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AIR WAR COLLEGE RESEARCH REPORT SUMMARY
NO., 77
TITLE: AIRBORNE OPTICAL TRACKING

AUTHOR: Klngdon R, Hawes, LT. Colonel, USAF

The Alr Force has a mission which requires airtorne phmtégzaphy
of a high speed moving target. Optical data is collected with several
different types of cameras simultaneously by using a servo system and
electro-optical tracker. This report deals with the problem of track-
ing accuracy between the tracking sensor and recording cameras. Track-
ing problems of the RC-1355 (Rivet Ball) are identified and two alterna-
tive solutlons are proposed. One proposal is to engineer a modified
servo system with fewer moving parts that will reduce tracking ervers
to an acceptable limit., The second proposal is to mount the cameras
in a stationary position and use periscopes mounted on tdp of the

fuselage,

111



BIOGRAPHICAL SXETCH

Lieutemaﬁt Colonel Kingdon R. Hawes has sixteen years of opera-
tional experience in the field of electronic warfare. Operational
assignments include strategic bombing (B-52), strategic reconnaissance
(RC-1358), and tactical reconnaissance (EB-66). Colonel Hawes has 4000
hours of flying experience and held staff positions at squadron, wing,
and headquarters level, His most recent staff position was az Head-
quarters SAC as a reconnaissance/operations and training inspector for
the Inspector QCemeral., Colonel Hawes has more than two years experilence
with the RC-135S (Rivet Ball) program as a crew member and was re-
sponsible for writing the first classified technical operators manual
on RC~1358 airborne optical tracking systems., He is a graduate of the
University of Nebraska Omaha (management), Squadron Officers School,
Alr Command and Staff College, Alr War College, and holds a certified

Alrframe and Powerplant license (FAA no. 1434489) from the Academy of

Aeronautics.

iwv




TABLE OF CONTENTS

CHAPTER - PAGE
PISCLAINEC-AEETRENEH o0 o0 © o sl b we v v v o 5 e s v e 11
SRR o v B s e e ey A e e e
DIOCCRAPHIUAL SREICH o & o © v v s 6 % 5 5 % o ¢ 4 5 8 8 % & 2 n iv
RIDL U TABGIE © 0 6w o s i aow B T e i i v
LIST OF ILLUSTARATIONS o o 5 o o 6 o o % o . ¢ v.v % o o « w5 39 w1t

I [ meQQUGTION @ L] e L] ® ® * & L] L4 L @ ¢ & o @ L] @ [ @ @ @ 1

BACKGROUND , ,

PROBLM L] ® o 12 ® ¢ @ Ld L L L] 9 L3 ® & € @ e L ? @ ® & w
OBJECTIVE ., . a0
Dl e SRR e R I
ARCIORIINE % kv % » o 50 o d oy A e
Somm W @ @ & ¢ @ ® @ @ @ @ @ & 8 L ¢ L] © L4 @ w [ & @
PRORNARRIIEE - & b % i v v 5n s e e e

(’;ﬁ II 8 smv(} ?‘y{Ac KING PATH (] L] e & @ & @ ® Ld @ @ w @ @ L ® & “ L3

N0 & 3~ v ln a2

VI o o ¢ v s ok e e
DANURE SHBHRE. o o v s v s e e
zi AUTQTRAGKEB gt SR e ete e e e e e el e e g g i 1
% AUTOTEACERR GERNC SISTEM '« s ¢ v v v v v s % 5 20 s s i1
:‘: PEDESTAL LT R N e T s T e e et " WA e e e e R e 1 7
L e S R 19

I I '1 ® S mvo ’fvaAC KING mRORS e ® € @ L] L & @ ® [ ° @ 2 @ ® ® L3 ®

0y
FaS]

CHANGING MISSION REQUIREMENTS

NARROWFIELDOF‘VIEW@....,,.....e‘i..gg
DETm’I‘ION.ue.v«eoo«noae'ﬁnoc-cwo 23
mﬁmIGH’r..DOGQQOJQIkn..u'ileoas 224,
TRABRENG BEASUNBMENTS . . . .. . ... ..o .is o
SYNCHRO FOLLOW-UP ASSEMBLY ., . . A b W

Nk
O

iV, ©SERVO SYSTEM MODIWIOATIONS . . . v . v ' s o o vin vt

*

DUAL SIYO S, . . ., . o vi e i e
SYNCHRO FOLLOW-UP ASSEMBLY . . . . . .. ... .. ,. 3
SRR B L s e
AL B L L o e
MODDRChTI B, . . . . oL o e

V. PERISCOPE TRACKING CONCEPT ., . . . 4 4 v o o s s o s s 43




BASIC APPROACH
PERISCOPE . o « & & o o &
PERISCOPIC TRACKING HEAD
ACQUISITICN AND TRACKING
 SLAVED PERISCOPES . . . .
ANGULAR RECORDING .

L L] ® L) ®

* & .

Vi. CONCLUSIONS AND RECOMMENDATIONS

BIELIOGRAPHY .

vi

> S

®

» L] L] 2 e ” L] L]

] ® @ 3 s @

E] ® @ s o a

@ ) e » ®

» @ ® 9 2 B

® s  » » e ®

» a 2 e 8 »

