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The collaborative design process supports the development of successful systems and products with
a many participating engineers from a variety of disciplines. This kind of working environment lays
stress on obtaining such multidisciplinary knowledge. Such efforts became an important element of
capstone projects for students from different departments. This paper describes research related to
the use of didactic sets in a problem based classroom setting. These sets are designed and
implemented by teams comprising students from the Mechatronics and Industrial Engineering
departments. They are installed in the mechatronics lab at the Faculty of Technical Sciences in
Novi Sad, Serbia. The sets are used by students who are enrolled on a number of courses as part of
their lab practice in the Mechatronics and Industrial Engineering departments. These didactic sets
enable the integration of knowledge gained from various courses. They help the students to
understand the connections between different engineering fields. Some of the lab topics that can be
delivered with this kind of equipment are: electric motors, frequency controllers, Programmable
Logic Controllers (PLC), fieldbus systems, and Supervisory Control and Data Acquisition
(SCADA) systems. The students are involved in problem-based learning during hands-on activities
such as making mechanical connections or wiring. Each didactic set consists of: an asynchronous
three-phase electric motor, a frequency controller, a PLC, different relays, pushbuttons, indicators,
and wiring. Some of the most important learning benefits are obtained through scenarios that
simulate real industrial tasks and conditions.
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1. INTRODUCTION

MECHATRONICS is an interdisciplinary engin-
eering field [1±5] that combines various areas such
as: mechanical systems, electrical systems, control
systems, computer sciences, etc. Many industrial
applications such as automated manufacturing
require mechatronics knowledge and skills, and
therefore it is necessary to educate experts in this
area.

Mechatronics and Industrial Engineering study
programs at the University of Novi Sad, Faculty of
Technical Sciences, Serbia, provide various courses
for Bachelor and Master Degrees. Students are
enrolled on the standardized curriculum, which is
tested and certified to meet industry standards and
quality compliance. Those courses also include
internships and outreach activities, designed to
provide real-world experiences for the students.
There is an ongoing debate about the way in which
information should be transmitted to students [6±
8]. The theory of experiential learning [11] propa-
gates learning through experience and by experi-
ence in which learning is a process whereby
knowledge is created through the transformation

of experiences. Mechatronics education requires a
full understanding of real time applications and
problems. Therefore, adequate equipment is
needed by the students for solving different multi-
disciplinary tasks to support such a curricula.

At the Faculty of Technical Sciences, there are
various kinds of apparatus in the mechatronics
lab. There are sets for pneumatics, sets for elec-
tro-pneumatics, programmable logic controllers
(PLC), didactic manipulators, etc. This equipment
provides an insight into industrial conditions,
systems, processes, and problems. As such, the
students gain practical knowledge that helps
them in their future work. Various studies have
given evidence that the increasing telematic-based
work environment is important in the context of
geographically distributed commissioning, instal-
lation, maintenance and repair of plant and
machinery [9, 10].

This paper describes the development and imple-
mentation of new didactic sets in the mechatronics
laboratory to integrate knowledge that has been
previously acquired by the students in their courses.
Students meet all the processes that are encountered
in an industrial environment whilst designing,
implementing, commissioning, maintaining, and
repairing the didactic sets in the lab.* Accepted 3 September 2009.
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It is also important to point out that the devel-
opment and implementation of the didactic set was
delegated to specific teams of students. In this way
the problem of design and implementation helped
the students to develop the necessary socio-techni-
cal skills related to teamwork and communication.
Those soft skills are identified as being important
for the evaluation of the social impact of technol-
ogy, as highlighted by the ABET general engineer-
ing criteria [12±14]. Design teams had various
challenges to overcome during the course of the
project. Most of them were related to their multi-
faceted characteristics, all acting to produce
complex relationships and social processes from
which a design eventually emerges. The professors
and teaching assistants have insight into the
process through shared documents and observa-
tions of the team dynamics during classes.

