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FOREWOR

This document comprises ihe final report on a Saturn V control

system study program

conducted by the Minneapolis-Honeywell

Aeronautical Division for the NASA Mavshall Space Flight Center
at Huntgville under NASA Contract NAS8-5069. Work under this

contract began in Augu
1963. (U)

st 1962 and was concluded in November
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A study was conductod ¢

0 develop advanced techriques
controlling the Saturn Vv

capable of
booster.  The control system designed
utilizes a Honey well-developed gyro blender to
obtain favorable structora! bending pickup from the combined

yosition feedback g ensors,
[

during the study
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celeration, rate, and A nonlinear

ample-hoid fi'ter) developed by the Marshall
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The Salurs booster presents cortro; problems which strain the capabilities of

conventional autopilots. Ir thic bBooster, low structural bending frequencies

approach tize control system #v vqeercies. These berding frequencies and mode

shapes are dificult to predict or to determine experimentzily, Large fuel
¢loshing masses coupie with the berding modes to create further problems.

Limited cortrol forees, s needto withstiand large wind shears, and high dy-

ramic prescires further cemplcate the problom, (1

The prime =y purpose of the study widestaken by Heveywell for the NASA

Marshal Space Flight Corter (USIPCY was Lo develop advanced techniques
z3pable of conirolling the Satnrn v booster.,  The following goals were fulfilled:

i A gure bler der was e doved srd incocporated into woerkable

brezdboavd mode,

® Acortrol svstem for the velicle Hvst stage wias developed
utiiizing the gyroe blerder (o phiase-crabilize the fivst bending
mede and 2 corvertion ! livear fitier to stabilize the secoend

ard bigher maode =,

. The MSFC sampie hoid Gties whs extmined analytically and
experinentaliv, A v teehrigue fov analysis of this iilter

was developed.

L Ar anaicg computer efidy wiilizirg the blender breadbeard
waz conducted al five v ight times 6 = Q, 40, 76 120
and 153 seconds’. Tl computer stiudy demonstrated that
adequzate srsterp performance jo oblamed (ali vehbicie bending
and =losh moies inciaed) GEing realistic tolerance conditiors

with both piich commaoad and 14 tee wind shear inputes,

° Simyplified cpen-tonp biender calenlation precedures were de-
veleped, These wiil be useiol oo des wgving rture blender

A

Fardware. ()

A




SECTION [T
COMNCL, AMD RECOMMENDATIONS
» CONCILUSIONS

The gyro blerder coni ol system develeped during this study

oiled the Satun V vohicle wilh {t

fuccessiully con-
e first four bending modes {0, 5 ver cent
modal damping) even with the weoat tolerance combinalion examined. Aralog

cormputer adaptubility studics showed that a blerder designed to y phase-stabilize
. the first bending mode retairv g 4 |

VEE portion the adaptive capability pos-
~essed ‘)y gain - stabilized g oo by dey systeima. The blender is capable of
lizing the roeming) system foo fivat mode stene and deflecrion variations
Tt least 400 per cent, W

The desigr of a blender whick gaitestabilicom the iy =t bendiag mode is not
feasible &t this 1ime bec

SRR SN

- 1. Band-pass amplifier gairs under o hanging enviroumental
conditions carrot be held (o the 0.5 to 1 per cont folerances
,,,,, demarded with the cregont atale of 7he 5

Wi,

2.  Phase meagtiring ard changine devy:

icvs capabkle of less than
the 22 arc-monutes of cosalofior regiired for proper operation
are not available at the nveserd time, {Ch

The blender 1s very teferant of hsoio cbhanees i the conteaot

system design,
The oy significant avimoeter s which pegubre aptimization are blonder im-

Y i { {
baiance {vatio hotween i

gain, (Cy

ve two brovd - pacs wonplitiop gaiag) ard integrator

300-TR1




The MSFC saraple-heid fiite: o

applications,

Phe use of accole ration fecdback 1~

sccelerometer e

~~3h modeg,

RECOMMENDATION

This study progran od e

r the

1 e g

nel withl

SICpe ol the oy

° Performarce

and 2 corveriiovr sl firo-

[ ] Adaptatility

and/ow ga: caiie Cort oo

Thege could Lo condueedd

dclvoaire,y

studies

use of breadbos -~

Cemparison of Bler rde

The present Study was concaraed

failv g
LY a

s

poszible for this apgiic:

compare the pe:formce o CLETRY

ferent aprroach  Com Gare

dascertaining the

AN ETOLN

o euitabie for other

e reiatively small ing

fnerincg of tho

ETRERYS BT
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avid sl
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el Ul 1,

Crwiih A corve nsior o

tode woirth or SR

-3 .

be umed e ectively for launch ve!l ricle

aprlications, While this
onoat some trequencies than a comparable

rease did not justify the in-

panintar application,  (Ch

rediires careful location of the

‘i"_'f.‘dx'..‘s;:"u..‘!( sagh Al boostabilize the fow-frequency

Iy wsrmatmr that were

MO B oas o

cordraey-
i:-)“"‘. [ U‘Ef‘ [

O ¢ blender system

Nty |

whie by adding come adaptive phase

U N R I SR

COres -/

computer simuiation without the

I
AR

with develcniee the £7ro biender corcept as

wWas 1o

Cppertunity to

Div o ofthe 70 legigr with an entirely dif-

o]

Vinear

syetem 13 essential in

P

(e

i'l,‘g.-‘t‘u’ji""‘
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Addition of Adaptive Phase/(Gain Control

@

The phase stability of the current system depends upon the vicissitudes of

both vehicle and co

trol system dyn wcteristics. If an additional
adaptive device were developed which could change Lhe phase relationships
of the blended signals, phase siability would be assured, thereby increasing

system adaptability. A separate contrel system for autematically cortrolling

this ratio is therefore another recommended study area. (U)




SECTION 111
SUMMARY

The control system desigred during this study utilizes

® A Honeywell-developed gyro blender to obtain favorable
structural bending pickup from the combined acceleration,

rate, and position feedbhack Sensors.,

® Ahigh-order linear fiiter to decauple the control system

from the structural medes. ()

A nornlinear sample-hold {iller developed by MSEFC was investigated as part
of the program. (U)

Feedback and bending filter design considerations leading to definition of the
basic control system configuration are discussed in Section IV, Section V de-
scribes the basic gyro blender conecept, the recommended design approach,

and the blender breadboard. Tte system is evaluated in Section VI. Analog
tolerance and adaptability studics are described and resuits are given, In
Section: VII the sample-hold filter furnished by MSF'C is aralyzed and evaluated.
Section VIII describes some of the difiiculties encourtered and approaches tried
and discontinued. (U)

Analytical data and equations of motion for this study were obtained from the
MSFC document, "A Model Vehicle for Adapiive Control Studies' (Reference 1).
T'he equations of motion, nom entlature, parameter values, analog computer

schematics, and related duta applicable to thig study are given in the appendices
()

1300-TR1
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The control system analysis considered only the portion of flight from launch
to first stage burnout. Five flight times were chosen for the point stability

{small perturbation) analysis:

) seconds
40 seconds
79 seconds
120 seconds
153 seconds (C)
Step inputs in commanded pitch atiitude were used ag standard forcing functions
for analog computer studies. Straight-line approximations (two breakpoints)
to the synthetic wind shear profile data su pplicd by MSFC were also used as
irputs at 40, 79, and 120 seconds. Definition of the wind shear profiles used
was obtained from MSFC Memorandum M-Aero-G-10-62 dated 22 May 1962
(Reference 2). (C)

Fuel slosh data used was based upon cylindrical baffled tanks., Linear slosh

damping factors were assumed. (C)

1300-TR:




BASIC CONTROL. SYSTEM CONFIGURATION

The fizal Saturn V gyro blender control svstem {shown in Figure 1) uses attitude,

sttitude rate, and accelerztion fo cdback signals,  The attitude and acceleration

signals are passed theough sena; ate lag time constants (I‘ und TA espectively)
and separate gains (N, ard K, roe ectively) before being .sum.med. This signal
;‘; [.3 l,\\ } o R &

sum is then added to botk the forward and aft rate gyro signais to obtain ¢

and
FF
(L‘I-i’A ag shown i1 Figure 1. The slenat s d’i?‘

\ arigd d)F\I“‘ are then fed to biender at-
teruators K oand 1 -K helore hoing cum

aod and thep attennate d by the basic inner-
loop rate gain Ky £}

The blender togic alse recoives 1 signats from the Koand 1-K atteruators and

eutomatically varies K unt:! the lesired bos » between the two signals is ob-

tained. An attenuszstor, U, i5 used to aiter the it balarce between the two band-

pass amplifiers, thereby providog a mears of cio, neivg the equilibriam value of
K for a given cet of conditiora., Two views of 1oc bierder breadbeard mechaniza-
ticn of this configuration are showe i I

& <

AN

gures 2oand ko CY

FEEDBACK DESIGN CONSIDERA'(;ONS

Accelercmeter Prefy Uter

he preliminary control system shown in Figure 4} combined the acceleration

and attitude sigrals a'ter tiey prssed through their respective gains and then

lagged this total ¢ LN al throupgh o second-ovder filter common to both, A com-

mon 1lter was used for moecharization simplicity since it was known that the

attitude and acceleraiion sigoads wonld cach reguive 90 degrees of phase shift

{at the first moede berding frequercyy to bring them inte the correct phase re-

fationship with the rate signals.  The necd for twe sceparate filters was not ap-

parent until slosh stability problems wero ereon.tered. It was then theorized

that heavy slosh coupling was beivg introduced by the accelerometer signals,

thereby aggravating the stubility situnion. (0

1300-TR:
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Subsequent investigation indicated that when the g on the acceleration signal

- was approximately two seconds, a significant improvement could be chtained

in the critical gain required for s given slosh damping ratio, This improve-

men

- iz

t can be seen by comparing curves A and 13 of Figure 5, which is a plot

-

of slosh damping ratio versus the critical rate gain KR" Curve A represents

the results obtained with the preliminary system (Figure 4) while curve B

was obtained using separate lags on the attitude and acceleration signals.
Although the two-second lag aided slosh stability when included in the accelera-
- tion signal, a very small lag (0.2 second) was vequired in the attitude signal to
maintain rigid-body response, This was the main reason for using separate
. filters in the final system, (C)

The revised system was sutisfacicry until the first bending mode was included in

the simulation, The blender then had difficulty in operating properly because.

of an unfavorable phase lag atl the first bending frequency which resulted in a

- limit cycle type of operation at the first mode frequency, Removal of the for-
ward loop lead-lag network corrected the blender problems, This lead-lag was
o criginally included in the system to help biender operation; therefore, its
removal can be considered a reduction in system complexity, However, removal
- of the lead-lag reduced rigid-body damping at low values of KR. The damping
5 could have been increased in two ways:
1. Increase the operating ronge of K,
- v
2. Move the acceleromele e forward, vC)
Increasing I\'R was undesirable since il would increase Lhe attenuation require-
- ments on the higher mode bending filter, Moving the accelerometer fcrward
lowers the frequency of the mode] zevos,  Howoever, the basic locus is changed
‘ in such a way that, for a given gain, the rigid-body damping is increased
appreciably with little loss n frequency compared to results obtained with
" the original accelerometer focation, In additicn to providing better rigid-body
response, the second solution had another important advantage, The open-loop
1300-TR!
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phase angle of the sysfem around the slosh fre ency was decreased

quen g
1
ably by relocating the acceleromeoter, resulting in a significant increase in

n

¢

slosh stability, The amount of this improvement can be seen in Figure 5
where curve C represents the results obtained with the accelerometer located

at XA = 82.7 meters, ()

Accelerometer Location

The final choice of accelerometer location was based «n the foliowing consider-

ations:

1. Magnitude of bending pickup
2, Slosh mode stability

3. Rigid-body response (C)
Only accelerometer locations (X/\) betweoen 61 {iop of the second-stage fuel
tank) and 85 meters were considered feasible, Positions beveond 85 meters
were unacceptable because all bending mode pickups were excessively high,
These high pickups would cause nof only higher mode attenuation difficulties
but, in addition, if the first mode acceleration tickupbecame too large, it
would destroy the blender adaptive action, ()

An XA position of 64 meters was selected because the third mode bending
pickup was at a minimum and the sccond mode pickup was not changing
significantly over this range, The slosh st ability at this X, was reduced
slightly because a slosh damping ratic of 0, 005 was no longer satisfactory,
However, slosh damping ratios of 0. 03 to 0,06 were still usable. The rigid-
body response at this "\:A was of higher frequency but lower damping ratio than
al more forward locations, but this was considered a desirable trade-off, The
nominal rigid-body frequency with this aceelerometer location was always

greater than the minimum of 0.1 cps specitied by MSEFC, (C)
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Feedback Gains and Dynam ic Characterist ies

The accelerometer gain (KA&) schedule determined by previous rigid-body

studies was satisfactory with the revised control system configuration. This

In]

schedule of KA versus flight time is shown in I'igure 6. The acceleration lag
(TA) of 2,0 seconds was determined by analog computer studies with synthetic
wind shear disturbance inpuls at the t = 79 flight time. A 2, 0-second time
constant was the maximum value that could be used and still be within the
maximum oq limit (35, 800 kg~deg/m?‘) under all tolerance conditions, (C)

RAD/SEC
M/SEC
o
o
o
o

i

X

P

= 0.025

o

4

o

-

<

o

ul

-

8 0 80 120 160
g TIME OF FLIGHT — SECONDS

Figure 6. Acceleration Cain (KA) Schedule

Rate Gyro Locations

The forward rate gvro location was examined using the same guidelines used

to select the accelerometer location, The original location of 85.3 meters was
completely satisfactory in all respects as well as being conveniently located in
the guidance package, (Q)

The aft rate gyro locarion was selected to be 5 meters primarily because this

was the only satisfactory location available which had the desired bending slope
sign, (C)
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Approximate values of attitude gain ([\“) and atlitude time constant (T were
first calculated analytically and then optimized on an analog u)mputer. The
optimization goal was to oblain the highest rigid-body trequency with the
largest damping ratio. Nominal values of KF’ = 0. 50 (deg/sec)/deg and T
' 0. 20 second were selected from this study. '(C)

The rate gain schedule shown in Figure 7 consists of a constant KR of 0.8
degldeg/sec until t = 130 seconds, at whichtime Kp is reduced to 0. 4. This
nominal schedule could be selected oniy after the final configuration, including
the bending filter, had been determined because the specific values of KR de-
. pended upon the value of K Repiy - Lhe value of KRcrit was understandably
‘ sensitive to the phase lags .mtl oduced by the hending filter and slosh modes. (C)
1.0
" 0§
N
83
Q
o ’&
x
z 0.5
< e e
]
- i
-
<{
x©
0 40 80 120 60
TIME OF FLIGHT — SECONDS
- Figure 7. Rate Gain (KR) Schedule

Summary of Final Control System Pavamoters

The gains, dynamics, and sensor locations selected for the Saturn V control

- gystem configuration shown in Figure | acve summarized in Table 1. (C)
- i
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Table 1. Fina!l Conirol System Nominal Parametric Values
''''''''''''''' ) N 34 3 v om |
Parameter . Units
Value Selected ]
e T T T e
s . . rad/sec i
Acceleration Gain, | See schedule in — = ‘
Ka Figure 6 m/sec” |
. . , deg/sec
titude Gain, K 0,90 gegrsec
Attitu e !‘l:’ deg
Rate Gain, K, See schedule in de
v igure 7 degfsec
Acceleration Lag 2,0 seconds
o
T
A
Attitude l.ag, T 0.2 sSeconds
}
Accelerometer 64 meters
Liocation, ‘XA
Aft Rate Gyro 5,0 meters
Location, X ..
> "RGA
Forward Rate Gyro 80,3 meters
Location, X, .. .
P ORGE
(C)

BENDING FILTER DESIGN

Bending Filter Requirements

The phase and gain requirements of the bending filter nceded to stabilize the
second and higher bending modes were tabulated for all flight times and
teierance conditions, Suitable phase and gain margins were added to these

requirements, and the resuits were plotted as shown in Figure 8, (U)
Tentative filter designs were evaluated on the plot shown in Figure 8, If a

filter could pass these requirements, there scemed to be little shance of

failure on the analog tolerance studies, (1)
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Three areas are of concern in determining the filter requirements:

1. Rigid-body response
2. Slosh stability

3. Bending stability

These criteria were used to establish the bending filter requirements for each

of the areas discussed below. (v)

Rigid-Body Response -- It was assumed that the lowest acceptable rigid-body

damping ratio is = 0.10 (74 per cent overshoot). The phase margin required
to obtain this damping ratio, 12.8 degrees, is therefore the minimum acceptable
phase margin, The phase margins for all flight times were obtained from
frequency response plots made using the complete system except for the bend-
ing filter, The differences between these and the minirmum acceptable phase
margin are the phase shifts that can be contributed by the bending filter at each
zero-decibel crossover frequency. This information is plotted in Figure 8(b)

in the frequency range of 0.2 to 1.0 radian per second, (C)

Slosh Stability -- The minimum acceptable phase margin for the slosh modes

under tolerance conditions was assumed to be 10 degrees. A minimum closed-
loop slosh damping ratio of slightly less than 0,1 would be obtained under these
conditions, The allowable bending filter lags at the slosh frequencies were
computed and plotted in the same manner described above for rigid-body

response, but in the frequency range of 1.5 to 4. 0 radians per second, ()

Bending Stability -- Pilter requirements at the bending frequencies differ depend-

ing on whether the second bending mode is phase- or gain-stabilized, Rigid-body

and slosh tolerances remain the saine in either case, (C)

The phase margin ranges for the sccond bending mode for two casesg - - without
attenuation and with 10 decibels of attenuation ~-- were computed for all flight
1300-TR1
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times with £10 per cent frequency variations. An additional phase margin of
30 degrees was added to each value and plotted on Figure 8(b). Only the values

obtained with no attenuation were plotted because the differences were negli-

In addition to phase-stabilizing the second bending mode, the bending filter must
gain-stabilize the third and fourth bending modes, The attenuation requirements
were determined by adding 10 decibels to the peak values indicated on the fre-
quency response plot., The attenuation requirements were tabulated for all
flight conditions with +10 per cent frequency variations. The boundary deter-

mined from these requirements is shown on Figure 8(a)., (C)

The unacceptable phase region is quite large, and staying within the acceptable
region requires either a ve ry rapid phase drop (210 degrees in a little more
than an octave) or a phase lead. The first method is extremely difficult 1o
accomplish because of the rapid phase shift, and the latter is impractical be-
cause of its basic incompatibility with higher moede attenuation requirements,
Therefore, it was decided to abandoen the phase-stabilized approach in favor of
gain-stabilizing the second mode, (C)

The attenuation requirements for the gain-stabilized second mode were deter-

mined in the same manner described above for the third and fourth modes,

'T'he additional boundary for thesc requirements is indicated in Figure 8{a), (C)

Preliminary Bending Filter Designs

The bending filter used in the final system configuration evolved as the filter
requirements became more clearly defined, IPor the nominal system a filter
designated "filter A" was tried, Wilter A consisted of two second-order lag
networks in series, cach with ¢ = 0.5and w = 10 radians per second. This

filter had the advantage of simplicity; however, it was inadequate for stability
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when vehicle and filter tolerances were included. 'The frequency responsc plot
of filter A is shown superimposed upon the gain and phase requirements in
Figure 9. It can be seen that this filter is not adequate for phase-or gain-
stabilizing the second bending mode if adequate rigid-body performance is te
be maintained. Figure Y indicates the desirability of gain-stabilizing the
second mode because of the stringent requirements for phase stability of this
mode. (C)

A possible filter consisting of seven sharp notches in series was also con-
sidered. This filter could be mechanized using seven operational amplifiers.

The frequency response of a filter with the transfer function

0 -) 13
e 6 [sz +0.05w (1.25)" s+ (1.25)°" (w )3]
out 0O o |
S 1 VY A iy
in n=0Q [s + W, {1.25)" s+ (1. 25) (wo) J

is shown superimposed upon the gain and phase requirements in Figure 10, (C)

This filter gain-stabilizes the second bending mode, but it is marginal for slosh
stability and requires that filter tolerances be tight. (C)

Final Filter Design

Another filter was designed which has improved phase characteristics at low
frequencies and which can he mechanized using four stages of passive RC
circuits and two active stages. This filter, hereafter designated "filter B",
was used in the final system configuration. The nominal transfer function of

filter B is given below: (C}

2 ‘ ‘ 4y 2, . . ;2 .
Fout. (87 +144) (gff 1764) (s +1.45)0s+ 18, 4)s 4u.8&5@5_'_24)7\3;)1‘12.168+1024)(365)(s+8.05)

. . : :
in (824 485+ 144)(s2 ¢ 1685 + 1764) (5% + 2, 1165+ 40) (62 + 08, 4 5 4 324)(s%+ 121, 65+ 1024)(s2 + 2005 + 1600)
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A frequency responsc plot of this transfer funciion is on the
gain and phase requirements in Figure 11. Filter B can theoretically gain-
stabilize the second and higher bending modes, This filter is not as sensitive
to component tolerance variations as the previously mentioned active filter,
A mechanization method for filter B is given in Figure 12, (C)

For the analog computer tolerance study, the tolerance on resistors was as-
sumed negligible compared with capacitor tolerances. A tolerance of +10 per
cent was used for capacitors., The worst conditions occurred when all
capacitors were high or all low, giving a +10 per cent shift in frequencies.
No attempt was made to "tune'" the filter to compensate for loading effects,
etc, Consequently, the filter mechanized on the analog computer had some-
what degraded phase characteristics compared with the theoretical filte r.
This can be seen from the experimentally determined frequency response

plot superimposed on the gain and phase requirements in Figure 13, (C)
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SECTION V
BLENDER DESIGN AND OPERATION

GENERAL CONCEPT

In the basic gyro blender concept,

and summed before heing used as the control
diagram of this basic system is shown in Figure 14,
adaptively adjusted until ti
because of oppos

other. (Q)

FORWARD
RATE GYRO

SENSOR

AFT RATE

if the attenuation of one gyro signal is repre

it can be seen that signals

GYRO SENSOR|

system rate signal.

