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Abstract: This paper describes the elements with a mechatronic character in the BSc curriculum of
Electrical Engineering in the University of Twente as well as the Mechatronics MSc curriculum of
this university. In the BSc program there is a complete semester with mechatronics related content,
concluded by a mechatronic design project. During the lectures several results of the research of the
group form the basis for teaching and for the tools that are used during the project. This includes 20sim, a tool for port-based modeling and design of mechatronic systems and tools for automatic code
generation. Therefore, a short overview of the related research activities is given as well.
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Introduction

The University of Twente is explicitly active in the field of mechatronics since 1989. In that year a formal
cooperation started between groups with a background in electrical and mechanical engineering, computer science
and applied mathematics. As a result of this cooperation, many students have been educated in different forms of
educational programs (van Amerongen, 2004). Changes in programs were triggered by changes in the structure of
university education nation wide. In this paper we will focus on the present situation from the perspective of an
electrical engineering curriculum and with emphasis on control engineering aspects. Since a few years all
universities in the EU are expected to offer university education in the form of BSc and MSc programs. In the
engineering disciplines, the University of Twente offers 3-year BSc programs and 2-year MSc programs. The BSc
program in EE aims at providing a broad background in the field of electrical engineering without specific
specializations. The faculty also offers an MSc in EE, with among others a specialization in Measurement and
Control. In addition an MSc in Mechatronics is offered, together with the department of Mechanical Engineering.
BSc programs are taught in Dutch, MSc programs in English. In Section 2 we will go into more detail on the
mechatronic elements of the BSc program. The mechatronic design project plays an important role in this

curriculum. It uses tools for modeling and simulation and automatic code generation that are a result of research of
the Control Engineering group. Section 3 shortly describes the MSc Mechatronics. Tools will be treated in Section
4. The paper concludes with some related topics of the research activities in Section 5 and some concluding remarks
in Section 6.
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Mechatronic elements in the BSc curriculum

The EE curriculum offers a broad education in all aspects of electrical engineering and contains, among others
courses in mathematics, physics, electrical networks, electronics, electrical power engineering, linear systems,
modeling and control. The basis for this curriculum has been laid in the early ‘90’s of the last century when a
complete new philosophy behind the curriculum was developed. One of the changes was that in each semester a
number of closely related courses are offered. When electrical networks are taught, this goes in close relation with
courses in mathematics needed to properly teach electrical networks. In a similar way courses on mechanics,
transduction technology, measurements and instrumentation, linear systems, dynamical systems and control
engineering are programmed closely together in the second half of the first semester and in the first half of the
second semester in the second year. This series of courses is concluded with a two-week project that integrates the
theoretical knowledge taught during the courses. The project is supervised by the lecturers of the different courses,
aided by PhD students and student assistants.
Before going into detail on the project itself, we will focus a bit on the contents of the courses dynamical systems
and control engineering. In the course dynamical systems students learn to analyze and model physical systems in
various domains. Emphasis is on electrical and mechanical systems. By using a port-based approach, modeling in
various domains is relatively easy and the relation with the physical reality is maintained and not hidden by
abstracting the models to block-diagram-based input-output models. This course builds on previous courses on
linear systems, electrical networks, electromagnetism and mechanics. It forms a link between the more physicaloriented approach of the courses on electromagnetism and mechanics and the more mathematical and signaloriented courses in electrical networks and linear systems. The course control engineering is given closely integrated
with the modeling course and uses mechatronic systems as examples of the basic theory (stability, root loci, bode,
nyquist, state space, non-linear systems and introductory digital control).
The basic idea of the project is as follows. At day one of the project teams of four students get a transducer in the
form of e.g. a motor, piezo element, loudspeaker, voice coil etc. Often these transducers can be used as an actuator
and a sensor as well. During three days this transducer should be properly described by analyzing its operation
principles and by measuring its relevant properties (integration of knowledge from the courses mechanics and
transduction technique, measurement and instrumentation and dynamical systems).
Because of its application later in the project, the dynamics of the transducer should get special attention. A well
equipped lab is available to the students (figure 2). Each team gets a lab space and a set of equipment consisting of a
PC with software like Labview and 20-sim (see Section 3), function generators and power supplies, an oscilloscope
and so on. Instruction material about planning of the project, datasheets and diagrams for possibly needed electronic
circuits, are made available at the project website. Based on the characterization of the transducer the team has to