2. DIDACTIC SETS FOR ASYNCHRONOUS
THREE-PHASE MOTOR CONTROL

DS3MC-x

Didactic sets for asynchronous three-phase
motor control DS3MC-x were developed and used
by the students in the Implementation of Auto-
mated Systems course, which is part of the master's
course at the Departments of Mechatronics,
Robotics and Automation, and Industrial Engin-
eeringÐProcess Automation at the Faculty of
Technical Sciences, Novi Sad. After developing
these didactic sets, they were also used in the
Systems for Supervision and Process Visualization
(SCADA systems) and Programming and Imple-
mentation of Programmable Logical Controllers
(PLC) courses in Master and Bachelor courses,
respectively. Prior to taking these courses, the
students have already completed the following
courses: Machine Elements, Principles of Product
Development, Components of Technological
Systems, Factory Automation, Computer Integra-
tion of Manufacturing Systems, and have gained
adequate knowledge in these areas. The objective of
these three courses (Implementation of Automated
Systems, Systems for Supervision and Process
Visualization and Programming and Implementa-
tion of Programmable Logical Controllers) is to
integrate previous theoretical and practical know-
ledge, and to qualify the students for solving real
tasks in their future engineering careers.

2.1 Didactic set development
In 2006, students from the Mechatronics depart-

ment who had enrolled in the graduate Implemen-
tation of Automated Systems course were given a
project to design and realize four different didactic
sets for speed and direction control for a three-
phase asynchronous electric motor driven by:

. time relays and contactors, by switching Y!�;

. the use of a frequency controller, controlled by a
programmable logic controller (PLC).

The assignment included electrical circuits design
for control methods, CAD model development for
the didactic panel and, finally, the physically
realization of the system.

The final decision for the best concept was made
when the design had fulfilled all the given
constraints. Every set had to include the following
components (see Fig. 1): a frequency controller (1),
a three-phase asynchronous motor (2), a main
switch (3), an emergency stop button (4), pushbut-
tons and switches for set handling (5), light indi-
cators (6), and parts for the control box (7) i.e. an
electronic control board. Parts of the electronic
control board consisted of (see Fig. 2) a program-
mable logic controller (PLC) (1), a power supply
(2), terminals (3), relays (4), fuses (5), a cable
trunking system (6), H-rails (7), and cables (8)).
Every didactic set has to comply with the task set.

While solving the task, each team had to
complete the following phases:

1. Development of concept for the task solution
2. Presentation of chosen concept for the task

solution
3. Didactic panel designÐCAD model and draw-

ings
4. Electric circuit design
5. Selection of available equipment
6. Didactic panel set-upÐassembly of mechanical

parts and electrical equipment
7. Wiring, according to the electric circuits
8. Programming the programmable logical con-

troller
9. Commissioning
10. Testing, faultfinding and verification
11. Writing the project documentation.

Since the didactic set development is a complex
task, teams of eight students were organized to
solve this problem. Responsibilities within the
team were divided in the following way: students
worked in pairs; the first pair did the 3D modeling;
the second designed the electrical circuits and
wired the control board; the third programmed
the PLC and the last pair commissioned and
tested, and did the faultfinding and verification.

Fig. 1. Didactic set.
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All the students were involved in the initial genera-
tion of ideas phase. They came up with the given
concept for the problem solution, presenting the
concept and writing the project documentation.

One special requirement was to realize the
control cabinet as an electronic control board
that could be easily assembled and disassembled.
This control board represents a tool for laboratory
classes where the students can learn how to use
electronic circuits and I/O connection lists for
wiring the control closet. In this way, all the
components were assembled on the board, and
could be easily seen and analyzed. The application
of such a board in the class is easier than using a
standardized cabinet.

The students uses specialized set of tools, wires
and wire endings, commonly used in wiring control
closets for wiring a control board in real product
automation processes. This was an opportunity for
all the students to become familiar with tools used
in industry. The students learned how to wire
components in an electronic closet, as well as
how to distinguish standard wire colors.

