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Abstract

Mechatronics engineering is an interdisciplinary subject created by a Japanese engineer
decades ago, which contains complex theories in multiple domains. Some obstacles need to
be overcome during the study of mechatronics engineering, the complexity of the theory,
and the conversion from the schematic to the simulation code. The dissertation proposes
the Bond Graph as a unique teaching method to help mechatronics engineering students
overcome these obstacles.

It is hard to understand the theoretical interdisciplinary subjects in mechatronics
engineering based on the responses from the students. The Bond Graph has been proposed
to apply to mechatronics engineering education, which could make difficult subjects easier
for the students. The Bond Graph as a graphical language provides a modular method to
divide the complex content into blocks. Mechatronics students can master the knowledge
piece by piece, and then combine the modular knowledge to have the whole picture of the
System.

The Bond Graph provides students with a shorter learning curve compared with the
traditional mathematics method. Compared with the complex traditional mathematical
methods, the Bond Graph could help students save calculating time to efficiently get the
dynamic system’s block diagram with a shorter learning curve during their studies.

This dissertation presents the numerical and analytical of the dynamic system in
mechatronics engineering. The numerical part is the mathematical method representation
of the dynamical system and examples. The analytical part is a novel graphical language
representation using the Bond Graph.

The dissertation is based on the teaching experience of the "modeling and simulation”
subject over four years and it has been proved that the Bond Graph is more acceptable
than the traditional mathematical methods to the mechatronics engineering students based

on the final test results of the mechatronics engineering students over three years.
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Background and State of the Art

The main contribution of the dissertation is to present the Bond Graph method as a
novel teaching strategy in Mechatronics engineering education. The structure of the disser-
tation background will follow the following logical content: Mechatronic engineering will
be introduced in three categories, including the sum of Mechatronics engineering, appli-
cations of mechatronics engineering, and the control theory in Mechatronics engineering.
The control theory plays a critical role in Mechatronics Engineering since Mechatronics
research comes with the control theory in certain applications.

The case study covers various topics, from fundamental to advanced. It begins with
a demonstration using a DC motor, making it suitable for undergraduate students to
learn about linear and nonlinear control methods. Disturbance Observer has been devel-
oped over the decades, with the novel Bond Graph representation of disturbance observer
making it a practical level.

In the following chapter, the Bond Graph as the main strategy is presented in great
detail. Its synergistic characteristics and powerful programming ability enable it to handle
complex modeling problems effectively.

Education in Mechatronics is discussed in the next chapter. The intricate nature of
Mechatronics presents challenges in education. Compared with the traditional method,
the Bond Graph method provides a powerful and graphical language tool to accelerate the
learning process in mechatronics subjects. In the meantime, the Bond Graph can support

modeling and simulation not only from a force perspective but also from the standpoint
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of Lagrangian energy.

1.1 Mechatronics Engineering

Mechatronics is a combined word created by a Japanese engineer in the 60s 20th
century [1]. It is a combination of the front part of the mechanical and the back part
of the electronics. Mechatronics is widely recognized as an interdisciplinary field that
encompasses various domains, including mechanical engineering, electronics, and control
theory.

Mechatronics has become an essential subject in multi-domain engineering because of
its interdisciplinary characteristics, which include the electrical, mechanical, and hydraulic
domains these three categories [2].

Mechatronics is not merely a combination of mechanical and electronic systems, but
rather a system focused on integrated control. [3]. These definitions and introductions of
mechatronics are well-stated and accurate, but not detailed enough to describe the whole
capture of mechatronics.

The theoretical part of mechatronics is a youthful subject [4] with the understanding
from engineers given from the mechatronics characteristics and philosophy. For the practi-
cal part of mechatronics, it is applied as an integration of computer science, control theory,
electrical engineering, and mechanical engineering. In the dissertation, the Bond Graph
methodology is provided as a solution to merge these fields into mechatronics engineering.

The details of the Bond Graph are introduced in subsection 1.2.

1.1.1 Development of the Mechatronics

Mechanical engineering became a popular subject until scientists came up with the
concept of automation. After several years, the first computer was invented by the Amer-
icans. Automation presents its beauty in the industry and mechanical engineering as
well. In the early period, it is some industrial mechanical applications and devices with
sensors and feedback integration [5]. Early developments included the integration of sen-

sors and feedback control systems into mechanical devices, leading to the automation of



Mechatronics Engineering

manufacturing processes. There are three stages of the development of mechatronics.

This first stage pushes the process of the development of automation mechatronics. It
started with the initial stage of a simple combination of machinery and electronics. During
this period, people only had the preliminary idea of combining electronic technology with
mechanical industrial production. The specific integration has not been able to achieve
technological breakthroughs, and they are more stuck on a theoretical level. After several
years of development, it reaches a second level. The second stage is the prosperous de-
velopment stage. In this stage, with the development of society, many theories can move
towards reality [6]. The development of electronic technology has made new progress, but
it is not yet fully integrated with our machinery. People have initially applied theory to
practice but still cannot reach the level we expected [7]. The third stage focuses on the
direction of intelligence development, marked by rapid technological advancement.

As shown in Figure 1.1, mechatronics engineering involves complex concepts with high

nonlinearity. This makes the subject challenging to understand.
Abstract, complex
description toolset

Electrical
engineering
toolset
C
Rel
% )
& | Simplified model MthaanaI
2 mathematical engineering
€ representation toolset
Complex model
Mathematical
\ representation
Simple linear 3 Complexity,
[ systems Nonlinear feature nonlinear systems
J

Figure 1.1. The definition of the Mechatronics [8]

As we all know, mechatronics has gradually entered all kinds of fields and provided
different technical services for specific purposes. However, with the continuous progress of

society, there is also constant development towards diversification and refinement in many
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fields of daily life. Especially in recent years, some special industries have emerged and
developed, and they have higher requirements for mechatronics [9]. It requires mechatron-
ics to conduct targeted research on these emerging industries to ensure the requirements
of emerging industries for mechatronics [10]. In view of the limitations of the industry,
researchers should break the tradition and conduct innovative research on mechatronics
to ensure that mechatronics can adapt to the requirements of various industries and truly
realize the management of mechatronics engineering integration.

Mechatronics engineering has the following potential trends in the following fields:

1. Neural networks are an efficient method to process plenty of data using the way of
human thinking. The robustness is a crucial characteristic in mechatronics, and the

neural network plays an efficient role in the analysis of the parameters [11].

2. Modularization is the main direction of mechatronics in the future [12]. Mechatron-
ics will develop in the direction of modularization, which could provide production
faster and cheaper. This can meet the new consumption requirements of customers.
At the University of Debrecen, the mechatronics engineering subject was taught
in the module, which is better for the students to digest the complex knowledge.

Information technology makes modular production more widely used.

3. Internet of Things(IOT) After entering the new era, the development speed of
network technology is amazing. The development and application of the Internet
of Things have an important impact on mechatronics. There are many types of
products involved in mechatronics, and their network-oriented directions are also
different [13]. With the popularization of network and IoT remote technology, the
development of network control technology and the application of the network in
the electromechanical industry will become more and more extensive. The develop-
ment of local area networks and Fieldbus technology has made electrical appliance

networking a development trend.

All in all, with the improvement of people’s living standards and the continuous in-
novation of science and technology, the development of mechatronics is no longer a single
development. It will be integrated into all walks of life and used together with various

advanced technologies [14]. In view of the good development prospects of mechatronics,

4
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researchers should pay attention to the shortcomings in the current development process

of mechatronics and actively take corresponding measures.

1.1.2 Applications in Mechatronics Engineering System

Mechatronics is a technology based on the mechanical and electrical theory to carry
out advanced technology to improve work efficiency. In the meantime, the combination
of Mechatronics technology and the construction machinery industry provides an efficient
solution for mechanical operation from the industrial point of view. Compared with the
Mechatronics system, the Cyber-Physical System (CPS) is combined with the hardware

and software [15].

1.1.2.1 Cyber-physical System in Mechatronics Engineering

The first layer of the Cyber-Physical System contains the traditional mechanism con-
trol with the known adjusted parameters [16]. CNC machine speed control belongs to the
first layer. By applying mechatronics technology in the module design process of large-
capacity memory, mechatronics technology can enrich CNC functions on the original basis
and achieve the multi-process and multi-channel control objectives of CNC machine tools
[17].

The second generation of the CPS is focused on the alternative of the control modes
and the optimal control during the adjustment [16]. The mechanisms of control rely on
the sensing data from the environment in each operation mode. By applying mechatronics
technology to the cyber-physical system, dispersed systems can be combined in a simple
way to achieve the comprehensive goal of dynamic optimization of the system [18].

Self-learning during the control process is the third level of the Cyber-Physical System
in Mechatronics [16]. The construction and implementation of industrial intelligent robots
based on intelligent self-learning technology and Cyber-Physical Systems in mechatronics
technology can enable the entire function to be realized [19]. From the perspective of the
implementation principle of industrial intelligent robots, it covers information technology,
sensing technology, control technology, etc. With the support of fuzzy control theory and

neural network algorithms, the entire control system has artificial intelligence thinking
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[20].

The fourth layer of the CPS in Mechatronics engineering is for future trends. It will
be set up as the fundamentalism of Industry 4.0 [16]. There is no certain limitation for
the system structure, the human will be considered as the supervisor for the CPS in the
Mechatronics system.

The CPS presents the principles and the potential trends in Mechatronics Engineering.
In the meantime, the Bond Graph technology could be implemented into the first two
layers of the CPS by providing the modeling and simulation technology in Mechatronics

engineering.

1.1.2.2 Extended Applications in Mechatronics Engineering

Mechatronics engineering is involved in many other advanced fields such as biomedical
engineering and aerospace engineering. Mechatronics engineering provides basic sensors
with mechanical control fundamental structures for surgical robots and prosthetics [21].
The design and control process of unmanned aerial vehicles (UAV) is closely linked with
smart educational mechatronics systems which are designed to meet the needs of companies
[22].

All these interdisciplinary subjects can merge into Mechatronics engineering, and the

Bond Graph method provides a unity solution for the analysis and control method.

1.1.3 Control Theory in Mechatronics Engineering

Control theory is an interdisciplinary branch of mechatronics engineering and mathe-
matics that deals with the dynamical system behavior. The input of the dynamic system
is called ’reference value’ and the variables in the system should respond to the reference
value. The control process operates the input values of the system to reach the desired
output of the system. The purpose of the control theory is to have a steady dynamic
system output with the help of controllers, which means the system could maintain the
output around the desired value.

The differential equations(DEs) could represent the continuous dynamic system, which

requires certain knowledge of mathematics. If the differential equation is a linear dynamic
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system with constant coefficients, the transfer function can be derived from the relationship
between the input and output by Laplace transformation. In this case, the ordinary
differential equations(ODEs) are a useful tool in mechatronics control theory. Another
essential content of the control theory is the block diagram, which is normally a typical

graphical language to demonstrate the dynamic control system in mechatronics.

1.1.3.1 Modern Control

The development of modern control theory was driven by the rapid emergence of space
technology in the mid-1950s [23]. The development of space technology urgently requires
the establishment of new control principles to solve control problems such as launching
space rockets and satellites accurately into predetermined orbits with the least amount of
fuel or the shortest time [24]. Such control problems are so complex that they are difficult
to solve using classical control theory.

The Soviet scientist Potryagin proposed a new approach to integrated modern control
system called maximum principle [25]. From 1960 to 1961, American scientists R.E.
Kalman and R.S. Bush invented the Kalman-Bush filter theory, thus making it possible
to effectively consider the influence of random noise present in control theory, expanding
the scope of research in control theory to include more complex control problems [26].
Almost at the same period, Bellman, Kalman, and others systematically introduced the
state-space model method into control theory. It is well known that the state-space model
method plays a key role in revealing and understanding many important properties of
modern control systems [27].

The object of study of classical control theory is single-input single-output automatic
control systems, especially linear constant systems. Classical control theory is character-
ized by the input and output characteristics as the mathematical model of the system
[28]. Modern control theory includes a wide range of disciplines, the main aspects are:
open loop control, close loop control, linear system theory, nonlinear system theory, and
adaptive robust control theory [29].

Modern control can not be avoided if the case study is related to Mechatronics en-
gineering. In the dissertation, the general introduction of the control theory is briefly

presented in the following subsection. The close loop control is the main frame of the
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modeling and simulation target, and the linear and nonlinear control are the basic controls
applied in Mechatronics engineering education. In the meantime, adaptive robust control
is illustrated in the subchapter 1.1.3.5 because it is another popular teaching material. The
DC electrical machines are primary models in modeling and simulation subjects. They
share similar characteristics to Bond Graph, which utilizes a simple solid background to
solve complex problems. The disturbance observer is another case study in Mechatronics
engineering education materials. The basic frame Bond Graph representation is described

in section 3.1.1.

1.1.3.2 Open Loop and closed Control

An open-loop control system has no feedback loop where the output is controlled
only by the system inputs. There is only sequential action between the controller and
the controlled target without a feedback connection under a signal control direction. The
open loop can maintain a certain accuracy if the system characteristics and values are
relatively stable with a small external disturbance.

A closed-loop control system contains a feedback control between the input signal
and the feedback [30]. The closed loop is a measured value of the output of the system
compared with the desired value, resulting in a deviation signal, which regulates the control
signal to adjust the output value as close as possible to the desired value [31]. Compared
with open loop control, the closed loop is practical in the Mechatronics education case
study. It is common for Mechatronics students to meet linear and nonlinear closed-loop
control case studies during the modeling and simulation study activities. The flowing

subsection distinguishes the linear and nonlinear control in the modeling process.

1.1.3.3 Linear Control

Linear control theory is a simple and relatively mature branch of modern control
theory. It focuses on the observation and control of the states in the linear control system
with the basic analysis state-space methodology.

The Proportional-Integral-Derivative (PID) controller is widely used as a typical con-

troller in the linear control system. [32]. In industrial process control, PID control has
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the advantages of a simple principle, strong robustness, and a wide range of practical-
ity. It is regarded as a mature technology and the most widely used control system [33].
Since the late 1930s, PID control has become the most mature and widely used control
method in dynamic control systems [34], which are familiar to technicians and operators.
In industrial process control, it is difficult to establish a precise mathematical model of
the controlled object, because of the changing parameters of the system, so the price of
control theory analysis and synthesis of the cost is relatively higher [35]. Therefore it is
a set of control methods summarized in long-term engineering practice. The PID con-
troller is a continuous design method process, which requires a relatively short sampling
periodization to achieve the desired value. It is well presented that the PID controller
could reach a more satisfactory result during the long-term practical operation experience
and theoretical analysis [36]. In this case, PID control is commonly used in mechatronics
education due to its well-established characteristics.

In the dissertation, the PID controller is implemented using Bond Graph representa-
tion in the subsection 2.3.3. The control theory reaches the synergy purposes with the

help of the Bodn Graph graphical language.

1.1.3.4 Nonlinear Control

The linear controller is inapplicable to more complex control devices and more kinds of
objects to be controlled with the upgraded technology. At the same time, nonlinear control
is also practical with a variety of higher requirements in the control theory. However,
the theory of nonlinear systems area is still mainly limited to the motion stability of
the system [37], the control and observation problems of bilinear systems, and nonlinear
feedback problems. A nonlinear control system is one in which the state and output
variables of the system are affected by external conditions that cannot be described by
a linear relationship [38]. Since the mid-1970s, certain methods derived from differential
geometry theory have provided powerful theoretical tools for analyzing certain types of
nonlinear systems [39]. Since the components that make up a system are nonlinear in
nature to varying degrees, absolutely linear systems do not exist in real life. Therefore, it
is necessary for Mechatronics undergraduate students to learn about the nonlinear control

system.
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One of the most typical nonlinear controllers is the sliding mode controller(SMC). The
sliding mode controller is a typical controller that is easy to apply from a mechatronics
point of view but sophisticated to analyze in terms of mathematical theory.

Sliding mode control, as a branch of variable structure control, was proposed by Soviet
scholars in the 1950s [40]. An important advantage of sliding mode control is robustness
with excellent insensitivity to model errors of the controlled object, variations of object
parameters, and external disturbances when the system is in sliding mode. It has been
widely used in the field of robot control, due to the simplicity of the algorithm of the
variable structure control system, the fast response speed, and the robustness to external
noise disturbances and parameter uptake [41].

The main challenge in applying sliding mode control practically is that when the
state trajectory reaches the sliding mode surface, it’s difficult to strictly slide along the
surface to the equilibrium point. Instead, it tends to move back and forth across the
sliding mode surface, resulting in chattering. [42]. Chattering avoidance became another
critical topic since the sliding mode controller was invented decades ago [43]. However this
chattering cannot be eliminated, which is a pain point of sliding mode control, most of
the mainstream methods are currently using filtering, fuzzy control, neural networks, and
other methods to mitigate the tremor [44, 45]. In this dissertation, an adaptive robust
sliding mode controller is applied to get a better performance in tracking trajectory in the
subsection 2.3.5.

The sliding mode controller has been used in many fields because of its robustness
and easy realization characteristics [46]. There are three main reasons for the wide appli-
cation of sliding mode control: a) good control performance for nonlinear systems, b) the
applicability to multi-input and multi-output systems, and c) the establishment of good
design criteria for discrete-time systems [47]. In this case, the sliding mode controller be-
comes a perfect education material for the nonlinear controller teaching in mechatronics
engineering [48]. The sliding mode controller aims at dynamic system control with robust-
ness against uncertainty. In reality, there is no perfect controller because the theoretical
concept focuses on ideal situations. PID controllers have a quick response but result in
a relatively unsteady dynamic system. In comparison to the PID controller, the sliding

mode controller is more robust in the presence of uncertainty [49].
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Modeling and simulation play a crucial role in mechatronics engineering. Mechatron-
ics is a complex, interdisciplinary subject, which can be challenging for students to grasp.
Therefore, it’s important to introduce effective methods and tools to help students better
understand the concepts. While many researchers focus on the application and perfor-
mance of the sliding mode controller, this dissertation proposes a novel representation for
modeling and simulating both the PID controller and the sliding mode controller. The
Bond Graph is recognized as an innovative tool that can assist professors in teaching
modeling and simulation in educational settings.

The Sliding Mode controller Bond Graph representation is shown in subsection 2.3.5.

1.1.3.5 Adaptive Robust control System

The control system is designed to mimic biological adaptive capacity to automatically
adjust its characteristics. Adaptive control can be seen as a type of feedback control
system that can intelligently adjust its characteristics based on environmental changes.
This enables the system to operate in an optimal state according to specific standards.
[50]. Adaptive control was originally used in aerospace applications, with the development
of computer technology, adaptive control has also been successfully applied in the field
of the chemical industry, and mechatronics engineering [51]. The advantages of adaptive
control can be concluded in the following: 1) The controller can be adjusted; 2) An
additional adaptive loop; 3) The applicable object accepts a wide range of perturbations
[52].

The adaptive control has strong enough robustness to enhance the response of the
speed control of the DC electric machine. Based on the findings, an adaptive robust sliding
mode is modeled to upgrade the sliding mode to get better performance on oscillation
and amplification compared with a simple sliding mode controller with a general target
simulation. The adaptive control as educational materials aids students in gaining a better
understanding of robust nonlinear control, including adaptive robust sliding mode control.
In the meantime, the Bond Graph provides a novel demonstration of the control method

from the graphical point of view.
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1.1.3.6 DC electrical machine

DC electrical machines are a common industrial device because of their high efficiency
and speed control ability. From the theoretical point of view, there are two fields in the
DC motor, the mechanical part and the electrical part [53]. It is well-designed to express
the synergy in the mechatronics engineering subject. DC motors are also widely used in
educational content due to their intuitive simulation and controllability [54]. In brief,
DC electrical machines are frequently used as actuators in industrial applications, in the
meantime they are also well-suited for educational purposes due to their easy modeling
characteristics. DC electrical motors and DC generators can be interchangeable, making
DC electrical machines suitable teaching materials for Bond Graph modeling in Mecha-
tronics Engineering. The relationship and the theory of interchangeable process are briefly

described using Bond Graph in subsection 2.2.1.

1.1.3.7 Disturbance Observer

A good case study can provide students with a better grasp of learning Mechatronics
engineering subjects. Disturbance removal is a critical step in the control of a dynamic
system in Mechatronics Engineering. In this case, the disturbance observer is considered
educational material for the Bond Graph representation.

The disturbance observer(DOB) adjusts the control input to observe external distur-
bances and changes in model parameters [55]. The sources of the disturbances may include
variations in external load parameters and the effects of friction due to operating condi-
tions. Compensation for the equivalent is introduced in the control process to achieve
complete control of the disturbance. [56].

DOB is applied in many fields to benefit human life, such as the remote control of
unmanned aerial vehicles(UAVs) [57] and the wheelchair to help the rehabilitation of the
patient [58]. DOB donates a robust solution to obtain high performance in the presence
of external disturbances and system uncertainties. In this case, the disturbance observer
is considered a practical tool in nonlinear dynamic systems [59].

