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ABSTRACT

A triboelectric nanogenerator (TENG) is a new transducer utilizing contact electrifica-
tion and electrostatic induction to transduce mechanical energy into electric energy.
Due to its high energy density and flexibility, it can be employed to make electronic de-
vices self-powered by ambient mechanical energy in many application scenarios, such
as biomedical devices, wearable electronics, and Internet-of-Things (IoT) sensors. How-
ever, it is challenging to extract electrical energy from TENG due to its time-varying and
low internal capacitance. IC technology is advantageous in triboelectric energy harvest-
ing (TEH) and power management with low leakage current and active harvesting con-
figurations. Currently, studies on dedicated integrated power conversion techniques are
very limited. Due to the exponentially increasing research interests in TENG, a compre-
hensive study on the TENG energy harvesting system, emphasizing IC power conversion
techniques, is urgently needed.

Therefore, this project contains two parts. The first part is summarizing and compar-
ing the state-of-the-art in TEH, as well as the advanced techniques employed in other
kinetic energy harvesting such as piezoelectric and electrostatic energy harvesting. The
potential of mature IC energy extraction techniques in TEH is emphasized. This part of
work is collected and summarized in a literature review, which is being reviewed by IEEE
Transactions on Circuit and System: 1. For the rest of this thesis, a dedicated TEH in-
terface employing Synchronized-Switch harvesting on Capacitor (SSHC) and Maximum
Power Point Tracking (MPPT) working at 70 V is proposed, with theoretical analysis, de-
sign details, and simulated performance elaborated in this thesis. This is the first fully-
integrated active rectifier reported for TEH. It is going to be fabricated on April 2023.
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INTRODUCTION

1.1. BACKGROUND

Electronic devices are widely used to make people’s life and work easier. With the devel-
opment of integrated circuits (IC) and microelectromechanical systems (MEMS), func-
tional electronic systems can be integrated into single pieces of Silicon with ultra-small
form factors, higher energy efficiency, and better performance. However, a stable power
supply is essential for all electronic devices. Nowadays, most autonomous systems are
powered by batteries. Despite the high power density of batteries, they usually dominate
the size of electronic devices. Besides, the batteries will eventually run out of energy one
day and they have to be charged or replaced. Unfortunately, in many application sce-
narios, it is extremely difficult, or even impossible, to charge or replace the batteries,
e.g., biomedical implants and ubiquitously distributed Internet-of-Things (IoT) sensors.
Furthermore, batteries can also bring pollution to the environment. Thus, battery-free
systems have drawn much research interest in the past decade with energy harvesting
technology, which harvests ambient sustainable energy and converts it into usable elec-
trical form. So far, various energy forms can be harvested thanks to the exploration of the
corresponding energy transducers, such as photoelectric, thermoelectric, and mechano-
electrical transducers.

Amongst these energy sources, mechanical energy exists almost everywhere. In past
decades, piezoelectric energy harvesting and electrostatic energy harvesting were pop-
ular techniques for harvesting mechanical energy. They transduce mechanical move-
ment/vibration into electricity relying on the vibration of internal cantilevers or plates.
Consequently, they can only provide high output power with periodic and stable me-
chanical vibration. However, many mechanical movements, such as human motions
and tides, are irregular and unpredictable, which lead to extremely low efficiency if us-
ing piezoelectric and electrostatic energy harvesters. To harvest mechanical energy in a
much broader extent, a new mechanoelectrical transducer was proposed recently: the
triboelectric nanogenerator (TENG).

A TENG works based on triboelectrification (contact electrification phenomenon)
and electrostatic induction. Triboelectrification refers to the redistribution of electric
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Figure 1.1: The energy sources to be harvested by different structures of TENG in various application scenarios

charges between two different substances when they are squeezed or rubbed against
each other. When the distance or contact area between them changes, an electric po-
tential will be induced due to the displacement current. This indicates the potential of
triboelectrification in sensing displacement and transducing mechanical energy to elec-
tric energy.

The first TENG was proposed in 2012 [1]. In recent years, the research interest in
triboelectric energy harvesting has been exponentially increasing [2]. TENG is advanta-
geous in high flexibility and energy density, which makes it more suitable for miniatur-
ization and planarization compared to piezoelectric and electrostatic energy harvesters
[3]-[5]. Additionally, different from piezoelectric and electromagnetic kinetic energy
harvesting, triboelectric energy harvesting is not limited by the resonant frequency and
thus can transduce more power at low and non-periodic vibration frequency [6], [7].
As a consequence, it has been experimentally validated to harvest mechanical energy
from the human body when embedded in textile [8], or bracelet [9], [10], or even from
the motion of organs [11] to provide a stable power supply to low-power wearable or
implantable devices, such as IoT environment monitors [12], health monitors [13]-[18],
and human-machine interfaces [19]-[21]. Furthermore, the feasibility of TENG in har-
vesting tide energy, wave energy [22], [23] and wind energy [24], [25] has been exploited.
The applications of TENG working as a kinetic energy transducer are presented in Fig.
1.1, which also includes the energy sources and feasible structures.
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Figure 1.2: Two electrode configurations for TENGs in different working modes: double-electrode configu-
ration in (a) vertical contact-separation mode, (b) lateral-sliding mode, and (c) freestanding mode; Single-
electrode configuration in (d) vertical contact-separation mode, and (e) lateral-sliding mode [27]. (f) Figure
legends.

1.2. FUNDAMENTAL THEORIES OF TENG

1.2.1. STRUCTURES

The triboelectrification phenomenon generates static electricity on dielectric, whose po-
larity and quantity are determined by electron affinities of materials [26], [27]. The dis-
placement of charges generates electrical potential, which contains energy to be har-
vested and utilized. Typically, a TENG has three working modes: vertical contact-separation
mode, lateral-sliding mode, and freestanding mode. Besides, there are two electrode
configurations: single-electrode and double-electrode [27]. The combinations of differ-
ent working modes and electrode configurations are illustrated in Fig. 1.2.

The vertical contact-separation mode has two dielectrics, or one dielectric and one
electrode plate, moving face to face as presented in Fig. 1.2a and Fig. 1.2d. Triboelec-
trification occurs when they are in contact and squeezed. When two plates move away
from each other, a voltage potential difference is induced between them by the displace-
ment current. In lateral-sliding and freestanding mode, the plates can have rotational
or translational movement with the triboelectricity generated by rubbing [28]. For the
double-electrode configurations presented in Fig. 1.2b and Fig. 1.2c, when the effec-
tive contact area between dielectrics changes, the charge on the non-overlapping region
induces different potentials on the anode and cathode electrode plates. While for the
single-electrode lateral-sliding TENG illustrated in Fig. 1.2¢, the potential is induced by
the charge on the dielectric at the overlapping area between the dielectric and the elec-
trode. With the lateral-sliding and freestanding TENG, the kinetic energy in the parallel
relative motion can be harvested. For single electrode configurations, the current flows
between electrode and ground, so the ground can be set as either anode or cathode in
this case [27].

In the rest of this section, the double-electrode configuration will be taken as an
example for theoretical analysis, but both single- and double-electrode configurations
have similar properties.
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Figure 1.3: The theoretical model of (a) the double-electrode vertical contact-separation TENG and (b) the
double-electrode lateral-sliding TENG with significant parameters labeled [29], [32].

1.2.2. FEATURE ANALYSIS AND MODELING

To design energy harvesting circuits for a TENG, the characteristics of current and volt-
age generated from it must be taken into consideration. The real-time output of a TENG
can be comprehensively described by the V-Q-x relationship with three variables: the
voltage between electrodes V, the generated charge Q, and the relative displacement be-
tween the plates x [29]. Since the TENG in contact-separation mode and sliding mode
have different characteristics, they should be analyzed separately. First, the V-Q-x re-
lationship of the vertical contact-separation TENG is elucidated. Based on its working
mechanism, it can be approximately considered as a variable capacitor with a uniform
electric field between plate electrodes [30], [31]. Thus, the induced V is derived by the
product of x and the electric field intensity mathematically. The internal electric field
of TENG is the superposition of two electric fields, induced by the triboelectric charge
and the Q on the electrode plates respectively. Therefore, the V-Q-x relationship of the
vertical contact-separation TENG can be derived by the following equation:

Ve (—+—+x)+— (1.1)

where:

S is the plate size;

€o is the vacuum permittivity.

d; and d, are the thicknesses of dielectric layers;

€1 and €, are the relative dielectric permittivity of each dielectric layer;

o is the surface charge density of the dielectric generated by the triboelectrification;

These variables and parameters are labeled in Fig. 1.3a. Regarding single-electrode
contact-separation TENGs, Eq. 1.1 also works except that only one dielectric layer exists;
hence, one of the d; and d» should be set 0. Eq. 1.1 can also be expressed in another
form:

+Voc (1.2)

where,
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Figure 1.4: (a) The theoretical equivalent voltage source model and (b) the theoretical equivalent current
source model of TENG [33]. (c) The waveform of the real-time internal capacitance (Ctg), a current source
(Isc), and a voltage source (Voc) is illustrated when TENG operates in sinusoidal vibration (x).

