
(...__G_n_'llll_u_a_te_E_d_u_c_a_n_·_o_n __________________________ ___.) 

EXPERIMENTAL PROJECTS 
IN TEACHING 

PROCESS CONTROL 

MIKHAIL SKLIAR, JESSE w. PRICE, CHRISTOPHER A. TYLER 
University of Utah • Salt Lake City, UT 84112-9203 

S ince the early 1950s, the University of Utah has been 
a place where an industrially oriented chemical engi­
neering education has been emphasized through its 

pilot-scale unit operations laboratory. At that time, experi­
ments were performed using pneumatic controllers with strip 
chart recorders attached. Between the 1980s and the mid 
1990s, our laboratory was finally instrumented with several 
roll-around carts with a computer and data acquisition equip­
ment that could be attached to various unit operations for 
data logging purposes. Process control experiments at this 
time were instrumented with electronic PID controllers and 
strip chart recorders. 

Today, the roll-around workstations remain an important 
fallback solution in our current laboratory operation. At 
some schools (the University of Colorado Integrated Teach­
ing and Learning Laboratory is probably the best example111), 

the flexibility of the well-designed and instrumented roll­
around workstation remain the primary method of experi­
ments instrumentation. We, however, decided that our 
large process units are better served by developing a 
permanent networked distributed control system (DCS ), 
the solution found in industry. 

DCS IN A 
UNIT OPERATIONS LABORATORY 

A number of chemical engineering departments have se­
lected a proprietary DCS for their unit operations. For in­
stance, laboratories at the Arizona State and Michigan Tech­
nological Universities have implemented the Honeywell TDC 
3000 distribute control systems. c2•31 In our case, we found 
that the industrial-strength open-architecture PC-based 
DCS is well suited for the needs and environment of the 
university laboratory . 

Our unit operations laboratory is instrumented with an 
industrial Opto 22 DCS networked to both PCs running 

Windows 95 and Unix workstations. The combination of the 
Opto 22 open architecture, multithread digital controllers, 
modular 1/0 racks (bricks), and support of all major net­
working and communication protocols provides us with 
needed functionality , flexibility and scalability. The costs of 
implementing such a system proved to be reasonable com­
pared to the proprietary DCS technology. 

Opto 22 provides both hardware and software for control 
and data acquisition purposes. The hardware consists of 1/0 
units and controllers. At present, our DCS has 450 input­
output points around a four-floor 10,000 ft2 laboratory that 
are concentrated in three smart bricks that are nodes on the 
university network. 1/0 units are available in both high- and 
low-density bricks. The high-density bricks accept multiple 
1/0 boards, each with 16 inputs or outputs. The high-density 
bricks do not allow input of more than two types of different 
analog signals and have limited scaling capabilities, using 
the brick's built-in processor. 

The low-density bricks accept a total of 16 inputs/outputs, 
but allow a mix-and-match of input-output analog and digi­
tal signals of all types. Each brick has a co-processor that 
allows scaling at the brick, plus the low-level implementa-
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tion of the PID control algo­
rithm at the brick. The on­
brick calculation saves the 
controller from complex cal­
culations and decreases the 
network data traffic, liberat­
ing system resources for al­
ternative tasks and at the 
same time providing an ad­
ditional robustness and se­
curity to the DCS operation. 

The combination of the Opto 22 open 
architecture, multithread digital controllers, 

modular I/0 racks (bricks), and support of all 
major networking and communication protocols 

provides us with needed functionality, 
flexibility and scalability. 

Based on this information 
and the goals of the experi­
ment, the operator changes 
operating and control param­
eters of the process. 

Three software packages 
(OptoControl, OptoDisplay, 
and OptoServer) provide the 
graphical interface for de­
velopment of the control 
strategies and MMis and for 
network communication. 
OptoControl combines a 
graphical flowchart pro­
gramming language with in­
tegrated debugging and de­
velopment tools. It uses 
command and logic blocks 
to implement a control 
strategy. The flowchart 
code of the control strat­
egy is fairly easy to write 
and understand. 

