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1. 

SYNOPSIS 

This thesis is concerned with the application of interac tive 

computer-aided design techniques. These techniques are graphical 

and based upon conventional control theory. They are the time­

response, frequency-response and root-locus techniques. 

The design philosophy based on the above design techniques is 

that an appropriate compensator is inserted and the overall 

system performance is studied. The graph representing the system 

performance after each adjustment of the compensator is adjusted 

until the performance specifications are met. 

The Computer techniques are developed which, having sp ecified the 

fixed configurations of the original system, permit varied 

choice of the compensator. For each selection, the control system 

may be inves tigated in either open- or closed-loop form. The 

software for computer-aided control system design is programmed 

in Algal and operates on the Massey University B6700 computer 

system, 

The program is operated via a Tektronix 4010 visual display 

terminal in an online interactive mode. The control designer, 

at the Tektronix console, is able to specify certain designs 

and evaluate their effectiveness in terms of various graphical 

analyses produced by the computer and displayed on the screen 

of the Tektronix. 
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4 . 
CHAPTER ONE 

INTRODUCTION 

This thesis is concerned with the application of computer­

aided design to classical control theory, In classical control 

theory, much of the effort of control system design is concerned 

with the generation of charts for such aspects as time response, 

root locus and frequency response characteristics, These charts 

are time consuming to prepare by hand, even though short cut 

techniques are often available to obtain sketches which closely 

approximate the actual characteristics. 

A digital computer is able to assist in these conventional 

design procedures by generating the approp · uate charts for 

inspection by the designer, thereby taking much of the manual 

effort out of the design processes, 

This thesis describes the development of an interactive 

design package. Software for computer-aided control system design 

has been programmed to operate, via a visual display terminal, 

in an online interactive mode, The control designer, using the 

terminal console, is able to specify certain designs and evaluate 

their effectiveness in terms of the various graphical analyses 

produced by the computer and displayed on the screen of the 

terminal. 

The computer-aided approaches to control system design are 

applicable to linear models. Although this assumption of linearity 

is not exactly valid for most practical systems, it is a realistic 

approach for three reasons: 

1. Many systems are essentially linear under normal operating 

conditions, 

2, Slightly nonlinear systems usually may be approximated 

with sufficient accuracy by assuming linearity. 
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3. At present adequate mathematical methods for solving 

non-linear equations have not been developed. 

In this thesis, the system characteristics are determined by 

time-response,frequency-response and root-locus methods. The 

time-response method is a direct way of considering the system 

performance in the time-domain, The output response is derived 

for given inputs, The direct solutions of the differential equa­

tion of the system following a step input are plotted on an 

"output versus time" graph. The system performance is specified 

in terms of the information obtainable from this graph. 

For the frequency-response methods, the frequency of 

sinusoidal oscillation of the input signal is varied over a 

certain range and the resulting frequency-response is studied. The 

results are plotted on graphs such as the Bode diagrams, Nyquist 

diagrams and Nichols charts, The root-locus method is a graphical 

method used to evaluate the roots of the characteristics equation 

of the system transfer function and determine the influence of 

the system parameters on thes e roots. This method provides a 

very effective way to carry out many design problems with 

requirements specified in the time-domain. 

The design philosophy based on the above graphical approaches 

is that the graph representing the system performance, obtained 

by any of the above methods, is shaped and reshaped until the 

performance specifications are met. To achieve this, appropriate 

compensation networks are usually required within the control 

system structure , 

Computer techniques have been developed which , having specifie < 

the fixed configurations of the control system, permit varied 

choice of the compensator, For each selection, the control system 

may be investigated - either in open- or closed-loop form~ using 
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any of the above methods, The software for computer-aided control 

system design is programmed in Algol and operates on the Massey 

University B6700 computer system, The interactive terminal is via 

a Tektronix 4010 visual display unit, The designer, at the 

Tektronix console, is able to adjust the designs in order to 

improve the system performance by shaping various graphs displayed 

on the screen of the Tektronix. Given a particular control system 

structure, which may be either open•loop or closed-loop, the 

designer may request the following options: 

A display of the system time response following a step 

input. 

A Bode diagram display of the system frequency response. 

A Nyquist diagram display of the system frequency respons e 

A Nic hols chart display of the system frequency response, 

& A Root-locus plot display of the roots of the system 

characteristic equation as the system gain varies. 

The designer seeks to satisfy all performance specifications 

by means of educated trial-and-error repetition, Although the 

design is based on a trial-and-error procedure, the experience of 

the designer plays an important role in a successful design. An 

experi enced designer will be able to achieve an acceptable system 

design using fewer trials, 

Chapter Two in this thesis describes the analysis and design 

techniques that have been utilized, namely time-domain, frequency­

domain and root-locus techniques. Chapter Three outlines the 

· structure of the software for computer-aided control system design, 

detailing the methods employed to implement some of the concepts 

discusse<l in chapter two, and also specifies how the system is 

used, Chapter Four presents several illustrative design examples, 

along with the computer generated graphs \ 

-00000-



CHAl?TER TWO 

SYSTEM ANALYSIS AND DESIGN 

2.1 INTRODUCTION 

This chapter describes some of the analysis and design 

techniques for linear control systems. These techniques are 

graphical and based upon conventional control theory. 

7. 

A computer is able to assist in these design procedures by 

generating the appropriate charts for inspection by the designer, 

thereby taking much of the manual effort out of the design 

processes, 

To design a control system to meet given performance 

specifications, it is necessary to determine the characteristics 

of the system that is to be controlled either in the time domain 

or frequency domain, Given such characteristics, several graphical 

methods are available for analysis and design, namely time, response, 

root-locus and frequency response methods, 

The frequency response methods consist of the Bode, Nyquist 

and Nichols chart techniques. The design philosophy based on 

these graphical approaches is that the graph representing the 

system performance, obtained by any of the above methods, is 

shaped and reshaped until the performance specifications are met. 

To achieve this objective, appropriate compensation networks are 

usually required, The control system configuration that is 

considered is shown in Figure 2.1 (it is assumed that G(s) and 

H(s), are fixed configurations over which the designer has no 

control). 

Computer techniques have been developed which, having 

spetified G(~) and H(s), permit varied choice of Gc(s). For 

each selection, the above system may be investigated - either in 

open-loop or closed-loop form - using any of the above methods. 
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In the following sections, different design techniques are 

desoril:)ed with most attention focussed on root-locus and 

frequency-response design techniques . The time-response technique, 

though it can be used for control system design with trial and 

error methods, is more useful for checking time-domain performance 

following the implementation of a design based upon frequency 

or root-locus techniques. 

2.2 TIME~RESPONSE METHOD 

2.2.1 Time r e s pon se analysis 

The most direct method of analysis 1s to consider the 

system performance in the time domain. The output response 1s 

derived for given inputs. The step function is the most useful 

form of input since control system performance is normally 

described in terms of step function response, 

Direct solutions of the system differential equation 

following a step input, are plotted on an "output versus time" 

graph, with the condition that the system is at rest initially. 

This graph can be broken into two parts, steady-state terms which 

are directly related to the input, and the transient terms which 

are either expo nent ia l or oscillatory with an envelope of exponen­

tial form. 

The required transient~response characteristics of a control 

system following a step input; are commonly specified in terms 

of time delay, rise time, overshoot and settling time. These 

time domain specifications are described in Appendix B. 

A satisfactory system performance has: 

very small rise time, delay time and settling time . 

an overshoot not exceeding about 30 percent 

a subsidence ratio of about 3 : 1. The subsidence ratio 

is the ratio of the amplitudes of successive cycles in a 

decaying oscillation and no offset (or steady - state error). 
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Since overshoot and rise time conflict with each other, 

high accuracy and good stability are incompatible, and a good 

design is a compromise between the two, It is therefore desirable 

that the transient response must be sufficiently fast and suffi­

ciently damped. 

2,2,2 Time response design 

The computer method employing the time response desi gn 

technique is a trial and arror approach. Given the transfer 

functions G(s) and H(s) of the fixed configurations of the system 

in Figure 2.1, a compensator G (s) is inserted and the transient 
C 

response of the overall control system to a unit-step input is 

then generated, 

The resulting response provides information of the system 

performance, such as overshoot, rise time, delay time , etc .... 

This information permits the selection of G (s) in a trial and 
C 

error manner, i,e, the designer seeks to satisfy all the performance 

specifications by means of educated trial and error repetition. 

Setting the ga in is the first step in adjusting the system for 

satisfactory performance, In many practical cases, however, the 

adjustment of the gain alone may not provide sufficient alteration 

of the system behaviour. As is frequently the case, increasing the 

gain value will improve the steady-state behaviour but will result 

in poor stability or even instability. It is then necessary to 

r e design the system by incorporating additional compensators. 

Since the effects of the basic control action, such as 

proportional, integral and derivative control are known 1 . 

their combination such as proportional~plus-derivative (P.D), 

proportional-plus-integral (P.I) and proportional-plus-integral­

plus-derivative (P.I.D) control actions may be employed to provide 

various modifications to the behaviour of the original system. The 

compensator transfer function G (s) may take any of the fo llowing 
C 



forms: 

G (s) 
C 

= 

= 

1 Kp(p + Ts) 
I 

11. 

(proportional - integral control) 

(proportional ~derivative control) 

G (s) 
C 

= Kp(l + T1
15 

+ Tds) (proportional-integral-derivative 
control) 

where Kp represents the proportional gain 

TI represents the integral time 

Td represents the derivative time 

Kp, T1 and Td are adjustable, 

The selection of Gc(s) may be made as follows: 

- If an offset is tolerable within limits, a proportional action 

may be used since it is simple and least expensive, (This 1s 

equivalent to the adjustment of the loop gain.) 

- If no offset 1s tolerable, (P , I) action can be used, but at 

the expense of a more oscillatory behaviour, 

- (P.D) control action increases the stability of the control 

s ystem by introducing damping , 

- (P.I.D.) control action stabilizes: t he control s ystem and 

eliminates offset. It also permits increased sensitivity, and 

consequently increased speed of response. 

Overshoot may be reduced by decreasing the value of Kp. This 

however results in a slower response. Overshoot can also be reduced 

by increasing TI at a lesser expense to speed of response. 

However, overshoot is not l owered by increasing Td, The speed 

of response is significantly increased by increasing the value of 

T r10 
d" 

Hence, to decrease overshoot without seriously slowing the 

response, a combination of changes needs to be made. Similarly, 
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a better control system response with minimum oscillation, 

lower overshoot, low rise and response time and with no offset 

is devised, a series of possible combinations should be tried to 

reduce Kp slightly and to increase T1 and Td moderately. 

In addition to the above basic control actions in combination, 

other types of compensation, such as lead , lag and lead-lag comp­

ensation may be used to improve the control system behaviour, 

The particular situation determines the type of the comp ensation 

to be used. 

- Lead compensation e ssentially yields an appreciable improvement 

in transient response and a small improvement in steady-state 

accuracy (with similar properties to derivative control). The 

transfer function of a lead compensator is 

+ 

1 
s + T 

s +!T 
a 

(Appendix C) 

where O<a<l, a= .1 is a sensible practical value, 

Value of T may be adjusted arbitrarily until a satisfactory 

system performance is reached. 

- La g compensation, on the other hand, yields an appreciable 

improvement in steady-state accuracy at the expense of increasing 

the transient response time (with similar properties to integral 

control), 

The transfer function of a lag compensator is 

G 
C ( S) = 

1 (s 

s 1 
s + -

(3T 
(See Appendix C) 
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Lead-lag compensation combines the characteristics of 

both lead compensation and la g compensation, i.e. le ad-lag 

compensati on yie lds both fast response, and good static accuracy . 

The trans fer function of a lead-l ag network is: 

= 

1 1 
1 s + s + -
- ( r, )C--T~z-
~ s + ¾r 1 s + ½r 2 

) K 
C 

If a is chosen to be½, then a lead-lag compensator is a 

combination of lead and lag compensators, 
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2.3 ROOT-LOCUS METHOD 

2,3.1 Root-locus analysis 

In the root - locus analysis problem, it is important to locate 

the closed-loop poles in the s-plane, In the design of closed-loop 

control system, it is desired to adjust the open-loop poles and 

zeros so as to place the c losed-loop poles and zeros at particular 

locations in the s-plane, A simple method for finding the roots 

of the characteristic equation has been developed by WR. Evans 

and used extensively in control engineering 2. This method, called 

the root-locus method, is one in which the roots of the character­

istic equations are plotted as the open loop gain constant is 

varied from zero to infinity, Consider the feedback control system 

given below: 

R (s) 
~-G (_s)____, 

C (s) 

The closed-loop transfer function of this system is 

Let the open 

G (s) • H (s) = 

C ( s) = 

ITTsT 
loop T.F 

KA(s) 

B(s) 

G (s) 
1 + G(s). H(s) 

G (s) , H(s) be represented by 

K (a.
0 

sm + m-1 + + a 1s a1s ... m-
= 

(b
0

s n + b1s n-1 + + bns + ... 
+ ad) 

bo) 

where A(s) and B(s) are the finite polynominals of the complex 

· variables, m < n and K is the open - loop gain factor - the closed­

loop transfer function then becomes 

(overleaf) 



C(s) 
RTsT = 

+ 

1 + 

G(s) 

KA (s) 

B(s) 

G(s), B(s) 

B(s) + KA(s) 

15, 

The closed-loop poles are the roots of the characteristic equation 

B ( s ) + KA ( s ) = 0 ( 2, 1) 

In general the location of th.ese roots in the s-plane changes 

as the open-loop gain factor K is varied. A locus of these roots 

plotted in the s-plane as a function of K is called the root-locus. 

For K equal to zero, the roots df (2.1) are the roots of 

the polynominal B(s), which are the same as the poles of the open­

loop T~F G(s), H(s). 

If K becomes very large, the roots approach those of the 

polynominal A(s), which are the open-loop zeros, Thus as K is 

increased from zero to infinity, the loci of the closed-loop 

poles originate from the open-loop poles and proceed toward and 

terminate at the open-loop zeros, 

For this project, the roots of the characteristic equation 

are computed and plotted by a digital computer, the rules for 

constructing root loci from the open-loop roots are therefore 

not considered. 

Stability 

The system is unstable for all values of K for which any of the 

loci pass into the right-hand half of the s-plane, i.e~ poles with 

positive real parts. The system is simple harmonic, in which case 

the output is a stable 1!.IIlplitude sinusoidal oscillation, for any 

value of K for which the closed-loop poles are on the imaginary 



axis (i.e. poles with zero real parts), 

Angle and magnitude c ondition 

16 , 

In order for a branch of a root-locus to pass thr0ugh a 

particular point s1 in the s-p1ane , it is necessary that s 1 be 

a root of the characteristic equation (2,1) for some real value 

of K. 

That is 

or 

B(s) + KA(s) = 0 

1 + G(s),H(s) = 0 

KA(s) 
B (s) 

= -1 (2.2) 

therefore the cornpl-e x number GH(s) must have a phase angle of 

= ±180(2K + 1) (K = 0,1,2,., .. ) 

This is the angle condition, 

In order for s1 to be the root-locus, it is necess a ry that 

Fig (2.2) be satisfied with regard to magnitude in addition to 

phase angle. 

This is the ma gnitude condition 

Dominan t clo s ed- loop pole s 

Those closed-loop poles which have dominant effects upon the 

transient-response behaviour are called dominant poles. They a re 

the poles nearest to the jw ax is, 

Dampi ng rati o from the roo t -locus 

The gain factor K required to give a specified damping C 

(or vice-versa) is easily determined from the root-locus, A line 

is drawn from the origin at an angle of plus or minus e with the 

negative axis, where 
~1 e = cos C 

The gain factor at the point of intersection with the root-locus 

is the required value of K, 
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2.3,2. Root~locus design 

Design problem 

The root-locus method can be used very effectively in the 

design of control systems because it graphically illustrates the 

variation of the closed-loop poles as a function of the gain 

factor K. In its simplest form, the design is accomplished by 

choosing a value of K which results in a satisfactory closed-loop 

behaviour. If it is not possible to meet system specifications in 

this way, another form of compensation can be added to the system 

to alter the root-locus in the required manner. 

The closed-loop system transient and frequency responses are 

determined by the location of the closed-loop pole s . If the system 

has only two closed-loop poles and no finite zeros, performance 

parameters such as percentage overshoot, rise time, and 3db 

bandwidth are directly related to the damping ratio 6 and undamped 

natural frequency wn of the poles. For higher order systems the 

relationship of these parameters to the closed-loop poles and 

zeros becomes more complicated and it is necessary to resort to 

standard curves or tables for this information, However, in many 

instances a higher order system may be approximated by a second or 

cr third order system by using a dominant pole-zero approximation 5 

Specifications on allowable steady-state errors usually take the 

form of a minimum open-loop gain factor, expressed in terms of 

the error constants. (Appendix A) 

Cancellation compensation 

If the pole-zero configuration of the plant is such that 

the system specifications cannot be met by an adjustment of the 

open-loop gain factor, a cascade compensator, as shown in Fig.2.2 

can be added to the system to cancel some or all the poles and 

zeros of the plant, When poles of the plant are cancelled by ~eros 

of the compensator, the compensator also adds new poles to 
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the forward loop transfer function , 

The philosophy of the compensation technique is then to 

replace undesirable poles, Once the effects on the root - locus of 

the addition of poles and/or zeros are fully understood, the 

locations of the pole(s) and zero(s) of the compensator can be 

readily determined in order to reshape the root-locus as desired, 

Effects of the addition of poles 

The addition of a pole to the open ~loop transfer function has 

the effect of pulling the root-locus to the right, tending to 

lower the system's relative stability and slow down the settling 

of the response. Figure 2,3 shows examples of root-loci illustrating 

effects of the addition of a pole to a single pole system and the 

addition of two poles a single pole system. 

·Effects of the addition of z e ros 

The addition of a zero to the open-loop T.F has the effect 

of pulling the root-locus to the left, tending to make the system 

more stable and to speed up the settling of the response, Figure 

2 , 4 shows the root-locus plots for the system when a zero is added 

to the open-loop transfer function, 

The procedures for designing a lag-lead compensator may be 

stated as follows: 

(a) From the given performance specifications, determine the 

desired location for the dominant closed - loop poles. 

(b) In order to have the dominant closed - loop poles at the 

desired locations, calculate the angle contribution ~ 

needed from the phase lead position of the lead - lag 

network' , 

(c) Using the 

G (s} 
C -

transfer function of the lead - lag compensator: 
1 1 

= s +~. s +½ 
A. .. I' . l(c 

s +_f-'_ s +-oii, 
Tl pT2 



R 

C( s ) G(s) 

C 

compensator 
l _____________ j 

(a) 

Fig . 2.2 Compensated system 
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(b) 
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determine the constant K from the requirement on the 
C 

particular error coefficient specified in the design 

problem, 

20, 

(d) For the lead - lag compensator, we choose T~ sufficiently 

large so that 

i s approxifla te lj unity, where 

~~s1 in one of the dominant closed-loop poles. 

and 

(e) 

and 

and B from the requirements that 

1 

1 j 1+ ½ 
s + B/Ti 1 

= 0 

Using value of B just determin ed, fhoose T2 so that 

51 +~ # 1 

~ +__!_ 
. l BT 

2 

s + 1 

o .{ 1 Tz 

-L s + 
1 f,T 2 

The val ue of BT2 , the largest time constant of the lag-lead 

network, should not be too large to be physically realized. 

By choosing T2 sufficiently large, Fig . (2.3) becomes 
· l 

Gc(s) = 
5 

+~ l(c (2,4) 

s + PIT1 
which is the transfer function of a lead ~compensation network. 

Steps a,b,c, (with Gc(s) from Fig. (2 , 4) and d may be 

followed to design a lead compensator, 

Similarly, by choosing T1 sufficiently large, Fig. (2.3) 

becomes 

s + 

K 
C 

( 2. 5) 



which is the transfer function of a lag-compensation 

network. 

To design a lag compensation network, choose S between 

21. 

1 and 15 (S = 10 is a good choice) and follow steps a, C (with 

Gc(s) from Fig,(2,5) and e. 

Example: The following example illustrates the design of a lead­

lag compensator, following the stated procedures, 

Consider the control system shown below 

4 
s(s + 0.5) 

The feed forward transfer function is 

G (s) = 4 
s(s + 0.5) 

It is desired to make the damping ratio equal to 0,5 and to 

increase the undamped natural frequency to 5rad/sec and the 

static velocity error coefficient to 50sec- 1 , A lead-lag 

compensator is designed to meet all the performance specifications. 

From the performance specifications, the dominant closed­

loop poles must be 

s = - 2.5 ± j 4.33 

since 

4 
s(s + 0.5) = - 2 3 5° 

- 2. 5 + j 4. 33 

the phase lead portion of the lead-lag network must contribute 

55° so that the root locus passes through the desired location 



of the dom inant closed-loop poles. 

The compensated sys tem will have the transfer function 

= s + 1/Tl 

s + /T1 

s + l/T2 

1 
s + /ST 2 

l G (s) 
C 

The s tati c ve}ocity er ror coefficient therefore becomes 

K = lim s G (s)G (s ) = lim sKcG(s) 
v s+O c s+O 

The requirement on the s tatic velocity error coefficient is 

K = SOsec-l 
V 

Thus 

K v. = l im 
s +O 

s4K 
C 

s(s + 0 . 5) 

= 8Kc = SO 

hence K = 6.25 and compensated open- loop trans f e r function 
C 

becomes 

( 
1 ) s + / T1 G (s) . G( s ) = --~ 

C s + /Tl 

since T2 is chosen large enough that 

1 s + -
T2 

1 
s + /ST2 

It 1 

( s ( s ~\.J 

22. 

if it is requir ed that th e closed-loop po les lie at s = -2.S±j4. 33 

the magnitude condition becomes 

s + 1/Tl 
= 

s = -2. 5 + j4.33 s + S/Tl 

1 
s + -

Tl 
= 

s + 6/T1 

and the angle condition becomes 

s = -2. 5 + j4.33 

25 

s(s + o. 5) s = -2.5 + j4. 3 

5 

4.77 

= ss0 

= 1 
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It is a s imple ma tter to graphically determine the v alues 

of T1 and e that satis f y these magnitude and angle conditions . 

Referr ing to Fig. (2,5), we can easily loca t e points A and B so 

that 

APB = 55° , = t PA 

PB 
4.77 
-5-

Graphically , from Fig . (2 . 5) 

AO= 0.5 , BO= 5 

Hence 
f3 

= -0 .5 , - /T 1 = -5 

Thus T1 = 2 , f3 = 10 

Therefore , the phase lead position of the lag-lead network 

becomes 
s + 0.5 
s + 5 

For t he phase lag position of the l ag- l ead network, it is 

required that 

# 1 

S + / T 10 2 S = -2 . 5 + j4 .3 3 

0 < 
S + l /T2 

s. + 
1

1101'2 
S = - 2.5 + j4.33 

Choose T2 = 10 

, Then the transfe r function of the lead-lag compensator is 

G c ( s) =(, : : ¥) (~ : ~: ~ l ) 6 . 2 5 

And the compensated system will have the open-loop transfer 

fun ct ion 

= 25 ( s + 0 . 1) 
s(s + 5) (s + 0 . 01) 
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Because the angle contribution of the phase lag portion of the lead­

lag network is quite small, there is no appreciable change in 

the location of the dominant closed-loop poles from the desired 

location, s = 2,Sj ± j4,33, Therefore, the compensated system 

meets all the required performance specifications. 

Thus, given the unalterable plant transfer function G(s), the 

following procedure is applied to choose the necessary compensating 

network C(s): 

1. Plot the root-locus of the given plant transfer function G(s). 

2. Examine the loci to see if it is necessary to "pull" it to 

the left, making the system more stable and speeding up 

the settling of the response, To achieve this, the dominant 

pole(s) which results in oscillation, is approximately 

cancelled by the compensating network zero(s), replacing it 

with insignificant pole, The effect is to distinctly alter 

the root locus, moving the oscillatory poles to the left. 

3. If poles with small damping ratios are present in the 

plant transfer function, they may be cancelled and replaced 

with poles which have larger damping ratios. 

Although this conpensation technique is simple, the 

difficulty encountered in applying it is that it is not 

always apparent what open-loop pole-zero configuration is 

desirable from the standpoint of meeting specifications on 

the closed-loop system performance. 

Lead-lag compensation 

Lead compensation essentially yields an appreciable improvement 

in transient-response and a small improvement in steady-state 

accuracy. 

Lead compensation on the other hand, yields an appreciable 

improvement in steady-state accuracy at the expense of increasing 
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the time response. Lead-lag compensation combines the character.._ 

istics of both lead and l ag compensation. 

The trans fe r function of the lead-lag network is 

2 .4 FREQUENCY-RESPONSE METHOD 

2.4 .1 Introduc t ion 

l{ 
C 

(2.3) 

The term " frequency-response", means the steady-state 

response of a sys tem to a sinusoidal input. For frequency-response 

methods, the mo s t conventional methods available to control 

engineers f or analysis and design of control systems , the 

frequency of the input signal over a certain range 1s varied and 

the re sulting frequency-response is studied. The results are 

plotted on graphs such as Nyquist diagrams, Bode plots and Nichols 

chart plots. A digital computer is of tremendous assistance in 

accom._plishing the tedious task of plotting point by point, 

especially when the system transfer function is of high order. 

Design in the frequency-domain is simple and straight­

forward. The frequency-response plot indicates clearly the manner 

in which the system should be modified in order to obtain the 

desired transient-response characteristics. 

Bode diagrams are convenient to use if we desire a certain 

phase or gain margin. On the other hand, if a certain value of 

the resonant peak value M is required, the Nyquist or Nichols r 

~hart plot is more convenient to use. Usually Nyquist design 

techniques provide rapid evaluation of stability of the system 

and they are thus used to supplement other methods. 

2.4.2 Bode design 

Bode design techniques employ graphical representation of 

the open-loop transfer function GH(jw), both plotted as a 
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function of frequency w, Logarithmic scales are usually used for 

the frequency axes because the magnitude and phase angle may be 

graphed over a greater range of frequencies than with a linear 

frequency axis. The magnitude G(jw) for any value of w is 

plotted on a linear scale in decibel (db) unit, where 

db = 20 log 20 G(jw) 

The phase angle, in degrees, is plotted on a linear scale. 

Fig, 2.7 shows the Bode representation of a second-order 

transfer function. From Bode diagrams, information such as gain 

and phase margins, bandwidth, cut - off frequency, resonant peak 

and resonant frequency may be obtained. There frequency-domain 

specifications are described in Appendix B. 

Stability of the system 

In most cases positive gain and phase margins obtained 

from the o/p-loop T- F will ensure stability of the closed-loop 

system, If the open-loop gain is increased by the gain margin 

the overall gain at 180° phase shift will be unity (odb), and 

the system is on the verge of instability. 

Negative gain and phase margins indicate an unstable system. 

For satisfactory performance, the phase margin should be 

between 30° and 60°, and the gain margin should be greater than 

6db. 

Bode design, 

Design of a control system using Bode techniques entails 

shaping and reshaping the Bode magnitude and phase angle plots 

until the system specifications are satisfied, Setting the gain 

is the first step in shaping the Bode plot for better performance. 

In many practical cases, however, the adjustment of the gain 

alon~ may not provide sufficient alteration of the system 

behaviour. It is then necessary to shape the Bode plots by 

adding cascade or feedback compensation in order to alter the 



overall behaviour so that the system will behave as desired . 

Lead compensation 

The lead compensator, presented in Appendix B, has the 

following Bode form of frequency response function. 

jw + l /T 

Gc(jw) = jw + 1 /aT (a < 1) 

28. 

The primary function of the lead compensator is to reshape 

the frequency - response curve to provide sufficient lead angle to 

offset the excessive phase lag associated with the components of 

the fixed system, 

Assume that a unity feedback system is given, It is desired 

to satisfy the performance requirements, which are given in terms 

of phase margin, gain margin, error coefficients, etc. The pro­

cedures for designing a lead compensator may be stated as follows: 

(a) Determine the open-loop gain to satisfy the requirement 

on the error coefficients. 

(b) Using the gain K thus determined, plot the Bode diagram of 

the open-loop system and evaluate the phase margin of the 

uncompensated system. 

(c) Determine the necessary phase lead angle 0 to be added to 

the system , 

(d) Determine the attenuation factor a by use of Eq. 

• r11 1 ..,.. a 
s1n)Um = l+a (Appendix C), Determine the frequency at which 

the magnitude of the uncompensated system is equal to 

1 
-20log

10
(-a--) (Appendix C). Select this frequency as the 

new gain crossover frequency. This frequency corresponds to 

wm and the maximum phase shift 0 occurs at this frequency. 
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(e) Determine the corner frequencies of the l e ad ne twork from 

1 
Finally, insert an ampli f i e r with gain equal to - , or a 

increase the gain of the existing amplifier by a factor of 
1 
a 

A design example using l ead compensation techniques based 

on the frequency -response approach is presented in Chapter 4. 

Lag compens ation 

The lag compensation network has the followin g transfe r 

function 
G ( jw) = l 

C S 

1 s + /T 

s + 
1/ST 

CS > 1) 

The primary function of a lag network is to provi de att enuation 

in the high-frequency range in orde r to g ive a s ys tem sufficient 

phas e mar g in, The procedures for designing a l ag compensat or by 

the fre que ncy- r esponse app r oach may be s t a t ed as fol lows : 

( It is ass umed tha t the system has unity fee db ack . ) 

(a ) De t e r mi ne the open -loop ga in such as t he r e quir ement on the 

parti cula r error coeffici ent is s ati sfied. 

(b ) Us ing th e gain thus de t e rmined, dr aw Bode diagram o f t he 

uncompe nsat ed sys t em and de t ermi ne t he pha se and gain 

margins of the uncompen sa t ed sys t em . 

(c) If the specifi cati ons on t he phase and gain ma r gins ar e not 

sati s f ie d, then find the f r equency point whe r e the phas e 

angle of the open - loop tra ns f e r f unction is equal to 180° 

plus the required phase mar gin. The required phase margin i s 

the specified phase margin plus s0 to 12°. (The addition o f 

0 0 5 to 12 compensate s f or the phase lag of the lag network.) 

Choose this fr equency a s the new gain cro s sover frequen cy . 

(d) Choose the corner frequ ency w =~corresponding to the zero 

o f the l ag network ) one decade be low the n ew gain c r ossove r 

fre quen cy . 
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(e) Determine the attenuation necessary to bring the magnitude 

curve down to odb at the new gain crossover frequency. 

Noting that this attenuation is -20 log10B, determine the 

value of B.Then the other corner frequency (corresponding 

to the pole of the lag network) is determined from w = 
6
~. 

Lead-lag compensation 

If the value of a for the lead network must be equal to the 

reciprocal of the value of B for the lag network, a lead-lag 

compensator may be designed by combining the individually designed 

lead and lag compensators. Apart from lead, lag and lead-lag 

compensators, other conventional control action such as P.I, P.D 

or P.I.D control action may be employed to compensate for the 

deficiencies of the system performance. 

2,4,4, Nyquist design 

Nyquist analysis, a frequency response method, is essentially 

a graphical procedure for determining aholute and relative 

stability of closed-loop control systems. Information about 

stability is available directly from a graph of the sinusoidal 

open-loop transfer function GH(jw). 

The open-loop transfer function GH(s) may be written in an 

equivalent form 

GH(jw) = X(w) + jY (w) 

A Nyquist plot of GH(jw) is a graph of Y(w) versus X(w) 

in the finite position of the G(jw)-plane for -a w +a 

Fig. 2.9 shows the typical Nyquist diagram of 

2 
wl 

GH(jw) = (jw) 2 + 
-----------7 
2j w (j w) + wn 
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Nyqui st stabil i ty crit e rion 

The simplified Nyquist stability criterion states that for 

a closed-loop system to be stable the locus of the open-loop 

frequency response, plotted on a Nyquist diagram must not enclose 

the point (-1,jo) as w varies from zero to infinity. Enclosing 

the point (-1,o) may be interpreted as passing to the left of the 

point. 

Fig.2.tO shows three systems with similar time constant but 

different gain constants. When the loop is closed, system (a) is 

stable, (b) is just stable and (c) is unstable, The complete 

Nyquist stability criterion states that for a closed-loop system 

to be stable it is necessary and sufficient that the contour of 

the open-loop frequency-response GH(jw), describes a number of 

counterclockwise encirclements of the point (-1,jo) as w varies 

from -a to+ oo, not less than the number of poles of GH ( jw) with 

po s i tive real p a rt s . 