In the meantime, the direct and inverse disturbance observer is the essential method

of improving the performance of the disturbance observer in the dynamical control system
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[60]. Both of the methods could subtract the accurate estimation of the disturbance from
the measured output to obtain a better output estimate. The direct model disturbance
observer presents the dynamic system directly rather than computing the inverse model.
The disturbance observer is a robust control method with some limitations in dynamic
control [61]. In the dissertation, a direct and inverse disturbance observer Bond Graph

representation is proposed in subsection 3.2.

1.2 Bond Graph

The Bond Graph is a graphical language to illustrate the process between the modeling
and the simulation. Bond Graph gives a concise description of a complex system in the
form of a vector, which greatly improves people’s insight into the behavior of engineering
systems. The power bond graph (Bond Graph for short) was proposed by H.M. Paynter of
MIT in 1959, and after several years of development and refinement, it has been gradually
developed and promoted to become a very effective dynamic modeling and analysis method
that can uniformly deal with a wide range of engineering systems in the energy domain
[62]. At present, the Bond Graph method has been widely used in dynamic analysis
and control research across various engineering fields such as mechatronics, mechanical,
thermodynamic, fluid, electronic, and magnetic systems [63]. Especially in recent years,
its applications have been extended to agricultural, solar, and nuclear energy systems.
During the operation of the system, some components produce energy, some consume
energy, some enable energy to be transformed from one form to another, and some only
transfer energy [64]. These components are grouped into categories according to their
function, and by combining them organically they can be described as physical systems.

The core idea of the Bond Graph method is that the energy of an engineering system
is conserved, and the dynamic process is to adjust its power flow under specific incentives
[65]. It is well defined by a unified method of describing the composition, conversion, inter-
logical relationships, and physical characteristics of the power flows of each part of the
system. This method provides great convenience for analysts and researchers to analyze
the dynamic characteristics of the system and establish mathematical models. On the one

hand, it has a clear and graphic one-to-one correspondence between the modular structure
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of the power flow description and the physical structure of each part of the system itself
as well as various dynamic influencing factors, which makes it easy to understand its
physical meaning [66]; On the other hand, the description is aligned with the dynamic
mathematical model of the system, and the number of equations of state of the system
matches the number of energy storage elements. [67]. The corresponding mathematical
model can be derived regularly from the Bond Graph of the system.

The Bond Graph itself has a set of strict descriptions of the transformation rules,
which are highly harmonized with various typical physical properties and some general
laws. Because of this, it provides a very effective way to accurately define and describe the
dynamic model of a system and derive the state equations accordingly. In the meantime,
the Bond Graph method provides lecturers and researchers with a solid and effective tool
for Mechatronics subjects education. Both the concise representation of the Bond Graph

and its interdisciplinary representation are convincing aids.

1.2.1 Application of Bond Graph

The Bond Graph can be applied in multiple fields to exhibit its unique synergy char-
acteristics. The most common representation using Bond Graph is the mechanical, elec-
trical, and hydraulic domains. The Bond Graph has synergy characteristics by modeling
the multiple domains using the same graph. Compared with the traditional mathematical
solution, the Bond Graph provides a graphical practical tool to solve the modeling and
simulation.

The step of the modeling using the Bond Graph is shown in the following:

e Analyze the schematic

Create the Bond Graph from the schematic
o Convert the Bond Graph to the block diagram
e Build the simulation program from the block diagram

Finish the simulation

It is been introduced using traditional mathematics methods such as ODEs and state

space over the past decades. The dissertation presents the Bond Graph as a unique
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method to achieve the same simulation result as the mathematics method but with simple
implementation and a straightforward relationship. The purpose of introducing the Bond
Graph as a teaching method is not to replace the traditional method, but instead to
help students understand the complex equations and relationships between the physical
components. There are three categories in the Bond Graph, active elements, passive
elements, and Junctions. The active elements can be considered as the input signals
resources, the passive elements correspond to the consumed components in the dynamical
system. And the Junction serves the purpose of connecting two elements, active elements
to passive elements, or passive elements to passive elements.

The reason for introducing this innovative teaching method in the mechatronics en-
gineering subject is to address the difficulties students face in understanding complex
mathematical relationships. The Bond Graph could provide a clear picture of the whole
connection in the kinematics and dynamics of the mechanical system. The potential and
the kinetic energies are merged into the same Bond Graph without analyzing their relation-
ship. [68]. The Bond Graph is crucial for vehicle and aircraft simulations, demonstrating
its powerful capabilities in modeling mechanical systems. [69]. The visual representations
in Bond Graph are quite distinct from traditional mathematical solutions. Traditional
solutions present all the equations to show the relationships between components. In con-
trast, the Bond Graph representation is a graphical representation with bonds and arrows
illustrating all the connection relationships.

Due to the complexity and diversity of engineering systems, a system not only involves
a single form of energy but often a variety of energy forms of coupling. The current
methods for analyzing system dynamics are often limited to a single energy domain of
the system. In the case of integrated engineering systems with multiple energy forms, the
Bond Graph provides a unified way to automatically realize the system dynamics modeling
and simulation on the computer with effective global dynamic performance analysis [70].
The Bond Graph theory based on the principle of energy conservation can deal with
the modeling and simulation problems of multiple energy forms in a unified way, which
has the features of simple structure, large amount of information, and regularization of
the dynamics modeling process [71]. The field of electrical engineering is well-suited for

applying Bond Graphs, which offer clear relationships instead of complex equations. [72].

15



Background and State of the Art

A very important property of the Bond Graph theory is that the structure of a system’s
state equations can be predicted based on the causality of the system’s Bond Graph
model before writing the system’s state equations. Students and researchers could study
the system equations by applying the Bond Graph [73]. The only basis for describing a
system in a bond diagram is the interacting subsystems (or components, structures) in
engineering and physical systems which could transfer the power as the original basis of
the Bond Graph [74].

The Bond Graph theory has the following significant features compared with other

dynamical methods summarized in the following;:
e A unified approach of multiple energy domains of the system;
e Reveal the dynamics of the system intuitively in a concise graphical way;

e The system equation of state The system equations of state are established in a
regularized way, which is convenient for the computer to generate the simulation

program automatically.

1.2.2 Lagrangian Bond Graph

The Bond Graph has three representations in mechatronics engineering, the force
simply presented by the passive elements; the dynamic motion relations illustrated by the
combination of the bonds and the active and passive elements; and the last essential is
the power, the exhibition of the power is the Lagrangian and Hamiltonian Bond Graph.

It is well known that analytical mechanics is based on the ”least action principle ”. It
states that there is a state valuable that describes the state of the system, and its integral
over time to be the evolution of the system state, which needs to satisfy the minimization
principle [75]. This quantity can describe the condition of the system, whose parameters
are required to be able to completely describe the state of the system. We call such a set
of parameters that can completely and non-repeatedly describe the state of the system as
generalized coordinates [76]. As for the second dynamic motion relations, starting from
Newton’s second law, which is convenient for solving simple plasma problems, but to solve

complex problems, we have to use the ”isolate body” method, list the equations one by one,

16



Education in Mechatronics

and solve the system of equations. Newton’s method is suitable for specific descriptions.
The Bond Graph relates to the 'power’ coming up from Lagrange’s mechanics, which
provides a simple means of describing complex systems and a uniform law for solving
problems [77], is based on a new mathematical method invented by Lagrange, called
“analytics”, which he called ”analytical mechanics”, and the basic variables of the Lagrange
function are coordinates, velocities (coordinates) and speeds (coordinates), which are the
same as those of the other equations. The basic variables of Lagrange’s function are
coordinates, velocity, and time [78].

The bond graph is useful for analyzing both mechatronics engineering and mechani-
cal dynamic systems. In the mechanism dynamics system, the Bond Graph presents an
effective graphical tool to present the physics of the system and obtain its lagrangian.
By extending Nother’s theorem and the Bond Graph, conservation law can be obtained
for different energy domains [79]. And the Lagrange and kinematical equations can be
derived from the generalized 1-junction, and the constraint 0-junction [80].

The Lagrange equations are often the fastest way to obtain the equations of motion
for mechanical systems consisting of particles and rigid bodies constrained by reactive
constraint elements. Lagrange’s equations are also handy for mechatronics systems since
a correct representation of the stored energy state functions ensures that the motion
equations represent the process of energy conversion correctly [81]. Since the Bond Graph
handles all forms of energy systems, the Lagrange equations can be applied to any system
represented by the Bond Graph. The Bond Graph illustrates the synergistic characteristics

by presenting the Lagrange equations in mechanism analysis.

1.3 Education in Mechatronics

Mechatronics is an interdisciplinary subject that requires students to master knowl-
edge in multiple domains. In this case, students need to reach a certain level of knowledge
in Mechatronics subjects. It needs some technique and skills to help students digest the
concept of complex knowledge. Mechatronics education is a relatively new discipline in
the field of engineering, with a history of 40-45 years [82]. The development structure of

mechatronics is shown in Figure 1.2.
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Figure 1.2. Mechatronics evolution [82]

In Mechatronics education, theory teaching emphasizes theoretical derivation and ab-
stract principles, while practical teaching focuses on improving students’ modeling and
simulation skills. Both types of teaching need to be focused on together in order to realize
the steady improvement of students’ abilities [7]. In the process of teaching, universities
impart knowledge and skills through the ”theory-practice” model. However, despite ac-
quiring theoretical knowledge, students still have no idea about modeling and simulation.
In this case, the Bond Graph is proposed to provide students with a clearer grasp of the
concepts in modeling and simulation.

The Mechatronics specialty is more practical, so when teaching mechatronics, profes-
sors can’t just focus on theoretical knowledge but also give a full demonstration of the
importance of practical teaching. The development of higher education has led to the
introduction of many new teaching models. The Bond Graph can effectively meet teach-
ing standards and applications. Diversifying teaching modes, modularized teaching, and
collaborative education can significantly enhance students’ learning ability and motivation.

The Bond Graph theoretical method helps students maintain their learning curves in
the flow state. It is the responsibility of the professors to devise a method to keep students
in the flow channel to prevent boredom and anxiety during the study in Figure 1.3. The
Bond Graph method, combined with incremental case studies, provides the solution.

With the gradual improvement of the teaching reform program, many colleges and

universities are adopting more mature teaching methods to promote student development
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Figure 1.3. Relationship of challenge and skill, and the flow state [83]

[84]. The current stage of mechatronics teaching is analyzed, and the teaching program
is designed with distinct modules: basic teaching modules, mechanical basic modules,
electrical basic modules, and control basic modules. The text discusses modular teaching
strategies specifically designed for mechatronics engineering. [85]. Theoretically speak-
ing, there is more in line with the needs of modern society for mechatronics professionals.
However, from the perspective of practical operation, the student’s practical ability and
theoretical knowledge are inconsistent with mastery, and it is difficult for them to adapt
to the unpredictable industry market. It is apparent that to fully enhance teaching effec-
tiveness, there is a requirement for a module that can integrate educational knowledge,
and this method is the Bond Graph.

The direction of mechatronics education aims at the following contents [86]:

o Intellectualization is an important development direction for the development of

mechatronics technology in the 21st century;
e Modularization is an important and difficult project;

e Due to the popularity of networks, the end devices for remote control are themselves

mechatronic products.
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e The system can be flexibly configured for any combination while seeking to achieve

multi-subsystem coordinated control and integrated management.

There are several open issues for the education of Mechatronics. First of all, the Bond
Graph provides the lecturer with a graphical language to catch students’ eyes in the class.
Second, Mechatronics engineering needs a relatively decent education to help students
digest the knowledge. Third, the Bond Graph has the ability to enlarge the core content

of modeling and simulation in Mechatronics engineering.

1.3.1 Graphical Laguage

The bond graph is a type of graphical language. The graphical language has most of
the functions of Images. It stimulates visual pleasure, mobilizes all-round visual cogni-
tion, and at the same time triggers rich associative abilities and creative thinking. This
generates sensory experiences and enables immediate understanding of the content. [87].
It is highly compatible with the audience’s psychological desire and acceptance law and
thus has irreplaceable advantages in value communication [88].

These are advantages of the graphical language in the following [89, 90]:
o Images are the most concise and fastest visual information communication language;

o Images are the most expressive visual language that can be easily recognized and

remembered;
e Images are a world language that transcends national barriers

The Bond Graph as a visual language contains the main advantage of the graphical
language, for this reason, the students could have easier communication and a better
memory of the new contents.

Dataflow programming is a typical programming diagram that presents the directed
data and energy flow between the operations [91]. There are several dataflow programming
tools available for mechatronics engineering studies, with LabVIEW and Simulink being
the most popular choices [92]. LabVIEW is chosen to be the platform for the demonstra-
tion in the dissertation because of its visual characteristics and the variety of functions

integrated [93].
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1.3.2 Bond Graph in Education

This dissertation proposes a unique teaching method, the Bond Graph method, for
teaching the subject of mechatronics. From a mathematical point of view, Bond Graph is a
graphical alternative to ordinary differential equations. Traditionally, control theory uses
ordinary differential equations because control theorists are familiar with them. However,
from a mathematical point of view, the two methods are equivalent but contain a slightly
different approach in their application. Chapter Three will focus on the mathematical
similarities between the two approaches while emphasizing the differences in graphical
representation.

The Bond Graph was proposed as an integrated graphical tool for presenting syner-
gistic effects in mechatronics engineering, which has been considered the right choice for
educating students in system modeling for decades [94].

The Bond Graph in education has rapidly developed, the Bond Graph is proposed
for linear modeling and extends for the general models easier in certain analysis [95].
A bioprocess simulation modeled using Bond Graph is stored in a database to assist
master’s students in bioprocess modeling and simulation [96]. The The Bond Graph plays
a critical role in dynamic system analysis, which provides a common and handy tool for
researchers, and in the meantime, the Bond Graph has become a priority tool for modeling
and simulation in mechatronics engineering[97]. The Bond Graph is well-suited for creating
an automated virtual lab for dynamic modeling. The Bond Graph tool has demonstrated
its potential to be supplemental in system dynamics education [98]. The Bond Graph
has established a solid background in economic modeling and chemical analysis from a
graphical perspective [99].

Bond Graph is a graphical tool for representing the energy flows in a system. It
concisely demonstrates the behavior of complicated systems. Bond Graph allows the
unification of mechanical, electrical, and hydraulic systems [100] using the same tool.
Combination diagrams play a vital role in the synergistic connection of mechatronics
disciplines.

In China, the Bond Graph is a practical tool in many interdisciplinary fields, for in-

stance, a wheel brake system was analyzed in [101], and the Bond Graph is implemented
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to present the structure of the motor with inverter and gearbox in [102]. Based on the
multiple domains modeling of the Bond Graph, it helps the simulation in modeling Marine
Condenser [103]. The researches above are based on the application of Bond Graph and
are limited to specific research in a single domain. Research across multi-domain and the
significance of Bond Graph in education have not been given the corresponding attention.
In summary, all the case studies of the Bond Graph emphasize that there is a huge ap-
plication market in the future of Mechatronics engineering. The Bond Graph has a huge

potential application in the Mechatronics education method.

1.3.3 Bond Graph Advantages and strategies in Mechatron-

ics Education

Ideology serves as the essential foundation for action. Teachers and students should
realize that the mechatronics engineering subjects are a one-subject combination of theory
and practice, It’s crucial to align theoretical knowledge and social practice with societal
needs in order to promote the learning and teaching concepts. Mechatronics puts modeling
and simulation into teaching, which is a deepening and development of the vocational
task teaching method [84]. Mechatronics engineering students could gain 'modeling and
simulation’ experience from the experiment, not only from the class theoretical education.
Mechatronics students understand that grasping the interrelation and holistic nature of
the subject matter can enhance students’ overall competence [104].

Utilizing the Bond Graph to accomplish teaching tasks has multiple advantages.
Firstly, it improves the ability level of the educated person, and effectively improves his
design ability, ability to adapt to different problems, and innovation ability; secondly, it
improves the stress capacity of the educated person, and lets the educated person obtain
economic and value orientation; thirdly, it improves the functional capacity of the edu-
cated person, that is to say, it improves his competence and ability to explain and show,
and thus realizes the improvement of teaching effectiveness.

The modularization of the teaching is one of the strategies in the University of De-
brecen, Engineering faculty, mechatronics department. The modularization of knowledge

points, which is the focus of the study of modular pedagogy [105], places higher demands
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on the teachers who organize the classroom in terms of lesson preparation. On the basis
of mastering the teaching materials of the grade, teachers make cross-lesson preparations
to understand the knowledge points of other grades and compare the similarities and dif-
ferences with the knowledge points of the grade. Integration of knowledge points in each
grade is carried out [106].

The next strategy applied to mechatronics engineering teaching is the graphical rep-
resentation of the knowledge.

The last strategy is the synergy of mechatronics, which is the Synergistic integration of
mechanical engineering, electrical engineering, and computer-based control. The definition
of synergy is the interaction or cooperation of two or more organizations, substances, or
other agents to produce a combined effect greater than the sum of their separate effects.

The application of engineering-learning integration in teaching practice has achieved
good results. This teaching method has played a significant role in mobilizing students’
learning enthusiasm and cultivating students’ professional temperament. The vocational
education mode of engineering-learning integration is especially suitable for teaching elec-
tromechanical specialties and has a broad development prospect.

In summary, the application of engineering integration in the teaching of electrome-
chanical specialties is a new exploration of teaching practice, which is in line with the
general law of theoretical and practical education. With the deepening of teaching re-
form, the application of engineering integration in teaching electromechanical specialties
should gradually become a paradigm of vocational education, and play a greater role in
cultivating the vocational skills of students, improving the quality of the labor force, and

developing the comprehensive quality of educated people.

1.4 Beyond State of the Art

Mechatronics engineering is an interdisciplinary subject, that includes mechanical en-
gineering, electronics engineering, and computing engineering. The term ”"mechatronics”
is a combination of words from the front part of "mechanical” and the back part of "elec-
tronics”. The word creation can be traced back to 1971 from a Japanese engineer [1]. The

most common definition of modern mechatronics engineering is precision mechanical en-
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gineering with synergy, high intelligent computing software, and modeling and simulation
in the dynamical control system [107].

The dynamic system implies that the system’s state changes over time. In dynamic
control theory, there are various types of control systems, including nonlinear and linear
control systems. [108]. The linear control system can be illustrated as the system obeys
the theorem of the superposition, on the contrary, the non-linear control system does not
follow the superposition theorem [109]. In the dissertation, the PID controller is proposed
as a classic linear control system material, and the sliding mode controller is demonstrated
as the teaching material for the nonlinear control system.

In the meantime, Mechatronics engineering combines multiple subjects with mixed
domains, which makes the subject complex to digest for mechatronics engineering students.
In the dissertation, a comparison of the numerical and analytical methods is presented to
overcome the difficulties in mechatronics engineering education. The traditional method
with complex mathematics calculations such as ordinary differential equations(ODEs),
and state space can be considered as the numerical method, and the Bond Graph as a
native graphical toolset can be considered as the analytical method in helping students
understand the sophisticated concept of the Mechatronics engineering education.

The Bond Graph is a native language for mechatronics engineering researchers, and
it provides researchers with a novel tool to combine multiple domains [8]. Ordinary dif-
ferential equations(ODE) and state space are some traditional mathematical methods to
solve the dynamic system in modeling and simulation assignments. With the help of the
Bond Graph, the students and the researchers could simulate the dynamic system without
using the traditional methodologies. Compared with the complex traditional mathemat-
ical methods, the bond graph could help students save calculating time to get the block

diagram of the dynamic system efficiently.

1.4.1 Problem statement and Challenges

The control theory has been well-developed in recent years with the technology de-
velopment. The control theory appears in the human’s daily life. The modeling and

simulation are considered critical processing in the control theory, both in the theoreti-
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cal and the practical. For the traditional education in mechatronics engineering subjects,
mathematics is essential for research and education.

Based on Mechatronics education in China, the experience can be concluded in the
following. It is hard to understand and digest the concept of the complex mathematics
theory. Then the Bond Graph is necessary for the students and teachers [110] [111]. The
students could have a better understanding of the knowledge with the help of the Bond
Graph and a quick solution to the questions. The teachers can have a graphical tool to
present the dynamic control system from another perspective.

The Bond Graph can be considered as a handy graphical language to express the
details from a visual point of view. In this case, the Bond Graph can assist students in
understanding mathematics calculations, but it is not an alternative solution to traditional
methods. The Bond Graph can apply to many fields, such as mechanical electrical, and
hydraulic systems. This property of the Bond Graph presents the synergy of mechatronics
engineering. The PID controllers, sliding mode controller, inverse, and direct disturbance
observer can be represented using the Bond Graph. The Lagrangian Bond Graph provides
an alternative method to express the complexity of the Lagrange equations.

Lastly, a three-year test has proven that the Bond Graph is more acceptable than the

traditional mathematical method for mechatronics engineering students.