SE() dl dg
(dy=—+—) (1.3)
do+x €r1 €2

CTENG =

ox
Voc=— (1.4)
€0
Another important parameter of TENG in analyzing the energy extraction efficiency
is the maximal charge output, i.e., the total output charge under short-circuit condition
in each semi-cycle, denoted as Qsc. Its relationship with x is derived from Eq. 1.1 with
V =0 and expressed as:

Sox

Qsc = (1.5)

d() + X

Eq. 1.2 is derived from an electronic perspective of a vertical contact-separation
TENG, i.e., an equivalent circuit model composed of a voltage source that is identical
to the potential induced by the electrostatic surface charge, i.e., the open-circuit voltage
of TENG Vpc, and an inherent capacitor with a variable capacitance Crgyg connected
in series [33]. This model is illustrated in Fig. 1.4(a), with the expression of Vp¢ and
Crenc presented by Eq. 1.3 and Eq. 1.4 respectively. Besides, the waveform of V¢ and
Crgng is illustrated in Fig. 1.4(c) when TENG operates in sinusoidal vibration. It is ad-
vantageous in its direct relationship with the physical mechanism of TENG, as well as
the linearity between the V¢ and x.

According to Norton’s theorem, this model can be transformed into a current source,
which is identical to the short-circuit output current Isc, in parallel with the internal
impedance, as presented in Fig. 1.4(b). Due to the time-varying capacitance Crgng,
the expression of Isc with respect to the displacement of TENG will be complicated.
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Nevertheless, this model is advantageous in analyzing the phase difference between the
output voltage and current, and thus is commonly utilized in active energy extractor
design.

One problem with the V-Q-x relationship of the TENG shown in Eq. 1.1 is that this
equation is not always valid when x approaches or exceeds the width of the dielectric.
In that case, the electric field becomes nonuniform, and the induced potential becomes
nonlinear to x [31]. In practice, when x exceeds a certain threshold, the increase of V¢
cannot match the decrease of Crgng; hence the voltage across the TENG will drop, or
invert if the TENG is in a loop. The specific relationship between V¢ and x under this
condition is complicated and influenced by many factors, such as the shape and width
of the dielectric, etc. In practice, this situation can be avoided with several methods. The
first method is to assume that the V¢ stays unchanged when x exceeds a certain thresh-
old in simulations. This is the most convenient method but can be inaccurate and may
lead to unexpected output, such as voltage drop or inversion. Another method is to limit
the displacement of TENG in both simulation and practice. This solution guarantees
consistency between simulation and experiment but is not always practical.

Then, the V-Q-x relationship of lateral-sliding TENG will be introduced. The free-
standing TENG has a similar property to the lateral-sliding TENG so they share the same
relationship. Despite different motion modes, the Eq. 1.2 is still valid in this mode, which
means that the equivalent circuit models presented in Fig. 1.4 also work in lateral-sliding
TENG. However, the parameters Crpng and Ve of it as well as Qg¢ are different from
those of vertical contact-separation TENG aforementioned, which are supposed to be

CrenG = w (do = ﬂ+ 2) (1.6)
dy €r1 €2
ox
Voc = md@ 1.7)
Qsc=owx (1.8)

where [ and w denote the length and width of the plate respectively. All symbols rep-
resent the same parameters as those in the contact-separation TENG and are labeled in
the theoretical model illustrated in Fig.1.3b [32]. These equations are valid when x is
smaller than [. When x is larger than [/, the V¢ is not related to the displacement but
only determined by the electrostatic surface charge induced by the triboelectric effect.
In lateral-sliding and freestanding TENGs, the Isc of the current source model is linear
to the x. However, as it is still not always equal to the current from the source, the voltage
source model is recommended in lateral-sliding TENGs as well.

Inspired by the V-Q-x relationship, the V-Q plot has been utilized to analyze the
TENG output [34]. An example of the V-Q plot is illustrated in Fig. 1.5. The V axis repre-
sents the voltage across the TENG while the Q axis represents the output charge. Vpc is
identical to V¢ at the maximum displacement, and the Qsc is the total charge output
on that condition. V- is identical to the voltage across the internal capacitor when the
charge on that is equal to Qsc+ and the capacitance Crgng reaches the maximum. In
this case, the slope of the dashed lines connecting (0, Vpoc+) and (Qsc+,0) is the recip-
rocal of the minimal Crgng, while that connecting origin and the point (Qsc+, Voc-) is
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Figure 1.5: The V-Q plot of TENG.

the reciprocal of the maximal Crgyg as presented in Fig. 1.5. The output energy can be
calculated by the following equation:

E:fVIdt:deQ (1.9)

Eq. 1.9 indicates that the output energy can be conveniently represented by an area
in the V-Q plot. As illustrated in Fig. 1.5, when TENG works from f; to £, the energy
output is represented by the shadow area and thus can be calculated mathematically.
Therefore, the V-Q plot is useful in triboelectric energy harvesting design to calculate
energy extraction performance.

1.3. EXPERIMENTAL VALIDATION

To validate the characteristics of TENG, a prototype is fabricated to determine the pa-
rameters of TENG model employed in circuit design. Imade a PTFE-Al contact-separation
TENG which is typically used for measurement in many works. The triboelectric lay-
ers consist of PTFE (Teflon) film and Aluminum film. The former has a strong negative
charging capacity while the latter has a positive charging capacity, thus they could gener-
ate more static charge than using two materials with the same triboelectric polarity. They
are attached to two 4 x 4cm raw PCBs with single-side copper respectively, as presented
in Fig. 1.6a. The copper films are utilized as electrodes while the insulating substrate of
PCB seals and protects the transducer. Then, both boards are fixed on 3D-printed plat-
forms and excited by a shaker to do the contact-separation movement as depicted by
Fig. 1.6b. If the shaker operates in sinusoidal vibration, the output voltage waveform of
TENG is expected to be sinusoidal according to Eq.1.4.

The next step is to measure the characteristics of this prototype i.e., its open-circuit
voltage and internal capacitance. Due to the small internal capacitance and high open-
circuit voltage of TENG, the normal oscilloscope probe can hardly measure the voltage
directly since its internal impedance is limited. Based on my measurement and the pa-
rameters on manual, the real input impedance of probe consists of a 80 pF capacitor
and a 1M/10MQ resistor in parallel, while the capacitance of the in-house fabricated
TENG is tens of pico-Farad. Thus I build a specified measurement circuit presented in
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Aluminum tape

> PTFE tape

(b)

Figure 1.6: (a) The internal structure of in-house fabricated contact-separation TENG prototype; (b) TENG is
excited by a shaker.

Fig. 1.7 to boost the input impedance and suppress the leakage current. When the resis-
tor is 100MQ and the probe is set to 10X mode (internal resistance equal to 10MQ), the
output voltage waveform is close to the sinusoidal wave, with the deformation mainly
caused by leakage current. The waveform is illustrated in Fig.1.8. The peak-to-peak volt-
age read from the pattern is approximately 5.7 V, corresponding to 63 V over TENG. Due
to the leakage caused by measurement circuit, the 63 V is not the accurate open-circuit
voltage of TENG.

Regarding the internal capacitance of TENG, we are interested in its maximal and
minimal transient capacitance, corresponding to the moment that electrodes are the
closest and furthest from each other respectively. Thus, I constitute a low-pass filter
with TENG, a variable resistor and a sinusoidal signal generator connected in series. By
measuring its corner frequency, the transient capacitance of TENG can be estimated,
which is approximately 100 pF at maximum and 10 pF at minimum.

Additionally, to estimate the actual open-circuit voltage and the parameters of this
TENG, the equivalent circuit is built in Cadence, with parameters adjusted to fit the sim-
ulated waveform to the measured one. Some parameters can be directly observed and
measured, such as the displacement x and plate size S, while the static charge density
o and the thickness of dielectric layers are difficult to measure. After trial and error, the
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Figure 1.8: The measured open-circuit voltage of TENG.

simulation waveform is close to the measured one with the parameters presented in Ta-
ble.1.1. In this case, the real peak-to-peak open-circuit voltage is approximately 170 V.

Indeed, it is reported that the charge density after triboelectric charge transfer be-
tween metal and PTFE can range from 1073 to 10~#C/m?, which is much higher than the
experimental result [35]. The reason might be that the triboelectric films used in my pro-
totype are not flat, which leads to inadequate contact with each other and thus a lower
static charge density.

