<]
TUDelft

Delft University of Technology
!

Energy-efficient integrated circuits for piezoelectric energy harvesting

Yue, X.

DOI
10.4233/uuid:c0921ca3-8aed-4fe0-8433-b2b15db2e867

Publication date
2025

Document Version
Final published version

Citation (APA)

Yue, X. (2025). Energy-efficient integrated circuits for piezoelectric energy harvesting. [Dissertation (TU
Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:c0921ca3-8aed-4fe0-8433-
b2b15db2e867

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:c0921ca3-8aed-4fe0-8433-b2b15db2e867
https://doi.org/10.4233/uuid:c0921ca3-8aed-4fe0-8433-b2b15db2e867
https://doi.org/10.4233/uuid:c0921ca3-8aed-4fe0-8433-b2b15db2e867




Propositions
accompanying the dissertation
Energy-Efficient Integrated Circuits for Piezoelectric Energy Harvesting

by
Xinling YUE

1. Rather than being a free lunch, energy harvesting is often a very expensive
one (This proposition pertains to this dissertation).

2. The duty-cycle-based MPPT technique proposed in this thesis greatly
simplifies the design of piezoelectric energy harvesters (This proposition
pertains to this dissertation).

3. The output power of an energy harvesting system is mainly limited by its
transducers and not by its interface electronics (This proposition pertains
to this dissertation).

4. Messaging apps like WhatsApp and WeChat improve communication
efficiency but distance people from one another.

5. By amplifying misinformation and polarization, social media has done
public discourse more harm than good.

6. Reviewers of journals and conferences should be paid for the time and
expertise they invest in the review process.

7. Free will is fast becoming an illusion as social media algorithms
increasingly determine human behaviour.

8. Artificial intelligence will exacerbate social inequality.

9. Collaboration with industry is essential for doing an impactful PhD in
engineering.

10. Technology makes people's lives more convenient, but not always happier.

These propositions are regarded as opposable and defendable and have been
approved as such by the promotor, prof. dr. K.A.A. Makinwa and copromotor
dr. S. Du.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Motivation

The Internet of Things (1oT) has permeated almost every part of our daily lives,
fundamentally altering human society. One of its main drivers has been the develop-
ment of wireless sensors, which can be used in wireless networks, thus providing real-
time information about the physical world to distributed and increasingly intelligent
systems. As shown in Fig. 1-1, wireless sensor networks have become ubiquitous and
are used in smart homes, wearables, healthcare, infrastructures, industrial applications,
and smart farming. In smart homes, for instance, wireless sensors monitor parameters
such as temperature, humidity, air quality, sound, and light intensity, ensuring optimal
living conditions. In the healthcare sector, wireless sensors have revolutionized pa-
tient care by facilitating continuous monitoring, delivering real-time health data to
doctors and nurses, and enabling timely and informed medical interventions. In indus-
trial automation, wireless sensors are used to monitor the condition of vital equipment
and environmental parameters, such as pressure, liquid level, flow rate, and vibration,

thus enhancing operational efficiency and safety.

&
S
&
&

ooy

i

fi o Il

Smart home Wearables Healthcare Infrastructures  Industry Smart farming
Fig. 1-1. Wireless sensor node (WSN) applications.

Wireless sensors are often powered by electrochemical batteries, whose reliability
and storage capacity then determine the sensor’s operational life. For example, the
LIS3DH, a low-power 3-axis accelerometer intended for 10T applications, dissipates
28
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months when it is powered by a 35mAh CR1220 coin-cell battery. This can obviously
be increased by using a larger battery or by replacing/recharging it more frequently.
However, a large battery is undesirable in portable wireless sensors, while battery
replacement is impractical or costly in applications such as implantable medical de-
vices or autonomous sensors in remote areas. As a result, there is a need for low-cost,

sustainable, and environmentally friendly alternatives to traditional batteries.

1.2 Energy Harvesters

Energy harvesters extract energy from their environment and convert it into elec-
trical energy for use in other electronic devices. As such, they are a promising alter-
native to the use of batteries in wireless sensors. Table 1-1 lists common environmen-
tal energy sources, such as heat, light, electromagnetic waves, and vibration, which

are suitable for powering electronic devices.

Thermoelectric generators (TEGS) are based on the Seebeck effect, which refers
to the ability of thermocouples to generate a voltage from a temperature difference [1-
2][1-3][1-4]. As shown in Table 1-1, TEGs are particularly effective at harvesting
industrial waste heat, which can have power densities as large as 3uW/K2/cm2. In
contrast, the power densities associated with harvesting human body heat are much
lower, in the order of 0.03puW/K?/cm2. TEGs do not have moving parts, ensuring high
reliability and minimal maintenance requirements. However, they require large and
continuously available temperature gradients to operate effectively and are thus not

well-suited for use in infrastructure monitoring or smart agriculture.
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Table 1-1. Different types of energy harvesting systems.

Harvester Power Density Scenario Ref.
Conventional: 3 uW/K?%cm? Industrial heat
& Thermal - [1-19]
CMOS Compatible: 0.026 pW/ K?/cm? Human body
o Outdoor: 15 mW/cm? Rooftop (sunny days)
-®- Solar - [1-20]
' Indoor: <10 pW/cm? Light
GSM Network: 0.1 pW/cm? Mobile phone
= RF — — [1-21]
Wi-Fi Network: 0.01 pW/cm? Wi-Fi, radar, RFID
o Electromagnetic: 4 pW/cm? Motor, transformer [1-22]
=2 Vibration - - -
Piezoelectric: 500 uW/cm? Road, human motion | [1-23]

Photovoltaic (PV) harvesters use sunlight or artificial lighting to create electricity
via the photovoltaic effect [1-5] [1-6]. Thanks to their high energy efficiency, mature
fabrication process, and reliability without employing any moving parts, they have
been dominantly employed worldwide in the past decade for renewable energy gen-
eration. As shown in Table 1-1, they can achieve power densities as high as
15mW/cm2 in direct sunlight, making them well-suited for use in autonomous systems.
However, their power density drops dramatically (to less than 10puW/cm?) under indoor

lighting conditions.

Radio frequency (RF) energy harvesters convert electromagnetic waves into elec-
trical power [1-7] [1-8] [1-9] [1-10]. Since RF signals are ubiquitous in urban envi-
ronments due to the presence of radio, television, and cellular networks, RF energy
harvesters are well-suited for use in smart homes. Unfortunately, the low energy den-
sity of RF signals (typically less than 0.1uW/cm?) limits their use in industrial and

healthcare applications, as well as in remote rural or mountainous settings.

Last, but not least, vibrational energy harvesting (VEH) involves the conversion
of kinetic energy, in the form of mechanical motion or vibration, into electrical energy.
Compared to other energy sources, kinetic energy, can be readily harvested: from door
handles and light switches, from human body motion, from building/bridge/tunnel vi-

brations, from rotating machines, and from wind or wave motion. Furthermore, vibra-
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tion energy harvesting offers advantages such as low maintenance costs, simple con-
struction, and often, continuous output power. Therefore, the main focus of this thesis

will be on the design of vibration energy harvesters.

1.3 Vibrational Energy Harvesters

Vibrational energy can be harvested by electromagnetic, electrostatic, triboelectric,
or piezoelectric harvesters. Electromagnetic generators are based on the principle of
electromagnetic induction [1-11][1-12]. Their main components are a moving magnet
and/or coil. Mechanical force changes the position of the magnet or coil, changing the
magnetic flux through the coil and generating an induced current. Electromagnetic
generators are widely used in large-scale power generation scenarios, such as motors

and transformers in industries, which are not suitable for powering wireless sensors.

Electrostatic energy harvesters are devices that convert mechanical energy into
electrical energy using variable capacitors. The basic principle is that, under either the
charge-constrained or voltage-constrained condition, mechanical motion (e.g., vibra-
tion or displacement) changes the capacitance of the device, thereby altering the stored
electrostatic energy and inducing current flow in the external circuit [1-13][1-14].
However, this approach typically requires an external bias to enable energy conver-
sion. A special form of electrostatic energy harvesting is electret-based electrostatic
energy harvesting, in which a variable-capacitance structure incorporates an electret
material with an intrinsic electric field, thus eliminating the need for an external bias
and enabling self-startup [1-15]. Nevertheless, electret-based devices still face limita-
tions in powering wireless sensors, including low power density, high output imped-
ance, strong dependence on precise mechanical gaps and packaging integrity, and pos-
sible charge decay of the electret under high-humidity or high-temperature conditions
[1-13][1-15][1-16].

Triboelectric nanogenerators (TENGS) are an energy harvesting technology based

on the triboelectric effect and electrostatic induction, in which two materials with dif-
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ferent electronegativities undergo periodic contact—separation or relative sliding, lead-
ing to electron transfer and charge separation, and subsequently generating electrical
output through an external circuit [1-17][1-18]. TENGs feature high output voltage,
mechanical flexibility, and versatile material/structural design, and in recent years
have been widely explored in areas such as wearable electronics, environmental mon-
itoring, and infrastructure health monitoring [1-17]. However, issues such as surface
wear and lifetime degradation caused by contact-sliding interfaces, as well as charge
leakage under humid environmental conditions, remain significant challenges [1-
19][1-20][1-21]. Moreover, the commercialization of TENG front-end devices is still
limited, with no large-scale or standardized products available [1-17]. These factors
make current TENG technology unsuitable for providing stable and reliable power to

most wireless sensor systems.

Piezoelectric transducers (PTs) are based on the piezoelectric effect [1-22][1-
23][1-24][1-25], which refers to the ability of certain crystals or ceramics to generate
an electric field when subjected to mechanical pressure [1-34][1-35] or stress [1-
35][1-36]. They usually contain a piezoelectric layer sandwiched by two metal layers
as electrodes, which offer significant advantages in size, weight, power density
(500uW/cm?), and cost over other vibrational generators. Moreover, PTs can be made
in various shapes, for instance, cantilever beams [1-37] [1-38], flat circular discs [1-
39] [1-40], stacked structures [1-41], etc., making them easy to integrate into different
devices with simple structures. Piezoelectric devices can also be fabricated in micro-
mechanical systems (MEMS) technology to achieve high-integration levels with
CMOS power-conditioning circuits for miniaturization [1-48]. Hence, PTs are well-
suited for use in miniature low-power vibrational energy harvesting systems. How-
ever, integrating them into wireless sensors requires efficient interface circuits, as will

be discussed in the next section.
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1.4 Interface Circuits for Piezoelectric Energy Harvesting

1.4.1 A Basic PT Interface Circuit

Piezoelectric transducers (PTs) produce AC current in response to mechanical

changes and thus can be modelled by an AC current source (lp) connected in parallel

with a capacitor (Cp). An interface circuit is then required to convert this AC signal

into the stable DC supply voltage required by most electronic systems.

The basic block diagram of a PT interface circuit is shown in Fig. 1-2. The PT’s
AC output voltage is first converted into a DC voltage Vgrec by a rectifier and then
stored on a capacitor Crec. However, the magnitude of Vrec will not be stable, as it
depends on the amount of energy harvested by the PT. Therefore, a DC-DC regulator
is required to generate a stable output voltage Vour. It does this by controlling the

ON/OFF time or switching frequency of a number of switching elements connected

between Cgrec and Cour, Which, in turn, regulate the energy transfer between Crec and

an output capacitor (Cour).

14

N\ AC-DC _~/  Regulation
Ver V > Vrec >

VR EC

N Y,
g T
:ﬂ DC-DC

|p}cp Rectifier —Crec

Regulator

.((;(12

alo
-
cll

Fig. 1-2. A basic interface circuit top(;logy of a piezoelectric ene_rgy harvesting system.

1.4.2 Rectifier Efficiency

A key metric of a PEH is its power delivery efficiency, which, in turn, depends on

the efficiency of each block in Fig. 1-2. The efficiency of modern DC-DC regulators
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is typically quite high, above 90% [1-12]. However, the efficiency of the rectifier is

often much lower, and thus needs to be improved.

The efficiency of a rectifier is related to its output voltage (Vrec). When Vgec is
low, the output power is low since the output current will typically also be low. Con-
versely, when Vgec is high due to light loading, or in other words, when the output
current is again low, the output power is also low. Fig. 1-3 shows the output power of
a typical rectifier as a function of Vgec [1-22][1-23][1-24]. As Vrec increases, the out-
put power initially increases, peaks, and then decreases. The point at which the recti-
fier’s output power peaks is called the maximum power point (MPP). To ensure ef-
fective power conversion, the ratio of the rectifier's output power to the power value
at the MPP should be in excess of 90% [1-44][1-45].

MPP

Power (LW)

Vrec(V

Fig. 1-3. Rectifier’s output power over rectifier’s output voltage (Vrec).
1.4.3 The Maximum Power Point Tracking Technique

To ensure that a rectifier’s output power is always close to its MPP, so-called
maximum power point tracking (MPPT) techniques are used. As shown in Fig. 1-4,
this requires additional circuit blocks: an MPP monitor and an additional DC-DC con-
verter. The input energy from the source is first harvested by the rectifier; therefore,
the MPP monitor is connected to the rectifier to identify its MPP. The DC-DC con-
verter then maintains the output voltage at a certain level. They work together to main-
tain the output of the rectifier at the MPP.
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MPP
Monitor
VRFC VS

Ac-Dc| 1. |ococ| |  |be-be
Rectifier] T ~"e|Converter] T-CS |Regulator

VOUT

L
Cout SRuca

»

|||—

Fig. 1-4. A maximum power point tracking (MPPT) technique in the PEH system.

