Mechatronic
Systems

Fundamentals

Rolf Isermann °
i r b g 8




Contents

Listof Symbeols ....... ... . ... i Xix
1 Integrated Mechanical Electronic Systems . .. ............... 1
From Mechq,nical to Mechatronic Systems .............. 1
Mechanical Systems ... 6
1.2.1  Mechanical Systems in Mechanical Engineering ... 8
1.2.2  Mechanical Systems in Precision Mechanic
DEVICES © vt e it e 9
123  Micromechanics ......... ... 9
1.2.4  Mechanical Systems in Apparatus
(Process Engineering) ..............ooooa. ... 10
©1.2.5  Confinement of Mechatronic Systems .......... 10
1.3 Functions of Mechatronic Systems ................... 13
131 Design ... 11
1.3.2  Distribution of Mechanical and Electronic
Functions . ............. PP 12
1.3.3  Operating Properties ........................ 13
134 NewPFunctions ............................ 13
1.3.5 Other Developments ........................ 14
1.4 Integration Forms of Processes and Electronics ......... 14
1.5 Ways of Information Processing ..................... 18
1.5.1 Multi-level Control Systems . ................. 18
1.5.2  Special Signal Preprocessing ................. 19

1.5.3 Information Gaining ............... e or.u. i9



X

Contents

1.54 Model-based Methods of Control . ............ 20
1.5.5 Supervision and Fault Diagnosis .. ............. 21
1.5.6 Intelligent Systems .. ....................... 22
1.6 Design Procedures for Mechatronic Systems . ........... 24
1.7 Contentsofthis Book ................ ... ... ...... 29
Fundamentals of Theoretical Modeling of Technical
Processes . ........ . e 33
2.1 Theoretical and Experimental Modeling ............... 34
2.2 Classification of Process Elements .. .................. 37
221 FormsofMatter............ ... .ot ... 37
2.2.2 Main Flowsand Side Flows .................. 38
2.23  Process Elements with Lumped Parameters ...... 40
2.2.4  Process Elements with Distributed Parameters . ... 46
2.3  Fundamental Equations of Process Elements with Energy
and Matter Flows .. ... . ... .. ... . . i 46
23.1 Balance Equations .......................... 47
2.3.2  Constitutive Equations . ..................... 51
2.3.3  Phenomenological Equations ................. 68
2.4  Energy Balance Equations for Lumped Parameter
PrOCESSES . . ot e 71
2.4.1  Energy Balance for Mechanical Systems ........ 71
242 Energy Balance for Thermal Systems (Rigid
Bodies, Fluids) ............................ 77
243 Energy Balance for Gases and Steam ........... 79
2.44 Energy Balance for Electrical Systems .......... 83
245 Common Properties of Balance Equations ....... 85
2.5 Connection of Process Elements . .................... 88
2.51 Node Equation and Mesh Equation . .. .......... 88
2.5.2 Causality of Process Elements ................ 91
2.6 Analogies between Mechanical and Electrical Systems . ... 94
27 SUMIMALY .ottt e 97
28 Problems ... 99
Fundamental Equations of the Dynamics of Mechanical
Systems with Mobile Masses ........................... 101
3.1 Newton’s Laws of Kinetics ........................ 102
3.1.1  Translational Motion ....................... 102
3.1.2 Rotational Motion . .......... ... ... ........ 103
3.2 Principles of Mechanics ........................... 106
321  d’Alembert’s Principle .......... ... ... ... 106

