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PREFACE

Final report of Asymmetrical Booster Ascent Guidance and Control System Design
Studies performed under Contract NAS9-13568 are contained in five separate

vo1umes identified as follows:

Volume I - Summary
Volume II - SSFS Math Models - Ascent
vo1ume 111 - Space Shuttle Vehicle SRB Actuator Failure Study
- Volume 1V - Sampled Data Stability Analysis Program (SADSAP) -
Users Guide
Volume V - Space Shutt1e‘Powered Explicit Guidance
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INTRODUCTION & SUMMARY

The SAmpled Data Stability Analysis Program (SADSAP), formerly
known as The Boeing-Huntsville Program BHA-369, was converted

to the SBU 1110 EXECT 8 system. This program is a general purpose
sampled data stability analysis program capable of providing fre-
quency response and root locus data. The continuols system

open loop and closed Toop poles along with open loop zero's are
also provided.

The program accepts a general matrix format with polynomials of

S (Laplace Operator) in each element location. The element Tocation
of the sampler is specified and the frequency options selected.
Output includes frequency response data as a printout and/or a
Nichols plot.

A detailed description of program input requirements is provided in
section 2.0; a discussion of technical methods in section 3.0;

flow charts in section 4.0; a sample problem in section 5.0; and a
complete program listing in section 6.0.

Purpose

The Sampled Data Stability Analysis Program, BHA-369, provides a
computer tool for studying a digital control system which has a
sampled data signhal in the system. Conventional stability analysis
tools assume continuous signals throughout the system and therefore
are not applicable.

BHA-369 computes R domain open loop frequency response and 7 domain

gain and phase root locus of a sampled data closed loop control . .
system. The control system definition includes the S-domain P A

characteristic matrix, sampling device location, sample period,
optional zero order hold circuit, and optional transport lag. g
Qutput features of the program are Nichols plots, digital prin;///
of the frequency response and root locus analysis, and digit#l
print of the partial fraction expansion of the open loop transfer
function in the Z domain and R domain.

Assumptions

sampled data open loop poles at the origin in the Z domain are roots
which show 1ittle movement and affect insignificantly the movement
of other roots. As such, these roots can be removed from the system
prior to root locus analysis. Refer to section 3.5 for further
discussion. ‘

The zero order hold circuit has the Laplace transformation
-I 'E-ST
—.—_IT“‘?—_

Transport lag is implemented into the system by the lLaplace Trans-

where T equals the sample period.

formation e'TDS where Tp is the transport lag.

1-1
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1.3

Limitations

Only one sampling device can exist in the system.

Analysis is restricted to systems which have the sampling device,
zero order hold circuit, and transport lag in the same loop of
the system block diagram.

Frequency response analysis is computed only for the system opened
at the sampling device location.

Root locus analysis is computed only for the system with the gain
factor implemented at the sampling device location.

Number of continuous system open loop poles at the origin less the
number of open loop zeros at the origin must be less than or equal
to two. Implementation of a zero order hold circuit permits a
maximum of three.

Multiple non-zero continuous system open loop poles are not permitted.

This is a restriction of the partial fraction expansion of the con-
tinuous system open loop transfer function. However, the rooting
procedure in the program causes multiple non-zero roots to appear
as clustered roots thereby circumventing the problem. Refer to
section 3.4.6 for additional information.

Frequency response of sampled data open loop transfer functions

cycles every 1 Hertz where T equals the sample period. Frequency

intervals hangbeen arbitrarily restricted to a maximum of %_Hertz.

1-2
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2.0 INPUT DATA PREPARATION

Input to the SADSAP Program consists of seven input sections which are sequentially input then repeated
for multiple cases. Certain capabilities which are not now provided but might be built later if
desired are provided for and labeled as "Dummy Routines". These routines were and are

available in the original BHA-369 version, which is an IBM 360 version.

SECTION CONTENTS STATUS

I Basic Input Data Required
II Nyquist Data Optional
111 Root Locus Data Optional
IV Continuous System Root Estimates Optional
v o Continuous System Matrix Required
VI Parameter Variations Optional

VII Key Word Optional
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SECTION I - BASIC INPUT DATA - REQUIRED INPUT

CARD COLUMNS FORMAT CONTENTS EXPLANATION
I-1 1-80 20A4 TITLE 80 character case title.
I-2 1-40 10A4 TITLE 1 40 character case title
41-80 10A4 TITLE 2 40 character case title
-3 1-12 E12.5 TD Time delay
21-28 2A4 NAME B character name given to the open loop computation
31-35 I5 I0PEN Row Tocation of sampling device
36-40 I JOPEN Column location of sampling device.
41-45 15 NZT Number of sample periods. 1 <NZT <50
46-50 I5 NRPOLE Maximum number of continuous system open loop poles
_ to find - if input as zero, all poles will be found.
51-55 15 NRZERO Maximum number of continuous system closed loop zeros
to find - if input as zero, all zeros will be found.
56-60 I5 NRCLPL " Maximum number of continuous system closed loop poles
to find - if input as zero, all poles will be found.
1-4 1 Al OPTZ Non-blank yields Z transformation without zero order
hold device.
11 Al OPTZOH Non-blank yields Z transformation with zero order
hold device.
21 Al OPTTRL Non-blank yields sampled data root locus.
31 Al OPTTP Non-blank yields sampled data root locus plots.
47 Al OPTPCH Non-blank generates punched cards of the continuous
: case matrix generated from raw data.
51 Al OPTPNT Non-blank yields printout of the continuous system
characteristic matrix and open loop transfer function.
61 Al OPTBUG Non-blank yields debug printout in the rooting routines
I-5 1-12 E12.5 ZTVAL, First sample period
13-24 E12.5 ZTVALo Second sample period
25-36 E12.5 ZTVAL; Third sample period
37-48 E12.5 ZTVALy Fourth sample period
49-60 E12.5 ZTVALg Fifth sample period
61-72 E12.5 ZTVALg Sixth sample period

Data card format I-5 is repeated until NZIT sample rates have been input.



€-2

SECTION II - NYQUIST DATA - OPTIONAL
(omit section II if Nyquist analysis not desired)

_ NOTE:  Frequency response of sampled data systems. is cyclic in ffequency intervals of 1 where T equals

the sample -period. 2
CARD COLUMNS FORMAT - CONTENTS EXPLANATION
II-1 1-4 ' Ad REQEST ~ Input the control word NYQUIST
21-24 Ad OPTINP Nyquist input option selected by user:

RETAIN -+ Retain Nyquist data from the previous case;
omit data cards 2 and 3 of section II.
- Dummy Routine
STANDARD -+ Implement standard Nygquist data; see
Appendix E; omit data cards 2 and 3 of -
section II. ODummy Routine

NEW -+ Input new Nyquist data as required by
‘ ' data cards 2 and 3 of section II.
3] Al PN Non-blank yields Nyquist plot. Dummy Routine
41 Al PB ‘ Non-blank yields Bode plot. Dummy Routine
51 Al P180 . - Non-blank yields 180 degree phase shift on all
_ computed Nyquist gains,
61 Al NIC . Non-blank yields Nichols plot.
I1-2 -1-5 15 NFI : Number of Nyquist freguency intervals
IT-3 1-12 " E12.5 STR4 o S domain start frequency in hertz of the i-th interval
13-24 Ei2.5 STP4 S domain stop. frequency in hertz of the i-th interval
25-36 E12.5 PCT _ Percent frequency increment within the i-th interval
37-48 E12.5 = MIN;j : Minimum acceptable phase shift in degrees within the
: i-th interval
49-60- ° E12.5 MAX; ‘ . Maximum acceptable phase shift in degrees within the
: i-th interval

65 Al - DPy ~~ Non-blank yields detail print within the j-th interval
Repeat data card II-3 for i=1, 2, ..., NFI '
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SECTION III - ROOT LOCUS DATA - OPTIONAL

(omit section 111 if root

locus analysis not desired)

CARD COLUMNS ~ FORMAT ~ CONTENTS
I111-1 1-4 A4 REQEST
21-24 A4 OPTINP
31 Al PG
41 Al PP
51 Al PPLT

Omit data cards 2 and 3 of section III if PG input as

I11-2 1-5 15

ITI-3 1-12 E12.
13-24 EiZ.
25-36 E12.
37-48 E12.
43-60 E12.
61-72 E12.

Repeat the format of data
111-4 1-5 15

NGAIN

GAIN,
GAINo
GAINs
GAINg
GAINg
GAINg

oo

card 1II-3 until NGAIN gain
NPHASE

EXPLANATION

Input the control word ROOTVLOCUS

Root locus input option selected by user:
RETAIN > Retain root locus data from the previous case;
omit data cards 2 thru 8 of section III.
Implement standard root locus data; see
Appendix E; omit data cards 2 thru 8 of
section ITII.

Input new root locus data as required by

data cards 2 thru 8 of sectjon III.

Non-blank yields gain root locus; gain variations must
exist or be input as new data.

Non-blank yields phase root locus; phase variations must
exist or be input as new data.

Non-blank yields root locus plot; plot specifications
must exist or be input as new data. Dummy Routine,

STANDARD -

NEW -

blank.

Number of gain variations
1 <NGAIN<50

First gain value.
Second gain value.
Third gain value.
Fourth gain value.
Fifth gain value.
Sixth gain value.

values have been input,

Number of phase variations
1 <NPHASE<50
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CARD COLUMNS

111-5 1-12
13-24
25-36
37-48
49-60
61-72

FORMAT CONTENTS

E12.
E12.
E12.
E12.
E12.
E12.

Repeat the format of data

Omit data cards 6 thru 8 of section III of PPLT input as blanks.

ITI-6 1

11-15

I11-7 1-5
6-10
11-15
16-20
21-25
26-30
31-35
36-40
41-45
46-50

Al

Al

15

PHASE
PHASE
PHASE 3
PHASEZ
PHASESg
PHASE

oo onog

EXPLANATION

First phase value in degrees.
Second phase value in degrees.
Third phase value in degrees.
Fourth phase value in degrees.
Fifth phase value in degrees.
Sixth phase value in degrees.

card IT11-5 until ||PHASE phase values have been input.

GSYM
PSYM

NRLFR

NGR4
NGR2
NGR3
NGRgq
NGRg
NGRg
NGR7
NGRg
NGRg
NGR1o

Dummy Routine.

Symbol used to represent results from gain variations
on the root locus plots; refer to Appendix D for possible

selections.

Symbol used to represent results from phase variations
on the root locus plots; refer to Appendix D for possible

selections.