The interaction between the MPP monitor and DC-DC converter is illustrated in
Fig. 1-5. If the MPP monitor detects that the rectifier's output power is below the MPP,
the DC-DC converter is turned off. As a result, Vrec increases due to the supply of
charge from the PT, causing the rectifier's output power to approach the MPP. Once
the monitor detects that the output of the rectifier has reached the MPP, the DC-DC
converter is activated. This transfers energy from Cgec to the storage capacitor (Cs),
thus raising the storage voltage (Vs) and simultaneously decreasing Vgec. In this way,
the interaction between the MPP monitor and the DC-DC converter ensures that the

rectifier's output power remains close to the MPP.

&pproach
MPP

Power (LW)

= No MPPT
— W/ MPPT

Time (S
DC-DC DC-DC
Converter Off i Converter On ~

= VRec /

—_\

Voltage (V)

M Time (s);

Before MPP "~ Under MPP ~

Fig. 1-5. Plots of rectifier’s output power w/ and w/o MPPT (top); Vrec and Vs under MPPT
(bottom).




Chapter 1 Introduction

1.4.4 Challenges of PT Interface Circuits

This section discusses the design challenges associated with the two main blocks
of a PT interface circuit, the rectifier and the MPP tracker (MPPT). It also analyses
the energy losses caused by cascading the various blocks of the system architecture

shown in Fig. 1-4.

1.4.4.1 Challenge 1: Size and Efficiency of Rectifiers

The rectifiers used in PEH systems can be categorized into passive and active

types, each with their own pros and cons.

PT

Ver P
{ Pt
lp ==Cp =

Vb
ldl
TN

Vp. voltage drop of the diode™=
(G
Fig. 1-6. A full-bridge rectifier (a) and its waveform (b).

Passive rectifiers generally employ a number of diodes. The most common type
is the full-bridge rectifier (FBR). Fig. 1-6 shows the combination of an FBR and a PT,
together with the PT current, Ip and the voltage across its capacitance Cp (Vpr). VRec
is the voltage across the rectifier capacitor (Crec), and Vp is the voltage drop across a
diode. When changes its polarity, the polarity of Ver flips, and over the next half vi-
brational cycle, it increases until it reaches the threshold voltage (£(Vrec+2Vp)) nec-
essary to turn on one pair of diodes. Unfortunately, reaching this voltage uses up some
of the charge provided by the PT and thus limits the amount of charge transferred to
Crec. As a result, the power delivery efficiency of the combination of a PT and a

conventional FBR is quite limited [1-46].

To achieve higher power delivery efficiency, active bias-flip rectifiers have been
developed, which modify the process of charge transfer in an FBR [1-22] [1-23][1-

9
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24]. In a synchronized switch harvesting on inductor (SSHI) rectifier, a switched in-
ductor is added before the FBR to rapidly flip the voltage across Cp. Fig. 1-7 shows
an SSHiI rectifier (a), its waveforms (b), and a plot of its output power (c). When Ip =

0, the inductor is connected in parallel with Cp via switches

10
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1.4.4.2 Challenge 2: Sensitivity and Complexity of the MPPT

As discussed in section 1.3.3, a maximum power point tracker (MPPT) identifies
the MPP of a rectifier and then maintains its output power at this optimum level. How-
ever, swiftly and accurately locating the MPP with simple, low-power circuitry is a
major challenge. Currently, two widely used MPPT algorithms are the fractional
open-circuit voltage (FOCV) and the perturb and observe (P&O), each with their own
advantages and disadvantages.

The FOCV algorithm requires the computation of the optimal rectifier output volt-
age (Vwep) corresponding to the theoretical MPP. It then regulates Vrec to match this
Vwep. As shown in Fig. 1-8, Vwpp can be expressed as a function of the PT’s open-
circuit voltage (Voc) and a parameter (

11
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advancing to the next step; otherwise, it returns to the previous step. This iterative
process continues until the MPP is reached. In a steady state, the algorithm oscillates

around the MPP, enabling robust and continuous MPPT.

50 MPP.
454
] Hill Climbing
40 Start
354
30]
251 (ST —
204
] P(K)-P(K-1)
15 Lo
10 1 Yes
5]
0 T T T T
0 1 2 4 5 6

VRSCN)
Fig. 1-9. Perturb and observe algorithm for MPPT.

However, measuring the rectified output power in small increments requires com-
plex circuitry. Typically, the rectifier's output voltage is sampled at each incremental
step, and a current sensor detects the output current. These values are then digitized
by an analog-to-digital converter (ADC) and sent to a microcontroller unit (MCU) to
calculate the current output power. Then, the MCU compares this value with the pre-
vious one to determine whether the MPP has reached [1-52]. This complex system

increases power consumption and cost.

To address the limitations of the FOCV and P&O techniques, this thesis will in-

vestigate the development of new MPPT algorithms.

1.4.4.3 Challenge 3: Low End-to-End Efficiency

Current PT interface circuits typically have low end-to-end (E2E) efficiency, typ-
ically 60%-80%, due to cascaded energy losses [1-48] [1-49] [1-54] [1-55]. As shown
in Fig. 1-10, energy from the PT flows through three key blocks before reaching the
output capacitor that powers the load: a rectifier, a DC-DC converter for MPPT, and
a DC-DC regulation block. Even if each block achieves an efficiency of 90%, the

combined losses of the three stages will reduce the E2E efficiency to approximately
12
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72.9%. As previously discussed, however, each block is essential to the system’s per-
formance, making it impractical to remove any of them outright. Achieving an E2E
efficiency exceeding 90% while preserving the functionality of all blocks remains a
significant challenge. To address this, new system architectures will be developed to
integrate the required functionality (rectifier, MPPT, and DC-DC regulation) into
fewer blocks to eliminate cascaded losses. The goal will be to achieve greater than 90%

EZ2E efficiency, and thus significantly improve the state-of-the-art.

VRec Vs Vout
PT .
AC-DC ==C C?)EveDnir L [PCPC| Lo 2
le Ce |Rectifier] T OREC (MPPT) =T Cs Regulator T-CoutZRuox
90% 90% 90%
V
72.9%

Cascaded energy loss

Fig. 1-10. Cascaded energy loss in the interface circuit.

The above-mentioned challenges faced by the rectifiers, MPPT, and E2E effi-

ciency will be separately addressed in this dissertation.

1.5 Thesis Organization

The primary goal of this thesis is to design energy-efficient interface circuits for

PEH systems. The structure of the thesis is organized as follows:

Chapter 2: A comprehensive literature review of integrated circuits for rectifiers
and MPPT techniques is presented, highlighting their strengths and weaknesses. This
review sets the stage for understanding the current state of the art and the gaps this
research aims to fill.

13
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Chapter 3: Describes the design of an innovative bias-flip rectifier aimed at min-
imizing system volume, making it more compact and efficient for powering bio-im-
plantable devices. This development seeks to optimize performance while ensuring

suitability for the unique constraints of bio-implant applications.

Chapter 4: A novel MPPT technique is presented that streamlines circuit imple-
mentation by eliminating the drawbacks of conventional MPPT techniques. A com-
prehensive theoretical analysis, along with detailed system architecture, operational
principles, and measurement results, are provided to support the effectiveness and ef-

ficiency of the approach.

Chapter 5: This chapter introduces an innovative single-stage rectifier architec-
ture that effectively eliminates cascaded energy losses, achieving an end-to-end effi-
ciency (E2E) of over 90%. This chapter provides an in-depth overview of the system's
design, measurement results, and a comprehensive comparative analysis with tradi-
tional multi-stage architectures, highlighting the superior performance and efficiency

of the proposed solution.

Chapter 6: The concluding chapter summarizes the main contributions of the the-
sis, discusses the broader implications of the research, and proposes potential direc-

tions for future work in the field of energy-efficient PEH systems.

14
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Chapter 2 Literature Review

2.1 Introduction

This chapter reviews existing interface circuits commonly used in piezoelectric
energy harvesting (PEH) systems. First, the equivalent circuit model of a piezoelectric
transducer (PT) is described, in order to provide a foundational understanding of its
electrical behaviour. Next, some common rectifier topologies and maximum power
point tracking (MPPT) techniques are presented, which improve energy conversion
and delivery efficiency. Finally, prior cascaded system architectures in PEH systems

are analyzed.

2.2 Equivalent Circuit of a Piezoelectric Transducer

A piezoelectric transducer (PT) converts mechanical energy into electrical energy
through the direct piezoelectric effect. As shown in Fig. 2-1, a PT consists of a piezo-
electric layer sandwiched between two electrode layers, which are mounted on a sub-
strate. Bending the PT induces mechanical strain in the piezoelectric layer, which is

then converted into electric charge.

Fig. 2-1. Cantilever beam piezoelectric transducer.

A PT can be modeled as a mechanical system coupled to an electrical system,
resulting in the equivalent circuit shown on the left of Fig. 2-2 [2-1][2-2]. In the me-

chanical system,
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conversion of strain into a current Ip, and its turns-ratio n represents the charge con-
stant of the piezoelectric material. In the electrical system, the capacitor Cp represents
the plate capacitance of the piezoelectric material, which is the capacitance between
the two parallel electrode layers in Fig. 2-1. The governing equation of the overall

system can be derived as follows [2-3]:
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2.3 Rectifiers

2.3.1 Diode Rectifiers

Diode rectifiers are widely used in PEH applications due to their simplicity and
ease of implementation [2-4]. However, their performance is limited by the forward
voltage drop of the diodes, as discussed in Section 1.4.4.1. To mitigate this, [2-5]
describes a full bridge rectifier (FBR) based on Schottky diodes, since these have
lower forward voltage drops (~0.2V) than conventional diodes (0.7V). Alternatively,
[2-6] proposed the replacement of the diodes of an FBR with diode-connected
MOSFETSs. This “active diode” configuration improves power conversion efficiency
by 49% compared to a conventional FBR. Another way to mitigate the effect of the
diode forward voltage drop is by using a voltage-doubler (VD) rectifier, which halves
the voltage drop across the rectifier [2-7], as shown in Fig. 2-3. In this topology, when
the PT voltage (Ver) is positive, the top diode and capacitor Crec: are activated to
harvest energy. Conversely, when Vpr is negative, the bottom diode and capacitor
Crec2 are engaged. However, a VD rectifier requires two capacitors connected in se-

ries, resulting in greater bulk and lower effective load capacitance.

Vpr Ver>0

IP{j_CP :l —|—CREC1

Ver<0 J_CRE(:z

Fig. 2-3. VVoltage doubler topology.

For both FBR and VD rectifiers, the polarity of Ver must be flipped by the charge
generated by the PT. Even if the diode forward voltage drop is reduced to OV, a sig-
nificant amount of charge will still be wasted during the flipping process. This wasted
energy limits power rectification efficiency. Therefore, recycling the wasted energy

during voltage flipping is essential to enhancing energy conversion efficiency.
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2.3.2 Active Rectifiers

a) Synchronized switch harvesting on inductor (SSHI) rectifier:

To recycle the wasted energy associated with voltage flipping, a Synchronized
Switch Harvesting on Inductor (SSHI) rectifier uses an inductor to form an RLC tank
that assists in Cp flipping, significantly improving power conversion efficiency, as
discussed in Section 1.4.4.1 [2-8][2-9]. This configuration is illustrated in Fig. 2-4.

Vrec
Vor ] > l le
®IP —— L \/ o CREC VREC
N ) >
{ Ver >t

1
= -Vrec
(b)
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b) Synchronized switch harvesting on capacitors (SSHC) rectifier:

A Synchronized Switch Harvesting on Capacitor (SSHC) rectifier eliminates the
need for bulky inductors by employing flying capacitors to flip the PT voltage [2-
13][2-14][2-15][2-16][2-17]. A one-stage SSHC rectifier and its waveform are shown
in Fig. 2-5. Cy is the flying capacitor, controlled by
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than with a conventional FBR, and resulting in a more compact and cost-effective

solution for PEH systems.

Fig. 2-6. K-stage SSHC rectifier and its waveform.

Despite these advantages, K-stage SSHC rectifiers still face several challenges [2-
13]. To increase their flipping efficiency, both the stage number (K) and the size of
the flying capacitors (Ck) must be increased. In [2-16], ideal capacitors and switches
were used to evaluate the flipping efficiency for various combinations of K and Ck.

Assuming that all the flying capacitors are equal (C1=C,= ... = Ck
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in series or individually to the rectifier during flipping. This reduces the effective ca-
pacitance connected to the rectifier and thus the required flying capacitance. However,
these designs were designed for use with MEMS (microelectromechanical systems)
PTs with total Cp values of only 2.4nF and 1.94nF, respectively, and are not suitable

for use with larger PTs capable of milliwatt-level output power.

In [2-21], a fully integrated frequency-tuning SSHC rectifier with 800pF total fly-
ing capacitance was developed for a 28.8-nF Cp. However, this design had low flip-
ping efficiency (<30%) and required a 1IMHz clock to control the switching of the
flying capacitors and an external clock for system operation. Its maximum output

power was

28



Chapter 2 Literature Review

29



Chapter 2 Literature Review

Unfortunately, the need to calculate Vmpe in the FOCV MPPT technique presents

several challenges for circuit implementation.

