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p ROCESS CONTROL FOR undergraduates is offered 
each semester and has enrollments of 30 to 50 

students. The course has two lecture periods, one 
recitation period, and one 3 hour laboratory period 
each week. The curriculum (shown in Tables 1 
and 2) has been selected to give the student a 
balanced mixture of useful theory and hands-on 
practical experience in process dynamics, measure
ment, and control. 

COURSE DESCRIPTION 

T HE INSTALLATION OF A PDPll/55 minicom
puter system described in Part I of this article 

has allowed a complete restructuring of the course 
material. A large library of computer programs 
for the design of control systems is available and 
is still growing. The use of these programs makes 
it possible to design control systems for meaning
ful practical processes without the drudgery of 
laborious hand calculations. Thus, course time is 
freed and · it becomes possible to cover topics 
generally neglected in undergraduate courses, 

TABLE 1 
Undergraduate Process Control lecture Topics 

1. Review of Laplace transforms and matrix algebra 
2.. Principles of real-time computation and data acquisi-

tion 
3. Transient and frequency response of linear systems 
4. Feedback control of linear systems 
5. Stability of linear systems 
6. Control system design for linear systems 
7. Nonlinear systems· 
8. Case studies 

*Part I dealing with graduate education in process 
control appeared in the Fall 1979 issue of C.EE. 
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TABLE 2 
Undergraduate Process Control labo~atory Experime~ts 

· 1.. Techniques of analog simulation 
. 2. Techniques of digital .s.imulation · 
3. Dynamics of interconnected water tanks 

• 4. Computer aided data acquisition· 
5. Frequency response and process identification through 

pulse testing · · 
6. Calibration and dynamic response of PID controllers 
7. Feed forward, feedback, and cascade control 
8. Multivariable control of a gas distribution systeJ,U 
9. Multivariable control of a multi-sidestream distilla

tion column 
10. Tuning of a level controller with strong systertl. · non-

linearities 

e.g. multivariable control. The lecture material is 
listed in Table 1 and includes cortsideratio'ns -of 
how to choose loop pairings, how to minimize 
interactions between cop.trol loopi;; a:dd _.Q,9W to tune 
multi variable systems: In the latt~r part'\>f the se
mester a number of g\raphical -interacti1Ve com
puter aided design prog~f1,mS are Jsed for detailed 
case studies. The present 'Hbrary iricludes r'outines 
for the generation of Bdde plots,'·, root loei · and 
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FIGURE 1. Input Data for Root Locus Program: Process 
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is under Propor-

tional Feedback Control. 
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Nyquist diagrams for open loop, closed loop and 
cascade control systems. In addition, a number of 
programs for the design of multivariable systems 
are presently available. Output from these pro
grams usually appears as plots drawn on the 
screens of graphic terminals, and paper copies (to 
be included in student reports) are obtained by 
the student at the push of a button. Example: if 
a root locus diagram is to be drawn the user 
would be asked to specify the transfer function 
parameters and other variables as shown in Fig. 
1. Upon completion of the questions a diagram (as 
in Fig. 2) will appear which can be subsequently 
enlarged or otherwise modified. 

The laboratory, which is designed to comple
ment the lecture material, is comprised of some 
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The use of these programs makes 
it possible to design control systems for 

meaningful practical processes without the drudgery 
of laborious hand calculations. Thus, course 

time is freed and it becomes possible to 
cover topics generally neglected 

in undergraduate courses 

ten experiments (cf Table 2). Most of these ex
periments are carried out by each laboratory 
group in the course of the semester. Many experi
ments involve real time computation and are se
lected to familiarize the students with the modern 
methods of implementing control algorithms. 
These presently include: 
• Data acquisition (noise suppression, signal amplifica

tion, A/D conversion, sensor calibration, etc.) 
• Pulse testing (data acquisition, input pulse selection, 

Fourier transformation of data, frequency spectrum 
analysis, frequency response parameter determination, 
etc_) 

• Multivariable feedback control of interconnected gas 
storage tanks (process modelling, data acquisition, 
single loop PI control, supervisory computer control, 
direct digital control, etc_) 

• Multivariable feedback control of a multi-side-stream 
distillation column (process modelling, data acquisiti!)n, 
single loop control, supervisory computer control, and 
direct digital controJ) 

Let us discuss two of these exper~ments in more 
detail. 

