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HE LOW PRICE and interactive nature of personal

microcomputers have led to their widespread use
in chemical engineering education in a variety of appli-
cations. Several universities now require students to
own PC’s, and at most others personal computer
laboratories are readily available to students. Micro-
computer software is rapidly being developed to dem-
onstrate and teach various aspects of chemical en-
gineering [1,2]. Chemical engineering process
dynamics and control is a course particularly well
suited for microcomputer application.

This paper describes a single input/single output
feedback control systems design program for IBM PC
and compatible microcomputers. Menu-driven, in-
teractive, and user-friendly, it displays control sys-
tems in terms of block diagrams and uses the graphics
capability of the computer in presenting results. The
scope of exercises that can be given using this pro-
gram may be inferred from the main menu shown in
Figure 1.

The program is limited to those systems which can
be described in terms of first order transfer functions

; SETUP BLOCK DIAGRAM
OPEN LOOP SIRULATION..
STEP TEST PROCESS -RESPONSE AMALYSIS...
PULSE TEST FREQUENCY RESPONSE AMALYSIS
CONTROLLER PARAMETER DESIGN
CLOSED LOOP SIMULATION
PRINT RESULTS
EXIT PROGRAM

FIGURE 1. Main Menu Screen
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and pure time delays, but the open loop system can
have an overall order of up to four. Thus, the control
loop to be studied can be rather complex and challeng-
ing, but open loop underdamped systems are
excluded, as are non self-regulating processes.

A heat exchanger temperature control loop used
for a number of examples in the textbook by Smith
and Corripio [3] will be used to illustrate the various
applications of the program. A schematic depiction
and a block diagram for this system (page 177, 179 of
Smith and Corripio) are shown in Figure 2. The trans-
fer functions are as follows

G, = 0.016/(3s + 1) G, = -3.33/(30s + 1)
Gg = 50/(30s + 1) G, = 1/(30s + 1)
H=1/(10s + 1)

where G, is the final control element (valve), and H
is the measuring element (sensor-transmitter). Gg is
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FIGURE 2. Schematic and Block Diagrams for Heat Ex-
changer Control Loop (Reprinted from Principles and
Practice of Automatic Process Control, Smith and Cor-
ripio; John Wiley, 1985)

the process transfer function for the manipulated
input (steam), and Gy and Gy are the process transfer
functions for disturbances in the input temperature
and flow rate respectively. The controller, G,, is to be
designed by the student.

OPEN LOOP SIMULATION

The loop is first configured as shown in Figure 3.
Note that deadtime (transportation delay) is permit-
ted in both Process 2 and the Measuring Element.
The open loop system response to either a servo (ma-

DO Y0U HAVE
DEADTIME? { ¥ or

{— K—ll
C‘!‘MU 18

FIGURE 3. Block Diagram Setup Screen
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This paper describes a single input/single output
feedback control systems design program for IBM PC
and compatible microcomputers. Menu-driven,
interactive, and user-friendly, it displays control
systems in terms of block diagrams and uses the
graphics capability in presenting results.
e e SO L R

nipulated input) or load (disturbance) forcing may be
computed with either step or pulse input functions.
For a disturbance forcing in the example problem,
Process 3 would be used to represent either G or Gp
as appropriate. The “actual response” in Figure 4
shows a step response plot obtained for a manipulated
input forcing for the heat exchanger control system.
This plot can be easily recorded on a dot-matrix
printer, and a printed listing of the system response
can be obtained as well.

One simple exercise with the program is to have
the student simulate a first order process (e.g., G¢ in
this system), and then sequentially add additional lags
and/or deadtimes to the system. The effect of lags on
the system response can thus be seen very graphi-
cally.

SYSTEMS IDENTIFICATION

In practice, analytic models for the elements in a
control loop are often not available, and experimental
testing must be used to identify a model for the pro-
cess. This may be done either directly from time do-
main response data, or by tranforming the data into
the frequency domain to get a system Bode plot. The
control system design package provides for both time
domain analysis of step response data (“process reac-
tion curve” modeling) and frequency domain analysis
of pulse test data. The program is designed so that

— fhctual Response
First-Order Plus Deadtine Model

FOPDT Paraneters:

TAll - 32.15925
BEADTINE - 14.82028

TIME  Press SPACEBAR to Continue

FIGURE 4. Open loop Response and First-Order Plus
Deadtime Model
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the data to be analyzed is read from a file on disk.
Exercises may thus be given where the data is ob-
tained from an open loop simulation as described
above, but the program may also be used to analyze
data obtained from a different computer simulation,
or from laboratory experiments.