1/0 Brick 
No. 1 

1/0 Brick 
No. 2 

RS 485 

1/0 Brick 
No. 3 

Third Party 
Devices 

RS 232 Third Party 
Devices 

If some I/Os and control­
ler communication fail, the 
brick co-processor will 
maintain the functionality of 
all PID control loops with 
unaffected inputs and out­
puts. The digital controller 
is in essence a hardened in­
dustrial microcomputer con­
trolled by a specialized real­
time operating system and 
networked to PC hosts . The 
controller's processor 
handles all calculations and 
interactions between differ­
ent 1/0 bricks. A controller 
can support 255 1/0 units per 
communication port. 

Opto 22 
Controllers 

TCP/IP Arcnet 

Remote User Control Server 

Remote User 
TCP/IP Ethernet 

New 1/0 units can be Figure 1. DCS architecture. 

OptoControl allows sub­
routine programming using 
both user-defined and li­
brary subroutines. The li­
brary subroutines include 
many frequently used algo­
rithms, including PID con-

added to the controller at any 
time. In our case, 1/0 units are distributed around the labora­
tory and are specific to the particular piece of equipment. All 
1/0 are connected to a controller, which simultaneously runs 
multiple control strategies for several different experiments. 
The control server routes the acquired data to an appropriate 
computer used as a man-machine interface (MMI) for a 
particular unit operation. 

The Opto 22 controller interacts with PCs throughout the 
laboratory and faculty's offices used for MMI. The design 
and testing of the new or modified control strategy is accom­
plished on the host computer, referred to as a control server. 
The network connection between the server and unit-opera­
tion-specific MMI computers is used to provide online infor­
mation about the process to the student operators. Figure l is 
used to illustrate hardware architecture used in our labora­
tory. It shows multiple I/Os that send and receive data from 
the controller. The control server is used to develop, test, and 
download control strategies and to direct the flow of infor­
mation to and from the controller. Multiple PCs are used as 
an interface with the student operators. The operator is pre­
sented with the real time and trended process information. 

Fall 1998 

trol, cascade control, and 
gain scheduling. Once developed and tested by executing 
the algorithm one step at a time, the control strategy is 
compiled and downloaded to the digital controller where 
it is executed independently from the host computer. 
Advanced control algorithms can be implemented on the 
PC host or networked Unix workstation by obtaining 
real-time process variables from the controller to calcu­
late the desired control moves and downloading the cal­
culated setpoints back to the controller. 

OptoDisplay is a graphical interfacing tool. It allows the 
creation of MMis for interactive control and on-line data 
acquisition using live graphical displays. It is simple in 
structure and similar to many commercial MMI packages. It 
allows students to have exposure to industrial MMI tools. 

OptoServer provides for a networking environment 
between control , PCs, and the outside world. With 
OptoServer, many PCs can access data from one control­
ler, as shown in Figure 1. 

The implementation of the laboratory DCS required sig­
nificant initial commitment of time and effort from several 
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faculty members and technical personnel. But once imple­
mented, the DCS allows us to have almost infinite 
expandability with only incremental cost and effort. Many 
of the enhancements and 
extensions to the existing 
system are made by dedi­
cated graduate and under­
graduate students of this 
department, done for aca-
demic credit. 

NaOH 

HCI 

substantial project that until recently involved confirmation 
of the theoretical and simulation results from a recent paper 
published in one of the archival control journals. To encour-

age independent work 
by students, we usually 

DCS require that the chosen 
Controller project does not en-

pH signaJ tirely rely on the mate-
Valve Posi1ion rial covered in lectures 

and the textbook. 

