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Abstract

The demand for modeling complex systems has increased dramatically. Accurate

modeling approaches help reducing the time, effort, and cost associated with designing such

systems. Train systems are no exception. Obtaining adequate models representing train systems is

a primary objective for many transportation systems companies.

In this thesis, we analyze and model train systems based on Object-Oriented Modeling

(OOM) approach. We introduce COINSIDE (Composition in Simulation and Design) as a 

that allows engineers to conduct modeling, simulation and design simultaneously. By using

COINSIDE. the train system can be decomposed into subcomponents. In addition to modeling the

subcomponents themselves, we model the physical phenomena occurring when these

subcomponents interact with each other. We also develop a novel modeling paradigm for

representing the track based on OOM. Using such track models, the user can represent any

arbitrary track alignment quickly and easily. The different train’s subcomponents are modeled

based on certain assumptions. These assumptions are imposed to keep the models at an

acceptable level of complexity. Models that are more complex may be hard to understand and

their behavior may not be predictable.

All models are generated in COINSIDE. COINSIDE adopts the OOM language

Modetica. It is further tightly integrated with a number of popular computer software packages to

enable various types of data processing. We demonstrate COINSIDE’ s capabilities and power

with a simulation case study that mimics a real train operation.
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]. Introduction

Perhaps the most difficult, yet most important, task in any engineering design project is

obtaining adequate models of various related project’s parts. Modeling, in general, is the science

of abstraction. More specifically, it is the abstraction of a mathematical representation of a certain

object, system, or phenomenon. A model is similar to, yet simpler than, the real system it

represents. The model should be a close approximation to the real system and should incorporate

most of its salient features. This has to be achieved while keeping in mind that the model should

not be so complex so that it is impossible to understand and experiment with it. Therefore, an

adequate model, or abstraction, is a judicious tradeoff between realism and simplicity. Another

important issue to consider is model validity. Model validity allows the designer to put further

trust in the generated results. [1]

Generally, a model intended for a simulation study is a mathematical model developed with

the help of simulation software. Mathematical model classifications include deterministic (input

and output variables are fixed values) or stochastic (at least one of the input or output variables 

probabilistic); static (time is not taken into account) or dynamic (time-varying interactions among

variables are taken into account). Typically, simulation models are stochastic and dynamic.

One purpose of developing a model is to enable the engineer to predict the effect of changes

in the system. In addition, obtaining adequate models for the system being designed or studied

may considerably reduce the associated construction and testing costs. It also plays an important

role in preventing serious physical injuries while testing and experimenting with the actual

system. However, building these models may require advanced expertise and the availability of

expensive technologies. [2]

The remaining of this chapter will address the role modeling plays in representing train

systems. Furthermore, a clear definition of the project statement as well as a literature survey are

provided. Whereas Chapter 2 focuses on introducing Object-Oriented Modeling (OOM) 



general, Chapters 3 and 4 deal with applying OOM to train systems. Finally, some simulation

case study is provided in Chapter 5 for the purpose of testing the associated models.

1.1 Problem Definition

The main thrust of this project is to provide a virtual environment for design engineers. This

environment is meant for engineers in the area of dynamic systems to develop a deep

understanding of the behavior of different related subsystems. Hence, they will be able to

accurately judge different design alternatives with minimum cost and time associated.

More specifically, the core of the project is to provide an integrated, yet easy-to-use,

modeling and simulation environment to facilitate the train systems’ design process. The

underlying structure of the project is based on physics-based simulation, and the outer shell is a

user-friendly graphical user-interface that is tightly integrated with several popular analysis

software packages.

The foremost objective of the project is to substantially reduce the time and cost associated

with the design process aimed towards manufacturing train systems. More elaborately, the project

goal is to create a modeling environment that enables engineers and designers to:

¯ Verify the performance of a train, and of multiple trains, in terms of distance traveled, train

speed and acceleration.

¯ Select and verify the performance of different traction motors by focusing on power

consumption and the amount of torque delivered.

¯ Study line currents, power consumption, and regeneration effects on the overall train motion.

¯ Confirm the train’s ability to perform according to time schedules and/or on different track

alignments.

The modeling environment should also accept track alignment data in various formats.
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1.2 Literature Survey

In order to grasp a broader understanding of the problem of train modeling, one should

perform a survey of some of the new and existing techniques people have developed in the

literature. Goodman et al [3] review several computer-based simulation models of railway

systems. They pay particular attention to models and techniques that are directly related to train

movement, power supply systems, and traction drives. They also mention OOM concepts in

representing rail networks, where the network itself is modeled by a number of node objects

joined by link objects. However, they neither address the idea of decomposing railway systems

into component objects nor do they explain how tracks and guideways can be modeled.

Kortum [4] provides a description of a computer-based modeling program called MEDYNA

as being an integrated approach that utilizes multibody system concepts. The modeling

capabilities of MEDYNA include rigid body motions relative to some global reference frame as

well as elastic deformations of flexible bodies. Special emphasis is placed on the vehicle-

guideway interaction. It is important to notice that this program only handles the mechanics of

railway systems, which limits its use when considering models for other domains.