1.4.2 Future trends and Limitations

The dissertation proposes the Bond Graph as a practical teaching tool in Mechatronics
Engineering. In the meantime, the PID and SMC Bond Graph representation are demon-
strated in the dissertation. The disturbance observer and Lagrangian Bond Graph are
presented in the dissertation to show the properties of the Bond Graph. With the rapidly
developed Al technology, the ChatGPT and MathGPT can think like a human brain and
it can "read” the content of the images. However, based on the test, the Al can only deal
with a system in a single domain; when the system occurs in multiple domains, it provides
either wrong information or irrelevant content. Artificial intelligence technology still has
much to improve regarding image understanding and processing.

Due to the limited time and effort during the study, the following contents can be
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regarded as future trend research topics that are not covered in the dissertation.

e Neural networks can be a handy tool for data processing with plenty of parameters,
such as the selection of the sliding mode controller parameters, and the disturbance

observer parameters process.

o The teaching activities focused on modeling and simulation instead of the real ex-
periment. Experimenting with a real DC electrical machine can be the future task

to continue the dissertation.

e Radar technology is increasingly popular in future technological confrontations.The
application of radar technology in the mechanical and circuit directions is a wise

decision.

1.4.3 Novelty and Contribution

This section starts with a brief introduction to the Novelty and contribution to the

dissertation.

o First, the dissertation introduces the Bond Graph as a novel teaching method in the
mechatronics engineering subject, it can emphasize the synergy among the subjects.

It is a native graphical language for researchers and mechatronics engineers.

e Second, it brings up the Bond Graph representation of the PID controllers, sliding

mode controllers, and the Lagrangian expression.

e Thirdly, the direct and inverse disturbance observer can be expressed by the Bond

Graph.

1.4.4 Main Structures of the Dissertation

Mechatronics Engineering is a complex subject because of the multi-domain concept.
It is responsible for the professors to figure out a novel education method suitable for the
complex Mechatronics engineering subjects. In the meantime, it is critical to accelerate

the learning curve for students’ study process. In this case, the dissertation proposes
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the Bond Graph as a novel education method in Mechatronics engineering to solve the
above-mentioned problems.

Chapter One focuses on the literature reviews. First, section 1.1 introduces the back-
ground of Mechatronics engineering, the importance of the dissertation research topic, and
the control theory application for the background of the case study. Second, sections 1.2
and 1.3 introduce the basic concept of the Bond Graph and education in mechatronics en-
gineering. It illustrates the critical role Bond Graph plays in the Mechatronics engineering
education. Next, section 1.4 presents the state of the art of the dissertation. Section 1.5 is
the Methodologies in the dissertation and Section 1.6 shows the Terminologies appearing
in the literature review.

Chapter Two illustrates that the Bond Graph benefits the education method in Mecha-
tronics engineering. The whole chapter could be divided into two parts, the first part can
derive to THESIS ONE, and the second part leads to THESIS THREE. The first part
is from subsection 2.1 to 2.3, the Bond Graph is proposed as a novel education method
in Mechatronics engineering. The Bond Graph simplifies mechatronics modeling teaching
methods for undergraduate students by combining modular design and visual program-
ming language with multiple case studies. The main contribution is accomplished by the
last case study in subsection 2.3, the Bond Graph is recognized as an effective graphical
tool for teaching PID and sliding mode control in Mechatronics.

The second part leads to THESIS THREE, subsection 2.4 proved that the Bond
Graph benefits the education method in Mechatronics and also provides a simple alter-
native method to traditional energy of spatial dynamics. In the meantime, Bond Graph
is to modularize the modeling and simulation and enhance mechatronics education by
representing traditional formulas visually.

Chapter THREE leads to THESIS TWO, first of all, case studies of the inverse and
direct disturbance observer demonstrate the powerful graphical representation of the Bond
Graph. Compared with the inverse disturbance observer, the direct disturbance observer
has better performance without the additional filter. The Bond Graph provides a uni-
fied graphical module representation for these two disturbance observers, enhancing the
effectiveness of mechatronics education.

Chapter FOUR focuses on the test results, a three-year test finding from the mecha-
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tronics engineering students has proved the effectiveness of the Bond Graph in the Mecha-

tronics education method.

1.5 Methodologies in Dissertation

The traditional mathematical equations result in input and output relations. It also
describes how the system operates in multiple domains. The introduction of the basics of
the Bond Graph provides a generalized tool to analyze multiple dynamic systems. There
are several methodologies in the dissertation, which will be introduced in these categories

in the following:

1.5.1 Bond Graph

There are three branches of the bond graph elements, passive elements, active ele-
ments, and junctions. The passive elements contain 1-port element relating the power and

energy variables.

1.5.1.1 Arrows and Causality in Bond Graph

The arrows are the essential characteristics of the Bond Graph. It describes the energy
flows among all elements’ relationships. The arrows are considered as the flow energies
around the node in the block diagram. The nodes are represented by the passive 0 and 1
junction in the Bond Graph.

The causality donates another property of the Bond Graph. The causality is the
direction of the effort’s source, which decides whether the relation is integral or differential.
The distribution of the causality is based on the circumstance of the dynamic system. It

is suggested that integral causality is the preference in the Bond Graph modeling.

1.5.1.2 Kirchhoff’s Circuit Law

Kirchhoff’s Circuit Law is a basic principle for solving problems under the circum-
stances of the electrical circuit[112]. Kirchhoff’s Circuit Law is applied as a unique princi-

ple in Bond Graph modeling. The active element, junction, and passive junction represent
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the voltage resource, nodes, and compliance respectively, which consist of the simple Bond
Graph of a dynamic system [1]. Kirchhoff’s Circuit Law is well applied because of the syn-
ergy property of the Bond Graph.

A simple Bond Graph is demonstrated in the following Figure 1.4. Figure 1.4 (a) shows
the Bond Graph with the mathematical relation of the dynamic system. The numbers

above arrow in Figure 1.4 (b) is convenient for the modeling in the following:

I'm |

(a) The Bond Graph with the (b) Bond Graph of mass

relations spring damper system

Figure 1.4. The schematic and the Bond Graph of the mass-spring-damper system

First, make all the arrows in a sequence.

Second, check the junction type in the Bond Graph. Since it is a 1 — junction in the
Bond Graph, then do the summation of the effort.

Third, make the relation between all the elements based on Kirchhoff’s Circuit Law.
The sum of the inputs is equal to the sum of the output, which is decided by the direction

of the arrows.

e] =€zt e3+eq (1.1)

The fourth step, check the causality in the Bond Graph to make sure the real output
of the dynamic system. The causality is the direction of the effort. In Figure 2.6 (b), the

eo is the output.

€g — €1 — €3 — €4 (1.2)
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The relation shown in the equation 1.2 is the key to converting the dynamic system
into the block diagram using Bond Graph modeling simulation. The complex Bond Graph

analysis is based on the steps above logically.

1.5.1.3 Newton’s Law and Lagrangian Bond Graph

There are two layers for the Bond Graph to represent, effort and force are introduced
as the first layer, and the energy representation using the Bond Graph is the second layer.

For the first layer, Newton’s second law of motion concerns the behavior of all un-
balanced objects in dynamic systems. Since the Bond Graph is a graphical language to
analyze the dynamic system, Newton’s second law of motion is one of the analysis methods.
Newton’s second law and physics analysis are the main tools in Bond Graph modeling.
Because of the synergy in the Bond Graph, the Bond Graph is introduced in electrical
circuits and the mechanical dynamic system.

For the second layer, energy analysis in the Bond Graph is still a developing technology.
The Lagrange plays an important role in the mechanism domain. Lagrange’s equations are
a powerful method for the modeling in many fields. Lagrange’s equations can represent
the energy and power involving only generalized displacements and velocities. The Bond
Graph is also a powerful tool in modeling subjects by the graphical language of the energy
storages and the effort flows.

The Bond Graph donates a unique analysis of the Lagrange equations mechanism.
There are two sources of effort as the inputs, which are the two independent generalized
coordinates. In the meantime, the passive element is the compliance. The Lagrangian
Bond Graph above is detailed but complicated, so it is necessary to introduce a simplified
version. This simplification version is the compliance field or C-field. The Inertance field

shares the same logic as the compliance field.

1.5.2 T-Test

The most common application of a t-test is a statistical test of whether two sets of
values are significantly different. First, the student’s grade samples conform to the normal

distribution population. Second, the samples of the grades are random samples. Third,
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the t-test is well performed when the sample size is small. In sum, the t-test is a suitable

tool for the analysis of the two groups of grades.

1.6 Terminology

Numerical and Analytical

In the dissertation, numerical means the traditional methods such as the ordinary
differential equations, and state-space mathematical calculation. Analytical means the

Bond Graph, which provides a graphical method to present the modeling and simulation.

Bond Graph

The Bond Graph is a native language for mechatronics engineering researchers, the
Bond Graph is proposed as a novel mechatronics education method to accelerate the
students’ learning curve in Modeling and simulation.

The advantages of bond graphs are as follows: The graphical language of Bond Graph
is easy for students to understand; it has A low threshold for mastery; It is mature
for application in multi-domain systems. Disadvantages: The ease of mastery may lead

students to rely on Bond Graph.

Traditional education method

In the dissertation, the traditional education methods are ordinary differential equa-
tions and state-space mathematical calculation.

Advantage: They are the underlying logic of modeling and the foundation for solv-
ing modeling problems. Disadvantages: High entry threshold; requires multidisciplinary

knowledge; complex calculations.

Multi-domain system

Mechatronics engineering is an interdisciplinary subject, which requires muti-domain
knowledge to solve problems. With the development of science and technology, the demand

for multi-domain research is increasing.
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Advantages: Each domain could be handled selectively in the multi-domain based on
the different requirements; The multi-domain is flexible enough to accommodate domain
extensions; Disadvantages: increased complexity; Data consistency issues;

In the modeling and simulation, the Bond Graph method provides a solution to solve
the disadvantages of the Multi-domain. Modularization of Bond Graph can solve the
complexity problem of multiple domains, and the synergy of Bond Graph can solve the
Data consistency issues in multiple domains. Efficient application method usages are

characterized in the field of Bond Graph applications in the multi-domain system.

Adaptive Robust control System

Adaptive robust control is a control method designed to handle uncertainty and
changes in the system. The adaptive robust control is one of the case studies to present the
efficiency of the Bond Graph. The Bond Graph method is used to represent the adaptive
robust control in the case study because of the synergy adjustment in multi-domain. The
benefits of the Bond Graph are demonstrated in the case of the adaptive robust control

representation using the Bond Graph.

Inverse Disturbance Observer and Direct Disturbance Observer

An inverse disturbance observer uses the inverse model of the system to estimate
disturbance, on the contrary, the direct disturbance observer uses the direct model to
estimate the uncertainty without relying on the additional filters. The inverse disturbance
observers are suitable for systems with large model uncertainties, while direct disturbance
observers are more suitable for accurate control systems.

The inverse and direct disturbance observer representation using the Bond Graph
proved that the Bond Graph is a top-level graphical programming tool in Mechatronics

Engineering education, in chapter 3.2.
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ics Engineering Education

The Bond Graph is an effective graphical method for depicting the dynamic behavior
of physical systems across various domains. The bond graph provides a unique approach to
system modeling, enabling mechatronics engineers to effectively capture both the efforts
and flows within a system. The relationships are depicted through active and passive
elements, bonds, junctions, making bond graphs an effective graphical tool for modeling
interdisciplinary subjects in mechatronics engineering systems.

The numerical methods are the traditional mathematical methods, such as Ordinary
Differential equations (ODEs) and state-space. On the contrary, the Bond Graph is the

analytical method in the mechatronics education method.

2.1 Bond Graph Benefits Education in Mecha-
tronics

The Bond graph is not only useful for understanding existing systems but also for
designing and simulating new mechatronic systems. With the help of the Bond Graph,
the complex concept becomes more acceptable for the mechatronics students in their daily
study and future research.

Education in mechatronics engineering benefits significantly from this aspect, as it
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allows students to gain practical experience in the design and analysis of complex systems.

The bond graph is a graphical alternative to ordinary differential equations from
a mathematical standpoint. Traditionally, control theory employs ordinary differential
equations, as they are familiar to control theorists. However, mathematically, both ap-
proaches are equivalent but require a slightly different approach in their application. The
first claim of the dissertation highlights the mathematical similarities between the two
approaches while emphasizing the distinctions in graphical representation.

The bond graph could represent the PID controller and Sliding mode controller in
the control design. The bond graph demonstrates a graphical combination of the various
controllers and plants.

The proof is presented that mechatronics engineers achieve superior outcomes when
utilizing the bond graph approach, based on test results from undergraduate students.
The final test from the “Modeling and Simulation” course is evidence that using the bond
graph method is easier than using the traditional mathematical technique to solve the
mechatronics system. Meanwhile, a t-test is performed to help determine whether there is
a significant difference between the bond graph solution and the ODE solution. In general,
the significance level of the t-test is chosen to be 0.05, and the final t-values show that
the bond graph solution and the ODE solution have a significant difference. It proves the
bond graph method is more acceptable for mechatronics undergraduate students.

In this chapter, the Bond Graph will be introduced in the following categories: the
basics of the Bond Graph, the application of the Bond Graph, and the Lagrangian and
Hamiltonian Bond Graph. The basics of the Bond Graph chapter include all the funda-
mental elements and the operating concepts behind the graphical tool. The application
of the Bond Graph chapter illustrates the dynamic system and the control theory rep-
resentation with basic machine models. The Lagrangian and Hamiltonian Bond Graph
chapter presents another powerful methodology for modeling, which could provide a clear

blueprint from another graphical perspective.
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2.1.1 Analytical Method: Basic of the Bond Graph

The traditional mathematical equations result in input and output relations. It also
describes how the system operates in multiple domains. The introduction of the basics of
the Bond Graph provides a generalized tool to analyze multiple dynamic systems.

There are three branches of the bond graph elements, passive elements, active ele-
ments, and junctions. The passive elements contain 1-port element relating the power
and energy variables. There are three categories in the 1-port passive element, which are
the R-element, C-element, and I-element. R, C, I elements with causalities are shown in
Figure 2.1.

The Following is the 1-port list and its characteristics:
e R-element: The characteristic is related to the effort and flow directly.

e C-element: The basic elements could store the potential energy. It relates effort to

generalized displacement directly.

e I-element: The basic elements could store the kinetic energy. It relates momentum

to flow directly.

R— C— I—
(a) (b) (c)
R— Cc — I —
(d) (e) (f)

Figure 2.1. R, C, I elements with causalities: (a) R with flow in; (b) an integral bond
graph of C; (¢) a derivative bond graph of I; (d) R with effort in; (e) a derivative bond
graph of C; (f) an integral bond graph of I

The active elements include the source of effort and the source of flow, Figure 2.2
shows the source of the effort and flow with the causalities, which presents the direction

of the effort. The direction of the flow is opposite to the direction of the effort.
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Se— Sf ;
(a) source of the ef- (b) source of the
fort flow

Figure 2.2. Source of the effort and flow
There are two categories of the junctions, which belong to the 2-port elements. The
0-junction and 1-junction are connected to the basic elements, and the transformers (T'F')
and Gyrators (GY) are the junctions converting the energies. The 2-port junctions like

1-junction O-junction, TF and GY junctions with causalities are shown in Figure 2.3 and

2.4.

1— — 1
(@) (b)
o— — 0
(©) (@)

Figure 2.3. 4 different situations of the 1 and 0 junctions

—TF — — TF—

(a) (b)
—GY — —IGY —

(c) (d)

Figure 2.4. TF and GY junctions with causalities

The Bond Graph is a graphical representation for analyzing and modeling the dynamic
behavior of the physical system. The Bond Graph can provide a systematic and unified

method to describe the energy flow within a system, here are the basic concepts of the
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Bond Graph. The arrow and the causality in the Bond Graph donate critical function,

introduced in subsection 2.2.3

o Elements: passive elements represent souse of the effort and source of the flow, it
indicates the exchange of energy between elements. Active elements represent the

basic physical components of a physical system.

e Bonds and arrow: The bonds connect the active elements and passive elements,
which represents the flow of energy between them. The arrow represents the energy’s

flow.

e Junctions: O-junctions share the common effort, the sum of the flows into the 0-
junction equal to the sum of the flows out. 1-junction represents the conservation

of effort. It shares the common flow.

o Causality: The casualty represents the direction of the effort on a bond, and the

direction of the flow is opposed to the effort.

The constitutive relations of the R,C,I elements are shown in Table 2.1. The R
elements show the linear systems’ relationship and the C and I elements depict the integral

connections of the components within the system.

Table 2.1. Constitutive relations for R, C, I [28]

R,C.I Constitutive relations R C-integral I-integral

i —_ € _ [ fat _ Jedt
Generalized f=4% e=L1= f=4
Translational v=L F=k[vdt wv= J TI:L dt
Rotational w = % T = /{fwdt w = f;dt
i . e _ Jadt . [edt
Electrical i=% e= 15 i= 1
Hydrauli S p— [Qd _ [ Pat
ydraulic Q_R—f =7, Q= 7

37



Bond Graph Benefits in Mechatronics Engineering Education

The elements in a Bond Graph can be summarized as follows: passive elements trans-
form received power into either dissipated or stored energy, while active elements generate
and supply power to the system. The purpose of the junctions is to connect various

components of the systems. The branches are illustrated in the figure 2.5.

L BOND GRAPH ELEMENTS

JUNCTIONS
PASSIVE E_LEMENTS ACTIVE ELEMENTS Connect different elements of
(transform received power into Generate and Provide a power th t .
dissipated (R) or stored (C, I)energy to the system eytellls: die Poyeer

conserving

Iyl

Figure 2.5. Bond graph elements

2.1.2 The Four Levels in the Bond Graph Representation

There are four layers of the Bond Graph, which are based on the levels of modeling.
The Bond Graph serves as a graphical tool for this purpose. There are four levels of

modeling: Technological, Physical, Mathematical, and Algorithmic [113].

e Technological: This level constructs the system’s architecture by assembling various
subsystems, which are the components of the plant. The technological level can be

illustrated using the bond graph.

e Physical: The modeling employs an energy-based approach to describe the physical

phenomena, the bond graph serves as a universal language for all domains of physics.

e Mathematical: The system’s behavior is represented through mathematical equa-

tions.

o Algorithmic: This level pertains to a step-by-step calculation process known as an

algorithm.
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The Four Levels in the Bond Graph Representation are the same concepts as the
modeling. Each of the contents corresponds to the modeling but with a real physical
meaning and representation. The four levels of the Bond Graph are shown in the sub-
items in the following. The physical level could be represented by using the elements and
relations of physical systems. The mathematical level in the Bond Graoh is the dynamic
equations of the models. The algorithmic level of the Bond Graph could be illustrated by
the Bond Graph causalities.

(b) Bond Graph of mass

(a) mass spring damper system spring damper system

Figure 2.6. The schematic and the Bond Graph of the mass-spring-damper system

o Technological level: it is used to be the representation of the dynamic systems. The
schematic and the Bond Graph of the mass-spring-damper system are shown in

Figure 2.6(a) and (b) respectively.
o Physical level: the bond graph could represent the physical elements.

e Mathematical Level: Dynamic equations can be deduced from the Bond Graph
graphical model. In the meantime, the Bond Graph with the relations of the com-

ponents is shown in Figure 2.7.

The Bond Graph represents the Figure 2.6 equation in the following:

F —ky—by =mj (2.1)
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Table 2.2. Bond Graph represent physical elements

Domain R C I
Generalized R=e/f C=qle I=p/f
Translational | b, damper constant | 1/k, spring compli- | m, mass
ance
Rotational B, rotational con- | 1/k, rotational | J, rotational iner-
stant compliance tia
Electrical R, resistance C, capacitance L, inductance
Hydraulic Ry, Hydraulic re- | (Y, Hydraulic ca- | Iy, hydraulic iner-
sistance pacitance tia

e Algorithmic level: it shows the simulation program using the causalities assign-
ment. Based on Figure 2.6(b), the causalities could present the relation of all the
components following these steps. The 1-junction means the common flow, which
si the velocity in the demonstration. The effort calculation needs to be done using
Kirchhoff’s circuit law. The sum of the inputs that go into the nude is equal to the
sum of the output: e; = es + e3 + e4. And then check out the real output in the
Bond Graph with the direction of the causality. The es is the output of the block

diagram in Figure 2.6(b).

In this chapter, a short and detailed introduction to the basic Bond Graph with the
1-port element, 2-port element, and the multiple junctions are demonstrated. The Bond
Graph helps in digesting the complex traditional mathematical equation with a graphical
point of view. Compared with theoretical knowledge, the graphical method is designed to
help memories of the complex contents. With the basic knowledge of the Bond Graph, the
mechatronics students could have a better view of the dynamic systems with a different

perspective.
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Figure 2.7. the Bond Graph with the relations

2.2 Bond Graph Application Modeling Method

The Bond Graph assists mechatronics engineering students in both theoretical educa-
tion and practical analysis of dynamic systems. In this chapter, Several classical demon-
strations begin with a simple DC motor model using Bond Graphs. DC machine speed
control is implemented using a PID controller for educational purposes. The sliding mode
controller for DC machine speed control demonstrates nonlinear control within the system.
The final section represents hydraulic control using the Bond Graph.

