DESIGN AND ANALYSIS OF INTERFACE
CIRCUITS AND SYSTEMS FOR HYBRID
VIBRATIONAL ENERGY HARVESTERS

PRATIBHA VERMA

DEPARTMENT OF ELECTRICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI

SEPTEMBER 2024



(©Indian Institute of Technology Delhi, New Delhi, 2024



DESIGN AND ANALYSIS OF INTERFACE
CIRCUITS AND SYSTEMS FOR HYBRID
VIBRATIONAL ENERGY HARVESTERS

PRATIBHA VERMA

Department of Electrical Engineering

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

SEPTEMBER 2024



Dedicated to all my teachers



CERTIFICATE

This is to certify that the thesis titled Design and Analysis of Circuits and Systems
for Hybrid Vibrational Energy Harvesters, submitted by Pratibha Verma, to the
Indian Institute of Technology, Delhi, for the award of the degree of Doctor of Philosophy,
is a bonafide record of the research work done by her under our supervision. The contents of
this thesis, in full or in parts, have not been submitted to any other Institute or University

for the award of any degree or diploma.

Prof. Ankesh Jain Prof. Dhiman Mallick
Department of Electrical Engineering, Department of Electrical Engineering,
Indian Institute of Technology Delhi. Indian Institute of Technology Delhi.

Place: New Delhi Date: 18 September 2024



ACKNOWLEDGEMENTS

First and Foremost, I am extremely grateful to my PhD advisor, Prof. Ankesh Jain, for
his guidance, encouragement and support throughout the journey of this dissertation. I am
thankful for his timely intervention and trust in me at various stages of my PhD, allowing me
the freedom to explore and conduct research independently. His unwavering dedication and
hard work during my research journey played a pivotal role in successfully completing my
research. His method of addressing research problems at their core has profoundly influenced

my approach, and it will undoubtedly shape my future endeavours in independent research.

I express my sincere gratitude to my Co-Supervisor, Prof. Dhiman Mallick, for his
guidance throughout this project. He has consistently been available whenever I have needed
to discuss my research ideas. I am deeply indebted to him for his support over the years
and for providing me with valuable feedback that has enhanced and broadened my research

work.

I want to extend my gratitude to the esteemed members of the research committee Prof.
Shouri Chatterjee, Prof. Mukul Sarkar and Prof. Biswarup Mukherjee for their valuable

insights and support throughout this endeavor.

I would like to acknowledge the I-Hub Foundation for Cobotics, Technology Innovation
Hub, IIT Delhi, India (Grant Number: RP04218G) for financially supporting this work. I
owe my thanks to the dedicated faculty and staff of the Department of Electrical Engineering
at II'T Delhi.

Being a member of the On-Chip Converter and IML groups has been an honour,
surrounded by exceptional individuals. I wish to extend my appreciation to all my
exceptional colleagues of both research groups. Exploring new ideas takes on a thrilling
dimension when you have the privilege of sharing them with exceptional individuals. I am
immensely grateful to my friend and collaborator, Sourav Naval, for his enduring support,
companionship, and encouragement since the outset of our research journey together. I
also thank the graduate and undergraduate students whom I collaborated with, who

helped me in various ways.

I extend my appreciation to my hostel friends Muskan, Shruti, Shivani, Reena, Sakshi,
and other friends whose companionship extended beyond the academic realm. Our
discussions over meals in the mess and late-night walks added an extra layer of fun to my
stay at Kailash Hostel. I am grateful for the diverse group of friends and fellow students at

ITT, too big to list here, whose presence made my stay remarkably pleasant.

ii



1ii

This journey wouldn’t have been achievable without the unwavering support of my
family. I extend my heartfelt gratitude to my parents, Mr. Nemraj Verma and Mrs.
Yogita Verma, for nurturing me with love and empowerment, which has guided me to this
significant milestone. I'm deeply grateful to my sister, Dr. Shradha and brother-in-law,

Dr. Shrey for their consistent encouragement and support.

At last, I wish to convey my sincere appreciation to everyone who has helped me,
directly or indirectly, in this journey.