Let P
0 

= number o f poles with =ve real part of GH(jw) 

N = total number of counterclockwise encirclements of the 

po in t (-1,jo) 

N> O for counterclockwise encirclements 

N<O for clockwise encirclements 

For t h e closed-loop s y stem to be stable N-7P
0 

A system with any clockwise net rotation i s always unstable, 

Nyq ui s t de s ign 

Since it is not easy to generalize methods for the design of 

lead, lag or lead-lag compensator using ~yquist design technique, 

this method is normally used to provide rapid evaluation of system 

stability and to support other methods . 
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In the following, a method for determining the gain K so that 

the system will have a specific resonant peak Mp is demonstrated. 

Referring to Fig,2,11, the tangent line drawn from the 

origin to the desired Mp circle has an angle of~. 

The value of sin~ is 

~p __ _ 
sin~= M2 1 

M2 
p 

The line drawn from point P, perpendicular to the negative real 

axis, intersects this axis at the -1 + jo point. Consider the 

control system shown in Fig. 2,12, The procedure for determinin g 

the gain K so that G(jw) = KG 1 (jw) will have a desired value of Mp 

(where Mp) l) can be summarized as follows: 

1. Draw the Nyq uist plot of the normalized open-loop transfer 

function G
1

(jw) = G(~w) 

2. Draw from the origin the line which makes an an g le of 

-1 1 
~=sin CM) with the ne gative real axis . 

p 
3. Fit a circle with centre on the negative real axis tangent 1a1 

to both the G1 (jw) locus and the line PO. 

4. Draw a perpendicular line to the negative real axis fro~ 

point P, the point of tangency of this circle with the line 

PO. The perpendicular line PA intersects the ne gative real 

axis at point A. 

5. In order that the circle just drawn corresponds to the 

desired Mp circle, point A should be the -l+jo point. 



R 

f'j 
34. 

K= ,;oo 
1--r=====~--~-;-~/~x 

2,10 Nyquist dia gram of Fig, 

i 2 11 M circle F g, . 

+-
_ __j G(jw) '-~ 

Fig. 2.12 Control system 

K 

(l+,2jw)(l+jw)(1+10jw) 

C 



35. 

6. The desired value of the gain K is that value which changes 

the scale so that point A becomes the -1 + jo point. 

Thus, 

1 = 

Note that the resonant frequency w 1s the frequency of the p 

point at which the circle is tangent to the G ( jw) locus. 

The present procedure may not yield a satisfactory value 

for wp. If this is the case, the system must be compensated 

in order to increase the value of w without changing the p 

value of Mp. 

2.4.5 Nichols chart design 

The closed-loop transfer function of the control system 

shown in Figure 2.13 is 

with 

C (jw) 
R(jw) 

= G(jw) 
1 + G(jw) , H(jw) 

= G(jw) . H(jw) 
1 + G(jw) . H(jw) 

1 = H(jw) ' 
C (jw) 

R' (jw) 

C(jw) _ G(jw). H(jw) 
R'(jw)- 1 + G(jw).H(jw) 

1 
H(jw) 
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C(jw) The term R'(jw) is the transfer function of a direct feedback 

system with a forward transfer function of G(jw),H(jw) as shown 

below 

I 
R 

G(jw) ,H(jw) 

Put GH(jw) = G2 (jw) = G(cos 0 + j sin 0) 

Where G and 0 are function of w 

C 

Hence the closed-loop transfer function of the direct feedback 

system is 

C (jw) 
R' (j w) 

G2 (jw) 
= 

1 + G2 (jw) 

= G(cos 0 + j sin 0) 
1 + G(cos 0 + j sin 0) 

Then the closed-loop amplitude of the direct feedback system 

is 

G 

M = /(1 + G cos 0)2 + G2 sin 2 0 

G 
= /(1 + 2G cos 0 + G2 

' 2. 6 



Similarly, the closed,.loop phase angle of the direct feedback 

is 
=/_Ge (jw) ~ \ (jw) 6 - 1 

6 0 TAN-l G s 1n 0 2. 7 = -
0 1 + G cos 

Equation 2.6 relates M to (/J(w) and G(w) so that contours for 

constant M can be plotted as 20 log10 G(w) against (/J(w). 

37. 

Similarly Eq. 2, 7 relates 6 with 20 log10 G(w) and (/J(w) so 

that the constant 6 contours can also be drawn. 

These constant gain and phase contours are plotted on the db 

magnitude-degree phase diagram called the ~ichols chart. 

The magnitude-phase angle of the open-loop transfer function 

G(jw) H(jw) plotted on a Nichols chart is called a Nichols chart 

plot of GH(jw). 

The Nichols chart applies only to direct feedback loops. 

Th h b d f . d C ( j w) d 1 . 1 . b l e cart can e use to 1n R' (jw) an mu tip y1ng y H[fw), 

as illustrated below: 

R 
G 

H 

C R 
1 
H G.H C 

Fig. 2.14 shows the plot of GH(jw) superimpose d on a Nichols chart. 

The Nichols chart is symetric about the-180° axis. The 

magnitude-phase angle of the 

direct feedback system j(jw) 

closed-loop transfer function of the 

GH (j w) . b . d d. 1 
+ 1 + GH(jw) 1s o ta1ne 1rect y 

from the chart as the 

intersects the graphs 

plot of the points where the graph of GH(jw) 

ic l GH (j w) of loci of constant ~(jw) and ar g 1 + GH(jw)· 
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If the open-loop locus does not intersect the M = M locus but r 

is tangentito it, th~n the resonant peak value of M of the closed-

loop f r equency response is given by M . The resonant frequency is r 

given by the frequency at the point of tangency. (Note that . the) 

closed-loop plot~. (jw) can be dir ectly generated by the computer 

The stability of the system based on the Nicho ls chart plot 

is the same as the Bode di agram, i.e.: positive gain and phase 

margins yield a stab le system. Fig. 2,15 shows the gain and phase 

margins of a stable and an unstable sys t em. 

Nichols chart design 

Design by analysis in the frequency domain using Nicho ls 

chart techniques is performed in the same general manner as the 

design methods desc ribed in previous sections , Appropriate 

compensation networks are introduced in the forward and/or 

feedback paths and the behaviour of the resulting system is 

critically analysed. In this mann er , the Nichols chart plot is 

shaped and reshaped until the performan c e specification s are met. 

Gain - factor compensation using constant amplitude curves 

The ~icho ls char t may be us ed to determine KB (for a unity 

feedback sys tem) for a specified resonant peak Mp(db). The 

followin g procedure is applied: 

(a) Draw only constant amp litude M curve and the magnit11de-phase 
p 

angle plot of G(jw) for K
6 

= 1 on the Nichols chart. 

(b) Trace magnitude-phase angle plot of G(jw) on tracing paper. 

(c) Slide the plot up or down until it is just tangent~to the 

constant amplitude curve of Mpdb, 

is the required value of K
6

. 

The amount of shift in db 
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Lead compensation 

The tr~nsfer function for a lead network is 

where a<l. 

G (s) = 
C 

jw + 

jw + 

1 
T 
1 

aT 

For some systems 1n which lead compensation 1n the forward 

loop i s applicable, appropriate choice of a and b permits an 

increase in K
0

, providing great er accuracy and less sensitivity, 

without adversely affecting transient performance. The important 

properties of a lead network compensator are its phase-lead 

contribution in the low to medium frequency range (the vicinity 

of resonant frequency wp) and its negligible attenuation of high 

frequencies. If a very large phase-lead is required, several l ead 

networks may be cascaded. Lead compensation general l y increases 

the bandwidth of a system. The use of Nicho l s chart for selection 

of phase lead network is particularly suited to problems where the 

specification is given as a peak M (db) occurring at a resonant max 

frequency wR. Consider the uncompensated system G(jw) of a 

direct feedback cont rol system . The procedure for designing a 

lead compensator using Nichols chart t echniques is as follows: 

(a) From the Nichol s chart, find the value of phase shift, 0, 

corresponding to the peak of the specified M contour. max 
(b) Find the value of phase shift for the uncompensated system 

when w = wR (resonant frequency), say 0R lag . 

(c) The requited value of phase lead then is 

0 = 0 - 0 c R lead 

If compensation is required, 0R>0. 

(d) Determine the attenuation fac tor a by use of Fig, 

sin 1 0 = M 1 
- a 
+ a (Appendix C) 

Determine the frequency where the magnitude of the 



uncompensated system is equa l to 

Select this frequency as the new 
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. 1 
-20 log10 ( --) (Aopendix C) 

ya 
gain crossover frequency . This 

frequency corresponds to wm and the maximum phase shift 0m 

occurs at this frequency, 

(e) Determine the corner frequencies of the l ead network from 

(f) 

l l w = w -T' - aT 

It now remains to find K in cascade with the lead network 
C 

to y i eld the control system with the r equired resonant peak 
~ 

Mmax· Plot KcG(jw) on the Nichols chart with Kc= 1. It 

c an now be seen by how much the c urve must be moved verticall 

to make the open-loop curve tangential to the M contour . max 

The vertical movement is 20 log10Kcdb, hence Kc . 

Lag compensation 

The lag compensator has the following transfe r function: 

G ( jw) = l 
C B 

1 
s + /T ;-+-~ (B >l) 

The lag network provides compensation by attenuating the high 

frequency position of the db magnitude-phase angle plot. 

Several general effects of lag compensation are : 

The bandwidth of the system is unus ually decreased 

The predominant time constant~ of the system is unusually 

increased, producing a more sluggish system, 

For a given constant , relative stability is improved . 

The procedure for using lag compensation in Nichols chart 

t echniques is essentia lly the same as that for lag compensation 

in Bode design technique , 
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Lead-lag compensation 

The design of a lead-lag network compensator is based on the 

combination of the design techniques discussed under lead 

compensation and lag compensation, 

2,5 DISCUSSION 

This chapter has described various graphical techniques used 

1n control system analysis and design, namely the time response, 

root-locus and frequency-response methods, 

The root-locus method is most convenient to use when 

specifications are given in terms of time domain quantities, 

such as overshoot, rise time, etc. 

The Bode design technique is the most popular of the 

frequency response methods if specifications are given in 

terms of frequency domain quantities, such as gain and phase 

margins, 

The Nichols chart design technique is used when a certain 

value of the resonant peak M is required. r 
The Nyquist design technique provides rapid evaluation of 

stability of the control system and it is thus used to 

supplement other methods. 

The time response method, though it can be used for control system 

design with trial and error approaches, is more useful for 

checking time domain performance following the implementation of 

a design based upon frequency or root-locus techniques, 

However, whatever design technique is used, it is important 

to note that no single compensation scheme is universally applicable. 

The particular situation determines the type of compensation that 

is appropriate. Chapter 3 describes the computer software that has 
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been written to aid the design procedures described in 

this chapter. This software is able, given the generalized 

control system structure of Fig . 2,1, to generate, for either 

the open- or closed-loop form, any of the specified design charts. 

The software operates interactively to give the designer wide 

flexibility of choice in terms of the system structure to be 

analysed and the technique to be applied. It is planned that the 

facility will be enhanced to incorporate automatic design 

procedures for compensation networks. 

-ooOoo-
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CHAPTER THREE 

PROGRAMME DESCRIPTI ON 

3 . 1 INTRODUCTION, OUTLINE OF PROGRAMME 

The software for computer aided control sys t em des i gn has 

been pr ogrammed in Algo l and opera t es on t he Massey University 

B6700 computer system , This chapter ou tlines the structure of the 

programme , de t ai l ing the methods employed to implement some of the 

concepts d i scussed 1n Chapter 2 , and a l so specifies how the 

system i s used, 

The program i s operated via a Tektronix 4010 visua l display 

terminal. It i s designed to function in an online interact ive mode . 

The contro l system designer, at the Tektronix console , is able to 

speci fy certain designs and eva lua t e their effectiveness in terms 

of the various graphical analyses produced by the computer a nd 

displayed on the screen of the Tekt ronix . The designer can then 

adjust the designs in order to improve performance . Given a 

particular control system struc t ure , which may be e ither open - loop 

or closed- l oop , the designer may request the following options: 

1 . A display of the system time response following a step input. 

2. A Bode diagram disp l ay of the system f requency r esponse . 

3. A Nyq ui s t diagram disp lay o f the system freq u ency r esponse. 

4. A Ni chols chart display of the sys tem freq uency re spons e . 

5 . A root -lo cus plot of the roots of the sys t em charac t eristic 

equation as the system ga in var i es . 

The desi gne r is able to select the sca l es and ranges of these 

di sp lays so that any part icul a r po rti on of a gr ap h can be isolated 

and magni~fied if required , 
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3.2 EVALUATION OF SYSTEM TRANSFER FUNCTION 

The control system is defined with the general structure 

illustrated in Fig. 3,1, The three transfer functions of Fig. 3.1 

are given as the polynomial ratios. 
G1 (s) 

G(s) = G2 (s) = the process transfer function (3.1) 

C(s) G(s) C 

H(s) 

Figure 3.1 Control system 

H(s) = 
H1 (s) 

the measurement transfer function ( 3. 2) HzlSJ = 

and C(s) 
c1 (s) 

the controller transfer function = cz1sr = 
( 3. 3) 

As mentioned above, the control designer is able to select 

both open-loop and closed-loop analyses. To achieve this end the 

program has been designed to be flexible so that the following 

combinations of the above transfer functions can be studied by 

request, at the console: 

i. open-loop structure 

G(_s), K.C(s). G(_s) and K.C(s) . G(s).H(s) (3.4) 
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ii. the full closed~loop structure of Fig. 3,1 for which the 

transfer function may be devised as 

( 3. 5) 

subject to the option chosen, the software is able to manipulate 

the constituent polynomials to obtain a final transfer function 

of the form 

R(s) 

which is that analysed. 

= A (s) 
ITTsT 

3.3 FREQUENCY RESPONSE ANALYSIS 

(3.6) 

Frequency response analysis required evaluation of the 

following frequency response function 

R(j w) = A(jw) 
B(jw) ( 3. 7) 

It is necessary that polynomials A( jw) and B(jw) and divided into 

their real and imaginary parts, with 

A(jw) = RA(w) + j IA(w) ( 3. 8) 

and 

B ( j w) = RB ( w) + J I B ( w) (3.9) 
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A procedure has therefore been developed to establish the real 

and imaginary parts of a general polynomial, of degree N, given 

the co e ff i c i en t s A
O 

, A 1 , A 2 , , , . . . . . . . . An . i . e . , 

(3 .10 ) 

AN AN-1 
2 

j 3 4 = + JW - w AN-2 w AN-3 + w AN-4 

5 6 + J w AN_ 5 w AN-6 

(AN 
4 = + w AN-4 + 8 

w AN-8 + ........ ) 

2 6 
-(w AN-Z + w AN_ 6 + · · · · · · · · · · · · ) (3 .11 ) 

5 
+ j ( wAN - 1 + w AN - 5 + . . . . . . . . . . . ) 

- j ( w 3 AN - 3 + w 7 AN - 7 + . . . . . . . . . . ) 

Therefore the real and imaginary components are derived as 

RA ( ) = ( A 4 A + 8 A ) ( z A 6 A ) ( 3 1 2 ) w N + w N-4 w N-8 + .. . - w N-2 + w N-6 + .. . . 

and 

IA (w) 5 3 7 
= (wAN-] + w AN-S + ... ) - (w AN_ 3 + w AN-?+ ... ) (3.13) 

Terms in the above equations are included only if the indices for 

A are not negative, 

i.e. A ... 1 = A_z = ••. , ...... 0 
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A procedure has been developed to derive the real and 

imaginary components by evaluating the above expressions for RA 

and IA. Difficulties were encountered in this evaluation because 

of particular properties of the supplied polynomial arithmetic 

procedures. This necessitated the development of a slightly less 

straightforward method of derivation than that indicated above. 

For the Bode display, the gain is plotted as 

G = 20 log 10 jR(jw) I 

and the phase is 

p = TAN - 1 ( ! A ( w) ) 
RA(wT 

V RA 2 ( w) + JA 2 ( w) 
= 20 loglO -- z 2 

RB (w) + IB (w) 

TAN- 1 ( ~ ( w) \ 
RBlWT j degrees 

db (3.14) 

(3.15) 

The above expressions are also used for derivation of the Nichols 

chart display. 

R(jw) can also be written as 

R(jw) = X(w) + j y (w) 

with 
X (w) = RA ( w) , RB ( w) + IA(w),IB(w) 

2 2 RB (w). IB (w) (3.16) 

and 

y (w) I A ( w) . RB ( w) - RA(w). IB (w) = 2 2 RB (w).IB (w) (3.17) 
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The Nyquist display is a plot of Y(w) vs X(w) as w varies. 

Constant magnitude and phase contours may be drawn on the 

Nichols display, These are derived using the expressions: 

0 
- (M2 + R2(M2 - 1)) (3.18) cos = 

2M 2R 

and 6 0 TAN-l R si n 0 = -
1 + R cos 0 

(3.19) 

R and 0, functions of w , are the magnitude and phase angle of 

the open loop transfer function of a direct feedback control 

system (H(s) = 1), M and 6 are the magnitude and phase angle of 

the closed-loop transfer function of a direct feedback system. 

The M and 8 contours are plotted on the Nichols display to 

generate the standard configuration, 

3.4 ROOT-LOCUS ANALYSIS 

A root-locus display is established by plotting the roots of 

the characteristic equation extracted from expression 3,5, namely: 

as K varies. Open-loop poles and zeros are established from 

the roots of 

and 

respectively, 
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3 .5 TIME DOMAIN ANALYSIS 

The time- response of the system to a s tep input is obtained 

by directly solving differential equations r ep resent ing the 

system. 

Consider the f inal transfe r function described in equation 3.2 

i.e. R(s) = A(s) 
B(sT 

OT 
M M-1 

Y(s) A0s + A1s 

ursr = N N-1 B0s + B1s 

whe r e N- 1 ~ M 

Equat i on 3 . 20 may be wr itten 

where 

and 

y (s) 
um-

From equation 3.1 we ob t ai n 

N N-1 Y(s + BB 1 s + •.. + BBN) 

0r 

+ + AM 

+ + 
BN 

. . ... AAM 

AAO AA l 
= U ( N- M + N-(M-1 ) 

s s 
+ .•. + 

AA AA1 
y = U ( N~M + N- (M-1) + •• • + 

AAM BB1 BB 2 --w-) - y (- + -y + .. • + 
s s s s s 

(3.20) 

(3 . 21) 

(3.22) 

By introducing addit iona l variables such as the rate of change of 

output, the same system can be represented by N first-order equa­

tions involving N system variables . 
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The state variable diagram for ·TI~. 3.22 is shown in Fig. 3.2 

From Fig. 3.2 the following system of firs t-order equa tions 

may be written: 

= - BB
1

. z1 
+ Zz 

= - BB 2. Z l + Z3 

= - BB
3

. z1 
+ Z4 

BBN_M . zl + ZN-M +l + AAO U 

B B N -M + 1. z 1 + z N -M + 2 + AA 1 U 

ZN-1 = - BBN -1 . zl + ZN + AAM-1 u 

ZN = - BBN z1 + AAM U (3.23) 

Expressing in matrix form 

ZO 0 0 0 0 f. u 

zl 0 - BB 1 1 0 zl 

Zz 0 - BB 2 0 0 

-
ZN-M AA0 BBN-M 

I 
I 
I 

ZN-1 AAM- 1 BBN -1 
. I 

~J ZN AAM - BBN 0 . . . 

(3.24) 

Equations 3.24 are solved numerically using a standar d differential 

equation solving s ub routi ne . 



u 

( 
AA ~., _2 

r; /---AAM-1 _____ " 

/1 \ ii 
l AAM I · 1 s 

~ 
"' 

·-·--·--· 

1/s 

~ \ 

\ 
\ 
I 

-,!;,----~ )-- -- 0 

' 

~ ---

, _ ____ _ 

Fig,?,.Q.State vari c:ibl e diag r am of Eq .(J, 22) 
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3.5 USE OF THE PROGRAM 
I 

The program is entered directly into the B6700 by command 

from the Tektronix terminal, When the program is executed, the 

following steps are performed in order. (Appendix E illustrates 

a block flow diagram of the program,) 

1. The program asks the user to specify the type of response 

by printing "TIME OR FREQUENCY RESPONSE?" on the screen. 

2. The user types "T" for time response and "F" for 

frequency response. 

3, Assuming "F" is typed 1n, the program then a sks for the 

required option, i.e. open- or closed-loop system , by 

printing "OP EN - OR CLOS ED-L OOP?" 

4. The user typ e s in the appropriate answe r from th e keyboard, 

"0/P" for op en-loop, and "CLOSED" for closed-loop system. 

5 . The program asks for system gain and coeff i cients of the 

pol ynomials of the constituent transfer fun c tions, i.e . K, 

c1 (s), c2 (s), G1 (s), G2 (s), H1 (s) and H2 (s) . These values 

are entered from the keyboard as required 

6. The program asks the user to specify the type of frequency-res 

onse graph to be displayed by printing "WHICH GRAPH? - BODE, 

NYQUIST, NICHOLS ORR-LOCUS?" 

(Note: Root-locus is included as a frequency-response plot 

to facilitate the programming.) 

7 . The user enters the appropriate answer to the question in ste~ 

6 by typing " B" if Bode diagram is required 

" NY" if Nyquist diagram is required 

"NI" if Nichols chart plot is required 

"R" if Root-locus plot 1s required. 

8. After the variables relating to the required graph are 

entered, the graph 1s displayed on the screen. Five seconds 

after the plotting 1s finished, the program asks if the 



user wants to change the scale of the graph by printing 

"DO YOU WANT TO CHANGE THE SCALE?" 

9. If "Y" is answered, steps 8, 9 are repeated, 
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If "N" is answered,the program continues to ask if the user 

wants any other frequency-response plot, by printing "DO YOU 

WANT ANY MORE GRAPH?" 

10. If "Y" is the answer, step 6, 7 . 8 9, 10 and repeated. 

If "N" is the answer, the program asks if the user wants to 

change to any new values, i,e. new c1 (s), c2(s), G1 (s), G2 (s) 

H2(s), H1 (s) and K, by printing "DO YOU WANT TO CHANGE TO 

ANY NEW VALUES?" 

11. If "Y" 1s typed 1n, step 5, 6 7, 8, 9, 10,11, are repeated. 

If "N" 1s typed in, the user is asked "DO YOU WANT ANY MORE 

FREQUENCY-RESPONSE?" 

12. If "Y" is entered, step 3, 4, 5, 6, 7, 8, 9, 0, 11, 12 are 

repeated, 

If "N" is entered, the user is asked "WHAT ABOUT TIME­

RESPONSE?" 

13. If "Y", step 3, 4, 5 are performed and fol lowed by steps 

14, 15, 16, 17, 

If "N" the program ends. 

14. The program asks for the required information to generate 

the time-response of the system to a step input, such as 

the value of step-function, the output range and increment, 

time range and increment, 

15. After the plotting of the time-response is finished, the 

user may change the scale of the graph or value of step­

input by typing "Y" in answer to the question "DO YOU WANT 

TO CHANGE THE SCALE?" 

16. If "Y" step 14, 15, 16 are repeated, 
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If "N", the user 1s asked "DO YOU WANT TO CHANGE TO ANY 

ANY NEW VALUES?" 

17. If "Y" step 13 is repeated, 

If "N" the program ends. 

However, if in step 2, the answer to be typed 1n is "T" 

instead of "F", i.e. the time-domain response is required 

first, the procedure to be followed is: 

18. Step 3, 4, 5, 14, 15, 16 are performed, 

19. If "N" is answered to question "DO YOU WANT TO CHANGE TO 

NEW VALUES?" from step 16, steps 20, 21, 22 are performed. 

If "Y", steps 18, 19 are repeated. 

20. The program asks "WHAT ABOUT FREQUENCY-RESPONSE?" 

21. If "Y" is entered, steps 3, 4, 5, 6 7, 8 . 9, 10, 11 are 

performed. 

22. If "N" is answered to question "DO YOU WANT ANY MORE FREQUENCY­

RESPONSE?" from step 11, program ends 

If "Y" is entered, steps 21, 22 are performed 

The following example illustrates the use of the program. Consider 

the direct feedback control system shown below: 

R + G( )=s + 4~41 
l 

116 , 8 -
G(s)= 2 - s s+l8,4 s + 25 
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if a, Bode diagram 0£ the open·doop transfer function of the 

system is to be generated, the communication between the computer 

and the user begins as follows: 

C: TIME OR FREQUENCY RESPONSE? 

U: "F" 

C: 0/P OR CLOSED-LOOP? 

U: "0/P" 

C: VALUE OF K? 

U: 116.8 

C: DEGREE OF C1, Cz, Gl, Gz, Hl' Hz? 

U: 1, 1, 0 , 1, 0, 0 

C: COEFFICIENTS OF c1 (s)? 

U: 1, 4.41 

C : COE FF I C I E NTS OF C z ( s) ? 

U: 1, 18.4 

C: COEFFICIENT OF G1(s)? 

U: 1 

C: COEFFICIENTS OF Gz(s)? 

U: 1. 2. 0 

C: COEFFICIENT OF H1 (s)? 

U: 1 

C: COEFFICIENT OF H2(s)? 

U: 1 

C: WHICH GRAPH? - BODE, NYQUIST, NICHOLS OR ROOT-LOCUS? 

U: "B" 

C: FREQUENCY RANGE? 

U: 1, 100 

C: GAIN RANGE? 

U: ~40, 40 

C: PHASE RANGE? 

u; ~180, o 



C: GAIN, PHASE AND FREQUENCY INCREMENT? 

U: 10, 30, 1 

C: IS GRID WANTED? 

U: "Y" 

After the plotting is finished, the communication between the 

user and the computer continues: 

C, DO YOU WANT TO CHANGE THE SCALE? 

U: "N" 

C: DO YOU WANT MORE GRAPH? 

If the user does not want any more graph she should answer 

U: "N" 

C: DO YOU WANT TO CHANGE TO NEW VALUES? 
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If the user wants to change the T,F of the system, she should 

type "Y", and the process starts from the beginning. If she 

does not with to do so, she can type "N", the computer then 

answers 

C: DO YOU WANT ANY MORE FREQUENCY PLOT? 

This gives the user option to change from open-loop to closed-loop 

T,F. or vice versa. If she does not want any more frequency-response 

plot of the s y stem, either open- or closed-loop, she may type 

U: "N" 

C: WHAT ABOUT TIME-RESPONSE? 

U: "N" 

End of the program, 

Other graphs, such as time-response, Nyquist diagram, Nichols chart 

plot and Root-locus may be generated in the same manner, with 

different questions to answer, 

3.7 DISCUSSION 

This chapter has decided the software for computer-aided 

control system design. Specific design examples are described 

in Chapter 4. These examples further illustrate aspects of the 
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design software, A full listing of the programme and details of 

its constituent procedures are presented in Appendices D and G. 

The software development exercise has been taken to a certain 

stage only because of the limited project time. There are many 

more options open for anhanced development to further facilitate 

the design procedure. For example 

1. the direct display of the gain and phase margins on the 

frequency-response charts; 

ii. the direct display of frequency at any point on the Nichols 

chart and Nyquist diagram; 

111. the direct display of the open-loop gain at any point on 

the root ~locus plot 

and iv. automatic evaluation of the angle and magnitude condition 

on the root-locus diagram. 

Many other features can be incorporated to make the design 

procedures more automatic, 

- ooOoo-



CHAPTER FOUR 

RESULTS 

Three illustrative design examples are presented in this 

chapter. These utilize the interactive computer so ftware . The 
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first exampl e is v ia the trial-and-error approach . The second 

example is through analysis, has system p erformance specifications 

given in teTms of time-domain quantities. The third example, through 

analysis, has system. performance specifications given in terms 

of frequency-domain quantit ies. 

4 , 1 DESIGN EXAMPLE VIA TRIAL-AND-ERROR APPROACH 

Consider the system shown i n Figure 4.1 . With no stringent 

performance specification required, it is desired to compe nsa t e 

the system so that the system has satisfactory rel ative stabi l i ty 

and high-precision c l osed -l oop con trol .. 

The following information obtained from the computer-generated 

graph s i ndica t es that the system is unstable when the loop is closed . 

From Fi gure 1 showing the closed-loop time response to a uni t­

step function input, the transient terms are see n oscillatory with 

an inc reasi ng exponent ia l envelope . 

Fr om Fi gure 2 showing the ~yquist di agram of the open-loop 

system, the locus encloses the point (-l( jw~ as w is varie d from 

,1 to 20 rnd/sec, 

From Figure 3, showing the Root-locus of the open-loop system, 

the loci pass into the R-H half of the s-plane (i.e. po l es with 

positive real parts) when the open-loop gain is increased from 

zero to 30 . 

From Figures 4, 5 showing the Nichols chart plot and the 

Bode diagram of the open.loop s ys tem, the ga in and phase margins 

are found to be -8,67db and -16°. 

Hence , the system is unst ab le 
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R K=30 
1 

s(.s+l)(s+l) 
C 

Fig. 4.1 uncompensated system 

c=·l(.Ss+l) 
1 
___ , ~= 

(.oss+l) 
--------

1 

s(.s+l)(s+l) 
t--,---c 

Fig. 4.2 The Lead-compensated system 
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Reducing the system open-loop gain K is the first step in 

improving the behaviour of the system. The resulting characteristics 

of the system are examined and it is found that the system is on 

the verge of instability for K = 11, as seen in the following 

graphs. 

From Figure 6 showing the time response of the closed-loop 

system to a unit~step input, the output is a stable amplitude 

sinusoidal oscillation. 

From Figure 7 showing the Nyquist diagram of the open-loop 

system, the locus passes the point (-1, jo) as w is varied from 

.01 to 9 rad/sec. 

Figure 8 s h0w s the Root-locus of the 0/P-loop system. For the 

0/P-loop gain K - 11, the poles of the closed-loop T.F. are found 

on the imaginary axis (i.e. the real p a rts : 0). The loci will pass 

into the RH. half of the s-plane if K=ll and the system is then 

unstable. 

Figure 9 shows the Nichols chart plot of the 0/P-loop system. 

The gain and phase margins are found zero. 

Figure 10 shows the Bode diagrams of the 0/P-loop system. Gain 

and phase margins are found zero, as calculated from Figure 9. 

The above information illustrates the'marginal stability' of 

the system, in which case the output oscillates with a stable 

amplitude. 

The 0/P-loop gain K may be further reduced to make the above 

'marginally stable' system stable. However, by improving the 

system stability, the speed of response and therefore the delay 

and settling time are increased, 

Thus, high precision closed-loop control and good stability 

are incompatible, as seen in Figure 11, Figure 12, Figure 13, and 

Figure 14. 

Resulting quantities measuring the performance of the closed-
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loop system with different values of K are shown in Table 4.1. 

Therefore the reduction of the 0/P-loop gain alone may not 

provide sufficient alteration to produce a satisfactory performanc 

It is then necessary to redesign the system by incorporating 

additional compensation in order to improve the overall system 

behaviour. 

The best possible design is a compromise between good 

stability and as hi gh a loop gain as possib le. A lead compensation 

network is added to the system with th e 0/P -loop gain K = 11, 

the transfer function of the lead compen sa tor is 

) 
1 ( I+ 51) . Ge (s : T I ~ s_~ 

where S and T are chosen a rbitra/ily: S = 10 is a sensible 

prac ti cal value and T js chosen · as .5. The compensated system 

is shown in Figure 4.2. System characte ristics can be seen in 

Fig . 15, Fig. 16, Fig . 17, Fig. 18 and ·Fig, 19 . 

From Fig, 15 representing the closed-loop time response 

to a unit- step function input, the following quantities 

overshoot= 33,8% 

delay time= .26secs 

rise time= 11 sccs 

settling time= l,58secs 

indicating a satisfactory system performance, 

From Fig.16 representing the Nyquist diagram of the 0/P-loop 

system, the locus does not enclose the point (-1,o) as w is 

var ied from .01 to 30rad/sec, 

From Fig.17 representing the Root-locus of the 0/P~loop 

syst em, the loci do not pass into the R.I-1 half of the s-plane 

(i.e. t here are no poles with +ve real parts) as K is increased 

from Oto 11, 

From Fig.18 representing the Nichols chart plot of the 0/P-lo o 

system , the gain nnd phase mar gi ns are found 13,7dbs and ~a.1°, 



Table 4.1 

Overshoot Rise Time Delay Time 

Case 1 K = 5 67.6% .67 sees .47 sees 

Case 2 K = 3 51. 4 % .94 sees .58 sees 

Case 3 K = 1 20.5 % 2 sees 1.23 sees 

Case 4 K = . 7 13.23% 2.64 sees 1. 56 sees 

Settling Time 

Tl >> 10 sees 

10 < Tz < Tl I 

T3 < Tz 

T = 4 
7 .05 sees 

State of Output 

- poor stability 
- more oscillation 

- better stability 
- less oscillation 
- slower response 

- good stability 
- sluggish response 

- good stability 
- more sluggish response 

-..J 

°' 
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From Fig.19 representing the Bode diagrams of the 0/P-loop 

system, gain and phase margins are found to be the same as 

calculated from Fig.18. 