First, the periodic sampling of the open-circuit voltage (Voc) introduces energy
losses. For example, in [2-25], Voc was sampled once every 20 vibration cycles and
achieved 70% MPPT efficiency. However, the sampling resulted in a 5% energy loss.
In [2-26], the Voc sampling rate was reduced to once every 2046 vibration cycles
(approximately every 14.6 seconds), resulting in a higher MPPT efficiency of 77%.
However, increasing the sampling interval reduces the system's ability to track rapid
changes in excitation conditions, limiting its responsiveness to environmental varia-

tions and potentially degrading overall performance.

Second, the flipping efficiency (
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cisely estimating
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of the harvested energy just for MPPT control, which is substantial for low-power

energy harvesting systems.

These examples illustrate a common trade-off in P&O-based MPPT techniques:
while they offer accurate and adaptive tracking, they rely on complex circuit imple-
mentations—often including current sensors, ADCs, MCUSs, and transient power
measurement blocks. This complexity results in higher power consumption and poses
significant challenges for system integration and scalability in compact, low-power

energy harvesting applications.

2.5 Cascaded System Architecture

In a PEH system, the output regulator plays a critical role. As discussed in Section
1.4.4.3, it directly drives the load by transferring energy from the storage capacitor to
the output capacitor. Despite its importance, this stage is often neglected in many PEH
designs, which typically focus only on improving the rectifier and/or the MPPT. For
example, [2-18][2-19][2-20][2-21][2-35] focus on optimizing rectifier performance,
while [2-30][2-31][2-32][2-33][2-34] focus primarily on MPPT techniques.

Typical PEH systems consist of a rectifier, an MPPT and an output regulator to
provide a stable output voltage. However, this multi-stage approach often results in
lower overall power conversion efficiency. For instance, [2-36] and [2-37] describe
three-stage system architectures that use low-dropout (LDO) regulators. Although the
LDOs ensured stable power delivery, the systems achieved only modest power con-
version efficiencies, ranging from 50% to 80%. Furthermore, the efficiency of LDO
regulators decreases significantly when the voltage difference between the storage ca-

pacitor and the output capacitor increases, leading to higher energy losses.

In [2-38], a DC-DC regulator was used to generate stable output voltages. How-
ever, its power conversion efficiency was not reported and is presumed to be low. This
presumption is based on its relatively modest power gain (reported 4.5% in the paper)

compared to a full-bridge rectifier (FBR), indicating limited overall efficiency.
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Similarly, [2-39] used a trickle charger to generate regulated output voltages of
1.8V and 1.35V. However, its power conversion efficiency was quite low, approxi-
mately 58% when the storage voltage changed from 1.2V to 1.8V, with an average

efficiency of around 65%.

In summary, cascaded system architectures often suffer from reduced power con-
version efficiency, which is mainly due to the compounded losses associated with
their multiple stages. Therefore, developing system architectures with fewer cascaded
stages is a promising direction for future research. Such approaches could signifi-

cantly enhance the end-to-end efficiency and practicality of PEH systems.

2.6 Conclusion

This chapter reviewed the key interface circuits used PEH systems, including di-
ode-based and active rectifiers, MPPT techniques, and cascaded system architectures.
While active rectifiers such as SSHI and SSHC improve power extraction efficiency,
they often require bulky inductors or large flying capacitors, limiting their integration
and scalability. Existing MPPT methods, including FOCV and P&O, face trade-offs
between complexity, energy loss, and tracking accuracy. Additionally, conventional
cascaded architectures result in compounded energy losses, limiting overall end-to-
end efficiency. Therefore, the main challenges in PEH interface design remain:
achieving high-voltage flipping efficiency with compact circuits, implementing low-
power, accurate MPPT schemes, and improving system-level efficiency by reducing
cascaded losses. Addressing these challenges is critical for enabling highly integrated
and energy-efficient PEH systems, which is the focus of the following chapters.
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Chapter 3 A Synchronized Switch Harvesting Rectifier with Reusable
Storage Capacitors?

3.1 Introduction

As discussed in Chapter 2.3.2, most synchronized switch harvesting on capacitors
(SSHC) rectifiers for piezoelectric energy harvesting (PEH) require large capacitors
to achieve high output power, leading to large system volumes. To address this issue,
this chapter proposes a synchronized switch harvesting on shared capacitors (SSHSC)
rectifier, which achieves synchronized voltage flipping without dedicated flying ca-
pacitors [3-1]. In an SSHC rectifier, at least 8 flying capacitors and 1 energy storage
capacitor are required for good efficiency [3-2]. In the proposed SSHSC rectifier, no
dedicated flying capacitors are present; instead, the energy storage capacitors are in-
termittently used as flying capacitors. As a result, the proposed rectifier only requires
3 off-chip capacitors, occupying significantly less volume and requiring fewer 1/0

connections than conventional SSHC rectifiers.

3.2 Theoretical Analysis of the Proposed Rectifier

3.2.1 Flying Capacitors Used in a Typical SSHC Rectifier

Fig. 3-1 shows the topology of a typical K-stage SSHC rectifier. It employs a full
bridge rectifier (FBR) that consists of four cross-connected MOSFETS and an active
diode. This generates a rectified voltage (Vrec) across the storage capacitor, Crec. AS
discussed in Chapter 2.3.2, the voltage on the piezoelectric transducer (PT) can then

be efficiently flipped with the help of K flying capacitors C; to Cx and 4K+1 switches.

L This chapter is based on the journal paper: X. Yue and S. Du, “A Synchronized Switch Harvesting Rectifier
with Reusable Storage Capacitors for Piezoelectric Energy Harvesting,” in IEEE Journal of Solid-State Circuits,
vol. 38, no. 9, pp. 2397-2606, Sept. 2023.
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According to equation (2.3) in Chapter 2.3.2, increasing Ck enhances flipping ef-
ficiency. As shown in Fig. 3-2, however, the relationship eventually saturates. For

instance, while increasing the capacitance ratio Cx/Cp from 1 to 10 significantly in-
creases the flipping efficiency, further increases have only limited effect.

Considering the trade-off between circuit complexity and flipping efficiency, four

flying capacitors, with Cx >> Cp, are a good choice. In a typical SSHC rectifier, this

will result in a complex circuit with 17 switches, as shown in Fig. 3-3.

oo

Fig. 3-3. Voltage levels across the large flying capacitors of a typical 4-stage SSHC rectifier.
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3.2.2 Storage Capacitor Sharing in the Proposed SSHSC Rectifier
a) Proposed capacitor sharing concept:

In an SSHC rectifier, the flying capacitors flip the voltage on the PT by draining
charge from Cp and then sequentially dumping it back with reverse polarity. Therefore,
they act as temporary charge reservoirs. As discussed in the previous section, increas-
ing their size will increase the flipping efficiency. However, the largest capacitors in
an SSHC rectifier are the storage capacitors, which store the harvested energy when
the rectifier is in cut-off state. This indicates that the storage capacitors could also be
used to flip the voltage across the PT, since this only happens when the rectifier is cut-
off. Using the storage capacitors to sequentially perform the non-conflicting opera-
tions of storing energy and flipping voltage would simplify the system by obviating

the need to employ dedicated flying capacitors.

If the storage capacitors are to be used as temporary flying capacitors, their voltage
should not be significantly changed by the flipping process, which imposes a specific
requirement for the storage capacitance ratio. With four flying capacitors and Cx >>
Cp, the steady-state voltages across Ci, C, Cs, and Cy4 are 0.8Vrec, 0.6Vrec, 0.4Vrec,
and 0.2Vgec. These voltages must also be provided by the dual-use storage capacitors.
To achieve this, instead of a single storage capacitor, the proposed SSHSC rectifier
employs three series-connected storage capacitors, Cri, Crz, and Cgs, such that Cra:
Cr2: Crz = 3:3:1 as shown in Fig. 3-4. Denoting the voltage across the three capacitors
as Vg, two connection configurations are used: Con. (1) (following the sequence from
the top Vg to Cr1
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for the 3- and 4-stage flipping. Therefore, the four virtual flying capacitors used in the
4-stage SSHSC rectifier are Cry1 (Cre and Cgs in series), Cry2 (Crs 0nly), Criys (Cr1
and Cry in series), and Criya (Cre Only). The 4 voltage levels Ve, Vi, Vrys, and Veys
provided by the virtual flying capacitors Criy1, Criy2, Criys, and Criys are 0.8Vg, 0.6Vg,
0.4Vg, and 0.2Vg, which are the same as those generated by the dedicated flying ca-

pacitors of the traditional SSHC rectifier shown in Fig. 3-3.
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Fig. 3-4. Configurations and combinations of three storage capacitors to form four virtual fly-
ing capacitors to be used in a 4-stage SSHSC rectifier.

b) Theoretical analysis:

As in a traditional SSHC rectifier, the voltage flipping is done in 3 phases: dump-
ing, clearing, and charging. After each phase, the PT voltages Ver and Vey1, Veiy2, Vs,
Vrys are updated. To guarantee efficient flipping while maintaining the energy stored
on the three storage capacitors, their voltages should remain the same before and after
flipping. To check this assumption, a detailed theoretical analysis is performed in the

following section:
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First, the voltages across PT, Vpr, in the 1st stage with the virtual capacitor, Cry1,

can be calculated as

before dumping:
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Fig. 3-5 (#3) and (#4) respectively. Cp is connected and dumps charge to Cgr; and Cg;
in Fig. 3-5 (#3) and Cg; in Fig. 3-5 (#4), respectively, stabilizing at 0.4Vg and 0.2Vg.
After dumping, in phase
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are generated. Through the level shifters, the signals
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Fig. 3-8. The 4 cross-connected MOSFETSs and active diode in the FBR block.
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the PN generated in Fig. 3-9 (b), which indicates the flipping sequence (positive to
negative or vice versa). Because only one group of switches is shared between differ-

ent stages, after sequencing, the output control signals
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Fig. 3-11. Measurement setup and chip micrograph.
3.5.2 Measured Voltage Waveforms and Related Control Signals

Fig. 3-12 (top) shows the measured waveforms of Vpr, Sri, and Sg, and their

zoomed-in versions during voltage flipping. The Vg
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Fig. 3-12. Measured waveform: (a) Ver and switch control signals Sr2 and Sri, and (b) their
zoomed-in versions during flipping moment, (c) voltage at positive plates of three storage
capacitors, Vrip, Vrep, VR3p
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time of operation, two sets of storage capacitors are chosen as Cr1, Crz, and Crs: (1)
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3.5.3 Output Performance Analysis

The measured output power from the proposed SSHSC rectifier and FBR is shown

in Fig. 3-14 left. The proposed SSHSC rectifier generates a maximum of
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3.6 Conclusion

Conventional SSHI and SSHC rectifiers typically rely on large off-chip passive
components to achieve efficient voltage flipping in piezoelectric energy harvesting
(PEH) systems. SSHI rectifiers require bulky inductors, while SSHC rectifiers often
need at least eight off-chip flying capacitors—especially when used with commercial
PTs that have large intrinsic capacitance (Cp). Fully integrated SSHC solutions are
limited to MEMS-based PTs with very small Cp (in the sub-nanoFarad range), which

restricts their output power and makes them less suitable for many loT applications.

To address these limitations, a synchronized switch harvesting on shared capaci-
tors (SSHSC) rectifier is proposed. This targets general-purpose PTs with large intrin-
sic capacitances and eliminates the need for dedicated flying capacitors. Instead, it
reuses three storage capacitors, with a 3:3:1 capacitance ratio, as temporary flying
capacitors during the voltage-flipping process. Measurement results demonstrate that
the proposed SSHSC rectifier achieves a voltage flipping efficiency of 78% and a

maximum ou
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Chapter 4 A Bias-Flip Rectifier with Duty-Cycle-Based MPPT?2

4.1 Introduction

In piezoelectric energy harvesting (PEH) systems, as discussed in Chapter 2.4,
maximizing rectifier output power requires the use of maximum power point tracking
(MPPT). Conventional MPPT techniques, such as the fractional open-circuit voltage
(FOCV) [4-1][4-2][4-3][4-4], and perturb and observe (P&O) algorithms [4-5][4-
6][4-7][4-8] have significant limitations, such as the need for open circuit voltage (Voc)

sampling, flipping efficiency (
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activated to transfer excess energy from Cgrec to the storage capacitor Cs, bringing the

system back towards its optimal operating point.
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Fig. 4-1. Simplified diagram of the proposed DCB MPPT technique.

4.2.2 Theoretical Analysis of the Proposed DCB MPPT Algorithm

The proposed DCB MPPT algorithm exploits the relationship between the MPPT
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Assuming that the diode voltage drop, Vp, of the bridge rectifier is zero, and noting
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While (4.4) gives the wasted charge in a half period from the perspective of the recti-
fier output, (4.14) gives the same wasted charge from the perspective of the input.
Combining (4.4) and (4.14), we have
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through the inductor. This flow repeats until the next time when Dco exceeds 50%,
thereby achieving MPPT.