e s 9 » @2 ®

» » 2 @ 9 w

» < & @

® EY L 8 & 9

@ “ ® ® 9 a




LIST OF ILLUSTRATIONS

FIGURE - PAGE
. 18 PORRTION BHOBIER . . . . « ¢ o v v vy oo oy, 2
2, MRIUAL THRCRER POSIRION o . . . . . o + oo vl s ivie i k
3. BRRYO BICURM BLOCE DIRGRAM . . . . . . . ¢ s ¢ v o v s v s 10
4, AUTOTRACKER OPTICAL BLOCK DIAGRAM . . + + « v v o s ¢ o « o 12
5+ AUTOTRACKER SYNCHRO ASSEMBLY + v o « ¢ ¢ s o 4 s o o o o « 13
6. SYNCHRO TRANSMITTER/TRANSFORMER . . « « + o « 4 o o o « « + 15
7. SLAVED PEDESTAL SYNCHRO ASSEMBLY . . . + + 4 o o « « « « « 16
B, WHSIOHE DNMIIREIIRE o .« ¢ s s « o s 4 v v s o3 v 22
9. 'I'RACKINGERROR##(BWRE)ntoc.owatoooo-ut 28
10. TRACKING ERROR #10 (BEFORE) & « o« o « o o o s s ¢ s o o o o 29
11, TRACKING EFFOR #4 (BEFORE) . . » . + v v v v 0o s v o oo+ 3
12, TRACKING BHROR MO (BENURE) ¢ » . . & s+ s v « s s 005 s v P
13. SERVO SYSTEM ® [ ] () L] ® e ° L ] [ ] ® ° ® 17 LJ L[] & L] L] L] o © @ L 35
14, PROPOSED AUTOTRACKER ASSEMBLY « « « « o o« s o ¢ ¢ o o s o s 38
15. PROPOSED PEDESTAL ASSEMEEY . u + v ¢ ¢« ¢ ¢ 2 o v ¢ s o s« oo
160 mcmc PERISCOPE ® ® ° L L] ® L] ° ® L[] L] L] L] L] L] ° ® ® L] ® M

1

vii







-l

s edis b ki

o

SEel i il

CHAPTER I
INTRODUCTION
Bac und

The Alr Force has a requirement tc collect alrborne optical data
on high speed single point targets., The detalls of this requirement
are classified and therefore will net be addressed since 1t is not
necessary for purposes of this report,

In 1969 the Alr Force was using an RC-135S aireraft (Rivet Ball)
assigned to the Strategie Air Command to accomplish its unique mission
of alrborne optical collection., This alrcraft contained several pri-
mary optical instruments that were mounted on servo driven pedestals
for tracking purposes. BEach pedestal supported two cptical instruments
and received its steering command from an electro-optical autotracker
by way of a servo system. This research paper is an amaiysis of the
serve system which provides airborne optical tracking.

The EC-1355 airborme optical tracking system conzists of an auto-
tracker;, manual tracker, and nine servo controlied camera pedestals
which are slaved to the autotracker, The autotracker and slaved
pedestals are positioned behind port windows that run the length of
the fuselage. The manual tracker is located in a plastic dome which
is mounted on top of the fuselage. Figure 1-1 shows the relative
positien of each instrument.

The manual tracker is a modified B-50 gunsight (12:3). This

tracker positlon is meanned by an operator who sits directly beneath the
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observation dome. The sighting controls mounted within the dome are
used by the operator for target acquisition and directional control
of the autotracker. When using the sighting controls, the field of
view is limited in azimuth (plus or minus 30 degrees from starboard)
and elevation (45 degrees up and 7 degrees down). (1235), Figure 1-2
shows the manual tracker position in detail. The next sub=-system

to be discussed is the autotracker. ‘

The autotracker unit is a Barnes Engineering Company Medel 21-122
Airborne Automatic Tracker with a tracking accuracy of better than 0.1
degree. (11313). The tracker head is initially directed on target
by steering commands generated at the manual tracker position. When
the autotracker is properly aligned on a target of sufficient energy,
the manual tracker operator will hear a "data good” signal (50 eps
tone) on the intervhone. (1236). At this time he directs the auto=
tracker te track the target automatically and directs the servo con-
trolled camera pedestals to follow the autotracker,

The camera pedestals are mounted in fromt of port windows 2, 3,
L, 6, 7, 8, 9, and 10, Electrical servo motors are used for each
pedestal to change agimuth and elevation, MNounted on sach pedestal
is a cluster of optical instruments that range in size from 16mm to
70mm. Vany of these instruments have a very narrow field of view
{under 1%) and weigh as much as 100 pounds., Pedestal movement must
coincide exactly with autotracker movement to insure no loss of data
on narrvow field of view instruments.

Initial boresight alignment is accomplished under static condi-
tions by paralleling the optical axis of all pedestal mounted insitru-

mentes with the autotracksr optical axis. The first step in this pro-
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cedure is to allign the pedestal mounted instruments with sach other
on thelr respective p@d@é&als, This is accomplished by sighting
through the optles with a boresight lens and making appropriate
adjustments to each mount. When this step is complete the instrument
cluster may be aligned with the autoiracker by making appropriate
adjustments to each pedestal servo system, When boresighting ls
completed, 311 instruments are accurately pointed at one statlonary
target.
Prolilem

The servo controlled pedestals have a history of not following
the autotracker with sufficient accuracy and reliability to insure
collection of optical data on narrow field of view Instruments. This
problen was of such a magnitude that replacement alrcraflt (RC-1355,
Cobra Ball) was equipped with only one tracking instrument., This re-
striction severely reduces the range of optiecal data which can be
collected. The problem of tracking multiple instruments to one auto-
tracker is the subject of this study.

Cbjectivs

The objective of this xreport is to analyze the RC-1355 servo
tracking system for possible modifications or alternatives that might
provide the necessary tracking accuracies needed in developling future
airborne optical tracking platforms that use more than one instrument,
The complexity of this problem coupled with limlted data and time im-
pose several limitatlons.

Limltations
The limitations placed on this research study ars:

1. Analysis is limited to optical tracking problems of the

5



RC~-1358 {Rivet Ball) alrcraft between the autotiracker head and sexve
controlled instrument pedestal.

2, Attention is focused on the serve system for slaved
pedestals #4, #10, and autotracker positlon #5.

l3. Thé electrical and mechanical functions of the synchro
follow-up assemblies are studied in detall,

4, Measurements for tracking accuracy are made under statle
conditions with alrcraft on ground power,

5. Serve tracking problems are limited to elevation only due
te availability of measuring equipment.

6. Proposed design changes and concepts are theoretical and
beyond the author's capabllity to prove,

Because of the above limitatlons, certaln assumptions must be
made.
Assumptions
There are four assumptions made in this study. Each assumptlion
is followed by support tased on standardization of all slaved pedestals.