The above information justifies that the compensation 

network has yielded a satisfactory control system with fast 

81. 

response, no oscillation, negligible delay time, negligible rise 

time and virtually no offset. 

Often, better results can be achieved by trial-and-error 

adjustment of T and S. Further phase lead can be introduced 

by using more than one network if necessary. 

4.2 DESIGN EXAMPLE USING ROOT-LOCUS METHOD 

Consider the control system shown in Fig. 4.3. The feed 

forward transfer function is 

4 
G(s) = s(s + .5) 

The root-locus plot for this system is shown in Fig.20. The 

closed-loop transfer function becomes 

C (s) _ 4 
ITTsT -

s + .5 s + 4 
4 

= (s + .25 + J l.98) (s + .25 - j 1.98) 

The closed-loop poles are located at 

s = - 0.25 ± j 1.98 

The damping ratio is .125, the undamped natural frequency is 2 rad/ 

sec. It is desired to make the damping ratio equal to .5 and to 

increase the undamped natural frequency to 5 rad/sec. An appropriate 

compensation will be designed to meet these performance specifi­

cations. 

Since the specifications are given in terms of time-domain 

quantities, the rootlocus approach to design is used. 

The closed-loop time response to a unit-step input, shown in 

Fig.22, indicates that the system has an undesirable transient­

response characteristic and it therefore needs some form of 

compensation in order to produce a more satisfactory system which 



will meet the performance specifications. 82. 

In the present example, the desired locations of the closed­

loop poles are 

s = - 2.5 ± j 4.2 

In some cases, after the root-loci of the original system have 

been obtained, the dominant closed-loop poles may be moved to 

the desired location by simple gain adjustment. This is, however, 

not the case for the present system. Therefore a lead 

compensator is inserted in the feed forward path, 

A general procedure for determining the lead compensator 

is as follows: 

First, find the sum of the angles at the desired location of one 

of the dominant closed-loop poles with the 0/P-loop poles and zeros 

of the original system, and determine the necessary angle 0 to be 

added so that the total sum of the angles is equal to ±180°(2K+l). 

The lead network must contribute this angle.(If the angle is quite 

large, then two or more lead networks may be needed.) 

If the original system has the open-loop transfer function 

G(s), then the compensated system will have the open-loop transfer 

function 

Ts + 1 
a aTs + 1 

where the first term on the right-hand side corresponds to the 

lead network, the second term Kc is the gain of the amplifier, 

and the last term G(s) is the original open-loop transfer function. 

Note that there are many possible values for T that will yield 

the necessary angle contribution at the desired closed-loop poles. 

The next step is to determine the locations of the pole and 

zero of the lead network, in other words the value of T, In 

choosing the value of T, a procedure is introduced to obtain the 

largest possible value for a so that the additional gain required 

for the amplifier is as small as possible. First, a horizontal 

line is drawn passing through point P, the desired location for 
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one of the dominant closed-loop poles, This is shown as line PA 

in Fig. 4.4. Also a line is drawn connecting point P and the origin. 

The angle between the lines PA and PO is disected as shown in 

Fig.Ll.4. 

The intersection of PC and PD with the negative 

real axis give the necessary location for the pole and zero of the 

lead network. The compensator thus designed will make point P 

on the root-locus of the compensated system. The open-loop gain 

is determined by means of the magnitude condition, 

In the present system, the angle of G(s) at the desired 

closed-loop pole is 

L srs 1 . 5) 
= 235° 

- 2.5 + J 4.2 

Thus for the root-locus to go through the desired closed-loop 

pole, the lead network must contribute 0 = 55° at this point. 

By following the foregoing procedure, the pole and zero of the 

lead network, as shown in Fig.20 are determined to be 

pole at s = -9.4, zero at s = -2,6 

The lead compensator consisting of the lead network and an 

amplifier has the transfer function G (s) = 
C 

(s + 2.6) K 
Ts + 9.4) • c 

Thus the open-loop transfer function of the compensated system 

becomes 

= ( s' + 2. 6) 
(s + 9.4) 

= 

4 K • --,---:--,,-
c s(s + .5) 

1 
s(s + .5 ) (s + 9.4) where K = 4 K 

C 



' ' 

K = 4 1 
s (s + . 5) 

r:ig. 4 . 3 Control system 

A 

-------+----.1---4--..::;, 
Re. 

C 

Fig . 4.4 

0 

Determination of the pole and zero 

of a lead network . 

84. 



R _, C ( 
___ /y 

\(____ -; I K = 41 -E C = 1 ~ H 
(s + 2 . 6) 1 
Ls + 9. 4T s(s + . 5 
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The gain K is evaluated from the magnitude condition as 

follows 

1 K (s + 2.6) 
s(s + .5) (s + 9 .4) -2.5 + J 4 . 2 

or K # 54 

It follows that 

Gc(s) · G(s) = 54 (s + 2 .6) 
s ( s + • 5) ( s + 9~ 

The gain constant Kc of the amp lifier is 
Kl 

Kc = 4 = 13.5 

= 1 

The compensated system 1s shown in Fig . 4 . 5 . Fig. 21 shows 

t hat the root-locus of the compensated system passes through 

the desired closed-loop poles s = -2 . 5±j4 . 2. 

90. 

The time response of the closed-loop system t o a unit-step 

input is shown in Fig.23 where the quantities measuring the 

performance of the system may be obtained , as follows: 

overshoot 

delay time 

ri se time 

settling time 

= 

= 

= 

= 

36.4% 

.008secs 

.1 7secs 

.8 8secs 

It is concluded that the present design is satisfactory since 

1s y ields a very fast, a l most immediate, response , neg ligible 

delay, rise and settling time and virtually no offset , The 

compensated system is shown in Fig . 4.5. 

4.3 DESIGN EXAMPLE USING FREQUENCY-RESPONSE APPROACH 

Consider the system shown in Fig. 4.6. The open-loop transfer 

function is 

G(s) 4K 
= s[s + 2) 



R 

R t-

-

4K G= ---
s(s+2) 

Fig. 4.6 

,gKc=4,17HC= 

C 

Uncompensated system 

(s+4.41) G= -
(s+18.4) 

Fig. 4.7 Compensated system 
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It is desired to find a compensator for the system so that the 

-1 static velocity erroi coefficient K1 is 20sec , the phase margin 

is at l east 50°, a nd the gain margin is at least lOdb. In the 

present example, the phase and gain margins have been specified. 

Bode diagrams will therefore be emp l oyed . 

The first step in the design is to adjust the gain K to meet 

the steady-state performance specification or to provide the 

required static velocity error coefficient . 

-1 Since this coefficient is given as 20sec , 

Ku = lim sG(s) = 
s+O 

or K = 10 

lim 
s+O 

s4K sTs+1J = 2K = 20 

With K = 10, the system of Fig , 4,8 satisfjes the stead -state 

requirement, 

Next plot the diagrams of 

G(jw) = 40 + 2) 
JW (jw 

Fig 24 shows t he magnitude and phase angle curves of G(jw). From 

this p lot, the phase and gain margins of the system are found to 

17° and db respectively , A phase margin of 17° implies that the 

system is quite oscillatory, as seen in Fig . 26. Thus, satisfying 

the specification on the steady-state yields a poor t ransien t­

response performanc e . The specification calls for a phase margin 

of a t l east so0
• It is thus found that the additional phase l ead 

necessar y to satisfy the relative stabi l i t y requirement is 33°. 

' In order to achieve a phase margin of so 0 without decreasing the 

value of K, it is necessary to insert a suitable l ead compensator 

into the system. 

Notihg that the addition of a lead compensator modifies the 

magnitude curve 1n the Bode diagrams , the gain crossover f requency 

will be shifted to the ri ght, The increased phase l ag of G(jw), 
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due to this increase in the gain crossover frequency must be offset. 

Considering the shift . of the gain crossover frequency, assume that 

0m, the maximum phase lead requir ed, is approximately 38°. (This 

means that s0 has been added to compens a te for the shift in the 

gain crossover frequency.) 

Since 
sin elm= 

1 - a 
1 + a 

0m = 38° corr e sponds to a = .24, Once the attenuation facto 1 

a has been determined on the basis of the required phase lead 

angle, the next step is to determine 

l 
w = (aT) of the lead network. To do 

the corner frequencies w 

so, first note that the 

= 1 & 
T 

maximum phase lead angle 0 occurs at the geometric mean of the 
n 

two corner frequencies, or l 
w = 

Va.T 
The amount of the mo dification in the magnitude curve at 

l 
w = ,0 

Note that 

1 5 

1 + j wa.T 
1 + j waT 

1 
ra 

1 = 
w = ./a. T 

1 1 
= = r.14 .4 9 = 

1 
i + j ra 

1 
l+ja ra 

6 . 2 db 

1 
= ra 

and G(jw) = 6,2db corresponds tow =9 rad/sec, as seen in 

Fig.24. This frequency is selected to be the new gain crossover 

frequency Noting that this frequency corresponds to 

or 

' 
and 

1 
I = law = 4.41 

C 

w 
1 _ C = 

aT -la 18.4 are obtained. 

The lead network thus determined is 

s + 4.41 
s+-n·:-4 

1 
./a. T ' 
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To compensate for the attenuation due to the lead network, 

the amplifier gain i~ increased by a facto r of 1 
= 4.17. (If 

.24 
this were not done, the required static velocity error coefficient 

could not be realized.) Then the transfer function of the 

compensator which consists of the lead network and the amplifier 

becomes 
s + 4.41 

Gc(s) = (4.17) s+l8.4 

The compensated system has the following open-loop transfer functic 

_ (Cs + 4.41) ( 40 ') 
Gc(s) G(s) - (4.17) Ts + 18.4) s(s + 2)) 

Fig,25 shows the magnitude and phase-angle curves for the 

compensated system, The lead compensator causes the gain crossover 

frequency to increase from 6.3rad/s (Fig.24) tog r ad/sec. The 

increase in this frequency means an increase 1n bandwidth. This 

implies an increase in the speed of respons e which can be seen 

from Fig.27 showing the compensated system closed-loop time 

response to a unit-step input, 

With an overshoot of 21.3%, zero delay time, negligible rise 

time and .47secs settling time, the system can be seen to have a 

much more satisfactory performance in comparison with the origina l 

·system, shown in graph 26. 

From Fig1 25, the phase and gain margins are seen to be 69 0 

and+ axib, respectively. The compensated system shown in Fig.4.7 

therefor e meets both the steady-state and the relative-stability 

requirements. 

4.4 DISCUSSION 

The design examples in this chapter illustrate the use 

of the computer-aided system design techniques. Th e sysu.m · 

software has been developed which, having specified the 

control system configurations G(s) and H(s), permits varied 
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choice of G (s) using trial ~and-error analysis approaches. 
C 

The results from this chapter show how the typical design 

techniques described in chapter 2 are implemented in the control 

system design with the assistance of a digital computer. Different 

graphs representing the system performance in either time- or 

frequency-domain are exactly generated and analysed to obtain 

information essential for the compensation of the system deficien­

cies. 

The trial-and-error method, although it is seen less direct 

an d involving many trials, is useful in designing systems with 

no set performance specifications. 

The root-locus approach is seen very convenient 1n designing 

systems with performance specifications given in terms of time­

domain quantities, such as damping ratio, natural frequency, etc . 

The Bode technique is seen very effective in producing 

systems with performance specifications given in terms of frequenc y 

domain quantiti es, such as gain and phase, bandwidth, etc . .. 

Whatever design technique may be used, it 1s important to 

note that a unique system will not be yielded. In fact many 

systems may satisfy the given specifications . An optimal choice 

among the many possibilities may be made from such considerations 

as projected overall performance, cost, space and weight. 

The computer system developed contributes a major part 

1n the control system design. It helps the designer to avoid much 

of the numeric al drudgery necessary for the checking of the 

system performance after each adjustment of the compensator 

parameters. The information about the overall-system performance 

is manually calculated from the computer-generated graphs. The 

present computer system therefore may be further developed to 

provide complete knowledge of the system performance, i.e \ the gain 

and phase margins, overshoot, delay time, rise time, etc ... may 

be obtained directly from the computer. Automatic design of the 



compensation networks may also be incorporated to enhance the 

facility. 

-00000..-
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CHAPTER FIVE 

CONCLUSION AND SUGGESTIONS FOR FURTHER STUDY 

The software for computer aided control system design 

facilitates the design via analysis or trial-and-error app roaches. 

The control designer, at the Tektronix console, is able to specify 

certain designs and evaluate their effectiveness in terms of 

the various graphical analyses produced by the computer and 

displayed on the screen of the Tektronix . If performance 

specifications are given in terms of time-domain quantities, such 

as overshoot, rise time, etc . .. , the root-locus approach to 

design is very powerful to use, If performance specifications are 

g iven in terms of frequency-domain quantities, such as gain and 

phase margins, the Bode method is the most popular to use. 

However, if a certain value of the resonant peak is required , the 

Nichols chart t e chnique is mor e convenient to use. The Nyquist 

technique provides rapid evaluation of stability of the control 

system, it is therefore used to supplement other methods . The 

time-response method is normally used for checking to see 

whether or not the designed syst e m satisfies the requirements 1n 

the time-domain, though a satisfactory performance may be reached 

using this method. 

Hence, for complete quan tit ative information of a system, 

both the differential-equation and the transfer-function 

represen t ations are desirable. The transfer-function for ease 

1n design, the differential equation for exact performance data 

on several important characteristics of the system . 

The software development exercise has not yet been completed 

because of the limited project time . Many other features can be 

incorpo r ated to further facilitate the design procedures and to 

make them more automatic, (Section 3 . 7.) 

Although the classical approaches to control system design 
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have many outstanding advantages, they have numerous shortcomings. 

Empiricism, trial-and~error design, and a lack of a fundamental 

theory combine to make conventional control more an a rt than 

. 5 a science. 

The root-locus and f requency-response methods, which 

essentially consist of the loop-gain adjustment and the design 

of appropriate compensators, are quite useful but a re limited 

to idealized and relatively simple control systems, such as 

single-input -s ingle -output linear time-invariant systems . 

Such classical desi gn approaches suffer from severe limitations 

and difficulties wh e n applied to the design of multiple-input­

multipl e-o utput and time-varying sys tems. In other words, for the 

exact requirements of the more complex automatic control problems 

i n modern technology, classical me thods a r e entirely in adeq u a te. 

This is where "modern control" enters the picture . Modern control 

theory utilizes tim e- dom a in system description (state variables) 

rather than transfer-function methods, Extensive use is made of 

digital computing. The methods of modern control have been 

developed in many instances by applied and pure mathematics, with 

the result that much of the written presentation is very formal 

and quite inaccessible to most control engineers. By applying 

modern control theory, the designer is able to start from a 

performance index, together with constraints imposed on the 

system, and to proceed to design a stable system by a completely 

analytical procedure. The advantage of design based upon such 

control theory is that it enables the designer to produce a 

control system which is optional with respect to the performance 

index considered. 

In addition, the concept of adaptive control systems has 

also been introduced to cope with the problem where the plant 

is normally exposed to varying environments so that plant 



parameters chan ge fro~ time to time, 

However, it is important to note that if performance 

specifications are given in terms of the time-domain or 

frequency-domain quantities considered in this thesis, modern 

design techniques are not convenient, and the classical 

techniques are useful for the control system design. 

-ooOoo-
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APPENDIX A 

ERROR COEFFICIENTS 

2,3.l. S tatic erro r c oe f fic i e n ts 

1. Steady-state errors 

T. F. 1s 

Consider system shown in Fi g . 2.13. The closed-loop 

C(s) 
RTsT = G(s) 

1 + G(s)H(s) 

The transfer-function between the actuating error si gnal 

and the input signal r(f) is 

E ( s) 
RTsT 

= 1 _ C(s)H(s) 
R(s) = 1 

1 + G(s)H(s) 

1 . 

where the actuating e rror e(t) if the diffe rence between the 

input signal and the feedback si gnal. The final value theorem 

provides a convenient way to find the steady-state performance of 

a s table system. Since 

E(s) 1 + 

E(s) is 

1 
G( s)H (s)R(s) 

The s teady-state actuating error is 

= 11·m ' (f) 1· s R(s) 
ess e = im 1 + G(s)H(s) 

t~ s~ 

The static error coefficients defined in the following are 

figures of merit of control systems. 



ii. Static pos~tion error coefficient kp 

The steady-state error of the system for a unit-step 

input is 

1 im s 1 e = 
SS S....l,O 1 + G(s)H(s) s 

1 
= 

1 + G(o)H(o) 

The static position error coefficient kp is defined by 

= lirn G(s)H(s) 
S--';O 

= G(o)H(o) 

Thus, the steady-state error in terms of the static position 

error coefficient kp is given by 

1 
1 + k p 

111. Static velocity error coefficient kv 

11. 

The steady-state error of the system with a unit-ramp 

input lS 

e 
SS 

= 

= 

given 

1 im 
S70 

1 irn 
s-;o 

by 

s 1 

1 + G(s)H(s) 7 
1 

s G(s)H(s) 

Th e static velocity error coefficient kv is defined by 

= 1 irn 
S°"*> 

sG(s)H(s) 

Thus the steady-state error is 



iii. 

1v , Stat ic acceleration er ror coefficient ka 

The steady-s tate error of the system with a unit-parabol 

input (acce leration input) which is 

r ( t) 

is given bye = 
SS 

= 

t2 

2 

0 

1 im 
S7<) 

1 im 

S""7<) 

for t ~ o 

for t < o 

s 
1 + G(s)H(s) 

1 
2 s G(s)H(s) 

defined by 

1 

7 

The static acceleration error coefficient kc is defined by the 

equa tion 

= 1 im 
s~ 

2 s G(s)H(s) 

The steady -stat e error i s then 

1 
= 

½ 
The error coefficients k , k , and k describe the ability of p u a 

a system to reduce or eliminate steady - state error. The refore 

they are jndicative of the steady-state performance. The hi gher 

the coefficients , t he smaller the steady - state error . Therefore , 

it is generally desirab l e to increase the erro r coefficient s , whil • 

maintaining the t ransient response within an accep t able range. 

2,3.2 Dynamic error coefficients 

The dynami c errors provide some info rmation about how 

' the error varies with time. We shall now introduce dynamic error 

coefficients to describe t he dynamic error an<l we s hall limit 

our systems to unity-feedback one s , By dividing the numerator 

polynomial o f E(s)/R(s) by its denominator polynomial, E(s)/R(s) 

can be expanded into a series i n ascending powers of s as 

fol lows E (s) 
R[s) = 

1 
1 + G(s)= + .••. 



The co e ff i c i en t s k 1 , k 2 , k 3 , . , 

dynamic error coefficients, Namely, 

, are defined to be the 

kl = dynamic position error coefficient 

k2 = dynamic velocity error coefficient 

k3 = dynamic acceleration error coefficient 

An advantage of the dynamic error coefficients becomes clear 

when E(s) is written on the following form: 

1 1 1 2 E(s) = E R(s) + E sR(s) + k s R(s) + .•• , .•. 
1 2 3 

lV. 

The region of convergence of this series is the neighbourhood of 

s = o. This corresponds tot= in the time domain. The 

corresponding time solution or the steady-state error is given, 

assuming all initial conditions are zero and neglecting impulses 

at t = o, as follows 

lim e(t) = lim 
t -a. t -a. 

[1 r(t ) + ½ r(t) + ½ r(t) + • 
f l 2 3 

. ] 

The steady-state error due to the input function and its 

derivative s can thus be given in terms of the dynamic error 

coefficients. 

-ooOoo-



v. 

APPENDIX B 

PERFORMANCES SPECIFICATIONS 

l. FPequency-domain specifications 

Frequency-domain specifications are usually stated in the 

following terms: 

a, gain-margin GM, a measure of relative stability, is 

defin ed as the log modulus (db) of the system when the phase 

shift is 180°, denoted positive for negative db. 

On the Nyquist diagram, the ga in margin is given directly 

by -20log 10M where Mis the value of G GH(jw) when the 

curve cuts the negative axis, 

b, phase-margin PM, a measure of relative stability, is 

c, 

defined as 180° minus the phase angle at the frequency where 

th e gain is unity (odb). 

On the Nyquist diagram, the phase margin is found by 

drawing a circle of unity radius about thr ori g in and 

drawing the radius from the centre to the point where the 

curve GH(jw) cuts the unit circle, 

The phase margin is then the angle between this radius and 

the negative X(w) axis, positive below the axis and 

negative above. Gain and phase margins Bode diagrams and 

Nyquist diagrams are shown in Fig, B-1. 

bandwidth BW, a measur e of the speed of response of a system, 

is defined as that range of frequencies over which the 

magnitude ratio does not differ by more than -3db from its 

value at a specified frequency, For many feedback control 

systems this frequency is zero, 

d , resonant peak M, a measure of relative stability, is the __, ______ ____._.__ __ p 

maximum value of the magnitude of the closedTloop frequency 



' 

e. 

. response, 

resonant frequency wp' 1s the frequency at which M 
p 

occurs. Bandwidth, resonant peak and resonant frequency 

are illustrated in Pig, H,~, 

vi . 

2. Time-respon8e specifications 

Time-response specificatioijs ar? µsµ~tly stat~d ip terms 

of the unit-step function response, Typi~al ~P.~~ifi~gtions 

are: 

a. Overshoot is the maximum di f ference between the transient 

and steady-state solutions for a unit-step function input. 

I t i s a measure of relative stability and is often repre­

sented as a percentage of the final value of the output. 

The followin g four specifications are measures of the 

speed of re aponse . 

b . Delay time Td is often def ined as the time requir e d for 

the response to a unit -st ep function input to reach 50 

percent of its final value, 

c. Rise-time Tr is customarily defined as the time requ i red fo 

the response to a unit-step function input to rise from ]O 

d, 

e • 

to 90 percent of its final value. 

Settling time Ts is defined a~ the time required for the 

response to a unit-step function input to reach and remain 

within a specified percentage (frequently 2 or 5 percent) 

of its final value, 

Subsidence ratio is the ratio of the amplitudes of 

successive cycles in a decaying oscillation. 

The above specifications are illustrate d in Fig. B.3. 

-ooOo o -
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APPENDIX C 

COMPENSATION NETWORKS 

1. Lead compensation 

a. Lead network A schematic diagram of an electrical lead 

network is shown below 

c, 

Define R1 c T, 
Rz 

= a<' 1 

Then the transfer function for the above network may be 

derived as 

'Fl ( s) Ts 1 
1 + s + f . .Y o 

o< 
Ei(s) = = 1 aTs + 1 s +-aT 

b. Characteristics of lead network 

Fig. c1 shows the Nyquist diagram of 

a 
jwT + 1 
j waT + 1 ( O < a < 1 ) 

For a given value of a, the angle between the positive real 

viii. 

axis and the tangent line drawn from the origin to the semicircle 

gives the maximum phase lead angle, 0 . Define the frequency at 
m 

the tangent point to be w • 
m 

1 - a 

1 + a 

From Fig. c1 , the phase angle at 
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X , 

Fig. c2 shows t he Bode diagram of a lead ne twork when a= .1. 

1 1 The corner frequencies f or t he l ead network are w = f and w = aT · 

By examining Fi g, c2 , it is seen t ha t wm is the geometric mean 

of the two corne r frequencies, or 

Hence 

1 1 
= 2 [ l og T 

= 1 

aT 

1 
+ lorr -­

~ aT 

As s een from Fi g , c2 , th e l ead ne twork i s basicall y a h igh-pass 

filter, therefore an additional ga in elsewhe re is needed to , ·· 

increase the low frequency gain. 

2 . Lag compen sation 

a • Lag network A schematic diagram of an e le ctr ical l ag 

network i s shO\m below 

R I 
t ----- Jv\,"v\"------ 1 R 1 
I ..,. L Q 
e _J_ o 

1' '"' I 1-- --- _______ E__ .. k 

Define R2c = T , = s 1 

Then the transfer function fo r the network may be derive d as 

Eo r (s) = 
1 

½ (s + r' 
s +-- ) aT 

b. Characteristics of lag network 

10. Fig . c3 s hows the Bode diagram of a lag network when e = 

The corner frequencies of the lag ne twork are w = ½ & 1 
w = ST. 

As seen from Fig , c3 , the lag network is essentially a 
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a . 

low-pass fi l ter , 

Lead- lag compensati on 

Lead-lag network 

xii. 

The electrical network of a lead~lag network 1s shown below: 

- ~ -c, ~ 
I"(~ ~ R, 

f<.-1'()--__ t_i___cl._ro 

The transfer function of this network i s 

b. 

E ( s) 
0 

E. ( s) 
l 

= 
(s + }) ( s + / ) 

( s + ~) ( s + - 1-) 
T 1 BT 2 

Characteristics of lead-lag network 

( f3 1 ) 

Fig. c
4 

shows the Nyquist diagram of a lead - lag network . It 

can be seen that for 0<'.:_ w <. w1:" the network acts as a 1 ag 

network, while for w
1

~ w ( a it acts as a l ead network. 

The frequency at which the phase angle i s zero is 

1 
w l = 

V Tl T2 

Fig. c5 shows the Bode diagram of a lead-lag network when 

B = 10 and T2 = lOT1 . 

-ooOoo -



APPENDIX D 

CONSTITUENT PROCEDURES 

The program consists of the fol lowing constituent 

procedures: 

1. POLYADD which adds two polynomials 

2. POLYMUL which multiplies two polynomials 

3, REALPOLYZEROFINDE which finds all the zeros of a real 

polynomial 

xiii. 

4, DIFEQNS which solves a system of first order differential 

equations. 8 (The above procedures a re system procedures .) 

5, r1 which calculates the imaginary part of polynomial wit h 

order less than three, as w varies . 

6. R1 which calculates the real part of polynomial with order 

less than three as w varies. 

7 . I 2 which calculat es the imaginary part of polynomial with 

order greater than or equal to three , as w varies. 

8. R2 which calculates the r eal part of po l ynomial with order 

greater than or equa l to three , as w varies . 

· 9 . TIMEDOMAIN which generates the time-response of the system, 

either open- or closed-loop, to a unit-step input. Thi s 

procedure provides flexible features, such as the interactive 

changeability of scales and ranges of the display. 

10. BODE which generates the Bode diagrams of the system, eit her 

open - or closed-loop, to a unit-step input . Associated £ea~ 

tures such as scales and ranges oE ·the .display may be 

changed and grid lines also may ·,:be drawn . 

11 . NYQUIST which generates the Nyquist diagram of the system , 

either in open- or closed-loop form . Similar flexible 
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features provided by BODE procedure are also available here. 

]2. NICHOLS which generates the Nichols chart plot of the open­

loop system superimposed on the Nichols chart , This 

procedure provides similar features as in BODE procedure. 

]3. RLOCUS which generates the root-locus of the system. Scales 

and ran ges of the display and final value of the open-loop 

gain k are changeable. 

]4. READCGHl which manipulates the constituent transfer functions 

c1 (s), c2(s), G
1 

(s), G2(s), H
1 

(s), H2 (s) and the open - loop 

gain to produce the system open-loop transfer function in a 

general form A( s) 
B[sT. The coefficients of the constituent 

transfer functions and the open-loop gain are entered from 

the keyboard as requested. 

]5 . READCGH2 which manipulates the constituent t ransfer functions 

c1 (s), c2 (s), G
1

(s), G2 (s), H
1

(s), H
2

(s) and t he open-loop 

gain to produce the system closed•loop transfer function in 

a general form A(s) 

B(s) 

In addition, the plotting procedures used in the program 

are STARTP, DEVICF., YRANGE, XRANGE, EDGESR , FRAME, AT, 

LINETO, SYSMSEL, SYMSIZ, PUTSYM, WRTARY, TXT, FIXEDN, 

TXTSIZ, TXTDIR, SUBFRM, ORGRM , XAXIS, YAXIS, MODE, CHARMD 

and ENP. 

The functions and other details of these procedures may 

9 be obtained from the Massey plotter package manual 1 

-. ooOoo -. 



I 

APPENDIX E 

FLOWCHART 

yes 

is 

~~-- o/n loop respon 

____,___l ~ ~anted ? e 

of constituent T. Fs 
a s requ sted. 

Rnter loop gain,coefs j ' 

-- - t - -- --·--- -----
Plot time solutions of 

d.e of sy stem sub jec ted 
to step input. 
Scales ,ranges of the 
display are chane eable. 

·-------,-.-------

/want 
/o change to 

new system 
confieuratio 

-n ? 

l go to I 

no 

( START ) 
is 

time r esponse 
wanted ? 

no 

no 

En ter loop gain~coefs 
of constituent ~.Fs 
as requested. 

A 

more time 
response? 

yes 

response? 

yes 

g o to 4 

go to I 

end of 
program. 



4 
is 

yes 
/ 

no 
op loop response>------------. 

J;;nter loop gain, c oefs 
of constituent T.Fs 

as requested. 

7 

is 

Bode plot 
wanted ? 

yes 

Plot Bode diagram after 
gain,phaue,frtq.ranges & 

increments are entered 
as requested. 
Scales & ranges of the 
display are changeable. 

6 
want 

no 

no 

want 
yes 

go to 4 

to change to 
new system 

configurat 
-ion? 

yes 

go to I 

wanted? 

is 

Nyquist plot 
wanted? 

yes 

Enter loop gain,coefs 
of constituent T.Fs 

as requested. 

no 

Plot Nyquist diagram after 
im. & real axes coordinates, 
freq.range & increment are 
entered as requested. 
Scales & ranges of the 
display are changeable. 

g o to 6 

no 

time 

response 

no 

en d of 
pro,gram. 



Nichols cha.rt 
plot 
wanted? 

yes 

Plot Nichols plot of the o/p 
loop system on Nichols chart 
after the following info. i s 
entered as requested: 
Kain range & increment 
phase range & increment 

no 

gain variation range & incre. 
phase variation range & incre. 
constant gain range & incre. 
constant phase rancre & incre. 
freq.range & incrP.ment • 
Scales & ranges of the 
display are chan~eable . 

go to 6 

is 
oot locus 
plot 

yes 

no 

Plot Root locus after 
im. & real axes coordinates 

and final value of o/p loop 
gain are entered as require 

-d. 
Scales & ranges of the 
dis la are chan eable 

go to 6 

no 
operation 



WRITE "TIME OR FREQ. RRSPONSE ?" 

READ DMN 

YES NO C 

WRITE "0/P OR CLOSED LOOP ? 11 

READ OP 

YES NO 

READCGHI RF'..ADC GH2 

I CALL TIMEDOMAI N 

lvRITE "HAUT TO UIIANGP TO NR'.v VALU:SS ?II 

READ NEW 

NO 

I 

WRITE WANT ANYMORE TIME 
?

II 
RESPONSE 

GO TO 2 
READ MTDP 

YES D 

GO TO 3 



G 

8 

1/lHTf. 
11
0/r OR C Los··;D LOOP ? " 

5 

_ ...:,iL_ _______ . 

LRRAD OP J 
YES 

ID:ADCGHI 

HRITE 
11
\/HI CH GRAPH? BODE,NYQUI ST 

.NICHOLS OR ROOT LOCUS ? 11 

y 

RFAD GRAPH 

NO 

HO --------·-· -1 

I R"1UJC GH? J 

"B " 
rES GRAPH= / 

~~-- ___ :r-:_o ___ _ 

~ / 
CALL BODE 

l,YES 

I 

I WRITE "HANT ANY OTHER FREQUEN 
I - Y RESPONSE GRAPH?" . r 

, . HEAD MORE 

GALL NYQUI ST 

-_J - ·- - -1 

I 00 TO 5 

NO 
I 

l YES 

WRITE '' t/ Al-JT TO CHANGF. TO NF.i/ VAllrn11? 

GO TO 5 

READ l!E\·I 

G 

E 



G 

YES 

/ ao To ro 

NO 

\-/RITE "WANT ANYMORF. FRF.QUP.NCY 
RESPONSE ? II 

READ our 

YES 
NO F ~ ---

l GO TO 8 J 



F 

?II - __ l HRITF. ":iHAT ABOUT Tnm RESPONSE -

RRAD our 

no 

GO TO 3 

E 

NO 
GRAPH= II NI II 

NO 
YES 

NOP 
CALL .iNICHOLS YES 

l 
/GOTO 5 CALL RLOCUS 

GO TO 5 l 
D 

t__W_R_I_T_E __ ''i_iH_A_T_AB_OO_T_F_R_E_•,Q_Uril-J_C_Y-RE-•S_P_O_N_rs_E_?_" ____ J 
READ OUI 

YES NO 

GO TO 8 F.ND. 



