Contents

1 Introduction........... [N sereassassnssnsasesrsesasarsasasasasesnne 1
1.1 Decentralized Control SYStems........cccvueiiiiiiiniiiiieianiniirnenian |

1.2 Control Configuration Selection: An Overview.......c....cooveneneee. 3
1.2.1 The Relative Gain Array (RGA)....ccocovvviiiiiiiiiiiiiiniannn, 4

1.2.2 Advanced Techniques.........ocveveiriiviieiiiniiiniiinenennn: 6

1.3 Open Problems and Future Trends.............cocoviiiiiiiiinnann, 10

1.4 Scope of the BOOK.......coiuiiiniiiiiiiireiii e 11
RefereNCES. .. vttt e e 12

2 Control Configuration Selection of Linear Multivariable Plants:

The RGA Approach......cevcereiereiecancersinnnnses cesracese sensesesnrasnons 13
2.1 INtroducCtion, ......cooiiuiiiiiniiiiii e e 13
2.2 The RGA Fundamentals..........ccooviniiiiiiiiniiiiiiirneinieeenas 13
2.2.1 The Basic Principles.......cocovveiveiiiieiiiiiiiinieninceenn 13
2.2.2 The RGA Properties. ..c..oovuviinineriiienineiinieninirieenrennsne 18
2.2.3 Pairing and Integrity.......covvveriirvireneriiiiiniie e 24
23 PairingRules...........ooooiiiii 38
2.4 Control Configuration Selection of Nonsquare and Unstable
Multivariable Plants............ccooiiiiiiiiiiiii i 42
2.4.1 Control Configuration Selection of Nonsquare
Multivariable Plants...........c...ccooiiiiiiiiii e 42
2.4.1.1 The Nonsquare Relative Gain..................o..... 43
2.4.1.2 The Nonsquare Relative Gain Array Properties.... 46
2.4.1.3 Squaring Down the Nonsquare Plant................. 49
2.4.2 Control Configuration Selection of Unstable Multivariable
Plants.....cccooviniiiiii e, 51
2.5 ConCIUSION. . ...iuiiiiiiiiiiii e es e er e s e e e 53
ReferenCes. . o.venitieii it e e 54

3 Control Configuration of Linear Multivariable Plants: Advanced

RGA Based Techniques...c.cvieiniuiienienncerirercecnsecioracanes cersussacanne 57
3.1 INtrodUCHON. ...vecniiiiinni ittt 57
3.2 The Dynamic Relative Gain Afray.........coocienviiviineniiinennn.. 58

3.2.1 Problem Formulation and a Basic Dynamic Extension........ 58
3.2.2 An Advanced Dynamic Extension of the RGA................. 64



VI Contents

3.2.3 The Effective Relative Gain Array......c..coceeevvvevenrnnnnn. 68

3.3 The Partial Relative Gain...........covviiiiiiiiiiii e e 76

3.4 The Relative Interaction Array......cocovveeeiieienenneininneirineneninn 81

3.4.1 The Relative Interaction Array and the Pairing Rules......... 83

3.5 Block Pairing and Block Relative Gain..........cccccovvvneirienninnnn, 85

3.5.1 A Brief Review of the Methods...........ccovvveivieininennnnn. 86
3.5.2 Fundamental Results in Block Relative Gain and Block

Paifing......oooniiiiiiiiiii e 87

3.6 ConCIUSION. . .oiie i e e 96

RETErENCES. (. ieet it e 97

4 Control Configuration Selection of Linear Multivariable Plants:

SSV and Passivity Based Techniques.....c..ceeveernreenirsrererererennann 99
4.1 INroduction.........oeuiieieiiiiii i 99
4.2 SSV Approach to Input-Output Pairing.............o.coeviviiinennn... 99
4.3 An Alternative Approach to Control Configuration Selection

Based on Passivity.......cocoveniiiiiiiiiiiiiiiiii e 105

4.3.1 Passivity Definition and Fundamental Results................. 105

4.3.2 Passivity Based Pairing Rules..................ocoovevivennin.n, 109
4.4 Conclusion......c..vvuiiiiiiiiiieiie e 112
REfEIENCES. v uvvviiniiii it 112

