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high-resolution graphs are available to the user. The
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software, which 1is completely interactive and menu driven,
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is written in structured Pascal to be run on the IBM-PC

microcomputer.
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fan I. LINEAR CONTROL SYSTEM COMPUTER

foo AIDED DESIGN (LCS-CAD)

N

&-ﬂ A. INTROLDUCTION TO LCS-CAD

00

f, LCS-CAD is a software +tool to aid in the analysis and
fﬁw design of continuous-time, linear control systems. It was
Y

fé& designed to allow a wuser who 1is familiar with the
xl.-l-;

’ "classical" design tools, such as Bode, Nyquist, and root

(‘ i\‘:\'l

f&& locus, to apply these methods while eliminating much of the
A A

f§x tedium.
’. .{ﬂ

74 The software system 1is compietely menu-driven and
Y

o

attempts to be user-friendly in a number of ways. First,

3 S
v
"'

the hlerarchical menu structure is only two levels deep at

i

)

any pcint so the user will not become “"lost"” in the

Al
3 % -

£
'y

[rogram. Seccend, user inputs are systematically verified

1

jig and validated. Third, the user has access to a pawerful

T%‘ "change" facility that allows erroneous system information

‘§E to be changed easily. Finally, the program makes use of
“:ﬁ the concept of "transfer function blocks"” for data entry

Eg and manipulation.

'if B. LINEAR CONTROL SYSTEMS AND BLOCK DIAGRAMS

;tﬁ The behavior of many physical systems can be described

¥§£ by linear differential equations, or at least approximated |
¥FE this way. Of these, many may be described as single-input, %
;_: single-output systems. For example, simple electfical |
gt

.& 6
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circuits are often modelled as linear systems with single
inputs, say Vin, and a single output, Vout. It is possible
to think of these systems as “"black boxes” being acted on
by an input and producing an output. Inside thase boxes,
then, would be a function to translate the innut "signal”
to the output. 'his so called "transfer function" is very
convenient when dealing with system models.

After the differential equations for a linear, time-
invariant system with Zero initial conditions are
determined, the Laplace transform can be applied yielding
algebraic equations in the complex variable "s". After
some manipulation, the equations can be written as a ratio
of output to input. This is the standard transfer function
form.

Unfortunately; very large systems can have extremely
complex transfer functions which are difficult to work
with. QOften, however, such problems can be divided into
smaller sub-problems, and these sub-problems can be
modelled as independent transfer function %hlocks. The
blocks can then be analyzed separately, if necessary, and
later recombined for overall system analysis.

Recombination, or reduction, of transfer function blocks is

done in accordance with +the rules of "block diagram
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algebra”, or alternatively, by applying "Mason’s rule".l

LCS-CAD is a loop-based system. That is, the program
operates.on a single path or closed loop at a time. This
simplifies the computations required to automatically
reduce the loop’s Dblocks to single equivalent block
transfer function. Since the reduction is done
automatically, the user is free to concentrate on analysis

and design and not the tedious process of manipulating

block transfer functions.

C. PROGRAM FEATURES

LCS-CAD is a large program and requires at least 256K
of memory to run. It will run on any IBM-PC or compatible
"MS-DOS" computer and requires a standard IBM Color
Graphics Adapter (CGA). It will run on either monochrome
or color monitor, but +the menus are color coded and are
easier to work with if a color monitor is available. The
graphics are in high-resolution (640x200) mode and only
appear in white-on-black. The graphics can be dumped to an
IBM-Graphics, Epson, or compatible printer.

The program is written in Turbo Pascal (tm) and, due to
its limitation to 64K code and data segment sizes, LCS-CAD
was compiled as a single main executable program and six
"chain" files. The chain files are essentially programs

compiled without a run-time support module. They,

1These block reduction techniques are described in

detail in virtually all elementary control theory textbooks

8
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:é] therefore, are not themselves executable. These program
modules include:
f% (1) CAD.COM {the executable main module}
i (2) INPUT.CHN {the input and change routines}

;; _ (3) FREQ.CHN {Bode and Nyquist modules}

X (4) TIMERESP.CHN {the time response simulation module}
- (5) TWOPARAM.CHN {the two parameter root locus module}
ﬁ5 (6) UTILMENU.CHN {the utilities menu and routines}
r) (7) HELPMENU.CHN {the help menu and all help screens}
Yo
1
o In addition to these files, there are two additional
. "system” files needed to run the program, 4x6.FON, and
;% ERROR.MSG. The .FON file is a graphics lettering font used
“a '*:

i by the graphics routines +to print letters and numbers on-
%{ - screen. The ERROR.MSG file 1is a Turbo Pascal file
;& containing various error messages.
z; The next chapter presents a detailed example using the
4 - LCS-CAD program to analyze and design a controller for a
A“,
;: simple motor. From that discussion, many of the features
Y y
N of the program can be examined. The third chapter detz.ls
AN

}; each individual program module and outlines the theory and
Y

19 algorithms used to construct the LCS-CAD program. Chapter
3

.;~ Four summarizes the work done already in LCS-CAD and

vh
; proposes additions and further work which would make the
; >
iﬁ program more useful and versatile.
ﬂ
&
2

>
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IT. COMPUTER-AIDED SYSTEM DESIGN STEPS

A. DEVELOPING A MODEL

The first step ir. the successful design of a linear
system is to formulate a mathematical model which describes
the system. Once modelled, the system can be analyzed and
a suitable control system can be designed.

Consider, for example the simple armature controlled dc
motor driving a load as shown in Figure 2-1. The left side
of the figure shows the armature circuit including its
resistive and inductive components. The mathematical model
for this part of the motor can be derived from Kirchhoff’s
circuit law. The mechanical side of the arrangement, shown_
on the right, includes the motor generated torgque, the load
inertia, and the viscous damping effect. Newton's laws
will provide the basis for modelling the mechanical portion
of the m»tor/load combination.