ST AL AT e JoH S |
AT YT AT FSTREas gors: |

- Subhashita

Pratibha Verma

© 2024, Indian Institute of Technology Delhi



ABSTRACT

KEYWORDS: Energy Harvesting, Interface circuits, Triboelectric Generators, Hybrid
Generators, Hybrid IC

The widespread growth of Internet of Things (IoT) technology has escalated the
development of next generation electromechanical harvesting devices to fulfill the ever
increasing energy requirements. The next generation electromechanical transducers include
nanogenerators as well as hybrid transducers comprising more than one harvesting
mechanism operating in synergy. However, the interface circuits (IC) available in the
literature are generally designed only for conventional harvesting technologies
(piezoelectric, electrostatic and electromagnetic). The efficiency of overall harvesting
system is significantly diminished, if conventional harvesting architectures are used to
individually interface each transducer in the hybrid harvesting system.  Designed
harvesters have their own distinct characteristics and come with their own set of
challenges. For instance, triboelectric harvesters have a high peak-to-average ratio, high
impedance, asymmetric output, and rectification losses associated with these devices. The
resolution of these issues requires the development of novel systems and topologies that
enhance the harvesting and sensing abilities of devices. Therefore, it is necessary to
develop new and efficient interface electronics to extract energy from hybrid transducers
and triboelectric harvesters. The primary aim of this thesis is to present the design of ICs
that can efficiently interface new-age energy harvesters for powering up a wide array of

applications.

In the first work, a miniaturized and integrated triboelectric harvesting system that
overcomes the issues of high peak-to-average ratio, high impedance, asymmetric output,
and rectification losses associated with conventional triboelectric harvesters. A mechanical
switching approach is adopted to rectify the alternating output of the harvester, and it is
integrated with a switched capacitor-based buck converter to lower the peak triboelectric
output voltage. Using this approach, a conversion efficiency of 84.5% and the output voltage

is improved by 4.1 times compared to a conventional AC triboelectric harvesting device [1].

Both piezoelectric and triboelectric transduction technologies convert the motion of an
elastic layer into electrical output, albeit through different mechanisms. Their similar
topological designs and complementary electrical characteristics make them ideal for
pairing and developing hybrid piezoelectric-triboelectric generators. In the second work,

the design and analysis of a biomechanical harvesting system consisting of a hybrid
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piezoelectric-triboelectric generator and a suitable interface power management circuit
(PMC) are presented. The piezoelectric and triboelectric outputs are interfaced using the
proposed circuit architecture involving rectifiers and switched capacitor-based DC-DC
converters. The implemented circuit replaces the conventional diodes with active diodes in
the bridge rectifier of piezoelectric generator (PEG), thereby reducing power consumption
and increasing efficiency. The interface circuit provides a peak efficiency of 77.33%, and

the harvesting system can charge a 1 pF load capacitor to 3.1V in 20s.

The third work presents an efficient hybrid energy-harvesting interface to
simultaneously scavenge power from multiple transducers using a synchronous electrical
charge extraction (SECE) converter. An energy injection scheme is proposed that involves
multi-step energy harvesting mechanism, where charge from one transducer is first
deposited onto the other transducer and eventually transferred to the output load. The
combined power extracted simultaneously from both harvesters exceeds the power
obtained from each individually. This scheme has been demonstrated using hybrid device
consisting of piezoelectric/electromagnetic and piezoelectric/triboelectric pairs.  This
scheme results in an improved extracted power from a hybrid device for the same
piezoelectric current excitation, which leads to a significant improvement of around
40x-80x increase in the extracted power compared to power obtained without energy

injection [2].

In the end, an efficient design of a single-stage interface circuit, including rectification
and buck regulation for triboelectric generators (TEG), is proposed. The proposed interface
circuit adopts a distinct conditioning path for the positive and negative half-cycle outputs
owing to the asymmetric nature of the TEG output. The implemented circuit also reduces
the number of charge transfer stages and the power dissipation corresponding to the front-
end bridge rectifiers and increases the peak efficiency of the circuit to the 75.1% at an

external load of 7MQ compared to two-stage topology [3].
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Ghdrea: &oll dIg-, $eXhY Afche, CEaigaiagd SR, gsfoe Sikey, gisfoe smsd

gee ST A (SMSendl) dehsilch ht aTUeh gfeg A THITAR dgd! Holl HTGIhdT3T i ORI HeA
& forg ertelt fidt & stacifch e grdfT Iuaron & AT @t dgmar &t g1 srreft fér &
ST Hhhdl TISIER H AR o A1Y-U1Y gi8feis giaeger ot i €, foras arema &
T hed Tt Teh T 31fdeh g a3 faet €1 greiifch, e # Iuctet] §exthy dfche (M)
AR R el TRURe grafeeT ienfifehat (disitscfaga, saagiefa 3k saagimfia) & forg
fesime forg 71 €1 afe gTefes grdfT Rien & Ui giegeR & afeiTd &0 & $eXthd e &
fore urRuRes grdfe snfdhderr o1 IuaiT fohar ST 8, df T grdfeeT e &Y gerar Il e
gl STt &1 fasTre fohy Ty grdeeR i Sroe fafdre fasivard gt & ok @ sroet et & gy
3T &1 I3TER0T & oIy, greaizgaifaeen grdier # I<a fAeR-8-3itad surd, I=a ufdear, srafad
JTITYE HR S IUUN & F3 YUR T 8Id 81 34 el oh AU o forg i gonfert sik
AaeArStt & faepT chY STTaTehdT & ST IUhRUT hl heTs 3R Tded &Harstl ol Jeld! &1 3afaiy,
g1afsie TiHegER 3R gIgaigditRe g% ¥ Iheil [Aahrer & foly A7 3R FHerel Sethy Feler e
faerflra ezt Srrasaes g1 39 i o1 urufies =T st & fEsiTe= ol uwdd e & St Syt
hT Uk fogd YT ot AT T oh folq Y T S Sl T i HAAATYGD Sehd e ThdT
gl