In-l ine pH probe 

Rotameters 

Last year, for the first 
time, we added an ex­
perimental component 
to the graduate control 
course. Now students 
have a choice of select-

An important feature of 
the implemented system is 
its open architecture: Any 
third party hardware that 
uses RS232 or RS485 
communication can be 
used with Opto 22 DCS. 
For example, we were able 

Pumps ing a theoretical/compu­
tational project or de­

to integrate Valtec smart 
valve and stand-alone 
Honeywell PID controllers 

Figure 2. Inline pH control experiment. signing and implement­
ing in a laboratory set-

with relative ease. The typical way to integrate an existing 
process unit with the DCS is to simply network the existing 
control and instrumentation equipment with Opto 22 and 
to develop the new MMI. New 1/0 can be added for any 
equipment as needed. 

The process control curriculum has benefited the most 
from the introduction of the DCS in the unit operations 
laboratory. In addition to the dedicated control experiments, 
every process unit integrated with the DCS with a little 
imagination becomes a control experiment. The students are 
no longer confined to the boundaries of rigidly packaged 
control experiments, but are free to implement any advanced 
control method they see fit. 

DESCRIPTION OF THE 
GRADUATE PROCESS CONTROL COURSE 

The first graduate process control course (also open to 
seniors) in our department covers a broad range of time and 
frequency domain analysis and synthesis methods for linear 
single-input-single-output (SISO) and multivariable control 
systems. The course emphasis is on the design of robust 
controllers and performance limitations and design tradeoffs 
imposed by difficult dynamics, constraints, and process in­
teractions. The course textbook141 gives an excellent cover­
age of many topics traditionally considered difficult for 
chemical engineering students and is supplemented by 
lecture notes to give an extended coverage of time do­
main methods and practical implementations of the model 
predictive control. 

As a part of the course, students are required to complete a 

256 

ting one of the advanced 
control methods. The ease of implementation of the control 
strategies using the DCS makes it possible to take a project 
from proposal to implementation in a short period of time. 
The students are strongly encouraged to select an experi­
mental project. If the SISO system is selected, the students 
are asked to give generalization on multivariable systems. 

Our initial experience shows that experimental projects, 
though more time consuming, give our students valuable 
experience in bridging abstract theoretical concepts and prac­
tical process control. 

EXAMPLES OF STUDENT PROJECTS 

As an illustration, consider three student projects carried 
out on the same piece of equipment-the inline pH control 
apparatus, a unit operation used on many effluent plant 
streams. (Additional examples of the students' projects can 
be found in Reference 5.) 

Inline pH control usint: nonlinear i:ain schedulint: • The 
objective of the first project was to design and implement a 
controller for the inline neutralization process, which gives 
an adequate performance for the range of the pH setpoints 
from pH 5 to pH 9. The experimental setup is shown in 
Figure 2. A weak solution of sodium hydroxide (pH 10) is 
used to neutralize a weak solution of hydrogen chloride (pH 
4). The controlled variable is the pH of the effluent stream, 
controlled by closing or opening the control valve on the 
base stream. The flow rate of the acid is a disturbance to the 
process. 

After initial experiments, students quickly discovered that 
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due to the process nonlinearity, an adequate tuning of a 
single PID controller over five orders of magnitude of the 
proton concentration is not possible; there always will be a 
range of pH where the response will be either too oscillatory 
or too sluggish, depending on the pH value for which the 
PID controller was tuned. In order to get a better understand­
ing of the process, students performed a number of experi­
ments. As an initial estimate of process nonlinearity , the 
students obtained titration curves off-line using bench-top 
experiments. But on-line investigations suggested that the 
process peculiarities, such as nonlinear (equal-percentage) 
characteristics of the control valve and slight flow interac­
tions, made the off-line titration ineffective in characterizing 
the process. The students then modified the Opto 22 code in 
order to obtain the online titration curve by continuously 
ramping the control valve over a set interval of time. As a 
result of online titration experiments, they discovered that 
the control valve nonlinearity has a significant effect on the 
process gain as a function of pH. 

