Contents

Frequently used notation

1. Introduction

1.1
1.2

The concept of an uncertainsystem . . . . . .. .. ........
Overviewofthebook . . . . .. .. ... .............

2. Uncertain systems

2.1
22

23

24

Introduction . . . . . ... ... ... L
Uncertain systems with norm-bounded uncertainty . . ... ...
2.2.1 Special case: sector-bounded nonlinearities . . . . . . . .
Uncertain systems with integral quadratic constraints . . . . . . .
2.3.1 Integral quadraticconstraints . . . . ... ... ... ...
2.3.2 Integral quadratic constraints with weighting coefficients .
2.3.3 Integral uncertainty constraints for nonlinear uncertain
SYSIEINS © &« v v i e e e e e e
2.3.4 Averaged integral uncertainty constraints . . . . . . . ..
Stochastic uncertainsystems . . . . ... ... ... .. ... ..
2.4.1 Stochastic uncertain systems with multiplicative noise
2.4.2 Stochastic uncertain systems with additive noise: Finite-
horizon relative entropy constraints . . . . . .. ... ..
2.4.3 Stochastic uncertain systems with additive noise: Infinite-
horizon relative entropy constraints . . . . . ... . ...

XV

19
19
20
20
22
22
25

26
27
30
31



X

Contents

3. H*° control and related preliminary results

3.1 Riccatiequations . .. ... ... ... ... .. ... .. ...
32 H®control . . .. ... ... ... ..
3.2.1 Thestandard H* controlproblem . . . . . ... ... ..
322 H*controlwithtransients . . . . . ............
3.23 H® control of time-varyingsystems . . . . ... ... ..
3.3 Risk-sensitivecontrol . . . . ... ... ... ... ... .....
3.3.1 Exponential-of-integral cost analysis . . . . ... .. ...
3.3.2 Finite-horizon risk-sensitivecontrol . . . . ... ... ..
3.3.3 Infinite-horizon risk-sensitive control . . . . . ... ...
3.4 Quadraticstability . . . . .. ... ... ... L.
3.5 A connection between H* control and the absolute stabilizability
of uncertainsystems . . . ... ..................
35.1 Definitions . .. ... ......... ... ... ....
3.5.2 The equivalence between absolute stabilization and H>®
control . .. ..... ... ... .. ..

The S-procedure
41 Imtroduction . ... ... ... ...................
4.2 An S-procedureresult for a quadratic functional and one quadratic
comstraint . . .. . ... ... ...
42.1 Proofof Theorem42.1. .. ................
4.3 An S-procedure result for a quadratic functional and k quadratic
COMSIraints . . . . . . . ... ... ... .. i
4.4 An S-procedure result for nonlinear functionals . . . .. ... ..
4.5 An S-procedure result for averaged sequences . . . . . ... ...
4.6 An S-procedure result for probability measures with constrained
relative entropies . . . . . . G e e e e e

Guaranteed cost control of time-invariant uncertain systems

5.1 Imtroduction . ... .........................

5.2 Optimal guaranteed cost control for uncertain linear systems with
norm-boundeduncertainty . . . . ... .............,
5.2.1 Quadratic guaranteed costcontrol . . . . . ... ... ..
5.2.2 Optimal controllerdesign . . . ..............
52.3 TIlustrativeexample . . . . ... ... ... ........

5.3 State-feedback minimax optimal control of uncertain systems
with structured uncertainty . . . ... ... ... ... ......
53.1 Definitions . . ......... . ... .. ... ... ..
5.3.2  Construction of a guaranteed cost controller . . . . . . . .
5.3.3 Illustrativeexample . . . . . ... .............

5.4  Output-feedback minimax optimal control of uncertain systems
with unstructured uncertainty
5.4.1 Definitions

.........................

121



Contents

5.4.2 A necessary and sufficient condition for guaranteed cost
stabilizability . . . . .. .. ... .o
5.4.3 Optimizing the guaranteed costbound . . . . . ... ...
5.4.4 Ilustrativeexample. . . . . .. .. ... ... ...

5.5 Guaranteed cost control via a Lyapunov function of the Lur’e-
Postnikovform . .. .. ... .. ..o
5.5.1 Problem formulation . . . . ... .. ... ... .. ...

5.52 Controller synthesis via a Lyapunov function of the
Lur’e-Postnikovform. . . . .. ..............
5.5.3 [IllustrativeExample . .. ... ... ...........
5.6 ConcluSions . . . .« v v v o it e e

. Finite-horizon guaranteed cost control
6.1 Introduction . . . . . . .« .« o it i it
6.2 The uncertainty averaging approach to state-feedback minimax
optimalcontrol . . ... ... ... ...
6.2.1 Problemstatement . . ... ... ... ... ... ..
6.2.2 A necessary and sufficient condition for the existence of
a state-feedback guaranteed cost controller . . . . . . ..
6.3 The uncertainty averaging approach to output-feedback optimal
guaranteed costcontrol . . . . ...
6.3.1 Problemstatement . . . .. ...... ... ... ...
6.3.2 A necessary and sufficient condition for the existence of
a guaranteed costcontroller . . . ... ... ... ...
6.4 Robust control with a terminal state constraint . . . . . . . . . ..
6.4.1 Problemstatement . . . .. ... ... ... ... ...
6.4.2 A criterion for robust controllability with respect to a ter-
minal stateconstraint . . . . . . . ... ..o
6.43 Illustrativeexample . . . . . .. .. .. ... ... ...
6.5 Robust control with rejection of harmonic disturbances . . . . . .
6.5.1 Problemstatement . . . .. ... ... ... ...
6.5.2 Design of a robust controller with harmonic disturbance
TGECtiON . . . . . .o
6.6 Conclusions . . . . . . .« o i it e

