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Preface

My motivation for writing this textbook originates from several years teaching mechanical engineering at British Columbia Institute of Technology (BCIT). Several references specifically pertinent to the bachelor-level course System Design (MECH 8230) are available, but those existing resources and textbooks fail to fully meet the course requirement and curriculum—mainly the combination of related fundamentals and modern engineering software applications. Students at the bachelor level have been forced to consult with several sources. An opportunity became available through a call from the government of British Columbia and supported by BCIT to develop textbooks as open education resources and to make them available to students.
 This textbook, Engineering Systems Dynamics: Modelling, Simulation, and Design, presents effective system modelling methods, mainly bond graph (BG), and the application of a relevant engineering software tool, 20-sim. As well, we have created an affordable, open education resource for students and professionals in the field.
 This textbook emphasizes the fundamentals of modelling methods—including Lagrangian and BG—and introduces a software tool for modelling and simulation to support the design of common engineering systems. In this approach, time-consuming effort of manipulating and extracting system equations, and writing computer codes for integrating and finding their solution are secondary. We believe that our approach helps both students and professionals currently working in the field to become more productive engineers. Screen-recorded video files of selected worked-out examples help the reader understand the topic and applications for real-world engineering systems.
 This book comprises the following 11 chapters:
 Chapter 1: Introduction gives the definition of modelling, some background on the role of modelling for simulation and design, and the history of BG method.
 Chapter 2: Lagrangian Mechanics discusses the background foundation of the energy-based Lagrangian method of modelling, its formulation, and several worked-out examples to demonstrate the applications of this method along with their system equations solutions using 20-sim.
 Chapter 3: Bond Graph Modelling Method gives a full description of the BG method, its related structure, generalized variables including power variables effort and flow, nine basic elements, and causality-definition and assignment rules. This chapter is the foundation for learning BG method and prepares the reader to learn and apply BG method.
 Chapter 4: Building Bond Graph Models: Procedure and Application gives guidelines and procedure of how to build a BG model and how to assign causalities. A step-by-step approach with worked-out examples demonstrates application of the procedure.
 Chapter 5: Introduction to 20-sim Software Tool introduces the software package 20-sim and details its features for building BG models and simulation for systems. This chapter includes examples and solutions, including screen-recorded video files of the solution steps using 20-sim.
 Chapter 6: Bond Graph Models for Complex Mechanical Systems gives more worked-out examples for selected complex mechanical systems including rotational and 2D rigid body motion. This chapter includes several examples and their solutions including screen-recorded video files of the solution steps using 20-sim.
 Chapter 7: Bond Graph Models for Electrical Systems discusses the application of BG method to electrical circuits and systems and the related sign convention for current and voltage. This chapter includes several worked-out examples for selected electrical systems including screen-recoded video files of the solution steps using 20-sim.
 Chapter 8: Bond Graph Models for Hydraulic Systems discusses the application of BG method to hydraulic systems and the related definitions for effort and flow in these types of systems. This chapter gives the derivation for hydraulic inertance, capacitance, and resistance, as well as several worked-out examples for selected hydraulic systems, including screen-recorded video files of the solution steps using 20-sim.
 Chapter 9: Bond Graph Models for Multi-Domain Systems gives several worked-out examples of the application of BG method to systems consisting of multi-energy domains, including screen-recorded video files of the solution steps using 20-sim.
 Chapter 10: Frequency Analysis: Bode Plots and Transfer Function discusses the methods of analyzing systems in frequency domain vs. time domain and details the application of the Bode method for plotting power and phase of selected input/output signals related to a given system. This chapter includes several worked-out examples, including screen-recorded video files of the solution steps using 20-sim.
 Chapter 11: Miscellaneous Topics collects all related and supporting topics to help the reader’s understanding of the subject. The topics include extraction of system equations from BG models, the derivative and algebraic loop, conjugate variables, and pseudo bond graph. The chapter also includes worked-out examples where necessary.
  