WORKflLEI P~OTTE~ Cl0/27/76) 

100 
150 
200 
300 
400 
!:>00 
600 

• ~00 
988 

1000 
1~88 
1JOO 
1;88 
1988 
lbOO 
1900 
2000 
2100 

~~88 
~;88 
2600 
2700 

~~88 
3000 
3}00 

i~88 
3400 
3700 
3800 
3900 
4000 
4100 
4200 
430(.) 
4600 
4700 
4600 
4900 
5000 
5100 
5200 
5300 
5400 5588 
~,00 
5600 
5900 
6000 
6100 

BEGI N 
SSET LIST 

$RESET SINGLE 
SINCLUDE"PLOTIINIALGOL" 
!BIND POLYA00'P0LYMUL FRUM MATHLI8/= 
R~A~ uc1,DC2,DGl,DG2,DH1,uP1,DP2,DA,D~,DPOLy1,DpOLy2J 
R(AL OCG1,0CG2,DPUL1,DPO~i,J,DH2J 
REAL DMM,MTDP,QI,OKCG1J 

ARRAY u,INBCOIOli 
REAL GRAPH,OP,MORE,ANY,NEw,ouI,WJ 
LABEL LAB5,LA66,LAB7,LAB8,LAB9J 
c~e6tU~~5Eb~~!~~hjN1DEG,CUEf1,N2D£G,CUEf2,NRDEG,C0EfR)J 
REAL N1DEG,N28(G,NROEGJ 
ARRAY COEfl,C Ef2,COEFRtOJ> 
EXTERNALJ 
PReCEUURE POLYAOOCN10£G,CU£f1,N2DEG,CUEr2,NRDEG,COEfR)J 
VA UE N1DEG,N20EGi 
REAL N10EG,N20£G,NRDEGJ 
ARRAY COEf1,COEF2,COEfR(OJ; 
EXTERNAbJ 
REAL PR CEOURE R1Cw,P,A)iVALUE w,PJREAL PiREAL WJARRAY A[OlJfORWARDi 
REAL PRBCEDURE 11cw,P,A>Jv1LUE w,P;RtAL PiREAL WJARRAY ACOlJfoRWARDJ 
REAL PR CEOURE ItW,Q,POLY'iVA[UE w,Q1REAL Q1R(AL WJ 
ARRAY POLYCOlJfORWARDi 
REAL PROCEDURE RCw,Q,POLY)>VALUE w,QJREAL QiREAL WJ 
ARRAY POLYtO]JfQRWARDi 
REAL PROCEDURE R2Cw,P,A)JVALUE w,PJREAL PiREAL wJARRAY A[O]JfQRWARDJ 
REAL PROCEDURE 12cw,P,A)JVALUE w,pJREAL PiREAL WJARRAY A[OlJFORWARDJ ~i~t ~R8fEDURE Rl<w,P,A)JVALUE w,PiREAL PiREAL w;ARRAY ACOJ; 

Rll=Ara1JN 
Rll=AL1JJ 
R1t=AL2l•AC0l•W••2J r-

ENOJ 
REA~ PROCEDURE 11Cw,P,A)ivALU£ w,pJREAL pJREAL WiARRAY A[O]J 
CASE p or 

~EGIN 
I11=Ui 
lll=A(Ol•Wi 
I1l=AL1l•WJ 

ENDJ 
REAL PROCEDURE RCW,Q,POLY)JVALUE w,QJ~EAL QJREAL wJARRAY POLY[O]J 

~£GIN 
REAL KEP,RENJ 
REP•=REN&=OJ r
9

8 Ja=O SlEP 4 UNTIL Q Uu REPl=REP+PULY[Jl•W••CQ•J)i 
FR Jl=2 STEP 4 UNTIC Q Uu RENl=REN+POLYCJl•w••CQ•J)i 
R =REP•RENi 

ENOJ 
REAL ~~Oy~DURE l(WIQIPQLY)JVALUE w,QJKEAL QJK£AL WiARRAY POLYCOJJ 
REAL IM~,IMNJ 
IMPl=lMNl=OJ 
fOR Ja:3 STEP 4 UNTIL Q UU IMPl=IMP•PULY[Jl•W••CQ•J)J 
FOR J&:1 STEP 4 UNTIL Q UU IMNl=I MN+PULYCJl•W••CQ•J)J 
I1=I MP•IMNJ 

11&07 AM THURSDAY, UCT08ER 28, 

00000100 
oooog1so 
0000 200 
00000300 
00000400 
00000500 
00000600 
00000700 ooogotj88 OOO 09 
00001000 
00001133 000012 
00001300 
00001480 
000015 0 
00001600 
00001700 
00001800 
00001900 
00002000 
00002100 

8888~~88 
8888~;88 
00002600 
00002700 

8888~$88 
00003000 
00003100 
ouogl200 
OOO 3300 
00003400 
00003700 
00003800 
00003900 
00004000 
00004100 
00004200 
00004300 
00004600 
00004700 
00004800 
00004900 
00005000 
ouoos100 
00005200 
00005300 
00005400 ougo5sgg 
OU 056 
00005700 
00005~00 
00005908 
0000600 
00006100 



6ioo 

tt88 
t588 
6,00 
6ij00 

9~88 
7100 
7~00 
7300 
7400 
7500 
7600 
7700 
7~00 
7~00 
6000 
6100 
6l00 
g,ss 
6500 
6600 
8700 
8800 

:~88 
9100 
9200 
9300 
9 .. 00 
9500 
9600 
9100 
~g88 

10000 
10100 
10200 
10300 

18~88 
10600 
10700 
10~900 
10 00 

11900 
1.00 

11200 
11300 
11400 
11500 
11600 
11700 
11600 
11 YOO 
12000 
12100 
12200 

E.NOJ 
REAL PROCEDURE R2CW'P'A)JVALUE W'PiREAL PiREAL WiARRAY AtOlJ 
CASE~ MOO 4 Of 
R21=RC~~~~A)J 
R2•=·1cw,P,AH 
R21:•1HW,P,AH 
R21=1CW,P,AH 

EN01 
REAL PROCEDURE I2,w,P,A)i~ALUE w,PJREAL PiREAL WiARRAY A(O]J 
CASE P MOO 4 Of 

BEGIN 
121=1'W,P,AH 
I21=RCW,P,AH 
I21=•ICW1P,AH 
I2•=•RCW,P,AH 

E:NDi 
PROCEOURE TlMEDOMAINCOA,ud,AA,BB)iVALUE OA,OBiREAL oA,oBiARRAY AA,BBCO]J 

BEGlN 
VA~UE ARRAY T1C"OUTPUT">,T2C"TIM[")J 
INTEGER Ii 

REAL x12,xF1,x11,xri,x1,x2,x1,Y1,Y2,YI,HI1,SC,QIJ 
ARRAY YSTARTCO&lOlJ 

L.ABEL F'AIL.i 
PReCEUURE OifEQNs,sP,XfX,N,XI,Xf,Y,HI,EPS,ERR,ERRLBL)J 
VA UE sP,N,xI,xf,HI,EPS,EKRJPROCEUURE XfXi 

INTEGER NJREAL sP,x1,xr,HI,EPS,ERRJ 
L.ABEL ERRLBLJARRAY YLOlJfORWARDi 
PROCEDURE fUNCTCX,Z,OZ)J 
VALUE XJREAL XJARRAV Z,UlCOli 
BEGIN 

DZCOlt=Oi 
fOR 11•1 STEP l UNTIL Ud DO 

BEGIN 
If {us•I)<=DA TH~N 

BEGIN 
IF I=DB [HEN oz[1l•=•ZL1l•BaC1J+AA£1•coa·oA)l•QI 

ELSE OZ Ill=•Zt l•BliC!l+ZtI+ l+AAll•CuB•DA>l•QIJ 
END 

ELSE OZtlll=•Ztll*BBLAJ+Z(I+llJ 
ENUJ 

ENOJ 
PROCEOURE 

V ALlJt. 
PROCEUURE 

INTt(iER 
REAL 
LABEL 

OIFEQNSCsp,xrx,N,xI,xf,Y,HI,EPS,ERR,ERRLBL)J 
SP,N,XI,xf,Hl,EPS,EHRJ 
XfXJ 
NJ 
SP,XI,Xf,Hl,EPS,ERRJ 
ERRLBLJ 
YC O l J ARRAY 

COMMENT•xxxx; 
COMMENT PURPOSE 

SOLVE A ~YSTEM OF fIHST ORDER ORDINARY DIFFERENTIAL 
£QUA TI 0 1~~ 

COMMENT*YYYY 
DESCRIPTION Of PARAMETEKS 

SP • A POSITIVE VALUE FOH SP WILL CAUSE OUTPUT AT 
!NCREMENTS Of SPIN ADDITION TO PROGRAM 
CONTROLLEO UUTPUT• IF SP = 0 ONLY PROGRAM 
CONTROLLED UUTPUT wlLL OCCUH 

XFX • PROCEDURE TU GENERATE THE RIGHT-HANo·sIDE Of 
THE DIFFERENTIAL EQUATION• lT MUST HAVE A 

00006200 

8888i!88 
Ou006588 000066 
00036100 
OOO 6800 

80006988 00070 
00001100 
00007200 
00007300 
00007"00 
00007500 
00007600 
00007700 
00007600 
000074'00 
00008000 
00006100 
00006200 
00008300 
00008"00 
00006500 
OU008600 
00008700 
00006800 
ooos8988 ouo 90 
00009100 
00009200 
00009300 
00009400 
00009500 
oogo9600 
00 09700 

8888~~88 
ouo10000 
00010100 
00010200 
00010300 

88818~88 
00010600 
00010700 
00010000 
00010900 

80011000 
0011100 

00011200 
00011300 
00011400 
00011~00 
00011600 
00011700 
00011CS00 
00011~00 
00012000 
00012100 
00012200 



1~!88 
12500 

1~~88 
12600 
12900 

IJ~88 
li~88 
1334500 1 00 
13600 
13700 
t:HiOO 
13900 
14 000 
14100 
14200 

lii88 
14580 

46 0 
14700 
14680 
149 0 
15000 
15100 
15200 

1~188 
15:>00 
1S600 
15700 
15t;OO 
15900 
16000 
16100 
16200 
16300 
16400 
16SOO 

1~988 
16600 

16. 900 
7000 

17100 
112go 
173 0 
17408 
1~~80 
17700 
17600 
17900 
18000 
16100 
1g1gs 

N 

XI xr 
y 

HI 
t.PS 
ERR 

HEAD~NG or THE FO~M 
PROCEDURE NAME<x,Y,OY) 
VALUE X ~EAL X 
ARHAY Y1DY(O]it 

WHERE GlVEN THE VALUE OF THE INUEPE NOEN T 
VARIABLL X ANO THE VALUES Of THE DEPENDENT 
VARIABLLS AT X, STO~ED IN Y(l&Nl, NAME RETURNS 
THE VALUES ur THE DlRIVATIVES AT X IN DY(llNl 

• NUMBER Uf' Dl[FERENTIAL EQuATleNs IN THE SYSTEM 
N SAOULD BE ESS THAN DR [QUA TO 10 

• INITIAL VALUE OF THE INDEPENDENT VARIABLE 
• FINAL VALUE Of THE INDEPENDENT VARIABLE• xr MAY ~E LlSS THAN XI IN WHICH CASE 

HI MUST BE NEGATIVE 
• AfRAY CUNTAlNINu THE INITIAL VALUES or THE 

0 PENDE~T VARIA~LES, WHICH MUST BE STORED IN 
Y 1l THRU YCNl• THESE ARE NOT PRESERVED• 
Y MUST ~E DIMENSIONED CO&Nl 

• INITIAL sTEPsizE, ,HI MAY BE NEGATivE, ANO 
MUSl SATISFY ABS~X •XI)/C2*15)? ABSCH> 

• ERROR TULERANCEC1•0~·10 LEQ EPS LEQ 1,0~·2> 
• PARAMET£R TO SPECIFY WHICH CONVERGENCE 

CRITER~ON TU USE 
ERR= SE"• STANDARD ERROR 
ERR= "RE"• HELATIVE ERROR 
ERR= "AE" • ABSOLUTE ERROR 

ERRL~L. A LABEL IN THE CAbLlNG ecROGRAM TO WHICH A 
~[TURN WILL BE MAE IN AS£ OF AN I NP UT ERROR 
OR IN CASE THE ITERATION FAILS TO CONVERGE 

PARAMETERS K£TURNED 
Y • CONTAINS THE S8LUTIUN VALUES AT THE FINAL 

PROGRAM SOLUTI N POINT• 
METHOD 

RATIONAL EXTRAPOLATIUN METHOD or R,BULIRSCH ANO J•STOER 
WHICH HA~ BEEN fuUND TO BE SUPERIOR TO ALL OTHER 
METHODS dOTH IN ~PEEU AND ACCURACY FOR SMALL SYSTEMS Of 
DIFFERENflAL EQUATIO NS, SAY N LESS THAN 5, 

REFERENCE 
OIFEQNS !SAN ADAPTIUN Of TH~ FORTRAN PACKAGE OESUS 
WHICH IS VOL 2, ISSUL 1, OF THE NUMERICAL MATHEMATICS 
PROGRAM LIBRARY PROJECT , BELL TELEPHONE LABORATORIES, 
MURRAY HILL, NEW JERSEY; 

COMMENT•ZZZZI 
BEGIN 

COMMENT INITIALlZAT!ON or MACHINE DEPENUENT CONSTANTS 
ZOT • REAL NUMBERS ARE CONSIDERED TO SE EQUAL IF 

THE DIFFERE NCE BETWlEN THEM IS LESS THAN 
ZOT a 2•(•33) 

ZOTUP • THE CONSTANf USED IN THE STEP HALYING DECISION 
IN DESU~ BA SED ON CUMPARING ZOTUP OT WITA C, 
ZOTUP = 2*33 

COM ME NT PARAMETERS fOR NUMEHICAL IMPLEMENTATION OF THE ALGORITHM 
HOIV • THE CONSTA NTT US ED IN flNeING HMIN, fHE MINIMUM 

VALUE THE S EPSIZE IS AL OWED TU AT AIN SUCH 
THAT HMIN = HIHU!V 
HDIV = 1024 

EMIN • TH£ LOW£R BUUND UN £PS 
EMIN = 1•0@•10 

(MAX • THE UPPER BUUND ON lPS 
EMAX = 110 @•2; 

COMME~T CXEND • XSTA~T) / P2 IS USED AS LOWER BOUND 

8881~~88 
0U012500 

8881~~88 
Ou012600 
00012YOO 

8881~~88 
0U013200 
00013.300 
00013400 
00013500 
00013600 
00013700 
00013600 
OU013900 
Ou014000 
00014100 
00014lOO 

888lai88 
00014500 
0U014600 
00014700 

888ltess 
00015000 
00015100 
00015200 

8881~!88 
0001s,go 
000156 0 
00015700 
OU015600 
00015900 
00016000 
00016100 
00016200 
Ou016300 
00016400 
00016500 
OOOl6600 
OOO 6700 
00016(;00 
00016900 
0U017000 
00017100 
00017200 
0001/lOO 
00017400 
ouo1rsog 
0001760 
00017708 
0001780 
0U017900 
00018000 
00018100 
0001tngo ouo 83 0 



/ 

1eggg 
1ft600 
18700 
18tsOO 
18900 
19000 
1.910 0 
19200 
19300 

1~~88 
19600 

1~!88 
19900 
20000 
20100 
20200 
20300 
20400 
20500 
20600 
20100 
20800 
20900 
21000 
211go 
212 0 
21300 

~t~88 
~l~88 
21800 
21900 
22VOO 
22100 
22200 
22300 
22400 
22500 
22~

7
00 

22 00 

~~888 
23000 
23100 
2.1,og 

~J~8o 
23!:>go 
23b 0 
23788 236 
23900 
24000 
24100 
24200 
24300 
24400 

COMMENT 
COMMt:NT 

FOR INITIAL STEPSIZE HI• P2 IS SET Af 2 * 15• J 
THE UROEtt Of EXTRAPOLATION JM IS SET A 6• J 

DEFINE 

c~~~ENT 
INTEGER 

COMMENT 
REAL 
INTEGER 

COMMENT 
BOOLr:AN 

COMMENT 
REAL 
INTEGER 
COMMENT 

ARRAY 
l.ABEL 

FI L.E 
FORMAT 

PROEEUURE 
VA · Uf 

PROCEUURE 
REAL 
INTEtH:.R 
BOOLEAN 
LABEL 
COMMt.rH 

THE MAXIMUM NO• Of UIFfERENTIAL EQUATIONS IN THE SYSTEM 
IS SET AT lU• THIS LIMIT MAY a~ INCREASED BY THE USER 
BUT THE PRU~RAM MAY NOT BE EFFICIENT fOR LARGER SYSTEMS; zgf = 1•1041s321si1~·10 ,, 
Z UP= 65dj934592•0 I, 
HDIV = 1024,0 1, 
EMIN = 1,0~·10 I, 
EMAX = 1,0~·2 I, 
P2 = 32768,0 I, 
JM = 6 I, 
NMAX = 10 IJ 
ERROR INfURMATION PARAMETERS; 
EX,ER,EHJ 
NEJ 
OUTPUT PARAMETERS J 
x,xtt,11, 
NPJ 
VARIOUS LOGiCAL VARIABLES J 
STYPE,KONvf,RE,sE,AlJ 
OTHER VARIAdLES J 
TTL'H'HMIN'HMAX,HP,HQ,HH,xP,xPMx,xT,FH J 
K8UNT,1,J, 
W RKING ARRAYS J 
s,R,yA,vR,v~,yM,oY,uz,sA[OtN], U(Ot7], 
OT[OaN,Ot7l, YG,YH,SG[Oaa,OaN]J 
L1,L2,Ll,L4,L5,EXIT J 

PRlNrERCKINu=PRINTE~, BUFFERS=2, MAXRECSIZE=22)J 
TYME 7/"ELAPSED PROCESSUR TIME IN SECONDS= ",f10•4>J 
EBROR(XfX,XCURNT,ERHNUM,PRNT,ERRLBL)J 
XCURNT,ERRNUMJ xrx1 
XCURNT > 
ERRNUM J 
PRNT J 
ERRLBLJ 
PURPOSE 

PRINT TH~ CURRENT VALUES OF X AND ARRAY Y ANU THE 
APPRUPRIATE ERROR MESSAGE, WHENEVER AN ERROR OCCURS 

DESCRIPTION OF PARAMETERS 
XCURNT • CURRENT VALUE Of X 
ERRNUM • NUMBER lNOICATING THE ERROR OCCURRED 
PRNT • BOOLEAN VARIABLE WHUSE VALUE IS TRUE If 

VALUES UF X,Y ETC• 
OTHER PHOCEUURES REWUIREO 

XfX > 
BEGIN 

L.ABEL L1 J 

Lla BEGIN 
IF NOT PRNf THEN GO TO Ll ; 
XFXCXCUHNT,r,oy) ; 

fORMAl ERRTLEC/X30'"ERROR"/X30"*****"1> J 
SWITCH FORMAT S~FMT a= 
Cl"•**** NO CONVERGENCE IN ABuVE STEP TU",X19,"•****"/ 

"***** X = R,R12t6,~ WITH H = ",Rl2,6," *****"/ 
"***** THE LIMITIN~ ERROR IS "'R12 1 61" IN EQUATION "'12'"*****")' 

(l"*****",Xl7,"N LSS O ~KN GTR 10",Xl8,"*****"), 
(/"•••••",Xl5,"EPS LSS ~-,u UR [PS GlR @•2",x1s,"•••••">, 
C/"*****",X15,"H I (XENO • XSTART) LSS O",X15,"*****"), 

00018408 OOO 850 
00016600 
00016700 
00016oOO 
00018900 
00019000 
00019100 
00019200 
00019300 
00019488 OOO 95 
00019600 
00019780 
000198 0 
00019900 
00020000 
00020100 
OV020200 
00020300 
00020400 
00020500 
00020600 
00020700 
00020600 
00020900 
00021000 
0002110g 
0002120 
00021300 

888~1~88 
00021608 
0002170 
00021800 
00021900 
00022000 
00022100 
00022200 
00022300 
Ou022400 
00022!>00 
00022600 
00022700 
00822600 
Ou 22900 
00023000 
00023100 
00023200 
00023300 
00023400 
888~)ggg 
oug23788 00 238 
ouo2Jc;oo 
00024000 
00024100 
00024200 
ou024300 
00024400 



24~00 

~!188 
24CSOO 
24900 

~~Y88 
25200 2sloo 
25480 
255 O 

~i~88 
25600 
25900 
26000 
26100 
26200 
26300 
26~00 
26 ... 00 
266600 
2 700 

~i888 
2~000 
~,~88 
27300 
~f~OO 
27688 
27700 

~f888 
26000 

~3!88 
~Bi88 
28500 
2:~88 
~8600 
28900 
29000 
29100 
29200 

~tl88 
29500 
29600 
29700 
29~00 
29rOO 
30000 

~8~88 
30300 
30400 
30500 

(/"*****",X1S~"H • 0 OR XEND = XSTAHT",X16,"•••••">, (1"•••••",x1, tH ~SS CxENU. XSTART}/2*15 OR H GTR CxENO - XSTART>", 
Xl,"**** ''>; 

f~I[~<~~~Nl~~,f~~~L~); 
~~!fE~PRINTLR1S WfMTLERR NUMl1EX1EH,ER,N) 

WRITECPRINf~R,SWFMTlERR NUMl)J 
GO TO ERRLBL > 

ENO > 
ENO ERROR J 

PROC£0URE OESUB(X'Y'H'HMlNIREOif); 
VALUE HMIN,REDIFJ 
REAL X,H,HMIN> 
ARRAY '((OJI 
BOOU.AN REOifJ 

BEGIN 
COM MENT PERFORMS A ~INGLE INTEGRATION STEP• WHEN THE PROCEDURE 

IS EXITEo,x AND THE AKKAY y WILL CONTAIN THE MOST RECENTLY COMPUTED 
VA~UES fOR THE INOEPENUENT AND OEPLNOENT VARIA~~ES > 

COMM~NT DESUB IS A~EO ON THE A GOL PROC UR IFFY f 
R• BULIRSCH AN O J• S~O~R, NUMERISHt MATHEMAf~K ,~•13~1ij6g> AND 
IN CORPORAT~S THE MuDif!CATIONS GIVEN IN SU8ROUTINE DESUB Of THE 
BELL TELEPHONE LABORATURlES OESUB PACKAGE; 

REAL A1s,a1,c,G 1 u,v,rA,fCJ 
INTEGER 1,J,KIK~,JJILIMISR'JMAXIJ~,JS,Nl> 
LABEL RESETH,RESJA~Tl,RESJART2,£XITJ 
BOOLEAN Ko Nv,ao,aH 
COMMENT ALTERNATE INITIALIZATION IN CASl A SPECIFIED POINT HAS 

BEEN OVERSTEPPED SO TH~T A RETURN MUST 8£ MADE TO THE PREVIOUS POINT; 
Nl I• N+U 
If RE;OIF THEN 
BEGIN 

JMAX I= JM+3i 
WRITECYC•l,Nl,YAC•l>> 
GO TO RES TARTU 

ENOI 
COMM~NT lNITIALlZAT!ON > 
COMMENT fOR AN EXTRAPOLATIO ~ Of ORDER JM, JM+l UNEXTRAPULATEO 

APfROXIMATIONS ARE RE~UIREO• THREE MORE AR£ ALLOWEO IN ATTEMPTING 
TU ACHIEVE CONVERG£NCE > 

JMAX a= JM+3; 
COM M~NT SAVE THE INITIAL VALUES FOR THE DEPENoENT VARIABLES AND 

THE ERROR TESTCVECTlR rL·oe THE STEP' WRITECYA •l,N ,Y •J>J 
WRlTECSAC•J,N ,SL•l>i 

COM MENT USE THE FUNCTION ROUTINE TO OijTAIN THE INITIAL SLOPES• 
DL =UY/DX, 

xrxcx,v,oz» 
COMM£NT THE LOGICAL VARIABLE BH DETERMINES WHETHER THE STEP SIZE 

HAS 'EEN HALVE D• I NTIALLY FALSE• LATE BH IS fALSE If JAE STEPSIZ IS CUT BY A FACTOR NOT 2; 
RES1AR 1t BH Is fALSEI 
COMMENT PRESET THE ~ONVERGE NCE SUCCESS FLAG TRUE I 

KONVf 1:i TRUE:i 
COM MENT ADVANCE TH E !NOEPENuENT VARIABLE BY THE sTEPSIZE H, 
RESTARf2' A a= H+XJ 
COMMlN SET THE swlrcH FOR THE FIRST SET OF D coErricIE NTs; 

BO t= FALSE; 
COM MENT INITIALIZE lrlE H SE~UE NCE& HIM, HIJR, HIJS; 

M a: 1> JR t= ~; JS a= 3J 

Ou024500 
888~a,ss 
01)024800 
0U024900 
00025008 
0002510 
0002~200 
00025300 
0002s

5
,oo 

0U02 )OO 
oog2s600 
OU 25700 
0002:>600 
01)025900 
00026000 
00026100 
00026200 
00026300 
OU026400 
00026!:>00 
000266600 
0002 700 
00026800 
00026900 
00021000 
00021,100 
0002 200 
OU02f300 
0002~~00 
888~1688 
00027(00 
00027800 
00027900 
00028000 
00326180 00 282 0 
00028300 
00026400 
Ou026500 
00026608 
0U02870 
00026800 
OU026900 
ouo29ooo 
00029100 
Ou029200 
000299.300 
0002 400 
00029500 
00029600 
Ou029700 
00029600 
00029900 
00030000 

888~8}88 
0U030300 
00030'+00 
00030500 



i8?88 
~8988 
31000 
31100 
31200 
31300 
31:88 
¾1600 
~1~00 
11988 
320180 32 0 
32200 
J~i88 
32f)OO 
32600 
j2700 

i;~s~ 
33180 
33200 
33300 

~)!88 
33,00 
¾¾1)88 
33900 
34UOO 
34188 
342 
34J8D 
344 0 
34:>00 
34600 
34TOO 
34ij00 
34900 
35088 351 
1~~88 
3~400 
35500 

i~,88 
35t>OO 
35900 
36000 
36100 
36200 
36300 
36400 
36:>00 
36600 

COMMENJ £ JJ IS THE l NUEX FOR THE ARRAY Of VALUES SAVED I N CASE 
THE NT RVAL MUST SE ~ALVEO J 

JJ •= -1, 
COM MENT ~ lNTEGRATIO N1 STEPI MlD·PUINT RULE+ EXTRAPOLATIO N J 

rOR J a= 0 STEP• UNTIL J~AX DO 
BEGIN 

COM MENT SET THE VALUES Of THE EXT~APOLATIO N COEFFICIENTS TO 
THEIR CORRECT VALUES F~ R THIS lXTRAPOLATIO N STEP• 
Dll]1=16/9, OC3l1=64/9, 0[5]1=256/9 OR O[lJl:9/4, 0[3Jac9, DC5l1=36 J 

itoYo rHE N 
D~ll a= 1,/7777777778J 
0 [ 3 ] I = 7 • 1 1 1 1 1 1 1 1 1 1 1 J 
0[ 5 ] I= 2de4444444444J 

ENO 
E~SE 
BEGl~ 

or1l •= 2e,5J 

8[3] IC 9,UJ 
[5) •• 36,0J 

ENOJ 
COM M(NT IF THE ORDEK OF THE EXT ~APOLATIUN STEP BEING COMPUTED 

IS LESS TijAN JM/2, SET KONV FALSE J 
IF J LSS JM/2 THEN KO NV a= FALSE ELSE KONV a= TRUE J 

COM MENT If J IS GREA TER THA N J M RESTRICT THE ORDER or 
EXTRAPOLATION TO JM ANU ADJUST THE LAST EXTRAPOLATION COEFFICIENT; Ir J GTR JM THEN 

BEGIN 
L •= J MJ u(Ll •= 4,0 * oCL•2lJ 

COM ME NT DISCOURAGE IHE sTEP·INCKEASING FACTOR Fe BY A FACTOR Of 
SQ~TC2) SINCE CONVERGE NCE WAS NOT UBJAINED IN JM EXTRAPOLATIONS J 

FC I• ,707106781187 * FC 
END 
ELSE 

COM ME NT THE NUMBER,J,OF EXTKAPOLATIO NS HAS NOT EXCEEDED JM• 
Fl ND OCJ) • CH DIVIDED ev H/M)*2• 
ADJUST THE FACTOR,fc,u~~o To AuJUST TH£ STEpsizE FOR THE NEXT STE~ 
TU BE TAKEN J 

BEGIN 
L •• JJ uCLl I= M•MJ 
re •= CJM·J>t6.o + 1.0, 

END) 
COMMENT MODIFIE D MlUPOINT RULE USED TO fIND FIRST VALUE FOR THIS 

EXTRAPOLATION STEP J 
M 1= M+MJ G I• HIM} B 1= G+GJ 

CDM MLNT F THE STEP~lZE HAS BEE N HALVED ANO lf THE ORDER OF THE 
EXrRAPOLATION STEP DOE~ NOT EXCEEDTTHAT fOK WHICH PREVIOUSLY CO MPUTED 
VALUES W£R£ SAVED, THEY CA N BE RES ORED J 

IF BH AND J L~S JMAX•l THEN 
BEGIN 

WRITECYMC•~,Nl,YHCJ,•l)J 
WRlfECYLC•J,N ,YGCJ,•l)J 
WRI ECSC•l,~1,SGCJ,•l)I 

END 
ELSE 
BEGIN 

COMM ENT OTHERWISE TrlE STARTING VALUES FUR THE MIDPOINT RULE 
MUST BE CO MPUTED J 

KK I= •5 • CM·2)J 
WRITECYLC•J, Nl,YAC•l)J 
FOR I &: 1 STEP 1 UNTIL N uO 

00030600 
00030700 
oog3oaog 
OU 3090 
00031000 
00031100 
Ou031200 
00031300 
oog314og 
00 3150 
00031600 
00031700 

888il;88 
00032000 
00032100 
00032200 
OU032300 
00032400 
00032,oO 
00032600 
OiJ032700 
00032tj00 
00012900 
OOO 3000 
ouo 3100 
00033200 
OU033300 

888i¾~88 
00033600 
OU033700 
00033600 
00033900 
00034000 
00034108 
0003420 
OU034300 
OU034400 
Ou034500 
00034600 
0U034700 
Ou034600 
Ou0341JOO 

888J~i88 
00035200 
0003~300 
00035400 
Ov03~>:.>00 
OU03S600 
ouo3Sloo 
00035dOO 
00035900 
0U036000 
OU036100 
0 0036200 
00036300 
Ou036400 
00036500 
0 0036600 



36700 
36b00 
J98R8 
37100 
37280 
~fio8 
37500 
376700 
37 00 
37600 
37900 
33000 
j8~88 
38300 
38400 
38588 386 
38/00 
38t$900 
38 00 
391JOO 
39100 
39200 
39300 

ii~88 
39600 
39700 
39tsgo 
399 0 
40000 

:8~88 
40300 
40400 
40Soo 
40bOO 
40700 
48~00 4 i,00 
41000 
41100 
41200 
41300 

:1;88 
41600 
41700 41aoo 
!~~88 
42180 
42, 0 
42300 
42400 
42!:>00 
42600 
42700 

fM(ll 1• YA[Il + DZiIJ• Gi 
WRl ECSC•l,Nl,SAC•J>J 

INTE RATI N RUE IS HIM• C MP TE TU THE ENO Of TH STEP C N INU USLY COM M~~, THE MEMSE~ uf THE~ SEQUENC[ BEING USE~ BY THE MfDPO~NT 
UPUA ING ~HE V~CTOR,S,~ONTiIN ~G THE MAXIMUM VALU COMPUT~D UP 0 
NO~ OR EACH DEPENUENT VARIABL~; 