1.4. REQUIREMENTS FOR EXTRACTING TRIBOELECTRIC ENERGY

Based on the characteristics of TENG analyzed and measured before, some requirements
for triboelectric energy harvesting can be summarized. First, if a TENG is experiencing a
periodic mechanical motion, the output of the TENG is an alternating-current (AC) en-
ergy due to the internal capacitor. To make use of the harvested energy and to power load
electronics, the AC energy needs to be converted to the direct-current (DC) form with
a rectification technique. Different from the piezoelectric transducer and electrostatic
transducer, the TENG is not typically implemented in vibration environments, which
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Table 1.1: The parameters of TENG model used in the simulation

Surface charge density o 1.5x 1076 C/m?
Effective contact area S 4x4cm?
Effective thickness of
. . 140 um
the triboelectric film d /&,
Permittivity value of the air ¢ 8.85x 10712 F/m
Maximal vibration displacement x;, 1mm

makes its output alike to a shock in a mono-directional motion cycle [36], [37]. Addi-
tionally, the voltage and current outputs are usually asymmetric for motion in different
directions, even with the same distance [36], [38]. Therefore, those rectifiers applied in
triboelectric energy harvesting should work with fast-changing input.

Another problem caused by the internal capacitor is that it will generate a phase
difference between current and voltage outputs when the TENG is loaded capacitively.
In this case, an amount of charge will be wasted to compensate for the phase delay of
voltage; as a result, the energy extraction performance is degraded. In piezoelectric en-
ergy harvesting, some mature solutions to eliminate that phase difference have been
proposed and employed, such as the synchronous switching techniques including syn-
chronous electric charge extraction (SECE) technique [39] and synchronized-switch har-
vesting on inductor (SSHI) technique [40]. However, different from the constant internal
capacitance of the piezoelectric transducer, the internal capacitance of TENG is time-
varying, which limits the effectiveness of those techniques.

Besides, the internal impedance of TENG is very high due to the small internal capac-
itance and low operating frequency. In practice, this causes high output voltage when
TENG is loaded with high resistance or in open-circuit conditions, where high voltage
tolerance of devices in the interfaces is typically required. On the other hand, if the load
impedance is small, the current can rocket sharply at the beginning but drop soon, and
in this case, the power output is very low [41]. Therefore, to extract more energy from a
TENG, the power management interface must optimize its load impedance or the recti-
fication voltage based on the time-varying internal impedance of the transducer [42].
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REVIEW OF THE
STATE-OF-THE-ARTS

Despite many studies on TENG structures and applications, few studies have been de-
voted to providing a comprehensive overview of the IC power conditioning circuit for tri-
boelectric energy harvesting. Due to the increasing research interest in designing TENG-
based systems, a review of the state-of-the-art IC conversion techniques and associated
circuits is needed to inspire new harvesters for TENG.

2.1. PASSIVE CONVERTERS

Among all power conversion techniques, passive power converters are widely employed
due to their simplicity, stability, and capability for a cold startup, though they typically
suffer from low energy conversion efficiency. Passive converters are composed of pas-
sive components such as capacitors, diodes, or diode-connected transistors. The most
typical passive converter is the bridge rectifier, which can be divided into two types:
half-bridge rectifier (HBR) and full-bridge rectifier (FBR). Besides, rectification can be
implemented together with voltage regulation via switched-capacitor technologies. A
passive switched-capacitor converter, Bennet’s doubler of electricity, has been reported
in harvesting triboelectric and electrostatic energy as well as other power management
systems. These AC-DC converters employed in triboelectric energy harvesting will be
introduced respectively.

2.1.1. PASSIVE BRIDGE RECTIFIERS

Full bridge and half bridge are the two most common configurations of rectifiers. The
half-bridge rectifier is composed of two diodes, where one diode allows current in one
direction to pass while the other diode shorts the AC source. The full-bridge rectifier
(FBR) employs two half-bridge rectifiers to regulate the current in both polarities. This
configuration can rectify current regardless of its direction, so it converts more energy
compared to the half-bridge configuration in one cycle and was consequently imple-
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Figure 2.1: (a) The configuration and (b) V-Q plot of the standard energy harvesting circuit in triboelectric
energy harvesting.

mented in many harvesters. The energy harvesting interface composed of an FBR and a
rectification capacitor is named a standard energy harvesting circuit, as presented in Fig.
2.1a. When the rectification voltage i.e., the storage voltage Vi;,re in this case, is fixed,
the V-Q plot of a standard energy harvesting circuit in triboelectric energy harvesting is
illustrated in Fig. 2.1b. The shadowed area indicates the energy output per cycle, which
is determined by the output charges and the rectification voltage.

In practice, the implementation of FBR in triboelectric energy harvesting faces dif-
ferent challenges according to application scenarios. In low-power applications such as
bio-energy harvesting, the input voltage is low (smaller than 5 V) so the rectifier should
emphasize the suppression of the leakage current and conduction loss, while in high-
power harvesting applications, it must tolerate high rectification voltage and extract as
much energy as possible from TENG but voltage drop on the diode is comparatively neg-
ligible.

DYNAMIC-LEAKAGE-SUPPRESSION FBR

A dynamic-leakage-suppression FBR (DLS-FBR) is reported and employed to harvest ki-
netic energy from the human body, which is a typical low-power application scenario
for triboelectric energy harvesting [1]. It is implemented with four cross-coupled CMOS
pairs, each of which is composed of a PMOS and an NMOS gated by the source of each
other. This configuration guarantees an off-voltage further from 0 and thus suppresses
leakage current by more than 1000x at 0.6 V.

DUAL-OUTPUT RECTIFIER

Different from other transducers, TENG has a small time-varying internal capacitance,
leading to an asymmetric and fast-changing output voltage. An integrated high-voltage
dual-output rectifier (DOR) is reported to make full use of the asymmetric output of
TENG [2]. It utilizes the high-voltage bipolar-CMOS-DMOS (BCD) technology, of which
the double-diffused MOS (LDMOS) has a breakdown voltage of up to 70 V. A higher volt-
age can contribute to more energy extracted from TENG. The conventional FBR has a
single output terminal, while in this work, it is split into two. The rectification voltages
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Figure 2.2: Bennet’s charge doubler in (a) electrostatic voltage conditioning [6] and (b) triboelectric voltage
conditioning [8].

at different output terminals are set differently to extract more energy. This also elim-
inates part of the phase difference. In the implementation, a high voltage protector is
designed to avoid the current leakage between the outputs of DOR [2]. This architec-
ture is improved by removing the protector and isolating the outputs with an inductor,
and thus achieves suppression in the power dissipation [3], [4]. Additionally, maximum
power point tracking (MPPT) technique is employed and implemented separately for ei-
ther output terminal. In summary, DOR achieves better energy extraction performance
than FBR, and is advantageous in passive conversion.

2.1.2. BENNET’S DOUBLER OF ELECTRICITY

Bennet’s doubler of electricity was first proposed hundreds of years ago and was de-
signed to induce and extract extra charge by shifting the capacitance at the beginning
[5]. Its application in charging storage elements is illustrated in Fig. 2.2a [6]. For each
working cycle, the variable capacitor C, shrinks its capacitance first to decrease the volt-
age V7 and induce charges on the other variable capacitor C,. Then C, resets while Cp,
decreases its capacitance to increase the voltage V, so that extra charges are pumped
back to the storage element C;. At the end of each cycle, the charge on C) increases, and
so is the energy. This technique has been used in electrostatic energy harvesting as these
variable capacitors are identical to the electrostatic pumps of electrostatic generator [7].
Since the internal capacitor of TENG is also variable, the implementation of Bennet’s
doubler in triboelectric energy harvesting is explored.

The first application of Bennet’s doubler in triboelectric energy harvesting is pro-
posed by [8] with the structure presented in Fig. 2.2b. To extract charge from TENG and
decrease the output voltage at the meanwhile, this structure is different from the prior
Bennet’s doubler and utilizes two static capacitors C; and C, to halve the output voltage.
In each cycle, Cs and C, extract charges from TENG in series when its internal capaci-
tance Crgng is small, and transfer more charges back in parallel when Crgng is large.
There are two operation modes determined by the ratio between the maximum and the
minimum of Crgng, which is denoted as yu. When u > 2, Bennet’s doubler works in the
exponential mode that the output voltage diverges and increases exponentially. When
U < 2, the voltage will increase convergently and saturate after a certain number of cy-
cles [8]. Commonly, Crgn¢ varies significantly, so Bennet’s doubler usually works in the
exponential mode in triboelectric energy harvesting. In this case, the charge extracted
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to Cs and C; per cycle will increase exponentially, as well as the power output; hence
the energy extracted by Bennet’s doubler can easily exceed that of the passive full-bridge
rectifier, where the charge output decreases when the rectification voltage increases. In
addition, the energy gained by Bennet’s doubler concentrates on the capacitor with the
largest capacitance among Crgng, Cs, and Cr, which makes it easy to be harvested [8].

Despite the advantages in extracting electrostatic energy, Bennet’s Doubler has never
been implemented on chip due to the high voltage. Additionally, Bennet’s Doubler does
not completely eliminate the power loss caused by the phase difference between voltage
and current. If the passive diodes in this topology is replaced by synchronized active
switch, the energy extraction performance is expected to be boosted.