STEP TEST MODELING

The first-order plus deadtime (FOPDT) model is
commonly used to fit step response data from over-
damped systems [3]. It is easily and reliably fit, and
a number of feedback controller tuning formulas are
based on it. The FOPDT transfer function is

=t
C’s% = g(s) = ke 0® _ Process output (1)
m(s T s+ 1 Process input

where K, 7, and t, are the gain, time constant, and
apparent deadtime to be determined. The time domain
solution for a step forcing of magnitude A is

c(t) = KA[] - e'(t-to)/T u(t - to) (2)
where u is the unit step function. The actual response
curve in Figure 4 is a “typical” step response, or “pro-
cess reaction curve.”

The process gain, K, is obviously

. CSS
k=g (3)

where Cg is the final value of the process output.
There are numerous methods of determining the
values of t, and 1 to fit the model to the curve [3]. In
the earliest method developed, a line is drawn tangent
to the curve at the point of maximum slope. The dead-
time, t,, is then the time at which the tangent line
intersects the abscissa, and the time constant is given
by

(4)

-
n
n|x>

where S is the slope of the tangent line. Another
method fits the model through the actual step re-
sponse curve at two points. Recommended values [4]
are where the response reaches 28.3% and 63.2% of

the final value. In Eq. (2), this is at t; = (t, + 7/3) and
ty = (t, + 7) respectively. Thus,
-3
=5 (¢, - t;) (5)
b, =By =% (6)

Other variations on these schemes are discussed in
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introductory control texts [3,5,6,7,8]. The curve fit-
ting method used in the program is similar to the sec-
ond method described above. However, it fits the
FOPDT model to the process reaction curve in a least
squares sense over the range of 20% to 80% response.
For accurate, non-noisy data, the results are very
close to Egs. (5) and (6). However, the least squares
fit would be less susceptable to error should the data
be noisy. The program displays the FOPDT model
response on the same screen as the actual response
curve for comparison. Figure 4 shows the results for
the example system described earlier. Students can
be assigned to compare the JEOPDT models obtained
from the computer curve-fit to those from one or more
hand calculated fits.

FREQUENCY DOMAIN MODELING

If frequency response data on a system can be ob-
tained, it is possible to fit a transfer function that is
more complex than the FOPDT model discussed
above. In addition, well-established controller tuning
criteria [9] are available which are based on the open-
loop system frequency response data. The most com-
mon method of obtaining such data in chemical process
applications is by Fourier analysis of pulse-test data.
Direct sinusoidal forcing could be used in principle,
but is usually impractical in chemical process systems
[3].

The relevent equations are readily derived. The
system transfer function is defined by

Jw y(t)e Stdt

YY) _ 0 0
G(s) = X_(%))_ = rn (t)e-stdt (7)
X
0

where x(t) and y(t) are the input and output functions,
respectively. If the Laplace variable s is replaced by
jw one obtains

J y(t)e dutqy
M=t — (8)
J x( J‘”tdt

Now, if the system input is a pulse, the integral be-
comes

y(t)e 39tqt

x(t)e 394t
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since the values of y(t) and x(t) are zero after some
finite time (T, and T; respectively). Expanding the
complex exponential by the Euler relation makes it
clear that the integrals are readily evaluated with
standard quadrature methods (e.g., trapezoidal rule)

T i
J y(t)cos(wt)dt - jj y(t)sin(wt)dt
6(jw) = O S (10)
J k x(t)cos(wt)dt - jf . x(t)sin(wt)dt
0 0

Specialized quadrature methods are available [6] that
give more accuracy at high frequencies. At each fre-
quency of interest, the integrals are evaluated to ob-
tain the complex number G(jw), from which the
amplitude ratio and phase angle of the system are ob-
tained

- Ja(30)| (n

= A.G(jw) (12)

Press M for plot of Magnitude Ratio; P for plot of Phase fngle;
R for Return ===

LOG 18 OF FREQUENCY
62.5 22 20 -17 14 11 -3 -5

LoG 18
MQ(IIUD[
RATIO

Crassover Frequency = . ISI5337
2.0 Cainat Crossover = §.1388E-R2

Press M for y!ot of Haqnnude Ratio; P for plot of Phase Angle;
R for Retumn =

LOG 18 OF FREQUINCY
; i -2.8 = =
9@\@—-—_—_*__'\

Crossover Frequency = 1383337

-278.8-  Gain at Crossover = §, 13488062

FIGURE 5. Amplitude Ratio and Phase Angle Plots of
Bode’ Diagram.
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Note that this involves a lot of calculation. Hand calcu-
lation of frequency response data from pulse test re-
sults is not practical, so any exercises involving pulse
testing must involve computer data analysis.

