Dedicated
to
my beloved parents Mr. and Mrs. B. Mahto,
amazing wife Julie Mahto
and

lovely daughter Harshita






CERTIFICATE

It is certified that the work contained in the thesis titled Lyapunov based Stability
and Stabilization of Uncertain and Time-Delay Systems by Sharat Chandra
Mahto has been carried out under my supervision and that this work has not been sub-
mitted elsewhere for a degree. It is further certified that the student has fulfilled all
the requirements of Comprehensive Examination, Candidacy and SOTA for the award of

Ph.D. Degree.

%ﬁr&j “a 5‘

Supervisor Co-Supervisor

Prof. S. K. Nagar Prof. R. K. Saket

Deptt. of Electrical Engg. Deptt. of Electrical Engg.
IIT(BHU) IIT(BHU)

Varanasi - 221005 Varanasi - 221005






DECLARATION

[, Sharat Chandra Mahto, certify that the work embodied in this thesis is my own
bonafide work and carried out by me under the supervision of Prof. S. K. Nagar and
Prof. R. K. Saket from July-2015 to December-2020, at the Departement of Electrical
Engineering, Indian Institute of Technology (BHU), Varanasi. The matter embodied in
this thesis has not been submitted for the award of any other degree/diploma. I declare
that I have faithfully acknowledged and given credits to the research workers wherever
their works have been cited in my work in this thesis. I further declare that I have not
willfully copied any other’s work, paragraphs, text, data, results, etc., reported in jour-
nals, books, magazines, reports dissertations, theses, etc., or available at websites and

have not included them in this thesis and have not cited as my own work.

Date: 02 0¢- 2024 7 : -l/;,nfnl“/(:l
¢
Place: /l FRP N (Sharat Chandra Mahto)

CERTIFICATE BY THE SUPERVISOR

It is certified that the above statement made by the student is correct to the best of

my /our knowledge.

3}2 Y, Qj q 5

Prof. S. K. Nagar
IIT(BHU), Varanasi

Prof. R. K. Saket
IIT(BHU), Varanasi

Signature of Head of Department/Coordinator of School






COPYRIGHT TRANSFER CERTIFICATE

Title of the Thesis: Lyapunov based Stability and Stabilization of
Uncertain and Time-Delay Syatems
Name of Student: Sharat Chandra Mahto

Copyright Transfer

The undersigned hereby assigns to the Indian Institute of Technology (Ba-
naras Hindu University) Varanasi all rights under copyright that may exist

in and for the above thesis submitted for the award of the Doctor of Philos-

phy.

Date: 02 6 2024 _. -c,l;.f»ffdv{:l
 pcl
Place: /l PRI (Sharat Chandra Mahto)

Note: However, the author may reproduce or authorize others to re-
produce material extracted verbatim from the thesis or derivative of the
thesis for author’s personal use provided that the source and the Institute’s

copyright notice are indicated.






Acknowledgments

Though, only my name appears on the cover of this dissertation, so many great people
have contributed to its production. I owe my gratitude to all those people who have made
this thesis possible and because of whom my post graduate experience has been one that
I will cherish forever.

I take this opportunity to express my profound gratitude and deep regards to my
supervisors Prof. S. K. Nagar, and Prof. R. K. Saket, Professor, Electrical Engineering
Department IIT(BHU), Varanasi for their exemplary guidance, monitoring and constant
encouragement throughout the course of this dissertation.

Thank you, Prof. Shyam Krishna Nagar, and Prof. R. K. Saket for allowing me to choose
topics of my interest. Thank you for your patience and faith in me during this journey.
Thank you so much for allowing me to make collaborations on the dissertation work,
which ultimately was very fruitful.

Thank you, Prof. Shyam Krishna Nagar, for allowing me to choose topics of my interest.
Thank you for your patience and faith in me during this journey. Thank you so much for
allowing me to make collaborations on the dissertation work, which ultimately was very
fruitful.

Thank you, prof. R. K. Saket, for your encouraging and motivational words to build sense
of confidence to complete the research work which some times looks very tough. Thank
you so much to teach me the methodology to carry out research work and present it in a
comprchensive manner.