K e —_——— ——— [
7 {
! ABSOLUTE || BANDPASS .._’
: VALUE AMPLIFIER

1

i

]

l

| | ABsoLuUTE BANDPASS

l VALUE AMPLIFIER

Figure 14. Basic Gyro Blender Concept Diagram

the outputs of two rate gyros, one placed

aft and the other forward of the first bending mode antinode, are attenuated

A block

The attenuators are
1e oppesing first mode bending signals (opposing

ite slopes) are equal in magnitude and therefore cancel each

BLENDED
RATE
SIGNAL TO
CONTROL
SYSTEM

senied by K and the other by 1-K,

common to both channels (vigid body in this case)

will not be affected in any way by this attenuation-summing procedure. (C)
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The adapiive attenuation adjustment is obtained by comparing the magnitude
of the first maode bending pickups from ecach gyro (after the K and 1-K

attenuations) and adjusting the value of K until these signals are equal, (C)

T'o isolate ihe first bending moade signals from the other System frequencies,
the outputs of K and 1-K are put through bandpass amplifiers with center fre-
quencies equal to the first bending mode frequency, The comparison of
magnitude only is ensured by the use of absolute value circuits following the
bandpass filters, The error signal (€} resulling from the subtraction of thege
two bending signal magnitudes is integrated, and its output is used to set the
variable attenuators, (C)

The blender concept described ubove can theorctically remove all first mode
bending content from the feedback signal if the only feedbacks are from the
two rate gyros, Attitude and accelcration feedbacks were desired on the
Saturn Vv vehicle, but unfortunately these signals are beth 90 degrees out of
phase with the rate signals and, therefore, apparently could not be cancelled
out when summed with the rate signals. One solution to this problem is the
use of lag networks on both the acceleration and attitude feedbacks, These
lags were designed to give approximately 90 degrees of phase shift at the first
bending mode frequency, thus bringing these signals into phase alignment with
the rate gyros and enabling the first mode bending components of all feedback
signals to be self-canceling, ()

A blender system design relying on exact bending component cancellation proved
unsatisfactory hecausge of the potentially unstabie situation obtained when exact
phase alignment wasg not possible hecause ottolirances and other System variables,
(The phase and amplitude tolerances required sre discussed further in Section
VIIL,) A conside rable amount of bheneficial adaptive action could be retained,

owever, even if some bending pickup were allowed to enter the control system;
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but stability problems are possibie if the systern is not analyzed thoroughly

with conventional servomechanism techniques and analog computer studies.

These studies are similar to thosge required for a linear system development,

the only differ
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This study program has shown that the blender is very tolerant to basic system

changes; e. g., blender imbalance and integra

rameters that require optimization for extens

tor gain are the only system pa-

ive system changes. This is il-

lustrated by the fact that the basic breadboard circuit design was initiated

before any system work had been started. The only information required at

hat time was the range of first bending mode frequencies, and these were

used to determine the desired center frequency of the bandpass amplifiers.

The only changes required throughout the program were to the blender im-

balance and the integrator gain. Determining the correct values of these two

parameters for any given system ig a relatively straightforward procedure

explained later in this section. ()

Phase Stabilization

If the bending components had all been exactly cpposite in phase, therefore

aliowing the first mode signals to the control

system to be completely

at-

tenuated (first mode zeros directly on top of first mode poles), it would

have been feasible to consider gain stabilizing the first bending mode.

This

implies that even though the first mode zeros do not completely cancel the

fivst mode poles, they are so close that the closed-loop roots at the maximum

expected system gain cannoi cross the jw axis regardless of phase field changes

around this dipole. This can he more clearly

seen in Figure 15, (C)

In IYigure 15(a), the first mode bending dipoles are not cormapletely cancelled,

yet they are both phasc and gain stable because the first mode zeros ar

close to the pole and in a position thal results

in o favorable root locu

5. In

e very
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Figure 15(b), these zeros are still the same distance from the poles, but

their position now results in an undesirable locus. The system is still stable,
however, because the closed-loop poles could not travel very far on this small
locus and therefore did not get into the right half plane rigure 15(c) presents
the same general case, except that now the distance between the poles and zeros
has increased. The System remains stable because the zeros produce a desirable
locus. However, if these zeros are placed above the poles, as shown in Figure
15(d}, the locus heads toward the right half-plane; the closed-loop poles are now
unstable because they travel farther on a larger locus for a given gain, This
situation is aggravated in the Saturn 5 for two reasons:

1. The first mode [requency is so low that for a given bending damping
ratio ("P) the poles arc not far from the Jw axis; e, g., with a bend-
ing frequency of 5, 0 radians per second and C = 0. 003, the bending
poles are (0, 005) (5) - 0.025 radian per L‘eoond from the jw axis,
while poles with a bending frequency of 20 radians per second and
the same damping are (0, 005) (20) - 0.10 radian per second from
the juw axis,

2. In addition to being closer o the Jw aixs, the low-frequency first
mode indicates that this mode will be attenuated less by the system
dynamics than would be the case at a higher frequency, This
means that the closed-loop poles will travel further along a given

locus, making it more difficult to ensure gain stability, (C)

Because the basic root locus in the immediately vicinity of the dipoles is very
predictable, the maximum possible distance belween the poles and zeros for
gain stability can be estimated quite accurately, For the present system at

r =79, this distance is 0. 06 racian per sceond.,  This maximum distance

should not vary much with the typc of control system used because the locus

in the immediate vicinity of a dipole varics dir- 2ctly with the distance between

the pole and zero for a constant phase field, (C)
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Ar. imporiant system design guide can be determined from the preceding

analysis: If a pair of zeros can be consistently piaced withir 0. 06 radian
per second of the first bending poles under all coenditions of tolerance and
change, a very good gain-gtahle gv
variations can be designed. If, however, this cannot be guaranteed, a miss
by as little as 0. 10 radian per second could result in an unstable system, as
iltustrated in Figure 15(d). This accuracy requirement is not limited to the

gyro blender concept; it will be an important consideration in any system at-
ternping to cancel first mode poles. (C)

The present gyro blender c¢arnot maintain the first mede zeros to these toler-
ances witheut the addition of an adaptive phas :-changing device and very close
tolerances on the gain difference between the two bandpass amplifiers. The
specific phase and gain requirements are discussed in a later section. Fortu-
rately, the gyro blender concept does not have Lo vely on exact cancellation to
retain its adaptability to changes in bending characteristics. All that is re-
quired is to keep the zeros in a position that results in a phase-stable mode,

such as shown on Figure 15{c), under all toierances zand changing conditions. (C)

A phase-stable mode is defined here as a moede which has a specific phase and
gaia margin, This differs from the frequently used definition in which the mode,
by virtue of its phase, is stable for all values of gain and thus does not have a
gain margin. The differences in these definitions ig {¥lustrated in Figure 15(c).

In this root lecus, the closed-loop root cor bezcme unstable in two ways:

1. System gain increase.

-

2. Phase change at the mode frequercy s

ificient to rotate the locus,
(U)

<

This example illustrates the definition tised in this report. The alternate defini-
tion would be illustrated if the zero shown was moved from the right to the left
haif plane. With this configuration the cloged-loop root would be stable at any

gain and could be made unstable onty by phase changes, (U}
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RECOMMENDED BLENDER DESIGN APPROACH

=
o
o

lender design difficuities encountered led Lo the formulation of

V]
[
1)
Ui
{% .

procedure that can be used in other phase-stabilized blerder applications.
This recommended design approach is presented in the following paragraphs. (C)

The stability of a phase-stabilized mode is, by definition, dependert on the
phase angle of the complete control system at the particu’ar modal frequency.
The phase angle at the first mode frequency is strongly infiuenced by the basic
control system configuration and the =ensor iccations. The design procedure

Tecessary to ensure satisfacteory blender oner ation ig ag follows:
W i

1. Design the control system to f51fil1 &l dynamic requirements

ey
such as rigid-body respense, siosh stability, and bending mcde
\secord and higher modes) altenuation, without considering any
of the first bending mode effects. This procedure should be
identical to conventional methods of linear system design. The

only special considerations reguired are:

a. Any signals that are to be added to the rate gyro signals
for blerding must be examined to determine if their
magnitude at the {iret mode frequerncy is greater than the
magnitude of the rate gyvro signal cpposing the additional
signal. If the added signa® is greater than its opposing
rate signel, bending cancellation will be impossibie be-

cause the sigrals vo longer have oppesite signs.

b.  The rate signal for the contrcl system must come from two
rate gyvros placed in convenient locations on both sides of
the first mode antirode. The signals are combined in the
Same manner as in the actual blender; however, the blender
position should be considered fixed at 0. 5. This ascumption
introduces some ervor inlo the stterunation requirements of
the higher bending modes because the etfective slopes of the

higher modes are dependent on the blender position and will
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vary if the equilibrium gain selected by the blender logic

Is not close Lo 0.5. This restriction is not felt to be serious

because the higher bending mode attenuation requirements

<~y < £
i

.y am dm N s <
Cdll be LEVLDCC’! i

different from this estimate. {C)

Using the basic system developed in {1} above but now including the

first bending mode effects, the values of blender imbalance {(U) and

integration gain (Ki) can be determined:;

a.

To aid in determining the desired blender imbalance, the

stability boundaries of Kp versusg blerder position are

crit
determired at each flight conditicn. These boundaries may
be determired by araiytica! metheds or by the use of an

analog computer simulation.

Typical stability boundaries obtained in this study are shown
in Figure 16. Also indicated in this figure are the equilibrium
gains obtained for various blender imbalances. A desired
equilibrium gain can easily be determined for each flight con-
dition and a compromise equilibricm gain, which is satis-

factory at all flight conditions, can be established.

Ornce the desired equilibrium gain has been established, it is
relatively simple to determire experimentally a blender im-

balance that will give this position on an analog computer.

Integrator gain is selected on the basis of the ability to re-
cover from an initially unstable blender position. The ex-
treme blender positions (K = 1 and K = 0} are usually used
in this type of investigation. It was found that if the blender
system had the ability to recover from unstable conditions,
attitude command step inputs (up to 1.5 degrees) were also

handled satisfactorily. (C)
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Analytwjical Results

The preceding discussion indicates that considerable ¢xperimental work is
required to determine the blender parameters needed for satisfactory closed-
loop operation. No analytical methods for determining the stability of the

system as a function of blender parameters are presently available. The ease

- and dependability of the analog computer methods for solving this nonlinear

»roblem have made lar e-scale analvtical efforts unnccessar
F y

.
e

During this
study, however, some analytical work has been done with the blender con-
sidered as an open-loop component. The results are very useful in the hard-
ware design of the blender and will allow the initial design to be much closer

to a final configuration than hag previously been possible. (U)

In the following discussion, a basic time constant for the blender loop is
derived. The steady-state blender error resulting from substitution of 3
first-order lag approximation for the integrator is then discussed and com -

pared with test results. (U)

The blender loop of concern is shown in Figure 17. The sinusoidal signals

d’FF and QSFA have frequencies equal to the bandpass amplifier center frequency.
Because of this single-frequency input characteristic, the loop can be analyzed
as if it were a d-c loop. The bandpass amplifier characteristics can now be
neglected if it is remembered that B1 and B2 are the bandpass amplifier gains
at the input signal frequency. (U)

The absolute value circuits act as rectifiers; therefore, the pzak-to-peak
sinusoidal input values must be muitiplied by 2/#% to obtain the average value.
The simplified block diagram is now as shown in Figure 18. The equations

for this system are

&

: (1)

(1 - K) 1—3(,,]

=

{C)
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iteelf (deteymines an equilibrium value of K)

, blender positions
ihe desiredtra

4ince lhe gyr¢
a3 a function of the ratio betweon é’F‘ P and ¢ FA nafer function

of this system is,

K (5) = s, K, By, By

drr/®FA

Combining Iiquations (1) and (2),

2Ky ¢
e 3 - & - K) B.
K = = %rF KB, - $pn (1 - K) € 2]

K [0 By v opa P2 72w

I s M
m
Ky T opplL” *pae (3)
4) - T — "", i TS _ ms
¢Fz}“ bpE 1 F oA Bo T3 K, ! 2K, (‘¢FFB1 * O By)
FE '

ction from which both steady-state error

cs of the gain-ch
in the ratio @FAIG‘;FF

s the desired transfer fun
characteris i

tey a step change

Equation (31
anger action

snd the approximate
can be determined.

has a characteristic time ©

{irne response
The time response
onstant of

Notice that K, or B, and 13, must be negative o the aystem will pe unstable. (U)
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The steady-state error obtained with (he system represenied in Equation (3)
- is zero because a pure integrator is uscd, (U)
Th

ot
ae siea

dy-state error obiained when a first-order lag is used instead of an
ideal integrator can be found through the use of Equation (3) with TB/ 1+T,s

a B
substituted for 1/s:

bpm B+ o B
K LERLTRA T2 (4)

S 7 e
i T 2K, 30+ N
. ¢Fb\ e .\\} ql).[‘,, [74‘ ] l t (t) I”l\ [3 2)

The per cent steady-state crror can be found from the following equation:

7o Steady-state Frror - 100% |1~ - .. e {(5)
BZ)

}\(¢ f_ +¢FA

To obtain meaningful answers, the coefficients used in the foregoing equations

must be obtainéd with care, The tollewing procedures and units should be used:

Input Signals and 4) o T Unitless values are obtained by dividin
p g FA g

the peak-to-peak voltagQ of both input signals by the value of the lar gest,
Thus one signal will always have a value of 1,0 and the other will be
some fraction of it, The peak-to-peak voltage used as the normalizing

factor is included in gains }Jl and JJZ. (1

‘ Eg_mdpai; /\fu‘)yuu Gains Hl ﬁm Rz— The bandpass amplifier gains

must be calculated at the input signal frequency and have units of volts
- per volt, For use in these cquations the gains must include the normal-
izing factor used in finding e and (bb‘A in addition to the convent ionally

calculated systein gains, (1)
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Integrator Guin (H.l) - Integrator gain must be caleulated in terms of
. gain units (attenuator gain Kj per volt, 1 a first-order lag is used
instead of an integrator, the equivalent value of l.{i must be calculated
from the lag transfer function, (U)
- Sample Calculation
- The values used in this sample calculation were taken directly from the bread-

board blender circuit before any bandpass amplifier imbalance modifications
were made (Bl = Ryl (U)

:
o

Input Signals:

Forward channel 30 volls peak to pcak\ at 5,4 radfsec
- Aft channel d0 volts peak to peak at 5,4 rad/sec
o Bandpass Amplifier Gains:
Forward channel TP to T2 " -0.08v/v at 5, 4 rad/sec
| Aft channel TRY to TP26 -0,08v/v at 5,4 rad/sec
Integrator Gain:
- The integrator is represented by the following first-order lag, The
gain indicated is trom TP26 10 1'1°6.
“out 37.5 . .
v i uos eain units /volt

-

[his corresponds to a rate gyro output of 3 degrees per second peak to peak,

Hee Figure 18,
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Calculation Procedure
. 36 o . 30V
bpp = 35, ° -0 and bpa - 3p ¢ 1.0

The normalizing factor used in the foliowing calculations of B] and B, is
therefore 30,

,
!

N 1
B1 - [~ 0,08 v/v}[BO} ~-2.4v[v

[ . , ,
2 ¢ U 0.08v/v][30) - 2.4 iy

The ideal integrator Ki/s was tepiaced by the first-order lag Ki TB/l + TB S
50 the equivaleni value of ki must be caleulated by dividing the first-order lag

gain by the lag time constant, Thus

K, = 205 . g5 43in units
volt

i 60
The effective time constant of this system's equilibrium gain response to a

step change in ¢FF/<2) BA i1 then

"K OB (1 2.4 (15(-5 4y - 0-524 second

This time constant agrees closely with the experimental value of 0, 51 second
obtained in a "blender only' breadboard fLest procedure, (U)
The steady-state error is caleuluted as follows:

1

14 eae "-;.'tg,,’{‘ rror = f,ov’”,,_ S e .
Steady-Staic Mrro | Lo0 711 . 314

60(2) (0.625) [(1)(-2.4) + (1)(-2.4)]

0.83% (with 30-volt peak-to-peak input signals)
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A specific comparison with the aciual steady-state error was not made be-

cause of the difficulties involved in accurately measuring this quantity, (U)

BLENDER BREADBOARD

A block diagram of the blender breadboard is shown in Figure 19, Drawing
numbers for each functional portion of the blender are shown on the diagram,
Two primary factors have influenced the design philosophy of the breadboard:
(1) It has been designed for compatibility with an analog computer for simulation
studies, (2) The design utilizes flightworthy components, Some of the features

of the blender that have resulted from this two-sided approach are:

° The unit has been designed to accept input signal levels of 1100

volts without saturation or component damage,

[ The integrator cage and uncage relay is controlled by a 28-volt d-c
signal from the analug computer for simplicity of operator control
and synchronization of all integrator relays. A panel-mounted switch

Is used to uncage the integrator manuaily,

. A panel-mounted potentiometer and switch are used to set the

integrator initial condition,

° The breadboard is a self-contained unit with all necessary pcwer

supplies located in the cabinet,

° Numerous test points are located on the front panel for ease in

troubleshooting or signal monitoring without opening the cabinet,

® Blender parameters (such as loop gain and bandpass filtering) can be
readily mocdified il desired for & tudy purposes. Provision has been

made for inclusion of analog computer networks in the blender loop.
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BUFFER AMPLIFIER
(PHILBRICK K2w)

N ®fFour TO COMPUTER

—»f AUTOPILOT
SIMULATION

N
FF iy > 9 ! FILTER
FORWARD RATE | Sk81698 SKk81e97
SIGNAL FROM ISOLATION
COMPUTER AMPLIFIER
SK83383
It
H
PULSE
WIDTH
MODUL ATOR rd ABSOLUTE
AND SHAPER \ VALUE
SK81698 SUMMER
SKB1696 INTEGRATOR SK8i698
SKB83383
4
. R
FAIN >—f - K FILTER
AFT RATE SK81698 SKBI697
SIGNAL FROM
COMPUTER ISOLATION
AMPLIFIER
SK83383 PFaour TO COMPUTER
> AUTOPILOT
SIMULATION
BUFFER AMPLIFIER
(PHILBRICK K2W)
NOTES

I RECOMMENDED INPUT SIGNAL SCALE FACTOR:
ICOVOLTS =10 DEGREES PER SECOND

2 PEFout 04K Pragur _ 0.4(1-K)

z s =
¢FFIN 1+0.0022s ¢FA|N i+0.0022s

Figure 19. PBlender Breadboard Block Diagram
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The breadboard utilizes card assembly, printed circuit, and
welded module techniques that have heen developed and proven on

other prograins,

Solid-state transistorized and magnetic amplifier circuits are used
throughout the blender loop to provide a reliable and flightworthy
design. (U)

A detailed operation manual for the breadboard blender has been published as

a separate document (Reference 3), This manual includes checkout and cali-
bration procedures as well as schematic diagrams and an explanation of system
operation., (U)




i

NOMINAL OPERATION

Analog computer traces showing responszes 1o step attitude commands and

synthetic wind shear profile disturbances are given in Figures 20 through 24
for the nominal system with filier B at the five standard fiight times. Corres-
ponding frequency response and root-locus
through 34,

in Figure 1,

plets are shown in Figures 25
These plots are for the system tranefer function e/B‘ as shown
The frequercy response plots show that the second, thlrd and
fourth bending modes have been gain-stabilized with a gain margin varying
from 20 to 60 decibels. ()

The gain ard phase margins ai the slosh and fivst ber:ding mode frequencies
‘or the nomiral system are givbn in Table 2. It wag necessary to increase
and the

The gain

the slosh damping ratio to 0. 06 io meet ihe

tolerance requirements,

nominal system reflects this ircreaced losh damping ratio, and

phase margins of the first bending mode att -~ 79 and 120 seconds are barely
adequate. However, the value of 0. 005 used for struciural damping ratios

has probably been too conse rvative, especially for the first mode, Nominal

rain and phasc marging of the slosh modes aze sdequate. {C)
£2 p £ 1

Tabie 2. Gair and Phase Mar ging of Stosh and

First Bending Maodes - Nominal System
{—"“' T T B I
! Fuel btush First Bending Mode
Ny ;o ’_ e T -
j I?llr‘qn (rain P haw Ciain Phase
(qct; Margin Maorgin Margin Margin
- {dh) (deg) (3h) {deg)
|
T eSS S o T =y T e A _}‘
0 7.0 29 18,0 55
40 5.0 47 12.0 45
79 3.0 42 2.0 10
120 4.0 a3 ‘ L. & 15
153 9.0 i 31 f 16,0 1uo
B SO J L
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ANALOG TOLERANCE STUDIES

3

Cad

olerance studies were made on a computer to verify the acceptability of

he final system configuration, Tolerance combinations were chosen ‘o

include worst possible conditions while limiting the total rumber of analog

runs to a realistic numbenr.

reasonsg for their selection are given below. {C)
g

individual Component Tolerances

The following vehicle ard componert tole rances are considered typl

form the basis for the Lolerance combinations:

Lol

Vehicle

1. Rigid body: Aerodynamic moment coefficient C1 and

control momenrt (".:), +20 per cent.

