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Abstract 
 
For decades, practicing ChE’s have encountered programmed-logic controllers (PLC’s) in their 
work.  Such originated as controllers based on mechanical relays and keyed cylinders but have 
now been replaced by computer-based units.  Since PLC’s are used primarily in discrete and 
batch manufacturing, they have been ignored traditionally in the academic circles of automatic 
process control, the latter focusing primarily on large-scale, continuous processing. 
 
Only a minority of today’s ChE students are finding employment in the traditional chemical and 
petroleum industries.  Many more are entering the job market in pharmaceuticals, specialty 
chemicals, biotechnology, and microelectronics.  The programmed-logic controller predominates 
in these sectors.  Yet the typical process control course today still reflects continuous processing 
and PLC’s are largely ignored.  This situation calls for change. 
 
At the University of Colorado, we have introduced a module in our control course 
(Instrumentation & Process Control, CHEN 4570, 4 credit hours including a full laboratory 
component) that allows students to learn the fundamentals of digital logic, logic diagrams and 
ladder logic programming of PLC’s, and applications to chemical processing.  Through a series 
of laboratory exercises using PC-based software, a building block kit, and a batch fluid system, 
students are able to create PLC programs to test their acquired knowledge. 
 
This addition to our course has been made with minimal impact on the rest of the course content.  
By our observations, students “take to” this material very well and enjoy making things happen 
with PLC’s.  We already have feedback from recent alumni that their rudimentary knowledge of 
PLC’s has been of value to them in their work.  Recognizing its importance, we envision some 
expansion of this topic in the course in coming offerings and fine-tuning of the instructional 
materials. 
 
Education in process control – typical courses in the U.S. 
 
In the mid-1980’s, the American Institute of Chemical Engineers (AIChE) modified the criteria 
for accreditation used by the Accreditation Board for Engineering and Technology (ABET) to 
include a required component in the undergraduate program in process dynamics and control.  P
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Since the 1950’s, courses in process control had emerged in most chemical engineering programs 
in the U.S. and many had already been made a requirement. 
 
In the chemical industry, process control is inextricably coupled with instrumentation.  Technical 
groups, whether in-company or external consultants, that focus on control and automation 
dedicate significant effort to measurement problems and technology.  There is a clear recognition 
that, without the ability to measure, there is no prospect for control. 
 
In contrast, most university courses in process control have been based in the mathematics of 
control.  This includes the modeling of process dynamics using differential equations and their 
transforms, and the use of a variety of analytical techniques based primarily in the Laplace and 
frequency domains.  In surveys carried out by the AIChE, students have complained that control 
courses are too abstract and mathematical, that they have difficulty grasping the connection 
between the mathematics of control and its practice.  A common quote from control practitioners 
is “I haven’t used a Laplace transform since I graduated.” 
 
In response to the gap between theory and practice, many chemical engineering programs 
developed hands-on curricular components related to instrumentation and control during the 80’s 
and 90’s.  These components took on several forms: 

 the addition of one or more laboratory exercises dealing with instrumentation and control, 
often to the “unit ops” lab course and not the control course, 

 the installation of distributed computer system (DCS) control units in undergraduate 
laboratories, used primarily in the “unit ops” lab course, 

 the expansion of the process control course to include a laboratory component, often of 
limited scope, or 

 the addition of computer simulations of processes and control systems to the control 
course. 

 
The latter has been widespread, especially with the availability of software such as Control 
Station1 and Simulink2.  Instructors often prefer providing hands-on experience through 
computer simulations, since using real equipment is more time consuming and fraught with 
practical headaches.  Others claim that computer simulations are still too far removed from 
practice to be suitable as the only hands-on experience for students in process control courses. 
 
It is common now that chemical engineering programs will include practical exposure to 
instrumentation and process control, either through lab exercises in the process control course or 
other courses in the curriculum, such as a “unit ops” lab course.  Even so, students still complain 
about the gap between theory and practice in control. 
 