The cifferential equation for the armature circuit is:

La 4i + Ra i + eb = ea (2.1).
at

Similarly, the description of +the mechanical system is a
differential equation in shaft angle, but this time of

second order.

H
3

Jd*e + f de (2.2).
atz a

or

10 f
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ea = 26 volts (excitation input)

Ra = 23.5 ohms (armature resistance)

La << 1 (armature inductance)

Kb = 0.008 volt/rad/sec (back emf constant)

K = 7.08 in-oz/amp (motor gain)

J = 3.01 x 10-4 oz-in-sec?2 (moment of inertia)
£ =

0.6 x 10-3 oz-in/rad/sec (viscous friction)

Figure 2-1. Schematic Diagram of the
Armature Controlled DC Motor

Knowing that for an armature controlled dc motor the
field current, ir, is constant and, therefore, the magnetic
flux is constant, the motor torque is directly proportional
to the armature current

T = kia (2.3).

Also, under constant flux conditions, the back electro-
motive force, eb, will be directly proportional +to the
motor shaft’s angular velocity

eb = ko 46 (2.4).
at

These equations are sufficient to mathematically

represent the dynamical behavior of the Hc motor. If =zero

11
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o initial conditions are assumed, then the differential
ff& equations can be written in their Laplace transform
:%é representation:

o

&%2 (IJs® + fs) B(s) = T(s) = Kla(s) (2.5).

e

ﬁT; (Las® + Ra) Ia(s) + Eb(s) = Ea(s) (2.8).

iy -, Kbs6(s) = Ev(s) (2.7).
b

w7y

e

}3; With the armature voltage as input and the motor shaft
R angle as output, the transfer function relation of the
b :_:,'

e system can be formulated as shown below
s

o 8(s) = K
-fﬂ Ea (s) s [ Lads® + (Laf + RadJ) s + Raf + KKb ] (2.8).

i
ﬁ%ﬁ Since the typical armature inductance of this type of
?; dc motor is very small, it will be neglected. This greatly
»%ﬁ simplifies +the transfer function without inducing much

o .

B, .

}& error due to the approximation as can be seen in Equation
g,

r,uj‘

b 2.9 below.

,;' Bis) = Km (2.9)

B Ea (s) s ( Tms + 1)

Y
Jﬁ where Km = K / (Raf + KKb) Motor gain constant
3; Tm = Rad / (Raf + KKb) Motor time constant
y ").

L
':R Using the numerical wvalues for the motor given in

» Figure 2-1 the transfer function becomes

B(s) = 100 (2.10)
e Ea (s) s { 0.1l s + 1)
éﬁ
!
o 12
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ANALYZING THE MODEL

Now that the system has been modelled, the next step
is to examine the model’s behavior before a controller is
designed and installed. This step will tell the designer
whether the system will require stabilization or simply
"fine-tuning” to meet the design specifications. The
computer can be used to assist in the analysis process.

The first step, of course, is +to enter +the model into
the computer program. Working from the system’s block
diagram,. shown in Figure 2-2, we begin the computer
program. From the opening menu of LCS-CAD, shown here in
Figure 2-3, we choose the "Input/Change Transfer
Function(s)" option to bring us to the secondary menu shown

in Figure 2-4.

ea + 8]
100
= s (0.1l s + 1)

o

Figure 2-2. DC Motor Equivalent Block Diagram




k%% MAIN MENOU *kx

<I>
<L>
<F>
<R>
<P>
<T>
<U>
<H>

<Q>

Input/Change Transfer Function(s)
Location of Char. Eq. Roots
Frequency Analysis

Root Locus Analysis
Two~-Parameter Root Locus

Time Response

Utilities

Help

Exit Program

Press Your Selection

Figure 2-3. Main Menu
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<I> Input Block Transfer Function(s)
<C> Change Block in Current Loop

<A> Add a Block to Current Loop
<D> Delete a Block from Current Loop

<S> Save Current Loop to Disk File
<R> Retrieve Problem from Disk File

<H> Help
<Q> Exit to Main Menu

Press Your Selection

"-I.

e ? i
TR

Figure 2-4. Input/Change Menu
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To initially enter the transfer function of the motor,

select the <I> Input Block Transfer Function(s) option.
The next screen will prompt for number of blocks in the
current loop (only one in the case of the motor), and
whether the block will be input from the keyboard or from a
disk file. Since this 1is the initial input for this
problem, it must be from the keyboard. Next, +the block

input page, as shown below in Figure 2-5, will appear.

Block Input

Block 1:
Is block in Forward (F) cr Feedback (B) Path?

What is the order of the Numerator? 0
What is the order of the Denominator? 2
What is the block gain constant? 100

Will you enter the block in Factored (F)
or Coefficient (C) form? &

Figure 2-5. Block Input Screen

The options here allow input of both forward path and
feedback path blocks in any order. An input block can have
numerator and/or denominator polynomial up to ninth order.
There 1is provision for overall block gain input, and
finally, the user is allowed to input the transfer function

for the block in either coefficient or factored form.

15
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The limitation of a block to order nine is artificial
here, and systems up to thirtieth order can be input by
breaking the block transfer functions into smaller order
blocks. For example, if the transfer function were

(s2 + 4s + 10)(s + 2)2
s5 ( s4 + 2s3 + 6s2)(s2 + 1)

then the function could be divided into two or more blocks

as shown here

(s2 + 45 + 10) X (s + 2)2
(s4 + 283 + 6s2) s5(s2 + 1)

with sach block less than order nine and system order less

than thirty.

