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ABSTRACT

A design study and investigation to determine the requirements
for the mechanical and electrical components of a Radar Land Mass Trans-
parency System has been performed. The technique consists of moving a
laser beam across a 122 cm square transparency to simulate the side-look-
ing radar system of an aircraft. The most promising system of those con-
sidered from accuracy, complexity and cost considerations 1s shown to be
a horizontally driven tramsparency with a vertically driven flying spot
scanner, The spot, in its vertical heading, scans out a strip 5 cm wide.
Spot size can be kept to 2.5 microns over the 5 cm scan length at any
location on the tramsparency. Smoothness of motion to simulate an air-
craft is achieved through a feedback control system designed to move at
constant velocity. An overriding position loop will correct for any
accumulated errors which could result from environmental or load condi-
tion changes. A position accuracy of + 0,.00127 cm over the entire trans-—
parency is shown to be quite feasible. In addition, the speed range from
low flying aircraft to satellites of approximately 100:1 is also shown to
be feasible using the same system. Mechanical and electrical components
chosen for performance calculations and tolerance determinations are off-
the~shelf. These parts are easier to acquire and lower in cost than
equivalent custom made components.
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SECTION 1

INTRODUCTION

The operational usefulness and economy of radar simulation is only realized
if the simulations achieve a realism that is representative of actual sensor
performance. This has been the case with the plan position indicator (PPI) sys-
tem simulations. The advent of side-looking radar with its greatly increased
resolution coupled with the greater speed and range of host aircraft has, how-
ever, invoked the need for new and better simulation techniques.

Radar system technology has made rapid progress in recent years as a result
of technological advances that have permitted the development of efficient high
power transmitters, low noise receivers, compact antennas, and improved signal
processing techniques. Operational system capabilities have advanced from the
simple low resolution PPI systems to the sophisticated side-looking systems
capable of resolving, with fidelity adequate for detection and identification
purposes, targets of greater military significance.

The PPI radar systems were developed and extensively used as an aid to
navigation where the relatively low system resolution was adequate for detecting
the relatively large and permanent features of the terrain necessary for naviga-
tion purposes. It became apparent, however, that under certain conditions of
weather and/or darkness, the radar system would be the only sensor usable for
weapon launch purposes. Thus, procedures were established using the PPI sen-
sor with its gross resolution to establish target reference points, aiming
points, and bomb release points in order that successful bombing runs could be
carried out regardless of darkness or inclement weather conditions.

While the all weather, day-night nature of the radar sensor was thereby
demonstrated and successfully employed, it is withim the last few years that
its ground resolving capability has approached that necessary for the detec-
tion and identification of military targets. With greater resolvency power,
the identification of military targets, whose nature and location were not
known beforehand, carries the degree of confidence necessary to warrant re-
sponsive action.

The fact that radar is an all weather sensor and that the resolving
capability of the then existing systems was not limited by basic physical
laws provided the impetus for an extensive and comprehensive development
program which resulted in the side-locking airborne radar systems
now in operation. The basic objectives of that program were to develop
radar systems capable of collecting needed intelligence under adverse
lighting and weather conditions and, eventually, with the development
of suitable display and support systems, to provide the foundation for
an all weather, day or night reconnaissance strike capability. That
the first objective has been met is amply demonstrated in the intelligence
callected daily by operational SLAR systems employed by all of the military
services. Experience gained with those systems, together with continued
improvements in resolution, dynamic range, geometrical fidelity, and



stand-off range, have shown that the second objective, that of an all
weather reconnaissance-strike capability using radar as the basic sensor,
will be feasible in the near future. In fact, programs for the development
of auxiliary subsystems (e.g., in-flight signal processing, mensuration,
and displays) and support systems (e.g., precise mavigation and guidance
systems, weapon Bystems) are underway to bring this much needed capability
closer to operational reality.

Since a radar system depicts information within its field of "view"
as a function of the reflective properties of the constituent elements at
radar wavelengths, the scene rendition differs considerably from that nor-
mally perceived by the human eye when the field is illuminated by light.
Thus the operator of a radar system must be trained in the use and inter-
pretation of information presented by a radar display. Effective techniques
for simulating PPI radar returns and displays have been developed and are in
extensive use. These techniques prove economical because they permit simula-
tion of a wide range of flight conditions. They are operationally necessary
because they permit simulation of terrain areas not normally accessible to
aircraft overflight.



SECTION II

SYSTEM DESIGN SELECTION

The feasibility of the components and techniques employed iIn the radar
simulation system has been evaluated and demonstrated under previous study pro-
grams. The objective of the program is, through the study and analysis of
alternative approaches, to recommend methods of radar simulation system imple-
mentation that will permit the following:

-~ Simulation of side-locking radar imagery for use in training image
interpreters in the characteristics and uses of SLAR imagery.

- Simulation of a real-time side looking radar display. This display
would be used as a part-task trainer for air crew members slated for
assignment to reconnaissance-~strike aircraft or other vehicles re-
quiring in—-flight analysis of side-looking radar imagery.

- Simulation of a real-time side looking radar display which is a
component part of a total system simulator. This display would be
used, in concert with the controls and displays associated with all
support systems, In the training of operator personnel who will be
crew members of reconnaissance-strike vehicles.

The basic criteria for the evaluation of the alternative approaches was
that the resulting system be equally applicable to each phase of radar simula-
tion. For example, the simulator must be able to produce simulated radar
strip maps which would find immediate operational use in the training of image
interpreters. The same basic simulator must be usable in the simulation of
in-flight displays which will be necessary when the in-flight display of side
looking radar data becomes an operational capability. Likewise, the same basic
simulator must be usable as a subsystem in a total system simulator for a recon-
naissance-strike vehicle wherein the operator and all other crew members are
exposed, in realistic work station environments, to all situations likely to be
encountered in a mission. Thus, the simulator must have inherent within its
design, a range of mechanical, optical, and electronic capabilities that will
permit its adaptation to the simulation situation for which it is employed.

The nature of side looking radar and the requirements for realistic simulation
were recognized as problem areas which could not be solved by available techno-
logy. Sensor resolution, resolution elements per return, and area of coverage
were problems which did not seem to have solutions. A series of study programs
were undertaken by the Aerospace Medical Lab with CBS Laboratories, to study
and breadboard techniques which would offer suitable means to simulate display
presentation of SLAR systems.

The first problem undertaken was the investigation of a suitable high
resolution scanning technique. This program, the "Optical Spot Size Study for
Data Extraction from a Transparency' under Contract number AF 33(615)-2355,
demonstrated that a focused laser beam can be employed in a scanning configura-
tion to resolve 256 lp/mm, and discern 30 shades of gray. The system consisted
of a laser, beam expander, rotating lens scanner, light collector and photo-
multiplier tube. A subsequent program, the "Development of High-Speed Low



Jitter Scanning Technique for Application to Radar Simulation" under con-
tract number AF 33(615)-3458, demonstrated that the scanner can meet the
stringent jitter requirements necessary for an undistorted display. At a
scan rate of 500 scans per second and a bandwidth of 5 MHz, longitudinal
and transverse jitter could be held to less than one-~fourth of a resolu-
tion element. This system employed a six~lens rotating disk supported by
a hydrostatic air bearing. Resolution and signal-to-noise ratio were com-
parable with the initially developed system.

Even though the scanner fulfilled the requirements initially set forth,
there was a void in the area of transparency preparation. This problem was
two-fold. There was the recorder itself which had to transfer input data onto
the transparency and encode each data element in the form of a gray shade.
Secondly, there was the problem of obtaining source data at the desired resolu-
tion, and processing it to obtain the necessary format, scale, and continuity
required by the transparency. The first of these two problems was studied under
Contract AF 33(615)-5408. The system that resulted from this study was a rota-
ting drum recorder fed by an input digital tape or other forms of digital inputs.
A preliminary study of the second problem showed that a great deal of scurce
data exists, but not in a form lending itself to a simple method of combination
and collatiomn.

The purpose of this study effort is to incorporate the rotating disk laser
scanner into a transparency motion system and thereby effect a relative z-y-y
motion of the scan line relative to the transparency. Not only must the motion
be near measuring system accuracy, but smoothness must be such that line banding
effects are not present. The mechanical structure wust be designed to maintain
focus over the entire 122 cm x 122 cm (48 in. x 48 in.) transparency area.
Scanner resolution must be retained at the 200 lp/mm level and free of vibra-
tions. 1In addition the system must allow operator access for loading and un-
loading transparencies and of course, be reasonable in cost.

SYSTEM DESIGN CHARACTERISTICS

The design characteristics of the system is 1) to move a scanner over the
surface of a large transparency, and 2) extract encoded data in the form of
grey shade variations. The general overall parameters of such a system are:

Film Transparency size and range of motion 122 em x 122 cm (48 in. x
48 in.)
Motion accuracy 0.00254 em (0.001 in.)

Speed range of simulated flight over transparency 100:1

Inputs to simulator Heading (y), %, ¥

Position, V., V
¥y

Velocity components
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Line Pitch Variation 10%Z max.
Scan Jitter cne-fourth resolution element

The design which evolved from a study of a number of configurations is not
markedly different from presently adopted configurations as illustrated in
Figure 1, The transparency is sandwiched between glass plates and supported
in the vertical plane by a horizontal motion transport system. The laser scanner
faces the transparency and is mounted on a vertically directed transport. The
scanner is rotatable about its optical axis to simulate aircraft heading. The
vertical motion of the scanner is coupled to the light collecting photo-multi-
plier tube and follows the path of the scanner over the plane of the transpar-
ency.

The approach to this study was to develop a modular building block concept
rather than utilize highly rigid structure material such as large cast iron
frameworks or granite base or tables. The system constraints established at
the outset of the program and a preliminary analysis showed that the require-
ments could be met by this approach. The bulk of the study examined the me-
chanical rigidity and the electronic sensor stability of the entire system
design.

Information is encoded on transparencies in terms of a density value for
each discrete data point. The number of density values permissible is a func-
tion of the system noise consisting principally of film and detector noise.

For this particular system, it was assumed that 20 gray levels would be encoded
and the density range would be greater than 2.0,



SECTION IIT

MECHANICAL SYSTEM ANALYSIS

The first portion of this report is devoted to a discussion of system con-
figurations which may be employed to fulfil the overall objective. Each approach
was studied from an analytical basis. Comparison tables were generated to show
the advantages and disadvantages of one system with respect to another. A con-
figuration was selected on the considerations shown in these tables, Among
these are x and y drive accuracy, friction and frictional variations, temperature
and humidity effects, dynamic speed range, human factor considerations, alignment,
maintainability, and cost.

The basic function of the radar simulation system is to electromechanically
move a laser generated line scan across the film transparency to simulate side-
looking radar of am aircraft. This line scan, which is continuously moving, is
simulating an aircraft both in heading and speed over a tramnsparency. A scale of
approximately 1:3,000,000, simulates aircraft range and field of maneuver. A
two inch wide scan simulates the side looking radar range. This scan is genera-
ted by a rotating disc scanner which utilizes f/2 lenses focused to 2.5 micron
spots. Each 5 em (2 in.) line is laid down at 500 cycles per second. Trans-
mitted light is collected by a light pipe photomultiplier tube combination. The
output of the photo-multiplier tube is fed to video amplifying circuits,.

The study program was evolved from the three basic system configurations
proposed in the 1nitial CBS proposal. The schematic representations of these
basic configurations in turn evolved into four system concepts. Each system
was considered in a number of critical areas and the results listed in tabular
form. A description of each system is discussed in the following paragraphs.

SYSTEM A

The configuration illustrated in Figure 2 employs a concept where the
transparency is fixed on a horizontal plane and the scamner is translated in
two directions. Both tables would be driven by lead screws and supported by
conventional VEE gulde ways with rollers for smooth and precise tracking.

The transparency is easily handled and positioned on the horizontal glass table,
Thus, its basic advantages are the ease of loading film, and the greater opera-
tor accessibility, Its key disadvantages lie in unequal x and y driving torque
requirements due to the pyramid table construction. The glass support deflects
50 microns (0.002 in.) even with a one inch glass section. The £/2 lenses
utilized to achieve a 2.5 micron spot limits focal depth variations to + 5 mi-
crons, The 50 microns deflection places an additional focus control requirement
on the system. Table I presents the essential characteristics of this design.

SYSTEM B
System B is very similar to system A except the transparency is x-y

controlled. As in other systems, the scanner rotates about the optical axis to
achieve a heading change. This system configuration is extremely large. It has



TABLE I

SYSTEM A

RADAR LAND MASS SIMULATOR TRADE-OFF STUDY

FACTORS

Size/Weight/Inertia:

Guide Ways:

Driving Mechanism:

Scanner Mechanism:

Supply Lines, Air &
Electric:

Optical System:
Laser Position
Beam Expander
Mirrors

Objective Lenses

Optical Window

Film Handling:

Spot Position Accuracy:
X Direction
Y Direction
¥ Heading

Focus Control:

Ease of Fabrication:

Cost of Fabrication:
Temperature Effects:

Torque:

HORIZONTAL TRANSPARENCY TRANSLATING X-Y SCANNER

137 cm x 221 cm x 178 em (54 in. x 87 in. x 70 in.)
Very heavy — low inertia

"¥" Guides with rollers
Very accurate but expensive

1-1/4 in. dia. Moore Lead Screws
6 Objective lenses mounted on an air bearing
supported disc whole unit supported on Heading

controlled mount.

6 ft long x - y traversing supply lines with
swivel coupling & slip rings

335 em (132 in.) from scanner (max)
12 in. 1lg telescopic unit
3 mirrors-unstable-high loss

super ground to compensate for window thickness
and deflection

1-3/8 in. total thickness - high degree of imper-
fection - sags 0.0025 in. due to its own weight.

Operator needs but to move hinged PMT & open top
glass & lay print down flat, easy to load.

Perturbations due to
PMT rods, air & elec-
tric line, and scanner
gyroscoplc motions.

0.0025 cm (0.000970 in.)
0.0025 cm (0.000970 in.)
1/10° - fairly stable

Difficult to maintain + 5 u due to optical
window sag

Large special castings required - alignment diffi-
cult

High cost - long lead time
Stratification uniform on lead screws & film

Unequal load torque on drive motors

8



H3NNVIS
ONILYISNYNEL A-X ¥ WILSAS 2 aundy

{'NIOL) ('Nt 28}
e WD B L Wd 122 ||||.l_

A9 -£0

T 378VvL X

A.
. (NI9®)
L. ﬂdu (M es) W3 2ll

1 ]
U —— = T~ 3w &
T i ¥OLOW
108 .LNOD ONIQYIH avaH
WYY TONLNOD ONINNYDS
NOILISOd LWd LNd © 3did LHBI1
3510 ONINNVIS
. SAVYM30ING
(‘NI 611) SAL 33N
ND 208 378VL NOILOAWIG X HONHIN
AT— - - 1= \

HOHYIN

'‘NMOHS LON 34V SHOLOW FAING HMIFHL ANV SMIHIS aval ‘2

‘37@v). H3INNVIS OLNI 10INE S ¥3ANvdX3 Wv3ad | \
H3sV

;310N

H3ANNVIS QNY
378vL NOILOAMWIQ A

AODNIHVLSNVYHL
JALNNOW SSVID

L¥0ddNS ADNIANVISNVHL




L91-80

ONILYISNYHL A-X 8§ W3ILSAS € e.nbig

AJNIUVISNYEL

R

i

7 V4
\EE
iINd @
Idid LH9IT

//.,_ﬂ_

ADNIHVYESNYHL
Q3ILNNON SSYT19

(NI 95) A G A
N3 z6 F7avL X
Fll avL A
(N 8)
Wo 02 NOLOW
TOMAINCD SNIAGVIH Hasv1
avIH ¥3IANVLX3
4INNYIS Wy
Nt o21) |
- wosos —
JHALINMLS |
LNOddNS HINNVIS / |\H
*I ||‘|&.
(NI 021}
“ M W2 08

10



overall dimensions of 305 cm (120 inches) square and approximately 112 cm (44
in.) high, and consequently has a high load inertia. The gulde ways and drive
system is similar to system A. Loading of this system is complicated by the
aoverhead mounting of the scanner, as illustrated in Figure 3. This simulator
is less complex in design since supply gas lines, electrical lines and the
photomultiplier are stationary. This system, however, suffers from unequal
x~-y drive torques and complexity of focus control to account for film support
sag. In addition, the top table must have two driving lead screws or be
counter balanced to account for the offset center of gravity. Frictional
perturbations can also arise due to higher frictionmal loads. Table II gives
pertinent design characteristics.