2.2. ACTIVE CONVERTERS

Active converters are implemented with active switches that have lower conversion loss
compared to passive devices. Though additional gate drivers and control circuit are re-
quired, some actively-switching converters can tackle the polarity difference between
voltage and current outputs of TENG, which significantly increases the power output by
multiple times that of standard energy harvesting circuit.

In this section, two synchronous switching techniques are introduced, named syn-
chronous electric charge extraction (SECE) and synchronized-switch harvesting respec-
tively. Both have been widely applied in piezoelectric energy harvesting to avoid the
efficiency degradation caused by the polarity difference.

2.2.1. SYNCHRONOUS ELECTRIC CHARGE EXTRACTION (SECE)

SECE is a popular active rectification technique to boost energy extraction performance
and was first designed for piezoelectric energy harvesting [9]. The typical circuit and
voltage waveform is illustrated in Fig. 2.3a and Fig. 2.3b respectively. Different from
the standard energy harvesting circuit, the rectifier is directly connected to the voltage
regulator without a rectification capacitor. For most time in each semi-period, the trans-
ducer is isolated, so the output voltage is identical to the open-circuit voltage. When the
voltage reaches an extremum, the inductor extracts the energy rapidly through the red
path in phase 1 (¢1), as presented in Fig. 2.3a. Since all charges accumulated on the in-
ternal capacitor are extracted, the voltage is reset at the end of ¢, so there is no polarity
difference between current and voltage output. Then the source is again isolated in the
next semi-period when the energy temporarily stored in the inductor is transferred to
the storage element Cs;,,. through the blue path in phase 2 (¢2) [10]. In this way, the en-
ergy output is enhanced compared to the standard energy harvesting circuit because the
charge is extracted and harvested at a higher voltage. Note that the quadra-switch design
realizes a buck-boost regulator, so theoretically, the output of SECE can be directly used
to power electronic devices.

The energy output of TENG enhanced by SECE is analyzed and presented by the V-
Q plot in Fig. 2.3c. Due to the open-circuit phase in SECE, the charge is extracted from
TENG at Vg so the energy output is boosted. The shaded area presents the theoretical
extra energy output in each cycle compared to the standard energy harvesting circuit,
which is considerable and verified in discrete circuits [11], [12].
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Figure 2.3: (a) Schematic of a SECE interface connected to TENG with (b) operation voltage and current wave-
form and (c) V-Q plot of TENG.

Due to the high open-circuit voltage of TENG, most implementations of SECE in ex-
tracting triboelectric energy are discrete circuits with mechanical switches. Some switches
utilize the structure of TENG and turn on autonomously when the electrode moves to the
extremum [13], [14]. However, this design requires the electrode to move regularly so it
is incompatible in different scenarios. The current and voltage detector implemented by
CMOS technology with high-voltage integrated interface can be helpful in the applica-
tion of SECE in harvesting triboelectric energy. A multi-shot energy extraction technique
implemented on-chip has been proposed recently, utilizing SECE in limited voltage tol-
erance [15].

2.2.2. SYNCHRONIZED-SWITCH HARVESTING

The synchronized-switch harvesting technique is specialized to eliminate the polarity
difference between voltage and current outputs to extract more energy. Its simplest
topology is composed of a full-bridge rectifier (FBR) and a switch placed across the en-
ergy source. The switch is turned on when the direction of the current shifts to remove
the residual charge and reset the voltage. Thus it is named synchronous short-circuit
rectifier (SSCR). It has been proven to be effective to synchronize the voltage and current
when TENG moves to the extremum [16]. Besides, this synchronous short-circuit path
was recently added to the SECE interface in piezoelectric energy harvesting to ensure
stability and increase the harvestable energy bandwidth [17], [18].
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Figure 2.4: (a) Schematic of a parallel-SSHI interface connected to TENG with (b) operation voltage and current
waveform and (c) V-Q plot of TENG.

However, a large part of the energy accumulated on the internal capacitor is wasted
by SSCR in short-circuit phase. This can be improved by utilizing an inductor to flip the
voltage instead of resetting it, which is the synchronized-switch harvesting on inductor
(SSHI) technique i.e., bias-flipping rectifier. Based on different topologies of inductor
connection, it can be divided into two types: parallel-SSHI and series-SSHI [19]. The
typical parallel-SSHI circuit and operation waveform is illustrated in Fig. 2.4a and Fig.
2.4b respectively. When the current direction shifts, the switch will be turned on so the
voltage of the source, which was equal to the rectification voltage, is flipped by the in-
ductor [20]. When the current in the inductor is zero, the voltage-flipping phase ¢; ends
so the switch is turned off. Due to the nonideality of the inductor, the voltage across the
internal capacitor cannot be completely flipped so it needs to be charged to the rectifica-
tion voltage before the current is harvested. Nevertheless, parallel-SSHI saves much en-
ergy from discharging the internal capacitor of the source and contributes to efficiency
boosting especially when the rectification voltage is high. Series-SSHI has two ways of
implementation. The first one has a similar phenomenon to that of parallel-SSHI but
flips voltage via the shorted bridge rectifier rather than an independent path [21]. The
other kind of series-SSHI is closer to SECE, with the bridge rectifier cut-off for most of
the time and the energy extracted at the same time as voltage flipping [22], [23].

SSHI rectifiers can also be implemented in triboelectric energy harvesting. The V-
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Q plot of TENG with a parallel-SSHI interface is presented in Fig. 2.4c. The shadowed
area in Fig. 2.4c is the extra energy harvested by the parallel-SSHI rectifier compared to
the standard energy harvesting circuit. The parallel-SSHI is first implemented in tribo-
electric energy harvesting by [24] in a discrete circuit. Then the first integrated parallel-
SSHI triboelectric energy harvesting circuit was implemented in [25] with an inductive
step-down converter and a switched-capacitor DC-DC converter in series for voltage
conditioning. In addition, thanks to the LDMOS, series-SSHI is more feasible since a
short-circuit loop can be easily established within FBR. A double-stacked-chip series-
SSHI employing an intrinsic fractal switched-capacitor converter (FSCC) is reported in
[26], [27]. It boosts energy harvesting by doubling the voltage tolerance of the harvester
via two series-connected FBRs and storage capacitors on two stacked chips. When the
current output is 0, both FBRs will be shorted to flip the voltage across TENG. This ac-
tive converter is driven by an external power source, which is also the storage element.
Another series-SSHI triboelectric energy harvester is reported in [28].

Despite the advantages of the SSHI technique, it is not fully integrated due to the off-
chip inductor. Inductor also brings other problems such as difficult control of flipping
time and varying inductance, which lead to conversion loss [29], [30]. In this case, an
inductor-less bias-flip rectifier was explored and implemented by the switched-capacitor
technique, which is called synchronized switch harvesting on capacitors (SSHC) [31],
[32]. To achieve higher efficiency, multiple capacitors are necessary to flip the voltage
smoothly to reduce the charge-sharing loss, which can be implemented with more par-
allel stages [33] or phase-split configuration [32]. This SSHC converter can be fully inte-
grated. However, considering the variable capacitance Crgyg, the conventional SSHC
circuit achieves lower efficiency in triboelectric energy harvesting than in piezoelectric
energy harvesting so it needs to be redesigned before being applied.

2.2.3. MAXIMUM POWER POINT TRACKING
The power output is proportional to the real-time product of the voltage and current
output of the energy source. The condition under which the system has the maximum
power output is defined as the maximum power point (MPP) as illustrated in Fig. 2.5a,
and the technique to track and maintain the voltage at the maximum power point is
named maximum power point tracking (MPPT) and it plays an important role in energy
harvesting systems. If the energy extracted from the transducer is consumed directly by
a load, the maximum power point is reached when the load impedance is equal to the
internal impedance of the energy source [34]. Since the impedance of TENG is time-
varying, an active impedance matching method was studied in [35] to track it with a
negative impedance converter model. On the other hand, when the energy is to be har-
vested and stored, impedance matching is not feasible but the voltage across the storage
element is to be controlled. For instance, in a standard energy harvesting circuit, the
maximal power output is tracked by monitoring the rectification voltage on the storage
element since the charge output in one cycle is normally relative to the rectification volt-
age.

There are several methods to implement MPPT, including perturb and observe (P&O),
incremental conductance (IncCond), and fractional open-circuit voltage (FOCV). Both
P&O and IncCond track the maximum power point continuously by adjusting the recti-




22 2. REVIEW OF THE STATE-OF-THE-ARTS

Voc+ |~
Ecyere MPP .

Viect N

VrerZ

—Vrecz

—Viec1 <

1
1

H H !

