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SUMMARY |

The Solar Power Satellite (SPS) is a viable alternafive energy source to replace fossils

~ fuel dependent systems. Its large solar energy collgotor is a source of electrical .

. power which is converfed fo microwave energy ‘and relayed from the collection site in
B -weosynchronous orhit to the ground receiving system. The feasibility of the relay linl
 depends on the capability of kesping each transmitting planar array antenna with its
_+ beam centexr pointed at the ground receiving antenna (rectenna), and the phase srror
© - 'over the aperture small enough so that efficienay is high. Pointing error and phase.

error should also he small to minimize incidence of sivay energy peaks outside of the
rectenna aperture. This study was pexformed to evaluate the tolerance vaviations in
_the structure of the MPTS; and their contribution to slope exxor of the Antenna array,
' Edch SPS has two powex transmitting antennas. The general characteristics of each
antenna are shown in Tahle 1, On the basis of mast parameters except frequency, the
MPTS represents a major advancement in the state of the axt for large niicrowave
antennas. Tor compariSon purposes, the gains of several large existing antennas are
showa in Figure 1. The MPTS has over 10 times the aperture avea of the largest
(Arecibo), alicl approximately 20 i;imes the gain at 2.45 GHz.

Figure shows the elements of the ‘\'IP’I‘S that fL‘LlthI.OD. to achleve performance of this
magnitude. Pure mechanical pointing and surface figure control over the 1~km aper-

ture cannot be expected to achieve the necessary beam characteristies. The antenca

system is a hybrid design of a coarse mechanical pointing and surface control system
and an electronic phasing system for fne wavefront adjustment,

A tower is used to atiach the antenna primary structure to the SPS solar collector, A
360-degree pivot allows the antenna to rotate once per day to track the rectenna, In
the baseline approach for this study, a constant angular rate pivot is used, with the
fine pointing accomplished at the antenna interface. This simplifies the 360-degree -
pivot design where rotating contacts ave needed to transfer power from the solar col-
lector to the tower. A + 10 degree pivot op two axes is used at the antenna. Flexlines
carry power around this_ junction, There are a numbexr of viable approaches for atti~
tude control. Because of the inherent rigidity of the primary structure, distvibuted
- control actuators do not appear necessary. .

The antenna system operates in an environment which causes structural deformations
‘and bear pointing error (see Figure 3). These must be minimized so that the dis-
torted wavefront can be corrected electronically. The antenna points at a rectenna
which is probably not located on the equator. The resulting elevation pointing angle
‘causes gravity gradient and dynamic unbalance torques on the antenna. The accelera-
tion of the antepna towarda the cg of the SPS is appreciable hecause of the large sepa-
ration. Transient forces and torques are also transmitted through the suppoxt tower,
The effects of these acceleration loads have been found to be very small.




Table 1. MPTS parameters.

Type of antenna ceveeeesssesassesesss Planar array
Diameter of apertiressceeessssesssss 1000 m (3281 ft)
ADEENNS MASS e eevesessseanansasessss 3,58 Mkg (18,92 x 10° 1)
Power transmitted (CW)eseeesnsreeesead GW (67 dBW)
ETOUBNOYc s s.66 canvsvens ivsvvnesass oedo GHZ
DATEOUVILY o oo coiosnsnscssssnssosnese 86 dB
Beamwidth (3=dB)seceeesavessessssss 31,4 arc sec
Mount — Azimuth range........+..... 360 degrees
Elevation range.«..sseess.++ + 10 degrees
Slewing rates (maxXimum).......ss..0. 1 arc sec/sec
Mechanical pointing accuracy......... 2 arc minutes
Electronic pointing accuracy.......... 6 arc sec
Dlumination tapere.cecsssssssssseceess 10dB
Bandwidth — modulation «vvess0...... Not applicable

Thermal distortions, primarily caused by the waste heat rejection of the rf éystem,
are controlled by the use of low thermal expansion composites in the primary and
secondary structures.

The basic alignment requiremeant for the structure of the subarray surface is 3 arc min.
maximum slope error in the operating environment, This encompasses all manufac-
turing errors, thermal distortions, static structural loads, and dynamic movement
resulting from transient loads. Slope error (tilt errors of the subarrayvs with respect
to the line of sight to the rectenna) has two effects on performance, It results in loss
of directivity, and in pointing error. The rms slope error over the aperture is a
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Existing materials measurement, manufacturing, assembly and alignment tech-
niques can be used to build the MPTS anteuna structure, orders of magnitude
Inrger than current spunos systems.

Manufaoturing tolerance ozn be critioal to rms slope errvor, Study results show
that the slope error budget can be met with a passive system. As a backup
approach, initial active alighment can be used to correct the interface between
the structures. Tolerance then is limited by measurement accuracy and actuator
resolution,

Beoause of the inherent long term dimensional stability of graphite/epoxy struc-
wre uwndey light londing conditions, the structures are expected to remain in
alignment if adjusted acecurately initially, The 30-year service life does lower
confidence in long term creep predictions, Test data is needed for candidate
fiber/matrix systems.

Manufacturing tolerance does not coutvibute appreciably to pointing accuracy. A
pointing bias caused by manufacturing error can be corrected by the attitude
ocontrol system,

Joints without free play are preferabie in the assembly of the large truss struc-
tures, Joint "slop, ' as contrasted to joint tolerance, can be eliminated by bond-
ing or welding. Joint tolerance is a small part of overall strut length, and makes
a minor contribution to slope exrror.

The material properties of GY-70/X-30 pseudoisotropic graphite/epoxy composite
wore used as repregentative of strength, modulus and coefficient of thermal expan-
sion (see Table 3), Variation in material properties, particularly for CTE, from
part to part {s more significant than the actual value, The design can accommodate
predictable length changes and still achieve the required flatness. % he uncertainty
in CTE leads to the thermal distortion that degrades performance. Jowever,
thermal distortion i3 small over the range of operating temperatures, and material
properties not as well regulated as those of GY-70/X-30 will meet requirements.

Two configurations of the secondary structure were considered. The frst has 61
separate hexagonal structural elements, The second has the same elements joined
to form a continuous secondary structure over the entire aperture. There is not a
significant difference in parts count or performance. The continuous secondary
behaves as a homogeneous plate attached at 75 nodes of the primary interface,
Since it carries bending stress, it can distort the primary or conversely smooth
out primacy distortions, It tends to transfer distortions to the outer edge where
slope error has less effect on performance, The 61 separate secondary structures
are gasier to simulate and analyze,

Active control during operation is not warranted. [nitial alignment of the primary

structure, and secoudary structural elements is considered as an alternative to
"tinker toy ' assembly of accurately ™rimmed' truss elements, The initial
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Table 3. Pseudoisolropic GY-70/X-30 is a representative dimensionally stable composite.

Standard

Characteristic Mean Deviation Units
Fiber volume 62 0.7 percent
Density 1. 80 (0. 065) g/cc (Ib/cu in.)
Tensile strength, Fpy 2.61E8 (37.8) 4,03E7 (5. 85) N/m?2 (ksi)
Elastic modulus, Eq, 1. 08E11 (15,7) 6. 76E9 (0. 98) N/m2 (msi)
Poisson's ratio, up 0.32

Compressive strength, Foyy 2.43E8 (35.2) 1.61E7 (2.34) N/m? (ksi)
Flastic modulus, Eg 9, 65E10 (14.0) 6. 1419 (0. 89) N/m? (msi)
Poisson's ratio, uc 0. 30

Ultimate shear stress, Fgy 1,5E8 (22. 3) N/m? (ksi)
Rigidity, G 3.5E10 (5. 04) N/m?2 (msi)
Thermal coefficient, CTE -G, 038 (-0.021) 0. 072 (0.040) €/C (€/F)

Specitic heat
Thermal conductivity
Resistivity .
Solar absorptance, ¢
Thermal emittance, €

0.20 (31.9)
0.132 (31.9)
2,8E-5 (1, 1E-3)
0.91

0. 81

0,004 (0,004}

Cal/gm-C (Btu/1b-F)
Cal/cm-sec-C (Btu/ft-hr-T)
ohm-m (ohm=-in.,)

8 PLY

50
003 !
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alignment system could be used periodically if necessary to realign during the
service life, but active figure control to compensate for dynamic and thermal
distoxtion is not necessaxy.

o The improvement in efficiency with active control is smull compared to the
potential improvement of a slight increase in system size at the same approximate
cost.

» Distributed attitude control is not necessary for the MPTS. The truss structures
are silff enough so that even with the largs nonstructural weights supported, the
antenna bshaves essentially as a rigid body. An alternative combined use of CMG
packages to sense and damp oscillations within the structure as well as to provide
steering torques can be used if larger than anticipated disturbances are genevated
by the SPS solaxr collector, e.g. those resulting from an aluminum SPS structure,

# The preferred attitude control anproach is divect drive, i.e,. steering the antenaa
by applying torques at the interface to the solar collector. System weight and
complexity increases for momentum exchange devices, and jet systems are im-
practical for the 30-year operational life because of fuel requiremsents.

# An increase in secondary subarrsy size reduces the strut count in the structure,
increases depth and stiffness, and improves the structural accuracy. A suggested
reduction in subarray count from 73854 to 6932 can be accommodated by a 10-bay
primary (with the secondary supported on the larger face), and a 12-bay secondary
structure.

The basic objective of this study has been to determine the achievable flatness for the
MPTS structurs. The study shows feasibility, even for a passive structure. The
real objective of the study then becomes the id=ntification of new technology areas
requiving effort to ensure the success of the M'2TS antenna concept.

Attitude control of the MPTS requires definition. The effectiveness of a "direct drive®
control system is not certain until the entire SPS is modeled and the interaction of the
solar collector and MPTS structures have been examined. A study is proposed for
preliminary design of direct drive variations and analysis of the control system
performance.

Material properties are areas of uncertalnty. Although the required MPTS perform—
ance can be achieved with existing composites, considerable improvement is antici-
pated before actnal construction of the 3PS hegins, Materials and processes are
interrelated. A new technology area of considerable scope is represented by the
optimization of materia’s and processes for MPTS fabrication, Two study areas are
suggested for continuing work., The first has as its objective, to develop an ideal
graphite/resin system for MPTS application, considering the necessary processes
for in-space fabrication. The second is a comprehensive materials test program
for a representative pitch fiber/polyimide composite system. The latter program's

-




objoctive is to provide a materials properties data base with emphasis on statistioal
distribution for continuing analysis of MPTS performance,

Other areas arve suggested for investigation, including laser measuvement systems
and veliable, spaoe-qualified lHnear sotuators for the active control and attitude
ocoutrol options., Zero tolerance joints, that can be made reliably in space are
needed. Much of the new technology required for the MPTS, e.g., beam builders
for laxge space structures, is alveady in development.

In short, the MPTS struoture represents o reasonable extension of the present state
of the axt, Turthermove, the probability is high that the scouracy requirements
can be achieved with a passive system.
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INTRODUCTION

1,3 OBJECTIVES AND SCOPE

The study objective was to determine achievable flatness for the microwave power
transmission system (MPTS) antenna array. The support structure of the array
achieves this flatness while interacting with the larger solar array structure, its own
attitnde control system, ils payload of rf transmitting subsystems and antenna
arrays, and the space environment,

The scope of the study is depicted in Figure 1~1, which shows the five basic tasks and
their interactions:

e Task 1: Preliminary Design and Analysis of the Passive Configurations. Two
configurations, A and B, were analyzed in detail and evaluated as to their net
potential misalignment, Manufacturing, joint slack, assembly, alignment and
environmental effects were considered. Approaches to each aspect were analyzed
to minimize their contributions to distortion,

e Task 2;: Environmental Effects. Orbital effects, including thermal, solar pres—~
sure and gravity gradient perturbations, were evaluated. Heating effects of the
operational element, were also evaluated. Distortions were derived using finite
element computer modeling techniques.

e Task 3: Figure and Pointing Control Methods. The effects of the control system,
and its design integration into the structure, on structures' distortion were
evaluated. Combined effects from Tasks 1, 2 and 3 provided the bagis for making
a bhaseline system recommendation.

e Task 4: Technology Plan. Inthe course of each study element new development
requirements were identified, They were collected in Task 4 in an overall
Technology Plan,

e Tagk 5: Material Properties. Basic material properties (such as E and CTE)
were evaluated to determine their contributions to distortion.

Results of the individual tasks, and overall study activities, are presented in Chapters
2, 8, 4, 5 and 6.

1-1



PREPARE
BASELINE
CONFIGURATION A

P

CONCEPTS
ACCURACY

MEASUREMENT

PREPARE
BASELINE
CONFIGURATION B

v

-._g]__-

ORIGINAL
Of POOR
ORBITAL DISTORTION
WMANUFACTURING TOLERANCE o SOUAR PRESSURE ACTIVE FIGURE ——
ENVIRONMENTAL ASSY TOLERANGE GRAVITY GRADIENT —{ SONTROL & SUBARRA
JOINT SLACK EFFECTS THERMAL DISTORTION SENSING FOR SIZE TRA
SOLAR ARRAY INPUTS CONFIGURATION A A—
CONSTRUCTION VARIATIONS
ALIGNMENT VARIATIONS ! _ '
¥
PASSIVE PASSIVE
; STRUCTU.
MISALIGNMENT L ACTIVE SYSTEM S
JOINTS & ALIGNMENT POTENTIAL et PERFORMANCE SPECIFIC)
TECHNIQUES TO REDUCE SUMMARY OF * S UMMARY OF ~+ COMPARISON OF » FOR
CRITICAL TOLERANCE CONFIGLRATION CONFIGURATIONS CONFIGURATIONS CONFIGUR
AVS. B A&B
¥
MANUFACT URING TOLERANCE - i H
ENVIRONMENTAL ASSY TOLERANCE SRETTAL DISTORTION ATTVE IR
JOINT SLACK EFFECTS —»| EFFECTS OF: CONTROL &
CONSTRUCTION VARIATICNS SOLAR PRESSURE [~ SENSING FOR
ALIGNMENT VA B CONFIGURATION B
LIGRMENT VARIATION THERMAL DISTORTION
SOLAR ARRAY INPUTS
TASK 1 TASK 2
TECHNOLOGY | TECHNOLOGY |
PROBLEMS PROBLEMS

TASK 2

TASK 1

Figure 1-1. MPTS flatness study task flow.

1-2

o



ORIGINAL PAGE 1S

Of POOR QU
M%UT
FR‘*‘-’M&
REPORT SUMMARY OF
SUBARRAY PANEL TOLERANCE BUDGET gIEN:OLRT
SIZE TRADEQGFF DESIGN REQUIREMENTS FOR
3 ARC MINUTE CAPABILITY
PROVISIONS REQUIRED TO
— MAINTAIN ALIGNMENT DURING 'lg'gp‘“ggg
STRUCTURAL METHODS FOR DS S I COMPARISON OF OFERATIOR. O MPTS
SPECIFICATION COUNTERING CONFIG. A & 8 CONFIGURATIONS
—3| FOR # ENVIRONMENTAL = TOACCEPT » A & B & CHANGES ™ STRUCTURAL SPECIFICATIONS TECHNICAL
CONFIGURATIONS DISTURBANCES CONTROL TO STRUCTURAL CONFIGURATIONS A & B FOR | byt
A&B & POINTING vt SPECIFICATION BASELINE PLUS 3 MOST RELEneS
TEM COMPETITIVE SYSTEM (NASA APPROVED
I FABRICATION SEQUENCES )
® 4
COUNTERWEIGHT TASK5 |
REACTION CONTROL
ANGULAR MOMENT UM
MAGNETIC
MECHANICAL
STRUCTURE
p TASK 3 SUMMARY OF ['MATERIAL RESOLUTION
NOLOGY ~ TECHNOLOGY M PRonrenacY [CoNTROL PLAN
LEMS PROBLEMS GTHER

TASK 4

i

TASK 3 ;‘;

-



R

N e T SRR . Yo BNy 0 PP SN TSl vt R - + 4

N S

1.2 REQUIREMENTS

The basic requirernent specified in the Statement of Work 1s 3 arc minutes of slope
accuracy during a'l phases of opexration,

Operational and environmental loadings must be accommeodated within this array
surface limitation., Other system requirements include:

s Operating Frequency 2.45 GHz

e Allowable Wavegnide Temperuture 485K (mazximum)
e Microwave Transmission Beam Taper 10 dB (Gaussian)
o Antenna Aperture Diameter 1Em

¢ Noastructural Mass Distribution Per SOW Table I
@ Subarray Size (for evaluation in this study) I0mx10m

o Grid Power 5 gigawatt

e Retrodirective/Elecironic Control System Accuracy 2 arc sec
(signal originates at center of rectenna complex)

1.3 STUDY GUIDELINES

The structural configuration has evolved in previous studies conducted by J3C. The
structure is based on regular tetrahedral truss elements joined to form a primary
space frame. A similar struecture, buf using smaller truss elements forms a second-
ary surface which spans the primary structure, and forms a surface for support of the
individnal transmitting antenna subarrays.

The basic configuration is shown in Figure 1-2, Each tetrahedral element is con~
sidered a '"bay' in the structure. The primary structure has 10 bays on 2 major
diagonal., The hexagonal elements of the secondary structure are l4-bay structures,
Alternatively these are designated as 5 and 7 ring structures respectively. The
study did not deviate from this basic geometry except to investigate the impact of
variation in subarray size.

The environment for operation is a synchronous equatorial orbit with small allowable
inclination and eccentricity. The preferred orientation of the major satellite axis is
perpendicular to the orhital plane. This leaves the MPTS in a relatively static nosi-
tion and orientation with respect to the ground receiving antenna in the earth-fixed
rotating reference system.

Two configurations are considered for the secondary structure. In the first, tnere
are 61 separate hexasonal 'flats. ' Each can be oriented independently on its three
primary structure supports. In the second approach, a continucus secondary struc-
ture is used. Throughout the study, both configurations are considered to see if
either has an inherent advantage.
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The material properties of graphite fiber reinforced epokxy composites ave used in

the structural analysis. A specific fibex/resin system to meet stiffuess, stability

and the operating temperature requirements can only be selected afier cousiderations
of availability, cost, energy balance and vther factors beyond the scope of this sindy.
The propexties of GY-70/X-30 pseudoisotropic laminate have baen used as representa-
tive of thermally stable composite materials.

A contributing factor in the dimensional acouracy of complex structures like
d~dimensiounl trussses is fit tolerance in joints. The effect, joint slop, is difficult
to simulate using linear analysis techniques. The approaoch agreed upon in the study
has been to eliminate or minimize the problem in joint design rather than try to
simulate and analyze loose connections in the indeterminate truss structure. The

zero slop joint implies welding, bonding, or mechanical force fit that precludes
looseness.
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TASK 1

BASELINE CONFIGURATIONS
PRELIMINARY DESIGN AND ANALYSIS

The major steps of Task 1 (Figure 2-1) were:

Preliminary design of the antenna structure,

Modeling of the primary and secondary struciures,

Computer structural analysis of the models.

Postprocesging to determine slope errors, maximum deflections, maximum

internal loads, and provide graphic displays of cutputs.

Analysis and interpretation of results.
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A sinple 10-bay primary structure was modeled for use with configurations A and B
secondary structure. s geometry was based on regular tetrahedron structural
elements. In similar manner, a single l4~bay secondary structure was modeled, I
represents a typical configuration A secondary structure and an equivalent avea with-
in the lavger configuration B secondary structure, It is not practical to model the
80, 000-strut complete configuration B on a strut-hy-strut basis.

In the computer analysis, 20 loading conditions were used to simulate manufacturing
tolerance and varistions in temperaturs, coefficient of thermal expapsion, and modu-~
lus of elasticity. With the secondary and ponstructural weight added, the lowest
modal frequencies were determined in the primary structure. A vaviety of postpro-
cessing programs were then used to transiate structural deflections into slope error.
Contowr plots were generated of deflections and slope errors for configurations A and
B. Maximum stress levels were found for input into the strut design activity and
maximum deflections established requirements for sotnator control range.

2,1 BASELINE CONTFIGURATIONS

The baseline configurations were established by Reference 2-1 and baseline develop-
ment was not included in the study tasks. There were two configurations, denoted by
"Aand "B, Both A and B consisted of a two-tier construction compurised of a pri-
mary structure which provides the basic structural strepgth and stiffness, and a
secondary structure which bridges the relatively coarse spaced primary structural
joints so as to provide for mounting of the subarrays. Configuration A {s character-
ized by a secondary structure made up of 81 individual truss sections whereas con-
figuration B has a continuous tetrahedral structure for the secondary. Figurs 2-2
shows the general arrangement for configuration A and the dimensions of the primary

structure. The differences between the two configurations are depicted in Figure 2-3.

Table 2-1 presents the quantity and typical lengths for the primary and secondary
members., Since the secondary structure is used for providing a place to mount the
subarrays rather than contribute overall strength, it Lus been included in the non-
structural weight baseline as shown in Table 2-2, References 2-2 aud 2~3 (the Green
Boolt and the Red Book) were ussd for additional interface and baseline data such as
power dissipation and orbital characteri stics,

Tor purposes of determining flatness 8 subarray support plane was established. The
support plane is define'i by the three subarray support points as indicated in Figure

9-+, As shown in the figure, each subarray is 10,746 m by 9.306 m which gives a
transmission area of 100 square meters.,

Reference 2-1, NAS/JSC Request for Proposal No, 9-BC73-87-7~113P,

Reference 2-2, Initial Technical, Environmental and Economic Evaluation of Space
Solar Power Concepts, Veolume II — Detailed Report, JSC 11568, $-31-76,

Reference 2-3, Solar Power Satellite Concept Evaluation, Activities Report, July
1976 to June 1977, Vol. 1 — Detailed Report. JSC-12973, July 1977.
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Table 2-1. Baseline planar truss data (reproduced
from Reference 2-1),

NUMBER NUMBER OF TYP MEMBER  NUMBER
STRUCTURE n OF NODES  MEMBERS LENGTH (M) REQUIRED

PRIMARY 5 166 660 130.284 . 1

CONFIGURATION A
SECONDARY 7 316 1,302 10.7456 61

CONFIGURATION B
SECONDARY 63 24,004 106,974 10.7456 1

n = number of hexagonal rings
number of nodes

symmetrical side = Snin+1)+1
asymmetrical side = 3n2
total = A3n2n+ 1)+ 1

- number of members = 3n(9n - 1)



Table 2-2, MPTS nonstrustural mass distribution
{reproduced from Reference 2-1),

MASS POINTS/  RING RADIUS MASS
RING NO, RING (METERS) (ka) MASS/RING
1 6 60, 256,714 1,540,284
2 b 130.526 214,357 1,286,142
3 12 252,157 150,177 1,802,124
4 18 375,835 100,119 1,802,142
5 24 500, 70,596 1,694,304°
ucludes secondary structure, X8,124,996 kg
/
\ L/
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Figure 2-4. Subarray support geometry (reproduced

from Refevence 2-1),

2.2 BASELINE DESIGN

Our studv examined the multiplicity of elements that contribute to distorting the
operationy! flatness of the microwave power transmission system (MPTS) antenna,
In determining the magnitude and relationship of the critical tolerance components in
the anteung, and avoiding nontolerance related details of the system, we made some

simplifving assumptions:

1. We assumed availability of elements to be assembled into the truss in GEO
without concern for the pact.zing and boost phase problems.

s
)
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2. We assume thet the power system has been built and initiated our flatness
study assuming a stable hub. Pogo-type motjon of the hub was not considered,
at this time, though there may be & problem when the entive system is
evaluated.

The structural configurations used in this study are evolved from previous studies by
JSC based on regular tetrahedral truss elements that are joined to form a spage-
frame,

In the baseline design the entire MPTS is supported at three nodes of the primary
structure (see Figure 2-3). There are variations ia the design depending on the
location and type of pivots used, but all use the 3~point support.

2.2,1 BASELINE CONTIGURATIONS — Two baseline configurations "A' and "B"
wore evaluated to determine their relative merits in meeting the various structural
requirements. Of primary concern was the structure’s ability to maintain the slope
of the subarrays within the accuracy budget.

A brief description of each structural candidate follows.

2.2,1.1 Baseline Coufiguration "A'" — Configuration A of the RFP is shown in
Figure 2-3. It is a two-~tier structure consisting of one large (10-bay) primary and
61 smaller (14-bay) secondary tetrahedral trusses. The primary truss strueture is
made from equal length truss struts joined at 60-degree surface angles at each node
to form a flat structure, The secondary truss structures are attached to the primary
structure at three points as shown in Figure 2-6. The coustruction of the secondary
structure is similar to the primary except smaller.

2.2,1,2 Baseline Configuration '"B'" — As requested, in configuration B the primary
structurs Is exactly the same as described for configuration &, but the secondary

structure is continuous, forming a 126-bay tetrabedral truss structure (see Figure
2"3)-

The secondary structure is attached to the primary structure at only one attach point
ot each primary node. An advantage of this configuration is to lower the relative
motion between subarrays versus the motion of the intersection of the two separate
1i-bay structures in configuration A, While configuration A is o deflection oriented
approach, configuration B is a load oriented system. The construction of the configu~
ration B secondary structure would be similar to configuration A except that the outer
interconnectiing truss members would not be installed — instead the partizlly complete
14-bay hexagons would be assembled into o continuous structure.

