. Intell. Mater. Syst. Struct., vol. 24, no. 12, pp. 1445-1458, 2013.

A. Badel et al., “A Shock-Optimized SECE Integrated Circuit,” IEEE J. Solid-
State Circuits, vol. 53, no. 12, pp. 3420-3433, 2018.

S. Boisseau, P. Gasnier, M. Gallardo, and G. Despesse, “Self-starting power
management circuits for piezoelectric and electret-based electrostatic
mechanical energy harvesters,” J. Phys. Conf. Ser., vol. 476, no. 1, 2013.

P. Gasnier et al., “An autonomous piezoelectric energy harvesting IC based on
a synchronous multi-shot technique,” /IEEE J. Solid-State Circuits, vol. 49, no.
7, pp. 1561-1570, 2014.

M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A Nanopower Synchronous
Charge Extractor IC for Low-Voltage Piezoelectric Energy Harvesting with
Residual Charge Inversion --Cold start SECE,” IEEE Trans. Power Electron.,
vol. 31, no. 2, pp. 1263-1274, 2016.

Y. Wu, A. Badel, F. Formosa, and W. Liu, “Self-powered optimized
synchronous electric charge extraction circuit for piezoelectric energy
harvesting,” vol. 25, no. 17, pp. 2165-2176, 2014.

A. Morel, P. Gasnier, Y. Wanderoild, G. Pillonnet, and A. Badel, “Short Circuit
Synchronous Electric Charge Extraction (SC-SECE) Strategy for Wideband
Vibration Energy Harvesting,” Proc. - [EEE Int. Symp. Circuits Syst., vol. 2018-
May, pp. 04, 2018.

A. Morel, A. Badel, Y. Wanderoild, and G. Pillonnet, “A unified N-SECE
strategy for highly coupled piezoelectric energy scavengers,” Smart Mater.
Struct., vol. 27, no. 8, 2018.

C. Chen, B. Zhao, and J. Liang, “Revisit of synchronized electric charge
extraction (SECE) in piezoelectric energy harvesting by using impedance
modeling,” Smart Mater. Struct., vol. 28, no. 10, p. 105053, 2019.

J. Liang and W. H. Liao, “Improved design and analysis of self-powered
synchronized switch interface circuit for piezoelectric energy harvesting
systems,” IEEE Trans. Ind. Electron., vol. 59, no. 4, pp. 1950-1960, 2012.

Y. Tanaka, T. Miyoshi, and Y. Suzuki, “A Dynamic Model of Arm-Equipped
Rotational Energy Harvester during Human Locomotion,” J. Phys. Conf. Ser.,
vol. 1052, no. 1, 2018.

E. Lefeuvre, A. Badel, C. Richard, L. Petit, and D. Guyomar, “A comparison
between several vibration-powered piezoelectric generators for standalone
systems,” Sensors Actuators, A Phys., vol. 126, no. 2, pp. 405-416, 2006.

J. Dicken, P. D. Mitcheson, I. Stoianov, and E. M. Yeatman, “Power-extraction

140



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Reference

circuits for piezoelectric energy harvesters in miniature and low-power
applications,” IEEE Trans. Power Electron., vol. 27, no. 11, pp. 4514-4529,
2012.

S. Stanzione, C. Van Liempd, R. Van Schaijk, Y. Naito, R. F. Yazicioglu, and
C. Van Hoof, “A self-biased 5-t0-60V input voltage and 25-to-1600uW
integrated DC-DC buck converter with fully analog MPPT algorithm reaching
up to 88% end-to-end efficiency,” Dig. Tech. Pap. - IEEE Int. Solid-State
Circuits Conf., vol. 56, pp. 74-75, 2013.

S. Stanzione, C. Van Liempd, M. Nabeto, F. R. Yazicioglu, and C. Van Hoof,
“A 500nW batteryless integrated electrostatic energy harvester interface based
on a DC-DC converter with 60V maximum input voltage and operating from
1??W available power, including MPPT and cold start,” Dig. Tech. Pap. - IEEE
Int. Solid-State Circuits Conf., vol. 58, pp. 372-373, 2015.

B. H. Stark, P. D. Mitcheson, P. Miao, T. C. Green, E. M. Yeatman, and A. S.
Holmes, “Converter circuit design, semiconductor device selection and analysis
of parasitics for micropower electrostatic generators,” I[EEE Trans. Power
Electron., vol. 21, no. 1, pp. 27-36, 2006.

M. Perez et al., “Electret-based Aeroelastic Harvester and its Self- starting
Battery-free Power Management Circuit,” pp. 17-20, 2015.

I. Park, J. Maeng, M. Shim, J. Jeong, and C. Kim, “A Bidirectional High-Voltage
Dual-Input Buck Converter for Triboelectric Energy-Harvesting Interface
Achieving 70.72% End-to-End Efficiency,” 2019 Symp. VLSI Circuits, vol. 4,
pp. C326-C327, 2019.

I. Park, J. Maeng, D. Lim, M. Shim, J. Jeong, and C. Kim, “A 4.5-to-16uW
integrated triboelectric energy-harvesting system based on high-voltage dual-
input buck converter with MPPT and 70V maximum input voltage,” Dig. Tech.
Pap. - IEEE Int. Solid-State Circuits Conf., vol. 61, pp. 146148, 2018.

H. Zhang, D. Galayko, P. Basset, U. Paris-est, and E. Paris, “A
CONDITIONING SYSTEM FOR HIGH-VOLTAGE ELECTROSTATIC /
TRIBOELECTRIC ENERGY HARVESTERS USING BENNET DOUBLER
AND SELF-ACTUATED HYSTERESIS SWITCH Sorbonne Universités ,
Lip6 , France METHODS ANS RESULTS Descriptions of The Conditioning
System,” vol. 1, no. June, pp. 346-349, 2019.

