
MICROPROCESSOR-BASED 
CONTROLLERS 

at Drexel University 

D.R. CouGHANOWR 

Drexel University 
Philadelphia, PA 19104 

In the United States, all chemical engineering 
curricula accredited by ABET (Accreditation 
Board for Engineering and Technology) must 

have a course in process dynamics and control. Very 
few students, however, have any exposure to mod­
ern industrial microprocessor-based control systems. 
During the past six years, the Department of Chemi­
cal Engineering at Drexel University has offered an 
elective course in advanced control which provides 
such exposure to these modern control systems. In 
the first phase of the development, we used Taylor 
MOD-30 controllers, but more recently, we have used 
Foxboro I/A (integrated automation) systems. 

Many reasons are given for not providing students 
with hands-on experience on modern control sys­
tems: some faculty members who teach control be­
lieve that students need only a fundamental theo­
retical course and that a laboratory involving mod­
ern control equipment is unnecessary; other reasons 
include the high cost of the equipment and the com­
plexity of the software. Furthermore, the vendors of 
control hardware and software have shown very little 
interest in trying to introduce their equipment into 
the laboratories of engineering schools. The author 
of this paper, however, believes that exposing stu­
dents to modern industrial control equipment can be 
a valuable experience for them, that it motivates the 
application of control theory, and that the acquisi-
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The emphasis in the course 
was on the use of the control hardware 

and software, while the use of mathematics was 
limited to stability calculations and tuning. 

tion and use of such control equipment is financially 
feasible. 

Our department offers a series of three courses in 
process control. They combine theory, applications, 
and laboratory experience, and make extensive use 
of digital computers to simulate and control chemi­
cal processes. The courses and the number of hours 
per week during a ten-week term are: 
4.5 er. Process Systems Engineering; 3 hr. lecture, 3 hr. laboratory 

3 er. Process Systems Engineering; 3 hr. lecture (graduate course) 

3 er. Applications of Computers to Control ; 2 hr. lecture, 2 hr. labo­
ratory 

The first course, Process Systems Engineering, is 
required of all undergraduate students in chemical 
engineering and covers open-loop systems, closed­
loop systems, stability, frequency response, and con­
troller tuning. In the laboratory, the students simu­
late control processes with simulation software 
(TUTSIM) and operate a modern industrial micro­
processor-based control system (Foxboro I/A system). 
It is also a prerequisite for the third course, Applica­
tions of Computers to Control. 

In the second course (a graduate course), advanced 
topics such as stability, root locus, sampled-data 

• control, multi-loop control (cascade, feed-forward, 
internal model control, etc.), and nonlinear control 
are covered. 

The third course, Applications of Computers to 
Control, is an elective course which is primarily de­
voted to the study of a modern industrial micropro­
cessor-based control system, and covers configura­
tion, tuning, and operation of a Foxboro I/A system. 
Control applications include single-loop and multi­
loop control systems. 
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ATYPICAL 
MICROPROCESSOR-BASED CONTROL SYSTEM 

This paper will describe the use of the Foxboro I/A 
system in the graduate course Applications of Com­
puters to Control. The equipment for the course was 
obtained with the help of an NSF grant from the 
program on Instrumentation and Laboratory Im­
provement. This grant, a 50-50 matching grant, pro­
vided three Foxboro systems. The 50% funding to 
match the NSF share came from industry, Drexel 
University, and a grant in the form of a discount 
from the Foxboro Company (the NSF program per­
mits a discount from the equipment supplier to be 
part of the matching funds). 

Each of the three control systems costs about 
$22,000 and consists of the following components: 

• HP Vectra ES/12 Computer with 70 Mb hard disk, color monitor, 
mouse, and keyboard 

• OK Data SO-column printer 

• Local enclosure including power supply and two fie ldbus modules 
(FBM) for communication with real processes: One FBM transmits 
0-IO volt signals; the other 4-20 ma signals 

• Allen Datagraph strip chart recorder 

The equipment described above can be used to 
control a process which is either a simulated process 
in the computer or which is a real process connected 
through hard wiring to the fieldbus modules. 

The Foxboro I/ A system, which was first released 
in 1986, is a powerful distributed parameter control 
system which is able to control many loops of a 
complex industrial process. For the purpose of in­
struction in a university setting, the simplest ver­
sion of the system, referred to as Personal Worksta­
tion for Fieldbus Interface (PW-FB), was purchased. 
The version used for a large plant would include 
several computers, a larger enclosure with more 
fieldbus modules, and more input/output devices 
(such as printers, monitors, operator input panels, 
etc.). The software provided in the simpler PW-FB 
system, however, is exactly the same as that used in 
the most extensive systems. Figure 1 shows the con­
nections between the computer and the process for 
the PW-FB system. Foxboro provides different types 
of FBMs for analog signals and for digital signals. 
Each FBM can handle several inputs and outputs. 
Up to sixteen FBMs can be connected to the com­
puter for the PW-FB system. 