The Bond Graph helps to apply in multiple domains, which makes it a powerful
graphical language for the modeling and simulation field. It is not only for education

purposes but also for improving the efficiency of the research.

2.2.1 DC Electrical Machine Numerical Representation

The teaching strategy aims to simulate linear systems technology for mechatronics
engineering students. The DC machines serve as an effective model due to their reliable
behavior in elementary linear control systems. The schematic of the DC electrical machine
is shown in Figure 2.8.

An 7ideal motor” connects the electrical and mechanical components, featuring a

voltage source, an inductor, and a resistor in series within the electrical circuit. The
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mechanical component includes the bearing and winding, along with their moments of

inertia.

. R L,
1 MWW
. P LUUTNTRURTNRANY
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Figure 2.8. The model of the DC electrical machines [1153]

the DC electrical machines mathematical model is depicted in following:

dia o

L— =V, —Rxig—ke*w (2.2)
dy

dy, .

Jd—:km*za—B*w—TL (2.3)
t

Where w (rad/s) shows the speed of the DC motor, i,(A) donates the armature
current, V,(V) and T}, present the armature voltage and the load torque respectively.
R(€), L(mH) are the terminal resistance and the terminal inductance in the DC motor
mechanical part. J(gem?) and B(Nms/rad) illustrate the rotor inertia and the viscous
friction in the DC motor electrical part. k. (Vms/rad) and ky, (mNm/A) are the gains

of the electrical and mechanical parts.[53]

2.2.2 DC Electrical Machine Analytical Representation

The mathematical model of the DC electrical machine is illustrated using ordinary
differential equations. (ODE)(2.2)(2.3). The bond graph that integrates mechanical and
electrical components is displayed in the following figure 2.9. The red half arrow indicates
the direction of effort and flow. Causality represents the direction of the effort, while the

flow direction is opposite to the effort.
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R, B
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Figure 2.9. Bond Graph of the DC electrical Machine [113]

The Bond Graph of the DC machine illustrates the connection between mechanical
and electrical components through a gyrator junction, as energy is converted from one
form to another. There are common flow patterns at the 1-junction of the DC machine.
After being created from the schematic of the dynamic system, the block diagram of the
DC machine can be converted from the Bond Graph. It is depicted in Figure 2.10. The
block diagram in LabVIEW is shown in Figure 2.11.

€ fa=Fz
4 k, |+
€s
eTL
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) f2 fs

R,|* B |«

Figure 2.10. Block diagram derived from the simple DC' electrical Machine
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Figure 2.11. Block diagram of DC' electrical machine in LabVIEW

2.2.3 DC Electrical Machine vs DC Electrical Generator

The Figure 2.9 shown above is a typical DC electrical machine Bond Graph. V,
donates the voltage in the electrical circuit, R, and L, are the resistor and indicator in
the circuit. GY represents the rotor in the DC electrical machine, B and J are the bearing
and inertia in the mechanical system. 77, is the torque load.

Notice the direction of arrows around the GY', the representation of the Bond Graph
means different if the arrows’ directions are changed. The Figure 2.12 is shown in the

following:

B fa
ez/ f2 el fo
Se: TN T 2N 67 =M1 K2R
Cf T fa fs "fg L
es| f[3 €7 [z
Y 14
J L,

Figure 2.12. Bond Graph of Generator
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The arrow of the Bond Graph represents the energy flow, and the causality of the
Bond Graph donates the method of the calculations of the dynamical system. It will be
introduced by comparing the DC Electrical Machine in Figure 2.8 vs the DC Electrical

Generator in Figure 2.13.

=y

-
S
SV

Figure 2.13. A Simple Generator

The T with w in Figure 2.13 is the generator input torque with the angular velocity.
The DC electrical machine converts the electrical energy into mechanical energy and the

generator converts the mechanical energy to electricity energy.

Table 2.3. Direction of the Bond Graph Causality

— —

fff_ort effort
R EI /1
— R
flow flow
' effort

[rae
‘ﬂij
effort effort
) L
—_— f(f)d: g~ d/dt

flOW flOW

The Bond Graph of the generator is shown in Figure 2.12, which shares similarity to
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the Bond Graph of the DC electrical machine Figure 2.9. The input of the DC electrical
machine is the voltage, and the input of the DC generator is the torque. The voltage in
the electrical circuit and the torque in the mechanical domain are the source of the effort.
e is the torque in the mechanical domain as input with the f; as angular velocity.

The arrow of the Bond Graph represents the energy direction, which decides the
energy conversion between different domains. In the meantime, the causality represents
the direction of the effort, which shows the different calculations in Table 2.3.

Each position of the causality represents one calculation, R elements have the division
and the multiply; the C' and I have the differential and integral with the different positions.

In the meantime, the block diagram of the generator is converted from Figure 2.12.

€4 fa=T17

€2

B

Figure 2.14. Block diagram of the generator

It can be concluded that the causality and the bond arrows and the causality play
critical roles in the Bond Graph. The same representation can display different dynamic
systems in multiple domains. In the meantime, the performance of the Bond Graph with

different causalities is significantly different.

2.2.4 Simple DC Electrical Machine Speed Control Using
PID Controller

In the control theory, the linear controller is an essential method for mechatronics

students. A PID controller as a linear controller is depicted as a teaching resource. The
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PID controller algorithm is straightforward and well-adapted in a variety of applications.

The mathematical equation of PID is defined as follows:

u(t) = kpxe(t) + k; /0 e(T)dr + kq * d(;(tt) (2.4)

Based on the equation 2.4, the e(t) is the difference between the reference and the
output. The step response of the simulation depends on the parameters. k,, k;, and kq
donate the proportion gain, integral gain, and derivative gain respectively. The Bond
Graph of DC machine speed control with the PID controller is called the active block

diagram presented in Figure 2.15.

R, B

1 2 € 1f 6
Wref error PID

— V Alllé YélleL

Lfa ei .

controller

w

Figure 2.15. Block diagram of the PID speed control using active Bond Graph

The motor Maxon A-Max 26(110961) is the parameters reference of the Figure 2.15

simulation. The real motor parameters are in Table 2.4.

The programming in LabVIEW of the DC electrical machine speed control using PID

controller is presented in Figure 2.16.

Control & Simulation Loop

PID control parameters

PID control parameters|

PID control parameters
|

Step Response

PID control Subsystem.vi

w

Z R

Figure 2.16. PID speed control using LabVIEW
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Table 2.4. PARAMETERS OF MAXON A-MAX 26

Maxon A-max 26(110961)

Nominal torque

17.4mNm

Nominal current

1.08A

Terminal resistance

3.13Q2

Terminal inductance

0.333mH

Mechanical time constant

14.7ms

Rotor inertia

13.2gem?2

Torque constant

16.8mNm/A

The step response of the DC machine speed control using PID control with different

parameters k, in Figure 2.17. The increase of the step response overshoot reflects on the

increase of the k,. The response time is opposite to the overshoot increase, when £;=0.2,

and k;=0.01.

Trajectory e and é can illustrate the convergent performance of different k, in the

following Figure 2.18. The trajectory shows the relationship between the velocity error

and the position error. Both of the errors converge to zero in a limited finite time. The

convergence rate decreases with the increase of the parameter k.

After the introduction of the linear PID controller, one of the nonlinear controllers is

needed to compare with the linear PID controller. The sliding mode controller is a simple

one among the nonlinear controllers, which is complex enough to understand and simple

enough to apply.
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Figure 2.17. Step response of the PID controller with different k,
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2.2.5 SMC Controller Speed Control Applied on DC Elec-

trical Machine

For mechatronics engineering students, the study of the nonlinear system is carried out
with the prerequisite of grasping the linear systems. Another teaching strategy is to focus
on designing technologies instead of learning technologies for mechatronics engineering
students. We propose a teaching method called modular teaching, which divides the
knowledge contents into modules. The pieces of the module content make the knowledge
easy to understand. It is the final step to gather the modules to consist of the blueprint
of the whole knowledge picture. The upgrade demonstrated DC machine model is shown

in Figure 2.19.

Ny
7]

V, 4
/
N
Nl T @ yum
NS—Y
N~ 7
R,

Figure 2.19. DC electrical machine with gearbox

An ideal gearbox is added to the basic model, where the gearbox ratio is set to Ny /Ny
=81/1. In the bond graph, the gear set is represented by Transformer (T'F'). The bond
graph of the improved DC machine is shown in Figure 2.20.

As for the sliding mode controller, a second-order time-invariant dynamic system

without disturbance is demonstrated in the following:
1:1 = T2 (2.5)
Zo = a(x) + b(x)u (2.6)
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Figure 2.20. Bond Graph of DC electrical machine with gearbox

In the dynamic system 2.5 and 2.6, the sliding surface is defined in the following 2.7.
o =11+ 22 (2.7)

The sliding mode controller control signal is described in 2.8.

U = €eq + Us (2.8)

Where u¢, is the equivalent control to maintain the sliding mode when the system is
on the sliding line. wus is the nonlinear controller to bring the system to the sliding line

surface and it is described as 2.9.

_kxsign(o)
b(x)

Where the £ is the switching control gain in the sliding mode controller, with k£ > 0.

Ug =

(2.9)

The sliding dynamic line equals zero when the system is located on the sliding surface,

then o = 0.

Substituting u = ., into 2.6 under the ¢ = 0.

x9 + a(x)
Ueq = —W (210)
Then, u can be derived as 2.11 after substituting 2.9 and 2.10 into 2.8.
_ ke sign(o) + z2 + a(x) (2.11)
b(x)
The derivative of the sliding surface can be derived from 2.5 2.6 2.7 2.11.
o = —k * sign(o) (2.12)
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The Lyapunov candidate function can be formed by the s dynamics 2.12:

V(z) = %a2 (2.13)

The Lyapunov function is:

V(z) = o6 (2.14)

Substituting 2.12 into 2.14 then V(z) can be:
V(z) = o(—k * sign(c)) <0 (2.15)

The step system can reach the sliding surface within a short period under the k > 0
condition. The sliding surface can be defined as in the following when ¢ donates the sliding
surface coefficient. X7 = w* —w = e, Xo = X; = é. w* donates the reference velocity, w
is the output angular velocity. e represents the difference between the w* and w.

The control signal on the sliding surface of the sliding mode control can be defined as:
u =k x sign(o) (2.16)

The DC machine Laplace transfer function is:

k’l’L N
UJ(S) JxLg * ﬁ (2 17)

u(s) 824 (Ho 4 B)s+ fiay B Rerh (122

Let 81 = % * %7 Ba = % * ?, B3 = k?ilj:m * (N—f)z, and the inverse Laplace transfer
a

function is:

W4 Po*xw—+ Py*xw=1ux* (2.18)

The position and velocity error are X7 = w, Xo = X7, then:
Xo=0=u*xP—Boxw—Pg*w (2.19)
The sliding mode controller switching function and dynamic switching line are:
o=cxe+é=c(wep —w)+ (Wref — W) (2.20)
6= crité=clwies — )+ (Wief —©) (2.21)

The w;.s donates the speed reference. and o is the switching surface, o = 0 when the

dynamic system reaches the switching line, then ¢ = 0.
C(Wref —W) +Wref —ux 1+ Paxw~+ fzxw=0 (2.22)
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Since the derivative of the reference w,.y = 0, then the equivalent equation is expressed

as:
51 * Ueqg = /83 * W+ (52 - C>W (223)
Then w4 the equivalent equation of the sliding mode is shown as:

B3 *w+ (B2 — c)w
B

P Ueq = (2.24)

The relationship of the sliding mode controller and the DC machine plant is shown
in the block diagram Figure 2.21. Nonlinearity in the SMC system is provided by the
switching function k * sign(o). The equivalent function ue, provides the maintenance of
the dynamical system. As for the sliding surface, us is the switching function which is

from the sign(o).

Oref @g sliding Mode ) ug &
- Function k x sign(o) + system

Ueq
function

Figure 2.21. Block diagram of DC machine speed control using SMC

R, B

sign(o) Switching 1 2 N1 e7]_f 7
function <§'§> 174 A' 1 H GY ;' TFA' 1 erL

Lh fgLes

L,

equivalent
function

Figure 2.22. Active Bond Graph of the DC machine speed control using SMC

The active Bond Graph expresses the energy flows in the sliding mode dynamic system.

The block diagram of the SMC dynamic system is derived from the inverse Laplace transfer
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Control & Simulation Loop

'» oo Tl Step Signal

|SMC parameters|

ISMC parametersl

Figure 2.23. The DC machine speed control using SMC' in LabVIEW

function. The whole process is described in Figure 2.22. The Active Bond Graph of the
DC machine speed control using SMC in LabVIEW is presented in Figure 2.23.

The Active block diagram of the DC machine speed control using SMC in LabVIEW
is presented in Figure 2.23.

The classic nonlinear sliding mode controller still makes it a marvelous teaching mate-
rial for mechatronics engineering because of its complex abstraction but simple application.
In the meantime, the active Bond Graph makes the simulation graphically and easy to
understand. Where, k = 6.

The step response of the sliding mode controller with different parameter c is described
in Figure 2.24. The figure shows that the response time decreases with the sliding surface
coefficient c increases. The e — é trajectory plot is a practical tool to show the performance
of the sliding mode controller. The position error is located on the horizontal coordinate
and the vertical axis for the velocity error. The rate of the sliding mode convergence
increases while the sliding surface coefficient ¢ rises. The trajectory plots in Figure 2.25.

The nonlinear sliding mode controller has a robust advantage and chattering disad-
vantage compared with the linear PID controller. Both of these two controllers are widely
used in plenty of applications. Where k = 4,c =8.6,k, = 1.7, k; = 0.1, kg = 0.01.

The sliding mode controller step response reaches the desired value without an over-

shoot, compared with the SMC controller, the PID controller normally has an overshoot
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Figure 2.24. SMC step response with different ¢
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Step response of PID and SMC
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Figure 2.26. Step response, e and é of the PID and SMC
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in the step response in Figure 2.26(a).

Compared with the PID controller, the sliding mode controller has a faster step re-
sponse 2.26(b). The reaching phase and the sliding mode phase consist of the whole
nonlinear sliding mode controller. The dynamic target slides along the sliding line to the
original when it reaches the sliding surface. For the position and velocity error plot, the
PID controller has an overshoot after it crosses the vertical velocity axis, and the target
gets to the original later on.

In this chapter, we introduced the difference between the traditional mathematical
method and the Bond Graph method. Both of the methods share the purpose of achieving
the same simulation results. But compared with the traditional mathematical methods
such as ODEs, the graphical Bond Graph tool provides a blueprint of the whole system.
The Bond Graph expresses a perspective of the vision but not the abstraction concepts.
It is easy for the mechatronics engineering students to grasp the whole picture of the
knowledge. Since the knowledge is separated by the blocks, then it can be introduced
to the students by module. After the simulation can be created from the block diagram
converted from the Bond Graph, the way of designing technology’s main purpose is to
guide the students to be good engineers. The study of LabVIEW can also be a core

competency for students looking for a job.

2.2.6 Demonstration of Multiple Domains

There are three domains in the figure 2.27. The demonstration[53] is considered a good
case study since electrical parts, mechanical parts, and hydraulic systems are connected
in the schematic 2.27.

The electrical components provide voltage for the entire system, while the mechanical
parts generate rotational energy for the hydraulic system. The hydraulic components offer
pressure or other movements to the system.

The first step of modeling and simulation is to analyze the schematic. The next step
is to convert the schematic to the Bond Graph. It is required to derive the traditional
mathematical ODEs in three different fields, but the Bond Graph could express these three

different fields based on the synergy of the Bond Graph characteristics. The Bond Graph

o7



Bond Graph Benefits in Mechatronics Engineering Education

R, R, Cm é’i Ch 9

321f2 es |fe ©€8|fs e11|f11 314]1?14 €16|f16
VSRS Gr NS 0 N TE N T ERS 0 0N
L Rpq Py

Figure 2.28. Bond Graph of hydraulic system

of the whole system is shown in Figure 2.28.

Control & Simulation Loop
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Figure 2.29. Block diagram of the whole system in LabVIEW

The last step for the simulation is to derive the block diagram from the Bond Graph.
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These steps eliminate the complex calculations to have a shortcut in the modeling and
simulation. The Bond Graph provides a graphical point of perspective to understand
the complex mathematical OEDs as well. The last step is to have the simulation in the

LabVIEW shown in Figure 2.29.

2.3 Bond Graph Representation for Linear and

Nonlinear Controllers

The Bond Graph is a typical and effective representation of dynamic traditional math-
ematics, as well as a practical tool for control systems. The expanding requirement for
control theory by the control specialists and engineers reveals the necessity of the Bond
Graph in the control theory. It is essential to introduce an alternative educational method
for non-specialists to understand the principles of control theory. This alternative method
could offer mechatronics engineers a tool to improve their skills, ranging from mechatronics
design to control theory design [113].

The DC machine Figure 2.19 with the controller is a suitable demonstration because
of its electronics and mechanical domains from the perspective of mechatronics. From the
control theory point of view, the magnetic field could be considered as a constant if it is
an ideal DC machine. In this case, the torque, position, and velocity of the DC motor can
be considered as the variables in the control design.

The PID controller is a basic linear controller, which is covered at the beginning of
all controller books. The dissertation starts with a novel description of the PID controller
first. After the basic controller, the sliding mode controller follows up as an advanced
controller. It is widely used in the field of motion control systems because of contains the
power electronics components in the real system. The switching mode transistors make
the controller a typical variable structure control system. The sliding mode controller is
a variable structure system with complex mathematical descriptions from a mathematical
point of view and a straightforward application from a mechatronics engineering perspec-
tive. The mechatronics engineering students could program the SMC without mastering

difficult technique skills. Based on the literature, the PID and SMC controller Bond Graph
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representation is a novel method with no previous research.

2.3.1 Demonstration of the Bond Graph in Dynamic System

The DC machine is a demonstration utilized as teaching material in the modeling and
simulation. The DC electrical motors are modeled as a fundamental actuator in Mecha-
tronics Engineering for the undergraduate subjects. It is a better solution for electrical
machine modeling to simplify as a DC motor. In reality, DC electrical machines are com-
monly demonstrated as actuation elements in industrial applications. The DC electrical
machines are simple enough to analyze their modeling, which makes them an ideal model
for educational purposes.

On the left side of the electrical circuit, there is a series connection with a voltage
resource, an inductor, and a resistor. A gearbox and winding with the moments of inertia
consist of the mechanical side of the DC machine. An “ideal motor” connects both elec-
trical and mechanical parts shown in Figure 2.19. This ideal motor in Figure 2.19 consists
of a resistance R,, an inductor L,, and the back electromotive force Ve, .

An ideal gearbox ratio is set to Nj/Nz = 81/1. And the parameters of the gearbox
is shown in Table 2.5 for convenient simulation. Where the torque and angular velocity
relationship are: T1/T = Ni/Ns, and wi* N1 = w* Ns. The mathematical representation

of the DC machine is shown in 2.25 and 2.26.

dm N. 2

Ld—t:Va—RM’a—l<:6>|<o.;>l<ﬁ1 (2.25)
dw . N
Jd—t:km*za*ﬁi—B*w—TL (2.26)

On the left side, a resistor R, (), an inductor L,(H), and the back electromotive
force Vs consists of the electrical part of the rotor; Ve, r = ke * w; Vo(V) donates
the armature voltage, i,(A) represents the armature current of the electrical circuit.
On the right side of the rotor, T7(/Nm) is the electromechanical torque generated by
the motor, T(Nm) is the torque transform by the gearbox, and T7(Nm) is the torque
load. “‘w*‘(rad/s) donates the speed of the motor, wj(rad/s) is the speed of the rotor,

J(gem?)and B(Nms/rad) represents the rotor inertia and the viscous friction of the DC
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Table 2.5. PARAMETERS of Gear Drive(110396)

Gear Drive(110396)

Max efficiency 80%
Number of stages 3
Reduction 81:1
Reduction Absolute 2197/27
Max continuous Torgue at Gear output 1.8Nm
Intermittently Permissible Torque at Gear Output | 3.0Nm

motor electrical part. ke(Vms/rad) and ky(mNm/A) represent the Gyrator’s back
EMF constant and motor constant respectively [8].

The Bond Graph of the DC motor is shown in Figure 2.20. There are two parts of
the bond graph. 1-junction can represent energy flows of the electrical and mechanical
parts of the system respectively. The gyrator’s function is to connect two parts since the
rotor of the DC machine can convert from one form of energy to another form of energy.
The energy effort and the energy flow can be converted to each other by the gyrator. TF
represents the gearbox in the schematic since the gearbox shares the same form of energy
on both sides. The numbers above the bond make the energies and flow more visualized
and it can be analyzed easily.