SYSTEM C

System C features a vertically mounted transparency with a translating
x-y scanner. The overall size is approximately 196 cm (77 inches) deep, 228
cm (90 inches) wide and 287 cm (113 inches) high. Its scanner is driven and
guided in a similar manner to that of system A. Coordinated control of PMT
is attained by a mechanical link for the vertical drive and a lead screw hori-
zontal drive. The horizontal coupling between scanner motion and lead screw
is a source of trouble. The height of the unit presents a stability problem
in addition to long optical focal path and lengthy gas and electric supply
lines. As in system A, pyramiding of x - y drive tables creates torque
inequalities between the two directions of motion. This system is illustrated
in Figure 4 and the design characteristics are listed in Table III.

SYSTEM D

This system is depicted in Figure 5. The transparency is mounted verti-
cally to eliminate film sag in the focal plane, and is driven horizontally
by a precision acme lead screw and drive motor similar to system A. Horizon-
tal guiding 1s achieved by rectangular guide ways and linear roller bearings.
The scanner 1s driven vertically in the y-direction by a precision acme lead
screw and drive motor and is also guided by rectangular guide ways and linear
roller bearings. Since the drives are not stacked one on the other, they are me-
chanically independent, resultingvin equal x-y driving torques. In addition,
the maintenance of focus, low inertia, ease of film handling, ease of fabrica-
tion and the reasonable size 76 c¢m x 203 cm x 305 cm (30 in., x 80 in. x 120 in.)
make this a desirable configuration. Table IV summarizes the essential charac-
teristics of this system and Figure 6 1llustrates a transparency readout system.

One of the main attributes of this configuration is that it is expandable
to a dual transparency scanner. Essentially, the depicted configuration is
one-half of the expanded system. Scanning, heading control, scanner translation,
laser, and beam expander would be common while transparency mount, transparency
drive and light collector would be duplicated. The expanded system remains
attractive in all aspects of evaluation. Transparency lcading, alignment and
accuracy are superior to other configurations.

11



TABLE II

SYSTEM B

RADAR LAND MASS SIMULATOR TRADE-OFF STUDY

FACTORS

Size/Weight/Inertia:

Guide Ways:
Driving Mechanism:
Scanner Mechanism:

Supply Lines, Alr &
Electric:

Optical System:
Laser Positiom
Beam Expander
Mirrors
Objective Lenses
Optical Window

Film Handling:

Spot Position Accuracy:
x Direction
y Direction
Y Heading

Focus Control:

Ease of Fabrication:
Cost of Fabrication:
Temperature Effects:

Torque:

HORIZONTAL TRANSPARENCY TRANSLATING X - Y TRANSP.

112 cm x 305 cm x 305 em (44 in. x 120 in. x 120 in.)
very heavy - medium inertia

Same as System A
Same as System A
Same as System A

Stationary lines swivel air coupling & electrical
slip rings.

76 cm (30 in.) from scanner

Same as System A

1 Mirror - very stable - low loss
Same as System A

Same as System A

Difficult to load - Scanner structure is in the
way thus reducing opening to slip print in place

v

0.0025 cm (0.000970 in.) Possible perturbations
due to eccentric moun-

0.0025 cm (0.000970 in.) ting of lead screws

1/10 in. - fairly stable

Same as System A. Systems A & B require glass

support or a focus control system. A focus con-

trol system adds mech. errors.

Same as System A

Same as System A

Same as System A

Unequal load torques on motors

12
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TABLE IIT
SYSTEM C

RADAR LAND MASS SIMULATOR TRADE-OFF STUDY -

FACTORS VERTICAL TRANSPARENCY TRANSLATING X - Y SCANNER
Size/Weight/Inertia: 195 em x 228 cm x 286 em (77 in. x 90 in. % 113 in.)
very heavy - high inertia
Guide Ways: Similar to System A
Driving Mechanism: X Drive uses 1-1/4 Moore Lead Screw. Y

Drive 2-1/2* Saginaw Ball Screw

Scanner Mechanism: Same as System A
Supply Lines, Air & Similar to System A
Electric:

Optical System:

Laser Position 131 in. Max from Scanner

Beam Expander Same as System A

Mirrors 2 Mirrors - unstable - medium loss

Objective Lenses carefully ground not as critical as System A

Optical Window 7/8 in. total thickness less imperfections - no sag
Film Handling: easler than System B. Glass Frame pivots hori-

zontally permitting flat mounting of transparency
then tilt up

Spot Position Accuracy:

X Direction 0.001 in. good parallelity between scanner &
transparency deflections. In trans-
y Direction 0.0015 in. - parency support inecrease position
tolerance.
¥ Heading 1/10° - not as stable due to mounts
Focus Control: Sag minimized - focus simplified - good scanner
transparency parallel
Eagse of Fabrication: Similar to System A
Cost of Fabrication: Same as System A
Temperature Effects: Non uniform effects on film & lead screw
Torque: . Unequal load torques on motors

* Might use smaller lead screw with 500
micron in. tol. red

15



TABLE IV
SYSTEM D
RADAR LAND MASS SIMULATOR TRADE-OFF STUDY

FACTORS HORIZONTAL TRANSLATING TRANSPARENCY & VERTICAL
TRANSLATING SCANNER { VERTICAL TRANSPARENCY)

Size/Weight/Inertia: 76 cm x 203 cm x 305 cm (30 in. x 80 in. x 120 in.)
lightest — low inertia

Guide Ways: rectangular guide ways - not so accurate,
inexpensive, easy to line up

Driving Mechanism: Similar to System A

Scanner Mechanism: Same as System A

Supply Lines, Air & Similar to System A with shorter supply lines
Electric:

Optical System:

Laser Position 152 em (60 in.) max from scanner
Beam Expander Same as System A
Mirrors 2 mirrors - fairly stable - medium loss
Objective Lenses Same as System C
Optical Window 3/4 in. total thickness - no sag
Film Handling: Similar to System C. Both System C & D require

spring loading glass against transparency to avoid
transparency slippage during readout

Spot Position Accuracy:

x Direction ¢.0010 in.

y Direction 0.0015 in.

} Heading 1/10° - not as stable due to vertical mounting
Focus Control: Sag avoided - focus maintained - parallelism of

components is fair

Ease of Fabrication: Standard Material used - such as rods & 1
Beams, Alignment simplified.

Cost of Fabrication: Lower cost - lead time reduced due to use of
standard parts

Temperature Effects: Nonuniform effects on lead screw & film
Torque: Equal load torques on motors

16



SYSTEM D SELECTED

This system has been selected as the most desirable in meeting the perfor-
mance objectives. The following discussion contalns a detalled design and anal-
ysis, and describes the systems performance. Included are discussions of the
mechanical components of the system such as bearings, lead screws, guideways and
optical focus control, of system maintenance, and of the feedback contrel system
for x and y motion.

VERTICAL DRIVE MOTOR
AND LEAD SCREW

A

BEAM
'EXPANDER’j_

S

GUIDEWAY

SCANNER-
HEADING CONTROL
UNIT

HORIZONTAL DRIVE MOTOR
AND LEAD SCREW

TRANSPARENCY

03-1167

Figure 6 TRANSPARENCY READOUT SYSTEM
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SECTION IV

MECHANICAL SYSTEM COMPONENTS

A brief description of systems A thru D have been described and illustra-
ted as to their characteristies, advantages, and disadvantages. Each system
will have variations in those specific components utilized. For instance, all
of the optical systems discussed are very similar. The same laser, beam ex-
pander, approximate number of lenses, and the same scanning disc with f£/2
objective lenses are used, Yet the objective lemses are more complex for sys-
tems A and B due to the heavier film support. Mirror losses are higher for
system A using 3 mirrors. The drive motors, tachometers, rotary as well as
linear encoders and lead screws are about the same for each system. Each sys-
tem requires a similar glass frame to support and align the film tramnsparency.
The resulting structural configurations vary according to each approach. How-
ever, the more practical approach uses off-the-shelf components such as I-beams,
channels, angles and tubes. These parts are readlly available and provide ease
of fabrication and alignment. The large castings shown for the horizontal
system present long lead delays and require precision machining which delays
delivery and raises the cost of the end item. The following discussion attempts
to give some insight into the components selected, theilr quality, finish, accur-
acy, and life. This is followed by a more intensive look at overall system
errors and thelr effects on system accuracy.

LASER

A helium neon gas laser 1Is used to provide a uniform intensity light source.
This laser operates at 63288 wavelength, featuring built in beam pointing for
ease of beam alignment. It is ruggedly built, has a sealed-beam plasma tube
for maintenance free operation. A beam expander is utilized with the laser to
expand the beam to its working diameter of 2 inches. Beam expansion also serves
to reduce beam angular divergence as well as to avoid optical degradation by
micron sized dust particles. The beam expander produces flltered wavefronts
with a smooth Gaussian intensity profile.

MIRRORS

The two mirrors used in this system are similar to the configuration illus-
trated in Figure 7. This configuration facilitates rigid stationary mounting of
the laser. Each mirror deflects the expanded laser beam 90°, The mirrors are
"first surface mirrors' such as electroless nickle over steel with 90% reflec-
tivity, Each mirror is fully adjustable about its optical axis.

GAS BEARING )
The scanner gas bearing supports both the optical scanner disc and its
drive motor directly by eliminating an intermediate coupling and its angular

error. This gas bearing is hydrostatic and exhibits low starting torque and
practically infinite life. Axial and radial bearing runout is maintained with-
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Figure 8 LINEAR ROLLER BEARING
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in 0.38 micron (15 micro-inches). The complete absence of metal to metal con—
tact allows this bearing to operate at 5000 revolutions per minute, and at this
speed there is no mechanical noise or vibration. The stiffness approaches
17,900 kilograms per cm (250,000 pounds per inch}, making it very insensitive
to outside perturbations. The bearing material is corrosion resistant steel
providing maximum resistance to corrosive elements and humidity. The bearing
will operate reliably on dehumidified air fiitered down to 5 micron particles.

HEADING CONTROL BEARINGS

The nature of the scanner configuration requires open center design to
allow the laser beams to pass through the center. For this reason large bore
slim profile hearings are used. Two unequal size angular contact bearings are
back loaded against each other, thereby taking out axial as well as radial
clearance in each bearing. The angular contact bearing has a higher complement
of rollers than the deep groove contact bearing or four point contact bearing
with a subsequently higher load capability. The base grooves are honed to a
precise geometry for quiet operation. Balls and races are made from AISIT
52100 steel. The ball sphericity is held to 0.635 microns (25 micron-inches). Bear-
ing runout, both axial and radial, is held within 2.5 microns (+ 100 micro-inches).
Additional runout control can be achieved by building the scanner to fit the
bearing inner races as well as phasing the outer races in the housing. This
may not be necessary since mest of the error is systematic and can be compen-
sated for electronically. Furthermore, these bearings are stationary during
actual scanning, therefore, bearing jitter is not present.

These bearings are grease lubricated for the life of the bearings. Laby-
rinth sealing is provided to protect scanner componentry from contaminatiom.

LINEAR BEARINGS AND GUIDEWAYS

Linear rough bearings and rectangular guideways are used both on the
horizontal transparency drive system, as well as on the vertical scanner drive.
These bearings, shown in Figure 8, exhibit smooth, friction-free motion under
load., They feature a built-in damper which minimizes structural vibrations and
serves to guide the rollers in the load zome. The antifriction characteristics
of the bearings significantly reduce the power demand on the drive system. Low
friction means less wear on lead screws and allows greater position coatrol
accuracy. The rugged design of the bearings permits greater high lcad carrying
capability and consequently, a high spring rate.

These bearings require only a minimum amount of lubrication. Therefore,
grease lubrication for the life of the bearing is practical. The bearing
and lubricant are protected from contaminants by using either surface wipers
or covers. A surface wiper would be sufficient in this case since there is
no generation of contaminants.

The bearing races and rollers are made from hardened AIST 52100 steel.

The guideway surface on which the linear bearing operates is one of the bearing
races. Rockwell "C" scale (RCSB) hardness 1s maintained.
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Preloading pads are used, one per pair of opposing bearings to
preload the bearings and establish a primary reference surface. Accuracy
is not critically dependent upon guideway parallelism, since the preloading
compensates for variations in thickness along the guideway length. The
guideways are supplied with a surface parallelity of + 2.5 microns (+
0.0001 inch). The accuracy of the linear bearing perpendicular to
guideway is within + 0.635 mieron (+ 25 microinches).

The life for a linear roller bearing properly mounted, kept clean, and
properly lubricated is determined by fatigue of the materials. The fatigue
life, based on B-10 life, is expressed by the following equation:

3.33
Life - (C/P) = Ten Million Inches of Travel

C

Dynanic Capacity

P

Working Load on Bearing

SWIVEL COUPLING

The gas bearing must receive a continuous supply of gas to provide smooth
accurate support of the scanning dise. A rotating coupling is necessary to
accomplish this. Therefore, a dynamic gas coupling is built directly
into the scanner support housing. This is accomplished using graphite filled
teflon seals backed up with a garter load spring. This seal configuration
provides extremely smooth action, with a coefficient of friction lower than
that of common neoprene O-rings. They have unlimited shelf life, work in most
corrosive environments, have the high pressure range of up to five times the
dynamic life of O-rings and are size competitive with O-rings as well,

LEAD SCREW

The lead screws used in both the horizontal and vertical servo systems
feature modified acme screw threads {(See Figure 9). The particular lead
screw selected provides the ultimate in position accuracy and smoothness of
operation. The lead screw has the following features.

1) Near carbide hardness and dimensional stability
2) The lead screw is accurately thread ground,
inspected, then lapped to a high microfinish, all

under temperature controlled conditions.

3) The lead screw assembly assures perfect alignment and
support in the system to within 0.25 micron accuracy.

&) The lead screw 1s carefully machined and inspected to

reference blocks exceeding Bureau of Standard require-
ments.
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The lead screw therefore provides a very high degree of accuracy, one
that responds to minutely small movements, as small as 1/40 of a micron
(1 or 2 millionths of an inch). This smoothness of control, together with
the high magnification of movement that is unique with a lead screw (approxi-
mately 150 to 1) produces excellent repeatability. The modified acme tooth
form gives perfect angular fit, and the tightly fitting nut is burnished
until it runs free along the full length of the mating screw. Lead error is
corrected and periodic error eliminated due to refined lapping techmniques. The
cyclic error of the lead screw is held to + 0.39 micron (i 15 microinches). To
compensate for heat generation during operation, the lead screw has a linearly
cumulative error built-in which amounts to -7.5 micron (-300 microinches}.

HEADING CONTROL

Simulation of aircraft heading is achieved by supporting the scamner on a
large shaft. The scanner is rotated about the optical center to simulate
aircraft heading. A dc torque motor, coupled by one-to-one ratio antibacklash
gear set to a sine-cosine potentiometer, provides closed loop heading control.
The sine-cesine potentiometer provides a 360° electrical function with better
than 0.1% linearity. The life of the potentiometer exceeds 30 million cycles.
The antibacklash spurgear set is designed for infinite life and low angular
error less than one tenth of a degree. The drive motor consists of a direct
shaft coupled dc torque motor with a wound armature and permanent magnetic
field. 1t is desipgned for high torque positioning systems exhibiting high
torque at low speeds for speed control systems. Since the armature is attached
directly to the shaft/load, there are no backlash errors and servo stiffness is
high. In addition, the motor exhibits a high linearity whereby torque increases
directly with the input current, independent of speed or angular position.

This provides excellent electrical control characteristics,

OPTICAL WINDOW

The optical windows provide a rigid means of supporting the film trans-
parency. The windows facilitate microinch levels of accuracy in film trans-
parency positioning and focus control. The glass windows are fabricated from
a high optical grade glass nearly free from seeds, stones, bubbles, and striae.
The transparency mounts between the two pieces of 0.95 cm (3/8 in.) thick
optical glass. The glass is supported verically in frames which in turn are
supported top and bottom by linear bearings and are guided on rectangular
guide ways attached to the frame work of the radar land mass simulator.

