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Abstract

This paper describes authors’ experience with designing and teaching a new course on
“Fundamentals of Automation Engineering”, based on a hybrid Project-Based Learning
approach. The proposed challenge for students was to develop a low-cost Material
Handling Machine, equipped with basic control functions. The project was executed in
three stages, with different activities/tasks performed during each stage, which finally
led to successful completion of the challenge. Detailed course file containing syllabus,
learning objectives, assessment rubric, project goals, and deliverables was provided to
students at first stage. Handouts and assignments were also provided weekly to stu-
dents, which required extensive use of library resources (self-learning). Feedback
survey was conducted fortnightly and suggestions were considered for course improve-
ment. In this paper, authors discuss course organization, learning and assessment activ-
ities, and perception of students.
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Introduction

Institutions of higher education are constantly under pressure to improve the quality
of their service, to attract and retain better students and professors, to get more
research grants, etc.' Different types of pedagogy have been explored so as to imbibe
continuous learning in students, making them future ready professionals as well as
embedding entrepreneurship. Project-Based Learning (PBL) has been reported to
help students in developing self-learning and problem-solving skills.> Early exposure
to engineering practice through this approach can promote a deeper development of
professional skills (team work, open-ended real-life problem-solving, etc.), overcom-
ing other issues like boredom during class and lack of content relevance.’

Many authors have reported PBL experiences related to Electrical and
Electronics Engineering, namely:

1. O’Mahony (2008) presented an experience in translating a traditional course to an
integrated dual-impact course that utilizes a collaborative project to drive the
learning. This author states that most groups succeeded in designing a PI(D)-
based controller for their system: an inverted pendulum or ball-and-beam system.*

2. Lei et al. (2012) proposed to build a Rube Goldberg machine: a comically
involved invention, laboriously contrived to perform a simple operation.” The
students were allowed to use daily life objects as well as components like
switches, relays, sensors, actuators, mechanical parts, etc.

3. Cocota et al. (2015) discussed the design and development of a low-cost robot
manipulator with six degrees of freedom.® Students carried out activities during
two years, analyzing issues like forces involved, kinematic models, trajectory
planning, control strategies, and performance assessment. A similar project was
proposed in Lépez-Nicolas et al.’

4. Fernandes (2015) described a project-based learning laboratory for teaching
embedded systems. The goal was to design and implement a temperature con-
trol system for an industrial drier, equipped with a remote interface for config-
uration and data acquisition.®

5. Zapata et al. (2015)° proposed an aerial robotic system as a toolkit, together
with learning activities focused on automation and robotics like: system identi-
fication, pattern tracking, navigation, etc. This toolkit involved two parts: the
quad-rotor (Parrot AR Drone) and the ground station control.

6. Song and Dow (2016) proposed to develop an autonomous car able to engage in
a Sumo-like competition to see which car remains the longest within the border
of a given arena.’

7. Tturregi et al. (2017) proposed to design an electrical installation, given techni-
cal, economical, and legislative specifications.'® Their project spanned from
second year up to final college year.

Despite all these important experiences, basic theoretical concepts (usually
taught in first or second year courses) are still considered to be difficult to integrate
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with PBL. In fact, some authors even claim PBL approach is costly and ineffective
because it requires more resources to obtain similar outcomes. Studies on the
effectiveness of PBL have mixed conclusions, but in general show good results
in longer-term knowledge retention."’

However, ineffective PBL can affect whether students acquire sufficient domain
knowledge.'? Thus, some authors recommend to follow hybrid instructional frame-
works that promote self-directed learning and problem-solving skills, without
sacrificing knowledge of fundamental theoretical principles.'*'*

Another important current trend in engineering education is the rising demand
for qualified automation engineers, as more companies look for efficiency, cost
savings, and sustainability of their businesses.'®> In this domain, besides control
system modeling, analysis, and design, it is necessary to learn about many other
aspects like maintenance requirements, industrial communication networks, per-
formance of control strategy, execution constraints, interdisciplinary teamwork,
among others.'® Therefore, it is not surprising that automation and control sys-
tems are widely viewed to be one of the hardest courses to understand in engineer-
ing education.”