1, Tracking protlems in elevation can apply to azimuth since
the synchro follow-up assemblies, servo amplifiers, and servo motors
are identical for all pedestals,

2. Tracking protlems between pedestals #4, #10, and autotracker
position #5 can apply to slaved pedestals #2, #3, #6, #7, #8, and #9,
These additional pedestals are ldentical in electrical and mechanical
operation. ’

3. Tracking errors will be essentially the same under statlc

and dynamic conditions. This assumption excludes the effects of pedestal
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lag and overshoot, The elecirical input and mechanical configuration

of all slaved pedestals are the same for both siatic and dynamic

. gonditions,

L, The two serve amplifiers for each pedestal may be connecied
in parallel and dylven by one centrol transformer without degrading
tracking accuracy.

The assumpiions listed above are only appilcablie to the RC-1358
(Rivet Ball) optical tracking system, The sources of data will new
be covered,

The primary source of data is based on the experiences and
observations of the author while assigned to ths RCO=13558 (Rivet Ball)
project. Hngineering support and guldance was also provided by the fol-
lowing individualss

is My, John V., Tumas (Optical Systems Engineer), Electxo
Optice section of Ling Tempeo Vought Electro systems (LTVE), Creenville,
Texas,

2. My, Douglas Prince (Eleetrical Engineer), Electronics
seetion of LTVE, Greenville, Texas,

3. My, Joseph Zufall (Physicist), TDDCO, Foreign Technology
Division, Wright Patitersen AFB, Ohio,

Additional references were obitained from the Alr University
Libtrary.

Organization

The body of this report consisis of six chapters, Chapter Two

identifies the serve tyacking path betueen autotracker and pedé%tals»

Chapter Three identifies the tracking error prmh&&a in detall and
o



points out the cause, Chapter Four proposes some modifications that
would reduce tracking error considerably., Chapter Five is the author’s
proposal of a radically new concept in trackingthati uses periscopes
and stationary instruments. The last chapter presents the author's

conclusions and recommendations for improved tracking,




CHAPTER 11
SERVO THACKING FATH
Overview

The purpose of this chapter is tc show how the tracking signals
are generated at the autotracker and converted into useable steering
signals for directional control of the servo controlled pedestals,
This will be accomplished by tracimng each event in sequence and
pointing out the significant electrical and mechanical transition
points. The overall relationship between components is shown in
figure 2-1, In this diagram only one pedestal (#10) is {llustrated
since all other pedestal arrangements are ldemtlcal. Note that
there are two parallel servo loops for each pedestal.

Manual Tracker

During the initial stages of acquisition the manual.trmcker
operator visually scans the sky for a target of opportunity. When
a target is located he positions the manual tracker sighting controls
(modified B-50 Gunsight) on target. The pointing angles of the
manual tracker position are linked to the autotracker with a servo
system which aligns the autotracker on target al#@. (11:2). When
the target comes within the autotracker's field of view it generates
a “data good” signal (50 cps) in the interphone system which is
{dentified by the manual tracker operator. (12:3). Up to this point
the servo controlled pedestals are alsc receiving thelr command steex-
ing signals fr@m the manual tracker po=i*ion., When tha‘manmal track-
er operator recelves a "data good" signal,ne depresses a button which

allows the autotracksr to track the target on its own and transfers

9
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steering control of the pedestals from the manual tracker sexvo
system. (13:41), From this point on the cameras are directed by
command signals from the autotracker position., Now for a detalled
lock at how this is accomplished.
Autotracker

Radiant flux from the target ls collected by the optical system
(Figure 2-2) and focused on a position encoding reticle assembly.
(1133). The rotating reticle modulates this signal in a manner
determined by the location of the target in respect to the optical
axis. The modulated signal is intercepted by one of two detectors
and is converted into a modulated electrical signal. (11:2). This
signal is interpreted bjr two electronic units that send appropriate
correcting signals to the autotracker servo motors. The servo motors
move the tracker head on target and maintain alignment within (0.1)
degree. Any change in azimuth and elevation will be transmitted to
slaved pedestals by a serve system. To understand how this system
works a 10° change in elevation will now be traced from the auto-

tracker to the pedestal.

Autotracker Servo System

Movement of the tracker head is transferred through a linkage to
the synchro follow-up assembly which converts this angle into an
electrical command signal for pedestal direction. The first step
in this process starts at the autotracker elevation pivot point
(reference Figure 2-3)., A linkage, consisting of a connecting rod
and two pivect arms, connects this point to a synchro follm@uup
assembly drive gear, (16:3), Five synchro cent;@l transnitter

rotors (type EGC 11-FS~4) are connected to the drive gear, Both

i1




219138y Buypoouy

JI0jelauel) aousIsFey

l‘(‘l_/ 4
dueeag 283114

unyuRHIaY
X0309%8( / l/

/1_
+Tun ]
FUOIIOIH €Ly i18

39308\ \
181317ds weeg Asey

PToTd WP

12

B4
e g ueTPRYy
dueexy
01000 —| g w
weXFeyrq ¥oold Teot3do Ieyoexrjojuy
ITuUn

. L
Z=2 aandt4 | . :




ATquessy @ Rt e @
dn-no 104 <! = rmw
oayouks ™ S ;. L jueuysnipy
& - + —Y81seI0g
; NM M \\\\1\.\1\\\\.\
g0
AL
ey
X879 TUSURL], uLLx~ "
oXyouUkg |
S i .
5
ivi
.\\ﬂ - \.Jm..,.w i :
< LS
s 3 5 )
2ATI(Q —/ %~ . i
////// : =
/,@»U \ AT UTT
s sTaersnfpy
Teen 1\\\\
I03.04
wuw /// sTxy Tes13do
ULy
Jujod 30Aa1d wwmwm
fl

uoTIBASTH

i3

Amuossy oxusulg

I93[oRILOINY




the linkage and transmission gears are designed for linear tracking
(1xt ratio). Therefore, a 10° increase in autotracker elevation
should rotate the control transmitter rotors clockwise 10° (front
view), At this point the synchro control transmitters (cx) convert
mechanical motion into five electrical command signals which are
ready for transfér to thevpedestal.