Number of plot frames to use for displaying root locus

results

1 <NRLFR<10 -

Number of grids
Number of grids
Number of grids
Number of grids
Number of grids
Number of grids
Number of grids
Number of grids
Number of grids
Number of grids
1 <NGR;<4

on
on
on
on
on
on
on
on
on
on

the
the
the
the
the
the
the
the
the
the

Input NGRy 1 =1, 2,

first plot frame.
second plot frame.
third plot frame.
fourth plot frame.
fifth plot frame.
sixth plot frame.
seventh plot frame.
eighth plot frame.
ninth plot frame.
tenth plot frame.

..+» NRLFR
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nRepeat data card 1II-8 for i =1, 2,

CARD COLUMNS FORMAT CONTENTS

111-8 .~ 1-12 E12.5 DD4
13-24 E12.5 RX4
25-36 £12.5 BYi,1
37-48 E12.5 BY{,2
49-60 E12.5 BY; 3
61-72 E12.5 BY; 2

LI ] HRLFR

EXPLANATION

Delta between grid marks on the i-th plot frame.
Maximum X value on the i-th plot frame.

Minimum Y value of the first grid of i-th plot frame.
Minimum Y value of the second grid of i-th plot frame.
Minimum Y value of the third grid of i-th plot frame.
Minimum Y value of the fourth grid of i-th plot frame.

Input BY; g for J=1, 2, ..., NGRy where i represents
the i-th plot frame.
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SECTION IV - CONTINUOUS SYSTEM ROOT ESTIMATES - OPTIONAL

{Omit section IV if estimates used to compute the continuous system open loop zeros and poles and closed
Toop poles are not to be input).

CARD
Iv-1

1v-2

Iv-3

COLUMNS

1-4
21-24

1-5

1-12
13-24
25-36
37-48
49-60
61-72

FORMAT CONTENTS EXPLANATION
Ad REQEST Input the control word ESTIMATES
Ad OPTINP Estimates input option selected by user:

RETAIN + Retain estimates from the previous case;
omit data cards 2 and 3 of section IV.
Dummy Routine.

NEW + Input new set of estimates as required by
data cards 2 and 3 of section IV.

15 NA Number of eigenvalue estimates
0<NA<75

omit data card IV-3 if NA=0

2E12.5 EA Real part then imaginary part of the first complex
estimate.

2E12.5 EA2 Real part then imaginary part of second complex
estimate. _

2E12.5 EA3 Real part then imaginary part of first complex
estimate.

Repeat the format of data card IV-3 until NA complex estimates have been 1ﬁput.

NOTE: Do not input both a complex number and its complex conjugate as
estimates; only one need be input to the program in order to
obtain the pair of roots.
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SECTION
CARD
V-1

'V - CONTINUOUS SYSTEM MATRIX - REQUIRED

COLUMNS  FORMAT
1-4 Ad
21-24 A4

31 AT

" Al

CONTENTS

REQEST
OPTINP

PVAR
PNOM

EXPLANAT ION

Input the control word MATRIX
Matrix input option selected by user:

NOMINAL - Retain the nominal matrix defined in the
previous case; omit data cards 2 thru 44 of
section V. Dummy Routine.

GENERAL - Create the nominal matrix using the general
matrix input format input data cards 2 and
3 of section V; omit data cards 4 thru 44
of section V.

RAWVDATA - Create the nominal matrix using raw vehicle
data; omit data cards 2 and 3 of section V;
input data cards 4 thru 44 of section V.
Dummy Routine.

Non-blank indicates parameter variations of either the

general input format type or raw data type. )

Non-blank indicates not to execute the nominal case.

NOTE: It is invalid to input PVAR as blank and PNOM as non-blank.

Data cards 2 and 3 of section V are only input if OPTINP = GENERAL

V-2

12
I2
12

E14.5 .

I2
I2
12
E14.5

12
12

I
E?4.5

Row location of first matrix coefficient value.
Column location of first matrix coefficient value.
Power of S to which the first value is a coefficient.
Value of first matrix coefficient.

Same data as in columns 1-20 but for second
coefficients.

Same data as in columns 1-20 but for third
coefficients.
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CARD COLUMNS FORMAT CONTENTS EXPLANATION

V-2 61-62 12 114
63-64 12 Jdg Same data as in columns 1-20 but for fourth
65-66 12 KKy coefficient.
67-80 E14.5 VALg

NOTES:

At least one coefficient must be defined per data card using any of the allotted fields; multiple

definitions of a coefficient results in the last definition being used; all matrix coefficients
are initialized to zero.

‘Repeat data card V-2 until all matrix coefficients have been defined.

V-3 1-80 20A4 CARD A completely blank data card indicates termination

of the nominal matrix definition using general input
format.

Data cards V-4 thru V-44 are only input if OPTINP = RAWYDATA. Dummy Routine.
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SECTION VI - PARAMETER VARIATIONS - OPTIONAL INPUT
(Omit section VI if parameter PVAR = biank [card v-11)

Omit data cards VI-1 thru VI-2 if the characteristic matrix was generated by raw data vehicle parameter values.

CARD COLUMNS FORMAT
VI-1 1-5 I5
vi-2 1-2 12
3-4 I2
5-6 1z 4
7-20 E14.5
21-22 12
23-24 12
- 25-26 12
27-40 E14.5
41-42 12
43-44 12
45-46 12
47-60 E14.5
61-62 12
63-64 12
65-66 12
67-80 E14.5

GENERAL MATRIX PARAMETER VARIATION

CONTENTS

NV

VAL4

EXPLANATION

Number of matrix coefficients to be varied simultane-
pusly. 1 <NV<100

Row location of first matrix coefficient being varied.
Column Jocation of first matrix coefficient being varied.
Power of S first matrix coefficient being varied.

Varied value of the matrix coefficient.

Same data as in columns 1-20 but for second coefficient.

Same data as in columns 1-20 but for third coefficient.

Same data as in columns in 1-20 but for fourth coefficient.

Repeat data card VI-2 until all matrix coefficients being varied simultaneously have been specified.
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SECTION VII - KEYWORD INPUT - OPTIONAL INPUT
Section VII is an optional input section which when input performs two functions:

(1) Recovery point to which the program goes if an input
or execution error occurs in a previous case.

(2) Resets Nyquist data, root locus data, characteristic matrix
data and user estimates to program initial conditions.

If this section is not input, then all specifications jnput in the preceding data
case remains intact for reference in the following data case.

CARD COLUMNS FORMAT CONTENTS EXPLANATION

VII-1 1-4 Ad CARD The data word KEY punched in columns 1-4 causes
- the program to identify this card as an error
recovery point and to return the program to
initial conditions.
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3.1

'_.R(sf4cg§

METHOD S - .

Control Sy.tems | =
A control sysiem is an arrangemnent of physical comporients
conncected in such a monner as to command, divect or regulate
itself or another system. There are tuwo general classifi--
cations of control systems - open loop and closed loop.
An open ioop control system is one in which the control
action is independent of the output. A closed loop control
system is one in which the control action is dependent on
' the output. System feedback is the property of closed loop
contrnl systems which enables the output to be compared
" with the system input, so that.appropriate contrel action
"~ can be initiated as some function of the input and output.
It is customary to refer to a closed looco control system
as a feedback control system. Figures 3-1 and 3-2 illustrate
typical block diagrams of open loop control systems and
-feedback control systems, respectively.

rl

.I:-,q o | | Y .
K. )l al(s) Ly -

Figure 3-1 Open Ldbp Control System

-

c(S)

.G(s)'

'

B(S) ..

K(S)

F\

| Figurc 2 Feedback Control System
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"Representation of Feedback Control Systems

Conventional feedback control systems are continuous data

systems in which all loops of the control system receive
a continuous signal as input. -~

.

"A linecar fecdback control system can be represented in

several different ways: a system of differential equa-
tions, Laplace transformation of the differential
equations, characteristic matrix, or block diagram. As
an example, consider the following:

. X3 +:x3 t Xy = 0
_ - ; d.
system of differ- RS ST hfg = 0
ential equations . dt
(zero jnitial ~
conditions and d, . ,
no input signals) . Xp - _fg - X3 = 0
’ - dt :
d -
. Xz - ___x4 - ZX4 - 0
dt '

X3 + 34 = 0
LaPlace _ o
Transformation
. " o




3.? Representation of Feedback Control Systenms (Coﬁtinucd)

1 0 1 -1 « r%lﬂ 0
Character- {=1 g 0 0 X, ]
_istic - =
Hatrlx 0 1 «(s+1) O . Xy 0
e 10 ~(5+2) || X, 0
R + Xp 1 %2 | c
. ] x
Block Diagram 3 1
.--’;- s+1 ’ n"
. 2 [ 1
512 [ -

-~

A1l are equivalent definitinns 0f the same linear

fecedback control systen. N L

A rclationship fundamental to Twntrol systen
“analysis exists betwcen the characteristic matrix
and the closed loop transfer function of a lincar
feedback control system, Assumc the cxistence of
a linear feedback control system as illustrated

L

by figur? 3-3. : . . .. -
X " . :
R : ! gG-_—_;G_H xz - c
B I T
i B l 171,
_ L LV TARPTS
o g | oo 2= g .
v .o '.-‘ ..’ . ) . ' o . . 20 - f'a-'

" Figure 3-3 Linear Feedback.céhtro] System

‘. - -

3-3
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Representation of Feedback Control Systens (Continued)
In refercnce to the bloek diagram, 6 is the forvaxd
transfer function and H, and I, are the feedback
trans(cr functions, The quantities Gy, Gp, “1”’ Mip,

Moy, and 15, arc polynonials in the Lap1§cian varlablo

. * . C [ L]
S. The closed loop transfer function, 4, 13 deflincd
as the ratio of the output signal to the input signal,

The equatlons _
. ‘s

G, - )
X Eﬂ X,
Gp

- -

of the block diagran can be used to derive.the closed
loop transfer function, : -

o . GN' e
€ 8 o (ReX =X
Gp (%) .
C = gﬂ (R - ;lﬁ'c . C)
. 6p ip . Hap
Gy b T
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Representation of Ecédback Contrdl Systems (Continucd)

LRI S
N w a0
E. 2 R~ 1 |
K Gy Ry Moy X
Gy T Hyp My :
‘
1 -
e P PRIt T W
Gn”ln“zﬁ_fxﬁlxhzo Celow™n
- Oygtptap
G¥ipHyp SR

B s o v

A P U PRSP TY

c GyHypPap
“ - . .~
F: “D“lnﬁzn*Gu‘“1N“20¥H}N“1077

-

{s the closed loop transfer function, 0f particular
inportance in the study of absolute and relative
stability of a closed loop control system is the
location of the closed loop poles. The closed loop
poles are thc Yoots of the denominator polynomial

of the closed loop transfer function and hence the
roots of the cquation: ' :