 Mehrzad Tabatabaian, PhD, PEng
 Vancouver, BC
 October 2021
 
 The publisher recognises and respects all marks used by companies, manufacturers, and developers as a means to distinguish their products. All brand names and product names mentioned in this book are trademarks or service marks of their respective companies. Any omission or misuse (of any kind) of service marks or trademarks, etc. is not an attempt to infringe on the property of others.
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1
Introduction

The foundations of engineering practice are mathematical models, the principles of physics, and empirical results obtained from experiments for defining design criteria. An engineer must know the laws of physics very well and use the relevant mathematical models and their solutions, either exact or numerical, to design parts, systems, and complex machines which function with certain reliability for an assumed lifetime. To help with this task, an engineer may use modelling tools to simulate the behavior of systems and their components. Modelling and the application of software tools are becoming increasingly common in modern engineering practice. As shown in Figure 1‑1[1], modeling and simulation results can help optimize and refine a design before the physical prototype is built. This minimizes the time required for the design process. In addition, application of modelling can minimize the final cost of a prototype or a product.
 [image: ]Figure 1-1 Modern design process for a system or component [image: ]Isaac Newton (1643–1727) Modelling has a long history starting from ancient times when scientists used “equations” to relate variables or parameters to one another (e.g., Archimedes, Thales, Khawrazmi). Later, scientists and mathematicians developed “equations” which could represent the way that natural phenomena work and materials behave. These “equations” are sometimes referred to as laws of physics and constitutive equations since they are validated through time and the obtained results match with what we experience or measure in the real world with some approximations, of course. For example, Newton’s second law is given as a model which predicts the behaviour of material bodies under given forces applied to them, i.e., the relationship between forces applied to a body mass and the change of its momentum with respect to time.
 Similarly, Ohm’s law is a model which relates the voltage across a resistor to the electrical current using the resistor’s material property. These models, and many other similar ones (e.g., Hooke’s, Fick’s, Fourier’s) related to different engineering disciplines, form the foundation of engineering. It is through their application that we trust the behavior and responses of our designs in the real world. Assume that we are flying in an airplane which is designed based on laws and governing equations or models applied to fluid mechanics and solid mechanics, among others. If we don’t trust and accept these laws and models, then it would not be logical to ride in an airplane!
 Real-world phenomena are complex and usually involve many types of physics. For application in engineering, we usually simplify these phenomena and consider the dominant physics involved. For example, the length of a simple spring linearly changes under a given load according to Hooke’s law. But it becomes a more complex problem if the spring’s material behaves non-linearly, or if for example, electrical charges flow through it. Traditionally, the simplification of a problem is/was due to lack of tools for finding a solution which could represent more accurately that problem’s real world behaviour. It is at this point that modelling methods, e.g., Lagrangian and BG, and advanced modelling software tools, e.g., 20-sim, are valuable resources for finding solutions to complex engineering systems and optimizing our designs to have more economical, reliable, and durable products as end results. Although this book focuses on using bond graphs as a modelling method, we also emphasize the importance of learning and, hence, understanding the foundation and mathematics behind an energy-based approach for system analysis. For this purpose, we summarize Lagrangian mechanics in chapter 2 and provide some references for further reading.
 The main body of the text is devoted to the BG method. This graphical (i.e., it can be sketched similar to engineering drawings) method translates the physical laws relevant to a desired system at hand into graphical interactions of interconnected assigned elements. The method uses laws of thermodynamics and the principle of cause and effect (in an acausal[2] way) with the inclusion of constitutive relations relevant to system components.
 [image: ]Henry Paynter (1923–2002). Courtesy MIT Museum. In 1959, Henry M. Paynter at the MIT Department of Mechanical Engineering developed the bond graph method [1]. This method has fluctuated in application and popularity in the industry, with a recent rise due to its strength in modelling multi-energy-domain systems and the widespread availability of economically viable computer power [2].
 In this book, we make use of facilities available in 20-sim, as a software tool for building, among others, BG models. 20-sim also offers solvers for finding solutions for the resulting system equations for simulation and design of systems. We use these solvers, with the modern script language SIDOPS++ included, to solve system equations as ordinary differential equations (ODEs). The system equations could be extracted from BG models or using Lagrangian method. The script language SIDOPS++ is suitable for complex system modelling and solving the relevant equations [3].
 The reader may come across or already be familiar with other available methods/tools for modelling engineering systems, including block diagram, a signal processing graphical method; icon-diagram, a component-iconic graphical method; and advanced script languages/tools, e.g., Dymola, Smile, and recently Modelica [4], [5], [6].
 Media Attributions
	Isaac Newton © J. MacArdell after E. Seeman is licensed under a CC BY (Attribution) license
	Henry Paynter © MIT Museum is licensed under a All Rights Reserved license



	Adapted and modified, with permission from Mercury Learning and Information LLC. ↵
	Acausal method, like bond graph, allows the user to select input and ouput ports, in contrast to causal method, for which the ports are fixed in terms of input and output signals, e.g., block diagram method. Acausal methods can be interpreted as two-way streets vs. causal methods as one-way streets. ↵
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