Duty Cycle Based MPPT Algorithm /

Sample Dco

Deo>=50%?
Energy: Crec t0 L
0SsC
Yes Energy: Ly to Cs
DC-DC Conversion
Tl (DC-DC Conversion End Je————

Next Cycle RN Next Cycle ¢

Fig. 4-3. The working flow of the proposed DCB MPPT system.
4.3.2 System Architecture

The proposed system architecture comprises an SSHI rectifier with its dedicated
control block, a buck-boost DC-DC converter, and an MPPT controller, as shown in
Fig. 4-4. The SSHI rectifier comprises an FBR, an active diode, and an off-chip
inductor, Ly, shared with the buck-boost DC-DC converter. When there is a need to
flip the voltage across the PT (Vpr), the bridge rectifier switches from the conducting
mode to the cut-off mode; this transition causes the CO signal to have a rising edge,
which is utilized to generate an SSHI flipping pulse through the control logic | and
pulse generation block. The CO signal is first processed by the control logic | block
to generate a stable synchronized signal, SYN. During the DC-DC conversion period,
the SYN is affected by the MPPT ending signal, referred to as END. When the END
signal is high, the SYN remains low and disables the pulse generation block. The
generation and explanation of the END signal are presented in Fig. 4-6, which will be
explained in the next section. The pulse generation block generates a pulse when the
SYN signal experiences a rising edge. Following the level shifters, the resulting pulse,

denoted as
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the PT voltage, Ver. The MAX block selects a higher voltage to serve as the power

supply for the level shifters.
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sampled low hysteresis Vrecs are compared to generate a signal, COMH, fed to the
control logic Il block. This block combines the outputs of an on-chip OSC and a ZCD
block. The ZCD block prevents the reverse current while transferring the energy from
Lwm to Cs. After passing through the level shifters, the switching signals Sep and Sec
control the buck-boost DC-DC converter. The buck-boost converter uses the shared
inductor, L, to transfer DC energy from Crec to Cs in multiple steps, following the
same process as introduced in the flowchart of the DC-DC conversion process in Fig.
4-3. Therefore, the MPPT is achieved by regulating the duty cycle, Dco at 50%.

4.4 Circuit Implementations

4.4.1 Circuit Diagram of the MPPT Controller Block

Fig. 4-5 illustrates the MPPT controller block. In the duty cycle sampler block,
the duty cycle, Dco, is sensed using two equal on-chip capacitors, CreL and Cger, as
shown in the top-left of Fig. 4-5. When CO is high, CreL is charged by an on-chip
current source, Irg, to Vi, while Crer is charged to V. when CO is low. To cope with
a wide range of PT vibration frequencies, which is half of the CO frequency, Crg. and
Crcr Can be adjusted in 8 steps between 5.4pF and 42.4pF. The resulting Vi and Vi
voltages are compared to generate the PO signal, indicating the Dco polarity around

the 50% target. PO stays low when Dco
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combining COMH and other signals generated by the OSC and ZCD blocks. Further

details about the circuitry of control logic 111 will be presented in the following.
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right point, a DC-DC conversion stopping signal, STD, will generate a rising edge.
This process repeats in every energy dumping period between Ly and Cs. The MPPT
ending signal, END, is affected by STD, COMH, and CO, indicating that the results
of ZCD decide the MPPT period, the DC-DC rectified low window voltage of MPPT,
and the cut-off duty cycle, respectively. When the END generates a rising edge, it
means that DC-DC conversion in the current MPPT period has finished and will be

restarted until the next MPPT comes.

Q

Control signals generation
for DC-DC conversion

CNT1[]

>~ {5

{xﬂ"mu

Fig. 4-6. Circuit diagram of the Control Logic Il block.

The bottom of Fig. 4-6 shows how the DC-DC converter control signal, Spc, and
Sep are generated. Its ending time is mainly decided by the END signal and clocked
by an on-chip oscillator, OSC. Through the level shifters, the Spc and Spp are finally
generated. The Spc controls the time of dumping energy from the rectified capacitor
Crec to the inductor. Spp is the time for the inductor to dump energy into the storage
capacitor. The Spc is shorter than Spp, and both are determined by the oscillator and a

counter’s signal, CNTj, as shown in Fig. 4-6.
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4.4.3 Biasing Current Generation

As shown in Fig. 4-7, an on-chip constant-Gm biasing circuit is used to provide a
stable bias current across process corners and variations [4-10]. Transistors Ms and

My (with a 1:4 W/L ratio) are biased in weak-inversion to establish a well-defined
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block, an SSHI rectifier, and a tunable Vrecs generation block. The chip was tested
with a 43nF commercial PT (PEH-S128-H5FR-1107YB), which was installed on a
shaker (LDS V450) and excited at a resonance frequency of 240Hz during the

experiments.

oelectric
Sducer

Oscilloscope

Regulating Vg During MPPT

890um
Fig. 4-8. Experimental setup in the Lab and chip microphoto.

4.5.2 Measured Waveforms During the MPPT Transient Time

Fig. 4-9 shows the measured waveform of Vs and Vgec. The system starts from the
cold state with a vibration excitation level equivalent to Voc =1.5V. An inductor of
LM =

72



Chapter 4 A Bias-Flip Rectifier with Duty-Cycle-Based MPPT

Dco at 50% (or Vgec at 2.6V) during the MPPT; period by transferring the extra
harvested energy to Cs. This DC-DC conversion results in a rising Vs. To observe the
tracking ability of the proposed MPPT technique with varying Voc, the vibration
excitation level is increased to Voc = 2V. As expected, Vrec increases to track the
higher MPP due to the larger excitation. This is because Dco becomes less than 50%
once Voc is increased, which makes the system regulate Dco back to 50%. To achieve
this, the DC-DC converter is disabled to let Vrec increase until Dco reaches 50% again.
This indicates that the proposed circuit can sense the vibration excitation variation by
measuring Dco in only a half vibration cycle after the variation occurs and start to
track the new MPP. Once Dco reaches 50% again, which means Vgec achieves the
new MPP, the DC-DC converter starts to operate to maintain Vgec at this new MPP
by regulating Dco at 50%. The new MPPT period at this higher excitation level is
labeled as MPPT,.

(Vipey = 1.5V)

L Stm-upi
4—/»'.-)— MPPT, . MPPT, N
: (Vi =2V)

! 26V
v Mre1 ® 2.6V

i X

i

Vipme[3.2V,3.6V] | AV~ 289mV

0.5V VS

0255 AY

REC

Fig. 4-9. Measured waveform of Vs and Vrec during the MPPT transient time with input 1.5-
V and 2-V Voc.

The slightly increased slope of Vwee, during the MPPT, period is because the
voltage Vs that powers the bias-flip switches is replaced by Vrec when Vs > Vgee. The
MAX block in Fig. 4-4 selects a higher voltage for the power supply of the level
shifters, which lowers the conducting resistance of the bias-flip switches. This slightly

increases the voltage flipping efficiency and, consequently, the optimal rectified
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voltage Vwmpep increases, as explained by the equation: Vpp =

74



Chapter 4 A Bias-Flip Rectifier with Duty-Cycle-Based MPPT

4.5.3 Measured PT Voltage and CO Signal

Fig. 4-11 presents the measured PT voltage, Vpr. The amplitude of Ver aligns with
Vrec depicted in Fig. 4-9. When Vo is increased from 1.5V to 2V, the MPPT process
is reflected by the Vpr shown in the zoomed-in waveform at the bottom. In this specific

measurement scenario, Crec
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Fig. 4-12. Measured cut-off signal CO during the transient time.

Fig. 4-12 shows the cut-off signal, CO. During the start-up period, the duty cycle
of CO, Dco, is less than 50%. As Dco approaches 50%, the maximum power point
(MPP) is getting closer. In the MPPT; period, the Dco is around 49.98%; in MPPT>,,
the Dco is around 50.19%. Both values are very close to 50%. The top right sub-figure
zooms in on the waveforms of Vpr and CO. It demonstrates that when CO is high, the
rectifier is in a cut-off state, and Vpr gradually builds up. When CO switches to low,
Vpr is clamped at Vrkec, indicating the onset of the conducting state. Therefore, 50%

denotes the rectifier's on/off time ratio, which is also reflected by the waveform of Vpr.

4.5.4 Performance Analysis

Fig. 4-13 presents the measured output power of the SSHI rectifier as a function
of Dco. It can be observed that the output power varies with different duty cycles and
reaches a peak at an optimal duty cycle. The measured optimal Dco of the peak power
of the SSHI rectifier is 48.52% and 47.58% for Voc = 1.5V and Voc = 2V, respectively,
slightly lower than the theoretical value of 50%. The shift in the optimal duty cycle
from 50% to a slightly lower value is primarily caused by the active rectifier's non-
zero voltage drop and the CO signal's inaccuracy. Despite the actual duty cycle not

being exactly 50%, this work still adopts 50% as the regulation target. By regulating
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Dco at 50%, the measured MPPT efficiencies for the two measurement conditions are
99.9% and 99.7%, close to the peaks at 48.52% and 47.58% duty cycle, respectively.
This indicates that the DCB MPPT technique exhibits strong robustness to errors in
the duty cyte (Dco), consistent with the analysis shownFig. 42 based on the
cosinesquared relationship. The measured output power values of the SSHI rectifier
atVoc=1l5Vandvoc 9 DUH : DQG : UHVSHFWLYHO\

Fig. 413 The outpupower of an SSHI rectifier versus the duty cyclepD

Since the optimal MPPT efficiendg only related to th®oc, to verify that the
proposed DCB MPPT technique is independent of voltage flippind L F L H, @rel\
opencircuit voltage amplitudeVoc, Fig. 414 shows the MPPT efficiency over
G L I I H Uan@wW¢ by changing the ofthip inductor and vibration excitation level.

The range of flipping efficiency spans from 20% to 6@th a step size of 10%. The

peak MPPT efficiency reaches 97&nd the average value remains around 96% for

high flipping efficiency values. In the second digure, theVoc variesfrom 1.2V to

2V with a step size of 0.2V. The highest MPPT efficiency is achieved at 98% when
Voc=1V. These results demonstrate that the DCB MPPT technique is independent of
varying flipping effidency r and open circuit voltag€oc, and it maintains a high
WUDFNLQJ HIILFLHQF\ LQ @&ntd\bH Dudtt) roce¥ss IRn@atioci3QJIHV R
(maximum device breakdown voltage at 5¥jc and ¢ cannot be set too high,
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i A

according to the relationshipp = =

, since they could pustier above 5V the

procesgannot achieve thPP. For measurements in a wider rang&ef D Q 6 a
process with higlvoltage devices or ofthip highvoltage switches can be used in

future works.

Fig. 414. MPPT efficiency versuss andVoc.

Fig. 415 shows the true optim@lco LQ ZLGH U pa@dMdcoV/Tdrdbtain the
true optimalDco values, the MPPT blodk disabled, and the system operates solely
as an SSHlI rectifier. In this way, the rectified output power can be measured in a range
of Vrecto find the peak, and the true optinia)o can be calculated from ti@O signal
at the power peak.he two subfigures fiowthat the true optimdDco valuesremain
FORVH WR U HahbB\W& ThelwovstdaseDeco YDOXHYV DUHe= DW
60% and 48.89% afoc = 1.4V. However, this deviation has a minimal impact on the
actual peak MPPEfficiency due to the robustness of the proposed MPPT algorithm
againstDco errors. Therefore, even when regulatingihe always at 50%, the peak
MPPT efficiency can still be very high, demonstrating the effectiveness of the
proposed MPPT algorithm and its ability to toleratg errors.
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Fig. 415. The true optimal duty cycle for different andVoc.

Fig. 416 shows the output power of the FBR and SSHI rectifier for different
rectified voltage levels. The measurements are conducted with a fixed open circuit
voltage amplitudé/oc = 2V. The peak output powdhe FBRachieve is 3
with the correspondinyvee around 1V. On the other hand, the SSHI rectifier, when
FRQILIXUHG ZLWK LQGXFWDQFHV RI + + DQG +
KLIKHU SHDN RXWSXW SRZHUV RI : . DQG
figure clearly illustrates the remarkalieprovement in output power achieved by the
66+, UHFWLILHU FRPSDUHG WR WKH )%5 6SHFLILFDOO

inductance exhibits a 748% energy extracéahancement compared to the FBR.
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Fig. 416. The outpuipower of FBR and SSHI rectifiers versus output voltége:

Table 41 compares the proposed DCB MPPT design and-efdte-art MPPT
techniques in energy harvesting systems. The previauks mainly focused on
FOCV or P&O methods, while this work introduces the use of the duty cycle for
MPPT. The DCB MPPT technique offers a simplified approach to aogitAPPT,
as it is based on a straightforward equation and relies solely on the duty cycle of the
rectifier. This translates into simpler circuit implementations, resulting in a compact
chip area of only 0.47milt can enable continuous MPPT without the need for
powerhungry sensors. This further simplifies the overall system design amckesed
complexity. Furthermore, the proposed DCB MPPT design offers the advantage of
YHU\ ORZ TXLHVFHQW FXUUHQW FRQVXPSWLRQ DW RQO\
ensures minimal energy loss and maximizes system efficiency. Another noteworthy
designaspect is its independence from the system and environmental parameters, such
asVoc D Q & This makes the DCB MPPT technique versatile and adaptable to
different energy harvesting scenarios without extensive parameter tuning. It boasts a
flipping efficiencyof 82% and 98% peak MPPT efficiendyhe DCB MPPT design

offers a 748% power extraction enhancentempared to an FBR
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4.6 Conclusion

This chapter introduced a novel dwdycle-based (DCB) MPPT algorithm and its
integration with an SSHI rectifier. A simple equation was derived, showing that
MPPT efficiency depends solely on the rectifier's duty cycle and is independent of
other system pameters such a&cor 3, Based on this principle, a biéig rectifier
with DCB MPPT was proposed, achievikPPT by regulating theectifier's cut-off
duty cycle at 50%. This approach simplifies circuit implementation, reduces power
consumption, and eliminates the need for complex sensing or calibration.
Experimental results demonstrate a peak MPPT efficiency of 98%, with strong
robustness to duty cycle errors and uloa power operation, validating the

effectiveness of the proposed technique.

