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ABSTRACT

In this thesis, an interactive computer program for the
analysis and design of time invariant unity feedbaéﬁ;gﬁntrol
systems is presented, using cascade or feedback or Both
types of compensation.

By using this program, the user is freed from the
tedious, time consuming and error prone method of hand
calculations, letting the computer handle these tasks
efficiently and speedily. The user can then concentrate
fully on the placement of poles and zeroes of the
compensator (s) used.

Design of control systems by classical methods being

essentially a repetitive, trial and error procedure, this

program greatly cuts down the turn around timeﬁgnd lgads to
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I. INTRODUCTION

During the past two decades, the scientific and
engineering communities have witnessed an ever increasing
role of the digital computer in the fields of research,
development and analysis of systems. The computer, today,
is being used to solve engineering problems, whose solution,
until very recently required long and tedious procedures.
Still, it is probably true that this machine has potential
not fully recognized yet, which is why the attention of so
many computer scientists/engineers is focused on devising
more efficient and innovative operating procedures.

Control system design is one area where classical
theory has been extensively developed and used. It is fair
to say that even today, most analysis and design problems of
linear, time invariant control systems can still be
approached using the methods developed by Bode, Nyquist and
others.

A totally new approach to the design of control systems
became available with the development of optimal control
theory and the state variable analysis. These methods have
been intensively developed in the last 10-15 years, but now
their weaknesses have been exposed too. The "states" of the

plant may not necessarily represent physically measurable

quantities, and consequently it may not be possible to
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implement the results at all. Luenberger's observers,
designed to overcome this problem, can at best provide
estimates of the state trajectory. Furthermore, the optimal
control approach to design relies very heavily on mathe-
matical maripulation, providing little insight to the actual
working of the plant; the only input of the designer being
the form of the cost function.

An intelligent use of the speed and information
processing ability of the digital computer, coupled with the
reliable feaﬁures of classical theory appear to be the best
solution to the problem at hand. The classical approach to
design, being essentially a trial and error method, if the
order of the system is fairly high, the number of repetitive
calculations and the time required to perform these calcu-
lations becomes prohibitively large, the assistance of the
computer in such problems becomes indispensable.

The work in this thesis was to develop an interacrtive,
user oriented computer program that would prompt the user

to input the transfer function and cascade/feedback compen-

sators. The program would then display on the IBM 3277 -
Tektronix 618 dial screen terminals the Bode Plot of both
magnitude and phase. The program could be repeatedly used,
with the user having the option to change/modify the compen-
sators, each time viewing the effect of his modifications on

the screen until he arrives at a satisfactory solution.

10




II. CONTROL ENGINEERING ANALYSIS

A. GENERAL
A continuous time control system may be represented in

one of the following forms:

a. Transfer functions
b. State equations
C. System block diagrams or signal flow graphs

Algorithms exist in almost every undergraduate control
engineering text to convert the system representation from
one given form to another. Gianniotis (Ref. 1) describes a
simple method of converting from transfer function to state
variable form in Chapter II.

The transfer function representation in its most general

form is:
m m—-1 m-2 o
A S + A4S + A __SS ot A_S
n n-1 n-2 o)
B S +B__,S + B _,S U B S

Usually the mathematical description of the system is
found in the transfer function form in the literature.
Analysis and design of control systems by classical methods

also requires the representation of the system in this form.

11
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Table 1. Tabular Output of Example 4.1
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The velocity constant is not to be decreased. Design a

phase lead compensator which will provide Mpw less than 1.5.
b. Solution
The first step is to get the transfer function
in the required form:

5.0
G(s) = (4.2)

0.21s> + 1.08% + 1.0s

The Bode Plot of the uncompensated system drawn
using the program is shown on figure 2 and the tabular output
on table 1. The uncompensated system has a phase margin of
-20 degrees. To achieve a Mpw ¢o” less than 1.5, a phase
margin of 44 degrees or more is required. Approximately 64

degrees of positive phase shift are therefore needed. Two

sections of lead filter are introduced as given below:

(/3.0 + 1) (S/1l.5 + 1)

(5/10.0 + 1)2

The compensated Bode Plot is given on figure
3 showing a phase margin of 35 degrees.

It may be pointed out that the final values
for the lead filter poles and zeroes were arrived at after
3 iterations and this design problem was solved in less than

15 minutes.

21
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IV. PROGRAM PERFORMANCE INVESTIGATION

A. GENERAL

The program was tested by solving several linear control
system design problems. Very satisfactory results were
obtained in all cases with remarkable efficiency and speed.
The only necessary condition is proper problem formulation.
This is true for any interactive computer program. Once the
program is used a couple of times, the user gets the
necessary familiarity with its working.

