CONTRACTION BASED STABILIZATION AND
TRACKING OF SINGULARLY PERTURBED
SYSTEMS

MADAN MOHAN RAYGURU

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2018



© Indian Institute of Technology Delhi (1ITD), New Delhi, 2018



CONTRACTION BASED STABILIZATION AND
TRACKING OF SINGULARLY PERTURBED
SYSTEMS

by

MADAN MOHAN RAYGURU
Department of Electrical Engineering

Submitted
in fulfillment of the requirements of the degree of DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2018



CERTIFICATE

This is to certify that the thesis entitled Contraction Based Stabilization And Tracking
Of Singularly Perturbed Systems submitted by Madan Mohan Rayguru to the Indian
Institute of Technology Delhi, for the award of the Degree of Doctor of Philosophy, is a
record of the bona fide research work carried out by him under my supervision and guidance.
The thesis has reached the standards fulfilling the requirements of the regulations relating to
the degree.

The results contained in this thesis have not been submitted either in part or in full to
any other University or Institute for the award of any degree or diploma to the best of my

knowledge.

Prof. Indra Narayan Kar
Department of Electrical Engineering,
Indian Institute of Technology Delhi.

(Supervisor)



ACKNOWLEDGEMENTS

First of all, I commend the omnipotent for helping me with this opportunity and giving me the
strength to continue successfully. The thesis proposal shows of in its current frame because of
the assistance of few people. I want to offer my earnest to all of them.

I would like to express my deepest gratitude to my thesis supervisor, Prof. I. N. Kar for his
valuable guidance, consistent encouragement and constructive criticism. I would be grateful
to him for teaching me the importance of minute details which played very important role in
shaping my research. I would also thank my SRC members for their valuable comments and
feedback: Prof. S. Janardhanan, Prof. S. Sen, and Prof. S. Mukherjee. I would always be
grateful to Prof. S. Bhasin for his technical acumen which helped me to understand the subtle
concepts. I am thankful to Virender for helping me in various unofficial matters.

I am extremely indebted towards my wife Sruti for her tireless support and constant encour-
agement. [ could not have accomplished this work without the help of my parents. I sincerely
acknowledge Abhilash and Spandan for their fruitful discussions, which improved my under-
standing in many matters. I am grateful to my dear friends Sumit, Satnesh, Niraj, Venkat and

all my colleagues for their support.

Madan Mohan Rayguru

11



ABSTRACT

The presence of small parameters in the mathematical model brings about a intriguing
phenomenon called timescale separation in the system dynamics. The difference in timescale
corresponds to a situation, where slow and fast evolving variables simultaneously determine the
overall system behavior. This type of phenomenon is very common in the applications involving
celestial mechanics, fluid dynamics, enzyme kinetics, aerospace, steered tank reactors, power
systems, robotics etc, and hence, it is important to analyze its effect on the system behavior.
Singular perturbation technique is one of the most effective methods to accurately model and
analyze the timescale separation in physical systems. This technique has been utilized in solving
various control problems like, high gain controller design, high gain observer design, stabiliza-
tion of flexible robots, helicopter stabilization, approximate feedback linearization, stabilization
of non-affine in input nonlinear systems, timescale redesign for input uncertain systems, sta-
bilization of nonstandard singularly perturbed system (SPS), filtered backstepping controller
design etc.

The above-mentioned control problems are solved using singular perturbation technique
along with the conventional stability analysis tools and mostly the qualitative behavior of
the trajectories could be investigated. This thesis intends to exploit the contraction theory
tools for solving stabilization and tracking problems in different classes of SPS, such that the
interdependencies between various parameters are analyzed in a straightforward manner. The
work focuses on deriving the convergence bounds in terms of design parameters such that
the tuning becomes easier and the arbitrary reduction in the magnitude of the perturbation
parameter to achieve better performance can be avoided. The contributions of the thesis can

be partitioned into four major parts.

e To show the advantage of quantitative analysis of SPS based on contraction theory, a
case study is undertaken to analyze the performance of a controller based on high gain
feedback technique. For this objective, the high gain feedback controller is chosen to be
the filtered backstepping controller. The contraction theory based convergence analysis
relaxes the conservative bounds on the design variables and proves that the steady state
error bounds can be reduced without arbitrarily decreasing the singular perturbation

parameter.

e A contraction theory based framework is proposed for solving state feedback stabilization
and tracking problems in standard and nonstandard models of singularly perturbed sys-
tems and to quantify the convergence bounds. The use of contraction tools completely

circumvents the need of interconnection conditions and guarantees convergence behavior
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beyond a conservative range of perturbation parameter pu. The design procedure is also

extended to nonstandard models and approximate feedback linearizable systems.

e As full state measurement is not possible in many practical cases, the work is extended
to design a HGO based output feedback controllers in the framework of contraction the-
ory without putting any conservative restriction on the slow manifold. The convergent
dynamics concepts are exploited to assure ultimate boundedness of the closed loop trajec-
tories and to exclude finite time escape phenomenon inherent in time scale designs. The
analysis demonstrates the robustness of the output feedback scheme against variation in
perturbation parameter and provide new ways to tune the threshold limit required for

ultimate boundedness.

e This thesis also proposes a contraction theory based methodology to design saturated
controller for systems, which are in feedback linearizable form. For this purpose, a novel
high gain dynamic controller in conjunction with a standard HGO is used to generate a
smooth saturated control input. The contraction theory based tools are helpful in proving
the existence of a unique slow manifold and quantifying the performance of the controller

with limited actuation power.

Overall, this thesis develops a contraction theory based quantitative framework for solving
stabilization and tracking problems in singularly perturbed systems. The proposed methodolo-
gies not only provide an alternative to the conventional Lyapunov based techniques but also

bring about certain new improvements on the recent contraction based approaches.
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