The high quality of window fabrication assures the transmission of a
powerful and uniform beam of light to the photomultiplier tube located on the
back side of the glass. For a complete picture, see Figure 10.

GULDEWAYS
Vertical position control of the scanner and uniformity of focus are, as

shown in Figure 11, accomplished using two vertically mounted rectangular
guide ways. Three pairs of linear roller bearings on each side of the scanner
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frame serve to guide the scanner along the guide ways. There is no direct load-
ing of the guide ways other than the preload on the linear rollers. A preleoad
on these bearings serves to smooth out the rolling action and establish one
reference plane for each pair of opposed loaded bearings. The preleoading and
relaxation of guideways flatness after machining necessitates the adjustment
of the guideways along their lengths. This is accomplished by using an
adjustment block in the form of a channel which has push-pull adjustment
screws approximately every six inches along its length. The guldeway is
fitted to this channel and both pieces are attached to a structural I-beam.
The guideway is autocollimated and adjusted until it is aligned. The adjusted
guideway is then assembled in the unit.

The horizontal guideway consists of a similar configuration and its
accuracy is comparable to that of the vertical unit. The bottom guideway is
supported on accurately ground blocks every twelve inches. The guideway is
autocollimated and shimmed until it is accurately aligned. The blocks are
then ground to fit precisely and both blocks and guideway are tightened down.
The upper guideway is laterally aligned since the film transparency is verti-
cally guided by the lower guideway.

All the guideways used are hardened steel (R.58 minimum). The hardened
precision ground way surfaces provide high load capability, eliminate surface
brinnelling, increase smoothness of operation and offer high reliability.

PMI AND LIGHT PIPE

The light signal transmitted through the film is collected via a conical
light pipe on the emulsion side of the film. The light pipe serves to reduce
the two inch scanned line to approximately one inch required at the photomul-
tiplier face. In addition the light is diffused over the photocathode surface
thereby smoothing out sensitivity irregularities in the tube. The light pipe
and photomultiplier are side mounted on a small bearing carriage, as shoyn in
Figure 12, The carriage 1s mounted to two back-to-back vertical guideways. It
is driven up or down by a pulley mechanism and counterweight slaved to the
scanner lead screw., The response and accuracy of this method of driving the
photomultiplier is excellent and presents a simple, inexpensive, compact unit.

LUBRICATION

The radar land mass simulator does not have a lubrication maintainability
problem. All of its bearings are sealed, self lubricated types. Because of
the slow rate of motion in the x and y drives, sealed grease lubrication is
the best choice. The horizontal lead screw has a shlelded oll bath system.
This provides two advantages: it gives the best lubrication to the lead screw
and stabilizes the lead screw against thermal variants, thereby eliminating
short time temperature effects. The vertical lead screw has a number of dis-
advantages at first glance; it is difficult to lubricate uniformly, it is
subject to thermal gradient and it supports the full weight of the scanner.

These problems complicate lubrication which serves two purposes:
to hydrodynamically separate metallic surfaces from dry running and, to
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Figure 12 PHOTOMULTIPLIER AND GUIDEWAY ASSEMBLY
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remove heat generated between dynamically loaded components. These difficulties
are overcome by the following approaches. The lead screw nut is drip lubri-
cated at an extremely low rate to avoid o0il buildup and refill problems. The
screw is protected from thermal variants and dirt by boots which have air
conditioning capability by tapping off room conditioned air directly from the
supply. The loads are effectively removed from the screw by counter weighting
the scanner via a pulley dead weight system., This, in no way, affects system
accuracy. In addition, the lead screw itself is held and driven at the top

to avoid sag or deflection due to its own weight.

LINEAR CONTROLLER

A linear position pick-off is mounted to a vertical and to a horizontal
guideway to provide optimum position feedback control. The system to be used
consists of strips of inductive material placed on accurately ground flats,
These flats are mounted to guideways in each direction of motion and a pick-off
of mounted on the moving part of the scammer and film support. The pick-off
does not touch the inductors and there are no wearing parts or degradation of
signal. The pick-off generates a sinusoidal waveform which is split up into
fine increments resulting in measurable position accuracies one order of magni-
tude smaller than the overall accuracy of the machine. This position pick~off
method 1s easily adaptable to this machine, it is economical, accurate, does
not add perturbation to the system and 1s extremely reliable based on
machine tool industry acceptance.

STRUCTURES

The structural components that make up the radar land mass simulator
constitute the foundation for optimum system operation. The structural con-
figuration selected for this study, as illustrated in Figure 13, evolved from
system x and y motion requirements. In addition to a high degree of accuracy
required, the system must be easily fabricated from reasonably active materials
(short lead time raw stock), and it must be easily aligned and maintained. I-
beams, channels, and angles are readlly available as opposed to cast meehanite,
the widely used machinery base material. Inquiries were made at local foundries
and casting houses., Lead times of 6 months or greater are necessary to obtain
raw castings. On the other hand, off-the-shelf components, which are available
on short lead times, lend themselves to ease of fabrication and alignment. Steel
is used throughout the structure to take advantage of its higher modulus of
elasticity than aluminum alloys, and its ability to maintain uniform thermal
expansion. I-beams are used to support all the guideways due to their high
strength-to-size ratioc and high, bi-directional strength. Channels which tie
into the large I-beams are used to effect some weight reduction where I-beams
are not necessary. The structures are conceived as modular units which provide
bench assembly capability to facilitate final assembly and alignment. In
addition, packaging of subcomponents is held to a compactness which permits
shipment or movement within a facility, since the unit fits through standard
door openings. The structure sets on five adjustable feet which permit leveling
and horizontal alignment.

A structural skin is installed over the framework to protect the user

from laser exposure, the equipment from dust, and to enhance the finished
quality of the equipment.
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OPTICAL FOCUS CONTROL

Precision antifriction bearings are utilized in both the x and vy
drives to assure uniformity of focus. Frame members are deflection analyzed
for low deflection rates and subcritical vibratory modes. Guideways directly
affecting x-y drive componentry are precision machined, straightened, and
optically aligned for maximum repeatability and focus control. The asso-
ciated mechanical parts will not be affected by humidity.

CBS Laboratories has developed a scanner optical system under contract
AF 33(615)-3458. This system is nearly identical to the Land Mass Simulator
System, as shown in Figures 14 and 15, The differences exist in the scanning
head which rotates about its optical axis to simulate aircraft heading; the
film is rigidly affixed between two 0.95 cm (three-eights inch) thick eptical
windows; and a conical light pipe is required to collect the scanned lines
under any scanner heading position. The heading positioning requires a separate
control system and a direct drive motor which maintains a heading within 1/10
of a degree.

The optical windows present some aberrations due to glass thickness.
However, this is corrected in the scanner objective lens. The light pipe
provides an efficient means of transmitting the scanned line to the photo-
multiplier tube. Tt also serves to diffuse the light Intensity over the face
of the tube.

Factors Affecting Focus in the =x Drive System

The horizontally driven transparency will contribute some minute defocus-
ing caused by 1ts support bearings, the guideways, glass and framework. The bear-
ings will vary + 0.64 microns (+ 25 microinches). The guideways can create as much
as + 2.5 microns (+ 0.0001 in. lateral deviation) from true dimension. The air
bearing contributes + 0.2 micron (+ 8 microinches). The glass will not deflect due
to its vertical mounting but is subject to optical imperfections. Flatness can be
held to within + 25 miecron (+ 1000 microinches). The frame will deflect somewhat
but will not affect focusing unless it twists, Initlal twisting of the frame can
be corrected during installation and alignment. In general all the aforemen-
tioned factors are systematic errors, and window flatness and guideway varia-
tions can be removed by careful alignment.

Appendix II presents a detailed amalysis of structural loads and deflections
and Appendix IV discusses the weight factors. Vibrations, which can also be a
factor in any precision motion systems, are analyzed in Appendix V.

Factors Affecting Focus in the y Drive System

The vertically driven scanner assembly will cause defocussing through bear-
ing runocut, scanner heading control assembly errors, and scanning disc nonuniform-
ities. Each of these factors contribute + 0.64 micron, + 2.5 micron, and + 0.2
micron (+ 25 microinches, + 100 mlcroinches, and + 8 microinches) defocus re~
spectively. The guideways contribute + 2.5 microns (+ 0.0001 inch). These errors
are systematically repeatable, and the guideway errors can be removed by alignment.
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Appendix II presents a detailed analysis of structural loads and deflections
and Appendix IV discusses the weight factors. Vibrations, which can also be a
factor in any precision wotion system, are analyzed in Appendix V.

Conclusion to Focus Control

A summation of factors contributing to defocusing is outlined in Table V.
The gross defocus under all worst case conditions indicates the system has up
to + 4.87 microns (+ 193 microinches) of defocusing error. An additional
possible + 30 microns (+ 1200 microinches) are removed at initial buildup by
proper alignment of optical window frames and guideways. The lenses used per-
mit some flexibility as demonstrated by the following equation, where the depth
of focus tolerance is calculated.

+ Az = ZfZA
where
Az = allowable depth of focus tolerance
f = lens no is £/2
A = 6328 A wavelength of He-Neon Laser
Az = (2)(2)%(0.0000006328)

= +5.1x 10_6 meters

= + 5.1 microns

As can be seen the f/2 lens depth of focus variation exceeds + 4.87 microns.
Further reductions of this tolerance appear achievable and should be relizable
in the hardware program.

POSITION ACCURACY IN THE X DIRECTIOR

Positioning of the laser spot along the x—~axis of the system is accom~
plished by continuous traversing of a motor driven lead screw nut. Spot
position accuracy is a direct function of guideway and structure deflection,
guideway bearing runout, lead screw errors, scanner gas bearing runout and
scanner heading contrel bearing runout. Structural deflections cause the spot
to deviate from its true position by as much as 20 microns (800 microinches},
and vary predictably at any point of transparency traverse. An error budget
contained in Table VI shows magnitudes as a function of distance along the
axis. Figure 16 shows a plot of dynamic deflection vs vertical position.
Linear roller bearings are used to support the scanner from lateral motion.
These bearings have a systematic error of + 0.5 microns (+ 20 microinches)

34



L9ii-20

N, LN0N

ANGNISSY NINNVOS Gl wunbly

Gz_mqmm #

SY9 Ol AlddNS
HO4) ALIAVD
LNIOM A¥VLIOY

'

ONIY¥Y 38 -

- ; S3ISN3
ONINNVIS — |

—— =

M3YDS a¥Y3T

ATgN3ISSY
HOUHIN

H313INOILNILOd
3NISOO-3NIS

ONIYV3I8 HVYINIT

Qvd 9Nidds
ONIQYOT13¥d

s
./ YOLON
HIANNVIS

TOHLINGD

boere oo

ONIQY3IH
HOLON 20

SONIN dITs

H3I13IWOILNILOd
OL Nivdl uv3s

AVM3IAING

@e_




Esptnadls

Approved for Public Release



TABLE V

FOCUS CONTROL

MAGNITUDE

FACTORS CAUSING DEFOCUS MICRONS MICRO INCHES
Transparency Thickness + 0.25 + 10
Glass Frame Linear Bearings + 0.64 + 25
Axial Mounting or Scanner Lenses + 0.64 + 25
Scanner Gas Bearing Axial Runout + 0.20 + 8
Heading Control Bearing Axial Runout + 2.50 + 100
Scanner Traverse Linear Bearings + 0.64 + 25
TOTAL DEFOCUSING + 4.87 + 193
The Following Factors are Nom Contributing Since
They are Removed by Proper Alignment
Optical Window Flatness + 25.00 + 1000
Horizontal Guideway Straightness + 2.50 + 100
Vertical Guideway Straightness + 2.50 + 100
TOTAL NON CONTRIBUTING ERROR + 30.00 + 1200
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SYSTEMATIC ERROR SOURCE

1. Vertical Guideway Deflection

2. Vertical I-Beam
Deflectiom (6 x 6 x .320)

3. Linear Roller Bearing
4. Horizontal Lead Screw
122 cm Long (48 1in.)}

5., Heading Control Bearing

RANDOM ERROR SOURCE

6. Linear Roller Bearing

7. Horizontal Lead Screw

B. Heading Control Bearing

Table VI

HORIZONTAL DRIVE SYSTEM ~ SYSTEMATIC ERRORS

1
{40}
7.5
(3003

{200)

0.25
(10)

0.75
(30)

0.7
(28}

MAXIMUM VALUES OF ERRORS ALONG VERTICAL AXIS FROM FLOOR
6 12 18 24 30 33 36 52 48 54

*1.65 0 1.65 0 1.65 0 1.65 0 1.65 0
*(65) (65} (65) (65} (65)

2.5 6.5 12 16.5 17.8 18.8 17.8 16.5 12 6.5

(100) (260) (4B0) (660} (710) (750) (710) (660) (4B0) (260)

60

1.65
65)

2.5

(100)

* Top number is expresged in microns. Bracketed number { ) in micro Inches,
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0
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Figure |6 DYNAMIC DEFLECTION PLOT OF THE VERTICAL
GUIDEWAY IN THE X DIRECTION
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and exhibit a random variation of + 0.13 (+ 5 microinches) due to roller
variations in size. Due to the number of rollers in contact with the guide
way the random effect is averaged out. The lead screw, in turn, exhibits a
total cumulative error over 122 cm (48 inches) of 7.5 microns (300 micro-
inches). It has a cyclic error of 0.75 microns (30 microinches) which
appears at a frequency of once per revolution. Lead screw sag is eliminated
by kinematically supporting the screw at points along its length, This
method of support also eliminates transverse errors. The lead screw is
immersed in 0il and has a number of threads in simultaneous contact with

the nut. This condition effectively smooths out many cyclic errors.

The scanning disc with its objective lenses is supported on a gas
bearing. This bearing contributes 0.4 micron (15 microinches) deviation
from true position due to radial runout. The Heading Control Assembly is,
in turn, supported by precision machined antifriction bearings. These
bearings are installed in a-phased relationship to provide the least radial
runout. They contribute 5 microns (200 microinches) radial runocut and
have a ball cyclic variation of 0.635 microns (25 microinches). The ball varia-
tion will not create jitter during operation, since the heading will be fixed
for each simulated flight across the transparency. Reflecting on the worst
case of tolerance buildup pyramiding in one direction, the total horizontal
drive system error could add up to 34 microns (1370 microinches), as shown
in Table V1. The probability of this happening, is small, since the error
is distributed and would have a very low possibility of accumulating to its
maximum value.

POSITION ACCURACY IN THE Y DIRECTION

In the horizontal drive system the scanner is positioned by a motor driven
lead screw nut attached to a scanner carriage. Position accuracy is affected
by structural deflection of the guide way and its support beam, as well as
guide way linear bearing runcut, lead screw error, scanner gas bearing runout,
and heading control bearing runout. Structural deflections cause an error of
approximately 2.3 microns (92 microinches) from true position. Table VII and Fig-
ure 17 present a complete picture of y direction error as a function of distance
along horizontal guide way. Linear roller bearings, as shown in Figure 8, are
used to support the film transparency from motion perpendicular to its plane
of travel. These bearings are accurate within + 0.5 microns (+ 20 micro-
inches) and exhibit a random error of + .13 microns (+ 5 microinches) due
to diametral variations. This jitter component is not seen due to the aver-
aging effect of all the rollers used. The lead screw has a total cumulative
error of 7.5 microns over 122 em (300 microinches in 48 inches). It has a
cyclic error component of 0.75 micron (30 microinches) but is damped out due
to the hydrostatic load capability of the lubricant and the averaging effect of
a number of lead screw threads. The scanmer gas bearing has a 0.4 micron
radial runout (15 microinches). The antifriction ball bearings, which support
this disc, and in addition, support the heading control, contribute 5 microns
(200 microinches) radial runout and have a cyclic variation of 0.635 micron
(25 microinches) which is not seen during traversal of the transparency because
the bearing is statiomary. Again, if the worst possible combination of tolerance
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Table VIT

VERTICAL DRIVE SYSTEM ERRORS

MAYIMUM VALUES OF ERRORS ALONG HORIZONTAL AXIS FROM OPTICAL CENTER

SYSTEMATIC ERROR SOURCE 48 42 36 30 24 18 12 6 0 6 12 18 24 30 36 42
1. Horizontal Guideway Deflectfon 0 *1.15 0 1.15 a 1.15 Q 1.15 0 1.15 [\] 1.15 4] 1.15 o0 1.15
*{46) (46} {46) {46) [€1)] (€13 {46) (46)
2., I-Beam Deflection 1} 0.68 1.13 1.15 1.07 0.75 6.4 0.12 [i] 0.12 0.4 0.75 1L.07 1.15 1.13 0.68
(27)  (45)  (46) (43} (30) (16) (5) {5} {16) (30) (43} (46 (45%) 21
3. Llinear Eoller Bearing Runout 1 - -
(40)
4, Vertical Lead Screw 7.5 - —
122 cm Long (48 in.} (300}
5. Heading Contral Bearing 5
{200}

RANDOM EERROR SODRCE

6. Linear Roller Bearing Runour 0.25
[$L13]

7. Vertical Lead Screw 0.75
(30)

8. Heading Control Besring 4.7 —
{28)

* Top number is expressed in microns., Brackered number { ) in microinches.
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buildup were to occur simultaneously, the maximum error would be 18 micron
(712 microinches). Since this error accumulation is compounded by errors
already accounted for in the x-drive system, the net y-direction error is 12
micron (472 microinches).