The next screen shown will vary depending on whether
the input is to be in factored or coefficient form. Figure
2-6 shows the factored input screen, and Figure 2-7 shows

the coefficient form input screen.

*¥XBlock Transfer Function Inputxkxx

DENOMINATOR Transfer Function Input -- FACTORED Form

s = +J

s = __ 4]

Press <F1> to change previous entry

Figure 2-6. Factored-Form Input Screen

16




*¥%kBlock Transfer Function InputXXx

DENOMINATOR Transfer Function Input -- COEFFICIENT Form

0.1 52 + 1 =

Press <F1> to change previous entry

Figure 2-7. Coefficient-Form Input Screen

For the dc motor example, the transfer function lends

L
iib itself more easily to coefficient form input, and Figure
St
g?} : '2-T shows what the screen should look like after the entry

is made. Notice +that on both screens, the bottom line
directs the user to press the Fl function key to move back
to the previous entry. This facility can greatly enhance
the capability to edit previous entries which may have been
input incorrectly. Another error cqrrection facility in
the LCS-CAD program is the Change option executed from the
Input/Change Menu (see Figure 2-4).’ This option will allow

the user to select which block to change, then brings back

the block input screens in the sequence discussed above

ko except that the previously entered nuambers are shown and a
e
B
E-2
= second message-prompt appears at the bottom of the screen.
Y
S
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This message directs the user to press the F10 function key
to edit any item on the page. In addition to changing only
the numbers previously entered, the user can also change
the structure of the block by changing the order of the
numerator and denominator.

Now that the system transfer function has been entered
into the program, the analysis can begin. First, a quick
check of the system’s stability can be made. From the Main
Menu, the selection

<L> Location of Char. Eq. Roots

will provide a listing of the unity-feedback closed loop

characteristic equation roots. If all +these roots are in
the left-half of the s-plane, 1i.e., 1if all roots have
negative real parts, then the system will be stable. As

can be seen from Figure 2-8, the dc motor and load are

stable.

%% Block Transfer Function Closed-Loop Roots *xkx

ZEROS:

POLES:

s{1] = - 5.000 +3 -31.225 s{2] = - 5.000 +j 31.225

Press any key to continue or [Shift] [PrtSc] for hardcopy

Figure 2-8. Root Locations
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Frequency domain analysis can be accomplished with LCS-

CAD by selecting the
<F> Frequency Analysis

choice from the Main Menu. This selection will enable the
user to prepare either a Nyquist (polar) diagram, or Bode
(logarithmic) plot with user-selected radian frequencies.
Figure 2-9 shows the on-screen selections for the Nyquist
plot, and Figure 2-10 is the Bode selection screen. Both
ask for the range of frequencies to be plotted. The first
frequency should be an even power of ten. The range éf
frequencies is calculated based on the number of decades of
frequency the user requests. That is, if the user selects
0.01 as the starting frequency with 4 &ecades, the end

frequency will be 100 radians/sec.

*%¥XBode/Nyquist Plotting RoutineXxx

Bode (B) or Nyquist (N) Plot? N
See the 3IG (B) picture, or select your Window (W) ? W
Open (O) or Closed (C) Locp Plot? 0

What is the first frequency to be plotted?
(e.g. .01, .001, 1000, etc.) .01

How many decades do you want plotted? 5

Figure 2-9. Nyquist Plot Parameter Selection
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x*¥%Bode/Nyquist Plotting Routinek¥

Bode (B) or Nyquist (N} Plot? B
Open (0) or Closed (C) Loop Plot? 0
What is the first frequency to be plottea”

(e.g. .01, .0C1, 1000, etc.) .1

How many decades do you want plotted? 3_

Figure 2-10. Bode Plot Parameter Selection

The "BIG picture” choice for the Nyquist simply causes
the program to automatically select a broad range of
frequencies and use a large scale plot. This can be a good
initial selection if the user dées not know how large a
window will ©be needed to show the plot. The user may also
choose an open or closed loop plot. If closed 1loop is
chosen, a negative unity-feedback path is added around the
overall block diagram, an equivalent transfer function is
calculated, and the corresponding diagram is drawn.

For the dc motor example, both the Nyquist plot and the
Bode diagram are shown in FFigures 2= 1.1 and 2-12

respectively.
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Figure 2-12. DC Motor Open-Loop Bode Diagram
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§§§ From the Bode diagram it can be seen that the phase

&ﬁ? margin is low, only about ten degrees. The gain crossover
jﬂ~ frequency is near thirty radians per second. This means

g%% that the uncompensated system will be stable, but probably
x

wkﬁ will have a long settling time.

jf: Next, the root locus can be examined. With two real
-
f%ﬁ roots, it may ve expected that with increasing gain, the
%i% roots will converge along the real axis, then separate and

p{ move in opposite directicns parallel to the imaginary axis.
;g To verify this, the program is used to generate the root
?&g locus graph.
:QE From the Main Menu the zelection now will be

.
A <R> Root Leccus
o
£ and will produce the screen shown in Figure 2-13.

. ~ :
r}:-
i -

§: *%x%x ROOT LOCUS PLOTTING ROUTINE X%
g% What STARTING value for variable gain do you wish?: .001
;{: What ENDING value for variable gain do you wish?: 1
gﬂ. *%k VIEWING COORDINATES FOR ROOT LOCUS GRAPH *xx
i X-Minimum: -10
b1 X-Maximum: 1
(& Y-Minimum: -20

. Y-Maximum: 20
;;; Positive or Negative Feedback? (P or N): N
l-::'\:
L Any changes to these parameters? (Y or N): N_

!g Press <F1' to change previous entry _
o ]
i ::' 1
:x Figure 2-13. Root Locus Parameter Input Sereen ;
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The program requests starting and ending values for the
variable gain. This gain is multiplied by the block gain
for the system, that is, for the dc motor if variable gain
of 0.001 to 1 is chosen, then the actual gain the system
will be varied through will be 100 x .001 to 100 x 1, or
0.1 to 100. The program computes the unity-feedback closed
loop transfer function for an increment of gain then
calculates and plots the location of all the roots. This
process continues through the user-supplied range of gains.