.-
-

att1p) =0

GDHIDHZD+GN(”1NHZD+"
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Represcntation of Feedback Control Systems {(Continued)

In generating tho systen chayacteristic matrix, all
sipnals external To the closed loop are ignored, Ihe
closed leop system of equations is given by:

-

X

;- g * X=Xy

Rewriting the equations yiclds

-%l_+ x3 + Xu.n Q-‘

which can be expressed in matrix format,
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Representation of Feedback Control Systoms (Continucdf

- . oy - - - . -

1 0 17 1 X, 0 .
-Gyt Gy 00 X2 | o . nls)in0
I S P R 0
O P R X, 0
b 4 b -
| L

The natrix pol)nOPlQI A(s) is the charzcteristic
matrix corresponding to the block diagran illus trated

in figure 1. The characteristic roots of A(s) are
the values of s which cause the determinznt of A(s)
to vanish, | . . ‘ :
. 1 o 1 1
: ! . l _ fcll- GD 0 '0
- 1A(s) o ' . ;
ST 19 B oMy O
- v H?.N o -nzD

D
. = 1 [ Hyy cHyp 0 L# Gy f TigyHyp O
e b .
3 Hy, 0. =Hyp By 0 -Hyp
T Gyl 2 * 6, (H H.) s

lN ZD ZV iD

-

Notc that the chavracteristic roots arec tho dlosod
loop poles, In pgeneral it can be statod: ’

Thoe poles of the clo;cd loop transfer

" function are the roots of the systen
‘characteristic matrix,

3-7



3.3

Samplcd Daty Control Syslems

Conventional fecdback control systems are continuous
data systems in which all luops of the control system
receive o continuous signal as input. Another class-
ification of feedback control systems is the sampled

~data control system, in which one or more loops of the

system reccive pulded data as the input signai. Sampled
data systems originate primarily duc to inherent sampling
in the system or when desired system results can be
obtained with intentionalt sampling. Radar tracking
systems and time sharing systems are exomples of sampled
data systemz with inherent sampling. Improved sensi-
tivity and kehavior and the ability to save and retransmit
dlg1ta11y coded signals are often the reasons for convert-
ing a previously Lontlnuous system to a sampled data
system

In sampled data systems, a continuous -signal js sampled by
a sampling device which outputs a sequence of pulses.

- . L]

LT

Figure 3-4 'Sampled_Daté Signal e*(t)

The contlnuous signal e(t) is sampled by the sampling
device, and the sampled signal e*(t) is output as a
sequence of pulses (refer to Figure 3-4). In practice, the
sampling device closes for a very short interval at
periodic instants (t = o, T, 27, 3T, ...} in order to
sample the continuous signal. The time between two
consecutive pulses is deflned as the sampling period,

ddenoted by T

Many sampled data control systems incorporate a zero
order hold circuit after the sampling device. This cir-
cuit serves to generate a step function from the pu]ses
in which each step is of width T (sec Figure 3-5).

3-8



3.3 Sampled Data Control Systens (Continuod)'
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Figure 3-5 Samp]ed data signal h(t) with
zZero order hold circuit

In pract1ce the actual waveform of the zero order hold
circuit output is a series of exponential decays with
large time constants. A typical block diagrem of a
samp]ed data system with a zero order hold c1rcu1t is

A1I]ustrated by F1guze 36

A "'@ E(S)/T/ x(5)} 15T | 6(3) LUS)
gl : S N _ I ’ ‘

B(s)

H(S)

[

Fﬁmfé3—6 Sampled data feedback control system
' wvith zero order hold :

-

.
-

‘The Laplace transformation of a zero order hold circuit is

- Y-e~ST, L



3.3

. Laplace transformation of a transport lag is

Sampled Data Control Systoms (Continusd)

Stability and design anulysis of continuous system
feedback control systems™is performed in .the Laplacian.
variable S domain. -Analysis of sampled data fecdback
control syslcms would be cxpected to be performed in

the Laplacian variable S domain also. However, the pre-

-sence of the pulsed sampled siynal e*(t) makes the §

domain analysis impractical.. The Laplace transformation
of the sampled data time function e*(t) is of the form

e(nt)e=nTS
0

0oea g

L [e*{t)] = €%(s) =

|

n

.

where e(nt) denotes the continuous function e{t) at the
sampling instants. Unfortunately, the factor e-N15 pakes
E*(s) a nonalgebraic equation to which the inverse Laplace

- transformation and partial fraction expansion techpiques
rare difficult to apply. The change of variable which

eliminates these problems is the Z transformation:

”

Z=¢15 .- or s=11nz
X SR T -
Substituting into the expression E*(S) yields

E*(S=Mn 2) = E(Z) = ze(nT) 2V . -
which transforms the sampled fime function e*{t) into a

function of Z.E(Z) is referred to as the Z-transformation
of the general time function e(t): -

E(Z)'=72-transformation of e(t) = 3‘[e(t)].

The 2 transformation,haé the limitation that the inverse
Z transformation only yields correct information at the

.sampling instants. For this reason the Z. transformation

can not accurately be applied to sampled data .control
systems which contain a transport lag (time delay). The
Saturn V flight control system has a transport lag due
to computation time and analog-digital conversion time

requirements within the system. This type of system can,

however, be solved by a modified Z transform method. The

L
L3 »

'e-TDS T . : ‘-".
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3.3

Sampled Data Control Systems (Continved)

where Ty is the transport lag cxpréssed in scconds.

consider the camplgd data contro] system with transport
lag illustrated in Flgure 37 .

R(S)“‘m (S)/c*( G e Tas | as) cts)

iy

ﬁ(s)

H(s) |,

» Figure 3-7 Sampled data control system wfth
: .. - a transport lag. -

The open loop transfer function of the continuous part
of the illustrated conrrol system including the transport

lag is: - _ s
GH(S) = gh(S) e ~Tp>

Defining the parameter M by

— . . .-

ow.
%

and subst1tut1ng 1nto GH(S) ylelds a new expression of
the cont1nu0Ls system open loop transfer functton

GH(S) = gh(s) e (M- 1) TS
The modified Z transformatIOn of GH(S) denoted by GH(Z M),

s def1ned by:
GH(Z,H) - 34JGH(S)] . o=11 g gh(kT+MT) 27k

#=1-Tp
T'—'
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3.3

Samp1cd Data Control Systems (Continued)

Using the wmodificd Z transformation, design and stability
analysis of sampled data control systenms with transport
lag can be accurately performed. To avoid cenfusion, the
torms 'basic 7 transformation' and 'modified 7 transfor-
mation' will be used to distinguich belween the Z

‘transformwations of sampled data control systems without

transport lag and those with“transport lag.
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3.4

Basic and Modificd Z Transformalions

Yo further illustrate the basic Z transformation and
the modified 2 transformation, consider a feecdback con-
trol system which has incorporated a sampling device
into one of its loops. The Z transformalion method
requires that the system be opened at the location of
the sampling device, and the £ transtormation be
ipplied to the resultant continuous systcm open loop
transfer-function. Define the following nomenclature
list: : ' )
f T  Sampling period
. © T Transport lag _
GH(S? Continuous part of the open loop
~transfer function
-(aj+bji) Poles of GH(S)
- (cjtdji) Residues of GH(S)
Leading coefficient of GH(S)

% . r
-

and let the continuous system open loop transfer
furvction GH(S) be expressed by:.

-

GH(S) = k | € + Ca + C3 + Cutdy i + Cu-d i '}
| ' LET_ s2  Stag  St(ageb,i) S+(ag - by')

NOTE: Due :to the limitations imposed by the program

{Section 1.3) and the restriction to matrix
polynomials with real coefficients, all continuous
system open loop transfer functions generated by
the program will have terms in the partial fraction
expansion only of the types expressed above.

-

App)fcation of the fheorem

JLaf(s)ebg(s)] = a JLF(S)D + b ) [a(s)]

where a, b are constants and f{S), g(S). are
functions in the Laplacian variable § '

to GH({S) enables the Z transformation of GH(S) to be
expressed as the summation of the Z transformation of the
in?igidua] terms of the partial fraction expansion of
GH(S). , :
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For systems whici\ inctude a transport lag',--'ne_ modified Z‘transforma'tion is applied:
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Assume a zero order hold device has been ih: orporat'ed into "the system at the point of
the open loop speciﬁcatwn - The open lcop transfer functwn of the continuous system
with zero order hold is denoted by GhOGH(S) '

I:GhOGH(S):I - .' E-g";rs GH(SI)]' ' ._ ‘ : .

= E]'-E-TS)]G)F‘F G, 4 Gy k&, 4 cghdgd  + cg-dgi _I}
. . 3 ~ . N . ; !‘.
) Jis? 3 S Sta, S+(agthgi) S+(.a5-b‘51) ‘_;{
o , /
Coanfey [ = RINTAY L . - T
- EhoGH_(S)] N (1-e™. J(k) S TR T W T LT L *ocg-dd b
S | ST §7 5§ S+a, ' S+(agtbe®) S-j-(as-bsi)_jl(
{ . . l. .
= {1 z"]-‘) ﬁ + f‘f_g_ + .E.?. + E_,i +_%,f¢5+d51‘"-' + Cs“d i -l
s3 5 S S+a, S+{Ag+bsi) S-L(as-b 1}*

EERY) ] e g feea]s 4 SCIAELS
Ce ] 3 1] 3] s
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For systems which do not contain a-transport lag, the basic Z transformation is applied:
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3.5

Rool locus

Design and stability analysis of continuous data
control systems is based on the pole-zevo configuration
of the system transfer function in the S plane. For

a stable system, all the closed loop poles must lie in
the left-half S plane. An analogous situation arises
for sampled data control systems. The Z transformation
maps all points in the left=hand S plane into the
interior of the unit circle in the Z plane and all the
points in the right-hand S planc into the exterior of
the unit circle in the Z plane. As a conseguence,

“design and stability analysis of sampled data systems

is based on the pole-zero configuration of the systen
transfer function with respect to the unit circle,
For a stable systcm all closed loop poles must be
within the unit circle. :

- Seampled data root locus in BHAOBGQ is restricted in

application to only those samplé data systems which
incorporate a zero order hold circuit. Gain root

-locus is based upon the introduction of a gain factor

K at the sampling device location in the closed loop
block diagram. The locus of the closed loop poles are
plotted as a function of the gain factor as K varies
from zero to infinity; the resultant plot being the gain
root locus plot. By rcplacing thke gain factor K by

eJ® and varying © from 0 to 360 degrees, phase root locus

plots can be generated. ‘A special root locus called
sample period root locus can also be obtained. FTor
each sample -period specified; the program computes the

.sampled data system nominal closed loop poles. The

locus of these poles plotted as a function of the
sample period constitute the sample period root locus.