FILM HANDLING

The system is Human Engineered for ease and simplicity of film trans-
parency loading and unloading.

Film loading can be accomplished by one operator as follows: The trans-—
parency mount (support frame and glass window) is moved automatically to
one side when the operator puts the system controls on load sequence. The
mount is stopped automatically when it reaches the appropriate loading posi-
tion (by microswitch). At this position the operator releases the transpar-
ency release latches. This allows one half of the glass frame to pivot down
from the vertically locked position. The window is spring loaded in order to
counter balance the weight of the window, thus avoiding physical injury to the
operator. A positive stop keeps the window from falling to the floor. The
operator then pulls the window down so that it lies in a horizontal position, as
illustrated in Figure 18. If a transparency is already positioned on the win-
dow, the spring finger clips at the periphery of the film are released and the
film is removed. The knee high position of the window during loading permits
the operator to gently float a film transparency ontec the window without wrink-
ling or mutilating the film. Then the cperator aligns the x and y coordinate
markings on the film with fiducial markings etched on the window. Once the
film is smoothed out and c¢lipped in place {(the operator uses cotton gloves to
avoid damaging the film), the window is repositioned in reverse order for opera-
tion. The next step is recalibrating the film so that exact position coordin-
ates are established with respect to computer information. Calibration is fur-
ther discussed in Section 5.

TEMPERATURE AND HUMIDITY EFFECTS

System errors are not only attributed to mechanical tolerance build-up,
machining and deflection errors, but also to those errors caused by tempera-
ture and humidity changes. A difference in room temperature of + 0.55°C (+ 1°F)
will cause expansion or contraction of lead screws and frame work, in addition to
its effect on the film. As an example, consider the increase in length
of the lead screw over 122 centimeters (48 inches).

10.8 x 10_6 cm/em ®c

ast =
£ = 122 cm
AT = + 0.55°C
-6
Llead (10.8 x 10 7){122)(0.55)

+ 7.25 microns (+ 285 microinches).
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This would affect position accuracy and it is therefore important to provide
alr circulation, especially if larger temperature excursions are anticipated.
The film itself is very susceptible to dimensional variation with temperature;
for Kodak high definition aerial film number 3404

-6 °
Ol 27 x 10 ~ cm/em °C
% = 122 em
AT = 0.55°C
Legim = (27 % 1078y (122) (.55) = 4 18 micron (+ 725 microinches)

This amount of thermal variation appears severe at first glance. The glass
support, however, acts as a sizeable heat sink opposing thermal variants and
changes of this amplitude would not be expected. Humidity control should be
maintained within + 2%. Humidity will not affect the equipment since hygro-
scopic materials are not used. The film itself is affected by humidity, as
follows.

Beiim 35 x 107° cm/cm/% RH linear Humidity coeff.

L = 122 cm

ARH = + 2% Relative Humidity

Lfilm = (35 x 10—6)(122)(2) = + 85.4 micron (+ 3410 microinches)

This increase appears substantial, but since the film is sandwiched between
glass plates, only a very minute amount of moisture will be absorbed and
even then, only at the exposed edges.

PMT DRIVE SYSTEM

The photomultiplier tube, light pipe and its electronics are supported

on a box frame and sidemounted to provide adequate room for film transparency
loading and unloading. The PMT black box assembly translates vertically { y-
direction) with the scanner assembly. The PMT is slaved to the scanner mechan-
ically via a pulley system which functions both to control the position of the
PMT relative to the scanner and also to counter-weight the load of the scanner
assembly on the vertically mounted lead screw. The pulley system uses a flat
steel belt to achieve high positioning accuracy. All the pulleys are carefully
mounted on precision antifriction ball bearings to provide smoothness of motion.
To assure positive steel belt tensioning, the PMI assembly is spring loaded

by a constant force spring. Positioning accuracy of such a drive system is

a function of pulley runout and temperature. Position inaccuracy, caused by

45



the pulleys, would be less than + 7.5 mlcrons (+ 300 microinches). This error
consists of the pulley machining error and the supporting bearing runout.

Air stratification, or layering of air, from floor to ceiling can cause thermal
gradients up to 0.55°C (+ 1°F) over the length of the steel belt. The error
introduced is illustrated by the following example.

8§ = alAT
where
§ = expansion or contraction of steel belting
a = coefficient of expansion for steel = 10.8 x 10—6 Eﬁ‘c
aof = + 0.55°C
£ = length of steel belting 122 cm
5 = (10.8 x 10°°) (122) (0.55) = + 7.25 micron

=  (+ 285 microinches)

It is therefore possible that the PMT assembly could have an error of + 15
micron (+ 585 microinches) relative to the scanner. This, however, does not affect
the registration of the information being read off the film transparency,

Conclusion On Position Accuracy

It can be seen from the previous paragraphs that the systematic errors
are small, less than 25 microns (0.001 in.) for x and y positioning
systems. It was also seen that temperature can affect the lead screw and
f11m transparency. Proper air circulation would significantly reduce this
error component, and the random error on the film would be held within 25
micron (0.001 in.) anywhere on the transparency. Humidity was not a problem to
either the equipment accuracy or the film, but rocom relative humidity should
be maintained within + 27 to reduce dimensiomal changes in the stored trans-
parencies.
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SECTION V

SYSTEM MAINTATNABILITY

SELECTION OF BEARINGS, COMPONENTS, AND MECHANISMS

A large transparency readout system presents some critical component
design problems. It is jmportant to make the unit easy to fabricate, assem-
ble, install, align, repair and operate. This is accomplished by utilizing
precision components, readily available on the machinery market today. Very
accurate linear bearings and guide ways are stock items with machinery
manufacturers, thereby simplifying the mechanical design. Higher precision
may be achieved with custom fabricated guide ways and rollers. These com-—
ponents would be necessary if higher accuracy was desired., Castings would
be employed and precision Vee-guideways machined into the casting. This is
an economical approach, and is not necessary in order to meet the present
objectives. Readily available structural parts such as channels, I-Beams
and plates are employed to advantage and provide ease in alignment and cali-
bration. Acme lead screws, due teo their accuracy, are employed on both
drive systems. Every dynamic component and structural member will be made
from steel or equivalent materials to avoid differential expansion or con-
traction of components due to temperature variations.

Component Service Life

The structures and associated static components will have an infinite
life capability. Dynamic components such as bearings and gears will exhibit
life in excess of 1000 hours.

Periodic Maintenance

Maintenance will be very low on this unit. Bearing lubrication will be
for the life of the bearings. Lubrication of other components such as lead
screws will be on an extended basis, perhaps in excess of 1000 hours. The
- equipment should be installed in a dust free environment thus reducing main-
tenance and cleaning of the equipment. Some minor maintenance of wiping
nirrors, lenses, and the transparency mounting windows should be performed
periodically to ensure optical spot quality.

Alignment And Adjustment

Alignment of the transparency in its supporting frame is discussed
in Section 4. Aligmment checks of the transparency support and scanner
support guideways should be necessary only if the equipment is moved,
to assure integrity of display. This is accomplished by auto collimating
each guideway support structure. In addition, each lead screw can be
calibrated against Bureau of Standard gage blocks to assure lead screw
trueness. Mirrors and lenses can be optically realigned if necessary
to maintain optical spot resolution and position accuracy.
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Figure |19 DUAL TRANSPARENCY READOUT SYSTEM
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Conclusions

The selection of reliable components and self lubricating wear points
provides for ease of maintenance, high mean time between component failure,and
a long service life for the whole unit. The gystem will be structurally sound,
but, at the same time, it will easily facilitate any adjustments or alignment
which might be required during the life of the equipment.

SECTION VI

DUAL TRANSPARENCY READOUT SYSTEM

The single transparency readout system discussed in this study will per-
form the task of reading a single transparency for terrain reflectance.
It is realized, however, that some systems will require both elevation
and reflectance readout. It is intended here to point out that the
system presented in this study has the additional merit of being adaptable
for duvual transparency readout. This is achievable by adding a second
transparency and track directly behind the scanning mechanism and in
line with the first transparency. This adds approximately 25 centimeters
to the width of the unit and does not change the height or length of
the structure. A second optical scanner and a beam splitter is added
to the present scanner carriage. Position accuracy is not significantly
affected in the y-direction. A slight decrease in =x-direction accuracy
is expected due to dual drive loops. The advantages gained in this
type of system far ocutweighs the necessity of having two separate readout
systems. A schematic presentation of a dual transparency readout system
is shown on Figure 19,
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Figure 20 CONSTANT SPEED FEEDBACK CONTROL SYSTEM
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SECTION VII

CONTROL SYSTEM DESIGN

CONTROL REQUIREMENTS

The scanner position control system is designed to meet the following
requirements:

a) Constant velocity mode.

b) 10% maximum variation in scan line separation.

c) + 0.0005 inch position accuracy over 48 inches, with respect to input.
d) 100:1 speed range from 0.1 in./sec to 0.001 in./sec.

SYSTEM DESIGN

The control system offering the best solution to the requirements presented
by the desired scanning modes is a constant speed servo with tachometric feed-
back enclosed by a position correction loop accurate to 0.00254 ¢m (0.001 in.)
over the entire 122 em x 122 cm (48 in. x 48 in.) transparency. Such a control
system is illustrated in Figure 20.

The scanner moves at a constant velocity for a given command (a constant
voltage). Tachometric feedback is provided in order to reduce system torque
disturbance sensitivity. Position feedback is employed to increase accuracy
over long distances of travel. The position feedback enables the system to
sense ''where it is" not just "how fast it is moving". Note that this system
is quite different from a position servo employing a tachometer feedback loop
to dampen the loop response and increase the accuracy.

Under the headings VELOCITY SENSITIVE SYSTEM DESIGN and POSITION SENSITIVE
SYSTEM DESIGN, a description and theory of operation is presented for the
constant speed feedback control system, as illustrated in Figure 20. This
contrel system has two parts: a velocity loop and a position loop.

Various figures illustrate the system's torque rejection characteristics,
displacement errors due to torque disturbances and frequency response.

The design is such as to encompass both x and y scan controls using worst
case values to arrive at design constants. The two scanning modes act inde-
pendently according to input commands {voltage as a function of ¥ , the angle
of scan off of the x direction), and thus, one design will be used for both.

*
Speed regulation will be held to less than + 0.25% from nominal value
when all parameter variations are at worst case limits. The 10%Z maximum varia-

* NOTE: + 0.257 has been chosen as a design value because it represents
a smooth constant velocity system whatever the torque variation may be, and
it is a realistic value. A torque rejection of say R db could be used instead
as a design value, but this does not directly relate to the smoothness of mo-
tion. This value of regulation is important in the determination of the

amplifier gain KA determined in ancther section.
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tion in scan line separation can be translated directly to a 10%7 speed varia-
tion. If such a speed tolerance is allowed, however, a position loop correction
would be necessary after a few scan lines. The advantage, then, to improved
speed regulation to a much more stringent value, such as that chosen, is much
smaller line to line deviations, i.e., smooth (constant) linear velocity and
relaxed position loop requirements.

Constants and Variables

Table VIII presents a list of those constants and variables used in the
mathematical formulas for Section VII,

VELOCITY SENSITIVE SYSTEM DESIGN

The inner loop of Figure 20, reproduced in Figure 21, corrects for varia-
tions in velocity which occur at the load. The design of this loop encompasses
the following:

a. Uncompensated closed loop

b. Motor transfer function

c. Tachometer transfer function

d. Motor amplifier gain

e. Compensation networks

f. Torque rejection characteristics
g Step torque response.

Uncompensated Closed Loop

The closed loop transfer function for the tachometric servo shown in
Figure 21 is

©(s) _ Forward Path Transfer Function D
V(s) 1 + Open Loop Transfer Function

Substitution of the various transfer functions results in

2(s) KAM(S)
vis) 1+ KAM(s) T(s)

(2)

It is the purpose of the following sections to determine M(s) and T{s) accord-
ing to manufacturer's data, and K, to achieve a desired speed regulation of at
least + 0.25%Z. A Bode plot of the open loop transfer function will reveal the
type of compensation necessary to achieve closed loop stability. The torque
rejection characteristic will be given and the system's response to a step
torque disturbance will be shown. '
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TABLE VIII (1 of 3)

LIST OF CONSTANTS USED

Symbol : Description Units

V{s) Velocity System Input Voltage Volts

Q(s), 0(s) Time Derivative of Output Shaft Angle Radians/sec

KA Velocity Loop Amplifier Gain Volts/volt

M(s) Motor Transfer Function radians/sec

volt

T(s) Tachometer Transfer Function __volts
radians/sec

JM Motor Inertia gm—cm-—sec2

(oz—in.—secz)

KT Motor Torque Constant gm—cm/amp

(oz-in. /amp)

KB Motor Back EMF Constant rad:Zizjsec
Ra Motor Input Winding Resistance ohms

La Motor Input Winding Inductance henries

JT Tachometer Inertia gm—-cm--sec2

JL Load Imertia gn-cm—-sec

J Total System Imertia Without Wheel gm—cm—sec2
JX Total Inertia of System and Flywheel gm—cm—sec2
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TABLE VIII (2 of 3)

Symbol Description Units
JA Flywheel Inertia gm—cm—sec2
R Total Input Circuit Resistance ohms
2 Motor Electrical Time Constant sec.
Ty Motor Mechanical Time Comstant sec.
Ty Modified Mechanical Time Constant sec.
VM Motor Input Voltage volts
VB Motor Back-EMF Voltage volts
VT Motor Friction Torgue Voltage volts
TF Motor Friction Torque gm—cm
TR Motor Ripple Torque gm—-cm
TG Tachometer Torque gm—cn
(TL) Vertical System Torque gm~cm
ver
(TL) Horizontal System Torque gm—cm
hor
T0 Total Lead Screw Torque gm—cm
r Velocity Loop Speed Regulation %
T Load Torque Variation gm—cm
Tl Returned Torque due to Variation gm—cm
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TABLE VIII (3 of 3)

Description

Motor Voltage Required Under Running
Conditions to Produce Torque TO

Motor Voltage Required Under Running
conditions to Produce Torque Tl

Motor Rotaticmal Velocity
Amplifier Input Voltage
Loop Return Voltage

Loop Phase Margin

Torque Disturbance

Pickoff to D/A Ouput Constant

56

Units

volts

volts

radians/sec

volts

volts

degrees

gro—Cn

volts

cm



Motor Transfer Function

The motor transfer function is determined from the data supplied by the
manufacturer. The motor chosen for this analysis exhibits good low speed
characteristics, a high value of maximum available torque, small size, and
a low value of friction torque.

