Contents

1 Imtroduction........... ... . . . . ... .. . . 1
1.1  Frequency Domain Methods for Nonlinear Systems. . . ... ... 1
1.2 Frequency Domain Analysis Based on Volterra Series
Expansion. . .......... .. 3
1.3 The Advantages of Volterra Series Based Frequency Domain
Methods, and Problems to Be Studied . ... ............... 5
2 The Generalized Frequency Response Functions and Output
Spectrum of Nonlinear Systems . . ... ...................... 9
2.1 Volterra Series Expansion and Frequency Response
Functions. . . ... .. 9
2.1.1 The Probing Method . . ... .......... ... ... ... 10
2.2 The GFRFs for NARX and NDE Models. . ............... 13
2.2.1  Computation of the GFRFs for NARX Models. . . . . . 14
2.2.2  Computation of the GFRFs for NDE Models. . ... ... 15
2.3  The GFRFs for a Single Input Double Output Nonlinear
SYStEIM . o ot e 17
2.4  The Frequency Response Functions for Block-Oriented Nonlinear
SYSIEMS .« v ottt e 23
24.1  Frequency Response Functions of Wiener Systems. . . 23
2.4.2  The GFRFs of Wiener-Hammerstein or Hammerstein
Systems. .. ... 25
2.4.3  Extension to a More General Polynomial Case . . . . . . 27
2.5 ConCluSionS. . . ..ottt e 29
2.6 Proof of Proposition 2.1.......... ... ... .. ... ... . ... 29
3 Output Frequency Characteristics of Nonlinear Systems. . . ... .. 31
3.1 Introduction.............. .. ... ... 31
3.2 Output Frequencies of Nonlinear Systems. . .. ............ 32
3.3  Fundamental Properties of Nonlinear Output Frequencies. . . . . 33
3.4  Nonlinear Effect in Each Frequency Generation Period. . . . ... 38

3.4.1 Nonlinear Effect of Different Input Nonlinearities. . . . 41



Xii

Contents
35 Conclusion. . .........o.i i 49
3.6 Proofs. .. ... 49
Parametric Characteristic Analysis. ........................ 53
4.1  Separable Functions. . ................. .. .. ... .. ... 53
4.2  Coefficient Extractor. . .. ........ ... ... . .. ... 55
4.3  Case Study: Parametric Characteristics of Output
Frequencies. . ... ... ... ... ... 58
44 Conclusions. .. .......iii 62
45 Proofof Property 4.1.. ... ... ... . ... 63
The Parametric Characteristics of the GFRFs and the Parametric
Characteristics Based Analysis. . .. ........................ 65
5.1 The GFRFs and Notations. . .. ........................ 65
5.2 Parametric Characteristics of the GFRFs. ... ............. 67
5.3  Parametric Characteristics Based Analysis. ............... 74
5.3.1 Nonlinear Effect on the GFRFs from Different Nonlinear
Parameters. . .......... ... .. 74
54 Conclusions. . ... ...t 79
5.5 Proofs. ... ... 81
The Parametric Characteristics of Nonlinear Output Spectrum and
Applications. . .. ... ... ... ... 83
6.1 Introduction............. ...ttt 83
6.2  Parametric Characteristics of Nonlinear Output Spectrum. . . . . 83
6.2.1  Parametric Characteristics with Respect to Some Specific
Parameters in Cp, ;. .. ... .o 87
622 AnExample.......... ... ... . .. i 90
6.3  Parametric Characteristic Analysis of Nonlinear Effects on
System Output Frequencies. . .. ....................... 93
6.4  Parametric Characteristics of a Single Input Double Output
Nonlinear System . . .. ...ttt 99
6.4.1  Parametric Characteristic Analysis for
Hy(jor, - jog) . oo 100
6.4.2  Parametric Characteristic Analysis for
HY (o, - joy) . oo 102
6.5 ConClusionS. . ..... ..ottt 108
6.6 Proofs....... ... ... 109
The Parametric Characteristics Based Output Spectrum Analysis. .. 113
7.1 Introduction. . ............o. it 113
7.2 The Parametric Characteristics Based Output Spectrum
AnalysiS. . .. 113
7.2.1 A General Frequency Domain Method . . . .. ....... 114

