Contents

Notations and acronyms

1 Preliminaries

1.1

1.2

1.3

14

1.5

1.6

1.7

Problem statement . . . . . . .. ... L o0 oL
1.1.1 Systemclass . . .. ... ... .. ..
1.1.2 Delay effects on stability: open problem . . .. ... ...
1.1.3 Delay: an uncertainty interpretation . . .. .. ... ...
Models: representations and transformations . .. ... .. ...
1.2.1 System representations. . . . . .. ... ... ...
1.2.2  On the transformations . . .. .. ... .. .. ... ...
1.2.3 Discrete/distributed delays . . . . ... .. .. ... ...
1.2.4 Propagationmodels . ... .. ... ... 0L
Basicresultsin RFDE . . . . . .. ... ... .0 0L
1.3.1 Thenotionof state . . . . . .. .. ... .. .. ......
1.3.2 Solutions: definitions, existence, uniqueness . . . . . . . .
1.3.3 Step method and smoothness . . . . .. .. ... ... ...
Stability in REDE . . . ... ... ... ... .o ..
1.4.1 Basic definitions . . . ... ... oo o oL
1.4.2 Characteristic equations . . . . . . .. ... .. ... ...
1.4.3 Some analytical and graphical tests. . . . . .. ... ...
1.4.4 Liapunov’s second method . . . . . .. ... .. ......
Basic notions and stability in NFDE . . . ... ... 0.,
1.5.1 Basicresults . .. .. ... .. ... 0.
1.5.2 Characteristic equations . . . . . . ... .. .. ... ...
1.5.3 Liapunov’s second method . . . . . ... .. .. ......
Basic results in lossless propagation models . . . . . ... .. ..
1.6.1 Some definitions . . . ... .. ... L.
1.6.2 Characteristic equation . . . . .. ... .. .. ......
1.6.3 Connections with the solutions of hyperbolic PDE

1.6.4 Connections with neutral systems. . . . . ... ... ...
1.6.5 Stepmethod ... .. ... .. ... ... ... ... ...
1.6.6 SomeremarksonIDE . ... ... ..... .. ......
Special topics: degenerate Liapunov . . . . . ... .. ... ...
1.7.1  More definitions . . . . . ... ..o oL

Xv

0 O UL W W =



CONTENTS

1.7.2 Stability result . . . ... ... ... .. . .. . 42
1.8 Notes and comments . . . . . . .. .. ..o 43
1.8.1 Delay equations: a brief history . . . . . . ... ... ... 44
1.8.2 About the monograph . . . . .. ... ... ... . ... 46
Examples 47
2.1 Transport and communication delays . . . . .. .. ... ... .. 48
2.1.1 Chemical engineering . . . .. ... ... ... ... ... 48
2.1.2 Combustion models . . . ... ... .. ... ....... 51
2.1.3 Control strategy in vehicle following systems . . . . . .. 54
2.1.4 Telemanipulation systems . . . . . .. ... ... .. ... 57
2.1.5 Congestion avoidance in high-speed internet . . . . . . . . 60
2.1.6 Neural Networks . . . ... ... ... ... ........ 63
2.2 Delay measurements . . . . . . . ... .o 66
2.2.1 Active displacement control (flexible structure) . . . . . . 66
2.2.2 Robots in contact with rigid environments . . . . . . . .. 68
2.3 Heredity: biology and population dynamics . . . . .. ... ... 71
2.3.1 Simplified population growth model . . . .. ... . ... 71
2.3.2 Interconnection structure: a source of models . . . . . . . 72
2.3.3 Some pulse circulation models . . . . . .. ... ... ... 74
2.4 Dynamics: Reducing / Inducing delays . . . . . . ... ... ... 76
2.4.1 Smith principle: reducing delays . . . . ... .. ... .. 76
2.4.2 Oscillations and delayed output . . . . . ... ... .... 78
2.4.3 Delayed feedback: chaotic and helicopter dynamics . . . . 80
2.5 Propagation phenomena . . . . .. ... ... ... oL 83
2.5.1 Electrical-circuit models . . . . . . ... ... ... . ... 83
2.5.2 Hydraulic engineering models . . . . . . ... .. .. ... 85
Stability sets and regions 87
3.1 Definitions and basicideas . . . . . . . . ... ... 87
3.1.1 Discrete delays: definitions and related remarks . . . . . . 87
3.1.2 Extensions to time-varying delays . . ... ... ... .. 95
3.1.3 More general distributed delays . . . . . . ... ... ... 96
3.1.4 On neutral systems and lossless propagation . . . . . . . . 98
3.2 Model transformations: retarded case . . . ... ... ... ... 100
3.2.1 Fixed first-order transformation . . . . . .. .. ... ... 100
3.2.2 Fixed second-order transformations . . . . . . . ... ... 103
3.2.3 Neutral transformations . . . .. . ... ... ... ... 106
3.2.4 Parametrized first-order transformations . . . . . . . . .. 107
3.2.5 Control interpretations . . . . . . ... ... ... .. 111
3.3 Model transformations: neutral case . . ... ... ... .. ... 112
3.3.1 Fixed first-order transformations . . . . .. .. ... ... 112
3.3.2 Neutral transformations . . . . . ... ... ... ... .. 113
3.3.3 Parametrized first-order transformations . . . . . . . . .. 115
3.3.4 On lossless propagation model transformations . . . . . . 116
3.4 Scalarsystems . . .. .. .. 118