Each control system comes with a five-volume set 
of user's manuals. As with most manuals provided 
with complex equipment, their availability does not 
guarantee that one can simply hook up the compo­
nents and begin using the equipment. Even though 
the software packages are loaded into the computer's 
hard disk at the factory and a field engineer from 
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Figure 1. PW-FB connections to process 

the company sets up the equipment, it is recom­
mended that the purchaser attend one or two courses 
on using the equipment that are offered by the manu­
facturer. The Foxboro Company (among many other 
suppliers of control equipment), offers a wide variety 
of short courses that last from just a few days to 
several weeks. The author took two two-week courses 
on the Foxboro I/ A system. The Foxboro Company 
also sells a training kit for the PW-FB system that 
consists of a manual, computer disks, and audio­
visual tapes. This kit is very useful for self-study of 
the Foxboro I/A system. 

The primary task of a microprocessor-based con­
troller is implementation of a control algorithm; but 
the presence of a computer makes it possible to also 
assign a number of peripheral tasks that are useful 
in process control. Some of these tasks provided in a 
modern control system are to 

• Implement classical and advanced control algorithms 
• Provide static and dynamic displays on the monitor 
• Provide process and diagnostic alarms 
• Provide mathematical functions 
• Provide data acquisition and storage (archiving) 

More detail on the nature of these tasks can be 
found in Chapter 35 of CoughanowrY1 The soft­
ware to support all of these tasks is supplied by the 
manufacturer of the control equipment. In the 
Foxboro I/A system, these tasks are supported by 
the following seven software elements: 

• Control subsystem 
• Process display 
• File utility 
• Workstation environment 
• System management 
• Historian (optional) 
• Spreadsheet (optional) 
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Only the first five elements are essential for using 
the system. The spreadsheet and historian elements 
were omitted at some savings in cost (they are con­
sidered luxuries in a university teaching laboratory). 
In an undergraduate laboratory course, the students 
need to use only the control subsystem and process 
display software. The teacher or laboratory techni­
cian will use the system management, file utility, 
and workstation environment software to set up the 
computer control system for laboratory experiments. 
Specific examples of the use of these three software 
elements for course development will be given later. 

FEATURES OF THE FOXBORO 1/A SYSTEM 

All of the software for the Foxboro PW-FB system 
is stored on a 70-Mb hard disk. The control strategy 
for a control loop is configured by connecting several 
blocks together to form a structure called a com­
pound. The connections are made by computer 
commands entered through the keyboard and 
mouse. There are about forty blocks available. A 
partial listing of the blocks (along with their names) 
is as follows: 

• analog input (AIN) 
• analog output (AOUT) 
• conventional control (PID) 
• control with self-tuning (PIDE) 
• lead lag (LLAG) 
• dead time (DTIME) 
• switch (SWCH) 

There are also blocks which process digital (or logic) 
signals (on/oft) such as comparators, selectors, and 
timers which are needed for automatic plant start­
up and shut-down and for batch operations. 

Figure 2 shows that the block diagram for a com­
pound for conventional single-loop control requires 
three blocks: AIN, PID, and AOUT. The AIN 
and AOUT blocks are used for converting and 
conditioning signals to and from the process for 
use in the computer. The PID block performs the 
control function. A compound for a cascade control 
system requires five blocks: two AIN, one AOUT, 
and two PID blocks. 

One of the most important and complex blocks is 
the PID block, which has 81 parameters. Initially, 
one may be bewildered by the number of parameters 
to be set, but most of them can be left at their default 
values for a number of experiments. Many of these 
parameters are concerned with measurement alarms 
and limits on control variables. 

One parameter that is common to most of the 
blocks is the sampling period, which can be varied 
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Figure 2. Compound for single-loop control 

from 0.1 sec to 1 hr. For the PW-FB system, the 
lowest sampling period is 0.5 sec. Most of the experi­
ments for the elective control course use a sampling 
period of 0.5 sec. 

CONTENT OF THE ELECTIVE CONTROL COURSE 

In the prerequisite undergraduate control course, 
the experiment using the Foxboro system is at the 
end of the course, after the student has studied 
tuning of closed-loop systems. It consists of using a 
pre-configured control law (PID) to tune a third­
order system which is simulated on an analog com­
puter. This limited experience stimulated enough 
interest that many students subsequently consid­
ered taking the elective control course, which covers 
the use of the Foxboro system in greater detail. 