The following constants are supplied by Inland Motor Corporation for
their Model #T-2171 winding D:

1.59 gm—cm—sec2 (22 x 10—3oz—in—sec2)

[
=
I

= 4125 gm-cm/amp (57.2 oz-in/amp)

o
I

= 0.40 volt-sec/radian

=
Il

10.9 ohms

'Y

L = 17 x 10_3 henries

Other constants which alter the inherent time constants of the motor are the
tachometer and load inertias (See Appendix III),

0.505 gm—cm—sec2 (7 x 10—3oz—in-sec2)

JT =
2 -3 2
JL = 13.1 gm-cm-sec” (181.7 x 10 “oz-in-sec”)
and the motor amplifier output resistance chosen as R, = 0.2 Q. Thus, the

total drive shaft inertia and the total input circuit resistance become

J o= T v+ T (3)
= 0,022 + 0.007 + 0.182
= 15.2 gm—cm—sec2 (0.211 oz—in—secz)

R = R +R (4)
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10.9 + 0.2

11.1 ohms

An accurate approximation for M(s) is given by

1
KB
M(s) (5)
(1 + TMS) {1+ TES )
where

g T La/R, electrieal time constant (&)

T,, = J

M

KB KT , mechanical time constant
R

The validity of this expression 1s subject to the condition

2KpKy
R o
.. 7 TIR (7
a
11.1 5> 2 (57.2) {0.40)
3.4 x 107 (0.211) (11.1)

330 »>> 19.4

which, for this case, is certainly true. Then the actual time constants are

17 x 1073

E 11.1

1.53 x 107>

-
It
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0.211

M~ (0.40) (57.2)
11.1
TM = 0,103 sec

The motor transfer function is then written as:

2.5 (8)
(1 + 0.1035) (1 + .001538)

M(s)

Tachometer Transfer Function

The general expression for the tachometer transfer function T(s)
exhibits an electrical pole due to the inductance and resistance in the
output circuit. In this case, as in general, however, the pole is quite
far out in frequency and thus can be neglected.

The inland Tachometer generator, #TG2139, was chosen for its moderate
output, low friction torque, low ripple percentage, and high frequency of
ripple. The parameters, as given, are

RG = 1130 chms

LG = .60 henries

KG = 1.2 volt-sec/radian

RL = 105 ohms

TG = 86.5 gn-cm (1.2 oz-in.)

Ripple Voltage = 2%
Ripple Frequency = 33 cycles/revolution

The general expression for the transfer function is

. —

R,
Re ¥Ry

LG G

+ —F— 8§
Re ¥ BL

<
~
s;]

L

T(s) =

]
~

(9)

o
-~
n
S’

1

e
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Figure 22 DETERMINATION OF AMPLIFIER GAIN Kp
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= : — 1.2
1+ 0.592 x 107° 8§

or
T(s) when w = g < 104 radian
v i sec
Amplifier Gain Constant KA
The gain K,, which will reduce the load variations to the desired level,
will be determined with the aid of Figure 22, It is dependent upon load

torques as well as load torque variations, the back emf of the motor, and the
tachometer gain constant, KG.

With reference to the footnote at the beginning of Section VII, the
amplifier gain K, will be determined from a prespecified value of speed regu-
lation. This giVes an exact Indication of the smoothness of motion of the
system under all expected conditions. If instead a torque rejection value
were gpecified and the amplifier gain determined from it, the smoothness of
motion would not be obvious until all constants were determined.

The voltage which runs the motor at the desired speed must overcome the
back emf produced as well as the load torques present. This is made evident
by the equation for running voltage,

VM = VT + VB

R
K;r: 2 4 KL (10)

]

The stall torque, represented by T, is the sum of three components, the motor
resistance torque, the tachometer resistance torque, and the load torques.
Variations in these values are expected and thus must be considered. The
constants given by the manufacturer are

TF = 216.3 gm-cm (3.0 oz-in.)
TR = + 6% of command torque
TG = 86.5 gm-cm (1.2 oz—in.)

Previously calculated values for the two lead-screw-with-scanner assemblies
are,

61



(TL)ver 420 gm-cm + 1.18% short term (5.82 oz-in. + 1.18% short term)

"

(TL)hor 485 gm-cm + 0.64% short term (6.72 oz-in. + 0.64% short term)

The sum of the load torques, irrespective of variations, is found as
follows, (see Appendix I)

To = TF + TL + TG

To = 809 gm—cem (11.2 oz-in.) (11)

The + 6% ripple torque variation represents + 6% of the command torque
T or 48.5 gm-cm (0.672 oz-in.). This appears as an injected load variation
iR torque at a fundamental frequency of 33 cp rev. The system must be capa-
ble of reducing this to the acceptable level of + .25% or less. 1In additionm,
there is the load variation which will be assumed to be + 5% of 505 gm-cm
(+ 5% of 7.00 oz-in.)(over long terms). This disturbance will occur with a
dominant frequency equal to or less than the speed of rotation of the motor.

Before an intelligent determination of amplifier constant K, can be made,
one must keep in mind a crucial point in an all dc servoe: The tachometer
output will consist of a de term with a ripple riding on it. After all
efforts have been made mechanieally to reduce this ripple to a minimum, resort
must be to electrical filtering for further reduction. Inasmuch as this
ripple appears as part of the command signal at the tachometer output, it
cannot be distinguished from variations in load speed. Since, however, load
torque variations must be detected if too large, the loop must be capable of
passing their frequency of occurrence., Unfortunately, it is generally true
that motor ripple frequency and tachometer ripple frequency are not far
enough apart to profitably apply electrical filtering in a broad speed range
servo. This is the case here.

Fortunately, one of the requirements in this system is constant speed.
The servo will not be required to follow fast changes in input command levels.
Instead, command levels will remain constant over entire scans. In addition,
the acceleration time constant has been set in the 10 sec range.

When all of the above aspects have been considered, only one solution is
practical: reduce the effects of motor ripple torque through the addition of
inertia to the load. This will serve to reduce motor torque variations from
+ 6% to less than + 0.25%. Amplifier gain constant KA can then be determined
solely from load torque variations,

The lowest speed of rotation will be 0.0628 radian/sec. If the mechanical

time constant is made equal to inverse of this value, then, at 33 times this
value motor ripple response will be down approximately 30 db from 6% to 0.2Z.
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Harmonics of the wave form will also be reduced below this figure. The
required inertia is calculated as follows. The modified mechanical time
constant, Tx» is determined from the new break point as:

1
Ty = 0.0628 N 15.9 sec

Y
R

F = = (149 gm-cm-sec) 2.06 oz-in-sec
Iy = TXF = (15.9)(2.06) » (2380 gm-cm-secz) 33 oz—in-—sec2
JX = JA + J
AFEPL
JA = 33 - 0.211
2 . 2
JA v (2380 gm-cm-sec”) 33 oz-in-sec (13)

Figure 23 presents a curve of wheel diameter (d) vs. thickness (L). The

values along this curve will produce an inertia of 2380 gm-cm-sec® (33.0 oz~
in.-sec”) when they are applied to a steel wheel. The boxed-in area represents
the most desirable one in which to work. The final choice has been set at

£ = 0.635 cm (0.25 in.) and d = 10.54 em (4.15 in.) as these values are
quite compatible with the motor diameter of 7.11 cm (2.8 in.), and wheel

weight is kept to a minimum.

The gain constant Ky may now be determined from the load torque, load
torque variation, desired regulation and tachometer gain constant, KG.

Refer to Figure 22 for the identification of the constants used in the
following calculations. The variation in load torque Tp will be designated
T. The returned torque produced by the presence of disturbance torque T is
T,. The regulation, herein assumed to be reduced to + 0.1%, to allow a
margin for component variatioms, is labled r. The equation for the voltage
V, required to overcome the torque T, and to run the motor at w radian/sec.
is given as

T R
Oa , x

M KT B

<
]
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Where, for any constant speed we may write

or V'l
0T
T, = R (14)

which states that for any constant speed the applied voltage and resultant

torque are related through a constant, KT/R . Therefeore, to produce returned
. a

torque Tl, the voltage V1 is required,

TR
v, = —2 (15)

1 K

Or, upon substitution of equation 14 into 15,

Ty

The difference between T, and T is proportional to the regulation, r.

1

T, = T-rT = (1 -1)T [ v T (r << 1)] (17)

The change in speed that will occur after T. is returned is rw radian/sec.
Thus, the output of the tachometer will chafge by

rv = rwK_ volts

G G

This error signal is fed to the amplifier. The wmotor imput Vl is equal
then to the amplifier output, or,

Ty
T Vo = TuKK, (18)

65



3SNOdS3Y MYOMLAN

JAILO3HY0D ANV 3SNOdS3H 4007 40 SLOd 3008 H2 aunbi4g

L911-€0
ONOD3S ¥3d SNVIGVY —AON3NOINA
000! ool oy ol ¢ 10 ¢ 100
I [ |
(03S/WD $62°0)9°LI =) cvem o e
(93S/WD $6200)9L1=Y) == e o o
(93S/ WD $5200°0) 09L =V e | 50
|
03S/Avy €69 _ _
1V LNIOd Mv3ug 038/0avyH £90°0— op-
Uv2IN103173 HOLOW 1v LNIOd dv3ug
// TVOINVHOIN HOLOW oz
" 93$/0VYH £9°0
- ~— 1V LNIOd dvaug
~_ IR NHOMLIN QV3I1 0
~ /
~ . qp
// 3 ~ 0z NIV® d001
1/ n,” /{ .
g ov
, \ ~<
8
93S/0VY 0.€ 03S/AVH €9 | S
— = LV INIOd T 1lv LNIOd Mv3ug 09
M3IAOSSOND 9P O YHOML3IN av3 -
08

3avo34/49p 02~

L |

oot

66



Thus, amplifier gain is determined from

K = 0 0 (19)

Substitution of equation 17 into the previous equation (19) yields,

( (1 - r)T)
TO VO

K, = (20)
A rmKG

The values of K, at w 0.063 radian/sec,0.63 radian/sec and 6.3 radian/sec

are given below, where VO 2.14 v, T0 = 809 gm-cm and T = 50 gm—-cm.
tw mKG KA
0.063 0.076 1760
0.630 0.76 176
6.30 7.6 17.6

Compensation Networks

In order that the closed loop be stable with the above amplifier gains,
it is mandatory that the phase margin (loop response phase shift at 0 db gain)
be considerably less than 180°. TIn most cases this means that some kind of
correction network will be necessary. In addition to these requirements, the
tachometer ripple must be suppressed sufficiently so that it is not taken as
a command signal. A suppression of 26 db will be considered adequate as this
will reduce the tachometer ripple to + 0.1% at the amplifier output.

To determine what types of networks, if any, are necessary, a plot of
the open loop gain is made. If the loop response 1g plotted for each of the
three amplifier gains determined in the previocus section, the result is seen
in Figure 24. Note the arrows along the horizontal axis. These indicate the
running speed at which the amplifier gain was calculated. Because of the
location of the mechanical break point, the actual loop gain has fallen off
considerably. One way to bring the loocp gains back up is shown in the same
figure, Correction networks,

A(g)
B(s)
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as approximated by the Bode plots, could be added. The resultant loop respon-—
ses would be those of Figure 25,

Another method is to use the amplifier gain determined for the lowest
scanner velocity (K, = 1760 v/v) and allow the natural loop falloff determine
loop gain at any particular speed. This yields the curve in Figure 26. This
is the final solution chosen, eliminating A{s) from the velocity loop.

B(s)

The phase margin is quite easily determined from the expression for the
loop response,

EO(S)

£(s)

KAM(S)KG

K. K
A G 1
K [ T+ @+ TEs)] (21)

which is obtained from Figure 27. At w = 330 radian/sec, the approximate
0 db point in the previous figure,

£5(330) 1760y (1.2) 1 ]

e (330) (0.40) (1 + j(15.9) (330}) (L + 3 (0.00153)(330)
" 5600 I: 1 )] (22)
" (5250 ; 90°) (1l.12 126.5
bl 6—116.5

The phase margin is then
¢M = 180° - 116.5
= 63.5° {(23)

which is quite adequate for stability.

The large phase margin is indicative of the large inertia at the load
and shows the system is acceptable without compensation.

Torque Rejection Characteristic

The response of the closed loop system to torque disturbances at the load
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can be easily found from Figure 28, In essence, a torque disturbance T. ie

modified by DT(S) and this function divided by (1 + Open Loop Transfer gunction).
That is

IO W (24)
TD(S) 1+ KAKGM(S)
where
R 1 0.485
D S = = ——————
T( ) KT KB 1+ TXS 1+ 15.98
1
Mes) = | B i} 2.5
{1 + TXS) (1 + TES) {1+ 15.95) (1 + 0.001535)

Substitution of all pertinent functions yields,

___0.485
(s} _ 1+ 15.98
T.() KK, (2.5 (25)
1+ 48
(1 + 15.98)(1 + 0.00153s)
which simplifies to,
2(s)  _ -1 1+ 0.001538 (25)
Tp(8) 9180 | 1 4 0.003018 + 4.6 x 10”0s?
The denominator 1s compared to
p
S ]
1+2¢8- + () (26)

where £, the damping factor, 1s the overshoot in the frequency domain as
shown in Figure 29. With this knowledge and the actual values for £ and
w, a Bode plot may be made of the above equation 25.

1 = 1 = 467 radian/sec

w =
/4.6 %100 2.14 x 107
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Figure 27 COMPLETED VELOCITY SENSITIVE SERVO LOOP
FOR CALCULATION OF PHASE MARGIN
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-3
¢ - 3:01x10 - . 0.703

4,28 x 10~

Overshoot 20 log,, C%E) = 1.7 db

The Bode plot is shown in Figure 30. It is quite obvious from the Figure
that the torque disturbance rejection is excellent. This is further realized
when the system response to a step torque of 72.1 gm-em (1 oz-in.) is found.

Step Torque Response

The system response to a step torque disturbance is

a(s) = K 1 + 0.001538 27)

O 1 51 +3.01x 10735 + 4.6 x 10°%%)

The time domain response is the inverse Laplace Transform

K {1-1.07¢ 28t

w(t) o

Cos (332t + 1)} (28)

1
0 = “9180 ot -79.2 db

This function is depected in Figure 31. The ordinate units of change in
velocity represent units of Kg, which is a change of 0.0109% of normal
speed per unit. The insignificant overshoot (6%) is indicative of the
large inertia added to the system.

In Figures 32 and 33, displacement in micro-inches is shown over a short
time period (short distance of travel) and a long distance. Note that the
error after 2.5 cm (1 in.) of travel on the transparency the error in position
is only 1 spot, or 100 micro~inches. If this condition were allowed to prevail,
however, 12.2 thousandths of a centimeter error will have accumulated over a
linear 122 cm scan.

The abscissa scale of Figure 33 shows two time scales. The displacement
in microns is converted into time displacement at 0.00254 cm/sec (0.001 in./
sec) and 0.254 cm/sec (0.1 in./sec), in that order, for the two scales.

The accumulation of error due to a speed change must be detected and

dealt with by a position loop. The design criteria for this loop are given
in the next section.
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Figure 34 POSITION CORRECTION LOOP
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POSITION SENSITIVE SYSTEM DESIGN

The position loop is shown in Figure 34. This section covers the posi-
tion loop design. It will be assumed that position is determined by a linear
inductosyn position pickoff. This device produces an output proportional to
the (mutual) inductance between two circuits. The two circuits are called
grids. One grid, the rotor, moves over the other, the stator, as the scanner
moves over the film. With this method the actual spot position iz identified
directly rather than indirectly through coupling to the lead screw where a
rotating disc would be used for position identification.

The absolute accuracy of the linear inductosyn is + 0.000152 cm (+ 0.00006
in.) over a 30.5 cm (12 in.) section. This is extended to longer distances by
placing two or more units end to end.

An electronic transducer converts the output into a binary code. The
converter has a slope of 39.4 volts/cm (100 volts/in.). The resultant output
ramp converts any 0.508 cm (0.2 in.) interval into 1000 steps of 0.02 volts
each.

Thus, accuracy is reduced to 0.000508 cm (0.0002 in.) as can be seen in
Figure 35. Since the system is a constant speed system, deviations in posi-
tion will be small. This will keep operation of the position feedback system
close to the center of the 0.508 cm interval.