2.2,2 DETAIL DESIGN TRADE STUDIES — During this phase of the study, a single
10-buy primary structure was modeled for use with configurations A and B secondary
structure. Its geometry was based on regular tetrahedron structural elements. Ina
similar manner, a single li-bay secondary structure was modeled. It represents a
typical configuration A secondary structure and an equivalent area within the larger
configuration B secoudary structure.
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Figure 2-6. Assembly of configuration A secondary to primary,

In the computer analysis of Task 1, 20 loading conditions were used to simulate mang-
facturing tolerance and variations in temperature, coefficient of thermal expansion,
and modulus of elastizity, In Task 2, 31 additional thermal conditions were simulated
Tepresenting the syuchronous orbit eavironment. Maxdimum stress levels and maxi-
mum deflections were found by postprocessing routines,

The strut and joint design activity produced information relative to quantitative data
on manufacturing tolerance buildup, and joint and actuator tolerances,

These studies are covered more fully in the following sections.

2.2.2,1 Mechanical Loads — For the geo-truss in the assembled configuration the
principal loading conditions will be thermal and inertia loads due to rigid body accel-
eration and rotations. The SOLID SAP finite element model of the geo-{russ was
used for the analysis. The load conditions are based On 2 geo-synchronous equatorial
orbit. The acceleration loading conditions are shown in Tahle 2-3,

SixX unit rigid body accelerations and rotations were analyzed for resulting surface
distortions and interna] loads. The actual accelerations due to rigid body torques and
forces were computed showing that only the rotation about the X=X axis was significant,
To find the resulting maximum strut loads the actual acceleration oy, was multiplied
by the unit conditions shown below. Again the actual strut loads are very small, The
general conclusion that can be reached is that the loads in the struts of the geo-truss
in the assembly coniiguration are very small,
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RESULTS OF MAX-MIN SEARCH OF 660 STRUTS

LOAD CONDITION TENSION COMPRESSION

1,06 =X 14,02 x 10%n -14.02x10°N
1.0-6 -V 8.57 x 108 N -16.19 x 108N
1.06 -2 9.41x10%n -13.25x10%W
1.0 RAD/SEC® — XX 56.76x10% -113.51 x 108N
1,0 RAD/SEC? — vy 98.30 x10% N -98.30 x10%
1.0 RAD/SEC? — 2z 65.83 x 100N -65.83 x 100N

Table 2-3. Primary structure acceleration loads,

2 2 2

LOADING oty (RAD/SEC?) oy (RAD/SEC?) o, 5 (RAD/SEC?)
DYNAMIC UNBALANCE | -1.333x10-2 1 | 0.0 1 0.0
GRAVITY GRADIENT -3.999 x 1072 0.0 / 0.0
TRACKING -0.187 x 10~ siphot | 0.2647 x 1079 cog/ut 0.0
TOTAL -5,519 x 10-9 0.2647x10°9 0.0

The worst case loading condition of ~5.519 x 10~9 rad/ sec?
on the x axis, leads to an insignificant compression load in a
strut of:

= (o x 6N 2 X (- x o 2
Pcmax (-113.51 x 106 N/rad/sec®) x (-5.519 x 1079 rad/sec )
=6.3 N (1.4 1b)

The 31 thermal cases analyzed in Task 2 gave temperature
histories for each strut of the primary structure. We com-
puted a temperature dependent random CTE for each strut based on the measured CTE
digtribution for GY-~70/X-30. The temperatures and CTE values were input for each
of 660 struts, and the structural deformations calculated. A postprocessing routine
was used to find the worst case stress levels. Table 2-4 shows the resulis.



Table 2~

Primary structure thermal stress levels,

Strat 38 e 568
Typo Baegk Baok Front
Conmnaots 1014 1061 3087
Nodes 1022 1070 2046
Load Condition 7 17 7
(End of Shadow)
Temperature (T) ~28%.5 ~290, 0 -262.7
CTE (u&/T) 0. 036 -0, 298 0.153
CTE x7T (ue) -12.9 107.3 -51.0
Length (In.) 5130.9 5130,9 51,30,9
Aren (sq.in.) 0. S8 0.38 0.38
E (msi) 15,7 15. 7 15,7
Force (Ib) -722.7 329.6 625, 6
Strain (in.) -0, 334 0.428 -0, 019

Strut number 38 had the larsest force — 3215N (-722.7 ). The strut itself has a
low thermal coefficient, and the worst case load is the result of distortion in adjacent
strueture more than the result of thermal coriraction of sitrut.

Strut number 172 is unique {n that it bas the largest magnitude for CTE, It is rela-
tively unconstrained in the randomly modeled structuve and displays a large change
in leugth, but a relatively low stress level.

The third case is strut 5638, It is unique in that it has a relatively large CTE and is
almost fully constrained in the model. It has high fores applied and almost no elon-
gation,

These represent conditions that were computed for one random arrangement of CTE,
Other arrangements would lead to larger thermal londs, Oue cther consideration is
that E can be correlated with CTE,. This could further inoresnse the loads.

Duxring the assembly of the struts into the geo-truss, a configuration is reached that
becomes rigid before all the struts are {n place. At this point in the assembly, if the
additional struts are not of perfect leagth or there is net @ length adjustment mechan~
ism, or thermal distortion has occurred, (see Figure 2~7), the remaining struts
must be either stretched or shortened to fit, thus inducing loads into the structure.
This anplysis was done by a computer Snite oloment selution as described earlier by
introducing random length errors into the 660 struts of the primary.

AES _ Area x Modulus x Axial Distortion
[ Length
(2,277 x 107Y (107.5 x 1098
1038.3

Load P =

For Primary Baseline: P = = 1, 83 x 1098 N{10805 Lb)
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Figure 2-7. Thermal distortion of partially assembled structure.

Another approach is to consider only an individual strut, The icad versus deflection
curve for the baseline primary strut is plotted (see Figure 2~8), o show the maxi-
mum allowable axial shortening using linear theory and the induced strut load due to
the anticipated length error in a strut. The actual loads in the fully assembled geo-
truss would be lower due to the elasticity of the adjoining struts which were determined
in the finite element solution.

2.2.2,2 Struetural Material — The selection of the proper materials of construction :
for the MPTS is dependent upon specified design criteria. For an orbital structure
this, in general, requires a thermally stable structure of low weight and mass mom-
ent of inertia, coupled with high stiffness, strength and natural frequency. The inter—
action of these factors and their influence on spacecraft nerformance are shown in
Figure 2-9,

Key factors in the selection of the MPTS material of construction are a low coeificient
of expansion (o) and specific weight (p), and high Youngs modulus (E) and ultimate
tensile strength Fy,. These factors vary from material to material and typical values,
of candidate materials, are presented in Table 2-5, The structural efficiency of a
material is commonly measured by means of a merit function number obtained by
dividing the material’s modulus by the product of its specific weight and expansion co-
efficient. Thus, a high merit function characterizes o material with high stiffness and
low weight, that is thermally stable. The merit functions of various materials have
been computed and are compared in Figure 2-~10, An examination of this chaxt will
show that, for our application, graphite/epoxy is far superior to the other materials
(by a factor of ten when in a unidirectional configuration; and, by a factor of eight in
an isotropic form).

2-11




S P R A kb
- b - e L. P
KN
L
Peg — STRUT BUCKLING LOAD
16:_ e
ASSUMING LINEAR ELASTIC BEHAVIOR i
14 } Syax = 8-3¢m(3.24IN.)@ Pcp = 15568N
12 ! )
I
1of- |
- INDUCED !
STRUT LOAD |
8
I
I
6 !
i FOR LARGEST PREDICTED LENGTH ERROR
] WITH COMPENSATING ADJUSTMENT
4~
| PMAX =1222N(276,5LB) & §=0.550cm
2l I (0.256IN.)
PREDICTED STRUT '
LENGTH ERROR !
ovir__ i ! : 2
0 2 4 6 8 10 CM
8~ STRUT LENGTH CHANGE
Figure 2-8. Built-in loads in primary.
MPTS STRUCTURE
FEATURES ! | v
[HIGH STRUCT URAL EFFICIENCY | ' LOW THERMAL COEFFICIENTS]
&
| LOW WEIGHT | [HIGH NATURAL FREQUENCY| [LOW DEFLECTIONS]
LOW MOMENT
OF INERTIA
v ¥ ;
- LOW SURFACE
DISTORTION
H
k4 + { ‘
REDUCED CMG LESS SMALLER ELECTRICAL
CUSYOMER| ANGULAR MOMENTUM REQ'D sg‘xgt;mﬁ .| POWER REQUIRED F
BENEFITS (SOLAR PANELS, ;
REDUCED DRIVE TORQUE REQUIRED BATTERIES, ETC.) L
REDUCED CMG WEIGHT 1 7 j
| Ny o | ?
_ > IMPROVID S/C PERFORMANCE  j¢————
Tigure 2-9. MPTS design optimization. DRE
AG
AL BA
9-12 omGYN = QU ALY |
oF P00 c



Tahle 2-5. WMaterial comparison.

LB LB 6 LB 3 ol -6
MATERIAL  pys  Epa X100 Fyoila X103 eqmee X 10
G/E (UND 0.064 40.0 80 -0.51
G/E (1SQ) 0.064 15.0 28 -0.03
MAGNESIUM  0.064 6.5 15 14,00
BERYLLIUM 0.066 43.5 69 6.00
BORON AL, G.096 18.0 76 3.20
ALUMINUM 0.100 10,0 77 13.00
TITANIUM 0.160 16,0 134 5.30
CRES, STEEL 0,286 29.0 30 8.80
INVAR 0.295 21.0 32 0.70
MAGNESIUM || 7
ALumium f] 8
CRES. STEEL { 11
TITANIUM ] 19
BORON AL. || 60
INVAR |_] 102
BERYLLIUM | ] 110
GRAPHITE/EPOXY (UND 1225
8680
GRAPHITE/EPOXY (150} % |
# t 1 1 t
510 1000 1500 2000

Z/p(CTEY ¥ 1012

Figure 2-10. Merit funciion comparison.

The strength to weight ratio of the candidate materials has also been computed. This
data is illustrated in Figure 2-11 and unidirectional graphite/epoxy again is shown to
be the better material. The strength to weight ratio of isotropic graphite/epoxy is

about twice that of magnesium and about half that of aluminum. The MPTS structure

is stiffness, not strength, critical. In those areas where high loading is encountered,

such as suppovrt points, adequate strength may be achieved by adding unidirectional

material as required,
2-13
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Figure 2-11, Strength to weight comparison.

The performance characteristics of the struciure under consideration in this study
are such that the use of graphite/resin composite materials is essential, The above
merit function comparisons, shown in Figures 2~10 and 2-11, substantiate its selec-
tion over counventional saerospace materials,

Convair selected Fiberite's GY~70/X-30 from the available graphite composites as
a representative composite system for structural applications in this study. GY-70/
X-30 provides extremely high stiffness properties and exhibits excellent thermal di-
mensional stanility when arranged in a cross—-plied laminate., A merit function com-~
parison of candidate fiber systems is shown in Figure 2-12, and substiantintes the
selection of GY-T70 over the other fiber materials.

2.2.2.3 Strut Configuration Trades — The primary consideration ia the beams of the
antenna geo-truss structure are stiffness and light weight, TFox the#e veasons a tubu~
lar, triangular beam was selected as a baseline configuration. Varicus configurations
of diagonal struts were considered — two of these are shown in Figure 2-13. The
single stiifened diagonal or barher pole configuration showed promise because of fewer
diagonal struts and fewer joints. Interpally the beam has balanced forces, but it was
found that at each ead there was an unbalanced torque, Since the torque on each end
was in opposite directions, the result was a twisting momeri on the beam. This was
discovered hy deflecting a computer model,
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/ UNBALANCED END TORQUE (TYP)

DOUBLE DIAGONAL

Figure 2-13. Basic beam configuration.

The double stiffened diagonal configuration (also see Figure 2-13) was more compli~
cated since it required the second diagonal plus a joint at the intersection of the two
diagonals. The diagonals were sized using only one diagonal and then adding the other
redundantly, This resulted in a heavier structure than actually needed, We are pre-

sently working on a redundant sclution to size these diagonals. This configuration
does not require pretensioning.
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A double cord diagonal configuration is less complicated in that the diagonal to apex
tube interseotion is less difficult and there is no joint required at the cord diagonal
intersections, The beam configuration is totally balanced and readily analyzed.
Some protensioning of the cords would be reguired since the coefficient of thermal
expansion of the cords would not mateh that of the apex tubes.

In sizing the beams of the tetra-tiruss, It was noted that the basic geometry varied
little regardless of the bezm configuration chosen. The light loading on the beam
usually resulted {n minimum gages and cap tube dianmeters ranging from about 2 to 3
inches. The post diameters were smaller and the diagonal diameters larger, but
they still held to minimum gages and varied little in dizmeter, Bay lenpths and beam
heights also showed reasonable consistency. This indicates that general size, con-
figuration and weight are reasonably predictable even without a completely defined
desigr. The largest unknown would be {n the inefficient structure such as joints and
conneciions.

The sizing shown in Table 2-6 is for a double-cord diagonal beam configuration.

Table 2-6, DBasic beam geometry (double cord diangonal),

I———E.IOZ mi82.74 IN.)——I

-

— CAP

/J' 2.210m /;‘ o POST

7
/
Vi
&
Y — é X

/

p
N DIAGONAL

{CORD}
s—-\
ITEM LENGTH OIAMETER AREA
METERS INCHES METERS INCHES SQMETERS  5Q.INCMES
CAP 2.102 82,74 0.0476 (L8748 7.590 x 1072 (0.1177
POST 2.552 (100,48 0.0286 (1.124) 4,555 x 1073 ,0,0706)
DIAGONAL 2,722 (107.20) 0.0036 {0.142) 1.0238 <102 {0.01587

2.2,2.3.1 Tetra~Truss Beam Intersections — In considering methods of connecting
the beams of the tetra-truss, various metheds were considered. Some tapered the
beams down to a single point and others left the heam constant and allowed the indi-
vidual members of the beam to intersect, The resulting figure in this second method
was named a space polygon (see Figure 2~14), This space polvgon proved to be a
very interesting and promising design concept.
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Figure 2-14, Tetra=truss beam interseotions.
)

The space polygon allowed the space beam, the basic building block of the tetrahedral
primary structure, to be standardized,

This standardization took on two very important aspects: 1) the beam could be made
the same throughout its length without tapering, thus standardizing the individual
members, joints, ete. in each bay of the beam; and 2) the beam length was also
standardized by using a commen length and method of joining to the space polygon at
the intersections in a square beam end, All beams in the uppor and lower decks of
the tetrahedral structure are identical in this manner. This also standardized the
major assembly of the beams to the central hub or spider,

An attempt was also made to standardize the diagonal beams joining the upper and
lower decks of the tetrahedral structure and also make them common in size, length
and connections to those in the upper and lower decks. The designs presented here=
after achieved these design goals, making it possible to completely standardize the
beams throughout the structure.

2.2.2.38.2 Space Polygons — The design of the tetra=truss beam intersection was
found to divide into two parts: 1) the intersection of the six beams of the upper and
lower decks, and 2) the attachment of the three diagonal beams to this intersection to
form a complete polygon.

The intersection of the six beams was achieved by placing all beams with one apex up
and two down and then allowing these beams to come together to form a natural geo-
metric shape much like that of a roof on a house. As the upper single six apexes come
together they form a single point and as the lower two flat side apexes come together
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they form & hexagon with each side of the lexagon equal in length to one side of the
triangwiar beam (see Figure 2~15).

SINGLE

= STANDARD INTERSECTION
USED ON BOTH UPPER &
LOWER DECKS

HEXAGON

s BEAMS INTERSECT WITHOUT
STANDARD BEAM CHANGING CROSS SECTION
ATTACH POINT (6)

(GABLE)

»  RESULTING INTERSECTION
RESEMBLES ROOF WITH
SIX GABLES

»  STANDARD LENGTH &
SQUARE END BEAMS USED
THROUGHOUT

Figure 2-15, Standard deck beam intersection
(upper portion of space polygon).

Struts were placed in the resulting shape to define the hips, valleys and square attach-
ing places (gables) for each bsam, thus making a figure to resemble a roof with six
gables,

This shape was used as the upper portion of the space polygon design.

The lower portion of the space polygon presented a design challenge in that when one
apex of the beam was placed up one polygon resulted at the upper deck and a different
one at the lower deck. If the centroids of the beams all coincided, the ends of the
beam did not attach at natural intersections of the upper portioa of the polygon a:
either deck. Allowing a slight shift in centroid intersection resuited {n a very natural
and simplified lower portion of the polygon at the upper deck.

This concept allowed the utilization of existing intersection points on the hexagon to
connect to the upper apexes of the diagonal beams. As the lower two flat side apexes
come together they form an equilateral triangle. With the addition of three struts to
connect each corner of the equilateral triangle to the three remaining corners of the

2-13
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hexagon a very sturdy and simple lower portion of the upper polygon resulted (see
Figure 2-16), 7

DARK TRIANGLES ARE
7\ BEAM ATTACH POINTS

o~
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ok

LOWER
PORTION

!

Figure 2-16. Upper spider space polygon.

Using the standardized length beams from the upper and loser deck, the three upper
apexes of the diagonal beams are brought together at the lower deck to form the com=-
pleted tetrahedron.

With the apexes still up on the three diagonal struts and utilizing the standardized
beam length, the three apexes come together at a point above the intersection of the
six lower deck beams (see Figure 2-17). The lower two flat side apexes form an un-
equal sided hexagon when these struts are added to connect their outer corners to-
gether. Three sides are equal in length to the length of the side of the beam and the

DARK TRIANGLES ARE
BEAM ATTACH POINTS

I
Wv ’m‘m LOWE:DECTK -

Figure 2-17. Lower spider space polygon.
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other three are shorter. The corers of this unbalanced hexagon fall on the sides of
the hesagon of the upper portion of the polygon (turned upside down here but un-
changed).

Iff those corners connsated difaotur to the regular hexagon there would be no vertionl
support and an additional six vertioal struts would need to be added for support of
these points. Also the centroids of the diagonal beams greatly miss that of the deck
beams, This concept was nat use! or shown,

The lower deck was then lowersd to & point where the centroids of the dingonals neavly
goinojdod with those of the deck beams. This separated the regular hexagon and the
unbalanced hexagon enough for struts to be added to connect the apaxes of the two
hexagons,

The addition of those 12 struts completad the lower space polygon, wmaking it a rigid
structure but diffevent from the upper.

The three additional struts in the upper and 15 additional struts in the lowexr polygon
resulted in a total of 18 additional struts for this design.

2.2,2,3.3 Common Space Polygon — In this design it was assumed that the diagonal
beams could be rotated to a position whore the oends of all three of the apexes of each
diagonal would fall on the surface of a sphere. This was found to be true.

The standard lenpth of beam from the uppoer and lower decks was used and the centrolds
of the diagonnls passed exnotly through the intersection of the deck beam ceuntroids.
This then made a theoretically perfect tetrahedral apd used the standard beams,

None of the diagonal beam apex ends however fell on existing intersection points of
the upper part of the space polygon, I was therefore necessary to add 13 struts per
polygon to support the ends of these beams,

Both the upper and lower space polygons would be the same configuration for this
design (see Figure 2-138),

The comwmon splder design concept was modeled on the computer, This allowed us to
check the strueture for continuity and also rotnte it to better visualize it (see Figure
210y,

The six upper deck beams wers held fixed and loads applied to the diagonal beams to
test the stability of the space polygon spider. It was found to be stable,

2,2,2.8.4 Comparison of Candidate Strut Configurations — There are several
potential configurations for the strut members of the MPTS geo-truss structure,
Three representative configurations were compared: the triangular cross sectior
with tubular eaps, the eylindrical oross section with geodetic arrvangement of solid
rods, and the triangular eross section with open caps based on the SCAFEDS voncept
developoed by Convalr for J8C under Contraet No. NASH-13810 (see Figure 2-20),
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15568N (3500 LB) Pep = 155681 (3500 LB} Pop = 15568H (3500 LB)
130.3 m(5129.92 IH.) L = 130.3 m(5129.92 11{.) L = 120.3m(5129.921IH.)
107,5 GH/m2 (15.7 M50 E = 296.5 GN/m2 (43.3 MSI) E = 141.75 GN/m? (20,7 tASD)
2.210m(87.02 1) D = 2,023m(79.64 I4.) H =1.860 m{73.20 1H.)
0,843 ¥G/m (0.566 LB/FT) Vi = 0.938XG/ml0.648 LB/FT) Vi = 1.104 KG/m(0.742 LB/FT)

= -0.0378 #/m/C(-0.021 #I.MN./F) &, = 0.0 Sy = ~0.380 2/m/L (-0.211 HIN /il /F)

Figure 2~20, Comparison of candidate strut configuraticns.




The oolumn oritical load of 15568N (3500 1b) was used as the comparison load foxr
convenience and was not intended to be the design final load, The 3500-1b load is the
oritical columi load for the open cap triangular cross section strut. This lond was
derived by using the SCAFE oap cross section torsional buckling allowable and opti-
mizing the overall geometry of the strut as 8 column rather than as a beam in bending
which was the case for the SCATTE concept. The other two concepts were then sized
for the same load. ' The geodetic strut was sized using the code developed by NASA
personnel.

Even though the 3500-1b load was used for sizing, the weight of the struis of the pri-
mary structure does not change the results and conclusions of the flatness study. The
struetural weight of the antenuna is small compared to the nonstructural weight.
Therefore sizing a strut to an exact design load is not critical.

The factors that do affect flatness ave variations of strut properties, particularly cross
section area, and the material properties of elastic modulus and cosificient of thermal
expansion. These factors led to the choice of the triangular cross seotion with tubular
caps as the baseline because it can be analyzed using the properties of the well
characterized GY-70/X-30 material and can be programmed for optimization easily.

At the time of actual desigh of the strut, one factor will be the practical limit on how
small the members of the strut can be. The loads in the struts in the assembled geo-
truss ave very low — on the order of 1000 or 2000N. But if these loads were used to
size the strut as 2 column, the struts would be very fragile and may be difficult to
build and assemble. So there might be other factors that will ultimately design the
strut size other than actual operating loads,

To substantiate the argument that the resuits of the flatness are independent of the
absolute values of a strut design, a series of weight calculations using stxuts with
varying axial load capabilities were made using the General Dynamics/Convair Tetra-
hedral Truss Structure Synthesis (GDTTSS) program. The program has several strut
configurations available as options, but for this study the triangular cross section
with tubular caps was used. :

Tigure 2-21 is a plot of total strut weight which includes an estimate for end ftting
weight versus column critical load. This curve shows that there is a significant
effect on strut weight for changes in design load. Although this curve was generated
using the triaugular cross section with tubular caps, the curve is representative of
other strut coafigurations.

The effect of varying the strut weight as a function of eritical column load on the over-
all mass of the antenna i{s shown in Figure 2-22, For this curve the mass of the
secondary structure and nonstructural mass are held coustant.

These two curves show that the total antemna weight varies from 8,549 x 106 KXG
(18. 85 x 105 1b) to 8.618 x 108 KG (19. 00 x 108 Ib) or a 0. 81% increase for a change
in design strut column load from 1000N (225 1b) to 17928N (4000 Ib). The conclusion
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is that for the flatness study the actual critical column design load for the struts of the
primary structure do not significantly affeet the total mass and mass moments of in-
evtia and further these values are used only for load conditions invelving accelerations.

As can be seen by reviewing the resulis of the comparison in Figure 2-20, there

isn't a significant difference in the results that effect the flatness study. The overall
Igight or diameter of the three are very similar. The weight variation between the
theee does vary but when considering that the structure of the antenna is only 13% of
the total weight and the total weight does not directly affect the flatness of the antenna,
the variation is not critical in the choice of strut configuration.

The material used is a function of the configuration., The triangular cross section

with tubular caps uses pseudoisotropic GY-70/X~-30, the cylindrical geodetic strut

used a hybrid of GY-70 and boron fibers to achieve an average CTE of zero, and the
SCATE strut used a hybrid of pitch/glass fabric and glass fabric. Only the GY-70 is
well characterized statistically, in terms of variations of properties, at this time and
is the main reason for choosing the trianguiar cross section with tubular caps. For the
flatness study it is the variation of the properties that is important rather than the
absolute average values.

One of the considerations in choosing a strut size or P, that sizes the strut is the
practicality of the configuration, such as the tube size or height of the strut. For
example, the resulting diameter of tubular cap for Puy = 15568N is 4,76 cm (1.874
inches) with a wall thickness of 0.0508 cm (0. 020 inch). This size is a reasonable
one when considering the overall geometry of a strut that is 130 m long and possible
astronaut handling requirements.

To support the flainess study, baseline strut configurations for the primary and
secondary structures were needed. The goal of the selection process was to pick con-
fisurations that were representative of possible choices but not necessarily the final
design of the strut.

The trade study of three potential strut configurations showed a triangular strut with
tubular caps with cords as diagonals to be the lighest and to use a material best
characterized at this time., A computer code was written to optimize this configura-
tion for minimum weight. The sizing of the diagonals is based on Timoshenko's
(Theory of Elastic Stability) analysis of latticed struts which accounts for the effects of
shear deflection on the critical buckling load (see Figure 2-23),

Tor the secondary structure the geodetic cylinder is baselined (see Figure 2-24),

Due to the much shorter length of the secondary struts and lower anticipated loads,
the triangular configuration used in the primary would not be practical. The geodetic
strut was sized using the computer optimization code developed by NASA-JSC person-
nel. The minimum weight configuration is not necessarily practical from a manu-
facturing standpoint. A more practical design would use fewer longitudinals and as a
result be slightly heavier for the same strength.
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PRIMARY -~ TUBULAR CAPS/CORD DIAGONALS

Pep = 15568N (3500 L8)
L = 130.284 m(5129.29 IN.)
H = 2,210 m(87.02 IN,)
= -5 2 1 r 2.210m
Acap 7.59 x 103 m2(0.1177 IN.%) (8702 )
R = 0.0238m(0.937 IN.)
CAP 3
Ecap = 107.5GN/m*(15.7 MSD)
Apag. = 1.026%1073 m2 (0,0159 IN.2)
Epag, = 68-95 GN/m2 (10.0 MSI) {x) ~—
w = 0.843 KG/m(0.566 LB/FT) .
Gy = ~0.0378 #/m/C(-0.021 sIN./IN./F) (GY~70/X-~30)

Figure 2-23, Baseline strut configuration for the primary structure.