CONTENTS

3.5

3.4.1
3.4.2

Retarded case . . . . . . . . . . . . . ... ..
Neutral case. . . . . . . . . . . .

Analysis control-based techniques . . . . . .. .. ... ... ...

3.5.1
3.5.2

Frequency-domain: reducing techniques . . . . ... ...
Liapunov method: LMI solutions . . . . .. .. ... ...

Reducible discrete delays and LTIs

4.1 Introductoryremarks. .. .. ... .. .. ... ... .. .. ...

4.2

4.3

4.4

4.5

4.6

4.1.1
4.1.2
4.1.3
4.14

Tsypkin and frequency-sweeping . . . . .. .. ... ...
Kamen and multivariable polynomials . . . . . .. .. ..
Pseudo-delay technique and quasipolynomials . . . . . . .
Some necessary delay-independent conditions . . . . . ..

Lagrange multipliers . . . . . .. .. ... ... ... .. ...

4.2.1
4.2.2
4.2.3

Model transformations . . . . . . . ... .. oL L.
Delay transformations and approximations . . . .. ...
Constructing scalings . . . . ... ... ... ... ...

Well-possedness of associated systems . . . . . ... . ... ...

4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.3.6

Defining interconnection schemes . . . . . . .. ... ...
Frequency-sweeping tests . . . . . .. .. ... ... ..
Various criteria and related remarks . . . ... ... ...
Spectral radius and control interpretations. . . . . . . ..
Still maximum principle idea . . . . . . . ... ... ...
On the complexity issues . .. .. ... ... . ......

Matrix pencils techniques . . . . . .. .. ... ... .. .....

4.4.1
4.4.2
4.4.3
4.44
4.4.5

Delay-independent criteria . . . . . . .. .. .. ... ...
Delay-dependent criteria: first delay interval . . . .. ..
Delay switches: general delay intervals . . . . . . .. ...
Hyperbolicity . . . .. .. . ... ... .
Related remarks in the general case . . .. .. ... ...

Delay reduction in lossless propagation . . . . . . ... ... ...

4.5.1
4.5.2
4.5.3

Frequency-sweeping tests . . . . . ... ..o L.
Control interpretations . . . . . . . . .. ... ... ....
Further comments . . .. ... .. ... ... .......

Some Examples . . . . . . .. .. e e

4.6.1
4.6.2
4.6.3
4.6.4
4.6.5
4.6.6

Controlling simple delay systems . . . .. ... ... ...
A linearized neural network model . . . . . .. ... ...
Delay measurements in active displacement . . . . . . ..
Integro-differential models for commodity markets
Delay circuits analysis in VLSI systems . . . . ... ...
Lossless propagation . . . . ... . ... ... .. .....