82



Chapter 4 A BiasFlip Rectifierwith Duty-Cycle-Based MPPT
References

[4-1]. M. Shim, J. Kim, J. Jeong, S. Park, and C. Kim, “SeIRZHUH G WWR P
piezoelectric energy harvesting system with 9.09ms/v maximum power point
tracking time”in IEEE Journal of SolieState Circuitsvol. 50, no. 10, pp. 2467
2479, 2015.

[4-2.° $ 6DQFKH] - /HLFKW ( -RGND ( )D]H® DQG <
1mW paralletsshi rectifier for piezoelectric energy harvesting of periodic and
shock excitations with inductor sharing, cold stgstand up to 685 power
extraction improvemenht in IEEE InternationalSolid-State Circuits Conference
pp. 466467, 2016.

[4-3]. Z. Chen, Y. Jiang, MK. Law, P:l. Mak, X. Zeng, and R. P. Matrtins, “27.3 A
piezoelectric energharvesting interface using spfihase flippingcapacitor
rectifier and capacitor reuse multipler sc dedc achieving 9.4x energy
extraction improvement,”in 2019 IEEE International Soli&tate Circuits
Conferencepp. 424426, 2019.

[4-4]. S. Uprety and H. Lee, “A 0.681\W-to-1-W photovoltaic energy harvester with
irradianceaware auteconfigurable hybrid mppt achieving 95% mppt efficiency
and 2.9ms focv transient timejh IEEE Journal of SolieState Circuitsvol. 56,
no. 6, pp. 18241846, 2021.

[4-5]. S. Li, A. Roy, and B. H. Calhoun, “A piezoelectric enel@rvesting system
with parallelsshi rectifier and integrated mppt achieving 417% enexgsaction
improvement and 97% tracking efficiency,”2019 Symposium on VLSI Circyits
pp. C424C425, 2019.

[4-6]. A. Morel, A. Quelen, C. A. Berlitz, D. Gibus, P. Gasnier, A. Badel, and G.
Pillonnet, “42.2 seltunable phasshifted sece piezoelectric energy harvesting ic
with a 40nw mppt achieving 44Gimprovement and @4,” in IEEE International
Solid-State Circuits Conferengepp. 488490, 2020.

83



Chepter 4 A BiasFlip Rectifierwith Duty-Cycle-Based MPPT

[4-7]. N. Femia, G. Petrone, G. Spagnuolo, anditelli, “Optimization of perturb
and observe maximum power point tracking meth@dJEEE Transactions on
Power Electronicsvol. 20, no. 4, pp. 964974, 2005.

[4-8]. S. Bandyopadhyay and A. P. Chandrakasan, “Platform architecture for solar,
thermal, and vibration energy combining with mppt and single indudtol?EE
Journal of SolidState Circuitsvol. 47, no. 9, pp. 2192215, 2012.

[4-9]. X. Yue, S. Jawvaji, Z. Tang, K. A. Makinwa, and S. Du, “30.3 a-Bips
rectifier with a dutycyclebased mppt algorithm for piezoelectric energy
harvesting with 98% peak mppt efficiency and 748% energsaction
enhancement,” 2024 |IEEE International SolidState Circuits Conferencep.
442444, 2024.

[4-10]. S. Pavan! Systematic Development of CMOS Fix@dansconductance Bias
Circuits” in IEEE Transactions on Circuits and Systems II: Express Brels
69, no. 5, pp. 2392397, May 2022.

[4-11]. S. Pan and K. A. A. MakinwdA 10 fJ-K2 Wheatstone Bridge Temperature
Sensor With a TaiResistofLinearized OTA" in IEEE Journal of Soliebtate
Circuits, vol. 56, no. 2, pp. 505310, Feb. 2021, doi: 10.1109/JSSC.2020.3018164.

[4-12].S. Li, X. Liu, and B. H. Calhoun, “A 32nA fully autonomous miriput
singleinductor multioutput energyharvesting and powananagement platform
with 1.2x1@ dynamic range, integrated MPPT, and multimodal cold-sgftin
IEEE InternationalSolid-State Circuits Comfrencevol. 65, Feb. 2022, pp-3.

84



Chapter 5 A SingkStage Biad-lip Rectifier with HighlyDigital Duty-CycledBased MPPT

Chapter 5 A SingleStage BiasFlip Rectifier with Highly-Digital
Duty-Cycled-Based MPPT®

5.1 Introduction

As mentioned irSection2.5,the cascaded efficiency loséconventional 3stage
systemarchitecture for piezoelectric energy harvesting (PEid¥ulsin low endto-
endefficiency[5-1] [5-2]. To improvethis, this chapter introduces a singltage bias
flipping maximum power point trackingMPPT) regulating rectifier (BMRR) It
uniguelyintegratesactive biadflip rectification, MPPT, and output voltage regulation
into a single stage, as shownFig. 51. It canthus efficientlydeliver harvesteden-
ergy from a piezoelectric transducer (Pt the output capacito(Cour) in a single
stage eliminating cascaded energy laasdachievinga significantimprovementin

endto-endefficiency[5-3].

PT
Vour
Ver
C
PT Single -stage ouT
(Bias-Flip
R — + —
b co == - MPPT N
+ VBAT
Regulation) BAT

Fig. 51. Proposed singlstage biadlipping MPPT regulatingectifier.

3 This chapter is based on fleernalpaper: X. Yue, S. Du “A SingiStage Biad-lip Regulating Rectifier with
Fully Digital Duty-CycleBasedVIPPT for Piezoelectric Energy HarvestihtEEE Journal of SolidState Cir-
cuits, Dec2024
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5.2 Topology and Operations of the Proposed Singleé&Stage
Rectifier

Sir S

Sie Sk

Fig. 52. Power stage topology of the proposed BMRR

As shown inFig. 52, the propose@®MRR consists of 10 power switches, an in-
ductor, anoutput capacitor &ur, and abattery(BAT). By appropriately controlling
the switchess illustrated irFig. 53, the circuitcan be configured in various modes
thatperformactive biadlip rectification, MPPT, and output voltage regulation

In mode (a), athe zerecrossing moment df, the inductoiis used to flipver by
closingSu1 andS:. The PT can theafficiently transferpower to theoutput capacitor
Cout and thdoad.

Whenthe PT-generatecpower (Per) M load-consumedpower (P.oap), Cour IS

directly charged by the PT &ithermode (b) omode(c), dependingn PT polarity.
Each modeonsists ofwo geps In thefirst step (ed path, energy igransferredrom
the PT to the inductor. In the second s{bpue path), energy isansferredrom the

inductor to theoutput capacitoCour.

When RBr> P oap, part of the PIgenerateghoweris transferred t@BAT in either
mode (d)or mode(e), depending on the PT polarity, tegulateVour. Eachof these
modes also consists afwo steps oneto energize the inductdred path)andone to
discharge iinto BAT (blue path) If the PTFgenerated power is insufficient $apply
the loadconsumed powelout can still be regulated by switching toode (f)and

transferringthe stored energy in BATo Cour.
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LS

(b) Ver>0, energy: PT Aour

(f) energy: BAT A our

Z:I) Ver>0, energy: PT ABAT =(e) Vpr<0, energy: PT ABAT
Fig. 53. Operation modes and current flowing paths of the proposed BMRR

5.3 Gomparisons with Conventional 3Stage Systems

This section comparegkeoperation angierformance of thproposed singkstage

system wittthat ofaconventional 3stage systerny analysinghePT waveform Ypr)

andcomputing thgpower conversion efficiency (PCE)

S3: Vout Regulation
i OUT

S2: MPPT
—
VOUT

S1: Bias-Flip + FBR
PT 4 —
V
A Vrec mppT | B4 Vour
Regulation

FBR
N " (o=

Vet
PT
1p0 Co== L <> Crecm= BA

I —

Fig. 54. A conventionatopology ofa 3-stagesystem architecture

5.3.1 Operation Comparison

A conventional threstage PEH systeiis shown inFig. 5-4. It comprises three
power stagesan AGDC biasflip rectifier, an MPPT block, and an output voltage
regulatomwith storage elemenGrec, BAT, and Gur connected at each stage’s output,

respectively.
Fig. 55 showsthe PT waveform\{p7) in a conventionaPEH system(top) andin
the proposed BMRR (bottom). Bnconventionalsystem the rectified voltag&/rec
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increases slowly from OV to reach theaximum power poinvoltage, Vupp. This
startup process is prolonged due to tihge required tacharge the relatively large
capacitor Gec. This extended tracking and convergence time exists in conventional
MPPT algorithmssuch as Perturb & Observe (P&O), fractional open cinaliage
(FOCV), and conventional dutyycle-based (DCB)algorithms. Thischapterpro-
poses a stabilized DCB MPR&chnique, which distinguishes itself from th€B
MPPT technique proposed @hapter 4In this approachthe duty cgle of the cut
off time of the AGDC rectifier is regulated t60% to track the MPP. Howeve,
capacitor (Gec) is neededo stabilizethe output power variationaroundthe MPP.
Unfortunately, Gecis typically at the microfarad leveksulting in prolonged startup
times, as depicted in the top leftFig. 55. WhenVgecis low, the rectifier's cubff
duty cycleis small and gradually converges to 50% over an extes@etliptime,
during whichVgrec slowly increaseto its steadystate If theopen circuit voltag&/oc
increagsfrom 1V to 2V,due to a change in the extermaicitation levelthe duty
cyclewill decrease belo®0% sinceVrecis still at theVipp corresponding t&oc =

1V. A considerable amount of timetlseenneeded to chargézecto the newWvep.

Fig. 55. PT voltage Y1) of a conventional biaBip rectifier and the proposed BMRR
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Fig. 56. The outpuipower of the proposeBMRR, conventional SSHI with MPPT, and
conventional SSHith no MPPT

With the propose stabilized DCB MPPT techniquthie PT igemporarilydiscon-
neced fromthe interface circuito allow Ve to jumpto the MPP withira half-vibra-
tion period ratherthan waiting many periodassin conventional DCB designs. The
Vpr waveformin the proposed BMRR is shown at the bottoffrig. 55. The duty
cycle is directlyregulagd to 50%,ensuringthat the first MPP is achieved from the
beginning If the external excitationabruptly change<.g, from 1V to 2V, the pro-
posed rectifiewill quickly responl and work at the new MPP in the néetf period.
Correspondingly, the output power plot versinse is shownin Fig. 56. Without
MPPT, the output poweéncreases and then decrea$¥gh conventionaMPPT, the
output poweslowly risesto the MPP, where it is maintainedowever by using the

proposedechniquethe BMRR quickly forces the output power to the MPP

5.3.2 Power Analysisof a Conventional 3Stage System

Thepower conversion efficiency (PCE) of a conventional #atage PEH system
is shown inFig. 54. In the first stage, an SSkHctifier is used to flighe PT voltage
Theflipped voltage(Ve) canthenbe expressely [5-3]:

8¢= (8E3/4¢28~/)'<', (5-1)
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where \b is the forward voltage drop of a diode in a fofidge rectifier,and

- .is the flippingefficiency. The voltage los¥/() after flipping can be written as
8= (839 28)x (1 F-) (5.2)
Hence, the charge flowing intoz&z is
3iiaa= 3i F%x 8= %W(28,F 8 (5.3)
The input power flowing into the rectifier is expressed by
agyvy 2B%x (841 28)(28,F 8 (5.4)
While the ideal rectifier output power transferred tordaified capacitor gecis
Zeiievm 2B%8 962 8y F 8) (5.5)

Therefore, the A@o-DC power convision efficiency(PCE) of a conventional bias
IOLS UHFWLIkeH thnb® exprédssed Rs/

L Zii v 2 B%8 5,62 8. F 8)

S v 2B 8 vd 28)(28y,F 8)
o Bww (56)
- &4 28,

In the second stage, the charge storeckiz S transferredo BAT using a typical
buckboost DCGDC converterSimilarly, in thethird stage, the energy stored in BAT
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is transferred to eegulated output capacitorpGr, through another bueltoostDC-

DC converter. The PCE of a bubkost converter dependa many factors, including
its voltage conversion ratio (VCRIpop resistance, switching frequency, inductors,
etc. For welldesigned inductebased buclboost convertershe PCE is usually be-
tween 90%05%. To simplify ourcalculations and focus only on the PCE of the sys-
tem level, itis assumed that the two bubkost converters in the secoadd third
stages irFig. 5-4 have the same efficiency, not&@l\bcpe. Therefore, the entb-end

( ( HIILFLHRKYef a conventional 3tage architecture is given as

“uBYR R & T TEWN vl "wasX T EEE
8E _6 X - Lo (57)
_ wh “yamsX TEEE

&1 28,

Z K H Wddris the MPPT efficiency. This efficienayepends on how well the real

time Vrectracks the actuaVPP voltageVvpp, WhereVipep = 5|9_A F 8, accordingo

[5-3]. For a welldesigned MPPT blockvhich ensures thatzec closelytracks Vivep,

veer 81. Hence, %.7) can be approximated:as

. 6
Beee -vamw,

- Y6Y Ca %6 Nm (5.8)

5.3.3 Power Analysis ofthe Proposed SingleStage BMRR

The proposed BMRR transfers energy from the PT directf§ota, via a single
DC-DC conversion stag¢huseliminating the need for a fubiridge rectifier As il-
lustratedin Fig. 53, eachDC-DC conduction path in the BMRR onlgcludestwo
power switcheswhich is also the case conventional buckoost converters. As a
result, the DEDC power conversion efficiency (PCE) the BMRRwill be compa-
rablewith that of standard buekoost converters, previously denoted aspc. As-
sumingthatthe MPPT efficiency is very close to 1, teedto-end PCE of the pro-
posed BMRRcan bewritten as
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T YpYa &a Sy T EEE N - Y2/ (59)

Based on%.8) and 6.9), the ratio between the ertd-endPCE of the proposed BMRR
and the convention& stage system igiven by:

VeV R A _ Bree (5.10)

RV Y VA
-yevpazma Oxed 28,

Sinceboth termsn this equation arkess than 1the endto-endPCEof the proposed
BMRR is higher than that of a conventional theteége system.