SECOMDARY — CYLINDRICAL GEODRETIC

Pep = 1334.4N(300 LB) |

L = 10.746m (423.07 IN.) O__Lo'zqam
D = 0.248m{9.78 IN.) (9.78 IN.)
N = 54 (NO. OF LONGITUDINALS) ]‘

E = 298.54 GN/m? (43,3 MSD)

W = 0.036KG/m(0.024 LB/FT)

ey = 0.0 (USED GY-70/X-30 VALUES FOR ANALYSIS)

Figure 2-24, Baseline strut configuration for the secondary structure,

Each of the three concepts uses for its material a graphite Sher composite, either ex~
clusively or in a hybrid of boron or glass (see Table 2-7). Graphite composites are
best suited for large space structures such as the microwave anienna under study be-
cause they offer high stiffness, near zero coefficient of thermal expansion, and low
density.

Table 2-7. Average material properties for candidate configurations.

TUBULAR MEMBERS GEODETIC SCAFE
PSEUDOISOTROPIC GY-70 GY-70/BORON HYBRID . GRAPHITE PITCH/GLASS HYBRID
(+452, 90°/0°) UNIDIRECTIONAL (120/W-7043/120)
¢t =0.0508cm (0,020 IN.) b =0.168 cm(0.066IN.) t  =0.0775¢m(0.0305 IN.)
{b x b SQUARE}
E, =108.2 GN/m2 (15.7 MSI) E, =298.5 BN/m2 (43.4MS  E, =143, GN/m2 (20.76 MSI)
= - = = -, (N
a, 0.0378 u/w/C o, =0.0 &, 0.380 p/m/
(-0.021 &IN./IN,/P) (-0.211 ¢IN. AN, /F)
op 18
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The baseline configuration for the flatness study utilizes pseudoisotropic GY-T0 laid
up to form tubes. The GY-70 in the pseudoisotropic configuration (+ 45, 90-deg,
0-deg) results in the lowest achievable CTE in the graphite fiber family and thus is
used when thermally stable structures are required such as optical banches, micro-
wave aniennas, eto. Considerable test data exists for pseudoisotropie GY-70 allowing
for a statistical analysis of a variation of material properties. These variations are
input randomly into the finite element model to determine their effects on the surface
slope errvor. '

Tox the eylindrical geodetic strut, the basic structural element is a vod of either a
eircular or square cross section made of unidirectional fibers. In order to achieve a
zero coefficient of thermal expansion a theorstical combination of GY-70 aud boron
fibers was devised. This approach looks very attractive with the zero CTE and high
stiffness but must be verified by tests.

The SCATFE material is a hybrid of piteh woven cloth W-704 and 120 glass fabric.
The rationale for this configuration in the SCATE program was that the laminate ex-
hibited relatively high modulus, low CTE, low epergy required during forming and is
low in cost.

2.2,2,4 Joints at Strut Junctions — Multijointed structures, similar to the tetra-
hedral trusses considered in the MPTS antenna study, are subject to potential surface
misalignments caused by joint slack and manufacturing tolerance buildups. Structures
with joint free-play or slack do not respond to typical thermal, static or dynamic load
conditions in a linear mannexr. The joints contribute to exa j:erated deflections which
do not agree with those predicted based on linear elastic theory, In some cases joint
free-play may completely alter load paths and hence structural respouse, This re-
quires that some form of '"zero tolerance' {no slop) joini be used to attach the struts
at their intersections.

Various attachment methods could fit this category; for instance: welding, explosive
joining, and variciiz mechanical attachments.

Each of the joining methods has its merits, but for this stuay it was decided to con-
centrate on explosive joints as they requirve the least complex machinery to operate
in space and csn be sccomplished quickly. A representative explosive joint method is
shown in Fizures 2-25 through 2-27, This method would be easy to do in spuce and
require very little power or equipment to perform. By using an overcenter spring
operating latching mechanism the struts can be semipermanently sssembled to the
spider. Later, after all the other struts are assembled, the explosive can be ignited
to form a permanent tight joint.

Figures 2-25 through 2~-27 show typical secondary structure struts and spiders but
the same attachment method is applicable to the primary struts by putting an eand fit-
ting with explosive shear pins on each of the three tubes used for caps on the primary
triangular beam.
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Figure 2~25, Typical secondary node joint.
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The explosive joint design was not developed into a working concept since it was not
within the scope of this study to do so. Rather it {s ounly to demonstrate that a zero
tolerance {no slop) joint can be assumed for the baseline design and be used when

caleulating the tolerance buildup.

The attachment of the secondary structure to the primary structure and the subarrays
' to the secondary structure may best be accomplished with a joint that would allow
some adjustment., A mechanism similar to a serew jack (see Figure 2-28), could be
used to perform tais adjustment.
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SECONDARY

PRIMARY NODE WITH
THREE SCREW JACKS
(TYPICAL INTERIOR NODE) “

V7 |
NODE (OR SUBARRAY) TWQ SCREW JACKS

ON EDGE NODE

BALL JOINT

SCREW JACK

TYPICAL 3 PLACES
@ EACH SECONDARY STRUCTURE -
(OR SUBARRAY)

Figure 2-28, Assembly adjustment points.

Variations in both the secondary and primary structure can be compensated for by
this adjustment mechanism., As shown in Figure 2-29, the basic requirements are
relative alignment and phase of the rf elements.

SUBARRAY~, ____ ===

{F RF ELEMENTS STAY
IN PHASE , DISTORTION BUDGET
FOR SUBSTRATES CAN BE LARGE

Figure 2-29. Distortion of primary and secondary can be allowed
if sufficient adjustment capability is available.
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A small amount of jolut slop could ooour in a: adjustment mechanism and therefore
will be ocarried as paxt of our tolerance budget and is shown in Table 2-8,

Table 28, Tlatness study baseline manufacturing
tolerance budget (all tolerances ave + ),

A (M (W
PRIMAK, SECONDARY .
STRUCTURE STRUCTURE SUBARRAY
FUNCTION TOLERANCE TOLERANCE TOLERANCE REMARKS
SPIDER (NODE} 0.076 CM 0,025 N/A MEG,TOOLING
FABRICATION (0,030 1. 10,010 ERROR
STRUT 0.381 0.051 NA MEG. TOOLING
LENGTN {0.150) (0.020) ERROR
ALIGNMENT 0.076 0.025 0.025
{STRAIGHTNESS) {0.030) 0.010y (0.010
STRUT TO SPIDER
JOINT SLOP ' ZERC IERO ZERO TERO TOL, JOINT
ACTUATOR 0.003 0,003 N, A AT GALL JOINT AND-
IOINT SLOP {0.001) (0,001) OR SCREW THREADS
MEASUREMENT NEGL NEGL NEGL VERY SMALL IF
EQUIPMENT KEPT CALIBRATED
MISCELLANEOUS 0,127 0.025 Q.02%
(ASSEMBLY TOL Y (0,050 (0,010 (0,01
RSS SUSTOTAL 0.417 0071 0.030
{0,160 (0,00 (4,0rn 3 . .
RSS TOTAL 0,422 CM
(A, B, &0 VL1 6e N

e+ g e 0 A2 A e A

EQUIVALENT FLATNESS AT SUBARRAY

(WITHOUT SCREWIACK ADJUSTERS)

EQUIVALENT FLATNESS AT SUBARRAY
(WITH PASSIVE SCREWJACKS)

2,34.3

Q.77 ARC AN,

0,189 ARC. MIN,

e apte e i

ot o e e e

BASTLINE DESIGN — This section summarizes the results of the trade

studies of the previous section into one baseline design. This {s not necessarily the
final optimal desion, However, it 1s a struoture that is characteristic of n typleal
strueture to fulfill the requirements of the MPTS antonan,

2.2,3,1 Baseline Confizuration — Coutiguration A (61 separate li-bay secondary
structures) was pleked for the baseline desiga, not boeause of an inherent slope
acourpey advantage, but vather for its simpleity of analysis (see Figure 2-30).

The baseline primaxy structure is composed of the double cord diagonal strut beams
joined at common spider polygons using zero tolerance oxplosive jolnts (Figure 2-31).

The baseline svcondary structure would be attachad to the primary structure using
passive adjustment sorew jacks at three cornors (see Figure 2-32), A kinematic
mounting systom would be used to allow difforentinl axpansion between the struciures
(see Figure 2-33),
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Figure 2~30. Baseline structural geometry (configuration A),
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RING SECONDARY

(14 BAY)

)

ARRAYS

10x10m
5-RING PRIMARY

DOUBLE CORD
DIAGONAL STRUT

SECTION A-A

COMMON SPIDER POLYGON
W/ZERO TOLERANCE JOINTS

Baseline primary structure.

~ Figure 2-31.
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PRIMARY POLYGON WITH
THREE SCREW JACKS .l;

ONE SCREW JACK ON EJGE POLYGON

TWO SCREW JACKS
CN EDGE POLYGON

SECONDARY

PRIMARY (COMMON
SPIDER POLYGON)
TYPICAL SCREW JACK
INSTALLATION

Figure 2-32., Assembly adjustment poinis.
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The secondary structure wonld be made up of oylindrical cross section geodetlc
struts ending at spiders with zero tolerance explosive joints (see Figure 2-34).

KINEMATIC ADJUSTMENT
SCREW (TYP)

SURFACE STRUTS

' = & KINEMATIC
SPIDER ~— ) \SUBARRA\'S SUPRORT
NODE SECONDARY

JOINT TRUSS

o bt bty by = A e e M e it

‘-_.ﬁ'ﬂ'ﬁ%u‘v‘ﬁnﬁ'&ﬁf‘m{v‘ﬁ.ﬂvm’t‘; 'ﬁm‘ﬂfmuw
=i

»!
%

A DIAGONAL
N STRUTS

Y s VA YA T

ATTACHMENT
POINTS ON
PRIMARY

61 SECONDARY TRUSSES IN PLACE

Figure 2-54, Assembly of baseline secondary structure.

The subarrays themselves are not a part of this tolerance study but the mechan-
ism (or structure) to attach them is included in the baseline tolerance budget.
The method anticipated is another passive adjustable sorew jack similar to that
used between the primary and secondary structures,

As explained earlier, the purpose of projecting & representative baseline design was
to aid us in establishing reasonable tolerance budget amounts to be used In estab-
lishing the total structure distortion and thus determining the surface flatness that
could be expected.
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Table 2-8 summarizes the budget amount allocations making up the total budget
for mamfacinring tolerance flatness error category. The total that can be allotted
to this category and still meet the three arc minuie flatness requirement was 1.5
arc minutes. The individual tolerance amounts are all plus and mimus and un-
related, therefore, it is logical to combine them using the root sum of squares
(rss) method.

If no passive adjustment screw jack is used between the primary and secondary
structures, the tolerances combine to give an rss total deflection at an individual
subarray of 0,442 cm (0.166 inch), This amount is approximately equivalent to a
1.49 arc minute flatness error (goal 1.5 arc minute).

Assuming that passive (i.e., no active control during operation) secrew jack adjusters
are used hetween the primary and secondary stmctures and the secondary structure
to the subarrays, the primary and secondary tolerances are replaced by one toler-
ance amount covering the accuracy to which the actustors can be adjusted and
measured. Each actuator tolerance is estimated to be + 0,152 cm (0. 060 inch), and
combining this with the subarray budget gives an equivalent flatness of 0,77 arc
minutes.

2.2.3.2 Mass Properties Summary — The General Dynamics/Convair Tetrahedral
Truss Structure Synthesis (GDTTSS) program was used to support the study effort.
The program computes the nodal gecomeiry, member connectivity, tube thickness,
member diameier from input length over radius of gyration of tube, and member
thickness from diameter over thickness input. 7The mass properties of each
member are computed and summed from input fube density and point design fitting
weights., The nodal mass distributions are derived by distributing tube and fifting
weight to the two connecting nodes. The prosram develops a complete math model
input deck for the General Dynamies Structural Analysis Program (Solid SAP) and
Dynamics Mode Anpalysis. The mass properties as used in the finite element
models for the trade study were derived by the use of the GDTTSS program for
the primary and secondary truss, a weight allocation for the interface mechanism,
and for the nonstructural mass. Results are summarized in Table 2-9.

2.2.4 MANUFACTURING AND ASSEMBLY TECHNIQUES ~ In both configuration
A and B designs, the secondary structure is used to support individual transmit-
ting antenna subarrays. In planform (see Tigure 2-30) these structures are
characierized by 2 hexagonal shape measuring 1,128 meters across the corners,
Their overall depth, from subarray to the back of the primary structure, is
116.4 meters. Typical member lengths are 130 meters for the primary structure
and 10,75 meters for the secondary structure. The selected material of construc-
tion, for both the primary and secondary, is GY-70 graphite/epoxy arranged in a
four-ply pseudoisotropic layup. In order to estimate the magnitude of the fabri-
cation task, a parts count of the major structural components was undertaken.
The results of this study are presented in Table 2-~10, Alternative methods of
manufacture of these structural elements were considered.
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Table 2-9, Mass properties summary,

NONSTRUCTURAL INTERFACE
MASS SECONDARY | MECHANISM PRIMARY
{SUBARRAYS,ETC) | TRUSS & STRUCTURE | TRUSS TOTAL
WEIGHT KILOGRAMS (LB}  7.32 x 100 0.804x10® | 0.137x10® 0.316x10% | 8.58x100
(16.1 x 109 (1.77x 109 | (0.302x10% | (0.698x109} (18,92 x 109
CENTER OF GRAVITY
X METERS (FT) 0.0(0.0) 0.0 (0,0} 0.0(0.0) 0.0 0.0 0.0(0.0)
Y METERS (FT) 0,0(0.0) } 0.0(0.0) 0.0(0.0) 0.0(0,0 0.0¢0.0
Z METERS (FT) 1.0(3.3) -4.1(-13.4 | -9.4(-30.8) -67.9 -2.15(-7.1)
(-219.6)
MOMENTS OF INERTIA |
l\{xKgMZ 369 x10° 58 x 107 0.505 x 107 28 x 10° 458 x 109
AN (272 x 109 43 x10% 0.372x10% | (20,8x10% | (337 x 109
{SLUG-FT4) j ;
lWKgN12 369 x 109 | 58 x 109 0.505x10° | 28x10% 458 x 107
2 (272 x10% | (43 x 10 10.372x10% | (20.8x10% ! (337 x10%
{SLUG-FT*) ¥ !
!zngmz 739 x 1099 l116x 189 1.012 x m‘{9 55x10° o | 912x 1099
(SLUG-FT2) (545 x 109 85 x 10Y) im.mexlo ) ’ (40,8 x10% | (£72x10%
Table 2-10. Structural parts count.
Primary Secondary Structurs
Structure Config. A Config, B |
Number Bays 10 14 126
No. Structural Elements 1 61 1
Spider Assemblies 166 19,276 24, 004
Upper Surface Struis 2:10 28,182 35,910
Lower Surface Struts 195 24,339 35, 343
Diagonals 225 26,901 35,721

2.2.4.1 Triangular Beam Builder — The ultra-large size of the structural members
and the number of parts required preclude detail fabrication on earth and transporta-
tion to orbit for assembly. A machine capable of rapidly building extremely long truss
members has recently been developed by Convair for Johnson Space Center, Houston.
The automatic beam-builder, shown in Figure 2-35, was designed for use with the
Space Shuttle. The device operates as a cyclic feed fabricator, i.e. the machine is
programmed to extend the beam one bay, then pause to permit assembly and joining

of the beam component members before proceeding. The beam caps are continuously
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ULTRASONIC WELD HEAD

DIAGONAL CORD / \

Figure 2-35, Convair beam-builder.

processed from GY-70 graphite/epoxy flat strip stock. Approximately 1,050 meters
of material is coiled in the storage canisier. The material passes from the canister
through a heating area and into a forming section. The material then passes into a
cooling section where it is contact-cooled by aluminum platens. The cooling platens
cool one bay length of cap during the pause pericd. A drive system is incorporated in
the beam-builder to provide the necessary force to each cap to drive the material
from the storage canisters through the various processing sections and alsc to pro-
vide the force required to advance the beam out of the beam-builder, A beam cutoff
mechanism is provided te shear each cup and thus separate the completed beam from
the beam-builder.

A gubsystem for deploying and tensioning the diagonal chord members, has also been
developed. A chord tension force is applied to each chord during assembly. This pre-
loads the chords sufficiently to preclude any slackening or over-tensicning due to
thermal and dynamic deflection effects.

The cross-member strut is constructed from preformed graphite/epoxy material cut
to size and stored in bins on each side of the beam~builder exterior surface. A
positioner/handler mechanism transports the cross members, one at a time, from
their respective storage bins to their proper position along the beam where they are
ultrasonically welded,

The beam welding mechanism has six ultrasonic weld head assemblies, which are
driven in pairs by a redundant motor drive for each pair. The three weld head
positions are: 1) fully retracted to allow the cross members to be positioned by the
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cross member positioners; 2) pierce position, where the piercing pin on each weld
horn has penetrated the cross member and cap; and 3) the weld position, where the
weld horn is engaged and properly loaded to enable the welds to be accomplished.
Each weld horn is equipped to perform two dimple spot welds and one special cord
capturing weld simultansously.

2,2,4.2 Geodetic Beam Builder — An alternative '"geodetic'' beam concept for large
space structures has been developed. This beam is characterized by a circular
cross section formed by an open grid system of continuous elements arranged longi-
tudinally and in counterwound spirals.

This grid is similar to the 0-deg/+ 60-deg pattern, shown in Figure 2-36, which
illustrates three metallic mesh tube specimens produced and evaluated in a 1968
Convair lightweight structures program. The 0-deg/+ 60-deg pattern was adopted in
the current assessment since elements in ail three "directions' are continuous and
can, therefore, be fed from either rolled or coiled compact-storage equipment into
an automated fabrication machine capable of producing a continuous member of great
length.

The baseline graphite/epoxy geodetic beam configuration, shown in Figure 2-37, con-
sists of twelve axial members sandwiched between twelve (6 right and 6 left hand)
helical members. The axial members are equally spaced about the beam circumfer-
ence and joined at their intersection points with the helical member by ultrasonic
welds.

SQUARE GRID (0/90)

B W WASAWAWANAY
VRV R RV RVRTAVAUA

ISOGRID (0/+60)

A . A e T i A e T e ——

VAVAVAVA\VA\VA\VA\V/A\'/A\'/A\'/A\'IA\'IA\'0‘\'0..'0.. oo
AVAVAVAVA\VA\VA\v/A\V/A\V/A\VA\'A\mvo.vm'o XY n'o

b N\ 7N PN A.'A'A'A. S N

Figure 2-36. Mesh tube concepts.
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Figure 2-37. Cylindrical geodetic beam.

The geodstic beam fabrication machine, shown in Figure 2-38, is a nonoptimized,
feasible, point design concept in which heat forming was avoided to eliminate fiber
breakage and buckling associated with forming bends in graphite/epoxy material.
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Figure 2~38. Beam fabricator concept.
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The precured, axial members are stored in two canisters, each of which can accom-
maodate six, 1,050 meter long, coils of material. The counter spiraling helical
members require a different storage approach because of their greater length and
the necessity of achieving a stress—{ree form when integrated into the beam. The
helical elements are preformed and cured to their deployed configuration and then
compressed solid in coil-spring fashion, for storage. This compression incurs very
little stress within the members since the uniaxial material is torsionally fexible,
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However, due to the total quantity of material involved (six helical elements in each
direction), it is necessary to concentrically stack these compressed coils in radial
disposition (i.e., two layers of three paraliel right-hand wound elements over two
layers of three parallel left-hand wound elements), with suitable support sleeves for
layer separation.

The following paragraphs describe, sequentially, the various operations necessary to
fabricate the geodetic beam.

Materjal Feed. Motor-driven spools containing awial material are activated by micro-
switch sengors positioned at the member loop area, Helical material is peel ring fed
when activated by microswiich sensors within the transition chamber,

Prefeed Orientation. Helical material enters the transition chamber from the peel
rings and contracts into respective internal and external contact with axial members
preparatory to entering the preweld feed unit.

Beam Feed, Two powered beam feed units (one each side of the weld station) initiate
linear extension of beam. Because uniformity of the beam is dependent upon close
repetitive tolerance between intersectional nodes, a simple friction drive of elements
is not practical. Therefore, the feed system is composed of a series of axially re-
ciprocating intersection-grasping jaws, Element intersections are grasped prior to,
durirg, and after joining. Jaw feed prior to welding aligns only the intersection of the
helical elements along the path of the axial elements. Jaw alignment hold at the weld-
ing head is positioned relative to the postweld feed jaws to maintain correct node pitch
sequencing., Postweld feed jaws provide linear expulsion of beam by driving the now
rigidly fized intersections.

Welding. Six ultrasonic weld heads, supported on a ring, reciprocating through 30-deg
about the beam axis to cover all twelve axial members, grasp the node intersections
for alignment during weld, A segmented weld anvil is internally expanded by a
spreader sleeve in sequence with the weld operation,

Ultrasonic welding was selected for element joining since it does not degrade the ele-
ment interfaces, require contour deviation for added cross section, nor require addi~
tional components or complicated manimlation. The element fbers, boi: agial and
helical, remain continuous with joining accomplished by fusion of the resin matrix
without the production of debris, nor fiber displacement or breakage.

Beam Siraightness. An external alignment sleeve is provided for beam stabilization
beyond the postweld feed unit.

Beam Cuioff. Six ultrasonic guillotines, oriented similar to weld units, perform cut-
off of beam members midway between the circumferentially staggered nodal inter-
sections. Cutoff in this manner provides element material beyond each welded inter-
section for attachment to a closure ring and does not produce waste or debris,
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2,2,4,3 Spider Fabrication — Two spider designs are required; one for the primary,
the other for the secondary. The secondary spider is a hexagonal structure spanning
approximately five feet across its corners. This component will comfortably fit with-
in the Space Shuttle cargo bay and may therefore be fabricated on earth and transport-
ed into orbit for assembly. The primary spiders, however, are trussed, hexagonal,
space frames, illustrated in Figure 2-16, which measure approximately 17 feet
across their corners, The individual truss ele ments, making up the spider are iden-
tical to the primary surface and diagonal beams, differing only in their lengths, The
overall size of the primary spider's structure will necessitate assembly in orbit.

2,2,4,4 Orbital Construction Base — The Convair-developed system of space con-
struction, using automatic fabrication methods, is shown in Figure 2-39, and was
used as the basic concept in devcioping an orbital construction base., In this design,
a beam builder, similar to that described in Section 2.2.4.1 above, moves to succes=-
sive positions along a Shuttle-attached assembly jig and automatically fabricates tri-
angular beams, each 130 meters long. The retention of the completed beams is pro-
vided by the assembly jig. The beam-builder then moves to the position shown and
fabricates the first of a series of shorter, but otherwise identical, cross beams.
After the first cross beam is mated to the lengitndinal beams, the assembly is auto-
matically transported across the jig face to the next cross beam location, where the
second cross beam is fabricated and installed., This process is repeated until a raft-
like platform is complete. The cross beams will later be assembled tc form a primary
spider truss structure and are only temporarily attached to the longitudinal beams.

Figure 2-39, Space construction system concept. t\
pAG
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In this way, a stock pile of component parts could be manufactured and conveniently
stored in orbit until such iime as assemhly of the primary structure required their
use.

Realization that the use of an orbiter to support a long-term construction project is
expensive and that several shuttle loads of hardware and raw materials may be re-
quired to complete the task, led to the concept of a construction capsule. In essence,
the capsule shown in Figure 2-40 is a carzu bay within a cargo bay, removable cylin~
irical structure in which are mounted a beam fabricator and all fixtures and equipment
necessary for structures fabrication. A construction system designed along these
lines has an initial ability to operate out of the orbiter cargo bay. I can subsequently
be parked in orbit and atiached to 2 power module. Ii can be closed up for servicing
in a shirtsleeve environmesnt or be returned to earth for servicing and updating of
equipment.
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TFigure 2-40. Space construction capsule.
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The beam fabricator within the construction capsule is capable of building single
beams which are sequentizlly joined to form a large subassembly. Such a structure
consisting of two primary spiders and six surface beams is illustrated in Figure
2-~41, During assembly with its mating geo-truss structure, small thrusters will be
recuired to maneuver this strueturs joto its proper position. Dynamic stability is
aclieved by installing a removable gyro pack, Should the subassembly be fabricated
in low earth orhit, a removable rocket engine may be installed to propel the structure
to geosynchronous earth orbit.

