CONTENTS

LISt Of TADIES ...t e b e XV
O 104 oo [ Tox £ o o SRS 1
1.1 The Marine Diesel PropulSion SYSteM........ccccveeveeeeieereere e 1
111 HiStOrCal NOE.....ocicereeecierees et 1
1.1.2  Marine Engine Configuration and Operation..........c.ccecevvrveeereesennens 1
113  The SCrew Propeller...... e 6

1.2 Contribution of thiSWOIK ........cccoiiiiiiiiee e 8
121  Statement of the Problem ... 8
122  Overview of the ApPproaCh........cccceeeveeceeieresie e 9
123 TEXEOUINE ..o e 10

2 Marine Engine ThermodynamiCS.......cccccieeveiieeieeseeseesceeseeseesie e see e 13
2.1 Physical ENgiNe MOEING ......covoiiiiieieieeieee e 13
2.2 Turbocharged Engine Model Variables........cceveeeveieviniese e 15
2.3 Turbocharged Engine Dynamical EQUations...........ccccccevvvievesesceceesieseniens 17
2.4 Turbocharged Engine Algebraic EqQUations ..........ccocceoerereneieneneeeeeee 20
241  Turbocharger COMPIESSOL.......ccoueruereerterueetereeeereeseeseessesseseeneeseeseeses 20
24.2 1 11= elo o] = R PRRS 21
243  Scavenging RECEIVEN ..o e 21
244  ENQGINE CYlINAES. ..ot 22
245  EXhaUSt RECEIVEN.......ccciiiiieieieee e 25
2.4.6  Turbocharger TUIDINE ......cceeeeeeerese st 27

2.5 Cycle-mean Model Summary and Solution Procedure.............ccoococecvcncnne 28
251  Direct-drive Turbocharged Engine Model Summary..........ccceeeeneee. 28
25.2  Engine Simulation Procedure...........coceeeroineeieienene e 30
25.3  Typica Case Numerical Example.......cccoceveveiivrsiene s 32
254  Torque Map Generation Procedure.........coveveeeeverereseseesieeeeseeneens 37
255  Test CaseINVeStigation ......cccoceeievieneneneeeeseeee e e e 38

2.6 SUIMIMIBIY ...ttt sttt ettt b et e b e e be s b e s e e saeesaeesbeebeennesaeesnean 42
3 MarinePlant Empirical Transfer FUNCLION.........ccoooveievininieieescsece e 43
3.1 Black-box Engine Modelling .........ccoeoiiereiniineiienee e 43
3.2 Shafting System Dynamical ANalYSIS.......cccouevveiererene e 45
321  Lumped TWO-massS MOdEl ........cccccevvreirnineceeeese e 45
3.22  Typica Case Numerical INVestigation..........ccccevvveveeenceeseeeereeienns 49
3.3 The Plant Transfer FUNCLION............cociiiiiiccce e 50
331  Black-box Model Development and Identification.............cccceeuenee. 50
332 Full-order Transfer FUNCHON..........coooiiiieieeeeee e 51
3.3.3  Reduced-order Transfer FUNCLION .........ccoceveeereneeeneneese e 55