Chemical engineering education evolved in the 20th Century with a focus on large-scale 
continuous processing.  Consequently, the traditional approach to process control education deals 
almost exclusively with continuous processes and primarily feedback control.  Even today, there 

                                                      
1 Control Station, Control Station Tech, P. O. Box 544, Storrs, CT 06268-0544, www.controlstation.com, software 
authored by Doug Cooper. 
2 Simulink, The Mathworks, Inc., 24 Prime Park Way, Natick, MA 01760-1500, www.mathworks.com, part of the 
Matlab suite of software. 
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is little in the chemical engineering curriculum that prepares students for a world of batch or 
discrete manufacturing.  Some evidence of change is observed via new courses in pharmaceutical 
biotechnology and microelectronics manufacturing.  However, an examination of the prominent 
texts in process control (Seborg, Edgar & Mellichamp; Ray & Ogunnaike; Luyben (& Luyben); 
Stephanopoulos) reveals little attention paid to batch and discrete process automation and 
control. 
 
The need for education in programmed logic Controllers (PLC’s) 
 
Through the 60’s and 70’s, most graduating chemical engineers (approaching 90%) went to work 
in the traditional chemical and petroleum industries.  Today, as seen in the table below, less than 
30% of graduates find jobs there.  We have experienced a great diversification of career 
opportunities for chemical engineers.  As an example, in May of 2001, out of 30 graduating 
ChE’s at the University of Colorado, only one found employment in the chemical and petroleum 
industries (all but 3 had jobs). 
 

Pharmaceuticals & Biotechnology 7 
Chemicals & Petroleum 27 
Engineering Services 7 
Microelectronics & 
Semiconductor 

16 

Environmental Engineering 3 
Food & Consumer Products 11 
Fuels 13 
Materials & Paper 5 
Business Services 6 
Other 5 

 
Feedback from alumni surveys tells us that our graduates, more often than not today, encounter 
automation and control in the form of on-line computer systems (DCS systems) and 
programmed-logic controllers (PLC’s).  The concepts and practice of sequential control with 
transitions in process operation and logical enables, interlocks and overrides are prevalent.  On a 
positive note, our alumni tell us that they are able to learn what they need to know about PLC’s 
on the job; yet it is evident that their education is lacking in this area. 
 
Automation of batch processes usually requires the application of continuous feedback 
controllers (so-called PID controllers); however, many issues arise regarding the start-up and 
shut-down of these controllers.  These issues are typically ignored when the focus is on 
continuous processes.  Also, when the operation of a continuous controller is interrupted by a 
logical override or interlock circuit, problems can arise, and the situation needs to be handled 
properly. 
 
Some would argue that details regarding instrumentation and PLC’s are relegated to “I&E” 
technicians and need not be the concern of the chemical engineer.  Consequently, the argument 
would extend to justifying the absence of this material from chemical engineering education, 
better replaced by background and theory.  Our alumni refute this claim on two grounds: 
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 as a chemical engineer, it is necessary to communicate with “I&E” technicians, and some 
knowledge and understanding of their world aids this process, and 

 in small organizations, and with staff reductions (a.k.a. downsizing, right-sizing, firings) 
in larger companies, there may not be “I&E” technicians – more work is left directly to 
the chemical engineer. 

 
So, the real world of today’s practicing chemical engineer, as we have learned clearly from our 
alumni, involves the application of PLC’s and their concepts.  That has defined the need to 
address education in this area in our undergraduate curriculum, most appropriately in the process 
control course.  But several difficulties loom on the horizon: 

 the current process control course is already “chocked full” of material that, in the 
opinion of the instructor, just has to be “covered”3, 

 control textbooks available do not address or support instruction in PLC’s and related 
concepts, 

 with about 160 undergraduate programs in chemical engineering in the US, and nowhere 
near that number of active faculty control engineers & researchers, control is often taught 
by individuals with little experience in the field, and 

 with the focus of faculty researchers in control mainly away from batch and discrete 
control, and often disconnected from industrial practice, even many of these faculty have 
little experience in industry and with PLC’s. 

 
How do we meet these challenges in order to satisfy this clear educational need? 
 
Incorporating PLC’s into a course in instrumentation and process control 
 
The author introduced the course in process control at the University of Colorado in 1975, has 
taught the course 23 times, and developed it over the years.  My experience prior to entering 
academia was as an instrument and control engineer with the DuPont Company in the late 60’s 
and early 70’s.  Consequently, the title of the course is Instrumentation and Process Control 
(CHEN 4570), and it has always had a focus on measurements and instruments, in addition to the 
traditional topics of continuous process control.  Early on, several laboratory exercises 
(instrument calibration, dynamic testing and controller tuning) were added to the course as 
extended homework exercises, but the course had no formal laboratory component. 
 