make a proposal for a mechatronic system, built around the transducer where in general a motion has to be
controlled. The proposal should be based on an analysis of the dynamical properties of the total system and the
possibilities to control its behavior.
After approval and comments on the proposal by the supervisors the feasibility phase starts (three days). This
includes making a dynamical model, design of one or more (digital) controllers and simulation of the controlled
system. Nothing is really being built in this stage of the design, although it is encouraged to investigate the
feasibility of the proposed solutions with test setups. During the feasibility study ideas can be discussed with the
supervisors of the project. The feasibility phase ends with a written proposal that should clearly demonstrate and
motivate why this design will lead to a working mechatronic system.
After approval, the second week of the project is spent on building the system and finally giving a short presentation
to all the supervisors. For the realization phase students have access to basic electronic components and mechanical
construction material. In addition, they get a small budget of 50 euros to enable them to buy additional parts or
materials for their setup. They may also use the mechanical workshop to construct certain mechanical parts they
may need. For the realization phase empty printed circuit boards for making analog circuits with operational
amplifiers are available as well as a DSP-board for realizing the digital controller (Figure 1).

Figure 1 Analog board (left) and DSP board (right)
This ADSP-board can be programmed by automatically generating code from the 20-sim simulation environment
and downloading this code from the simulation PC to the processor board (Jovanovic et. al. 2003). The ADSP
boards are not hidden in a protective case. The first reason was that the case would be probably more expensive than
a new board and the second was not to hide the technical content of the board in a ‘black box’.
The project ends with a short presentation to all the supervisors on the last day of the project. At the same time a
written report should be ready. All teams are judged based on the quality of the design as presented in the
presentation and in the written report, on the quality of the presentation as such and the quality of the report. Figure
2 gives some impressions of the project.

lab space

building a setup

finished design

draft report
Figure 2
Impressions of the mechatronics project

checking of setup by supervisors
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MSC curriculum

The MSc curriculum is a two year curriculum offered by the departments of EE and ME. It starts with a
homologizing phase where students with an ME background get courses in electronics and signals and systems, and
former EE students get courses in e.g. mechanical constructions and finite elements. In the next phase students
follow compulsory courses on Construction principles, Design of Mechatronic Motion Systems, Digital Control and
Measurement Systems for Mechatronics. The courses are completed by a number of elective courses. Students from

Dutch universities have a compulsory internship in industry, preferably abroad. International MSc. students do some
extra courses instead. The study is completed by a 25 weeks MSc project. The program is open for students from
Dutch universities with the appropriate BSc education and, after an admission procedure, to qualified students from
abroad. If possible, the international students are given the chance to do their MSc project in cooperation with
industrial partners or in industry. More information on this program can be found at the internet.
(http://www.ce.utwente.nl/RTweb/education).
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Tools

This paper is written from a perspective of control engineering. Therefore, we will focus on the tools necessary for
the design of a complete, controlled mechatronic system. The performance of a mechatronic system is determined
by all elements in the control loop. “Mechatronics is a synergistic approach to the integrated and optimal design of
a mechanical system and its embedded control system, where solutions are sought that cross the borders of the
different domains”. In order to realize and analyze such a design, a tool has to be available that allows investigation
of the dynamics of such a system. Preferably, there should be close relations between the physical parameters of the
mechanical part of the system and the parameters in the tool. Also, when a (digital) controller is designed and tested
in a simulation of the system, it should not be necessary to do the coding again for the actual hardware. Another
aspect is that during the design the complexity of the various components may change. Usually the design starts with
a conceptual design where most of the components are represented by some basic properties. Later on more details
can be added. This should be easily possible. This is called polymorphic modeling.
As a result of many PhD projects the Control Engineering group has realized a mechatronic design environment
called 20-sim. A spin off company of the Control Engineering group, Controllab Products (CLP) has further
improved the program and is selling it as 20-sim (20-sim, 2006). Presently it is being used by many universities and
companies, especially in the area of mechatronic design. This program enables descriptions of models in the form of
equations, block diagrams, bond graphs and iconic diagrams. Especially the input in the form of iconic diagrams is
intuitive. The underlying philosophy of the program is based on bond graphs. To make the port-based bond-graph
approach more accessible, iconic diagrams are offered as well. In the modeling course both iconic diagrams and
bond graphs are used, because the latter give a deeper insight in the modeling process. The iconic diagrams can
easily be combined with bond graphs, or with block diagrams, which are commonly used to describe a controller.
The ‘physical system’ as represented by the iconic diagram part can automatically be converted into a linear model
in state-space form or as a transfer function. This allows analysis of the system with standard control engineering
tools like root loci, bode plots and so on. The complete controlled system can be analyzed and tested in the
simulation. If necessary, parts of the physical system or the controller can be changed, until the desired performance
has been achieved. When the system works satisfactorily, the mechanical part can be constructed according to the
specifications and controller software can be automatically generated. Work is in progress to combine the simulated
design with already realized parts of the final system. When the mechanical part is ready before the actual controller,
the ‘virtual’ controller can replace the actual one. On the contrary, when the final controller is finished before the