Loop Gain Calculations

Loop gain calculatijons are based upon the dynamic motor characteristics
and the static friction properties. Under normal running condition the vol-
tage across the motor input terminals is given by

TR
V. = —2 4 Ky (10)

MoKy
where the term

TR
a

——

%

is friction torque voltage and K%w is the back emf produced at running
speed w. This function is illusfrated in Figure 36. At low rotational
speeds a small voltage change results in a large speed change. This
reduces loop gain requirements at lower speeds.

At motor rotational speeds much lower than that which corresponds to the

lowest linear scan velocity of 0.00254 cm/sec, i.e., the x-direction motor
rotational speed, when traveling at an angle of 5° to the y-direction, the
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tachometer ripple is +2% at 49 times the rotational frequency. This is a
cyclic error and thus it falls within the +5% line to line error allowable.
The +6% command torque variation is reduced by the high loop gain to an
insignificant level. The only errors the position loop will have to correct
for then, are long term velocity errors due to torque disturbances or errors
in command voltage at the motor input.

The first term in equation (10Q) is the friction torque voltage V s and
for the calculations has a value, FT

TR
a

LK

(809) (10.9)
4125

2,14 v

fl

The ideal characteristic of Figure 36 is used as a basis for loop gain
calculations. It is assumed that the friction torque voltage which is sup-
plied as a bias voltage is accurate to 1%Z. Based on previous calculations
the maximum expected velocity error is + 0.25% over long terms. For the two
extremes in velocity, the voltages required to overcome the 1% error in
bias and the 0.25% error in velocity are

@ vV, = 0.00254 cm/sec
v = (0.01)(2.14) + 0.0025 (0.40 x 0.0628)
= 0.0214 v
@ V0 = 0.254 cm/sec
Vv = (0.01)(2.14) + 0.0025 (0.40 x 6.28)
= 0,0277 v

When a position error is sensed the resultant correction voltage will
be in the form of a step. Since the system is loaded down with inertia, it
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is desirable to apply a larger than necessary voltage to accelerate the
system more quickly toward correction. An increase to five times the normal
running voltage computed in (29) results in

v 0.0217 v. @ Vo 0.00254 cm/sec

v

It

0.254 cm/sec

]

0.0528 v. @v
o

In fact, correction voltages could be increased even further for better
correction chatacteristics as long as a stable system results.

The overall loop gain and amplifier constant are determined from each
of these values. An error of 0.000508 cm (0.002 in.) is detected by the
position pickoff and digital differencer. An output of 20 millivolts is
produced as indicated by Figure 35. This 20 wmiliivolt signal must be ampli-
fied and applied to the motor to correct the error. The amplifier gains
are then,

r —_
VPCKAKA = V
KAKA = 1.09 Vv/V @ 0.00254 cm/sec
KAKA = 2.64 v/v @ 0.254 cm/sec

A value of 3.00 is chosen to cover the entire speed range of 100:1.

The Bode plot, shown in Figure 38, is determined from the open loop
transfer function obtained from Figure 37.

EO(S)
———— = !
c(s) KAKA M(s) KPC

1

Kaka Koc 1
KB A(1+ TMS) (1+ TES)
N =

KAKA 3.00

volts 1 cm - volts
1<PC = 39.4 em < 24.7 radians -39 radians
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volts—~sec

KB = 0.40 radian
£o(s) _ 11.92
e (8) S (1 + 15.95) (1L + 0.00153s)
11.92 iy
N s 0 +15.9s) &= Jw<3i0

The 0 db axis crossing is determined from

I 11,92

AT 56 =1

or,

(15.902)% + w2 - (11.92)2 = 0

from which

w = 0.87

Obviously, the closed loop system would be unstable. The -40 db/decade slope
crossing the 0 db axis must be reduced to a 20 db/decade slope by a network
with breakpoints such as those shown in Figure 38. The overall loop response
also shown in Figure 38 has a phase margin of

/11,92 (1 + 3.33s) |

% = TS £ 15.98)(1 + 0.075) +180

s = 2.5

_ 2 11.92 (1 + §8.32 )

(G2.5) (1 +39.8) (I +j0.05) T 180°

180° + (81.5 - 180)

81.5°

by

which is very adequate for stability.

87



The feedback control system discussed offers constant velocity motion
with position correction. Because of the large inertia present, motion will
be very smooth over the entire 100:1 speed range. The design values arrived
at will produce spot motion which is well within the requirements set forth
at the beginning of this section.

11
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Figure 38 BODE PLOTS FOR POSITION LOOP
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APPENDIX I

LOAD TORQUE ANALYSIS OF X-Y MOTION SYSTEMS

GENERAL

The following torque analyses were performed to establish design criteria
required in the selection of servo motors and provide inputs to the control
system analyses. The horizontal x-drive system, the vertical y-drive system,
and heading control coulomb frictiom, were analyzed with emphasis on
torque perturbations in the x and y drive systems. These torque perturbations
are very low due to quality of materials utilized. The torque effect on the
lead screws due to offset center of gravity is also analyzed and discussed
further in that paragraph. Windage torques on lead screws and their drive
motors are very low since windage torque is directly proportional to the pro-
duct of speed and radius squared. An example of this is seen in the windage
torque on the scanner disc shown on the following page.

A comparison of the horizontal (x) and vertical (y) drive system torques
is shown on Figure 39. This plot readily shows how equal the load torques
are in the two drive systems.

TORQUE ANALYSIS — HORIZONTAL MOTION SYSTEM
The horizontal drive system torque is reflected directly to the motor/

lead screw shaft. The following torque equation is valid for Acme lead
screws:

( Tan o + f/cos Sn

R Fun 1 - f Tan a/cos 8 >t fercw
where:

T, = Torque applied to turn screw (gm-cm)

WH = Load Parallel to Screw Axis (gms)

T = Mean Thread Radius (cm)

o4 = Helix angle of thread at mean radius (degrees)

f = Coefficient of friction between screw and nut threads

fc = Coefficient of friction at collar

Bn = Angle between tangent to tooth profile and a radial line
measured in a plane normal to thread Helix at mean radius
(degrees)
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r, = Effective radius of rubbing surface against which load
h bears, called collar radius. (cm)

The Leoad Parallel to the Screw Axis Must First be Determined. (WH)

5 This load is made up of optical window dead weight which is W, = 1.59 x
10° gms (350 lbs) as calculated on the other page, and four sets of spring loaded
linear roller bearings at W = 9.08 x 104 gms (200 1bs) preload each. The
linear bearings have a coefficient of friction of 0.0025 gm/gm.
Therefore,
WH = [ww+4ws] (0.0025) =
=, (10%  [15.9 + (4) 9.08] (0.0025) = 1310 gms
(2.88 1bs)

There is a very small varlation on this value due to dimensional varia-
tion of the rectangular guideway amounting to 5 microns (200 microinch) (it
could also be a dust particle of this size).

Since the spring rate of the linear bearings is 1.79 x 106 gm—-cm (14000
1b/in.)

Wy o= (179 x 10%) (0.0005) (4) (0.0025) = 8.95 gms

The mean thread radius Th T 1.59 em (0.625 in.)

This is a theoretical dimension and has no tolerance.

The Helix Angle o is related to the lead and the mean radius T h by

lead = 0.254 + 1.25 u
-0

Lead
21'rrm,n

il

Tan o

{0.254)

21y (1.59) 0.0254

a = 1.4° = 5050 seconds
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with 1.25 p tolerance -

. _ 0.000125 _
Tan o' = (21 (1.59) 0.0000125
o = 2.6 seconds

The coefficlent of friction f is considered constant due to excellent lubri-
cation of lead screw and nut. £ = 0.2

en is a function of pressure angle 6 and the helix angle a and is expressed
by (8 "= 14.5%),

Tan Bn = Tan 6 cos O
= (0.2586)(0.9997) = 0.25859 .
) = 14.5°
n

For all practical purposes

Bn = 0§ and remains constant

The term fcr is not applicable to this lead screw since it is supported on
an antifriftfon bearing which has a torgue equation as shown

TB = erch (0.0015) =
TB = (1310)(1.59)(0.0015) = 3,13 gm-cm
where
This is negligible.
Ty T 1.59 em (0.625) 1n.)
Bearing Bore
WH = 1310 gms

0.0015 is friction coefficient for an antifriction bearing.

The normal torque can now be calculated:

[ Tan a + f/cos Bn ]
T = Yy Ty T e a7cos 5 I
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(1310 (1.59) [Tan 1.4° + (0.2)/cos 14.5 ]

1 - (0.2)(Tan 1.4)/cos 14.5

It

(1310) (1.59)

[0.0255 + (0.2)/(0.968)
1 - (0.2)(0.0255)/0.968

(1310)(1.59)(0.233) = 485 gm-cm (0.42 1b-1in.)

See Figure 38 for a plot of torque vs load,.

The maximum torque variation is calculated

1
A TH

0

(8.95)(1.59)

[?.0255125 + (0.2)/¢0.9681)
1 - (0.2)(0.0255125)/(0.9681)

[

(8.95)(1.59)(0.2331) = 3.31 gm—cm  (0.00287 1b-in.)

Horizontal Drive System Torque Perturbation

T, = x 100 = 331

u 785 x 100 = 0.68%

TORQUE ANALYSIS - VERTICAL MOTION SYSTEM

The vertical drive system torque is reflected directly to the motor/lead
screw shaft similar to the horizontal drive system.

The following torque equation is wvalld for acme lead screws:

Tan ¢ + f/cos ©
T = W r n
v v nv 1 - f Tan a/fcos Gn c e

The description of symbols is similar to the horizontal system as shown
on another page,

The term fcr is omitted since the thrust friction is reduced to a
negligible amount "by using an antifrictioen bearing.

The load parallel to the screw axis 1s first determined. The 90.8
kilogram (200 1lb) scanner weight is counter balanced out and doesn't enter
the computation, there are six pairs of linear roller bearimgs with preloads
of 90.8 kilograms each.
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W, = (0.0025) [(45.4)(2) + (90.8)(4)]

= (0.0025)(454) = 1.135 kilograms (2.5 1bs)

Variation in preload is caused by guldeway thickness variations or dust on
the guideway. Thickness can increase 5 microns (200 microinches). This
variation can increase the load, as follows:

=
It

(1.79 x 10%)(0.0005) (6) (0.0025)

v
= 13.4 gms
The mean thread radius is Tv = 1.59 em (0.625 1in.)
The Helix Angle ¢ = 1.4° + 2.6 seconds

-0
as previously calculated for the Horizontal System
f = 0.2

0
n

14,5°

The Nominal Torque is calculated as follows:

Tan 1.4° + (0.2)/cos 14.5° ]

T = (1135)(1.59) [1 - (0.2)(Tan 1.4)/cos 14.5°

v
= (1135)(1.59)(0.233) = 420 gm—cm (0.364 1b-in.)
The torque varlation is

AT

Tan 1.4° + 0.2/cos 14.5° ]

v (13.4)(1.59) [1 - 0.2 Tan 1.4/cos 14.5°

(13.4)(1.59)(0.233) = 4.96 gm-em (0.0043 Ib-in.)
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Vertical Drive System Torque Perturbation

4.96

TV = 720 100 = 1.18%

TORQUE ANALYSIS - HEADING CONTROL MOTOR

The actual torque required at the scanner heading control drive motor
is dependent on bearing load, seal frictiom, and slip ring friction. The torque
at forward bearing is determined as follows:

Tl = uwlrl
Where
Tl = Bearing torque in gwn-cm
p = 0.0015 friction coefficient for angular contact ball bearings
r, = 11.4 cm Radius of Bearing Bore
Wl = 18,300 gram radial bearing load
Therefore,
T, = (0.0015)(18300)(11.4) = 23Emem  (0.271 1b-in.)

At the aft bearing

H
]

2 3.8l cm & W2 = 6100 gms

Therefore,

T = uW

2 = (0.0015)(6100)(3.81) = 35 gm—-cm (0.0303 lb-in.)

252

The seals used in the gas supply swivel coupling utilize graphite filled
teflon and are designed to a loose fit allowing a slight leakage with a sub-
sequent low friction load requirement.

The estimated breakaway friction load at an operating pressure of 7 kg/cm2

(100 psi) i1s 4100 grams. The normal running load is 2270 grams. The torque
is then as follows:
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Seal friction torque expressed in gm-cm

3
FS = 2270 grams operating force
ry = 3.8]1 cm radius of seal contact for two seals

Therefore,

T3 = (2)(2270)(3.81) = 17300 gm-cm (15 1b-in.)

The coin silver slip rings and silver graphite brushes create the follow-
ing torque load:

T4 = 21.|FB [R4 + R5 + R6 + R7]

Where,

T4 = Slip ring torque expressed in gm-cm

M = 0.2 coefficient of friction for silver graphite brushes against

coln silver rings

FB = 45 gm brush load

R4 = 8.1 em (3.2 in.) Slip Ring Radius

R5 = 8.9 cm (8.9 in.) " " "

R, = 9.7 em (3.8 in.) % " "

R7 = 10.5 em (4.1 in.) " " "
Therefore,

T4 (2)(0.2)(45) [8.1 + 8.9 + 9.7 + 10.5]

670 gm—cm  (0.58 1b-in.)

The minimum torque requirement on the motor is:

Tmin = Tl + T2 + T3 + T4

= 313 + 35 + 17300 + 670

= 18318 gm-cm (15.88 lb—in.)
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TORQUE LOAD CAUSED BY CENTER OF GRAVITY OFFSET

Each drive screw (x and y systems) is mounted off center for practical
reasons. This effect normally imparts torque perturbations on the system
or cogging. For instance, the Vertical Drive System is offset from its cen-
ter of gravity by (2.8 inches). This means that a net moment or torque
could result. Taking into account the static balance of the offset cg,
this effect is neutralized, However, under dynamic conditions the lineear
bearing preload comes into play. Each side of the scanner frame bearings
impart a total load of 1.135 kilograms (2.5 lbs). The net torque about
the lead screw longitudinal axis is,

TML = aRl - bR2
Where,
TML = Net torque due to off center lead screw placement (kg~cm)
a = 8.65 cm Distance from one bearing set to C/L of lead screw
b = 22,8 cm Distance from outer bearing set to C/L of lead screw
Rl = R2 = 1,135 kg Bearing load reaction parallel to direction of motionm.
TML = (8.65)(1.135) - (22.8)(1.135) = 16 kg-cm

This torque unbalance is readily removed by adjusting the bearing preload
until it ie taken out.

The Horizomtal Drive System exhibits a similar torque unbalance. This is
overcome simply by prelcading the lower set of linear roller bearings a
greater amount tham the upper bearings. The arm attaching the lead screw
nut to the base of the transparency suppert is over hung as shown on
Figure 40. The following unbalance load is studied:

T = FX
P
Where,

T = torque due to lead screw centerline offset from tramsparency

P centerline

F = friction force parallel to direction of motion = 1.31 kg

X = 6.1 cm (2.4 1in.) moment arm
Tp = (1.31)(6.1) = 8 kg-cm

Foree normal to transparency support =
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Figure 40 OFF-CENTER LEAD SCREW MOUNTING
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8 _
F. = = T35 = 0.0606 ke

N

zc‘ui-]

g = 132 cm (54 in.)

The net friction force due to this load acting against motion of lead screw is

F' = (0.0606)(0.0025) 0.0001515 kg

The net increase percentage wise

_ 0.0001515 _
% = =g57— % 100 = 0.01155%

This small increase In load is negligible, and will not degrade drive system
accuracy.