The next step of the simulation process is to convert the Bond Graph to the block
diagram which is shown in Figure 2.30. It can illustrate the directions of energies and flows
that complex mathematical calculations can not detect. Compared with the traditional
learning method such as ordinary differential equations, the Bond Graph method is much
more acceptable for the students based on their responses.

The components donate the relation is shown in the flowing: the first 1-junction

represents the common flow energy; the current is the common flow in the electrical circuit.
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The effort energy should do the calculation because of the 1-junction. e; = eo + e3 + ey,
based on the direction of the Bonds, the output of the first junction is e3. Then the
equation is e3 = e; —eg —ey. The second 1-junction has the same logic, eg = eg —eg — e7.

TF is the gearbox and the k. and k,, is the GY parameters.
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Figure 2.30. Block diagram of DC machine

These are the two methods of deriving the block diagram of the dynamic model. The
mathematical ordinary differential equations(ODE) and the Bond Graph. On the other
hand, the mathematical method is the theoretical or numerical method. The bond Graph
is the analytical method during the research, which provides researchers with a novel

graphical tool to derive the block diagram from the schematics.

2.3.2 Bond Graph Representation of Operational Amplifier

Before discussing the PID controller, the Bond Graph representation of the operational
amplifier should be introduced first.

Operational amplifiers(op-amps) are commonly utilized in a variety of electronic appli-
cations. OP-amps can be considered as the core of signal applications, such as amplifiers,
integrators, and differentiators. Different combinations of the op-amps can achieve multi-
ple functions of the applications with the resistors, inductors, and conductors connected.
The op-amps are one of the integrated circuits (IC) with a high input resistance and a

low output resistance. The op-amps can provide extra functions based on the different
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conditions of the different components.

R,
| S |
Ry
Uin ——3-4 -
J__ .
- Uout

Figure 2.31. simple operational amplifier[113]

The operation amplifier is a good teaching material in the mechatronics engineering
subjects. As we know, the operational amplifier is a functional circuit, which can represent

the PID controller in a circuit. The operational amplifier is shown in Figure 2.31 and 2.32.

R,

1
1
R, /\ 1\
1
Se:U;p—1 —> 0 —MSe—> 0

Figure 2.32. Bond Graph of operational amplifier[113]

In realistic applications, an operational amplifier(op-amp) is used with the resistors,
and capacitors connected as a feedback circuit. One of the simple demonstrations of the
inverting operational amplifier is shown in Figure 2.31, It is an operational amplifier circuit
where the output voltage changes inversely with the input voltage. It represents the ratio
of the output voltage to the input signal. The Bond Graph representation of the inverting
operational amplifier is illustrated in the figure 2.32 [1].

Besides the inverting op-amps, there are other types of op-amps called summing op-
amps, integral op-amps, and derivate op-amps. These op-amps have the function of pro-
portional, integration, and derivation. All these op-amps could be represented using the
basic Bond Graph. The Figure 2.33(a) is a classical inverting op-amp, which can realize

the function of the proportional by changing the ratio of the parameters R,; and Rps.
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Figure 2.33. proportional, integral, derivative Operational Amplifier and its Bond Graph

Based on the integral op-amps, by replacing the resistor on the feedback circuit with a
capacitor, the operational amplifier can make the input and output have an integral rela-
tionship Figure 2.33(b). The same logic to the derivative op-amps, by changing the resistor
on the input circuit with a capacitor, the inverting op-amps can obtain the function of the
derivative Figure 2.33(c).

After introducing the Bond Graph representation of the Proportional, integral, and
derivative controllers respectively, these three types of controllers need to be summed to
fulfill the PID controller. The summing function can use the op-amps as well, which is
shown in Figure 2.34. The output of the Proportional, integral, and derivative controllers
are the three inputs of the summing OP-AMPS, and the output of the summing OP-AMPS
is the negative control signal, in this case, an inverter is needed to reverse the signal to

the positive one. The inverter of the OP-AMPS is shown in Figure 2.37.
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Figure 2.34. Bond Graph of sum OP-AMPS

2.3.3 Bond Graph Representation of PID controller

We propose two compared methods in the mechatronics engineering teaching strate-
gies. The Bond Graph on the left as a novel teaching method could provide students with
a clear blueprint for the simulation process, another method on the right is the traditional
method such as mathematical ODEs, the mathematical method could illustrate the theory
of the simulation. Both of the methods serve the same purpose, which is to convert the
schematic of the real physical system to the dynamic simulation results. The Bond Graph
could convert the schematic to the block diagram directly compared with the traditional
method. And the bonds in the Bond Graph depict the energy flows in the dynamic system.

The Bond Graph provides a clear relationship of the whole system from a graphical
perspective in mechatronics engineering. The multiple domain combination using the
Bond Graph solution also presents the synergy in the mechatronics engineering subjects.

This section presents new teaching methods for the students, in the meantime, we
also provide teaching strategies. The teaching strategy is to make the knowledge modular,
which could train students to think by themselves when they face a new assignment by
applying the knowledge modularly. The researchers such as the mechatronics engineering
students could integrate knowledge modularly presented in Figure 2.36.

In control theory, linear control is one of the fundamental control strategies, and in

the meantime, the PID controller is a classical controller for the DC machine speed control
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Figure 2.35. Comparison two methods [8]
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in the linear control domain.
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Figure 2.37. PID representation using Bond Graph

A PID controller can be represented using operational amplifiers in a bond graph
format. There are inverter, differential, and integral operational amplifiers in the PID

controller Bond Graph. The PID controller Bond Graph is shown in Figure 2.37.

R, B
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vef 1 (Details in 1 {1} A GY 7s | TF 7 1k A
Figure 2.34) 93J£ fs £l o
L J
u, ¢ w
GY

Figure 2.38. Active Bond Graph of PID controller

The input of the PID controller is the Se : u, which represents the difference between
the reference input and the measurement output. u is the control signal of the DC motor
plant. The GY symbol on the feedback bond graph is a tacho generator, which can
convert the flow energy into effort energy. The active Bond Graph of the PID controller
is shown in Figure 2.38.

Figure 2.37 and Figure 2.38 are a little bit complex for the electrical and control
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engineering students, but from a graphical language point of view, it is clearly pleasant
for the mechatronics engineering students during the simulation study.

After the theoretical part of the modeling and simulation, the result should be added
and analyzed as in the following. The Figure could present the step response of the DC
motor speed control using different k;. The step response of the PID with varying k; is
shown in Figure 2.39. With different parameter settings, there is a slight difference in
the performance, such as the step response overshoot increase with the increase of the k;.
Other parameters are k, = 1, kg = 0.01. The Bond Graph and the traditional method
share the same result of the schematics. This plot presents the characteristics of the step

response with different simulation parameters.

Step response
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Figure 2.39. DC motor speed control using PID controller with different k;

The next figure is the trajectory of the PID controller performance, the position and
velocity trajectory could help students understand the convergent performance, e and é
illustrate the position and velocity error respectively in Figure 2.40.

The trajectories could converge to the origin in a finite time, and the position error
increases with the increase of the parameter k;. These two methods’ processes are different,
the simulation result of the step response and the trajectory are the same. The Bond Graph
could be considered as an alternative method to the mathematical calculation during the

modeling and simulation in mechatronics engineering.
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Figure 2.40. PID controller e and é with different k;

2.3.4 Bond Graph representation of General Sliding Mode

After introducing the PID controller in the linear control theory, a nonlinear controller
could be another classical teaching material in the mechatronics engineering subjects.
With the iteration of the knowledge, the acceptance of nonlinear control for mechatronics
engineering students has increased. Since the theory of the sliding mode control is complex
enough and simple enough in the implementation for mechatronics engineering students,
then nonlinear control should be introduced in the undergraduate teaching materials. One
of the most efficient nonlinear controllers is the sliding mode controller, which is applied to
undergraduate teaching materials. The sliding mode controller is typical of the nonlinear
controller in the dynamic system. In this section, we present a normal sliding mode
controller for position and speed tracking. Then an adapt robust sliding mode controller
method is introduced using the general model and real DC electrical machine parameters
respectively.

Since the modular becomes a teaching strategy of the teaching methods, then it will
applied on the sliding mode controller as well. The knowledge is divided into parts and
combined with the block diagram in Figure 2.41. At the first beginning, the ideal sine

position signal is set as the input of the whole system, the output is the 64(¢). The second
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block is the sliding mode control, this modular generates the control signal u(¢). The last

module is the plant model.

Position signal 0(t)

— Control
Sine ideal 04() Sliding  |Signal: u()
oy : mode Plant model
Position signal
Control

Speed signal 0(t)

Figure 2.41. a general sliding mode control

The equations of DC motor (2.25) and (2.26) can be written in the following simple

second-order form:

JO(t) = u(t) + d(t) (2.27)

Where J is the moment of inertia; w(t) is the control input i.e. the voltage of the
motor; d(t) is the disturbance, which must be a limited function. It can include external
functions like the load torque and the internal first-order terms because of R and B. This
means that in this case, we do not need to know all the parameters of the motor, only
J is known exactly. We would like to emphasize that during the design of the controller,
the inductance of the rotor circuit (the electric time constant) is ignored. We consider it
as unmodelled dynamics, which is covered by the controller. It is quite common in the
engineering field that we start with a simple model. The goal is to use the simplest model,
which provides satisfactory results.

The sliding surface is designed as follows:

s(t) = ce(t) + €(t) (2.28)

Where c is satisfied Hurwitz condition, ¢>0. Tracking error and tracking error deriva-

tive are shown as follows:

e(t) =0(t) — 04(t) and é(t) = 0(t) —0(t) (2.29)
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Where 604(t) is the ideal angle signal.

Our goal is that the s(f) — 0. The sliding mode occurs if s(t) = 0. In sliding mode,
the error tends to zero exponentially. The solution is quite easy from the mathematical
point of view, we have to find a proper Lyapunov and use the Lyapunov condition. We
will show this method in the next subsection but in our case, it can be explained by very
elementary mathematical tools as well. If s(¢) > 0 then s(¢) must be decreased i.e
5(t) < 0. If s(t) <0 then s(t) must be increased i.e $(¢) > 0. We can change the control
signal only. That is why we use a term in the control signal which is changing according to
the sign of s(t) The easiest solution is the signum function. Finally, they can express the
control signal wu(t). We can ignore all unknown terms of it and we assume that k is big
enough to determine the sign of $(¢). Since the operation area of a real motor is limited
the e(t) is limited as well.

A very simple sliding mode control law can be designed in a certain domain e(t).

u(t) = k * sign(s) (2.30)

The selection of the k£ should satisfy two contradictory conditions. k can not be too
small to compensate for the disturbance, and not too big in order to avoid the chattering
phenomenon problems. In this case, it is called equivalent control signal u.(t), which could

keep the system in sliding mode ideally.

u(t) = ue(t) + k = sign(s) (2.31)

The sign function should compensate for the calculation error of the system. The

s(t) =0, $(t) = 0 when the system is located in the sliding mode.

5(t) = cé(t) + é(t)

= cé(t) + 0(t) — O4(t) (2.32)

u(t) +d(t)

= cé(t) — 04(t) + g

In the simulation, the d(¢) is unknown to be substituted by the signum function and

the control signal wu(t) is designed as:
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u(t) = J % [—c* de + 04 — k * sign(s)] (2.33)

Based on the equation 2.33, the k should be smaller enough to reduce the chattering of
the sliding mode simulation system. The moment of inertia J = 10, 04(t) = sing(t). The
position and speed initial conditions are set to 0.3 and 1.0 respectively. The disturbance
d(t) is set to 0.5 % O(t) + 1.5 * sign(A(t)), ¢ = 0.5, k = 0.5. Figure 2.42 shows the position
and speed tracking simulation result.

The position and speed tracking performance is shown in Figure 2.42. The plots
spread some conclusions in the following, the initial condition of the position affects the
tracking performance in the general sliding mode controller. The speed-tracking plot does
not have an ideal performance even if the ideal signal is the same as the initial speed input.
An adaptive robust sliding mode controller is proposed to achieve a better performance

in the tracking error problem in the following.

2.3.5 Bond Graph representation of Adaptive Robust Slid-
ing Mode

Adaptive control is a controller method that can adapt its characteristics to the
changes in the dynamics systems of the target and disturbances. Robust control is a
dynamic system that adapts certain performance characteristics within certain parame-
ter disturbances. The speed and position tracking plot can perform well by applying the
adaptive robust mode control[114].

It is emphasized that J is a known value. The parameter uncertainty is also allowed
because of the inertia. The parameter uncertainty is limited as the disturbance signal
d. In this chapter, Based on the didactic innovation, a method is presented where the
uncertainty of the J parameter is not considered part of d but it is calculated separately
in such a way that the sliding mode control is combined with the estimation of a J
parameter. Parameter estimation itself is part of the curriculum.

The real and estimated inertias are J and .J. The estimation error:

J=J-J (2.34)
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Figure 2.42. Simple sliding mode position and speed tracking
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Our goal of s(t) — 0 is extended by an additional goal .J(t) — 0

The Lyapunov function consists of two terms one for s(t) and one for J(t).

1 _, 1 5
V=1Js+— 2.
2Js 27J (2.35)

Where v > 0, and V(t) > 0. When s(t) = 0 and J(t) = 0, then V(t) = 0. If V() > 0,

then V() must be smaller than 0.

. 1 -~z . .. 1 -~=x
V = Jss+ ;JJ = 5(JO — Jlg + Jcé) + ;JJ (2.36)
Js=J(0 — 04+ cé) (2.37)

Substituting (2.27) and (2.37) into the equation (2.36).

. 1 ~=
V=stu+d—J(0g—cé))+ ;JJ (2.38)

The equivalent control signal can be derived from the first term of V. The J is the
inertia, and J > 0. J does not change the sign of the condition as a multiplier. It can be
substituted by its estimation because of its unknown characteristics. —kss and k * sign(s)
are added to the equivalent control signal since in addition to suppressing the disturbance,
parameter adaptation must also be ensured. —kgs is dominant if s is big; k * sign(s) is
dominant if s is small. To make sure the convergence of the sliding mode controller, the

control signal can be designed as:

w=J(lg — cé) — kys — k * sign(s) (2.39)

Where, ks > 0,k > 0. And then substituting (2.39) into the (2.38):

. A . 1 -~z
V =5(J(04 — cé) — kss — kx sign(s) +d— J(0g — cé)) + —JJ (2.40)

2

Equation (2.40) can be derived as:

V= —kssz—k\s|+d*s+j(s(9d—cé)+§J) (2.41)
Then adaptive law can be set as:

J= —vs(8g — cé) (2.42)
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When s =0,V =0. Where V = —k,s2 —k|s|+ xs —kss2 <0. When V =0,s = 0.
When ¢ — 00,5 — 0, The convergence of the system depends on the k.

In order to prevent the control input signal w(t) from being too large due to too large
J , it is necessary to design the adaptive law so that the change of the J is within the range
of [ Jmin, Jmaz]- A mapping adaptive algorithm is shown as:

When J exceeds the maximum value, if there is a tendency to continue to increase,
j > 0, then the value of J remains unchanged, then j = 0; when J exceeds the minimum
value, if there is a tendency to continue to decrease, j < 0, then the value of J remains

unchanged, j =0.

~

0 if J> Jnee and —'ys(éd—cé)>0
J=90 if J < Jpin and — 'ys(éd —cé) <0 (2.43)

—vs(g) — cé else
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Figure 2.43. Position tracking of adaptive sliding mode controller

The position and speed tracing plot is shown in Figure 2.43 and 2.44. The initial
values’ conditions of the speed and position are 0 and 0.25 respectively. J = 1 and the
target position signal is set to sint. Jnee = 1.5, Jmin = 0.5, ¢ = 15, ks = 15, v = 200,
and k = 6.01. d(t) = 0.50 + 1.5sign(0). The control signal u is added by adaptive part
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Figure 2.44. Speed tracking of adaptive sliding mode controller

Uq, sliding mode equivalent us1, and sliding control unit ug as u = u, + us1 + us2, Where
Uy = j(ﬁd — cé); us1 = —ks x s; and usy = —k x sign(s) . The control signals u can be
limited by the adaptive law shown in Figure 2.45.

Control input base on adapt law

50- { Control signal u
40-

30-

-20-
-30-

-40-

-50-t T ; y y 7 y

0 0.5 1 1.5 2 2.5 33.14
Time(s)

Figure 2.45. Adaptive sliding mode control signal

One of the main contributions of the dissertation is to introduce the way to represent

sliding mode by using the Bond Graph method. Compared with the mathematical equa-
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tions, the Bond Graph method above presents all the energy flow of the adaptive robust
sliding mode control. The elements R and [ are the type of energy in the bond graph.
MTF is the modulated transformation, it can be considered as a gain in the bond graph.
21 : 0 and 7 : 6 are the position and speed respectively in the control loop. x4 : 4 is the

ideal position input.
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Figure 2.46. Bond Graph of adaptive control law

The block diagram of the adaptive control in LabVIEW is shown in Figure 2.47.
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Figure 2.47. Block diagram of adaptive control in LabVIEW

The position and speed tracking plots are shown in Figure 2.48 and 2.49. The initial
condition of the position and speed are set to 0.2 and 0 respectively. The position trajectory
can track the reference position in a short finite time, and in the meantime, there is no
oscillation in the speed tracking performance differing from the 2.44.

The control signal v with saturation in the simulation using real DC machine pa-

rameters is shown in Figure 2.50. Compared with Figure 2.46, the adaptive sliding mode
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controller is robust enough to follow the position and speed with small oscillation and mi-
nor amplification control signal. The sliding parameter ks = 50, The reaching parameter

c=5,7=50,k =15.01. The DC machine parameters are in Table 2.4.

Angle response
15 | Ideal position signal
1.25- ‘ Position tracking
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0.75-
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Figure 2.48. Real parameter position tracking

Angle speed response

Ideal speed signal
| Position tracking

Speed({rad/s)
R
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Figure 2.49. Real parameter speed tracking

In this chapter, a simple sliding mode controller with a general target simulation is

introduced as a starter. And then an adaptive robust sliding mode is modeled to upgrade
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the sliding mode to get better performance on oscillation and amplification. The last
simulation uses the DC machine’s real parameter on the adaptive robust sliding mode.
It actually has a better performance on oscillation and amplification. Another main con-
tribution of this section is the Bond Graph representation of the adaptive robust slid-
ing mode controller for mechatronics engineering subject education. The Bond Graph
representation presents the synergy of the mechatronics system from a combination of

cross-interdisciplinary graphical language points of view.

Control input base on adapt law
40- { Control signal u ]‘

30-

-20-

-30-

-40-! ; . ;
0 0.5 1 1.5 2 2.5 33.14
Time(s)

Figure 2.50. Real parameter control signal

2.4 Lagrangian and Hamiltonian Bond Graph

The Bond Graph plays a critical role in representing dynamic motion control sys-
tems, Newton’s laws of motion provide a useful and practical guideline for understanding
movement. In addition to applying the Bond Graph to traditional motion control, it also
provides a representation of the Lagrangian and Hamiltonian when analyzing mechanics
involving complex forces and generalized coordinates.

The traditional analysis of dynamic systems uses direct modeling when the models
are sufficiently simple. Complex methods are utilized when addressing more advanced

models. The principles of mass and momentum conservation are directly applied in direct
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modeling techniques. The “energy methods” are the use of Lagrange’s and Hamilton’s
equations [113].

To enhance the understanding of Lagrangian equations and their applications, The
bond graph integrated with Lagrange’s equations is presented for the physical system in
terms of energy and power. The fundamental form of Lagrange’s bond graph incorporates
simplified transformed equations and essential variables. Additionally, the bond graph
improves the energetic structure and functional behavior of the system.

The numerical aspects of the Lagrangian equations can be emphasized as follows. If
we view the system as a collection of prime points, the position of each prime point can be
determined by several independent generalized coordinates, ¢;, and as a function of time
t, then the change of the whole system with time can be described by the function ¢;(t).
Denoting the derivative of ¢;(t) with respect to time as ¢;, each ¢;(t) can be solved by the

Lagrange equation if all ¢;,q; at the initial moment are given [113]:

d OL oL
o= _ 77 i —=1.2.3... N 2.44
dt 0q; 0q; (Z %3 ) ( )

Where, L is the lagrangian of the system, which is equal to the difference between the
kinetic energy of the system and the potential energy.We consider the ¢; and ¢; as the ¢

and ¢ for the convenience. Then the Lagrangian of the system is shown in the equation

2.45.

L(q,q4,t) = T(q,4,t) = V(q,t) (2.45)

Where the T presents the kinetic energy of the system, V' donates the system’s po-

oL

50 A8 the 6 equals zero in

tential energy. The conserved quantity in the system is called

the Lagrangian equation right side [113].

ddL dL

In this situation, if the Lagrangian does not depend on a generalized coordinate g;,
then the generalized momentum p; is a conserved quantity known as a cyclic coordinate.