construction is ready, the simulated construction can replace the actual construction. The only requirement is that the
interfaces are properly defined.
We will explain this design sequence with a simple example. It is taken from a laboratory setup that is typical for a
mechatronic system. A more complex system has been developed for educational purposes as well (see figure 3). It
represents more or less the mechanics of an inkjet printer. Because of the flexibility in the belt between the motor
and the slider as well as the (intentionally) limited stiffness of the setup with respect to the fixed world, this system
can be modeled as a six-order system with two vibration modes.

Figure 3 Mechatronic demonstrator

To simplify the explanation we will illustrate the design approach with a simple servo system also meant for
demonstration purposes. The final realization of this system is shown in figure 4.

Figure 4 Simple mechatronic demonstration system

The steps to be taken are in principle the same as those that are trained in the mechatronics project. This
demonstration system consists of a DC motor that drives a load via a flexible pulley. We could make a sketch of the
concept of this system as given in figure 5.

Figure 5 First sketch of the servo system

The motor is an element that transfers electrical energy into mechanical energy. The load is modeled as a pure
inertia. This concept can be directly drawn in the program 20-sim. In this case the icons are not only drawings, but
there are underlying equations as well. The equations describe the elementary physical properties of e.g. the inertia:
T −J

dω
= 0 and for the DC-motor: T − K motor i = 0 and uemf − K motor ω = 0 .
dt

Note that we write these equations as real equations and not as assignment statements. With other words: we do not
describe the elements of the system by an input-output relation, but as relations between u and i or T and ω. The
products of these variables represent the power consumed or delivered by the elements. The fact that the icons
represent equations implies that we can use the model for simulations, e.g. to determine the desired motor
characteristics and the transmission ratio. We have to add a power source, either a voltage or a current source. This
leads to the diagram of figure 6
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Figure 6 Simulation model as an iconic diagram in 20-sim

A representation, which makes this even more explicit, is the bond graph notation. We teach this notation in the
lectures. A bond graph of this system is given in figure 7. For more information on bond graphs is referred to van
Amerongen and Breedveld (2003).
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Figure 7 Bond graph of the system of figure 6

When we check this model on correctness, we get a warning. In the bond graph this is indicated by a red ‘causal’
stroke, at the left of the half arrow to the I-element. The combination of a voltage driven motor and an inertia leads
to a system with no dynamics. And although the program can handle this by symbolic manipulation, this warning
suggests that the model may be over-simplified. Therefore, we add a resistor and an inductance in the electrical
circuit. This removes the warning, indicating that this is a realistic model. We can continue and further detail the
model, until we have a ‘competent’ model, a model that properly describes all the relevant dynamics. Estimating the
parameters of the different components, or taking these from data sheets, leads to a complete model that can be
simulated. Because all elements are interfaced to other elements by means of so called ‘power-ports’ (representing u
and i in the electrical domains and T and ω in the mechanical domain) elements can be added easily, without the
need to change existing parts of the model. In the ‘final’ model of figure 8 we have added friction at the load and in
the motor. We also added motor inertia and a spring to deal with the flexibility in the belt. The example also
demonstrates that a physical-based model in two different domains is easily made. Equations needed for the
simulation are automatically derived.
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Figure 8 More complete model of the servo system.