The user is also asked to proyide maximum and minimum
values for X and Y plot axes. Knowing that the closed loop
roots (with unity wvariable gain) are at -5.000 =+ j 31.225,
the X axis values of -10 to 1 can be expected to provide an
adequate window. Y axis values of £ 20 may be adequate to
show the root behavior. Once the required values are
entered, the program will Dbegin computation and plot a
graph like the one shown in Figure 2-14.

Finally in +the analysis, it is desirable to see the
system’s response in the time-domain to a typical input.
For a dc motor, such an input may well be a step. This so-
called step response can be calculated and plotted with the
LC5-CAD program as can the system response to a sinusoid,
ramp, or 1impulse input. All these inputs have user-
selectable amplitudes and if +the ramp input is selected,
the user may select slope and dc-offset. In the case of

the sinusbid, the radian frequency may be selected.
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éq Figure 2-15 shows the time response parameter input screen
iE and Figure 2-16 shows the unit step response curve for the
o

s dc motor. It can be seen from the time response that the
gﬁ motor’s response overshoots excessively and has a
AN A

;f relatively long settling time (as anticipated from the Bode
i diagram), although the system ig stable and has no steady-
'i state error.

‘. 10 !

‘

- 4 20 .

‘- ) B(5) 2T rmmeeemmeeoeann

o . P 500,150 1)
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N Lo . %0 [

e ] &
i ;'.l 1 T h T had

k- 0.%0] :

b _

¥ 1.20]

: 299- 1 T L T 1 T i i 1 T N T T T ) 1 Rl

» -1.00 -0.71 0.42 -0.13 10!

y ’ Figure 2-14. DC Motor Root Locus Diagram

. x*X Time Response Plotting Routine %%

: What is the input to your system? STEP (S)

X RAMP (R)

B SIN WAVE (W)

A IMPULSE (I) S

Input amplitude? 1

j Open (0) or Closed (C) Loop simulation? (G

b How many seconds of simulation would you like to see? 2

¢ Figure 2-15. Time Response Parameter Input Page
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Figure 2-16. DC Motor Step Response

C. APPLYING THE SPECIFICATIONS

To use the motor in a larger system, the designer must
either determine or be given the performance specifications
for the motor. These specifications will usually outline
the minimum acceptable performance the designer can
tolerate from the system component.

For the example motor, suppose that the motor-
controller combination must have a settling time of no more
than 0.4 seconds and a first-overshoot of less than fifty-
percent of the input signal when subjected to a step input.

These constraints will allcw demonstration of LCS-CAD in

designing a simple cascade (series) compensator.
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To assist the designer, curves for general second-order
system response are available in virtually any Dbasic
control theory textbook. From these curves WwWe can
determine that for a fifty-percent overshoot, the required
zeta(z), or damping factor, must be greater than 0.23. It

then follows that a required phase margin & must be

Im = tan-1 ( 2z / 4 -222 + 4z% + 1 )
m > 25.9 °

Also, to mec . the other specification of a settling time of
0.4 seconds, we need the relationship between settling time

(ts ) and natural frequency (wn). This connection is

ts £ 0.4 = 4 / z2wn

v

or wn 43.5 rad/sec (since z 2 0.23) -

Since wn is difficult to plot on the Bode graph, a more
convenient frequency 1is needed. This is bandwidth

frequency, or -3dB frequency, wb.

Wb > wn N 1 + 222 + N2 - 422 + 4z4

or wb 2 65.1 rad/sec.

Armed with the appropriate wv, the compensator design
can be attempted. On a large printout of the uncompensated
Bode diagram as in Figure 2-17, which can be obtained using
the "print screen” option {press the keys <Shift> and

<PtrSc> (Print Screen) simultaneously}, locate the wv point
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and draw a -20 dB per decade asymptote through it. This
will mark the crossover frequency and should provide good
closed 1loop response. For simplicity, the compensator
should only have one pole and one zero. This can be
accomplished if +the zero 1is located at the intersection
point of the asymptote and the uncompensated system curve.
As seen on the Bode diagram of Figure 2-17, the zero can be
placed at w = 20 rad/sec. The pole can be placed at w =
100 rad/sec to give the -20 dB asymptote a reasonable
length to ensure a large enough phase mary = (%m) and
consequently, a good closed loop response.

Having determined pole and zero 1locations for the
compensator, we can input the design into the LCS-CAD
program and verify the solution quickly. From the Input
Menu the option to "Add a Bléck" can be selected and éhe
compensator input as block number two. In order not to
change the motor gain, and therefore the steady state
error, the compensator itself should have a an offsetting
gain of 100/20 or 5.0. Once entered, system analysis can
begin as before.

The open loop Bode diagram shown in Figure 2-18 shows
that indeed the crossover frequency was increased to
approximately 45 rad/sec and the phase margin to near 50
degrees. According to the earlier calculations, these
parameters should ensure that the system is well within

specifications. The root 1locus plot of Figure 2-19 also
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helps to confirm this._ As a final, conclusive check,
however, the system response to a unit step, shown in
Figure 2-20, can be seen to have a settling time of less
than 0.2 seconds and a very small first overshoot. The
design 1s, therefore, probably satisfactory. Since the
compensated system performance is considerably better than
the original specifications, it may be more costly to build
than one that has slightly worse, but still saﬁisfactory,
rerformance. If this is the case, or nad the first pole
and zero placement not produced a satisfactory system,

additional design trials could have been run quickly and

easily with LCS-CAD.