. Absolute stability, absolute stabilization and structured dissipativity
7.1 Introduction . . . . . v v v vt e
7.2 Robust stabilization with a Lyapunov function of the Lur’e-Post-
nkovform. . . . . . . e e e
72.1 Problemstatement . .. . ... ... .. ... ...
72.2 Design of a robustly stabilizing controller . . . . . .. ..
7.3 Structured dissipativity and absolute stability for nonlinear uncer-
tAINSYSIEMS . . . . v v v v e e e e
7.3.1 Preliminaryremarks . . . ... ........... ...
732 Definitions . . . . . . . o oo

Xi

215
215



Contents

7.3.3 A connection between dissipativity and structured dissi-
pativity . . . .. .. L L
7.3.4  Absolute stability for nonlinear uncertain systems . . . . .
74 Conclusions . . . . ....... ... ... ...

. Robust control of stochastic uncertain systems

8.1 Imtroduction . ... .................. ... ....

8.2 H® control of stochastic systems with multiplicative noise . . . .
8.2.1 A stochastic differentialgame . . ... .. ... ... ..
8.2.2  Stochastic H* control with complete state measurements
8.2.3 Illustrativeexample . . . . . ... ... ..........

8.3  Absolute stabilization and minimax optimal control of stochastic
uncertain systems with multiplicativenoise . .. ... ... ...
8.3.1 The stochastic guaranteed cost control problem . . . . . .
8.3.2  Stochastic absolute stabilization . . ... .........
8.3.3  State-feedback minimax optimal control . . . . . .. . ..

8.4 Output-feedback finite-horizon minimax optimal control of
stochastic uncertain systems with additive noise . . . . ... .. .
84.1 Definitions . . .......... ... ..........
8.4.2 Finite-horizon minimax optimal control with stochastic

uncertainty constraints . . . .. ... .. .........

8.4.3  Design of a finite-horizon minimax optimal controller

8.5 Output-feedback infinite-horizon minimax optimal control of
stochastic uncertain systems with additive noise . . . . ... . ..
85.1 Definitions . ... ... ... ... . ... . . ... ...
8.5.2  Absolute stability and absolute stabilizability . . . . . . .
8.5.3 A connection between risk-sensitive optimal control and

minimax optimalcontrol . . . .. ... .. .. .. .. ..

8.5.4 Design of the infinite-horizon minimax optimal controller
85.5 Connectionto H® control . . . ... ...........
8.5.6 [Illustrativeexample . . . . . ... ... .... ... .. .

86 Conclusions . . . ............ ... ..., . . .. ...

. Nonlinear versus linear control

9.1 Imtroduction . ................. ... .. .. . .

9.2 Nonlinear versus linear control in the absolute stabilizability of
uncertain systems with structured uncertainty . . . . ... . . . .
9.2.1 Problemstatement . .. ....... ... ... .. . .
9.2.2  Output-feedback nonlinear versus linear control . . . . . .
9.2.3  State-feedback nonlinear versus linear control . . . . . . .

9.3 Decentralized robust state-feedback H> control for uncertain
large-scalesystems . .. ... .. ... ... . . .. . .
9.3.1 Preliminaryremarks . . ... ..... .. ... . .. ..
9.3.2  Uncertain large-scale systems . . . .. ... ... ... .
9.3.3 Decentralized controller design

249
265
273

316
330
338



Contents xiii

9.4 Nonlinear versus linear control in the robust stabilizability of lin-
ear uncertain systems via a fixed-order output-feedback controller 375

94.1 Definitions . . . . . ... i 375
9.4.2 Design of a fixed-order output-feedback controller . . . . 378
9.5 Simultaneous H™ control of a finite collection of linear plants
with a single nonlinear digital controller . . . . ... ....... 383
9.5.1 Problemstatement . . . . ... ... ... 383
9.5.2 The design of a digital output-feedback controller . . . . . 384
0.6 ConcluSioNs . . . v v« v vt e e e 392
10. Missile autopilot design via minimax optimal control of stochastic un-
certain systems 393
101 IntroduCtion . . . o v v v v v o e e e e e e e e 393
10.2 Missile autopilotmodel . . . . .. .. ... . oo 394
10.2.1 Uncertainsystemmodel . . .. ... ... ........ 395
10.3 Robustcontrollerdesign . . . . . ... ... ... . 399
10.3.1 State-feedback controllerdesign . . . . . . . . ... ... 399
10.3.2 Output-feedback controllerdesign . . . . . . .. ... .. 399
10.4 Conclusions . . . . . . . v o o oo 401
11. Robust control of acoustic noise in a duct via minimax optimal LQG
control 403
11,1 Introduction . . . . v v v v o et e e e e 403
11.2 Experimental setup and modeling . . . ... ........... 404
11.2.1 Experimentalsetup . . . . . .. ... ... 404
11.2.2 System identification and nominal modelling . . . . . . . 405
11.2.3 Uncertainty modelling . . . ... ... .......... 405
11.3 Controllerdesign . . . . . . . .. ... oo 408
11.4 Experimentalresults . . ... ... .. ... ... 414
11.5 Conclusions . . . v v v v v v v v v e e e 417
A. Basic duality relationships for relative entropy 419
B. Metrically transitive transformations 421
References 427

Index 449



