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Abstract

This thesis focuses on the development of prescribed-time adaptive and optimal
control techniques for a class of nonlinear systems. The research addresses the challenges
associated with uncertain nonlinear dynamics, constrained feedback control, achieving
consensus in uncertain nonlinear multi-agent systems and nonlinear optimal feedback
control. The ultimate goal is to achieve convergence within a specified time frame.

The thesis begins by introducing the concept of prescribed-time adaptive backstep-
ping control. The stability and convergence properties of this control scheme are analyzed,
and theoretical proofs and simulations are provided to validate its effectiveness.

Next, the prescribed-time adaptive backstepping control methodology is extended to
address the control challenges in a twin rotor helicopter system. A detailed controller de-
sign is developed, taking into account the specific dynamics of the helicopter. Simulations
and comparative analyses are conducted to evaluate the performance of the proposed
control strategy.

This thesis further focuses on the development and analysis of a prescribed-time con-
strained feedback control scheme to handle parameter uncertainties and input constraints
in real-world systems, with a specific application to a twin rotor helicopter exhibiting
uncertain dynamics. The proposed control approach is designed to achieve convergence
within a prespecified time frame while considering the challenges associated with uncer-
tainties and input constraints. The work rigorously analyzes the stability of the proposed
control approach to ensure its adaptability to parameter variations. To validate its per-
formance, numerical simulations and practical experiments are conducted. The results
demonstrate the control scheme’s ability to successfully handle parameter uncertainties,
maintain stability, and adhere to the input constraints in a real-world application.

The thesis also addresses the application of prescribed-time adaptive control to DC-

DC boost converters, which are widely used in power electronic systems. An adaptive

vii



estimator-based control strategy is proposed to regulate the output voltage of the boost
converter within a prescribed time, considering uncertainties and variations in system
parameters. The effectiveness of the proposed control approach is evaluated through
theoretical analysis, simulation and experimental results.

Furthermore, the thesis investigates the achievement of prescribed-time adaptive
neural consensus in uncertain nonlinear multi-agent systems. A novel consensus con-
trol approach is developed, combining adaptive control and neural networks, to achieve
prescribed-time convergence and consensus among the agents. Theoretical analysis, simu-
lation studies, and performance evaluations are provided to demonstrate the effectiveness
of the proposed methodology.

Lastly, the thesis addresses the problem of prescribed-time optimal feedback control
for nonlinear dynamical systems. Optimal nonlinear control techniques are employed to
optimize a performance criterion subject to prescribed-time constraints. The theoretical
developments, numerical methods, and experimental case studies presented in this thesis

demonstrate the efficacy of the proposed prescribed-time optimal control methodology.

viii



Contents

Abstract

List of Tables

List of Figures

Nomenclature

1 Introduction

2

1.1
1.2

1.3
1.4

Motivation . . . . . . . .
Literature review . . . . . . . . ...
1.2.1  Prescribed-time control . . . . . . .. ... Lo
1.2.2  Adaptive backstepping control . . . . . . ... ...
1.2.3 Constrained feedback control . . . . . .. .. ... ... ... ...
1.2.4  Multi-agent systems . . . . . ... oo
1.2.5  Optimal nonlinear feedback control . . . . . . . .. ... ... ...
Contributions . . . . . . . ..

Organization of the thesis . . . . . . .. .. ... ... ... ... ...,

Mathematical preliminaries

2.1
2.2
2.3

State space models for continuous-time dynamical systems . . . . .. . ..
Comparison functions . . . . . . . . . ..o
Stability notions . . . . . ... Lo
2.3.1 Equilibrium points . . . . .. ...

2.3.2  Stability concepts for general nonlinear systems . . . .. ... ...

ix

vii

xiii

XV

xix

11
12
13
15



3 Prescribed-time adaptive backstepping control for a class of nonlinear

systems 27
3.1 Introduction . . . . . . . . .. 27
3.2 Preliminaries . . . . . ..o 28
3.2.1  On prescribed-time stability . . . . . ... ... ... ... ... 28
3.2.2  Problem formulation . . . ... ... ... .. 0000 29
3.3 Prescribed-time adaptive backstepping control . . . . . . .. ... ... 30
3.3.1 Controller design . . . . . . . .. ... ... 31
3.3.2 Stability analysis . . . . . .. ... 36
3.4 Iustrative example . . . . . . . . . ... 39
3.5 Conclusion . . . . .. . L 46

4 Prescribed-time adaptive backstepping control of a twin rotor helicopter 47

4.1
4.2

4.3
4.4
4.5

Introduction . . . . . ..o 47
Preliminaries and problem statement . . . . . . .. ... .. ... ... .. 48
4.2.1 DMotivating example . . . . . . ..o oo 48
4.2.2 Twin rotor helicopter model . . . . . . . . ... ... ... ... .. o1
Prescribed-time adaptive backstepping control design . . . . . . . ... .. 53
Result discussion . . . . . . . ... Lo 56
Conclusion . . . . . . . . . L 59