After 10 years of being taught as an elective, the course was made a requirement in the mid-80’s.  
In the early 90’s, the course was expanded from 3 to 4 semester credit hours and a full laboratory 
component was added, meeting 3 hours/week for the entire 15-week semester.  Later in the 90’s, 
the “lecture” part of the course was converted to a cooperative, active-learning mode of 
instruction, replacing much of the “talk at the students” lecture with group workshops and 
“teaching/coaching by walking around.”  Learning outcomes and student satisfaction have 
improved greatly in this course, which, in general, has always been highly rated by students. 
 
The laboratory component of the Instrumentation and Process Control course presented an 
organizational challenge.  Nominally, 60 students are enrolled in this course each spring 
                                                      
3 There is also a traditional and wide gap in process control education between what is “covered” and what is 
“learned.” 

P
age 7.1166.4



 

 Proceedings of the 2002 American Society for Engineering Education Annual Conference & Exposition 
 Copyright ©2002, American Society for Engineering Education 
 

semester.  These students are divided into two lab sections of 30 students.  Each section is 
divided into 10 groups of 3 students.  The semester is divided into three 5-week rotations, and 
each student group completes a round-robin of 5 experiments during each rotation.  That requires 
each experiment to be available in duplicate because 10 groups are working at the same time.  
Also, within each rotation, experiments must not have other experiments as prerequisites (round 
robin), but, from one rotation to the next, a sequence can be planned.  This daunting and 
somewhat confusing explanation is aided by the figure below, showing the organization of the 
laboratory component for the Spring 2002 semester. 
 

Rotation

Basic Electronics
& Op Am Circuits

Instrument Calibration
and Measurement

Standards

Thermocouples
and Thermistors

LabView Tutorial
Graphical

Programming

PLC 1: Logic
Operations

Variable-Gain
Instrumentation

Amplifier

LabView 2:
Data Acquisition

PLC 2: Signal
Interface

Load-Independent
Voltage-to-Current

Converter

LabView Controller
Development &

Tuning

PLC 3: Batch
Process Control

1

2

3

Pulse Testing
of Reactor Units

PID Control
of Reactor Units

Random-Input Testing
of Process Units

On-line Tuning of
PI Controllers

Sequence of Round-Robin Rotations for Instrumentation and Process Control Laboratory

 
 
The solid arrows show the round-robin sequence within each rotation.  The large block arrows 
show the transition from one rotation to the next, and the dashed arrows depict the thematic 
“thread lines” running from one rotation to the next.  The rightmost “thread line” is a sequence of 
three experiments involving PLC’s. 
 
Prior to 2001, the rightmost sequence of three experiments were not real experiments at all, 
rather they were comprised of exercises with the Control Station simulation software.  In 2001, 
the Control Station “experiments” in Rotations 2 and 3 were replaced with the PLC 1 and PLC 2 
exercises noted in the figure above.  In 2002, a third PLC experiment involving batch process 
control was introduced, pushing the PLC 1 & 2 experiments up in the scheme. 
 
As an aside, the Control Station software still plays an important role in the course, but no longer 
holds a central theme in the laboratory.  Control Station is introduced via a series of homework 
assignments, since the software is readily available to the students and easy for them to pick up 
on their own.  It is used in the laboratory to fit test results to transfer functions.  Control Station 
has an excellent track record in this course. 
 
So, accommodating material on PLC’s has not been that difficult for this course.  The course 
already had a strong laboratory component, and the PLC material could be conveniently “worked 
into” the lab component without, for the moment, affecting the classroom component of the 
course.  This sidesteps the difficulties of congested course content and lack of text material.  It is 
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necessary to have instructional materials for the lab exercises, and, as discussed below, these 
have been developed over a two-year period. 
 
The PLC laboratory exercises 
 
More than one engineer has commented that material on PLC’s should not be that difficult 
because it is so logical (!).  We have found it feasible to give students a good grounding in PLC’s 
and their concepts without investing the amount of time to develop expertise.  We claim this is 
an appropriate level for this material in the process control course, but time will tell whether it 
needs to be expanded. 
 