2.  Body bending:

Bending frequencies for ail modes

First mode slopes and deflections

All other bending mode =lopes and deflections  +30 pe

3. Slosh: Slosh mode frequencies, +10 per cent. (C)

The tolerance combinations used and the

cal and
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Kg = 0.80 DEG/DEG/SEC

Ky = 0 DEG/SEC/M/sec?

VERICLE AND SYSTEM TOLERANCES: ¢ . 0.90 DEG/SEC/DEG
NOMINAL P
T, = 0.20 SEC

Tp = 200 SEC

—-.l r—— 2 SECONDS

BLENDER BREADBOARD
INTEGRATOR QUTPUT

(VOLTS)
(16 voits represents a

blender position X of
approximatety 1.0)

W
WIND GUST INPUT
{METERS/SEC)

Sansonn Ruoviing Fhranyoaret ANPL BU¥ + 081

a
VEHICLE
ANGLE OF ATTACK

(DEGREES)

R
ENGINE
DEFLECTION ANGLE
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*co
PITCH RATE
(DEG/SEC)

¢ CG
PITCH ATTITUDE
(DEGREES)

b
ACCELERATION
NORMAL TO VERICLE

(METERS/SECD

Zcg
ACCELERATION ALONG
REFERENCE AX(S

(METERS/SECD)

i : : =
t\u’hn‘[ i 'M"i\ ! 5’ 5 I

SLOSH ¢ = 0.060

BENDING £ = 0.005

BENDING FILTER = B
Xy =64m

Xpor = 853 m
x!!.l,-‘-l =50m

b

i fEQ} Ui ;Ii?j

Figure 20, Analog Computer Run 1 (t

v ]

0 seconds)
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Kg = 0.80 DEG/DEG/ 5EC SLOSH t - 0.060
Ky = 0.05 DEG/SEG/M 'SEC? 2{:2::2 :(;’TG'_OOS
- e T e e, ILTER = B
VEWCLE AND SYSTEM TOLERSNCES: . .90 pEG/SEC/DES
NOMINAL X, =64m
T, = 0.20 SEG
T, = 2.00 SEC Xror "853 m
A 2
XRGA =50m

—| Je-2 seconns

Sanzonu Kooty Ponmasiapen A, B - 031 i
e

BLENDER BREADSOARD
INTEGRATOR OUTPUT

{(VOLTS)
(16 volts represents 2

biender position K of
approximately 1.0)

W IIW%!'I’

80.0.

v
WIND GUST INPUT
(METERS/SEC)

I H
i !ii I
R !Hll m«mﬂ
hmﬂﬂlimmx: mmﬂ

[}
VEHICLE
ANGLE OF ATTACK
{DEGREES)

ENGINE
DEFLECTION ANGLE
(DEGREES)

*ce
PITCH RATE
(DEG/SEC)

?ce
PITCH ATTITUDE
(DEGREES)

e
ACCELERATION
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NETERS/SECD)

Zco
ACCELERATION ALONG
REFERENCE AXIS

(METERS/SECD)

Figure 21, Analog Computer Run 1 (t = 40 seconds)
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VEHICLE AND SYSTEM TOLERANCES:
NOMINAL

BLENDER BREADBOARD
INYEGRATOR QUTPUT

VOLTS)
(16 volts represents a
biender

position K of
sppeoximately 1.0}

SR

- 50 -

= 0.0 DEG/DEC/SEC
Kn = 6.05 DEG/SEC/M/SEC?
% = 0.20 DEG/SEC DEG

T, = 0.20 SEC

Ty = 2.00 3EC
A C

W
WIND GUST INPUT
(METERS/SEC)

a

YEHICLE
ANGLE OF ATTACK

SLOSH ¢ = 0.060
BENDING z - 0.005

Xa

= 64 m

XRGF * 853 m

Xpga = 30m

(DEGREES)

ENGINE
DEFLECTION ANGLE

(DEGREES)

¢

CG
PITCH RATE

(DEG/SEC)

*co
PITCH ATTITUDE
(DEGREES)

s

Tr

ACCELERATION

NORMAL TO VEMICLE

(NETERS/SECD)

Zcg
ACCELERATION ALONG
REFERENCE AXIS

(METERS/SEC?)

--‘ lc—-z SECONDS

Figure 22,

Analog Computer Run 1 (t =

[ IR
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Pxl

P

Ko = 0.80 DEG/DEG/SEC S1.OSH ¢ = 0.060
Kp = 0.20 DEG/SEC/M/EC?  BENDING t=0.005
; o STEY O S0 AN A BENDING FILTER = B
’ VEHNICLE AND S STEM TOLERANCES: . 4 90 pEG/SEC/DEG M
NOMINAL L e fa T eAm
T+ 0.20 SEC Xncr = 853 m
Ty = 2.00 SEC

Xraa T 30m | 42 seconns
id

BLENDER BREADBOARD
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blender position X of
appraximately 1 Q)
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i
. lih:
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o (DEG/SEC) 04
|
g e
i i R
e T
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* g ;
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TR 2.0
ACCELERATION
e NORMAL T0 VEHICLE :
(METERS/SECD) P
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ACCELERATION ALONG
REFERENCE AXIS
IMETERS/SECD)

Figure 23. Anolog Computer Run 1 (t = 120 sceonds)
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Figure 24. Analog Computer Run 1 (t = 153 seconds)
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b, Control System

1. Rate gyros

Frequency, £17 per cent

Damping ratio, +50 per cen:
2., Accelerometer:

Frequency, £17 per cent

Damping Ratio, 150 per cent
3. Attitude and acceleration fecdback lags: TA and Tl" +10 per cent
4. System gains: &Ag KP’ B‘R" }'.\i, £10 per cent
5. Bending filter:

Frequency, 1 10 per cent

6. Blender imbalance, +10 per cent (C)

Tolerance Combinations

The number of tolerance combinations (ested was limited by the amount of
analog running considered feasible at cach flight condition, This limit was

estimated to be approximately 60 to 70 runs per flight condition, (C)
All the tolerances listed in the previcus subsection were divided into six groups,
Lach group contains a set of tolerances that could be logically combined to form

either a worst-best or a high-low situation, (C)

The six groups are discussed below, Reasons for selecting the particular

tolerance combination within each group are given,  (C)

1300-TR1
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Group 1, Rigid-Body Tolerances - The worst combination of the rigid-body

parameters C] and Cy s a high Cl together with a low ',, Wind shears cause

more than normal disiurbances because of the high (‘1, and the controel svstem

~

has less than normal authority because of the reduced C,. The opposite situation

(low C1 and high C,} has gcod gust response but reduces the available high-

frequency gain margin, {(C)

The following combinations were tested:

Set A: C, increased by 20 per cent and C., decreased by 20 per cent,

]

Set B: C, decreased by 20 per coni and (%, increased by 20 per cent, (C)
i ol

Group 2, Bending and Slosh Mode Tolerances -- The number of parameters

involved in the bending and sloshing dynamics require that a careful analysis

be made of the potential effects of the various combinations to ensure consider-

ation of the most critical cases within a tmited number of tolerance runs, This

analysis has been performed for the specific system configuration under study

using the following " ground rulea'':

1,

The frequencics of all four bending modes were simultaneously
decreased. The pbilosophy behind this is that the major variation

in frequencies will result from a source common tc all the medes, (C)

The variations in sloshing paramecters will affect only the stability
of the slosh modes themseives, [Hence these combinations of slosh-
ing and bending tolerances which aggravate sloshing stability to the
greatest extent should be emploved, 1'or the particular system
under study, these combinations are achieved by simultaneously
increasing all sloshing frequencies and decreasing all bending
frequencies, or vice versa, Ii is assumed that the nominal slosh
masses and damping ratios have been set at values which reflect
the pessimistic cxtremes of their respective telerance bands; thus

frequencies are the only sloshing parameters varied, (C)




s

6GH

3 The worst-case stabiiiiv condition {or given bhonding mo
o . <2 e

from the highest effective net pick a3 associated with that mode, re-
gardless of the mode suape tolervances applied to the other bending

modes, This assur

mpiion Implies that the residues of all modes

are sufficiently small lo avoid significant phase and gain infiuences
on neighboring modes, Actually, since the first, second, and third
modes of the subject sysiemn have theis zoros at frequencies delow
the respective pole freguencies, a high pickup on a lower mode in-
creases the gain at a bigher mode,  Consequently, increasing all
modal pick.ups simultancously reflecis o worse cose situation for the

gain-stabilized 1hird and fousth moedos

~ Dotormination of the maxi-

murmn effcctive pickup (or cach mode o

Jquires oxamination of the
magnitude and sign of the npot from cach sonsor, ol ong with the
blender position, [lence the ftoial pickup tor a given mode will
depend on the slopes and deficciion of the first mode affecting blender
position as well ag the shape of the specific made in question, The

results of this examinaticn s1o ~wmimarized in Table 3. (L)

s
The results given in Table 3 arc volid at all fight conditions for all moedes
except the third, which requires a revorsed firet mede situation at flight times
P B AR I 'y

CoLia il Codinbieas, Dowever,; the

of 0, 40’ and 79 cseconds, At dheoo i

P R R

residue of the third mode is so mmall that the maode iisclf is not a significant

stability threat. Hence te avold doubiing the t2inl nuinber of tolerancs runs

E]

the conditions defined by the fabic wee apriload to all folerance runs, (C)

In accordance with the above reswlis and asstptions, the bending and sioshing

12,

tolerance group was studicd in fwe combinationg:

Set Ar Al bending froquencies incrcased, all bending pickup increased,

and all slosh freguencicos dodroased,

Set B: All bending froquencics docreased. all b niding pickup increased,

ard all slosh freguencies increas d, {()
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Table 3. Dircction of Cha: e of Itact.

2

Mode Sh

to Increace BEffective Bend ding FPickun

ape Farameter

Y inecreasse Increase
1A

Y] RG Inoreaso
4 X
Y)RG“‘ nereass
Y, A Doesreasce
v
"3RGA

Group 3. Control System Gains -- Maximuni veives of angle of

obtained when K., and Ki\ are lew and when K | s ki

R~

frequency bending s

1 :

stability is lews when all thr ee <4

I'he gyro blende

of the most important critervia used in seloets 3 the

position trangient resvonse feom an initinlly vostable

too fast the system becomes osoillator 'y

speed at which the biender positions itself is propoe

rintogrator gain (K, ) 2an also be co

and, in extreme

-
LG 1ease

8.n% are high.

rtional to the rate of diver-

gence of the unstable system and the value of K., ()

A

gh., Conversge

nsidered in
nominal Ki
> setting,

sSases,

Bending First Second Third Fourth
Parameter Maede Mode , Mode Mode
Y?! Incrense | Increag. Increase increas
1 RGA e
Y Deciense Decrease Decsreasge Decrease
1RGE

Increase

Decrease
Increase

Decrease

w

attack {») are

3 the high-
(C

this group. One
was the blender

If the blender is

unstable.
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Since the rate of divergence for the initially unstable system is greater for

o ]
large values of K ps the worst tolerance condition will occur when K, is in-
- 1y 4
creased along with Kp (O)
‘T'he following combinations of gains were tested:
Set A: All gains high.

Set B: All gains low except Ky, which remaing high, (C)

Group 4, Control Ss stem Dynamics -- The tole vances included in this srou
J Y Lo =

are those which have a direct effect on the phase alignment of the blender input
signals. This group includes all control system dynamics except the bending
filter, which is examined separately., ()

T %0 {olerance combinations were investigated. The worst case (Set A) occurs
when combined attitude and acceleration signals are furthest from alignment
with the rate gyro sipnals:

Set A:

(1) Forward rate gyro patural frequency hish and damping

=3

ratio low.

(2) Aft rate gyro naiursl Frequencs low and damping ratio

high.

{3) T! and TA low,

(4) Accelerometer ratural frequercy high and damping

ratio jow.

Set B:  Tolerances Opposite to Set A were cun to confirm the selection

of Set A as the wors! case, {0)

1300-TR1




Group 5, Bending Filter -- The over-all noteh width of the bending filter has

been designed to provide sufficient attenuation for second and higher modes if

the nominal filter frequency shifts +10 per cent. Over-all notch depth is suf-

s iSeledital
4ANT LiZlRAV L

[N

ual notches are legs

11
dioAaTaz Lled 4ald &

critical than frequency shifts, T he worst case cccurs when the frequency is
10 per cent low since this causes increased phase lag at the rigid body and
slosh frequencies. Conversely the best condition occurs when the frequency
is 10 per cent high. (C)

Set A: Frequency 10 per cent low,

Set B: Frequency 10 per cent high, ()

Group 6, Blender Imbalance - - The plus and minus rariation assumed for the

blender imbalance is obtained from the following sources:
1. Bandpass filter center frequency mismatch,
2. Absolute value circuit gain mismatch,

=

3. Bandpass filter attenuation mismatch, (C)

)

‘Table 4 lists the specific percentage changes for the individual items changed
in each group. (C)

Computer Procedure for Telerance Rung

The analog computer tolerance study used combinations of the six groups and
the two sets within each group. A list of the exact combinations run is given
in Table 5. Twenty-zeven runs were made for cach flight condition, for a

total of 135 runs. The ollowing procedure was used for each run:
L. A step attitude cornmand was used to establish the blender

cequilibrium position, rigid-body frequency and damping,

and maximum engine angle, (1)

1300-TR1
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Table 4. Parameter Tolerance Values Designated
by Sets and Groups

Group

Set A
High and/or
Worst Value
(per cent)

Set B

Low and/or

Beogt Value

(per ceat)

s R
Acrodynamic moment coefficient, C] 120 =20
Control moment coefficient, C, S20 +20

Group 2 - Bending and Siosh
All bending frequencies -10 +10
All slosh frequencies +10 -0
Bending mode slopes and deflections:

71 p + 7
Y i RGA 120 20
S 2 o
YirGgr 20 -0
Y 1A +20 +20
-l . 3
YIRGA 30 *30
L] . o
X 2RGE +30 +30
Yoa 30 -30
-1 ap 4
YiRGA r30 +30
N . .
Y3Raw £30 +30
Y,‘;A -30 -30
Tt L -2
Y ARGA 30 30
. . e
Y iRGF +30 30
&4A -30 30

Group 3 - Contro! System Gains
Rate gain, Kp 10 -i0
Attitude gain Kp 10 +10
Acceleration gain, Ka 10 -10
Biender integritor gain, K +10 -10

Group 4 - Control Svstem Dynamics
Forward vate gyro frequency t17 -17
Ferward rate gyro damping ratio -50 +50
Aft rite gyro frequenc 17 17
Aft rate gyro damping ratio +O0 -30
Accelerometer frequency +1T 17
Accelerometer damping ratio =00 +50
Attitude lag T =10 +10
Acceleration lag Ty 10 10

Group 5 - Bending Filter
Bending filter frequency =10 +1i0

Croup 6 - BElender Imbalunce 10 -10

Asicscisal

1300-TRi




r—

-0 -
}w Table 5. Tolerance Combinations Used in Analog
Computer Tolerance Study
-~ Analog L ) Tolerance Group*
» Computer L2 3 | 4 5 6
— Run No. .J z
Nominal Conditions
- A A A A A A
, 3 A A B A A A
L 4 B A A A A A
. 5 B A A A A B
N 6 B A A B A A
7 A A B B A A
8 A A A B A A
) 9 A B A B A A
10 A B R B A A
i 11 B B A B A A
12 B B A A A A
- 13 A B B A A A
14 A B A A A A
15 A B A A B A
16 A B B A B A
B 17 B B A A B A
18 B B A B B A
19 A B B B B A
20 A 5 A B B A
21 A A A B B A
() 22 A A B B B A
23 B | A A B B A
24 B A A A B A
25 B | A A A B B
26 A ’ A B A B A
27 A A A1 A A
| S

*See Table 4 for contents of groups and sets,

1300-TR1



2. The blender was preset to an unstable position so that it would
move approximately to its equilibrium position with no input
before the synthetic wind shear profile input was introduced.

The maximum angle of attack due to this input was observed. (U)

The following parameters were tabulated for each run and are given in Table 6:

1. Maximum angle of attack for the synthetic wind shear input,

o maximum.

2. Maximum engine angle, Br .
maximum

3. Basic rigid-body frequency and damping for attitude commands.
4. Blender equilibrium position, K.

5. Frequency and approximate damping ratio of slosh oscillations
(for the most lightly damped tolerance cases enly). (U)

The results contained in Tables 6 through 10 can be summarized as follows:

Rigid-body response -- The rigid-body response was satisfactory.
The worst-case damping ratio was ¢ = 0. 142. This occurred for
Run 22, t = 79 seconds.

Angle of attack -- The maximum angle of attack at £ = 79 seconds
for the wind shear profile reached but did not exceed the permissible
limit of 9.8 degrees. At other flight times the permissible limits
were not reached.

Engine angle BR -- The maximum engine angle reached was 1. 8
degrees, which occurred ai t = 0 for several runs. This was much
less than the permissible limit of 5 degrees. {(C)

1300-TR1
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Computer

Table 6.

B

Tolerance Study Results (t = 0 seconds)

Maximun,
Degrees

1.8

1.53

1. 80
L. 80

TL.igh[l‘y Darmiped Stosh O

Frequency

(radians [qecond)

2.4

mImEL Loms T

- 792 -

S g

Hlender
Flopatibrium
Position, K

0.43
0,43
0,43
0,465
0.45
0.465
0.43
0.43
0,43
0,142
0,42
0,42
0,42
0,42
0,42
0,415

0.49

0.42
0,43
0,42

(o

O.C>O

o O O O

[

Anatoy compuis v trace inciuded

Run 4 - Fisure 33
Run 7 - Figure 34

laiions

Darnping
atio

0, 030
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Computer

iun

2
3
4t

10f

Number

Table 7. Tolerance study Results (I = 40 seconds)

P
"Maximm,
Degrees

[ .
N axinim,
Begrees

Analog computer trace jnehuded

Run

~

- Figure 3o

Run 11 - IFigure 36

*Lighi Ly Damped Slosth Oscillations

v

10

"!'L'f]

vere:

(wind gust input)
—- R -

Blender

Fquilibyvium

fPosition, K

0.5
0.48

Pomping

_Hatie

0,011
0,014

0,027

"“I{I;;ld 1B3ody

radians/second

SRigid Body

S

0.78

[3;1

0.
0. 68
0.6

(S22

A S e S ey

0,31
0.21
0,41
0,41
C.48
0,24
0. 36
0, 36
0.24
0,405
1
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‘ TLigiltl:\' Dampoed Slosh Oscillations

Freogquencs

{radizns oned)
i3 i
G,
PRI
2,15

Dampmg
Ratio

0.G1D
0. 006
0. 0014

- 74 -
Table 8. Tolerance Study Results (t = 79 seconds)
a - — - - - ’ — —— S e ——— - T —— e ' —-
Computer Bk ) ; “axinmn, i Blender : w :
~ Run ]*\)‘w"’i““f”“' [ Degrees [ Cquilibrium ) Rlél" Bfldi\' :(ngld Body
e | Number Jegrees plwind gust inpuar) | Pos]hnn K grjfii_fflffiibt’ﬁ‘Orld L
i I
2 1,6 9.0 { 0.53 ’ 0.87 0,25
- 3 .4 9.8 " .5 0. 65 0.16
47 1.5 0.5 { 0.5 0.87 0.46
5 1.58 9,5 o0 ! 0.07 0.38
- i 6 1.5 f 9,3 Lo ! 0, 97 0.35
| 7 1.3 ; 9.7 C0uB i 0.6y N )
{ 8 16 | 9.0 Loo.ay | 0.83 f 0.21
o ‘ o 1.8 9.0 | oo 5 0,33 i 0,195
' ‘ ; 1.3 | A { 0. 185 é 0,78 ' 0.195
! 113 1,45 i 0.5 Pooos 0,87 [ 0, 325
' " 12t 1.5 | 9.5 i 0,17 ‘ 0,02 0,3
; 13 1,36 i 9,75 AU ‘ 0.78 0,185
1 1,59 | 9.0 ; 0. b ' 0.83 0,193
" 15 1.6t | 9.0 P0.03 ! 0.83 ¢ 0,235
16 1.38 0.8 I’ 0.5 ! 0.175 | 0.145
17 1.55 9,5 0,53 | 0,87 0. 325
- 18 1,45 0.4 0.5 f 0,83 0.325
19 1.3 | 0.7 Y | 0.7 0.175
20 1,35 | 8,905 0.5 0,87 0.21
- 21 1.5 0.0 0,53 i 0.83 0.275
22" 1.3 9, 6 0.51 ,‘ 0.65 0,142
23 1.4 9.5 0,535 f 0,07 0. 38
- 24 1.5 f 0,5 0. 47 | 0, 92 0.38
25 1.3 j 9.5 | 0, 45 0,97 0.37
26 1,3 . 0,75 0.3 0. 65 0,145
X ! 27 1.58 9.0 [ 0,53 | 0.83 0.21
Analog computer trace included
. Run 3 - #rgure 37
Run 12 - Figure 38
Run 22 - Piguare 19
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Table 9.

