Contents

Preface

Acknowledgments
List of contributors

Section 1 Novel sliding mode algorithms

1.1 Lyapunov approach to higher-order sliding mode design

Abstract
1.1.1  Introduction
1.1.2  Basic mathematical tools

1.1.2.1 Stability concepts
1.1.2.2 Homogeneous systems

1.1.3  The standard HOSMC problem
1.1.4 Homogeneous HOSMC design by using CLFs
1.1.5 Two r-homogeneous CLFs
1.1.5.1 Behind the construction of the CLFs
1.1.6  Differences with the classical families of HOSMCs
1.1.7  Gain tuning
1.1.8  An academic example
1.1.8.1 Comparison between different NSCs
1.1.8.2 Comparison between different QCSCs
1.1.9  Conclusions
1.1.10 Explicit expressions for A;_;
Acknowledgments
References

1.2 Sliding surface design for higher-order sliding modes
Abstract

1.2.1

1.2.2
1.23

1.2.4

Introduction

1.2.1.1 Motivating example

1.2.1.2 Contribution

Problem statement

Preliminaries

1.2.3.1 Controllable canonical form
1.2.3.2 Relative degree and zero dynamics

1.2.3.3 Quasi-continuous higher-order sliding-mode

controllers
Pole placement
1.2.4.1 Surface design

XV
xvii

Xviii

~N N L L W W W

DD NN = — = =
AN BN W—

LW L W W W WNINN
W LN O OO

35
37
37



vi

1.3

14

Recent trends in sliding mode control

1.2.4.2 Control design
1.2.4.3 Examples

1.2.5 Singular LQR
1.2.5.1 Regularization
1.2.5.2 Surface design
1.2.5.3 Control design
1.2.5.4 Examples
1.2.6  Conclusions
Acknowledgment
References

Robust output control of systems subjected to perturbations via
high-order sliding modes observation and identification

Abstract

1.3.1 Introduction

1.3.2 Notation

1.3.3  Problem statement
1.3.4 HOSM observer

1.3.5

1.3.6

1.3.7

1.3.4.1 State estimation

1.3.4.2 Perturbations identification

1.3.4.3 Precision of the observation and identification
processes

Control of systems affected by matched perturbations

1.3.5.1 Exact output feedback stabilization

1.3.5.2 Output integral sliding mode control

1.3.5.3 EOFS and OISMC comparison

1.3.5.4 Experimental results: inverted rotary pendulum

Control of systems affected by unmatched perturbations

1.3.6.1 3-DOF helicopter example

Conclusions

References

Construction of Lyapunov functions for high-order sliding modes
Abstract

1.4.1

Introduction
1.4.1.1 Notation

1.4.2  Trajectory integration method
1.4.2.1 Example: twisting algorithm
1.4.2.2 Perturbed case
1.4.3  Variable reduction method
1.4.3.1 Example: terminal algorithm
1.44  Generalized forms approach
1.4.4.1 Polya’s theorem
1.4.4.2 SOS representation
1.4.5 Conclusions
Acknowledgment

References

38
38
42
44
46
47
47
54
54
54

57
57
57
58
59
59
61
61

62
63
63
64
64
65
67
70
74
74

71
77
77
79
79
81
84
87
89
91
93
95
97
98
98



Contents

Section 2 Properties of sliding mode algorithms
2.1 Homogeneity of differential inclusions

2.2

2.3

Abstract
2.1.1 Introduction
2.1.2  Preliminaries

2.1.2.1 Notations
2.1.2.2 Differential inclusions
2.1.2.3 Homogeneity

2.1.3  Homogeneous DIs

2.1.4  Qualitative results on homogeneous discontinuous systems
2.1.4.1 Converse Lyapunov theorem for homogeneous DIs
2.1.4.2 Application to FTS
2.1.4.3 Sufficient conditions for global asymptotic stability