W it KRV Rl e, R ST

4]

S s O 1 O
WS Mo

Sls +30 ) iee i S
BEEIT mesimnommass ponnasnbainnnd bt b

is & Lo siD. 1 8 ¢ 1}

L '1:-1--3I!II]-

19
FREQUENCY (radssec)

Figure 2-18. Compensated Open-Loop Bode Plot
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Figure 2-20. Compensated System Time Response
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1Dl SUMMARY

In this chapter, a review of system design and an
. overview of LCS-CAD was provided. Several noteworthy
)ﬁ , program features -re listed below.

.ﬁ} X The Input/Change Routines enable the user to

conveniently input and change transfer function block
descriptions.

‘“-r'-
3 M

o
B a

The automatic block manipulator synthesizes the user’s
input blocks into an equivalent loop transfer
function.

s
A
%*

The user has the ability to quickly and easily
generate Bode, Nyquist, Root Locus, and Time
Respouse plots.
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Additional program features are available which were

b v L)

.
»
R e

not discussed here, most importantly, +the "two parameter

2

Y,

- By
.

root locus"”. This procedure as well as the other program
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features will be discussed in detail in the following

1

chapter.

A )

";"
<,

Lt Ity
oA

AL
»

3
ey

Jn
&l e

e
1N AN
=7 3 S SR et St Gl W

b,
e

P e D
Lo A A

ol ey ot

‘__. \‘i"' 4
AR . e
-

o

31

:
=g

J
-, il Y

1

A

<.
e
AR
M 4a N

™\ Tt TR TR TR TR LTy AT R T T T - J RN PRI Ve T .'. e 0 R '.‘- A
M '}\‘\.Q'\(‘\ “\ W ‘\‘.'{‘J.( 0, Y ."‘h \\ % +'r LA < -‘R“-‘:\,"*.". LRI PRy )‘n ‘*-\.'.‘
A ot L M QWL ATN AR, R LB AW 0P L vy e X NP xb A8, ¥ N

WP W AN

- ¥

4 »

» L.
b »

¥ “




x
4
»

-2 L ] '-"\, ‘1--' /s
g - N R

an
"'!_
3

B

Ty

LAY
'!4[.‘

\“
"
o
]
n
]

e 4

T T L AT
}\‘.\. PN AT AT
M ELELS NG BERLIAR, b\ ~.-A‘uhuh. «_.u‘.u

ITI. DETAILED PROCEDURE MODULE DESCRIPTIONS

A. PROGRAM OVERVIEW
LCS-CAD has a hierarchical, menu-based structure that
allows the user general freedom to choose which design tool
he wishes to use. The "Main Menu" is the starting point of
the program and all other menus and utilities are available
from here. In fact, the body of +the main program,
"CAD.PAS", simply calls the procedure "MainMenu" repcatedly
until the user indicates that he is finished by typing <Q>.
The main menu procedure simply displays the menu shown
in Figure 2-3, and provides for branching to othe£
subroutines as requested by the user. A hierarchical
representation of th; Main Menu structure is shown in

Figure 3-1 below.

MAIN MENU

] [ l l ) L

INPUT| | Freq. Root Root 2-Param] | Time ||UTILITY
MENU Analysis| | Loct’n| | Locus| | Root L.||Resp. MENU

\-'l I—l_—,

Bode Nyquist Root_ Parser Matrix
Analysis| | Analysis Finder & Comp.i Routn.
l | l | {
PlotBode| { PlotNyaqs Plot Plot Plot

Figure 3-1. Main Menu - Functional Block Diagram.
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As seen in Figure 3-1, the rontine MainMenu can invoke

two other menus, the Input Menu and the Utilities Menu.

These will be discussed in detail later in this chapter.

Also reachable directly from +the Main Menu are the major

‘;,l' Pt :}:
L o Tia oy

analysis tools provided by the program, namely, frequency

analysis, both single and two parameter root locus, and

S =t

time response procedures. The frequency analysis portion

e

of the program offers both Bode and Nygquist plots. The
former represents system response as curves of phase
(degrees) and magnitude (dB) versus radian frequency
(logarithmic scale), and the latter displaying this
information as a polar plot of imaginary and real parts of
the magnitude.

The root locus programs include +the classical "gain
locus"” where +the system gain is varied over a user-
selectable range. The two-parameter root 1locus allows the
user to input the coefficients of a system’s characteristic
equation with two unknowﬁ parameters. The program then

increments each of the parameters through ranges specified

by the user and plots the resulting family of root locus

curves.

The time response routine allows the user to select

from a number of typical system inputs including step,
o ramp, impulse, and sinusoid as inputs to the current loop.
g The program then calculates the system’s response to the

L input and plots it.
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B. INPUT/CHANGE MENU ROUTINES

1. Input Menu Hierarchy
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The input and change routines are a collection of
procedures which allow the user to input and change the
block transfer functions of his system. There are thirteen
functional Pascal routines and numerous utility procedures
which implement the input, change, and block manipulation
functions. Figure 3-2 shows the hierarchy of these

functional procedures within the larger input routine.

