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Cognitive Support for Learning PLC Programming:
Computer-Based Case Studies

Abstract

Students who wish to learn programmable logic controller (PLC) programming often face many
obstacles. For example, many lack experience using automated systems and have difficulty
visualizing programming situations. In addition, information needed for programming, such as
input and output connections, is often not readily apparent. Finally, students may encounter
cognitive overload because they need to be able to recall many different types of information at
once, such as system component characteristics, system operation, PLC command syntax, and
control program development. Instructors must use methodologies such as scaffolding and
fading to provide cognitive support to students until programming tasks become more second
nature.

To help students learn to write PLC programs to control automated manufacturing systems, a
series of computer-based case studies are being developed. These case studies include
animations of automated systems to help students to visualize how processes work and the
sequence of events. They also illustrate steps in the programming process from identifying the
sequence of events and input and outputs to developing code to implement each event. Although
the idea of case studies itself is not new, the combination of case study methodologies and
instructional technology to teach PLC programming is relatively novel. This paper will describe
the case studies that have been developed so far, how they are being used, results from student
evaluations of these case studies, and future directions.

1. Introduction

The programmable logic controller (PLC) has been described as one of the most ingenious
devices ever invented to advance the field of manufacturing automation'. Thousands of PLCs
have been used for such applications as monitoring security, managing energy consumption, and
controlling machines and automatic production lines. As an essential part of manufacturing
automation, PLCs are covered in many automation and control-related courses, such as
Computer-Aided Manufacturing, Computer-Integrated Manufacturing, Industrial Control, and
Manufacturing Automation and Robotics. Students from other disciplines are also exposed to
PLC technology. Research by Frost & Sullivan indicates that the world market for
programmable logic controller will continue to grow as units become smaller, more functional,
and more able to work in tough environments®. The total PLC and software market was
projected to reach $8.6 billion in 2000. This trend is likely to continue to increase as the world
economy grows. There is a great need for engineers with strong skills and knowledge in this
area.

A goal of engineering education is to prepare students for industry by exposing them to the types
of tools and equipment they will need to use on the job. Lab experiences are an integral part of
the student learning process, especially within science and engineering®”. Edward’ has described
the purposes of lab exercises as follows:

e Cognitive learning, which is often elucidated as the integration of theory with practice.
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e Inquiry methodology, which includes hypothesis forming, experimental design and
methodology and evaluation of results.

e Vocational aims, which include awareness of current practice and the inculcation of
professional ethics.

e Development of personal skills, such as communications, report writing and teamwork skills.

Unfortunately, educational institutions often lack the resources needed to help students to
become proficient with equipment. For example, a Manufacturing Automation and Robotics
course typically uses programmable logic controllers, sensors, robots, and machine vision
systems in teaching automated manufacturing system design. However, students’ learning is
hindered by obstacles such as:

e High faculty-to-student ratios: For example, the ratio for Manufacturing Automation and
Robotics at one major university is 1:36 for lectures and 1: 18 for each of two lab sections.

e Limited lab access: Students may only use equipment during scheduled lab times.

e Limited resources to support students outside labs and the classroom: In many cases, no lab
assistant support is available.

e Limited equipment to support lab assignments: Because lab equipment is often expensive,
students must often work in groups. For example, an industrial scale PLC—such as an Allen
Bradley RSLogix 5550 processor and a set of I/O cards—costs about $8000.

To help offset these obstacles, in recent years, a variety of computer and networking
technologies have been developed. For example, remote laboratories (also known as e-Lab,
Tele-Lab)™®, virtual laboratories®”'®!!, and hybrid laboratories® have been developed to reduce
lab equipment setup costs and increase accessibility. Other developments include the use of
interactive’, multimedia-enhanced'>", and integrated'* approaches and the Design-Build-Test
concept'’ to make learning more interactive and visual. However, there have been relatively few
attempts to use technology to teach PLC programming.

The author was recently awarded a National Science Foundation grant to develop an Integrated
Virtual Learning System (IVLS) for PLC education that incorporates intelligent tutoring systems,
simulations, and animations. A prototype version of this system, known as Virtual PLC, can be
found at <http://etidweb.tamu.edu/hsieh/Hsieh VirtualPLC.html>. Previously reported work
includes the design, development, and successful evaluation of Virtual PLC courseware on the
topic of PLC timer instructions'®'” and a ladder logic toolkit'®. This courseware was found to be
instructionally effective, and students’ subjective impressions of the system were positive
overall. However, the focus of these lessons was on the usage and syntax of PLC instructions.