The pulse test data analysis routine provided in
the control systems design package may be used
either with pulse test data generated by the open loop
simulator, or data supplied from an external source
(another simulation, or actual experimental data). The
numerical integration method used combines trapezoi-
dal rule at low frequencies, and piecewise linear ap-
proximation [6] at high frequencies. The output is pre-
sented on the screen in the form of a Bode’ plot, and
can also be printed in tabular form. Figure 5 shows
the Bode' plot for the example system. It compares.
closely with the analytic results presented in Smith
and Corripio. It should be noted that the time re-
quired for the analysis may be several minutes even
in compiled BASIC.

CONTROLLER DESIGN: FOPDT CORRELATIONS

A large number of studies, beginning with the
classic works of Ziegler and Nichols [9] and Cohen and
Coon [10], have investigated control of systems de-
scribed by the FOPDT model. In each case, the qual-
ity of feedback control with various controller parame-
ter values was determined. The earlier workers used
quarter-decay ratio as their definition of good dynamic
response, while more recent studies have used integ-
ral performance criteria as objective functions in de-
termining the best parameter values [11]. In all cases,
the ultimate result is a set of formulas that relate the
gain (K.), integral time (), and derivative time (74)
for proportional, proportional-integral, or propor-
tional-integral-derivative controllers to the FOPDT
model parameters (K, 7, and t,). The premise is then
that these optimum controller settings for a FOPDT
process will yield similarly good control when applied
to a process which can be appoximated by the FOPDT
model.

The time domain controller tuning portion of the
design package computes the values of the controller
parameters for either P-only, PI, or PID controllers.
Three correlations are reported: the classic Ziegler-
Nichols and Cohen-Coon settings, and the settings of
Lopez et al [11] based on the integral absolute error
(TAE) performance index. Since the calculation of the
controller settings from the FOPDT model paramet-
ers is rather trivial, students can readily be assigned
to hand-calculate settings from any of the numerous
other tuning formulae [3]. Further, it is instructive to
compare the results for a specific tuning correlation,
but based on alternative FOPDT model fits. Figure 6

37



finother Controller?(Y or N)

FIGURE 6. Closed Loop Block Diagram and PI Controller
Settings Display.

shows the PI controller settings for the example sys-
tem.

CONTROLLER DESIGN: FREQUENCY DOMAIN

The frequency response for the open loop system
can be used directly to compute controller settings.
Ziegler and Nichols [9] related the “optimum” control-
ler settings to a pair of parameters readily obtained
from the system Bode’ plot: the crossover frequency
(the frequency at which the phase angle reaches —180
degrees), and the “ultimate gain” (the inverse of the
open loop gain at the crossover frequency). Stability
considerations in the frequency domain indicate that
if the loop were closed with a proportional controller,
the closed loop system would become unstable for any
controller gain greater than the ultimate gain [5]. The
Ziegler-Nichols controller settings give controller
gains which are roughly half the critical value, and
integral and derivative times correlated to the cross-
over frequency. These relations are presented in vir-
tually all introductory control texts [3,5,6,7,8]. The
control system design program finds the crossover
frequency and ultimate gain from the system Bode’
plot, and reports the controller parameters.

CLOSED LOOP SIMULATION

In order to evaluate the actual performance of a
control system, a controller must be added to the open
loop system, and the closed loop system simulated.
Figure 6 shows the resulting block diagram. The stu-
dent is prompted to specify a controller type, and is
permitted to choose one of the controller design
methods incorporated in the design package (if the
necessary open loop tests and data analysis have been
carried out), or to specify values for the individual
controller parameters. The latter option allows use of
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qther design methods. It also permits empirical op-
timization of the controller for the particular system
under investigation.

Either set point or disturbance inputs can be per-
turbed, and the user is allowed to specify either a
pulse or step input. The resulting response is plotted
on the screen, and the value of the integral absolute
error (IAE) performance criterion is displayed to pro-
vide an objective measure of performance. Figure 7
shows the results obtained with the example system
with P only, PI, and PID controllers based on the
Ziegler-Nichols FOPDT design procedure.