Computational techniques used in obtaining sampled data
root locus requires the analysis be performed on a
modified system. Isolated and extremely stable roots
appear as roots at the origin in the Z plane. Such
roots show little movement and affect insignificantly
the movement of other system roots. Because of the
computational difficulties involved in oRtaining
multiple roots which frequently occur at the origin in
sampled data root locus, the BHAOG369 program removes
from the system all the roots at the origin. Horking
with the partial fraction expansion of the system,
transfer function, the sampled data closed loop poles
are inspected and those which have a magnitude less

than .0001 are removed from the system. More specifically,
the program deletes the term associated with the :
indicated pole from the system Z domain partial fraction
expansion. In addition, rather than obtaining root
locus results from the open loop sampled data transfer
function _ : o
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3.5

Root Locus {(Continucd)

e, C
oem(z) = A(Z) o+ A(Z) o+ ..o+ A(Z) = P(Z)
| B, (z) B, (1) By (2)  a(Z)
' éhe program uses the companion matrix .
i.e.
TR '. N ETIRN .. I - O
o '%}( 2) . . B ¢
° | -%—( 2) o - A=)
o ‘ - L Br.) fﬂ@(%J .
i

K ©o© o S+ s o 0

The characteristic po]ynomiaT of the companion matrix
yields the expression necessary for root locus analysis.

Dop(€) = gl(i)az(z).;.su(z) |

+ K[AI(Z)B;(ZS...éN(z) oot BI(z}B“_]{szN{z)]

. e

Q(z) %_K P(z) _

"For. systems which have a transport lag, a slight

modification must be made to the companion matrix.
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3.5 Root Lzcus (Continucd)

E; ! '- | v f. . l. . v o
o R o /e
o - By (%)
I; . T "o .
o ) S o @
L K O o st 0

Referring to the modified Z- transformat1on of samp]ed
data systems with a zero order hold circuit (section
. 2.2.4), it can be seen that B](Z), Bz(Z),...,u”(Z) would
each have a root at the origin thereby ogenerating n open
Yoop poles at the origin. As discussed previously in
this section, such roots are removed from the svstem in
root 1¢cus computatiens., foditication of the (1,1)

element in the companion effeCL1ve1y factnrs out the
undesired roots at the origin.
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3.6

Nyquist Frequency Response

Another analysis tool of the program is open loop
frequency response cemploying the Kyquist criteria.

HNyquist analysis is a graphical procecdure for

determining absclute and relative stability of a
closed Joop conbtrol system in terms of frequency
response of open loop transfer functions. In the
BHAO36Y2 program, the system is opencd at the sampling
device location.

In order to apply conventional nyouist techniques to

sampled date control systems, another change of variable
is required. The bi-linear transformation to the R
domain :

Z = R+l
R=1

is the desired transformation. The R transformation maps
the interior of the Z-plane unit circle into the left
hatf R-plane and the exterior of the Z-plane unit circle
into the right half R-plane, thus enabling conventional
Nyquist techniques to be applied. As an exemple of the
transformation, consider the open loop transfer function

GH(Z) = __ AZ+b
‘ Cz2+dZ+e

where a, b, ¢, d, and e are constants.

REL
a (R-T) + b

eH(z=Rl)

Ca : Rt1y 2 R+1
T IR clig) ¢+ dlpy) + e

. | . (R+1}(RL1) + b _(R-1)2
S ¢ (R¥1)Z + d (R¥1)ER-1) + e (R-1)2

"a_(R%-1) + b (R?-2R+1)
- © c(RC+2R+1) + d (RZ-1} + e (R2-2R+#1)

(a+b) R+ (=2b) R + (b-a)
(c+d+e)R® + (2c-2e) R + (c-d-e)

no

Conventional Nyquist techniques can now be applied to the
sampled data open loop transfer function,
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3.6

‘to a certaln (input) percentage of the first frequency.

Nyquist Frequency Response {Continued)

A few definitions are prerequisite to a discussion of the
Ryquist computaotions. As il'is a function of a complex

-variablie,.a transfer function GH(R) is a cumplex number

and tmay be repreSented in polar form GH(R) = re'®, The
numbey r is referred to as the amplitude of the Tunction;
the number ¢ is the phase angle or phasc; the combination
re?C® is the gain. There is an associated decibel value;
it is 20 times the common (base 10) Jogarithm of the
amplitude. :

The escential -computation involved is the evaluation of

the function GH(R) over an interval of values of the
independent variable. An obvious procedure is to
calculate Ry = fwy, GHy = GH{Ry), then using some
frequency incremnent dw, obtain wy = wy * éw, Ry = iuy,
GH2 = GH(RZ),_and so on. The constant increment is '

objectionable for two recasons: A proper choice
presupposes sone knowledge of the behavior of GH(R);
and ho single increment will generally suffice over

the desired range, a large value possibkbly causing
regions of sudden variation to be Lypessed, a small
value necessitating excessive computer processing. EBoth
accuracy and speed are achicved by enabling the program
to assign the freguency increment; initially it is sct
When GH(R) is changing rapidly, a small increment is
used; when GH(R) is varying slowly, a large increment
is used. The increment is decreased by halving its.
value until it becomes less than a certain constant

"(.0002 or .00002) times the current value of the

frequency. The increment is increased by doubling its
value until it becomes greater than the abovementioned

-percentage of the current frequency. These limits set

on the minimum and maximum increments ensure that the
calculations will neither Fequire excessive computer
time nor omit points of interest. A measure of the
variation of GH(R) is available in the variation of its
phase angle. The phase shift of a function is the

-difference between two phase angles corresponding to two
“successive values of the frequency; the résults of

certain phase shift tests determine how the frequency
increment is modified. Two input quantities, a minimum
and maximum phase shift, define acceptable variations.
Hhen_ the phase shift tested is less than the maximum and
greater than the minimum, the computation continues with

.the current value of the frequency increment. If the

phase shift is greater than the maximum, the increment
is decrecased when possible (that is, when it is greater
than .0002 or .00002 of the current frequency value).

If the phase shift is less than the minimum, the increment
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3.6

Nyquist Frequency Reﬁponsc (Continued)

{s incrcased when possible (that is, when it is Jess

than the certain percentage of the current frequency
valuc). In such a manner, computation proceeds until

a frequency is processed which is equa] to or greater

than some terminal value.

The term frequency interva] or interval is used to
represent the range of values which can be assumed by
the variable w. Such an interval is defined by
specifying its end points, some starting and stopping
frequencies. The program-can process more than one

~dnterval. The intervals are completely independent;
.the stopping frequency of a particular one is not

required to be less than the starting frequency of the
next. The quantities used in determining the increment,
the maximum percentage and the allowable phase shifts,
are -unique for each interval and may be vur1ed by
specifying more than one interval.
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Progran éomputaLinn Steps

Thé-f0110w1ng 1 the step-by- sucp'anxlysis procedure
emp]oycd in the Sanmpled Data Ana]y is Program,

1.. Input to the computcr the S- p]anc system Lharactcr-
istic equations, ,

2. The S-plane matrix is opened for example in the AQ
' channel- {OP-A0), and S-plane roots (numecrator and
denominator of (OP-A0)} are found.

i.e., OP-AD(S) = K(S+N])(S+H2)...
- (5+07)T5+D,) .

3. The S- p]ane roots of OP-AD are expanded by series

expans10n r .
) A BgHC + .., .

4. From the series expansion the Z-transform is taken -

of each term, .
' - TI_A . BS+C

5. The zero-order-hold transfer function is }-c-ST
’ <

Thus, OP-AG(S) with zero-order-hold becomes:

OFROTST I_E-ST op-pO(s). - .

6. Takfng the modified or basic i'trahsformation
. depending on the transport lag option;

= (1-2-1);)LEP-A0(5):]

S

;'OP—AOIZS
‘ . , r+)
7. Next, the bilinear transformation of z = r-1 is
substituted for z in oo
: 0P-A0(Z)

0P-AO(Z) l z =1t - OFRD(r

8. For freq. response, r is set équal to j“r

f.e., ' ) ’ =

TRYI) - OP-AU(Ju, T
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3.7

Program Computation Steps (Conlinued)

9, Gain and phase are plotted for values of w..

‘10. we is related to (S-planc freq.)'by'

w, = -cot ®T

T (Z7)

11. T+KOP-AO{ZY s put into matrix form and rooted to
give a root locus as a function of system gain K,
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3.8

Continuous System Open Loop Transfer Function

An intermediate step in the BHAG3GY program requires
the computation of the continuous system open loop
transfer function. Given the continuous system
characteristic datrix polynomial and the matrix
location at which to open the loop, the program must
compute the open loop zeros, open loop poles, and
associated leading coefficicents.

n‘ o p p
ie., p(s). P (s-a5) v (S-a3)
.. GH(S) = QEES = K 4=} ' = Kp i=1 !
. ) : q -

[ L

Associated with each computation is a specific
matrix polynomiatl. : -

Consider the open loop transfer function illustrated
by figure 3-8. _ | .

Xy | 6y | %2 c(s)
& 20
X3 | - Hiy
A H1p
’ \
Xg | How | *2 s
Mo | 7/

Figure 3-8 Open Loop Transfer Function -
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3.8

Continuous Systcm Open Loop Transfer Function (Continued)

“The open loop transfer function corresponding to the

block diagram is ig
: . I

22

*

The following system équat{ons can be derived for

the open loop transfer function illustrated in-
Figure 3-8, .

Xy = =Xy =X, X3 = H]N X,
| v ‘ 1D
g ; i .
X, = "N X Xg = an x,

which can be rewritten:
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3.8 ] . -
Continuous System Open.loop Transfer Function (Continucd)

xl ¢ X3 + xI| ».0

~G X, * GpX, = O

.

Hyg¥ka - B

: ',,' | -
HapXy = Man*2

The corrcspondl

ng matrix
- .

representation is

»

- - ' s TR el
1 0. ]l l Xl : 0
4 . ‘ . H
.“GN | ng 07 0 s 12 0 3
. - . . - X Y
o Hiy Mo ° *3 0
o 0 0 Mupl | X |,y
ﬁhich_can be rewiitteﬁ:-;7' . . T
I T — e o
-1 0o -1 1 X /X’ 0
o - 1" 2
-GN ' GP 0 0 xzsz 0.
0 . My <My 0 | x,/x3] 0
o 0 0 My Xy /X3 . .