R

- 175 -

Tolerance Study Results (t = 120 seconds)

r T
o .
ComR{i:ter BR"\’! aximum, MS:;?:_‘:‘"}, 15—"31?-}?3?;;—‘”1 wR.igid Body gR.i id Body
Number Degrees (wind gust input)| Position, K radians/second & ;
2 1.5 3.0 0.465 1. 09 0.34
3 1.4 3.0 0.455 0. 02 0.34
4 1,44 3.0 0,465 | 2.6 | 0.415
5 1.5 3.0 0.5 | 2,6 . 0.38
6 1.6 3,0 n. 45 ; 2,2 i 0.4
7 L1 3.0 0,47 | 0.93 . 0.285
8 1.4 5.0 0,47 g 0.97 0.31 ;
5 | 1.6 5.0 0. 43 ‘ 1,04 i o.m f
10 : 1.35 3.0 0,43 0.97 : 0,335 x
11t 1.78 3.0 0,43 | 0. 65 L o.54
12 1,7 3.0 0,43 0,65 C0s
13 L3y 3.0 0,43 , 0.97 0,31 1
147 1.58 ! 2.8 0.43 | 0,97 0.36
15 1,43 2,9 .47 0. 97 0.36
16 1.2 3.0 0,455 0.97 0.34
[o17t 1.4 | 2.8 0.455 0.87 0.45
18 L3 | 2,7 0.43 0.8 0.475
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Slosh osciliations -- Slosh oscillations became highly underdamped

for flight times 40, and 120 seconds. It was necessary to in-
crease the nominal siosh damping ratio to 0. 06 for system stability
at several tolerance combinations. When the damping was increased,
the worst case occurred for Run 12, t = 79 seconds, with a closed-
loop slosh damping ratio of approximately 0.0014. The magnitude
of vehicle attitude oscillations due to slosh for this case did not
exceed £0. 175 degree. The tolerance combination causing worst-
case slosh oscillations included low bending filter frequency, high
control and feedback gains, low slosh frequencies, and high bending
frequencies. Reference to Figure 13 shows that slosh phase margin

is small for these tolerance combinations.

Analog computer traces of eleven tolerance runs are given in Figures 35
through 45,
parameters, or any combination which caused poorest relative stability. (C}

These traces were selected to show worst cases of the tolerance

In addition to the tolerance results already mentioned, the computer traces show
that lightly damped first bending mode oscillations occur for the same tolerance
combinations which cause slosh oscillations. These first mode oscillations are
present at t = 153 seconds also, when slosh oscillations have disappeared.

These first-mode oscillations result in a worst-case vehicle displacement of less

than £0. 07 meter at the first-mode frequency.

Frequency response plots of the system for four worst-case tolerance combina-

tions are shown in Figures 46 through 49Y. Gain and phase margin Ken irom

these plots are given in Table




s

e

- 78 -
Table 11. Gair and Phase Margins for Four
Tolerance Combinations
Flight Analog Slosh First Benamg’zMode
Time Computer Gain Phase Gain Phase
(sec) Run No. Margin Margin Margin Margin
(db) (deg) (db) (deg)
40 11 3 10 0.5 B
79 12 2.8 40 3.5 40
79 22 9 30 12 40
120 1] 1.4 28 0.4 10

(C)

Tre gain and phase margins for these worst-case combinations show that the
system became marginally stable for tolerance Runs 11 at t = 40 and 120

seconds. (C)

The tolerance study showed that the system is particularly sensitive to toler-
ances at the first bending mode and slosh frequencies. For the particular
bending filter chosen, the secend and higher bending modes have been heavily
attenuated with some resulting reduction of stability margins at the first mode
frequencies. The use of a more realistic first bending mode damping ratio
than the assumed value of 0. 005 would have improved the stability with toler-

ances as was discussed previously. (C)
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Figure 35,

- 79 -
¥y - 0.38 DEGQ/DEG/ SEC SLOSH ¢ = 0.060
’ . - BENDING 7 = 9.005
VEHICLE AND SYSTEM TOLERANCES: X, = 0 DEG/SEC/M/SEC F:;:::NZ LR o B

TOLERANCE GROUP 1 - SET B . : h ”
TOLERANCE GROUP 2 - SET A Kp = 0.99 DEG/SEC/DEG X, =&an
TOLERANCE GROUP 3 - SET A T, = 0.18 SEC A
TOLERANCE GROUP 4 - SET A 1 Xocp = 853 m
TOLERANCE GROUP 5 - SET A T, = 1.80 SEC RGF
TOLERANCE GROUP & - SET A A Xpga = 5.0m

s
,.g r..g SECF:NDJ? .
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(VOLTS)
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step Attitude Comrnand
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Figure 36, Analog Computer Run 7 ({ =
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VEHICLE AND SYSTEM TOLERANGES:

TOLERANCE GROUP 1 - SET A
TJOLERANCE GROUP 2 - SET A
TOLERANCE GROUP 3 - SET K
TOLERANCE GROUP 4 - SET 8
TOLERANCE GROUP 5 - SET A
TOLERANCE GROUP 6 - SET A

Kg = 077 UEG/BEDS
Ka = 0 BEG/LE6/MyS

£C SLOSH ¢ 9.60

eped BENDING ¢ - 0.005
v BENDING FILTER = B

KP = .99 DEG/SEC/DLG

Ty = 0.22 56C
.
Tp = 220 SEC

-] tv 2 SECONDS
i 3.

Xo = 64nm
XRGF =853m
XRGA = 5.0 m
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- Step Attitude Command
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Figure 37,
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VEHICLE AND SYSTEM TULERANCES:

TOLERANCE GROUP 1 - SET A
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TOLERANCE GROUP 3 ~ SETH
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)
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~
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T, = 0.220 SEC
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BENDING FILTER = B
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Xpge =852 m
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g
|
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Analog Computer Run 7 (t
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= 40 seconds) -

step Attitude Command,
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‘ ey .: ;
mgeu, git“ fﬁ:-nt % |’ , i 4' »i!! meigg; .

it 4 1!

Figure 38, Analog Computer Run 11 {t = 40 seconds) - Step Attitude Command,
Synthetic Wind Shear Input
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Figure 41. Analog Computer un 22 (1 = 74 weconds) - Step Attitude Command,

- Synthetic Wind Shear Irput
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Figure 44, Analog Computer Run 18 (t = 153 seconds) - Step Attitude Command
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ANALOG ADAPTABILITY STUDIES

Any system which adapts itself to changes in a given parameter gives rise to

the question: What is the largest parameter change for which the system con-
tinues to operate satisfactorily? To answer this question, analog computer
studies were made in which the first bending mode slope and displacement were
varied, and the resulting effect upon blender equilibrium position and critical
gain was noted. (U)

The advantage of a gain-stable first bending mode over a phase-stable first
mode has been discussed. By the definition of gain stability, the first mode
zero has to be so close to the bending pole that first mode stability is inde-
pendent of phase around the bending pole. This insensitivity to phase angle
implies that the bending zeros can have any angular relationship to the poles
as long as they stay within a certain radial distance of the poles. Therefore,
since the only possible effect of changing first mode bending characteristics
1s to relocate the bending zero within the radius, it can be concluded that
changes in the first mode bending characteristics do not affect the stability of

a gain-stabilized blender system. (C)

This insensitivity to changing first mode characteristics is not shared by the
phiase-stabilized system developed in this study, and it was necessary to
establish the adaptability of the phase-stabilized blender system when subjected
to variations in the first bending mode pickup. The nine specific combinations
of first mode characteristics tested are given in Table 12 together with the cor-

responding anaiog computer run number. (C)

The set of nine rurs tabulated in Table 12 was made twice for the 79-second
flight condition. One set was made for nominal values of all parameters except
those first mode parameters listed in the table. Another set of runs was made
for parameter values equal to tolerance computer run 12 {(see Table 5) except
for the first mode parameters. This second set was included because tolerance

run 12 (low berding filter frequency, low slosh frequencies, high bending
(C)
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frequencies, high control moment coefficient, low aercdynamic moment co-
efficient, high control gains) presented probably the most marginally stable
system at the slosh and first mode frequencies. (C)

Table 12. First Mode Tolerance Combinations Used in
Analog Computer Adaptability Tests

Computor - First Mode Slope - First Mode
Run No. wd Rate Aftﬂ Rate | Position Displacement
Gyro Gyro Sensor Accelerometer
1 Nominal Nominal | Nominal Nominal
2 Nominal Nominal | Nominal 150%
3 Nominal Nominal | Nominal 0
4 50% 50% 50% 50%
5 400% 400% 400% 400%
6 400% Nominal 400% Nominal
7 Nominal 400% Nominal Nominal
8 Nominal 50% Nominal Nominal
~ 9 50% Nominal 50% 50%
, (C)

The results of the analog computer adaptability tests are given in Tables 13
and 14, Each adaptability tolerance test was made for three blender positions:

K = 0.4 and 0. 6 with the blender locked, and one run with the blender free to

“seek its equilibrium position. The critical value of gain at which the system

became unstable was recorded for each blender position. Three blender posi-
tions were used because of the strong dependence of critical gain upon blender
position {see Figure 16). The system was assumed to have failed the adapta-

bility test if the value of KReopit 18 less than the nominal value (Kg = 0. 8). (C)

The two widely separated fixed blender position cases were included in each

run to illustrate the difficulty in selecting one fixed position that will be adequate

under all tolerance conditions and thus indicate the need for an adaptively changed

blender position. (C)
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Table 13. Results of A

.laptubility Studiesg,
with Other p

Arameterg Nomina}

Fixed Blendey
Adaptability K

st Mode Var‘iations

Free B] ender

Blender

| il

(rad/sec) K
3.1 0. 40
3.1 0. 44
3.3 0.34
3.4 0. 43
2.1 0. 36
2.9 0.17
3.1 0.863
3.3 0. 36
3.3 0. 525

Table 14, First Mode v

ance Combination No.

ity Studies,
t to Toler

ariationg with A1l

Pixed Blender
A daptability -
R

e

Free Blender

ucrit
{rad/sec)

Blender

Equilibriym

Position
K

1300-TR;




W

-97\%

The results obtained in Table 13 (nominal parameters) present a strong case
for adaptive action in that three failures occurred with the blender fixed at
K = 0. 40 and two with the blender fixed at K = 0, 6, while the adaptively
changed blender position was never unstable, (QC)

The results presented in Table 14 (worst case parameter tolerances) are not
as overwhelming since the adaptive blender failed twice. However, this was
still fewer failures than obtained with the fixed position of K = 0. 6 and a large _
lmprovement over the seven failures obtained with the fixed position of K = 0, 40, (C)

Table 13 shows that the blender equilibrium condition varied from K = 0.17 to
0. 64 for variations in first mode parameters up to 400 per cent, Although only
two fixed blender positions were used, the wide range of free blender positions
indicates that no fixed blender position would have been adequate for stability

with first mode variations of this magnitude. (C)
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SECTION VII

SAMPL E-HOLD FILTER NALYSIS AND
BREADBOARD EVALUATION

ANALYSIS

Analysis of the sample-hold filter, which was conceived and breadboarded by
MSFC, was an important phase of this study contract. Valid analysis tech-
niques for use with this filter were not available and therefore had to be de-
veloped. Upon deriving these analytical methods, it was found that the filter
caused low-frequency phase shifts very similar to those obtained with linear
second-order filters without appreciably increasing the high-frequency at-
tenuations. Therefore, since the sample-hold filter offered no substantial
advantage over simple linear filters, it was not used in conjunction with the
gyro blender as originally planned,

The sample-hold filter concept has other possible uses, however. The filter
may be mechanized rather easily, although a considerable amount of work
on the design of the internal circuitry would be needed. The analytical
methods developed during the study have been shown to be valid and may be
used in further work.

Concept of the Sample-Hold Filter

The sample-hold filter wasg originally intended to be a sharp-cutoff low-pass
filter, The basic approach was to sample a signal consisting of low and high
frequencies in such a way that the output consisted of only the low frequencies.
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Ihus, the inpui is of the form

€ {t) = £, (t) + f, (t)

in which £, (t) is said to consist of low frequencies and f, (t) to consist of
high frequencies. The instant of time (ts) at which

£, (tS) =0

is defined as the sampling instant. The filter output at this instant is equal
te the filter input, and at any time which is not a sampling instant the filter
output is equal to the input at the preceding sampling instant. At to then,

ein (ts) - fl (ts) * f2 (ts)

= ()

because f, (ts) is by definition zero.

~Also at the sampling instant,

£ Y = @
eo (Es’ L1'11 (ts)

= £, ()

ard between sampling instants the output is constant at the value of the input
at the preceding sampling instant, The output is thus a stepwise approxima-
tion of the low frequency component of the input.  An exaggerated drawing of

the input and output voltages of this filter concept is shown in Figure 50,
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Figure 50. Sample-Hold Filter, Simplified

Input-Output Rel ationship

Block Diagram and Theory of Operation

A block diagram of the filter circuitry is given in Figure 51. The basic

operation is as follows:

° When the high pass output goes through zero, the comparator

output changes state,

) When the comparator output changes from positive to negative,

the output of one-shot "A'" becomes negative and stays negative

for 0.5 second or until the comparator output becomes positive,

whichever is sooner. When the comparator output changes from

negative to positive, the output of one-shot ""B" becomes negative

and stays negative for 0.5 second or until the comparator output

becomes negative, whichever is sooner,
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e | ONE-~SHOT
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Figure 51, Sample-Hold Filter Block Diagram
The 0. 5-second period mentioned here is arbitrary corres-

ponding to one half-cycle at the inhibit frequency (in this case
1 ¢ps). By adjusting this arbitrary time period, the inhibit
frequency may be adjusted at will.

The inhibit frequency is defined as that frequency of operation
above which the filter will be in the Sampling mode and below
which the filter will be in the non-sampling mode.

At frequencies above ] CpsS, the one-shots are always turned

off by the comparator, rather than by the built-in 0. 5-second
limit. This means that at all times there is a negative output
from one one-shot or the other, and during switching periods
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both bave negative outputs. At frequencies below 1 cps, the one-
shots are always turred off by the built-in 0. 5-second limit,
rather than by the comparator. This means that once each half-
cycle both comparator outputs are zero and that at no time are

they both negative.

® The inhibit circuit is set up so that when both one-shots are
negative the switch will be put into the sampling mode if it is
not aiready there. Conversely, when both one-shots are zero
the electronic switch will be put into the non-sampling mode if
it is not already there. Thus, when the input frequency is above
1 cps the filter is constantly in the sampling mode and when the
input frequency is below 1 cps the filter is constantly in the ron-
sampling mode. Also, when there is a mixed frequency input,
the filter will stay in the sampling mode as long as the input goes
through zero at least every half-second. If two zero crossings
are more than a half-second apart, the filter drops into the non-
sampling mode and stays there until two zero crossings occur
within a half-second period. It should be noted here that the half-
second periods apply only to a 1-cps inhibit frequency, and that

by adjusting this period, the inhibit frequency can be changed.

Analysis of the Sample-Hold Filter

A frequency response of the sample-hold filter can be determined by assuming
single-frequency sine wave inpuis and computing the resulting phase ard ampli-
tude of the fundamertal component of the square-wave output. This analysis
should be of velue for studying system stability with the sample-hold filter,
Congider the filter shown in IMigure 52, The filter switching logic closes the
sumple switch whenever the high-pass output H sin (wt + Gh) passes through
zcro. Asgsuming that the sampling duration is very short compared to the

period of the input frequency v, and that the hold circuit has zero response
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time, the output fundamental B sin (Lt + 90) will either be in phase or 180
degrees out of phase with the high-pass output H sin (wt + 9h). The presence
of the inhibitor circuit in the actual sample-hold filter which prevents sampling
for frequencies less than about | ¢ps and for small input amplitude will be

ignored for the initial portion of this analysis.

SAMPLE
SWITC
INPUT: ~ HOLD | OuTPUT:
Asinwt | CIRCUIT Bsin (ut +g,)
!
|
1
SWITCHING
LOGIC

HIGH PASS OUTPUT:

HIGH-PASS Hsin(wt+8p)
FILTER

Figure 52. Sample-Hold Filter with Sine-Wave Input
The relationship between the phase angles eo and eh is evident from examina-
tion of the wave forms shown in Figure 53,

INPUT //ffN\\d - _
Asin wt \/

TN
HIGH - PASS / N
OUTPUT _ v 4)‘ _ 7/
Hsin (wt+6p) // \ !

SAMPLE - HOLD L !
OUTPUT i

- L~%=m, ‘\\w>%>0

Figure 53. Sample-Hold Filter Phase Relationships
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As defined by this figure,

where 0< g, <+ 7

h
60 = Sh (13) -
ard
where 0> eh -m
The fact that 90 is indeterminant at eh = 0 and eh = T is of little con-
sequence since the amplitude of the output signal (B) is zero for these con-
ditions. With the above phase relationships, the sample-hold filter phase
shift can be computed from the high-pass filter phase characteristics at a
given input frequency.
The amplitude of the Square-wave output will equal the value of the input at
the sampling instant. The sampling instant (tq) occurs when the high-pass
output is zero, or
+ =
wts Gh n {14)
where n is any integer or zero,
B = Alsin w f (15)

where B is the amplitude of the square wave output,
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Combiring Equations {14) and (15)

B = Alsin|(n7m - 8,) 1= A |sin o, | {18)
From Equations (6) and (7), an alternate expression may be derived:

B = A |sin 9, | (17)
The amplitude of the fundamental component (B) of the output square wave
is found by Fcurier analysis to be:

B = éﬂE (18)
Hence, the amplitude response of the sample-hold filter from Equations
(18), (17), and (18) is:

% = % | sin 6h| (19)

= % | sin GOI (20)

It is evident from the above analysis that the gain and phase of the sample-
hold filter are completely determined by the phase of the high-pass filter.
Hence this phase characteristic is a primary design consideration. Note
that the amplitude characteristic of the high pass is important only for

multiple frequency inputs and, hence, for transient system performance.

Consider now the application of Equations (18) and (19) to a sample-hold

filter having a second-order high-pass characteristic with a damping ratio

of 0. 2. The phase of this high pass decreases from +180 degrees at w = Q

to zero degrees at w = ® , Thus, in accordance with Equation (12), the

output phase with respect to the input will vary from zero to -180 degrees.

The gain will exhibit a bandpass characteristic in accordance with Equation {19).

A frequency response plot of this situation is shown in Figure 54,
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Figure 54. Sample-Hold Filter Frequency Response for
Single-Frequency Input, No Inhibit
To obtain the desired low-pass characteristic, the frequency-sensitive

inhibitor is added to the sample-hold filter, with the sampler activation point
set at some selected frequency above the high-pass natural frequency. Since
the inhibitor switches the sample-hold filter from the sampling mode to a
regular amplifier when the period between samples increases beyond a pre-
set value, the frequency response will exhibit zero phase shift and unity gain
for all frequencies below the inhibit frequency. Above the inhibit frequency
the gain and phase will assume the values given by the sample-hold analysis.
The addition of the inhibitor to the filter response of Figure 54 is shown in
Figure 55, where the inhibit frequency is set 40 per cent above the high-pass
natural frequency.

The most evident limitation to this type of analysis is the assumption of a
single input frequency. However, assuming a multiple frequency input of the

form

€ (t) = £, G+ £, (t)

(21)



- 107 -

where
w f1 (t) = A sin vt
bt f,(t) = B sin \t
P
- Y < the inhibit frequercy
> the inhibit frequency
P
,, A>>y
‘. and assuming a high-pass filter with transfer function Gh (s), then given
-~ = ; + 22
| E, (s) Fy(s) F, (s) (22)
i
+20 . . T I } l 'l +50
! | |
1 j | f |
i o 1 ! 1 ’i 0
s o e ,_,_,._i__w l | - ‘J e I’ S ALN_A_% —
; o [ : |
P ] |
i g ~20 b T ~rl| : -50 z
s , | &
= b ]
) 3 40—l . 100 o
3 [ |
< §
R
22w s vt |
-60 p- w, "Pé?éﬂé‘ﬁ?ﬁ“‘”'“”‘ {t - -150
‘ e f," = DAMPING FACTOR = 02 !
= INHIBIT FREQUENCY =t dup - o oo b
S -80 i Ly - 200
. ot 02 05 10 , 100

INHIBIT FREQUENCY

Figure 55. Sample-Hold Filier Frequency Response for
. Single-Frequency Input Only
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The high-pass output is
E (s} = Em(s) G, (s)
= 9
FY(S) Gy (s) + F, (s) Gy (s) (23)

I

F, (s)+F, (s)

Y1 ]
and
eon® =L, W, © (24)
where
le {t) = A sin (vt + o)
| fh (t) = f)\(t)

because the frequency of fk(t) is high enough that the high-pass filter has
essentially no effect on f )\(t).