2.1.5 Conclusion

References

Minimax observer for sliding mode control design

Abstract

2.2.1  Introduction

2.2.2  Notation

2.2.3  Problem statement

2.24  Min-max optimal state observer design

2.2.5 Control design
2.2.5.1 The conventional sliding mode feedback
2.2.5.2 The optimal continuous control

2.2.6  Numerical simulations

2.2.7  Conclusion

References

%,-Gain analysis of sliding mode dynamics

Abstract
2.3.1 Introduction
2.3.2  Generic %-gain analysis

233

234

2.3.2.1 Basic assumptions and definitions

2.3.2.2 Hamilton—Jacobi inequality and its proximal
solutions

2.3.2.3 Main result

A case study: first order SM dynamics

2.3.3.1 Verification of the Hamilton—Jacobi inequality
beyond the switching surface

2.3.3.2 Verification of the Hamilton—Jacobi inequality
on the switching surface

2.3.3.3 £-Gain analysis of the overall system

2.3.3.4 Numerical performance analysis

A case study: second order SM dynamics

2.3.4.1 Twisting controller

vii

101
103
103
103
104
104
105
106
107
110
110
112
113
117
117

119
119
119
120
120
122
125
125
126
126
129
129

131
131
131
132
132

135
136
138

139

140
141
141
141
141



viii  Recent trends in sliding mode control

2.3.4.2 Super-twisting observer
2.3.4.3 Output feedback SOSM control
2.3.4.4 Experimental verification on a DC motor

References

2.4 Analysis of transient motions in variable-structure systems
through the dynamic harmonic balance principle

Abstract

2.4.1 Introduction

2.4.2  Transient oscillations in Lur’es systems

2.43  Motions in the vicinity of a periodic solution

2.4.4  DHB accounting for frequency rate of change (full DHB)

2.4.5 Analysis of transient motions of rocking block through DHB

2.4.6  Analysis of asymptotic second-order SM system using DHB
principle

2.4.7  Conclusions

References

Section 3  Discretization of sliding-mode controllers
3.1 On discretization of high-order sliding modes

Abstract
3.1.1  Introduction
3.1.2  Preliminaries: sliding order and SM accuracy

3.1.7

3.1.2.1 Accuracy of SMs in the absence of noises

3.1.2.2 Accuracy of SMs in the presence of noises

Accuracy of homogeneous differential inclusions

3.1.3.1 Weighted homogeneity of DIs

3.1.3.2 Accuracy of disturbed homogeneous DIs

3.1.3.3 Accuracy of FT-stable homogeneous systems

Homogeneous continuous-time SM control

3.1.4.1 Homogeneous SISO SM control

3.1.4.2 Homogeneous MIMO SM control

Discretization of SM differentiators

3.1.5.1 Discrete differentiators and their accuracy

3.1.5.2 Convergence criteria

3.1.5.3 Discrete differentiator with variable Lipschitz
parameter L

3.1.5.4 Simulation results

Discretization of SMs

3.1.6.1 SISO case

3.1.6.2 MIMO case

3.1.6.3 Example

Conclusions

References

145
147
150
152

155
155
155
156
159
161
165

169
173
173

175

177
177
177
179
179
181
182
183
184
185
187
187
191
193
193
195

196
197
198
199
200
200
202
202



Contents

3.2 Experimental results on implicit and explicit time-discretization
of equivalent control-based sliding mode control

Abstract
3.2.1 Introduction
3.2.1.1 Explicit versus implicit discrete sliding mode
control
3.2.2  Dynamics of the plant and controllers

3.2.2.1 Implicit controller design
3.2.2.2 Plant dynamics and controllers

3.2.3  Experimental results
3.2.3.1 Comparison of the tracking errors e
3.2.3.2 Comparison of control inputs « (3.2.21) and v
(3.2.24), (3.2.25), and (3.2.27)
3.2.3.3 Summary
3.2.4  Numerical analysis of the saturation controller
3.2.5 Conclusion
Appendix 1  Some basic convex analysis tools
Acknowledgments
References

3.3 A generalized reaching law for discrete-time sliding mode

Abstract

3.3.1 Introduction

3.3.2  Definition of the bands

3.3.3 Digital application of continuous sliding mode control

334

335

33.6

3.3.3.1 Reaching phase and ultimate band

3.3.3.2 Stability of sliding mode

Simulation example

3.3.4.1 Proposed design

3.3.4.2 Gao’s design

3.3.4.3 Instability with classical design

The generalized reaching algorithm

3.3.5.1 Main analysis with band approach method
3.3.5.2 Simulation example

Summary

References

Section 4 Applications
4.1 Conventional and adaptive second-order sliding mode control of a
wind energy conversion system

Abstract
4.1.1 Introduction
4.1.2  Wind energy conversion system

4.13

4.1.2.1 Reduced-order model for control design
Sliding manifold design

X

207
207
207

208
212
212
214
219
219

224
229
229
232
233
233
233

237
237
237
239
240
243
246
246
247
248
248
249
251
254
255
255

259

261
261
261
263
266
267



4.2

Recent trends in sliding mode control

4.1.4  Adaptive SOSM design
4.1.5 Simulation results
4.1.5.1 Simulations with the reduced-order model
4.1.5.2 Simulations with the full-order model
4.1.6  Conclusions
Al WECS full-order dynamical model
A2 Nominal values of the parameters
Acknowledgments
References

Sliding mode control of a fuel cell-based electric power system:
multiple modular configurations
Abstract

4.2.1
422

423

424

425

4.2.6

Introduction

Background of direct output voltage tracking in DC-DC boost

converters: nonminimum phase phenomenon

Mathematical model of PEMFC/multiple modular DC-DC

boost converter with an individual load configuration of an

electric power system

4.2.3.1 Mathematical model of PEMFC

4.2.3.2 Mathematical model of multiple modular DC-DC
boost power converters with an individual load
configuration

4.2.3.3 Mathematical model of electric power system
comprised PEMFC/multiple modular DC-DC
converter with an individual load configuration

Mathematical model of PEMFC/multiple modular DC-DC

boost converter with shared load configuration of an electric

power system

4.2.4.1 Mathematical model of multiple modular DC-DC
boost power converter with shared load configuration

4.2.42 Mathematical model of PEMFC/multiple modular
DC-DC converter with shared load configuration of
an electric power system