5 Prescribed-time constrained feedback control for an uncertain twin ro-

tor helicopter 61
5.1 Introduction . . . . . . . ... 61
5.2 Preliminaries and problem statement . . . . . . .. ... ... ... .... 62
5.2.1 Unmanned twin rotor helicopter model . . . . . . . .. ... .. .. 63
5.3 Mainresults . . . . . . 66
5.3.1 Prescribed-time adaptive constraint feedback control design . . . . 67
5.3.2 Stability analysis . . . . . .. ... 68
5.4 Result discussion . . . . . ..o 71
5.4.1 Simulation results . . . . . ... ..o 71
5.4.2 Experimental results . . . . . .. ... 72
5.5 Conclusion . . . . . ..o 72



6 Prescribed-time adaptive control for DC-DC boost converters 7T

6.1 Introduction . . . . . . . . ... 7
6.1.1 DC-DC boost converter model . . . . . . . ... ... ... ... . 78
6.2 Main results . . . . . ... 79
6.2.1 Adaptive estimator-based SMC design . . . . . .. ... ... ... 79
6.2.2 Convergence analysis . . . . . . . .. ... L o o 83
6.3 Simulation and experiment results . . . . . . ... ... ... L. 84
6.4 Conclusion . . . . . . . .. 89

7 Prescribed-time adaptive neural consensus of uncertain nonlinear multi-

agent systems 91
7.1 Introduction . . . . . . . .. 91
7.2 Preliminaries and problem formulation . . . . ... .. ... ... ..... 92
7.2.1 Graph theory . . . . . . .. ... ... .. 92

7.3 Adaptive neural prescribed-time consensus control design . . . . . .. . .. 93
7.4 Simulation examples . . . . ... ... 98
7.5 Conclusion . . . . . . . L 101
8 Prescribed-time optimal control of nonlinear systems 103
8.1 Imtroduction . . . . . . . . .. 103
8.2 Preliminaries . . . . . . . . ... 104
8.2.1 On optimal nonlinear control . . . . . ... .. ... ... ..... 104

83 Mainresults . . . . . . L 105
8.3.1 Optimal prescribed-time stabilization . . . . . . .. ... ... ... 105

8.4 Optimal prescribed-time stabilization for nonlinear affine dynamical systems107

8.5 Application to the coupled tank system . . . . . . . ... .. ... ... .. 110
8.6 Conclusion . . . . . . . . . .. 117
9 Summary and future perspectives 119
9.1 Research summary . . . . . .. ... ... Lo 119
9.2 Limitations and future investigations . . . . . . .. ... .. ... ... .. 121
A List of publications 123
A.1 Journal papers . . . . .. ... 123

X1



A.2 Conference papers

xii



List of Tables

3.1 Single-link flexible-joint manipulator parameter values.

5.1 Twin rotor helicopter parameters description. . . . . .

xiii



Xiv



List of Figures

3.1

3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.11

3.12

3.13

4.1
4.2
4.3
4.4
4.5
4.6

Schematic block diagram of the proposed adaptive prescribed-time stabi-

lization scheme. . . . . . . . ... Lo 32
Free-body diagram of single-link flexible-joint manipulator. . . . . . . . .. 41
Time evolution of angular position z(¢) for {, =6s. . . . . ... ... ... 41
Time evolution of angular velocity 25(t) for ¢, =6s. . . .. ... ... ... 41
Time evolution of the angular position z3(t) for ¢, =6s. . . . . . . . .. .. 42
Time evolution of the angular velocity zy4(t) for ¢, =6s. . . . .. ... ... 42
Time evolution of the required control input u;(¢) for ¢, =6s. . .. .. .. 42
Time evolution of ® for tp="06s. . . ... 43
Time evolution of II for l,="0s. . . . ... 43
Time evolution of angular position z;(¢) under different initial conditions

fort, =6s. . . . .. 43
Time evolution of angular velocity z(¢) under different initial conditions

fort,=06s. . . . ... 44
Time evolution of the angular position z3(¢) under different initial condi-

tions for ¢, =6s. . . . ... 44
Time evolution of the angular velocity z4(¢) under different initial condi-

tions for t, =6s. . . . ... 44
Free-body diagram of twin rotor helicopter model. . . . . . . . .. ... .. o1
Pitch angle z(¢) under constant reference zg (). . . . . . . . . . ... ... 57
Yaw angle z3(¢) under constant reference zg3(t). . . . . . ... ... 57
Control input. . . . . . . . . a7
Pitch angle z1(¢) with different initial conditions. . . . . . ... ... ... 28
Yaw angle z3(t) with different initial conditions. . . . . . . .. ... .. .. 58

XV



4.7
4.8

5.1

5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15

6.1
6.2

6.3
6.4

6.5

6.6
6.7
6.8
6.9

Pitch angle z;(¢) under time-varying reference z4(t). . . . . . . . ... ..