M I• M·U 
fO~ K 1: 1 STEP 1 UNTIL M 00 
BEGIN 

XfXCX + K*G,YM,OY)i 
FOR I &• 1 STEP 1 UNTIL N UU 
t3EGIN 

U 1= YL[ll + uY(Il•BJ 
YL(IJ a= YM(Il> 
YMCil &: Ui 
SCIJ •= MAXCAt3SCU),SCll)i 

ENOJ 
COM MlNT IN CASE THE INTERVA~ MUST BE HALVED NEXT TIME, SAVE THE 

VALUES AT HALf~AY ALO Nu CKK = M/2 • 1) THE STEP UNLESS K=2; 
If K=KK ANO K NEY 2 fHEN 
BEGIN 

JJ a:1 JJ+li 
WRITLCYH(JJ'*l' Nl,Y M(•l>J 
WRITLCYG[JJ,•l,N1,YLC•J)J 
WRITlCSGtJJ,•l,N1,SC•J)i 

ENOJ 
ENO KLOOP> 

ENOJ 
xrxcA,vM,oYH 
fOR I I= 1 STLP 1 UNTIL N DO 
BEGIN 

COM MENT v IS usED Tu SAVE THE VALUE OBTAINED BY THE MfDPOfNT RULE 
USING THE PREVIOUS MEM~ER OF THE H SEQUENCE {THE FIRST T ME HROUGH 
THIS VALUE IS UNDEfIN£u, BUT 1r IS NOT USEU SINCE LIS LESS THAN 1;; 

V I= DTCI,Uli 
COM MENT COMPUTE THE ~flNAL VALUE OBTAINED FOR THIS MEMBER OF THE 

H SEQUENCE BY THE MODlrlED MIDPOINT RULE; 
TA a• C am DTIJ,o, 1= ,5 * COYLil•G + YLCil + YMCil); 

COMMENT IF THE ¥ALU~ JUST COMPUTED BY THE MIDPOfNT RULE SHOWS 
A LARGE JUMP fROM .HE PREVIOUS VALUE, HALVE THE IN ERVAL; 

If ABS(V)•lOTUP LSS A8SCC) ANU ABSCH) NEQ HMIN 
AND J ~rR •5*JM THEN GO TU RESEJH; 

COM MENT PERFORM THE L STEPS FOR THE CURRENT LTH ORDER 
EXTRAPOLATION STEP• If THE DENUMINATIONATOH OF THE RATIONAL FUNCTION 
GUES TO ZERO AT ANY STLP,sET OT AT THAT STEP TO ITS VALUE JUST BEFORi 

FO R Kl= 1 ~TEP 1 UNTIL L DO 
BEGIN 

fsl a= D[KJ*VJ 
8 a= al•i,;; 
U I= V; 
If" B NEQ O THEN 
1:3EGI N B •• ,c-v>IBi 

U a= ~•BJ 
C 1: dl•Bi 

ENDi 
V a= DJCi,Kli 
DTCI,Kl i: Ui 
TA 1: U+ TAi 

ENO KLOOPi 
CO MM tN T EACH OEPENULNT VARIABLE IS CH[CKEO SEPARATELY FOR 

00036700 
OU036800 

888¾9Z8~ 
00037100 
00037200 
00037300 
00037400 
OU037SOO 
00037600 
ooo377og 
OU03760 
00037900 
ovo3gooo 
888¾a~88 
00036300 
00036400 
00036588 
000366 
00038700 
OU036ij00 
ooo38Yoo 
0UOJ9000 
00039100 
OU039

9
200 

0003 JOO 
000399~00 
0003 soo 
00039600 
0U039700 
00039000 
00039j00 
00040000 

888!8}88 
00040300 
00040400 
00040~00 
00040600 
00040lOO 
00040600 
00040900 
00041000 
00041100 
00041200 
00041300 

888:1~88 
00041600 
00041700 
00041800 

888:~~88 
00042108 
0004220 
00042300 
00042400 
00042500 
00042600 
00042700 



42600 
42900 
43000 
43100 
43200 
43300 
ai~gg 
436/00 
43 00 43688 
4 39 
44000 
44100 
44200 
44300 
44400 
44~00 
44600 
44700 
44600 
44988 450 
452100 
45 00 
45300 
45400 
45500 
45600 
45700 
4SdOO 
45908 
4600 
46100 
46200 
46380 
464 0 
46580 
46C> 0 
46788 46t, 
46900 
47000 
47100 
47200 
47l00 

t~!88 
47600 
47700 

tfS88 
48000 
48100 

13~88 
48400 
46500 
46600 
48700 
48600 

CONVERGENCE J 
If RE THEN SCIJ •= ABSCYCil> ELSE 

COMMENT 
COMMENT 
COMMENT 

F SE THEN S[Il l= MAXCA~SCTA),S(Il); 
RCll aa Ad~CYCIJ•TA)J 
YCil a= TAi 
SCll I: MAX(SCIJ,Eps)J 
If R[IJ GTK EPS•st1J THEN KONV a= FALSEJ 

ENO ILOOPJ 
Ir KONV THEN ~OTO EXITJ 

RESET THE EXTRAPOLATION COEFFICIENTS J 
Ot2l I= 4•0J D[4l I= 16•0i 

FLIP THE s~ITCH FOR THE NEXT sET OF coEFFicIENTS, 
BO aa NOT BOJ 

TAKE THE NEXT MEMBER Of THE H SEQUENCE; 
M l= JRJ JR 1= JSJ JS a= M+Mi 

COM MENT AND GO ~ACK FOR THE NEXT ExTRAPULATION J 
ENO JLOOPJ 

COMMENT If, AFTER ALL THE EXTRAPOLATIONS ALLOWED, CONVERGENCE HAS 
NOT BEEN ACHIEVED, ATT~MPT TO HALVE H SO THAT THE SAVED VALUES CAN 
BE USED <SET BH TRUE FUR THIS PURPOSE>• If HALVING H MAKES IT LESS 
T~AN HMIN, SET Hl=HMIN, IN THIS CASE THE SAVED VALUES CANNOT BE USEOt 

ff H HAD ALREADY BEEN AT HMIN, CONVERGENCE CANNOT BE ACHIEVED FOR 
HIS HMIN ANO THIS EPS CRITERIUN• SET KONVf FALSE J 

BH l• NOT BHi 
RESETH* IF ABSCH) LEQ H~lN THEN 

B~GIN KONVf I= fALSEJ GO TO EXITJ ENDJ 
H I= •S*HJ 
If ABSCH)CGEQ HM!N JHEN ~O TU RESTAHT2i 
H l= SIGN Hl * HMIN 
GO TO RESTART1J 

COMMENT WHETHER Of NUT CONVERGENCE HAS BEEN ACHIEVED SET A NEW 
SU~GESTED STEPSIZE FOB THE NEXT STEP ANO ASSIGN THE END OF STEP 
VALUE TO THE lNOEP~NOENT VARIA~LE J 

EXIT• H aa FC•HJ 
X I= AJ 

ENO DESUBJ 
COMMENT MAIN PROCEDURE BEGINS HERE; 

T1 1: TIME,~>J 
COMMENT SET ERROR CHITERION PARAMETER J 

If ERR= "RE" 8H ERR= "OOOOHE" OR EHR=" RE" 

COMMENT 

COMMENT 

OR ERR= "REOO 0~ OR ERR= "HE " THEN RE 1: TRUE 
ELSE 
IF ERR= "SE" OR ERR= "oOOOSE" UR EHR=" SE" 
OR ERR= "SEOOOO" OR ERR= "SE " THEN SE a= TRUE 
ELSE . 
BEGIN 

AE I= TRUEJ 
FOR l a: 1 ST~P 1 UNTIL N DO SC1l l= 1,o; 

ENDJ 
SET SPECifl~O POINTS FLAG FOR UUTPUT AND CHECK SP J 
NP •= If SP • 0 THEN O ELSE 1 ; 
KOUNT l• 0; 
If sP • (Xf • XI) LSS O THEN sP l= sP * SIGNCXf·XI) J 
CHECK PARAM~TERS ANU PERFORM INITIALIZATION J 
STYPE a= TRUE; 
H a= HI ; 
If N LEQ OUR N GTR NMAX THEN EHROR(XfX,xI,l,TRuE,ERRLBL)J 
If EPS LSS ~MIN OR EPS uTR EMAX THEN ERHORCXFX,XI,2,TRUE, 

ERRLBL)J 
TTL l= XF • XI J 
IF TTL* H LSS O TH[N EHROR(Xfx,x1,3,TRUE,(RRLBL> ELSE If 

00042600 
00842900 
00 43000 
00043100 
00043200 
00043300 
00043400 
00043500 
00043600 
00043700 
00343608 
00 4 39 0 
00044000 
00044100 
00044200 
00044300 
00044400 
00044500 
00044600 
00044700 
00044600 
000441100 
00045000 
00045100 
00045200 
0004!>300 
Ou045400 
00045500 
00045600 
00045700 
00045600 
00045900 
00046000 
00046100 
00046200 
00046380 
000464 0 
00046503 
0004660 
oug467oo 
00 46600 
00046900 
0004(000 
0004/100 
00047200 
00047300 
000477400 
0004 500 
00047600 
00047700 

888a~S88 
00046000 
00046100 

88sagi88 
00048400 
00046500 
00046600 
00046700 
00046dOO 



46900 
49008 
4910 
49200 
49300 
49400 
49S~O ::,~s 
49600 
49980 
500 0 
5010g 
5020 
50300 
50400 

~8i88 
50788 508 
50900 
51000 
51100 
51200 
;1JOO 
sl~88 
SlbOO 
s17oo 
51~88 519 
S2000 
~~~88 
S23

4
oo 

52 c. go 52., 0 
S2600 
S2700 
52600 

;~~88 
53100 
53200 
53300 
53400 
53500 
53688 537 
53~00 
53~00 
54000 
54100 
54200 
54300 

~:~gg 
54600 
54(00 
54ti00 
54900 

CQMM EN T 

L.11 

COMME NT 
L31 

COMME NT 
L21 

TTL* H ~ 0 THEN ERRURCXfX,XI,4,TRuE,ERRlBL>J 
If CH/ TTL-* P2 L~S 1 OR H / TTL GTR 1 

THEN ERRUHCXFX,Xl15,TRUE,EH~LBl)J 
KONVf 1= T~UE J 
FOR I aa 1 ~TEP 1 UNTIL N DO SCll I= ABSCYCIJ) J 
HMIN I• ABSCH/HOIV) J 
HMAX la: At:JSC rTL) I 
HP I= 0 ; 
XP I= X I= X I J 
BEGIN SOLUT!ON or D1FFERENTIAL EQUATIONS 
THE RIGHTMOST 21 BITS Of THE STEPSIZE HARE ZEROED OUT 
IN AN ATTEMPT TO REUUCE THE BUILD UP Of ROUND Off ERROR• 
THIS LEAVES H WITH APPROXIMATELY 5 NON ZERO DECIMAL 
DIGITS J 
If X NEQ Xl rHE N 
H.C20121l ac: 0 ; 
If NP= 0 ANU N9t STYPE THE N Go TO L3 J 
XPMX la XP • X 
fH •= XPMX/H J 
lf fH GTR ZuT THEN GO TU Ll J 

Jam If ABSCFH> GTR ZOT THEN 1 ELSE OJ 
CASE J Uf 

BEGIN 
BEGIN 

WRITE<Y~C•l,N+t,VC•l>J 
HQ a= HP J 
XR a= X ; 

ENO; 
BEGIN 

HR •= HQ a= XPMX + HP J 
XR 1= XT ; 
OESUB(XR,YR,HR1HQ,THUE)i 
HQ &= XI< •AT; 

ENO; 
END J 

STYPE I• HhJE J 
XfX(XR,YR,UY) J 
STVPE I= f'AI..SE J 
If KONV f THt..N 

BEGIN 
If CXf • XR)ITTL LEQ O THEN GO TO EXIT I 
KOUNT as KUU NT + I J 
XP a= Xl + ~OUNT * SP > 
If exp• Xf~/H GTR O THEN XP •= xr J 
GO TO L1 

ENO ELSE GO TO L4 J 
OUTPUT RESU~TS AT A NATURAL STEP; 
If ABSC(x·x~)/H) LEQ ZOT THEN GU TO L2; xrx<x,v,ov> , 
PERfORM A s,IEP IN SOLUTlON or Olff'ERENTIAL EQUATIONS, 
It <Xf • X) TTL LEQ O THEN GO TU EXIT J 
If ABS(H) L~S HMIN THE N H 1= HMlN * SIGNCH> ELSE 

If ABS(H) UrK HMAX THE N H I= HMAX * SIGNCH) J 
f (Xf•X•H)/TTL LSS O THEN H •= XF • X I 

XT 1= X J 
DESUBCX'Y'H'HMIN1fALSE)> 
HP I= X • X f J 
If KONV f THl N GO TO Ll ELSE 

BEGI N 
J I= 0 J 
GO TO LS 

00048900 
00049000 
00049100 
00049200 
00049300 
00049400 
00049500 

8882:988 
00049800 
00049900 
00050000 
00050100 
00050200 
ouOSOlOO 
00050400 
ouo5o

0
sgo 

0005 6 0 
00050788 
000508 
00050900 
00051000 
00051100 
00051200 
00051300 
00051400 
00051500 
00051600 
00051700 
oogs1B88 00 519 
00052000 

888~~~88 
00052300 
OU052400 
00052500 
00052600 
00052700 
00052800 

888~~~88 
00053100 
00053200 
00053JOO 
00053400 
oo053SOO 
ougs36og 
00 5370 
00053800 
00053900 
00054000 
00054100 
00054200 
00054300 
00054400 
00054500 
00054600 
00054700 
ou054trno 
00054~00 



~~~88 
55200 
55JOO 
55400 
55500 
5~~00 
~5d88 
55908 
5600 
56100 
56200 
56300 
56400 
56500 

i~188 
S6800 
~9~8R 
57100 

;f~88 
57400 
~~~88 
S778o 
576 0 
57900 
~6900 
!6 ~88 s8Joo 
~B~88 
58600 
58700 ~gsss 
59VOO 
S9100 

~t~gs 
59388 
594 
59500 
~9,00 
si888 
S9980 
600 0 
60180 
602 0 
60300 
60400 
60~600 
60,00 
60 00 
60800 
60900 

L41 

LSI 

LABEb 

L. 61 

ENO J 
If KONVF TH~N GO TO EXIT J 
J I 11 1 I 
ER 1=0 ; 
FOR 1 1a 1 ~TEP 1 UNTIL N DO 

BEGIN 
L6J 
~~ 1 ~RR[I~CJlsrfj 1Lll fHEN GO TO L6; 
NE 11: I J 

£NO ; 
CASE J Uf 

BEGIN 

ENO 

BEGIN 
EH I= HP ; 
EX 1= X; 

ERROR(Xfx,x,u,TRuE,lRRLdL)J 
ENO J 
BEGIN 

EH I= Hltl J 
EX 1111 X~ ; 

ERRORCXfX,XK,0,fALS~,ERRL~L)J 
EN9 J 

EXITa BEGIN ENDJ 
E~O DIF'EQNSJ 

STARTPJ 
XRANGEc·2so,12so>JYRANGE~·2so,12~o)J 

SUBfRMCO,O, 000,lOOU)J 
DtVICECJ,t,o,o)J 
WRITECFILE97,<"1NIT1AL '0NDif10NS7">)J 
REAO{fILE97,l,ruR 11=1 ~fEP UNTIL D~ DO YSTART[Il)J 
WRITECFILE97,<"flNAL TIME VALUE AND INCREMENT?">)J 
REAUCFILE97,/,Xf1,XI2)J 
WRITECiI~E27,<"VALUE Of INPUT STEP?">)J 
REAOCF L 97,/,QI>J 
WRlTEC I E97,<"TIME RAN~E AND INCREMENT?">)J 
REAU{fILE97,l,x1,x2,xI)i 

WRITECFILE97,<"0UTeUT RANGE AND INCREMENT?">); 
REAOCflLE97,l,Y1,Y2,YI>J 

AT(90,1000)JTXTDIRCO)JW~TARYC1,Tl)J 
ATClooo,s>JTXTDIRtO)IWRT~RY(1,T2)J 
XRANGECx1,x2)iYRANGECY1,Y2)JXAXIS(Y1,xI>JYAXIS(X1,YI)J 
NOL1NEJ 
HI1••x1211o; 
FOR XI t••Xl2 STEP Xl2 U~TIL CXF1•Xl2) DO 

BE~IN 
xr2az=x11+XI2i 

01rE"~~,8SFuNcr,os,x11,xr~,vsTART,HI1,~·3,"RE",rAIL>J 

Lt~6JOCXf2,YSTART[1l>J 
WHENClO>J 

WR1TECFI~E97,<"WANT TO CHANGE THl SCALE?">)J 
RE AUCF1Lh97,l,SC)J 
If SC= Y THEN TlMEDUMAI~COA,DB,AA,B~)J 
ENO~; 

FAIL& ENDJ 
COM MENT**** PROCEDU~E ~uUE ***; 

PRUCEOURE BODECW,DA,DB,~,B)JVALUE w,DA,0BiH£AL UA,D~; 
REAL w1ARRAY A[O],BCO]J 

888~~~88 
00055200 
00055300 
00055400 
00055500 
000i5600 ouo 5700 
OOO 5600 
ouo559o8 
0005600 
00056100 
00056200 
00056300 
00056400 
00056500 

8U056608 
005670 

00056800 
00056~08 
0005700 
00057100 
00057280 
000573 0 
00057400 
0005 77500 
0005 600 
00057700 
Ou0578QO 
OOOS7900 
00058000 
00058100 
OOOStslOO 
00058JOO 
00058400 
00058500 
00056600 
00058700 

888~g~88 
00059000 
OUOS9100 

888~t~gg 
888~:!88 
Ou059500 
0U05

9
9600 

0005 Too 
00059800 
00059"100 
00060000 
00060100 
00060200 
00060300 
00060400 
00060500 
00060600 
Ou060700 
00060dOO 
00060900 



61000 
61100 
g1~88 
61480 
61S 0 
61~

1
oo 

61 go 
61f> 0 
61900 
62UOO 
62180 
62:l 0 
62300 
62400 
62~00 
626700 
62 00 
62~00 
62700 
63008 
6310 
63200 
63300 
63400 

&ii88 
63700 
63800 
63YOO 
64000 
~4100 
x:~88 
64400 
64500 
64600 
64700 
64ti00 
64'100 
65000 
65100 65288 653 
65400 
6SSOO 
65688 657 
65600 
gs9oo 
6:~88 
66200 
66300 
66400 
66500 
66D00 
66700 
66800 
66900 
67000 

tiEGIN 
fILE EE1CKINO•D1SK,MAXRECSilE=40)i 
FILE E1CKIND=oISK,M~XR[CS1Zl=4g>; 
rlLE E2CKIN0•DISK,MAXRECSI2l=4 ); 

ARRAY Y6(01100000li 
INTEGER JJ 

REAL sc,aR,x,v,cor,s,G; 
REA~ Lf,fI,Hf,LG,HG,LP'HP,GI,PIJ 

VALUE ARRAY T1C"***~OOE OIAGRAM&***")J 
VALUE ARRAY T2C"GAINC08)")l 
VALUE ARRAY T 3 C "PHASE C Ul;.G > ')J 
VALUE ARRAY T4C"fREQUE~~YCHTZ>"li 

PROCEDURE MGRAPHlifORWAKUJ 
PROCEDURE MGRAPH2JfO~WARUJ 
PROCEDUR£ MGRAPH3JfO~WARuJ 
PROCEDURE MGRAPH4if0KWAKUJ 
PROC~DURE PGRAPHlJFORWARuJ 
PROCEDURE PGRAPH2>FORWARUJ 
PROCEDURE PGRAPHlJFORWA~u; 
PROCtDURE PGRAPH4ifORWARuJ 
PROCEDURE THREEcw,Y6)JVALUE WJREAL WJARRAY YtiCOlJFORWAROJ 
PROCEDURE MGRAPHli 

BEGIN 
FOR WlaLf STEP W*lel/20 UNTIL HF DO 

l:H.GIN 
Glc(CR1CW,OA,A)**2+J1CW,DA,A)**2)ICR1CW,0~,8>••2+I1CW,OB,B)**2))i 

IF G>O THEN BEGIN 
Ya=10•LOGCG)J 

XlcWJ 
IF Y<=HG OR Y>=~G THEN 

BEGIN 
CHARMDJ 

whf~E[~i!i!~!v>J 
ENDi 
ENOJ 

ENDi 
ENlJi 

PROCEDURE MGRAPH2i 
BEGIN 
FOR Wl=LF STEP W*1•1120 UNTIL HF DO 

dEGIN 
Gl=(CK1CW,OAIA)**2+I1Cw,uA,A)**2)/CR2Cw,ob,8)**2+12(W,oB,S)**2))J 
If G>O THEN BEGIN 

'f &=10*LOGCG>i 
xr=10 
If Y<=~fG~~ Y>=LG THEN 

CHARMOJ 
LINETOCX,Y)J 

WRITEtRAj1,x,y>; 
ENO> 

ENUi 
ENO; 
PROCEDURE MGRAPHJi 

BEGIN 
fOR rll=Lf STEP W*1e1120 uNTIL HF DO 

isEGI N 
G&:((~2CW,OA,A>••2+I2CW,UA,A)**2)/CR1CW,D8,~)••2+l1CW,oB,~>••2))J 
lf G>O THEN BEGIN 

00061000 
00061100 

88821~88 
00061400 
00061500 
00061600 
00061700 
00061600 
00061900 
00062000 
00062100 
00062200 
00062300 
00062400 
00062500 
00062600 
00062700 
00062600 
00062900 ooo63ogo 
000631 0 
00063200 
00063300 
00063400 
00063500 
00063600 
00063700 
00063600 
00063900 
00064000 
00064100 
003642go 00 643 0 
00064400 
00064500 
00064600 
00064700 
00064d00 
00064900 
00065000 
00065100 

8882~~88 
00065400 
00065500 

888~~188 
00065800 
ooois9oo 
8886:~88 
00066200 
00066300 
00066400 
00066500 
00066600 
00066700 
00066tS00 
OU066"t00 
0006(000 



67100 
67200 

~ft88 
6f S6oo 6 00 
6 700 
67800 
67900 
68000 
66100 
68?.00 
68300 
68400 
68!>00 
68608 68(0 
68600 
66900 
69000 
69100 
69200 
69300 
69400 
69500 
69600 
69100 
691:100 
69900 
70000 
70100 
70200 
70300 
70400 
70500 
70600 
70700 
70600 

f8;8~ 
70904 
70906 
70908 

~8~1~ 
70914 
70916 
70Y16 
11100 7 200 
71300 
71400 
~1~00 
11188 
71600 
71900 
72000 

f~~88 
72210 

'fl=lO•LOG<G» 
X a =W; 
If Y<=~~G~~ Y>~LG 

CHARMD> 
LINETocx,v» 

WRITECE1,/,X,Y)J 
ENDi 
END> 

ENDi 
ENDi 

THEN 

PROCEDURE MGRAPH41 
BEGIN 

fOR wa=Lf STEP W*l,1/20 UNTIL Hf DO 
dEGIN 

Glc(CK2CW,OA,A>••2+I2CW,uA,A)**2)/CR2CW,DB,~)••2+I2CW,oB,B)••2>>> 
If G>O THEN BEGIN 

Y&=lO•L.OGCG)J 
xa =rH 
If Y<aHG OR Y>=LG THEN 

BEGIN 
CHARMDi 
LINETocx,v» 

WRITECEl,t,x,y); 
END> 
ENO> 

END> 
ENOJ 
PROCEDURE PGRAPH1> 
BEGIN 
REAL NNT,ONT> 
y6[0Ja•O> 
~~~I~a=LF STEP w•l,1/20 UNTIL Hf 00 
IS 11•+ 11 
~Nf•=<Ilcw,DA,A)/RlCw,oA,A))•(Il{w,085~)/Rl(w,00,B))J 
DN &•1+c11,w,0A,A)/RlCW,UA,A))*CI1Cw, S,8)/RlCW,OB,B))I 

Y6[Il*•ARCTAN<NNT1DNT>•cofJ 
If yi;Cil<=O THEN 

BE!.ilN 
WRITLCE2,ltJ1W,Y6[Il>> 
THRl:.EC~,Y6J 

ENU ELSE 
yRf~i~=Y8[1]·180i 
WR11ECE2tl,I,w,Y6[11)1 
THREECW,r6» 

ENDI 
E~8~ 

PROCEOURE PGRAPH2> 
BEGIN 

REAL NNT,ONT> vscola=o; 
f~R wa=Lf STEp w•l.1/20 UNTIL Hf oo 
B GlN 
I =•+1' 
NNflm(I1C~,OA,A)/R1CW~DA,A))•CI2CW,Od,ij)/R2CW,OB,B))J 
DNT•=1Jc11cw,oA,A)1R1(W,uA,A))*(I2CW,oB,B>7R2(W,DB,B)); 

Y6[1Jl=ARCTANCNNTIONT}•Cuf; 
If YcH ll <=O THEN 

00067100 
0U067200 
00067300 
OU067t+OO 
OU06 7

7 
500 

0006 600 
OU067700 
00067600 
00067900 
0006BOOO 
00068100 
00068200 
00066300 
00066400 
01)068500 
00066600 
00068700 
00068600 
00066900 
00069000 
00069100 
01)069200 
00069JOO 
00069400 
00369500 
00 69600 
01)069700 
00069600 
00069900 
00010000 
00070100 
0007020g 
Ou07030 
00070400 
00070500 
00070600 
00070700 
00070600 

888f8:8~ 
00070904 
00070906 
00070906 
00078910 0007 9 2 
ouo1oy14 
00070916 
00070918 
00071100 
00071200 
00071300 
Ou071400 
00071500 
oug716og 
00 7170 
OU071d00 
00071900 
00072000 

888~~~88 
00072210 



72220 
7~i88 
~2410 
72420 
~~:~~ 
72424 
72426 
72500 
726700 
72 00 
72800 
72~00 
73000 
73100 
73200 
73300 
7~40~ 
~s~8o 
73700 
73702 
~~fgi 
73708 
73710 

~i~li 
fif!~ 
74000 
74100 
74200 
74300 
74400 

f
4500 
4600 
4700 ,::ss 

75000 
75100 
75102 
75104 
75106 
75108 
75110 

~~iii 
75116 
75118 
75300 
75400 
75~00 
75600 
77900 
76000 
76180 
782 O 

BEGtN WRI I CE2,1,1,w,y8CI1>J 
THRE CW,Y6H 

END ELSE 
BEGIN 

Y8[Ilt=Y6C1l·1so; 
WRITL(E2,/,I,W,Y6CI1>J 
THREECW,Y8H 

£NU} 
EN8i EN • 

PRO CEDURE PGRAPH3J 
BlGlN R AL NNT,DNH 
Y COJ .. :OJ 
FOR ~t•Lf STEP w•1•1/20 UNTIL Hf OD 
B[GIN 

I'=•+li 
NNTl=C12cw,0A,A)/RlCW,uA,A))•C11cw,oa,s>IRlCW,0B,B))J 
ONTa=1+c12cw,0A,A)7R2Cw,oA,A))•CI1CW,08,B)1R1Cw,00,B))J 

i8L1ll=ARCTANCNNT/DNT>•~UFJ 
If YtHl1<=0 THEN 

BEGIN 
WRITECE2,/,1,w,y~Ctl>J 
THREECW,Y8H 

END El.SE 
vifl1~=Y8[Il*160J 
~RITECE2tl,I,W,Y8CI1>J 
THRE~CW,T8H 

EN lJ, 
ENOJ 
ENUJ 

PROCEDURE PGRAPH4J 
BEGIN 
REAL. NNT,ONTJ 
Yb[Oll=OJ 
FOR Wt=~F STEP W•1e1/2U UNTIL HF DU 
BEGIN 
P=•+U 
NNf1=CI2CW 1 DA,A)/R2(W'UAIA))·c12cw,oa,s)/R2(W'DB'8))J 
ON am1+(12CW,oA,A)/R2Cw,oA,A))•C12CW,DB,B)/R2CW,OB,B))J 

Y6(1ll•ARCTANCNNT/DNT>•~OFJ 
lr Y6[Il<=o THEN 

BEGIN 
wRIT~CE2,1,r,w,y8[Il)J 
THREEC w, y8)J 

END ELSE 
BEGIN 

Y8C1Ja=vsc1J•1ao; 
WR1l~ CE2tl,I,W,Y6lll>J 
THRE.£CW,T6>J 

ENlH 
ENOJ 
ENU J 

PROClDURE THREECw,ya>JvA~UE WiREAL WiARRAY Y8[0]J 
BEGIN 
x a =ro 

IF Y~[ll<=Y6CI•1J ANU YtiLIJ<=O THEN 
BEGIN 

CHAHMD1L1NETuCX,Y6(IJ)J 

ouo72220 

888~~l88 
00072410 
00072420 
Ou072421 
00072422 
ov072424 
00072426 
00072500 
00072600 
OU072700 
00072800 
ouo12-,oo 
00073000 
00073100 
0007.3200 
00073300 
00073400 
00073500 
00073600 
00073700 
00073702 

888~i~8i 
00073708 
00073710 
00073712 
Ou073714 
oog73716 
00 73718 
00073900 
00074000 
00074100 
00074200 
00074.300 
00074400 
00074500 
00074600 
00074700 

888~::ss 
0007SOOO 
0001s100 
00075102 
00075104 
ouo75106 
00075108 
00075110 
ouo1s112 
000751 4 
0007:>116 
00075118 
00075300 
00075400 
000 75500 
00075600 
00077~00 
Ou078000 
00076 100 
00078200 



fftt88 
78S08 7660 
~g~88 
78'100 
79000 
79108 7920 
79300 
79400 
79500 
79608 
7910 
79tSOO 
81400 
81~00 
81600 
81700 
81600 
81900 
82000 
82100 
82200 
82388 824 
82500 
82bOO 
82700 
62600 
82900 
53UOO 
63100 
83200 
gJt88 
83SOO 
83600 

Rl~88 
83900 
84000 
64100 
84200 
64300 
84400 
gt&88 
84700 
ft4800 
ei~88 
65100 
gs200 
e~!88 
65500 
856/00 
85 00 
85~00 