Thank you, Dr. Sandip Ghosh, Associate Professor and Dr. Shyam Kamal, Assistant
Professor, Electrical Engineering Department IIT(BHU), Varanasi, for identifying my po-
tential and directing me towards some key areas. Thank you so much for your valuable
suggestions, encouraging words and motivations at times when I felt low. Thank you so

much for your intuitions and insights through the problems which led us to some interest-



ing findings. Thank you so much for letting me know that Ph.D. is a matter of patience
and nothing can be achieved in a hurry. Thank you so much for your encouragements. At
last, thank you so much for installing in me a sense of confidence and ability to complete
this work which sometimes appeared to be very difficult.

I am obliged to staff members, in particular Mr. A. N. Singh, Mr. Anjenya, and
Mr. Satish of Electrical Engincering Department, IIT(BHU), Varanasi. In addition, I
want to express my deepest gratitude to Mr. Jitendra Kumar Goyal, who supported me
throughout my thesis work. I am grateful to Mr. Anil Kumar Pal, who provided me
technical, moral and emotional support during my research program.

A very special gratitude goes out to my colleagues and friends with special mention
to Mr. Rahul Kumar Sharma, Mr. Sandip Kumar Soni, Mr. Vijay Kumar Singh , Ms.
Bhawna Singh, Mr. Sachin Kumar and Ms. Sarita Kumari.

Last but not the least, I thank specially to my parents, Mr. Balbhadra Mahto and
Mrs. Bimla Mahto, my in-Laws Mr. Rohina. Mahto and Mrs. Subhadra Mahto, my wife
Julie Mahto and my daughter Harshita, for their constant support and encouragement,
without which this assignment would have not been completed at all. T am grateful to

my other family members who have supported me along the way.

‘ lj;r»/wf‘/{‘l
Date: o2 06. 2021 Sharat Chandra Mahto



Abstract

Time delay and external disturbance exist in many practical systems such as aircrafts,
robotic manipulators, process control and manufacturing systems. It is the main source
of instability or oscillation in many systems. The thesis work is based on Lyapunov
analysis and control designs for systems with disturbance and time delay. The work can
be divided into three main parts. The first part deals with the stabilization of systems with
nonsmooth PI controller under uncertainty. The proposed control law has been designed
by replacing the integral part of the proportional-integral controller by a discontinuous
integrator such that it can handle all types of Lipschitz disturbances either non-vanishing
or vanishing ones at the origin. Due to the addition of this extra integrator, overall
control becomes absolutely continuous and the property of invariance concerning Lipschitz
matched uncertainties is preserved. The main advantage of this controller is that it does
not requires any additional information other than state variables. The stability of the
proposed nonsmooth PI controller for an uncertain chain of an integrator is established
for first order system via non-trivial strict Lyapunov function; then it is extended to
an uncertain chain of an integrator.The performances of the controller are demonstrated

using Matlab simulations of a magnetic suspension system.

In the second part an artificially delayed output feedback based controller which is
structurally similar to the twisting algorithm has been designed for the uncertain sys-
tem. The proposed controller uses the information of output and an artificially delayed
version of it instead of using the information of output and its derivative. The condition
on controller gains are obtained by the application of standard Lyapunov technique in
the presence of time-varying disturbance. The maximum delay upto which the controller
remains stable has been obtained by the application of Lyapunov-Razumikhin approach.
Apart from time-varying disturbance rejection, the controller can also be used as an ob-

server. Moreover, it can also mitigate the unmatched disturbance for an uncertain second



order system. The simulation results illustrates the convergence of states to equilibrium
point when the controller gains and artificial delay are selected.

The third part mainly consists of the application of Lyapunov-Krasovskii theorem
for the stability analysis of linear system with time-varying delay. Lyapunov-Krasovskii
approach are used for obtaining delay-dependent stability criteria in terms of linear ma-
trix inequalitics. The key problem of this approach is that the stability criterion es-
tablished involves conservativeness and requires consistent efforts to reduce such con-
servatism. In order to overcome the conservativeness, some novel delay product based
Lyapunov-Krasovskii functionals are formed by introducing new states in the augmented
vectors. These functionals have quadratic terms with time-varying delay coefficients so
that their derivative leads to terms with the product of delay and its derivative so as to
well reflect the information of delay. Further, some zero equalities are used by involving
the integral states and its normalized versions with slack variable matrices of appropriate
dimensions. These inequalities will be merged with the derivative of functionals to exploit
the time relation among the integral states. The effectiveness of the proposed LKFs and

zero equalities are demonstrated by considering several numerical examples.
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