A~

Sampling instant tS is defined as the time at which the high-pass output is

zero, or

e lty) =0 {25}
so that

£, ()45, () =0 (26)
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Since fk {) = f)\(t}
1
fyl )+ 6, 0) = 0 {27)
and
f)\(ts) = - fyl (ts) (28)

At the Ssampling instant then,

einfte) = £t )+ 1, ¢ )

{29}
R
and, assuming a perfect Sample-hold function,
e, (t) = €in (tg)
(30)
ERACRENOY
With A>>y, ang assuming that the high—frequency amplitude dominates the
high-pass output so that the Sampling interval ig always small compared to
the period of v, the output can be approximated as linear, rather than step-
wise, and equal to e, (tS) at the sampling instants, By this approximation,

e {th = 1 {t) - £ () (31)
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Fy (s) - FY (s) Gh (s) {32)

= Fy(s) [1 - Gh(s)]

so that

‘which indicates that the output wave shape is relateq to the low-frequency input

wave shape by a function of the high-passg transfer function, This function ig
plotted in Figure 56 for the high pass used for calculating Figure 54, Figure 56
is extended to 100 cps, with the assumption that sampling is always taking place
at a much higher frequency than that in question, Combining the portion of
Figure 54 above the inhibit ang the portion of Figure 56 below the inhibit yields
Figure 57, This figure shows filterp Operation below the inhibit with constant
Sampling due to g high frequency on the input,

and the attenuation of a high
frequency input above the inhibit frequency.

The characteristic of Figure 57 indicates that the Sample-hold filter, with g
second-order high-pass, does not give as good Operation as would 3 linear

Second-order low-pass filter, A slight delay between the high-pass output

and the sampler can result in greater attenuation for Some frequencies but

However, since the attenuation of the filter ig dependent on the high pass, a
change of high-pass design to give a phase shift which approaches zero more
rapidly should give better attenuation characteristics, To obtain thig aim,
and to give more flexibility in high-pags design, the bagic Second-order high
Pass may be changed to

s{s + wz)

G, (s) = : {34)
h 32 + 2(;1 W, s+ wlz
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which is essentially the second-order high pass with a lag-1

s2 \s+w

Gh (s) = 5 2 {35)

s+ 2{@1 w; s + wlz ) S

By making this addition to the high pass used to construct Figures 54 through 57,
and by setting w, equal to 0. 4 W, the frequency response of Figure 58 may be
constructed aralogous to Figure 54, Adding the inhibitor to the response of
Figure 58 results in Figure 59, a frequency response of the system to single-

frequency inputs only, for the given high pass.

If a multiple frequency input is again assumed, with sampling constantly taking
place at the higher frequency, the previous analysis resulting in Equation (33)
is applicable and the function [ 1- Gh(s)] may be plotted for this high pass, as
in Figure 60. Combining Figures 58 and 60 results in Figure 61, which is a
composite frequency response of the same type as Figure 57. It can be seen
in Figure 61 that with a high pass of this type a good attenuation characteristic
can be obtained above the inhibit frequency. However, a slight amount of delay
between the high-pass output and the sampler can result in a great amount of

change in the frequency response characteristics.

"The amplitude expression

as given in Equation {13) assumes sampling immediately when the high-pass
output goes through zero. A delay between the high-pass zero crossing and the
time the sample was taken would have the same effect as an increase in phase
lag in the high pass. For a delay time 4 the amplitude response expression

then becomes

B s i i - { \
x 7 sin ‘eh u)'Td) (36
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for frequency @ in radians per second. Wi gure 62 shows the composite fre-
quency response plot of Figure 60 with the above inhibit portion changed by
the addition of a delay time of 0.01 per cent of the period of inhibit frequency.
The sharp notch shown here occurs when the effective high-pass phase passes

through zero and the output amplitude is zero. The effective high-pass phase is

as used in the expression above. At the frequency where the leading high-pass
phase angle is equal in length of time to the sampling delay time, the sampler
takes a sample exactly when the input is zero and thus the output for this fre-
quency is zero. Above this frequency, however, the effective high-pass phase
increases with increasing frequency as T4 becomes a larger percentage of the
period, and attenuation becomes poorer and poorer. Also at this point the
output phase takes a sharp Jump of 180 degrees according to Equétions (12) and
(13). A 100-microsecond delay time is a realistic figure for this device.

If the high pass of Equation (35) is chosen so that the total phase passes through
zero to the lagging side and then approaches zero, this problem of a delay
causing radical changes in output characteristics can be diminished. In Figure 63
the high pass used is of the form of Equation (35) with Wy set at 0. 247 w, and a
damping factor ¢ =0.1. Inthis case the high-pass phase passes threugh zero

at w = 2,48 W, resulting in an amplitude notch and an output phase jump at that
frequency. If the inhibit is then set at 2. 54w the frequency response is as given
in Figure 64, for single-frequency inputs. In this case the transfer function
below inhibit is unity, and above inhibit the phase shift is aimost negligible; at-
tenuation is above 40 decibels for all frequencies. Of course, for multiple-
frequency inputs as discussed for the other high-pass configurations, the ex-
pression of Equation {33) holds true, resulting in Figure 65. Because of the

low damping factor of the high pass, a very bigh peak is seen at the high-pass
ratural frequency. If Figures 64 and 65 are combined, the composite frequency

response of Figure 66 is the result,
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The accuracy of this type of analysis can be demonstrated by putting the sample-
hold filter in a closed loop with a first-order lag. If the input to this system is
a frequency high enough to cause sampling, the system should perform according
to Figure 67, which is a combination of the composite frequency response of
Figure 66, and the frequency response of a first-order lag whose break frequency
is 50 per cent above the inhibit frequency. This figure indicates that the system
should become unstable at 0. 5 cps, and analog studies of the system correspond

with this prediction,

If a delay of 0. 01 per cent of the period of the inhibit frequency is added to the
portion of this figure above inhibit, the result is as shown in Figure 68. The
sharp amplitude notch is not seen in this case because the delay is only adding

a little more lag to an already lagging phase, This decreases the attenuation some-

what, but does not radically change the shape of the curve.

A comparison of the composite frequency responses include here (Figures 57,
61, and 66) with linear low-pass frequency responses of the same order and
with the same damping factor as the particular high passes, shows that little

is gained by using a nonlinear instead of a linear filter,
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An attempt wos rvide Lo gae Z-plane anulysis on the sample-hold filter, in
addition to the above desceribing function analysis, but no usable way was

found to take the high pass into account, Since the above analysis and aralog

ot

results indicated that performance was critical with respect to the particular
high pass being used, the z-plane analysis was discontinued. A description

of the z-plane methods tried 1s included in Section VIIL.

BREADBOARD EVALUATION AND MODIFICATIONS

Several problem arcas were discovered during evaluation of the sample-hold

filter breadboard: (a) time delay in sampling zero Cc1rossings of the high-pass
fiiter ocutput, (b) static ard dynamic imbalance in the gate circuit resulting in
d~c output bias and sampling ervors. Several filter modifications were made

for evaluation purposes:

° Bias adjustments and trim potentiometers were added to the

comparator input, gating circuit, and reference shifting circuit.

. The differeutiation cirecuit was modified to reduce the sampling

time,
. The gating circu:t was redesigred to improve operation, mairly
by eliminrating large changes in output voltage as the inhibit

relay operated,

. The comparaters were modified to eliminate time delay and

mirumize tyayaiont o=cillations.
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SECTION VI
DESIGN DIFFICULTIES ENCOUNTERED

- The purposes of this section are (1) to describe some of the difficulties
encountered that required extensive system changes to correct and (2) to

describe the "blind-alley" approaches tried s that future study programs can
take advantage of the knowledge gained. This section discusses the rollowing
ltems:

. a. Instability caused by blender
0, First mode gain stability
c. Sample-hold filtcy Z-piane analylic techniques

d. Recommendations for conducting future studies (C)

INSTABILITY CAUSED BY Bj FINDFR

The very first attempts to operate the system with a simulated blender gain
changer operating sdaptively were unsuccessful because the basic control
appeared to be too sensitive to gyro blender position, This situation had an
undesirable effect on the gyro blender gain-changing intelligence because biender
gain changes affected the bending content of the feedback signals more by the
» change in oscillation frequency than by the change in signal magnitude provided
by the blender gains (K andg L-K). A frequency response test was run on the
analog simulation by inserting o sinusoidal engine angle () signal into the
' closed-loop system (rigid body, tail- wag-dog zeros, first bending mode)
’ Cperating at nominal gains, and with the gyro blender gain fixed at 0,5, The
cutput signals observed corresponded to forward and aft sensor signals,
| :'pFF , / IQPF:\ ’ , 15 shown in Figure 69, where the critical frequencies for
blender gains of 0,5 and 0,6 are also noted, ()
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Assuming that K is at equilibrium at a value of 0. 60 and that ICQFAI is equal
to 1 so that IQOFFI is equal to the ratio ,CDFF" / IQJFAI » then (from Figure 69)
ICDFF! is equal to 0.67. Thus, the gain-changing logic equation,

. N (1Y _ 1o C e
Error signal 'CDFF’ (K) “‘DFA' (1 -K)
gives

Error signal = (0.67)(0. 60) - (1. 0)(0. 40} = 0. 40 - 0.40 = 0 (C)

Now if the blender were cransiently displaced to 0.5 and if, as is normally
the case, the ratio !QOFF' / ’?‘CF‘A' were not a function of blender position,
the error signal would be

Error signal = (0.67)(0.5) - (1.0)0.5) = 0. 335 - 0.500 = -0.165

-~
Q
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N
o this case, bowever, the raii, ]:pp li"’ / fq;‘b,/\f 18 a function of blender position,
The specific value for 4 biender position of 0, 5 can be determined from Figure 69

by first determiring the system crossover frequency using a root-locus plot made

with a blender position of 0. 5. This frequency was 3.0 radians per second as

indicated on Figure 69, ang therefore ’C‘DFF’ / ]chA! at this frequency is 1. 65, {C)
Substituting this value into the error signal equation gives the following result:

Error signal = 1, 65)q. 5) - {1.0)0.5) = 0,825 - 0.500 = +0, 325

(©
Thus, in the rormally expected case for this example, the error signal is negative
and tends to drive the blender in one direction; but in the given case it is positive
and tends to drive the blender in the Opposite direction, Obviously, both cannot
be correct. Since the fault was that the ratio 'CPFF, / ]chAl was a function of
blender position, the remedy lay in making the basic system stability points lesg
sensitive to blender position. This scnsitivity to blender position was found to be
a function of the phase near the first mode frequency (neglecting any phase varia-
tions due to the first mode itself). A lead network, providing about 40 degrees
of phase lead at the first mode frequency, was added to the forward loop and the

problem disappeared. (C)

-While in this instance the phase field was such that the blender position was

2
"Statically unstable', the same reasoning precess could be applied to a system

to show how thig sensitivity to blender position is beneficial because it is forecing
the blender positicn to g0 to its equilibrium gain faster than it normally would,
This would have happened if in Figure 69 the ratio of 'ICPFF' / fapFAf at 3,0
radians had been lower than at 5. 6 radians, ()

No firm design guideline can be formulaied to circumvent this situation. The
System apparenily should pe designed without regard to it, as suggested pre-
viously; and then if a problem exists, the phase field about the first mode can be

atered either by changes in system filtering or by sensor relocations, {C}
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FIRST MODE GAIN STARI1 'y

First bending mode gan <tabil:y ig very desivable in that the range of allowable

"

first mode slones and deflections is increased as the bendine poie is more nearly
cancelied. It can readily be seon that if the first mode poles are completely
cancelled, the control system will be unaffected by infinite changes in first

mode bending characteristics, {(C)

The present zstudy indicated that the mechanization problems involved in con-
verting the blender into a devier which could reliably gain-stabilize the first

mode were toc formidable to permit such conversion at this time. {C)

The specific problem areasg are summarized below. Gain stability can be ob-

tained only if both of these problem areas are resolved:
I

1. The bandpass amplifier must have a tracking gain accuracy
of belween 0.5 and 1.0 per cent, which must be maintained
over the entire environmental range. This degree of ac-

curacy ig presertly unobtainable in practical hardware designs.

2. An egually stringent requirement is placed on the phase align-

ment between the feedhack signals being blended. Examination

of System I indicated that the phase angle between the blender

signals could not be greater than +22 arc-minutes. This value

is the telal range, mearing that measurement and phase changing

device accuracies must be congiderably better, The practical

diffizulties involved in measu ring and changing phase angles of

thiz magniiude are beyond the presernt state of the art. {C)
T'he phase aceuracy vequiremenl s strongly dependent on the control System
used; e. g., if no attitude cr acoeleremetor signals were used, no strong out-
of-phage bending comporents would be present. Therefore, no universally
applicable accuracy requirement can be formulated. althcugh it is felt that the
problem would not he changed giguificantly even if an order-of -magnitude

1crease in phase angle tolerance were chtaived, {C)
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Z-PILLANE ANAIL. VSIS

Initial analytical efforis to desc ribe the samplie-hold filter were directed toward
z -plare techriques used it sampled-data stability studies. This method of

anaiysis was aisconiinued for the following reasons:

. The variable-sampling-rate approach wag too complicated and

irdeterminate.

° The corstart-sampling -rate approach did not correspond to
actual filter operation: i.e., it did not take into accourt high-

pass effects or the special relationship of sampling instant to

A
)
~—f
S’

irpu® phase, which is the main point of the sample-hold filter. (U

These attemptied approaches are described below.

Variable Rate Investigation

The sample-hold filter is a variable sampling rate device because each
sample period may be of a different, length. However, even though con-

secutive periods may differ in length, the arrangement of different lergth

“periods may in itself be periodic. Therefore, if the output of the high-pass

filter is assumed o be periodic with period T, and to be zero at times
T T S T A A ... T+ an

0, Tys Tos . T Trer Ty Ta 1 e T+7 . then the filter ca

be represer‘ed as a group of samplers, holds, advances, and delays as

shown in Figure 70. {U)

fro this figure, the filter is represented by a group of samplers, one for each
Zzero crossing during one period. The advances and delays are analytical

devices used to make the samplers operate in synchronism. As an example,
take the kth sampler. which is preceded by a tictitious advance esrk and cor-

. th : . , . -
responds to the k™ zero crossing, which occurs T, seconds after the start of
: T7%

AN
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Figure 70. Sample-Hold Filter Representation

the period. In this case, when the sampler operates (at the start of the period),
the sample it takes is equal to the value of the input k seconds after the start of
the period, because of the advance eSTk. The value of this sample is held for
(Tk+1 - Tk) seconds, delayed Tk Seconds, and then added into the output. In
this way the output consists of a succession of pulses, the first representing
the value of the input at the first zero crossing of the high pass and lasting
uﬁtil time Tys the second representing the value of the input at time T when
the high-pass output goes through zero again, and lasting from T, to T,; the
third representing the input value at time Tos ete. (U)

This model would accurately represent the filter if the times Tyr Tgr Togoe o
could be accurately determined. However, these times depend on input fre-
quencies, amplitudes, phase relationships, and the high-pass transfer function,
and are hence indeterminable in general form. Even if these times were
determinable, the expressions for the system would be so involved as to be
practically unusable. For these reasons it was decided to assume that the
system would be dominated by one frequency at a time and the filter would
therefore be sampling at a constant rate. (U)
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Constant Rate Ir)vostigatmn

Using the assumption that the filter s operating at a constant rate, a simplified
approach to the analysis and testing of the sample-hold filter was advantageous
for several reasons:

1. The basic operation of the filter, attenuating high-frequency
signals in a closed-loop situation, could be analyzed and
evaluated without the additional complexities inherent in the
actual vehicle simulation.

2.  Comparisons between linear filters and the sample-hold filter

could be more readily made, with less chance of ambiguity,
3. Analytical methods arc cusier to use and verify, (U)

The simplified vehicle used had 4 transfer function of

2 . 2
2 3 -+
s +‘.Qlwls W, ( 1 \
/

2. 2 “,“;“/
s +252w2s w2 \s 1

(U)

Figure 71 is a block diagram of this vehicle ir a ciosed-loop situation. (U)

e on

~
» FILTER | s°+0345+ 289\ [ |
- LocATIONT s2+0.305+ 225/ \s +

t
[ |

Figure 71, Simplified Vehicle in a Closed-Loop Configuration
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A general root-locus of this system, without o filter, is shown in Figure 72,
As can be seen from this figure, the dipoles closely resemble the dipoles due
to bending while the first-order pole can be thought of as representing the
rigid-body response. The damping ratio of the dipoles was selected so the

System became unstable at a relatively low gain. (U)

20

O~

X'D“"""—- KcrH =|.4
werit =150 rps
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Figure 72. Root-Locus of System of Figure 71

The constant rate studies were made in an effort to determine what effect a
change in sampling frequency would have on system critical gain and irequency.
The sample-hold filter was assumed to be a constant rate sampler plus a zero-
order hold. The z-transform of the system transfer function plus the sampler
and zero-order hold was determined for varying values of the sampling period.
It was determined that when half the sampling frequency was close to the natural
frequency of the high-frequency pole, a slight change in the sampling period
would produce a noticeable change in the system critical gain. This indicates
that if this approach is to be used in analyzing a system in which the sample-
hold filter is to be placed, the assumed sampling frequency must be very ac-
curately picked or the results will not be accurate. All of the above accuracy
Ty
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AHSMNPLIONS Gre i sddition ta th erigingl wsswmption that this is a valid and
M

wecurate representation of ihe sample-hotd filter. (This assumption was sub-

sequently shown to be false by the desc ribing function analysis performed. ) (1)

When this system was tesied on the analog computer, the frequency of diver-
gence seemed to be a combination of the linear system critical frequency and
a frequency of about 0. 5 cps. The operation was one in which the filter dropped
in and out of sampling due to the inherent amplitude thresholds and therefore
did not meet the provisions of the constant rate assumption. Thus, svstem
operation did not correlate well with the z-plane studies because it did not

correspond well with the imposcd conditions. (1)

RECOMMENDATIONS FOR CONDUCTING PUTURE STUDIES

At the beginning of the study program, considerable effort was expended on
defining a control system for the rigid body only because the basic control
configuration, sensor locations, and gain ranges could be optimized more
easily with this simple problem. It was anticipated that the addition of the
slosh and bending modes would detract appreciably from system performance,
but it was reasoned that a given loss in performance would leave the greatest
operating margin if it started from an optimized system. Unfortunately, this
is not the case; the inclusion of additional degrees of freedom so alters the
control problem that the optimum conditions no longer have any relationship
to those selected as optimum for rigid body alone. This effect is probably
caused mairly from the Jow bending and slosh frequencies, which resuit
in a tighter coupling of rigid, bending, and slosh modes merely because of

their proximity to each other, (1))

'The suggested future procedure with similar problems 1s to-

1. Conduct rigid-body studies, but direct them toward obtaining

an understaanding of the basgic roblems and determining the
P f

o

ey
Yo

1500-TR1



- 130 -

effects of various system parameter changes. It is also extremely
important to include an appropriate bending mode filter, even
through the bending modes themselves are not included. The low-
frequency phase introduced by this filter is a very important con~

sideration.

Include the additional degrees of freedom, such as bending and
slosh, into the analysis program as quickly ag possible. This
does not imply, however, that they should be included all at once.
Adding one degree of freedom at a time and examining the effects
of the variable system parameter on this added mode seems to be
a satisfactory method. The gaius, dynamics, and sensor loca-
tions should then be determined, taking into account all the ef-

fects previously studied. (U)
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APPENDIX A
GLOSSARY

Amplitude of sample-hold tilter input signal

Accelecrometer output

Vehicle longitudinal acceleration, including g

effecis

nl /

Vehicle longitudinal accetleration, e

Amplitude of sample-hold filter square wave
output

Band-pass amplilier gain of channels 1 and 2
respectively

Aerodynamic moment coefficient
Control moment ~oefficient
Aerodynamic force coefficient

Time advance of rn seconds
Time delay of ™1 seconds
Total thrust of the vehicle booster

Rending frequency
Slosh frequency

Side force due 1o wind

General representation of a Laptace transfer
function

Amplitude of sample-hold filter high-pass
filter output

Unit

volts
>
m/sec”
f’

<~

m/sec

volts

volts/volt

2
1/sec”

llse02

1/rad

volts
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Distance from vehicle CG to the CP

Distaince from ergine gimbal to vehicle CG

Distance from engine gimbal to engine mass CG

Distance betweer vehicle O andd vehicle station W

Ristonce from vehicle CG to slosh mass CG
Gencralized mass

Folal mass of the vehieloe

Mags
Slosh mass
Cooveontrared mass ot gl ion x

Merodynaviic force

. . , . .th .
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Yi(K)

The slcpe is = |

.'- e 2o Y
Ihnamic pressure

Thrust of contrel engines !