; 1
Vieer  Vrec Viee Voc- S

(@) (b)

Figure 2.5: (a) Typical pattern of output energy per cycle versus rectification voltage. (b) V-Q plot of MPPT in
triboelectric energy harvesting.

fication voltage and then monitoring the difference in power output i.e., the change of
energy stored in the load capacitor [36]. These two techniques are accurate but compli-
cated to implement. On the other hand, the FOCV methodology is much simpler to be
implemented. For many transducers including piezoelectric transducers, electrostatic
transducers, and triboelectric nanogenerators (TENG), the maximal power output usu-
ally occurs around a certain voltage which has a fixed ratio to the open-circuit voltage
[37]. Indeed, the V-Q plot that reflects the energy output of each cycle can contribute to
virtually seeking the maximum power point of TENG as presented in Fig. 2.5b. The red
and green rectangles indicate the standard energy harvesting circuit working at different
rectification voltages V;¢c1 and Vi, respectively, while their areas represent the corre-
sponding energy output. MPPT technique should track the rectification voltage when
the energy output reaches the maximum i.e., the maximum rectangle enclosed by the
dashed lines. When the properties of TENG are fixed, the maximum power point can be
easily figured out mathematically, which is

1 Voc-Voc+

- (2.1
2Voc-+Voc+

Vrec,mppt =
where Vpc- and Vpc.+ represent the asymmetric open-circuit voltage of TENG. By mon-
itoring these two voltages and maintaining the rectification voltage at the Viecmppt,
MPPT can be implemented with less energy loss and a simpler control system. Due to its
simplicity in implementation and relatively-high accuracy, the FOCV technique is widely
implemented in kinetic energy harvesting.

MPPT technique can also be utilized to maintain the maximal power output in ac-
tive converters, where impedance matching and storage voltage optimization are also
required [38]. So far, it has not been integrated into active triboelectric energy harvest-
ing. In both SECE and SSHI interface, the maximum power point is determined by two
parameters: the maximal open-circuit voltage of TENG and the nonideality of the in-
ductor [39]. Both parameters may vary in practice, which makes it difficult to track the
maximal power output. Besides, the rectification voltage at the maximum power point
can be multiple times the open-circuit voltage of TENG, which can hardly be measured
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by integrated circuit [40]. A duty-cycle-based MPPT for triboelectric energy harvesting is
proposed and implemented in this thesis to tackle this problem.

2.3. COMPARISON AND DISCUSSION

The state-of-the-arts of the triboelectric energy converters in the previous 5 years are
summarized in Table 2.1. This table summarizes their process, conversion techniques
and performance and evaluates the circuit complexity and figure-of-merit (FoM). In tri-
boelectric energy harvesting, the FoM is defined as the energy extracted from TENG per
cycle with a normalized size. It is derived from the following equation:

FoM = (2.2)

where Ppxr represents the power extracted from TENG i.e., the power input to the har-
vester, and fop represents the operational frequency. It depicts the absolute energy ex-
traction capacity of the harvester while the fraction of Pgx7 over the power extracted
by FBR (Prpr) only reflects the relative energy extraction capability. Therefore, a higher
FoM corresponds to higher energy extraction capacity of harvester and better transduc-
tion performance of TENG. Besides, the voltage regulator employed in each work is men-
tioned, as well as the relevant results such as power conversion efficiency (PCE) and out-
put voltage.

Among the state-of-the-arts, contact-separation TENG (CS TENG) is the most em-
ployed TENG due to easier fabrication and modeling. Wind TENG is also reported to be
employed in harvester development. Different from the aforementioned fundamental
TENG, it has a fixed internal capacitance and works at a higher operational frequency
which is identical to the vibration of triboelectric film driven by the airflow, so the en-
ergy extraction from it is relatively easier [27], [28]. In addition, one case of piezoelectric
energy harvesting is included to present the difference between energy extraction from
TENG and piezoelectric transducer (PT).

In general, the harvesters implemented with passive devices such as FBR and Ben-
net’s Doubler are simpler than those with active switches, but they have bad adaptivity
and compatibility without voltage regulation implemented by active switches. IC tech-
nology is advantageous in implementing active converters in miniaturization and lower
leakage but is limited in voltage tolerance. That is the reason why Bennet’s Doubler im-
plemented discretely has higher extraction capacity than integrated FBR, dual-output
rectifier (DOR), synchronized-switch harvesting on inductor (SSHI) and synchronous
charge extraction (SCE) based on the FoM. Among the IC works implemented with 65-
nm CMOS or 0.18-um BCD process, their extraction voltage Vg x 7 are lower than 70 Vdue
to process limitation and thus achieves relatively lower FoM, except the work [27] which
exceeds the voltage limitation via the multi-chip-stacked bias-flip (MCS-BF) technique.
As a consequence, its FoM is more than 4 times higher than other IC works.




Table 2.1: COMPARISON TABLE OF THE STATE-OF-THE-ART

Passive converters

Active converters

Rectifier
FBR Bennet’s doubler SECE P-SSHI S-SSHI SSHCI
Reference [41] [2] [4] [8] [42] [15]* [25] 27 [28] [43]
CS CS CS CS CS CS CS Wind Wind
Transducer PT
TENG TENG TENG TENG TENG TENG TENG TENG TENG
65 nm 0.18 um 0.18 um X X 0.18 um 0.18um | 0.18um | 0.18um | 0.18 um
Process Discrete | Discrete
CMOS BCD BCD BCD BCD BCD BCD BCD
. . Dual-output | Dual-output Multi-shot
Modification - - - - MCS-BF - -
rectifier rectifier SCE
. Dual-input Dual-input BUCK- BUCK
Regulation SCC - BUCK SCC SCC BUCK
BUCK BUCK BOOST +SCC
MPPT - FOCV FOCV - - - - - - FOCV
Vext(V) 2.5 3.5-70 <70 835 450* <70 12-70 65 x N <65 <5
PCE 88% 52.9% 75.6% - 31.60% 63.28% 32.7% 70.7% 79.3% 83%
Output voltage 1.2 2-5 2.8-3.3 - 17 2-20 2 3.1-43 | 2.7-42 | 1.6-4.6%
PexT (W) 2.4-15.6 4.5-20.9 3.9-10.5 70* 152 90.3 2.95 1200 300 29.2
FoM (n]/cmz) - 80 64 140* 840 - 44 380 95 20
Pgxt/PEBR - - - 21x 7.7% 1.91x 1.62x 3.14x - 5.44x

* Simulated results. ** Estimated.
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Among the IC triboelectric harvesters, those employing bias-flip techniques have
better energy extraction performance than passive rectifiers so it is necessary for high-
power energy harvesting. Furthermore, it is noted that few works in triboelectric energy
harvesting employ MPPT. The reason is that FOCV is not suitable for triboelectric energy
harvesting due to the small internal impedance and high open-circuit voltage of TENG,
while the P&O is difficult to implement.
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THE PROPOSED HARVESTER FOR
TRIBOELECTRIC ENERGY
HARVESTING

To improve the energy extraction efficiency from TENG, the bias-flip technique is nec-
essary to eliminate the phase difference between the output current and voltage. Com-
pared to SSHI, SSHC has a smaller form factor. Besides, due to the small internal capac-
itance of TENG, SSHC is advantageous since its flip efficiency can be maintained with
a small flip capacitance, which makes it cost-efficient to be implemented on the chip.
Therefore, a 70-V SSHC rectifier with duty-cycle-based MPPT is proposed in this the-
sis. Different from the conventional SSHC rectifier, two separated SSHC rectifiers are
utilized in this work to handle the asymmetric characteristics of TENG. Furthermore,
to tackle the difficulty in tracking the MPP of TENG, the relationship between the con-
ducting duty cycle of the rectifier and the extracted power is explored. By detecting the
conducting duty cycle of the rectifier, the MPP voltage can be tracked without measuring
the open-circuit voltage of TENG.

In the rest sections of this chapter, the proposed Dual-SSHC (D-SSHC) rectifier and
the duty-cycle-based MPPT (DCB-MPPT) will be introduced in turn. Then the imple-
mentation details will be elaborated.

3.1. DUAL-SSHC RECTIFIER

3.1.1. OPERATIONAL PRINCIPLE

TENG outputs asymmetric voltage in different phases. As presented in Fig. 1.4, in the
positive phase (¢+), current flows in the positive direction, and the Cr is suppressed;
thus the voltage across it is boosted until the voltage magnitude reaches the rectification
voltage V¢ at the output of the full-bridge rectifier (FBR). Note that the forward voltage
on the diode of FBR is typically much smaller than V;,. in TEH, so it is negligible. There-
fore, when the phase shifts from the ¢, to the negative phase (¢-), the voltage on Crg

33
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Figure 3.1: The proposed D-SSHC technique.

before flipping shall be equal to the V... Then, C7g increases during the ¢_. Despite
the charge from Ig¢, the magnitude of the voltage on Crp is still lower than that in ¢,..
For some TENGs, the voltage magnitude cannot reach the V;, at the end of ¢p_, thus the
voltage to be flipped is different from the prior one. In this situation, energy is wasted to
compensate for the flip voltage difference if only one SSHC is employed. The solution is
given by the dual synchronized-switch harvesting on capacitor (D-SSHC) interface.