The command signal level 1s determined by rotor position.
(2132). (Figure 2-4). Each transmitter rotor is connected to a 28
volt 400 cyclé power supply. The magnetic lines of force created
by this voltage will cut across stator windings (SI’”S2° 83) and
induce voltages of varying degrees. (4357). All three vcltages
represent autotzacker elevation and are referred to as a command
signal. Transfer of tba command signel from autotracker to pedestal
i= accomplished by connecting the cx stator windings to comtrel
transformer {(ct) stator windings located on the pedestal synchro
follow-up assembly. (Reference Figure 2-4 and 2-5). Autotracker
cx distribution is as follows: (16:1)

ex 142 . « o o ct 1+2 on pedestals (2, 3, b, 6, 7)
ex 3l o o o o ct 142 on pedestals (8, 9, 10)
€X 5 + o o o o rEmote pesition indicator

Note: Two transmitters are allocated to each pedestal because
q& a dual servo system.

‘ At this point autotracker elevation is in the form of an elec-
trical command signal and ready for transfer to the pedestal. The '
path for ¢ansideratioh is between the autotracker (cx 1+2) and

pedestal #4 (et 1+2) .

14
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Pedestal

The autotracker command signals indicating a 16”7 increase in
-Eelsvaiion are lmpressed on stator windings of control transformers
et 142, This change in stator voltages induces an error signal into
the ct rotors because of the angular difference between cx and ¢t
rotors. (933). The equation below reflscts this relationship,
(3:38).

Er=Emr x cos €
: Er=control transformer rotor output (error voltage).

Emr=maximum contrcl transformer rotor voltage

8=relative angle separation of cx and ¢t rotors,

No matter what the values are, the ct rotor cutputl will always
be zerv as long as there is a 90O angular difference between rotors,
(3:38). Any change will generate an error signsl and result in
pedestal movement. In this case the pedestal must move down 10
to reduce the error signals back to zero (null) and raegiabﬁigh a
90o angular diffﬁrence between rotors,

The error signal from ct 1+2 are fed into two separate servo
amplifiers to provide the necessary power for serve motor control.
The speed and direction of both motors will depend on the signal
phase and voltage level. (3:155), At this point the two separate
electrical signals are converted into one common mechanical motion.,
This is made possible by a transmission and Jack screw., The jack
screw, powered by both motors in parasllel, moves the pedestal
down until the error signal drops to zero. Refer to flgure 2-5

for angular transfer to the synchro follow-up assembly.

17



Downward movement of the pedestal is transferred through a
linkage to the synchro follow-up assembly drive gear and synchro
rotors. The control transmitter (ex) command signal provides input
to a remote positien indicator for monitoring elevation. (16:6).
The linkage arrangement and gear ratios are designed te duplicate
autotracker movement (ix!1 ratio). Therefore, a 10° downwézd move~
ment of the pedestal will cause all rotors to move in a counter
clockwise direction (rear view). Pedestal movement will continue
wmtil the pedesm ct and autotracker cx rotor relationship is 90°,
When this occurs the error signal will drop to zero. (1120} Any
additional changes to autotracker elevation will create a new com-
mand signal and result in additional pedestal movement.

This completes the servo tracking path from target acquisition
to pedestal tracking, The complexity of this path is quite evident
and involves several transitions between electrical and mechanical
roints, The accuracy of angular transfer can be effected by any one
of these transfer points between the autotracker and pedestal, A
progressive breakdown of all transition points is listed below in
sequence starting wlth the autotzacker pivet point. A transition
point is defined as any mechanical or electrical break in the
angular path that may induce tracking error. Astericks (*) repre-

sent two separate paths provided by the dual serve system.

18
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#8,

*9«

*10,

*i1.

*12.

Transition Polints

‘Autotracker pivot point

Pivot arm

Pivot arnm
Adjustable 1ink
Adjustable link
Pivot arm
Pivot axm
Drive gear shaft
Drive gear shaft
Drive gear
Drive gear
Rotor gear
Rotor gear
Rotor (ecx)
Rotor (ecx)
Stator (ex)
Stator (ecx)
Stator (ct)
Stator (et)
Rotor (ect)
Roter {ct)
Serve ampilfier
Serve amplifier

Servo motor
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#13, Servc motor
Transnission

i4, Transmission
Jack screw drive

15, Jack screw drive
Pedestal

16, Pedestal
Pedestal pivot point

17. Pedestal plvot point
Pivot arm

18, Pivot arm

Adjustable link

19, Adjustalle link f’fk

HOPRZ e

Pivot arm

20, Pivot arm
Drive gear shaft
21, Drive gear shaft

Drive gear

#
N
iy

Drive gear

Rotor gear

*23, Rotor gear

Rotor (ct)

OO = <
“HwREnn»>

#24, Rotor (ct) E
Stator (ct)

At this point in the report the author has presented the details

involved in transferring autotracker pointing angles to the remotely

controlled servo driven instrument pedestals, The complexities

R PR T
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involved in accomplizhing this task are many and varled which offer
considerable opportunity to inject iracking error. Chapter III will
now reveal the degree of error that existed and identify one of the

major contributing factors.

21




CHAPTER III

SERVO TRACKING ERRORS

Many factors must be considered when examining tracking accuracy;
however, the impertance of tracking accuracy should be understood
before a detalled examination is begun.

Changing Mission Reguirements

When the RC-1358 (Rivet Ball) was originally designed, the optical
tracking tolerances requirad were no greater than two degrees. Many
of the cameras used had a field of view (FOV) on the order of ten
degrees which made it relatively easy to track a moving target. Wide
angle lenses and iwo degree tracking tolerances were permissable because
the targets were photographed and tracked at nlight with a dark back-
ground which highlighted the subject and prevented light saturation
of the film., However, these ideal conditions did not continue which
caused considerahble problems.