INPUT MENU
{ { | { {
Trans_Funct Change_| |Add_ || Delete_| [ Save_j [ Retrieve
Input Block Block Block Block Problem
\ | l |
!
Block_Inp Make_Geg
|
! i
Input_ Input_
Factored Coeff
!
Expand_Poly RootFind
|
l
Make_Geq

Figure 3-2. Input Routine Functional Block Diagram.
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¢ 2. Input Utility Functions

One of the more difficult tasks in making a program

E& "user-friendly"” is validation of +the user’s input. This
f% includes, but is not limited to, checking for the correct
?? type of input (e.g., numbers, letters, or symbols), range
?? checking numeric input, and checking to ensure that the
;; answer makes "sense” (i.e., a "K" input does not satisfy a
G
-ﬁ% . "Y" or "N" question). If the validation fails, an
t{ intuitive and graceful procsdure must alert the user that a
jié mistake has been made and re-prompt for a proper response.
ﬁi Some of these tasks have been accomplished in LCS-CAD
aE? through a group of very useful input routines available in
Ei the public domain. The lroutines used include a
'5. menu-generation procedure ("MainMenu"), procedures to write
;fg - ‘ and center messages on the screen ("Msg” and "Center”), and
'g two very powerful input routines called "Input"” and
o
‘#Q “Input_Handler".
.2: The procedure "Input” is a simple procedure which
' can be called by the programmer, but serves as the base
 ? routine for the more sophisticated routine "Input_Handler".
-é Alone, Input will prompt for a single user-supplied entry,
f& check it for type and length, and even provide a default
& answer 1if so programmed. Additionally, the routine
.%: provides the user with rudimentary text editing
‘fﬁ capabilities such as backspace, insert, and delete during
2
e 35
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» keyboard entry. The syntax for a call to Input is given
2 below:

A

Input(type, derfault, col, row, length, uppercase, Fl1, F10);

where +type = 'A’ for alphanumeric,
N’ for numeric,

ol F’ for formatted (not used in LCS-CAD)

default text string to display default value
: col, row column and row on screen for prompt
. length number of character spaces in prompt field
‘: uppercase boolean. True to convert input to all u.c.
]

PR Nt e S

S g

F1,F10 boolean. True if function keys F1 or F10
pressed. Used only for Input_Handler
calls.

Type checking 1is automatically performed by the
procedure and if the user attempts to input an alphabetic
character in a numeric (N) field, for example, a "beep”
will be generated to alert the user and the character will
not be accepted. Once a wvalid input 1is supplied to the

) procedure and the <Return> key is pressed (signalling the
end of user input), the routine returns the user’s input in

W the global variable "Answer”. Answer is always returned as

a string-type variable, so if a number is expected, the

e

programmer must provide for conversion to a numeric type

via the built in Pascal function "val".

3 as e

The procedure "Input_Handler"” 1is a sophisticated,

o

full-page, input editor. The programmer is required to

il el S

predetermine each page lay-out and generate the necessary
textual prompts. A set of array elements deszribing the

desired input format is +then generated in the form shown

r below:
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Ptn] where n is limited to 40 elements.

The .contents of each P{] element is a coded, column-

dependent, descriptor field explained below:

Column Numbers Description
1-2 . . . . . . column for inpu: field to start
3-4 . . . . . . row for input field
5 . « +« « . . input type - A : alphanumerics,

N ! numeric,
F : formatted (not used),
$ dollar (not used)

6-8 . . . . . . 1length of the input field

9-10. . . . . element of the output global array
Filvar[] to store the user's input

11 . . . . . . set to T if Caps Lock is to be set

12-13 . . . . . default item number

i4-15 . . . . . prompt item number

16-17 . . . . . wvalidation number

Default, prompt, and validation numbers call the
procedures "Get_Default", "Say_Prompt"”, and "Do_Validation"
respectively. The procedures are primarily comprised orf
Pascal ‘'"case" statements that use the associated item
numbers to perform some programmer defined default, prompt,
or validation written into the case-statement. These
procedures will be described more fully when discussing the

LCS-CAD routines which use then.
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Input_Handler can now be called with the syntax:
Input_Handler( ’'5-character string’ );

where String Column Description
1. . . . N : new entries
C : changes to old entries
D : re-display of entry (not used)

first element of P[] array to use
last element of P[] array to use

If calling the procedure with "N" for new entries,
the contents of the corresponding output array element,
“"Filvar[]", is cleared and readied for new input. If "Cc~
is used, tle old value of ﬁhe associated Filvar variable is
displayed &s the default input for the field. This is
essential for full-screen editing of inputs. Input_Handler
calls the Input routine as described abo&e, but uses the
boolean variables F1 and F10 for access to all fields on a
screen. In the "N"- new entries mode, a user prompt is
displayed in the lower . left corner of +the screen
instructing the user to press Fl to edit the previous entry
on the screen. If in the "C" - change mode, an additional
prompt tells the user to press FJ10 to discontinue editing
on that screen. By using the F1, <Return>, and F10 keys,
the wuser c¢an quickly and effectively edit previously

entered screens of data to either change a problem or

correct erroneous entries.
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Input_Handler returns the user’s input to the

a calling program in the global variable array "Filvar". As

!%E with the Input routine’s Answer variable, all the Filvar

.%3 elements are string-type and must be converted if numeric
J input is needed.

132 These utility routines were helpful in developing

_}E LCS-CAD and are used extensively throughout the program for
v

3 user input. Several other subroutines are available in the

;ﬁ: package either for programmer use or to te called by the
ﬁi routines described here. Appendix A 1is a descriptive
fﬁ% excerpt from +the user’s guide supplied with these
'?S subroutines.