Because the elective course is limited to four hours 
per week for ten weeks, only continuous control 
blocks are used in the experiments. An outline of the 
course is shown in Table 1. In addition to the topics 
listed in the table, lectures are given on sampled­
data control, implementation of practical control al­
gorithms, multi-loop control strategies (cascade, 
feedforward, etc.), and process identification and tun­
ing. Some knowledge of sampled-data control is 
needed in order to understand the difference be­
tween continuous control (pneumatic and electronic) 
and microprocessor-based (digital) control and the 
destabilizing effect of sampling on the stability of 
the closed-loop system. 

In the lecture on the implementation of practical 
control algorithms, we discuss the use of external 
feedback to show how the integral action is obtained, 
which avoids reset windup. We also discuss a practi­
cal method used for obtaining a derivative action in 
which the measurement signal (not the error signal) 
is sent through a filter such as a lead-lag filter. The 
Foxboro software uses a Butterworth filter to obtain 
derivative action. 

For years, one of the goals of control engineers has 
been to develop a device for automatically tuning a 
process on-line. Many suppliers of control hardware 
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now provide self-tuners; Foxboro's version is called 
EXACT, which stands for EXpert Automatic Con­
trol Tuning. The self-tuning algorithm, being 
proprietary information, is described only in general 
terms in the user's manual accompanying the con­
trol equipment. The lecture on system ident­
ification and tuning gives the students some idea of 
how the tuning algorithm may work, especially 
the pre-tune phase which analyzes an open-loop 
response. In this case, the Cohen-Coon tuning method 
is conceivably the approach used to obtain prelimi­
nary tuning parameters. 

With the availability of modern computer control 
systems and their great variety of blocks (such as 
those mentioned above), the control engineer has for 
the first time the possibility of configuring complex 
control strategies which are limited only by his/her 
imagination and knowledge of the process. It is now 
feasible to implement advanced control strategies, 
such as Smith predictor control and internal model 
control, by blocks which simulate first-order, lead­
lag, and transport lag transfer functions. 

The configurators for creating displays are a very 
important part of the Foxboro software. The dis­
plays make it possible for the operator to observe the 
process variables and to control the process. In the 
elective control course, the students use the group 
display configurator since it is easy to use; they are 
not required to use the software (Display Builder 
and Display Configurator) which is needed to create 
elaborate dynamic displays showing flow diagrams 

TABLEl 
Applications of Computers to Control 

2 hr. lecture, 2 hr. lab: 3 credits for JO weeks 

This course, which is primarily devoted ro the study of a 
modern industrial microprocessor-based control system, 
covers configuration, tuning, a11d operation of a Foxboro 
(PW-FB) I/A system. Control applications include single-loop 
and multi-loop control systems. 

I. Overview of microprocessor-based control system hardware and 
software 

2. Tasks performed by a distributed control system: control algo­
rithms, displays, alarms, mathematical functions, data storage, 
reports 

3. Operation and control of a single-loop process using a Foxboro U A 
control system; observe effect of sampling on stability 

4. Configuration of control systems using various blocks 

5. File utilities: storage and transfer of control data bases 

6. Configuration of displays: detail , group, process 

7. Alarms: system alarms, process alarms 

8. Use of Foxboro f/A control system for Advanced Control 
Strategies: cascade, feedforward, internal model, self-tuning, etc. 

9. System management: monitoring the state of control equipment 
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of a process and which connect display objects (tank 
level, number fields, etc.) dynamically to block pa­
rameters and system variables. These process dis­
play configurators require too much time and effort 
and provide little educational benefit. Those experi­
ments which use such process displays were config­
ured in advance by the instructor. 

The experiments performed in the course are listed 
in Table 2 on the following page (with a brief de­
scription and the objective of each experiment). 
The emphasis in the course was on the use of the 
control hardware and software, while the use of 
mathematics was limited to stability calculations 
and tuning. Some students were pleasantly sur­
prised to find a course in control that was not 
overburdened by mathematics, as is usually the case 
in the first course in control. 

The experiments involved the control of processes 
simulated in the digital computer and processes simu­
lated by an analog computer. The analog computer 
simulated process is considered a "real" process since 
0-10 volt signals are transmitted to and from the 
analog computer through wires connected to the 
fieldbus module. A more realistic situation would be 
to control processes such as liquid-level, heat ex­
change, or pH, although such processes would re­
quire a substantial investment in measuring ele­
ments, control valves, and process equipment. 

At the Foxboro training center, one of the laborato­
ries uses with each microprocessor a process cart 
which holds a second-order liquid level system. If 
funds were available, such a process would provide 
the student with a more realistic view of the hard­
ware components of a process control system. As a 
compromise, one such "real" process should be added 
to the laboratory. For those interested in using an 
analog computer for simulation of the process, 
Comdyna, Inc., of Great Barrington, Illinois, sells an 
8-amplifier, 10-volt computer for about $2,000. 