WRITECEE1,/,X,Y8CI1>J 
ENO E§~t iF Y6CIJ>cyet1•1J ANU Y8[Il<=o rHEN 

Y8t1i1=·1so+vec1lJ 
If Y8Cll<•Y8[I•1J THEN 

~EGIN 
CHAKMDJLINETOCX,f8Cil)J 
WRITECEE1,7,X,Y6 Il)J 

ENL> 
EL.SL:: BEGIN 

rec1l1=•18o+vat1lJ 
CHARMDJLINETocx,ys[l])i 
WRlTE~~6J'l,X,Y8Cil>J 
ENDi 

ENOJ 
DEFINE 

GFDEC1= 
XRA Nut(•2so,12so>JYRANGE,-2so,12so>J 

Wl=LtJATC110,1000)JTXTDIR'O)JWRIA~y(1 ,T2)J 
ATC2S0,540)JTXTD1RCO)JwHTARY 1,T1>J 

SUBfKMC100,600,JOOO,Y70)iyRANGE(LG,Hu>J 
XRANGECLf,Hf> 
GRIDJ 
~~~il~~)'Gl)J 
GRIDJ 
XAXI~co,·rI)JNDLIN£1, 

fDEC2• 
XRANGE •2so,1250)JYRANG£4•2so,12~o)J 

W1=LFJATC110,lOOOlJTXTOIH'O)JWRTAHYC1,T2)J 
Al(250,540)JTXfDIR(O)JwRTARYCl,Tl); 

SUBfHMCl00,600,1000,970)JYRANGECLG,HG); 
XRANGE(Lf,Hf)lyAXIS(Lf1Gi)JMQU(C))IXAXISCO,•fl)JNULINE,, 

PFOECl• 
ORGfRMJMOOECO)JXRAN1£(•2)0,1250)J YRA NGEC•250,1250)J 

Wa•~fJATC}lO,SlO)J XTD1K(O)JwRTARYC1,T3>J 
ATC600,5> TXTOIRCO JwRlARVCl,T4JJ 
su~~~Sj100,110,1000,soo~,vRANGE<LP,HP>SxRANGEcLF,HF>s 

YAXISCLf.,Pl)J 
MUOEC3l, 
G~IOJ 
XAXIsc·JooO,fI)INOLINEI, 

Pf EC2a 
ORGfKMiMiOE(O)JXRANGEC·2~0,12so)JYRANG[C•2so,12so); 

Wl•LFiA c110,s1o)JTXTO!K(O)iW!TARYCl,T3)J 
ATC 00, )JTXTO RC0)iWRTARYC1, 4)J 
SUij~RMc100,110,1000,soo,;YRAN ECLP1HP)JXRANu[(Lf,Hf)J 

YAXlS{bboei>~~~gEC3)iXAX!SC•3oO,FI>i NO LINEI, 
WR1TE{fILt9~ ,<"E~EQUE NCY MANGE?">)J 
REAO(fILE97 ,/,hf,Hf)J 
wRITl (fILE97,< GAIN RANG~?">>J 
REAUCFILE97,/,LG'HG)> 
WR1TlCfibE97 ,<"P HASE RA~bE?">)i 
RtAU(flLE97,/,hP ,HP>> 
WRlllCfltE97 ,<' GAIN,PHAS~ AND FREQUENCY I NCREMENT?">); 
REAUCFIL 97,/1G1,p1,fl)I, 

CH NGEBOOESCALE= 

888~ftl88 
00076500 
Ov076600 
888~3,88 
Ou078900 
Ou079000 
00079100 
00079200 
00079300 
00079400 
00079500 
00379600 
00 79700 
0007960 0 
00081400 
01)081500 
00081600 
00061700 
00081800 
OU061900 
00062000 
00082100 
0(.)062200 
00082300 
00082400 
0008250 0 
00082600 
00082700 
00082a oo 
00082900 
00083000 
00063100 
00083100 
80083 ' 08 

0063 0 
00083500 
Ou083600 
8883)~88 
00083900 
00084000 
00084100 
00084200 
00064300 
00084400 
888gt&88 
00084700 
00084800 
888g~i88 
00085100 
ouogs200 

888e~!88 
00065500 
Ou085600 
00085700 
0U085dOO 



Ri~88 
86100 
86200 
g&i88 
66SOO 
86680 
867 0 
86600 
86900 
87000 
87100 
8~~88 
g7400 
87!)00 
67b00 

9f~88 
87900 
88000 
86100 
86200 
88300 
88400 
66500 
RB,88 
68800 
66Yoo 
89000 
69100 
89200 
89300 
89400 
69500 
69~00 
g;e88 
88~88 
io100 
90200 
90300 
90400 
90SOO 
90600 
90700 
90600 
90900 
91000 
9 100 
91200 
91300 
91400 
91,00 
916

7
00 

91 00 
91600 
91900 

WHENC10>1 
WRITEC[l~E97,<"DO YOU WANT TO CHANGE THE SCALE?">)J 
REAOCF'ALr,97,/,sCH 
If SC= Y. THEN BODECw,oA,ua,A,s>,; 

C0fl=16013t14157' 
STARTPJ 

OEVICEC3tli0,0)JEDGESRC1tJ12)J 
If DA<3 THEN 

BEGIN 
lf' D8~3 THEN 

BEGIN 
L.ABEL aooe:1; 

BODESCAL.EJ 
wRITECfILE97,<"IS GR1D WANTEU?">)J 
KEAOCflLE97,l,GR)J 

fRAMEC"GRAPH")J 
If GR="yH THEN 

MGRAPHU 
PF'Dt:C U 
PGRAPHU 

BEGIN 
GfDEC1J 

ENDPJ 
CHANGEBODESCAL.EJ 

ENO 
E~SE B GlN 
G D£C2J 
MGRAPHU 
Pf'DEC2J 
PGRAPHlJ 

ENUPJ 
CHANGEBOOESCAL.EJ 

ENOJ 
ENO 

ELSE 
BEGIN 

BOOESCAI..Ei 
WBITECFIL.E97,<"IS GR1D 
REAOCF'IL.E97,l,GR)J 

F'RAM[C"GHAPH")J 
If Gk="y THEN E 

END 

MGkAPH2' 
PfOECl> 
PGRAPH2J 

B GIN 
Gf DEC 1J 

ENOPJ 
CHANGEBODESCAL.EJ 

ENU 
ELSE 
G~5~!~; 

MURAPH2> 
Pf DEC2i 
PlaRAPH2J 

ENDPi 
C HANGEBODESC ALEJ 

ENL)J 
l:. NDi 

WANTEU?"> H 

000851JOO 
00086000 
00066100 
00066200 
00066308 
0008640 
00086500 
00086600 
00086700 
00066600 
00066900 
oooar

7
ooo 

0008 100 
00361288 00 873 
00087400 
00087SOO 
00067600 
00087700 oooe1soo 
00087900 
00086000 
00066100 
00068200 
00086300 
00068400 
00088500 
00088600 
00086700 
00086bOO 
00068900 
00089000 
00089100 
00069200 
00089300 
00069400 
OU089i00 
00089600 

888::~88 
00089900 
00090000 
00090100 
00090200 
ooo9oJoo 
00090400 
00090500 
000~0100 
00090600 
OOO O 00 
Ou090900 
00091000 
00091100 
00091200 
OU091JOO 
00091400 
00091500 
00091600 
Oo091700 
00091800 
00091900 



92UOO El.S£ 00092008 
92100 BEGIN 0039210 
92~00 If 08<4 OR 0B=4 THEN 00 9~~00 92 00 ?EGIN 0009 00 
92400 LABET BOOE1 00092400 
92SOO WRI E<fILE97,<"IS GH10 WANTEU?">)J 00092500 
:

2 188 READ<fl~E97,/,GRlJ oug92680 f ~AME ( "YHA~H" H OU 927 0 
9~ij00 Gft="' HEN 00092800 
92j00 BEGIN 00092900 
93000 GfOEC1J 00093000 
93100 MGRAPH3J 00093100 
93200 PrO~ClJ 00093200 
93300 PG APH3J ouo9330o 
93400 [NOPJ 00093400 
93500 CHANGEBOOESCALEJ 00093500 
93600 ENU ouo93600 
93100 

EBF~l~v 
00093700 

9Jt$80 oug93ijOO 
9 9 0 00 93900 
94000 MCaRAPH3J 00094000 
94100 Pf DECV 00094100 
94200 Ptif<APH3J 01.)094200 
94300 ENDPJ 00094300 
94400 CHANGEBOOESCALEJ 00094400 
94500 ENDJ OU094500 
94600 ENO 0U094600 
94700 EL.SE 00094700 
94HOO BEGIN 00094600 

.'-J 94900 BODESCAfEJ 0U094900 
95~00 ~~IT Cfl~E97,<"IJ GR!U WANTEu?">)J 00095000 
95 00 R AOC~ L 97,1,GR J 00095100 

~~~88 f~AM~("GHA ~"H oog9s2go l G ="Y TEN 00 953 0 
95400 BEGIN 00095400 
gsgoo GfOEC1J 000~5500 

5 00 MG RAPH4J OOO 5600 
95700 PfOECU 00095700 
95600 PGRAPH4J 00095600 
95,100 ENOPJ ouo9s9oo 
96000 CHANGEBOOESCALEJ 00096000 
96100 END 00096100 
96200 ELSE 00096200 
96300 dEGlN 00096300 
g~~88 GfDEi2J ooogg~oo MGRAPH J OOO 00 
96608 ~~R~~~l, gog966go 9670 u 967 O 
96600 ENOPJ 00096600 
96900 ~HANGEBODESCALEJ 00096900 
9iooo NDJ 00097000 
9 1 go fNOJ 00097100 
972 0 E.NO 00097200 
9i3oo ENOJ 00097300 
9 400 ijOMMl~k **** PROCEDU~E NYQUIST****' ouo974oo 
9~580 P OCED ~ NYQUISfc1~DA,Dd1A,BlJVALUE w,DA,08JREAL DA,DBJ 00097500 
9 6 0 REAL wiA RAY A,B O; 00097600 
97(00 dtGIN OU097700 
:f~88 rILE EMl(KINO=DlSK,MAXREySILE=14)J 0009f888 REAL. Lf,Hf,fl,LY,HY,Yl,LX,HX,X ,DEMJ 0009 9 
98000 VALUE ARRAY T1C"NY~U1ST DIAGRAM YC~> VS XC~)"JJ 00098000 



98100 
96200 
96300 
96400 
98S80 966 0 
96700 
96600 
98YOO 
99VOO 
99100 
99.-!00 
99300 99488 99~ 
99C>OO 
99700 
99bOO 
99SIOO 

100000 
100100 
100200 
100300 
100400 
100500 
100600 
188~88 
100900 

lo1ogo 
011 0 

1014!00 
101300 
181~88 
181~88 
101600 
101900 
102000 
102100 
102ioo 
18~488 
l02SOO 
18~~88 
18~888 
103000 