Fivst moment of engine swivel

Period of periodic sample

Time constant of lag on accele! ation feedback
filter

Blender time constant This is the time
constant of the long lag 1epresenting the
blender integrator

Time constlant of lag on attitude feedback filter

Sampling instant

Blender imbaiance - value of atienuator in one
(*h:n"ul of band-pass amplifiers

Velocity

.th
Reference potential (Anm,\m of the i t mode
Wind velocity

FForce disiribution over the length of the
vehicle for all forces acting upon the vehicle

Displacement of the vehicle centerline

Distance from tip of engine to vehicle station k
g

PDistence to the vehicle station x as measu:ed
from fhe vchicle gindal point

Bistance {roro engine girebal to slosh mass CG

Novrialized displacement at station x

n e o N d,f,.
Normatized' slone = ~-v{ . X)
dx

]
m
0

sec

S€C

unitless

m ,'{SGEC

kg/m

m

i

1y

unitles

T

. 14 !
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Y'L (X) up
v (X) uh
Y]’ (X) uh

Yj (X) n;

Sj

. , . . .th
Displnceniont at station x to the i mode

Angular ditplacement at station x due to the
i mode

. .th
Angular rate ay station x due to the i mode

Angular aceeleration at station x due to the
Hlmode

Displacement normal to reference

Linear acceleration of the undeformed vehicle

along the reference axes at the vehicle
station corresponding to the Steady state CG

of the enlire vehicle, due to all forces (including

forces due to bending at the engine gimbal)

Stosh mass digplacement, normal to reference

Angle of attack
Control defiection angle

Comivanded engine angle after bending filter

Commanded engine angle before bending filter

Error signal - blender or control system
Crene ral damping ralio term

Bending mode damping ratio
Damping

Stosth damping

. . . : .th
Generalizead dispiacement of the I mode

: b . !
(".Jf-auml.i;/ denoted s “'nog mal coordinates D)

v ed

rad/sec

2
rad/sec

m

; 2
m/sec

unitiess

_...
=
-




ek

~

Stosh [reginency

Angle hetween reterence aad inectial velocity
Veciorr

Phase angle of sample-hold filter high-passed
signal

Phase angle of sample-hold filter output signal
Displacement normal to vehicle centerline

Sample-hoid filter delay time

Approximate open-loop time constant of blender
response to step change in the ratio QSFA/d)FF

Attitude angle

Angular acceleration of the undeformed vehicle
centerline, at the vehicle station corresponding
to the steady-gstate (' of the entire vehicle, due

to all moments (including moments due to bending

at the engine girmbal)

Sum of aft signals to be biended

Sum of forward signals to be blended
Drag force

Angle between loral vertical and vehicle
X axis

tzeneral frequency term

Bending trequency
Arvigular frioguency

Center frequency of fipgi noteh of multiple-
neteh filter

o

rad

.
rad/sec”

Depends upos

particular
signals being
summed

kg

rad

,.
b
oL
e
i
™

,
rad/see
|
|
\
|

LE0C-TRI



bk

-

Subscripis k'
IRt Apls Ko

IR

LA

RGF

RGA

W

X

S erscripts
SEZISCpts
it fr

.
RN

Center of gravity
Center of pressure
Critical

Engine

tt

.th . . i
1 bending mode, 1 = 1,2,3,4

Insiants neous rotation
th
]

J

slosh tank, b 1,23
Longitudinal acceleration
Platform

Rigid body

Forward rate gyro

Aft raje gZyro

Slosh

Wirndd

Vehicle st ation

Angie of ottack

Eagine gimbal

Position gyrg

Dervivative with respoct o tiine

Devivative wiih Pespect to X, the vehi

1

cle longitudina:

axig




SATUR N

AP PRI DIXN B

Y EQUATIONS O

MOTION

1

1ing.

RN

L%



i

APPENDIY |
SATURN VE

QUATIONS OF MOTION

e

/AN

n

Angle of Attack Relal_ions}_lip
v
- - a. W =
CT et bog - 8 "-w"vo- 9
Rotatjon of the Vehicle About Station X\
\ﬁiw“‘ﬁ,w‘m‘“w‘m”.~N-..:_:!.

g (jE
.. Fyg . '
XX i "(xB) XX i ‘ (XB)
;5' = 1 = |y z | /F*\ } Z m_.
S XX ] 8) 7 sj f m / Sj sj
i .
~ . ~
'’ ,’.Cw'\ lﬁ v / Al . b‘
o = ; ..I.(:;f Sg * j._lf.t A - _,I_T;}L,.) Tt‘:. B
E [ “xx * X ) Txx
Acceler

ation Normai to Vehicle
——— B

Refe.rem:e At Sta

R e S bt

tion XCG

Z Ve

CG ~ ‘R

st
[P
<
<O
i
~J
~3




. /F~y\ . R 3 N
= 1 F-x 1 SR —
ZR l\ m j°cq Ty PR n
\ /
IF
e H
Zg = - = 7;?‘%( N
3’}
.. m‘_‘j 5
ZS = . L _._‘.;ﬁ.l_~...\.‘__
J
-~ B RS
) E
‘g
" Accelerometer Equation at Station X_31

N - T e

2 2t
S o+ A

w, % “A

5 +1J‘ AA = "r'H + ’.T'B + Tg T T.E
A

Foo= o=y Ty el |
BN Mo Y
i L X Y x'[)‘ }‘A J
II]\ "c:]
N _}." = - B .__..L-—..
S i m
- \j\ f(.{
;r pod - —— —l._ ———

1300-TR]



3
- tate Gyro Equation at Sia non ., .,
! RG
R R S T S .
%G T dr byt byt ooy

' Bending Equation
“"‘\—Mﬁ

.o \ 2 .‘z’:Qi
. 20, o .+ J. . 2 S
ny te -C:L Y i 1 M.
TQ. = Q. 4 )
1 ig 1Sj
- j
L P . ' 3
= . oS Y. + .
Q, = RBY, Pe Y g Y, 8
; (“ﬁ) L (X“g) 3

Sloshing Propellant Acceleration Normel to Vehicle Centerline
T e R o Norme ] to Vehicle ALY

e

‘ . . . - . Py
o +t2¢ w7 ¢ w. .~z @ + )

13006-TR1




- - 124
- Engine Angular Relatinaship

. B =ﬁR-}*‘J(Yt "l‘g}
Y Xg) ;
B w °

B T e ____.____.»._.(_"....,itl‘. - - e

R 1 +7T s %ZL"" W '+w;‘)

E® (5 I R IS



s

APPENDIX C
COORDINATE SYSTIEMS

oy



e

CE e
e

- C1 -

Rigid-Body Coordinate System

REFERENCE
s
X X (DRAG)
v /
.
Vo
(lw ¢
e
VR g 9 XA\\
‘—n&-
Y ¢ |
T
45
Ve T
/<
N
/ X
21 Peo CG.
AN y
Y /
/’/K 4 °0
&7 ¢ «th
> 4 Ve *
o~ Bk,r “B “‘;" LOCAL VERTICAL
Foo G
aza, -G
Tz v
v
9:2_
v

1300-TRY



Jele

”Z 1A

Firgt i,',cndim_;‘ Modo Geomet v

X RIGID-BODY
AXIS

/

Yi(x)
‘\’_ ELASTIC AxiS
X

NI

\ / | PARALLEL TO x
]

e Y| (X3 ) 0, (ANGLE)

N — Y, (XF) o, (DEFLECTION)
B =By -y Yixam,

rotation of ihe undeformed vehicle center line, af the vehicle station
vorresponding lo (he stecdy-state center of gravity of the entire vehicle,
due 10 all moments (including mornents due to bending at the engine
gimbal)

normal deviation from X

1300~

~4

R

—




-

APPENDIX
FREE-FPREN BEN IDINC

D

AR

» MODIE DATA

,3

1300~

e



- D1

i

o

T A
J[l o
B T . - “m
i : !
i
_ | 1
! | i
- = - —_—— D
! ! 18
. i
; !
i
e~
T E T - g
a (=Y Q t
2 2 e 8 i
IR > T s S i
o 0O o O e T
< o o &~ BES
- N h
N P— n i
CaON S '
~
3
i
e e .
E E = e g &
~ = <2
o 2/ ..c/ Vv
Q © 3 i
o & @« =
“ @» L4 -
. .
CE R Y S )
X ¥ x @ _ <«
— < od N
© i S !
J Q@ ot |
Mu I m ﬁw lllllllll 4 4
- o ¥ i
o b ~N Z i
M " " . i
!
. [ 43 < n
= = s o
= By ) S IR

g.

_

S
<

AT
| ‘

Lt

VEWID 3INIONT 1y NOILOITA30 CIZITvWHON

0 seconds)
00 Ho

2y

Data (t

e

2{m)
STATION

sending Mode

VEHILCLE
(S

EY

i
o

Free-Fre

10

-
{
i
|
AM

D1,

!

©

|
IL"‘]L}I’I{!{L’L [o}
L A S N

) . N f

*

-t0

Figur

{w) :o.vE\u..o.n pIzHCW.LON

H

CLE STATION

x {m}, VEia

0 seconds)

lope Data (1 =

<,
B

<
.

Bending Mode

Figure D2,




G- SELY/M)

(]

W= 08,065 (K

14=4.875 (CPS)

£Ct/Mm)

= 1,299,802 (G-SECIM)

Mys 265,266 (KG -SECZM)

sz 64,762 (KG-§

L.

1o

He

100
40 seconds)

90

B

Data (1

e
7

&0
&0

STATION
Mode

N
b

£

VEHICT

v

xm}, VENICLE STATION

+

30

IP'vee~free endi g

i
|
|
|
i
|

3
J.

S SRR N

i
t
i
i
o~
1

VENID INIONI UV NOILDIN330 CIZNVANON

1
H
3

-6
~30

1V NOILD3T43q Q3ZIWHRION

igure D

},: 3




|
0,-w) ‘831 3/ 30078

T
¢
a3

-6

YNHON

~0.8

S —

1o

0

G

KM, VERICLE  STATION

§——'g
| 1 o M
i b i
. B T
|
i / i
|
i !
e -*.ﬁ( e S -

090" 831 3W / 39078 Q32 WmWaoN

STATION

xlnl, VEMICLE

Bending Mode Slope Data (t = 40 seconds

Figure D4,

RI

™R
4

300 -

1




oy

=4

IR St T ..KH!'!'H\,)‘VI. T ;l.l\(ﬂ

...... -
. - B Mw
PN ! ! :
> e & - i | m !
<X P o .
, A % i L F
I G. ~ ‘ : , .
Sog e sl S
x & & = : _ m
< ~ < ; i i ] : H
o I L e e T
. } , e | H ; : ~7
-~ o4 " _ | ” :
P
=z
=
— e =
£ E £ <
~ ~ S = =
ol e ~ : £ oo
s Pz
H ' ! =
o o - - 2
¥ 9 ¥ TR o=
- = ~ ) i w
€ 0 ! >
[T i
@ @© hod H m.)
- it P4
2 ; ;
« ) : |
— ;
* = = :
B
,
. i H
1
f
. : |
e I PN
© < o () ] < ©
3 1 ¥
1oquw:l Juibus jo UoiidR e peznibwaoy - IVERIG DHIONT Ly NOYL )T 149n ror :
FIONZ LTI CITINSON

kS

300-TR

4

seconds)

79

Mode Data (t =

¥
3

1

»
i

VEHICIE STATON

e

- 1'ree Bendi

. Froc

[t

Figure D



i doon ] Tl

-

1o

STATION

xim), VEWIC: £

{).w:

"M313IW /38 J3ZITYWNON

i
b

J seconds)

"y
[

t

slope Dara (

N

Bernding Moede

Figuire Dg.

7
[

fr
‘—
<

L]

-1




- DG -

z £ 2 7
2 2 g G
I = =
.
o %
23 2 2
[ 1 el T
S O
- . =
FOE
i
[ '
« &
i i ¥
[CIT ~
£ X ~
g o=z g
v F =} &
< ~ oy o
= e <« ey
. L ‘e
TE X E 0%
€< LY <
TVBAID INIONI iV NOILDTHIC QIZIYWNNON

1o

100

T 80

G0

50

STATICN

x{m), VEHICLE

Mg
20 SEC

100

]
AW 3INIONT S0 NOILDI 30 Q3ZiTvmuoN

1o

20

TATION

x iml, VEHICLE

onds)

sec

120

Maode Data (t

Bending

Y

Free-Fres

Ll
fa

Figure D



D7 -

W) *H313N 73018 QIZIVYWEON

S

o

% STATION

rm), veme s

I

|
i

120 see

xm}, VEHIC, & STATION

2eonds)

120 s¢

b {t

1

”
[&

e 1)

1
)

. }'_s‘enc‘lmg Mode Sloy

“igure Dg

300- TR}

1

4



L8 -

4'\',‘
x{m)

A0

—~% & 5
a a o
oL

5
O S

— 3 T @
~ N«
u u
- & o
£ E 13

TN >~ S~
A o
PR
> R @
I S
o o o

% ¥ X
CL I M
2 @

P sz

T 8
v w u
o o bt
2 = 3

-

@ w

1oquib 3uiBua ;o Ued2) 48 panm

Ly
g

STATPON

VEHICLE

3 seconds)

157

nding Mode Data (1 =

e~-"ree I3

Fre

Figure D9

i
FENC

(

j
< 0w o~ g
’ il L} -,

i w) ..v.cE\ ungm .vww:cE..oZ

30

€0
x(mi, VEHICLE STATION

5C

40

20

“wr

et

=
[®

y3 seconds)

=1

{t

> 10, Bending Mode Slope Doty

Figure



APPENDIX E
SYSTEM PARA METER VALULS (Revision 5)

A Lot TR
¢ et e b e s

1300-TR1



s

Uity

——————

sricn

mise.

;
Hgsen e

o2 o3

AEroftnasnis farem te e

Ar Cdynamic fotee co-

Areg

Angle batween oot
and local vertica!

i
I
i
|
fl Momant of inepizn
|
|

CG location

{ CPiocation

40. v

20, aap

,
PRERERT J NISH

f

!

|

"

Dis:. CA to position (2234

List. CG to forwara rate

i
it | waa | Gimbal location
B0 g’ £ ; Accelerometer locarion '
LENES g B3, 417 ! Position gyro iocation (
NN i Hho by / >Fovwn:-d rate gyro location !:
an ; l Aft rate gyro location '
? , Dist. CG to gimbal
l! } Dist. CGto Cp
EE SI%TL I Dist. CG 10 accel
!
|
|
i
|
i
H

P g
i
ne g borgna g
- i
|
I {oaean i VUL GA
H
: !
ting o [ AR R ]
i i |
. | '
[EESECN T ) i I e so
1 ) v
|
f _i,TRZ ? [N [y ; Ve by
i ]' H i
i ik, 07, P, :
| j |
! © i " TR Foad, i
i { ! |
e froms e |
foo f [ i [T i
{ i i | i
b3 P | oo b ! [ : o o Uieas
! i | i ; I
: ) f G s I [N | , nitiees
i
u. i vy i i (LA T ! Bt
i { i
| " i |
i ; ; {
t I H
1. ! ;
——— e e R S . b ) e,

B e U

Firsi moment of gwivel

Enifine moment of irertia

dynamic moment
Nieiant

Corten! moment costlicien

.|
|

e e s —,—...._.__--—.._-—-—-—.‘._\_I

1ee )
!

Hending moae
r fuot
J wamping faetor
|

]
|
ab !
|
f




e SR B

e e

|
|
|
|

©n .
B S
. P
K ; :
Toor =z 3z

'

e o s

second

d bending

R

Normalized ber
ulopre Bt secor

losh wan

Nurmalize,
defie tion

!

s

SO S

[—

St
o

f
]
i

I S —

|

L

e s o,

———

i
H
i

—— — .W
|

!

s s i

— s m

|

|

|
S




S

i

- }4

sy mnol ren [ o2 (RSN ity !
YA SURT N BRI 1/m
Y;.!(.“J 0, 056 [SUNUES -i nfz -, bl 142 o, g wjope
) ter
YZ,(/\) 0.222 i 1685 noos -4, 100 1/
Yaa) 0,07 0, be 6,510 bRy 0,0 [WAtH
SRUVUUIR SOV NV — —_
Y, Gt) Luo Loon 1o 100 1. 00 Vuttlesr
!
¥ L t L0 i =
7y} Louo Loy ] 1.6 Loy thesa Nosmalized bending H
detlection of gimbal
Y, 06 Lo 1o 100 1O 1, 00 Unitleuns
Y Loy 1, w0 Lo 1 G 1,00 Unitiess
4
7y 0,047 0, 0% 0. ek 005 [RIRY 1/m
vl 0, 064 1. UG ., bod )uTE ), 062 ! .
X v62 0. 06 0,07 0. 062 1/ Novmalized bending
slope at gimbal
HRGY ] (O oonra TR IS o, 127 1/
ot Lot [T (I o172 b
BT ot S0 ot Vin
¥y : P P R s . 3
e L P o1z R R iz nd bendurg slope
LN Zviv
LA NS Hoian —u, 120 e u.Gon i
il A ) b -, 240 Vm
Y‘l(RGF} RN £ 1) -1, 148 20150 AT 7' 1/m
Y:",(RGH TR G104 i 1 4, 166 LAY 1/m Norrmelized hending
slope at forward rate
Y3{RCGF) -t LR REURS ho1pn TRIEE] 0, 601 tim gro
RGF} -, 407 =209 -2, 95 -243 -0, 247 m
Y3(RGA) . 030 0. ub0 0, 04 0,08 0. 039 1/m
YL {RGA v, 088 0, 968 o, 089 0,07 ). 062 .
3 ) e 0. ¢ 1fm Normalized bending
slope at aft rate gvro
Y {RGA) . 060 [ORIPH] 4, DHO 0, 680 v, Hia 1/m
\';(RG!\) GRS SIH 0, 141 i Lt 9,ta a.tad U/
m_./m 8,640 R RETENY A PRSI R D oo
L LB2 G fr G pon GG 00 Slash mass to veonicle
ratio
oA "R oL I I Unitless
%1 tiiun [EDRXE! 5. horag m
<2 ST ZE ALK PRI AT m Slesh mars locaticns
o3 ] Vone | 1N PR 47800 m
i weed EEN nothe tENRESY m
| Y] Gt 14 24,44 Disiance, CG to siosh
H 1' ° : : s " TNASSN A
) H
i Tt | Tk U S A -2 s n
H H
- SRS SO oo -
5. i I, I8
) et e i ) Siosh m
" i [ i damping ¢
T e 64 [ERUIRG (IS (S
) 146 o iH i oot Cpr
o e - L Slosh
€2 EY [DEa] 0Ly (I Cps frequency
fs V10 o, 87 ad 5 e cus
Yot 2 w4l 2T Gouan rad s iy
w, i PR R 2. Tad o Pon
3 H L i
. H
Wy | g 2.13 2,70 SR va e yom

—




st

APPENDIN I
MOTION AND CONTROL EQUATIONS MATRIX AND COEFFICIENTS

[

TN "¢R1
DU ISR o 81




< -~

- okt

N )
s o
e s -

e —— .q.ml,h.w.«“wIA! ﬂ

!
H
|
R
|

nbs)

Revisio

Equations (

1
ol

Contr

i

tion anc

Mo

Matrix of




|
Coefficient Derinition t oy a f FRL A 14 e g t o= iy Tox e ia
|
.
= :
Ay, Y, (s} 0. 500 0.615 0. 680 0. 790
A g—'llY'(s N 2, 6127 0. 8047 1. 0026 1, 630 :
R 13 m 11 &8 - . .63 1,
e A ¥ ytsg) ~0, 220 -0 140 o w322
A EX (v itsi 0. 4288 0. 88 0, 8564 1. 632 Lr234
14 ™ ‘8 u H Y. Had o, 85 a3 i dET
A Y () -0, 650 -G.210 0. 890 - 0,830 -0, 38
s
F=¥ .o, an - . . \ e
As “m [Yileg) 0.0735 0.07737 02715 0. 4563 o008
. Ay TURGK) -0, 130 -0, 348 -0, 150 -0. 138 -6 670
L A Y{(RGA) 0. 450 0. 450 0. 048 2. 050
. A 1yp) TN 0 148 -0. 150 -0.138 -0t
Ay Y (el 6,370 1, 400 0, 530 0, 660 a7
i Ay FT;A tyyis, onuan 1oRy 1 4621 2.575 2 aver
A3 Yz(sz) -4, & RO A RUAE YA ~0. 470
A EXive ] “h, 2941 0. 253 0, 5848 1. 695 2. 0430
24 m 272
-
Age Yolag) 0, 500 0. 300 0, 130 -0, 260
~¥
Ay “F‘.Tf 1Y (e g0 -0, Y8n2 S o -1, 2532 <1728 :
” Ay Y3 (RGE) e 0. 154 020 0. 168 BN i
AZa T 3(RGA) 0, 084 0. ¢BE 0.078 6. 82 ’
Ang Yalp) 0176 0,304 0. 120 0. 168 RARES]
2
Vevw Ayy Yals,) 270 LARTHY 9. 480 0. 590 0,370
i
Aoy e LYyte ) b1ty i i 382 LT 12T 3. 021
fag T4(n,) -0 290 -0, 600 ~U. 580 -0, 680 -1, 109
| T
Ay o egta -1t ) 0. 615 -0, 2089 0. 830 34073 !
! H
Ay Y405, 1 400 ! s 130 0. 480 :
) A E 1Y.(s.}} [RRRE RO ATy 3 -f. 5157 ;
had 28 m 37 SR ~1.369 H
Ay 73 (RGF) -G 118 -0 150 <0, 120 -1, 015 0. 508
A ™ ‘{é(R!;A) 0,084 0.4079 6. 080 €, 020 o, 1o
e 4\39 Y‘B(p) -1 V18 =0, 158 ELRE V1Y) -0, 015 2,800
LY Tlspd -0, 0 ' SR g, 500 0 500 0, i
cay ;
A, !;"1..- 1Yyt 0 1, 4740 ‘ [IREF 42076 3. 2595 7.
‘ A‘a "'6("2) 4. 404 ! 4, 40 O, 500 « 1. 00 ~J. B
LI SRV ; ! Wi 162} i 3. 1144
,1\“ “ar |y‘(u2,l SRR KA l EARUE) i h62] -4 8778 30124
i
s Aes T ylay) a, 160 5 L 500 2 60p L 400 e, ien
¢ X v Loses | i o5 8. i54e 5. 149 SHRE
S48 m 418y’ e J s ' C
Aar VA RGF) ROy ; %650 -2, 050 .2, 480 PR
. Ay «,RGA) 2110 i o, 1o 100 0. 100 IS i
i }
Aap Yile) L. 407 ’ -1 666 =3, 450 -2 480 B
+
! !
[ 1. P o RN :