Liapunov’s second method and LMIs

5.1 Simple quadratic Liapunov candidates . . . .. .. .. ... ...

5.1.1
5.1.2
5.1.3

Scalarcase . . . . . . .. ..o
Liapunov-Razumikhin functions . . . . . .. .. ... ...
Liapunov-Krasovskii functionals . . . . .. .. ... ...

xi

119
124
127
127
129

131
131
132
133
136
138
140
140
142
145
147
149
150
160
166
167
168
169
169
173
174
177
180
180
181
184
186
187
187
189
190

. 192

193
193



xii

CONTENTS

5.2 Complete quadratic Liapunov candidates . .. .. .. ... ... 209
5.3 Constructing and interpreting Liapunov . . . . . ... ... ... 212
5.3.1 An energy-based construction . . . ... ... ... L. 213
5.3.2 Control Liapunov functions . . .. ... ... ....... 216
5.3.3 Generalized Popov theory interpretations . . . . ... .. 218
5.3.4 Liapunov and frequency-domain interpretations . . . . . . 219
5.3.5 Model transformations and discretization . . ... . ... 220

5.4 Model transformations in retarded systems . . .. ... ... .. 220
5.4.1 Neutral model transformations . . .. ... ... .. ... 221
5.4.2 Parametrized model transformation . . .. ... ... .. 223

5.5 Model transformation in neutral systems . . . . . . . .. ... .. 227
5.5.1 Neutral transformations . . . . . . .. ... ... ... .. 228

5.5.2 Parametrized model transformations . . . . . .. .. ... 233

5.6 Simple distributed delay systems . . . . ... ... ... ... 236
5.6.1 On some model transformations . .. ... ... .. ... 236
5.6.2 Discretization of Liapunov functionals . . . . . ... ... 237

5.7 On comparison principle . . . . . . . .. ... o0 245
5.7.1  Matrix measures: constant delays . . .. ... ... ... 245
5.7.2  Matrix measures: time-varying delays . . . . . . . .. .. 246
5.7.3  Other measures: M-matrices . . . . . . .. .. ... ... 248

58 Examples . . . . . . .. 248
5.8.1  Transport delay in chemical reactions . . . . . . ... .. 249
5.8.2 A simple model with delay in force feedback . .. . . .. 250
5.8.3 On some nuclear reactors models . . . . .. ... .. ... 251
Robustness issues in closed-loop 253
6.1 Generalideas . . ... .. ... ... ... o 253
6.1.1 Memoryless controllers . . . . . . ... ... ... ... .. 254
6.1.2 Inputdelays. ... ... ... ... ... ... ... .. 254
6.1.3 Notes and comments . . . . . .. ... . ... ....... 255

6.2 Delay robustness of Smith controllers . . . . . . . ... ... ... 255
6.2.1 Problem formulation . . . . . .. ... ... 255
6.2.2 Delayeffects .. ... ... ... ... ... .. .. ... . 256

6.3 Closed-loop stability of delay input systems . . . . .. ... ... 259
6.3.1 Problem formulation . . . . ... ... ... ... .. 259
6.3.2 Razumikhin approach . . . ... .. ... .. ....... 261
6.3.3 IQCapproach. . . . .. .. ... ... ... ....... 261
6.3.4 Artstein’s model reduction . . . ... ... ... .. 263

6.4 Generalized Popov theory in delay systems . . ... ... .. .. 265
6.4.1 Discrete delayscase . . ... .. ... ... ... ... 265
6.4.2 Extensions to convolution equations . . . .. ... .. .. 270

6.5 Passivity of delay systems . . . . ... ... ... .. ....... 277
6.5.1 Pointwisedelaycase . . . . ... ... ... ... ... 278