2,2,4,5 Struotural Assembly — A primary program objective is to fabricate a
structure which, while in orbit, will exhibit a masxdmum slope error of thres are
seconds for each subarray. Of this allowable error, one and a half arc seconds is
budgeted for manufacturing distortion, the balance being reserved for thermal and
dynamie deformation., This stringent requirement led to the identification of possible
sources of manufacturing error and to the realization of the necessity of maintaining
tight dimensional control during detail fabrication and final assembly. Specific error
sources and manufacturing tolerancas are treated in Section 2.3 below while strug~
tural memhber alignment and measuring systems are discussed in Section 2.4,

Early in the assembly of the geo-truss, a stable configuration is reached. After this
point, if additional struts are not of perfect length they must be stretched or shortened
to fit the available space and thus induce fabrication loads into the styucture. Pre-
liminayy analysis indicates that the greatest load due to strut length error is in the
neighborhood of 1222N (277 pounds)., The magnitude of this load greatly exceeds the

capability of 2 EVA crew member and will require the use of a jack~like tool to apply
the installation force.
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2.3 PERFORMANCE ERROR ANALYSIS

Two performance parameters of the MPTS gystem are critical to this study. These ax
the linear phase errors over the antenna subarray panels, aud the mechanical ling-of-
sight error of the array beam. Both errors result from slope error in the orientation
of the individual planar subarrays with respect to the aperture plane. The former
places an upper bound on antemna efficiency since subarrays with slope eryor deliver
less than peak energy to the rectenna, The latter also canses a loss of efficiency, if
the beam moves out of alignment with the rectenna. Line-of-sight (L.OS) error is cor-
rectable elecironically by generating a phase correction for each subarray, or group of
subarrays depending on the LOS error magnitude. Generally, the linear phase errors
resulting from tilt of the subarray cannot be corrected practically by electronic means.

Slope error of the subarray panels, then, contributes to two mechanisms that cause
loss of power transmission efficiency. Random tili of individual subarrays causes bean
broadening with loss of efficiency, and general tilting of the whole structure causes the
beam to be displaced with resulting loss of efficiency unless corrected electronically.
In the first case, it is the rms slope error (after systematic tilt of the structure has
been accounted for} that must he minimized. We use 8 2 arc min. rms slope error ag
the performance goal of the random contribution. The second case is the systematic
tilt, which should be minimized to keep electronic phasing requirements within practi-
cal limits. We use 2 aro min, maximum as the performance goal for mechanical LOS
acouracy.

2.3.1 RMS SLOPE ERROR RELATIONSHIF TO BEAM EFFICIENCY — The potential
field of a single subarray, normalized to unity on axis, is approximated by:

S'g i
g @)= fm, u=l:\]2“sine

D is the effective diameter, 11,28 m (-4, 1 inches)
A is the wavelength, 12,24 cm (4.82 inches)

81is the slope ervor of the subarray

The power density of angle 6 is (g(u))2 relative to unity at the beam center axis. A
requirement is that power density should not fall below 0,98 of maximum as g result of
slope errvor of the subarray. Solving for 8, the 3 arc minute slope error is generated.
The 98 percent efficiency can be met for the entire MPTS with some subarrays tilted
more than 3 arc minute slope if others are less than 3 arc minute.

Many contributing factors lead to displacement of the support points of the subarrays.,
These factors tend to give a normally distributed displacement error., This ervor leads
to a bivariate normal distribution of slope on two orthogonal axes in the subarray sur-
face. Total slope error can then be expected to have g Rayleigh distribution., This
distribution gives an indication of the probability of different values of slope errvor, s,
for a root-mean-square slope error, rms. The relationship of rms slope error and

beam efficiency is shown {n Figure 2-42,
2-46-



NAL PAGE 15

oRriul
oF POUR QUALITY
100
RAYLEIGH
NORMAL \/
/ 99 AXIMUM
MAX
/ r SLCPE

RMS

\\"-.__/
\ I
BEAM
EFFICIENCY
(PERCENT)

2 = (2 2 L - — e — —— — — e e
§¢ = x* + y 98 REQUIRED T
=
pi{sy = 2 e \rms
{rus) | |
1
g7
?0 1 2 3 4

RMS SLOPE ERROR {ARC MINY

sin(:-rru sin S) 2
——e | S

zb sin s

A

o 52 ) /
EFFICIENCY = f -—2-5—-5- e (msz (
0

Figure 2-42, RMS slope error relationship to efficiency.

Combining the power density, and its probability of occurring, the efficiency is then
computed for any rms slope ervor. An rms slope errvor of 2,9 arc min, can be expected
to give a 98 percent beam efficiency. Tor one design goal we have used 2 arc minutes,
equivalent to 99 percent beam efficiency.

This is a conservative estimate because the largest distortions usually occur at the
edge of the structures., TFor the primary structure, the major errors will occur where
illumination {s reduced and the overall efficiency of the MPTS antenna should be higher
than that predicted above,

2.3.2 COMBINATION OF RMS SLOPE ERRORS — Slope over the subarray surface is
a random variable. Each subarcay panel has a slope with respect to the principal axis
of the antenna. The efficiency of the antenna is relatable to the root mean square (RMS)
slope of all the pausls.

The rms slope of a surface A is the square root of the expectation of A2:
A

R 1 a ) {{'
RMS (4) ={E (Az)] = [E z A-']

i=1

RMS slope error is one figure of merit for rating strvetural performance in this study.
We compute the slope error for surface A by combiuing the tilt of the surrace on two
axes. These are also random variables: C and D (Figure 2—43). Using the small angle
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Figure 2-43, Combination of rms slope errors.

approximation rms (A) is equal to the root sum square (RSS) of rms (C) and rms (D) =
R (MS (C) + MS (D)), We wish to be able to combipe the slope error of surfaces A & B
by the same process rms (A+B) = R (MS (A) + MS (B)), whers A and B are two error
sources that contribute to total slope ervor (e.g., manufacturing tolerance and thermal
distortion),

We know that the individual tilf errors on the same axis are additive {e.g., C and E),
We could combine n values of C and E and then calculate rms (E+E). Fortunately if
error sources A and B are indepsndent then the expectation of CE is zero and we can
get the same result by combining the squares of rms (C) and (E), Now rms (C+E) and
rms (D+F) are combhined (RSS) to get rms (A+B). Rearranging the right hand terms, the
final result is obtained:

RMS (A+B) = R (MS (A) + MS (B))

This equation permifs the direct combination of overall rms slope errors from various
sources and from the primary and secondary structures,

2.3.3 LINE-OF-SIGHT (LOS) AND RMS SLOPE ERROR CALCULATION FROM
SURFACE DEFLECTIONS — The second figure of merit for evaluating structural per-
formance is LOS accuracy. If all subarrays of the transmitting system are driven in
phase, the beam will deviate from the line-of-sight to the rectenna because of the com-
bined effects of attitude control error and array surface distortion. This structural
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LOS error is corrected electronically by differential phasing of the subarrays, since
the difficulty of making the electronic correction increases with structural pointing
error magnitude. The general requiremeant for 3 arc min. maximum slope error for
the entire antenna limits pointing error to 3 arc min. With o number of statistically
distributed error sources causing slope error, if is not possible to guarantee that some
~ individual subarrays will not exceed 3 arc min. slope error., The distribution of slope
error bas little effect on pointing accuracy. Rather, it is the systematic slope error
over the surface which causes the beam to be displaced, We have used 2 arc min.
magsimum as our study goal for the beam displacement resulting from the various dis-
tributions of slope error encountered. '

L.OS accuracy is the angle through which the antenna structure would be rotated to maxi-~
mize the received energy at the rectenna. Rigorous calculation of this angle would re-
quire an approach equivalent to calculation of the far field pattern of the aperture
represented by the distorted array surface. This pattern would be projected on the
rectenna using the geometry of the earth/orbit model. A linear phase distribution over
the aperture would then be calculated to center the beam on the rectenna in a way to
maximize energy transfer., The eguivalent angle of the linear phase distribution is the
theoretical LOS error,

Practically, with many distortion cases being considered in this parametric analysis,
a few assumptions must be made to simplify LOS accuracy calculations. We assume
that the beam is symmetric, maximum energy is received when the beam is centered
on the rectenna, and the beam center is deflected by the average slope of the surface.
Slope on an axis was defined in Figure 2-43. LOS accuracy is the rms of the average
slope error on the X and y axes. The equivalent in optics is tilt about 2 axes which
determines beam displacement of a planar reflector.

Slope error is computed from the surface displacements parallel to the LOS, The dis-
tribution of these surface errors is a random variable z, The Variance of z is:

Var (z) = E (z - 1 - ax ~ by)2 1)
. where: pis the expectation of 5, E(z)

a and b are tilt of the surface on two axes
x and y are the coordinates of error z

Expanding (1):
Var (2) =E (22) - 12 + 22 E (x2) + B2 E (y2) ~ 22 E (x2) - 2b E (yz) (2)

The remaining terms are zero because E (x) = E (y) = E (xy) = 0 for the symmetrical
structures considered,

3Var (z) _ oVar (z) _
da ob

For Var (z) to be 2 minimum: 0 (3)
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Differentiating (2) and solving for a and b yields:

a=Blm o Ea) @
E (x) E ()
Finally:
3 » 2 o 2
Var (z) = E (2%) - % - ZEE°_ (EG2) (5)

2 2
EE L)
Interpreting (5), Var (z) is & measure of surface distortion after corrections have been
made for average displacemsnt () which contributes only group phase error and is not
significant to this study, and for tip and tilt. The new variable

z' = z - p - ax - by _ (6}

is used to compute rms slope error which influences beam efficiency but not LOS
accuracy. For these values of z'y u, v, and w, tilt of a single panel is:

panel tilt
{axe min.)

1
21 k)
(uz -av + v~ YW+ W - wu)‘}

_ -1 {
= 60tan 930.6

(M)

RMS slope ervor is the root mean square of all panel slope errors.

Equations (4) gives average slope on the x and y axes, Since these slopes are small,
the absolute value of LOS angular aceuracy is:

10800 , o . .9

3
2 i
—— (@ +b

LOS (are min,) = ) (8)

2.3.4 ERROR SOQURCES

Slope error is o function of deflections of the MPTS supporting truss structures. Speci-
fically, deflections normal to the flat subarray surface at the interface nodes between
the primary and secondary structures, aud at the support nodes of the subarrays on the
secondary structure determine the slope ervor contribution of the truss structures,

There are three basic categories of ervor sources (Figure 2~44). They are: mamufac~
turing, maneuvering and thermal, In the first, we have included all error sources that
contribute to variation in assembled node-to-node sty length evaluated in an arbitrary
standard environment., Maneuvering error sources result from external forces and
moments applied to the support structure by attitude control maneuvers, stationkeeping
and other environmental perturbing forces. Thermal expansion encompasses all error
sources that influence slope error as a result of temperature change from the standard
environment to the operational environment.
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Figure 2-44, Slope error sources.

Maneuvering accelerations are error sources that exist regardiess of the design para-
meters. Slope error can be minimized by distributing control forces, increasing struc-
tural stiffness, and designing the structure so that slope error is less sensitive to the
anticipated accelerations.

Mamfacturing and thermal error sources are primarily the result of uncertainties in
measurement, material properties and the environment. We can design to generate a
flat structure in the operational environment if CTE, temperature, E, and strut dimen-
sions are known. It is the macertainties in these values that lead to the operational
glope error in the passive system.

2.3,5 CALCULATION OF DISTORTION FROM KNOWN ERROR SQURCES — We have
identified the error sources, and discussed the relationship of the resulting surface
distortions to slope error and to beam efficiency and LOS accuracy. A process of

finite element modeling and analysis is used to compiete the sequence from error source
to structural figure of merit.

Two major programs are used in the modeling and analysis. The first is the truss
structure synthesizer, and the second is the structural analysis prograra. The syn-
thesizer generates the arrays of nodes representing the structure, and the connectivity,
A variety of algorithms are available to establish the strut weight depending on type,
,Z/,O, minimum gage material, and design load. The model generated is compatible with
the Convair Strusctural Analysis Program, and NASTRAN,
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2.4 MODAL SURVEY/NATURAL FREQUENCIES

Investigations of natural frequency characteristics were carried out for the baseline
degign considering the five ring primaxry structure as the only flexible portion of the
system. The secondary structure and rf systems were carried as nonstructural
weight on the forward surface of the primary array.

The structure is treated as a pin—ended truss system, free in space and thus will ex-~
hibit six rigid body modes as well as elastic dynamic characteristics. A mathemati-
cal simulation nf the structure was developed and ansiyzed by finite element methods
with NASTRAN.

Due to the topolcgical similarity of this structure with Convair's geo~truss. antenna
structures, it was possible to use automated methods developed for those systems in
the formulation of the MPTS modal study. The GDC tetrahedral truss structure syn-
thesizer program (GDTTSS) formulated the necessary geometric data for the MPTS
using an infinite focal length and the proper diameter. This program establishes
truss joint locations in space and defines the appropriate connectivity for a tetrahedral
truss system. Member stiffness and mass properties are also defined, along with
contribution of nonstructural mass to front surface model grid points. All mass items
were represented by lumped mass simulation.

Frequencies and modal characteristics for the baseline primary structure are sum-
marized in Table 2-11. Mode shapes for modes 7 ~ 10 are illustrated in Figures 2-45
through 2-48, These are the first elastic body modes, whereas modes 1 through 6
are rigid body, zero frequency modes. Modes 7 and § display astigmatic bending;
mode 9 is a basic defocus mode; and mode 10 is a trefoil bending distortion.

Table 2-11, Natural frequencies, baseline primary structure.

Ng}:l-e Fr egzency Description
1 0.. Rigid Body
2 0. Rigid Body
3 0. Rigid Body
4 0. . Rigid Body
5 0. Rigid Body
6 0. Rigid Body
7 0. 084776 Astigmatism
8 0. 084776 Astigmatism
9 0. 141367 Defocus

10 0.148123 Trefoil Bending
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Of the various material properties, only the modulus of elasticity, E, has an influ-
ence on structural frequency. As this parameter is varied, the natnral frequencies
will change as the square root (f~JE). Geometric changes can produce significant
changes in frequency: changing the array depth results in directly proportional fre-
quency changes. Increasing the number of rings of the truss structure for a given
diameter decreases the depth and reduces the frequency. It is not anticipated, how-
ever, that structural frequencies will control such fundamental design parameters as
nuriber of rings or depth, since the frequeacy range is so low that the usual frequency
sensitivities, e.g., control system considerations, are not present.

2.5 GENERALIZED FLATNESS STUDY

In Task 1, a generalized slope error study was performed., This approach is a2 con-
venient starting point as it provides a means of caleulating representative slope errors
associated with probable values of error scurces. It makes use of unit material para-
meters and loading conditions. With derivation of sealing laws, the slope errors cor-
responding to unit disturbances can be scaled to examine the effects of the variocus
error sources. This analysis can be accomplished before the detailed thermal
environment (Task 2), and the actual acceleration environment. (Tasks 2 and 3) have
heen established.

A common figure of merit, in this case rms slops error, is used to get combined
slope error from uncorrelated error sources, e,z manufacturing tolerance and
thermal. Line-of-gight error is also computed for unit accelerations.

This process minimizes computer time expended. As an example, random tempera-
tures are introduced in each strut in the primary structure. Processing the resulting
distortions for unit CTE yields data that can be interpreted as the effects of:

1. Random temperature resulting from variation in the absorptivity/emissivity
ratia.

2, Random distribution of CTE.

3, Manufacturing tolerance in strut length.

Generalized results were obtained for:
1, Linenr and angulay accelerations.
2, Manufacturing tolerance buildup,
3. Variation in CTE.
4, Uniform and Gaussian temperature distribution,
5. Variacion in modulus and strut cross section.
2.5.1 RMS SLOPE ERROR RESULTING FROM MANEUVERING ACCELERATIONS —

Six standard loading conditions corresponding to linear accelerstion on three ortho-
gonal axes, and angular accelerations about the axes are incorporated in the typical
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finite~element structural deflection analysis. Postprocessing of the deflections then
vields rms slope error for the MPTS flat surfaces represented by the strncture.

The resulting slope error has been scaled to correspond to one thousandth of a ''g™
linear, and to 1 arc sec/sec? angular accelerations. While these accelerations are
small, they are relatively large compared to those anticipated for the MPTS structure
in its operational environment., For ezample, the MPTS rotates once per day fo re-
main pointed at the ground receiver antenna. An angular deceleration of 1 arc sec/
sec? would stop this rotational rate in 15 seconds elapsed time. Typical maneuvering
will not approach these acceleration levels.

The primary structure is supported at three back surface nodes at the corpers of an
equilateral triangle of sides 391 m (1,283 fest). These nodes are grounded in the
structural analysis., This represents a typical mounting condition, For thermal dis-
tortion minimization, a kinematic mount would be better., Tt would allow uniform
growth without distortion and make the antenna structure insensitive to dimensional
changes in the supports. It would, however, increase distortion resulting from forces
transmitted through the support interface. ¥ either thermal distortion or acceleration
distortions is critical the situation could probably be improved by redesign of the sup~
port system.

The rms slope error in arc minutes in given in Table 2-12 for the =ix standard load~
ing conditions, Distortion and resulting slope error is not as severe in the primary

Table 2~12, Generalized rms slope error (arc min)
resulting from maneuvering accelerations.

1t
PAGE ¥
RIGINAL o ims
ov POOBR
TYPICAL LT >~ TT~PRIMARY
SECONDARY ; : STRUCTURE
PRIMARY STRUCTURE SECONDARY OFFSET CG  TOTAL RMS

ACCELERATION CONFIG. A CONFIG. B STRUCTURE ALLOWANCE  SLOPE ERROR
103 ¢ X 0.668 0.653 0.349 0.754
10-32 6 Y 0.668 0,653 0.349 0,754
103 ¢ 2 0,576 0.574 1.697 1,792
1 ARC SEC/SEC? X 0.302 0.295 0.055 0.409 0.511
1 ARC SEC/SEC® ¥ 0.302 0.295 0.055 0.409 0.511
1 ARC SEC/SEC® 7 0.019 0.017 0.003 0.059 0.062

[ 3]

~56



IR .
e

;
:
:;
’
|
';

et T A i

L LA T R e 2

structure for disturbances on the Z axis as for the in-plane axes. The secondary
structure is supported at three added back surface nodes at enrners of the hexagonal
planform. It is particularly scnsitive to Z axis aceeleration hecause of the large
span, heavy nu.;.tructural mass loading, and relatively small depth.

A slightly different rms slope error is given for the primary structures of configura-
tions A apd B. The primary deflections are essentially the same, but the slope error
distributed over the secondary is somewhat different for the individual flat plates of
configuration &, and the contimious secondary surface of configuration B. The larger
valoe is used in the estimation of total rms slope error. The differences will be dis-
cussed in the Section 2,8 comparison of the inherent flatness of A and B configurations.

The slope errors shown for the secondary structure are small for angular rotations
about the center of the structure. If the secondary structure segment is located at
some radius, R, from the center of the primary, an additional linear acceleration is
computed. The radius of gyration is used as the representative radius of the second-
ary structures. The resulting distortions are listed as the offset allowance.

The final total rms slope error is estimated to be the RSS of the contributing slope
arrors of the primary and secondary structures.

2.5.2 TOLERANCE BUILDUP EFFECTS ON RMS SLOPE ERROR — Mamufacturing
tolerance in strut length results in internal loads in the assembled structure, and
initial deformation of the flat surfaces. The easiest way to simulate strut length
variation is to enter varying temperatures for each strut in the structure. These
temperatures, in conjunction with a constant nopzero CTE, simulate a2 dimensional
distribution. The finite-element analysis then computes the induced loads as a result
of the strut length variation, ¥Finally, with the stiffness matrix, the equilibrium de-
flections and residual stresses are computed.

For this analysis, a temperature distribution with a standard deviation of 16,7C (30F)
and a CTE of 1.8p/m/C (1 pin./in./F) were used. For the primary structure, the
normally distributed temperatures were comnmuted for each of 660 struts, For the
secondary siructure (ope revresentative hexagonal element) temperatures were com-
puted for 1302 regular struts and 9 supporting triped struts. Six separate cases were
constructed for both the primary and typical secondary structure for a mipimum size
Monte Carlo-type analysis. The worst case resulis are reported in Figure 2-49,

The reference error size is 1 part in 10,000 (1s). This is equivalent to2 ~ 3.9 cm
(1.5 inch) tolerance on primary struts. This allowance covers the node-to~node path
so must include sirut length variation, joint tolerances and junction fitting tolerances.
Secondary strut tolerance is essentially + 3,2 mn (0. 13 inch).

The dominant error source is the secondary strut distortion. This appesars to result

from the somewhat greater diameter to thickness ratio of the secondary. The final
pumerical value of rms slope error would be unacceptably large, however, the actual
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TYPICAL SECONDARY
STRUCTURE ELEMENT

AV P 10,75 M (433 10.)
_,// V

130.3 M (5129 IN.) TYPICAL STRUT

TYPICAL STRUT
o= 0,107 CM
¢=1.30CM (0.042 IN.}
INSTALLED (0.51IN.) INSTALLED \
PRIMARY SECONDARY
STRUT STRUT
LENGTH LENGTH
VARIATION VARIATION

EFFECT OF 1 PART IN 10,000 (2o) ACCURACY IN NODE-TO-NDDE LENETH OF INSTALLED STRUT

PRIMARY STRUCTURE SECONDARY TOTAL RMS
CONFIG, A CONFIG, B STRUCTURE SLOPE ERROR
1,215 1,091 2,275 2,579

Figure 2-49, Generalized tolerance buildup eifects
rms slope error (arc min).

manufacturing and assembly tolerances should be less than 1 part in 10,000, At any
rate, tolerance buildup is a critical area, suggesting that initial alignment and ad-
justment may be necessary at time of aussembly,

2.5,3 EFYECT OF CTE AND TEMPERATURE CHANGE — The properties of GY-70/
X~-30 pseudoisotropic material were used to represent the anticipated CTE. A normal
distribution of CTE is used with a mean value of -0, 038 & /m/C (-0,02Lpin. /in, /),
and a standard deviation of 0.072 (0.040). For a temperature environment, 2 uniform
temperature rise of 100C (180F) and an additiopal gaussian distributed 100C (180F)
gradient across the entire structure are used.

A constant nonzero CTE coupled with a uniform rise in temperature results in uniform
growth {or shrinkage) for the structure except for the distortion introduced by the con-~
straints imposed at the mounting points. Variation in CTE or temperature over the
structure results in distortion which causes slope error. The total estimated slope
error for a 100C (180F) temperature rise is 0.186 arc min rms, The distortion of
the secondary structure predominates, probably because it has a larger diameter to
depth ratio, The effects of Ser g Were simulated by generation of random CTE x T
products for each element of the structure. The results are shown in Figure 2-50,

In calculation of the effects of the gaussian temperature distribution, both Lopg and
CTE are significant. To caleulate the distortion resulting from MOTE, One simula-
tior was conducted with a CTE of -0. 038 (-0, 021) for all elements and temperatures
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= -0,038&/m/C
(-0.0214N,AN/P)

CTE
2

1g0C

= 2
o= 0,0724/m/C 180F

e-2.3p
(0,040HIN, AN, /F)

PRIMARY

i AVAYAYAVAVAVAYAVAYAY
100C (1L80F) UNIFORM RISE IN TEMPERATURE
PRIMARY STRUCTURE SECONDARY TOTAL RMS
CONFIG. A CONFIG. B STRUCTURE SLOPE ERROR
. 0.18
Gre 0.087  0.079 0.164 6
100C (180F) EXPONENTIAL TEMPERATURE GRADIENT
PRIMARY STRUCTURE SECONDARY TOTAL RMS
CONFIG, A CONFIG. B STRUCTURE SLOPE ERROR
0.009 0,009 0.0G0
Here 0,130
[
aCTE 0.034 0,034 0.12%
OVERALL TOTAL 0.316

Figure 2-50. Generalized rms slope error (arc min)
resulting from temperature change.

computed for each element based on its radial position in the primary structure. The
secondary structure does not have a significant gradient over each hexagonal element,
and therefore has no contributing slope error., The CTE x T product for each struc-
fural element of the primaxry was computed for the rar“om normally distributed CTE,
¢=0,072 (0,040) and the gaussian femperature. The response of the secondary
structure is computad by rms calculation of the individual secondary structures each
with a uniform temperature rise corresponding to its position on the primary. The
combined effects result in a predicted 0. 130 arc min rms slope error.

The overall total is taken as the sum of the uniform and gaussian slope errors because
the two would be expected to he correlated since the type of distortion is similar for
both. The overall total rms slope error is 0,316 arc min, In Task 2 (refer to Section
3. 2), the actual temperature distributions are computed for different positions in
orbit, and the slope errors examined in detail.

2,5,4 RMS SLOPE ERROR RESULTING FROM VARIATION IN Et — In the manufac-
ture of graphite/epoxy tubes, the diameter is determined by tooling and is relatively
constant from part to part. The thickness, t, of the laminate {tube wall) varies with
material thickness and variation in cure. The properties of the laminate are mea-
sured for specimens that vary inthickness. Frequently, the variation in E measured
will be greater than for the product Et because the thicker specimens result from a
surplus of resin matrix which does not contribute significantly to elastic modulus, The
E x area product for the truss strut is proportional to £t. Deflections of the flat
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surface depend on the variation in E x area from strut to strut. This analysis was
conducted to establish the magaitude of slope error resulting from a nominal variation
in Et.,

The It product can be var.ed by distributing either E or t. Variation in t is easier to
implement, so inpuis were prepared for each of the 660 struts. The area used for the
primary strut had a normal distribution with p = 5,692 sq. em (0.8823 sq. in.) and

o =0.3555 sq. cm (0.0551 sq. in.), These numbers were selected to correspond to

8 measured vaviation in E for GY-76/X~30 of 6,24 percent of t. ' mean value standard
dsviation. To complete the model, E was set at 108 GN/M2 (15.7 MSI), and the CTE
at -0.028 p/m/C (~0.021 pin. /in. /F).