 2? | 3. Blocks Record

y}é ] LCS-CAD uses +*the transfer function block as the
&{ basic foundation element of the program. Not only does
:§ this have the advantage of being intuitive to the designer

7 accustomed to classical block manipulation design, but

facilitates algorithm design which is also simple for the

engineer to follow. Pascal handles this block-by-block

- design particularly well with its "record” structure. Each

A

. transfer function block 1in the wuser’s current 1loop is
i: described by one corresponding Pascal record. Each record
o .‘"

- is a logical grouping of all the parameters necessary to
xf' ' describe the block. This record structure is shown below
n:; ' .

uﬁi in Figure 3-3.
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BLOCKS = record
NZeros, NPoles
K
RealPartZero,
ImagPartZero,
RealPartPole,
ImagPartPole
NumCoeff,
DenCoeff
LeadNumCoeff,
LeadDenCoeff
FeedBack,
Factored

integer;
real;

PolyArray;
PolyArray;
Real ;

Boolean;

Figure 3-3. Blocks Record Structure

The record contains the order of +the numerator and

denominator polynomials

respectively.

contained in the arrays (of type
DenCoeff.

in the arrays RealPartZero

and imaginary portions of
respectively.
in RealPartPole and ImagPartPole.

"LeadNumCoeff"” and
"mormalize” and “"un-normalize”the
the polynomials.
require polynomials whose leading
for display,
These two

original input form.

those conversions.

..........

T AL g
Ll TR A L e

and ImagPartZero

"LeadDenCoeff" are
leading
That 1is, for calculations,

coefficient is

in the variables NZeros and NPoles
The coefficients of the polynomials are
PolyArray) NumCoeff and -

The factors of the numerator polynomial are held

the complex conjugate factors

Likewise, the denominator factors are stored

the polynomials must be converted back to the

real variables facilitate

\\\\\\\
-------

for the real

used to
coefficients of
the routines

one, but




.. "FeedBack" is a boolean variable that is true when
the block is in the feedback path and false when it is in
the forward path of +the loop. "Factored” is true if the
2 transfer function was initially input in factored form and
false if the input was in coefficient form.
N If the wuser inputs a block transfer function into
ji the program in coefficient form, the routine "RootFinder”
- is called +to generate the factors of the polynomials and
¥ store them in the appropriate record variables. In the ?4
case of factored input, the routine "Expand_Poly" provides
B, the coefficients of the expanded 'polynomials and stores -
them in the record variables "NumCoeff"” and "DenCoeff".
RootFinder and Expand_Poly will be discussed later. i
Once all the blocks in a loop have been input, the

procedure "Make_Geq" 1is invoked which reduces the transfer

functions of all the blocks in +the loop into a single

"equivalent” Dblock with an identical record structure as

2 all the other blocks. Most plotting functions and analysis

@Q tools use this equivalent block record for all their .

f; computations. i

%* 4. RootFinder Module 3

One of the most important routines in LCS-CAD is b
the procedure called “RootFinder". This sub-program’s <

function is to find the factors, or roots, of any given

g L3 )

polynomial. The procedure is used by the Input routine to i

VR PSSP Y I AN

o

find the poles and zeros of a transfer function input as a

41
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quotient of two polynomials. If is also called by the
root-locus and two-parameter root locus programs to find
successive roots of the transfer function while changing
the system gain or other parameters.

Procedure RootFinder uses Bairstow’s method to find
the roots of a polynomial with real coefficients
numerically [Ref. 1]. This algorithm iteratively searches
for a quadratic factor of a given polynomial and, when it
finds the factor, deflates the original polynomial and
repeats the process. The algorithm is outlined in Figure
3-4. Procedure RootFinder i; called and passed the order of
the polynomial (N), the polynomial coefficients (Coeff) in
array form, the initial guesses for P and Q (P1 and Q1),
and returns two arrays of real and imaginary roots
(RealPaftRoot and ImagPartRoot). RootFinder first
normalizes the input polynomial +to have a leading
coefficient of one and loads the polynomial into an array
A. The B and C arrays are initialized to contain all
zZeros.

The procedure checks the input polynomial order and
handles the simple cases of a zero, first, or second order
polynomial. If higher order, the procedure invbkes the
Bairstow algorithm and computes a quadratic factor. When a
factor is found RootFinder calls a supplementary procedure
named Solve_Quadratic to determine the complex conjugate

roots using the classical quadratic equation. With the "B"

42
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,
ﬁ Given an nth degree polynomial:
t$ asxn + ag4xn-1 + . . ., + an+2x + an+3 ,
?k and the initial coefficients P and Q@ of the quadratic
o factor:
5
x2 - Px - Q, S
e then ‘
¢i Set B(1l), B(2), C(1), and C(2) = 0. :
K- DO WHILE DeltaP > epsilon (tolerance value), or :
fﬁ Delta®@ > epsilon,
i DO FOR J = 3 ton + 3 step 1, e
e Set B(J) = A(J) + P ¥ B(J-1) + Q@ ¥ B(J-2).
- Set C(J) = B(J) + P x C(J-1) + Q x C(J-2).
K- Set DENOM = C(N+1)2 - C(N+2) * C(N).
3 IF DENOM = O THEN
ah Set P = P + 1.
= Set @ = Q + 1.
A Repeat from beginning.
R ENDIF.
o Set DeltaP = [ -B(N+2) * C(N+1) + B(N+3)
.‘“ * C(N) ] / DENOM.
;d Set Delta@ = [ -C(N+1) * B(N+3) + C(N+2)
. X B(N+2) ] / DENOM.
4 - Set P = P + DeltaP.
» Set @ = Q@ + Deltaq.
R, ENDDO.
;i ENDDO.
’, . |
S Figure 3-4. Bairstow’s Algorithm
'E array now holding the deflated polynomial of order n-2, :
f'_' I
. theprocedure checks again for the simple low-order cases J
L and solves the remainder of +the problem or continues ‘
tf .‘ '
Q: searching for another quadratic factor. To 1look for 's
;% another quadratic factor, the B matrix coefficients are 1
;; loaded into the A matrix and the entire procedure is E:
A £
:ﬁ repeated. g
-‘. N \A
E RootFinder operation is affected by two parameters :
oy

which are somewhat arbitrarily selected. These are

r=aty

. '.«"~ 4 3




Epsilon, the acceptable error, and IterationCount, the

number of times the procedure will repeat the search for a
factor. If Epsilon 1is chosen to be very small, and
IterationCount very large, the accuracy of the solution
should improve, but the execution time of the procedure
will be degraded. Currently, Epsilon 1is 0.00001 and
IterationCount is 40. In program tests against known
results these two constants have provided satisfactory
results without noticeable execution time degradation.