Pulse Testing 

T HIS EXPERIMENT CONSISTS of putting a 
measured pulse of hot water into a stirred 

mixing tank having continuous inflow and out
flow. Input and output temperatures are measured 
under computer control and the resulting data 
analyzed to provide frequency response informa-
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FIGURE 2. Root Locus Diagram for the Feedback 
Control Loop in Figure 1. 



tion and parameters for a process model (i.e., a 
gain and time constant for this simple first order 
process). Typical results, taken from a student 
lab report, are shown in Figures 3 and 4. The 
measured input and output temperatures are 
shown in Figures 3 while the resulting Bode plot 
showing the frequency response may be seen in 
Figure 4. The process gain of 1.0 is readily found 
from the low frequency asymptote of the ampli
tude ratio (AR). By using both amplitude ratio 
(AR) and phase angle (cp) to estimate the corner 
frequency, we, two separate estimates of the tank 
time constant are found. Usually these are in 
reasonable agreement with the "theoretical" value 
determined from the mean residence time of the 
tank. 

Multivariable Control of Interacting Gas Storage Tanks 

One of the most sophisticated experiments 
carried out by the students is the modelling and 
multivariable feedback control of a pair of inter-
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FIGURE 3. Pulse Test Data for Mixing Tank. 

acting gas storage tanks. This experiment requires 
three laboratory periods plus some lecture prepa
ration. The purpose of this experiment is to 
demonstrate to the student the . effects of inter
actions in multivariable systems and to give him 
or her the possibility of testing different multi
variable control schemes on a real system. 

A simplified version of the system flow sheet 
is given in Figure 5. Air enters the system at a 
constant pressure of 60 psig, flows through a 
control valve into the first tank and from there 
through another control valve into the second 
tank. Finally, the air passes through a fixed ori-
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FIGURE 4. Frequency Response Bode Plot for Mixing 
Tank. 

flee, a rotameter, and is vented. The equipment is 
fully instrumented with two pressure gauges, pres
sure transducers, PI analog controllers and is also 
interfaced with the minicomputer allowing data 
acquisition, supervisory and direct digital control. 

The first task given the students is to develop 
a mathematical model for the tank system. An 
unsteady state mass balance for each of the two 
tanks yields 

dpl RT 
~ = V M [Cd1A i¢, (Po,P1) - cd2A 2¢ (p1'p2)] 

1 

dp2 RT 
~ = ,y M [Cd2A 2¢ (P1,P2) - CdaA a¢ (P2,P3 )] 

2 

where universal gas constant 
absolute temperature 
volume of tank i 

(1) 

(2) 

mean molecular mass of air stream 
discharge coefficient for orifice i 
area of orifice i 

~,K2 = material constants 

(3) 

(4) 

All parameters of the model are available to 
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FIGURE 5. An Interacting Gas Storage System. 
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the student in tabulated form except the discharge 
coefficients which have to be determined through 
steady state experiments. 

Computer control experiments are carried out 
with the goal of achieving a given gas production 
rate while meeting certain pressure constraints in 
the two gas storage tanks. Both Supervisory 
Control and Direct Digital Control algorithms are 
tested by the student. Different control objectives 
can be selected by the student but they all result 
in the regulation of the two pressures through 
changes in the two control valves. Let us briefly 
indicate some of the choices available to the 
student. 

A. Supervisory control: 

Possible control objectives: 

1) specified gas flow rate from tank 2 and 
2) p1 / p2 fixed or p1 minimized or p1 maximized 

In supervisory mode, the valves are under 
local analog control. After a control option is 

STEADY 
P l STATE 
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FIGURE 6. Control Structure for DDC Control with 
Single Loop Pl Controllers and with Added Steady State 

Decoupling {dashed lines). 

entered by the student via the computer terminal, 
the set points are computed and transmitted by 
the computer to the local controllers. The response 
to changes in objectives is observed for different 
flow regimes. ( Critical or subcritical flow through 
the valves.) Set point compensation is attempted 
to yield a smoother servo behavior. 

B. Direct digital control (DDC): 

The possible control objectives are identical to 
those listed in part A. Different multivariable 
control algorithms are developed by the students 
and supplied to the main control program in the 
form of Fortran subroutines. As an example, 
steady state decoupling is implemented and com
pared with the usual single loop PI control. The 
controller structure is seen in Figure 6. The re
sults of one laboratory group are shown in Figures 
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FIGURE 7. Process Response Under DDC With Single 
Input-Single Output Pl Control. 

7, 8. With simple PI control, significant oscilla
tions in the pressure response were found (cf. 
Figure 7). However, with the addition of steady 
state decoupling, the response was much improved 
(Figure 8) . 

CONCLUSIONS 

THE NEW MINICOMPUTER has become an integral 
part of the undergraduate control course at 

Wisconsin. Aspects of digital computer control are 
demonstrated to the students and they have the 
opportunity to gain some practical experience with 
the implementation and application of modern 
control algorithms. Computer aided control 
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FIGURE 8. Process Response Under DDC With Steady 
State Decoupling and Pl Control. 
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system design methods utilizing interactive 
graphics have replaced classic pencil and paper 
methods and have thus made time available to 
include new theoretical material in the curricu
lum. • 
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