The generalized momentum known as conjugate momentum is defined as: [113]
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_ oL
pl_aq'z'

The Bond Graph of the Lagrange equation can be represented in Figure 2.51 based

(2.47)

on the theory of the Lagrangian equations above.
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Figure 2.51. general Lagrangian bond graph [115]

The Lagrangian Bond Graph above is detailed but complicated, so it is necessary to
introduce a simplified version. Before introducing the alternate form of the Lagrangian
bond graph, the C-field bond graph should be illustrated in the following Figure 2.52.
There are two sources of effort as the inputs, which are the two independent generalized
coordinates. In the meantime, the passive element is the compliance. This simplification
version is the compliance field or C-field. The Inertance field shares the same logic as the

compliance field.

561 Cz
Fi| X1 F5| &
ot bse, T 2,
1 7‘:1 x’z 2 H .
X1 X2
(a) I-port C-elements and
junction elections (b) A C-field elements

Figure 2.52. 1-port C-element and c-field element

There is a simplified form of the Lagrange bond graph. The Lagrangian Bond Graph
obeys the same theory as the compliance field. The Lagrangian Bond Graph in Figure
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2.51 could be simplified to the alternate form of the Lagrangian bond graph as Figure
2.53.

1
7,6
ey 1Y

Figure 2.53. Lagrangian bond graph alternate form [115]

Lagrange’s equations are a powerful method for the modeling in many fields. La-
grange’s equations can represent the energy and power involving only generalized dis-
placements and velocities. The bond graph is also a powerful tool in the modeling subject
by the graphical language of the energy storages and the effort flows.

A simple example could explain the benefit of the Lagrangian Bond Graph shown in
Figure 2.54. The length of the spring is [, and it has the length [ + z(¢) with a mass m
attached. The angle in the figure is . The Lagrange equations of the pendulum motions

between z(t) and 6 is shown in the following:

l+x

Figure 2.54. Pendulum

82



Lagrangian and Hamiltonian Bond Graph

The kinetic energy of the pendulum motion system is:

T(z,0) = %fm(az;2 + (1 +2)%6?) (2.48)

The potential energy contains the spring and the gravity:

1
T(x,0) = —mg(l + x)cost + 5]{:3:2 (2.49)

The Lagrangian of the system is:

1 . 1
L=T(z,0) —T(z,0) = §m(x2 + (14 2)%0%) + mg(l + x)cost) — §k:x2 (2.50)

By analyzing the schematics of the system, there are two variables 8 and z. The

Euler-Lagrange equations are shown in the following;:

d OL oL . 12

7dt(%) = 9 —  m& = mgcosh + m(l + x)0*° — kx (2.51)
d 0L oL - .5 .

o ( 39) = —  m(l+ x)0 + 2mzl = —mgsind (2.52)

The numerical mathematical Lagrange equations are complicated compared with the
Bond Graph. There is only one generalized coordinate in the system, which is the reason

for only 1-junction in Figure 2.55.

/)

=l 1—= MTFF—=C

|
®

Figure 2.55. Lagrangian Bond Graph of pendulum

Another classic example that serves as teaching material for the mechanism system is

illustrated in the figure below 2.56.
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Figure 2.56. Higher DOF linear dynamical system

If sufficiently simple, the traditional method for high-degree-of-freedom (DOF) spatial
dynamics could utilize modeling with Lagrangian methods. The Bond Graph can be
directly converted into a model by providing the structural meaning of the model.

The Lagrange equations are shown in the following;:

d OE_ OE _
ﬁ(aq‘i)_ =) Qu (=172 (2.53)

Where ¢; = w; represents the angular velocity. F is the system’s kinetic Energy, and

the Q) donates the general forces.

1 1

1 . 1 .
= —Japt + 2 Jpds

% ; 2 - (2.54)
= 5(5”1132)@% + §(§m2l2)¢’%

Ja and Jp are the system inertia. The kinetic energy of the system consists of the

inertia sum of the disk and the stick.
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U=U,+Ux+U;
12 12

1(lps — Re1)* | 1 2
_1! : 2.55
2 C1 +2(CQ+63)¢2 ( )

U U represents the potential energy of the spring, calculated as the deformation

squared divided by the spring’s stiffness.

dUu

Qci = _diqi

(2.56)

In 2.56, there are only two generalized coordinates ¢, and ¢;. For those two general-
ized coordinates, only one input is applied to the disk to generate the . Then the spring
C1 connects to the long stick to trigger the other two springs. The representation of the
Lagrangian Bond Graph is shown in Figure 2.57. The analysis of dynamic mechanisms is a
topic in mechatronics engineering. The Bond Graph is crucial for modeling and simulating

mechanisms. It emphasizes the synergy property of the Bond Graph [113].

AV
C
ﬂ.l F——= MTF —0 /)\ 2

s ¢
MGY 3
e
{

I,

Figure 2.57. Lagrangian Bond Graph of the mechnism[115]

Hamilton’s equations are shown to be the conventional bond graph. The Hamiltonian
bond graphs directly represent Hamilton’s equations. The multiport I element stands
for the generalized velocity or flows, which is the algebraic function of the generalized
momentum vector. The same theory applies to the multiport C element, it represents the

force or effort, and they are the algebraic function of the generalized displacement vector.
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Figure 2.58. Hamiltonian Bond graph [115]

Lagrangian and Hamiltonian bond graphs are a powerful tool for the user to under-

stand the model that applies broadly to the energy system.

2.5 Conclusion

The case studies in this chapter range from simple to complex, from numerical tradi-
tional methods (ODEs) to analytical strategies (Bond Graph) to illustrate the outstanding
contribution of Bond Graph to the mechatronics education method.

The benefits of the Bond Graph are demonstrated in the case of comparison between
the traditional method and the Bond Graph. Compared with the traditional methods,
the Bond Graph provides a graphical tool to skip the mathematical calculation analysis
directly to the modeling results. Skipping the step does not mean disregarding the entire
mathematical process. Instead, the Bond Graph offers students the opportunity to un-
derstand the mathematical process by observing the modeling results, which can enhance
their grasp of traditional calculations. Efficient application method usages are character-
ized in the field of PID and SM controller Bond Graph representation. Lagrangian Bond
Graph equation’s applicability for more complex case studies such as mechanism dynamics
analysis.

The Bond Graph prepares mechatronics engineers for complex challenges and pro-
motes problem-solving and critical-thinking skills. Additionally, the Bond Graph pro-
vides an effective method of bridging the gap between theoretical knowledge and practical

application in mechatronics engineering education.
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turbance Observer

3.1 Direct and Inverse Disturbance Observer

The disturbance removal is a critical step in the dynamic system control. The dis-
turbance observer is based on the transfer function of the inverse model. Compensation
for the equivalent is introduced in the control process to achieve complete control of the
disturbance. In this chapter, a direct model of disturbance observer is proposed to be com-
pared with the inverse model disturbance observer. The direct model disturbance observer
can work without any additional filter, which simplifies the design and the implemented
controlling process.

In the meantime, the Bond Graph could represent the direct and inverse disturbance
observer. The bond graph presents the powerful functions of illustrating control theory
and multiple domains. This chapter is divided into two main parts, the numerical and
the analytical of the Disturbance observer. The numerical of the disturbance observer
describes the disturbance observer from the mathematical method of thinking, in the
meantime, the analytical of the disturbance observer provides a novel representation of

the disturbance observer from a graphical Bond Graph point of view.



Numerical and Analytical of the Disturbance Observer

3.1.1 Numerical of the Inverse disturbance observer

The simplified motor model is shown in equations 3.1 and 3.2, where the input and
output are described using u and y. The nominal parameters T,, and G,, are used in the

inverse disturbance observer model. The d is the disturbance signal and it is estimated by

~

d.

Gm
y(s) = m(u(s) +d(s)) (3.1)
1+ sT,, s 1+8T,
d—Tmy—u d= a y—u (3.2)

The main operation principle of the simple disturbance observer can be described in
Figure 3.1. The mechanical time constant T, and the gain G, consist of the motor model
in the upper part of the block diagram. The T,, and the G,, are the estimated reciprocal

of the motor model in the lower part of the block diagram.

d
U — o| Gm y d
1+T,s
u Gm y
1+Tps
1+T,s
G, | 1+T,s
5 G
d > "

dl

(a) Simple Inverse Model Based Distur-  (b) Simple inverse model based disturbnce
bance Observer, IMBDO obsever with feedback

Figure 3.1. Inverse model disturbance observer

There are difference between the simualtion system and the real system model, which

are considered as the parameter disturbance presented in 3.3.

T =T, + AT, Gm =G, + AG, (3.3)

The difference AT,, and AG,, are limited to estimate the disturbance signal. The

estimated disturbance output d are the feedback with the compensation purpose of the

88



Direct and Inverse Disturbance Observer

Gn
1+T,s

disturbance signal d. The output signal y can be calculated as the transfer function
from the control signal input u in Figure 3.1(b).

The differential term could amplify the noise of system which is a problem needs to
be solved. Theoritically, the influence of the noise can be eliminated by the low-pass filter

w(s) in the feedback branch, which is shown in Figure 3.2.

d

u urn > Gm y
- 1+T,s

-~

v

1+T,s

a/

W(s)

Figure 3.2. simple IMBDO with filter feedback

For the purpose of keeping useful signal in the input, the reciprocal of the time constant
T, should be smaller than the cutoff frequency of W (S). The disturbance signal to y,
which is the transfer function absolute value can be maintained small enough at a lower

frequency range, if the filter W(s) is at a certain range.

3.1.2 Numerical of the Direct disturbance observer

The direct disturbance observer is an expansion of the inverse disturbance observer.
In this chapter, the same parameters of the motor model are considered as in the following
model case. The difference y. is fed back to the input, the difference is between the ideal
model and the disturbance estimated model in Figure 3.3.

The block diagram of the direct disturbance observer is shown in figure 3.3

The difference signal 7. is small to obtain a small value of the feedback signal dif K
is big enough. In this case, the signal d could present the information of the parameters

disturbance AT,, and AG,. The calculation of the u to y is shown in the following:
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Ye

Gn
1+T,s

Figure 3.3. Direct Model Based Disturbance Observer

i (14 KCn_) e o )= g (LTt GuK Gm )
K00 1+ sT, 1+K1+Gﬁ K00 1+ sT,, sTy, + KG,, +1
— lim (Gn + % Gm ) (3.4)
K=o 1+8T, G, + L_;(Tm
— Gn
14Ty,

Output can be influenced by the disturbance d(t):

Gm
lim (— 2 Tm ) — 3.5
K%O(HKHGS%) (3.5)

This can explain the fact that the feedback signal d contains information about finite

parameters and input disturbance.

3.2 Bond Graph Representation of Direct and In-
verse Disturbance Observer

After introducing the numerical representation of the inverse and direct disturbance
observer, it is time to start the analytical representation of the inverse and direct distur-
bance observer. The method is to use the Bond Graph as a graphical language to describe

the details of the disturbance observer methodologies. For the Bond Graph, the students
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could get a comprehensive understanding of the disturbance observer compared with the
mathematical method.

The conversion of the disturbance observer is based on the principle of the Bond
Graph and logical calculation. It is all from the basic relationship of the 1 — junction and
causality direction representation.

The Bond Graph of the inverse disturbance observer is shown in figure 3.4

G,
1+T,S LTS
Se:d—>TF— TF *G"
Gm 1+T,S
ey 1+T,S G, L
Se:U;,, —TF— TF— 1 —1 —R:d

" l

R: Uin

Figure 3.4. Bond Graph inverse disturbance observer[113]

The Bond Graph shown in Figure 3.5 is based on the structure of Figure 3.4. The
first 1 — junction inside is the feedback loop in the block diagram 3.1(b). The red arrows
show the direction of the effort and flow. The causality means the direction of the effort,

and the direction of the flow is opposite to the effort.

Gm
1+ T,,S LiTs
Se:d—TF—TF G"
Gm 14T, L
1+T,S ~ ¢

e n ~
Se:Uin% 1—ITF—ITF—1 —1 —R:d

"l I

R:d R:U;,
Figure 3.5. Bond Graph simple inverse model based disturbance observer with feedback

The block diagram representation of the inverse disturbance observer is shown in

Figure 3.6, and the inverse disturbance observer with the feedback can be described in
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Figure 3.7. In the LabVIEW programming, the feedback node is used to avoid errors and
fulfill the completion of the programming.

(1 +Tn*s) [} s
»

Gmiiy |
Gl 50|

(1 +Tn*)/Gn

Figure 3.6. Block diagram of simple inverse model based disturbance observer
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<o | Gn [ -

(14 Tm?*s) o —
dis Gm/(1+Tm?s) (1+Tn*s)/Gn

Se: Uin

=@

. (d_haty’

Figure 3.7. Block diagram of simple inverse model based disturbance observer with

feedback

The Bond Graph of the direct disturbance observer is shown in figure 3.8. The con-
version of the Bond Graph direct disturbance observer obeys the principle of the Bond
Graph knowledge, which could realize the function of the feedback and basic subtraction
from the block diagram in Figure 3.3. The same R elements represent the same value,

which could be converted by the GY or T'F.

3.3 Comparision Simulation Results

The discrete-time transfer function Wy, (z) is shown in the equation 3.6. Where the

M, (z) is the torque and the w(z) is the velocity.
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Figure 3.8. Bond Graph of direct model disturbance observer

T, donates the sampling time of the simulation system. Then the W, (s) presents the

continuous transfer function as shown in equation 3.7.

w(s) 015

Wcm = —
()= 3705 ~ 0.004s 11

(3.7)

The block diagram of the motor model is shown in Figure 3.9.

Amplitude
[y Electrical dynamics : :
e Transfer Function Mechanical dynamic

Sin Signal Transfer Function

[, e
) [ e | )\ ) 1 ° EoE
- R e N el

0.1s+1

Figure 3.9. Block Diagram of the motor

1
le=%s+1°

Where the electrical dynamics is presented as Tesl 0= The torque electrical

dynamics is T, = 0.1ms. In the meantime, Torque mechanical is T;, = 20ms. And the

Gm  _ _0.65
Tms+1 = 0.1s+1°

The first-order reference motor model can be considered as in the following:

Jw(t) = um(t) — Bw(t) (3.8)
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Where the J donates the inertia of the electrical part and the B is the viscous friction
constant of the motor model. U,, is the input of the reference model, and the relationship
of the parameters is shown in the following 3.9:

J T,

T, = — G, ="
™ B 1000

The block diagram of the direct model and the inverse model of the disturbance

(3.9)

observer is shown in Figure 3.10 and 3.11.

Control & Simulation Loop

]

5 |estimated disturbance]

Figure 3.10. Block Diagram of the direct model of the disturbance observer
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Figure 3.11. Block Diagram of the Inverse model of the disturbance observer

Matlab Simulink serves the same purpose as LabVIEW since both of the platforms
share the same core. The Simulink direct and inverse models of the disturbance are shown
in Fig. 3.12 and Fig. 3.13 for the comparison with the block diagram in LabVIEW.

Simulink and the LabVIEW codes are converted from the block diagram generated
by the Bond Graph or mathematical equation. Both of the two methods can achieve the

simulation purpose with a slightly different menu setting.
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Figure 3.12. Simulink of the direct model of the disturbance observer
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Figure 3.13. Simulink of the inverse model of the disturbance observer
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There are two measurements of the results, the input u is the sinusoidal, representing
the torque reference signal. The first two sets of the results show the amplitude of u is
15% and 20%. An operational amplifier presents the loop of control with an armature
current with an uncompensated offset. The acceleration torque is shifted vertically along
the positive direction. The operational amplifier offset results in an asymmetric uncom-
pensated velocity wy. under the disturbance observer off circumstance. The real motor

speed is faster than the ideal speed w;q.

6 {wid [N
5 Wne [N
. \\ |
T, / A\
S Hlecle | %
N | &Y
13; avi LR
5. NN Ea
s N 4
-2 =

&

|
0O 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3
Time[s]

Figure 3.14. simulation result of the IMDOB with u=15

The first set of comparison results are shown in Figure 3.14 and 3.15. Compared with
the results of the inverse disturbance observer and the direct disturbance observer. It
plots that the direct disturbance observer presents a better stable performance than the
inverse disturbance observer with a small chattering during the crossing of the horizontal
line. The second set of the results is shown in Figure 3.16 and 3.17 with the amplitude
set to 20.

The direct disturbance observer has a small chattering when it crosses the horizontal
line compared with the inverse disturbance observer. At the same time, the direct distur-
bance observer has a faster reaction to the sudden changes in the disturbance with less
sensitivity in sampling. Estimate disturbance is introduced as the feedback compensator
of the disturbance signal. The disturbance estimator carries not only the information of

the real disturbance signal but also the deviation of the parameter. The output signal
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Figure 3.15. simulation result of the DMDOB with u=15
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Figure 3.16. simulation result of the IMDOB with u=20
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Figure 3.17. simulation result of the DMDOB with u=20

does not rely on the disturbance signal after the disturbance estimation calculation.
In reality, the noise is amplified by the differentiation in the dynamic system, which
causes accuracy problems. The low-pass filter on the feedback branch is necessary to

eliminate the amplification of the noise.

3.4 Conclusion

In this chapter, a comparison of the inverse disturbance observer and the direct dis-
turbance observer is presented under the non-realtime motor dynamic system. Both of
the methods serve the same purpose with the same results with a slight difference. An-
other main contribution in this chapter is the Bond Graph representation of the direct
and inverse disturbance observer. The efficient education method of the Bond Graph
is demonstrated in the case of the inverse and direct disturbance observer Bond Graph
graphical representation. The demonstration of the two methods of Bond Graph represen-
tation proved the importance of the Bond Graph synergy in the Mechatronics education

method.
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The Bond Graph is a powerful and more acceptable graphical language for the mecha-
tronics engineering students. Strong evidence is more persuasive than a speech, so a proof
test over three years has been done among the mechatronics engineering students in the
'Modeling and simulation’ subject. In the final test of the ‘modeling and simulation’
subject, the mechatronics engineering students responded that the Bond Graph is much
easier than the traditional mathematical technique to solve the practical dynamic system

in mechatronics engineering.

4.1 Test Results of Mechatronics subject over three
years

There are three questions for the students to be solved in the final exam of the 'model-
ing and simulation’ The students are requested to solve each question using two methods,
the Bond Graph, and the traditional mathematical method. In this case, a high score
could claim a better and more acceptable solution for the students to study the subject of
mechatronics engineering.

The dissertation addresses educational methods, which fall under social science. This
is why a statistical approach is chosen to validate the results. The performance of the pro-
posed method has been evaluated for selected student groups based on specific activities.

The validation test was repeated three times due to the absence of a control group.



Test Results and Conclusions

The test questions were prepared by honorable professors in the Mechatronics depart-
ment, Engineering Faculty, University of Debrecen. The test questions are corrected by 3
persons in the department, three lecturers who are in charge of the ‘modeling and simu-
lation’ subject. One lecturer is a professor, one is a master’s student, and the last one is
PhD student. After correcting the answers, all the papers are sent back to the professor
for final checking. In the end, all the analysis and the t-test are done by the candidate.

For the first-year final test, there are 21 students in the 'modeling and simulation’
class, all the student’s test results were collected to compare the traditional mathematical
method and the Bond Graph method. The question should be from 1(fail) to 5(excellent).
The results were well collected and data was analyzed using mean and average values
shown in Table 4.1. Based on the response of the first-year chart, the average difference of
each question between the Bond Graph and to ODE method has a variety of differences
by 16%, 26%, and 6% respectively.

Table 4.1. The first-year test results

Question 1 Question 2 Question 3

ODE average 3.57 3.57 3.95

Bond Graph average 4.38 4.86 4.24

ODE mean 3.28 3.35 3.56

Bond Graph mean 4.31 4.83 4.06
Average(Bond Graph-ODE) difference 0.81 1.29 0.29
Mean(Bond Graph-ODE) difference 1.03 1.48 0.51
Average(Bond Graph-ODE) difference% 16% 26% 6%
Mean(Bond Graph-ODE) difference% 21% 30% 10%

The test result for the second year is a 38-student sample. The numerical analysis is
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Table 4.2. The Second-year test results

Question 1 Question 2 Question 3

ODE average 3.17 2.21 3.65

Bond Graph average 4.26 3.03 4.63

ODE mean 3.19 1.72 3.14

Bond Graph mean 3.84 2.47 4.35
Average(Bond Graph-ODE) difference 1.09 0.82 1.00
Mean(Bond Graph-ODE) difference 0.64 0.72 1.21
Average(Bond Graph-ODE) difference% 22% 16% 20%
Mean(Bond Graph-ODE) difference% 13% 14% 24%
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shown in Table 4.2. The students’ scores have a 22%, 16%, and 20% increase when using
the Bond Graph compared with the traditional ODE methods.

