
STABILITY ANALYSIS OF TIME-DELAY

SYSTEMS WITH BOUNDED

NONLINEARITY

by

PANKAJ MUKHIJA
Department of Electrical Engineering

Submitted in fulfillment of the requirements
of the degree of

DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

May 2013



c©Indian Institute of Technology Delhi, New Delhi-2013
All Right Reserved.



CERTIFICATE

This is to certify that the thesis entitled Stability of Time-Delay Systems

with Bounded-Nonlinearity submitted by Pankaj Mukhija to the Indian

Institute of Technology Delhi, for the award of the Degree of Doctor of Philosophy,

is a record of the original bona fide research work carried out by him under our

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.

Thesis Supervisors:

Prof. I. N. Kar

Professor

Department of Electrical Engineering,

Indian Institute of Technology Delhi

Prof. R. K. P. Bhatt

Professor

Department of Electrical Engineering,

Indian Institute of Technology Delhi

i



Acknowledgements

I would like to express my sincere gratitude to my supervisors, Prof. I. N. Kar

and Prof. R. K. P. Bhatt, for their valuable guidance and suggestions without

which this thesis would not be in its present form. Their readiness to resolve

any point of confusion by mutual discussion, even for hours at a stretch, is really

commendable. I also thank them for their consistent encouragement throughout

the work.

I am indebted to the members of my Student Research Committee for their

constructive suggestions and critical comments during my research work. I also

express my earnest thanks to the Head of the Department of Electrical Engineer-

ing, IIT Delhi for providing all the possible facilities towards this work. I would

always be grateful to other faculty and staff members of Electrical Engineering

Department of IIT Delhi for their help and support. It is impossible for this

acknowledgment to be complete without thanking Mr. Jaipal and Virender for

arranging all the facilities to support the research work.

I could not have accomplished this work without the help of several individuals.

I thank Dr. Bharat, Dr. Deepak, Soumic, Satyanarayan, Sanjeev, Hitesh, Hassan,

Koena and other fellow research scholars for their enjoyable and helpful company

I had with.

My warmest thanks go to my family for their support, love, encouragement

and patience. They provided continuous inspiration throughout my research.

Pankaj Mukhija

iii



Abstract

Most of the physical systems have time-delay and are inherently nonlinear in na-

ture. Thus, it becomes essential to incorporate the effect of delay and nonlinearity

in the stability analysis. However, the presence of delay and nonlinearity in a

system complicates the stability and performance analysis. Nonlinearity in a wide

variety of physical systems can be modeled as sector-bounded. Further, time-delay

can be constant or time-varying. The overall aim of this work is to develop stabil-

ity conditions for time-delay systems with sector-bounded nonlinearity and explore

the application potential of these results to the synchronization problem. The sta-

bility conditions are developed by using the Lyapunov-Krasovskii (L-K) functional

approach and are expressed in terms of Linear Matrix Inequalities (LMI).

The two broad classes of sector-bounded nonlinear systems considered in this

thesis are: Lurie system and Discrete-time system with overflow and quantiza-

tion nonlinearities. To begin with, an introduction to time-delay system and

sector-bounded nonlinear systems, a relevant literature survey identifying research

problems and main contributions of this thesis have been presented. In the first

problem considered in this thesis, the probability information on time varying de-

lay has been used to derive stability criteria for Lurie system with mixed delays.

Free-weighting matrices have been used for stability analysis of system with zero

lower bound. For systems with interval time-varying delay, an approach utilizing

Wirtinger inequality and convex combination analysis has been used. Numerical

examples have been considered to show the efficacy of proposed results. A com-

parison of special cases of the proposed results vis-á-vis the existing ones through

numerical examples show the superiority of proposed results in determining the

upper delay bound for stability.

To derive a larger upper delay bound ensuring stability is a frontier area of

research in time-delay systems. With this objective, the next problem considered

is to develop delay-dependent stability conditions for Lurie system and time-delay

system with nonlinear perturbations by employing less conservative bounding in-
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equalities. A tighter bounding technique is proposed for quadratic integral terms

arising in the derivative of L-K functional. This bounding technique along with

the Wirtinger inequality are used to derive stability criteria. The developed results

are further extended to systems with norm-bounded parametric uncertainties. In

the next problem, the stability criteria for Lurie singular time-delay system are de-

veloped by using delay-decomposition approach. Jensen inequality and Wirtinger

inequality have been used to derive these criteria in terms of LMIs. It has been

shown through numerical examples that the Wirtinger inequality based result

yields a larger upper delay bound as compared to the Jensen inequality based

result.

To explore the application potential of the results proposed in this thesis, the

synchronization analysis problem of two types of complex dynamical networks

(CDNs), Lurie CDN and Takagi-Sugeno (T-S) fuzzy CDN, with time-delay is con-

sidered. The synchronization stability of these two types of CDNs with time-delay

is addressed by adopting the stability analysis techniques presented in the earlier

addressed problems in this thesis. Further, as borne by numerical examples, these

synchronization criteria are found to yield a larger upper delay bound as compared

to the existing ones.

Lastly, the problem of stability analysis of discrete time system with delay and

subjected to combinations of overflow and quantization nonlinearities has been

investigated. Two computationally efficient stability criteria as compared to the

existing results have been developed. These results have been further extended

to 2-D systems. The less computational burden of proposed results has been val-

idated through numerical examples.

The thesis concludes with a summary of the proposed results and the directions

for future work.
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