5.4 ProposedSystem Architecture and Flowchart

ver |Y* i Bias -Fiip Rectification ; ‘%
H 2 H
i ’ ; BAT
PT i 7
40 b H Switch Power

Level =
Logic Shifter Stage
|—o—Vour

I Cour

Regulated in a
hysteresis window

Startup
Vrer
HYS *
osc Calibration I T A
[ 11-bi
Reg(+4
counter x10 ) PP, Phase Vour
Vo Detector
uT
Highly -Digital Fast-MPPT Regulation Vil TVu

Fig. 57: System architecture of the proposed sirsgtge BMRR.

Fig. 57 shows the system architecture of the prop@&d&R, which consists of
a power stagéFig. 52), a biasflip rectification controlblock, ahighly-digital fast
MPPT block, &/ourregulationblock, a startup block, switch control blocksd level
shifters.During the startupthe vibration period (J) is sampledo find a 50%Vepr
build-up duty cycle Dgy) for MPP. Vp is connected to a comparatorhie Vy is
grounckd allowing Toto bedeterminedy a digital counter. After findingof the first

flipping moment ofVer canthenbesetto T¢/2 duringthe nextvibrationperiod.After
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flipping, the MPPT block allow¥pt to build up foranother /4 (corresponding to
Dgu = 50%) to climb to itdirst MPP voltage

WhenVerreaches the MPP, the MPP voltAgeris sampled, andferis regulated
to this voltagelf Ver movesaway from the MPPe.g, if Cpis discharged, the buid
up signal, BU, goes high, indicating ttihe polarity ofVer needs to be flipped and
built up again towarslthe next MPP. After anothery/®, BU goeslow, and Vet
reaches the MPP again. €fficieny maintainMPPT, a new vibration period (T) is
digitally sampled andpdated at every rising edge of BU. The periodically refreshed
T/4 is used tesetthe next buildup time ofVer (or ON time of the BU signalso hat
it builds up directlyto the MPP after fliping. The reason for lettingpr build up for
exactly T4 is based on thHegy = 50% rule of thd&®CB MPPT algorithn{as discussed
in Chapter2). Since BU is only available afténe first flipping, the T/4 time for the
first 2 MPPs is calculatefdlom To. From the 3rd MPP, a retime T is measured for

each vibration period and refreshed at each rising edg¥.of

I Highly -Digital MPPT [ )
;
Startup: sample To i | ' i g ' i
i Count T, sampled in starty| Read' signal Read' signal
(by a counter) H | - P P | generates a generates a
i faling edge rising edge
Register To/2 i BU ot TR T T
ready i NO ! ready | A ;
; s Reoen eosten
Register Qu=To/4 Compute Q3 (T/4) Q1=Tpur+2 Q2=Tourt2
Flip Ve at To/2
i Reset counter + /190 —
i +/[9:0 | Adder&Divider
BuidupVer |/ When CNT=Q, When CNT=Qgt / Qa(Qu¥Q2)+2
MPP trackin
| WPPuacking | SCDCaEE G AT v
: PT MPP
- /BU falling edge . N
PT energy extraction - T . flipped arrivesiT,,
[ PT energy extraction | BU -
Flip Vpr (Stabilized)
| Vpr flipped /BU rising edge | Read
Update BU signal
Update 'Read’ Reset —T T T T 1

Fig. 58. Operatioml flowchart of the proposed system.

TheVour regulation block uses a hysteresis windowpgety andV,, to regulate
Vourt. There are three modescharge Gur: modes (b), (c), and (d). A phase detector

decides which mode to use and generates control sigr@dsding on the power level
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and PT polarity. Finally, digitalignals generated by the bifip rectification, MPPT,
andVour regulation blocks are fed into the switch logic bltekirive the power stage

after level shifters.

The systenoperationaflowchart is shown irfFig. 5-8. The left flowcharillus-
trates the systesievel operations. The system commenagsampling the vibration
period, followed by three subsequent steps: PT voltag€dlippsg, MPPT, and en-
ergy extraction. The detailed MPPT operations are shown immilele, where the
first 2 MPPs are found through the left pathenthe BU signal is not ready. Upon
reaching a steady state, tMi@P is tracked via the right path whBb is ready. The
right part of Fig. 58 shows the procedure for determining the 583ty cycle. The
bottom right show¢he waveform of th8U, Read, and Reset signals skeadyoper-
ation the rising edge d8U corresponds to theT voltage flipping moment, while its
falling edge signifieshe arrival of the MPP

5.5 Circuit Implementation

5.5.1 Highly-Digital MPPT Circuit Implementation

Fig. 59 (a) shows thémplementation of theligital circuit that determine3/4,
i.e., the buildup time ofVprto achieveDgy = 50%. To determine T/4, a 46t counter
CNT [10:0] continuously counts the clock (CLKYcles within eactBU period—an
onchip-generated clock of 5kHz drives the countefThe counter is reset at every
BUrising edge, and its-tit-right-shifted (halved) output &lternatively stored in two
registers, @and Q. Then, Q and Q are averaged to obtain T/4. The averaging op-
erationof two adjacenBU periods, stored in {and Q, remove the error between
them and obtaman accurate T/4. The fin@l4 can be externally adjusted by ali©
VLJIQDO /the ra@e di-R12, 511])anda 2's complementary add&r manually
setDgy in a wide range from 15% b%. This calibration ability allows system per-
formanceto be measured in neMPP conditions. Byemploying ahighly-digital
MPPT technique, the whole MP®lock consumesnly 43.3nW as shown irFig. 5

9(b), wherethe counter occupies the largest proportion.
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CNT[10:0] RDY
SUM[10:0]
1

Qsx/  £/[9:0] -f»l 2's Complementary Adder |

Q5= T Q:[0] Q1 Qi[9] Qi[10]  [Qu11]
vy "n
4 q%j“““i;:}—*"_——ﬂ;f}———ﬂ::] 0
1 1 T
g Register,
4 Read Y Q:=Teur 2
bQ DQ— | Register;
= . % Readf Qi=Teur +2
0CNTo CNT, CNT, CNTyo
[ oo o g )
CLK— . I 9 X 11-bit Counter
R r R CNT[10:0]

Reset

(a). Digital circuit implementation (b). MPPT power consumption

Fig. 59. Proposedtabilized DCB MPPT technique.

Fig. 510shows the circuit implementation responsiblegienerating the counter
control signals featured Irig. 5-9. Thisconfiguration directs thepp andBU signals
into the reseblock and Dflip-flops, whereVee is the result of comparings andVy
during the startup state. Thesemponents collaborate to yield the final Reset and
Readsignals, pivotal for regulating the counter operation outlineEig. 59. The
Read signal undergoes updates uporotieeirrence of a rising edge in tBe& signal.
Conversely, aftereading the registered clocks, the Reset signal is triggEnedeset
block’s specifications are outlined at the top ofdiegram. The weak invertersue
awidthtoo- OHQJWK :/ UDWLR RI P P

T=200fF

BUCH

Vpp>

Fig. 510. Digital MPPT control block for generating Reset &whd signals
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5.5.2 Output Voltage Regulation Block

Fig. 511 shows theVour regulation block, which is cruciah determining the
direction ofenergy flow in the system. Thegic controls, depicted on the left side of
the diagram, produceutputs that dictate the energy flow paths of the systéma.
switch logic sectiostop two paths signify the enerffpw from the battery (BAT) to
the output capacitordgr.In contrastthe middle paths represent the energy flow from
the piezoelectric transducer (PT) to the BAT. The bottom pd#Ect the energy
transfer from the PT tod&gr. After passinghrough the level shifters, the outpid-s
nals drive the switchaa the power stage.

CLK
+ Puic-sat A St Vu v
RDY—) Pwp-gat i IBAT ACour :: S Vi ouT
P1— Logic ll| Pucer v ) Skc I-I
P2 Pup-pr N gBAT 22
Df : itch [ e T |
HYS i ico ABAT | Switch Level [5 ™| Power -
- H Logic [ Shifter S_, Stage Energy flow.dlrectlon
N M2 determinant
VRE; E L) Sis A A A
Ve T Se L NN N,
{ iCp A ouT ) s Puc m
- i L) Sor MC-XX
v Puwsx I L_TL_T1

Fig. 511 The outputregulation block of the proposed singiage rectifier

The input signalsP; and P, indicate whethe¥our reaches its hysteresis lower
boundary Vi, or higher boundaryy, respectively. WheR, is high, Vour does not
need to be charged, and the PT energy goes into BAT; otherwigerneTated energy
is transferred into &;1. WhenP; is high, it indicates thahe PT-harvested power is
too low to sustain the load, so BAT is engaged to chdsgeuntil it reached/y. The
HYS signal generated by a hysteresis comparatbign5-12 assists in determining
where the PIgenerated energy flows. The sign@isP,, andRDYare used to gener-
ate inductor charging phasd®ys .. (eitherPogi370r Pos i gy and inductodis-
charging phaseRy:i.. (eitherPg:i37 or Pgo'i ga7), to drive the switch matrix for

power transfer operations. TRDYsignal indicates whether the MPP arrives.

Fig. 512 presents the detailed circuits of the hysteresisparatoryhich iscru-
cial in regulating the PT voltag€he ratio between the widths of transistors évid

My) and(M3 and My) determines the hysteresis window. Toe PMOS pair (Mand
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Me) calibrates the ratio ina wide range. When theeKlis high, the M and M areoff,
resulting in a smaller window. Otherwise, the &hdMg are connected in series with
M and M, respectivelyleading to a larger windowFig. 513 shows a current
starvedon-chip oscillator. Its output, CLK, of 50KH#s provided tahe counters to
count the vibration period and determine khieP. The biasing current is 7.5nA, and

the total consumepower is around 67.5nW

Vourt

H>Out

Fig. 512 Hysteresis compérator for PT voltage regulation

5.6 Measurement Results

5.6.1 MeasurementSetup

Fig. 513 shows the measurement setup and chip microgiidmhchip was fabri-
cated in a 180nm BCD process. Tawive chip area is 0.91ninThe measurements
use two commercial piezoelectric transdudergalidate theproposed systesoper-
ations better The chip was tested using two commercial piezoelectric transducers
37V D xQ) -BIBFR6 <% DQG D x Q)J1BR18@BYB).
Both were mounted on a shaker (LDS V450) and excited at their respective resonance
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IUHTXHQFLHV RI xThg dnRIGed battedy ia SEIKO MS621FE
whose output voltage rangestween 3V and 3.5V

Power amplifier

PT
Oscilloscope Waveform

Shaker generator

1/0 pads

ower suppl!
PCB power supply

/ Calibrate
switches

a). Measurement setup b). Chip micrograph
Fig. 513 Experimental setup and chip microphoto

5.6.2 MeasurementWaveform of PT Voltage

old sta rtup >f< MPPT-
Ver First flipp m{j

Ilv .

5ms : H
: Lo TaN
AL yie-285 First MPP arrives
v, Synchronous signal for To sampling: . : + DC-DC starts
P : : I

Startup end

IS \

Fig. 514. Measuredhe PT Voltage waveform during startup

Fig. 514 shows the waveform &fpr anda statussignalVep in the veryfirst sev-
eral vibration periods after excitation starts. Initiathg vibration period Jis exam-
ined for the first several frasscillations ofVer. After Tp is sampled and determined,
thefirst flipping moment of the PT voltage occurs aftetZlin the following period.
After another ¥4 period, the MPRirrives, and DEDC conversion starts operating
to regulate th@T voltage, indicating the finishing of the startup period shewn in
Fig. 514, the startup period consists of only 5 vibratmeriods. This period could

potentially be optimized to as fems 2 periods. Once the startup period is complete,
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the systentransitions intoa stable operating state, maintainiMgr regulation and
biasflipping.