3.2.2 Lagrange’s Equations ...................... 109



Contents xi

33 Problems ... ... ... 114
Mechanical Elements . ................. ... ............ 115
4.1 Bars .. 116
42 SPIDES ..ot e 118
43 DA oIS Lo e 121
43.1 Dampers with Dry and Viscous Friction .. ...... 121
432 Spring-damper Systems .................... 122
44 Bearings ...t e e 124
44,1 SlidingBearings ... 124
442 RollerBearings ........ ..o, 125
4.5  One-mass Oscillator (Spring-mass-damper Systems) .... 128
4.5.1 Longitudinal Oscillators .................... 128
452 Torsional Oscillators .. ..................... 133
46 Multi-mass Oscillators ........ ... .. oL, 134
4.6.1 Two-mass Torsional Oscillator with One Spring . 134
4.6.2 Two-mass Torsional Oscillator with Two Springs
........................................ 140
4.6.3 Two-mass Torsional Oscillator with Gear and
OneSpring ...t 142
464 Power Transmissions ...................... 146
465 BeltDrives ........ ... ... . ... 151
466 Absprbersand Dampers .................... 158
47 Mechanical Systems with Friction ................... 159
4.8 Mechanical Systems with Backlash .................. 162
49 Problems ........ .. . 164
Electrical Drives . ......... ... ... .. .. ... .. ... ... 167
5.1 Types of Electrical Drives ...................... 167
5.2 Electromagnets .........c.viiiiieeininannnnnn 170
5.2.1 Types of Electromagnets ................. 170
522 The MagneticField ..................... 171
5.2.3 Static Behavior of Simple Magnetic Circuits . 173
5.2.4 Dynamic Behavior of Simple Magnetic
Circuits ....... ... .. i, 175
5.2.5 Static Behavior of Electromagnets ......... 177
5.2.6 Dynamic Behavior of Electromagnets and
PositionControl . ............ ... . ...... i81
53 Direct Current Motors .. ....................... 184
53.1 Induced Voltage ........................ 186
5.3.2 Torque Generation . ..................... 187

5.3.3 Dynamic Behavior . .................. ... 188



xil

Contents

5.4

5.5

5.6

5.7
5.8

53.4 StaticBehavior ........ ... .. ... ..
5.3.5 Speed and Position Control ...............
5.3.6 Brushless DC Motors (Electronic
Commutation) .........................
5.3.7 Special Typesof DCMotors ..............
Alternating Current Motors (AC) .. ...............
54.1 InductionMotors .......................
542 SynchronousMotors ....................
Single-phase Motors ... ......... .. ... .. .. .n.
5.5.1 Commutator Motors (Universal Motors) .. ...
5.5.2 Squirrel-cage Motors ....................
Power Electronics .. ... .. ... ..o
5.6.1 PowerComponentParts .................
562 PowerCircuits ..................0o.....
Internally or Externally Commutated Electromotors . .
Problems ......... .o

Machines and Drivetrains ...........................

6.1

6.2
6.3

6.4

6.5

6.6

6.7

6.8

6.9

Coupling of Machine Components to Complete
Machines ........ ... ... ... ... i
Characteristics and Stability of Machines ..........
Static Behavior of Power-generating and Power-
consuming Machines ......... ... ... .. ...,
Dynamic Model of a Combustion Engine Test

Stand ... e e

-Dynamic Behavior of a Machine Tool Feed Drive . ..

6.5.1 A Feed Drive and its Components . . ........
6.5.2 Identification of the Feed Drive Control

Systerm ... e e
Dynamic Model of an AC Motor and Centrifugal
Pump System ...... ... .. i
6.6.1 Theoretical Model of Centrifugal Pumps . ...
6.6.2  Overall Model of the Pumping Plant

and Identification . .................. ....
Dynamic Model of an Automobile Drivetrain ..., ...
6.7.1 Components of an Automotive Drivetrain ...
6.7.2  Drivetrain Model with Driveshaft Elasticity . .
Dependency of System Behavior on the Operating
POIDE o e
6.8.1  Storage with and without Feedback . ..., . ...
6.8.2 Tuning of Controller Parameters ......,....
Advanced Control of Mechanical Systems .........
6.9.1 Lower Level Feedback Control ............

243
248

257



Contents xiil

6.9.2 Higher Level Feedback Control ........... 289
693 AdaptiveControl .......... ... oL, 290
694 FuzzyControl ................. .. ... ... 290
6.10  Problems............ e 291
Identification of Dynamic Systems .................... 293
7.1 Identification Methods ........ ... .. .o, 293
7.1.1 General Procedure ...................... 293
7.1.2 Classification of Identification Methods .. ... 294
7.1.3 Identification Methods . .................. 295
714 TestSignals .........covviruenniiaain, 298
7.1.5 Closed-loop Identification . ............... 299
7.1.6 Typeof Application . .................... 299
7.2 Parameter Estimation for Discrete Time Signals .. ... 299
7.2.1 Method of Least Squares (LS) . ............ 300