" e

Applying Cramer’s

transfer function

x .
o |
xz

oy
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3.8

negative of the abovc. Hencp,

upohtinuous Sy;tem Cpen Lcop_?ransfer Function (Continucd)

" -G, - 0 0 0
i 0 0 Mgy 0
xi ) 0 I, 0 My
X ~——
1 0. 1 1
-Gy Gy 0 0
0 iy -l O
| 0 0 0 My,
- Gplonilyp -
- B3
'GDthHZD = GyltyyHap
U Gnﬂzuﬂin
o -
: G 1. I, +G Il

D"1D 2D N IN ZD

Becausé the transfer functlon 111L5tratcd in
Figure3-8 enploys necgative feedback, then by
convention, the transfer function d051rod is the

X, N"ZN 1D | -
= (Equation 1)
X e M+ Gyl M ST -

D 1D 2D NIN 2D

b

.for the computat1on of - XZ as -shown’ by figure3-8,-a ga1n

n.i Y, NS .n-'l-o_‘ \
factor K is 1ncorporated ?n the location at which the
system is opered.
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3.8

.Continunus System Upen Loop Transfer Function {Continucd)

+ -.- o - .
s o Lo I e
R + X G X C
B ..-_.........-_....1.--—.;. __._r_\l__ 2 £ »
g . [Jl) -.-lr.‘
i x - LI - -
S LI '
: RUES B
¢ X BTN ) e
. 4 [y 1| «. |
- “20.

Figbre 3-9 Closed Loop System )
R - Lt

For thc closed 100p system 111ustratcd in FlgurEB -9,
thc.closcd loop trﬁvsfcr function is

o GN91NH

R Hm*“zn GH(ﬁngD-&KH 2 )

- . . .
- o R L

- . - -
e

hhcre the closed loop poles are thc roots of the

'expre551on. R I . S e W
t;- GDHIDIZD+GW(” N ZD &Hz 1D) 3_0;;.};

The svstcm charactcrlstic matrix can bc foxmed

fron the following equations!

. cooe e T IN
Xy ==X X e, Xy T X,
o S . T 1D
S ¢ : T R
O - 2N
X, 8 = X ‘ X, o= Ko X
2 Eg ) - . “29 2
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3.8

. Continucus System Open Loop Traasfer Funciion {Continucd)

Rowriting the cquations yields

x..
- l.

A
'\.

1

G.X

o

6 O

Hyy -H
2N'°

-

0
G
Tt

B ¢

.-

1
p 0
i M

&
,

1D

H 0

20

-H,;

0

1

2D
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The characteristic polynomial is
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-
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3.8

Continuous System. Open.bLoop Transfer Function (Continued)
paking the characteristic cquation

G, H, U

D''1D 2D+Gh(“1H +XI

2N 103 “ 0’

~ which yieclds the cloocd 100p poles as lts roots,

The CLxT’thxlatlc cqu1t10ﬁ can be rewyitton as
follouws:

L (G 1u Lp* Gyttt n)*KJ Hantlyp = 0

%“

Note that when K = 0 the’ chgractcrlotlc cquatlon
becones .

Gpily p! 2D°G Hlu"zu =0

»

.uhzch is the equaticon of the open loop poles.

The cor;csuondlno pnatrix polynomial is

I IS R T S S L T
'GN_ GD S0 Q

0 H -1 0

1 -0 -0 0 Hoy | 7

-

ﬁhich-has the characteristic pelynonial

Q(s) =
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3.8  Continuous System'Open_Loop Transfer Function (Continucd)

= Gptypllap Gyl oy
q

n

= Kp (5-by) -

J=1
which is the polynomial of thb'opch loop poles.
Manipu1at{ng the characferisf%c polynomial, the
following re]ationship is found,.

1im
K-+w

[

(GDH]D”ZD+GMH1NHED+KG“H2HH]D)

. ] ) o

o= 0+ GuHopHyp

= Gylynilyp

which is the polynomial of the open loop zeros.
The above expression is_equal to the limit as K
approaches infinity of 1 times the characteristic

- polynomial. Working with the characteristic matrix,
this is equivalent to :

by 1 _ .0 1 1
P(S) = 1im 4 L
'K+? .0 H]N jHID' 0
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3.8

Continuous System Open Loop Transfer Function (Continucd)

1 0 S
6. 1. o .0
N %o -
= lim : : . o
Ko o ) .0 ] ~H
0 HéN 0 -Hyp
1 0 ] 1
-Gy 0 0 0
= . 0 0 "H]D 0
e Hoy O -Hzp
= Gy -
. -. * P - p . X - )
i o . . Kn_](s"ai)

Ni=

whfgh js the polynomial of the open loop Z€ros.

Hence,
: P{S; - KN ?1‘ (S-gi') | G“HZNH— °
Qs e T HID Gl H
q - pHaptonhiynhz
KD , (S-bi). pHint'2 }N
- i=1 . :

is the desired open loep transfer function.
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3.8

3

Continuous System Opcn Loop Transfer Function {Continued)

Thus, the matrices in queStidn"are the following:

Cdﬁputation : Matrix Polynomial

Open loop poles System characteristic matrix
but with the element at which
- the system is openad being
- ' " . zeroed

- Open 1oop.zer0§ : 'System ‘characteristic matrix

but with every clement in the
column at which the system is
opened being zeroed except for
the element at which the system
is opened,

»

v
+

‘The computation in each case reduces to finding the

characteristic roots and the leading coefficients of
the associated matrix polynomials.

e
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3.9

3.9.1

Scaling

Computation of Charactertstic Roots

As indicated in sections 2.2.5%5 and 2.2.7, Lhe program

must compute the conlinuocus system open loop zeros and
open loop poles and the sampled data system characteristic
roots. The computational steps invelved in these calcu-
lations arc described as follows,

Let A(x) be a complex square matrix polynomial of degree
n whose characteristic roots are to be computed. Alx),
a matrix whose clements are polynomials with complex
coefficients in », is represented mathematically by

s A n-1
Ax) = A" + Ap oot AL A

where the A; are constant complex matrices and A, is
not the zero matrix. The characteristic polynomlal of
A{r) is the determinant of A{x), denoted gﬂ(x}l. The
characteristic roots {eigenvalues) of A{r ) are defined
as the complex values of A for which the characteristic
polynomial vanishes.

The method used by the program to compute the character-
istic roots is a modification of an iterative technique
originally employed for polynomials not having matrices
as cocfficients. Based on an estimate of & characteris-
tic root, three starting iteranfs are formulated. The
correspondina functional value for each iteranl is

“computed where a functional value is defined as the —

evaluation of the characteristic poiynorial at the
specified iterant value. A quadratic fit by Lagrange's
method is made of the three iterants and functiconal
values. The root of the quadratic equation closest in:
modulus to the ltast iterant is selected as the next
jterant. 1f the iterants have converged, it is hypo-
thesized that they have converged to a characteristic
root which is saved by the program. The rooting routine
restarts with a new estimate, Otherwise the functional
value for the new iterant is evaluated and the rootling
procedure repeats the previous step with the last three
iterant and functional values. Theoretically, the
iterants generated by the above procedure will eventually
converge to a characteristic root. Roots are factored
from the characteristic polynomial to avoid repecated
convergence _to the previously found roots.

-

Certain arithmetic operations invelving functional
values are subject to exponent overflow.and require
special data representation. tach functional value
has a base value, b, and a scale factor, s, which are
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3.9.1

Az an cxauple, consider the valuo xr4,2%10

Sealing (Continuod)

usod to construct tho truo vaolue,

‘te. xz(b,s) whero xsb®10°

84
which 15 too largo for usual data reprosentation,

b

4
»30) -

%z (b,5)E(4,2910°

tthere

4 30 84

%o (4,2710°%)*10° 4,210

The rules for scaling a funectional value are
that the base value cannot ecxceced 1060 and the
scale factor is a nmultiple of 15, When the baseo
value exceceds ‘1000 it is divided by 1013 and 15
35 added to the scale factor s.

-

Tnitial Thrae Trerants *-

The iterative tecknique used to conpute the
charecteristic roots of a matrix pelynonial .
requires the formatien of three initial itcrants
based on an estimate, Let u rcpresent the
estimate and 8 the constant 0,1 (spccial cases
recquire that 8 be scaled down in wultiples of
100). The first three itcrants arc formed as

follows: X . o -

1£ [u]<1.0%107°% then Age-g(1+8)

o Alu-B(l-Bl
~:"; jh . t- aza*g
if-]g{z1‘o«1o'é ;héﬁ"xoéu(1+é)
C A eu(1-8)
'lznu o
Ao, Al, #nd A, Toprosent the first three ltorants,

_respoctivoly.
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3.9.3 Functional Valuos ’

Thoe functional valuc, FP(A), corresponding to tho

itoerant, X, is dofined as the evalunfion at tho
fterant of the chavacteristic polynomial aftex
previously found roots have been factored out,

¥o(A) » JAn)]

FP(A} o 1&51)] P =1, 2, ..., N whero n
p(k As) 1s the nunrmber of characteristic
AT roots and - -the A, are the roots

i1al found by the progran,

Because thc characteristic polfnonlal can not be

constructed dircctly from the natrix polynonial,

an actual factoring out of previously found roots

can not be done, An crtificial techinigue of evaluata

ing the nunerator and denoninator separately and then

dividing is used by-the program, This ncthod works

well for simple rvoets (non-repecated roots) but lails

whcu conversing to the multiolé roots, To resolve
this situation, iterants ceomverging to previcusly

found roots are modified in such a_way as to cause

multiple roots t0 appear as clustered rocts, {Reter —
to section 2,2,1,5 for furthur digcussion on nultiple. -
ToOts) . _ : .
3.9.4 Calculate New Iterant- )

. Mathematically, thec progran obtains a guadratic fit
: of the last three iterants (Xj, Aj.1s Ajep) and
functionzal values (fp(lia, fp(xi+1), fp(li+2)),

roots the quadratic, and accepts as the next itcrsant
(A;43) the root closest to Aj,,. The mathematics
'hnvc bccn rcduccd to the follow1ng computations.

Dz = cli‘,') i*l)/(A1+1-A1)
B D'é £ (2 5 1+D f
e 0,7 w e -0, 08, 0,0

z F 3

+(1+2ﬂ02)&fp(li+2)
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3.9.4 Calculate Hew lterant (Continuod)

By ® DZXEp(li)-(1+D2)Kfp(li+l)¢fp(li+2)

)

—

DENOM & By2/ 2 o - -
. 2 Bz“““'.‘-“zn(1+D2)'.-fl)(li+2)n83

In the abovo expression 4 or = ls selected recording
"¢o which sign yields the largest modulus of parancter
"NENOM .