Distortion results from variation in Et and an applied load. The loading was provided
by a uniform temperature rise of 100C (180TF) above the stress-free reference 22, 2C
(70F}, and a gaussian 10 dB tapered gradient of 100C (180F).

Because the magnitude of the errors is small, the simulation was not extended to the
secondary structure. The secondary distortion was estimated from the ratio v
secondary slope erv.r to primary slope error for the effect of CTE variation. The
results are shown in Figure 2-51, Variation in elastic modulus is not a significant
error source, :

STRUT . 5.6925Q.CM T u
* REA =% (0.8823 sa.. MFORMN

_ 0,3555 5Q.CM
(0.0551 5Q,IN.)

Q

E = 108 gN/M32
(15,7 MSD

100C (130F) UNIFORM RISE IN TEMPERATURE

PRIMARY STRUCTUC SECONDARY TOTAL RMS
CONFIG, A CONFIG. B STRUCTURE SLOPE ERROR
0.0082 0.0083 0.,0156% 0.0176

100C (180F) EXPONENTIAL TEMPERATURE GRADIENT

PRIMARY STRUCTURE SECOMTARY TOTAL RMS
CONFIG. A CONFIG, B STRUCTURE SLOPE ERROR
0.0055 0.0056 0.0106%* 0.012¢

* ESTIMATEG FROM EFFECT OF CTE
SECONDARY-TCO-PRIMARY RATIO OVERALL TOTAL 0.030

Figure 2-51. Generalized rms slope error (arc min) resulting from variation
in Et (modulus x laminate thickness).
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2,5,5 POINTING ACCURACY ANALYSIS — Three points at the rear of the primary
truss have been used throughout the analysis to establish a reference coordinate sys—
tem. These are nodes 1034, 1087, and 1066, located at 120-degree intervals on a
oirole of radius 225.7 meters (3887 inches) avound the geometric center of the rear
surface. All six degrees of freedom are constrained for these three points. All
slope errors computed in this study are with respect to a plane through these points.

Pointing acouracy can he sepavated into two parts., The first relates to the accuracy
of the attitude conirol system in maintaining this plane normal to the optical axis from
the transmitting antenna to the rectenna. This is the pointing accuracy for a rigid
body antenua structure. The second relates to the aonrigld body behavior of the
antenua under azcsleration and as a result of thermal distortion. This deformation
causes the heam center to be displaced from the axis normal to the reference plane.

The generalized beam displzcements for unit linear and angular accelerations are
shown in Table 2-13. The linear accslerations at 1 cm/sec? are larger than pre-
dicted for worst case expansion of the solar collector. The 0,55 x 10-3 accelsration
reported at midierm has been used as the step function excitation for dynamic apalysis,
This inear acceleration generates a beam displacement of less than 0.2 are mioute
from the principal axis. The angular acceleration effect is even less significant.

This magnitude of angular acceleration also results in beam displacement from the
optical axis of less than 0.2 arc minute.

Table 2-13, Beam displacements for linear
and angular accelerations.

LINEAR ACCELERATION (-1 CM/SEC?) BEAM POINTING ERROR {ARC MIN)
AXIS X AXIS ROTATION Y AXIS ROTATION  TOTAL ANGLE
X 0,000 -0.319 0.319
Y 0,319 0.000 0.319
rd 0.000 0.000 0.000
ANGULAR ACCELERATION (-1 ARC SEC/SEC?) " BEAM POINTING ERROR (ARC MIN)
ROTATION ABOUT ’ - X AXIS ROTATION Y AXIS ROTATION  TOTAL ANGLE
X . 0,141 0.000 0.141
Y 0.000 0,141 ) 0.141
rd 0.000 0.000 0.000
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2.6 TECHNIQUES AND PROCESSES FOR PREDICTING (AND MINIMIZING)
MISALIGNMENT g

B

Misalignment in the struotures is the result of all manufacturing, assembly and adjust~
ment tolerances. It causes the subarray surface in the nop:inal operational environ-
ment to deviate from an ideal flat. It results in LOS error and u loss in power trans-
mission efficiency.

Fortunately, the LOS ervor is a fixed boresight error which can be corrected by a
small bias in the attitude control pointing commands, The rms slope error remaining
after the correction for LOS error is relatively raundom over the surface. It repre-
sents a loss of efficier.cy in power transmission which will exist for the life of the sat-
ellite. It is necessary then to predict the magnitude of the misalignment, and take
steps to ensure that it is within tolerable limits. Because of the long term stability of
graphite/epoxy structures (i.e. creep and microstrain less than a few parts per million
length), control of misalignment is an initial manufacturing, assembly and alignment
problem. If active control of the surface figure were required to accommeodate therm.:l
and accelerstion loads from the nominal operational condition, then correction for
initial misalignment would be automatic. Since active figure control is not warranted,
minimization of misalignment is important.

In Section 2.6, the generalized distortions and resulting rms slope error were com-
puted for a random strut length variation of 1 part (1¢) in 10,000. The result is 2.6
arc min. rms. The budget for the contribution of manufacturing tolerance is 1.5 arc
min. rms, or nominally 42 prm (10) variation in node-to-nods distance in the primary
and secondary structure. The lurgest part of the slope error budget is allocated to
miselignment, and study results have shown that it is the most difficult error source to
control within budget.

Table 2-14 lists the potential error sources and their orders of magnitude in ppm of the
node-to-node distance. In the following subsections we describe the manufacturing
process, and the steps takea to minimize the misalignment loss. The RSS total is
equivalent to 0.5 are min. rms total manufacturing error. This should be wcceptable
without further improvement.,

Table 2-~14, Manufacturing and alignment error sources.

Error Primary, ppm {1¢) Secondarv, ppm (1o)
Length Deterwmination in Strut 10 10
Joint Tolerance 1 2
Junction Fitting Tolerance 1 1
Thermal Distortion 13 13
Elastic Modulus Effect 2 2
RSS Total 16.6 16,7
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2,71 MANUFACTURING ENVIRONMENT — The most probable site for manufncture
¢f the struotural elements of the primary and secondary strueture is in low sarth ovbit.
The feasibility of the MPTS anteuns does aot depend on the site however, and most of
the fabrication may cocur on earth, and final agsembly of major components may most
effectively be done in synchronous orbit. The environment in each case will have a
bearing on the accuracy of the assembled structure. The major environmental con-
siderations ave:

1. Zero~g or one-g

2. Vaouum or atmosphers
3. Temperaturs

4, Humidity

The fundamental step in the manufacturing process that most affects structural align-
ment is measurement of the critical dimensions of each structural element. Whether
the manufacturing process for an individual strut makes use of a beam builder, or con-
sists of assembly of finished detail parts, or relies cun a sipgle-cure integral beam, at
some point the beam must be "trimmed' to its finished length, Trimming cau be equi-
valent to drilling a tooling hole or bonding an end fitting — whatsver establishes the
final effective length of the part,

Gravity Effects — Handling and measurement of ultra~-lightweight struts would be facili-
tated in the zero or low-g environment of an orbital manufacturing site. At one-g, it
wotld be difficult to support a strut so that its stress-free length could be determined,
Supported vertiocally, from one end, the 130~m (§118-in.) primary strut would stretch
2.5 mm (0.1 in.} or 20 ppm. Using zero~g simulating supports along the length, this
eloagation could probably be reduced to 2 ppm with high coufidence, In a zero-g en-
vironment, the true leugth could be measured.

Pregsure Environment — There are no major effects of atmospheric pressure in the
manufacturing envivonment on the achievable structural accuracy. If a shirtsieeve
environment {s provided for crew, there are important considerations related (o main-
raining a suitable environment in an enclosed space where graphite fibers and various
vesin systems and adhesives are being used.

Oune possible effect on measurement in air atmosphere relates to use of velocity of
light in the length determination. If a laser {nterferometer is used to generate a stand-
ard length for coordinating the length of struts, the measurement will fluctuate with the
veloeity of light in the path. A ranging system such as the Kern Mekometer (Section

3. 4) uses an internal cavity as the length reference., it is also sensiiive to the velocity
of light. Tor this application, the variation in measurement due to atmospheric density
is nepgligible.

Temperature Eavironment — The temperature at which the length of 8 structural ele-

ment {s fixed {8 very important. If a primary strut Is fabricated and trimmed at room
temperature and then brought to operating temperature, the stress-free length can
change considerably. Using typicul values for CTE and operational temperature, a
structural element {graphite/epoxy) at the center of the primary s‘ructure will shorten
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an average of 7 ppm in length. More significantly, because of the distribution in CTE,
the actual length change could vary from -47 to +34 ppm. This variation at 13 ppm (10)
is 26 percent of the overall budget for node~to-node distance variation. It suggests

that temperaturs control is advisable at the time of dimensioning of structural elemsnts.

Hunudity — The effect of humidity on isotropic GY-70/X~30 is a microstrain at equil-
ibrium approximately equal to the relative humidity in percent. The process is revers-
ible, and for the thin gages considered for the MPTS, the structures would dry to a
stable length within a few weeks at operational temperatures in space. If the structural
element is fabricuted on earth or in a space facility that has a shirtsleeve environment,
a minimum of 20 percent RH is acceptable for operator comfort. Thin wall tubes,
panels and other G/E detail parts would be expected to grow tv 2 maximum of 20 ppm in
lencth after about 6 months exposure at normal temperature. The estimated distribu-
tion in this growth is 5 ppm (o).

This effect is minimized or eliminated by:
1. Fabrication and trimming in & dryv or vacuum envirounment.

2. Manufacturing in a 20% RH environment. Trimming after equilibrinm growth has
been reached, with allowance made for mean hygroscopic expansion.

3, Using accelerated drying (and thermal cycling) to stabilize strcture and then
trimming.

Mechanicgl Stress — Generally the strut or fitting should be stress free at time of
trimming. There may be exceptions. A strut with nominal E and ¥ values would have
a microstrain of 1000 at ultimate loading conditions, If we know that it will be loaded
because of gravity gradient or rotational accelerations in the operational environment,
we can predict the nominal length change. The options are:

1. Trim under nominal operaticnal stress level,
2. Bias trim to compensate for known load.

3. Trim to standard length,

The third option is probably valid. Although the deflections undexr’load may be hundreds
of ppm, this only occurs at a few struts near the hub, and the vesult is a rigid body
rotation of the antenna. This leads to mechanical pointing error which is corrected by
attitude control.

2.6.2 DMATERIAL PROPERTIES — Thermal distortion results from variations in the
coefficient of thermal expansion, and the elastic modudus., The latter causes thermal
distorting because of the redundant load paths in the three dimensional structures. If
the structure is aligned at one temperature, and operated at another, variation in E
will cause misalignment even though uniform growth would be expected for a constant
CTE, Since the misalisnments firom these sources ave the result of manufacturing and
initial alignment, they are correctable or can be minimized in the manufacturing pro-
cess.,



T

If uncorrected, the maximum random strut length variation for CTE effects and E
effects are 13 and 2 ppm respectively for the structures., This assumes that the pro-
perties of GY-70/X~30 are achieved by the selected G/E composite, We can eliminate
I as an ervor source. It may be advantageous to use materials with greater variation
in E as a cost saving or logistics benefit. Unfortunately, CTE for graphife fiber is
correlated with E so that close tolerance on CTE which is necessary will probably
automatically keep E within limits to make its effect negligible,

Control of CTE will be facilitated by automated processes which will increase the uni-
formity of fhers, matrix composition, fiber volume, lamina thiclmess, ply angles, and
cure and postcure processes.

2,6.3 ASSEMBLY PROCESSES — In the node-to-~node structural path, there are two
major joints in either the primary or secondary configurations. These are at the
junctions of the struts and the junction fitting. The designs considered are based on a
"zero slop' joint. This means that once joined, length through the joint does not vary
because of looseness in the joint, In the initial assembly, there is tolerance, however,
and this contributes to misalignment. With the low loads involved, the joint can be
made with a small pin in coordinated tooling holes. Joint tolerance can be made arbi-
trarily small. If we include the drilling of the holes, after the correct length has been
established as part of the joint tolerance, the resull is a conservative + 250u  (+ 10 mils)
tolerance for the primaxry joint and + 50p (+ 2 mils) for the secondary, This is equi~
valent to a standaxd deviation of 118u (4.64 mils) for two joints in the primary strut,
and 23.51 (0. 93 mils) in the secondary. These are equivalent to 1 ppm, and 2ppm for
the respective strut lengths,

Joint tolerance, if minimized by good engineering practice, does not contribute signifi-
cantly to misalignment of the assembled structure.

2.6.4 MEASUREMENT OF LENGTH — Final agssembly of the truss junction fittings
can take place in accurate jigs and fixiures, Trimming, spot facing, drilling, ete. at
interface points, if accomplished using typical engineering practices will lead to negli-
gible contribution to misalighment.

The strut iiself, because of its length contributes most to uncertainty in node-to-node
distance. In Section 3.4, the sensor options are discussed. The present state—of-the-
art is 0.5 ppm for optical ranging. This means that master tooling for trimming struts
could be held to at least a few ppm if necessary by an active system. Counservatively,
an allowance of 10 ppm is made. Actually 2 small bias error in the master tool for
trimming the primary struts would not lead to misalignment of the total structure, but
only to uniform grewth or shrinkage from the design point. This growth would have no
measureable effect on system performance,

If a single stable fixture was used for trimming of all primary struts, and one of a
number of fixtures was used for all secondary struts in a single hexagonal secondary
structure panel there would be little if any measureable effect. Some adjustment
would be required in joining the configuration B secondary panels to account for size
variation.
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2,7 CONFIGURATION A AND B PASSIVE ALIGNMENT POTENTIAL

In confignration A, the secondary structure is divided into 61 separate, hexagonal,
3~dimensional, truss elements. In our model, 9 additional struts form tripods at
three corners for atfachment of the secondary element to the supports on the primary
nodes. Configuration B has a continuous 3-dimensional truss secondary structure.
Three struts are used at each interface location to connect back nodes of the second-
ary to the support point on the primary, Structurally, there is little difference be-
tween the confizurations. But, because of the discontinuities in confignration A
secondary structure and the continuous nature of confignration B, the two will respond
differently to the disturbing conditions that influence fla.aess.

An objective of this study has been to determine whether either configuration has an
inherent advantage in providing a stable, flat, platform for support of the antenna
array components. The study conclusion is that:

1, On the basis of slope error, neither approach has a clearcut advantage.,

2. Configuration A is the least complicated for simulation and analysis.

In Task 2, deflections were computed for orbital thermal conditions. In this more
detailed analysis, a 10 dB illumination taper was used to establish a weighting function
in the determination of rms slope error. This equivalent field strepgth distribution
weights the outer edge at only 1/3 the value of the antenna center. Since configuration
B tends to transfer distortions out to the edge, it showed a consistently lower rms
slope ervor than configuration 4.

Configuration B is difficult to apalyze because the secondary structure is a homogen~
eous plate attached at 75 nodes of the primary, Since it carries bending stress it can
cause distortion in the primary. The secondary structure was approximated by a
28-term polynomial surface. It is equivalent to a continuous plate supported on stiff

springs at 75 primary nodes. Ii tends to smooth out primary distortions.
. b

' 2.7.1 MODELS OF THE SECONDARY STRUCTURE SURFACE ~— The secondary

structure is supported on 75 interface nodes on the primary structure. The surface
represented by 10. 309 front surface nodes of the secondary structure has different
characteristics for configurations A and B. In particular, the continuocus surface of
configuration B responds differently than the separate flat hexagonal plates of contigu-
ration A when distortion exists in the primary structure (see Figure 2~32),

The procedure of computing rms slope error resulting from primary structure deflec~
tion was as follows:

1, Use finite element analysis to determine the displacement of interface surface
nodes of the primary structure.

2. Model the two secondary surface configurations as functions of primary node
displacements, s
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183 COEFFICIENTS 28 COEFFICIENTS
Figure 2-52, Surface models for configurations A and B. .

3. Compute slope error over the two surfaces.

4, Compute rms slope error for each configuration.

To model configuration A, each hexagonal element of secondary structurs is a flat
plate. The three coefficients of each plane surface are computed from the three
points supporting the surface. A total of 183 coefficients are required. The slope for
small angles is (a2 + b2)%/(a2 + b2 + e&)3,

Configuration B has a continuous surface, A continuous function with 75 coefficients
can be defined that passes through all primary nodes exactly. As in any curve fitting
operation, the resuliing surface can be erratic between nodes. Use of less coefficients
gives a smoother curve, with some compromise in the fit to the support nodes. In

this analysis, 28 {erms are used in the polynomial fit. In the cylindrical coordinates,
all terms to p6 and 68 are included, To find the coefficients, each set of 75 nodal
deflections gives 75 equations in 28 unknowns. These are reduced to 28 equations for
a '"best {it" solution, and then the coefficients are determined. Once the coefficients
are determiped, the slope at any point can be computed. The rms slope over the
entire surface is computed by numerical integration.

2,7,2 INHERENT SLOPE ACCURACIES OF CONFIGURATIONS A AND B - A primary

objective of Task 1 was o determine whether confignration A or B has an inherent
advantage in minimizing slope error. There are other considerations such as ease of
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assembly analysis, complexity of suppoi‘ts, ete. which are also important. Purely
from a slope ervor standpoint, neither configuration demonstrates a conclusive
advantage.

The approach talsen has been to compute the distartion of the secondary surface as a
result of primary structure deflections., In each case, the simulation was designed to
answer some other question about the relationship of slope error to struetural or en-
vironmental factors but slope error was computed with the two alternative secondary
surface models.

There are 52 loading conditions considered of which 32 are urbital temperature con~
ditions. In most of these cases the distortions are low order and the continnous sur-
face of configuration B complies readily. It then gives a slightly higher slope error

for the same primary distortions. Resulis are listed in Tabls 2-15.

For 6 acceleration cases, configuration B gives slightly lower slope errvors and for
the 12 random temperature cases, B is considerably lower. These loading conditions,
particularly the random cases, result in an irregular higher order surface. The con-
tinuous surface of B in the model tends to smooth the small irregularities and indicate
lower slope error.

While B shows an advantage, it does so by sharing primary structure loads. Practi-
cally, if the B secondary surface is rigid enough to begin to smooth primary deflec-
tions, {t can also introduce deflections into the primary, and any advantage is
probably lost.

Table 2-15, Comparison of slope error for configurations A and B.

NUMBER RMS (B}
OF CASES LOADING CONDITION SIMULATION RMS (A
3 LINEAR ACCELERATIONS ENVIRONMENTAL & CONTROL 0.9842
FORCES
3 ROTATIONAL ACCELERATIONS ENVIRONMENTAL & CONTROL 0.9548
MOMENTS
6 RANDOM TEMPERATURE , MANUFACTURING TOLERANCE 0.8930
DISTRIBUTIONS ’ RANDOM CTE x TEMPERATURE
1 GAUSSIAN 10-DB TEMPERATURE AVERAGE CTE EFFECT 1.0205
GRADIENT
6 RANDOM & 10-DE TAPER RANDOM CTE & TEMPERATURE 3.8253
TEMPERATURE DISTRIBUTION TAPER
23 STEADY-STATE TEMPERATURES NONECLIPSE ORBITAL CONDITIONS 1.0112
9 TRANSIENT TEMPERATURES ECLIPSE ORBITAL CONDITIONS 1.00e3
1 UNEFORM TEMPERATURE RANTOM E « X-SECTION 1,0142
TOTAL 52 AVERAGE 0.2701
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The conclusion is that B does not show a clearcut advantage and A remains the least
complicated approach for simuiation and analysis,

Configuration A secondary structure hexagonal elements deflect with primary support
motion. There is no residual stress afier the structure reaches equilibrium. Con-
figuration B, however, exhibits both internal stress and deflections under deflection
loading by the primary structure. Configuration B tends to have larger residual
stress levels toward the center of the antenna, and larger deflections toward the edge
in response to primary structure deflections. The calculated rms slope error over
the surface is reduced for configuration B if an illumination taper weighting function
is used.

In Task 2, the orbital temperature cases were rerun using a 4-coefficient CTE. Dis-
tortions were converted to slope error and a tapered weighting function was used to
compuie rms slope error. The 23 steady state temperatures gave a raiio of rmns of
the B configuration to rms of the A of 0,745 (comparable to 1,011 in Table 2-15),

The 9 transient cases gave a ratio of 0.886 (compared to 1. 007 before),

2.7,8 CONTOUR PLOTS — The difference in behavior of configurations A and B can
be seen from the distortion contour plots and slope error plots. In the following
figures distortion of the secondary surface, as the result of deflections in the primary,
are illustrated. This sequence of contour plots is prepared for each loading condition
as part of the postprocessing slope error computation.

In the first plot, Figure 2-53, the edge of each hexagon flat element is not necessarily
continuous with the adjacent segments. Each flat segment is supported on three pri-
mary structure nodes. In each hexagon, the supporting nodes are at 2:00, 6:00, and
10:00 o'clock.

Figure 2~54 shows the equivalent contours for the continuous surface of configuration
Bl

Figure 2~55 is the slope error for configuration A. Since the hexagonal elements are
fiat, primary deflections result in ¢ constant slope ervor over the individual surfaces.
Contours all fall at the intersections of the hexagonal elements. As a result, the
slope error is just printed in each hexagon. A conversion factor of 0.166 converts the
lopes which are based on radian measure and unit structure radius to arc minute,

Figure 2-56 is the equivalent slope error of the continuous surface.
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TASK 2

OPERATIONAL ENVIRONMENT (ORBITAL)
EFFECTS AND FIGURE CONTROL.

Torces and torques applied to the struciure as a result of attituds control and miscel-
laneous environmental disturbances have heen computed along with their effect on sur-
face flatness. The task flow for this analysis is presented in Figure 3-1. When com-
pared to the potential solar collector thermal transients, all other environmental
forces and torques have been found to be insignificant in regard to their adverse effects
on antenna flatness.

Thirty~two thermal cases have been prepared for an orbit which includes occultation.
Equilibrium temperature distributions were prepared for various sun angles before and
after shadowing, and transient analysis was used to determine temperatures through
the shadow period. These temperatures were then used as loading conditions for the
structural analysis program.

ORBITAL DISTORTION
FFECTS OF;
TASK 1 o SOLAR PRESSURE ACTIVE SIGURE SUBARRAY PANEL
CONF, A GRAVITY GRADIENT ggﬁgnol_ & SIZE TRADEOFF
~—————»  THERMAL DISTORTION COMF'N‘G P °TR
SOLAR ARRAY INPUTS NFIGURATION A
ORBITAL + MFG ACTIVE SYSTEM STRUCTURAL
DISTORTION |-t DISTORTION EOMPARISON § FoR | TON | Task 3
SUMMARY CONFIGURATIONS CONFIGURATIONS gosllvgmum\noms
ALB
ORBITAL DISTORTION ACTIVE FI
~————— EFFECTS OF: CONTROL EURE
TASK 1 SOLAR PRESSURE * SENSING FOR
CONF, B GRAVITY GRADIENT CONFIGURATION B
THERMAL DISTORTION
SOLAR ARRAY IPUTS
TASK 2 TASK 4
TECHNOLOGY L—-——E—-—r
PROBLEMS

Figure 3-1, Task 2 — study flow.




PASSIVE FIGURE CONTROL CONFIGURATIONS

In all cases, the distortions and associated rms slope error are within the original
slope error budget. The most eritical error source is manufacturing tolerance.

ACTIVE FIGURE CONTROL CONFIGURATIONS

The primary candidaie is for initial alignment to correct for mannfacturing tolerance.
Reduction of distortion resulting from maneuvering accelerations can readily be ac-
complished by increasing the depth of the structure or the elastic modulus of the
material more effectively than by going to an astive system. However, maneuvering
distortions are small and well within budget. Tully aetive control would have applica-
tion for correcting thermal distortion, but slope error resulting from thermal dis-
tortion appears to be negligible.

In the subarray panel size tradeoff it was concluded that, if a size change is made, it
should be an increase. This resulis in reduction in complexity of the support structure
and improvement in its accuracy.

The following sections develop the details of the study apalyses and resulis.
3.1 OPERATIONAL ENVIRONMENT ANALYSIS

In order to determine whether figure control is required at the individual subarray
level, it is necessary to define the disturbances acting on the antenna and evaluate their
contributions to distortion. All of the usual space environmental effects such as gravity
gradient and solar pressure will be present in addition fo several rather unique configu-
ration related disturbances.

3.1.1 SOLAR COLLECTOR THERMAL TRANSIENT — The most severe disturbance
will undoubtedly be the transient which arises fromthe thermal distortion of the solar
collector as it moves from full shadow to full sun at the equinozes. Since a detailed
evaluation of solar collecior thermal properties is beyond the scope of this study, some
assumptions were made in order to establish & worst case, The basic assumplion was
that the solar collector mass per area will be sufficiently small that the thermal lag in
the struciure will be negligible compared to the solar collector oscillatory bending
period. Time spent in the penumbra was also assumed negligible. Thus the net effsct
on the antenna was modeled as a step of acceleration applied at the hub, Although the
step is somewhat unrealistic, it should provide a good indication of the worst case
disturbance.