For the third year, there were 37 students in the modeling and simulation class.
Compared with the traditional ODEs method, the students gained 25%, 39%, and 33%

more scores on each question.

Table 4.3. The Third-year test results

Question 1 Question 2 Question 3

ODE average 3.14 1.70 1.65

Bond Graph average 4.41 3.65 3.30

ODE mean 2.75 1.49 1.39

Bond Graph mean 3.97 3.15 2.65
Average(Bond Graph-ODE) difference 1.27 1.95 1.65
Mean(Bond Graph-ODE) difference 1.27 1.66 1.26
Average(Bond Graph-ODE) difference% 25% 39% 33%
Mean(Bond Graph-ODE) difference% 24% 33% 25%

For the static analysis, the comparison of each year as a horizontal analysis is necessary.
In the meantime, the vertical analysis is essential for the proof. For these three years
sample, the number of students has grown, and the difference between the Bond Graph and
the traditional ODEs has steadily increased. On the other hand, it actively demonstrates
that the Bond Graph donates an advantage in mechatronics engineering subjects teaching.

The histogram of the three-year result comparison is shown in Figure 4.1. In the
histogram, the students surely got a higher score when they used the Bond Graph method
as the question solution. It reflects from the side that the Bond Graph teaching method

is a more acceptable and appropriate technique for the mechatronics study. It directly
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Figure 4.1. Histogram of the three questions results over three years

reflects that the Bond Graph is easier than the traditional ODEs method in the "modeling
and simulation” subject. On the other hand, it does mean the Bond Graph method could
replace the ODEs method in daily education and study, but it provides a novel graphical
point of view of the dynamic system. The Bond Graph makes it a practical tool in

mechatronics subject and a handy tool for researchers to use.

4.2 T-Test for the results

The Bond Graph graphical method and the traditional mathematical teaching method
shared the same result in simulation and minor differences in details. In this case, It be-
comes a problem to distinguish these two methods. It is essential to figure out a persuaded
solution between the Bond Graph and traditional methods. A t-test is a classical test that

could provide a significant difference between the Bond Graph teaching method and the
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traditional teaching method in mechatronics engineering subjects. It has been used when
the two sets of data follow a normal distribution like the tests’ results in this dissertation.

In this section, the t-test is used to identify whether there is a significant difference
between the traditional ODE method and the Bond Graph method. The null hypothesis
is the acceptance level of the students for the two methods. It could reflect the same

questions solved by the mechatronics engineering students using different methods.

(4.1)

Where z; donates the mean of the Bond Graph sample, s; is the standard deviation
of the Bond Graph sample, ni represents the sample size of the Bond Graph; xo donates
the mean of the ODE method sample, so donates ODE’s standard deviation, no is the
ODE sample size.

The t-test analyzed results are shown in Table 4.4.

Table 4.4. t-test results of three questions over three years

Question 1

Question 2

Question 3

First-year 0.00930 0.00001 0.26690
Second-year 0.00266 0.00008 0.00004
Third-year | 0.0000004 0.00000058 0.0000025

Generally, a 0.05 can be considered as a level of two samples that has a significant
difference, and the t-values above can represent that there is a significant difference be-
tween the Bond Graph method and the traditional ODEs method. It proves that the Bond
Graph teaching method is more acceptable for mechatronics engineering students in daily
study and tests.

The test results are the following: Three years students mod and sim test results
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4.3 Conclusions

The Bond Graph provides an analytical representation in mechatronics engineering
compared with the numerical expression. The Bond Graph provides a novel graphical
language in the education of modeling and simulation. It illustrates the linear and non-
linear controllers from a graphical point of view, such as PID controllers and sliding mode
controllers. The Bond Graph representation of the Lagrangian equation explicitly spreads
the energy flows using a visual perspective. The modular teaching method and the visual
tools help the Bond Graph enhance the synergy property in education.

In summary, Compared with the traditional methods, the Bond Graph provides a
graphical tool to skip the mathematical calculation analysis directly to the modeling re-
sults. Skipping this step does not mean disregarding the entire mathematical process.
Instead, the Bond Graph offers students the opportunity to understand the mathematical
process by observing the modeling results, which can enhance their grasp of traditional
calculations. The t-test with a three-year test of the comparison between the traditional
ODE method and the Bond Graph proves that the Bond Graph is more understandable

and acceptable for mechatronics engineering students.
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4.4 Claims of Dissertation

The problems and claims are shown in these categories in the following:

Thesis 1: [P1] [P3] [P5] on page 108

Based on findings and Mechatronics engineering educational experience, the Bond
Graph is recognized as an effective graphical tool for teaching PID and sliding mode
control in Mechatronics [P1, P3]. The Bond Graph simplifies mechatronics modeling
teaching methods for undergraduate students by combining modular design and visual
programming language [P1, P3, P5]. Bond Graph-based graphical model representation
is a novel education method as an intuitive and native language of the Mechatronics
Engineering undergraduate education field, a three-year test finding from the mechatronics
engineering students has proved its efficiency. Overall, a pure graphical-based educational
modeling method had been proposed and verified by processes including Schematic — Bond
Graph — Block Diagram — Block-oriented code. The test results are the following [P1]:

Three years students mod and sim test results

Thesis 2: [P2] [P4] [P5] on page 108

The inverse disturbance observer, as a complex case study for mechatronics educa-
tion, can be replaced by the direct disturbance observer[P2]. Compared with the inverse
disturbance observer, the direct disturbance observer has a better performance without
the additional filter. Additionally, the Bond Graph provides a unified graphical module
representation for these two disturbance observers, enhancing the effectiveness of mecha-
tronics education [P4, P5]. Furthermore, the Bond Graph with causalities is utilized by
the modularity theory for data flow-oriented programming languages in mechatronics ed-
ucation [P4, P5]. In the meantime, the Bond Graph method has been validated by the

unique representation of the disturbance observer [P4, P5].
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Thesis 3: [P1] [P3] [P4] [P5] on page 108

The dissertation proposes to use the Bond Graph to modularize the modeling and
simulation and enhance mechatronics education by representing traditional formulas visu-
ally [P3]. Throughout three years of mechatronics education, the Bond Graph has proven
to be beneficial to mechatronics education [P1, P5]. Based on the students’ feedback, and
published papers accepted by international journals, the Bond Graph is effective for force
analysis in modeling and simulation [P1, P4]. In addition, the Lagrangian Bond Graph
offers Mechatronics students a simple alternative method to traditional energy analysis for
presenting the energy of spatial dynamics [P5]. The “Bond Graph benefits Mechatronics
education method” theory was accepted by the Industrial Electronics Society (IES) and
Student & Young Professionals Activity (S & YPA) [P5]. The detail is shown in Appendix
B.

107



Publications

P1:

P2:

Guo, Z., Korondi, P., & Szemes, P. T. (2023). Bond-Graph-Based Approach to
Teach PID and Sliding Mode Control in Mechatronics. Machines, 11(10), 959.
doi:org/10.3390 /machines11100959.

Fink, N., Zenan, G., Szemes, P., & Korondi, P. (2023). Comparison of Direct
and Inverse Model-based Disturbance Observer for a Servo Drive System. Acta

Polytechnica Hungarica, 20(4). doi:10.3390/machines11100959.

P3: G. Zenan, P. T. Szemes and P. Korondi, "Bond graph-based teaching method to en-

P4:

hance the synergy of mechatronics in Lab VIEW,” 2022 IEEE 9th International Con-
ference on e-Learning in Industrial Electronics (ICELIE), Brussel, Belgium, 2022,
pp. 1-6. doi:10.1109/ICELIE55228.2022.9969437.

Zenan, G, and Péter Tamas SZEMES. "Hydraulic system with PID control under
photovoltaic panel supply using LabVIEW.” In 2020 3rd International Symposium
on Small-scale Intelligent Manufacturing Systems (SIMS), pp. 1-6. IEEE, 2020.
doi:10.1109/SIMS49386.2020.9121415.

P5: G. Zenan, H. A. Neamah and P. Tamé&s Szemes, "Bond Graph Benefits the Education

in Mechatronics Engineering,” 2024 IEEE 21st International Power Electronics and
Motion Control Conference (PEMC), Pilsen, Czech Republic, 2024, pp. 1-6, doi:
10.1109/PEMC61721.2024.10726329.

108



REFERENCES

Shuvra D. "Mechatronic modeling and simulation using bond graphs”. CRC
Press, 2009, p. 1. DOI: https://doi.org/10.1201/b15831.

R. H Bishop. "Mechatronics: an introduction”. CRC Press, 2017. DOI: https:
//doi.org/10.1201/9781420037241.

William B. “Mechatronics: electronic control systems in mechanical and elec-
trical engineering”. Pearson Education, 2003. 1SBN: 978-1-292-08159-5.

R. H Bishop. "The mechatronics handbook-2 volume set”. CRC press, 2002.
DOI: https://doi.org/10.1201/9781420042450.

Nobuhiro K. “The development of a controller for mechatronics equipment”.
In: IEEFE Transactions on Industrial Electronics 43.1 (1996), pp. 30-37. DOI:
https://doi.org/10.1109/41.481405.

Stefan M. “Mechatronic Design—Historical background and challenges for the
future”. In: DS 58-4: Proceedings of ICED 09, the 17th International Confer-
ence on Engineering Design, Vol. 4, Product and Systems Design, Palo Alto,
CA, USA, 24.-27.08. 2009. 2009.

David B and David W R. “Mechatronics in action”. In: Case Studies in
Mechatronics—Application and Education/D. Bradley, DW Russel.—London:
Springer-Verlag London Limited (2010). DOI: https://doi.org/10.1007/978-
1-84996-080-9.

Zenan G, P Korondi, and P.T Szemes. “Bond-Graph-Based Approach to
Teach PID and Sliding Mode Control in Mechatronics™ In: Machines 11.10
(2023), p. 959. DOL: https://doi.org/10.3390/machines11100959.

Vasiliki L et al. “Challenges and opportunities in industry 4.0 for mecha-
tronics, artificial intelligence and cybernetics”. In: Electronics 10.16 (2021),
p. 2001. DOI: https://doi.org/10.3390/electronics10162001.

Ugo C et al. “Potential of circular economy implementation in the mecha-
tronics industry: An exploratory research”. In: Journal of Cleaner Production

239 (2019), p. 118014. por: https://doi.org/10.1016/j.jclepro.2019.118014.

Aydin Azizi and Hamed Mobki. “Applied mechatronics: Designing a sliding
mode controller for active suspension system”. In: complezity 2021 (2021),
pp. 1-23. DOI: https://doi.org/10.1155/2021/6626842.

109



[12]

[13]

[16]

[17]

[18]

REFERENCES

Michael R et al. “Methodology for the Design of Interdisciplinary Modules
for Mechatronic Modular Product Platforms”. In: Procedia CIRP 119 (2023),
pp. 675-680. DOI: https://doi.org/10.1016/j.procir.2023.03.119.

Mohammed S S and N. H M. “Using the social networks on the internet to
establish mechatronics network”. In: 2012 9th France-Japan & 7th Europe-
Asia Congress on Mechatronics (MECATRONICS)/13th Int’l Workshop on
Research and Education in Mechatronics (REM). IEEE. 2012, pp. 502-503.
por: https://doi.org/10.1109/MECATRONICS.2012.6451058.

TC N et al. “Future trends in mechatronics”. In: TAES International Journal
of Robotics and Automation 1.10 (2021), p. 24. DOI: https://doi.org/10.
11591 /ijra.v10il.pp24-31.

Alessia Napoleone, Marco Macchi, and Alessandro Pozzetti. “A review on
the characteristics of cyber-physical systems for the future smart factories”.
In: Journal of manufacturing systems 54 (2020), pp. 305-335. DOIL: https:
//doi.org/10.1016/j.jmsy.2020.01.007.

Joze Tavcéar and Imre Horvath. “A Review of the Principles of Designing
Smart Cyber-Physical Systems for Run-Time Adaptation: Learned Lessons
and Open Issues”. In: IEEE Transactions on Systems, Man, and Cybernetics:
Systems 49.1 (2019), pp. 145-158. por: 10.1109/TSMC.2018.2814539.

P Augusto S d Rocha, R Diogne de S e Souza, and Maria E de Lima T.
“Prototype CNC machine design”. In: IEEE. 2010, pp. 1-5. DOI: https://doi.
org/10.1109/INDUSCON.2010.5740068.

Kleanthis T. “Model integrated mechatronics toward a new paradigm in the
development of manufacturing systems”. In: IEEE Transactions on Industrial
Informatics 1.1 (2005), pp. 54-61. pOIL: https://doi.org/10.1109/TII.2005.
844427.

W Golnazarian and Ernest L H. “Intelligent industrial robots”. In: Handbook
of Industrial Automation. CRC Press, 2000, pp. 499-527. DOI: https://doi.
org/10.1201/9780203908587.ch6.5.

Chia-Peng D. “Robotics in industry—their role in intelligent manufacturing”.
In: Engineering 4.4 (2018), pp. 440-445. DOT: https://doi.org/10.1016/j.eng.
2018.07.012.

Richard A Vergaray et al. “Mechatronic System Design and Development
of iROD: EMG Controlled Bionic Prosthesis for Middle-Third Forearm Am-
putee”. In: 2021 IEEE Fifth Ecuador Technical Chapters Meeting (ETCM).
IEEE. 2021, pp. 1-5. poOI: https://10.1109/ETCM53643.2021.9590715.

Luis F Luque-Vega et al. “UAV-based smart educational mechatronics sys-

tem using a MoCap laboratory and hardware-in-the-loop”. In: Sensors 22.15
(2022), p. 5707. DOIL: https://doi.org/10.3390/s22155707.

110



REFERENCES

23]
[24]

[25]

[26]
[27]

28]

33]

[34]

[35]

Stanley M S. "Modern control system theory and design”. John Wiley & Sons,
1998. 1SBN: 9780471550082.

M H Kaplan. "Modern spacecraft dynamics and control”. Courier Dover Pub-
lications, 2020. DOI: https://doi.org/10.1017/S0001924000094586.

Z Wu and F Zhang. “Stochastic maximum principle for optimal control
problems of forward-backward systems involving impulse controls” In: IEEE
Transactions on automatic control 56.6 (2011), pp. 1401-1406. DOI: https:
//doi.org/10.1109/TAC.2011.2114990.

Dan S. “Kalman filtering”. In: Embedded systems programming 14.6 (2001),
pp. 72-79. URL: https://engagedscholarship.csuohio.edu/enece_facpub/138.

Lotfi Z and Charles D. "Linear system theory: the state space approach”.
Courier Dover Publications, 2008. ISBN: 9780486466637.

Dean C K, D L Margolis, and R C Rosenberg. "System dynamics: modeling,
simulation, and control of mechatronic systems”. John Wiley & Sons, 2012.
DOI: https://doi.org/10.1002/9781118152812.

Ashish T. “Modern control design” In: NY: John Wiley & sons (2002),
pp. 283-308.

Paul V d Hof. “Closed-loop issues in system identification”. In: Annual reviews
in control 22 (1998), pp. 173-186. DOI: https://doi.org/10.1016 /S1367-
5788(98)00016-9.

Vivek S, Joschka S, and Stefan P. “Model-based closed-loop control strategies
for flex-fuel capability”. In: Applied Energy 350 (2023). DOL: https://doi.org/
10.1016/j.apenergy.2023.121795.

V K Suman S Kand Giri. “Speed control of DC motor using optimization
techniques based PID Controller”. In: 2016 IEEE International Conference
on Engineering and Technology (ICETECH). IEEE. 2016, pp. 581-587. DOTI:
https://doi.org/10.1109/ICETECH.2016.7569318.

K H Ang, G Chong, and Y Li. “PID control system analysis, design, and
technology” In: IEEE transactions on control systems technology 13.4 (2005),
pp. 559-576. DOIL: https://doi.org/10.1109/TCST.2005.847331.

GM Van d Z. “Tuning of PID-type controllers: Literature overview”. In:
(2004). DoI: https://doi.org/10.1115/1.3662552.

G K McMillan. “Industrial applications of pid control”. In: PID control in the
third millennium: Lessons learned and new approaches (2012), pp. 415-461.
DOI: https://doi.org/10.1007/978-1-4471-2425-2_ 14.

A Aboelhassan et al. “Design and Implementation of model predictive control
based PID controller for industrial applications”. In: Energies 13.24 (2020),
p. 6594. DOI: https://doi.org/10.3390/en13246594.

111



REFERENCES

[37] J. David Irwin Bogdan M. Wilamowski. "The industrial electronics handbook-
five volume set”. CRC Press, 2011. DOT: https://doi.org/10.1201/NOE1439802892.

[38] Quanxin Z. "Nonlinear systems”. MDPI, Basel, 2023. DO1: https://doi.org/
10.3390/books978-3-0365-6323-7.

[39] Shankar S. ”Nonlinear systems: analysis, stability, and control”. Vol. 10.
Springer Science & Business Media, 2013. DOI: https://doi.org/10.1007 /978-
1-4757-3108-8.

[40] VI Utkin and I Vadim. “Sliding mode control”. In: Variable structure systems:
from principles to implementation 66 (2004), p. 1. DOL: https://doi.org/10.
1016/j.jfranklin.2023.09.028.

[41] S Islam and X P Liu. “Robust sliding mode control for robot manipulators”.
In: IEEE Transactions on industrial electronics 58.6 (2010), pp. 2444-2453.
DOI: https://doi.org/10.1109/TTE.2010.2062472.

[42] 'V Utkin and H Lee. “Chattering problem in sliding mode control systems”. In:
International Workshop on Variable Structure Systems, 2006. VSS’06. IEEE.
2006, pp. 346-350. DOT: https://doi.org/10.3182/20060607-3-1T-3902.00003.

[43] 'V Acary, B Brogliato, and Y V Orlov. “Chattering-free digital sliding-mode
control with state observer and disturbance rejection”. In: IEEE Transactions
on Automatic Control 57.5 (2011), pp. 1087-1101. por: 10.1109/TAC.2011.
2174676.

[44] C-Y Liang and J-P Su. “A new approach to the design of a fuzzy sliding
mode controller”. In: Fuzzy sets and systems 139.1 (2003), pp. 111-124. pOT:
https://doi.org/10.1016/S0165-0114(02)00480-3.

[45] Vadim I Utkin and Alexander S Poznyak. “Adaptive sliding mode control”.
In: Advances in Sliding Mode Control: Concept, Theory and Implementation
(2013), pp. 21-53. pDOL: https://doi.org/10.1007/978-3-642-36986-5_ 2.

[46] B Bandyopadhyay, S Janardhanan, and S K Spurgeon. “Advances in sliding
mode control”. In: Lecture Notes in Control and Information Sciences 440
(2013). por: https://doi.org/10.1007/978-3-642-36986-5.

[47] S Vaidyanathan and C-H Lien. "Applications of sliding mode control in sci-
ence and engineering”. Vol. 709. Springer, 2017. DOI: https://doi.org/10.
1007/978-3-319-55598-0.

[48] R Costa-Castell6 et al. “Teaching, analyzing, designing and interactively sim-
ulating sliding mode control”. In: IEEE access 6 (2018), pp. 16783-16794.
DOI: https://doi.org/10.1109/ACCESS.2018.2815043.

[49] P Proafio et al. “Sliding mode control: Implementation like pid for trajectory-
tracking for mobile robots”. In: 2015 Asia-Pacific Conference on Computer
Aided System Engineering. IEEE. 2015, pp. 220-225. por: https://doi.org/
10.1109/APCASE.2015.46.

112



REFERENCES

[50]

[51]

[54]

[55]

[56]

K Astrom. “History of adaptive control”. In: Encyclopedia of Systems and
Control. Springer, 2021, pp. 902-909. pDOI: https://doi.org/10.1007 /978-1-
4471-5102-9  120-1.

A Krupadanam, A Annaswamy, and RS Mangoubi. “A multivariable adaptive
controller for autonomous helicopters”™ In: Proceedings of the 2002 American
Control Conference (IEEE Cat. No. CH37301). Vol. 3. IEEE. 2002, pp. 2052
2057. DOI: https://doi.org/10.1109/ACC.2002.1023938.

P Toannou and B Fidan. "Adaptive control tutorial”. STAM, 2006. DOI: https:
//doi.org/10.1137/1.9780898718652.ch7.

Guo Z, P T Szemes, and P Korondi. “Bond graph-based teaching method
to enhance the synergy of mechatronics in Lab VIEW?”. In: 2022 IEEE 9th
International Conference on e-Learning in Industrial Electronics (ICELIE).
IEEE. 2022, pp. 1-6. DOI: https://doi.org/10.1109 /ICELIE55228.2022.
9969437.

Rik W De Doncker, Duco WJ Pulle, and André Veltman. “Advanced electrical
drives: analysis, modeling, control”. Springer Nature, 2020. DOI: https://doi.
org/10.1007/978-3-030-48977-9.