: }

D3 n -2&{1+D2)ﬂfp(ki+2)

DENOM
If DENO!M = 0;0 then D3 = 1,0 (only inposed to
avoid division by zcro}., '

B u A

fe3 ¥ Mz * D3 Oyupmiyy))” '
3.9.5 Hultiple Roots - .

Multiple roots can not be caiculated cxacztly because
of a breakdown in the method of determining functional
values (section 2,2,9.3). If an iterant is permitted

. to be cqual to a previously found root, then the

- functional value evaluatiovan would iavolve division

by zero, thereby, causing unpredictable results,
Corrcctive measures by the program include recognitlion
of troublesone itcrants and their modification,

6 -0

1£ |A] < 1.0+107° and |x-a;] < 1,010

where Xy is a previously found root,
then subtract 0,01 from the real part of A..
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3.9.5

3.9.6

Hultiplo Roots (Conﬁinucd)

1 (2] 2 1.00107% ana (2R < 1,0.107°

- Ay

-

where Ay 1s a previously found root, then
subtract 0,01 from the real part of A,

The modificd value of A is sinilarly checked
against the previously found roots. Since the
yooting technique depends on the convergence of
jterants and the iterants arc modified if they
too closely approach a previously found root,
then nultiple roots nust necessarily appear as
clustered roots, L

Convergence Tests

Three indepcndent tests are performed to check

for convergence of the itcrantsc to a charactecristic
root, The passing of one test is sufficient for
acceptance of the last iterant as a root, Suppose
li is the last iterant and f%(xi) is the correspond-

-

i!\q funetrianal valum.

Resultant Convcrgence Ccnvergdﬁce
Code in Printout Test wassed
co1 : |fp(li)| =_o.o
2 _ Ixgl.s 1.0x207"
3 %5=%i.1< 1,0010"%
Ai-
4 ' ~ Complex cofjupate of a
< L previously calculated root

In reference to convergence code four, a program
option exists which instructs the progranm to
autonatically accept the conjupatc of a strictly
"conplox root as & characteristic root, Assunc
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3.9.6

3.9.7

the covresnonding functional valuzs will declin

Convergence Tests {(Continuod)

that X v x+iy has becn accepted as a root and tho
cenjugate option has been selectnds  The complex
conjugate Asx-iy is itsoll nccepted as a charactex-
istic root 1if ' :

.

llyl > .1 and 'ly] > 1.0*1073*|xl°

_Accuracy of the Iterant Convergence Criteria

Normally, the rooting procedure causcs the itcrants

to converge to an accuraste characteristic root

where the corresponding functional valucs do not

deronstrate a wild variance of magnitude between

succceding iterations. 1f the estinate of a character-

istic root cnuscs immcdiate convergence (onec iteration)

to a root, the iteration procedure restarts with the

szme cstimate but with a scalcd dowa value of B

(ic, B=.,01%8)(sec scction 2.2.5.2). This is done

to insure morc accurate converpgence to the actual

characteristic yoot. The value to which the restart

converpes is accepted as being the actual root, It

is also possible that the itérants will converse but
¢ in

magnitude quite rapidly. This combination of events

indicates that the lest iterant is close to 4

chardcteristic root with respect %o the other iterants

21though it may not be the actual reot, When such a

condition is recognized, the iteration procedure

‘restarts by taking the last iterant as the new

cstimate and scaltes douwn the value of g(ie. B = L.01=8).
The value to which the restart converges is accepted

as being the actual root. To recognize the rapid
decline of the functional valucs, the following test

is applicd to each successive pair of functionel
valucs denoted fp(li_l) and fp(ki), respectivelys

COIf ]fp(li“1)|>]fp(li)|.10 , then restart
.tho iterative procedure with Ay as tho estimato,.

By using these special techniques, more confidenco
can be expressed in accepting the convergence of -

the Llterants as valid criteria for being a characters-
istic root,
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3-9.8

Divorgence of the Rooting Proceduro

Increases in nepnitude of funetlicnal valuas correspund-
ing to successive iterants senerally iuplics divers
penco of the rooting procedurc, To insure non-
diverpgence, successlive funetional valuces aro not.
periitted to increase in magnitude by more thon a

factor of 10, If

fp 0 i ) 0
- --(I-AA-—.-:—I—)-- > 1. 0 [}

pi

where fp(ki_l) and fp(li) denote succcsslve

functional values, then procced with one of the
following two colutions:

(1) If this is the first 5UCCessSivo
. functional valuc increase, then
permit the iterative procecdurce to
continue, '

(2) If this is the sccomd or later sugecessive
functionzl inercasc then let i, = GIZ}Ai

and recompute prAi). Test the new valuae
of fb(li) as beforcé, Pepeat this procedure

" at most 10 times »ar until an acceptzble : - —
value of fp(li) has been found., If after

10 attempts the functional value fp(ki)

is still unacceptable, then restart the
rooting technique with a new cstimato,

et
]
.

End of Rooting Test

The progran continues to find the characteristic
roots of the matrix polynomial until either tho
nunber of roots as specificd by the user ow all

the roots possesscd by the natrix polynomnial have
been computed, Two rooting completion tests nust
be satisfied for the rooting proccdurc to tecrnminate
on the latter condition, After cach characteristic
root has been conputed, the program assumes there is
at lcast one morc charactcristic root to find and
dotermines the starting threc iterants (R,, Ry, and

R,).. The conditions requircd for tho ternination
of the rooting tcchniquo aro!l - :
’ Lo ,u" :
oL (Ry) - £ (R o *
P 0 P 1) ., ¢ 1.0*10-4

O ,
pf o
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3.9.9

3.9.10

End of Rooting Test (Continued)

£ (-100) € (Ry)

wd
S s e < “1,0+10
1p(k2)

.

-

)

The reliability of the tests is that when all

of the characteristie roots have been computed
the polynonial formed by the characteristic roots
differs from the churacteristic polynonial by a
conzgfant, Cw

. n .
ie, [AO)] = ¢ v (A-2;)  where the matrix
=1 polynonial pessesse
) cs n characters
; istic roots,
J . - n’
. ACN) ¢ ¥ {x-x;)
f](k) = Er"(i—:)‘i z ;-1 1 = C
. - iel .

.

-~
- .

Therefore, each iterant value will have a corresponding
functional value of ¢ and the chove two tests will
be passcd, [If 2ll of the characteristic wroots have
not becn found, then at least one and usually both
of the above tests will fail and causc the vooting
routine to continue,

’Rcstarts

“The iterative procedure described in this document

¢can occasionally diverpge from the characteristice
roots, converge too rapidly and lose accuracgy, or

not converge within the forty iteration linit,
“Logic is incorporated into the program to rccognizo

the above adversc conditions and restart the

iterative technique with a new estinmate, If ten
successive Testarts are attempted without convergenco,.
an error message is printed and the rooting proceduroe
ternminates for the current matrix polynonmial,
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3.9.11

Estimatos

With feu exceptions duo to slow convergenco and
iterntion limits, tho success of the vooting
technique does not depend on.accurate estinntos

of the charsetevistic voots, The input of accurate
estinates can, however, mininize the number of
iterations rcquired for convergence to the charactervr-
istic vocts and reduce computer run time. Tho
program has five sources of estinates, :

A uscr suppliecd estimate

B nedification of precviously computcd root
' of the currcnt natrix polynonial

C complex conjugate of previously conputed
conplex root of the current natrix
pelynonial

. D modification of a sclected iterant value

E ono of four program default estinmates

0, -50i, -50,--75 -75i
The usex supnlied cstinntes can be input to the
program either directly or indirectlv by the user,
Dzta card specificution of the estinotes conprises
the dircet user control of estimates, Through the
manipulation of progran contxol cards, the .user can
causc the program to utilize characteristic yoots

‘eenerated in the previous case as estimatcs for
p

the characteristic roots of the current case, In

this way the user has an indirecct control of estimates,
Progranm logic deternines which estimate source is most
suitable for supplying an estimate to the next root
sought by the pragram, ~“fhe logic is patterned after
the following table: ' :
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Table 3-1 ,PROGRAM CONDITIOXNS

Complex .

Conjugate ‘ ., ITterants f
l User of Last ~ Last - Converging Rooting l
Normal Estimate Root ) Root . Too ' Technioue ESTIMATE
1Rest:rt Avzilable j Available Available ; Fast Diverging SCGURCE J
L, , | | |
i:. a3 YES NO _XNO. | C ;
ino YES ' NO NC A
250 NO NO YES NO | no 5 .
o b o N0 NO - NO |~ = :
[VES YES ' KO NO A
IVES NO X0, X0 7
| | - B |
; ' ! YES : . YIS A 1;
| NO : YES E 1
{ L —— L I
NOTE:

A blank slot in the table implics the ccntents has no c¢ffect on the

prograz sclection of the estimate,

peike o B MY O g {L°6'¢

(penuyaod)



3.9.12 ~ Dofault Lstinmatos

Uhaon all ovther estimate sources are exhausted,
ono of the progran defnult entimates is seclectod
as the estinmate for the next characteristic root,
There aro four default estimates,

. (1) 0«04

: (2}  0-50i
, (3) -50+0i
R (4) -75-751

Normally, the first default estinmate uscd by tho
progran is 0+0i. If convergence to a charccteristic
voot does not occur within the required iteration
}imit then the next default estimate is used, This
procedure is continued until either a root is found
or a complete cycle of fourx default cstimates ave
selected yiclding no results, If a root is found
usinpg a defgult estinate and the iteration count

for that cstimate exceceds twenty five, then the nexg
time default estimates are necded the cycle starts
with the followine default estimate. Otherwise,

it uscs the default estinate whicsh was used to find
the last characteristic root. For clarification,

consider the folluwing cxanples

~r

Default Estinate Iteration Count®
001 50 (non convergence)
- 915011 . 50 (non convergence)
=50x01 - - n .(root found)

If ng25, then the next default estimate
cycle begins with -50+0i as the first '
selcction, et . :
1£f n>25, then the next default esiinmate
cycle begins with «75-751 as the first
sclection, . ' '

*(haximum of 50 iterations per estimate)
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4.0
4.1

FLOWCHARTS

General Program Logic
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‘( START )

. ; INITLALTZE SAHPLED DATA STABILITY
(7j) ANALYSTS PROGRAH .
.