The solar collector configuration assumed was Configuration 76R from the "Green
Book, "™ This configuration is 28 km lopg and a depth of 563 m was selected. The front
to back temperature differential was estimated to be 94,4C (170F) and the temperature
increase was estimated to be 220C (400F). A CTE of 9 4/m/C (5 1 in./in./F) was
selected as representative for the solar collector support structure,
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The front-to~back temperature difference will cause the collector to start to curve
such that the tips (top and bottom) are accelerated away from the sun as indicated on
the right side of the sketch in Figurs 3-2. Using the estimated data gives the distor-
tion distance of 147.9 m (485, 2 ft) relative to the center of the collector. To obinin the
tip travel in an inextinl frame, the center of mass shift relative to the center of the
collector must also be considersd. This shift is 49,3 m (161.8 &) so the motion of the
tip is actually 98.6 m (323.5 ft). Estimates of collector bending period are 15 minutes
or longer. Sinusoidal motion of 98.6 m with a 15 minute period gives a maximum
acceleration of 0.49 x 10~3g for the bending transient.

The rise in temperature of 220C will cause the collactor to lengthen by 27,7 m (90,9 i)
from center to tip as indicated on the laft in Figure 3-2. This longitudinal motior will
oscillate with a period estimated at 7.5 minutes and the maximum accelsration asso-
ciated with the oscillator is 0.55 x 10-Sg,
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—_ i — iy
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Figure 3-2. RMS slope error after occultation.
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3.1.2 POINTING AND TRACKING TORQUES — If the SPS is in 8 perfect circular
equatorial orbit, the only motion of the antenna required for perfect pointing at the
earth-based rectenna is a smooth once-per-day rotation. However, since the orbit will
be perturbed by earth oblateness, lunar and solar gravity, and solar pressure, the
orbit will not be ideal and additional antenna motions will be required to maintain point-
ing. These antenna motions were calculated in general terms using small angle as~-
sumptions for inclination and eccentricity. In addition it was assumed that long term
longitude drift was negligible over any one orbit.




The general expression for the pointing angles is given in Table 8-1 where AZ is azi~
muth {east-west motion) and EL is elevation (north-south). Table 8-2 shows the worst
case pointing motions for a rectenna located along the western Canadian border (49.0
degress North). The motion is indicated in the sketch where the beam axis must sweep
out an slipse once pex day.,

Table 3~-1, Antenna pointing relative to orbit reference frame.

POINTING RECTENNA ORBIT OR.BIT
ANGLE LOCATION ECCENTRICITY INCLINATION
AZ LE-W) = Acos @ + 2cos @ esin [w(t+T)Y] + sin @ | sin wt
v-cosdd
EL(N-S) = sind {r~cosg ) - rsingecos [ t+T)] - {reos g -1)1coseut
{r-cosg)
?  LATITUDE OF RECTEMNA
A LONGITUDE DIFFERENCE BETWEEN RECTENNA & AVERAGE SPS POSITION
e ORBITAL ECCENTRICITY
W SPS ORBITAL ANGULAR FREQUENCY

-~

TIME FROM ASCENDING NODE

TIME FROM ASCENDING NODE TO PERIGEE

I INCLINATION OF ORBIT

v EQUIVALENT CIRCULAR ORBIT RADIUS (IN EARTH RADID

-

Table 3-2. Worst case antenna pointing conditions.

@ = 49 DEG e = 0,04 { = 7.3DEG T=0
POSITION
AZ {DEG) = 0,110A + 1.43sinewt RMS SLOPE ERROR
EL (DEG) = 7,26 - 1,01 cos wt <2 x 107 ARC MIN
ANGULAR RATE (W = 7.29 x 1073 RAD/SEC ) ¢
AZ (DEG/SECY = 1.04x 10794 cos st RMS SLOPE ERROR
EL (DEG/SEC) = 7.36x 1073 sin wt => <5x 1077 ARC MIN

ANGULAR ACCELERATION

i

~7.85 x 1077 sin wt RMS SLOPE ERROR

AZ (DEG/SECZ)H
5,37 x10°% cos wt > <2 %1075 ARC MIN

EL (DEG/SECZ)

it

1.43
DEG 5

l.Ol‘DEG 1 REVOLUTION
PER DAY

MPTS ANTENNA
BEAM AXIS
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3.1.3 MISCELLANEOUS FORCES AND TORQUES — When compared to the solar
collector thermal transient, all other environmental forces and torques have been
found to be insignificant insofar as they impact antenna flatness. These disturbances
can he ingighificant insofar as flatness is concerned and still be quite significant to the
pointing control system. Table 3-3 lists these disturbances along with their contribu-
tion to slope error. TForces are produced by centrifugal force as the off-axis antenna
rotates once per day; by gravity gradient since the antenna is displaced far from the
center of mass of the total SPS; by solar pressure; and by rf and heat radiation.
Torques arise from retating about other than a principal axis and from conventional
sravity gradient.

Table 3~3. Miscellanecus forces and torques.

FORCES N LBF X
OFF AXIS ROTATION (Fy 1.3 0.3 5
{F2) 10.0 2.3
Y
GRAVITY GRADIENT {Fy) 582.1 130.9 SOLAR
ARRAY
{F2) 43.8 9.9
* SOLAR PRESSURE {(Fz) 90,0 20.2 RMS
SLOPE ERROR
RF & HEAT RADIATION  (F2) 23,0 5,2 {ARC MIN)
TOTAL (Fy) 583.4 131.2 r=r> 0.006
TOTAL (Fz) 166.8 37.5 > 0004
TORQUES N-M LBF-FT
DYNAMIC UNBALANCE  (Tx) 261.7 192.8
GRAVITY GRADIENT {Tx) 784.,9 587.3
TOTAL (Tx) 1046.6 771.1 > 0.001

TOTAL RMS SLOPE ERROR 0.01

3.2 THERMAL ANALYSIS

The thermal model and the temperature predictions for the large microwave power
antenna primary structure are presented. The boundary conditions used in the analysis
including the orbit charscteristics and the antenna operating conditions (radiated power
distribution and waste heat assumptions) are also discussed,

Transient temperature predictions were obtained for the 660 element primary structure
at 31 time points in the orbit. The predictions are based on cylindrical strut type
structural elements of bare graphite/epoxy material with a solar absovptance (ctg) and
thermal emittance (¢) of 0,91 and 0. 81 respectively, The resultant orbital tempera-
ture distributions and corresponding thermal distortion calculations show a maximum
slope error of about 0.19 arc-minutes at the end of the earth's shadow (a nonoperating
condition). During the illuminated (operating) portions of the orbit, the maximum slope
error is about 0.11 arc-minutes.
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3.2.1 ORBIT AND ORIENTATION — Antenna thermal gradients, temperature levels,
and associated antenna thermal distortions are influenced by the antenna's orientation
with respect to the sun and the earth albedo and earth thermal heating. For this large
1 km microwave power antenna, a geosynchronous orbit (altitude =19,325 nmi, orbit
period x24 hours) is specified. The antenna/solar array system orientation is such
that the solar array is normal to the solar flux (maximum power generation) whereas
the antenna is essentially pointing at the center of the earth (depending on receiver
antenna location). For the present thermal analysis, an angle of zero degrees between
the earth-sun vecior and the orbit plane is employed as shown in Figure 3-3. This case
yields maximum solar heating at the subsolar position and thus highest temperatures
for the subarray radiator panels. It also ylelds the maximum earth eclipse time of
about 1,16 hours. For the present analysis, a +X flight direction is assmmed as shown.
No attempt was made tc optimize orientation for minimum distortion.

!

12.0!

ORBIT ALTITUDE: 19325 NMI
ORBIT PERIOD: =24.0 HR
MAXIMUM EARTH CCLIPSE TIME: =1,16HR

i/

B '\ TIME
T
v + /
ACE Y, IZ
Omc‘\N 0\‘1\‘ v —— X
or ¥ TIME 0.0/24.0

(SUBSOLAR POSITION)

P

JFigure 3-3. Orbit characteristics for thermal analysis,

3.2.2 ANTENNA OPERATING CONDITIONS — The subarrays attached to the antenna
structure include an rf radiating surfuce, equipment for converting de to rf power, and
a radiator surface for dispesal of waste heat. The radiators face the antenna backup
structure and have a major influence on antenna structure temperatures.

The antenna radiated power distribution shown in Figure 3-4, and used in the present
analysis, employs a 10-step 10-dB Gaussian taper (Reference 1, Figure IV,A,2-10),
The total of 6.5 x 10Y watts net radiated power for the 500 meter radius antenna ex-
cludes the power radiated but lost (not directed towards rcceiving antenna) due to
mechanical misalignment.
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The overall antenna efficiency and the individual component efficiencies shown in
Figure 3~5 are based on the data of Reference 1, Figure IV.A,2-6. The typical waste
heat calculation shown m Figure 3-5 for the center of the antenna (r/R £ 0,15) shows
an mput of 25,500 w/m? required to yield the output radiated power den51ty of 20,880
w/m2 shown in the previous figure. The total waste heat (4194 w/ m? shown for the
antenna center) must be rejected from the subarrays., An even split of heat rejection
between the rf and radiator sides of the subarrays would yield low thermal gradients
across the subarrays and relaiively low radiator temperatures. The rf/waveguide side
of the array acts as a thermal shield, however, and the majority of the heat will be
rejected by the radiator, The 90 - 10% split (suggested in Reference 1) and shown in
Figure 3-5 is used in the present analysis,

Waste heat calculations at each step in the power distribution curve were used to obtain
the radiator temperature distribution shown in Figure 3-6, Radiator surface thermal
properties dg and € of 0,08 and 0,81 respectively are employed.

At the center of the antenna, the waste heai rejection is highest, and the addition of
solar heating has very little effect on temperature, Towards the edge, solar heating is
a higher percentage of the total, :ud daily temperature excursions (during illuminated
portions of the orbit) are somewhat greater,

Reference 1, 'Mnitial Technical Environmental Economic Evaluation of Space Solar
Power Concepts, ¥ Vol. I, Aug. 31, 1976, Lyndon B. Johnson Space
Center, Houston, Texas,

8=7



TYPICAL WASTE HEAT CALCULATION

R < 0,15
25500 W/M2 INPUT

500 M RADIUS ANTENNA TRANSMIT ANT 2 ] 3775 W/M2
PWR DIST. 0.98+510 WM REJECTED FROM
9 RADIATOR
7.94 % 107W [NPUT 24990 W/M2 /SURFACE
90%
ANTENNA [0.82|+1.44 x10%W  HoRE 2 )
LOSSES 0.87 3249 W= » 4194 WM
T CONVERSION
6.5 x 10°W QUTRUT .
21741 W/mM2 10%
}
WAVEGUIDE . 5 2
0.98 |+435 WM 419 WA
2R LOSS ] REJECTED FROM
, RF SURFACE
21306 W/M
MECHAMICAL 2 [ POWER RADIATED BUT
MISALIGNMENT | 0-98 ~426 WM {NOT RECEIVED BY

20880 W/M? QUTPUT

RECTENNA

Tigure S-5. Antenna efficiency and waste heat assumptions.
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As the antenng/solar array system enters the earth’s shadow, power outpt from the
solay array ceases, and all temperatures decrease rapidly. For the present analysis,
s radiator thermal inertia is used which yields & minimum temperaturs of about 135K
(~317T) after 1,16 hours in the earth's shadow,

The antenna backup structure temperature distribution is greatly influenced by the
antenna power and waste heat distribution and thus the results discussed in the follow-
ing sections are not necessarily applicable to other powar distribution configurations.

3.3,83 THERMAL DESIGN — Due to the low thermal expansion coefficient of the
graphite/epoxy composites used for the antenna backup structure, relatively wide
temperature sxoursions and sradients can be tolerated and the required rf performaunce
obtaiped through the use of passive thermal control methods, For the present analysis,
typleal surface thermal properties of the bare compaosite material (ag = 0,91, €= 0,81)
are employed, This method yields the simplest and lowest welght system.

5.2.4 THERMAL ANALYTICAL MODEL — To provide temperature predictions for
distortion analyses, orbital temperature distributions are obtained. Eazh of the 660
elements of the primary structure is represented by a eylindrical tube. The depth of
the primary structure and its relationship to the subarray radiator surface is shown in
Figure $-7. Tor each element, an average view factor is obtained to each of the 10
anpuliar aveas of the subarray surface representing the steps in the power distribution
curve, These view fnctors are used for determining heat input to the structural ele-
ments via the reflections of solar energy and the thermal radiation from the subarray
radiator surfaces. The thermal nodal schematics for the symmetrical face, diagonal
members, and assymetrical face of the antenna primary struecture ave presented in
Figures 3-3 through 3-10 respectively, These figures also show the 500 m radius out-
line of the subarravs. Due to the long length of the struetural elements, heat transfer
via conduction between elements via joints at the intersections is neglected.

+7 -
2 j0M— 0.5M (1.6 FT)
b Gas FD| | [S.8MQ8.8FD .~ SUBARRAY
— s N R TTTTIRA—seconmay Thuss
‘ T Y= — ™~ INTERFAGE STRUCTURE
1am 4
\ ! Losan 4OF D PRIMARY TRUSS
1 {349.1 FT)
! L.

Figure 3-7. Antenna geometry for thermal analysis,

A gpecialized computer program is employed to determine the direct solar heating rates
on the tubular elements throughout the orbit based on the nominal solar constant of

1358 w/m? (429 bm/hr-ﬂg). For the present configuration and altitude, earth albedo
and earth thermal heatlng rates have very little effect on temperatures and are neglect-
ed., The computer program includes the necessary logic to account for shadowing of
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Figure 3-11, Incident solar heating rate and temperature
prediction for strut 332.

of subarrays, Partial shadowing by the subarray assembly occurs between time 15.5
and 17,3 hours in the orbit but complete shadowing (by the subarray assembly) occurs
for only a short period as shown,

Temperature predictions were developed for each element of the thermal model, and
the Tesulting temperature distributions at 31 time points in the orbit as shown in Table
34, were employed in determining predicted orbital thermal distortion,

3.2.5 RESULTS

3.2.5.1 Orbital Thermal Distortion — The orbital thermal distortion resulis in terms
of arc-minutes rms slope error are listed in Table 3~4 and plotied in Figure 3-13., The
maximum slope error of 0,19 avc-minutes rms occurs at the end of the earth's shadow

3-12

Ty TeY

SO r S SRR TN R it ST Rty (et RRErCes |




ORIGINAL PAGE IS
OF POOR QUALITY

Figure 3~-10, Primary structure thermal model (asymmetrical face).

solaxr energy by the opaque 500 m radius subarray antenna surface, Shadowing by other
tubular elements was neglected, since the distance between struts to strut diameter
ratio is large and resulting shadows are not well defined (penumbra effects), Logic to
account for shadowing of solar energy by 4 parent vehicle, the solar arrays, and asso-
ciated equipment is also available but was not employed during the present study. The
indirect solar heating rates as a result of refiections from the radiator surface when

it is illuminated by the sun are based on diffuse reflections using the view froctors
mentioned above. These solar heating raies (direct and reflected) and the effects of
thermal heating from radiator waste heat rejection are emploved to obiain temperatures
for each strut throughout the daily orbit cycle.

The heating rates and the resulting transient temperature predictions obtained for two
elements (struts 552 and 254) are shown in Figures 3-11 and 3-12 as examples, Strut
552 (Figure 3~11) is located near the center of the asymmetrical face. At the subsolar
position (0,0/24.0 hours) this strut is normal to the solar vector, has the highest view
factor to the subarray radiators, the highest reflected heating rate, and thus the high-
est temperature (481K (406F)). Between about ¢,0 and 18.0 hours, strut 552 is com-
pletely shadowed by the subarray surface and its temperature remains constant except
for the large decrease during the earth's shadow period (11.42 to 12,58 hours) as
shown. Strut 254 (Figure 3-12) is a diagonal element near the -X edge of the antenna
(refer to Figure 3-9). It has the lowest temperature (289K (60F)) at the subsolar
position due to its relatively remote position from tbz edge of the 500 m radius assembly

3=-11
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Figure 3=11, [nofdent solar heating rate and tomperature
predietion fHrr strut 533,

of subarrays. Partial shadowing by the subareay assombly ecours between time 15,5
and 17,38 hours fu the orblt but complote shadowlng (by the subarray agsembly) aeonr
for only u short period as showu.

Tempetrature predietions were developad for eaeh element of the thermal model, and
the resulting temperature distributions at 31 time points tn the orbit as shown {n ‘Table
S=4, were employved {n determining predieted ovbital thermal distortion,

3.2,5 RESULTS

.2, 8.1 Orbital Thermal Mstortion = The orbltal thermal distortion rosults {n terms
of are=minutes rms slope ervor are Usted Inable 3-4 aud plotted tn Figure 8-18, The
maximu slope ervor of 0. 19 are=minttes rms ogours at the ond of the earthts shadow

312



ORIGINAL PAGE 18
OF POOR QUALITY

1600 500
-
= == = REFLECT
PRIMARY STRUCTURE 1400
STRUT 254 (1006 - 2005) ) ~i400
. 1200
e 1000
i INCIDENT 300 1NCIDENT
B SOLAR HEATING SOLAR HEATING
r RATE (W) 800 RATE
X {BTUMR-FTD)
i 600 =200
i 400
—100
200 e
.-'"'#
v} | 1 0
500 400
-
aoof-
-1200
300
TEMPERATURE TEMPERATURE
0 0 (F)
200
-200
100
-1-400
b1 1 [T Y S ERNE UV EEUUR SOUNE NN E . 7 Y,
o 0 2 4 6 8 10 12 14 16 18 20 22 24

ORB!IT TIME FROM SUBSOLAR POINT (HR)

Figure 3-12, Incident solaxr heating rate and temperature
prediction for sirut 254,

where the antenna is not operating (no power output from the solar urrays) and the pri-
mary structure temperatures are low. During operational (Illuminated) portions of the
orhit, the maximum slope ervor of 0.1l arc-minutes rms cceurs at the subsolar point
where primary structure temperatures ave highest,

: Figure. 3-14 shows the average temperature of the 660 primary structural memhers

d and Figure 3-15 shows the difference in temperature between the average of the 100

) highest temperatures and the 100 lowest temperatures {an indication of the temperature
gradient) during the orbit cycle. Except for the time during the earth's shadow, the
tempusaiare gradient parameter is relatively constant (125K to 160K)., The decrease
in slope error betwsen 0, 0 and about 7.0 hours in the orbit shown in Figure 3-13 cor-
relates well with the decrease in the overall average temperature of the 660 primary
members of Figure 3~14, Betwsen about 7.0 and 11. 42 hours (just prior to the earth's
shadow) both slope error and average temperature remain relatively constant. Immed-
iately after entering the earth's shadow, the slope evror initially increases slowly as
the average temperature passes through the reference temperatures assumed (204K(70F)).
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Table 3~4. Orbiial thermal distortion
analysis cases.
CASE  ORBIT . SLOPE ERROR
NO. _ TIME thR) REMARKS (¢ RC-MIND)
1 0.0/24.0  SUBSOLAR POSITION 0.103
2 1,0 0.099
3 2.0 0.094
4 3.0 0,088
5 4,0 0.080
6 5,0 0.070
7 6.0 .06l
8 7.0 0.035
9 8.0 0,032
10 9.0 0.031
11 10.0 0.032
12 11.0 0.033
13 11,42 START OF EARTH SHADOW 0.033
14 11.6 EARTH SHADOW 0.038
15 12,0 " " 0.122
16 12,3 " " 0.162
17 12,58 END OF EARTH SHADOW 0.188
18 12,62 0.156
19 12.7 0.045
20 12,8 0.033
21 13.0 0.034
22 14,0 0.036
23 15.0 0.036
24 16,0 0.037
25 17.0 0.040
25 18,0 0.061
27 19,0 0.074
28 20.0 7.086
29 21.0 0.095
30 22.0 0.101
31 23.0 0,103

GEOSYNCHRONOUS EQUATRRIAL

ORBi:, SUBSOLAR POSITION

TEMPERATURES IN DEG-K

Figure 3-16.

Jrv

As temperaturss continue to decrease
(further removed from the reference
temperature), slope error incrsases
move rapidly and reaches a maxdmum
when temperatures are lowest. When
the anteona emerges from the earth's
shadow, slops error decreases as the
antenna structure warms up to opar~
ating temperature. In summary, it
appears that the slope error s o
function of the difference bietween the
average temperature of the primary
structure and the reference tempera~
ture for the present coufiguration.

The temperature distribution ohtained
at the subsolar position (highest oper-
ational slope srror) is presented for
the symmetrical face, diagonal mem-~
bers, and asymmetrical face in
Figures 3~16 through 3-18 vespectively.
Maximum temperatures (481K (406T))
ocour af the center of the asymmetrical
face which is closest fo the radiator

Primary structure symmetrical face temperature distribution.
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Figure 3-18. Primary structure asymmetrical face temperature distribution.
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surface. The diagonal members at the six ecorners of the hexagonal shape experience
the lowest temperatures (289K (60F)). The maximum and minimum temperatures of
the three sections of the primavry structure at the subsolar position are summarized

below, ‘

Waxdmum Minimum

Subsolar Position Temperature Temperaiure
Symmetrical ¥ace Members 44518 (341F) 328K (130T)
Diagonal Members 445K (341F) 288K (60T

Asymmetrical Tace Members 481K (406F) 312K (102"

3.2.5.2 Cylindrical Element Temperature Distribution — The slope error prediction
discussed in the previous section is based on strut average temperature displacement
from the reference temperature and resulting changes in strut length, The cylindrical
strut elements actually have a rather severe local ecivcumferential temperature grad-
ient. A detailed thermal model was developed for a typical 7.62 cm (3. 0 inch) dia-
meter, 0.0508 cm (0.020 inch) thick wall isotropic composite tube near the center of
the asymmetrical face (hottest location) of the primary backup structure. The multi-
node model includes the internal radiant heat transfer, circumferential conduection heat
transfer, and external radiant heat exchange with the subarray radiator surface and
desp space,

Figure 3-19 shows a sketch of the model, the surface thermal properties employed,

the sun vector orientations examined, and the results. In Case I, the average tempera-
ture is highest but the thermal gradient (between locations A and B) is lowest (47K (85T))
since the tube is heated from both sides (radiator and reflected solar heating on side A
and direct solar heating on side B). For Case II the solar heating is 90 degrees to the
heating from the radiator and the temperature distribuation is not symmetrical, The
thermal gradient for this case is about 57K (103F). Although the average temperature
is lowest for Case III, the thermal gradient is maximum (63K (113F)) since all heating
is on the radiator side of the tube,

Although the maximum average strut temperature is about 480K (404T) as shown for
Case I of Tigure 3-19, the side of the strut facing the radiator actually experiences a
peak temperature of about 505K (449F). Current graphite/epoxy materials have long
term maximum operating temperatures of about 394K (250F) and would not tolevate the
hich temperatures experienced by primary strucfural members towards the center of
the antenna. The polyimide resins can tolerate higher temperatures but further develop-
ment and testing is requirved to characterize properties over the wide temperature range.

3.2,5,3 Radiator Configuration Effects — The primary structurzl element temperature
predictions of Section 3.2,5.1 are based on a radiator surface with ¢ty and € values of
0.08 and 0.81 respectively (typical of efficient radiator surface properties such as
silvered teflon). This type of surface reflscts solar energy primarily in a specular
manner, but a diffuse analysis was assumed, TFigures 3-20 and 3-21 show the effect of
radiator surface properties on the temperature of struts 552 and 254 respectively at the
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Figure 3~-20. Effect of radiator configuration on strut element 552 at subsolar position,
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STRUT 254 :.906-2005) AT SUBSOLAR POSITION
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PROPERTIES FOR STRUT 254
“S = 0,08
. 0.51 400.1K (260.1F) 289,.3K {60.5F 276,99 (38,4
o = 0.40 l

0.90 J 421,4K {298.5P TO288.9% ¢60,0P 280.9% (45,6
€ = .

Figurs 3-21. Effect of radiator configuration on strut
glement 254 at subsolar position.

subarray position. A less efficient coating with an crg of 0.0 and € of 0.90 (typical of
degraded white paint) which veflects solar energy primarily in a diffuse manner was
also examined.

Tor the diffusely reflecting radiator surface case, the less efficient coating ylelded
strut temperature decrsases of 1. 0K (1.5T) or less. Although the effective radiatoxr
toemperature {(function of radiator array temperature distribution and view {actor be-
twaen strut and radiator) is higher for the less efficient radiator coating, reflected
solar heating is less and the result is slightly lower strut temperatures as shown.

A comparison between the diffuse and specular cases shows lower stiut temperatures
for the lattew. Strut 354, for example, which is at some distance from the edge of the
subayray assembly, receivcs no veflected heatlng at the subsolar position for the
speocular case as indicated in Figure 3-21, At other orientations, however, strut 254
would raceive more reflected energy for the spaoular case and somewhat higher temp-
evatures would be experienced.

In gengral, the radiator configuration effects examined yleld strut temperatures which

ave lower by only about 12K (32F) compared to the nominal case employed in the dis-
tortion analysis. It is believed that these temparature changss would have only a minor
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affoct on ovarall antenne thermal distovtton, To fully evaluate radiator configuration

affoots, tamporatum and distortion oelowlations for the complote oxbit would be
regquived,

8:8,8.4 Temporature Prediotion BError — Temparature predictions presented in
Seotion 8,2, 8.1 ave based on & nominal solar constant and nominal strnt surface therm-
al proporiies as indionted at the top of Figuve $-23. The estimated exver in the solax
constant, the ammal vaviation, and the estimated variation in suxface thermal propertie
is shown iv. the lower pavtion of the fizure together with thelr effect on the tewmparature
of both styuts 568 and 864 at the subsolay position. The effect of varistion in solay con-
stant ov radiator surface temperature and raflected haating rate is inolnded in the oal-
cwlations. The sununation of the ATs at the battom of Figure S-22 shows & prediction
avvor of about # 10K {+ 18T} or less for the two struts examined.