By replacing the step input by a controller, we can start the design of the control system. Before doing this, we
replace the voltage source by a current source, because it is known that this simplifies the controller design. An
(automatic) model check indicates that in that case the resistor and inductance in the electrical circuit do not play a
role anymore and can be left out of the model. This leads to figure 9.
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Figure 9 Model of the servo system with current steering

In order to design a controller a description in the form of a transfer function, or a state space model is desired. This
can be obtained automatically from the frequency domain toolbox. The state-space model is even available in
symbolic form. This implies that its parameters are expressed as physical quantities. In the design phase of a
mechatronic system this is an important feature, because it enables us to investigate system modifications by either
changing controller parameters or by changing the physical part of the system. This allows for a real mechatronic

design. By means of root loci or bode plots the controller can be designed. The whole design process is taught in the
course control engineering as an illustration of the various controller design methods. Although students are
stimulated and trained to use such a tool during the mechatronics project, it is important that they are able to work
without a tool as well. They may see the tool just as a magic box. But they should always remain aware of the fact
that answers may be wrong! This holds probably even more for customers that buy this tool. They are eager to get
more and more predefined functions. The risk that they rely on such functions and do not realize anymore what they
are actually doing is a serious one. It is a challenge to make students (being future users as well) aware of this risk,
and still train them to cleverly use modern tools.
Another well known fact is that tacho feedback should be based on the motor velocity, rather than the load velocity.
This can be illustrated by (automatically) determining the transfer from the current source to the load velocity or the
motor velocity. The root loci, and bode plots given in figure 10, show that even a small velocity feedback of the load
leads to an unstable system, while velocity feedback from the motor yields a stable system for all positive gains.
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Figure 10 Root loci and bode plots for the transfer from current amplifier to load velocity (left)
and to motor velocity (right)
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As a last step we will illustrate the realization and code generation for a digital controller. In order to make a digital
controller we have to transform the continuous-time controller into a discrete time controller. Further, we must add
AD and DA converters. At this stage the consequences of sampling rates and resolution of the converters can be
studied. Figure 11 gives an example of such a system.
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Figure 11 Servo system with a digital (PD) controller and an anti-alias filter

Note that we have combined several elements into new sub models and new icons that represent the behavior of
‘components’, such as a DC-motor with inertia and friction. Figure 12 shows simulations with different resolutions
of the AD conversion.
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Responses with a 12- and a 14-bits AD-convertor

When we are happy with the behavior of the digitally controlled system we can ‘implode’ the controller into a single
sub model. In this sub model we have to add application-specific interface models, representing the drivers for the
AD and DA converters. The sub model is then ready for automatic code generation (Figure 13).
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Figure 13 Controller submodel for code generation

After compilation the code can be loaded into the target hardware. This could e.g. be the earlier-mentioned ADSPboard. During the mechatronics project all teams have to follow such a design sequence with their own setup.
Although the presented setup is a simple system it has many properties that are typical for a wide class of
mechatronic systems and therefore it is well suited as an educational example.
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Research topics

Both, at the end of the BSc phase as well as at the end of the MSc phase students do projects related to the research
topics of the group (van Amerongen, 2004). Research is done on:
-

Modeling and simulation

-

Intelligent control (learning feed-forward control)

-

Embedded control systems

-

Applications in advanced robotics and mechatronics

-

Mechatronic measurement Systems

In a recent PhD project research was done on modeling of walking robots. In order to verify the theory, a walking
robot was constructed by two MSc students in their final project. The quality of the modeling was demonstrated by
the fact that the parameters of the simulated controller could be used with only minor changes in the real setup
(Duindam, 2006). In another PhD project we investigate how to model non-lumped systems with a port-based
approach. This is expected to become an efficient alternative for finite-element-type of models. The realization of
controllers in heterogeneous, eventually parallel, computer systems is investigated in the embedded (control)
systems project.
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Concluding remarks

In this paper we have shown several aspects of a mechatronic curriculum and mechatronic elements which are
attractive for e.g. an electrical engineering curriculum. We have shown how several theoretical courses can be
integrated by means of the mechatronic design project. During the courses ‘dynamical systems’ and ‘control

engineering’ students are trained in using a mechatronic design tool. One of the challenges of today’s education is to
learn students good insight in the methods behind such tools rather than learning them just to provide input to the
tool, without having any idea what is happening inside. With tools becoming better and better, production is easily
increased by using ready-to-use models and solutions but there is a risk that these models or solutions are not
applicable in the particular situation at hand. Students and practitioners should be aware that not every answer given
by the computer is right
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