Fig. 3.1 presents the diagram of the proposed D-SSHC. In this interface, two SSHC
blocks, SSHC-P and SSHC-N, are employed for voltage flipping when phase shifts from
¢+ to ¢_ and from ¢_ to ¢, respectively. Since they operate separately, the waste of en-
ergy caused by the flip voltage difference is eliminated. Different from the conventional
SSHC, the switched capacitors (SCs) in D-SSHC are not floated but have one side perma-
nently grounded. This architecture can decrease the number of high-voltage switches
(HVS) and parasitic capacitance in the circuit. To build the current loop when flip-
ping, an active FBR (A-FBR) is proposed, utilizing the pair of n-type LDMOSs (laterally-
diffused MOSFET) to ground one side of TENG. The operational control waveform of
D-SSHC is presented in Fig. 3.2. At the start of ¢p_, the SSHC-P operates to flip the
voltage on the Crg. The SCs work in the sequence ¢p; — ¢ppp — Ppp3 — Pps — Ppps —
$o — ¢pps — dp7 — Ppg — Ppg — Pp1o. In this process, the low-voltage side of TENG is
grounded, except during the ¢po when the short-circuit switch (SWs) works. When Cr is
shorted, it is not grounded but floated to save part of the charge [1]. While at the begin-
ning of ¢, the SSHC-N is activated, with the SCs operating in the following sequences
ON1 = PNz = PN3 = PNa — PNs — PNe — PN7 — Png — o — PN9 — P10 — P11 —
dN12 — dN13 — PN1a — P15 — Pnis. The grounding principle is the same as when
SSHC-P operates.

3.1.2. PERFORMANCE ANALYSIS

The energy harvesting performance of the D-SSHC is mainly influenced by the flip effi-
ciency and the flip delay. To quantize these factors, the parameters of the TENG model
utilized in the simulation are presented in the Table.1.1 in section 1.3.

The flip efficiency (1) of SSHC is defined as the ratio of the voltage magnitude after
flip over that before the flip and determined by the number of SCs and their capacitance
[2]. Since the whole system is integrated on the chip, the total capacitance of all SCs is
limited. When the capacitance of each switched capacitor in either SSHC is equal, 7
can be calculated by the following equation [3]:
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Figure 3.2: The synchronized control waveform of D-SSHC.
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where Cr,:4; represents the total capacitance of SCs and Cg represents the capacitance
of each switched capacitor. When V... is high and nearly constant in one cycle, the out-
put energy per cycle (E;) can be calculated with the following equation:

E.= CTE,min Vrec(kl VOC,max —koViee); (3.2)
ky=1+n0fup; ko =1=0fnpNfpns (3.3)

where Crg, i, represents the minimal Crr and Vo, max represents the maximal open-
circuit voltage of TENG. It can be observed that the flip efficiency when TENG shifts from
¢+ to - (nr,pn) and when TENG shifts from ¢- to ¢+ (7 ,p) have different contribu-
tion weights to E.. In comparison, 7y ,,, is more significant since Voc,max is typically
multiple times of V}.... Given that the Cr,;,; in SSHC-N is 800pF and Crg, max is 100 pE
the theoretical 7 ¢,,, versus different number of SCs is presented in Table. 3.1. To assure
that 77 ,,;, is higher than 75%, SSHC-N is determined to contain 8 stages. Noted that
the simulated flip efficiency is generally lower than the theoretical one, especially when
more stages are applied. This is caused by the charge loss in SSHC due to the parasitic
capacitance of LDMOS.

Regarding the 7,5, thanks to the small capacitance of Crg,min (10 pF), it can be
maintained higher than 70% with little capacitance and few stages theoretically. There-
fore, the Cyy;4; for SSHC-P is 200 pE split into 5 stages.

The flip delay denotes the delay time between the zero-crossing time of the current
and the start time of flip. According to the Fig. 1.4, Isc increases significantly after the
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Table 3.1: The flip efficiency for different numbers of SCs in SSHC-N.

The number of SCs in SSHC-N | flip efficiency 7 ¢,,p
1 45.5%

58.8%

65.2%

69.0%

71.4%

73.2%

74.5%

75.5%

[o=B BN I e >N NS, I - BNOUNY I \S)

Cut-off
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Figure 3.3: Example waveform of TENG conditioned by the bias-flip interface.

zero-crossing time when TENG shifts from ¢_ to ¢, while Crg suppresses at the mean-
time. This weakens the voltage response and slows the zero-crossing detection. Accord-
ing to the simulation, the power degrades for approximately 10% and 25% when the flip
delay is 2% and 4% of the operation period of TENG respectively, thus the zero-crossing
detection needs to be fast.

3.2. DUTY-CYCLE-BASED MPPT

Energy loss occurs in a voltage flip, thus the voltage magnitude after the flip is lower
than that before the flip as presented in Fig. 3.3. Before the energy-harvesting phase, the
rectifier is cut-off. When the flip efficiency is higher, the voltage after flipping is higher
and closer to the rectification voltage so that the cut-off duty cycle is lower. The cut-
off duty cycle is defined as the ratio of the cut-off time over half of the period. For the
bias-flip interface implemented in piezoelectric energy harvesting, the MPP voltage is
concerned with the flip efficiency. This indicates a potential relationship between the
flip efficiency and the cut-off duty cycle.

Based on the work of my supervisor Xinling, in bias-flip piezoelectric energy harvest-
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ing, the MPP is reached when the cut-off duty cycle is 50%, which means the conducting
time is equal to the cut-off time in one period. Inspired by this work, the corresponding
relationship in triboelectric energy harvesting is explored. Due to the asymmetric capac-
itance of TENG in different phases, the MPP cannot be reached if current flows through
the rectifier in ¢_ [4]. Thus only the cut-off duty cycle in ¢, needs to be considered.
Based on the calculation attached in the appendix, the relationship between the cut-off
duty cycle and the flip efficiency is:

1 ~Nf.pnTlfnp

Dco = —arccos 5 (3.4)
2n 2=0f,pn"Nf,np

This equation is validated with simulation in Cadence with a precision higher than
90%. The imprecision is caused by approximation in the calculation that the thick-
ness of the triboelectric film is negligible compared to the distance between electrodes
when TENG reaches the MPP. To pursue precise cut-off duty cycle at MPP, the calcu-
lation would be too complicated. Actually, the small imprecision in duty cycle would
not lead to serious MPPT efficiency degradation according to the simulation. Since the
DCB-MPPT does not need to detect the high open-circuit voltage and has a good track-
ing efficiency, it is utilized in this work.

In practice, we need to detect the real cut-off duty cycle and compare it to the MPP
cut-off duty cycle. If the real one exceeds that of the MPP one, it is indicated that the
harvesting goes beyond the MPP and the rectification voltage needs to be decreased.
We utilize a digital way to detect and record the cut-off time, with a voltage-controlled
oscillator (VCO) and a counter. The operation period of TENG will be measured and
counted first, then the MPP cut-off time is depicted. By measuring the cut-off time in
the next cycle, the MPP state is detected.

Theoretically, the flip efficiency of an SSHC rectifier can be determined if know-
ing the internal capacitance of the transducer, flip capacitance, and the number of flip
stages. However, in practice, the parasitic capacitance in the circuit influence the MPP
cut-off duty cycle, thus a calibration in the duty cycle is necessary. When the product of
nfpn and 1 ¢, increases from 0.2 to 0.6, the MPP cut-off duty cycle raises from around
54% to 64% as presented in Fig. 3.4. Thus, in practice, we first count the half of the ¢,
then add the calibration number to it. The summation is the MPP cut-off time we want.

3.3. IMPLEMENTATION

3.3.1. SYSTEM ARCHITECTURE AND WORKFLOW
The architecture of the whole system is presented in Fig. 3.5. The harvester is integrated
on the chip except the power capacitors and the inductor. TENG is directly connected
to the D-SSHC, including SSHC-P and SSHC-N, and an active FBR (A-FBR). The A-FBR
integrates the function of FBR and zero-current detector (ZCD) to detect if the FBR is
conducting or cut off. Once the harvester exceeds the MPP state, the DC-DC buck con-
verter works to maintain the MPP and convert energy from the high voltage to a low one
on Cyyy.

The conducting detection result is sent to the control system, whose workflow is pre-
sented in Fig. 3.6. When the current flowing in A-FBR drops to zero, SSHC-P starts to
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Figure 3.5: The architecture of the proposed triboelectric energy harvester.

work, and the counter is recorded in the register and then reset. In this way, the TENG
operation period of the last cycle is measured at the beginning of the new cycle, with
¢+ — ¢_ as the start and end timestamp. The counter and register are imposed of D
flip-flop and both have 12 bits, so they can measure and memorize a maximal period of
4096/ fyco.