7.2.2 Recursive Method of Least Squares (RLS) ... 303
7.2.3 Modifications of the Least Squares Method .. 303
7.3 Parameter Estimation for Continuous Time Signals .. 303

7.3.1 Methodof Least Squares ................. 304
7.4 Time-varying Systems ......... ..., 306
7.5 Non-linear Processes . .......cvirveinnen.n, 308
7.5.1 Parameter Estimation with Classical
Non-lingar Models . ..................... 308
7.5.2  Artificial Neural Networks ............... 309
7.53 Fuzey-logicMedels .............. ... .. 323
7.5.4 Grid-based Look-up Tables for Static
Systems ... 325

7.5.5 Parameter Estimation for Non-continuously
Differentiabie Non-linear Processes

(Friction and Backlash) .................. 327

76  Problems ............... ... 331
Models of Oscillations and their Identification .......... 333
8.1 Harmonic Oscillations .......... ... .. ..o oo, 333
8.1.1 Single Oscillations ...................... 334

8.1.2 Superposition .. ... ... .o i 334

8.1.3 Amplitude Modulation .................. 334

8.1.4 Frequency and Phase Modulation .......... 335

8.1.5 Beating (Libration) ..................... 337

8.1.6  Superposition and Non-linear Characteristics . 338

8.2 Identification of Harmonic Oscillations . ........... 339

8.2.1 BandpassFiltering ...................... 339



xiv  Contents

10

822 VFourierAnalysis ....................... 340
8.2.3 Correlation Functions ................... 340
8.2.4 Fourier Transformation .........,........ 341
8.2.5 Fast Fourier Transformation (FFT) ......... 343
8.2.6 Maximum-entropy Spectral Estimation . . .. .. 347
8.2.7 Speed Signal Analysis of Combustion
Engines ..........ooiiiiiiiiiiiiain., 353
83 Problems ........ ... ... i 357
SenSOrs . ... .. e 359
9.1 Measuring System ......... ... .. o e 360
9.2 Classification of Sensors ....................... 360
9.3 Sensor Properties .......... ... ... .. i 362
9.4 Signal Types, Transducers, Measuring Amplifiers ... 363
9.5 Displacement Measurement ..................... 364
9.6 Velocity Measurement ......................... 368
9.7 Acceleration Measurement ... ................... 370
9.8 Vibration and Oscillation Measurement ... ......... 372
9.9 Force and Pressure Measurement ... .............. 372
9.10 Torque Measurement .......................... 373
9.11 Temperature Measurement . ..................... 373
9.12  Analog-to-Digital Conversion ................... 376
9.13  Electromagnetic Compatibility (EMC) ............ 377
9.14  Integrated and Intelligent Sensors ..............,, 378
915 Problems....... ... ... i 381
Actuators ... ... e 383
10.1  Basic Structures of Actuators . ... ................ 384
10.2  General Survey of Actuators .................... 387
10.2.1 Types of Auxiliary Energy ............... 387
10.2.2 Actuator Behavior and Control ............ 389
10.2.3 Requirements for Actuators and Servo-drives . 392
10.3  Electromechanical Actuator Drives ............... 392
10.3.1 Electrical Motors . ...................... 393
10.3.2 Electromagnets ........................ 404
104 Hydraulic Actuators ............ ... ... ...... 406
10.4.1 Hydraulic Actuation Systems ............. 407
10.4.2 Hydraulic Components and their Models .... 408
10.4.3 Models of an Hydraulic Servo-axis: An
Example . ........... ... .. ... ... ... 429
10.5 Pneumatic Actuators .. .................oioen... 439