7.2.2  Determination of Output Spectrum Based on Its
Parametric Characteristics . . . .. ................ 117



Contents Xiii

10

7.3 Simulations. . ... ... ... e 121
7.3.1  Determination of the Parametric Characteristics

of OFRF ... ... ... . . . . . . . . 123

7.3.2  Determination of ®(jw) for the OFRF............. 123

7.4  Conclusions and Discussions. . . ....................... 130

Determination of Nonlinear Output Spectrum Based on Its

Parametric Characteristics: Some Theoretical Issues. . ......... 133
8.1 Introduction. .............. ...t 133
82 TheProblem. ....... ... .. i 134
8.3  Solution Existence Theorem. ... ...................... 137
84 Simulations. .......... ... . 143
8.5 ConcClusions. .. ..... ... 147
8.6 Proofs. ...... ... . ... 148
Nonlinear Characteristic Output Spectrum. . . .. ............. 153
9.1  Introduction. .. ........ ..ot 153
9.2 Nonlinear Characteristic Output Spectrum (nCOS) and the
Problem........ .. .. .. . . . . 154
9.3  Accurate Determination of the nCOS Function. . ........... 156
9.3.1 Computation of the nth-Order Output Spectrum. . . . .. 156
9.3.2  Determination of the nth-Order nCOS Function. . . ... 159
9.4 Example Studies. . ......... ... . 161
9.4.1 Identification of a Polynomial Function. . .......... 161
9.4.2  Analysis of Nonlinear Suspension Systems. ... ... .. 163
9.5 ConclusionsS. . ... ....... . 174
9.6  Proofs. ...... ... .. 174
Using Nonlinearity for Output Vibration Suppression: An
Application Study . . . . ........ .. . 179
10.1 Introduction. ... ......... ... ... 179
10.2 Problem Formulation. ............. ... ... ... ...... 180
10.3 Fundamental Results for the Analysis and Design of the Nonlinear
Feedback Control . . . ... ... ... i 183
10.3.1 Output Frequency Response Function. . . .......... 183
10.3.2 The Structure of the Nonlinear Feedback Controller. .. 188
10.3.3  Stability of the Closed-Loop System. ............. 188
10.3.4 A Numerical Method for the Nonlinear Feedback
Controller Design. .. ........... ... 190
10.4 Simulation Study. . ........ ... ... . . . 192
10.4.1 Determination of the Structure of the Nonlinear
Feedback Controller. . ........................ 192
10.4.2 Derivation of the Stability Region for the
Parameter az. .. ... ... ... .. 194
10.4.3 Derivation of the OFRF and Determination of the
Desired Value of the Nonlinear Parameter as . . ... ... 195

10.4.4 SimulationResults. .............. .. .. ........ 196



Xiv

11

12

13

Contents
10.5 ConclusionsS. . .. ..o vttt 203
10.6 Proofs. .. ... ... 203
Mapping from Parametric Characteristics to the GFRFs and Output
Spectrume. . . ... ... . 207
11.1 Introduction............. ..., 207
11.1.1 Some Notations for This Chapter. . .............. 208
11.2  The nth-Order GFRF and Its Parametric Characteristic. . . . . . . 210
11.3  Mapping from the Parametric Characteristic to the nth-Order
GERF . . . 211
11.4 Some New Properties. . ... ..., 220
11.4.1 Determination of FRFs Based on Parametric
CharacteristiCS . . . . oottt 220
11.4.2 Magnitude of the nth-Order GFRF. . ... .......... 222
11.4.3 Relationship Between H,(jw,, - -,jw,) and H,(jo{). . . 224
11.5 ConcClusions. . . ... ..ottt 232
11.6 Proofs. .. ... ... 232
The Alternating Series Approach to Nonlinear Influence in the
Frequency Domain..................................... 237
12.1 Introduction. ... ........ ... ..ottt 237
12.2  An Outline of Frequency Response Functions of
Nonlinear Systems . . . . . .ottt 238
12.3 Alternating Phenomenon in the Output Spectrum and
ItsInfluence. . ...... ... .. . .. 243
12.4  Alternating Conditions . . . .. ... ...ttt 249
125 Conclusions. . ...ttt 268
Magnitude Bound Characteristics of Nonlinear Frequency Response
Functions. . . ... ... . . ... . . 269
13.1 Introduction. ........... ... ..ottt 269
13.2  The Frequency Response Functions of Nonlinear Systems and the
NARX Model . . ... .. 270
13.3 Bound Characteristics of NARX Model in the Frequency
Domain......... ... . 272
13.3.1 Notations and Operators. . .. .........c..o.von... 272
13.3.2 Bound Characteristics of the GFRFs. ... .......... 274
13.3.3 Bound Characteristics of the Output Spectrum. . . .. .. 279
13.4 A Numerical Example............... .. ............. 285
13.5 Magnitude Bound Characteristics of the SIDO NARX
System. .. ... 289
13.6 Conclusions. . . ...t 295

13.7 Proof of Proposition 13.1........... ... . ... .. ..... 296



Contents

XV

14 Parametric Convergence Bounds of Volterra-Type Nonlinear
SyStems . . . ..o 297
14.1 Introduction. .. .......... ...t 297

14.2 The NARX Model and Its Volterra Series Expansion

Problem. .. ... .. 298
14.3 The Convergence Criteria. . . ... ... 299
144 Examples. ... ..ot 305
145 Conclusions. . . ....... . 316
146 Proofs. .. ... 317
15 Summary and Overview. ... ...... .. ... . ... .. ..., 321
References. . ... ... . . 325



2 Springer
http://www.springer.com/978-3-319-12390-5

Frequency Domain &nalysis and Design of Nonlinear
Systems based on Volterra Series Expansion

& Parametric Characteristic Approach

ling, ¥.; Lang, £,

2015, XV, 331 p. 67 illus., Hardcowver

ISBEN: 978-3-319-12390-5



	Contents