K-S Kim, K-H Rew, and S Kim. “Disturbance observer for estimating higher
order disturbances in time series expansion”. In: IEEE Transactions on au-
tomatic control 55.8 (2010), pp. 1905-1911. por: https://doi.org/10.1109/
TAC.2010.2049522.

E Sariyildiz, R Oboe, and K Ohnishi. “Disturbance observer-based robust
control and its applications: 35th anniversary overview”. In: IFEE Trans-
actions on Industrial Electronics 67.3 (2019), pp. 2042-2053. DOI: https:
//doi.org/10.1109/TTE.2019.2903752.

K Sasaki and Z-J Yang. “Disturbance observer-based control of UAVs with
prescribed performance”. In: International Journal of Systems Science 51.5
(2020), pp. 939-957. DOL: https://doi.org/10.1080,/00207721.2020.1746436.

M N Saadatzi, J Poshtan, and M S Saadatzi. “Application of MIMO dis-
turbance observer to control of an electric wheelchair using NSGA-II”. In:
Journal of medical signals and sensors 1.2 (2011), p. 122. DOI: https://doi.
org/10.4103/2228-7477.95296.

J h Zhang et al. “Disturbance observer-based integral sliding-mode control for
systems with mismatched disturbances”. In: IEEE Transactions on Industrial
Electronics 63.11 (2016), pp. 7040-7048. po1: https://doi.org/10.1109/TIE.
2016.2583999.

W-T Su and Chang-M Liaw. “Adaptive positioning control for a LPMSM
drive based on adapted inverse model and robust disturbance observer”.
In: IEEE Transactions on Power Electronics 21.2 (2006), pp. 505-517. DOTI:
https://doi.org/10.1109/ TPEL.2005.869729.

113



[61]

[65]

[66]

[67]

[68]

[69]

[71]

[72]

REFERENCES

H Shim and N H Jo. “An almost necessary and sufficient condition for robust
stability of closed-loop systems with disturbance observer”. In: Automatica
45.1 (2009), pp. 296-299. DOI: https://doi.org/10.1016/j.automatica.2008.
10.009.

W Borutzky. "Bond graph modelling of engineering systems”. Vol. 103. Springer,
2011. por: https://doi.org/10.1007/978-1-4419-9368-7.

W Borutzky. Bond graph methodology: development and analysis of multidis-
ciplinary dynamic system models. Springer Science & Business Media, 2009.
DOI: https://doi.org/10.1007/978-1-84882-882-7.

G A Raiker, L, Umanand, and B S Reddy. “Bond Graph Approach for Mod-
elling Solar PV-Thermal and Thermoelectric Devices”. In: 2020 IEEE Inter-
national Conference on Electronics, Computing and Communication Tech-
nologies (CONECCT). IEEE. 2020, pp. 1-3. DOI: https://doi.org/10.1109/
CONECCT50063.2020.9198622.

J U Thoma. ”Introduction to bond graphs and their applications”. Elsevier,
2016. DOTI: https://doi.org/10.1016/B978-0-08-018881-2.50007-6.

W Borutzky. “Bond graph model-based fault accommodation in power elec-
tronic systems”. In: 2015 23rd Mediterranean Conference on Control and
Automation (MED). IEEE. 2015, pp. 68-75. DOI: https://doi.org/10.1109/
MED.2015.7158731.

J K Sagawa and M S Nagano. “Applying bond graphs for modelling the
manufacturing dynamics”. In: IFAC-PapersOnLine 48.3 (2015), pp. 2047—
2052. DOI: https://doi.org/10.1016/j.ifacol.2015.06.390.

L Patnaik and L Umanand. “Kinematics and dynamics of Jansen leg mecha-
nism: A bond graph approach”. In: Simulation Modelling Practice and Theory
60 (2016), pp. 160-169. DOTI: https://doi.org/10.1016/j.simpat.2015.10.003.

B Boudon, F Malburet, and J-C Carmona. “Bond Graph Modeling and Sim-
ulation of a Vibration Absorber System in Helicopters” In: Bond Graphs

for Modelling, Control and Fault Diagnosis of Engineering Systems (2017),
pp. 387-429. DOIL: https://doi.org/10.1007/978-3-319-47434-2  11.

Vjekoslav Damic and John Montgomery. "Mechatronics by bond graphs: an
object-oriented approach to modelling and simulation”. Springer, 2016. DOI:
https://doi.org/10.1007/978-3-662-49004-4.

A.C. van der Klauw P.P.J. van den Bosch. "Modeling, identification and
simulation of dynamical systems”. crc Press, 2020. DOIL: https://doi.org/10.
1201/9780138746872.

M Louzazni et al. “Bond graph modelling of different equivalent models of
photovoltaic cell”. In: Procedia Manufacturing 32 (2019), pp. 802-809. DOTI:
https://doi.org/10.1016/j.promfg.2019.02.288.

114



REFERENCES

73]

[74]

[80]

Jan F Broenink. “Introduction to physical systems modelling with bond
graphs”. In: SiE whitebook on simulation methodologies 31.2 (1999). URL:
https://api.semanticscholar.org/CorpusID:15129050.

F Merahi, B O Bouamama, and S Mekhilef. “Bond graph modeling, design
and experimental validation of a photovoltaic/fuel cell/electrolyzer/battery
hybrid power system”. In: International journal of hydrogen energy 46.47
(2021), pp. 24011-24027. poOI: https://doi.org/10.1016/j.ijhydene.2021.05.
016.

P Mann. "Lagrangian and Hamiltonian dynamics”. Oxford University Press,
2018. 1SBN: 9780198822387

M G Calkin. ”Lagrangian and Hamiltonian mechanics”. World Scientific,
1996. po1: https://doi.org/10.1142/3111.

T Lee, M Leok, and N H McClamroch. “Global formulations of Lagrangian
and Hamiltonian dynamics on manifolds”. In: Springer 13 (2017), p. 31. DOIL:
https://doi.org/10.1007/978-3-319-56953-6.

S JA Malham. “An introduction to Lagrangian and Hamiltonian mechanics”.
In: Mazwell Institute for Mathematical Sciences € School of Mathematical
and Computer Sciences Heriot-Watt University, Edinburgh EH1/ 4JAS, UK
(2014). port: https://doi.org/10.13140/RG.2.1.2914.8003.

A Mukherjee, V Rastogi, and A Dasgupta. “A methodology for finding in-
variants of motion for asymmetric systems with gauge-transformed umbra
Lagrangian generated by bond graphs”. In: Simulation 82.4 (2006), pp. 207—
226. DOI: https://doi.org/10.1177/0037549706068285.

W Marquis-F and S Scavarda. “A procedure for generating the lagrange equa-
tions from the bond graph representation using the A-multiplier method”. In:
ICBGM’99, International Conference on Bond Graph Modeling and Simula-
tion. Vol. 31. 1. 1999, pp. 263-268. URL: https://hal.science/hal-02076010/
document.

D Karnopp. “Lagrange’s equations for complex bond graph systems”. In:
(1977). DOI: https://doi.org/10.1115/1.3427123.

V V Vantsevich. “Education in mechatronics”. In: Mechatronics in Action:
Case Studies in Mechatronics—Applications and Education. Springer, 2010,
pp. 197-218. DOIL: https://doi.org/10.1007/978-1-84996-080-9_ 12.

Mihaly Czikszentmihalyi. Flow: The psychology of optimal experience. New
York: Harper & Row, 1990. DOI: https://doi.org/10.1080/00222216.1992.
11969876.

G Marzano, A Martinovs, and S Usca. “Mechatronics education: needs and
challenges”. In: ENVIRONMENT. TECHNOLOGIES. RESOURCES. Pro-
ceedings of the International Scientific and Practical Conference. Vol. 2. 2019,
pp. 214-217. DOL: https://doi.org/10.17770/etr2019vol2.4199.

115



[85]

[92]

[93]

[94]

REFERENCES

F A Salem and A A Mahfouz. “Mechatronics Design And Implementation
Education-Oriented Methodology; A Proposed Approach” In: Mechatronics

1.3 (2014). URL: https://www.jmest.org/wp-content /uploads/JMESTN42350081.
pdf.

Momoh-Jimoh E S, N Mir-N, and MR K. “Development of mechatronics
engineering degree program: challenges and prospects”. In: (2003). DOIL: http:
/ /repository.elizadeuniversity.edu.ng/jspui/handle/20.500.12398 /479.

M Massironi. "The psychology of graphic images: Seeing, drawing, communi-
cating”. Psychology Press, 2001. DOT: https://doi.org/10.1068/p3207rvw.

G Costagliola et al. “Visual languages: A graphical review”. In: Information
Visualization 17.4 (2018), pp. 335-350. DOIL: https://doi.org /10.1177/
1473871617714520.

Kim Marriott and Bernd Meyer. "Visual language theory”. Springer Science
& Business Media, 1998. DOTI: https://doi.org/10.1007/978-1-4612-1676-6.

M Twyman. “A schema for the study of graphic language (tutorial paper)”.
In: Processing of visible language (1979), pp. 117-150. DOI: https://doi.org/
10.1007/978-1-4684-0994-9 8.

Tiago Boldt Sousa. “Dataflow programming concept, languages and applica-
tions”. In: Doctoral Symposium on Informatics Engineering. Vol. 130. 2012.
URL: https://paginas.fe.up.pt/~prodei/dsiel2/papers/paper_ 17.pdf.

Wikipedia contributors. Dataflow programming — Wikipedia, The Free Ency-
clopedia. [Online; accessed 30-March-2024]. 2024. URL: https://en.wikipedia.
org/w/index.php?title=Dataflow programming&oldid=1213014123.

Rick Bitter, Taqi Mohiuddin, and Matt Nawrocki. “LabVIEW: Advanced pro-
gramming techniques”. CRC press, 2017. DOIL: https://doi.org/10.1201/
9780849333255.

F E Cellier. “Bond graphs: The right choice for educating students in model-
ing continuous-time physical systems”. In: Simulation 64.3 (1995), pp. 154
159. DoOT: https://doi.org/10.1177/003754979506400303.

M Ezzaki et al. “Bond Graph Model-Intelligent Online Diagnostics For Edu-
cation”. In: Journal of Theoretical and Applied Information Technology 99.18
(2021). URL: https://www.jatit.org/volumes/Vol99No18/21Vol99No18.pdf.

M Roman, D Popescu, and D Seligteanu. “An interactive teaching system
for bond graph modeling and simulation in bioengineering”. In: Journal of
Educational Technology & Society 16.4 (2013), pp. 17-31. DOIL: https://web.
archive.org/web/20170809144749id__/http://www.ifets.info/journals/16_4/
2.pdf.

116



REFERENCES

[97]

[99]

[100]

[101]

[102]

103]

[104]

[105]

[106]

O Pastravanu and M Voicu. “Experience in teaching physical modeling by
the bond graph method” In: (2014). URL: https:// www . researchgate .
net / profile / Octavian - Pastravanu / publication / 366580619  Experience
in_ teaching physical modeling by the Bond-Graph method/links/
63a861a3a03100368a292147 / Experience- in-teaching- physical-modeling- by-
the-Bond-Graph-method.pdf.

F Mancini, D Grande, and P Radhakrishnan. “An Automated Virtual Lab
for Bond Graph Based Dynamics Modeling Using Graph Grammars and
Tree Search”. In: ASME International Mechanical Engineering Congress and

FExposition. Vol. 50571. American Society of Mechanical Engineers. 2016,
V005T06A004. DO1: https://doi.org/10.1115/IMECE2016-66110.

J T Machado and M E Mata. “A fractional perspective to the bond graph
modelling of world economies”. In: Nonlinear Dynamics 80 (2015), pp. 1839—
1852. poI: https://doi.org/10.1007/s11071-014-1334-0.

M Muvengei and J Kihiu. “Bond graph modeling of inter-actuator interac-
tions in a multi-cylinder hydraulic system”. In: World Academy of Science,
Engineering and Technology 74 (2011), pp. 32-41. URL: http://ir.jkuat.ac.
ke /bitstream /handle/123456789/699 /Bond %20Graph%20Modeling %200 %
20Inter- Actuator%20Interactions. pdf?sequence=1&isAllowed=y.

Jian Zhao et al. “Nonlinear backstepping control of electro-hydraulic brake
system based on bond graph model”. In: IEEE Access 8 (2020), pp. 19100
19112. potr: https://doi.org/10.1109/ACCESS.2020.2968513.

Chuanyu Zhang et al. “Bond graph modeling and fault injection of CRH5
traction system”. In: 2018 Chinese Control And Decision Conference (CCDC).
2018, pp. 6227-6232. por: 10.1109/CCDC.2018.8408223.

Huang Lin, Gang Cheng, and Guoqing Zhu. “Bond Graph Based Modeling
and Simulation of Marine Condenser”. In: 2018 Eighth International Con-
ference on Instrumentation Measurement, Computer, Communication and

Control (IMCCC). 2018, pp. 390-394. pot1: 10.1109/IMCCC.2018.00088.

M Lima et al. “Mechatronics education at the University of Minho: a sum-
mary of the present; perspectives for the future” In: Mechatronics 12.2 (2002),
pp. 295-302. DOI: https://doi.org/10.1016/S0957-4158(01)00069-1.

D P Solomatine and M B Siek. “Modular learning models in forecasting nat-
ural phenomena”. In: Neural networks 19.2 (2006), pp. 215-224. DOT: https:
//doi.org/10.1016/j.neunet.2006.01.008.

Aubrey S Abante et al. “A comparative analysis on the challenges of online
learning modality and modular learning modality: A basis for training pro-
gram”. In: International journal of multidisciplinary research and analysis 4.4
(2021), pp. 463-476. DOL: https://doi.org/10.47191 /ijmra/v4-i4-17.

117



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

REFERENCES

B Samanta. “Introduction to Mechatronics: An Integrated Approach”. Springer
Nature, 2023. DOI: https://doi.org/10.1007/978-3-031-29320-7.

K Stave. “System dynamics for environmental applications”. In: Handbook
of research methods and applications in environmental studies. Edward Elgar
Publishing, 2015, pp. 327-345. DOT: https://doi.org/10.4337/9781783474646.
00021.

A B Kurzhanski and P Varaiya. “Linear Control Systems”. In: Dynamics and
Control of Trajectory Tubes: Theory and Computation (2014), pp. 1-46. DOIL:
https://doi.org/10.1007/978-3-319-10277-1_1.

Diansheng Chen et al. “A mechatronics control engineering class at Beihang
University, China: Practicing and exploring”. In: Mechatronics 22.6 (2012),
pp. 881-889. DOTI: https://doi.org/10.1016/j.mechatronics.2012.05.006.

Yu Wang et al. “Mechatronics education at CDHAW of Tongji University:
Structure, orientation and curriculum”. In: Mechatronics 18.3 (2008), pp. 172—
177. DOTL: https://doi.org/10.1016/j.mechatronics.2007.11.001.

Nur Ainun and Jefriyanto Jefriyanto. “Development of Kirchoff’s Law Draw-
ing Tools to Improve Student’s Science Skills in Learning Process of Direct
Flow Circuits”. In: Journal of Information System, Technology and Engineer-
ing 1.2 (2023), pp. 32-37. DOT: https://doi.org/10.61487 /jiste.v1i2.18.

Guo Zenan, Husam A Neamah, and Péter Tamés Szemes. “Bond Graph Ben-
efits the Education in Mechatronics Engineering”. In: 202/ IEEE 21st Inter-
national Power Electronics and Motion Control Conference (PEMC). IEEE.
2024, pp. 1-6. por: 10.1109/PEMC61721.2024.10726329.

Liu J-k. 7Sliding mode control design and matlab simulation”. 2012, pp. 35—
37. I1SBN: 9787302111443.

F T Brown. “Hamiltonian and Lagrangian bond graphs”. In: Journal of the
Franklin Institute 328.5-6 (1991), pp. 809-831. DOI: https://doi.org/10.1016/
0016-0032(91)90056-9.

118



Appendix

A Three-year Test Content and criteria

There are three questions in the test, each question needs to be solved by students
using mathematics and the Bond Graph. The first question focuses on the description of
the dynamics system. The second is about the electrical circuit and the third question
focuses on the mechanical system or the multiple domain system.

The lecturer corrects each question, the lecturer should score both of the methods,
Bond Graph and the mathematics.

The test results are the following: Three years students mod and sim test results

B List of S & YPA recipients for IEEE-PEMC
2024

The list of S&YPA recipients for IEEE-PEMC 2024

NAME AFFILIATION PAPER NO.

Figure 2. The list of SYPA recipients for IEEE-PEMC 202/
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The figure is the list of S & YPA recipients for IEEE-PEMC 2024. The candidate was
one of six selected from more than 130 contenders. The recipients are required to present

their work separately based on their conference paper.

C Sample of Three-year Test Contents

‘ Long side folded, when submitted!
MK3MOD1R06R117-EN Modelling and Simulation Prototype Technologies I.

Grade offer test, time to solve: 60 minutes. 11" of December, 2019

Name (Capital): ‘
Neptun code (Capital): S

Important: Please note units for each parameter and state variable! Please do clean and readable work!
1. 1 Degree-Of—Freedom, Spring(K)-Mass(M)-Dumper(D) system with Pl type position control.

Solution: schematic, equation of motion in time domain, Borid Graph and Block diagram

2. Rectifier circuit with diode bridge, filter capacitor and loac resistor. Consider the diode as an ideal switch (simplest
nonlinear diode model).
Solution: electronics schematic, dynamic equation (input: AC voltage, output load resistor current), Bond Graph and

block diagram.

3. Please do the modelling of following translational mechar.ical system:

X1 X2
k — l—'
b m FAAANA m E(1)
I_
Q Q Q (ONN

zZ L == e

Solution: dynamic equation (input: force, output: displacenznts), Bond Graph, block diagram, and state space model.

. ; 3 e /LJ i ”v ” k. X
LD I VIS R M | o b otk
L | v L 7 Fit ‘L‘ r Fy = be x %= % b x=fl)
j ‘b L '] »
Cow wx = bkt ko -Fw

Figure 3. Test content in 2019
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MK3MOD1R06R117-EN Modelling and Simulation Prototype Technologies I.

Grade offer test, 1% test, time to solve: 60 mi th of December, 2021

Neptun code (Capital): . ST
Important: Please note units for each parameter and state variable! Please do clean and readable work!

Every task has to be written down on separate page. The number of the task must be on the top of every paper on
the left side. Please use units for parameters and valiables!

Please, write on every page, in the upper left corner with capital letters the followings: Name (same in Neptune),
Neptune code, Date, "Mod. And Sim. I. Test", Task: X (X = task number),

The student is responsible for the quality of his/her work! Unreadable matters will be cancelled!
Exercises:

1. 1 Degree-Of—Freedom, parallel connected, Spring(K)-Mass(M)-Dumper(D) system with PD type speed control.

Solution: schematic, plant state space in time domain, closed loop transfer function in frequency domain, Bond
Graph and Block diagram

2. Please do the modelling of following electrical system: impedance Bond Graph and block diagram.

R, R,
WAAN

E "\\) I Ca

3. Please do the modelling of following rotational mechanical system:
Solution: dynamic equation in time domain (input: e_in(l) input voltage,

state variables: angular displacement of DC motor x1(t) and angular velocity of DC motor x2(t); output: y({)k, gngular
displacement of the wheel)), :

Bond Graph, block diagram, and state space model. }l}',{‘ Bearing i
A \
Uiy LT 0p \
einll) enl(MYTEIN
Y
Motor e
Gears
(Transmission) |/

(a)

Figure 4. Test content in 2021
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MK3MOD1R06R117-EN Modelling and Simulation Prototype Technologies I.
Grade offer test, 1! test, time to solve: 90 minutes. 7t of December, 2022
A A ; - e

Name (Capital):

Neptun code (Capital):
Important: Please note units for each parameter and state variable! Please do clean and readable work!

Every task must be written down on separate page. The number of the task must be on the top of every paper on
the left side. Please use units for parameters and variables!

Please, write on every page, in the upper left corner with capital letters the followings: Name (same in Neptune),
Neptune code, Date, "Mod. And Sim. . Test", Task: X (X = task number),

The student is responsible for the quality of his/her work! Unreadable matters will be cancelled!
Exercises:
1. 1 Degree-Of—Freedom, parallel connected, Spring(K)-Mass(M)-Dumper(D) system with Pl type position control.

Solution: schematic, plant equation of motion in time domain, plant transfer function in frequency domain, plant
Bond Graph, closed control loop block diagram, input-output transfer function

2. Parallel connected Resistor-Capacitor-Inductor, with AC voltage excitation (v ().

Solution: electronics schematic, state space-model in time domain: (input: AC voltage (vin (1)), state variable: current
(i(b)), output: resistor voltage vg(t)), Bond Graph and block diagram.

3. Please do the modelling of following translational mechanical system:

| -
PIDT Motat J Gear

Pair

Dampng
Roilers

T

Solution: dynamic equation in time domain (input: v;, (), output: displacement of mass (y(t)), Bond Graph, block
diagram, and state space model in time domain.

Figure 5. Test content in 2022
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