We evaluated three alternatives in hardware and software for use in the PLC laboratory 
exercises: 

1. a commercial PLC unit from a vendor such as Allen-Bradley, Square D or Modicon, or 
2. a general purpose software package such as LabView, which the students already learn, 

or 
3. a dedicated instructional set-up from Bytronic International, Ltd., in England4. 

 
The third solution was selected for the following reasons: 

1. learning curve: the instructional unit is designed with a reasonable learning curve, 
whereas the commercial unit is more difficult to work with in an instructional setting for 
first-time users, and 

2. the instructional unit provides a ladder-diagram software interface, whereas LabView 
deviates from this long-time industry standard. 

 
We are aware that there is a proliferation of programming schemes for PLC’s: ladder diagram, 
logic diagram, logic programming language, sequence diagram, etc.  Many of these have been 
created by vendors to provide a better, easier-to-use interface than the traditional ladder diagram.  
Commercial hardware often accommodates more than one software interface.  We chose ladder 
diagrams because they are the traditional benchmark.  We believe if students learn basic 
concepts with ladder diagrams, they will be able to extend these readily to other programming 
systems.  In fact, we have evidence in hand that supports this as students have completed 
semester projects using an Allen-Bradley MicroLogix 1000 PLC and using the logic capabilities 
of LabView after learning the concepts with the Bytronic interface and software. 
 
Bytronic provides an interface card for a PC (ISA bus) with a cable to an external junction box.  
The junction box is shown in the figure below. 
 

                                                      
4 http://www.bytronic.co.uk/ 
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The junction box has terminals for inputs and outputs and local indicator LED’s.  A 24VDC 
power supply is required. 
 
The LadSim software package is also provided along with training manuals.  LadSim provides a 
“drag-and-drop” environment for creating ladder diagrams.  The program’s window is shown in 
the figure below. 

 
 
Ladder diagram programs can be tested in simulation using a computer-display test board shown 
below. 
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Inputs and outputs can also be connected externally through the junction box.  It is possible to 
have a mix of digital and analog I/O, although, in our implementation, we specified only digital 
I/O.  Students learn about analog I/O in other lab experiments using LabView. 
 
The cost of one installation, including the computer interface, cable, junction box, and software 
is in the neighborhood of $750.  We acquired 5 installations and an Allen Bradley commercial 
unit for less than $5,000.  This was funded by a grant from the Engineering Excellence Fund of 
the University of Colorado. 
 
Students make use of the Bytronic installation via three laboratory exercises, one in each rotation 
of the control lab. 
 
PLC Exercise 1 
 
The purpose of this exercise is to introduce students to the concepts of truth tables, logic circuits, 
and ladder diagrams.  Also, students become familiar with the LadSim software interface.  
Concept content includes 

 the nature of discrete, on-off signals, inputs and outputs 
 the basic logic operations (AND, OR and NOT), their truth tables, logic symbols, and 

program statements 
 the origin of relay ladders in mechanical relay hardware 
 derived logic operations: XOR, NAND, NOR 
 DeMorgan’s law 
 composite circuits: the enabled latch 

 
Students also implement and test simple circuits in simulation using LadSim.  An example of this 
is shown below for a simple AND circuit. 
 

   
 
We found it more effective to write our own tutorial materials for this part of the exercise than 
use the materials supplied by Bytronic. 
 
In the latter part of the first PLC exercise, students implement a number of ladder diagrams from 
the Bytronic LadSim training manual.  These include 

 latches 
 timers 
 counters 
 shift registers 
 a conveyor system example 
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Students have been able to complete this exercise within the 3-hour lab time.  They take to the 
material well, even seeming to enjoy it. 
 
PLC Exercise 2 
 
The objective of the second exercise, which takes place in the second lab rotation, is to learn how 
the digital inputs (contacts) and outputs (coils) of the ladder diagram are realized in external 
signals.  To accomplish this objective, the students implement a number of simple electrical 
circuits in conjunction with LadSim ladder diagrams.  An additional kit, Media Garden5, is used 
which supplies a number of useful devices and a “Lego-like” set of building blocks for creative 
projects. 
 