Problem formulation

4.2.5.1 Problem formulation of PEMFC/multiple modular
DC-DC converter with an individual load
configuration of an electric power system

4.2.5.2 Problem formulation of PEMFC/multiple modular
DC-DC converter with shared load configuration of
an electric power system

Controller design

4.2.6.1 Controller design for the output voltages of the
DC-DC boost converters 1 and 2 in an individual load
configuration

269
273
274
279
281
283
283
284
284

287
287
287
289

290
291

293

293

294

295

296
297

297

299
300

300



4.3

4.4

4.2.6.2

4.2.63

4.2.6.4

4.2.6.5

4.2.6.6

Contents

Controller design for the output voltage of the
DC-DC boost converter and output current of the
DC-DC boost converter 2 in a shared load configu-
ration

Adaptive gain 2-SM controller design for the PEMFC
current i and iy, for individual and shared load
configurations

Inductance/PEMFC current command generator for
PEMFC/multiple modular DC-DC boost converter
with an individual load configuration of an electric
power system

Inductance/PEMFC current command generator for
PEMFC/multiple modular DC-DC boost converter
with shared load configuration of an electric power
system

The control «; and u;; design

4.2.7  Simulation study
4.2.8 Conclusion

References

Networked model-based event-triggered sliding mode control

Abstract

4.3.1 Introduction
4.3.2  Model-based event-triggered control: preliminaries
4.3.3  Strategy 1: model-based event-triggered SMC

433.1
4332

The operative modes of strategy 1
Theoretical analysis

4.3.4  Strategy 2: model-based event-triggered SMC with
pseudo-equivalent control

434.1
4342

The operative modes of Strategy 2
Theoretical analysis

4.3.5 Illustrative example

4.3.6  Conclusions

Appendix 1  Proof of theorem 4.3.1
Appendix 2 Proof of theorem 4.3.2
Appendix 3 Proof of theorem 4.3.3
Appendix 4 Proof of theorem 4.3 .4

References

Step-by-step super-twisting observer for DC series motor in the
presence of magnetic saturation

Abstract

4.4.1 Introduction
4.4.2 Mathematical model

4421

Per-unit model

X1

301

302

303

304
304
305
314
314

317
317
317
319
320
321
323

324
325
326
327
332
334
334
335
336
337

341
341
341
343
344



Xii

4.5

Recent trends in sliding mode control

443
444

445

4.4.6

4.4.7

4438

Observability analysis of the DC series motor

Observer design

4.4.4.1 Stage l: speed observation

4.4.4.2 Stage 2: load torque observation

Estimator

4.4.5.1 Switching between estimator and observer modes

Observer and estimator discretization

4.4.6.1 Discrete observer

4.4.6.2 Discrete estimator

Experimental results

4.4.7.1 Motor inductance approximation

4.4.7.2 Experimental results of closed-loop sensored control
with nonlinear flux approximation

4.4.7.3 Experimental results of closed-loop sensorless
control with nonlinear flux approximation

4.4.7.4 Experimental results under linear flux assumption

Conclusion

References

Sliding mode control of LCL full-bridge rectifiers

Abstract
4.5.1 Introduction
4.5.2 Modeling LCL rectifiers

453
454

455

4.5.6

4.5.7

4.5.2.1 Dynamical model of a single-phase LCL rectifier

4.5.2.2 Dynamical model of a three-phase three-wire LCL
rectifier

4.5.2.3 Dynamical model of a three-phase four-wire LCL
rectifier

Overall control scheme

Control design of an LCL single-phase rectifier

4.5.4.1 Zero-dynamics analysis

4.5.4.2 Inner-loop current control

4.5.4.3 Outer-loop voltage control

4.5.4.4 Simulation results

Control design of an LCL three-phase three-wire rectifier

4.5.5.1 Zero-dynamics analysis

4.5.5.2 Inner-loop current control

4.5.5.3 PI outer-loop voltage control

4.5.5.4 Simulation results

Control design of an LCL three-phase four-wire rectifier

4.5.6.1 Zero-dynamics analysis

4.5.6.2 Inner-loop current control

4.5.6.3 Outer-loop voltage control and bus balance control

4.5.6.4 Simulation results

Conclusions

References

345
347
348
349
350
350
350
351
351
352
354

354

355
358
358
359

361
361
361
362
363

364

365
366
367
368
369
369
371
371
372
373
375
376
377
378
380
380
381
382
384



Contents

4.6 Adaptive solutions for robust control of electropneumatic

actuators

Abstract

4.6.1 Introduction

4.6.2  Electropneumatic system

4.6.3  Adaptive twisting controller
4.6.3.1 Sliding variable definition
4.6.3.2 Adaptive control law design

4.6.4  Adaptive output feedback controller
4.6.4.1 Sliding variable definition
4.6.4.2 Adaptive output feedback control law design

4.6.5 Adaptive super-twisting controller
4.6.5.1 Sliding variable definition
4.6.5.2 Control law design

4.6.6  Experimental comparisons

4.6.7  Conclusions

References

Index

xiii

387
387
387
388
391
391
392
394
394
394
396
396
397
398
403
404

407