This article describes the design and evaluation of case studies for the Virtual PLC. These case
studies are intended to help students to visualize how an automated system should work and to
understand how to control a real-life or close to real-life system using ladder logic. They also
allow students to manipulate an animated model of the system in order to explore what happens
under different conditions.
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2. Case Study Design Overview

Case studies were developed using Macromedia Flash. This tool allows rapid development of
graphics and animations, and includes a programming language called ActionScript, which
facilitates development of interactive programs and interfaces. Flash files are also quite small
and can be embedded in HTML pages and accessed via the Web.

There are two different designs for these case studies: extended case studies, which include a
detailed description of the reasoning process underlying the development of a PLC program for
an application; and illustrative case studies, which simply illustrate an application to be
developed.

All the case studies begin with a problem statement and utilize a standard design (Figure 1).
Each page contains a banner, progress bar, navigation/home buttons, as well as the case study
content. The banner displays the title of the case study and institutional info. The progress bar,
located in the top-left corner beneath the banner indicates which part of the case study the learner
is currently viewing. The navigation buttons in the bottom right and left corners of the page
allow learners to move to the previous, next, or first screen of the case study.

Progress Bar Banner

Case Study - widger Assembly Line M, Texas AAM Unhe

Problem Statement
A widget assembh-1iTie uses a PLC in the ]
Each box shou ¢ packed with 5 widgets. Start, Stop,

Page
Contents

0\ - f/,,o

Mavigation Buttons

Figure 1. Problem Statement Page with Standard Design Elements Indicated.

3. Extended Case Studies

Extended case studies were developed for widget assembly, jean washing and injection molding
operations. Problem statement pages for these operations are shown in Figures 1 and 2. In
addition to a problem statement, extended case studies also include sequence of operations
(setup), an animation of the physical system, and a case analysis. The case analysis includes
input/output port assignments and translation of operations into ladder logic.
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Case Study - Clothing Company Jean Line S4H, Toxas ASM Unkv.

Problem Statement

Case Study - Injection Molding Machine SIH, Toxas ABM Uni,

Problem Statement I

Weraatic A Epector P

Marry things you come in conact with everyday are injection molded. From a
computer’s keyboard and mouse o plastic hubcaps on a car. Injection melding
Is wsed for parts that are too comples or costly to make, The advantages of
injection melding inchude high repeatability, litthe finishing needed, and high
production rates. PLCs can be used to autemate the molding process to ensure
high quaity,

A clathing manufacturer uses a PLC 10 monitor and control the washer |
tumbler stations used to produce its lne of jeans. Timers ane used to set
cyche lzngths and sensors mondtor water levels, the fow rate of additives,
and to alert maintenence of malfunctions.

Figure 2. Problem Statement Pages for Extended Case Studies
on Jean Washing and Injection Molding Operations.

Setup. The Setup screen contains a graphic illustrating the overall system layout—including the
work piece, sensors, control panels and other system components—and the sequence of
operations (Figure 3). This page helps users to visualize the overall system components and
functionality.

Animation. After students have been introduced to the system setup and sequence of operations,
an animation is used to illustrate how the automated system should work (Figure 4). Features of
the animation include:

a) 3D animation

b) Realistic buttons

¢) Smooth animation movements

d) Gradient colors for a more realistic look

Students use Start and Stop buttons on a virtual control panel to view the animation. These
controls allow them to better understand the functionality of the system.

Case Analysis. The heart of the case study is the case analysis, which breaks a problem down
into smaller steps, such as determination of input and output devices, input and output port
assignments, sequence of events, and problem solutions.

a) Determination of Inputs and Outputs

The first step in developing a PLC program is to determine the input and output devices.
Examples of input devices include switches, pushbuttons and sensors. Examples of output
devices include motors, conveyors, and alarms. In the case studies, the inputs and output
devices are identified graphically by highlighting appropriate areas of the animation. Figure
5 shows an example of highlighted input and output devices.
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b) Determination of Input and Output Ports

The second step in developing a PLC program is to assign I/O ports for each of the input and
output devices identified in the first step. Here again the case study employs a short
animation to show how ports are assigned for each input and output device. Different colors
are used to differentiate between inputs, outputs, and terminal addresses. In addition, each

input/output is assigned a tag name (such as

¢). Problem Solution

Start 1 and Bell).