Digital Input – Limit Switch 
 

limit switch

RJ-45
coupler

green
cable

light
gray
cable

3
1

2

3
1

2 Bytronic0

Vout

Inputs

blu/wht

brn

 
 
Digital Output – Lamp 
 

lamp

RJ-45
coupler

red
cable

light
gray
cable

Bytronic

0V

Outputs

blu

grn

Vdc

+-

0V
0

lantern
battery

 
 
Isolated Digital Input – Pressure Switch with Solid-state Relay 
 

RJ-45
coupler

green
cable

light
gray
cable

Bytronic0

Inputs

pressure
sensor

+-

lantern
battery

grn/wht

Vout

blu/wht
grn

solid-state
relay

input output

+

-

+

-

inputs

 
 
In the latter phase of the lab exercise, students build a device of their own design from the Media 
Garden kit that might include various sensors (pressure, temperature, limit switch) and actuators 
(lamps, DC motors, stepper motors, buzzers).  They enjoy the open-ended nature of this activity. 
                                                      
5 from MediaGarden, Inc., 1049 N. 3rd, Suite 702, Abilene, TX, 79601, 1-800-317-8965.  The building blocks of this 
kit are from Fischertechnik, Artur Fischer Gmbh, Weinhalde 14-18, 72178 Waldachtal, Germany. 
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The activities in the first electronics lab experiment (different thread line) prepare them for the 
electrical connections and test measurements they must make in this PLC exercise.  Our students 
are not required to take a circuits course nor a circuits lab, so much of the electronics is new to 
them. 
 
PLC Exercise 3 
 
The purpose of this exercise is to bring students’ PLC knowledge in contact with a real-world 
example.  Via a semester project in a previous offering of the control course, two batch process 
modules have been constructed that can be interfaced via the Bytronic junction box to the 
LadSim software.  A schematic diagram and photograph of this simple process is shown below.  
Water is circulated in this unit. 

LS

LS

LS

LS

LS

LS

FS
SV

SV

LS: level switch

FS: flow switch

SV: solenoid valve

supply tank

product tank

reactor
vessel

 
 
This process provides seven digital inputs (6 level switches and 1 flow switch) and allows for 
three digital outputs (pump switch, 2 solenoid valves).  Students create a PLC program that 
allows for coordinated operation of the process: 

 start button (check full supply tank, empty reactor, drain solenoid closed) 
 drain supply tank, fill reactor vessel (check low supply tank level, high reactor level) 
 reaction delay time 
 drain reactor, fill product tank (check flow switch, high product tank level) 
 reset button (check low supply tank level, high product tank level) 
 pump product tank contents to supply tank (check low product tank level, high supply 

tank level) 
All enabling conditions are checked via latch circuits. 
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At a later date, we will be adding an agitator to the reactor vessel that will be turned on and off 
according to the reaction timer.  Students sense real accomplishment by automating this process 
using the LadSim ladder language and the Bytronic interface. 
 
Ongoing and future developments 
 
The incorporation of the PLC exercises into the laboratory component of the Instrumentation and 
Process Control course has been very well received by the students.  One recent graduate has 
already provided spontaneous feedback that the knowledge he gained in these exercises has been 
of great value to him in his first job in a specialty chemical company.  Even so, the PLC material 
will bear close scrutiny in the coming offerings of the course.  Assessment will be by student 
feedback during and at the end of the course, alumni survey feedback, and examination by the 
Department’s advisory committee as part of our continuous ABET process. 
 
The current equipment will see some minor changes and improvements for each course offering.  
Through semester projects, new PLC modules may emerge.  It is possible that we might switch 
over to a commercial PLC unit at some future time, but concerns about the learning curve remain 
there. 
 
A question would arise about the teaching of the PLC material should our control course be 
taught by another faculty member.  This aligns with the concern expressed above about faculty 
being reluctant to teach this material because of lack of experience.  So, our answer to this 
generalizes to the prospect of material like this being incorporated into chemical engineering 
programs elsewhere. 
 
The concepts involved in PLC’s are easily grasped by ChE faculty, in case they have not been 
exposed to them before.  There is a greater concern, perhaps, about faculty rolling up their 
sleeves and getting involved in the practical nature of the lab exercises.  This would be similar 
for other aspects of the process control laboratory.  The laboratory (experimental, not 
simulational) component of process control education is sorely needed by the students.  Faculty 
should be willing and find the time necessary to include this practical aspect of control in their 
ChE programs, and PLC’s should come along for the ride. 
 
In plain and simple terms, the control laboratory and PLC’s in particular need to be there. 
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