The example problems presented below are used to
demonstrate the performance and capabilities of the program.
The examples can also help the user in formulating his own
particular problem. The examples were selected from Thaler's

'Design of Feedback Systems' (Ref. 2)

B. EXAMPLE PROBLEMS
1. Example 4.1 : A Phase Lead Network
a. Problem Statement

A positioning system is single loop with unity

feedback and forward transfer function

5.0

G(s) =
s(0.7s + 1) (0.3s + 1)

20
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TITLES inputs the two lines of text as headings for
the Bode Plot.

In addition, the main program handles the tasks of
displaying the tabular output and the Bode Plot of the open

and closed loop response of the system as required.

- P
.-'.‘ ' »

PN
L G
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.
C. PROGRAM DESCRIPTION
The main program is the coordination center which
_:A controls the calling of the supporting subroutines, in order
;: to input the transfer function, cascade/feedback compensators
i: and other necessary information. The tabular results and the
L\' Bode Plot are then displayed on the two screens respectively.
: The main program as well as the accompanying subroutines
‘ can be found in Appendix A. They contain a sufficient number
e of comment cards to be self explanatory.
;> The following is a brief description of the performance
:?; and purpose of the various subroutines.
,. NUMER  inputs the numerator of the plant transfer
. function.
f?j DENOM  inputs the denominator of the plant transfer
;;. function.
;S CASCAD inputs up to 6 first order lead/lag filters.
?. SECAS  inputs the numerator of the second order band
;3. pass/band stop filter.
:? SECASD inputs the denominator of the second order
i filter.
e
- FETCH determines the value of the radial frequency,
?; w, at the origin of the x-axis.
j~ DECADE determines the number of decades of frequency
, to be spanned.
- FEEDBK 1inputs the various parameters of feedback
TT. compensators.
L J
e 18
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In brief, the whole BODPLT pqckage works as follows:

A user, logged into the VM/CMS environment of the system from
the dual screen terminals, issues the command DISSPLA BODPLT.
The package then assumes control. The program begins its
execution by interrogating the user and calling the appro-
priate subroutine accordingly. All programmer-composed
subprograms are included in the main program titled BODPLT
FORTRAN.

The BODPLT program has the following important features:

- runs of the VM/CMS time sharing system.

- interrogates the user in entering all problem
specifications from the terminal.

- can handle up to a ninth order plant transfer
function, six first order and one second order cascade
filters.

- prompts the user to input the parameters of
velocity feedback, acceleration feedback or approximate
acceleration feedback as required.

- provides the solution in tabular form on the IBM
3277 screen and the Bode Plot on the TEK 618 terminal.

- can provide hard copy version of the problem
specifications and tabular output by using the RECORD ON/
RECORD OFF execs, and of the BODE PLOT on the Tektronix
printer where installed.

- allows problem specifications to be changed between

runs.
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ITI. PROGRAMMING CONSIDERATIONS

A. GENERAL

Any interactive software package, such as the one.
developed in this thesis must provide a simple yet unambigous
means of data input and output. The data must be easy to
interpret and apply to the problem at hand. Programs
producing highly satisfactory results but requiring long
studying time and/or special programming skills are of
limited use only.

The intent of this thesis is to present such a program,
Computer Aided Design of Linear Systems. Special care has
been taken to develop the program so that the user has to

invest very little time learning to use it.

B. MAIN FEATURES OF THE PROGRAM

The development of a user oriented interactive computer
program in solving engineering problems requires a consider-
able amount of programming work, contributing significantly
to its complexity and size.

The computer program, hereafter referred to as BODPLT
consists of a main program, a number of programmer-composed
subroutines, a few library functions/subroutines, and various
subroutines of the DISSPLA graphics package. The entire

program is written in the FORTRAN IV language.
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It was found on the average that turn around time for a

typical third order system with two cascade compensators is

less than five minutes.
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Cascade compensation may further be classified into two
further types; a high pass filter usually called a phase
lead compensator, and a low pass or phase lag compensator.

The selection of the type of compensator(s) to be used
depends on a number of factors, the important ones being
experience, personal preferences, availability, system cons-
traints, etc. Unfortunately, there are no mathematical
techniques to help in this selection process. Generally,
one has to complete several designs and then choose the most

appropriate one.

C. COMPUTER AIDED DESIGN

Of all the classical design methods available, the Bode
diagram technique is generally considered to be the simplest,
at the same time providing the most insight into system
performance and behavior. The Bode design method may be used
equally effectively both with cascade and feedback compen-
sation schemes.