During the mid 60°s (1965-66) mission requirement changed from
a nighttime environment to daytime. This meant that the target had
to be acquired, tracked, and photographed against an intense sky
tackground, lMany times the sun’s rays were directly within the camera
FOV which literally satwrated the film and made it impossible to
ccllect any useful data.

Narrow Field of View

In order 1o collect any useable data on a moving target with
intensive tackground lighting it was necessary to modify the cameras
to a narrow FOV. (17:1)., By reducing the FOV the background iighting
effects are reduced which allows detection and collection of useadle

data on the target, Camera FOV was reduced to one degree in order to

D2




permit target diserimination, The reduction in camera FOV compensated
for the intense sky btackground bui tasked the tracking accuracies
of the system itself. For example, an instirument with 2 one degree
(1°) FOV will not collect data if permitted to drift more than a
half degree ($°) off target.

While assigned to the RC-1355 (Rivet Ball) project;the author

was responsible for coperation of all the photographic equipment as

e

a signal monitor and tactical coordinator. During the early phases

of daytime collection missions it became apparent that the narrow

1
-
§
|

FOV (10) instruments were collecting very little data despite sue-
cessful autoracker operation. This situation continued for more than
two years before any cause was identified. (19J:2). Some of the
methods used in checking tracking accuracy will now be discussed, ﬂfl
Detection J
The normal procedure for checking tracking accuracy was to
activate the serve system and visually observe pedestal movement
threugh various changes in azimuth and elevation., If a station
position appeared questionable then it was switched into a remote
position indicator at the tactical cooxdinator station for comnaricsn

with the autotracker. This indicator had two serve driven needles

which duplicated the pointing angle of the autotracker and any one

selected pedestal. The accuracy of this indicator was ounly within

two degrees (2°) and therefore not suitatle for a one degree (1°)

FOV instrument. Only major discrepancies could be identified, (15:1).
Another check of tﬁacking accuracy involved comparison of bore-
sight camers film. All camers positions including the autotracker

were equipped with a wide angle boresight camera which was theoretically
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aligned with each instrumentindependently, This meant that when the

target appeared in the center of the btoresight camera film for pesition

aine 1t should also appear in the center of the primary instrument
film for position nine, Since all boresight film was encoded with a
time reference it would be possible to compare the pointing angle

of all instrumentz relative to the autotracker at any one itime., This
would permit an ideal comparison and check, provided all boresight
cameras were properly aligned, operating, and had an identiflaldle

target within its FOV. Unfortunately, this situation very seldom 1f

ever exlsted., The first indication of any significant tracking protlem

resulted from an improvised technique of boresight examination.
Boresight

Boresight alignment of all instruments is normally done on the
ground and involves several hours since all instruments must be dowm-~
loaded. After removing the film from all cameras a boresight tool is
inserted which allows the operator tc sight through the optics of
each instrument. When the boresight tools for each instrument are
installeuythe operator selects a distant target to track with the
autotracker., When autotrack is established the servo controlled
pedestals are slaved to the autotracker. Now the operator sights
through the instrument boresight tool and makes whatever ad justments
are necessary to each camera until all instrumenis are properly
aligned, This is usually accomplished by shifting the mounts and
using shim stosck, After all instruments are aligned the cameras are
loaded and the aircraft is returned to normal operation. The limita-
tions to this exercise are rather obwvious. The only conclusion that

e

can be made from this toresight procedurs.is that at the time of
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‘boresighting all instruments are properly aligned aliong one station-
ary axis under ground environment conditions. It is assumed that once
boresighting is complete that all instruments will track together

and maintain boresight.

Having gone through this exercise several times,che author de-
cided that there must be an easler way to accomplish the same objective
and provide some means of checking boresight alignment under dynamic
airborne conditions. To accomplish this the author designed and bullt
nine adjustable rifle scope mounts which were attached to each instru-
ment. A variable power rifle scope (Bausch and Lombe 2x12) was then
positioned in each meunt and boresighted with its instrument. After
initial boresighting of each mount was completed, it was an easy task of
determining where the camera was pointed. All you had to do was track
a target with the autotracker and move the rifie scope between mounts
to check tracking accuracy. The results of this capability brought
about some very interesting findings.

A boresight examination of all optical instruments was made to
determine the effects of flight on pedestal alignment. Figure 3-1
shows the relative target sightings for each instrument. (15Ci47).

An (x) marks the target position of ground measurements with a zero
degree (0°) elevation. Alrborne results are shown by a (L) with a
thirty-five degree (35°) elevation.

The instruments mounted on pedestal #4 and #10 have a one degree
(1°) field of view. (14:8), The target for pedestal #4 was six-
faniis of a degree (0.6°) out of the FOV at a pointing angle of
thirty-five degrees (35°) and position #10 was three-tenths of a

degree (0,3°) out, Neither instrument would collect any data under
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Figure 3-1

Boresight Obtservations

<o =
o = C
/ 2 ;. " //Fﬂ
/ 4 / r—x
: / B 1
A Rl + i ! K + / ]
’ /
\ \ e \ o
b Y : ' /
i 2 ’// \\___\ D
PGS D e N .._:..K/
#2 #3 #b
! f“"““\\
N : \\\
h N \\ 7?\\
o st e g b
b ol a b
e /
3 // : /
: \“_._// \\\.\__ﬂ 7 o
#6 #7 #10

* Ground sighting (0°)

A Air sighting (35°)

EB Field of view (2°)

e I,

Secale

26




these conditions., Thls was the first indication of nonlinear track-
ing. For a more detalled analysis of tracking, pedestals #% and #10
were tracked against the autotracker at one degree (10) intervals for
2 thirty-two degree (32°) change in elevation. (15H:1),

irac Meas ents

Before taking any measurements the autotracker head was leveled
to an elevation of zero degrees (0°). Then the slaved pedestal ele-
vation was measured to establish an initial error or heseline. From
this base line the autotracker elevation was incressed at exactly one :
degree (10) intexvals, The corresponding pedestal changes were record-
ed for each interval.

