
Table of Contents 

Preface xiii 
About the  xiii 
About this Book xiii 

 Guide xiv 
 xv 

Contributions to Examples xvii 
Contributors to the Modelica Standard Library, Version 3.2.1 xx 
Contributors to the Modelica Standard Library, Versions 1.0 to 2.1 xxi 
Contributors to the Modelica Language, Version 3.3 and Version 3.3 revision 1 xxi 
Contributors to the Modelica Language, Version 3.2 xxiii 
Contributors to the Modelica Language, Version 3.0 xxiv 
Contributors to the Modelica Language, Version 2.0 xxv 
Contributors to the Modelica Language, up to Version 1.3 xxv 
Modelica Association  Companies  Organizations  xxvi 
Funding Contributions xxvi 

 Introduction 1 

Chapter 1 Introduction to Modeling and Simulation 3 

1.1 Systems and Experiments 3 
1.2 The Model Concept 6 
1.3 Simulation 7 
1.4 Building  8 
1.5   9 
1.6 Kinds of Mathematical  10 
1.7 Using Modeling and Simulation in Product Design 14 
1.8 Examples of System  15 
1.9 Summary 18 
1.10 Literature 18 

Chapter 2 A Quick Tour of Modelica 19 

2.1 Getting Started with Modelica 19 
2.2 Object-Oriented Mathematical Modeling 26 
2.3 Classes  26 
2.4 Inheritance 30 
2.5 Generic Classes 31 
2.6 Equations 33 
2.7 Acausal    36 
2.8 The     37 
2.9 Partial  43 



vi Principles of Object-Oriented Modeling and Simulation with Modelica 3.3 

2.10 Component Library Design and Use 44 
2.11 Example: Electrical Component Library 44 
2.12 The Simple Circuit Model 46 
2.13 Arrays 47 
2.14 Algorithmic Constructs 49 
2.15 Discrete Event and Hybrid Modeling 55 
2.16 Packages 58 
2.17 Annotations 60 
2.18  Conventions 61 
2.19 Modelica Standard Library 61 
2.20 Implementation and Execution of Modelica 63 
2.21 Tool Interoperability through Functional Mockup Interface 69 
2.22 History 69 
2.23 Summary 73 
2.24 Literature 73 
2.25 Exercises 74 

 II The Modelica Language 797 

Chapter 3 Classes, Types, Declarations, and Lookup 79 

3.1  between Class Designer and User 79 
3.2 A Class and Instance Example 80 
3.3 Variables 80 
3.4  Equations 82 
3.5 Access Control 83 
3.6 Simulating the Moon Landing Example 84 
3.7 Short Classes and Nested Classes 86 
3.8 Specialized Classes 87 
3.9 Predefmed  93 
3.10  Variable Declarations 97 

 Declaration  98 
3.12 Variable Specifiers 105 
3.13 Initial  Variables 106 
3.14 Conditional Instance Declarations 107 
3.15 Declaration Order and Use before Declaration 108 
3.16 Introduction to Scoping and Name Lookup 108 
3.17 Nested Lookup Procedure in Detail 110 
3.18 The Concepts of Type and Subtype  
3.19 Use  Subtyping  Type Compatibility 124 
3.20   Type Concepts 131 
3.21 Summary 132 
3.22 Literature 132 
3.23 Exercises 133 

Chapter 4 Inheritance,  and Generics 135 

4.1 Inheritance 136 
4.2 Inheritance through Modification 148 
4.3 Redeciaration 156 
4.4  Generic Classes 168 
4.5 Designing a Class to Be Extended 173 
4.6 Adapting and Extending Libraries by class extends 175 
4.7 Summary 181 
4.8 Literature 181 
4.9 Exercises 182 



Contents vii 

Chapter 5 Components, Connectors, and Connections 187 

5.1 Software Component  187 
5.2 Connectors and Connector Classes 188 
5.3 Connections 190 
5.4 Connectors, Components, and Coordinate Systems 194 
5.5 Design Guidelines for Connector Classes 203 
5.6  Components from Multiple Domains 207 
5.7 Detailed Connection Semantics 208 
5.8 Implicit Connections with the inner/outer Construct 224 
5.9 Expandable Connectors for Information Buses 238 
5.10  Connector Concept for Fluid Systems 245 
5.11 Overconstrained Connection Graphs 263 
5.12 Summary 264 
5.13 Literature 264 
5.14 Exercise 265 