Ugdl R H, Ueh oY 3R Yehlehd gTsaigeaifaeeh BT UoTell it Ied fAeR-8-3f9d 3ruTd,
I UiCIaTT, FHA MSTYE 3R TRUReR ZTgelSeilerieh gTaee § S[s YR JehdT eh Hg T U= chlg
aTcll &1 BTERR & depfcieh SMR¥YC ot GURA & fog Uk aifes Qi gfRetor sramman san , ik
39 ik cTsaigaifaear MSTUC diedst ol ol ot o foly Yok e $affiez-snumRd I sad &
1Y Yehlchd TehaT ST & | §8 ¥ ehlUT ehl IUTNT hed §Y, TRUReh T ISalgeliekieh gTd T fearsd
Y goTT | 84.5% chl TUTARUT G&TdT 3R STICYC dleest H 4.1 TAT YR grar g1[1]

dioiigafaed ik grsatgafae Cisar™ &Il Mtefifchar fafer d=i o A1ead ¥, Tep daeR URd
1 71far <pt faea am3eye # uRafdd e 8 | Ik TAT ulaifolchel fesig iR Qe fagd fasiward
3¢ g1sfss Uisigafad-grgaigaiade S-Rex dhi Sitgt s R fahfd &eat & fog siresf s=rdt
&1 T i H, Top g1Efeis diigafaeen-grsaigaliaee Sive 3R Toh IUYe $eXthy UTaR HeHe
Hfche (digaeht) & god A Aca grafeT faeen a1 fesmga sk fAsawor uxga fovar mam g1
droigafaee iR ergaigafaee smseye ot ARHRR iR (G FiffeR-snuRa Sh-dft sadd
Y S[e uarfad dfche snfchderar el IUTNT hieh ety fohat STraT 81 shrifad afdhe disiigdfaean
SeR (ESh) & fast YRmrR & uRuRe SRt &t Afthd SMTE § Jca &aT &, orad faswett &
QUd S gl SId! g 3R &TdT §¢ Sl g | §eXthy Hfche 77.33% hl T g&Tdl UG &edl g, 3R
BIATET % 1 pF s hufeRx &l 20s & 3.1V deh ITS o ohdT g
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Jra=1 At Uep RiehTd Seifaechel aTs! TaacarT™ (TUSHIS) hiac hl SUTNT chch hs SIaSIER
9 U 91y fostelt FMepre & oIy T et g1sfeie Sorl-daae Seithd URdd &hedT g1 Uah Sholl
SSTeRM TioiHT T&Tiad ¢ e ag-aror Sl G<g- o5 ATH §, STgi Ueh Siasy@R 9 <15l Ugd
GO TIISgER UR T ot STTAT 8 3R 3idd: 3M3eye dls # RIFIARA fohdT Sirar 81 & gl 9
Qeh 1Y FAehTelt 715 TgerT fostelt Udeh gTaeer & STeTl-3ielT UTd farstefl & 3ifdes 81 39 IS aht
dtsilgeifagen/setagidmiee 3R disiigdfaien/asdisdfae S & gud grsfs farsa &1 sugim
FReh veifa forar T @1 39 I & uRumEERsy 9uH disiisafaeds ehie 3ol & ot Uah
g1sfsrs fEarsy § dgaR Mehrefl 18 ufert ured Bl 8, Foied Soth §stasr o faimT O afert cht e
# frearett 78 ferT & ST 40x-80x i gfeg Bt 81 [2]

3id #, gTEaIgaiae ST (E1ESi) & foly GUR 3R §ah shiace Afgd Tehel-axUT §¢Xthy Hiche
T eh I FEare uarfad 81 udnfad gexthe dfche Egst 33eye hl AR Uehfd & ShRUT
TehRTH IR TRRIHD Y-Tch TICYE S [T Teh ST heIRIT=T T 31u-Ta 8 | shraffaa afdhe
3R g)-TRUT SuTtStt g1 & 7 MQ & T8t YR WR Gfche &Y TR g&TdT &t 75.1 % deh 9aT &dT
&l [3]
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