After the process was understood, the students selected 
three values of pH (pH 5, 7.5 , and 9) for which they obtained 
three sets of the tuning parameters for the PI algorithm. The 
students ' linear gain-schedul-
ing algorithm interpolated the 

the developed control system. 

Adaptive model-based controller for inline pH control • 
A student who participated in the just-described laboratory 
project decided, upon consultation with faculty , to follow up 
on the obtained results and to design an adaptive controller 
to control the pH of a weak-acid-strong-base system. This 
system is not easily modeled and is the traditional test-bed 
for adaptive control algorithms. The student modeled the 
process as a dynamic system with nonlinear static pH­
dependent process gain, the functional form of which is 
determined from theoretical considerations. 161 The devel­
oped adaptive algorithm has an internal model-control 
structure with the model gain updates based on on-line 
least-squares regression. 

The developed adaptive controller became the topic of the 
student's senior honors project. The student himself became 
interested in process control and is likely to choose control 
theory and applications as a subject of his PhD research. 

Fuzzv-loeic controller for inline pH mixine • The next 
example involved implementation of a fuzzy-logic control­

ler (FLC) on the pH neutraliza­
tion experiment. A fuzzy-logic 

values of the controller gain 
and the integral reset time lin­
early between the previously 
determined sets of tuning pa­
rameters. The results of the 
closed-loop step tests showed 
good controller performance 
over the required range of ef­
fluent stream pH. 

Negative Set Zero Set Positive Set 
controller uses imprecise 
knowledge about the process 
to determine the appropriate 
control actions. Instead of a 
mathematical model of the pro­
cess, the control algorithm re­
lies on a set of fuzzy IF-THEN 
rules that describe the physics 
of the process in simple terms 
and attempts to capture the 
knowledge and experience of 
skilled operators. Overlapping, 
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The students decided to take Error 

the project one step further. 
Since they have information 
about the process gain as a 

Figure 3. Fuzzy sets used in the fuzzy-logic controller. 

function of the pH, they thought that it should be fairly easy 
to implement a controller with nonlinear gain that changes 
with pH like an inverse of the online titration. The students 
have correctly concluded that once implemented, such non­
linear gain scheduling will in effect linearize the process, 
allowing for better closed-loop controller performance. The 
students have implemented an exponential gain scheduling 
for the PI controller. Closed-loop experiments have shown 
that the exponentially gain-scheduling controller exhibits 
superior performance. 

This simple experimental project carried out within sev­
eral short weeks exposed students to all essential steps of 
the control-system life cycle: from problem understand­
ing, to process characterization, to algorithm develop­
ment, all the way to the implementation and testing of 
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triangular fuzzy-membership 
functions are typically used to classify the input variables 
based on their membership value in each fuzzy set. The 
membership value of each input variable is then used to 
activate multiple rules, and a de-fuzzification process deter­
mines a crisp value for the output variable. 

The graduate student implemented a simplified FLC algo­
rithm, largely based on Reference 7. The error between the 
pH setpoint and the measured pH value is classified in three 
fuzzy sets: negative, zero, and positive, as shown in Figure 
3. A rules-base included three simple rules, and a centroid 
weighting method was used to determine the desired control 
move sent to the valve. Implementation of the FLC algo­
rithm within the Opto 22 system involved translating the 
fuzzy algorithm into a sequence of condition and action 
blocks using the flowsheet programming language. The main 

257 



( __ G_n_a_d_u_a_te_E_d_u_c_a_n_·_o_n __________________________ ___,) 

flowsheet developed by the student is shown in Figure 4, 
whereµ is the membership function . 

As expected for this highly nonlinear process, the de­
signed simple fuzzy-logic controller resulted in a poor closed­
loop performance. Figure 5 shows sluggish performance of 
the FLC at higher pH and oscillations in the process re­
sponse at lower pH. But the project was considered to be a 
success since its real value was an exceptional educational 
experience for the student. 