All measurements were taken with the aircraft operating on ground
power. Instrument loads for each pedesial were normal and there was
no apparent malfunction in the serve system. A vernier disl inclino-
meter with an accuracy of plus or minus (tlo) are was used to deter-

rine elevation., The results for pedestal
in Figures 3-2and 3-3. (19Hi63)

The results of this teat revealed that pedestal #4 and #10 did not
track the autotracker on a linear path, The instrument mounted on
pedestal #; with a one degree (1°) FOV would not collect data above an
elevation of three and one-half degrees (34°) At this point the
pedestal was pointing one-half degree (4°) higher than the autotracker.
Pedestal #10 exceeds the 1imit for a one degree (1°) FOV instrument at
thirteen degrses (13°) slevation and reenters at thirty-one degrees
(31°). In both cases pedestal elevation increases at a faster rate
than the autotracker and tends to slow dowm at higher p@imimg 'mglem
This is a protlem of nonlinesr tracking which can be explained when the
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mechanics of the synchro follow-up assembly are studied.

Synchro Follow-Up Assembly

The synchro fcllowéup assembly consists of a series of linkages,
gears, and synchros which operate together in order to provide command
signals to the servo drive motors. The overall arrangement for each
pedestal (elevation) is illustrated in Figure 2-5,

There are two critical dimensions for the synchre follow-up
assembly linkage, The first is the adjustable link, Center to center
distance must be equal to the distance between pivot point and synchro
drive gear centers., Any difference will alter the required ixl ratio
which 1s necessary to insure linear transfer of angle changes, The
second critical dimension is the pivot arm length. Both arms must be
equal in length from center to center octherwise linear transfer will
be impossible,

Investigation of the adjustable linkages for pedestals #4 and #10
revealed that they were shorter than they should have been which would
account for nemlinear tracking., Both linkages were lengthened to
determine thet® effect on tracking accuracy. The change in linkage
dimensions are as follows: (1SH:69),

(#4) changed from 4 5/8" to 4 7/gv
(#10) changed from & 3/4" to & 7/8

After completing these adjustments, coth linkages were reinstalled
and the pedestal re-checked for tracking accuracy. The results are
11lustrated in Figure 3~4 and 3-5. (19H:169). Both instruments are now
capable of tracking through thirty degrees (30°) elevation and remain-
ing on target. It is obvious from this test that the major contribution

to nonlinear tracking is incorrect adjustment of the synchro follow-up
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assembly linkage. DBased on this finding the author will now present

an alternative design which will eliminats this poessiblliity.

2
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CHAPTER IV
SERYVOC SYSTEM MCDIFICATIONS

The previous chapter pointed out that the major cause of tracking
exrror for pedestals #4 and #10 was incorrect adjustment of the synchro
follow-up assembly linkage, The main subject of this chapter is to
propose a design change which will eliminate the need for such a
linkage and suggest additional modifications which may enhance tracking
accuracy and Eoresight procedures.,

» Dual Servo System

The heart of the entire servo system discussed so far is thé
synchro follow-up assembly. Its primary function is to convert the
autotracksr positon and motlon into an electrical signal (error) for
pedestal direction., The accuracy of this signal will determine instru-
ment fiéld of view and collection capability.

The synchro follow-up assembly for the RC-135S8 (Rivet Ball)
optical tracking system employs two parallel single speed (1x! ratio)
serve loops for each plane of rotation (asimuth and elevation). Figure
b~1 11lustrates this principle.

There are two control transmitters on the autotracker synchro
follow-up assembly that detect motion for each pedestal. The signal
from each of these transmitters is linked to a corresponding centrol
transformer mounted on the appropriate pedestal synchro follow-up
assembly, The resulting errer signals (iwo) are then amplified
separately and used tc control the sevo drive motor which moves the
pedestal,

Originally this servo system was designed to woxrk with instrument
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loads that ranged from 4C to 153 pounds and two degrees (2°) or
greater in fleld of view. (1531), Under these requirements the system
performed satisfactorily, Tracking accuracy only had to be within plus
or minus one degree (tic), and using = parallel system increased re-
liability, If one servo loop failed, the other had sufficient power

to continue operation with no loss of data, However, teday’s instrument
loads and FOV reguirements have altered this situatlionm.

Instrument loads have increased io provide both day and night
capabllity. These increased loads nowvrequire proper operation of
both servo systems, (19F:61). Failure of one servo loop would place
excessive load on one motor which would result in reduced tracking
accuracy or entire system failure. Another problem arises when there
{s a difference in control transformer outputs (null).

Synchre null is another protlem area in this parallel system. A
synchro that is not properly nulled will generate an imbalance between
error signals and cause the two servo motors to drive against each
other. {19B:35). The result is & loose pedestalamd in extreme cases
& completely inoperative pedestal. Experience has shown that a dual
system is difficult to keep properly adjusted and caused more problems
than it’s worth.

Based on the above experience,the author propeses a single servo
loop for each pedestal. This modification will eliminate the problem of
null and increased probability of failure when two systems are required
to perform simultaneously., (19E:160). Figure 4-1 illustrates the tasic
arrangement, This arrangement also facilitates major design changes to

the synchro follow-up assembly that will eliminate adjustable linkages,
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Synchro Follow-Up Assembly

In Chapter Three the author pointed out that the major cause of
tracking error was atiributed to incorrect adjustment of the synchro
follow-up assembly linkage. Another conclusion that can be made is
that there are many transition points in angular transfer between the
autotracker and serve controlled pedestal. Based on these two facts,
the author proposes a modified synchro follow-up assembly that doesn't
require any adjustment for angular transfer and drastically reduces
the number of transitlon points invelved. The fundamental appraach
to thies design is simplicity.