This paper describes authors’ experience designing and teaching a new course
on “Fundamentals of Automation Engineering”, following a hybrid PBL
approach as an option to cope with the challenges presented above. The rest of
the paper is organized as follows: in section “Course organization”, the course
organization is described; course structure, learning outcomes, and content frame-
work are discussed. Section “Learning and assessment activities” presents learning
and assessment activities. Finally, in sections “Perception of students” and
“Conclusions”, student’s feedback and concluding remarks are presented.

Course organization

The course Fundamentals of Automation Engineering (FoA) is aimed at building
key technical competencies needed by automation engineers. It is focused on pro-
moting basic knowledge and critical understanding of different technologies
involved in the design and maintenance of automated systems. It is a first year 6
credit core course for all engineering undergraduate branches, with 6 h of studio
sessions and 2h of tutorials per week. The course is led by an interdisciplinary
team of faculty which includes electrical, electronics, and automation engineers.
On successful completion of this course, students should be able to:

a. Evaluate the benefits and challenges of different automation technologies.

b. Develop a complete solution for a simple automation problem (including: power
supply, actuator, sensor, data acquisition, and control) given a set of engineering
constraints: accuracy, energy, cost, environment, etc.

c. Explain the importance of adopting suitable engineering standards and good
management practices for automation projects.
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The course is divided into the Units showed in Table 1. Note that the planned
duration of each Unit was three weeks, although the actual duration was slightly
different because topics like System Dynamics required more time than expected to
be properly understood.

Learning and assessment activities

Diverse learning and assessment activities were designed for students. Theoretical
concepts were addressed in classical lectures and tutorials. The project execution
was divided into four stages which ultimately lead to the common goal of devel-
oping a Material Handling Machine: e.g. conveyor belt, elevator, crane, etc.
equipped with basic control functions, sensors, and display (see Figure 1). The
motivation behind this project is a trade-off between relevance, availability of
components in the local market, complexity, and cost.

In next sub-sections, each project stage will be described in detail. Note that in
terms of theoretical concepts, each stage can be mapped to one Unit in Table 1.

Stage |: Linear power supply

During this stage, students were involved in design and implementation of a DC
linear power supply. Project goals and their weight were defined by instructors
based on expected learning outcomes, as shown in Figure 2, based on the concep-
tual framework proposed in Stolk and Martello.'® The slider bars are used to
emphasize the connection between goals and course’s activities, deliverables, and
assessments.

Handouts were provided to students a week in advance to help them with self-
directed learning. The concepts explained included basic circuit analysis, trans-
formers, semiconductor PN junctions, filter design, and ripple factor measurement.
Tutorials were conducted for students twice a week on numerical problems to
develop their analytical skills. The class of 54 students was divided into 13
groups. Each group was assigned the project statement including the specifications
of the DC power supply.

One of the three different voltage ranges (5, 9, or 12 V) power supplies were to
be designed by each group. Self-directed learning was inculcated to help them
study and discuss the handouts on rectifier circuit, filter circuit design, and identify
the need of regulator in the supply.

Real world applications of transformers, DC supplies, and regulation of voltage
were discussed. Hands-on skills on making printed circuit boards (PCBs), solder-
ing of electronic components, and measurements using digital storage oscilloscopes
were imparted to the students. A sample power supply fabricated by one of the
groups is shown in Figure 3. At the end of this stage, students submitted a detailed
analysis of the power supply performance.
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I Stagel | DC Power Supply | [Material Handling |Stage 2|
T .

|Stage 3 | Digital Counter || DAQ System |Stage 4|
e P
E=-.
N =

Figure |. Proposed project: four stages.

Project Goals —DC Power Supply

1. Domain Knowledge
(a) Transformer utilization | m— |
(b) Rectifier circuits

(c) Voltage Regulation

2. Contentlearning

3. Hands on skills

4. Analytical skills

5. Real world application

6. Teaming, Collaboration

Figure 2. ldentification of goals for Stage |: DC power supply.

Stage 2: Mechanical building and basic control system

The second stage of the project dealt with building a Material Handling Machine.
First, at an introductory level, the concepts of automation life cycle and architec-
tural levels and layers (automation pyramid'’) were discussed according to
Reference Architecture Model Industrie 4.0 (DIN SPEC 91345). Specific examples
of sensors and actuators, field level industrial controllers (PLCs), and Supervisory
Control and Data Acquisition Systems (SCADA) were illustrated.