X. Li and Y. Sun, “An SSHI Rectifier for Triboelectric Energy Harvesting,”
IEEFE Trans. Power Electron., vol. 8993, no. c, pp. 1-1, 2019.

Z. Cao, S. Wang, M. Bi, Z. Wu, and X. Ye, “Largely enhancing the output power
and charging efficiency of electret generators using position-based auto-switch
and passive power management module,” Nano Energy, vol. 66, no. September,
p. 104202, 2019.

S. Xu, W. Ding, H. Guo, X. Wang, and Z. L. Wang, “Boost the Performance of
Triboelectric Nanogenerators through Circuit Oscillation,” Adv. Energy Mater.,
vol. 9, no. 30, pp. 1-9, 2019.

Y. Suzuki, “Recent progress in MEMS electret generator for energy harvesting,”
IEEJ Trans. Electr. Electron. Eng., 2011.

M. Lallart et al., “Synchronized switch harvesting applied to self-powered smart
systems: Piezoactive microgenerators for autonomous wireless receivers,”
Sensors Actuators, A Phys., vol. 147, no. 1, pp. 263272, 2008.

Y. K. Ramadass and A. P. Chandrakasan, “An efficient piezoelectric energy
harvesting interface circuit using a bias-flip rectifier and shared inductor,” IEEE
J. Solid-State Circuits, vol. 45, no. 1, pp. 189-204, 2010.

141



Reference

[100] Y. Feng, B. Shao, X. Tang, Y. Han, T. Wu, and Y. Suzuki, “Improved
Capacitance Model Involving Fringing Effects for Electret-Based Rotational
Energy Harvesting Devices,” IEEE Trans. Electron Devices, vol. 65, no. 4, pp.
1597-1603, 2018.

[101] C. P. Le and E. Halvorsen, “Equivalent-circuit models for electret-based
vibration energy harvesters,” Smart Mater. Struct., vol. 26, no. 8, p. 085042,
2017.

[102] K. Murotani and Y. Suzuki, “MEMS Electret Energy Harvester with Embedded
Bistable Electrostatic Spring for Broadband Response,” vol. 19, no. 2012, pp. 5—
6, 2015.

[103] D. Miki, Y. Suzuki, and N. Kasagi, “Effect of nonlinear external circuit on
electrostatic damping force of micro electret generator,” TRANSDUCERS 2009
- 15th Int. Conf. Solid-State Sensors, Actuators Microsystems, pp. 636—639,
20009.

[104] A. Crovetto, F. Wang, and O. Hansen, “Modeling and optimization of an
electrostatic energy harvesting device,” J. Microelectromechanical Syst., vol. 23,
no. 5, pp. 1141-1155, 2014.

[105] K. Murotani and Y. Suzuki, “MEMS electret energy harvester with embedded
bistable electrostatic spring for broadband response,” J. Micromechanics
Microengineering, vol. 28, no. 10, 2018.

[106] M. Edamoto et al., “LOW-RESONANT-FREQUENCY MICRO ELECTRET
GENERATOR FOR ENERGY HARVESTING APPLICATION Department of
Mechanical Engineering , The University of Tokyo , Tokyo , Japan,” pp. 1059—
1062, 20009.

[107] S. Lu, S. Member, F. Boussaid, and S. Member, “A Highly Efficient P - SSHI
Rectifier for Piezoelectric Energy Harvesting,” vol. 30, pp. 5364-5369, 2015.

[108] S. Du, Y. Jia, C. D. Do, and A. A. Seshia, “An Efficient SSHI Interface with
Increased Input Range for Piezoelectric Energy Harvesting under Variable
Conditions,” IEEE J. Solid-State Circuits, vol. 51, no. 11, pp. 2729-2742, 2016.

[109] “Energy Harvesting Power Modular.” [Online]. Available: http://www.owl-
sol.com/.

[110] S. O. Small-signal-transistor, “BSP89 BSP89,” pp. 1-8.

[111] P. Summary, R. Information, and M. Ratings, “SIPMOS [ Small-Signal-
Transistor BSP92P,” pp. 1-8.

[112] A. Quelen, A. Morel, P. Gasnier, R. Grezaud, S. Monfray, and G. Pillonnet, “A
30nA quiescent 80nW-to-14mW power-range shock-optimized SECE-based
piezoelectric harvesting interface with 420% harvested-energy improvement,”
Dig. Tech. Pap. - IEEE Int. Solid-State Circuits Conf., vol. 61, pp. 150-152,
2018.

142



Publication List

Publication List

International Conferences

(1) Y. Liu, A. Badel, T. Miyoshi, and Y. Suzuki, “Dual-Stage-Electrode-Enhanced
Efficient SSHI for Rotational Electret Energy Harvester,” 2019 20th Int. Conf- Solid-
State Sensors, Actuators Microsystems FEurosensors XXXIII (TRANSDUCERS
EUROSENSORS XXXIII), no. June, pp. 1471-1474, 2019.

(2) Y. Liu, A. Badel, and Y. Suzuki, “Dual-Stage Electrode Design of Rotational
Electret Energy Harvester for Efficient Self-Powered SSHI,” vol. 52, no. 2005, pp.
2-3,2018.

(3) T. Miyoshi, M. Adachi, K. Suzuki, Y. Liu, and Y. Suzuki, “Low-profile rotational
electret generator using print circuit board for energy harvesting from arm swing,”
Proc. IEEE Int. Conf. Micro Electro Mech. Syst., vol. 2018-Janua, no. January, pp.
230-232, 2018.

(4) Y. Liu and Y. Suzuki, “Self-powered SSHI for Electret Energy Harvester,” J. Phys.
Conf. Ser., vol. 1052, no. 1, 2018.

143