Fig. 515shows the PT voltag¥pr, and the flippingignal during the steady state.
The zoomesdn figure at theop rightdisplays théehaviourf the PT voltage during
a flipping moment. During this time, the PT voltagelipped from -1.6V to 1.4V,

representing an 87.5% voltage flippiefficiency.

. TTiav
5ms -1.6V  1e=87.5%
Flipping

1.4v

-1.6

Flipping signal ISV

Fig. 515. MeasuredhePT Voltage waveform during the steastate.

Fig. 516 provides a detailed view of the PT voltage dutimg buildup and reg-
ulation periods. The waveform showsmeasured®U duty cycle,Dgy, of approxi-
mately 49.87%The right part of the figure shows the control pha®gs,rr and
Po i37. ThePucipr represents the phase duringich charge is transferred from the

PT to energize thimductor, whilePyp ipr shows the inductedischarging phase.

Y Ver pAV rs_agulation}"
Ver i regulated Vir ;
Ver 4.?}‘1|£j§.‘39,f4..@'."'.'??.* =
: Dpu=49.87% Pwc-pr
BU
PMDVPT
Puyc-er: PT charges L s Pyc.pr

Pwo-pr: L charges Cour

S P
S X
MD-PT

Fig. 516. Zoomedin waveform of the PT voltage and relatzzhtrol phases
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5.6.3 Measured PTVoltageWaveform During MPPT

Fig. 517 shows the waveform of PT voltayer andBU. The proposed system
was designed to achieve MPPTr@sponse to changes in external excitation levels.
Initially, the PT’s open circuit voltageVioc) is 0.8V, and the flippingefficiency is
60%, corresponding to an MPP voltadgr of around 2V. When th¥oc increases
to 1.2V, the flippingefficiency rises to 65% in the steady state since the hggter
driving voltage reduces the switch resistance in thefb@kop. It can be observed
that the duty cycle dBU is anchored to 50% to regula¥er towards thenew Vyep of
around 3.4Vautomatically

IZV K, 60% K, 65%

¢ —Voco=0. 8V—’§‘—VOCN21.2V—>

BU Dgu=50% 20ms

Fig. 517. System transient waveform of PT voltage #@1d signals under different external
excitation levels

5.6.4 MeasuredWaveform During Output Regulation

Fig. 518 shows the waveforaof Vp, Vour, Po'i37, andPup isarunder different
load conditions. Th&wp ipr and P19 g 7represent the inductatischarging phases
from thePT and the battery, respectively. The left figure showswhan the load
UHVLVWDQFH LV 0Y W Kdutpdt volageRof B\DWiItD SVShhalQippl® Q
of 37mV and aloadc XUUHQW RI $ ,Q FRQWBEBI®Wshows H ULJKW |
the waveform in a heavier load condition with a load resistah66K Y ZKLFK UH

sults in a larger maximum output voltaggple of 127mV. The zoomeith waveform
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on the bottonreveals thaPo 37 andPo i%s7 O DV W
output of the orchip 5KHz oscillator isshown at the bottom left

3 WrBspdstively. The
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Fig. 518 Measuredvout regulation in different loading conditions

5.7 Performance Analysis

Fig. 519 presents the relationship between output power anBlhsignal duty
cycle, Dgy, for the proposed BMRR under different open circuit voltagges The

figure aims to determine the optimum duty cycle for maximum power output, with
Vocat 1.5V and 2V, exhibiting the same voltage flipping efficiency of 60%. This data
ZDV DFTXLUHG E\ PDQXDOO\ FR Q[B0] ¢ btab@zeDA, Ktth H[WH U Q

specific value in a broad range from 15% to 75%, as detailE)irb-9. The results
prove that for differenVoc values, the optimurbgy for achieving maximum output
power is around 50%, which matches the theory of {68 DIPPT algorithm.

Fig. 520shows the output power of the proposed BMRR d&®srof time starting

from a static PT with/oc changed irthe middle, similar to the phenomenon shown
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in Fig. 517. Themeasurements demonstrate the effectiveness of thARIRRT tech-
nique. Initially, following the startup phase, the oufIRZHU VZLIWO\ ULVHV WR

Fig. 519. Cutput power versuBsu for differentVoc voltages

within a timeframe of 15ms t88ms (25 vibration periods). This rapid increase is
attributedto the implementation of the proposed fHRPT techniqueSubsequently,
when the open circuit voltage transitions fror@V to 1.2V, the output power rapidly
surgesl URP : WR . 7KLV UD S LuBde3sRatds thelr€gpodsive® V H
ness and efficiency of the BMRRctifier in adapting to changes in the external envi-

ronmentthereby maximizing power extraction from the energy source.

Fig. 520. Output power versus time with increasiigc.

Fig. 521 exhibits the measured MPPT efficiency and acceleration devaflinc-
tion of the open circuit voltagéoc. The dataeveals remarkable efficiency metrics,
with a maximum MPPEfficiency reaching an impressive 99.9%, while the average
MPPT efficiency stands at 99.79% in a wide rang¥&ffrom 0.4V to 2V. These
results underscore the efficacytbéhighly-digital MPPT design. The chip leverages
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a 180nmBCD process featuring CMOS transistors with a maximatmg of 5V. The

acceleration measurements complentleese efficiency figures, with the minimum

Fig. 521. MPPT efficiency and excitation acceleration levalerVoc.

acceleration level &.2m/¢ corresponding t&%oc of 0.4V and the maximuracceler-
ation measured at 0.9rforresponding t&/oc of 2.0V. Such performance metrics
highlight therobustnessnd versatility of the chip design in adapting to varyipg
erating conditions while consistently achieving high leeélsfficiency:.

Fig. 522 End+o-end (E2E) efficiency with different load current.

Fig. 522 provides the measured et@endefficiencyof the proposed BMRR for
various load currents. Notably, timeeasurements indicate a peahkdto-end effi-
ciency of 92.5% withW KH ORDG FXUUHQW DW $ TKeffi-VIVWHP L
ciency of 90.54% in a wide load current range from$ WR $ endiotend
efficiency tends to be relativelpw at lower load current due to a higher proportion

of selfconsumed power. These results underscore the effiédlog proposed single
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stage BMRR in achieving higindto-endefficiency from the energy harvester to the
load.

Fig. 523. Power extraction enhancement compared to an.FBR

Fig. 5-23depicts the figure of merit (FOM) concernifigping efficiency, where
the FOM is defined as the ratio of thetracted power with the proposed BMRR to
that of an FBRWith flipping efficiency ranging from 60% to 87.5%, the FGM-
hibits corresponding variations from 5x to 9.3x. Thereftire,BMRR achieves the

energy extraction enhancement ofta®.3x compared to an FBR.

Table5-1 compares thperformancef the proposed BMRRuith prior work. Ra-
ther than trying t@ptimizethe performance of eithéne rectifier stage or the MPPT
stage, the BMRRchievedigh endto-endefficiency byintegrating biadlip rectifi-
cation, MPPT, and output regulationa singlestage Compared to the conventional
DCB MPPT proposed in Chapte{81], which determineghe duty cycleby com-
paiing thesampledroltage acrostvo identicalcapacitos, the stabilizedDCB MPPT
offers greateraccuracy due to its digital samplingethod.Additionally, by forcing
theduty cycle to 50%nstead ofvaiting for it to naturdly reach tlis value, the startup
time is significantly shortenedenablinga more efficient onestepMPPT. Measured
results show a maximum outperidto-endpower conversioefficiency of 92.5% and
power extractiorenhancement of 9.3x%, highlighting its superior performamé&&H

systems.
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5.8Conclusion

This chapterproposes a singlstage biadlipping MPPT regulating rectifier
(BMRR) for piezoelectric energy harvesting. The proposed system integratéigpbias
rectification,MPPT, and output regulation in only one stage, eliminatiteymediate
stages and minimizing energy loss. The propdsglly-digital MPPT technique is
based on a stabilized 50BXCB method, which ensures MPPT is achieved shortly
afterthe system starts operating, typically within several vibratigries. The pro-
posed architectureemoves the capacitor connected to the output of a conventional
rectifier, guaranteeing a orstep MPPT and shostartup. Thankto the singlestage
BMRR, the energy extraction performance is enhanced by 9.3x compared to an FBR,

and a 92.5%ndto-endefficiency is achieved.
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Chapter 6 Conclusiors and Outlook

This dissertatiorpresents the developmenttbfee activerectifiersaimed at im-
proving the power conversionefficiency of piezoelectric energy harvesting (PEH)
systemsFirst, a synchronized switch harvesting on shared capacitors (SSMSC)
proposed to minimizeystem siz¢Chapter3). Seconda biasflip rectifier incorpo-
rating aduty-cycle-based(DCB) maximum power point trackingPPT) technique
was introduced, offeringimple circuit implementation accuratetracking andlow
power conamption Chapter4). Third, a single-stagebiasflip rectifier with a fully
digital DCB MPPTwas developed to redutiee energy lossaused by cascadsys-

tem architecture@Chapter 5)

This chapter summarizes the key findings of the dissertatiomuattides direc-

tions for future research

6.1 Main Findings

The main findings of this thesis ssemmarizeds follows

™ An SSHSC rectifier architecture was developed, whichucasthe number obff-
chip capacitorsequiredfrom 9 to 3 without sacrificingflipping efficiency. This
results in a compact design with a maintained efficiency of 78%, representing a

significant improvement over previous rectifi¢@hapter3).

™ A duty-cycle-based (DCB) MPPT technique wdsveloped which simplifies
MPPT by fixing the duty cycle at 50%. Unlike traditiorfahctional open circuit
voltage FOCV) andperturb& observe P&0O) methods, thisechniquedoes not
requirevoltage samplingr complex calculations and achievedbust and con-

sistent performance across varying conditi(@isapter 4).

™ A singlestage biadlip rectifier architecturavas developed, whichnables direct
energy transfer from PT to load, achieving 92.5%trehd efficiencylt elimi-

nates the need for intermediate energy storage, a departure from conventional

108



Chapter 6 Conclusions and Outlook

multi-stage systems, and enables significantly fastergtasind MPPT conver-

gence(Chapter %.

™ Furthermore, digital implementation of the DCB MPPT technicahieves both
low power(43.3nW)andnearideal MPPT efficiency (99.9%). This demonstrates
the feasibility of fully integrated, seffowered energy harvesting systems for-low

power application§Chapter 5.

6.2 Comparisons with the Stateof-the-Art

(6-9]
Chapter 3
[ |

[6-5]
(6-6]

(6-3]

[6-2] 6 f6-8]

Fig. 6-1. Output power anthenumber of their capacitors in receaputablepublications.

Fig. 61 compares the output power and the number of capacitors used in recent
capacitofbased rectifies. As shownmost of thernuse4 to 8 capacitorsyhile their
RXWSXW SRZHU UHPDLQV Eétwigin[6-9]dellvBrdiDhE@ut- W K H
put power(1  : ), butrequires9 capacitors. In contrast, the destgscribedn
Chapter 3lelivers : ZKLOH XVLQJ RQO\ FDSDFLWRUV VLJQL

complexity andsystem size

Table6-1 compares the proposed DCB algorithm introduced in Chapter 4 with
two widely used MPPT techniques: FOCV and P&O. Unlike FOCV, DCB does not
require operctircuit voltage sampling or efficiency calibration, simplifying control

logic and reducing hardware ovedd. Compared to P&O, DCB achieves the lowest
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power consumption and lowest circuit complexity, making it particularly suitable for
low-power and resouregonstrained systems. It also demonstrates high robustness to
parameter variations, contributing to its reliability in practical applications. Haweve

it should be noted that DCB assumes a sinusoidal input waveform, which may limit
its applicability in certain environments. Despite this constraint, p©Bidesa com-
pelling balance of efficiency, simplicity, and robustness, highlighting the innovation

and practical value of this wark

Table 61. Pros and cons comparison table of different MPPT algorithms.

MPPT Algorithm FOCV P&O DCB
Voc Sampling Yes No No
o Calibratior? Yes No No
Current SensinRequirec® No Yes No
Continuous MPPT? No Yes Yes
Rohugtness Low High High
Circuit Complexity Low High Low
PowerConsumption Low High Low
Support Arbitrary Excitation? No Yes No

Fig. 62 illustrates the entb-end efficiency and power enhancement relative to a
conventional fullbridge rectifier (FBR). Prior works typically implement only the
rectifier stage or combine the rectifier with MPPT and output regulation in a loosely
integrated manner, leading to limited overall efficiency and modest power gains. In
contrast, Chapter 5 introduces a fully integrated siatflge interface circuit that
achieves up to 92.5% eno-end efficiency and a 9.3% improvement in output power.

Conpared to recergublications, the proposed design in Chapter 5 demonstrates clear

advantages andistinguishestself from the state of the art
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- Chapters
[6-11] p.

[6-10]

[6-12]
[6-13]

Fig. 6:2. Endto-end efficiency and power enhancement comparison in recent publications.

6.3 Future Work

While thisdissertatiomproposes innovativeectifier architectures that addresss-
tem miniaturization gfficient MPPT, andthe reduction otascaded energy losses,

severapromising directions remain féuture research

6.3.1 Fully Capacitive Rectifier With Output Regulation

Although the SSHSC rectifier introduced in Chapter 3 effectively minimizes sys-
tem volume without compromising energy flipping efficiency, it does not support out-
put regulation or MPPT. As a result, it canhetused to directlpower wireless sen-
sors. Implementing both MPPT and output regulation typically requires-BOC
stage, which in turn relies on either bulky inductors or multiple dedicated capacitors.
Capacitors are generally preferred over indudioasksto the highquality orrchip
capacitorsHowever, existing capacitive BDC converters suffer from limited volt-
age conversion ratig6-1] [6-17], and the need for separate capacitor banks for MPPT

and regulation path$-18] [6-19], making fullon-chip integration challenging.