8.3.5.5 DC-RT Conversion Efficiency — As shown in Figure $-§, a nominal do-xf
gonversion efficiency of 0.87 1s employed in waste heat and vadiator temparature cal-
aulations. The comparison of results for a changs in effloiency from 0.87 to 0.36
(resulting in more waste heat and higher radiator temperature) is presented in Figure
5-23. JFor strut 552 at the oenter of the antenna, the view factor to the axrey of vadia-
tors is high {0.-49) and a strut tompavaturs inorease of +4. 4K (+7.4F) is obtained.

NOMINAL CASE STRUT #552 STRUT #254
Qg = 1383 wa
ag = 0.91 T = 450.7K (405.2F) T = 289,3K (60,58
« =0.81
VARIABLE
SOLAR CONSTANT ERROR®
- +-1 _ 1 AR (+3.45 AT = L IK(+2,08
QS 13“ “\*;\1“) AT - -l.QR(-§.4F) AT = "1.1K\ a F}
ANNUAL \mammm
) +L 0K (7,38 . AT = 024K e 4P
Qg = 1353 Toq oAt 4T = 40K <-7.2) AT = ~2,3K {+4.30
ESTIMATED VARIATION IN ot
_ +0,02 a7 = HLOK6H1,3P) &T = +1,4K (+2.50
= 0.9 g2 = 1.0K{-1.8P AT = -1.4K (2,50
ESTIMATED VARIATION IN €
_ -0.05 +3,0K (+5,5R AT = +4.0K (47,20
¢ =08 ol0s AT 317k (=4.9F) AT = -3, 7K (=0, TP
o o F9.9K (+18.0F Sar = PO (116,1F)
EAT = 9l eK (~17.50) ® .8.5K (~15.5F)

* NASA SP-8005 (MAY 1971)

EFFECT OF VARIATION (¢ SOLAR CONSTANT ON SUBARRAY/RADIATQR TEMPERATURE 1S INCLURED

Figure §-33, Temperatuve prediction erxor sources and effects,
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Stent 264 at the anteuna odgs has & low radiator view {aotor (0.05) and its temperatura
lncveases by ondy +0. 5K (+0, 8F) comparad to the nominsl ease. The net vesuli {s that
for & doovease in do-xf eenvarsion effioloncy, both ihe avarage temperaturs of the
primavy struoture and the tamperabtura gradient (batween canter and adge) inoresses
and an fnorsase iy antanne distovtion is antleipated.

CHANGE OF EFFICIENGY FROM 0,87 T0 0,86

e A M A it e o,

R 8 o i e AR Rl SN I e U3, N "

SUBSOLAR POSITION
STRUT 552 STRUT 254
{CTR OF ANTENNA) (EDGE OF ANTENNA)

EFF, = 0.87 EFF. = 0.86 EFF. = 0,87 EFF. = 0.86

NOMINAL INOMINALY
VIEW EACTOR
TO SPAGE 2.51 0.95
VIEW FAGTOR ,
TO RADIATOR 0,49 0.05
EFFECTIVE
RADIATOR 535, 850417 | 543,0R(517. 4F) 400.1K(260.1F) | 405, 2K(269.57)
TEMPERATURE
STRUT 480, 7040530 | 484.8K412,6F) 289.3K(60.8F) | 289.8Ki61.7F)
TEMPERATURE . . (SRE412, 3, 5K(60. .SK{6).

AT =+ 41K ¢+ .4 AT = +0,5K {40,9F)

Figure 3-28. Bifect of de-rf sonversion sifieieuncy on
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ek Slnpe mnuracy :md pomtmg LOS 'Lccumcy hudgets were established early in the study
*to provide guidance in seleation of materials and loading conditions, and development
-'of control soncepty, The design goal for slope acouraey is 2 ave min yms. This is
o qpportmued to. mavufagtezing, thermal, and maneuvering error sources. The design
- goulifor LOS paindng eacevacy is'2 dre min maximum (So). This is apportioned to
- thermal dxsmﬁmm, maneuvering distortion, and the control system accurvacy. Manu-
- factitring telerance does nof contribute to pomtmg accurucy becausa itisa stauc nns-
ahgument wlnch is coru.ectable by bias: pomtmg - : =

A ‘budget estahhshes gmdehnes , however, the overall goal can be met even if all
- individual budgeted goals ave not met. If necessary, the budget can be :uemsecl when
o mtmal grror sou:uues ave c‘hscovered

‘\Iauumctu:rmg tolerauce is the most critical source in the generation of rms slope
exror, - For material propertiss of GY-70/X-50, thermel distortion contribution to

- rims slope ervor is small, as is distortion resulting from environmental and control
“system disturbanoes. :

" Tha attitude control syStem pointing wecuracy is the largest factor in LOS nccuracy.
‘For the thermal properties of G¥-70/X-80, thermal pointing ervor is small., Aoctually,

the control loop can he closed avound the theymal distortion, so that relatively large

. thermal pomt:mg arrors could he offset by suitable pointing corveation.

_ _'-8 3,1 R'\IS SLO‘PE ACCURACY BUDGET The initial slope acouracy budget was
- as fo]lows

Arc Min Percent Efficiency (Loss)
Réq‘uixed’ Sl'épe Accuracy 8 98.0 (2.0)
RMS Slope Equivalent 3 98.0 (2.0
RMS Slope Design Goal 2 89.0 (L.0)
Manufacturing Tolerance 1.5 . 89.5 (0.5)
~ Maneuvering A‘pceleratiuns 1.1 99.7 (0.3}
. Tiaermal DiStdrf;ipﬁs 0T 99.5 (0.2)

In S_eotiou_?.;S . _éiu s Slope sccuracy of 3 are min was shown to be equivalent in

©‘energy transmission sfficfency to an antenna having all array elements ot 3 aro mia

slope error. The rms slope sccuracy implies a distribution with some panels having
greater than § avc min slopa error, and the majority having less. In either case, the
efficiency equivolent is 98 percent. The rms slope design goal is 2 arce min slope
error, which is equivalent to 99 percent efficiency.
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e -sensitivity of Tms slopa exrow to the standmd dewinuou in m:itical structuxal

: "'-:“','-,»:V'I‘ll& m'qcm allocmon xs to 1n=mufactunug tnlemnca, wn;h ltassm: goals set for maneu-
\'m..mg *md fheu:mal disnortmn effects, .

_ _\Iamlchturmim\rs Slnga Emor Bud.,eh

o *’s pmlimm*uy ::ms slopa arrow buﬁgat of 1.5 'u:c min was a,ssmmd for combmed
manifasiuring assembly arror, From simulation and apalysis we bave determined the

: dimansmns. RN

- __13‘9_.,_ . ,Cmtiuzﬂ Dimepsion ' . RMS Slops Erwor Sensitivity ?

1 node-to-node assembled primaxry 0,938 axg min/om (o)

- strut length : ‘ 2. 570 axe min/in. (o)

3 primary front surfacs uade to 0. 528 axrc min/em {g)

- - secondavy intevface 1. 841 ave min/in. (g}

§ secondary vear surface node to 0.528 axe min/em {g)

~ primavy interfucs 1,841 ave min/in. (o)

& node—-to-nodé assembled secondaxy 21,16 sxe minfom (g)
strut leugth 53.75 are min/in. {g)
) seoondaxy Frant sarfaos nods to 6.40 axc min/om (o) -
subarray interfacs 16.26 axc min/in. (o) 1

. The srror budget for anch of these dimensions is as follows:

Na.

Standard Deviation RMS Slops Brvor ;

: {cm) (.} (arc min) :

1 0.68¢  0.269 0.688
a 0.100  0.089 0. 058
s 0.050 0,020 0.026 ’
¢ ©0.068 © 0.035 1.823 g

]

0.060 0,020 0.320

R3S Total Brroxr 1.504

Items 1 and 4 axa the overall primary and secondaxy structural iolerance raspectively.
Approxmately double the exror allowanae was made for the secondary structure be-
cause preliminary analysis showed a greater rms slope error sensitivity to dimen-

 sional ervor in the structure. This is primearily because the secondary structure has
a larger dizmeter to depth ratio than the primary. With more bays in a diagonal,
slope error toward the outer edge reaches higher magnitude. A squars law relation~
ship could he axpected and the ratio of 14 to 10 bays would give a 2 to 1 slope sxrox
ratio for the same psroentage vaviation in node-to-node length.
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The agreement of the distribution of 61 slope erroxs grouped in 0.5 arc min steps is
very good compared to the theoretical Rayleigh distribution predicted in Section 2. 8.
These experimental resuits confirm the assumptions made early in the study.

Maneuverine Accelerations Slope Error Budeet

These slope errors are computed afier the primary structure has been pointed
correctly at the rectenna, They represent residual slope ervovs after a rigid body
fit of the planar surface to the distorted primary surface,

The original hudget for maneuvering slope error was 1.1 arec min rms. During the
study, it was found that actual slope error as the result of forces and moments on the
struetures are very small. This 1.1 arc min allowance was allocated alinost entively
to transient disturbances after shadowing. One arc min rms slope error was estimated
for this disturbance. Uncorrelated minor disturbances of the environment and from
attifude control corrections were budgeted at 0.5 arc min, however, none of these
exceeded 0.1 arc min.

The first simulations of acceleration distortions showed that the secondary structure
is more susceptible to deflection resulting from accelerations than is the primary.
This results from the way each is supported; primary at three central points, and
secondary elements at corners of the hexagonal structures, and because the secondary
has a larger diameter to depth ratio, and finally because the secondary carries a
larger proportional nonstructural mass. In the most critical direction (acceleration
along the LOS), the rms slope error contribution of the primary is 0.6 arc min, while
the segondary contributes 1.7 arc min rms for Configuration A, for an acceleration

of 1079g,

The allogation for primary maneuvering slope error is 0.4 arc min rms, and for the
gerondary 0.9 arc min, The assumption of noncorrelation between primary and
secondary contributions seems valid because of the differences in mounting. The
errors tend to cancel so an RSS combination is realistic.

Thermal Distortion RMS Slope Error'Budget

The budget for all operational thermal distortions is 0.7 arc min rms slope error.
This includes all primary and secondary structural contributions that are not corrected
by the attitude control. The error sources are: temperature variation, variation in
CTE and also variation in E and crosg-sectional areas of truss elements,

Thermal distortion of the secondary again is the more critical. The generalized
slope error for 100C (180F) temperature rise and 100C (180F) additional taper across
the aperture indicated a slope error of 0,12 and 0.29 arc min rms for the primary
and secondary contributions respectively. These are uncorrelated, so the budget was
established in that ratio: 0.3 arc min rms slope error for the primary, and 0.6 for
the secondary,
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3.3.2 LOS POINTING ACCURACY — Pointing accuracy is entively a function of the
distortion in the primary structure. If the primary structure interface is normal to
the 1.0S, and represents a close approximation to a plane surface, then random and
even systematic tilt of the secondary surfaces, and subarrays will not result in
significant LOS pointing error.

There are two basic possibilities in the method of pointing. In the first, the control
system points the primary structure central hub along the line of sight. In this case,
pointing accuracy is a function of control system accuracy and structural pointing
accuracy. In the second case, the control system points the beam as it is generated
by the structure along the L.OS, Pointing accuracy is only a function of the control
gystem. Since subarrays will be phased individually by electronic means, the infor-
mation required for control system error input is just the linear phase shift compon-
ents of the phase correction being made over the aperture. The control system would
continually drive the antenna to minimize the total angular phase shiff required for
electronic pointing.

One problem, however, is that dynamic pointing errors resulting from transient dis-
turbances are apt to be at higher frequency than the equivalent response of the control
system.

The design goal of 2 arc minute maximum mechanical LOS pointing error has been ap~
portioned; 0.0 for maaufacturing contribution, 1.0 for maneuvering distortion, 1.0
for thermal, and finally 1.4 for the attitude control sysiem error, Again, these con-
tributions should be uncorrelatsd and an RSS combination is used.

Manufacturing error does not contribute to LOS accuracy hecause bias corrections in
attitude can be made if static beam offset from boresight is detected.

The allocations for maneuvering and thermal deflections are conservative. From a
pointing control standpoint, the structure behaves sssentially as a rigid body. Deflec~
tion amplitudes are small. The disturbances fonnd in the probable environment, and
the thermal distortions were such that pointing error for either source is less than
0.2 arc minutes maximum,
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3.4 SENSORS AND ACTUATORS

S.4.,1 SENSORS FOR MEASUREMENT OF FLATNESS ~ We are particularly intevest-
ad in locating the positions of the 75 interince nodes betwaen the primary and secondayry
structures. Displacement of these nodes ralative to each other along the LOS cnuses
beam pointing error which can he partinlly corrected by bias pointing of the atiitude
control system but ultimately must be accommodated by electronic phasing of the trans-
mitting elements,

These 75 primary nodes will have error in position normnl to the antenna reference
plane as a result of residual fabrication error and distortion caused by the operational
environment and attitude control acoelerations,

The nodal position errors can be measured internally with respect to the cooxdinate
systom of the structural hub of the antenna., The ACS coordinate system is also velated
to the structural hub. In this approach, the ACS system would requive an exteranl
reference to determine the correct LOS to the rectennn., Alternatively, the nodal
positions can be related to an external reference such as a beacon at the rectanan., In
this oase, the ACS is only vequired to minlmize the measured nodal errors.

An internally genexated reference approach is attractive since it does not depend on an
sxternal souree. The structure need not be oriented in a particular direction during
measurement and may be oriented to the sun to achieve & uniform thermal condition,
This alternative is useful during initial assembly and alignment as well as for sensing
distortion for input to an active figure control system during operation.

Laser Scanning Svstems

The reforence can be generated by a scanning laser beam. A small low-power laser,
typloally helium-neon, is used to generate a pencil beam (Figure 3-26). This beam is
directed through a right-angle Peuntag prism scanning beam bender. The result is &
referenge plane which can be sensed by photodstectors, This appreach is used in
‘oonstruction to level large collings and floors.

In the primary struoture, ons such unit could be located at the hub offset slightly from
the center so that a visual path {$ available through the truss to each noda at the pri-
mary secondary interface., A beam of 0.5 to 1 om diameter would provide a referenos
to o aplit detector that would ylold vertjcal positioning resolution to 1 mm without dif-
floulty. Overall acouracy of the system would depend on stability of the reference
geperator unit in the hub, Primary nodes would be aligned to parbaps 3 om (equivalent
to 1 are minute pointing of the secondary structure supported at the node), The sys-
tom should be easily capable of supporting this level of alignment accuraey,

During initial assembly, the detector can be located at the node, and each node aligned
to the voference plane as its structural elements are mated to the partially completed
primary structure, Tor active control, at each node, the sensox can be coupled to &
displacement actuator so that the primary structure continually maintains a fat founda-
tion for the secondary and subarvay antenns components.
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TFigura 3~-26. Laser reference plane generator.

Since the study has not shown a need for active control after initial assembly and align-
ment, another version of the laser scapner can be considered which has all the active
elements located at the hub. Figure 3-27 shows this scapning laser system. Inthis
case, the laser is used to provide a light source with {Iluminated small corner reflec-
tors located at each node. The detector is an imaging system which scans the array of
corner reflectors, and determines in turn, the out-of-plane displacement of the associ~
ated node.

The laser beacon and detector array scan one time per second and measure the primary
figure as loeated by 75 individual retroreflectors. This arrangement i3 reasonably
straightforward electronically and keeps the instrumentation relatively simple and com-
pact. To attain the desired accuracy imposes a stringent mechanical requirement of

9 » 1070 radian wobble in the shaft which turns the assembly at one revolution per second.

The rotation rate was selected so that modal frequencies to 0.1 Hz could be measured,

A linear array of 500 elements would provide 1 mm resolution at the edge nodes. The
detectors, 0.1 mm wide, form a 5 cm long linear array. Detectors of this type are
currently avaijlable for use at 0,63281 with a hellum/neon laser. Rise time of these
detectors is 10~7 to 1010 seconds. At one revolution per second, the return signal
has & minimum dwell of 3 + 10~7 seconds as it sweeps over the array.
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External Reference Approach

The external reference (for example, an rf beacon on earth) will generate a plane wave
at the synchronous altitude that is curved less than + 4 mm over the diameter of the
antenna. If the curvature were a problem, an allowance could be mde for the known
value.

In the case, if uncorrected, the curvature would cause the MPTS beam to focus at the
rectenna rather than at infinity, so we can assume that the curved wavefront is an ideal
reference.

The beacon for this purpose could operate in a number of frequency bands. If a fre-
quency near the 2,45 GH~ s-stem frequency is used, the wavelength is about 12 cm.
Simple phase comparison circuits would give accuracy to about + 3 mm in the alignment
of a node to a reference node at the hub. Some provision would be required to resolve
ambiguity since the primary structure nodes could easily be more than one wavelength
or 12 ¢m in error during the alignment process.
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The ambiguity can be resolved by using a second beacon at lower frequency, e.g. 0.3
GHz. Alternatively, a pulsed laser could be used to get resolution to a few centimeters.

There is also a possibility that the phase data generated in the electronic control of the
subarrays could be used for sensing of distortion in the structure. With a pilot beacon
operating at 2.45 GIz, the phase measured at subarrays adjacent to primary structure
nodes could be used to estimate deflection of the node. We can also gnarantee that ad-
jacent subarrays are never out of phase more than a fraction of a cyele of the pilot
beacon. So it is possible to count wavelengths from one primary node to the next across
the subarrays and resolve ambiguity in phase at the nodes.

Perhaps the most difficult problem in the use of a pilot beacon and wavefront sensing at
each node is the comparison of the received signal to a single phase reference for the
entire structure. This comparison requires communication between nodes, and precise
delay information so that error in delay in the system is not interpreted as struetural
deflection. Since solution of this problem is inherent in the use of electronically phased
subarrays, for this study the technology can be assumed to be available, and the use of
an external reference is a viable aliernative,

©Measurement of Strut Length

Measurement during the manufacturing process is expected to make use of special mea~
surement systems designed for that purpose only.

Measurement during fabrication may be automatic, or rely on operator assistance., In
most cases, the measurement system is expected to be located at the central hub of the
antenna where power, maintenance, repair, and other services are available,

The primary measurement required in the fabrication of elements of the antenna is in
establishing strut length. This is =.ost readily accomplished by comparison with
master tooling.

During assembly of the structure, some measurements will probably be made hetween
distant nodes of the truss to monitor tolerance buildup. This type of range measure-
ment can be accomplished with laser-type surveying equipment.

A highly accurate ranging system is the Kern Mekometer ME 3000 (Figure 3-28). This
unit uses a Xenon tube flashed at a rate of 100 Hz, with one microsecond flash duration.
The modulation frequencies are derived from a quartz cavity resonator with elliptical
polarization modulation effects by a Pockels cerystal in the modulation cavity.

This system has an accuracy of + 0.2 mm + 1076 over 3,000 m range. This is equival-
ent to 1.2 mm accuracy over the diameter of the antenna., Four auxiliary frequencies
give unambiguous distance to 3, 000 m by using the frequency difference methods. The
basic unit is 46 x 16 x 22 cm, and weighs 14,5 kg. A distance measurement takes two
minutes and power consumption is 18w for the conventional unit, The system appears
to be adaptable to use in space and should demonstrate improved accuracy in the vacuum
environment,
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The mekometer measures range, and can
be used to monitor variation in distance.

If only variation in distance is required,
0.g., to monitor distortion from an arbi-
trary length, then laser interferometry
provides reliable, instantaneous, and ex-
tromely accurate length variation measure-
ment.,

An example of this type of system is the
Hewlett-Packard 55626A Laser Measurement
System. The laser i{s a two-frequency
helium=-neon unit. The two beams are
orthogonally polarized so that two separate
channels of measurement can be used.
Polarized mirrors are used to establish a
reference beam and the measurement beam
for each frequency. With two independent
beams, the unit can be used as a remote
interferometer, to measure the variation
Figure 3-28, Kern mekometer ME 3000. in length between two remote points.

The laser head i{s 12,7 x 17,8 x 52,6 cm
and weighs 7.8 kg. Accuracy is + 0,5 ppm for the conventional unit. A major error
source is variation of velocity of light due to atmospheric conditions. This accuracy
would be considerably better for a space qualified unit.

These units are relatively inexpensive. For large truss structures, it could be possible
to locate a laser interferometer in each primary strut. A closed-loop system would
maintain the strut length in any anticipated environment, With this approach, once
aligned the structure would remain dimensionally stable. One drawback to the laser
interferometer is that if power is lost or the beam interrupted at any time, the length
reference is lost. The length would have to be reestablished by some other method.

Another alternative in the active strut approach is to provide an internal standard such
as a graphite/epoxy rod which is fabricated and calibrated to provide essentially zero
thermal coefficient. This rod, protected from the environment within the primary strut
would be used in a simple closed-loop system to maintain the effective length of the
strut to the design value.
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3.5 AC’:'L:IVE VERSUS PASSIVE FIGURE CONTROL

A primaxy objective of the study was to determine whether the required flatness could
be achieved without resort to an active fisure control system. In Task 1, it was found
that maneuvering and thermal distortions ave small, and the MPTS, if assembled ox
alizned with sufficient initial accuracy will meet the operational accuracy requirements
with a passive structure., In Task 2, the thermal and acceleration environment waus
examined in detail and its effects on flatness were found to agree with the praliminary
estimates of Task 1. Active countrol is not required.

Active figure control could still be a viable alternative if the resulting improvement in
efficiency offset the cost and complexity of an active system. Tahble 3-5 lists the rauge
of actuator options and their estimated potential for improved efficiency. The most
complex system, Option 6, shows a one percent improvement in efficienoy over a
passive system operating at 99 percent. Since the passive systems exceed this value,
the margin for improvement is even smaller,

Table 3-5, Active control options — parformance improvement.

Option RMS Slope Link Efficiency
Error (arc-min) Improvement (%)

1, Primary Shapes Control 0.68 0.15

24 Actuntors
2. Primwary Interfoce 0,85 0. 18

Coutrol

724 Actuators
3. Configuration A 0.80 0.21

Secandaxry Control
122 Actuators

4, Secondary Shape 1.10 0.25
Control (minimum)
732 Actuators

5. Secondary Shape 1.50 0.50
Control (maxdimum)
2,928 Actuators

6. Subarray Interface Control 2,00 1,00
15,700 Actuators

Option 1 s for a system of actuators within the primary structure which corrects the
primzry only for major distortions. An 80 percent correction of rms slope error con-—
tribution from the primary structure is estimated on the basis of random distortions
ovar the primary. Option 2 corrects the interfnce between the primary and secondary
but not the primary distortion. Option 3 provides 2 axis tilt correction to each
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secondaxy hesagonal element as well as correction for primary distortion. Option 4
lias 12 actuators per secondary hexagonel slement providing Hrst ovder structural

“ocorrections. Option 5 has 48 actuators per element. TFinally, Option 6 provides com-

plete control of each subarray.

In view of the poor return suggested in Table 3-8, the more complex systems are diffi-
cult to justify. A few pevoent larger solar collector, and some additional subarrays on
the corners of the secondary structure would give move usable energy at the rectenna
(and reduce sidslobes) at less cost and better relinbility than an active system.

There is still the chenee that a small number of actvators operating within the primary
struoture conld correct first order distortions. This alternative, while not improving
efficiency more than 2 fraction of & percent, could be worthiwhile in minimizing beam
pointing exvor.

Table 3-6 lists the coefficients of the first 28 terms of an optics fit to typical distor-
tions. The coefficients have been normalized so that relative size of the various types
of distortions can be seen, The first six cases ave linear and angular accelerations.
The distoriions are similar to those of the lowest frequency modal deformations. The
quality of fit is good for all except angular anoceleration about the line of sight. The
struoture deformed about the three support points in o distinct "3 leaf" trejoil pattern.

Tigure 3-29 shows the contour plot for Z axis lnear aoceleration. The largest defor-
mation is change in fooal length evidenced by the civeular pattern. Trefoil distortion
gouses the 3 way symmetry in the pattern., Figure 3-30 shows the angular acceleration
about the Z axis. Now only trefoil distortion can be seen in the pattern., For compari-
son, Tigure 3-31 shows the 1lth case, o random strut length distortion.

Cases 7 through 12 are random distortions generated by using a normally distributed
temperature for each styut and constant E and CTE. The result simulates random
strut length in manufscture. The optics fit is not particularly good, an average of
about S0 percent., Almost all terms hove significance, not like in accelerations where
only & few terms nfthe polynomial describs the surfoce, The last cose was generated
by & gaussian discribution of temperature over the aperture. It resulted in almost pure
defocus and spherical aberration.

A detailed placement of actuators in the primary structure was not attempted. From
the optics fit analysis we can project thet 24 actuators, at best, would corvect as well
as indicated by the optios fit. This would result in perhaps a 90 percent correction
of acceleration and 50 percent correction of random deformaations in the primarvy.

In the long run, it would probably be easier to let the primary deform, and simply
correct the interface. This is Cption 2. I would require 72 actnators. Actually 75
actuators would probably be used with three failures allowed before system degradation
would begin.
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Table 3~6. Polynomial fit to typical distortions.