The computer program developed in this thesis displays
on the terminal, initially, the Bode diagram {(magnitude and
phase) of the uncompensated open loop system. The user may
then select the type of compensator to be used, and feed this
information to the computer. The display changes, now showing
the compensated system Bode Plot. This péocedure may be
repeated iteratively, with the computer updating the Bode

Plot with each change made.
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This thesis does not address the problem of converting
from one form of representation to another. It is assumed
that any conversions necessary have already been performed
and that the system is represented by its open loop transfer

function.

B. PROBLEM FORMULATION

Each system design has its own unique characteristics,
but in general the system has to meet some kind of perfor-
mance standards. These performance standards are generally
provided as numerical specifications. The first step in the
design of a control system is to analyze the system by itself
in the usual feedback loop configuration. This is usually
referred to as the uncompensated system.

Analysis of the uncompensated system almost always shows
that the system cannot meet some or all of the given perfor-
mance standards. Usually, additional components have to be
inserted in the system for the purpose of altering the
performance of the system. These components are called
compensators. Compensation is a two step procedure, in which
additional components (compensators) are inserted to change
the structure of the system, and these components are then
adjusted until the performance characteristics are satisfied.

The theory of cascade and feedback compensation is
discussed in detail by Thaler (Ref. 2) in Chapters 5 and 6.
Only a brief discussion of the types of compensators 1is

presented here.
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3. Example 4.3 : Velocity Feedback

a. Problem Statement
A simple second-order servo is to be
compensated with tachometer feedback. The forward transfer

function is

100.0
G(S) =

S(s + 1)
and the tachometer transfer function is KtS. The tachometer
is fed back around all of the forward gain. Using Bode
diagram methods, set Kt to provide Mpw = 1.3.
b. Solution

Bode Plot for this system is shown on figure
6. The system has a phase margin of about 6 degrees. For
M = 1.3, a phase margin of 45 degrees is required. A rough

)%
graphical design on the uncompensated Bode Plot gives

1/H = 12.0/8 or H = 0.08S

The Bode Plot for the compensated system is on figure 7,
showing a phase margin of 50 degrees.
The close loop frequency response of this

example, drawn using BODPLT is shown on figure 8.
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Tabular Output of Example 4.3
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V. CONCLUSION AND RECOMMENDATIONS

A. CONCLUSION

The objective of this thesis was to develop an inter-
active user oriented computer program which would aid in
solving control engineering problems using the Bode method
of design. The presented program proves that frequency
domain design of control systems using the digital computer
as an aid is not only feasible but highly desirable. The
results obtained are readily interpretable and provide good
and meaningful insight into the problem.

The results obtained during the investigation of the
program performance show that a complicated but well formu-
lated problem can be solved with ease, and the solution is
obtained with speed, accuracy and precision.

The entire program is less than 1000 lines, with a total
of 9 subroutines. Every effort has been made to keep the
program simple yet unambigous, so that the user has to
invest very little time learning how to use it. Effort has
also been made to minimize the use of the computer CPU time.

.However, expenditure of CPU time is to a large measure
dependent upon:

(1) the order of the system.

(2) the number of iterations used in reaching a

solution.
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(3) the type and order of the compensator(s) used.

B. RECOMMENDATIONS

The program as presented in this thesis seems to be able
to adequately satisfy the usual needs in a control system
design problem. A number of useful extensions to the work
developed in this thesis can be carried out. These are
briefly discussed.

1. Curve Fitting

Although not swecifically worked on in this thesis,
the program can be used quite effectively for curve fitting
purposes. This was demonstrated in the initial stages of the
development of this program. The procedure is, by its very
nature, iterative and therefore time consuming and cumbersome.
However, the entire algorithm can be automated using a
minimization subroutine, with the program outputting a
polynomial to fit a given curve over a specified range of
the independent variable.

2. Computer Selection of Compensators

A suitable minimization routine such as Box PLX
can be incorporated into the program which could select the
best possible location of poles and zeroces to meet given
performance specifications. This would automate the entire
Bode design procedure, the user then having the option of
only specifying the type of compensation, i.e., cascade or

feedback. It may however be pointed out that minimization
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routines by the very nature of their operation are very time
consuming and wasteful of CPU resources.
3. Root Locus
Most of the subroutines developed in this thesis r
are very general in nature and can be adapted guite easily to
develop a similar interactive program for Root Locus plots.

4. Integrated Control System Design

No meaningful design of control systems is complete
without finally analyzing its time domain performance. It is
therefore considered highly desirable to incorporate into
this program, an interactive Root Locus design procedure and
then a time domain analysis of the compensated system. The
entire package would then be an excellent teaching aid for

control system design.
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