With minimal advice and help from the profes-
sor and assistant, the students successfully realized
the sets over a period of 15 weeks. The sets were
made in five phases:

1. Concept, 3D model and electrical circuits
designÐ5 weeks

2. Didactic panel set-up, connecting the equip-
ment and wiringÐ4 weeks

3. Frequency controller adjustment and PLC
programmingÐ1 week

4. Commissioning, testing, faultfinding and ver-
ificationÐ2 weeks

5. Development of project documentationÐ3
weeks.

Each of the four realized sets DS3MC-x (where x is
the number of a particular set 1±4, as there are 4
sets) includes the same type of equipment, but with
different characteristics (motors, regulators and
didactic tables). Every set can be used for solving
the same tasks, so the students can get acquainted

with a variety of equipment and problems,
although they are using the same types of compo-
nents. Even though the sets were projected as being
independent, they can be connected with other
laboratory sets, such as didactic manipulators,
pneumatics sets, etc. In this way various tasks
and problems can be solved, and the students
have the opportunity to see the integration of
different engineering areas.

3. APPLICATION OF THE DS3MC-x
DIDACTIC SETS IN LECTURES

The didactic sets for introducing and applying
electric motors as well as their control in automa-
tion are used for lectures (laboratory classes) in
three courses: Implementation of Automated
Systems, Systems for Supervision and Process
Visualization (SCADA systems) and Programming
and Implementation of Programmable Logical
Controllers (PLC).

In the Implementation of Automated Systems
course these didactic sets are used in laboratory
classes where the students develop and realize the
solution for a given task. In the first part of the
semester, the students are given the task of devel-
oping a didactic set to the level of 3D models and
electrical circuits. After that, they get documenta-
tion for a didactic set, written by a previous
generation of students. The students are supposed
to read and analyze the documentation, and then
create control board I/O connection lists according
to the electrical circuits. The control board of the
existing set is then disassembled and the students
have to do the wiring again according to the I/O
connection lists. By performing these tasks, they
can become familiar with the technique of reading
the I/O connection lists, and the ways of connect-
ing (wiring) the control board. The students then
adjust the frequency controller and program the
PLC. Finally they write the project documenta-
tion, which includes technical documentation (3D
models, electrical circuits, etc.) and documentation

Fig. 2. Electronic control board and tools for wiring.
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that includes suggestions for improvements in the
didactic sets, and a comparison between the
designed and implemented sets, as well as sugges-
tions for expanding the sets by adding more
components (sensors, actuators, etc.). At the end
of the semester, the students have to present their
project in a half-hour presentation.

These didactic sets allow every student (in every
generation) to pass through all of the phases of
prototype/product development, starting with
designing, through implementation to commis-
sioning and systematic fault (error) finding.

In the 2009/2010 class there is a plan to use the
didactic set in the Disassembly and Recycling
Systems course that is part of the Industrial En-
gineering course. Instead of the present disassem-
bly process, accomplished by students in the
Implementation of Automated Systems course,
students in the Disassembly and Recycling Systems
course would first be asked to write the disassem-
bly didactic set documentation, and then disas-
semble the didactic set to the lowest level of
disassembly, thus enabling the next generation of
students to assemble it from the start.

In the Systems for Supervision and Process
Visualization (SCADA systems) course these
didactic sets are used in laboratory classes, where
the students are supposed to solve different tasks
in supervision, remote control and visualization.
These didactic sets allow tasks such as the remote
adjustment of frequency controller parameters and
its supervision to be performed, as well as super-
vision and control of every part of the systems by
communicating with the PLC Ðdisplaying indica-
tor states, activating pushbuttons and switches,
and displaying the speed and direction of the
motor rotation. By constant supervision, it is
possible to make reports and graphs of motor
activity, electrical energy consumption, etc. While
performing the tasks, the students can use avail-
able software solutions for making a SCADA
system, or develop their own solutions in standard
programming languages. In addition, the students
learn how to establish communication between a
SCADA system and a PLC, a PLC and a
frequency controller, and SCADA and a frequency
controller, by using different interfaces and com-
munication protocols. By accomplishing these
tasks, the students gain an understanding of the
practical problems involved in establishing com-
munication between a computer and a PLC, and
writing programs that collect data from the PLC
and display them to the user. They also understand
the possibilities of practical applications of

SCADA systems in real industrial conditions.
The students also understand the problems related
to specific customer demands, and the program
adjustments required for meeting these demands
(e.g. parameter tracking and their analysis, realiz-
ing manual and automatic mode switch according
to the current state of the system, etc).