Chapter 6 Literais, Operators, and Expressions 267 

6.1  267 
6.2  267 
6.3 Identifiers,  and Keywords 268 
6.4 Predefmed Types 271 
6.5 Literal Constants 271 
6.6 Operator Precedence and Associativity 273 
6.7   Evaluation 274 
6.8 Expression Type and Conversions 276 
6.9  of Expressions 279 
6.10 Arithmetic Operators 284 
6.11 Equality, Relational, and Logical Operators 286 
6.12 Miscellaneous Operators 287 
6.13 Built-in Intrinsic Mathematical Functions 289 
6.14 Built-in Special Operators and Functions 291 
6.15 Match-Expressions and Symbolic Programming 296 
6.16 Summary 308 
6.17 Literature 308 
6.18 Exercises , 308 

Chapter 7 Arrays 311 

7.1 Array Declarations and Types 311 
7.2 General Array Construction ..., 315 
7.3 Array Concatenation and Construction 318 
7.4 Array Indexing 321 
7.5 Using Array Concatenation and Slices 324 
7.6 Array Equality and  327 
7.7 String Concatenation Array Operator 328 
7.8 Arithmetic Array Operators and Elementwise Operators 329 
7.9 Built-in Array Functions 335 
7.10 Vectorization via Application of Scalar Functions to Arrays 340 
7.11  Arrays 341 
7.12 Summary 343 
7.13 Literature 343 
7.14 Exercises 343 

Chapter 8 Equations 347 

8.1 General Equation Properties 347 



 Principles of Object-Oriented Modeling and Simulation with Modelica 3.3 

8.2 Equations in Declarations 349 
8.3 Equations in Equation Sections 351 
8.4 Initialization and initial equation 363 
8.5 Equation Operators for Overconstrained Connection-Based Equation Systems 374 
8.6 Synchronous  Equations 381 
8.7 Equation Operators  State Machines 383 
8.8 Special Operators for  Equation System Solution 385 
8.9 Balanced Model Equation Systems 387 
8.10 Partial Differential Equations 400 
8.11 Summary 418 
8.12 Literature 418 
8.13 Exercises 419 

Chapter 9 Algorithms and Functions 421 

9.1 Declarative versus  Constructs 421 
9.2 Algorithms and Statements 423 
9.3 Functions 438 
9.4  Functions 466 
9.5 User-defined Overloaded Operators and Constructor Functions 481 
9.6 Summary 492 
9.7 Literature 492 
9.8 Exercises 492 

Chapter 10 Packages 495 

10.1 Packages as Abstract Data Types 495 
10.2 Package Access 497 
10.3 Package and Library Structuring 500 
10.4 Package Variants and Operations 507 
10.5 A Comparison Between Java and Modelica Packages 513 
10.6 External Resources and Libraries 516 
10.7 Summary 516 
10.8 Literature 516 
10.9 Exercises 516 

Chapter 11 Annotations, Units, and Quantities 519 

11.1 Standard Annotations 521 
 Annotation Syntax 521 
 Annotation  522 
 Graphical Annotations 524 

11.5 Annotations for Customizing Library GUIs 536 
11.6 Annotations for Simulation Experiments 543 

 Annotation for Single Use of a Class 543 
11.8 Annotations Influencing Code Generation 544 
  Annotations 545 
11.10 Version  Annotations 546 

 Tool Specific Annotations 549 
 Annotations for Access Control to Protect Intellectual Property 550 
 Function Annotations 554 
 Annotations for External Libraries and Include Files 556 

  References to External Resources 556 
11.16 Units and Quantities 558 
11.17 Summary 562 

 Literature 562 
11.19 Exercises 563 



Contents ix 

Part III Modeling and Applications 565 

Chapter 12  System Modeling Methodology 567 

12.1 Building System  567 
12.2 Modeling a Tank System 570 
12.3 Modeling of a DC-Motor Servo from Predefmed Components 578 
12.4 Designing  Classes 581 
12.5 Block Diagram  582 
12.6 Categories of Variables and Constants in Mathematical  584 
12.7 Types of Equations in Mathematical  585 
12.8 Statespace Equations for Continuous Systems 588 
12.9 Summary 589 
12.10 Literature 589 

 Exercises 589 

Chapter 13 Discrete Events, Hybrid and Embedded System Modeling 591 

13.1  and Reactive Systems 592 
13.2 Events 593 
13.3 Discrete Model Examples and Related Formalisms 624 
13.4 Hybrid System Modeling and Simulation 676 
13.5 Concurrent Access to Shared Resources 688 
13.6 Clock-Based Modeling in Detail 694 
13.7 Clocked State Machines in Detail 729 
13.8 Summary 741 
13.9 Literature 742 
13.10 Exercises 743 

Chapter 14 Basic Laws   745 

14.1 Energy Conservation 745 
14.2 Analog Electrical Circuits 746 
14.3 Mechanical Translational 1D 749 
14.4 Mechanical Rotational 1D 751 
14.5 Flow Systems and Hydraulics 752 
14.6 Thermal Systems 756 
14.7 Thermodynamics 759 
14.8 Multibody Systems 770 
14.9 Summary 790 