The Problem Solution section demonstrates how to construct ladder logic using the
information derived in the previous steps. The original sequence of events is revised by
replacing the original input/output names with the newly assigned tag names. Then the if-
then...else statements are converted into ladder logic rung by rung. The reasons for each rung
condition are each explained on a separate screen. The ladder diagram is drawn in blue with
the tag names in black, which conforms to ladder diagramming conventions used in Allen
Bradley RSLogix 5000 PLC software.

Case Study - Widget Assembly Line

SJH, Toxas ASM Univ.

he Operation Sequence is as follows:

Stepl. The Stant button for the conveyor is pressed. The Widgets start to move on the
© vor bell,

Stepl. As widgets armives, the Switch is riggered.

Stepd. A counter increments by 1,

Stepd, Conveyor moves until counter value reaches 5,

Stepd, Conveyor stops.

Steph. Bell starts to ring.

SlepT. Operator presses Reset and the process continees (o repeat from Step2.

00

Case Study - Widget Assembly Line SJH, Texas ABM Univ.

Animation
©
Bax
(0

Figure 3. Example of Setup page.

Case Study - Widget Assembly Line SIH, Toxas AEM Univ.

L]

Case Analysis
1. Determination of Inputs and Outputs

Figure 4. Example of Animation page.

Case Study - Widget Assembly Line SJH, Texas ASM Univ,

Case Analysis

2. Determination of /0 ports

o mp D —
i i
| E S — H -
i INPUTS Terminal Address  § | OUTPUTS Terminal Address
4
H ¥
: '
I.‘ Sewre_1 Loexl:X:0. Dats 8 t | Bem Laseal:us0 ). Datn. 00
b Sep Logal: X0 Data ol '
i 1
P Mesa Local:®:1.ata 62 H Laeal:0:00. Data. 01
i g
§ switeh Local:#:1.Uata 0 {
L i
! ! -

Figure 5. Highlighted Input and Output
Devices.

Figure 6. Assignment of Input/Output Devices
to Tag Names and Addresses.
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Case Study - Widget Assembly Line T e Case Study - Widget Assembly Line SJH, Toxas ABM Univ.

]

Case Analysis
4. Problem Solution

Case Analysis

3. Determination of Sequence of Events

Since the conveyor has Stari_1 and Stop_1 buttons and debounee Switeh_1
imput to indicate when an object is present, we can write the following rung to specify
conditions for the conveyor to be on.

The sequence of operations is as follows:

Step | TF Start_1 s true and Stop_ is not trug, then
conveyor is energized Widgets starts 1o move on the conveyor,

Seep 2. When a widget pushes Switch [, Switch_| changes from false to
true, for a few milliseconds, then bounces back.

Step 3. Counter 1 s initialized and the accumulated value{AC) is
incremented by one,

Step 4. Go to Step? until Counter 1 reaches 5.

St _| Stop_1 Switch_| Conveyor
<LocalB:l.Dum00>  <LogalflDusadl>  <Local:B:LDum03>  <Local::0.Data01=

1L ‘I/I’ qlE & 7y
ul 4 C JLE g S L= &) |

Step 5. Bell keeps ringing i iitently until Reset | is
Hlep 6. The process continues until Stop_1 15 pressed.

Figure 7. Revised Sequence of Events and Problem Solving Pages.
4. Illustrative case studies

lustrative case studies include only a problem statement and an animation of the physical
system. They are designed to be used to supplement lab exercises and homework assignments by
helping students to visualize system structure and functions. Figure 9 shows examples of
illustrative case studies for Wind Turbine Shutdown and Molten Metal Recycling operations.

Critical Shutdown System of a Wind Turbine  suH, Texas A&M Univ.

Direct Molten Metal Production Control SJH, Texas ASM Univ.