A possible effect on system accuracy, especially in using a split hori-
zontal lead screw nut is the tendency under tooth contact for a small amount
of cam action or 1lift out of the nut with respect to the lead screw. For a
Pressure angle 8 = 14.,5°

The 1ift out force

L ="-_2_T_HT_JT"1‘“_9
Where,

FL = Lift out force expressed in grams
TH = Torque applied to turn screw

= 485 gm-cm

Tan § = 0.259
D = Mean thread dia 3.18 cm
FL = (2)(4%2?535259) = 79 gm

0.079 kilograms

0.079 -
This is —cg 100 = 4.96%
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of the window load and will not effect horizontal drive system accuracy.
WINDAGE TORQUE ON SCANNER DISC

The windage torque is given by

2
T = 2Humro L
Where,
-7 2 .
u = 1.85x 10 ' gmsec/cm” for Air
T = 8.9 em
o
w = 523 Radian/sec
L = 0.952 cm

2T (1.85 x 1077)(523)(8.9)%(0.952)

|
Il

0.046 gm—cm
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APPENDIX 1T

STRUCTURAL LOADS AND DEFLECTIONS

GENERAL

The following section discusses structure loads and subsequent deflec-
tions and elongations. This consists of deflections of the guideways and
the supporting vertical (y) and horizontal I-beams. Their respective deflec-
tion plots are shown in Figure 16 and 17. The figures derived in these cal-
culations are used to establish system accuracy under dynamic loading. The
static weight and deflection are initially accounted for in the alignment and
need not enter the calculations outlined here. The effects of scanner bearing
preload is further analyzed te see how it effects position accuracy in the
amount of give in the upper and lower scanner supporting structure. In addi-
tion, the optical window deflection is analyzed to guide in the selection of
proper glass thickness and to compare effects of other glass thicknesses. A
plot is shown in Figure 41.

DEFLECTION OF HORIZONTAL I-BEAM BY FILM TRANSPARENCY SUPPORT

A Load Schematic of the loaded member is shown on Figure 42. The intent
of this analysis is to demonstrate, as simply as possible, the merit of using
the I-Beam as a structural member with three-point support. The worst case
approach of a simply supported beam, uniformly loaded, illustrates a more sev-
ere deflection curve than in actual use, This indicates that a further weight
saving can be realized at final design without sacrifice in structural rigidity.

The following deflection analysis is based upon "Formulas for Stress and
Strain"”, by Raymond J. Roark, Fourth Edition, case 14, Page 107,

Where
y = g 8BS (x3-—2.2x)+Wx[§%3—%—‘£+c—2+2c2]}
y = Deflection expressed in cm
E = Youngs Modulus for steel is 2.11 x 106 kgm per cm2 (30 x 106 psi)
I = Beam moment of inertia is 11300 cmé (271.8 in.4)
W = Total load on beam is 159 kgm (350 lbs)
d = 2 - ( E—%-E ) expressed in centimeters
¢ = distance between spans 132 cm (52 in.)
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Figure 41 OPTICAL WINDOW DEFLECTION
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Figure 42 HORIZONTAL I-BEAM LOAD DIAGRAM
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x = coordinate distance where deflection is calculated cm

b = dimension in cm
¢ = dimension in cm
a = dimension in cm

Therefore,

at a = x = 15.25 em (6 in.), d = 58.4 cm (23 in.)
b = 132 cm (52 in.), ¢ = 117 cm (46 in.)

Y15 95 = L §(8) (1?i§2§58'4) [15.25)% - @32)%(15.25)1

’ (48) (2.11 x 107) (11300)

3 2 3
+ (14D (15.25)[(§lf§§§§52—- - @ (13211§§%1) + gigzg + (@) (117)2]'E

]

(.68 micron 27 (microinches)

at a=x=30.5cm, d =50.8cm, b =132 cm, ¢ = 101.6 cm

_ 1 {(8) (122) (50.8) [(30_5)3 - (132)2(30.5)]

y
30.5  (48)(2.11 x 10%) (11300) (132)
3 2 3
(8)(50.8)3  (2)(132)(101.6)2 = (101.6) 2
+ (122)(30.5) [ (130 - (139 + (132) + (2)(101.6) E
=1.13 (45u-1in.)
at a = x = 45,75, d = 43.2 cm, b = 132 cm, ¢ = B86.4 cm
1 (8) (104) (43.2) 3 2
y - 45.75)3 - (132)2(45.75)
45:75 " (48) (2.11 x 10%) (11300) { 132 I ]
+ (108) (45.75) (8)(43.2)3  (2)(132) (86.4)2 . (86.4)3 (20864
. 132 132 132 .

= 1,15 p (46 u-in.)
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at a = x = 6lcm, d = 35.6em, b = 132 cm, ¢ = 71 cm

1 (8) (85.5) (35.6) 3 3
Yeq = 61> - (132)361)
81 (48)(2.11 x 10%) (11300) {. 132 L ]
+ (85.5) (61) ®5.0° _ a3 an’ + ay’ + (2)(71)%]
* 132 - 132 132
= 1.07 p (43 p-in.)
at a = x = 76.2cm, d = 28 ecm, b = 132 cm, ¢ = 56 cm
1 (8) (28) (67) 3
g . = (76.2)> - (132) (76.2)
762 (48) (2.11 x 10%) (11300) { 132 L ]
(67 (76.2) (8283 (2)(132)(56)2 . (56)° (256>
. 132 132 137
=0.75u (30 p-in.)
at a = x = 91.5cem, d = 20,3 cm, b = 132 em, ¢ = 40.6 cm
1 (8) (48) (20.3) 3 2
Yos o = 91.5)3 - (132)%(91.5)
9.5 (4g)(2.11 x 10%) (11300) { 132 L ]

+

3 2 3
(48) (91.5) [(a)gg.s) - (2)(13%5"0'6) + (tl.gée) + (2)(40.5)2]:‘

105



-

03- 1167

Figure 43 VERTICAL I-BEAM LOAD DIAGRAM
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at a = x = 107 emy, d = 12,7 cm, b = 132 em, ¢ = 25.4 cm

1 (8) (30.6) (12.7) 5307)3 B (132)2(107)2]

y ==
107~ (48 (2.11 x 10%) (11300) (3D

w.n?_ @amess? | @.e’, (2)(25.4)f]

+ (30.6) (107) [(8)132 5 139

0.12 u (5 p=in.)

DEFLECTION OF VERTICAL I-BEAM BY SCANNER CARRIAGE

The load schematic is shown in Figure 43. The load in this case is
created by the preloaded linear roller bearings mounted in the scanner carriage.
This load is transmitted from the vertical guideways uniformly to the vertical
I-Beam support. The magnitudes shown in this analysis are high, but does not
impose a serious threat since it is systematic and can therefore be compensated
for electronically. In addition there are three direct methods of reducing the
deflections realizable at final design. First the bearing preload can be re-
duced, second a larger beam can be used, or third the deflection can be built
in at initial alignment to provide zero error in operation. The analysis is
based upon "Formulas For Stress and Strain" by Raymond J. Roark, Fourth Editionm,
case 14, page 107.

X = ZE%T- { §%§ (y3 - zzy) + wy [ §%3-— EE%E-+~§E + 2c2] —ZW'LX-—E-—E)-—i }
Where,
x = deflection expressed in cm
E = Youngs Modulus 2.11 x 106 kgm/cm2 {30 x 106 psi)
I = (6 in. WF. 25 1b/ft) Beam moment of inertia
= 2230 em® (53.5 1n.%)
w = total beam load 90.8 kgm (200 lbs)
d = 2o - (b ; a) expressed in centimeters
= distance between spans 168 cm (66 in.)
y = coordinate distance to point of deflection from base
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X15.25

30.5

-+

dimension in cm

dimension in cm See Figure 43
dimension in cm = 20.3 cm (8 in.)
= a+¢/2 = 15.25em, a = 5.15em, b = a+c = 25.45 cm,
= 153.0 cm
L 009330 [as.29° - a68)*15.25)]
(48)(2.11 x 107)(2230)

3 2 3
(91) (15.25) [}siiég?) _ ‘2"25i2§"2°'3’ + (2gég) + (2)(20.3)2]}

(2) (91) (15.25 - 5.15)"
20.3

2.5 u (100 p-in.)

= 30.5cm, 2 = 15.4, b = 35.7,d = 142.5
1 (8) (91) (142.5) 3 2
(30.5)% - (168)%(30.5)
(48) (2.11 x 10°%) (2230) { 168 L ]

3 2 3
(91) (30.5) [ (8)(123.5) _ (2)(35i2%(20.3) + (ZQég) + 2 (20'3)%]}

(2) (91) (30.5 - 15.4)"

20.3

6.5 u (260 u—in.)
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@

45,7

61

76.2

y = 45,7 cm, a = 35.6 cm, b

1

(48) (2.11) (10%) (2230)

(8 122.23  (2)(56) (20.3)2

168

[ (8) (91) (122)

56 cm, d = 122.2 cm

[45.13 - 68)%(45.7)]

(20.3)°

+ (91) (45.7) [ 168

168
() (91 (45.7 - 35.6)" }
(20.3)
= 12y (480 p-in.)
y = 6lcm,a = 5lcm, b = 61 cm,
1 (8) (91) (112)

48) (2.11 x 10%)(2230)

{

168

d

2
+ =168 +(2)(20.3)]

= 112 em

[ (60 3~ (168)%(61)]

3 2 3
(8)(122) (2)(61)(20.3) (20.3) 2

(91) (61} 158 - 163 + 3¢5 +(2)(20.3)]

4
(2) (91) (61 - 51)

20.3

16.5 p (660 p—~in.)
y = 76,2 cemy,a = 66cm, b = 8.3 cm,d = 92 cm

1

(48) (2.11 x 10%) (2230)

{ (8) (91) (92)
(168)
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84

3 2 3
(91) (76.2) (SiégZ)- - (2)(85i2§(2°'3) + (zgég) + (z)(zo.s)z.]

(2)(91) (76.2 - 66)°
70,3

17.8 p (710 p-in.)

vy = 8 emy,a = 73.8cm, b = 9% em, d = 84 cm

1 (8) (91) (84) 3 2
(84)° - (168)°(84)
(48) (2.11 x 10%) (2230) { 168 [ ]

3 2 3
(91) (84) (siéga> _ (2)(9izézo.3) + (2263) + (2)(20_3)21

(2) (91) (84 - 73.8)°
20.3

18.8 u (750 p—in.)

Figure 44 GUIDEWAY SECTION LOAD DIAGRAM
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HORIZONTAL AND VERTICAL RECTANGULAR GUIDEWAY DEFLECTION

These guideways are attached to structural I-Beams in such a manner that
they are adjustable at periodic intervals along their lengths. The horizontal
guideways are adjusted with precisely machined gage blocks, and the verticals
with screw adjustments. The adjustment feature provides precise positioning
of guideways and subsequent high accuracy of scanner spot positioning. This
feature allows a small amount of deflection of guideways. Each segment of
unsupported guideway is treated as a simply supported beam with a concentrated
load as shown on load schematic Figure 44,

Deflection of Horizontal guideway is determined from the following rela-
tionship:

y = B 24 -n) b - -0 ]
Where,
y = deflection expressed in microns
W = 31.8 kgm (70 lbs. per bearing)
E = 2,11 x 106 kgm/cm2 {30 x 106 pei) Youngs Modulus
I = 76.8 cm4 (1.84 in.a) Moment of inertia

£ = 30.5 cm (12 in.)

b & x are expressed in cm

Therefore, the worst deflection occurs at

x = b = -% = 15.25 cm

, (32) (15.25)°
maX ey (2,11 x 10%) (76.8) (15.25)

2
[ (30.52)2 - (15.25)2 - £30:5)

= 1.15 micron (46 microinch)
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Figure 45 SCANNER TOP SUPPORT STRUCTURE LOAD DIAGRAM
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For the vertical guideway,
W = 45.4 kgm (100 1bs)
I = 76.8 cm4

£ = 30.5 cm (12 in.)

Again, at x= b Lf2 = 15.25 em

(45.4) (15.25)
6) (2.11 x 10% (76.8)

_ (30.50)°

[ (30.5)% - (15.25)2 > ]

max

[

1.65 micron (65 microinch)

ELONGATION OF SCANNER TOP SUPPORT STRUCTURE

Axial elongation of top support structure shown on Figure 45 is determined
as follows:

The elongation is determined by the classical equation

2 %}%
Where
ET = axlal elongation expressed in cm
P = 091 kilogram force created by linear bearing preload. (200 1lbs)
£ = 86.5 om length of member (34 in.)
A = bt + 24 = (15.25)(2.54) + (2)(24.2) = 87.72 e’
Ac = crossectional area of (5 in. x 3 in. x 1/2 in.) angle = 24,2 cm2
E = 2.11 x 106 kgm/cm2 Youngs Modulus

(91) (86.5)
(87.72)(2.11 x 10%)

42.5 x 10'6 cm

= 0.425 micron (16.8 microinch)
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ELONGATION OF SCANNER LOWER STRUCTURE

A load diagram is shown on Figure 46. The load is caused by the Pre-
loaded Linear Scanner Carriage Support Bearings.

The elongation is determined by the following equation

bp T _PK%
Where
CT = axial elongation in cm
P = 91 kgm bearing preload (200 1bs)
£ = 86.5 cm Length of Member (34 in.)
A = bt+ac = (15.25)(2.54) + (50.8)(2.54) = 167.8 cn’
E = 2.11 x 106 kgm/cm2 Youngs Modulus
oy = (1) (86.5) = 22.2x120 % cn

(167.8) (2.11 x 109

0.222 micron (8.75 microinch)

LATERAL DEFLECTION OF TOP SCANNER SUPPORT MEMBER

The 6 x 6 x 5/8 inch angles that tie in the scanner support at the top are
subjected to lateral forces when the scanner operates in this region. The scan-
ner prelcad linear bearings transmit approximately a 91 kilogram force on two
smaller angles and a flat plate, the elongation of these members is transmitted
to the above side members. Based upon this elongation shown, the channel moment
of inertia should not exceed this amount. A load schematic is shown on Figure
47. The maximum deflection equation for a simply supported beam with a concen-
trated load at its center is

Pls

t:max = %4BEI

to find the size of the beam recommended

P£3

48E Cmax

* Standard equation shown in any text on strength of materials.
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15.24 CM EQUAL LEG
ANGLE
(6 x6x 5/8 IN)
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Figure 47 SCANNER TOP SUPPORT SIDE MEMBER
LOAD DIAGRAM
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Where,

I = Moment of inertia of channel expressed in cmh
P = 91 kg load due to bearing preload
£ = 50.8 cm beam length
E = 2.11 x 106 kgmfcm2 (30 x 106 psi) Youngs Modulus
4 = 0.425/2 x 10_4 cm from another page
max

(91) (50.8)°
(48) (2.11 x 106) (21.3 x 10"6)

5500 cm® (132 in.™)

A6 x 6 x 5/8 in. angle has a moment of inertia of 1010 cm4 (24.2 in.4)
which provides flexibility and avoiding buckling of the channel members tying
the scanner assewbly to the frame.

DEFLECTION OF OPTICAL WINDOW DURING LOADING

The window is supported in a frame at all four edges. The loading is
uniform over the entire window. The analysis is performed in accord with
"Formulas for Stress and Strain" by Raymond J. Roark, Table X, Case 30, Page
224, Fourth Edition.

_0.0487 wa4 (m2 - 1)

Ymax m2 E t3
Where,
Ypax = Maximum Deflection at the center in millimeters
w = Unit applied load in k.gm/cm2
- 2.521 x 0.953 = 2.40 x 103 gm/cm2
a = Size of square window
m = 1/v = Reciprocal of Poissons Ratio = 1/.16 = 6.25
t = Thickness of Glass in centimeter = 0.953 cm
E = Modulus of Elasticity = 705000 gm/cm2
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| (0.0487) (2.40 x 107 (122)®
max (6.25)% (7.05 x 10°)  (0.953)°

[ (6.25)2 - 1]

- 0,424 nm  (0.0167 in.)

its strength is determined as follows:

_ 0.2208 waz {m+ 1)

s =
max o t2
where
Smax = Maximum stress in Glass due to uniform loading in kgm/cm2
. _ (-02208) (2.40) (122)” (6.25 + 1 -3
max (6.25) (0.953)°
(<0.2208) (2.40) (1.48 x 10%) (7.25) < 1073

(6.25) (0.91)

10.0 kilqg_rams/cm2

]

The deflections for 1.27 cm and 2.54 em thick windows follow

at t = 1.27 cem
_ (0.0487) (2.40 x 1073) (122)* {6252 - 1
Yoax 2 5 3 ' -1
(6.25)% (7.05 x 10°) (1.27)
= 0.241 mm  (0.0095 in.)
t = 2.54 em
(0.0487) (2.40 x 1073) (122)* 2

Vo - s 16.25)% - 1)

(6.25)% (7.05 % 10%) (2.54)
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APPENDIX TII

INERTIA

LEAD SCREW INERTIA

Since the same type lead screw is used both in vertical drive and hori-
zontal drive systems, the inertia is the same for each lead screw.