Then the recorded period information is utilized in two ways. Assuming that ¢ is
equal to ¢p_, when the transient counter bits are the same to half of the recorded period,
the ¢_ — ¢, moment arrives and SSHC-N should be operated. It is implemented by
comparing the transient bits of counter to the last 11 bits of the register with 0 at the
most significant bit (MSB).

Besides, the recorded operation period can be used to evaluate the MPP state of the
rectifier. Since at MPP, the FBR is not conducting in ¢_ and at least half of ¢, then the
3/4 of the operation time is clipped as the coarse MPP cut-off timestamp. After being
added with some calibration bits, the MPP duty cycle is depicted and utilized to track
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Figure 3.6: The control system workflow of the proposed triboelectric energy harvester.

the MPP state of the rectifier.

The D-SSHC, A-FBR and buck converters are designed and constructed with high-
voltage LDMOS, so the harvester can tolerate 70 V for maximum. To suppress the power
consumption of the whole system, the control system operates at 1.8 V. The switch drivers

(SW drivers) are utilized with level shifters to connect them. The details of significant
blocks will be introduced in the following.
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Figure 3.7: The circuit diagram of A-FBR.
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3.3.2. ACTIVE FULL BRIDGE RECTIFER WITH ZERO-CURRENT DETECTION

In piezoelectric energy harvesting, the ZCD is implemented with an active diode at the
output of the rectifier. However, in triboelectric energy harvesting, the voltage at the
Vrec is too high to be tolerated by low-voltage devices. Thus we propose an A-FBR with
an active diode connected to the ground and isolated from the high voltage. The diagram
of the proposed A-FBR is presented in Fig. 3.7. The diodes in M1 - M4 are the body diode
of LDMOS, which inherently build up an FBR. M5 and M6 are 5-V PMOS and NMOS
respectively. When ¢y is in a low voltage level, the gate voltage of M6 is zero, and it
operates like a diode with P terminal connected to ground and N terminal connected to
Vzcp- In this case, conducting of rectifier can be detected by comparing the Vz¢p to the
ground. If TENG is in ¢; and the rectifier is conducting, the V;z¢cp would be lower than
0. Otherwise, the Vz¢p is higher than 0. Note that the gate voltage on M4 is 1.8 V when
¢neisin alow voltage level to assure Vzcp is higher than 0 Vwhen the rectifier is cut off.
When the Vzcp rises to 1.8V — Vi, 1pymosn, M4 is cut off so that the high voltage region
is isolated from the low voltage region. However, due to the parasitic capacitors, when
Vi increases sharply, Vzcp can increase and exceed the breakdown voltage of devices.
Thus the M5 is utilized to limit the voltage at Vzcp under 1.8V + Vi, so that the Vzcp
ranges between 1.8V + Vyy,;, and —V;y,;,, which is why 2-V CMOS is not used here.

In practice, during the cut-off time in ¢, the Vz¢p can be a bit lower than 0 as long
as the M6 is not conducting. This interrupts the conducting detection. To avoid this
situation, ¢py is utilized to pull up the Vp to V;, at the end of flip at ¢_ — ¢, so that
Vi is mostly higher than 0 when the rectifier is cut off. When the voltage over TENG
increases, Viy will drop and the rectifier does not conduct until Viy drops to —Vy,j,.

To adapt the input voltage range and compare the Vzcp to ground, a comparator
is designed for ZCD. The diagram is presented in Fig.3.8. The comparator works in low
power by biasing M1 at weak inversion and assigning long transistors in the second stage
(M6 - M9). Besides, M1 - M5 are also designed long to suppress the channel length mod-
ulation. Such an unbalanced structure contributes to high gain with low power con-
sumption, but the layout requires extra care to avoid offset.

Vbp

o B

Vs 4= M1

M2 M3 I‘ Vin

L
i 1. ;

Vss

M6

Figure 3.8: The circuit diagram of the comparator used in ZCD.
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3.3.3. LOW-POWER VOLTAGE-CONTROLLED OSCILLATOR

Since we use a VCO and a counter to measure and compare the time in a low frequency
(< 200 Hz), the operational frequency of the oscillator does not need to be very high.
Besides, since the VCO is always working, its power consumption must be suppressed.
Therefore, a low-power VCO is proposed in Fig. 3.9. It is based on a ring oscillator but
with each inverter clamped by current sources, which are PMOS or NMOS biased by
the current reference respectively. Furthermore, the current clamp can suppress leakage
current through inverters caused by short circuit.

d o | o

A L L P L > o
T

Ve[, M5

Figure 3.9: The circuit diagram of the VCO.

If not considering the parasitic capacitance in the circuit, the operational frequency
of this VCO is 235 kHz, costing around 330 nW. Considering the parasitic capacitance
in layout and the effect of corner and temperature, the operational frequency varies be-
tween 130 kHz and 200 kHz, while the power consumption ranges from 225 nW to 475
nW. The performance shall be validated in post-simulation in the future. Currently, ac-
cording to the pre-simulation result, the operational frequency is acceptable for a precise
MPPT, and the power consumption is low enough.

3.3.4. SWITCH DRIVER

The level shifter and switch driver are significant parts in this work since they are the
connection between the low-voltage control system and high-voltage switches. There
are three types of switch drivers implemented for this harvester: level shifter, bootstrap
gate driver (BGD), and DC-DC switch driver. The level shifter is the most fundamental
one and is employed in the latter two drivers to convert the 1.8-V control signal to 5-V
signal. In comparison, the BGD and DC-DC switch driver are more complicated and
thus will be elaborated.

BOOTSTRAP GATE DRIVER (BGD)

Since the breakdown voltage between the gate and source of LDMOS is only 5.5V, a
BGD is necessary to drive the LDMOS properly. Fig. 3.10 presents the circuit diagram of
the BGD as well as the high-voltage switches (HVS) driven by that. HVS is composed of
two LDMOS with source terminals connected to reject leakage current through the body
diode. The output node of BGD V;; and Vs is connected to the common gate and source
of the HVS respectively. Vi is connected to Vy,,; after providing a pulse to the left input
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Figure 3.10: The circuit diagram of the bootstrap gate driver (BGD) block and the high-voltage switch (HVS).

node In+ and shifted to Vs after providing a pulse to the other input node In—. This ar-
chitecture is advantageous in ultra-low static power consumption and free level shifting
between 0 V and 70 V. Most power dissipation in driving this BGD is in charging parasitic
capacitors at the node LS+, LS—' from the ground to the bootstrap voltage. In this case,
the bootstrap capacitance needs to be customized based on the voltage on the SCs.

DC-DC SWITCH DRIVER

To achieve a smaller form factor, the inductor needs to be small in buck converter. This
requires both a fast switching speed and a large switch. A specified switch driver is built
for it as presented in Fig. 3.11. The high-voltage region and low voltage-region are sep-
arated by two capacitors Cp and Cy;. Cp is much larger than Cjs since the gate capac-
itance of power switch is large. When it is going to turn on the power switch, the non-
overlapping level shifter assures that Vpys 1 increases to 5 V first so that the M2 is turned
off. Then Vpp;, drops to 0V, with the voltage drop converted to Vppy through Cp. Due to
the large gate capacitance of the power switch, the source-to-gate voltage cannot reach
5 V. Fortunately, according to the simulation, the on-resistance of p-LDMOS will not in-
crease a lot when the current is far lower than the saturation current. In specific, when
the current through the power switch is 500 mA, the on-resistance is 3.27Q, 3.52Q and
3.93Q when the source-to-gate voltage of the p-type LDMOS is 5V, 4V, and 3V respec-
tively. However, the capacitance required for 3-V voltage drop is only half of that for 4-V
drop, which saves a large amount of space. With this switch, the inductor employed in
this harvester can be as small as 1uH.
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SIMULATION RESULTS

4.1. D-SSHC RECTIFIER

The relevant simulation results of D-SSHC are presented in this section. The parameters
of TENG are depicted in Table. 1.1. A segment of transient voltage over TENG Vrg is
presented in Fig. 4.1 to show the startup situation of the harvester. Thanks to the ZCD
integrated in A-FBR, D-SSHC can work from the beginning and contribute to a short
warm-up time to the MPP. The segments of Vg when rectification voltage is 10V, 30 V,
50V, and 70 V are presented in Fig. 4.2 to show that D-SSHC works well at any rectifica-
tion voltage under 70 V. The transient waveform at the flip is zoomed in as presented in
Fig. 4.3a and Fig. 4.3b. The maximal flipping efficiency is 78% and 59% respectively. It is
noticed that the flip efficiency of SSHC-P is much lower than expected. This is because
of the charge loss caused by the parasitic capacitance at the source of HVS. In each cycle,
the source of HVS is reset to 0 V to charge the bootstrap capacitor, and during flipping,
parasitic capacitors need to be charged from 0 V to the voltage equal to that on flip ca-
pacitors. Furthermore, if the flip capacitance and Crg are much larger than the parasitic
capacitance, the power loss is negligible. However, the Crg i, is as small as 10 pF and
the flip capacitance in SSHC-P is 40 pF for each stage, thus the 7 ,,, degrades severely.
Fortunately, due to the small capacitance of Ctg, min, the 1y ,, contributes little to the
output energy.