T AT S o [T o AL o, VA o L

ilm{:w-

INPUT:

(
(
(
(
E
(

SAMPLING DEVICE LOCATION
SAMPLING PERIODS

7ERO CRDER HOLD OPTION
TRANSPORT LAG OPTIONW
FREQUEHNCY RESPONSE OPTIONS
GALH AND PHASE ROQT LOCUSY
OPTICHS o

SAMPLE PERLOD ROQT LOCUS
OPTION

¥ ¢

YU B L DO -
S— e e S S Bor” S

7

RAW
NAT

&ﬁﬂﬂfﬁ¢#;v575n sy, GENERAL

]

S DEFIRITION - o oy

DATA VALUES

| INPUT VEKICLE RAW

TTCLE - e, [4 P Ll x

—~—y,

T s I
TRETAIN
- HOMIHAL

[WPUT SYSTEM
CHARACTERISTIC

.t I At AT
h
o

5vary.

MATRIX

TR,

CREATE SYSTEM
CHARACTERISTIC
MATRIX

"
. frrEmGLeTYTU A 8

RETAIN PREVIOQUS

| CASE CHARACTERISTIC
i MATRI X
"
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‘\\“h.. o
= lYES 8

T AT WY T AT
i
!

| CONSTRUCT THE CORTIRLOUS. SYCTEM o
OPEN LOOP TRANSFER FUNCTION F

!‘ - T Mk A TR A

AL ¥ Ju

E SELECT SAMPLE PERIOD

AT TS kL) S WA A VI S M TLA T AT it M S A L e

HOLD CIRCUIT
\lo . “. #

. o~ - :
EXCCUTE ™= 10
HOMITNAL s e
CAV

N ¥ et AT BT Sl P T FULA AT o AL v!ncm A YL WO P LT 2 TR

7 DOMAIN AND R DCMAIN TRANSFORMATIQNS
 OF SYSTEM -TRANSFER FUNCTICH WITHOQUT A
 ZERQ ORDER HOLD CIRCUIT AND EITHER
EAEH OR WITHOUT OPTIOHAL TRANSPORT

FREQUENCY RESPOHSE IH FHE R DOMAIN
UTILIZIRG hYQUlST CRITERION:

(1) SUMMARY PRINT OF CRITICAL
POINTS _ |
. %2) NYQUIST PLOT ' :
3) BODE PLOT o |

&
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-

BOTH _.~"7LRO ORDER o
e, HOLD CIRCUTT e ™)
g i, ? ey —— ey on . B R A R i S
: e ™ CRINT Z DOMA1H OPEN LOOP }
YES POLES AND HIAGHITUDES
E 7

Sty e A A P T PEAK vq_-mwma-’

[RCORPORATE ADDITIORAL CONTINUOUS
SYSTEM OPEN LOOP pCLE AT ORIGIN
DUE TO ZERO ORDER HOLD CIRCUILT

Ay

Ly o

y 7 DOMALH AND R DOWAIR TRAMSFORMATIONS
OFf SYSTEI TRANSFER FUNCTION WITH ZERO
ORDER HOLD CIRCUIT AND EITHER WITH OR
 WITHOUT OPTIONAL TRANSPORT LAG

by e O R T T P DTS T AN AT e L Tk AL S =
fad TR RIS O aurmwammi

-~

A T R it |

T it 2 LT
11

§ FREQUENCY RESYOHSE IK THE R DORATN
UTILIZIHG MYQUIST CRITERION:

SUMMARY PRINT OF CRITICAL

(1)
POINTS

(2) NYQUIST PLOT

(3) BODE PLOT

PRINT Z DOMAIN OPERN LOOP
POLES AND MAGRKITUDES

! _

GAIN AND PHASE ROOT LOCUS IN
THE Z DOMAIN:

(1) PRINT OF EIGENVALUES
(2) ROOT LOCUS PLOTS

<

-

FOATRAL GRS
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e -

: B Y

A NAMPLE PERTOUNS,
= B00T LOCUS e

e “\E"Mg

T oy

AT S WL TR AW SrPANCES

LRV

EVALUATLE THE ROMINAL Z DOMAIN
RIOTS AND SAVE THEM IN A DATA
BARK

P TORE SAUPLE ™~ JES
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4.2

Sampled Data Open Loop Transfer Function
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4.4 Characteristic Roots of a Matrix Polynomial
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-374432p4 -3Debabs 1397473977 7 a29.8547  —4gge9259  =28.4253  =403.9582  <2F.79447  4ps.nn38  _27.0444 -
-40%.73p6 «26,3618 =41245217 25,7355 -438,2716 -25,1604 417,948 -24,6274 ~420,4962 w2l,1317
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FASGIAY a. '

. .
—-—-FAC HARNING-—————DHOOBO0Om200

WASGT Ae,F2///500

e BCOPY Basla

FURPUR 0026~05/23=0R225
~11:6-gL0DCKS ~COP HED

JUSE Faghs

PRI T Fae -

FURPI'R nnzb-as/z;;-on:z

FDIs~UQL1121¢n

ELEMENT TARLE

0 MAME vERS]aON TyrPE DATE TIME SEqQ % SI1ZE-PRESTEXT (¢YCLE wORD) psSrMODE  LOCATION
———— e DT memm FaR .- S5YNR- 15 FEB—74 () § 1Y 3 QO mmmmmr o i m =i Y 8- —g —--1 - 1792
peET . RELDCATAGLE N5 FEBR 74 ns:nq:04 2 1 a 1795
P ] ——— - FO%--SYM@- DB FER T4 DAIQOGI2F i 3 . . -BY% .. .5 u] 1 1799
1 PRL RELOCATABLE ps FEB 74 DAlgGeaz 4 2 18 18873
H-ATA ELT-S¥HfA——— Db FEp. 74 N&s40:45 .—0F5 e A B s 1903 e
ALDZOM "FOR SYHA 14 FEp 74 11¢423:D8 . & 18 5 z 3 1944
-~ AtDZOW QFLOGCATABLE 14 FEB-74%—— 11343514 7 — 2o e e M e 1949
N af TVaR FOR SYMp 14 FEB 74 11142320 8 | 5 F 1970
e e BAFTyAR RELOCATARLE 14 _FEB. .74 11383225 o F e B . 1978
Ac AN ran o SYHi 14 FEg 74 11843227 i0 42 5 2 ki 1984
e — ALATN NELDCATAYLE—I4—FEpR- 2411343536 11 - S - N — S 2023
altGlhy FOR SYMQ 14 FEg 74 11431379 12 28 5 2 3 2par
e ALGIY e ——HRFLUCATABLF- 14 FEB .74 134304 - T, T R S —— y . e - 2065
KHAQY] FOR SYMB 4. FER 74 111433143 14 22 & 2 a 20714
— ALAD9Y. . RELOCATAGLE-—14 .FEB-. 7% ——-113u43849 - 15 ..2- B T - 2093
AHAZT2 ) ' FOR SYup 14 FEg 74 113143:549 14 59 s k) 4 2099
8272 RELOCATABLE 44 FEG 74 3144358 + 4 1 2154
gHA34] For Syip 14 FEB 74 li14y:02 18 71 5 2 3 2175
— ~READJY] e REILDCATABLF _J4. FER. .74 .. l1iaai0® 19 —3 A Y e s 224%
al.0cK FOR 5YHp 4 FEg 74 Tiigaig2 20 a8 4 4 5 2263
e BROCK . RELOCATAULE .. 14 .FEB_74 . 113494314 «oviimn2] —meee [ 1 S e 230y
HUDE FOR SYMU 14 FEp 74 11¢H4:20 z2 1 5 2 3 2314
—PLDE BELOCATABLE. 14 EEp-74%.._..11:042:24 .23 gen 1 : S L2118 e
CrAnv Fon sYup 14 FFg 74 t1suai2? z24 @ 5 2 3 2317
e ELABY e RELODCATABLE. 1y FEL 74 110983 F1:8 - Y S . 2326
clLPOLE FOR SyMp 14 FEy 74 1144127 26 - 17 5 2 3 2313
—CLPOLE RELOCATABLE-14 FEB. 74 L 1t4yqia% — 27 .2 a — . 2348 -
chMpUT FOR SYHMB 14 FEB 74 115449345 28 48 5 2 3 2353
cLMpUT RELOCATABLE 44 FER 74 11244150 2% 3 2 —
CEMTRYX FOR Syhgp 14 FE5 74 111443254 30 14 5 2 a 2409
e CYMTRY e e RELOCATABLE. .. 1% FER .74.. 11544357 ... 314 N T 24326
CLOLTF For SYng 14 FEB 74 11t44:57 iz 47 s 7 5 2438
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cLOLTF AELOCATABLE 14 FFB 74 11145313 23 3 I3 2483
DE. FOR_SYMN— .14 FER_ 748 _11:4%32% _ _ ay . L] |- S S TR 2497
or RELOCATADBLE 14 fFEp 74 11145130 as 1 2 2501
prlZoX Fap.S5YHG yu_FEB_74 11046 44 3& R 9 5 2 3 2504
OfLZOM -PELOCATABLE 14 FEp 74 11345349 37 1 3 2513
DETCS. . . _— CoFOR SYMR Lo L VA FEE 7Y 11 uEIBD 3B MO S 2 e, 2517
pETCS RELCCATABLE 14 Ffp 74 11145156 39 2z 15 2563
e ERROR o FNR SYHM ... 1% FER.74 11146310 WG B2 3 258y
ErROR RELOCATABLE |4 FEp 74 t1:qa:19 1 L1 2 2587
E1XLT FOR._SYND. L4 FER_74 1144330 432 8 5 2 3 2590. .
FIXIT RELDCATABLE 14 FEB 74 fl1iasi4s 43 1 k] 2598
——— FLRy - FNR.SYNR o o b4 FER.7H 11146152 MY 34 ) 2.3 2602 - .
Fl:RpM RELOCATABLE 14 FEB 794 11'471D6& 45 i 13 2636
wrem e FRMTY o _FNR SYMD . . .14 FEH PH. M1;HTiilo___ . ué e 25 5. 3 4. .. 2680
FFHTN RELNCATABLE 14 FEB .74 114727 q7 2 8 : 2575
—— GLNMTX : FOR.SYM3 . lua_FEB_34_ 1147132 4B G4 5 2 a C26BH e s e
6l NMTX RFLOCATAGBLE 14 FEB 74 11147250 4q 2 z1 2779
— . GUTEST ——- SECR SYMn oo .14 FEB 7% 11347353 . __ 50 . . e b .5 ___2__31_.. o .. R28p2
Gl TEST RELOCATABLE 1% FEB 74 11147458 sl 1 3 2600
e . ITLITAL CFOR_SYMg 1% FER. 74 - l134BIZ6 . ol 82 e e 33 LB 23 e 2812
1M ITAL RELUCATALLE 14 Fp 7y 1isgm23y 53 2 Y Zgyg
ILPEST FOR_S¥ilg 14 FFp 74 _ 1itugiyy 54 15 5 3 4 .. 2887 .. o _
IYPEST RELOCATALLFE 14 FEQ 74 1148150 -9 2 [ 2BRs
—em TEPHTE L - FNROSYHP e P4 CFED .74 o V13aBIS3 o - 86 i 3T B 2 -3 2894
IHFMTX NELOCATAULE 14 FEA 74 1148567 57 2 4 2734
TRPNYQ . e ..FDR SYNp. 14 FEB.7H . 11:49:00 B8 . - 44 5. 2 3. - 2737
1HPLyQ RELDCATABLE !4 FEB 74 11:q9i03 59 2 ? 298y
— s 1PUT . EO0L SY1e l4 FCp._ 78 11249308 40 24 5 2 3 2990 o
. NPT RELOCATABLE 14 FC» 74 t11g49317 b1 2 3 g4
gy — 11T —- FOR.SYUA .. 14 FEB 74 . .11:i49:20._ &2 M 5 - S, S ity
! 1T HELOCATABLE 14 FFp 74 tiigei22 63 1 2 ' 3p23
— - LT 2 . . e e FOROSYMy o 1M FER 74 113u49ial . &4 . - - a .5 .. 2 - inze
1als RELOCATASLE  |s FEB 74 ° 113149135 4% 1 i 1029
—_— KCALE. EOR_SYMKE l4_EEB_ 74 _F1:99:37 64 — 16 5 __._2 3. R ¥ o I N
KGALC RELNCATABLE 14 FEn 74 11:y49:3a &7 2 & any?
— Lty FOR_ SYHA 14 FEI.79.. 113493491 o 88 0 o e S e 2 Y igss
LINIT RELOCATABLE 14 FER 74 Fliygs42 &9 1 3 Ap7o
M TZRD FOR SyMa . _____ 14 FEQ 74 11149144 __ . 70 ... . e 32 LS 2 e . .- 307y
‘MI.TZRO RELOCATABLE 19 FER 74 t1:5pn:né 71 3 34 3214
MYDZRD FOR. 5YM5 14_FEB_ 24 11150113 72 155 5 2___1 . w3283 e e
MIDZRO RELOCATABLE 14 FE3 74 11:5p0:51 73 3 40 34y0a
_ H2TRAN - — FOR Syma__ __ 14 FE8 74 11150156 74 136 5. 2. A . . 345)
’ MITRAN RELOCATAMLE 14 FEp 74 11:51:18 75 3 44 X sez?
MIMMTXY ... FNR SYMe 14 FEB 74 . llinpsal Y X S e 18 5. 2 3 . 3634
HIMMTX RELUCATABLE 149 FEa 74 11:51:23 77 2 3 . 34859
e MIQLS T Fa3 SYyds . 14 FRA_74._ _ 11181125 - 18 1 5 _ 2 3 385 - -
U IS RFLICATAULE 14 FE3 74 1135326 79 1 1 - 3656
e PC . —— e FRR SY 1y FEY 74 1y t52iD® .. BO .. . .32 8. 3 .4 3654
erE RELOCATABLE L4 FEB 74 t1:52:13 a1 2 14 le9g
—  PFEzRO EOR..SyMa__ .14 FEB_ 74 _ 11:52:15 82, — sQ S & _ 3704
PFEZRQ RELOCATABLE L4 FER 74 11752320 B3 2 11 1754
PIINT: FOR 3YMB 1y FEB 24 11152125 Ay a9 5 2 3 3749. .
PYINT RELOCATABLE 14 FER 74 11:92:494 8% 3 29 . 31858
e PHES e PR SYdn 1% FER 74, _l1i52146 8é . . . .. [ - - B 189p
PILES "RELOCATADLE 14 FEpR 74 11i52:48 a7 2 a . ivaz
O PaLYaAL ) Fam sY.3 14 FEa 74 11:42350 BA 20 5 2 3 912
PIALYAL RELNCATABLE 14 FE3 74 By 5