Chapter 15 Application Examples 793 

15.1 Mechatronic  DC-Motor 794 
15.2   Control Volume Interacting with Subsystems 800 
15.3 Chemical Reactions 829 
15.4 Biological and Ecological Systems 831 
15.5 Economic Systems 853 
15.6 Packet-Switched  Networks 854 
15.7 Design  869 
15.8 Fourier Analysis of Simulation Data 873 
15.9 Pressure Dynamics in 1D  Wave Equations by Discretized PDEs 875 
15.10 Mechanical Multibody Systems and the  Library 877 

 Mechanical CAD Model Simulation and Visualization 903 
15.12 Summary 905 
15.13 Literature 905 



x Principles of Object-Oriented Modeling and Simulation with Modelica 3.3 

Chapter 16 Modelica Library Overview 909 

16.1 Modelica.Constants Library 919 
16.2 Modelica.Math Library 920 
16.3  Library 923 
16.4  Library 925 
16.5 Modelica.SIUnits Library 928 
16.6  Library 929 
16.7  Library 935 
16.8 Modelica.Blocks Library 936 
16.9 Modelica_StateGraph2 Library 945 
16.10 ModelicaSynchronous Library 947 

 Modelica.Mechanics Library 948 
16.12 Modelica.FLuid Library 957 
16.13 Modelica.Media Library 958 
16.14 Modelica.Thermal Library 959 
16.15  Library 961 
16.16  Library 962 
16.17 PowerSystems Library 964 
16.18 PNLib - Extended Hybrid  Net (xHPN) Library 965 
16.19  Pathway Library 968 
16.20 OpenHydraulics Library 969 
16.21 BondLib and the  Library World3 Model 971 
16.22 Summary 973 
16.23 Literature 974 

Part IV Technology and Tools  

Chapter 17 A Mathematical Representation for Modelica  979 

17.1 Defining Hybrid  Hybrid Mathematical Representation 979 
17.2 Summary 991 
17.3 Literature 991 

Chapter 18 Techniques and Research 993 

18.1    Process of    993 
18.2 Simulation  Equation Systems 995 
18.3 Selected Modelica-Related Research and Language Design 1016 
18.4 Literature 1025 

Chapter 19 Environments  

19.1 General Background 1029 
19.2 Common Characteristics  
19.3 OpenModelica 1033 
19.4   1047 
19.5 The  Environment 1055 
19.6 Summary 1057 

19.7 Literature 1057 

Appendix A Glossary 1061 

Appendix B Modelica Formal Syntax 1067 

 Lexical Conventions 1067 
B.2 Modelica Grammar 1068 
B.3 MetaModelica 2.0 Grammar Extensions 1074 
B.4 Optimization Grammar Extensions 1075 
B.5 ParModelica Grammar Extensions 1077 



Contents xi 

Appendix C Solutions to Exercises 1079 

Chapter 2 1079 
Chapter 3 1080 
Chapter 4 1081 
Chapter 5 1082 
Chapter 6 1082 
Chapter 7 1083 
Chapter 8 1084 
Chapter 9 1085 
Chapter 10 1086 
Chapter 11 1087 
Chapter 12 1087 
Chapter 13 1087 

Appendix D Modelica Standard Library Samples 1089 

Modelica.Constants  

  1090 

Modelica.SIunits.Conversions 1096 

Modelica.Math 1097 

Modelica.Math.Random 1098 

Modelica.Blocks 1099 

Modelica.Blocks.Interfaces 1099 

Modelica.Blocks.Continuous  

Modelica.Blocks.Nonlinear  

Modelica.Blocks.Math 1104 

Modelica.Blocks.Sources  

Modelica.Electrical  

Modelica.Electrical.Analog  

Modelica.Electrical.Analog.Interfaces  

Modelica.Electrical.Analog.Basic  

Modelica.Electrical.Analog.Ideal  

Modelica.Electrical.Analog.Sensors  

  

Modelica.Electrical.Analog.Lines  

  

Modelica.Electrical.Analog.Examples  

Appendix E Modelica and Python Scripting 1119 

 OpenModelica Modelica Scripting Commands  
E.2 OpenModelica Python Scripting Commands  
E.3 Wolfram SystemModeler Scripting Commands  
E.4  Scripting Commands  

http://Modelica.Blocks.Math


xii Principles of Object-Oriented Modeling and Simulation with Modelica 3.3 

Appendix F Related Equation-Based Object Oriented Modeling Languages 1149 

F. 1 Language Developments Behind Modelica  
F.2 Related Languages 1152 
F.3 Literature 1156 

Appendix G FMI - Functional Mockup Interface 1159 

 Summary 1159 
G.2 Overview 1160 
G.3 FMI for Model Exchange 1164 
G.4 FMI for  1165 
G.5 Literature 1168 

References 1171 

Index 1193 