INTEGRATION OF EXPERIMENTS 
ACROSS CONTROL CURRICULUM 

The new level of availability of the laboratory experiments 
brought forth by the DCS technology begins to change the 
paradigm of process control teaching by emphasizing project-

Receive signal from pH electrode 

Convert Signal to pH Value 

Calculate Error 
Set point - Process Value 

Calculate the Set Membership 

of the Error: µNEG' µZERO' µPOS 

Apply Centroid Method to Calculate 
Output using Rule Base (Valve Action) 

Convert Valve Action to Signal 

Send signal to valve 

Figure 4. Flowsheet implementation of FLC code. 

based learning. Graduate and undergraduate students often 
view process control courses as an abstract exercise in math­
ematics and usually have difficulty applying what they have 
learned to actual processes. 

The laboratory control experiments allow us to bridge 
theory and practice of process control. After gaining experi­
ence with control topics using Matlab computer simulations 
for idealized processes, students are typically surprised to 
discover during experiments that such phenomena as pro­
cess nonlinearity, large time delays, measurement noise, and 
nonlinearity of the final elements (such as valve hysteresis) 
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C. 
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Figure 5. Response of the FLC to set point change. 

TABLE 1 
DCS-Integrated Experiments 
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Control Experiments 

Bubble-cap distillation 

pH control 

Fermentation reactor 

Batch distillation 

Liquid level control 

Multi variable control bench 

Water-heater control 

Data Acquisition Only 

Double pipe heat exchanger 

Shell and tube heat exchanger 

Ongoing fotegration 

Glass-lined CSTR 

Vacuum oven (data acquisition) 

Liquid flow bench 

Fluidized beds 

CSTR with multiple steady states 

Different catalytic reactors 
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( 
substantially complicate the design and tuning of the 
actual control loops . In general , the laboratory experi ­
ments provide students with valuable experience with 
physical systems and give them much needed practice in 
applying theory to the real process. 

The distributed control system in our laboratory creates a 
dynamic environment in which control experiments are con­
stantly evolving. The incremental improvements and the 
addition of new equipment (see Table 1) are accompanied 
by long-term projects aimed at increasing the functionality 
and availability of the experiments. The most important 
enhancement that we are currently working on will allow the 
instructors to run experiments online from the classroom 
using the standard Ethernet connection to the controller or 
the control server. Ideally, we would like to see not only 
professors running experiments remotely, but also students 
accessing the system from campus computer laboratories 
and their homes to collect the necessary data for their home­
work assignments or the design projects. 

In the future we plan to make our laboratory available for 
the distant-learning students and for those using the Internet. 
Our initial experience (during the first remote demonstration 
of one of our control experiments,181 the unattended control 
laboratory was flooded), however, shows that before the 
system can be made available to the students and the outside 
world, the security of the systems must be substantially 
improved and the equipment must be modified to make it 
fool- and foul-play-proof before making it available for un­
supervised remote experimentation. Despite potential prob­
lems, we see enhanced networking as a way to maximize the 
positive effect that the control experiments have on the edu­
cational experience of our students. 

In addition to the effect on control courses, we are also 
witnessing a positive impact on research in process control 
theory since practical implementation of the theoretical re­
sults can be quickly and easily achieved. With the creation 
of the Teaching Center for Advanced Control Technology 
(TCACT), we are now in a position to enhance cooperation 
with industry by providing flexible and customized training 
of engineering and technical personnel in practical methods 
of modern process control using our laboratory. 
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graduate program is motivated by the need to provide quali­
fied engineers to address the environmental challenges asso­
ciated with the large petroleum refining and chemical indus­
trial base in Singapore. With the establishment of the envi­
ronmental engineering program, the Department is the sole 
institution responsible for the training of both professional 
chemical engineers and environmental engineers in 
Singapore. To better reflect our academic and research pro­
grams in environmental engineering, the department has 
been renamed the Department of Chemical and Environ­
mental Engineering, effective July 1998. 
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