6.5.2 Extensions to some convolution operators . . . . . .. .. 280



CONTENTS

7 Applications
7.1 Delay effects in combustion models stability . . . . .. ... ...
7.1.1 Associated low-order systems . . . .. .. ... ... ...
7.1.2 Second-order system . . . . ... ... ...
7.1.3 Third-order system . . . . . . ... ... ... .. ...
7.2 Delay effects in autonomous cruise control . . . . . .. ... ...
7.2.1 Problem formulation . . . . . ... ... .. 000
7.2.2 Individual vehicle stability . . . . . .. .. ...
7.2.3 Avoiding slinky effects . . . . .. ... o000
7.3 Simple time-delay adaptive controllers . . . . ... .. ... ...
7.3.1 Problem formulation and special cases . . . .. ... ...
7.3.2 Model transformation and stability analysis . . . . . ...
7.3.3 Further comments . . ... ... ... ... .. ......
7.3.4 Extensions to the case when all states are accessible
7.4 Output feedback in presence of delays . . .. ... .. ... ...
7.4.1 Problem formulation . . . . ... ... ... 0L
7.4.2 Existence Results . . . .. ... .. ... ... ......
7.4.3 Constructing algorithms: a case study . .. .. ... ...
7.4.4 Stabilizing oscillations by delayed output . . . ... ...
7.5 Contact Instability Phenomenon . . . . . ... ... ... ...
7.5.1 Problem formulation . . . . ... ... ... 0L
7.5.2 Conditions for interaction force constant negative sign . .
7.5.3 Bouncing phase analysis . . . . .. ... ... 0L
7.5.4 Further remarks . .. ... .. .. ... ... ...,

A Various definitions
A.1 Matrix measures and M-matrices . . . . . . . ... .. ... ...
A.1.1 Matrix measures: definitions and properties . . . . . . . .
A.1.2 M-matrices: definitions and properties . . . . . .. . ...
A2 p-analysis . . . . . . ... e
A.2.1 Structured singular value . . ... ... ... ... ...
A.2.2 Simple properties . . . . . . ... oL
A.3 On the complexity of decision problems . .. ... .. ... ...
A31 Pand NPoproblems . . . . ... ... ...,
A.3.2 NP-completeness, N'P-hardness . . .. ..........
A4 Matrixpencils . . . . . ... Lo
A41 Definitions . . . ... ... 0oL
A4.2 Dichotomy . ... .. .. ...
A5 Passivitytheory. . . . . . .. ... .. ... . o
A5.1 Passivesystems . . . . .. .. ... .. ... ...,
A.5.2 Strictly passive systems . . . . .. .. ... ...

B Useful lemmas
B.1 Barbalatlemma . . . . .. . . .. ... ... ...
B2 KYPlemma . .. ... .. .. ... ... ...
B.3 IQC filter construction . . . . . . . .. .. ... .. ... ..

xiii

283
283
283
285
289
294
295
295
297
298
299
305
308

. 310

312
313
314
316
317
318
318
319
321
325

327
327
327
328
328
328
329
330
330
330
330
330
331
331
331
331



Xiv

C Computational aspects

C.1 Kronecker sums and products . . . . .. ... ...
C.1.1 Definitions . . ... ... ... ... ..
C.1.2 Basic properties . . . ... ... ... ...

C.1.3 More general tensor products and sums

C.2 Linear Matrix Inequality (LMI) . . . .. .. .. ..
C.2.1 Definition . . . ... ... L oL
C.2.2 Optimization problems . . . . .. ... ...
C.2.3 S-procedure . ... .............
C.24 Elimination lemma, . . . . . . ... ... ..

D Generalized Popov theory

D.1 Popov “objects” . . . . ... ... ...
D.1.1 Popovtriplets. . . . . ... ... ... ...
D.1.2 KYP systemin J form. .. ... ... ...
D.1.3 Stabilizing solutions . . . . ... ... ...
D.1.4 Disconjugacy . . .. ... ... ... ...

D.2 Basicresults. . . . .. ... ... ..
D.2.1 Some matrix pencil characterizations . . . .
D.2.2 Some remarks on Lur’e systems . . . . . . .

Bibliography

Index

CONTENTS



2 Springer
http://www.springer.com/978-1-85233-291-4

Delay Effects on Stability

& Robust Control Approach
Miculescu, S.-.

2001, XV, 388 p., Softcover
ISBN: 978-1-85233-291-4