The Programming and Implementation of
Programmable Logical Controllers (PLC) course
is a Bachelor's course, and is basic for the two
above-mentioned courses. When the sets were
realized for the first time, they were also intro-
duced in the laboratory classes in this course,
where the students solve various programming
problemsÐ different ways of controlling a three-
phase motor, communication with a frequency
controller, etc., in two PLC programming
languages: Statement List and Ladder Diagram
(according to the standard IEC 61131- 3). In
addition, in this course the sets are connected to
other didactic sets in the laboratory, such as
didactic manipulators, pneumatic sets, etc., and
the students complete a number of tasks with
such combinations. In this way the students
become acquainted with the control of various
actuators and connect different controllers in
unique control systems by using different com-
munication protocols and different interfaces.

Table 1 lists the courses in which the didactic
sets are used as well as the number of tasks that
can be solved using didactic sets, and the number
of tasks that can be solved using didactic sets
combined with other laboratory sets. It can be
concluded there are number of tasks that can be
solved using either integral didactic sets, or using
them in combination with other laboratory sets.

4. ASSESSMENT RESULTS

The mechatronics laboratory described in this
paper was set up in 2002. Since then, different
courses have been taught in the laboratory. Those
courses are Programming and Implementation of
Programmable Logic Controllers, Material Hand-
ling Technologies, Systems for Supervision and
Process Visualization, Components of Technolo-
gical Systems, Factory Automation, Computer
Integration of Manufacturing Systems, and Imple-
mentation of Automated Systems. In the first
phase, the lab equipment comprised only electro-
pneumatics sets (cylinders, valves, and sensors).
Later, the laboratory was upgraded with a three
degree-of-freedom didactic manipulator (MRA-

Table 1. Number of tasks solved by using didactic sets with or without other laboratory sets

Course
Number of tasks solved by

using didactic sets

Number of tasks solved by
using didactic sets in combination

with other laboratory sets

Percentage of the average
use of didactic sets in the

particular course

PLC 6 7 20%
SCADA 10 12 40%
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M01) in 2006 and DS3MC-x didactic sets in 2007.
The problems used during the courses were formu-
lated with the purpose of stimulating the develop-
ment of the students' team skills as the lab is used
for the first time.

In addition to this common objective, every
course has its defined objectives, as follows. The
Programming and Implementation of Programma-
ble Logic Controllers course's objective is to teach
students to be `proficient in PLC coding in standard
IEC 61131-3 programming languages, networking,
applications, and PLC usage in system design'. The
Supervision and Process Visualization Systems
course's objective is for students to gain proficiency
in `data acquisitions of industrial and nonindustrial
processes, chronology and analysis of events, and
process visualization'. The Implementation of
Automated Systems course's objective is for `profi-
ciency in industrial requirements specifications,
requirements analysis, criteria for equipment,
project management, project model, design project,
installation/commissioning, maintenance, and
fault-finding'. For these three courses, the
common objective is to `encourage teamwork',
which is also achieved by solving tasks related to
the didactic sets.

The assessment of learning in the mechatronics
laboratory involved students of Mechatronics and
Industrial Engineering who took courses in the
laboratory between 2002 and 2009. The maximum
number of full-time students in the Mechatronics
department was 56 and 36, respectively, for Indus-
trial Engineering. At the end of each course, a
questionnaire was completed, which evaluated the
quality of lectures, course material, and available
laboratory equipment, as well as their influence on
achieving course objectives. This questionnaire
had a standard form, developed for this purpose,
and it was completed for every course in the
Faculty of Technical Sciences in Novi Sad, includ-
ing the three already mentioned. In this assess-
ment, only two of the questions that were related
to the laboratory equipment, were looked at. The
first question was: `Rate your ability to individu-
ally solve different tasks in the laboratory'. The
following answers were available: totally individu-
ally; with the help of literature (textbook, technical
documentation, etc.); with the help of a team
colleague; with the help of a professor/assistant.
The student is required to pick the answer with
which he or she agrees most. The second question

was `Rate how the laboratory supports better
achievement of the course objective on a scale of
10±100%?'

In addition to this questionnaire, students
completed an additional form where the following
question was asked: `Rate how the laboratory with
didactic sets DS3MC-x supports better achieve-
ment of the course objective on a scale of 10±
100%'.