-TEH1




- F3 -

Coefficient Definition , t o« 9 t = 40 t o= T t = 120 *a JROSE
[ J 1
Agy Y, (A} -0, 39 -0, 51 -~ 0,86 - 071 <D 5%
F oy F-Y
Agy W™ YA - S5 1yyay 1. 087 14219 3. 008 3.7118 1 B&3
, A F vy .
[ 55 w s 0. 5514 0. 7674 1. 0596 1,636 1. 3387
Fieq -
Agg -r——l n'lﬂi)] o |'x'1(3)] €, G083 0, 01587 i, 01848 0. 0382 0. 64102
XX XX
A Yi63) . 045 0050 0. 048 6. 080 2.087
57 1
v
Ag; Y (8 161 L. 300 120 1. 090 2,983
B . F ' F-x ., N . 3
Agy = Y - 2= vian 1. 486 L 8Y30 2.7108 5.6807 252
—v Ags £ ivyen o 7 0. 764 14128 2. 356 25414
Fog .
b Age T LU 11 (Y, (83 0, 02704 0, 02075 0. 04125 008125 2 11839
b XX XA -
- Agqy Y4(8) 0. 06% 0, 062 9. 084 0.072 0. 063
! 2
|
i Agy P EY) -0, 18 “0, 100 - 010 0.270 2,40
L Eopviem S B2 iya -1.85 -2, 254w - 18344 0.8263 9. 54
3 m 3 m 3
L f_n Y y@n 0. 84278 1. 1496 1. 8335 2,782 5. 2059
Fleg F
Aqg -I—Aé {Y&(,j)] S 1Y, 0, 02730 0, 04274 Q. 05547 0. 10675 0.31336
AX XX '
Yoo Agq Y4(A) 0. 072 0,073 . 074 0. 085 0. 127
Agy Y (A} ~1. 63 -t 100 -10.6 - 7.480 D43
; Agy % yysn -%ﬁ;v"m)] 0. 285 -6, 1627 -14.710 -17. 2818 3. 28
A8S %’n Y580 1. 2258 18748 2. 2074 3.373 7. 0504
{ A Fleg 16N -2 1y oy 0. 08724 £, 07464 0. 08246 013615 Q. 43303
. 88 XX 4 l‘(\ ¥
o Agr Yy8) | 6. 10y 0. 1gu 0. 100 0. 100 8. 7
o, - - Jr—
B, »i‘_\ . n4p [GEYE] 0. 087 0. 0528 ¢, 2087
- Bz 0. 062 4. 0903 0. 106 0, 0943 ¢ 038
L 0. 040 ¢. U508 0. 0618 0. 0930 0. 148
- ; 8, 0. D02194 0.31026 x 1072 0.003375 0.2735 x 10”3 0. 300590
I
i LIRS o, 00108 0. 2448 » 103 0. 003157 0.3084 x 10°2 0. 000813
!
‘ 13 2.94% ¢. 67331 0. 07623 0, 0589 0. 02871
i
i Ple ERGETIN 0, 09542 . 11246 0, 1217 0. 047438
Byg 6. 03150 ©. 0780 008823 0. 0562 0. (0857
‘!16 4. 04219 0, 1648 0. 24337 0, %087 (RIS 21
- msl
e o2 0o0tiny 0.01943 0. 0zany 0.07578 0 20782
3
B e TSI USRI R e e e et b SR PN PSP SE bt e e

1300-TR:




: 1 1 1
i Coefficient Definition tos oo i | A f =y 129 f 1 38 |
.. 2 { ;
M M1 i -fr ‘ ) i
Big W, ’ 0 0%ans i 0. 06637 } 0 195k 0, 3892 i [ONSEE
< i 1
' mal ’
By Yyls)) -C. 00292 0. 1933 x 10°2 000162 0.1672x 1072 [
e 4 l
: j
B ! >
20 | 0. tdzay 0.61534 Q. 00748 0. 01080 | 0 2831
, I '
82 f P
o, By Tx_;: [ ' -0, 0004673 0. 8766 4 1073 0. 00153494 0.2278 x 1078 | o
[{¢] . .
82 (F-x| . -
522 T {-—"f . 002457 0.365 x 1072 0 0N04usi 0.5613 x 10"3 FUNE RS2
xx !
Moz
B” " Y (s, -0, 054 -0, 04334 | -0, 02484 o 0.0
H
By 0. 06208 0. 1163 Y1104 0. 2044
o m
B --2 Yotng) ORI AN -0, 1174 -0 12477 -0, 0638
o !
B 22 . . H
26 ” -0, 04691 0, 06304 915400 0, 2466 i !
e | Zea
By ! M; Yala,) -0. 01986 - 0, 04593 -1 06644 - 0. 155¢ -2
i
B g 22 Yids,) 0. 08340 0 2058 0, 2
28 M, [Tmo] Tie -0, 0834 - 0, 0474 -0 02056 0, 2018 -0.02418
’ l)ls2 ' 2
Bya ™, Yyley) ! 0. 06038 - 0.6218 x 10~ - (00254 - 0.5972x 1072 -0, 14983
) m .
H s2 [F-yi } -
BSO ‘MZ ll—”;»] \;(s_z) ~h 22150 -0, -0 U074 L = 0.5839 x 10 2 0857 e
R
m q l
s 83 | 0 aG2ang 254 x i0-2 0. 302328 ; -2 27
31 Ixx 33 ‘ - 23049 ~ 0,254 x i0 =0.30232 ~ 0.2118 x 10 -0. 200827
By, ’ U067 0. 2171 x 1072 002612 0. 5525 x 1072 0. 01022
H33 i 1 oB25e ( - 0.0es82 0. e9zT - 0.1081 -0 18724
i
. Bay CouELE E 0. 417k x jp72 0 02804 0. 080 0. 234
. |
]
Bac 0 05144 ‘ [ONIEHET 0. 01446 - 0.03731 -0. 08353
|
ot | |
Pog i <6, 1009p i~ b.orian -0, 10249 - 0.2489 -0.22418
¢
| e :
By, | 'T; ¥ (s,) 0. 06217 ORI e 0. 06485 @, 1085 0. 62136
i
!
in 3
A 83 F-x ,
Fig WM T YAl -0, 031304 : <0064 - 0.3005 0, 48045
H
m § {
B Y, (o) ] . onas 1 . . 5 o111
15 m aley GO0 I’ 0. 91218 LOwITY 0. 111y 0. ¢2u52
- {
R Ma3 l
a0 W, i 0. p4709 -1 2Tand
e e e e —— — S
N 0. 080
s P ~ 0 U806
1 lxx F
. i
<, ! {188y T !
I ‘ ! '




i

5
Teefficient Detfwition [ Ceoqn T s 220 t s i< a8
Cy ke 0 L, 561 6 7670 1848 0. 2885
R
Cq J M 9. H067 2. 598 i7. 8589 36, 183 32, 7828
St 41
Dl T -—5%’(‘~— £ 0. 0015644 C. 4132 x m‘a 0. 0018306 Q.6093 » 10"‘ C. 0045887
AN
F-x (Sej -3 . .3
D, =X I‘I——:, . 000638 0.2002 x 10 0. 0012072 0.5532 x 10 & S04l
XX
H
Sg¥10) + 1% ) !
D, ———g 0. 043236 9, 01188 0 015284 0. 01622 0221252
1
R .
D, R 232181 26. 31 29. 5633 37,04 111. 8780
1
Dy 0 049312 0. 11568 0 076304 0. 01758 0. 057052
2
g R ¥, ) 25 2416 33,520 43 8701 40,39 26. 8569
2
D, 0. 021772 RS TITI 0 029264 0. 02862 0 041218
R
Ny Mo Y8 108889 Lo, 578 16, 3996 83, 84 16, 8613
3 Y2
SEYglB) + 1, yis) .3 -3
Ny ._.l__.-.q‘_.:.-“... 0. 051024 0. 1123 ¢ 10 001608 0.773 x 10 0. 175348
My
Dy {‘,—' ¥ ,(8) 238271 2, 7 TR 1,888 84. 4601
"
| ,
Sg -2 -2
,-',)“ 7\71:_ 0, 016 G, 4042 x 30 0. 0258 0.9204 x 10 0. 05818
v, 0, 17, 802 1,612 12,320 28.384 39. 428
¥, N - 23122 291 5.437 13, 328 24 543
2 52 :
S tyy ! 18405 18, 107 .18, 846 -12. 473 -3.513
£y ; Ex ! 12 257 15,475 20, 887 32.595 0. 979
{' iy ’ ~14.6 =3:h 804 92,9 -28, 87 -18,713
; |
{ 3 ~an 1
v, | l ” 0. 6372 x 502 u. 001970 0.7493 x 107 | o oposse
—- —
; u, [ 25,0, i L0262 0. 6521 . 05486 0, 05724 0. 68372
]
| N f 2w, | 0. 11980 6. 1287 5 1300 0. 14745 0. 15683
“ i
i " |20, ). 16127 0. 1813 0. 18284 0.2108 0.29336
! !
iy b, o 2051 . w082 0. 06893 0. 3073 0.38943
i
i s LT 0. 200 vt bLaued 0. 3780 0. 4300
|
g ; 20, [T 0o, [IRE R 0. 3840 0. 4440
«, , [ SRV 0. 2562 worang 0, 1244 0. 3082 6. 5200
Gy i 1,’:.;1 e.51326 x 1073 O 09u1328 0.31329 x 10°9 0. 000312058
Gy | . « 06003H 11 [ TIPS TR 4 00002817 0. 3817 x 20~¢
!
‘e ! 1/“;;‘.; 0. GuonsL 7 42510 ¢ 1074 ¢ 00002817 0.2617 ¢ 10°% 0. ooenzaty
5

)




)t

3

nons

Coefficinnt

T
; !
C“ 2,’::. | 3
2 J u ’ 0005298 0.5283 ¢ 1073 0 Meeion
G, 2¢,./u H b .
12 Bk i ¢ w?
LR ORUIRL Goareg x L
13 i 6
E i 0068 0. 068 2 068 § 0. 068 o s
i 2 f T o
1 Vowy 0H 4018 P
| SR EARLEE 20 8116 Poosnarse PR
i | w2 | i ;
. 1 RSV 152,34
i e B 168 DOGo {217,415 245 5
4 1w ! [
3 Wo o mp s e K |
{ 2 ) G278, 580 KPS ‘ ERERRIIT l 23565 860 8ras
i w? ) | ,
4 4 | i d3as ERY AT | a8y 0o Va4, 13 I
. | | 2 .33
H, w i !
5 1 | tases 5w 7 1e89 9. 910 i
| ¢ g !
1y i 2 I [ ! ;
& H 42 3. 0635 IS | g I e 268 !
| i tth o i 1 833
. t
i ot | | i
7 &3 1ok ORI { o 1oBey !
j | Sl 13,632 18 638
H |
8 Wale S oAt 0. e iTTE
AT W77 0024 0, 024778 Gon2amra
H, 2. ./ 4 ‘
g Lo @ WGnTa " S
RG/ “ne: LGnTag | [ERVAEE B Y ZESt ' 0.7441 x 1072 0 00714
607240
H 20, 1
10 fRG/ ¥ RG 0. ouT43 ] G, 4 -2
: i fo0ouTes L2l x 10 G g -
| ORI 0007431 0.7431 x 1072 | 4 goany
|
i
|
| |
’ ]
i
|
| l
| |
{
i
i 1
} |
|
|
i
i
i
' :
— ’ H
— . | i










ANALOG SIMULATION - LIMITER SETTINGS

Limited

vy T30

/\‘u“bu_u er

10

Limit, Volts

Lo

v(_;‘;

2 ..
700°/sec”, B
10°/sec, ;3

75 m/sec, VW




- G2 -~
INTERCONNECTS

TP 25 -'z'cg
-Zg @—@ TPS
"Zs2 .

10774 @.w@
~207m, @05 TPis
» 107, €809
. 0, Zs3

7, GB—(B) TP35 ;
%@
-1007,, (5 O_‘Tpogs_ -Zg, @—@ TP20

TPIJ‘f%G “%‘“) ¢G>

TP60 —%

(- soars #i5
() Boarn *3

1300-TR!




e

57309

-10n,

S 73hge

_ @, {10

afshibi SR
o - G3 -

N

~

- =P e L e
G !'U
Crvsiny :

)
L=

- 1
r()w e
i

@Q ol

0.5
-100n

iGn

[
B -
' Feeis 10 I
ey |
! N |
IL!‘MT.‘_ R I T F .
/ Gy TR B
L 0 e s
P i
| b |
G [ !
" [ F i Yw
HIPOE 5 o

0t

73A33

: -___3_.h~..__ 1.0

01432444

E-‘;
353 rEq
P #eo| 573,

4 )——- 40

1300-TR:



é OGO 7 8

o /i:)

73710

A\‘5"'/10

Ve nasr,

_ Be

)

o

(e}

= «H)r;i

BN E TN AR
(;’f\‘\ @l [;‘;:\> 'Uq
/ -

Board 3

02

1300-TR{




¢ pJeog
HIONTE QUVOBCYIHE Hiim
AIND 38N OR H3HGWY  * %

Q3ISN S ONVOBOVINE

N ~. O~ —\
‘o_%, 5> g OHS
o2 e u_tVJllx N3HM mw SIWODF ¥

e ———

-

§ 2

b -

)
J

il H 3

: EDY .
<o \wh,, e s P N}um \.pL A **. N
0y B o<r tge 1O (g Fol0 el g oy
~NGh o~ N N - NT ONT N O~

* u oo |
| i by

i
. | { e i o
; NP 000503 #Ey
i | ALE
|
A ~~ A N
: g% ppr
: 2 O oQoeh=" N1 oi
i hro) e N
' oo 2
m
i A
rl.il..:llﬂ:u - ‘“ngl.r:l ISt [e3] *.]I«,dm\w o2 Jeve
~ auc W.B 820 N ey
BOWON 8410 @k - g .
. ot ——a . Siy ONYOR
o Ly &5y SO
| VeSO
1 g

2
Ee

s

300-7



_E

I i0.057 %)

3

R —

- 20
<3y
. Gs,
4 571
“Csi °

- GE

~ 775‘ 10 1"5i 10 'I-Sl
WO S ey e R —— :
Jd/, r 1 ’[@ r

1308-TRL



Gy -
10k
-b 57
cs {E’VUL Qi
A N
b E2/573
c6 @ 1o
[ Ea )
$ca \573 o
. ~A3
4
:,') A|5
0
-107, Aiazio
& e
3 Azy 0
2 -~
E— 1o
“Aag ..
24,
207 /e
___2.“@ e O
A
?0772 2%{\,?
: 05
&
" -A
33/10 .
1 10 732 Zs2 -2
3 @) [>N7s2 10 o252 10 s2__
34/!0 T ]
107 /i
3 @ 10 26 )
Asggoie A Zs2
100'73 34-,\1\) 3 >‘I‘
611\ [OX]
Y '
7 Aqs (6)
3 A45/‘IO
——d ~‘@ 410
A P
’0774 44/lO
— Qi1 1.0
-I0C% Raass
AR — n}“““‘*" 01

Board 15

frum
(V]
L9
e
pevl
od



B
0167 3)

o) ol

e _,w,,@___.-__ 1O

200?

Aog 20

-173

G- 1O

<

A35/10

O AT 4 ) ] {e]

M3

1033

ettt (5-7°) satiteiaitt 10

5

e 2 S (oY

'253 2S?) -Z
) A 35 B —1‘;>-mw. - 19{%“”"““‘;94%& 83_1
N -
..,.___._‘,_._____.-,@.-_.._ w—d 1.0} ]

“Az6/10 @ “

Aas/i0
—t —@ e 1O

Aae /10

“Ra6/10

Mégg 1.0

»..[_Sgard 15_

S

1300-TR1



,'Z'SI 1083

Bia

-2
>
——i 1.0
= -10B73
Zs2 — o
5 10823
S2 m 01

2y
Boa

252 _6y)
=82 —i0
253 % !Oy[?\p\ ’7, 10 E)‘ ™ |qz/}\"fo’7. o3 107,

&

l/‘"
7 Bza
53 f) LO 03)

B 200Dz/573

9 @9 0.05

Da/573 0

! . (J‘ |

|9 }f) i

i l, :;/ h

HE

L o ’}0 N

Board 3

1300-TR1

h —



108;5
-Zg) @ 0.l
Bie
f&.@__.__,g
. -Bos
Zs2 B A
7 -10B2g
6o
— o1
B2s
“Zs2
1.0
&
Gy 10B3s
-i0Bzs .
*253 e~ 01 [SS\_-72
07
oY e
-Bag
z
1O
B 10005575
IO
Ol
®
5 Dey57.3
Fo) IC
2/400
] 20
G
104, @2 o

th_oAaz‘d j 5]

S

(WX

[s3

]

isal wil
- R
i -



- G111 -

;
; ~108 =g 4
s2 : ,
........... G- ol
€37 .
-Zg - ORI N toT‘\\)”’)”s 10
———ee ‘-—18 ,if/y.h ‘AV-L"'/, ‘I e}

e f =1 (; i
fi 2':6’. 77 72 g
oA 08
N
Dg/s72.0
B &y— o

H
10074

3/1000

Gz
-10%
360

S
t
|
! S

Do 16



- (il oL

&
oY
=i o
; o
.]l S—
!
HE
T O
)
[
by
oy
= )

00-TR:

o

" Yo



(s} U.H.mom
W 6100 HWwomo.o
2z 22
o 1
| RGL00 0 | b~ ‘
1 |
e
) "
M T "
| BvI00 % 2880008
S
| ! |
W \\)/ Mj__ h \ jmmm _TM.IJ .
Ly ol \ _ M A
———< ¢ AAA Ay - 2 |t e \ﬂ TS e
//\vl 880 //\a’ < 280 ARG <)
= i /LJ 6¢1 S
26013 T
8£0°0 " ._
LA
l .I..:.Il. L T !
= O m~m¢8.° nﬂ.o :
AN )\(.(.
4811 $gv

300-TR!