Students deliberated upon applications where automation could significantly
enhance productivity and efficiency of processes. Material Handling systems
were discussed and the role of automation to help logistics in industry was
explored. The students were familiarized with project charters and each team pre-
pared a project charter where they identified the processes involved in mechanical
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Figure 3. Example of DC power supply made by a group of students, where bridge rectifier is
made using IN 4007 diodes, capacitors, and inductor of specific rating are used to remove ripples
in voltage and current, and voltage regulator IC is used for supply voltage regulation.

Project Goals —Material Handling System

1. Domain Knowledge

(a) Translational mechanical systems [—— |

(b) Rotational mechanical systems | ———— ]
(c) DC motors [——————— ]
2. Design & Creativity [m———= ]
3. Programming skills | S— |
4. Analytical skills | — |
5. Real world application [——
6.Team, Collaborations [(—— |

Figure 4. Identification of Goals for Stage 2: Material Handling System.

building of their material handling system, made dimensional drawings, listed the
bill of materials, and mentioned the deliverables. The lead faculty identified the
goals for this stage as shown in Figure 4. Analytical skills, linking with real-world
application and collaborative work, were given high weightage in this stage.

The next two weeks were engaged in delivering fundamental concepts of control
systems. Significance of dynamic modeling of mechanical systems was appreciated
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Figure 5. Block diagram for Material Handling Machine.

by the students and equations governing the dynamics of DC motors, gears, and
other mechanical parts were explained as shown in Figure 5. The students were
provided lectures and tutorials to help them master the differential equations, to
make them adept at writing equations for dynamic systems.

Simulations were done to calculate the torque provided by the DC motor and
calculate the maximum load that could be carried by the system, taking into effect
the losses due to friction. The theoretical calculations were compared with actual
physical measurements on the systems. The teams submitted a detailed report on
the analysis done by them.

It was observed that the students worked with great enthusiasm and with team
spirit during this stage. The team members identified their roles—each member had
some role like design, fabrication, testing, and report writing. The teams made
group presentations and individual viva voce was held for each student. Quizzes
were conducted on the concepts taught and mentoring was done for students who
required help in analytical skills.

Stage 3: Digital counter design

This stage involved the design of a digital circuit. The concepts learned by students
included combinational circuits, logic functions, minterms, maxterms, etc. An
activity on the design of a combinational circuit for seven-segment display was
carried out, were the concepts learned on Karnaugh Maps of minimization of
literals were used and the minimized logic was implemented using logic gates.
The concept of synchronous and asynchronous digital circuits was discussed
and the requirement for clock generation for synchronous circuits was identified.
Discussions on sequential circuits, state diagrams, and timing diagrams for
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o 0o
0.0,

Figure 6. Digital counter. (a) State transition diagram for decade counter and (b) counter IC
CD4026 interfaced with seven-segment display and using pushbutton switches for counting and
reset.

counters were done in class. A mini-project on counter interfacing with seven-
segment display was undertaken by students, see Figure 6.

Stage 4: Data acquisition system

The final stage for project was aimed to interface temperature sensor LM 35 with
the Arduino ATMEGA 328 P microcontroller system. The project goals identifi-
cation for this project are shown in Figure 7.

The architecture of Arduino Nano boards having 14 digital I/O pins, 8 Analog
I/O pins, flash memory of 32 KB with 2 KB of boot program, and clock speed of
16 MHz were discussed as an available system for the project. Handouts were
provided for Arduino standard library functions and instructions for installation
of Arduino Integrated development environment was provided to the students.?
Advantages of digital data acquisition systems were deliberated upon, namely ease
in design, and information storage, implementation of logics by programming,
immunity of digital signals to noise, and maintenance of accuracy and precision
in measurements. The fundamental blocks of embedded system comprising of
sensor units, control/processor unit, and actuators/display were introduced.
Serial communication protocol using Universal Asynchronous Receiver
Transmitter (UART) was explained to students and communication at specified
baud rate between Arduino Nano board and laptop serial port was demonstrated
to the class, as a first step toward building a basic sensor network [oT application.