334 Plant Transfer Function ldentification ...........ccoeeeeeevveecceecvee e, 58



Xii Contents

3.35 Identification of Typical Powerplant............cccocvvveevieenecieeieniennns 61
34 SUMMBIY ..ottt e et r et nesr e r e sreer e nseeanenens 69
4 Robust PID Control of theMarinePlant ... 71
A1 INEFOUCTION ...ttt ettt s sb e 71
411  ThePID CONtrol LBW......ccoceiereriieieneeeeieseeie e e 71
412  Proportional CONIOl........ccoeeeirierinereieeseseeie e 72
4.1.3  Proportiona-Integral Control ...........cocooeereneenensieneese e 74
414  Proportional-Integral-Derivative Control ...........ccoceeevereeieneienienieens 77
4.2 Application Aspects of Marine Engine GOVErning .........cccccevceeveevesieesnene 80
421  Functionality ReQUIrEMENES ........ccceoeereerierinere e 80
4.2.2  Spectral Analysisof Engine and Propeller Torque..........ccccocevenene. 81
423 Example of Propulsion Plant ANalySiS......cccccvvvvvvinenienencnnsenene 84
4.3 PID H-infinity LOOP ShapiNg ......ccccoeeierrerieiiee e seeseesie e ee e see e s 86
431  Theoretical NOE.......cccooireiiciereeeeee e e 86
4.3.2  PID Controller Tuning for LOOP Shaping .......cccceeereeerneeneereeneenienne 87
4.4 Pl and PID H-infinity Regulation of Shaft RPM ...........ccceveinineinineeens 88
441  Overview and REQUIFEMENES .......c.cccvrereerereesie st 88
442  ThePl Hoo RPM REQUIGLON ........eoviiriiriiiriirieeeiesieee e 89
443  ThePID Hoo RPM REQUIALOT ......ceeuiiiiieiinienieiesienieese e 91
444  Robustness Against Neglected Dynamics..........ccoeoevereenereeniennns 93
445 Numerical Investigation of a Typical Case.......cccecveveveeeneesieeiiennnns 97
4.5 D-term Implementation Using Shaft Torque Feedback.............cccooevenuneee. 103
451 Real-time Differentiation and Linear Filters.......cccceoevevecenennnne 103
45.2  RPM Derivative Estimation from Fuel Index and Shaft Torque.... 105
453  ThePID He RPM Regulator with Shaft Torque Feedforward....... 108
454  Typical Case Numerical INnvestigation ..........cccceceveeerenecenenenenen. 110
4.6 SUMIMEIY .eeiitiiiieesieeesieestesessee st s e ssaesbe e sbeesbe e s ssae e bee e saeessbae s saaeenbeeesneeensnas 112
5 State-space Description of theMarinePlant...........coceoeieieiineieiciee, 115
5.1 INEFOAUCTION ...ttt bbb e 115
51.1  Overview of the Approach.........ccccveveeiieiceiie s 115
512  Mathematical Formulation and Notation............cccceeererenenenienne. 117
5.2 The Neural Torque APProXimatorsS. .........ccoeerereeesereeesieseeesie e 122
52.1  Configuration of the AppProXimators..........cccovereererererenenenennene 122
522  Training of the APProXimatorsS........ccccceveereereeseeieesieeseeseeseeneens 127
523  Typica Case Numerical Investigation ..........ccccceevevveieeneesencnnnns 128
5.3 State Equations of the Marine Plant ... 132
5.4 State-space Decomposition and Uncertainty .........cccocceveevevcevceeveeseesee e 133
54.1 Manipulation of Equationsand Variables.........ccccccoeevvevveincnnns 133
542  State-space Parametric Uncertainty and Disturbance..................... 137
5.4.3  Uncertainty Identification of Typical Powerplant...........cc.ccceuenee.. 146
5.5 Transfer Function Matrix of the Marine Plant............ccccovininineninieenne 147
5,5.1  The Open-loop Transfer FUNCtiON MatriX ..........ccceeveveeveecvesiennnnnne 147

5.5.2 Empirical and State-space Transfer Function............cccccveeveveneene. 148



Contents  xiii

5.6 SUMIMBIY ..ottt st s sb e ae e nba e saae e naae s 151
6 MarinePlant Robust State-feedback CoNntrol ...........c.cooevivireeeieeneiene 153
L300 R 1 0 L1 Tox 1 o o 1RO 153
6.1.1.  Controller Design FrameworK...........coceoererreneneeieneneee e 153
B.1.2.  CONTOl OF N2M ..o 154
6.1.3.  Control Of UPM .....cooiiiiiiicee e 156
6.1.4.  Architecture of the Propulsion Control System .........cccceceveeeieeneenen. 157

6.2 Supervisory Setpoint Control of the Marine Plant .............ccocveeveieveiennnnn, 159
6.21  Setpoint Control REQUINEMENES.........ccceirveririseeee e 159
6.22  Supervisory Controller StrUCLUIe .........ccooeveenenieeneneee e 161
6.23  Test Case INVEStigation ........ccoeeeirieneeneree e 164
6.2.4  TheLow-pass Setpoint Filter.......ccccoveeieeeve e, 166

6.3 Full-state-feedback Control of the Marine Plant..............ccccocceiiiiinne, 169
6.3.1  Theoretical BaCkground............cocecerereenennisenese e 169
6.3.2 Practical Hoo-norm ReqUIrEMENtS.........ccoeevveveeeeseeseesee e see e 172
6.3.3  Marine Plant Regulator Synthesis..........cccveveveneieneneiesereee e 175
6.34  Test Casee MAN B&W 6L60MC Marine Plant...........cccceeveeeerennnn. 177
6.35  Robustness Against Model Uncertainty..........coceoeveienenenenenienenn 181

6.4 State-feedback and Integral Control of the Marine Plant.........cccccccovvnenee. 185
6.4.1  Steady-state Error ANAlYSIS......coccorereienieniee e 185
6.4.2  Integral Control and Steady-state Error .........c.cveeeveneienenenenienenn 187

6.5 SUMIMBIY ..ottt sb e e e e sbae e sare e naae s 189
A O [0S ¥ | = SO U TSPV SOSRT PP 191
7.1 Conclusions and DiSCUSSION........cccerueririerenrereeeeneeseesie e sreseeeeseeseeseeseesses 191
7.2 Subjectsfor Future Investigations and Research............ccveverecirecncnnns 193
Appendix A Non-linear Algebraic Systemsof Equations...........cccccevcevcvrnnen. 195
Appendix B Second-order Transfer Function with Zero ... 197
B.1 Transient Behaviour ANAYSIS......ccceiievieiieiiee e este e e s 197
B.2 Frequency Response and Heo-norm Requirements..........cccoeevveeveeseeceeenee. 199
REFEIENCES.....oeeee ettt sttt e e neenaenaesnen 205



2 Springer
http://www.springer.com/978-1-85233-543-4

Robust Control of Diesel Ship Propulsion
Xiros, M,

2002, XV, 214 p., Hardcowver

ISBN: 978-1-85233-543-4