11

Contents Xv

10.5.2 Pneumatic Components and their Models . ... 442
10.5.3 Model-based Control of a Pneumatic Servo-
AXIS - v e e 452
10.5.4 Models of a Pneumatic Valve ............. 456
10.6  Unconventional Actuators ...................... 457
10.6.1 Thermo-bimetals ....................... 458
10.6.2 Shaped Memory Alloys .................. 459
10.6.3 Thermal Expansion Elements ............. 462
10.6.4 Electrochemical Actuators ... ............. 463
10.6.5 Electro-rheological and Magneto-rheological
Fluids ......... . ... ... i 463
10.6.6 Piezoelectric Actuators .................. 465
10.6.7 Electrostrictive and Magnetostrictive
Actuators ....... ... ... ... .. 469
10.6.8 Micro-actuators ........................ 470
10,7  Comparison of Application Areas ................ 471
10.8  Actuators as System Components ................ 474
10.8.1 Ports ... ... . ... ... ... ... 475
10.8.2 Integration of Actuator and Process ......., 475
10.8.3 Tmplemented Functionality ............... 475
10.9  Fault-tolerant Components .. .................... 476
10.9.1 Fault-tolerance for Components ........... 476
10.9.2 Fault-tolerance for Control Systems ........ 480
10.9.3 Fault Detection for Sensors, Actuators
‘:and Mechatronic Servo-systems ........... 480
10.9.4 Fault-tolerant Components for Mechatronic
Systems . ..., 481
10.9.5 Fault-tolerant Sensors . .............. ..., 481
10.9.6 Fault-tolerant Actaators . .. ............... 484
1010 Problems .. .. ... i e 485
Microcomputers ......... ... ... . ... ... ... 487
I1.1  Microcomputer Structure ....................... 489
11.2  Standard Processors .............. ... ... ..... 490
11.2.1 Standard Processor Architecture ........... 492
11.2.2 Software for Standard Processors .......... 405
113 Memory ... e 497
114  Interfaces to the Process (Peripherals} ............. 501
1141 Analoglnputs ......................... 502
11.4.2 Digital and Binary Inputs . ............... 504
1143 AnalogOutputs ........................ 504
11.4.4 Digital and Binary Qutputs ............... 505
11.5 Microcontrollers . ............................. 506



xvi Contents

11.5.1 Architecture of Microcontrollers .. ......... 507
11.5.2 Software for Microcontrollers ............. 510
11.6  Signal Processors ..., 510
11.7  Application-specific Processors (ASICS) ........ ., 512
11.8  FieldBusSystems ..............couuiuneann, ., 514
11.8.1 NetTopologies ........................ 515
11.8.2 BasicBus Functions .................... 517
11.8.3 OSI (Open System Interconnection)
ReferenceModel ....................... 517
11.84 Profibus ........ . .. 519
11.85 CANBus ... i 523
12 Examples for the Design of Mechatronic Systems:
Modeling, Control and Diagnosis . .................. .. 527
121 Electromagnetic Actuator: Non-linear Control and
FaultDetection ............. ... .. ..ciian.., 527
12.1.1 Model-based Compensation of Non-linearities . 527
12.1.2 Electromagnetic Actuator ................. 529
12.2  Electrical Throttle Valve for SI Engines: Modeling
and Fault Diagnosis ........................... 535
12.3  Semi-active Vehicle Suspensions . ................ 538
12.3.1 Passive Vehicle Suspensions .............. 538
12.3.2 Semi-active Suspensions ................. 543
12.3.3 Dynamic Models of a Quarter-car .......... 549
12.3.4 ldentification of a Quarter-car Model ....... 551
12.3.5 Suspension Control ..................... 554
12.3.6 Simulations of a Semi-active Two-chamber
AirSpring ....... ... oo 559
124  Electromechanical Disc Brake (EMB) ............. 560
12.4.1 Introduction ........... P 560
1242 WheelModule ......................... 562
1243 BrakeModel .......................... 564
1244 Simplified Brake Model ................. 567
12.4.5 Simulation and Measurement ............. 568
12.5  Control Prototyping and Hardware-in-the-loop
Simulation ......... ... .. 569
12,51 SimulationMethods ..................... 569
12.5.2 Rapid Control Prototyping for Engine Control
..................................... 571
12.5.3 Hardware-in-the-loop Simulation for Diesel
Engines ......... ... .o i, 5372
12,6 IndustrialRobot ........ ... ... ... ... ... ..., 577

1261 Modeling . ...... ... oiiiiii i 578



1262 CoNtrol .. oo e 583
12.6.3 System Structure ... 585
OUEIOOK  « o oot e et e e 587
REFEIENCES o v vt v et e et ie e et a et e 589