5 Control Configuration Selection of Linear Multivariable Plants

Based on the State-Space Models............. svesesesssasrancansese ceerenns 115
S0 INroduCtON. c..vveeninii e 115
5.2 Elements of Linear System Theory........c.cccoveuviiviiiiineiiinnenn, 115
5.2.1 Controllability and Observability Gramians.................... 115
5.2.2 Balanced Realization..........c.coeviviiiiiiiiiinininienininan.n, 119
5.3 Singular Perturbation Based Input-Output Pairing..................... 120
5.3.1 Singular Perturbation...........ccooeeveviiiiniiniiiininiiniinnn 120
5.32 TheDynamic RGA......cccioiiiiiininiiiriiin v 122
5.4 The Participation MatriX.....c.c.oooieiivniiniiiierinininiicieeenenaes 125
5.4.1 Gramians in Multivariable Plants...................cocveniinn 126
5.4.2 The Interaction Measure...........occvevueniiiiinniiicnreennnen.. 127
5.4.3 The Participation Matrix Properties..............cocoeeeinnenen 128
5.5 The Hankel Interaction Index Arra.........c.cocveviiieniniiiiininnnen.. 131
5.5.1 The Hankel Interaction Measure............coeevvverneninenennn. 132
5.6 The Dynamic Input-Output Pairing MatriX..............oooeinini 135
5.6.1 Input-Output Pairing Using the Cross-Gramian Matrix...... 135
5.7 ConCIUSION. ... ivueietitte e it e e e 137
| S (= (T R PPN 138

6 Control Configuration Selection of Nonlinear Multivariable
Plants.....cccovuevimernenrneeiensenes ceersesnenes ceeeseasersrrassassassissanas e 139
0.1 InrodUCHON. ...oveientreeeiiiiiii e es e 139
6.2 Elements of the Nonlinear System Theory......c....ooeeevevenennennn, 139



Contents X

6.3 Control Configuration Selection for the Affine Nonlinear

Multivariable Plants.....ooveviieireiiniaiieaieaieetenereeccmorienneienns 143
6.3.1 Relative Order as an Overall Measure of Control
Configuration..........cooiviviiiniiiiiiiiii i 143
6.3.2 Evaluation of the Control Configuration........................ 148
6.3.3 Input-Output Pairing Rule using the Relative-Order
Y 21 4 5 S PN 151
6.4 The Nonlinear RGA......oiiiiviiiiiiiiiiii i rrencii e e e 156
6.4.1 An Extension of the RGA for Nonlinear Multivariable
PlanES. vt iiceier et aeira et ia e 156
6.4.2 The Nonlinear-RGA for Affine Nonlinear Multivariable
| Y 1 OO 161
6.4.2.1 Pairing Rules..........cooeviviiiiiiiiiiiin, 164
6.4.3 Linear Interpretation of the Nonlinear-RGA.................... 164
6.5 CONCIUSION. ..ttt iernesiireennnserrerraraeraraestsasronsessastiseenssnenns 171
L3S (= 153 1o e T PO 171

7 Control Configuration Selection of Linear Uncertain Multivariable

PlantS..ccccceeiereerierereionerersossasssnssssscsnsnosnsessass ceererseseenas creesane 173
7.1 INtrodUCHON. ..ot ieiiicet et eaeeen e a e e rb s eeasaaaens 173
7.2 The Preliminary Approaches.........ccoocviviniiiiiiiinnniiinennnenn. 174

7.2.1 Structured Uncertainties and RGA Robustness................. 175

7.2.2 Input Uncertainties and RGA Robustness..............c........ 184

7.2.3 Condition Number and the Uncertainty Analysis............... 186
7.3 Statistical Based Approach to Uncertainty and Control

Configuration Selection...........ooovveiiiiiiiiii 189
7.4 Pairing in Norm-Bounded Uncertain Plants..........c....oooeiinniin 191
7.5 Pairing of Uncertain Multivariable Plants Using the DIOPM......... 202

7.5.1 Some Norm Properties..........coveviiieneniiiiiiiiinin 202

7.5.2 TheMain Result......cccovvviiiiniiiiiiiiiiiiiiiieneee 203
7.6 Adaptive Input-Output Pairing of Unknown Multivariable

24 F0 5 PO PP 209

7.6.1 Reconfigurable Architecture of the Decentralized

61011103 | (5 S OSSR 211

7.7 CONCIUSION. ettt ettt e e e e eaenes 216
R EIEIICES. v vneereeteareaseeneen e e et e ienseteassaratenaeaeansnenannne 217
Appendix: Mathematical Models Used in Examples...... cresssnresesare 219
A.l1 Distillation Column Transfer Function Matrices.............coceiee 219
A.2 State Space Models.......ooviiiiiiiii 221
A.3 Nonphysical Transfer Function Matrices.............c.ooeeniininn. 225
REFCTENCES. ¢ . evvvninienineeeenenrerenree e seaatanetstaeaanentaensarasraasrnsn 228