The questionnaire answers were analyzed and
average values for the school years 2002/2003 to
2006/2007 (Before), and 2007/2008 to 2008/2009
(After), are presented in Table 2. This period was
selected as the mechatronics laboratory was
founded in 2002.

The results were analyzed and the conclusion
reached that the students who have used the
laboratory since the time when the didactic sets
were introduced became much more team oriented
than did the students who did not use it (see Table
2). The values differ by about 7%. In addition,
students who used the didactic sets DS3MC-x
evaluated laboratory equipment better then the
students who did not use it. The difference in the
students' estimation of different courses comes
from the fact that the number of tasks that are
solved in the laboratory varies with the course.

Evidence that didactic sets DS3MC-x add value
to courses is found in the average student's grade
in the class, which involved hands on experiences.
Tables 3 and 4 show results for the Programming
and Implementation of Programmable Logic
Controllers (PLC's) and Systems for Supervision
and Process Visualization courses, respectively.

Based on the analysis of results given in Tables 3
and 4, it was observed that the percentage of
students passing the exam who had experience
with didactic sets DS3MC-x (in school years
2007/2008 and 2008/2009) and passed the exam
at the first scheduled date, which is just after the
semester, is greater than that for the students who
did not work with didactic sets DS3MC-x. For
each class of students the first exam period for the
Programming and Implementation of Programma-
ble Logic Controllers course is in June, the second
is in September, and the third in January. The
terms for the exam for the Systems for Supervision
and Process Visualization courses are January,
June and September. In both cases, the increase
in the number of students who passed the exam at
the first available time is about 15%.

Table 2. Average values of students' responses

Course
Before*

(average)
After*

(average)
Before**
(average)

After**
(average)

After***
(average)

PLC programming and implementation 25% 31% 86% 88% 90%
Supervision and process visualization systems 26% 33% 89% 91% 92%
Automated Systems Implementation 78% 85% 90% 93% 95%

* Question: Rate your ability to individually solve different tasks in the laboratory. Answer: With the help of a team colleague
** Question: Rate how the laboratory supports better achievement of the course objective?'
*** Question: Rate how the laboratory with didactic sets DS3MC-x supports better achievement of the course objective?
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The results retrieved from the Implementation of
Automated Systems course are not represented in
this paper. This was because the students are
obligated to pass the exam in the first given exam
term so the results are within the limits of about 2%.

All this leads to the conclusion that the didactic
sets DS3MC-x have increased the students' ability
to solve different problems in various automation
fields and have led to better achievement of the
different course' objectives.

5. CONCLUSIONS

The didactic sets DS3MC-x have been developed
with the aim of providing Mechatronics and
Industrial Engineering students with the chance
of getting higher quality training through examples
from areas where multidisciplinary knowledge is
needed. While working with didactic sets, students
have introduced themselves to problems of three-
phase motor controls. With minimal intervention
from the professor/assistant, students substan-
tively were immersed in the problems of design,
implementation, commission, faultfinding and
other processes that they will actually meet in
factory automation after their graduation. These
kinds of projects will establish a deep foundation
for their future work since they are being
acquainted with various types of equipment and

problems, though they are using the same type of
components.

In summing up the results of the students'
assessment, it can be concluded that they are
satisfied with the project. The second result that
came to prominence is that this project not only
helped the students who developed the didactic sets
during the Implementation of Automated Systems
course, but also the students who used the sets in
labs for the Programming and Implementation of
PLC and Systems for Supervision and Process
Visualization courses.

The main weakness in using these didactic sets is
the limited collection of sensors and actuators and
in the number of possible variants. Although the
students can propose different designs and char-
acteristics for sets in the Implementation of Auto-
mated Systems course, they do not have the
opportunity to verify them practically. The only
possibility for demonstrating the advantages or
disadvantages of the proposed solutions versus
the available sets is in the creation of simulation
models. However, this may be a benefit since the
students can also realize the importance develop-
ing simulation models in estimating the justifiabil-
ity of the proposed solutions. Therefore, it would
also be interesting to use digital manufacturing
applications for computer integrated manufactur-
ing processes to develop new systems based on the
skills gained through those labs.
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