Future research should investigate a fully capacitive rectifier that supports rectifi-

cation, MPPT, and output regulation using a shared capacitor array. These capacitors
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would servadualpurposesparticipating in voltage flipping and BDC energy trans-

fer. Thereforethe total number of passive componestsid be reduced
Two key considerations should guide this design:

x Capacitor sizing and switching frequency The capacitance values and the
switching frequency must be-@ptimized. Higher switching frequencies re-
quire smaller capacitors but increase power consumption, while lower fre-
quencies demand larger capacitors and reduce harvesting efficiency. Ideally,
the switching frequency should be adaptively tuned based on the level of
external excitation: higher under strong excitatéord lower under weak

conditions.

X Stage sequencing and path optimizatianSince rectification, MPPT, and
output regulation share the same capacitor array, the control logic must select
the optimal energy transfer path to minimize hehdrging losses. A smart
switching controller should dynamically determine the most effigieute

for transferring energy from the PT to the output capacitor.

6.3.2 MPPT under Non-ldeal Sinusoidal Excitation

The DCB MPPT algorithm proposed in Chaptemdl conventional FOCYased
techniques assuntieat the external excitation is a pure sinusoidal waveform. In prac-
tice, however, realvorld vibrations are often neideal sinusoidal or irregular, mak-

ing these methods ineffective due to inaccurate MPP estimation.

Future research should focus on developing MPPT methods suitable fsr non
nusoidal excitation conditions. Opeomisingdirectionis to digitize thePT inputsig-
nal using an ADCand perfornreattime signal analysis. By extracting key featyres

such as waveform shape, peak intervals, or dominant frequetheiesystem calbet-
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ter characterize the R¥ehaviourand dynamically adjust itsontrol strategyo accu-
ratelytrack the true maximum power paifthis would significantly enhan@nergy

harvesting efficiencynder realistic operating conditians

6.3.3 Power Limit Analysis and PossibleSolutions

According to Equations (4.7) and (4.8), the maximum extracted powerarom
biasflip rectifier is highly dependenbn the flipping efficiency. Ifit is 100%, the
maximum powettheoretically approaches infinity. However, in reality, the output
power is constrained by several factdtsst, as the flipping efficiency nears 100%,
the PT voltage increases indefinitely, as described by Equation (2.5). Unfortunately,
this excessively high PT voltage suppresses the PT's mechanical vibrations due to the
inversepiezoelectric effect, therelneducing the induced charge generated by the
normalpiezoelectric effedit-20][6-21]. Second, this theoretically infinite voltage is
practically limited by the device breakdown volteagel significant leakage current

prevening the system from achieving the theoretical maximum p¢e~22].

For future worktwo potentialapproachesan be considered to push the output
powerhigher First, b address the issue of high PT voltage, a setaked chip array
connected in parallel with the PT can be explored. This would evenly distribute the
PT voltage across the stacked chips, ensuring that each operates within its breakdown
voltage limit whik also reducing leakage for each individual chip. Seconathigf
high-voltage switches can bep-integrated with orchip control blocks to further

mitigate highvoltage stress on echip devicesimprovingthe power limit
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Summary

Summary

This thesis presents the desigimcuit implementationand measurement results

of energyefficient interface circuits for piezoelectric energy harvesting (PEH)

Chapter 1 introduces the background and motivation for this work. It begins by
discussing various application scenarios for wireless sensors and emphasizes the crit-
ical need for a sustainable power supply to ensure theirtésngoperationEnergy
harvesting systems are identified as a promising alternative to traditional batteries,
with piezoelectric energy harvesting standing out as an ideal solution due to the ubig-
uitous presence of ambient vibrations in the environn&inte efficient energy con-
versim requires dedicated interface circuits, the chapter reviews typical circuit archi-
tectures and highlights three main challenges in the-stdtex-art: the tradeoff be-
tween system size and rectifier efficiency, the sensitivity and complexity of maximum
power point tracking (MPPT) algorithms, and low éneknd efficiency due to cumu-

lative energy losses in cascaded architectures

Chapter 2 provides a comprehensive review of existing interface circuits com-
monly used in PEH systems. To enhance the output power efficiency of rectifiers,
various active rectification techniques have been proposed, such as Synchronized
Switch Harvesting on Induat (SSHI) and Synchronized Switch Harvesting on Ca-
pacitor (SSHC). However, SSHI requires bulky inductors, while SSHC depends on
multiple dedicated flying capacitors, increasing the system’s overall volume. The
chapter also introduces two widelyegsMPPT techniquesFractional OpefCircuit
Voltage (FOCV) and Perturb and Observe (P&O). Both approaches have their respec-
tive drawbacks: FOCV requires opeincuit voltage sampling and flipping efficiency
calibration, which results in discontinuous trackiand energy loss; P&O, on the
other hand, relies on complex circuitry and consumes significant power. Finally, the
chapter analyzes the issue of cascaded energy losses in current system architectures,
which leads to relatively low erm-end efficienciestypically ranging from 50% to
80%
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Chapter 3 addresses the challenge of minimizing rectifier volume without com-
promising efficiency by proposing a synchronized switch harvesting rectifier that uti-
lizes reusable storage capacitors. In this design, three capacitors are shared to function
both as energgtorage elements and as temporary flying capacitors during the energy
harvesting and piezoelectric transducer (PT) voltage flipping phases. These capacitors
are dynamically reconfigured into nine connection states during the flipping period,
effectively replicating the functionality of conventional SSHC flying capacitors. This
sharing and reconfiguration technique significantly reduces system size. Measure-
ment results show a PT voltage flipping efficiency of 78%, demonstrating the design’s

potental for compact, higrefficiency energy harvesting applications

Chapter 4 proposes a dutgycle-based (DCB) MPPT algorithm to overcome the
limitations of the FOCV and P&O techniques. The DCB algorithm establishes a direct
relationship between the rectifier's-off duty cycle and its maximum power point
(MPP). Mathematical angdis shows that maintaining a 50% duty cycle allows the
system to operate at its MPP. Unlike FOCV, this approach eliminates the need for
opencircuit voltage sampling and flipping efficiency calibration. It also avoids the
complex power computations and hardware overhead associated with P&O. In addi-
tion to its simplicity, the DCB method offers robust tracking performance. Experi-
mental results demonstrate a peak MPPT efficiency of up to 98%, with an average

tracking efficiency of 94%.

Chapter 5 presents a singlstage biadlip rectifier to address the issue of cas-
caded energy loss in conventional PEH system architectures. This design transfers
energy directly from the PT to the output capacitor, reducing intermediate losses. By
fixing the rectfier's on-off duty cycle at 50%o achieve MPP;Tthe need for a separate
rectified capacitor is eliminated, resulting in a shorter startup time and faster MPPT
response. Experimental results show anterghd efficiency of up to 92.5%, with
energ extraction performance improved by a factor of 9.3x compared tolariudje
rectifier (FBR).
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Chapter 6 summarizeshe main finding®f the thesisind compares the proposed
designs in Chapters 3,dnd 5 with the current statéd-the-art It also outlines poten-
tial directions for future work, including)) the development o fully capacitive rec-
tifier with output regulation2) MPPT strategies under nadeal sinusoidal excitation

conditions and3) power limit analysis and corresponding optimization techniques
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Samenvatting

Dit proefschrift presenteert het ontwerp, de circuitimplementatie en de
meetresultaten van energifficiénte interfacecircuits voor piézdektrische

energieterugwinning (PEH).

Hoofdstuk 1 introduceert de achtergrond en motivatie van dit werk. Het begint
met een bespreking van verschillende toepassingsscenario’s voor draadloze sensoren
en benadrukt de cruciale noodzaak van een duurzame energievoorziening om hun
langdurige werking te waarkgen. Energieterugwinningssystemen worden
geidentificeerd als een veelbelovend alternatief voor traditionele batterijen, waarbij
piézoelektrische energieterugwinning zich onderscheidt als een ideale oplossing
vanwege de alomtegenwoordige aanwezigheid vamgewingsvibraties. Omdat
efficiénte energieconversie speciale interfacecircuits vereist, bespreekt dit hoofdstuk
gangbare circuitarchitecturen en benadrukt het drie belangrijke uitdagingen in de
huidige stand van de techniek: de afweging tussen systeetegr@m
gelijkrichterefficiéntie, de gevoeligheid en complexiteit van maximum power point
tracking (MPPTJalgoritmen, en de lage etto-end efficiéntie als gevolg van

cumulatieve energieverliezen in cascadestructuren.

Hoofdstuk 2 geeft een uitgebreid overzicht van bestaande interfacecircuits die
vaak in PEHsystemen worden toegepast. Om de uitgangsvermogensefficiéntie van
gelijkrichters te verbeteren, zijn verschillende actieve rectificatietechnieken
voorgesteld, zoalsSynchronized Switch Harvesting on InducttBSHI) en
Synchronized Switch Harvesting on Capacif@®SHC). SSHI vereist echter
omvangrijke inductoren, terwijl SSHC afhankelijk is van meerdere speciale vliegende
condensatoren, wat het totale systeemvolumgreet. Het hoofdstuk introduceert
ook twee veelgebruikte MPP{EchniekenFractional OperCircuit Voltage(FOCV)
enPerturb and ObservéP&0O). Beide methoden hebben hun nadelen: FOCV vereist
het bemonsteren van de ogdamspanning en een efficiéntiekalibratie van het
spanningsomklappen, wat leidt tot discontinue tracking en energieverlies; P&O
daarentegen berust op complexe schakeliegarerbruikt aanzienlijk vermogen. Ten
slotte wordt het probleem van cascaderende energieverliezen in huidige arehitectur
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geanalyseerd, wat resulteert in relatief lage-terehd efficiénties, doorgaans
variérend van 50% tot 80%.

Hoofdstuk 3 behandelt de uitdaging om het volume van de gelijkrichter te
minimaliseren zonder efficiéntieverlies, door een gesynchroniseerde -switch
harvestinggelijkrichter voor te stellen die herbruikbare opslagcondensatoren benut. In
dit ontwerp worden drie condenseen gedeeld en functioneren ze zowel als
energieopslagcomponenten als tijdelijke vliegende condensatoren tijdens de
energieoogsten spanningsomklapfasen van de piélaktrische transducer (PT).
Deze condensatoren worden dynamisch geherconfigureerd @genn
verbindingsstaten tijdens de omklapperiode, waardoor de functionaliteit van
conventionele SSH@liegende condensatoren effectief wordt nagebootst. Deze deel
en herconfiguratietechniek vermindert de systeemgrootte aanzienlijk. Meetresultaten
tonen eerPT-spanningsomklapefficiéntie van 78%, wat de potentie van het ontwerp

aantoont voor compacte en hoogefficiénte energieoogsttoepassingen.

Hoofdstuk 4 stelt een dutcycle-gebaseerd (DCB) MPRalgoritme voor om de
beperkingen van FOG\én P&Gtechnieken te overwinnen. Het D&igoritme legt
een directe relatie tussen de aarduity-cycle van de gelijkrichter en zijn maximum
power point (MPP). Wiskund&analyse toont aan dat het handhaven van een duty
cycle van 50% het systeem in staat stelt op zijn MPP te werken. In tegenstelling tot
FOCV elimineert deze methode de noodzaak van -&fgnspanningbemonstering
en efficiéntiekalibratie van hepanningsomklappen. Het vermijdt ook de complexe
vermogensberekeningen en hardwaverhead die bij P&O horen. Naast eenvoud
biedt de DCBmethode een robuuste trackingprestatie. Experimentele resultaten tonen

een piekMPPT-efficiéntie tot 98%, met een gendielde trackingefficiéntie van 94%.

Hoofdstuk 5 introduceert een enkeltraps bitipgelijkrichter om het probleem
van cascaderende energieverliezen in conventioneledPétitecturen aan te pakken.
Dit ontwerp brengt energie rechtstreeks over van de PT naar de uitgangscondensator,
waardoor intermediee verliezen worden verminderd. Door de aardutty-cycle van
de gelijkrichter op 50% vast te zetten om MPPT te realiseren, vervalt de noodzaak
van een aparte gelijkgerichte condensator, wat resulteert in een kortere opstarttijd en
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snellere MPPIrespons. Experimentele resultaten tonen eerterdd efficiéntie tot
92,5%, met een 9,3x verbetering in enemgitractie vergeleken met een fbllidge
rectifier (FBR).

Hoofdstuk 6 vat de belangrijkste bevindingen van het proefschrift samen en
vergelijkt de voorgestelde ontwerpen uit Hoofdstukken 3, 4 en 5 met de huidige stand
van de techniek. Het schetst ook mogelijke richtingen voor toekomstig onderzoek,
waaronder: 1) de ontwikkely van een volledig capacitieve gelijkrichter met
uitgangsregeling, 2) MPPTstrategieén onder nigleale sinusvormige
excitatiecondities, en 3) vermogenslimitanalyse en bijbehorende
optimalisatietechnieken.
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