11362352

1932




PREVAR FOR SYMA 1y FEB 74 11152363 90 , 5 2 2 19319
PlEVAR RELOCATABLE—14_FEB 78 . ]1362065 oo 9 — - e e - 398
pIINTT FOR 5YHMg 4 FEg 74 11:152:5°9 2 - 5 s S 3955
R2LNTT RELOLATABLE—— 4~ F LB 4— 1452102 +3 ~AFBY e —— —

psTourT FAOR 5Y#n 14 FEB 74 11:53:06 9y 5 2 3 4003
i A RTITR RELOCATABLE - 14-FFp 74----1185331LF - -—-96 T i i 4057
RANHTX roa SYHg 14 FEn 74 11:53:13 948 5 2 3 4079
— e — A VAMTX RELNLATASLE- - 14 FEO-78-— JEGALILY e GF — s T 408y
" RLOCuS FOR SYME t4 FEB 74 t1:63;2% 98 5 2 3 4pB?

RGeS RELGEAT A EE—14—FER—7 4——1-1-1531 3 2- 99— Y2 ————— —— e - -
RLPLOT FOR SYMR 14 FEB 74 11325231238 1nn 5 2 k) 4122
——e e RUP LD T ~— RELDCATABLE )y FER. g4 — g 353337 —msmnfp] vmm—me] —— o m = fommm oo — e e § ) 27
RIOTER ' FOR SYHR 14 FEg 74 11;%3;55 102 91 5 2 3 4129
———FRJOTER — CRELACATABLE—-14 FRB-T79———138KINT o — 103 - o 2n e LS e i e e - 422y
RJTER ' Foe SYMR 14 FEQ 74 1t:54:08 lo4 44 5 3 4 H237
RITER RELAGATABLE—— 1 4—FERB J4-— 11206439 a5 5 8 SH28
SAVE FNR SYM3 14 FEQ 74 11:54:13 106 36 5 i 2 4292
—— e e S AR e = - - RELNCATADLE — 14 FEB 74 11354515 ~—1p?m—emm 2 e B e o e e e e .- #4328
siV¥eyT FOR SYMp 4 FEa 74 11:54:2D ins 21 5 1 2 4338
Ceme e SAVVRG T - SRFLOCATABLE. -} 4 FEB 74 [ 164322 mr JAG e goovom o M s i e e 4369
sIropC FDR SyYHp 14 FEs 74 11:54730 i10 10 5 1 2 4355
SIRDPC RELOCATABLE~—}4—FER-74—3 4154533 IS N i F4 - 43?75
SILVE FOR SYHR 14 FEA 74 11454836 112 24 5 1 2 4378
- -SJLVE .. RELNCATABLE - 1y FES 24 - 11054338 o 113 e 2 i B e — e e - - 4402
START £NR SYHMS 14 FE3 74 11155100 1ty 29 5 1 F4 4425
o —mm GTART e i ww - RELOCATARLE —18 FES 7H-— 11385103 - 15 - -2 eemi] B e e 4454
grunYd FArR sY¥np 14 rFa 74 P1155306 116 15 5001 2 . 447
sINNLD QELOCATABLE 14 FEB 94 _ L1:g55:08 117 2 3 - -Hygy
STNRL FOR SYNR 14 FEn 74 i1:55:11 118 3D 5 1 2 449
—— o 5TNRL RELDcATABLE 14, pES. 74 1312858318 119 oo e B e e e o 8821
1 5 MmRy FOR SYMB ly FED 74 lt:56328 120 99 5 1 2 4528
e . S IMMRY.. RELOCATABLE. .14 FEa8 _ 24 . __11358683% — . 02lee 2 9% . .. 4627
SYSFRA FOR SYMR 14 FE3 749 © 11855044 122 7 5 | 2 ® 4673
SYSFRQ —_ RELOCETEBLE g4 .FEB 4 11155t 44h 123 3 2 : e e 4GB
TEST FOR SYMR 14 FEZ 74 11:55;50 124 i3 S ! F4 Hen3
e, TEST L _RELOCATABLE 14 FEG 74 ... 11385356, .. 125 . ..2... ... .. 9. . ... . 472
TINSFR FOR SYHu 14 FE3 74 11:55:59 124 21 5. 1 2. 4132
— _TRANSFR . ... - — RELOCATASLE 14 FEB. 74 11686310 w127 e cZe v i oo o e v o - 4763
YRIYGEN \ FOR SYMgp t4 FEB 74 11:66:13 128 42 5 1 2 4759

vI1YGEN _ RELOCATABLE 4. FFp 24 115416 i 129 2 1.0. i -.— 4801 S
W TE FOR SYMp 14 FEa 749 ftre6i20 130 34 5 1 2 4813
e HVITE T RELOCATABLE. 14 .FEB..79-— 1 1!563:23 131 2z --10 . S ———— - 1L
KChe . FNR SYHE - 14 FEQ 74 11:54;24 132 & 5 1 2 4841
-—— - XfNg e e e e RELOCATABLE.. 1% FER .74 . 1 )2BA:286 . .. 033 i s - 2 — 4847
ZEREPLS . ) FOR $Y4a Iy FEZ 74 11166220 134 ' 17 5 2 3 487q
ZREPLS WRELDCATABLE 1y FRB. 7y 1154232 135 _2 7 [ | - ¥ - & |
7/7ROS FORrR SYHR 14 fFg 74 1154140 136 V7 S 1 2 4896
e 2UHUS e e e e RELOCATABLE. . b4 OFEA 7ML 1151543493 .00 137 L. 2. - 3 . . 4912
ZTHAN FOR SYidB 14 FEB 74 11:i56148 138 121 5 ! 2 4918
. z2TRaN, i RELOCATABLE 14 FFB_ZH4.___i1:57:01 . _13% h 40 . R -1+ . ¥
SAVEST . FOR SYHB is FEB 74 01152132 L40 ) 5 5 0 | 5082
e SAVEST pELoCATABLE 15 FEB 74 01152136 1.4 1 3 . 5087.
DECIDE FOR SYMB 20 FEB »d 23126148 42 17 5 k] 4 0%}
- BRCIPE o e e e RELOCATABLE. 20 FES 78 23128148 43 ... 2 .o - & _ 5108
VoYpat : Enp sYiuy ’n FEa 74 21127015 144 ‘ 5 5 \ 4 Sp16
N YRAN . PELOGCATARLE 20 FRI 74 23027016 . 185 i 2 .. . . 5§21
E5THAT £nR SYMp 28 FEa 714 nx:4q4ilh L4é 52 5 4 5 5124




TETT

RELOCATABLE

28 FEp 74 03344124

147

RN T A | . f

2 12 S17%
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