SUGGESTIONS FOR PLANNING 
A COMPUTER CONTROL LABORATORY 

After acquiring the control equipment and the 
knowledge to use it, time must be found to develop 
interesting experiments that provide a balance be­
tween practice and theory. An excellent way to pre­
pare laboratory experiments is to direct one or two 
students in a special projects course to develop and 
test several experiments. Laboratory outlines and 
some course notes on using the software must be 
written; the user's manuals are too detailed for use 
as course notes, although they can be used as a 
reference and should be available in the laboratory 
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TABLE2 
Applications of Computer to Control 
Experiments for Foxboro I/A System 

Experime11t 1 
• Control of tank level in a "get acquainted" experiment 

In this experimelll, the student uses a compound and displays which 
are already configured. The objective is to team how to use the 
keyboard and a mouse to enter commands and parameters and to see 
the types of displays which can be provided by the software. The 
process being controlled is simulated in the digital computer using 
Foxboro blocks. 

Experime11t 2 
• PI control of a third-order process simulated on an analog computer 

In this experiment, a third-order system [ 1/(TS+ 1 )' J simulated on the 
analog computer is controlled by a PID controller. The studellt tunes 
the controller by usi11g Ziegler-Nichols rules. The time constant of the 
process, -r, is set to 4 seconds, with the result that the system responds 
quickly. 

Experime11t 3 
• Configuration of a compound for PID control of a third-order process 

and configuration of a group display 
The objective of this experiment is to learn how to use the control 
configurator software to devise a P/D controller that controls a third­
order process simulated on the analog computer. The same process of 
Experiment 2 is controlled. 

Experime11t 4 
• Changes in configuration of compound of Experiment 3 (set point 

tracking, alarm parameters, etc.) 
/11 this experiment the PJD controller compound of Experiment 3 is 

for students to use. No more than two students should 
be assigned to a computer workstation. The use of 
the software can be learn-by-practice (trial-and-er­
ror) at the keyboard. If more than two people are 
assigned to a workstation, only the most assertive 
member of the group will learn much. 

In addition to the usual tasks involved in running 
a laboratory, the instructor should reserve time for 
maintaining equipment and computer files. After a 
course is completed, the old files for compounds and 
displays must be deleted so that they do not get used 
by students when the course is offered again. It is 
also necessary to restore pre-configured compounds 
to their original form as required in some of the 
experiments, and master copies of files for compounds 
and displays must be saved. The file utility software 
is used to maintain files. 

The workstation environment software is needed 
to develop new environments and to password-pro­
tect existing and new environments. An environ­
ment is a selection of "buttons" along the top menu 
bar of the monitor which is used by the operator to 
gain access to configurators, displays, compounds, 
and other software items. The Foxboro VA system 
comes with some standard environments, such as 
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modified to include process alarms, limits 011 process variables, and set­
poilll tracking. The control system is operated to see that the system 
actually responds to the changes in configuration. 

Experime11t 5 
• Control of a simulated process 

To see that the process can be simulated by controller blocks in the 
computer, the student controls a process consisting of a first-order 
transfer Junction and a dead time. 

Experiment 6 
• Cascade control 

This experiment shows how the co11trol blocks can be configured for 
cascade control. The process coll/rolled is a third-order system simu­
lated on the analog computer. The student shows the benefit of cascade 
control by comparing the responses of cascade colltrol and single-loop 
control of the same process. 

Experiment 7 
• PID control with PIDE block (self-tuning) 

In this experiment, a PID block with self-tuning is used to control a third­
order [ 1/(ts+ 1 )3] process simulated in the computer. After obtaining 
prelimina,y controller settings with the pre-tune phase of the tuning 
algorithm, the process is placed on automatic and the closed-loop system 
is tuned on-line by i11troducing a seque11ce of step changes in set poi11t. 
After about five changes i11 set point, the tuning parameters (PB, °'r -rJ 
settle at values which are not too far from the tu11i11g parameters calcu­
lated by Ziegler-Nichols rules. Watchi11g the on-line self-tuning algo­
rithm update the tuning parameters with each disturbance is fasc inati11g. 

"process operator's environment," "process control 
engineer's environment," etc. All of the environments 
can be prevented from being used by requiring a 
password to open an environment and all the fea­
tures associated with that particular environment. 
In a course which has many inexperienced users, it 
may be advisable to password-protect all environ­
ments except those needed to perform the experi­
ments. In this way, the corruption of files and sys­
tem breakdowns will be reduced. 

The use of commercially available microprocessor­
based control systems in undergraduate courses at 
Drexel has been favorably received by the students. 
The first time the elective course was offered, more 
students registered for the course than could be ac­
cepted. Since there are only three Foxboro systems, 
enrollment was limited to six people per course sec­
tion. If more time is available, more experiments 
could be introduced which involve complex multi­
loop strategies and batch operation. Short courses 
using microprocessor-based controllers should be of 
interest to engineers in industry. 
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