There are also some attempts to model train systems within the Matlab/Simulink

environment. Chudzikiewicz [5] models railway dynamics as three submodels: track, wheel-rail

interaction, and the vehicle. Other phenomena, like wind resistance, are not taken into account.

Rouvray et al [6] also use Matlab in the development of fault models for signaling railway

systems. They apply several mathematical techniques to accomplish such a task including static

curve fitting and dynamic system identification.
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2. Object-Oriented Modeling

Modeling and simulation are becoming more important since engineers need to analyze

increasingly complex systems composed of components from different energy domains.

Mechatronic systems, for example, typically include components from mechanical, electrical,

and control domains. This variation in the underlying engineering domains does not fit well with

today’s simulation tools. Most of the current tools require transforming all the models

representing different components into one single unified domain, e.g. electrical equivalents. Not

only that, they also require transforming the results back into the original domains, so that they

can make some physical sense when being analyzed. OOM is based on representing systems in

their own domains with no need for additional transformations. It is based on energy flow

between components rather signal flow as in Matlab/Simulink.

In OOM, modeling is accomplished in a way that is similar to how an engineer builds a

real system. First, the engineer tries to find standard components like motors, sensors, and

gearboxes from manufacturers’ catalogs with the appropriate specifications and interfaces. Then,

he or she starts composing and connecting these standard components to configure the desired

product.

One should realize that modeling through block-oriented tools, such as Matlab/Simulink,

is accomplished by using a set of procedural assignments to represent the system’s dynamics.

This reflects another fundamental difference when compared to OOM where modeling is done

through associating equations to the dynamics. In OOM, the numerical solver, not the user,

determines which variables are dependent and independent. For instance, when writing Ohm’s

law for a resistor using Matlab, the user has to decide whether the voltage or the current is the

independent variable; in OOM, the user simply declares the equation: v = R. i.
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2.1 Composable Simulation Modeling Paradigm

Composable Simulation Modeling is a paradigm used to provide better support for

simulation-based design of multi-disciplinary systems using the concept of composition. The

design of many complex real systems, such as trains, utilizes mostly off-the-shelve components,

parameterized modules, or components reused from previous design generations. As a result,

such a design consists primarily of the configuration or assembly of existing components. Our

software environment that implements Composable Simulation Modeling is COINSIDE.

COINSIDE stands for Composition In Simulation and Design.

Through COINSIDE, tnodeling consists of a composition of some primitive components

that are already available in a library. An engineer can obtain a system level simulation model by

combining the component models with the models that define the interactions between the

components. Assuming that the models for individual components already exist in a component

library, and that the physics of the interactions between the components has been modeled in a

library of interaction models, a system level simulation model can be fairly easily generated

through the composition of existing component and interaction models.

COINSIDE’s environment embodies a modeling and design framework in which the

form and the behavior of a component are combined into a single component object. Composing

component objects into systems allows the designer to simultaneously design and model new

more complex products. This is already a common practice in electrical CAD software; when

creating a chip layout, the instantiation of a transistor or logic gate creates the geometry for the

silicon layers as well as the corresponding simulation model.

As mentioned earlier, the existing simulation tools for multidisciplinary system modeling

are very general, stand-alone tools that are not integrated with the design environment. The main

goal of COINSIDE is to support multidisciplinary simulation-based design within an integrated

software environment. Specifically, the COINSIDE framework has the following characteristics:
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A port-based modeling paradigm: COINSIDE uses the Port-Based Modeling paradigm in

which the user can compose system-level simulations from component models. The choice of

such a modeling technique allows the designer to take advantage of the compositional nature of

both design and modeling of mechatronic systems. The ports correspond to points where a

component or subsystem can interact with other components by exchanging energy or signals.

By connecting the ports of subcomponents, the user defines the interactions between them and, at

the same time, develops the behavioral model for the overall system. By definition, ports are

associated with two types of variables, across and through variables. To better describe these

variables, consider the electrical resistor component shown in Figure 1. Each of the two electrical

ports has the voltage v as the across variable and the current i as the through variable. When

connecting two ports, it is assumed that the across variables are equal to each other and that the

through variables add to zero.

v2-vz=R.i~ and i~+i2=O

R
i2, V2

Figure 1. A Port-based Representation of an Electrical Resistor.

Reconfigurable Models: At each stage of the design process, the designer performs different

simulation experiments to verify whether the design prototype meets the functional requirements

and product specifications. In the early, conceptual stage, these experiments may include quick

trade-off analyses that require limited accuracy, while towards the end of the detailed design

stage, the designer may decide to perform a comprehensive, detailed simulation. COINSIDE

employs the concept of reconfigurable models to accommodate simulations at different levels of

detail without the need for remodeling the complete system. These models can evolve with the

design prototype throughout the design process.
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Simulation integrated with CAD: The building blocks in COINSIDE are the component

objects; they describe both the form and the behavior of system components. The CAD

description of the form may be used to extract the lumped parameters of the behavioral models.