5. Polynomial BExpansion Routine

The procedure Expand_Poly takes as input a set of
real and complex conjugate factors and expands them into a
f% polynomial with real coefficients. There are numerous
algorithms to accomplish this, but the most intuitive one

was selected for use in LCS~CAD. The process here follows

closely the steps one would take if performing the
operation long-hand. The steps are outlined in
Figure 3-5. |

? The process 1is best explained by example. Assume
that the following set of factors is to be operated on by
the subroutine Expand_Poly algorithm.

(s + 1+ jl1.414)(s + 1 - jl.414)(s + 4 + jO)

W The first two factors constitute a complex
conjugate pair since their real and imaginary parts have
¢ the same magnitude with the imaginary parts differing in

sign. When these two factors are multiplied together, the

[T
»

44

) .. . . - . e T Sy gy s =
b CRRR TR TR TR TR R ST, LIPS T T S L e e Wit S, PR
uh-.\( N S LS R I S s NI Mo Y - o R GO R FiLns I .,

. + 2 X PRS0

AU CHCNEAS,



r
=

o n

e

’ »

'l‘.“l‘

Fa

¥

oL
o
Y

R
»” L

)

-----

--------

result will be a real-coefficient, quadratic polynomial.
For this particular example the product of the conjugate
pair will be

( s2 + 23 + 3 ).

The program will recognize that, since there is a
non-zero imaginary part of +the first factor, a complex
conjugate pair 1is present in the problem and resolve this
first by forming the quadratic as above. To accomplish
this, TEMP[1] will be set to 12 + 1.4142 or 3.0, and
TEMP[2] will be set to (2 * 1) or 2.0, 1in accordance with
thé algorithm.

Assignments to POLY will be identical and the order
of the system, originally three, will be reduced to one.
This will leave only the (s + 4) factor to deal with in the
subsequent step. So the program will examine this next
factor and determine it to be real. HOLD[1] will be set to
three and HOLD[2] will be set to zero. This initial setup
is shown in Figure 3-6.

Now the polynomial in POLY is shifted left one place
to simulate multiplying it by the unity coefficient of the
s~term in the (s + 4) factor. Finally, the contents of
TEMP are multiplied by HOLD[1] and added to +the shifted
POLY contents as seen in Figure 3-7.

The addition indicated in Figure 3-7 yields the
polynomial with coefficients

1s3 + B6s2 + 1lls + 12 .
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rﬁ These coefficients are stored back into the array TEMP and 4
oA
Ei the process continues if there are more factors.
:"_)}
W Given n real or complex factors of a polynomial:
i
%} (s + a1 + jb1)(s + az = jbz)...(s + an * jbn)
e
'. where a’s are real and jb’s are imaginary or zero, -
E:. then
§§ Set Temp[i] and Poly({i] = 0. {for all i to n}
2 order = n.
o
: IJF b = 0 THEN {real value}
» Set TEMP[1] = POLY[l] = a1.
th Set TEMP[2] = POLY{[2] = 1.
§q Decrement order by 1.
g} ELSE
5 Set TEMP[1] = POLY[1] = ai2 + b12. {conjugate mult}
o Set TEMP[2] = POLY([2] = 2 % a1.
fﬁ Set TEMP([3] = POLY[3] = 1.
k. Decrement order by 2.
Sy ENDIF.
'fg WHILE order > 0 DO
(f IF b = 0 THEN
"N Set HOLD[1] = ai.
1§: Set HOLD[2] = 0.
b Set POLY = ShiftLeft(POLY).
3} Set POLY{1] = 0.

Set POLY = POLY + (TEMP * HOLD([1]).
Set TEMP = POLY.

" Decrement order by 1.

E: ELSE

< Set HOLD[1] = ai2 + bi2. {conjugate multiply}
_? Set HOLD[2] = 2 X ai.

B Set HOLD[3] = 1.

L Set POLY = ShiftLeft(POLY).

- Set POLY[1] = 0.

’: Set POLY = POLY + (TEMP x HOLD[2]).
lb Set POLY = ShiftLeft(POLY).

- Set POLY[1] = 0.

e Set POLY = POLY + (TEMP x HOLD[1]).
£ Set TEMP = POLY.

A Decrement order by 2.

k-, ENDIF.

5 ENDDO.

" Figure 3-5. Expand_Poly Algorithm
i§
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3-6. Initial Contents

Figure 3-7. Array Contents After Third-Factor Operation

In the actual program implementation, the conjugate

AT RS

multiplication is developed as a separate procedure called

e

ot il |

"Conjug_Mult" for program readability. Also, the
coefficients in the final result stored in the POLY array

are reversed to conform to the established storage order

protocol.




Building the Equivalent Loop Block

An essential element of the LCS-CAD program is the
"Make_Geq"” procedure. This routine calculates the

equivalent block transfer function from all +the blocks in

the user input loop. Conceptually, the process is a simple

one, and because of the block record structure, the
algorithm, too, is relatively straightforward.

For a given loop each of the transfer function
blocks will be in either the forward or feedback path. The
first step will be to conden<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>