Figure 9. Illustrative Case Studies for Wind Turbine Shutdown
and Molten Metal Recycling Operations

5. Methodology

A preliminary evaluation of the case studies was conducted with undergraduate students to find
out:

e Do the case studies help students to learn more about PLC programming?
Student opinions about various aspects of the case studies, such as effectiveness, ease-of-use,
and relevance to their education

e Student comments
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5.1 Participants, Materials, and Experimental Procedures

Participants. Participants in this evaluation were 24 undergraduate students who were learning
how to program ladder logic. Evaluation activities took place during lab time. There were two
labs of 12 students each.

Materials. The evaluation instrument consisted of a five-item opinion survey with a space for
comments. The survey asked students to rate various characteristics of the case studies on a 7-
point Likert scale. Figure 10 lists the survey questions.

Procedure. Because the instructional effectiveness of the case studies was unknown and because
we did not want the evaluation activities to interfere with students’ learning, the unit on PLCs
was taught in the usual way with lectures followed by lab. The evaluation activities were treated
as additional lab activities and took place near the end of the semester.

1. The case studies helped me learn more about PLC programming.
Strongly disagree 1 2 3 4 5 6 7 Strongly agree

2. T'would like to have more case studies like these available to help me learn.
Strongly disagree 1 2 3 4 5 6 7 Strongly agree

3. These case studies were relevant to my education.
Strongly disagree 1 2 3 4 5 6 7 Strongly agree

4. The content of the case studies was easy to understand.
Strongly disagree 1 2 3 4 5 6 7 Strongly agree

5. The animations helped me visualize the process.
Strongly disagree 1 2 3 4 5 6 7 Strongly agree

Figure 10. Opinion Survey Questions.

6. Data Analysis and Results

This section summarizes the data gathered using the methodology described in the previous
section. Results are presented in terms of student attitudes (as measured by the opinion survey),
and student comments.

Opinion Survey. Figures 11 and 12 summarize the means for the opinion survey questions.
Student ratings were positive for all items. In general, students felt that the prototype was
interactive, relevant, and easy to use and understand.

Student Comments. Regarding the extended case studies, several students commented that they
liked seeing the animation followed by the program. They also appreciated seeing realistic and
relatively complex programming problems. The most commonly mentioned suggestion for
improvement was the addition of more case studies. One student suggested that it would be
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helpful have the ladder diagram alongside the animation so that learners can see the program in
action.

Regarding the illustrative case studies, students felt that these types of case studies felt them to
better visualize the programming problem. Suggestions for improvement included 1) the

addition of more case studies; and 2) the inclusion of PLC code for implementing the illustrated
systems.

Extended Case Studies

O The animations helped me visualize the
process.

@ The content of the studies was easy to
understand.

O These case studies were erelevent to my
education.

E 1 would like to have more case studies like
these available to help me learn.

[ The case studies helped me learn more
1 5 3 4 5 6 7 about PLC programming.

(1=strongly disagree, 7=strongly agree)

Figure 11. Opinion Survey Means for Extended Case Studies.

Illustrative Case Studies

O The animations helped me visualize the
process.

[ The content of the studies was easy to
understand.

O These case studies were erelevent to my
education.

B 1 would like to have more case studies like
these available to help me learn.

I The case studies helped me learn more
about PLC programming.
1 2 3 4 5 6 7

(1=strongly disagree, 7=strongly agree)

Figure 12. Opinion Survey Means for Illustrative Case Studies.
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7. Discussion

These results suggest that designs for the extended and illustrative case studies are instructionally
effective, and that students’ subjective impressions of the system are positive. It appears that we
may safely continue to develop similar types of lessons. In the future, parallel pre- and post-tests
will be given to allow us to better assess how much students learn from the case studies.

8. Conclusion and Future Directions

This paper has described continuing steps in the process of developing an Integrated Virtual
Learning System, called Virtual PLC, for programmable logic controller education. So far,
evaluation results have been very encouraging. Possible enhancements include the placement of
ladder logic for case study applications alongside the animations for the applications and adding
solution code to the illustrative case studies.

More Virtual PLC lessons are currently under development. Future lessons will incorporate
games and teaching program debugging. Also, the programming language will be extended from
ladder logic to functional block diagrams. The ultimate goal is to create a complete system that
can be used not only by undergraduate students, but also by high school students and industry
professionals.
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