l8ii88 
103300 
103400 
181~88 
tsiiss 
lR39oo 
~:~88 

VALUE ARRAY T2C"Y")J 
VALUE ARRAY Tl<"X")J 

~~~tN~C,GR,G,X,YJ 
NYQUISXSCALE• 

WRITECFILE971<•yRA~GE ANO Y INCRE MENT?">)J 
REAO(fI~E97,/,LY,HY,Yl)J 
WRlTECFIL. E97,<"XRANG~ AND X INCREMENT?">)J RE O{fI~E97,l,LX,HX,XIJJ 

WRITECFILE97,<"FREQUENCY ~ANGE ANU INCREMENT?">)J 
REAOCfl~E97,/,Lf,HF,Fl)I, 

CHANGENYQUISTSCAL~= 
WHEN(lO)i 

WRITECFILE97,<"00 YOU WANr TO CHANGE THE SCALE?">)J 
REAO(flLE97,/,~C)J 

IF sC="Y" THEN NYQUISTCW,uA,OB,A,li)I, 
NfDECl= 

Wl=LfJATC530,900)JTXTOIK'O)JWRTA~YC1,T1)J 
ATC510,1000)JTXfOIRCO)JWRTARYC1,T2)J 
ATC9S0,450)JTXTUIRCO)JwKTARYC1,T3)J 

YRANGECLY,HY)IXKANG~CLX,HX)JGRIDJYAXISCO,YI)JGRIOJ 
XAXIS(o,xI)JNOLINEI, 

NFOEC2• 
w•=ifJATC. 530,900)JTXTD1K'O>JWRTARYC1,T1)J 

AT 520,lOOO>JTXTDIR(O)IWKTARYC1,T2Ji 
AT 950,430>JTXTOIR(O)lwKTARYC1,T3> 

YRANG~~t6T~Y)JXKANGlCLX1HX)JYAXISC01YI)JXAXISC01XI)JNOLINEI, 
If x<cHX OR X>=~X THEN 
IF Y<=HY OR J>=LY THEN 

CHARMD 
LINETOCX,Y)JWRITECEMI1/,w,x,y,1; 
STARTPJ 

XRA~G[(•2sg,12sg>JYRANG£,·2so,12~o)J 
SU fRMCO, , 00 ,1000)J 

DEVI ~C3t1,0,0)J 
If OA<3 THEN 

BEGIN 
It 0B<3 THEN 
LABEL NYQUI~f~JN 

NYWUISTSCA~rJ 
WRITlCFILE971cn1s GRIU WANTED?">)J 
READCfILE97,l,GR>J 
fRAMEC"G~APH")I 
If G~="Y" THEN 

BEGIN 
NFUEC1JGO TO NYQUIST2J 

END 
ELSE 

BEGIN 
NFDEC2JGO Tu NYQU1ST2J 

ENDJ 
NYQU1ST2I BEGIN 

FOR Wl=~F STEP FI U~TIL Hf UO 
BEG1N 

DEM1:~1,~1Da,a>**2+Itcw,u~,a>**2J 
If OEM NEQ O THEN BEGIN 
X1=c~1cW,0A,A)*Rt(W,DB18)+I1CW,DA,A)•I1cw,o~,ci))//OEMJ 
Yl=CllCW,DA,A>*Rl<w,o~,~>-RtCW,DA,A)•IlCW,oB,~)) DEMJ 
NPLOT> 

00098100 
00098200 
00096300 
00098~00 
00096~88 000966 
00098700 
00096600 
00096900 oog99oog 
00 9910 
00099200 
00099300 
00099400 
00099500 
00099600 
00099700 
00099800 
00099900 
00100000 
00100100 
00100200 
00 00300 
00100400 
00100500 
00100600 
00100700 
00100600 
00100900 
00101000 
00101100 
00101200 
00101300 
88181~88 
00101680 
001017 O 
00101800 
00101900 
00102000 
00102100 
00102200 
00102Jog 00 0240 
00102500 
00102600 
00102700 
00102600 
00102900 
OOlOJOOO 
88181188 
00103300 
00103400 
80103500 

0103600 

88l8l~88 
00103900 
8818:~88 



18:~88 
104400 
104~00 

181188 184ijgo 
lo~io~ 
lO~lOO 
10S200 
105JOO 
105400 
105500 

18~988 
105000 
105900 
18~~88 
106,00 
106.300 
106~00 

l8fi88 
106700 
l06b88 1069 
107000 
107100 
107~00 
107300 
101qoo 
107500 
107600 

l8~b88 
107900 
106000 
106100 
1062go 
1083 0 
106400 
l8Ri88 
108700 
108t$OO 
106900 
109000 
109100 
109200 
109300 
is;;ss 
18~'88 
109008 
10990 
110000 
110100 
110~00 

ENDJ 
ENOP>CHANGENYQUISTSCALEJ 

ENOJ 
t.NDJ 

EL.SE ENO 

LABEL N't'QUISTV 
BEGI N 

N'HWISTSCALEJ 
WRITE<F'ILE97,<"IS GRlU WANTEO?">)J 
REAOCfILE97,l,GR)J 
F'RAME' "GHAPH" )I 
If GR="Y THEN 

BEGIN 
NfOEC1SGO TO NYQUIST2J 

END 
EL.SE 

BEGI N 
NF'DEC2JG8 ru NYQUIS T2J 

EN J 
NYWUIST21 ~EGIN 

F'OR Wl•L.f STEP FI U~TIL HF UO 
BEGIN 

DEM1m R2C~,oa,s)**2+I2C~,~~'B)**2J 
IF OE M NEQ O THEN SEGl N 
Xl•CR1CW,oA,A)*R2<W,O B,a)+I1CW,0A,A)•l2CW,os,~))/DEMJ 
Yl=(IlCw,oA,A)*R2(W,o~,a>·R1< w,oA,A)•l2<w,oB,~))/D[MJ 
NPL.OTI 

ENOJ 
ENDPi CHANGENYQUISTSCALEJ 

ELSE 
END 

ENOJ 

If ua<l THEN BEGIN 
BEGI N 

LABEL NYQUIST:lJ 

ENDJ 

li.NOJ 

NYQUISTSCALEJ 
WRITE<FILE97,<"1S GRID WANTEO?">)J 
REAOCfILE97,l,GR)I 
fRAME:C"GaAPH"H 
If GR="Y THEN 

d£GI N 
NFOEC1JGO TO NYQUlST2J 

~ND 
EL.SE 

~£GIN 
NfOEC2JGO TU NYQUIS12i 

~NOJ 
NYQU1ST2I ~EGIN 

roR Wl=l..f STEP fl UNTIL Hf uo 
BEGIN 

DEM&=K1CW,D8,B)••2•I1<W,Dd,B)••2J 
If OE M NEQ O THEN 8lGIN 
X1sc~2cw,0A1A)*R1CW,Qd,B)+I2C W,DA1A>*flCW,DB 1 ~))/0EMJ 
Y•=CllC~,oA,A)•R1cw,ob,B)·~2c w,oA,A)• lCW,DB,~))/UEMJ 
NPLOTi 

ENUJ 
ENDJ 

8818:~88 
00104400 
00104500 
00184608 00 470 
00104600 
00104900 
00105000 
00105100 
00105200 
00105300 
00105400 
00105500 

8818~'88 
00105SOO 
00105900 
001g6000 
001 6100 
0 0 106200 
00106300 
00 06400 

88l8gi88 
00106700 
00106t:,00 
00106900 
00107000 
00107100 
00107200 
00101300 
00107,400 
0010 500 
00107600 
001g77700 
001 600 
00107900 
001086000 
0010 100 
00108200 
00108300 
00108400 
00 06500 
00 06600 
00106700 
Ou1Qt$ijQQ 
00106900 
00109000 
00109100 
001099200 
00 0 JOO 
00109480 
oo 095 0 

8818~988 
00109800 
0U109YOO 
00110000 
00110100 
00110200 



11gJoo 
11 400 
110!:>00 
110600 
110700 
110600 
110900 

111~88 
111200 
111 lOO 
111400 
llli88 
111700 
11 HiOO 

ll~~88 
112100 
H~~88 
112400 
112500 
112600 
ll~~88 
112900 
113000 
113100 
113200 
113300 
1134500 
113 go 
1136 0 

H3,88 
111900 
114000 
114100 
1f4200 
1 4300 
114~00 
ll!688 
114700 
114600 
114900 
11SOOO 
115100 
115200 11saoo 
115400 
ll~~oo 
1ts188 

l1saoo 
1S~OO 

116000 
116100 
116300 
118400 

ENDPICHANGENYQU1STSCAL.EI , 
~NO, 

ELS 
ENO 
BEGIN 

L.ABEL. NYQU1ST2.J . 
NY~UlSTSCAL.EJ 

Wfllfffl~~,~;:"A!,GRID 
~RA~EctthRAPH")j 

WA 1HED?">); 

If GR="Y" THEN 
dEGIN 

NrUECl.JGO TO NYQU1Sf2.J 
~NO 

E~SE 
~EGIN 

NrOEC2JGO TU NYQU1ST2I 
~NO.J 

NYQU1ST2I ~EGIN 
tOR Wl•L.f STEP FI UNTIL Hf UO 

BEGIN 
OEMs=R2cw,oa,s>••2+12,w,od,e>**2.J 
If OEM NEQ O THEN BEGIN 
Xl=CR2CW,oA,A)*R2(W,o~,0)+12cw,oA,A)•l2CW,oB,~))//DEMI 
Yl=(I2CW,oA,A)*R2CW;DB,a>·R2Cw,0A,A)•I2cw,oa,B)) DEM.J 
NPLOTi 

ENDJ 
ENDPICHANGENYQUISTSCAL.E.J 

~NDJ 
ENOI 

ENDI 
END.J 

£NOi 
COMMENT**** PROCEDURE NACHOLS ****> 

PROCEOURt NICHoL.scw,,oA,DS,A,B).JVALUE w,DA,DBJREAL DA,DBI 
REAL WIA RAY A,BCOJ 

6EG N 
FILE UCKINO=D1SK;MAXR£CSllE=40).J 
FILE CHl~KINB=sisK,MAXRECSIZE=40)J 
FILE PRS KIN• 1SK,MAXR(C~IZE=40)i 
fILE ~RS KIND•01SK,MAXREC~lZE=40).J 
VALUE ARRAY I1'"88S">,r2,~DEGS">' 

ARRAY Y8[01 OOO l.J 
REAL NNT,DNT.J 
INTE~ER IJ 

REAL ML,MH,MI,PHAL,PHAH,PMAI,fAS> 
REAL M,f,p1,G,a1,G1,r1,sc,GRJ 
REAL x,v,cor,1cor1 
REAL Lf1Hf,M1,GI.J 
REAL ~A1N1,GAIN2,GAININI 
REAL rAllFA2,fAIJ 
R£AL LG,HG1LP,HP1PIJ 
REAL ~AlN•P,f1J ~ 
PRgctuURE s1xcv8>.JARRAV v~cgJ1roRwARo; p; cEuuRE S XCY6)1ARRAY YUC ]) 

1fG!~1N>O TH~N 
BEGIN 

Yl=10•LOGCGAIN)J 
IF Yatll<=Y8CI•1l ANO Y~Lll<=O THEN 

BE~IN 

00110300 
00110400 
00110500 
00110600 
00110700 
00110600 
00110900 
88Hl~88 
00111200 
00111300 
00111400 
00111~00 
00 11600 
00111700 
00111600 
00111900 
001 2000 
00112100 
00112200 
001 2300 
00112400 
00112500 
00112600 

88H~~88 
00112900 
0011J000 
00113100 
0011J200 
00113300 
00113400 
00113500 
00113600 
00113700 
001 3SOO 
00113900 
00114000 
00114100 
00114200 001 4300 
00114400 
00114500 
00114600 
00114700 
00114600 
00114900 
00115000 
00115100 
00115200 
00115300 
00115400 
00115500 
00115600 
00115700 
00115600 
00115900 
00116000 
00116100 
00118JOO 
00116400 



11 85 88 113,oo 
11seo8 
11890 

11:~88 
119208 
119JO 
119408 
119,0 
119600 

li~~88 
l~Z~88 
120100 
121600 
121600 
121900 
122000 
122100 
1~~~88 
1~~~88 
122600 
122 700 
122600 
122980 
123 0 0 
123100 
123 20g 
12330 
123400 
l~¾i88 
123700 

23800 

123900 
24000 

124100 
124200 
1~at88 
124:>00 
l~:~88 
1~4600 
124900 
12suoo 
1~~~88 
125300 
121'+00 12 ~00 
12 600 
125100 
125600 
125900 
126000 

CHA
1

R~D1LfNETOCY8
1

CIJ1Y)J 
WR TECCH ,1,Y6C J,Y>> 

ENO Eb~~ IF vac1J>•vac1•11 ANO YBlil<=o THEN 
vat1~1a•1ao+ye(1lJ 

lf !8CI1<•Y6tl•1J THEN 
CHi~MA~~INETO(lij(I],y)J 
WRlTECCHI,7,Y6 Il,Y)J 

ENU 
ELSE BEGIN 

Y8[IJ&••180+f8CI1J 
CHAkMD1LINE O(Y8Cll ,Y>J 

WRITE(f~AJ/,Y8[Il,Y)> 
END> 
ENO> 

END> 
OEFINE 

NICHOL= 
TXTSilCO)JTXTOIRCO>JTXT("NlCHOL">I, 

PHASECONTOUkS= 
Gll:TANCP•F)/(SIN(P)•cos<P>*TAN(P•F))J 
If Gl>O THfi~ 
G&•20*LOGCG1~JN 
X1=P*C0f1Yl•GJCHARMD1LINETOCX,Y)J WRITECPRS,/,f,Gl,X,Y>J 

END#, 
GAlNCONTOU~S= 

Mla=1o••CM /2Q)JG11=to••<bl20)J 
Blac•,Ml•Ml+Gl•Gl*(Ml*M1•1))/C2•Ml•M1•Gl)> 
If B1<•1 AND a1>=•1 THEN 

xac•AHCCOs!~t!~cOfJyaaGJCHARMDJLINETOCX,Y)JWRlTECGRS,l,M,X,Y)J 
ENDl1 

STARTPJDtVICEC3,1,o,o>J 
XRANGE{•2so,12SO))YRANGt(•2so,12so>J 

cor1=1,013.141s1, 
lCO aa •14157/1 OJ 
WRiftc 1LE97,<tt8A1N RANGE ANO INCREMENT?">)J 
REAO{fI~E97,/,tQ,HG,GL)J 
WRITECFl~E97,<npHASE RAN~l AND INCREMENT?">)> 
READ(f L 97,/, P,HP,Pl)J 
WRlTEcf1 E97,<hGAIN RANGE VARIATiuN AND INCREMENT?">)J 
READ(fILE9,,/,GAIN1,GAIN2,GAININ)J -

~RITECFI~ 9
7

7,~"PH SE RA~~E VARIATION AND INCREMENT?">>> 
READ ~flLE ,1,FAl,FAl,fAl)J 

WRITECF .I~E97,<"RANGE ANO !NCREMENT OF CONSTANT GAlN?">)J 
REAOCFILE97,/,~L,MH,MI)i 
WRITE<FILE97,<'RANGE AND 1NCREMENT OF CONSTANT PHASE?">); 
REAO(f1LE97,/,PHAL,PHAH,PHAl)J 
WRIT£CFILE97,<"fREQUENCY riANGE ANO INCREMlNT?">)J 
REAO{tTLE97,l,LF,HF,FI)i 
fRAME(AGRAPH">J 
ATC30,1000)JWRTARYC1,fl)JATClOOO,JO)J~RTAHY<1,T2); 

SUBFRMC80,80,980,960)i 
YRANGlCLG,HG>IXRANGE<LP,HP>>GRIOIYAXl~CLP,GI>iGRIOJXAXIS<LG,PI)J 
NOLl NEi 
FOR Ml=ML STEP Ml UNTIL MH DO 

88Hgs88 
0011efoo 
00118t300 
00118900 

80119030 
01191 0 

00119230 001 9J 0 
00119400 
00119500 
00119600 
88tl~i88 
00119980 00 200 0 
00120100 
00121600 
00121800 
00121900 
00122000 
00122100 
0012220g 
00 2230 
00122'+08 0012250 
00 122600 
00122700 
00122600 
00122900 
00123UOO 
00123100 

gg1~ii88 
00123400 

88l~i~88 
00123700 
00 23800 
00123900 
Ou 24000 
00124100 
00124200 

88l~~l88 
00124500 

8~1~:988 
0012"~00 
00124900 
00125000 
0012sAoo 
00125200 
00125300 
00125400 

881~~~88 
00125700 
00125tjQ0 
Ou125900 
00126000 



126100 
12~200 
l~6i88 
126~00 
126600 
126700 
126800 
126900 
127UOO 
127100 
127200 
127J00 
127400 
127500 
127600 

127700 
27600 

127980 
128U 0 
128100 
128200 
128JOO 
128400 
liii88 
128700 
118800 
l 8908 900 
129100 
129200 

1~:t88 
1~9S80 12~~08 
129800 
1~~~88 
130100 

30200 

li8!88 
130~00 
130600 
130700 
130800 
130900 
131000 
131180 
l¾l~o8 
131400 

tjlgOO 
3lr88 

131600 
131900 
132000 
132100 

BEGIN 
NOi.INES 
roR GICGAlNl STEP GAININ UNTIL GA1N2 uo 

BEGIN 
GAINCONTOuRSJ 

ENOi 
TXTOllHO>J n .. oAT N(l,1,MH 

ENDi 
NOL.INEJ 
NOL. NU 
FOR Fl=PHAL*ICOf STEP PHA!*ICOf UNTIL PHAH*lCOf DO 

BEGIN 
NUL.INEi 

fOR P•=FAl*ICOF STEP FAl*lCOf UNTIL fA2•ICOf 00 
BEGIN 

PHASEC~~~9uRSi 
f11=f*COFJf~o91RC0)JflXEONC41fl)J 

If OA<3 THEN 
BEGIN 

IF" ua<3 THE N 
BEGIN 

W&=L.Fi NOL.INEJ 
FOR Wl•~f STEP fl UNTl~ Hf 00 

dEGIN 
GAIN••C(R1CW,DA,A>••2+11,w,OA,A>••2)/CR1Cw,os,a>••2+11<w,oe,e>••2>>J 

I I ••+lJ 
'f'8C0ll•OJ 

NNTl=CI1CW,OA,A)/RlCW,oA,A))•(Il(W,oB,B)/Rl(W,o8,B))J 
DNT1z1+c11<w,oA,AJ/R}'w,uA,A>>•<11<w,oa,sJ/R1<w,oa,a>>J 

Y8
1

til•=tRCTANfN~T/O~T *CufJ 
f" 'r'tH l<•O HEN BEG N 

WR11~CU,/,W,GAIN,Y8Cll)J 
SIXCY6JJ 

END EL.SE 
BEulN 

Y8[Il1••l80+Y8CilJ 
WRITECU,/,W,GAIN,Y6Cll)i 
SIX(Y8)J 

ENUi 
ENQi 
NICHOI..J 

END 
ELSE If oe>•4 THEN 

BEi.il N 
rll•L.fiNOLINEJ 

f U~ Wl•l.f STEP FI UNTIL Hf DO 
SEGIN 

GAINls((RlCW,OA,A>••~+Il'W,OA,A>••2)/(R2CW,US,B>••2+12<w,oa,s>••2))J 
11=•+u 
'f'8C0Jar:OJ 

NNTl•CI1CW,DA,A)IR1C W,oA,A))•(I2(W,o~,B)/R2CW,oB,B))J 
DNT•=1+<11cw,DA,A)/RlCw,uA,A>>•C12<w,os,a>tR2<w,oa,B))j 

'(8[IJ&=ARCTA
0

NCNNT/O~T)*COfi 
IF 'f'dCll<= T~EN BEGIN 
WRITECU,/, W,GAIN,Y6CI1)i 
SIXC'(6U 

END ELSE 
BE~IN 

00126100 
00126200 
8~l~t!88 
00126)00 
00126600 
00126700 
00126800 
00126900 
00127000 
00127100 
00127200 
ou12rJgo 
001274 0 
00127~00 
00127600 
00127700 
00127800 
00127988 001280 
00126100 
00126200 
00121HOO 
00128400 
0012a~og 
0012860 
00126700 
0012<>800 
00128900 
00129000 
00129100 
00129200 
881~::88 
00129~00 
00129600 
00129700 
00129600 

88l~~i88 
00130100 
00130200 

88ll8i88 
00130500 
00130600 
00130700 
00130800 
00130900 
00131000 
00131100 
8~lilj88 
00131400 
00131~00 
88lll,88 
0U131800 
00131900 
Ou132UOO 
Ou132100 



i)~j88 
132400 
132500 
132b

7
oo 

132 00 
132~00 
132700 
133000 
133100 
133200 
133)00 
133400 
133:>00 
133600 
133700 
lJJggg 
134000 
134100 
134200 
134JOO 

11:~88 
134600 
134700 
134dOO 

1i~i88 
135100 
135200 
135.300 

1i~~88 
135600 

13~~88 
135900 
136000 
136100 
136288 
1363 
136400 
136~00 
1366708 
136 0 
136808 
13f90 13 OOO 
13 100 
137200 

lJfi88 
137500 
137600 
137700 
137800 
137 9 00 
136000 
136100 
138200 

l~ffllu:;~a:3if~l?6(Il)' 
SIX Y6JJ 

ENOJ 
ENL>J 
NICHOL.> 

END> 
END 

ELSE 
Ir OA>a:4 THEN 

BEGIN 
If" 0 B<3 THEN 

BE GIN 
Wl•Lf>NOL.INEJ 

fUK Wl•lf STEP fl UNTIL. Hf 00 
~EGI N 

GAI Nl=CCR2Cw,oA,A)**2+I2<w,oA,A)**2)/(R1CW,oB,B)**2+ll(W'DB'B)**2))J 
I1=•+1; 

Y6lO]l•Oi 
NNr• 11 c12<W,0A,A)/R2CW,UA,A))•C11cw,oa,B)/RlC W,0B,B))J 
ONT1•l+CI2CW,oA,A)7R2<w,oA,A)>•CI1<w,o~,B)1R1CW,oB,B))i 

Y8tlil•ARCTANCNNT/~NT)•cor, 
If Y8 ~l<•O THEN BE IN 
WRITE ,/,W,GAIN,Y8 lJ)J 
S1XCY8 J 

END ELSE 
BEGIN 

Y8Illa••1sO+Y8(IlJ 
WRITECU,/,W,GAIN,Y8Cll>J 
S1XCY8>J 

ENO> 
ENUJ 

NlCrlOL> 
EN D 
ELS E 
If oe>=4 THEN 

BEGIN 
Wl11LfiNOLlNEJ 

f OK Wl•Lf STEP fl UNTIL Hf DO 
dEGIN 

GAI N&=((R2(w,oA,A)**2+I2,w,oA,A)**2)/CR2(W1Dd1B)**2+I2(W'08'8)**2))> 
11=*+1' 

Y8 [0ll•OS 
NN Tt•(I2CW,oA,A)/R2CW,uA,A))•C12cw,o~,8)/R 2 CW,OB,B))J 
O~fl•1+CI2Cw,oA,A)7R2,w,DA1A))•CI2Cw,os,li)7R2CW,DB1B))> 

t8ll~t•ARCTANCNNT/DNT)*'OFJ 
1r Yij ll<•O THEN BEGIN 
WRI[E U,/,W,GAIN,Y8CIJ>> 
SIX Y8H 

ENO EL.SE 
BE GIN 

vst1la••1ao+vat1l> 
WRIT ECU,/,w,GAIN,Y8Cll)J 
S1XCY8H 

( N11 J 
EN · )' 
Nl~HOLJ 
ENui 

ENDS 
WHt. NC10)i 

WR IT ECFlLE97,<"00 YOU WA NI TO CHANGE THE SCAL E?">)> 

00132100 
00132 og 
00132 0 
00132500 
00132600 
00132700 
00132600 
00132900 
00133000 
00133100 
00133200 
00133JOO 
00133400 
00133:>00 
00133600 
00133700 

881)3~88 
00134000 
Ou134100 
00134200 
00134300 

80134400 
0134:>00 

00134600 
Ou134700 
00134dOO 
0013'+900 
0013~000 
00135100 
00135200 
0013SJOO 
00135400 
0013S500 
00135600 
00135700 
0013Sd00 
00l3S900 
00136000 
00136100 

80136288 
1)1363 

Ou136400 
Ou136,00 
01)136600 
00ll6700 
00136608 
Ou136~0 
00137uoo 
00137100 
Ou137200 

88iifi88 
00137500 
00137600 
Ou137700 
00137800 
0 0137-,00 
oo t3tSooo 
00138100 
00138200 



li3t~8 
138~00 
136600 
136100 
138tjOO 

11:Z88 
139100 
139280 
1393 0 
139400 

139::.>00 
39600 

1ig&88 
139900 
140080 
1401 0 
140200 
140JOO 
140400 
140!)00 
140600 

lt8188 
140900 
141000 
141100 
141200 
141300 

14 1~88 
1:1600 
141700 
l!l~88 
142UOO 
142100 

ta~i88 
142400 
142~00 
142608 
14270 
142800 
142900 
143080 
1431 0 
143200 
143~00 
14J.,oo 
143!:>00 

lt!988 
143800 
143900 
144000 
144100 
144200 
144JOO 

REAO'fAL,97,t,sc>J lr SC• Y THEN NICHOLS(w,uA,DB1A,~)J 
ENDJ 

COM ME NT**** PROCEDUKE ~~OCUS ••••J 
PRoc,ouRE RLOCUSCDPOLY1,0POLY2,POLY1,POLY2)J 
VALUt OPOLY1,0POLY2JR£AL uPOLY1,DPOLY2J 
ARRAY POLY2,POLY1(0lJ 

SEGIN 
FILE £CKIN0•0ISK,MAXRECS1£E•40)J 
REAL x,Y,sC ,G R,K1,KI,J,KJ 
REAL LY1HY1YI,Lx,Hx,xIJ 
VALUE ARRAY T1C"**ROOT LO~l••")J 

PROCEDURE REALPOLYZERQF1~0ERCD[GR[E,P,ZERoR,l[R8l)J 
VALUE OEGREE1INTEGER UEGH~EJARRAY P,ZEROR,ZERUit lJfORWARUJ 
PROC£UURE REALPOLtZERUfINDERCOEGR££,P,ZEROR,ZERO I)J 
VALUE DEGREE J 
INTEuER DEGREE J 
ARRAY P>ZERoR,zE~uI[OlJ 
COMMENT PURPOSE 

FINO AL~ THE ZERUS Of A HEAL POLYNOMIAL P 
DESCRIPTIO~ Uf PARA~ETEHS 

~£GREE 

ZEROK 

ZEROl 

METHOD 

: i~2~9Eo~fc6~~r~8~t~9~
1

~~ THE POLYNOMIAL, THE 
COEffICIENT ,8F Z*J BEING STORED IN PCN•Jl 
DIMENSION P~ IOEG RE~l 

• ARBAY Of REAL PART Of ZEROS or T~E POLfNOMlAL, 
THE REAL PART OF TH£ K•TH ZERO BEINGS OREO 
IN ZERORCKl 
OIMENSiuN ZERORCOIOEGREEl 

• ARRAY Of IMAGINARY PA~TS Of ZEROS OF THE 
POLYNOMIAL, THE !MAUI ARY PART Of K•TH ZERO 
BEING STOREO IN ZEHUI Kl 
~IMENSiuN lEROICOIOEGREEl 

A THBEE·~TAGE VARIABLE·SHIFT ITERATIO~ DUE TO M•A• 
J~NKI SA •F• lRAU~ 1S USEU• THE ZEROES ARE CA CU ATE ONE OR 
Two A~ A ~~M~ IN ROUGrlLY INCRlASI NG ORDER OF MAGNI uot US~NG REAL 
AHITHMETlC WHEREVER PUSSIBLE• FAILURE Of THE ITERATION TO 
CONVERGE YOR A ROOT wlLL CAUSE AN ERROR MlSSAGE TO BE PRINTED ANO 
THE PROCEDURE EXITED ~ITH THE ZERUES ALREADY fOUNO ST ORED IN THE 
AKRAYS ZEROR AND ZERU!• FAILURES WILL 8£ RARE , 

REFERENCE 
THIS PRu~EOURE f~ DUE TO M•A • JENKINS ANO APPEARS IN 

11 THRE£•STAGE VARIA~LE-~rlIFT I ERATIONS fOR THE SOLUTION Of 
PU~¥NOM1A~ EQUATIONS ~ITH A POSTERIORI EH~OR ~OUNOS FOR THE ZEROES" 
TECHNICAL REPORT NO• ~S 136, PP 125•133, AUGUST 1969, 
CUMPUTER SCIENCE UEPTe, STANfURD UNIVERSITY, STANfORD,CALIF 94305 J 

~EGIN 
COMMENT lNITIALlZATLUN Of MACHINE OE PE NU ENT CONSTANTS 1 
DEFINE BAS£I=I6 1, , FLOATING P8INT ARITHMEJfC fS ~ASE 8 

PREC SUN= 13 I, X NO. F OCTAL DIG S R NUMBER 
% REP~ESENTATION 

EXPRNGHL = o3 #, % UPPtR EXPONENT RANGE 
LOEXPRN~ = -~1 1, % LO~ ER EXPONENT RANGE 

001Jij300 
00138400 
00138~00 
00138600 
00138700 
00136800 

8811;iss 
Ou139100 
00139200 
0013 9YJOO 
0013 400 
00139SOO 
00139600 

8813~,88 
Ou139900 
00140008 
0014010 
00140200 
00140.308 
0014040 
00140:>00 
00140600 

881:8~88 
00140'180 
00141U 0 
00141100 
00141200 
Ov141300 
00141480 
0014 S 0 
0014 1600 
Ovl41700 
0014ltS88 Ou 419 
00142000 
00142100 
00142280 
01)1423 0 
Ou142400 
00142:;,oo 
00142600 
00142700 
00142600 
00142900 
00143000 
Ou143100 
00143200 
Ou143JOO 
00143400 
00143500 

8811~988 
00143600 
00143900 
oul44ogo 
001441 0 
Ou 144200 
00 144300 



144400 
144~00 
144600 
144700 
¼44800 
ti;i88 
145100 
145200 
145300 

l4S400 
45500 

1it5600 
1:~igs 
145900 
146000 
146100 
146200 1:::ss 
146::>08 14660 
146700 
146600 
146900 
lit7000 
147100 

ltfi88 
147400 
147500 
t:~~88 
147800 
147900 
146000 
146180 1482 O 
l48JOO 
146408 
146!)0 
146600 
148700 
146888 1489 
149UOO 
149100 
149280 
149J 0 1::iss 
149600 
149700 
149800 
149900 
l!>OUOO 
150100 
150200 
150300 
150400 

¥ 

ROUNDED• r~UE I, % ARITHMETIC IS ROUNDED 
ETA• 7•275~5761420~·12 I, % ~ELATIVE REPRESENTATION ERROR 
INflNITf • 4•31359146672@68 ,, 1 LARGEST FLOATING ~T• NO• 
SMALLES NO• 8e75611540210@•4Z 1, X SMALLEST FL1 pT. NO, 

ETA= 5a49755613690~11 I, % ZETA• BASE••PRECISION 
CONSTL = 3•ij5165966677~•34 I, 

CONSTL =ZETA* SMALtESTNO * BASE 
lNBASE • 2•U7944154167 I, X NC6) 
MRE • 7,275j5961420@•121, X MAX• RELATIVE RO¥NDOfF ERROR 

X FUR FL• PT• AOD1 ION AND MULT• 
ARE• 7 1 275~5761420~·12 #'X ARE SAME ON B6700 
Wl = 1,45519152264@•11 I, % Wl = MRE+ARE 
W2 • 7,275~5761420~·12 I, % W2 • MRE 
W3 • 6•548J6165280P•l1 #, % W3 = S*MRE + 4*ARE 
w4 • 5,09317032993~·11 ,, % w4 = 5•MRE + 2•ARE 
W5 • 1,45519152264P•11 Ii % WS = 2•MRE 

REAL M1,M2,M3,M4,SR,SI,A,a,c,o,E,F,G,H,A1,A2,A3,A6,A7, 
MP,u,v,uu,uv,u1,v1,svu,svv; 

INT EWER N,Typ[,NO,~ANOO MSTARTJ 
ARRAY QPCOIDEGREEJ, K,QK'S¥KC01DEGR£E·1JJ 

LABEL NEXTZERu,fAILURE,EXI J 
fILE PRINTER (KIND= 7 ,BUffERS = 1,MAXRECSIZE • 15)1 
fORMAT ERRC"fAILU~t TO CO NVERGE OCCURRED ON "1I2,"•TH ZERO")J 
REAL PROCEDURE CMODCA,B) ; 
VALUE A,B; 
REAL. A,B J 
COMME NT COMPLEX MUOULUS OF CA,B> i 

BEGIN 

END 
PROCEUURE 
VAL.tJE 
REAL. 
COMM EN T 

BEGI N 
REAL. 

A I• ABSCA); 
B a• ABSCB> J 
CMOO I• IF AL.SS B THEN SQRTC1+CA/B)••2> * B ELSE 

If A GTR B THEN SQRTC1+CBIA>••2> • A ELSE 
1•41421356237 * Ai COMMENT SQRTC2) J 

CMOD; 
COIVIOE<AR,AI,aR,aI,cR,CI); 
AR,AI,BR,Bl i 
AR,AI,BR,BI,CR,CI J 
COMPLEX DIV!SION - CcR,CI) = (AR,AI)/CBR,eI> J 

D,R J 
IF BR• 0 ANO BI • 0 THEN CR I• Cl •• INfINITY ELSE 
lf ABSCBR> ~SS ABSC~l) THEN 

BEGI N . 
R I• BR/BI' 

END 

BEGIN 

ENO 
END 

PROCEOURE 
VALUE 
I NTE GER 
ARRAY 
COMM EN T 

DI• BR*~+ BI J 
CR 1• CAR* R + Al)/0 J 
CI a= CAI* H • AR)/D J 

EL.SE 
R a• BIIBR; 
D I• Bf * R +BR; CR I• Al * R + AR)/D J 
CI •• AI• AR* R)/O; 

COIVIDE J 
PRESCALECN,P> J 
N J 
N J 
PCOl ; 
SCALES THE POLY NOMIAL TU AV OIU OVERFLOW AND UNDERFLOW IF 

00144400 
01)144500 
01)144600 
Ou144700 
001441:SOO 
00 44900 
00145000 
00145100 
00145200 
00145300 
00145400 
Ou145SOO 
0014S600 
00145700 
001451:SOO 
00145900 
00146000 
00146100 
00146200 

881::l88 
00146500 
Oul46600 
00146700 
00146600 
00146900 
00147000 
00147100 

8~l:~i88 
00147400 
00147500 
Ov147600 
00147700 
00147800 
00147900 
00146000 
00148100 
00148200 
Oultt

4
6JOO 

001 6400 
00 46500 
00146600 
00146700 
80146800 

0 46900 
00149000 
Ou149100 
00149200 
00149300 
01)149408 
00149jO 
00149600 
00149700 
00149880 
001499 0 
00150000 
00150100 
00150200 
Ou150300 
00150400 



1SO~OO 
150w00 
1;8i88 
1~~~88 
151100 
1S1200 

l~lf88 
151)00 
1s1~

7
oo 

151 00 
151600 
151900 
1~~~88 
152200 
152300 
152400 
152~00 

li~18° 1s2eo8 
lii~88 
153100 

lili88 
1S34RR 
1sJ~~0 
1
1

~~, 00 
s3soo 

1S3900 
154000 

f~:~88 
1S4JOO 
154400 
154!)00 
154600 
154700 
154680 
1S49 0 
1S5UOO 

1~~~88 
155300 
1SS400 
li~&88 
155700 
15S600 
115900 
l 6000 

6100 
156200 
156JOO 
1S6480 
156~ O 

~~t~GER 

POSSIBL.E; 
BEGIN 

MAXM,MINM,S,SCALEJ 
L,,q , 
MAXM I• 0 ; 
MlNM aa INFINITY J 
fOR I a• 0 STEP 1 UNTIL N DO 

aEGIN 
S a• ABSCPLll) J 
MAXM I• MAX,MAXM;S) J 
If S NE~ 0 THEN MINM I= MINCMINM;S) J 

END J 

BEGIN 

BEGIN 

f~E~INM LSS CONSTL UR MAXM GTR BASE** CEXPRNGHI DIV 2l 

s •• CONSILIMINM, 
SCALE a= f S GTR 1 THEN Clf INflNITY/S LSS MAXM THEN 1.0 
ELSE s>,ELS~ Cl/SQRTCMAXM)) * Cl/SQRTCRIN~)) J 
L &• LN SCA~E>ILNBASE J 
If L NElil O lHEN 

S a• BASE** L J 
fOR I a• 0 ~rEP 1 UNTIL N DU 
PCil t• PLIJ • S J 

E~8 
END PRESCALE J 

REAL PROCEDURE CAUCHYSOUNU(N,P> J 
VALUE N J 
INTEGER N J 
ARRAY PCOJ J 
COMMENT THIS PRUcEouRE COMPUTES A LOWER BOUND ON THE MODULUS Of 

THE ZEROS or THE POLYNOMIAL J 
BEGIN 

INTEGER 
L.ABEL. 
ARRAY 
REAL. 

COMMENT 

COMMENT 

COMMENT 
L. I 

BEGIN 

1 , 
I.. , 
Q,pT[OIN] J 
x,xM,ox,F,uF,BND' 
fQR I I• 0 ~TEP 1 UNTIL N • 1 DU PT(Il •= ABS<PCil> J 
PT[Nl a• ·A~SCPCN]) J 
INITIAL GUE~S fOR LOWER BOUND J 
X 1= EXPC(L.N(•PTCN1) • I..NCPTCOl))/N) J 
Ir THE NEwTuN STEP AT ZERO Is BETTER usE IT As THE 
INITfAL GUE~S J 
If P [N•ll NEQ O THEN 

XM a= •PT( NJ/pTCN•ll I 
X 1= MINCX,X r·O J 

ENO I 
CHOP THE lNIERVAL. Co,X> UNTIL f LEQ O I 
XM I= X * 0 d I 

BEGIN 

f &• PTLOJ ; 
fOR I ac 1 ~TEP 1 UNTIL N DO f t= f * XM + PTCll ; 
If f' GTR O lHEN 
X ac: XM J 
GO TO L 

ENO J 
COMMENT USE NEWfON KAPHSON TO FlNO THE LOWER BOUND J 

OX •= X J 
fOR X a= X WHILE ABSCOX/X) GTR eOOS UO 

00150508 
001sooo 
881~8&88 
881~~~88 · 
00151100 
00151200 

8~lili88 
00151!)00 
00151600 
001S1700 
00151dOO 
001S1900 

881~~~88 
00152200 
OU152300 
00152400 
00152500 
00152600 
001S2708 
0015260 

80152908 
01S.lUO 

00153100 
00153200 
00153300 
00153400 

8u1535oo 
0153600 

00153700 
00 53600 
00153900 
oo1S4ooo 
01)154188 001542 
00154300 
00154400 
00154::>00 
00154600 
00154700 
00154600 
00154900 
00155000 

881~~~88 
00155300 
00155400 
88l~~i88 
00155700 
00155dOO 
00155900 
00156000 
Ou156100 
00156200 
00156.300 
00156400 
00156::»00 



156600 

156700 
S6ij00 

156900 
1~fooo 1 100 
1 288 1S73 
1S7'+00 
1Sf500 
1~1188 
1S7800 
157900 
156000 
156108 
1S620 

l~il8° 
1ssso8 
156600 
158700 
1S8800 
1S8900 
159000 
159100 

t~ai88 
l59;88 
1i~600 
159700 
1S9800 

l. 59900 
60000 

160100 
160200 
160300 
lt8~R8 
160600 
160700 
160800 

l!t~88 
161200 
161300 
161400 
161~00 
161600 
161700 
161800 

1:~~88 
1~~~88 
162.300 
162~00 
162.100 
162600 

BEGIN 
Q[Ql I• PJ[Ol; 
EOR I I= ~TEP 1 UNTIL N DO Q(ll a= QtI•ll * X + PTCil ; 
f pa QCNl ; 
Of 1 = Q[Ol ; 
fOR I 1• 1 ~TEP 1 UNTIL N•l DO Of aa Of* X + Q[ll ; 
DX •= f/Df ; 
X I a X • OX 

ENO > 
CAUCHYBOUND a= X J 

ENO 
PROCEUURE 
VALUE 

CAUCHYBOUNU; 
QUAORATIC(A,a,c,szR,sZI,LZR,LZl) ; 
A,a,c; 
A,B,C,SZR,SLI,LZR,LLI ; REAL 

COMME NT 

REAL. 

BOOL.lAN 
VAL.LIE 
REAL 
ARRAY 
COMME NT 

REAL 

fINDS THE RUOTS Of THE ijUADRATIC AIZ•2+21a1z+c, AVOIDING 
UNNECESSARY OVE RFLO W J 

BEGIN 
o,E; 
If A= 0 THI.N 

BEGIN 
SZR I• SZI I• LZI I= 0 i 
LZR la If B = 0 THEN O ELSE •c/(2•B> 

END 
ELSE 
If C • O ANU B = 0 THEN SZR I= SZI I= LZR •= LZI •= 0 ELSE 

BEGIN 
If ABSCB) G~Q ABSCC) THEN 

BEGIN 
E I= 1 • CA/B) * CC/B) i 
D I• SQRTCABSCE>> * ABSCB> 

ENO 
ELSE 

BEGIN 
E 1: B * (~IABSCC)) • (If C UTR O THEN A ELSE •A) ; 

0 
0 I• S~RT(A8SCE>> * SQRTCABSCC)) 

EN > 
If E GEQ O fHEN 

BEGIN 
LZ R ,. (If B GEQ O THEN ·s·o ELSE •e+O)IA > 
SZ8 t• lfl~lR a O THEN O ELSE CC/LZR)/A I 
L.Z l I :a SZ I= 0 

END 
ELSE 

BEGIN 
SZR 1:a LZ~ I• •BIA I 
SZI &• ABS40/A) J 
LZI 1111 • S.tI 

ENO I 
END 
END QUADRATIC; 

PROCEDURE PEVAL.ANUTESTREALCSR,QP) J 
SR; 

BEGI N 

SR I 
QP CO Ji 
EvA~UATEs p AT SR BY SYNTHETIC uivlsioN PUTTING THE 
~~26AE~! ~8~~~9~A~L f~EQ~ROC~~uwrpr~

09W~~ ~~ f~E ~B~~es~F 
Of THE POLYN~MIAL. VALUE 1S OF THE SAME ORDER Of MAGNITUDE 
AS THE dOU~u ON THE ROU NDOFF ER ROR; 
E,MS I 

001S6600 
001566700 
0015 600 
Oo1S6900 
001srooo 
00 ~flOO 
88is,i88 
00157400 
00157500 
0015

7
76

7
00 

Ou15 . 00 
00157800 
00157900 
001S6000 
001568100 
0015 200 
00156JOO 
00158400 
00 58500 
00158600 
Ou156700 
00158800 
001S6900 
00159000 
001S9100 

88l~~i88 
881~:;ss 
00159600 
00159700 
001S9800 
001S9900 
00160000 
00160100 
00160200 
00160JOO 

881~8~88 
00160600 
00160700 
00160800 
Ou160900 
881tli88 
00161200 
00161300 
Ou161400 
00161500 
00161608 
0016170 
00161600 
00161Y08 
00 6200 

8812~~88 
00162JOO 
00162400 
ou162joo 
0()162600 



l&~,88 
162988 1630 
161100 16 200 
16 lOO 

63400 
163!;>00 

1~ 31°8 
16J1>80 
163900 
164000 
164100 
164200 
164300 
164400 

12:~88 
164700 
164800 
16,.900 
165000 

1
6~188 

·!i!88 
165!)00 
16S600 
165700 

tt~i88 
166000 

66100 

tt2~88 
166400 
l~&g88 
166700 

ti;888 
167100 
167200 

ll~i88 
167~00 
167600 
167700 

l2f888 
1~g~88 
168200 
166JOO 
166488 
168~ 
166600 
168700 

INTEGER 

BOOLEAN 
COMMENT 

RAEAL. RRAY 
BOOLEAN 
INTEGER 

ipf Ol 1 11 P~Ul i 
fOR I I= 1 ~TEP 1 UNTIL N DO QPCll I= QPCI·ll *SR+ P[Il> 
MS •= Aas,s10 ; 
E tc ABSCQPLOl)* Wl/W2 J 
FOR I I• 1 ~TEP 1 UNTIL N DOE t: E *MS+ ABSCQP[Il) J 
MP t= ABSCQPC~l) ; 
PEVALANOTESTREAL I= MP LEQ 20 * ,E * w2 • MP * wl) 

ENO PEVALANOIESIREAL J 
PROCEDURE COMPLEXPE¥ALANDTEST J 

BEGIN 

BEGIN 

ENO 

EVA~UATES p A CsR,sl> USING THE MORE GENERAL fORM Of 
SYNTHETIC ulvISION WHICH DIVIDES OUT A QUADRATIC FACTOR. 
THE QUOTIENT POLYNOMIAL IS QP AND THE REMAINDER IS 
AT Z + 8• THE PROCEDURE IS TRUE If THERE TWO ZEROS OF P 
WHICH FORM A QUADRATIC FACTO~ CLOSE TO Z * 2 + U 1 Z + V• 
SEPARATE TESTS ARE MADE FOR A PAIR OF COMPLEX CONJUGATE 
ZEROS AND fuR TWO REAL ZEROS i 

£;MS J 
GARBCOINl J 
B1 J 

apfol 1 11 p(ul J 
QPCll 1: PCll • QPCOl * U J 
roR I •• 2 Sf[P 1 UNTfL N Do 
Qp[Il 1 • P[ll • QPCI• l * U • Calp[J•2] *VJ 
A •= QP(Nl ; 
e 1a QPCN•lJ ; 
QUAORATicC1,u12,V,Ml,M2,M3,M4) i 
If Ml • Ml THEN 

MS •= SCalRTCn J 
E I• ABSCQPLOJ) * W4 / rll J 
MP 1= • Ml * Bi 
fOR I I• 1 ~TEP 1 UNfIL N•1 DO 
E 1 11 E *MS+ ABSCQP Il) J 
E t• E *MS+ ABSCA + MP) ; 
E 1= E * W3 • W4 * (AB5CA+MP) + ABSCB) *MS)+ WS•ABSCMP)J 
MP I= CMOOCA + MP, M2 * B); 
81 &a MP LEW 20 * E 

EL.SE 
B1 I= PEVA~ANOTESTREALCMl,GARB) AND 

eEVALANOTESTREALCM3,GARB> J 
MP t= CMOOCA,8) J 

ENO 
PROCEUURE 
VAL.UE 
INTEGER 
COMMENT 

COMPLEXPEVALANOTEST •= 61 
C8MPLEXPEVA~ANOTEST J 

EfL.ATECI) , 
I J 
I ; 
DEfL.ATE STUKES THE lERO OR ZEROS FOUND BY THE PROGRAM, 

E 
REPLACES P WITH THE DEFLATED POLYNOMIAL, AND REDUCES N; 

B GIN 
BEGIN 

ENO 

If I =2 THEN 
ZERORCNUl t= Ml J 
ZEROICNOl 1= M2) 
ZERSR[NO + lJ I= Ml, 
ZER ICNu + ll 1= M4; 
N &: N • 2 

Ou162708 
00162130 

80162988 
01630 

00163100 
00163200 

80163.300 
0163400 

00163500 
00163600 
00163700 
Ou163600 
00163900 
00164000 
01)164100 
0016'+200 
00164300 
Ou164400 

88ti:~88 
00164700 
U016'+tSOO 
Ou164900 
ou165ooo 
00165100 
00165208 
08165.38 
0 1654 
00165500 
00165600 
0016)700 
Ou165608 
001651jo 
00166000 
00166100 
00166200 
00 66300 
00166400 
00166588 001666 
00166700 
Oul66600 

881~9~88 
00167100 
00167200 
00167,300 
0016 400 
00167500 
00167603 
0016770 

88lgf888 
88lig~88 
00168200 
00166300 

80166488 
016ts5 

00166600 
00166700 



168600 
166900 

1!~~88 
169200 
169300 
169400 
169)00 
169600 
169700 
169680 
1699 0 
170000 
170!00 
170200 
lZOlOO 
170400 
170!)00 

1~8~88 
1701:SOO 
170900 
111ogo 
1711 0 
171200 
171300 
171400 
171~00 
171600 
171700 
171b00 
171900 
172000 
172100 
172200 
172JOO 
1·72400 
172500 
172600 

l~~t88 
172900 

llJ~88 
1t3200 
173300 
173400 

lf¾~88 
173700 
17 31.100 
173900 

1~1~88 
174200 
174300 
174400 
174SOO 
174600 
174700 
174b00 

BEGINEL.SE 
ZEROR[NOl a= SR; 
ZEROICNUl •= 0; 
N 1 111 N • 1 

END I 
WRITECP[•J,N+1,QPC•J)i 
GO TO N~XlZ~RO J COMMENT IN MAIN ROUTINE i 

ENO OEfLATE J 
PROCEDURE CALCULATECO~ff; 
COMMENT EVA~UATES K'S) AND CALCULATES IHE COErFICIENTS NEEDED To 

COMPUTE TH£ rHE NEXT K POLYNOM AL J 
BEGIN 

INTEGER I J 
WKCOl p: KCUJ ; 

BEGIN 

END 
BEGIN 

QK(ll 1a KC1J • QK(Ol * U; 
FOR I I• 2 ~TEP 1 UNTIL N•l OU 
QK{Il a= KC!l • QK[I•ll * U • QKCI•2l * V; 
C a= QK(N•lJ i 
D I• QKCN·2~ ; 
TYPE •·, Ir ~sscc>,LEQ A~SCKCN·ll) • 10 * ETA THEN 3 ELSE 
If ABS OJ G~Q ABS CJ THEN 2 ELS[ 1 ; 
ir TYPE= 1 THEN 
E I• AIC J 
F' I II DIC ; 
Gl•U•Ei 
Hl•V•B> 
A3 a= A2 a= A* E + G * B + H * CBIC) J 
Al I• B •A* CDIC) J 
A6 I: A7 la G * D + H * f + A 

EL.SE If TYP~ = 2 THEN 
E t = Alo ; 
f I a CID ; 
G1 111 U*Bi 
H 1 11 V * B ; 
All• A2 t= A* E + E * G + H * CB/O) J 
Al I= B * r • A J 

ENO 
PROCE.UUREE:ND 
COMMENT 

A6 1: A7 1 11 A* f + U *A+ H 
J 

ij~~~~k,I~xY~tr,i 
COMPUTES TH~ NEXT U AND V USING THE RESULTS Of 
CALCULATECutfr; 

REAL 
BEGIN 

A41As,a1,s2,c1,c2,cJ,c4,JEMP; 
IF TYPE= J THEN UI I= V •= 0 ELSE 

BEGIN lr TYPE a 1 THEN 
BEGIN 

A4 a= U * ~ + H * f +A; 
AS I= V *Cu* F) + U * D + C 

END 
EL.SE 

BE:GIN 
A4 &: A* f + G * F + H; 
A5 &= C * f + U * C + V * D 

END ; 
81 I:• K(N•1JIPCNl ; 

00168800 
00168900 

8812~~88 
00169200 
00169JOO 
00169400 
00169500 
00169600 
00169700 
01)169600 
00169900 
00170000 
00170100 
00170200 
00170300 
00170400 
00170!>00 
03170600 
O 170700 
00170800 
00170900 
00171000 
00171100 
00171200 
00171)00 
00171400 
00171500 
00171600 
00171700 
00171800 
00171900 
00172000 
00172100 
00172200 
00172300 
00172400 
00172500 
00172600 
00172788 001728 
00172900 
00173008 
0017310 
00173200 
01)173300 
00173400 
00173500 
00173600 
00173700 
00173600 
00173900 

88lf:~88 
00174200 
OU174300 
00174400 
00174500 
00174600 
Ou17 1HOO 
Ou174800 



lf~~88 
lf~~88 
l~~i88 
175~00 
175600 175788 1758 
175900 
176080 
1761 0 

1~~~88 
116400 
176~00 

lf~988 
176~00 

lf~~88 
177100 

1~~~88 
177400 

l 77!:>00 
77600 

177700 
177600 

lf 7~88 
113100 
1fft200 
l1s!88 
lfRg88 
178100 
176~00 

176900 
79000 

179100 
179200 
179300 
179400 
179!:>00 
179600 

l~i~88 
179900 

180000 
80100 

180200 
150300 
180400 
180)00 
180600 

1~8~88 
180900 

PROC EUURE 
COMMENT 

I NTEG ER 

BEGIN 

E
NO 
NO 
ND 

BEGIN 

B2 a= •CK( N•2] + PCN•ll * 
Cl I= V * !:ii * Al J 
C2 111 B1 * A6 ; 

Bl)/PCN] ; 

Cl a• Bl * ,a1 * A2) ; 
C4 a= Cl• C2 • C3; 
TEMP I= Bl * A4 +A!:>• C4 i 
If TEMP= O THEN UI a= VI am 0 ELSE 
UI a= U •Cu* CC3 + C2) 
VI •= V * ,c4/TEMP) + V 

+ V * (81 * Al + B2 * A6))/TEMP; 

NEXTESTlMAft.S; 
NEXTKPOL.Y; 
CAtCULATES rHE NEXT K POLY NOMIAL USING THE RESULTS fROM 
CA CULATECUt.ff; 
I ; 
IF TYPE LSS J THEN 

BEGIN 
If ABSCAl) LEQ ABS(If TYPE= 1 THEN B ELSE A) *ETA* 10 
THEN 

BEGIN 

END 
BEGIN 

~~8 
BEGIN 

fOR I a• N·l STEP •1 UNTIL 2 00 
KCil t= QKC1•2J * (A3/QPC0l) • QPCI•ll * CA7/QPCOJ); 
KC1l I• • Al ; 
KCOl 111 O 

ELSE 
A7 a: A61Al ; 
Al a• A2/Al J 
fOR I a• N•l STEP 
K[ll a= QKC!•2l * 
Ktll a=• QPCOl * 
KCOJ t= Qp(OJ 

EL.SE 

•1 UNTIL 2 00 
Al• QP[I•ll * A7 + QPCil ; 
A7 + Qp[l] i 

fOR I I• N•l STEP •1 UNTIL 2 00 
KCll ta QKC!•2] I 
Ktll a= K[OJ aa O 

END 
END NEXTKPO~Y; 

PROCEDURE NOSHIFTPROC~SS i 
COMMENT INITIALIZES KAND CUMPUfES 5 NO SHIFT K POLYNOMIALS J 

BEGIN 
INTEuER I1J; 
REAL A'C'T; 

fOR I a= 0 ~TEP 1 UNTIL N•1 DO KCIJ t= PCil * (N•IJ/N; 
A a= P[Nl J 
B I• P(N•l] ; 
FOR J •= l ~TEP 1 UNTIL 5 DO 

BEGI N 
C I• K[N•ll ; 
IF ABSCC) LLQ ABSCB) *ETA* 10 THE N 

BEGI N 
FOR I a= N·l ST EP •1 UN TIL 1 UO K[Il a= K[I•ll ; 
KCOl a= 0 

EN 

881~~~88 
001775100 
001 5200 
0017S308 
0017540 
00175,00 
00175600 
00175700 
0017S800 
00175900 
00176000 
00176100 
001766200 
0017 300 
OU1l

6
6400 

0011 ::»oo 
00176600 
00176700 
00176clOO 

88lf1i88 
0011,100 
0017777200 
001 300 
00177400 
00177500 
00177600 
00177700 
00177800 
00177900 
00176000 
00176100 
001~g200 
88l,s~88 
88t~3i88 
00178700 
00176800 
00176900 
00179000 
00179100 
00179200 
00179300 
00179400 
00179500 
00179600 
00179!00 
ou1791.100 
00179900 
00180000 
00180100 
00180200 
00180JOO 
00180400 
00180500 
00180600 

8Slg8i88 
00160900 



181000 
181100 

l31i88 
181400 
181:>00 

1Rl188 
181aoo 
181"00 

lB~~88 
162200 
182.300 
IR~~88 
1g~t88 
lft~888 
183000 
183100 
183200 
183300 
183400 
183500 
183600 
183700 
183t;OO 

1Bf~88 
184100 
184208 
184JO 
184~00 
164.100 

1Bi988 
184~00 
164700 

1g~~88 
165208 
18530 
lft~~88 
lRi988 
185800 
165900 
186000 
19~188 
186.300 
186400 
1~6~08 
1~~~80 
186000 
186900 
167000 

BEGIN 
ELSE 
T a•• AIC i 
fOR I &• N•1 STEP •l UNfIL l 00 KCll ac K[I•l] * T + PCilJ 
K[Ol a• PCOJ 

END 
ENO J 
ENO NOSHltTPROCc.ss J 

PR0CED¥RE CPLXITERATlUN J 
COMMEN ATTEMPTS 10 STEPS WITH THE VARIABLE·SHlfT PHOCESS FOR A 

QUADRATIC FACTOR J 

1~~~GER 
LABEL. 

BEGIN 

BEGIN 

BEGIN 

OMP J 
J J 
EXIT J 
IF COMPLEXP~VALANDTEST fHEN OEfLATE<2> J 
FOR J t= 1 ~TEP 1 UNTIL 10 DO 

IF J GTR 2 . AND MP GTR 10 * OMP THEN GO TO EXIT J 
OMP a= MP , 
CALCULATECOLff J 
NEXTKPOLY J 
CALCUL.ATECU~ff J 
NEXTESTIMATc.S J 
If VI NEQ O THEN 

U a= UI > 
V a• VI 

ENO J 
~f

1
COMPL.EXPc.VALANOTi:.ST THEN DEfLATEC2> J 

END 
EXIT& END CPLXITERATlU N J 
PROCEDURE 
COMMENT 

HHEGi:.R 
REAL 
L.ABEL 

COMMt.NT 

COMMENT 

BEGIN 

REA'9ITERAI1UN J 
ATTtMPTS O STEPS WITH THE VARlABLE·SHIFT PROCESS fOR A 
REAL. ZERO> 
1,J J 
r,oMP,KS' 
EXIT J 
If PEVALANUIESTREALCSR,~P> THEN DEfL.ATEC1 ) J 
FOR J a= 1 ~TEP 1 UNTIL 10 DO 

BEGIN 
If' J GTR 2 lHEN 

BEGIN 
If ABSCT> < 0,01 * ABSCSR•T) AND MP > OMP THEN 

BEGIN 

ENO 

ENO 

A CLUSTER ufr ZEROS NEAR THE REAL AXIS HAS BEEN ENCOUNTERED 
WE ATTEMPT O fIND A QUADRATIC FACTOR i 
U &• •2 * Sr< J 
V 1• SR* Sr< J 
CPLXITE~ATIUN J 
RETURNS ONLT If NO QUAD~ATIC fACTOR IS FOUND i 
GO TO EXIT 

ELSE 
If MP GTR lU*OMP THEN GU TO EXIT 
; 
OMP I= MP J 
QK(O] a= K(UJ J 
FOR I a• 1 ~TEP 1 UNTIL N•l OQ 
QK(ll a= QKLI•ll *SR+ K[Il , 

00181000 
Ou181100 
00181203 OU 6130 
OU181400 
OU181500 
00181600 
00181700 
00181dOO 
00161j00 

88lft~t88 
0(J182200 
00182300 
00182480 
00182::> 0 

8u182608 
016270 

88lg~~88 
00183000 
00183100 
00183200 
00183JOO 
OU183400 
00183:>00 
00163600 
00183700 
00183000 
OU183980 
001640 0 
00184100 
00184200 
00164300 
00184400 
00164!:>00 

8819:988 
00184800 
ou184900 
0016!:)QOO 
00165100 
00185200 
00165.300 

8813~~88 
Ou185600 
0018S700 
00185800 
00185900 
00186000 
00186100 
00 86200 
OU186300 
00186400 

8813~ 588 
00186100 
00186t>OO 
00186900 
Ou167000 



187100 
187200 
l3f,88 
187500 
167600 
167700 
1gf~88 
186000 
188100 
188200 166J88 
1884 
188:>00 
t88188 
166600 
188980 
1690 0 
189100 
169200 
169300 
1699400 1e :>oo 
1gg9gg 
l89bOO 

69900 
190000 
190100 
190200 
190300 

90400 

ti8t88 
1gs,ss 
180900 

l9lY88 
191200 
191300 

181~88 
191600 
191700 
191800 

1~~~88 
192100 
192200 
192JOO 
192400 
192:>oo 
192600 
192700 
192600 
192900 
193080 
1931 0 

If ABSCQK,N•lJ) LEQ ABS,K[N•ll) * 10 * ETA THEN 
BEGIN 

END 
BEGIN 

FOR I I• N•1 STEP •1 UNTIL 1 DO K[Il 1= QKCI•ll ; 
K[Ol 1= 0 

ELSE 
T I• •QPCNllQKCN•ll J 
fOR I ,~ N•l STEP •1 UNTIL 1 DO KCil 1= QK[l•l] • T+QPCilJ 
K[Ol I• QPCUJ 

END > 
KS a= KLOJ i 

END 

fOR I •= 1 STEP 1 UNIIL N-1 DO KS •=KS* SR+ K[Il J 
T I• If ABS,KS) LEQ BSCKCN•1J> • 10 • ETA THEN O ELSE 
• QP[Nl/KS J 
SR I= s~ + r , 
If PEVALANUTESTREAL,sR,QP) THEN OEFLATEC1> J , 

EX I Tl END REAL.ITERATlUN J 
PROCEUURE 
VALUE 
INTEGER 
COMMENT 

REAL 
BOOL.EAN 
INTEGER 

COMMENT 

fIXEDSHlfTP~OCESSCLIMIT) J 
LIMIT J 
LIMIT J 
CARRIES OUT THE STAGE Two CALCULATION Of K POLYNOMIALS 
WITH TESTIN~• LIMIT IS THE MAXIMUM NUMBER OF STEPS J 

BEGIN 
TR,rI,orR,u11,ovI,svu,svv; 
TEsT,RTEsT,PASS[O,RPASSED; 
I,J J 
U i• •2 * SK J 
V 1= SR* SK+ SI* SI J 
TEST I: RTE~T I= TRUE J 
PASSED 1= RPASSED 1= FALSE; 
If COMPLEXPlVALANDT~ST THEN DEFLATEC2) J 
CALCULATECU~ff J 

EI 
fOR JI• 1 STEP 1 UNTIL LIMIT DO 

B G N 

BEGIN 

BEGIN 
BEGIN 

NEXTKPOLY J 
CALCULATECO~ff J 
NEXTESTIMAH.: s J 
If TIPE = 3 UR K[O] = 0 THEN TR •= TI •= 0 ELSE 
coiv oE<SR *B. A,•sI * B,C - SR* o, SI* o,TR,TI); 
If RTEST AND J GTR 1 THEN 

IF CMOO<TR • OTR,TI • OTI> LSS 0,5 * CMODCSR + TR,SI + TI) 
THEN 

If RPASSED THEN 
SVU I= SR J 
WRITECSVKl•~,N,KC•J)J 
SR I• SR + TR J 
REAL.lTEf<ATIUN J 
RETURNS ONL¥ If THE ITEkATION FAILS J 
RTEST 1:a FALSE J 
SR I= S VU J 
WRITECKC•J,~,SVKC•l)J 
lf COMPL.EXPlVALANOTEST THEN DEfLATEC2) J 

END 

ENO 
ELSE 
RPASSED •= ltWE 

00187100 
00167200 

88lftft88 
00167500 
00187600 
00167700 

88lgf$88 
00188UOO 
00166100 
00188200 
OU166J88 
001884 
00186500 
Ou188600 
001aa100 
00186000 
00168900 
00189000 
00169100 
ou189200 
Ou169JOO 
001699400 
0018 500 
00189600 
00189700 
00169000 
Ou189900 
00190000 
00190100 
00190200 
00190300 
00190400 

88l:8~88 
80190700 

0190600 
00190900 

88i:lt88 
00191200 
00191300 
Ou191400 
00191)00 
00191600 
00191700 
00191800 
00191'tOO 
00192000 
00192100 
00192200 
00192300 
00192400 
00 92500 
00192600 
00192700 
Ou192800 
0019.2900 
00193000 
00193100 



ia~ 2 88 
t9Jloo 
193SOO 
193600 
193700 
193600 

l~l~88 
194100 

lt:~88 
194400 
194580 
1946 0 
194700 
194600 

1~;~88 
l9SlOO 
195200 
19SJOO 
19S400 
195!)00 
195600 
19S700 
1951300 
19S900 
196000 
196100 
196200 

196~00 
96"'00 

l96SOO 
196600 

1g&~88 
1g9~gg 
197100 
19~200 
1;,!88 
1~~soo 
l~t,00 
i91tJ8 
197900 
198000 
196100 

l~8~88 
196400 
196!>00 
196600 

1gB~88 
196900 
199000 
199100 
199200 

COMME NT 

COMMENT 

COMMENT 
REAL. 
INTEGER 
ARRAY 
COMMENT 

COMMENT 

~~itsEo •= FALSE 
ENO RTEST J 

8IR I• TR ; 
TI I• TI J 

If TEST ANO J GTR 1 THEN 
BEGIN 

If ABS(OVI·vI) LSS 0,5 * ABSCVI) THEN 
BEGIN 
BEGIN 

ENO 

IF PASSED fHEN 
SVU I= U J 
SVV 111 V; 
WRITECSVKC•J,N,KC•l)i 
U l• UI ; 
V a• VI; 
CPL.XITERATiuN; 
RETURNS ONLY If THE ITEKATION fAlLS J 
TEST 1= F'AL.~E J 
u •• svu J 
V I• SVV J 
WRITECKC•l,N,SVKC•l>i 
If COMPL.EXP~VALANOTEST THEN OEFLATEC2) ; 
CALCUL.ATECOt:..ff 

EL.SE 
PASSED a• ft<UE 

END 
ELSE 
PASSED as FALSE 

ENO TEST J 
OVI I• VI 

ENO J; 
WRITECSVKC•J,N,KC•l)J 
CPLXITERATluN J 
RETURNS ONLY IF THE JTE~ATION FAILS; 
WRITECKC*l'N,SVKC•l> 

END f"IXEDSHIFTP~OCESS; 
VAR1ABL£S L.UCAL TO MAIN ROUTINE J 
BNO,ANGI..E > 
LlMIT,CNJl,~NT2 J 
lNITIALLOIU~GREE.1l ; 
SOOY Of PRO~EouRE REALPULYZEROflNoER STARTS 
SET INITTIA~ VALUE.FUR PKOCEDURE RA NDOM; 
RANDOMS ART a= 17, 
N a• SEGR EE, 
If Pt l = 0 THEN GO TO fAILURE J 
PRESCALECN,I") J 

HERE; 

NEXTZEROI If N • 1 THEN 
BEGIN 

END 

BEGI N 
COMM EN T 

ZEROR[DEGRE~l a=• f[ll/pCoJ; 
ZEROl[OEGRELl a= 0 

EL.SE 
If N z 2 THt.N 
QUADRATlCCPlOl,pC1l/2,PL2l,ZEKUklUEuREE•tl,ZEROICDEGREE•ll 
Ef~~OR[DEG Rt.El,ZEROl[DE GREEl) 
If N GT ~ 2 IHEN 
MAI N AL GORllHM FOR FINDIN G ON E UR Two ZEROS J 

88l~Ji88 
00193400 
00193500 
Ou193600 
00193700 
Ou1931j00 

88t~l~88 
00194100 

88ltii88 
01)194400 
00194508 
Ou19460 
00194700 
00194800 
00194900 
0019~000 
00195100 
00195200 
Ou195JOO 
Ou195400 
00195!>00 
0019t>600 
Ou195700 
00195800 
01)195900 
00196000 
00196100 
00196200 
00196300 
Ou196400 
00196500 
00196600 
00196700 
Ou196800 
00196900 
00197000 
0019Zl00 
00197200 

881;~!88 
00197500 gofgf~go 
08197808 
OU197900 
00196000 
00196100 

88l~gi88 
00196400 
Oul98!>00 
00198600 
Ou196700 
00198800 
00198900 
00199000 
Ou199100 
Ou199200 



199lOO 
199400 
199500 
ti~~88 
199800 
199900 
200000 
~88~88 
200300 
200400 
~88t88 
200700 
200600 

~8i~88 
201100 
2012go 
201J 0 
201400 
281!)00 
2 1600 
201700 
201800 
201900 
202000 
2021go 
2022 0 
202JOO 
202400 
28~~88 
~02700 
2g2tsoo 
2 2900 
203000 

~8§~88 
203300 
283408 
2 3SO 
2036700 
203 00 ~si:ss 
204000 
204100 ~sajss 
204400 

~8:i88 
204700 
204800 
204900 
205000 

~8~~88 
205300 

BEGIN 
ND •=DEGRE~• N + 1 J 
Ir PCNl • 0 THEN 

ZERORCNul •• ZEROICNol •= 0 J 
N I• N•l ; 
yo TO NEXTZ~RO 

END , 
NOSHIFTPROClSS J 
WRITE(INITIA~[•l,N,KC•l>J 
BNO c•• CAUCHYBOUNOCN,P) J 
FOR NT1 I• 1,2 DO 

BEGIN 

BEGIN 
~lMIT t= 10; 
fOR CNT2 &= 1 STEP 1 UNTIL 8 DO 

ANGLE le RANUOMCRANUOMSTART> * 3•14159265359 J 
SR 1• BNO * COSCANG~EJ ; 
SI •= BND * SINCANG~E); 
fIXEDSHIFTPKUCESSCLIMIT> ; 

COMMENT If WE RiTURN FROM THE flXED SHIFT STAGE THEN A SUCCESSFUL 
ITERATION HAS NOT B(EN STARTED• A NEW SHIFT IS SELECTED 
ANO THE FIX~D SHIFT STAuE IS INCREASED J 
LIMIT I= LIMIT+ 10 

ENO CNT2 J 
COMMENT If 8 SHIFTS UO NOT SUCCEED WE T~Y RESTARTING WITH THE 

INITIAL K PULYNOMIAL ANO USE A DIFFERENT SEWUENCE OF 
SHIFTS; 

ENO ~~fIEJKt•J1~,1NITIALC*])J 
GO TO FAILU~E 

ENO Or MAIN ALGUKlTHM J 
GO TO EXITJ 

t~f~~REI WRITECPRINf~R,ERR,OEGREE•N+l)J 
ENO REALPOLYZERUFINDER; 

STARTPJ 
XRANGEC·2so,12So)JYRANG~,-2so,12so); 

SUBFRMC0,0,1000,1000)J 
DEVlCEC3,Afa'~)J 

ARRAY ZR1,z11fo10POLYllJ 
ARRAY ZR2,z12coaoPOLY2lJ 
ARRA! eoby3~~R31zI3t010PU~Y2]J ARRA, PO YK tOPOLYllJ 
ARRAY KC 10 

~RlTEj(lLE97,c"FINAL VALUE OF KAND K INCREMENT?">)J 
REAOCf E97,/,~1,KI)J 
WRITE, ILE97,< YRANGE ANO INCREMENT?">); 
REAO{fILE97,l,LY,HY,YI)J 
WRITECFILE97,<"XRANGE ANO INCREMENT?">); 
RE DCFILE97,/,LX,HX,Xl)J 
FRA~EC"GRAPH")J 
ATCs10,1ogo>JTXTDIR(O)JfXTs1z<o>>rxTC"IM")J 
ATC1000,1 O)JTXTOIRCO>J XTS ZCO)JTXTC"RE">J 

ATC20,1000)ITXTD1RC0)JWRTARYC1,Tl)J 
YRANuECLY,HY)iXRANGECLX,HAJJ 
XAXIS{LY+1,XI)1YAXIsCo,v1> 
NOLINtJ 
IF DPuLY1>=1 THEN 

BE~IN 
REALPULYZEROFINOERCDPULY1'P0LY1,ZK1'Zl1)J 

00199300 
00199400, 
00199500 · 

88li~988 
Ou199800 
00199900 
00200000 
00200100 
Ou200200 
00200300 
OU200'+00 
00200!>00 
00200600 
00200700 
00200600 
88~8~~88 
00201100 
00201200 
00201.300 
00201400 
00281500 
002 1600 
00201700 
00201800 
00201900 
00202000 
00202100 
00202200 
00202300 
00202'+00 

88~8~~88 
00202700 
00202600 
00202900 
00203000 
ov.2gl100 
002 3200 
Ou203300 
00203400 
00203500 
00203600 
00203700 
88~8!~88 
00204000 
00~04100 
88~8:i88 
00204400 
00204580 
002046 0 
00204700 
00204800 
0020'+900 
0020:>000 

88~8~~88 
00205300 



~8~~88 
~8~988 
20SbOO 
205900 
206000 
~82188 
206300 

~8 6:88 2otooo 
206/00 
206tsOO 
206900 
201,000 
20 100 
j8f~88 
207400 
207~00 
207600 
207700 
207600 
207980 
2060 0 

i8gi88 
~83i88 
208!;>00 
206600 
208700 
206~00 

~8*~88 
209}00 
~8g~88 
209~00 
209SOO 
~st,88 
209t$00 
209900 
~¼0900 
2i8~88 
210J00 
210400 
~18t88 
~l8~88 
210900 
211000 
211100 
~11188 
211400 

roR Ja=1 sTEP 1 uNTibE8fij~Y1 Do 
X&aZR1CJlJYl=ZI1[JlJ 
ATCX,Y)JSYMS&LC2)JSYMS1ZC1>JPUTSYMJ 

ENO; 
ENOJ 

NOLINEI 
REALPOLYZEROrIN1DERCOPULY21POLY2,z~2,z12>J 
fOR J&=l STEP UNTIL DPOLY2 DO 

BEGIN 
xa=ZR2CJlJY&=ZI2[JlJ 
ATCX,Y)JSYMSE~C6)JSY~~~f'l>JPUTSYMJ 
NOLINEI 
tOR KCOll•O STEP Kl*1,1/2U UNTIL Kl DU 

BEGIN 
POLYMULCDPOLY1,POLY1,U,K,UPOLY1,POLYK>J 
POLYAueCQPOLY1,POLYK,UPULY2,POLY2,DPOLY2,POLY3); 
REALPO YlEROfINDERCOeOLY2,POLY3,ZR3,ZI3)J roR Jl=1 ST(P 1 UNTIL OPOLY2 DO 

BEGl~ 
X&=ZR3[JlJY&=ZI3CJlJ 
~~I~~~E,/,K,X,Y)I 

. Artx,Y~JLINETo<x,Y>J 
ENOJ 

ENOJ 
WHENClO)J 

WRITECrILE97,<"00 YOU WANf TO CHANGE THE SCALE?">)J 
READCFA~,97,/,SC)J 
IF sc= Y THEN RLOCUS<OPOLY1,DPOLY2,POLY1,POLY2)1 

ENOJ 
ENOPi 

E:NDJ 
DEFINE 

REAU~= 
WRlTECflLE97,<"VALUE OF K?">)J 
REAUCFILE97,/,KCOJ>I, 

PART2= 
WRITECfILE97,<"COEfflCIENTS Of ClLS)?">>; 
REAOCFILE97,/,rOR Jt=O Sf£p 1 UNTIL OC1 DO Cl(JJ)i 
WR1TECFILE97,<"CQEFfIC1EN1S OF C2CS)?">)J 
RIAOCFILE97t/,roR J•=o STEP 1 UNfIL oc2 Do c2CJJ>J 
w 1Tt<fILE9r,<ttcoEFFICIEN1S OF G CS)?tt>)J 
R ADCFILE97,l,f.OR JJ=Oc Sf~P 1~UNTIL. D~l DO Gl[Jl)J 
WRITECf"ILE:97,< 'COEfr I IENf S Or G2CS)? >>J 
REAO(FIL~97,/,roR J&=o ST~P 1 UNJlL 0~2 DO G2lJ))J 
WRITECF'I ~E97,<i•coEFF'ICIENTS Of H CS)?' >)J 
REAOCFIL 97,1,FOR Jt=O ST~P 1 UNTlL DHl DO HllJl)J 
WRITECfILE97,<"CoEF'flCIENTS oF H2(S)?">)J 
REAOCfILE97,l,FOR Ja•o STLP 1 UNTIL DH2 DO H2CJl>I, 

READCGH1= 
REAOKi 
wRITECflLE97,<"DEGREE OF c1,c2,Gl'G2 1 H1,H2?">>; 
RE o,FILE97,/,ocI,oc2,0Gl,u92,oH ,oH2)J 
oCG11=0C1+0G1>0CG21aoC2+0~2,0PoLY11=0CG1+0Hli 
DAl=DPOLY110P0LY2l=DCG2+0H21DBl=DPOLY2i 
BEGIN 
LABEL L.AB2i 
ARRAY C1[81DCl)IC2COIOC2J'Gl[OIDGl],G2CO&UG2li 
ARRAY Hl( &OH1J,H2[0auH2J,CGl[OaocG1],CG2[0IO~G2]; 

88~8~~88 
88!8i188 
0020S800 
00205900 
00206000 
00206108 
0020620 
00206300 

88~8i;ss 
00206600 
00206700 
00206800 
00206900 
0020,uoo 
00207100 

88~8fj88 
00207400 
00207SOO 
00207600 
OU207700 
Ou207800 
Ou207900 
002osooo 
ou2ge1og 
002 620 
og2ga3og 0 2 640 
002oa

8
::,
6
- oo 

0020 00 
00208700 
Ou208800 

88~8*~88 
Ou209100 
01.)209200 
00209JOO 
00209400 
00209jOO 
002099600 
0020 700 
00209800 
00209900 
0021oioo 
00210 00 
002 0 00 
00210300 
00210400 
88~l8i88 
88~18~88 
00210900 
00211000 
00211100 
00211200 
Ou21l300 
0021 400 



211~00 
211100 
~H1>88 
211900 
212000 
212100 
212200 
212JOO 
212400 
212500 

~1~188 
212600 
212900 
213000 
213100 
213200 
213300 
213400 
21lg00 

~li188 
213600 
2 3900 

~t:~88 
214280 
214J 8 2 440 
214)00 
214600 
214!00 
2141.100 
214900 
215000 
21S100 
21S~OO 
21sloo 
2154RO 
21~~00 
~l~~o8 
~1~888 
216000 
216100 
216200 
216300 
216~00 
216a100 

~1&,88 
216600 
216900 2 7000 
217100 
217200 
~lf~88 
217~00 

ARRAY A,AACOIOAl,~,BB[OIOdl1POLY1[0&0POLY1l,POLY2COIOPOLY2lJ 
PART2> 
POLYMUL<oc1,c1,0G1,G1 1 DCG1ICG1)J 
POLYMUL{BCG1,CG1,DH1,Hl,UPULY1,POLY1); 
PQLYMU~ POLY1,POLY1,0,K,UA,A)J 
POLYMUL oc2,c2,oG2,G2,ocai,cG2)J 
POLYMULCOCG2,cG2,oH2,H2,oPOLY2,POLY2)> 
POLYMUL(DCG2,CG2,DH2,d2,uS,B)J 

uco1•=1JINBCO]l=l/li[Oli 
It BCOl•l THEN 

BEGIN 
POLYMULCoA,A,o,u,oA,AA)> 
t~bYMULCOB,0,o,u,00,se)i 

ELSE 
BEGIN 

POLYMULCOA,A,O,INB,DA,AA)I 
PBLYMULCDB,s,o,INa,oa,stl)J 

EN I, 
REAOCGH2~ 

REAOKi 
WRITECFILE97,<"0EGREE or c1,c2,Gl'G2,H1,H2?»>)J 
RE OCfl~E97,/,ocI,oc2,oG1,oG2,0H ,oH2)J 

OCG21=0C2+0G2>0KCG11=oc1+0G1J 
DAl•OCl+OGl+eH21DPOL1&•DC1+DG1+DH1iDPUL21=oc2+0G2+DH2> 
If OPOLl>OPO 2 THEN o~•=oPUL1 ELSE DB•=OPOL2} 
BEGIN 

LABEL LAB2> 
ARRAY c1csaoc1J,C2C8tUC2l'G1C01DGll'G2COtDG2l; 
ARRAY H C &OH l,H2C IOH2l,KC1[0tDC1J;A,AAC01DAJJ 
ARRAY B,BBCOIOBJ,POL1LOIU~UL1l,POL2COIDPOL2l> 
ARRAY CG2COIOCG2l,KCGl[OIUKCG1lJ 
PART2i 
POLYMULCo,K,oc1,c1,oc1,KCl)J 
POLYMULCBC1,KC1,DG1,G1,DKCG1,KCG1)J 
PO~YMULC KCG1,KCG1,0H2,H2,0A,A)J 
POLYMULCOKCG1,KCG1,DH1,Hl,DPOL1,PUL1)i 
POLYMU~Coc2,c2,oG2,G2,ocGl,CG2)J 
POLYMULCBCG2,CG2,0H2,H2,0~0L2,POL2)J 
PO~YAOD( Po~1,PoL1,DPoL2,PuL2,os,~)} 

UCOli=t1INBCOJ•=1/~COli 
If ~COl=l THEN 

BEGIN 
POlYMU~CDA'A'8'U'DA 1 AA)> POLYM C a,a, u,oa,~ )} 

WRITE(~ L~97,t,foR J1•8 srEP 1 UNTIL UB Du 8B[Jl)J 
END 

ELSE 
BEGIN 

POLYMULCOA,A,O,lNB,uA,AA)J 
WRITECrlLE

0
97,/,FOR Jl=O SIEP 1 UNTIL UA OU A[Jl)J 

P8LYMOL( B,a,o,INB,Da,s~,; 
EN I, 

STARTPLOTTER= 
~AB21WR1TECrILE97,<"wHICH GRAPH?·euoE,NYQUlST,NICHOlS OR RLOCUS?">)} 

REAOCFILE97,/tGRAPH)J 
If GRAPA="B" THEN BODECW,OA,DB,A,B>J 
If GHAPH•"NY" THEN NYQUl~T<w,oA,00,A,a>J 
IF G~APH="NI" TijEN NlCH~~scw,oA,ua,A,B)J 
IF GRAPH="R" THEN Rb0CUS~OPOLY1,oPOLY2~POLY1,pQLY2)} 

WRITECFILE97,<"D0 YO WANf ANYMORE GRAPH?»>)J 

00211500 
00211600 
00211700 
00211800 
00211900 
00212000 
00212100 
00212200 
00212300 
00212400 
00212500 
00212600 
00212700 
00212600 
00212900 
00213000 
00213100 
00213200 
00213300 
00213400 
00213~00 

80213600 
02 3700 

00213800 
00213900 

88~1:~88 
00214200 

88~l!t88 
00214500 
00214600 
00214700 
0021 1H~OO 
00214900 
00215000 
00215100 
00215200 
00215300 
00215400 
00215500 
002 5600 
00215700 

88~l~S88 
00216000 
00216180 
002162 0 
00216300 
00216400 
00216!>00 
00216600 
002 6700 
00216800 
00216j00 
00211000 
00217100 
Ou217200 
0021 l·

7 
JOO 

0021 400 
00217500 



211~88 
~1fijoo 
217900 
218000 
216100 
216200 
216380 2 64 0 
216500 
216600 
216lOO 216u88 2169 
219000 
219100 
219200 
219lOO 
~1t;88 
219600 
219700 
219600 
219900 
220000 
220100 

~~8~88 
220'+00 
220::>oo 
220600 
220100 
220600 
220900 
221000 
221100 
221200 
221300 
221480 
221~ 0 
221600 
221700 
221680 
2219 8 
2220 
222100 
~~~j88 
~~~;88 
222600 
222700 
222ij08 
22290 
223000 
223108 223l0 . 
223J00 
223408 
223~0 
223600 

REAOCfll..E97,/,MOR£)1 
If MO~E="Y" THEN GO TO LAd2 EL.SE 

BEGIN 
WRITE(fll..£97,<"oo YOU WANT TO CHANGE TO NEW VALUES?">); 
REAOCflLE97,/,NEW>J 

. ENOJ 
ENO; 
If' NEW s "Y" THEN GU TO LA~'+ ELSE GO TU LA RS#J 

WR1T~Cf'IL,E97,<"TIME OR fKEQUENCY DOMAIN?">H 
READ,rlhE27,l,OMM)J 
If OMM='T THEN 

I..AB61 BfGIN WRITE( ILE97,<"0/P OR CLUSED LOOP?">)J 
RE DCF' LE971/,0P>I 
If' UP="O/Ph THEN 

BEGIN ARR y Ktoaol; 
L.AB£L LAB10J 
1..AB10& R£ADCCiHU 

TI MEOOMAINCoA,oa,AA,BBJi 
WRITECf~LE97,<"WANT TO CHANGE TU NEW VALUES?">>> 
REAOCFinE27,/,NEW)i 
IF' NEW= 'Y t THEN GO TO LAIHOi 
ENO; 

ENO 
ELSE 

BEGIN 
ARRAY K[oaol; 

LABEL LABlOi 
LAB10a READCGH2i 

Tl MEOOMAINCOA'DB,AA,B~J; 
WRlTECFJL~97,<"WANT TO CHANGE To NEW VALUES?">>J 
R£AO(flhE~7,t,NEW>J 
If NEwm•y• THEN GO TO LAB10i 
ENOJ 
ENDi 

WRITE,FILE97,<"WANT ANYMOHE TIME·uoMAlN PLOT?">); 
READCFILE971/,MTDP)J 
If ~TDP= tt Y" THEN GO TO LA~d ELSE ~O TU LA87i 

ENO 
ELSE 
If UMM="r•• THEN 

L.A861 rEGIN 
WRITE FILE971<"WHICH PLOT?•o/P OH CLOSED LO OP?">)J 

READCf LE97,/,0p); 
If OPstt O/Ptt THEN 

BE<alN 
L.AtH:1.. I..AB4J 
ARRAY K[OIOli 

L.AB41 READCGH1; 
Sl'ARTPLOTTERi 
ENU 

ELSE IF' OP s "CLOSED" THEN 
BE'3IN 

LAk; ~L LAB4J 
ARRAY ~coaou 

LAB4& REAOCGH2J 

LAB2' WRITECFILE97,<" WHICH GRAPH?•soo(, NYQUIST OR NICHOLS ?">)J 
REAUCFILE97,7,G RAPH)J 

IF' GKAPH="S" THE N BODEC ~,uA, OB,A,B>J 
-- -- - - - - - - - - - -

00217688 002177 
00217600 
002187900 
0021 OOO 
00216100 
00216200 
00216308 
0021640 
00216500 
00218600 
002186700 
0021 800 
00216900 
00219000 
00219100 
00219200 
00219JOO 
002199400 
0021 500 
00219600 
00219700 
00219800 
00219900 
00220000 
00220100 

88~~8j88 
00220400 
00220500 
00220600 
00220700 
00220600 
00220900 
00221000 
00221100 
00221200 
00221300 
00221400 
00221::>00 
00221600 
00221700 
00221600 
00221988 002220 . 
00222100 
00222200 
00222300 
88~~~;88 
00222600 
00222700 
00222600 
00222900 
00223000 
00223108 
0022320 
00223.300 
00223400 
00223:>00 
00223600 



~~J~88 
223900 
224000 

~~1~88 
224.300 
224400 
224SOO 
224600 
224700 
224~00 
224...-00 
225000 

~i~l88 
225300 
225400 
225!>00 
~~~188 
225t>OO 
22S900 
226000 
226100 
226l00 
226300 
226400 
226!>00 
226600 