In addition, a plot of extracted power versus rectification voltage is derived in Fig. 4.4,
including the comparison between the power extracted by D-SSHC and that extracted
by ideal-FBR. D-SSHC boosts the extracted power to 5.7 times the peak power output of
FBR.

4.2, MPPT

According to Fig. 4.4, the MPP of rectifier for this TENG is at 70 V, thus we cannot observe
the performance of the DCB-MPPT. Therefore, we drop the charge density of TENG to
test the performance of MPPT block. When the charge density is decreased by 10 times,
the MPP voltage is within 70 V and the power input to the harvester (P;y) and the power
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Figure 4.1: The transient waveform of voltage over TENG V7, at the start-up stage.
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Figure 4.2: The transient waveform of voltage over TENG V7 when the rectification voltage is 10V, 30V, 50 V,
and 70 V.
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Figure 4.5: The power input to the harvester (Pyy) and the power extracted by D-SSHC (Pgx7) versus rectifi-
cation voltage (Vyec).

extracted by D-SSHC (Pgxr) versus rectification voltage (V;.) is presented in Fig. 4.5.
The grey area indicates the rectification voltage maintained by DCB-MPPT block. The
MPPT efficiency based on the extracted power is around 50%. This is caused by the
A-FBR. Due to the pull-up phase, some charge is transferred from rectification capac-
itor to the parasitic capacitors in A-FBR and the internal capacitor of TENG. The power
dissipation of this process varies from 0 uW to 3 uW, increasing with the increase of
rectification voltage. Normally, this power dissipation is much smaller than the power
harvested. However, for the TENG whose charge density is small or displacement be-
tween electrodes is short, the harvested power is small so the power cost by the parasitic
capacitor is significant. However, according to Fig. 4.5, the DCB-MPPT tracks the peak
input power precisely, which validates the effectiveness of this MPPT methodology in
triboelectric energy harvesting.

4.3. POWER CONSUMPTION

The power breakdown in depicted in the Table.4.1. The power is mainly consumed by
the switching loss of DC-DC converter and D-SSHC. The total power consumption is
3.2uW. Based on this result, the end-to-end efficiency when rectification voltage is 70
V and output voltage is 4 V is 65%, with extracted power and output power equal to
88.2uW and 59.3uW respectively. A comparison table is also depicted in Table.4.3. This
work achieves the highest energy extraction enhancement (Pgxr/Prpg) compared to
the state-of-the-arts.
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Table 4.1: Power consumption breakdown

Category Power consumption (nW) | Percentage (%)
Switch drivin 806 26
D-SSHC 8
Control 44
ZCD 101 3
A-FBR - —
Switch driving 44
DCB-MPPT 226 7
DC-DC buck converter 1430 46
Clock 300 10
Current reference 86 3
Other 92 3
Total 3129 100
Table 4.3: Comparison table
[1] 2] [3] [4]* This work*
Transducer CS-TENG CS-TENG Wind-TENG CS-TENG CS-TENG
0.18um 0.18um 0.18um 0.18um 0.18um
Process
BCD BCD BCD BCD BCD
. P-SSHI Dual-output MCS-BF Multi-shot D-SSHC
Rectifier
rectifier rectifier rectifier SCE rectifier
. BUCK Dual-input BUCK-
Regulation SCC BUCK
+SCC BUCK BOOST
DCB-
MPPT - FOCV - -
MPPT
Vext(V) 12-70 <70 65*N <70 <70
PCE 32.70% 75.60% 70.70% 63.28% 67%
Output voltage 2 2.8-3.3 3.1-4.3 2-20 4
Pexr(uW) 2.95 3.9-10.5 1200 90.3 88.2
FoM (nJ/cm?) 44 64 380 - 27
Ppx1/PEBR 1.62x - 3.14x 1.91x 5.7x

* Simulated
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CONCLUSION

A triboelectric nanogenerator (TENG) is a new mechanical energy transducer that per-
forms high-efficiency energy harvesting from low-frequency and irregular mechanical
motion; thus it has wide application scenarios, from biological motion energy harvesting
to tide energy harvesting. Due to its different characteristics from those of prior trans-
ducers, specific energy harvesting interface circuits need to be designed to achieve high
conversion efficiency. This thesis firstly summarizes TENG energy harvesting require-
ments and recent advancements in triboelectric energy harvesting techniques. Due to
the small and time-varying internal capacitance, TENG can generate asymmetric high-
voltage output, which is the biggest obstacle in extracting energy harvested by TENGs.
Fortunately, some mature methodologies employed in piezoelectric and electrostatic
energy harvesting systems have been demonstrated feasible and advantageous in tri-
boelectric energy harvesting. Passive converters take advantage of simplicity and, thus,
are widely employed in triboelectric rectification. Active rectifiers such as synchronized
electric charge extraction (SECE) rectifiers and synchronous switch harvesting rectifiers
are effective in improving the performance of energy extraction from TENG by eliminat-
ing the phase difference between the voltage and current outputs. The state-of-the-arts
are summarized in one table, with their performance quantified.

Another significant part of this thesis is to propose a new 70-V SSHC recitifer with
duty-cycle-based MPPT (DCB-MPPT). It eliminates the phase difference between volt-
age and current output of TENG with a fully-integrated D-SSHC technique. Besides, to
track the MPP of some low-power TENG, a DCB-MPPT is employed to avoid the obstacle
and power loss in measuring the open-circuit voltage of TENG. This harvester achieves
65% end-to-end efficiency and 5.3 times enhancement in energy extraction. The power
consumption of this harvester is 3.2 yW only. However, the result is simulated but not
measured. We will keep working on this harvester and fabricate it on April.

55






APPENDIX: MPP CUT-OFF DUTY
CYCLE CALCULATION

It has been known that the theoretical MPP voltage for bias-flip interface in triboelectric
energy harvesting is [1]:

1+7ny
Vriec,mpp = VOC,max# = KVoc,max; (1
2(L=nf,pnNfnp)
which is assumed to be the initial voltage over TENG at the beginning of a cycle, right
before the ¢, — ¢p_. The cycle is imposed of ¢ — ¢_, ¢_, p_ — P, and ¢.. After the
first flip ¢+ — ¢, the current voltage V7 is equal to

Vrea :nf,anrec,mpp; )
Then, assuming that no current flows out of the TENG in ¢_, the voltage at the end
of¢p_is

CTEminVTE1 + Qsc. )

VrEg2 =
' CTE max

where Qgc represents the amount of charge output by the equivalent current source in
TENG every half cycle, which is identical to Crg,minVoc,max. The other flip ¢_ — ¢,
follows so that the initial voltage at the beginning of ¢ is

VTE3 =MNfnpVTE2 (4)
CTE,min

:nf,np(nf,an+1)VOC,maxC— 5)
TE,max

At this moment, the distance between electrodes is at a minimum. Then in ¢, the
distance increases, resulting in voltage V¢ increase and capacitance Crg decrease. The
real-time voltage over TENG Vrg(f) can be calculated by

Vre3CrEmax

Vre(t) = W"‘ Voc(1); (6)
where
ox(1r) €S
Voc(t) = —— Crg(t)= ——— (7
€0 Xo + x(1)
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Xy is the effective thickness of dielectric layers. Note that it can be derived that

OXmax €S €S
Voc,max = ) TE,min = — Cremax=————;
€0 X0 Xo + Xmax

(8)

When the voltage over TENG is lower than rectification voltage, the rectifier is cut off.
Thus at the ending time of the cut-off state (f¢(), there is

Vre(tco) = Viec,mpps 9

It can be substituted and simplified to

x(tco) Xo + x(fco)

=K- (K + ) 5
Xmax 1fpullfinp =1 f.np X0 t+ Xmax

(10)

Normally, the effective thickness of dielectric layers is much smaller (more than 8
times) than the displacement. Thus the equation can be approximated to

x(tco) x(tco) 0
= K= (Kng,pn f,np + 1 f,np) (1+6); 6= ; (11
Xmax Xmax Xmax
After substitution and simplification, there obtains
x(tco) 1
. ; (12)
Xmax Nfnp

2=0f,pnN fnp + 6 f,pnT fnp + K )

Assume that TENG operates in sinusoidal vibration with a frequency of frg, then it
is derived that

*® 1(1 2 ) (13)
=—(1- t
2 cos27 frg
nf,np
1 _nf,pnnf,np"‘(s(nf,pnnf,np+ K )
Dco = fretco = —arccos (14)
27 nf,np

2=Nf,pnMfnp +6(r]f'pn77f,np + T)

where D¢ denotes the cut-off duty cycle. § is normally smaller than 0.2, and K is larger
than 1. In convenience, a simpler approximate expression can be obtained as

1 “Nf.pnNfnp

Dco = —arccos ; (15)
2 2=MNfpnNfnp
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