For instance, the mass parameters in the behavioral model of a rigid body can be extracted

directly from the corresponding CAD model.

A component library: The component objects are organized in a hierarchical component library.

From this library, the designer selects the components, either primitive or compound, that achieve

the desired functionality of the actual system. The components in this library can be very specific

(e.g. a particular type and model of AC-motor), or can correspond to a parameterized family 

components (e.g. a section of a track with parameters for length, turning radius, grade, etc.).

Within such parameterized component object there exist algebraic relationships not only among

CAD parameters but also between CAD and behavioral parameters. This assures that when the

parametric CAD model is modified, it remains consistent with the corresponding behavioral

model. [7]

In this thesis, we use COI2qSIDE to develop all the models for the train systems.

COINSIDE, in turn, uses the Modelica modeling language. The following section introduces the

object-oriented modeling language Modelica.

2.2 Introduction to Modelica Language

Modelica is a standard general-purpose modeling language that supports OOM using

concepts of composition, inheritance, reuse, and polymorphism. These concepts are all taken

from computer languages such and C++ and JAVA. It is suited for multi-domain modeling, for

example modeling of mechatronic systems within automotive, aerospace and robotics

applications. Such systems are composed of mechanical, electrical, and hydraulic subsystems, as

well as control subsystems. As all modeling languages, a model developed using Modelica needs

to be compiled and solved using available solving packages. DymolaTM is a solver for Modelica

14



language and supports the large systems modeling. Reuse of modeling knowledge is supported by

the use of libraries containing model classes and through inheritance. The user need not convert

the equations to assignment statements; Dymola does that symbolically. The usual need for

manual conversion of equations to a block diagram is removed by the use of automatic formula

manipulation. Ready to use model libraries are available for many engineering domains.

The basic elements in any modeling procedure using the Modelica language are

components and connectors. When thinking about real systems from a Modelica perspective, a

complex system is perceived as components that are interconnected together, and the whole real

system is the collection of these components, or subsystems. The interconnections, or connectors

as will be referred to from now on, specify the interactions between components. A connector

should contain all quantities needed to describe the interaction between the components of

interest. For instance, voltage and current are needed for electrical components; angle and torque

are needed for drive train elements. [8]

In order to explain how Modelica is used to model a dynamic system, consider a cruise

control system. This model of the cruise control system is relatively simple. Here, the inertia of

the wheels is neglected; and it is assumed that friction (which is proportional to the car’s speed) 

what is opposing the motion of the car. Figure 2 shows the COINSIDE user-interface with the

cruise control system being modeled.
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Sys~ern I

Speed Reference Car Engine

Figure 2. COINSIDE User-Interface for a Cruise Control System.

Using Newton’s second law, the modeling equations for this system becomes:

ma+bv=u

where u is the force from the engine, rn is the car mass, b is the friction coefficient, and x, v and a

are the distance traveled, the car’s speed and acceleration, respectively. For this example, let’s

assume that

m = 1000 kg

b = 50 N. sec/m

The Modelica model of the above cruise control system is given as:

model CruiseControl

parameter Real m:1000 "mass in kg";

parameter Real b=50 "friction coefficient

parameter Real vDes[:]={10} "input

Real x "displacement in m";

Real v "velocity in m/sec";

Real a "acceleration in m/sec^2";

equation

v = der(x);

a = der(v);

in N sec/m";

step magnitude m/sec";

16



m*a + b*v = u;
u = InPortl.signal[l];
v = OutPorzl.signal[l];

end CruiseControl

After compiling the model and simulating it using Dymola, the user can analyze the

performance of the model by viewing how different variables change over time, or with respect to

each other. Figure 3 depicts the car speed as a function of both time and distance traveled.

File Diagram .,,$.etup Help

Car Speed (m/sec) Over Time (sec)

CruiseControll.v
12

0 40 80 120 160 200

File Diagram Setup Help

Car Speed (m/sec) Over Distance (m)

cruisecontrotl .v(cruisecontroll .x)
12

Plot [2*]

0 400 800 1200 1600

Figure 3. Car’s Speed as a Function of both Time and Distance.
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3. Train Models

3.1 Understanding the Train System: A Decomposition Approach

The train systems we are interested in modeling in this thesis are the automated trains that

operate within a relatively small and well-defined area such as a downtown, resort, airport, or

amusement park. These trains can operate on rails with steel wheels or on concrete guideways

with rubber tires. They can be self-propelled, powered by electricity, or pulled with cables.

Using COINSIDE, an automated train system can be decomposed into the following

components as shown in Figure 4:

¯ Wind and Train-Wind Interaction: these components represent the aerodynamic

resistance generated by the wind presence and affecting the train performance.

Train: the Train component consists of the internal components of the train itself and

their interactions. These internal components include the motor, drive train, the wheels,

the body, various sensors, and the controllers.

Track and Train-Track Interaction: the Track component includes various parts, such as

track segments, power stations, and switches. The Train-Track Interaction component

models how the wheels come into contact with the surface of the track.
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