lf G~APH•"NY" THEN NYQUI~r<w,oA,uB,A,a)J 
If GRAPH•"NI" THEN NlCHO~scw,oA,ua,A,a>J 

~~liEfflt~l~}!~82EJ9U WA ~T ANYMORE GRAPH?">)J 
If MOKE• Y' THEN GO TU LA~2 ELSE 

BEGIN 
W~ITECflLE97,<"00 YOU WANT TO CHANGE TO NEW VALUES?">); 
R~AOCfILE97,/,NEW>J 

ENOJ 
END1 
If NEW-"Y" THEN GO TO LAS~ ELSE GU TO LAB51 

,NDJ 
ENOJ 

LAB51~EG1N ENOJ 
wJlTECFILE97,<"oo vo.u WANI ANYMORE FREQUE Ncv·ooMAlN PLoT?">>J 
R DCfl LE97,/,0uI>J 
I ou1=ffytt TH~N GO TO LA~b ELSE Gu TO LAB7J 
LAB71 If OMM• T" THEN 

BEGtN WRlTEC ILE97,<"WijAT A~UUT FREQ• DO MAI N PLOT?">)J 
REAOCF 4£97,/,0UI)I 
If OUl•"Y" THEN GO TO ~AB6 ELSE GO TO LA~9J 

END 
ELSE If DMM•"F" THEN 

BEGIN 
WRITECFILE97,<"WHAT ASUUT TIME·DOMAIN RESPONSE?">); 
REAOCflhE97,/,0UI)J 
IF OUI• Y" THE N GO TO ~AB8 ELSL GO TO LAB9J 

ENOI 
LAB9& ENO• 

00223700 
00223800 
00223900 
00224000 
0022'4100 
0022'4200 
00224300 
Ou224400 
00224500 
0022'4600 
00224700 
00224800 
00224900 
00225000 

88~~~~88 
002255380 
0022 4 0 
00225~00 

8~~~~188 
Ou2251:SOO 
00225'100 
Ou226000 
01)226100 
00226200 
00226300 
00226400 
00226500 
00226600 