Yaw angle z3(¢) under time-varying reference z43(t). . . . . . ... ... ..

Twin rotor helicopter: (a) Twin rotor helicopter platform structure. (b)

Free-body diagram. . . . . . . . . ...
Ilustration of the suggested control scheme. . . . . . . ... ... .. ...
Desired pitch angle tracking with ¢, =10s. . . . . . . .. .. ... ... ..
Desired yaw angle tracking with ¢, =10s.. . . . . . . .. .. ... ... ..
Pitch angle tracking error (). . . . . . . . ... Lo
Yaw angle tracking error 2:3(¢). . . . . . . ...
Estimate of (f>1. .................................
Estimate of <i>2. .................................
Required control inputs w,(t) and w,(t). . . ... ... ... ... ... ..
Twin rotor helicopter experimental setup. . . . . . . .. .. .. ... ...
Desired pitch angle tracking with ¢, =10s. . . . . . . .. ... .. ... ..
Desired yaw angle tracking with ¢, =10s.. . . . . . ... .. ... ... ..
Pitch angle tracking error x1(¢). . . . . . . ...
Yaw angle tracking error z3(f). . . . . ... ..o

Required control inputs wu,(t) and w,(t). . . ... ... ... ... ...

Circuit diagram of DC-DC boost converter. . . . . .. .. ... ... ...
Schematic block diagram of the proposed prescribed-time adaptive state

estimator-based sliding mode control for DC-DC boost converters. . . . . .
Experimental setup of the DC-DC boost converter. . . . . ... ... ...
Simulation response: (a) varying input voltage; (b) corresponding load

current; (¢) corresponding sliding surface. . . . . . . . ... ... ... ...
Simulation response: (a) varying output load; (b) corresponding load cur-

rent; (c) corresponding sliding surface. . . . . . ... ... 000
Experimental response varying input voltage from 25V to 36V. . . . . . . .
Experimental response varying input voltage from 36V to 25V. . . . . . . .
Experimental response varying load resistor from 5082 to 100€. . . . . . . .

Experimental response varying load resistor from 1002 to 50€2. . . . . . . .

xXvi

o8

73

i)



7.1

7.2
7.3
7.4
7.5
7.0

8.1
8.2
8.3
8.4
8.5
8.6

8.7

8.8

Schematic block diagram of the proposed adaptive NN-based prescribed-
time consensus control for uncertain nonlinear multi-agent systems. . . . . 94
Communication topology. . . . . . . . . ... .. 97

State evolution under protocol (7.7). (a) under ¢, = 4s. (b) under ¢, =5s. 99

Control input u;(t). (a) under ¢, =4s. (b) under ¢, =5s. . . . . ... ... 99
Consensus error ¢;(t). (a) under t, =4s. (b) under ¢, =5s. . . . . . . ... 100
Performance comparison under different initial conditions. (a) =;(¢) under

consensus law (7.7)-(7.8). (b) =;(¢) under consensus law in [77]. . . . . .. 100

Schematic diagram of a coupled water tank system. . . . . . .. ... ... 113
Simulation results with ¢, = 8s: (a) Tracking response. (b) Control input. . 113
Simulation results with ¢, = 10s: (a) Tracking response. (b) Control input. 114
Experimental setup of a coupled water tank system. . . . . . . . . ... .. 114
Experimental results with ¢, = 8s: (a) Tracking response. (b) Control input.115
Experimental results with ¢, = 10s: (a) Tracking response. (b) Control
Imput. . . .o 115
Tracking: (a) Under control proposed in [94]. (b) Under control proposed
in [99]. (c) Under control proposed in [16]. (d) Under proposed control law
(8.36). « o o 116
Control input: (a) Under control proposed in [94]. (b) Under control pro-
posed in [99]. (c¢) Under control proposed in [16]. (d) Under proposed
control law (8.36). . . . . . . ... 116

xvil



xviil



Nomenclature

List of Greek and Roman Symbols

R Set of real numbers

R™ n-dimensional Euclidean space

R Set of non-negative real numbers

Ry Set of real numbers greater than or equal to k

R—R Element-wise mapping

g Undirected graph

V Vertex set

& Edge set

A Adjacency matrix of G
L Graph laplacian of G

Xix



Abbreviations

VSC Variable Structure Control

SMC Sliding Mode Control

PID Proportional-Integral-Derivative
UAVs Unmanned Aerial Vehicle
FPGAs Field-Programmable Gate Arrays
GPUs Graphics Processing Units
MIMO Multi-Input Multi-Output
UBST Upper Bound of Settling Time
MASSs Multi-Agent Systems

NNs Neural Networks

RBF Radial Basis Function

HJB Hamilton—Jacobi-Bellman

ISS Input to State Stable

ISMC Integral Sliding Mode Control
min Minimum

max Maximum

sup Supremum

s.t. Such that