Since
'S
L g 22
Where
IE = lead screw inertia expressed in gm—cm—sec2
w = weight of lead screw expressed in grams
k = 1.59 c¢m (0.625 in.) radius of gyration
g = 980 cm/sec2 gravitational acceleration

[ (4.57(1.9)% 4 (3.3)(2.79)% + (4.82)(3.05)% + (7)(3.05)% + (5.2)(3.05)2

£
]

+0.71)(4.45)% 4+ (2.03)(3.05% + (3N G.ANZ + @.67(1.52)%]  (0.785)
(0.126)

1

9700 grams (21.4 1bs)

Therefore,

(9700) (1.59)%

2
¢ = (980) 3 12.6 gm—cm-sec

I

SCANNER CARRIAGE INERTIA

The Scanner Carriage reflects its translational inertia into rotatiomal
inertia at the lead screw and drive motor by the following relationships.

The Kinetic energy in translating the carriage is equal to the kinetic
energy in rotation of the lead screw, barring losses.
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Since

1 2 1
KE = 53m = 35 1 w2
v,2 v v,2 /1.2
L N N o R
Where
W = weight of carriage at 91 kilograms
g = 980 cm/sec2 acceleration due to gravity
v = 0.254 cm/sec Rectilinear motion of carriage
n = 1.0 rev/sec Rotation of lead screw shaft
9100 0.254 2 1 z 2 =4
I = (980 ) 10 ) (E; = (.152 gm—cm-sec (1.31 x 10

lb~in.-sec”)

FILM TRANSPARENCY SUFPPORT INERTIA

The relationship worked out previously for the scanner carrilage, to
convert translational {nertia into rotational form also works for this case
equally well.

Therefore
ey Ay
g n 27
Where
W = 159 kilograms weight of film transparency support
v = 0.254 cm/sec Rate of Motion of Support
n = 1.0 rev/sec Rate of Rotation of Lead Screw
2 2
I (159000) (0.254) (l_)
(980) (1.0) 2m
2 ~4 2
= 0.265 .gm-cm-sec (2.3 x 10 * 1b-in.-sec”)
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VERTICAL GUIDEWAY ASSEMBLY CENTROID AND INERTIA CALCULATION
The Centrold is calculated as follows:
+ .
AY A2Y2 . AnYn

_ +
y =
Al + A2 + .....An

(3,18)(5.4)(21.44) + (8.25)(5.72)(19.06)+(15.4)(16.2)(8.1)-(3.18)(3.18)(20.33)

|
1

(3.18)(5.4) + (8.25)(5.72) + (15.4)(16.2) - (3.18)(3.18)

(7.42)(13.88) (8.1) (2)
(7.42) (13.88) (2)

- 369 + 900 + 2020 - 205 - 1670
17.2 + 47.2 + 250 - 10.1 - 206

. 1414

= 98.3 ~ 4.4 cm

The inertia of the vertical guideway assembly is then calculated as follows:

I-Beam = 2230 cm4
Rect. Guideway = 76.8 cm4
Channel
L. oo
To12
C(8.25)(5.72)° - (3.18)(3.18)°
B 12
_ 1540 - 102 _ 1438 _
= 12 = 17 = 120
= 120 cm4
2 2 4
Guideway Ay = (3.18)(5.4)(7)" = 840 in
I-Beam Ad2 = [(15.4)(16.2) - (7.42)(13.88)(2)] (6.3) = 1740
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Channel Adz - (8.25)(5.72) (4.62) - (3.18)(3.18)(5.89) = 158.5
Total I = 2230 + 76.8 + 120 + 840 + 1740 + 158.5
= 5165 cm4

HORIZONTAL GUIDEWAY ASSEMBLY CENTROID AND INERTIA CALCULATION

The inertia and centroid of the compofite beam is determined by the
following two equations:

Ay, + Ay, - Ay
- 171 272 3’3 _ - 2 - 2
y = A T A - A +ssy and IT = Il + 12 + Alyl + A2y2
1 2 3
2
" Ag¥3

Where

A = Represents section areas in cm2

y = Represents distance in cm from area centroids to datum

§' = Distance in cm between area centroids and composite centroid

I = Moment of inertia of sections expressed in cm4 taken from tables

A y Ay y b Ay I

17.2 28.0 481 14.59 213 3670 76.8

478.0 1.4 5450 2.05 4,2 2010 11300.0

-353.0 11.4 -4020 2.05 4.2 =1480 =

142.2 1911 4200 11376.8
Therefore,

— _ T Ay _ 1911 _

Yy = A T 4.2 T 13.45 cm
And 2

I. = II+Ay = 113.76.8 + 4200 = 15576.8 e’

T
.
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APPENDIX IV

WEIGHT

WEIGHT OF GLASS

WG = Pe 222t
Where
Pg = 2,61 gm/ce (0.094 1b/in3) specific welght of glass
L = 122 cm Length & height of glass
t = 0.95 em (0.375 in.) glass thick
W, = (2.61)(122)°(2)(0.95) = 73000 gn (161 Ibs)

WEIGHT OF FRAMEWORK

WF = 2pF [ ag .ty + a£2t1 ]
Where
Py = 2,61 gm/cc  (Aluminum frame)
21 = 122 em Length of side arms
t, = 5.08 cm Frame thickness
a = 5.08 em Frame width
22 = 132 cm Length of top & bottom arms

==
]

(2)(2.61) [ (5.08)(122)(5.08) + (5.08)(132)(5.08)]

_ 34000 gm  _
(75 1bs) 34 kem

WEIGHT OF STEEL CHANNEL
W = pg [bt

2R2 + ZCtZRZ]
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Where

Py = 8 gm/cc Specific weight of steel
b = 7.6 cm width of channel
t, = 1.27 cm Channel thickness
L, = 132 cm Length
C = 5.08 cm Depth
WCH = (8) [(7.6)(1.27)3(132) + (2)(5.08)(1.27)(132)]

23600 gm (52 1bs)

Total Weight of Film Transport

Window 73000 gm
Frame 34000 gm
Steel Channel (2 pcs) 47200 gm
Bearings & Miscellaneous Hardware 4540 pm
TOTAL 158740 em (350 1lbs)

WEIGHT OF HORIZONTAL GUIDEWAY ASSEMBLY

The respective weights of the Horizontal Guideway and I-Beam are com—
puted as follows:

Guideway ....

WG = (3.18)(5.4)(132)(8) = 13200 grams
I-Beam = 99?%111IE (67 1b/ft from table)
W= (997)(132) = 131000 gm
131 kgm
W, = 131000 + 18200 = 149200 gm
= 149.2 kem
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WEIGHT OF VERTICAL GUIDEWAY ASSEMBLY

The welght of the vertical I-Beam and guideway assembly is:
w = 0.372 kilograms/cm (25 1b/ft) for I-Beam (from tables)

Therefore, total welght
WI = (0.372)(168) = 62.5 kgm
The guideway weight is

WG = (3.18)(5.4)(168)(8) = 23100 gm
= 23.]1 kgm
pg = 8 gm/ecc
Specific weight of steel
The Channel
Wc = [(2.54)(8.25) + (3.18)(2.54)(2)] (168) (8) = 50000 gm
~ 50 kgu

Total Assembly Weight

W,

T 62.5 + 23.1 + 50

(]

135.6 kgm
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03-1167
Figure 48 SCANNER DRIVE MOTOR SHAFT DISPLACEMENT
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APPENDIX V

SYSTEM VIBRATION

GENERAL

The system configuration illustrated in Figure 6 and discussed in this
report exhibits high structural rigidity. A systematic check on the critical
drive components and directly affected support components are given in the
following analysis. The natural frequencies and drive frequencies are listed
in Table IX., A comparison of values shown in this table indicates that the
rotary to linear drive systems featuring lead screws have a high natural fre-
quency compared to the maximum simulated aircraft speeds. This indicates
that lead screw or drive perturbations will be self dampening due to the high
spring rates of components involved. The most serious threat appears to be
the scanner disc driven at 5000 revolutions per minute. However, even in
this case the shaft critical speed is much higher than the speed shown above.
Some loading is transmitted to adjacent structure but is of such a low mag--
nitude that it will not significantly disturb position accuracy. It is
therefore concluded that the system is structurally sound and should not
suffer any vibration problems.

VIBRATION ANALYSIS OF SCANNER SHAFT AND DISC

Figure 48 depicts the exaggerated displacements of center of gravity "G"
of disc and geometric center "S" of disc with respect to bearing centerline
"0" as shown in view (b). This analysis is intended to show the amplitude of
lateral vibration and force transmitted to the bearings and structure.
Neglecting the effect of gravity and friction there are two forces which
affect the disc: the restoring force of the shaft tending to straighten
itself and centrifugal force acting through center of gravity G. The two
forces oppose each other. Therefore equating the two will solve for lateral
deflection or amplitude

kr = mw2 (r + e)

Solving for

r, Since, w, o= ¥ K/m
2
mw e
r = —
k-mw
2
(w/mn) e
r = 7
1 - (m/wn)
Where
r = amplitude of vibration expressed in cm.
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Components

lead screw

b
1

y - lead secrew
x ~ Guideway Assembly
y - Guldeway Assembly

Linear Bearing
Scanner Gas Bearing

Scanned Disc and Shaft

TABLE 1IX

SYSTEM NATURAL FREQUENCIES

Frequency in CPS

Natural Drive Frequency
331 0.01 - 1.0
313 0.01 - 1.0
457 ——
143 _—

10,000 0.0016 - 0.16
630 83.3
505 83.3
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2n

5000 RPM x %0 - 523 Radians/sec shaft speed

83.3 CPS

37.5 x ll)b6 cm Approximate eccentricity after balancing
operation

Y K/m = %- Shaft lateral natural frequency

The natural frequency is thereby determined from the deflection characteristics
of the shaft based upon a simply supported shaft on two gas bearings and with
the disc creating a bending moment about its left support. The end loaded
cantilever case most nearly approximates this condition.

Therefore,

Where

Therefore

) (3)(2.11 x 106)(5.94)

is

PL

(0.785)(17.8)%(0.958) (2.77) = 657 gram Disc load

1.77 cm shaft overhang

2.11 x 106 gm-cm (30 x 106 psi) Youngs Modulus
4 4

nD _ (3.31) _ 4 .

% = " e - = 5.94 cm Moment of inertia

(657)(1.77)3

= 0.000097 cm

/980

1

3180 Radian/sec (505 cps)

0.000097

2 2 -6
(w/wn) e {523/3180)°(37.5 x 10 )
1 - (w/mn)z 1 - (523/3180)°

1.04 x 10°° em Amplitude
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The force transmitted to thé gas bearings and structure is

F = m(r + e)u.n2 = g-(r + e) w2
Where
WT = Total weight of disc and shaft
2 —
wDisc = (0.785)(17.8)7(0.958)(2.77)y = 657 gm
2 —
wShaft = (0.785)(2.54)7(11.4)(8) = 462 gm
WT = WDisc + wShaft 657 + 462 = 1120 gm
F = (—-—-—;go) (1.04-4-3?.5)(10'6)(523)2 = 12 ¢gm

This force represents

12

31000 x 100 = 0.0132%

of the loading imposed on the scanner supporting guideway structure and will
not degrade positioning accuracy of scanner drive system. The speed of opera-
tion is well below the critical frequency of the scanner drive shaft and the
scanner disc drive does net have to cross this critical frequency during stops
and starts, thereby avolding resonance and subsequent destructive vibration.

SCANNER GAS BEARING NATURAL FREQUENCY

The bearing stiffness recommended by the gas bearing supplies is:

K = 17900 kgm/cm
The weight of spindle and scanner disc W = 1.120 kgm
e - L JE _ 1 [k
n 2% m 2n W
o1 ﬂl?QOO)(QBO) ~
= 5 (1.120) = 630 cps

NATURAL FREQUENCY OF HORIZONTAL GUIDEWAY ASSEMBLY

The natural frequency of the aforementioned assembly is determined by
the following step by step analysis:
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The Beam Deflection is determined first

3 2 3
y = Z%Ef {8p % (x3 - sz) = Px [-§%— - g%£—-+-%— + 2c2]
@ a = x = 4575 cem, d = 43.2 em, b = 132 cm, ¢ = 86.4 cm
8) (1 .2
y = L @ UMD ((45.75)% - (132)%(45.75) )
(48)(2.11 % 10 )(15576.8)
. (108 (45, 75) [(8)(43.2)3 _@anee.n’ | (86.4)° | (286 4)2]
* 132 132 132 "
= 0.0000832 cm
Since f = L EG
n 27 wy
Where
P = 104 kgm

(See second page of Appendix IV, WEIGHT OF HORIZONTAL GUIDEWAY ASSY)

w = 149 kgnm
y = 0.0000832 cm
G = 980 cm/sec2

fn = %— // (104) (980) =5 = 457 cps
T Y(149)(B.32 x 107 °)

NATURAL FREQUENCY OF VERTICAL GUIDEWAY ASSEMBLY

The natural frequency of the subject assembly is determined by first
calculating the beam deflection characteristics as follows:

3 2 3 4
. 1 gud 3 2 [Bd _ 2we” e 2]_ 2u(y-a)
X = ZeEr . O y) + Wy ) g tyg ot c
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at y = 8 cm, a=173.8cm, b=294cm, d== 84 cm

< - L ©) (84 (81 - e8)? (8]
(483(2.11 x 107) (5165)
oy [© @02 @) (o0 0.7 2037, () (9.
+ (91) (84) 18 168 168 '
4
L2 (91)2é3§ - 73.8) }== 8.1 micron (324 microinches)
Since

. L /x.1 /rx .1 /m
n 27 m 27 W/g 2n Wx

Where
P = 91 kgm beam loading
g = 980 cm/sec2 Gravitational acceleration
W = 135.6 kgm welght of assembly. See 3rd page of Appendix IV,
Weight of Vertical Guideway Assembly.
X = 8.1x 10'-4 cm beam deflection
fn - %; // (91) (980) = %?7 / 81200
(135.6) (8.1 x 10 )

143 cps

LTINEAR BEARING NATURAL FREQUENCY

The bearings' natural frequency is determined as follows:

Fh
=1

]
Nrd
=
o)

Hh
]

132

Bearing natural frequency expressed in cycles per second



kK =
m =
w o=
g =
Therefore,
fn =

9.12 x 108 gmfem (5.1 x 106 1b/in.) Spring Rate

w

8

227 - ec2
Pty = 0'232 &_S__.__.
980 cm

227 gm (0.5 1bs)

980 cm/sec2 Gravitational acceleration

1l
2n

8
g_._l_z_o_x___ﬂéo__ = 10,000 cps

LEAD SCREW NATURAL FREQUENCY

The natural frequency is a function of the following relationship

Therefore,

Then,

J

I = Toreional spring constant expressed in 8 gm-cm/radians

12.6 gm—cm—sec2 lead screw inertia as computed in Appendix
11T, LEAD SCREW INERTIA

485 gm-cm load torque on horizontal lead screw shaft

%&E- equals torsional deflection of lead screw expressed 1n
s~ radiams.

Length of lead screw = 153 cm

8.45 x 108 gm/cm2 Shear modulus for steel (12 x 10° psi)
%gﬁ = Polar moment of Inertia of lead screw

3.18 em nominal dia. of lead screw

4 4
nD" @ (3.18) _ 4 4
35 = 32 = 9.9 cm (0.238 in. ")
ERJ = (485) (éSS) 8.85 x 10-'6 radians
s (8.45 x 107) (9.9)
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and,

R = g - B = 5wl B
8.85 x 10

The Horizontal lead screw natural frequency is

therefore,
£ o= 1 R / 5.5 x lD 331 Cycles
n  2r I T12.6 Sec

The vertical lead screw, which is geometrically similar, differs in its
loading,

where
T = 420 gm-cm
R = I = a2l = 47,5 x 10° EECL
8.85 x 10 radian

and consequently, vertical screw

- 1 /R
fn T 27 T

A

/ 6
1 47.5 x 10
- = —~——l~§’—‘—6~—~ = 313 Cycles/Sec
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