The original synchro follow-up assembly for the aﬁtotrackér is
complex and contains many contrel transmitters that are used to pro-
vide signals to each pedestal. With the dual servo system it requires
two transmitters for each pedestal. This required eighteen different
tranémitter signals since there were nine pedestal positions. By going
to a single servo loop for each pedestal, the required transmitters can
be reduced to nine. One transmitter could be used in the autotracker
position to serve all nine pedestals; however, this option was dis-
regarded because the entire tracking system would fail if the {trans-
mitter malfunctioned. The chance for fallure is reduced by having a
separate transmitter for each pedestal, Ancother advantage 1ls that the
possibllity of interactlon between serve loops is eliminated,

Figurs &—zvillustrat@s the deslgn layout for the proposed auto-
tracker synchro follow-up assembly. Note that there are no adjustable
linkages to induce exror. The main drive gear is mounted directly onto
the autotracker pivai point (elevation and azimuth), Movement of the
pivot point is transfered directly to each of the nine synchro.
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transmitters through a gear axrangement with a ratio of ixl. Each
transmitter is separately mounted and held in place with three locking
bolts which allow individual adjustment of each transmitter. The
mounting ring for all nine transmitters is designed to rotate in elther
direction by turning the calibrated boresight adjustment knob.

The use of a boresight adjustment knob allows the operator to

change the pointing angle of all pedestals »m caual amount simultanecusly

4
o
§
@
|

By using a calibrated adjustment knob similar tc a micrometer, adjust-

ments can be recorded for analysis and easily checked for possilie

Ls

changes. This capabllity when coupled with the use of a boresight

scope (external mount) will permit rapid and accurate checks of system

RS =

boresight.

The transmitter located in the center of the drive gear is aiso

R T

adjustable and provides a signal which can be used for a remote angle

indicator. The original indicator was only accurate to within two

degrees (2°0). An indicator that is accurate to within one-half of one

degree should be used for rapid and accurate comparisons beiween pedestal
and autotracker pointing angles. An accurate metering system will serve
as a good backup for checking tracking accuracy and boresight alignment
when visual sighting (scope) isn't possible.

Figure 4#-3 illustrates a design layout for the pedesial synchro
follow-up assembly. The principle behind this design is simllar to the
autotracker synchro follow-up assembly. There ars no adjustable linkages
and angle transfer points are reduced te a minimum, The centrol trans-
former is mounted on am adjustatle ring that allows the cperator to
adjust the pointing angle for each pedestal. This capability exists

for boih a@imuth and elavation.
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The control transmitter located in the center of the synchro
follox-up assembly is used to drive a remote indicater pointing
needle which iz used in comparison with the autotracker remote
indicator to compare pointing angles. In designing the remote in-
dicatox, the autotracker and pedestal indicator needles should be super-
imposed cver each other for easy comparisonm.

‘ Boresight Scope

Another modification which should be incorporated is the instal-
lation of an exteznal boresight scope., A variatle power (2x8)
sighting scope should be mounted on all pedestal positions including
the autotracker. By doing thi§,camezas would not require downloading
for boresight adjustments and passive targets (nonradiating) may be
used by menually directing the autotracker. Real time tracking accur-
acy may be checked by observing operational events through individual
scopes,

Pedestal Balance

The last suggested design change involves pedestal talance. The
original pedestal had its pivet point on the foward portion of the
pedestal (see figure 2-5) closest to the optical viewing port mounted
in the fuselage. This allowed for smaller window design (22 inches in
diameter) and a more compact installation. In oxder to compensate for
camera load and balance the pedesta;,a series of springs were installed,
When the springs were in good working order the platform was falrly well
balanced and offered very little resistance tc the serve motors. Spring
talance was only necessary for elevation contrel, After two or three
monthe of operation,the springs lost some of their tension which placed

an additional load on the elevation servo motors. This additional load
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could centribute to sluggish reaction for the heavier instruments and
certainly decrsase the sexrvice life of the servo motor,

To alleviate the prohlem of pedestal balance the author proposed
the installation of adjustable spring mounts., The mounts should be
designed in such a manner that they can be adjusted by one man without
the use of any tools. A device similar to a turnbuckle would be satis-
factory, With adjustable spring tension’the pedestals can be maintained
in a balanced condition and insure optimum performance of the mexve '
systems

. Modification Summary

The design changes proposed above are relatively inexpensive and
require no major alterations., The basic equipment is avallable today
and could be tested on a trial basis with little difficuliy. The maln
featurs of the propesal is to use a single leoop servo system that in-
corporates very few moving parts and is easy to adjust. Proposals
which follow in the next chapter involve a radical design change but

offer considerable advantage in the author's opinion,
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CHAPTER V
PERISCOPE TRACKING CONCEPT

The preceding chapters identified some of the slaved pedestal
tracking protlems assoclated with the RC-1353 (Rivet Ball) and proposed
several modifications that could be incorperated to reduce these errors,
This chapter will presént an entirely new design approach to solving
the protlem of tracking a target with several instruments simultan-
eously.

Basic Approach

The RC-1358 (Rivet Ball) had nine serveo controlled pedestals that
moved in elevation and azimuth to align the optical axis of each pri-
mary instrument on target. The total weight and size of all equipment
associated with each position (pedestal and cameras) was consideralle.
Each position weighed approximately 250 pounds and measured one foot
wide by three feet long. Dﬁe to pedestal arrangemeng,nptical view-
ing wes only possitle from the right side of the aircraft.