A typical assignment using the closed loop
simulator is to compare the performance obtained
with various controllers and various controller tuning
formulae, and then to investigate the effect of varying
the controller parameters from the values determined
by the best tuning correlation. This emphasizes the
point that the various empirical correlations are nor-
mally good starting points in tuning a controller, but
will only by chance be optimal.

CONCLUSIONS

The control systems design package described
herein has proved to be quite effective in conveying
basic feedback control concepts to undergraduate stu-
dents. Furthermore, the students have responded
very positively, both because of the opportunity to
work with the computer, and because the program
eliminates a great deal of tedium compared to hand
calculations of controller design and performance.

Enhancements of the program are being planned.
One will permit the student to be provided with a
“black box” process rather than one specified in terms
of loop transfer functions. The student can then be
assigned to identify the unknown process by step and/
or pulse testing and use the results to design a control

CONTROLLER SETTINGS: Gain = 3.851707 Intearal Tine -
158 Derivative Tine - § b2

5.0+

135, 162, 189, .
Press SPACEBAR to Continue

1 R I )
IAE = 209,471 e

FIGURE 7. Proportional, PI, and PID Controller Perfor-
mance Comparison.
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system. Optional “noise” on the measured output may
also be added to improve realism. The addition of an
optional feedforward controller for the disturbance is
also being considered.

Copies of the program (on 5 1/4 inch MS-DOS for-
matted diskette) and user documentation are available
for $15 to cover duplication and postage. The program
is supplied as executable files (compiled using the IBM
BASCOM compiler), but BASIC source files are in-
cluded as well.
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mbook reviews

NUMERICAL HEAT TRANSFER
by Tien-Mo Shih
Hemisphere Publishing, NY; 563 pages (1984)

Reviewed by
Michael F. Malone
University of Massachusetts

This is a lengthly book consisting of fifteen chap-
ters in four parts. Part I is entitled “Preliminaries”
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and consists of the four chapters: 1. “Numerical
Methods Used in Heat Transfer (I),” where finite dif-
ference and the finite element are introduced, 2.
“Numerical Methods Used in Heat Transfer (II),”
where a more extensive discussion of the Galerkin and
Collocation methods appears, 3. “Numerical Methods
Used in Heat Transfer (III),” that discusses higher-
order finite elements, integral method and perturba-
tion solutions, and 4. “Numerical Properties of Vari-
ous Discretization Schemes.”

Part 2 describes “Fundamental Heat Transfer
Modes” in the chapters: 5. “Heat Conduction,” 6.
“Laminar Forced Convection: Hydrodynamic Bound-
ary Layer (I),” 7. “Laminar Forced Convection: Hy-
drodynamic Boundary Layer (II),” 8. “Streamwise
Diffusive Flows,” 9. “Transport of Energy and
Species,” and 10. “Radiation.”

Part 3 consists of three chapters on “Important
Heat Transfer Phenomena”: 11. “Laminar Free Con-
vection and Mixed Convection,” 12. “Introduction to
Turbulent Flows,” and 13. “Introduction to Combus-
tion Phenomena.”

“Numerical Analyses” is the fourth and final part
made up of two chapters: 14. “Spaces and Error
Bounds,” and 15. “Comparison of Finite-Difference
Method and Finite-Element Method.”

There are also three appendices.

This book is detailed in its coverage of numerical
method and examples; the literature references are
concentrated largely in the 1970’s and early 1980’s. In
some areas, such as the coverage of stiff, coupled,
convective-diffusion models in Chapter 8, the material
provides a welcome addition and summary of
techniques such as upwinding in the Galerkin finite
element method. However, there is a less than
adequate treatment of transient problems using mod-
ern integration packages such as Gear’s method to
solve the evolution problem, although there is a dis-
cussion of the well-understood numerical instabilities
and/or inconsistencies introducted by traditional
explicit or explicit-implicit schemes for the initial-
boundary value problem in Chapter 4.

This book could be used as a source of examples in
a course in heat transfer or numerical methods. It
would seem unsuitable as a textbook for either how-
ever, because of its restricted treatment of numerical
methods on the one hand and because of its lack of the
necessary perspective on the role of analytical
methods and physical property measurements in heat
transfer on the other.

The individual sections of the book are clearly writ-
ten, but are heavy in detail at the expense of perspec-
tive. The printing is carefully done and the book seems
to be relatively free of typographical errors. []
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