Tutorials were held where the students were made to interface switches and
LEDs to digital pins, interface potentiometer to analog pin to display the voltage
of variable knob, interface seven segment display to Arduino, and read a string of
data from hyper/tera terminal of a laptop. The activities and tutorials were con-
ducted for three weeks and necessary concepts were developed for students for this
stage of the project. The block diagram of the data acquisition system, as shown
in Figure 8(a) was discussed in the class and the students were provided datasheet
of the precision centigrade temperature sensor LM 35. The linearity scale of
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Project Goals —Data Acquisition System

1. Domain Knowledge
(a) Linear Analog Sensor [ |
(b) Analog to Digital Conversion |—— ]
(c) Precision in measurements [——— |

(d) Accuracyin measurements [EEETTT——

2. Critical Thinking [ ——]
3. Programming skills [— ]
4. Analytical skills | E— ]
5. Real world application e
6. Intrinsic Motivation e ——

Figure 7. Identification of goals for project Digital Temperature Measurement.

10-mV/°C Scale Factor was highlighted for calculations in the project.”’ The goal
of the project was to imbibe critical thinking amongst the students to enable them
to understand and use the datasheet.

Programming skills developed during tutorial exercises were deployed to interface
the temperature sensor with the microcontroller board. Intrinsic motivation was
found to be high in this stage of project and students had shown keen interest
during the tutorials for programming. The students made measurements and analyzed
their results. They used a calibrated thermometer to measure the temperature of the
heat sink of power supply regulator, and this reading was taken as standard temper-
ature. The readings obtained from the sensor were analyzed by plotting frequency of
measurements vs temperature as shown in Figure 8(b). Precision and accuracy were
estimated on these graphs and critique report was published by each team.

The following assessment activities have been planned. Note that classical theo-
retic assessment through Mid-Term and End-Term examinations still has 40% of
weight in the final grade, whereas project carried 30% weight, which therefore
justifies our hybrid PBL approach. The fundamental engineering principles are
assessed using the Rubric shown in Figure 9 which shows that continuous assess-
ment of student’s performance was done through assignments and periodic quizzes.

Perception of students

Feedback was taken from students periodically during the course, so as to take
corrective actions when needed. In this paper, we present the results of two anon-
ymous surveys (Mid-Term and End-Term) of overall course student perception, in
a Likert scale where 1 is most negative and 5 is most positive. The proposed
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Figure 8. (a) Data acquisition system for reading temperature of power supply heat sink at
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periodic sampling intervals. (b) Temperature graph shows measurement of accuracy with cali-

brated thermometer being taken as standard value and precision of measurement showing.
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Figure 9. Evaluation rubric for the course showing continuous evaluation by assignments,

quizzes, theory exams, and project presentations.
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Figure 11. Feedback survey results for specific parameters taken at the end of course.
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question was: How will you rate the course overall? Positive and very positive per-
ception increased from 45% (Mid-Term) to 60% (End-Term).

In the feedback in Figure 10, 99% students suggested that the project was highly
relevant to real world of automation engineering. The feedback also revealed that
the concepts learned during discussions helped them in practice and analysis of
project. Student’s perception on specific aspects of course delivery obtained
through end of course anonymous survey is shown in Figure 11. The results of
this survey show that the learning through practical implementation was high, and
conceptual learning was good. The survey also reveals that nearly 15% of students
suggested that all the four aspects could be improved, and deliberations within
instructors suggest this could be addressed by making resources more accessible
(with due care for human safety), increasing the classroom participation and intro-
ducing more interesting and challenging activities.

The challenges seen by students were soldering of IC bases as this required
precision work using a microtip soldering iron. Students also found the mechanical
modeling of dynamic control systems to be difficult; however, when they were
provided enough tutorials and practice through white board interactions, quizzes,
and tutorials, they were confident of writing the differential equations for dynamic
systems. The reports written by students were impressive and showed that the
analytical skills were instantiated.

Conclusions

The course received a high rating in the feedback, the students were observed to
take good interest in learning concepts and applying them in the project. The level
of student engagement in all the activities was high and it was found that though
the projects were done in collaborative manner, the learning by individual students
could be assessed and feedback provided when necessary. Students developed
hands-on skill in fabrication, connecting electrical motors, transmission of
power through transformers and mechanical gear systems, and understood the
relevance of automation and IoT technologies for their careers as future engineers.
They developed good communication skills as they made presentations at each
stage of the project. The report writing helped students to develop good analytical
and academic writing skills.
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