Figure 5-1 illustrates the basic principle and arrangement for
the author's jeriscopic tracking concept. The major differences
between this concept and the slaved pedestals 1s that all cameras are
in a2 fixed position and optical viewing can take place on elther slde
of the aircraft., With the periscopic approach there are three basic
positions similar to the RC-1355 (Rivei Bail) configuration. They are
the manual tracker position, autotracker positien, and optical imstru-
meat peaitim, The nusber ¢f instrument positions would be deter-

mined by spase available and mission requirements.
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Figure 5-1
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Periscope

The periscope consists of a tracking prism and stationary prism.
Thé tracking prism is mounted in a protective housing atop the fuselage
and allows for 3600 rotation. The prism within this housing moves in
elevation which allows for tracking of the target. Motion of the prism
housing and prism is accomplished with a servo system that gets its
directional command from the manual tracker or autotracker position,
The physical size of this housing is relatively small and on the order
of six inches in diameter and six inches high. This relatively small
size is made possible because of the narrow field of view instruments
required,

Periscopic Tracking Head

The prism assembly within the periscopic tracking head will require
very little power to drive in azimuth and elevation due to its relatively
low weight and size. The optical elements including the port window are
made of quartz in order to minimize any filtering effects. A prism is
used instead of & mirror because is can be designed to permit total inter—
nal reflection. (5:50). When the tracking prisﬁ has aquired the target
its image is directed down an optical tube to another prism (90°) which
directs the image into the instrument lens for recording.

The optical tube and lower prism are fixed in position along with
the instrument. Coupling of the instrument to the optical tube assembly
is adjustable and allows for ease in changing instruments for a particu-
lar mission. It also allows for easy removal +to perform maintenance
and make adjustments. By ﬁsing & ninety degree (900) lower prism the
instruments can be positioned in such a way that they offer maximum

unobstructed floor space and compact installation. 411 of the instiru-
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ments can be mounted on one side of the aireraft and relatively close
to each other since they are stationary., Due to motion of the pedestals
in the RC-1355 (Rivet Ball),z separation distance of approximately five
feet was necessary to avoid interference. Another problem with moving
instruménts is the danger of an accident to crew personnel.

Acquisition and Tracking

The manual tracker and autotracker positions are unique in that
they are combined with one common periscope. By using this approach it
eliminates the need for a serve tracking system between positions. 4
periscope arrangement also allows the manual tracker operator to stay in
a fixed position and scan the sky on either side of the aircraft by
merel&loperating hand controls.

Initially the manual tracker operator sights through a fixed
eyepiece in order %o align the rotating prism head of the periscope with
the incoming tarzet, Movement of the operator hand controls direct
the tracker prism and pesition the target within the field of vieuw of
the electoxmoptical auxotracker; When the target is within the auto-
tracker FOV, the operator transfers directional control of the tracksr
prism over to the autotracker. From this point on tracking is accomp-
1ished automatically.

Slaved Periscopes

Pointing angles from the tracking periscope are linked to each of
the slaved instrument periscopes by a sexvo system. The response and
accuracy of this system is considerably greater than thati on the RC-1358
(Rivet Ball) because of the small sise and lightweight equipment involved.,
{(7:?5). The only element in moticn 1s the prism in the head of each
periécépeg
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Boresighting of the instrument periscopes to the tracker position
is made simple by using a sighting scope which is incorporated between

the fixed prism and instrument., (6:164). During autotrack the operator

sights through the instrument scope and makes whatever adjustments are
necessary to the servo system. These adjusiments can be made during
ground eperation or inflight. Passive targets may be used by track-

ing a target in the manual mode.

Angulaxr Recording
Another feature which is unique to this tracking concept is the

ability to record the pointing angle for all periscopes. The azimuth

and elevation axis for each periscope is converted into an analog

voltage which is tape recorded, A record of pointing angles enables

easy comparison of tracking accuracy between all periscopes. A

o
o
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q
)
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i

visicorder printout of all positions can be made simultanecusly and
analyzed within a matter of minutes if necessary. The abllity to
detect tracking errors easily is very important when considering how

long it took to detect those that existed in the RC=1358 (Rivet Ball),
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

The author's conclusions parallel the sequence of events in this
study. They begln with the sexvo tracking path and conclude with overall
tracking accuracy. From ihese conclusions the auihor offers his recom=
mendations for an improved tracking system,

Conclusions
= The RC-1355 (Rivet Ball) servo tracking system is complex, bulky,
and contains an excessive number of angular transition points (35)
between the autotracker and slaved pedestals. Evexry point of transi-
tion increases the protability of tracking error and by reducing the
nunber of these points it will reduce the protability of error.
2, The adjustable linkages on the synchre follow-up assenblies
is a major contributor to tracking error between the #utatracker and
slaved pedestals. The length of each linkage must be exactly the same
dimension as the distance between pivot points. Any error in ad just-
ment will result in nonlinear tracking. Incorrect adjustﬁent of the
autotracker linkage will cause all slaved pedestal to track in error
even Lf each pedestal is ad justed properly.
3 The ability to detect tracking error with conventional p§o~
cedures is difficult and +ime consuming which contribted to the long
delay in jdentifying this problem. A simple and accurate means of
calibration is needed, this includes boresighting.
Iy, The use of a dual servesystem increases the probability of
system fallure since both sytems must be fully opexational and properly

adjusted to provide accurate tracking.
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5% A miltiple instrument tracking system that requires directional
movement of the instruments is difficult to enginesr, requires conslder-.
able area to accomedate tracking movements, and must use a high powered
servo system. Rapld motion of precizion instruments is not conducive to
reliable performance and may present a safety hazard.
6. The Rcémss (Rivet Ball) tracking system can be modified to pro-
vide tracking accuracies suitable for instruments with a one degree
(1°) field of view.
7 The periscope concept ls feasible and offers more advantages
than a modified RC-1355 (Rivet Ball) tracking system. It offers
coverage on toth sides of the aircraft, more accurate itracking due to
smaller size and width, more room for equipment installation, and an
easy means of detecting and correcting instrument tracking.
Recommendations
i. The author recommends the periscope concept over'system modifi-
cations, This r@comméndatlon is based on the above conclusion, per=-
sonal experience, and the need for a system with expanded capability.
A small scale ground tased system should be developed first to prove
its feasibility before aircraft installatlon.
2. The need for a wide range of airboyne spectral data still exists,
1f the periscope concept can be proven, then consideration ghould be given
elther to modifying the RC=1355 (Cobra Ball) for installation or bulld-
ing an entirely new system with emphasis on a wide range of airborne

optical tracking instruments.
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