)
(e

i



APPENDIX H
ANALOG SIMULATION POTENTIOMI TER SETTINGS
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X, = 64,0 XRGA ). 0 XI{(%P 85.3 Ky o= 0.9 KA I
Pot Quantity Normsinal ot Quantity Nominal
P00 KR/10 .26 Q20 5.73A87 0.5730

- 0. 06007 % - st ot
Po1 C2/10 0. 0358 Q21 5, 73A57 0.2579
Po2 5.73A56 0,0477 Q22 5,73A867 0.3810
P03 5.73A66 0,1584 Q23 5, T3A77 0.4126
P04 2.865A76 0, 1069 Q24 5.73A87 0.5730
P05 0.5737A86 0. 0386 Q30 A81/10 0. 0540
PO6 57.31311 0.1314 Q31 -A81 0
P07 57, 31312 0.0014 32 A82/20 0. 0245
P08 -573121 0, 26777 Q33 5.73A38 0.4584
P09 57, 31321 | 0 334 0.573A48 0.0630
Q00 F57. 31322 VR A i’15 ADBS5/10 0. 0552
Q01 -57, 31331 0. 1374 P16 A65/10 0.0772
»Q02 57,3132 0. 0015 iy AT5/10 0.0883
Q03 100D1 0, 1564 18 A85/10 0.1226
Q04 10nH b0, 0061 P19 1060D11/573 0. 0279
Q05 i ) P25 314 0. 0580
Q06 E4/567.3 0.2138 1226 -101323 0. 05431
Q07 537,311 0 P27 10323 0 :
Q08 -Cl/10 0 P28 R24 0. 0630
Q09 114, 6101 0 P29 -1B33 0.0625
P10 -0.573A19 0. 0502 35 -0.573A17 0. 0802
P11 2, 86HA29 0, 4871 1236 0.573A18 0.0237
P12 -2, 8G5A 34 0, 3550 1237 5.73A28 0. 3954
P13 0, 573239 0 138 5.73KA 0
P14 -0. 14327044 0.0583 1730 w i22/10, 000 0.1887
P20 DY RV U, 6030 Q5 5.73A57 0.2570
P21 15 /57.3 0 Q16 5, 73A67 0.3610
P22 ~ALL/LO 0. 0390 Q17 5, 7T3A77 0.4126
P23 AB2/10 0. 1067 Q1Y Ki 0. 020
P24 SATR/ 10 0. 1550 Q19 ender 0.80
P30 AGT/L0 0.1610 Q25 B34 0.0070
P31 A62/10 0. 1186 Q26 200D3/57.3 0. 1509
P32 ATHALO ¢ Q27 D4/573 0. 0405
33 ~AT 0, 1200 Q238 H1/100 0, 2539
P34 ATZ/10 0 Q29 Gl 27
Q10 C3HT.3 0 (35 dal10 28
Q1 C4/57.3 0.1.11 (36 KPP/ 10 0, 0800
Q12 101 | 0, 3000 W37 2e w10 0.9036
Q13 130 | 0.0520 (338 Wl /2000¢E 0.2088
Q14 133 0. (00 (39 101313 0.4735
"Breadboard Plende s
' Simulated Mlender
Poard 3, t = 0 Seconds
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64.0 YA . 0 NhaE 85.3 Kp = 0.4 Koo 0
|
Pot Ruanitity i Pot i Quantity Nominal
f _..~.._.,__T,, COIL IS I F:T"‘ ey f' SIS N g
100 Ad2/10 0. 14750 Q22 101335 0.3148
POl As210 0. 1127 (23 ~A35 0
1oz 10 U, 2000 W24 -A46/10 0
1703 AZ2[10 0. 0695 W30 -A43/10 0
1204 A3 0, 2700 Q21 /20 0.2281
£205 -1325 0.0782 W32 -\24/2 0.1470
o6 SRR 0. 0u21 QR3II 257, 3 0
1’07 S1836 0. 1000 (ORE! Add/10 0. 1400
08 10135 { 115 DG/57.3 0.44035
P09 H2f400 1’6 108317 0,1:189
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Q01 All 0. H000 Py 1337 0. 0622
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Q03 A21 0. 3700 P25 G3 0.1813
Q04 A4l 0 P2 1320 0.1429
Q05 1326 0 Pt 1330 0.2215
Qo6 10815 0,550 1223 10130 0
QO7 1082, Q. 4093 1220 10539 ¢, 0972
Q08 100D /57, 3 0. 0l 235 Alb 0.0735
Q09 2 pooDL 1oy 1736 N7/20 0.2281
P10 17573 i0,0507 737 1340 0.1250
P11 A41/50 0 1238 2, 8651827 0,4871
P12 AZ4[10 ¢ b ~2, 865 0. 3380
P13 A3 0, 4000 @5 20007/57. 3 0.0760
P14 ALd/10 P 0.0429 Q16 -7 0.0199
P20 ALh L0, h000 QL7 -10128 0.8350
P2y ~153 0573 Poo0, 002 Qe ~1338 0. 0239
P22 AdS/10 U, 000 Q1o PY/573 0. 0190
P23 -A20/20 60190 (AN H3/ 1000 0. 3286
P24 SABB/10 Eoo,ou3y €321 ~-110/10 0
130 Gu/1o 0,052 (327 200D9/57, 3 0.1781
P31 -A25/10 0,100 QY DIO/a73 0.0418
P32 -A33/10 Eo0LG240 Q29 H4/2000 0,4362
P33 S10R2/57.3 ] 004085 (35 Ad6/10 0.1287
P34 -3 C0.3700 Q346 ' G7/10 0,0252"
Q10 G5/10 |0, 0252 Qs G 0. 2954
Qi1 AB4[10 ; U Qua 0.57T3A37
Q12 -Ad4/10 p0.1470 Q3H -0, 1432447 0.
Q13 -AB4/10 o0, 240 ERRVERE Q.
Q14 A3 0 IRRE| Lo319
Q29 -A25 i 0N P42 101320 .
Q21 SRS RV RHHH 1213 -101329
v 0. utn)
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)(A = 64,0 }‘R,G;\ a0 1\1*‘(‘}” 55,3 hyy = 0.9 Ba 7 0.05
Pot f\)u'm ity { Nomird [ ot JI Quantity l Nominaz]
:'_'.';’.::""“"""—:‘:_,_:T' LT Toim e P _i, e et T v ..‘.:::_:”' ’:::'::::::““'.'*::‘::::.‘,:‘;-h.l_\v—‘:
- P00 KR 1 0 ooyt Q20 | 5. 73A87 0.5730
Po1 (:?,/10 0. 0945 Q21 5,73A57 0. 2865
roz 5.73A56 0. 0892 Q22 5.73A67 0.3553
: PQ3 5.73A60 I 0,1705 (23 ] 5.73A77 0.4183
. P04 2. 865A76 0.1225 W24 5.73A87 0.5730
P05 0.573A86 0, 0428 W30 A81/10 0.1800
P06 57,3811 0.177¢ W31 -A81 0
Po7 57.38B12 0.1403 32 AB‘.«‘/BO 0.1251
— P08 -573B4 0 Q33 5.73A38 0.4527
P09 57.3B21 0, 0388 234 | 0.573A48 0.0573
Q00 57,31B322 0. 2206 s AB5/10 0.0787
o Q01 -57. 3831 0. 1455 116 AG5/10 0. 0976
. Qo2 57. 3132 0.1244 117 ATH/10 0.1150
- Q03 100D1 0, 1653 P18 A85/10 L1375
Q04 1002 0, 0054 1’19 100D11/57, 3 0, 0345
. QO05 0. 0040 Pan 1314 0. 0959
; Q06 24/57.3 0. 2701 g -101323 0.4134
i Q07 57.3F1 0.3651 127 101323 0
Q08 ~C1/10 0. 0063 1’28 B24 0.1163
Q09 114, 6F1 | 0.7302 P29 -B33 0.0856
~ P10 -0.573A19 0. 0848 135 -0.573A17 0. 08480
e P11 2.865A29 i 0.4412 P36 0.573A18 0. 02865
P12 -2.865A39 | 0.4441 1237 5.73A28 0,3782
P13 0.573A29 | 0 138 5. 73KA 0. 2865
P14 -0.1432449 ‘ 0.293¢ 1239 wE2/10, 000 0.1887
e P20 ~E5/57,3 0.5990 W15 5,73A57 0. 2865
P21 15/57.3 ! 0 Q16 ! 5.73A67 0.3553
P22 -A51/10 0. 0520 Q17 f 5.73A77 0.4183
P23 A52/10 0.1408 (NE: i 0. 020
e P24 ~AT72/10 0. 2245 W19 Blender 0.800 h
Balunce
P30 A61/10 0. 1300 (25 1334 0. 0082
P31 A62/10 i 0.1862 026 200D3/57.3 71661
P32 AT1/10 l 0 Q27 D4/573 70,0457
e P33 ~AT1 I 0.1000 QU8 /100 0,2789 -
P34 A72/10 0 Q25 Gi1 0.05210
i Q10 C3/57.3 0.0272 Q35 $C/10 0.1628
{ Ql} (4/" 3 0.21499 Q36 KP/10 * 0. 090
- Q12 10§31 0.5750 Y37 2erui/10 0. 9036
Q13 132 0. 0903 (238 wk /2000e 0.2089 . :
Ql4 B3 0. 0508 39 | 101313 0.7331 ?
1 . ;
"‘Breadboard blender
C “Simulated blende
|
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Pot l Quaum. Nowinal l' Quantlty { Nominal

e e """“‘“ - o - iyl f.':.‘f_‘;:l v I RSO Sothd et oy [ e -‘—\ — ——
P00 I Ad42/10 0. 1548 Q22 10B35 0.4044
P01 A32/10 0.1362 Q23 -A35 0
P02 -10A41 0 Q24 -A46/10 0
PO3 A22/10 i 0.1083 Q30 -A43/10 0. 0400
Po4 A3l . 0.4000 Q31 H6/20 0,2953
P05 ] ~B~J | 0.1174 Q32 -A24/2 ' 0
Pos B1 | 0.1645 Q33 £2/57,3 0.0474
PO7 -mo ! 0. 1481 Q34 A35/10 0.1430
Po8 -10B35 0 P15 D6/57. 3 0,5834
P09 H2/400 i 0.3822 P16 10817 0.1943
QOO0 H5/20 ' 0, 2053 P17 318 0. 0662
Q01 All L0.6150 P18 1337 0.0616
Q02 Al2/10 [ 0.0805 1o - 10837 0
Q03 A2] [ 0.5000 P25 33 0.1813
Q04 A4l 0. 2000 P26 1320 0.0153
Q05 126 0. 0610 P27 -1330 0.0338
Qo6 10131+ 0. 7600 P2g 101330 0
Q07 101326 0 P29y 10839 0.1318
Q03 10004 /57,3 0. 1095 P35 AlG 0.0774
Q09 G2 0. 1237 P36 H7/20 0. 2053
Plo 1°1/573 0.0342 P37 1340 0.027
P11 Ad4/10 f 0 P38 2.865A27 0,4412
P12 A24/10 | 0.0263 P39 -2,865A37 0.41441
P13 ! A43 ! 0 Q15 200D7/57.3 0.0719
P14 Al4/10 I 0,0610 QI6 -1327 0. 0459
P20 A25 | 0.3000 Q17 -101328 0.4740
P21 ~123/573 | 0.031¢ Q18 -B33 0.0233
P22 A45/10 | 0.1500 Q10 D8/573 0.0186
P23 -A26/20 0. 0550 25 H3/1000 0.3287
P24 -A36/10 j 0. 0542 Q26 -B40/10 0
P30 G610 | 0.0288" Q27 200D9/57, 3 0. 0039
P3] -A23/190 i 0.04090 Q28 D10/573 0.0038
P32 -A33/10 1 0. 0600 Q20 H4/2000 0.4688
P33 ~10E2/57.3 0 Q35 f A46/10 0.3095
P34 -A13 0,2200 Q36 G7/10 {  0,0288%
QIlo0 G5/10 / 0. 0288" Q37 G4 0.3062
Q11 A34/10 ! 0 Q38 0.573A37 0
Q12 ~A44/10 | 0.2167 Q39 -0,1432A47 | 0.2935
Q13 ~A34/10 J 0. 0610 P40 ~-10B19 0
Ql4 Al3 0 P4 10119 0.0198
Q20 -A25 L P42 10829 0
Q21 -A15 R RTT P43 | -10B29 0.0625
| . i
"f;g 0.04L0
Board 15, { = 40 Seconds
1300-TR1




T ST ey e

- H5

a7 640 Npo.o= 500 ke o833 Rp = 0.9
Pot | @Quantity I ot T Quantity

:“-———-\:1:::;;:?. ‘«*:*L ° = n?:-T:::;‘L::::’::?:‘:“—“‘

i

P00 KR/100 l[ 8_‘ oon Q20 5.73A87
Pn1 C2/10 0.1138 Q21 5.73A57
P02 5.73A56 , 0. 1059 Q22 5.73A67
P03 5.73A66 0. 23064 Q23 5.73A77
P04 2. 865076 0. 1589 Qe 5, T3\87
Po5 0.573A8% 0. 01390 Q30 AB1/10
Pos 57,3111 0. 1034 Q1 ] -A81
PO7 57,3112 0. 1809 Q32 A82/20
PO8 ~B73. 1321 0 Q33 5, 73438
P09y 57,3132 0. 0842 Q34 0.573A48
Q00 57,3112 0. 2836 115 A%5/10
Q01 57,3131 0.1433 L1 AB5/10
Q02 57.31332 0. 1668 Py AT5/10
Qo3 1000 [ 0,183 P18 A85/10
Q04 1002 [ 0.0 P19 100D11/57. 3
Q05 0. 0040 P25 314
Q06 ¥4/57.3 ! 0. 3645 126 -10R23
Q07 57. 311 [0 11sg P27 | oy
Q0% ~C1/10 EEOIL P2g Bq
Q09 114,611 ) 0. 2208 P29 l -1333
P10 ~0.573A19 0. 0860 P35 ! ~0.573A17
P11 2.86A29 / 0.35438 P36 | 0.573A18
P12 -2, 865A39 0.3438 - P37 5.73428
P13 0.573A39 | 0 P 3¢ 5. 73KA
P14 -0. 1432449 | g 400 39 w¥2/10, 000
P20 SES/57.3 | 0.5740 Q15 5.73A57
P21 E5/57.3 ! 0 Q16 5.73A67
P22 -A51/10 | 5. ongo Q17 { 5.73A77
P23 - A52/10 ;‘ 0. 2005 018 K;

. - Blender
P24 -A72/10 fo0.1834 Q19 Balance
P30 A61/10 [ 0.i200 25 B34
P31 AG2/10 | 0,274 Q26 ] 200D3/57. 3
P32 AT1/10 : 0 Q27 | p4/s573
33 | ~AT1 ) 0. 1060 Q23 H1/100
>34 i AT2/10 . 0 Q29 / G1
Qic i C3/57.3 EURETS, Q35 2C/10
Q1 ! C4/57.3 [ 0.3082 Q36 KP/10
Q2| 10131 0. 6700 Q37 2¢EWE /10
Q13 12 0. 1050 Q38 wE /2000¢E
Q14 l B3 [ 0,001 Q39 ] 101313

L { —

f=]
Ui
e
w
o]

CTL oD
CO U de 3y
W o

Breadboard blende r

T Sim alated blender

Board 3, t = 79 Scconds

AT
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AWy

e

Ao

- HG -
XA (4.0 N oA 2.0 R 85.3 Rp 0.8 0. 05
Pot Quantity _l Nominal Pot Quantity Nominal
P00 A42/10 0. 2208 Q22 | 10835 0. 1996
P01 A32/10 0.1713 Q23 -A35 0
P02 -10A41 0 Q24 -A46/10 0
P03 A22/10 0.1462 Q30 -A43/10 0. 0500
P04 A31 0. 3400 Q31 H6/20 0. 3599
P05 -B25 0.1238 Q32 -A24/2 ]
PO6 B16 0.2434 Q33 E2/57,3 0.1123
P07 -B386 0. 1924 Q34 A35/10 0,1130
P08 -10R35 0 P15 D6/57,3 0. 7656
P09 H2/400 0.4225 P16 10B17 0.2987
"Q00 I H3/20 | 0.3564 P17 B18 0.1066
Qo1 All [ 0.68500 P18 1B37 0. 0648
Q02 Al2/10 | 0.1003 P19 -10B37 o
Q03 A21 i 0.5200 P25 G3 0.1828
Q04 A4l 0. 5000 P26 B20 0.0074
Q05 B26 0. 1540 P27 -R30 0.0074
Q06 10815 0.8822 P28 10830 0
Qo7 -10R26 0 P29 10B39 0.0770
Qo8 100D5/57, 3 0. 1332 1’35 Ats 0.2715
Q09 G2 0. 1300 P36 H7/20 0.3651
P10 E1/573 0, 0389 P37 B40 0. 0249
P11 A44/10 0 P38 2. 865A27 0. 3438
P12 A24/10 0. 0585 P39 -2.865A37 0. 3438
P13 A43 0 Q15 200D7/57.3 0.1020
Pl4 A14/10 0. 0856 Q16 -B27 0. 0668
P20 A25 0. 1300 Q17 -10B28 0. 2056
P21 -E3/573 0. 0290 Q18 -B38 0. 0563
P22 A45/10 0. 2600 Q19 D8/573 0. 0286
P23 -A26/20 0. 0626 Q25 H3/1000 0.3343
P24 -A36/10 0.0082 Q26 -B40/10 0
P30 G6/10 0, 0324 Q27 200D9/57.3 0. 0056
P31 -A23/10 0. 0470 Q28 D10/573 0. 0015
P32 -A33/10 0. 0680 Q2Y H4/2000 0.4710
P33 -10E2/57, 3 0 Q35 A46/10 0. 8355
P34 -A13 0.1400 Q36 G7/10 0.0324%
Qio G5/10 0, 0324% Q37 G4 0.3069
QL1 A34/10 G Q38 0.573A37 0
Q12 -A44/10 0.1462 Q39 -0.1432A47 0.4226
Q13 -A34/10 0, 0209 P40 -10B19 0
Q14 AlL3 | 0 P41 10819 0. 0161
20 -\25 | 0 P42 10B29 0
Q21 -A1A L0.8400 P43 | -10R29 0. 0254
i i
A |
(s 0. 0t
Boavd 15, t = 79 Seconds

1300-TR1




- HT -
4 al v - [ N . 50n N X = O No
:\A 64.0 :\R(}A = H, 0 :\H(}F‘ = 85,3 N P 0.9 }}\ 0,02
i Pot Quantity Nominal ot Quantity Norninal
o P00 KR/100 i 3 3580::‘.;; Q20 5. 73A87 0.5730
i PO1 c2/10 0. 1567 Q21 5, 7T3A57 0. 2865
ro2 5.7T3A56 0. 2189 Q22 5, 73A67 0.4126
v . P03 5. 73A66 0. 46586 Q23 5.73A77 0.4871
VL P04 2.865A76 0. 3058 W24 5, T3A87 0.5730
o P05 0.573A86 0. 0780 €330 AB1/10 0.1800
: P06 57,3111 0. 1567 Q31 ~A81 0
P07 57.31312 0. 1767 W32 A82/20 0.2615
: P08 -573B21 0 Q33 5, 73A38 0.5157
"““ P09 57.31321 0. 1305 o34 0.573A48 0.0573
— 300 57.31322 0. 3216 P15 A55/10 0.1636
Y Q01 -57.3B31 0.1214 P16 A65/10 0.2356
T 302 57.3R32 0.3172 17 A75/10 0.2782
L Q03 10001 0. 2436 18 A85/10 0,3273
: Q04 1002 0, 0221 P19 100D11/57,3 0. 0648
Q05 0. 0040 125 Bl4 0,1217
L Q06 E4/57.3 0.5688 P2g ~-10B23 0
L e QO7 57, 3%1 0, 0429 27 10823 0
Qo8 -Cl/10 0. 0061 1’28 B24 0. 2044
Q09 114.6F1 0. 0859 P29 -B33 0.1091
S P10 -0,573A19 0.07491 1235 -0,573A17 0. 07907
. P11 2.865A29 0.4813 P36 0.573A18 0.02865
P12 -2, 865A39 0. 0430 P37 5.73A28 0. 4469
P13 0.573A39 0 P38 5.73KA 0.1146
; P14 -0, 1432449 0.3552 P39 WwE2/10, 000 0,1887
i P20 -¥5/57.3 0.5010 Q15 5,73A57 0. 2865
P21 E5/57.3 0 Q16 5,73A67 0.4126
P22 -A5i/10 0.07200 Q17 5.73A77 0.4871
- P23 A52/10 0.2613 Q18 Ki 0,020
S o - A% Blender
o P24 A72/10 0 Q19 Ralance 0.800
P30 A61/10 0.1070 Q25 R34 0, 0600
P31 AB2/10 0.5715 026 200D3/57.3 0.2260
P32 ATL/10 0, 0260 Q217 D4/573 0. 0646
— P33 ~AT1 0 Q28 H1/100 0. 3288
P34 A72/10 0. 0825 © Q29 G1 0.05734
C Q10 C3/57.3 0.0322 Q35 $C/[10 0.1628
G Q11 C4/57.3 0.4569 Q36 KP/10 0. 090 S
. Q12 1081 0.5280 Q37 2tEWE/10 0. 9036
S Q3 B2 0.0%43 (38 wE/200¢E 0. 2089
] Q14 B3 0. 0930 Q39 10B13 0. 5890
i ( Breadboard blender
, “Simulated blende
\ !c M
Board 3, 1 = 120 Seconds b
1300-TR1



n

Board 15, t = 153 Seconds

- H10 -
XA 64.0 XRGA = 5.0 XRCE 85,3 KPP = 0.9 KA = ¢
]
Pot Quantity J Pot l Quantity Nominal
POO A42/10 r 10835 0
P01 A32/10 -A35 0.2900
Po2 -10A41 -A46/10 0.4836
P03 A22/10 ~A43/10 0.1800
P04 A31 H6/20 0. 6827
P05 -B25 ~A24/2 0
P06 B16 £2/57,3 0.4283
PO7 -B36 A35/10 0
P08 -10B35 D6/57,3 0.4694
P09 H2/400 10817 0.0252
QCo H5/20 218 0.0236
Q01 A1l k37 0
Q02 Al2/10 -10B37 0.2136
Q03 A21 G3 0.2934
R04 A41 B20 0,1262
Q05 B26 -[330 0
Q06 10B15 10B30 0.8574
QO7 -10B26 P29 10839 0,2852
Q08 100D5/57,3 1’35 AlG 0. 6966
Q09 G2 P36 H7/20 0.9344
P10 E1/573 P37 B40 0
P11 Ad4/10 P38 2.865A27 0.5014
P12 A24/10 P39 ~2,865A37 0
P13 A43 Q15 200D7/57.3 0.1439
P14 Al4/10 0.1229 Q16 -10B27 0, 0078
P20 A25 0 Q17 -10B28 0.2418
P21 ~-E3/573 0. 0044 Q18 ~B38 0.%800
P22 A45/10 0,0100 Q19 D8/573 0. 0291
P23 ~-A26/20 0.0942 Q25 H3/1000 0.8606
P24 -A36/10 0, 6516 Q26 -B40/10 0.1379
P30 G6/10 0,0444™ Q27 ' 200D9/57.3 0,6127
P31 ~A23/10 0.0170 Q28 D10/513 0,1125
P32 -A33/10 0.1100 Q29 H4/2000 0, 7583
P33 ~-10E2/57.3 0 Q35 A46/10 0
P34 -A13 0 . Q36 1/10G7 0. 0258
Q10 G5/10 0. 0444 Q37 G4 0. 3894
Q11 A34/10 0. 3401 Q38 0.573A37 0. 3438
Q12 -A44/10 0 Q39 -0,1432A47 0. 0354
Q13 ~A34/10 0 P40 -10R19 0
Q14 Al3 0. 3200 P41 J 10819 0. 0684
Q20 -A25 0. 5300 P42 ] 10B29 0
Q21 -Al5 0.3800 1’43 | ~10B29 0,4955
|

¢ 0. 060

1300-TR1
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APPIENDIX J
SYNTHETIC WINTD SIiliA R PROVILES
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Figure J1. Synthetic Wind Shear Profile -
Pressure (t = 40 seconds)
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Figure J3. Synthetic Wind St. ar Profile - Maximum Dynamic
Pressure (t = 120 seconds)
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