ANG.ACCEL,ABOUT

| LINEAR ACCELERATION CAUSSIAN
POLYNOMIAL | CONDITION | X 'y T2z x | v |z RANDOM STRUT LENGTH T. DIST. )
TERMS CASE 1 2 3 4 5 6 7 a 9 10 11 12 13 TYPES OF DISTORTION
1 1 0.07 0.33 -0,41 -0.32 -0,30 -0.25 -0,39 -0.30  GROUP PHASE SHIFT
£COSE 2 037 - - - 038 - - 0.59 -0.11 -0.04 0,06 0.27 - }TlLT,LINEARPHASESHIFT
PSING 3 - 0.37 - 0,38 - - 0.5 -0,87 -0.28 0.21 -0.12 -0.18 -
p2 3 - - 100 - - - 0,78 1.00 1.00 0.89 0,91 0.80 107  DEFOCUS
£2¢0s9 5 - 0.6 - 0,63 - - 0.02 0.09 -0.14 -0.11 -0.24 -0.54 - }ASTIGMAT!SM, ANTICLASTIC
p25iNB 6 0.66 - - - -0.63 - -0.58 -0.25 -0.46 -0.11 -0,07 0,21 - BENDING
p3cose 7 099 - - -~ 41,00 - -0.96 -0.62 -0.18 -0.20 0.28 - -
P3sing 8 - 0,99 - 100 - - 0.46 0.62 0.26 0.21 0.2 1.00 - coma
£3C0538 9 - - ~ - - 1.00 D0.01 0,65 0.02 0.03 -0,04 0.06 - }TREFOIL DISTORTION
p3sin3g .10 - - 0.42 - - - 0.07 -0,27 0,32 0.01 -0.07 -0.32 -0.1%6
P4 11 - - 016 - - - -0.39 -0.10 -0.54 -1.00 -1.00 -0.49 -0.30 SPHERICAL ABERRATION
pAcos2s 12 - -100 - -0.89 - - -0.19 -D.07 0.36 0.39 0,19 ©0.33 -
PAsiNZE 13, 1,08 - - - 08 - 100 046 097 0.52 0,03 -0.11 ’ }”‘G“E“0““?“5”5”’”’5"“
Pcosad 14 - .04 - - - -  -0,16 -0.,2} ©0.,08 0,12 0,12 -D.10 -
pISiNag 15 -0.08 - - - - - 0.29 0,18 016 025 -0.11 0.24 -
#5¢058 16 -0.48 - - - 0.48 - 0,53 0.49 0.17 0.29 -0.14 0.01 -
655iNg 17 - -0.48 - -0.48 - - 0.27 -0.35 -0.26 0.10 -0.10 -0.67 HIGHER ORDER COMA
p5C0538 18 - - - - - 0,68 0.11 -0.40 0.04 -0.03 0,03 -0.13 - HIGHER ORDER TREFQIL
25511430 19 - - -0.33 - - - -0.11 0613 0,24 0.0 - 0,15 0.08  jOISTORTION
PCOSS8 20 0.02 - - - -0.02 - - w001 - -0.02 0,02 - -
pSINGG 21 - 002 - -p02 - - 0,03 -0.08 -0.01 0.06 0.02 0.03 -
po 22 - - -0,07 - - - 010 0.25 010 0.43 044 - 0,32 HIGHER ORDER SPHERICAL
ABERRATION
PbCO520 23 - 051 - 0,44 - - 0,05 0,05 0.31 0.13 -0.09 -0.08 -
PESINZO 24 0,51 - - - 0.4 -  -0.61 -0.26 -0.49 0.3d 0.04 -0.15 HIGHER ORDER ASTIGMATISM
POCOSAD 25 - 0.05 - 001 - - 0.20 0.07 -0.11 -0.15 -0.14 0.17 -
poSINA0 26 0,05 - - - -0.01 -  0.26 -0.24 -0.14 -0.16 0.12 -0.23 -
PPCos a8 27 - - g0l - - - - - 0.04 -0.03 -0.02 0.04 -0.01
P56 28 - - - - - -  -0.04 0,01 0.02 0,02 -0,03 0,05 -
QUALITY OF FIT (% 97.1 97.1 95.7 97.2 97.2 69,2 83,0 76,9 B80.9 81,7 78.1 68.4 93.5
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Figure 3-31, Random strut length distortion.

8.6 STRUCTURAL SPECIFICATION (BASELINE DESIGN)

It was determined that it would be helpful to define the major elements of & structural
specification for the MPTS antenna, This spscification is found in Appendix A,

The mission of the MPTS antenna structure is to provide a stable platiorm for mounting
klystron/waveguide/thermal radiator units (subarrays). TFor each subarray a slops
error of less than three arc minutes is 2 primary requirement.

Interface control drawings will be prepared to describe the antenna assembly, its
datum refersnces, volume available for support structure, mechanical refersnces,
and structursl interiaces,

The structure is to be capable of withstanding both space and earth environments with-
out degradation in functional performance or opevation below the requirements set
forth in the structural specification,

Materials for the MPTS antenna will be chosen on the basis of adequate styength allow-
ables for the expected loading condit’-1s, and environment.

When designing the structure, consideration will be given to the items listed below:
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a, Dimensional stability

b. Manufacturability

g. Overall structural stifiness
d. Mission life

e. Stress margin

f. Serviceability

Active meéhaniéal alignment mechanisms ave not a preferred method to achieve the
required flatness, but if used, they would be required to fulfill the requirements as
set forth in Specification MIL-A-83577 dated 16 June 1975 for moving mechanical
assemblies for space vehicles.

3.7 SUBARRAY SIZE TRADES

Variation in subarray sizZe can have significant efiect on slope error of the surface. A
larger subarray results in an apparent improvement in rms slope accuracy of the sup-
porting structure, but the gain is offset by larger slope error in the subarray itself or
by increased subarray structure weight.,

All other analyses in this study are based on & 10-bay primary and 61 l4~bay secondary
structures (the latter supported separately in configuration A, or joined to form a con-
tinuous structure in configuration B). Truss angles are derived from use of a regular
tetrahedron as the bhasic 3-dimensional truss building block,

In this analysis, the basic geometry is unchanged, but the mumber of bays in the pri-
mary and secondary structures are varied to effect discrete changes in subarray size.
In addition to the 10-bay primary, 8 and 12-bay confipurations are considered,
Similarly 12 and 16-bay secondary structures bracket the baseline 14-bay configuration.
These combinations provide an additional 8 configurations. The number of secondary
bays across the diameter of the reflector surface is:

Number of Secondary Bays

12 14 16
Number of 8 96 112 128
Primary 10 120 - 140 160
Bays 12 144 163 192

The variation in number of subarrays across the diameter is 96 to 192, corresponding
to a subarray size ratio of 2:1. The baseline 10 x 14 bay baseline has subarray panel
size of 10,75 x 9,31 m {35,327 x 30,54 fi).

The options are ordered according to subarray size in the following listing:
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Opticn Brimary Seoondayy Subaryay Subaryay
No. Bavs Bays Size {m) Size (it)
1 ) 12 15,68 x 13.88 81,48 x 48,53
2 8 14 18, 41 x 11,64 44, 09 X 35,18
8 10 13 13, 54 x 10, 86 41,15 x 35.64
& 3 18 11,768 3 10,18 35,58 % 839,41
g= 19 14 10,7 x 8,31 83,27 x 30,54
6 13 13 10,45 5 9.05 34,20 x 29,70
T 10 16 9,41l x 8.15 30,58 x 26,73
8 12 144 8,06 x T.78 29,39 % 25,45
9 i3 13 T.3¢x 6.79 26,72 % 22,2
*Baseline

We have a set of nine subarray sizes, with an overall area ratio of 4:1 which represents
the probable range of practical subarray size for the MPTS,

Experience has shown that surface deflections are inversely proportional to depth
squarad for these truss structures. A pavametrio study with modeling and compiter
simulation of configurations with varying bay numbers is beyond the scope of this study,
Howeveyr, the existing data can be interpreted to get evidence to support the depth-square
appraximation. RMS normal evror to the surface was computed for the secondary
struoture, first for all nodes, then for all surface nodes except those on the outwr ring,
to simulate a 2~bay reduction, and finully, all nodes except those on the outer 2 rings

to simulate 2 4-bay reduetion in configuration. Case 4 random temperatures were used
to gonerate typical deflections. The vesults are as follows:

No.wof RMS Scaled Aotual Predicted
Bavs Error To Full Diameter Ratio Ratio
14 0,352 0.1382 - -
12 0.036 0,100 0. 76 .75
10 0,056 0.073 0.58 0,351

As seen above, with constant dinmster, the rms surfnce ervor is proportionsl to the
square of the number of bays, hence inversely proporticnal to the square of the depth of
the truss,

Slope ervor is dimensionless, It is proportional to normal error, and inversely pro-
portional to bay size. Frowm this relationship, it follows that slope error is prenor-
tional to the number of bays cubed.

The cube rule is used to estimate the gain/loss in slope ervor for the various bay
options relative to the baseline:

[~
1
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Option Primary Bay Secondary Bay Total Slope
Number Bavs Facior Bays Factor Error
1 8 0,512 1% 0.630 0,607
2 8 0.512 14 1.000 0,916
3 10 1.000 i2 0.630 0.729
4 . 8 . 0,812 16 1.493 1.841
5% 10 1.000 14 1.000 1.000
4] 12 1.728 iz 0.630 0, 986
T 10 1,000 B 1.493 1,401
3 12 1.728 - 14 1,000 1,201
9 12 1,728 18 1.493 1, 550
*Basgeline

In the last column, 2 total slope error ig estimated relative to the baseline 10 x 14 con~
figuration., In combining the factors for the secondary and primary, a ratio of 1.87:1
was nsed as typical for the rms slope error of the secondary relative to that of the
primary.

The conclusions drawn from above are that for LOS aceuracy where secondary slope
error is not significant, a reduction of primary bays from 10 to 8 would halve the
pointing error., For rms slope error, the secondary error predominates, and the most
improvement is made by reducing the number of bays in a secondary struciure segment.

Before a trade in subarray size can be made, the probable loss in subarray slope
accuracy must be considered. If surface aceuracy is maintained to a fixed fraction of
diameter of the subarray, and the individual radiating element spacing in the subarray
remains unchanged, then the slope error would effectively increase with subarray dia~
meter. Practically, with about the same complexity and weight per unit area of sub-~
array, the slope error would increase with the square of dimension. Most of the gain
in the structural flatness accuracy would be lost in increased subarray error, Total
structural slope error is adjusted as follows:

Effective Subarray  Structural Overall
Dimensions Slops Subarray Slope
Option Metlers Feet Error Factor Error
1 14.59 47,87 0.607 2,129 1.292
2 12,51 41,04 0,918 1,565 1,434
3 11,87 38,29 0.729 1,362 0,583
i 4 10.94 35,90 1.341 1,187 1.605
5% 10,00 32.82 1,000 1,000 1.000
B 9,72 31,91 0.986 0.972 0.958
T 8.76 28,73 1,401 0. 876 1.2827
) 8 8.34 27.36 1,201 0.834 1.002
9 7.0 23, 94 1,550 0.730 1,132
*Baseline
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In the above lsting, the assumption is made that as size inorenses, effective slope error
{noreasas for the subarray according to a squuve law. To be conservative, with redug-
tion in size, a linear relationship in {mprovemant is used,

The results show that an inorease in size in the subarray oan lead te a small improve-
ment in slope evror. This is {llustrated by Option § where the secondary is reduced to
12 bays., The only other improvement that is indicated is going to a more symmetric

12 x 12 bay oonfiguration. With some loss of LOS acocuraoy, a small improvement oan

be made in rms slope error. The additionnl complexity of having 6 percent mors sub-
arreys must be considered.

The final conclusion is that if a subarray size change is made, it should be an increase.
This results In reduction in complexity of the uapport structure, and improvement in its
acouracy, One discrete step size to an effective dimension of 11,67 m (38,29 ft) shows
most promise of improved performance. Lavger panels can also be effective, but in-
areased difficulty in maintaining the subarray panel within tolerance must be considered,
This change would result in a 26 percent decrease in the number of subarrays, and
equivalent reduoction in the number of supporting truss elements.
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TASK 3
FIGURE AND POINTING CONTROL MATRIX

The effects of the control system on the structure were evaluated for different ccatrol
techniques, Of the techniques extmined, mechanioal astuators and mechsnical cable
systems offer the most promise. Cable dynamic problams remain to be resolved he-
fore making a firm commitment to this concept, Magnetio and counterweight concepts
are penalized by gross size and resulting configuration {mpaocts.

Figure -1 summavizes Task 3 study activities and flow.

Datail task considerations ave given in the following seotions.

TASK 2 METHODS FOR D S IN COMPARISON OF
STRUCTURAL COUNTERING (‘:ONFIG ALE COMFIGURATIONS TASK S
SPECIFICATION * ENVIRONMENTAL = 1o AccERT A & B & CHANGES
or DISTURBANCES CONTROL TO STRUCTURAL
CONFIGURATIONS & POINTING SVSTEM SPECIFICATION
ALB
COUNTERWEIGHT
REACTION CONTROL
ANGULAR MOMENTUM
MAGNETIC
MECHANICAL
TASK 3 TASK 4
TECHNOLOGY —
PROBLEMS

Figure 4-1. Task 3 fiow.
4,1 CONTROL REQUIREMENTS

The exact requirement for the allowahble angular error between the antenna normal and
the line-of-sight to the rectenna is still avolving, but a finnl value of one or two arc
minutes appears most probable at this time. A budgetary allocation of 1.4 are minutes
i{s used in this study. The power beum’is controlled by phasing techmiques to greater
accuracy than is the rigid body of the antenun and the tolerable error for the rigid body
is set by the tracking range of the phasing teclnlque. Power beam phasing uses a pilot
or reference beam from the rectemna which is also used for sensing rigid body polnting
exrors in azimuth and elovation (Section [V~-C-5 of the Green Book). This error sensing

4-1



technigque is expscted to be accurate to 0.1 arc minute with a range of + 0.7 degree
before ambiguities ocour. Thus an acquisition sensing system is required, in addition
to the phase sensing, to bring the antenna within + 0.7 degree so the i “acking system
can take over.

The tracking motions vary with inclination, eccentricity, and longitudinal drifts that
result from earth oblateness, lunar and seolar gravity, and solar pressure. A worst
case actuation is shown in Table 3-2 where the antenna line-of-sight describes an
ellipse once a day. The ellipse has a major axis of 2. 86 degrees and a minor axis of
2.02 degrees. The table also shows a fixed elevation angle of 7.3 degrees for pointing
to the U.S.~Capadian border at 49 degrees North latitude, Thus relative to an orbital
reference frame the required motion capability in elevation would be 8.3 degrees

(7.3 fixed and 1,01 from half the minor axis of the ellipse). Some additional motion
capability in elevation will be required since the solar collector will probably not
remain in precise alignment with its desired reference frame. Although the solar col-
lector attitude hold requirements are not known at this time, gravity gradient dictates
that off~nominal attitude errors be quite small. This is because the SPSis in an
orientation where gravity gradient acts as a negative spring: at zero ervor little or no
torque is needed to hold attitude, but any error results in torques which cause the
error to grow which results in the need for more control torque to stop the drift and
more work to return to zerc error. Thus the collector motions have been assumed
small and the required maximum elevation capability has been selected to be 10 degrees.

There are two different cases for the minimum required eslevation., If it assumed that
the same end of the SPS is always oriented in & novtherly direction, a northerly sleva-
tion of 4,7 degrees will cover the southern tip of Florida. Allowing for the tracking’
ellipse and solar collector motion gives a minimum northerly elevation of 2,0 degrees.
Thus for this case, the elevation pointing capability would be from 2 to 10 degrees or a
nominal angle of 6 degrees with plus and minus 4 degrees of motion. However, one of
the candidates for providing maximum SPS output at the peak load seasons (mid-summer
and mid-winter) while s¢ill maintaining the perpendicular-to-orbit plane orientation
would be to point the individual collector elements about 23 degrees away from the
structure and invert the entire SPS every spring and fall, This turnover approach re—
quires 20 degrees of elevation capability, plus and minus 10 degrees sbout zero. In
either case, the antenna requires unlimited contimrous freedom to rotate in azimuth,

The requirement that pointing be maintained in the presence of environmental disturb-
ances is usually implied rather than stated explicitly. However, the potential severe
impact of a rather vnique gravity gradient problem on the pointing system deserves
more attention here than is usually given gravity gradient. The usual gravity gradient
torque arises from differences in principal moments of inertia: the problem here is
the gravity gradient force which acts on unbalanced masses, This force acting on the
lever arm from the support point to the unbalanced mass can cause torques which are
orders of magnitude greater than those from moment of inevtia differences. Figure 4-2
shows the torque parametrically, One conclusion from the figure might be that an
elongated, narrow solar collector is undesirable and that reducing the torque on the
antennu by use of a shape that placed the antenna closer to the total center of mass is
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Figure 4-2. Torque from gravity gradient and unbalanced mass,

a practical solution. However, geometries which would ease the antenna control pro~
blem would impart severe penalties to the solar collector control because its gravity
gradient problem would be move severe.

4.2 TECHNIQUES FOR COUNTERING GRAVITY GRADIENT

The gravity gradient torque from the orbital force acting on an unbalanced mass which
is far from the system center of mass must be accounted for before seriously consider-
ing any pointing technique. As various gravity gradient countering techniques are pre-
sented for consideration, it should be kept in mind that these techniques are candidates
for comparison and not all of them will be reasonable solutions.
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4,2,1 COUNTERWEIGHT — The time-honored method for designing smeall sravity
gradient satellites is to use long thin rods with tip weights to control the prinecipal
moments of insriia. Thus it is reasonable to consider o counterweiglht on = leng boom
for the Hyst technique,

Pointing the antenna at the continental United States from equatorial orbit prevents the
principal axes of the antenna from ever being aligned with a loeal vertical reference
frame. Therefors, the antenna as currently envisioned cannot achieve zero gravity
eradient torque unless all thres moments of inertia are equal. To eliminate the gravity
gradient force and the resultant torque, the anfenna's center of mass must coincide
with the pivot point. When vsing a single counterweight there ave an infinite number of
arm~weight combinations which will provide either static balance or equal moments of
inertin. However, given a specific antenna mounting, there is only one arm length and
one counterweight mass which can mest the dual requirement of balance and equal
inextin, Simultaneous solution of the two conditions gives the counterweight character—
isties shown in Figure 4-3. Several items of interest may be determined from the
figure, Iirst is that for pivot-to-center~of-mass distapeces of 70 m or greater, the
mass of the counterweight starts to exceed the weight of the antenna itself. Second, the
counterweight arm becomes very long (greater than a kilometer) as the pivot point and
center of mass are brought together. There is o mathematical peculiarity as the pivot
point approaches the center of mass: the arm length is squared in the moment of inertia
calculation and o small mass value times the long arm length squared is able to com-
pensate moments of inrertia although the mass times the arm to the first power makes
little change in the combined center of mass,

4.2.2 REACTION CONTROL - Although the 30 year life of the SPS would tend to make
mass expulsion or reaction control a poor candidate for overcoming steady torques, the
unusually long arm (500 m) available to reaction control might tend to make it an
attractive ¢andidata, Two reaction control systems were selected for evaluation:
O9/Hg using electrolysis represents a relatively conventionol approach, and the MPD-~
arc jet was used for an advanced approsch, As a "first cut!' the 30 year propellant
requirements were calculated for the two different systems. A specific impulse of
3809 m/s (400 lbf~sec/1bm) was used for Op/Hg and 9800 m/s (10000 sec) for the MPD-
are jei. It must be emphasized that propellant weight is only part of the story:
thruster life, thruster weight, weight penalty for power, ete. have not been included in
thig first cut cxleulation. The propellant weight is shown parametrically in Figure 4-4
along with the counterweight mass from Figure -2, Inspection of the figure shows that
OE/HQ i{s an order of magnitude heavier than the counterweight and that the counter-
weight is lighter than the MPD-arc jet except for very adverse configurations.

4.2,3 ANGULAR MOMENTUM COMPENSATION — Proper seleciion of an internal
angular momeuntum to the antemna will resuit in the gravily gridient torque providing
the useful function of pulling the antenna around at the desired rate, The relationship
of interest is
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H is the internal angular momentum, and
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Figure 4-4, Propellant required to overcome gravity gradient,

The angle between the torque and the angular momentum vector is placed at 90 degrees
by installing the angular momentum devices so the vector is parallel fo the Une-of-
gight of the antenna. Then, if T/H equals 7.29 x 10'5, the antemna will be driven so
as to rotate once per day.

The weight of past angular momentum devices is such that such a scheme could not
compete with counterweights or reaction control but the annular momentum control

T




device (AMCD) discussed in Reference 4-1 shows: promise of dramatically increasing
the angular momentum per mass. The reference shows that given the same shape
factor, working stress, and rim density, angular momentum per meass is proportional
to vim radius, Using data from the existing experimental AMCD, a conservative
estimate for the characteristic of intsrest is

H/m = 60r, Newton Mater Sec per Kg

where .
X, is the radius in meters.

The reguired AMCD mass based on the abovae relation has been listed for two antenna
pivot distances in Table 4-1 along with the mass for a counterweight and MPD-arc jet
propellant. A rvadius of 0.8 meter (the present #xperimental AMCD) is appreciably
heavier than the other two approaches. Using a radins of 10 meters gives a device
which is of about the same mass as the other approaches and using the full 500 metex

Table 4-1, Comparison of AMCD weights estimated
to counter gravity gradient.
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radins of the antenna give the AMCD a clear edge insofar as weight is concerned. Al-
though the comparative weights are attractive, the problems associated with fabricating
2 500 meter radius rim in space have not been studied and the possibility of fabricating
so as to be able to operate a large rim at the same stress as a small rim is sufficiently
questionable that the large rim is not considered a prime candidate.

4,2,4 MAGNETIC CONTROL — The earth's magnstic field {s nominally perpendicular
to the orbital plane for an equatorial orbit which is the correct orientation to interact
with a current loop around the oufside perimeter of the antenna so as to act against the

Reference 4-1, Anderson, W.W.; and Groom, N.J.; The Anuular Momentum Control
Device (AMCD) and Potential Applications, NASA TN-D-7866, March 1975,
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eravity gradient torque. However, thers ave several problems with magnetic control,
the first of which is the extreme weakness of the sarth's field at synohronous orbit,

If the antenna weve statically halanced so that only moment of inertia differences pro-
‘duced torque, the current loop would rezuire 50,000 amp tons. Assuming copper and
8 current density of 8 amps per square millimeter gives a coil weight of 160 wmetric
tons and a registive loss of about 10 megawatts., Referring to Figure 4-4, this mass of
440 M.'T, places magnetic control in about the same class as the Og/Hy reaction con~
trol which was not even competitive with a counterweight. A second lmitation of
magnetic control is that either large energy storage or an alternate system would be
required to prevent total loss of confrol and possible structural damage during
cecultation.

4,2,5 MECHANICAL SUPPORT — The techniques considered thus far have the desir~
able feature of not reacting the gravity gradient torque into the support structure. Al-
though we have not, as part of this study, evaluated antenna support towers, it would
appeax that the additional strength in the tower is & more reasonable solution than the
large masses required for the foregoing techniques.

Foux possible arrangements for direot support against gravity gradient are shown in
TFigure 4~5. Candidate A retains an essentially free—floating charactexistic by using
force servos and cables to counter sustained torques and forces. Any standard space-
oraft attitude control techuique such as angular momentum exchange or reaction control
could be used for the fine pointing., The force servos would be follow-~up devices which
would change force level slowly when logic indicated that pointing control was encounter
ing bias torques. An actuator with unlimited freedom sbout the long axis has been used
in all of the configurations shown. This actustor s required since the torque which
must be reacied is judged to be greater than couid be handled by a ball joint alone, This
single degree of freedom actuator would inelude brushes for power transmission and be
driven essentially as a clock at & constant rate such that brush stiction breakout is
never seen by the antenna. Power transmission scross other limited freedom elements
would be by flex leads.

Using position actuators instead of force servos as shown in Figure 4-5B, is another
possibility. In the B configuration, one of the actuators must serve as a rigid beam to
support the antenna. This support might be better supplied by 2 beam as shown in C.
The basic trade between B and C would be the requirement for three actvustors in B, one
of which must take latersl londs, versus two actuators with longer strokes as required
by C. Both B and C will have relatively apprecisble torques at the tower/solar collec-
tor interface that can be eliminated by use of the dog leg shape for the tower such that
the nominal center of mass of the antenna/tower combinations is directly above the
solar collector attach point.

4,3 POINTING TECHNIQUES
All of the pointing techniques considered are strongly influenced by the particular

method of countering gravity gradient which is employed: pointing and gravity gradient
countering must generally be considered in combination,
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Figure 4~5, Direct support candidates.

4,3,1 ACQUISITION — The first step in pointing is to acguire the rectenna within the
+ 0,7 degree range of the phase sensing system used for pointing error determination,
Since the antenna does not have sufficient rotational fresdom to acguire from any arbi-
trary solar collector orientation, it is assumed that the solar collector is in its proper
attitude. Since the solar collecior thus provides a reference, an earth sensor and some
logic are the only addifional items needed for acquisition. The azimuth drive can be
used to rotate the antenna until the earth sensor acquires earth., An alternate approach
would be to let the orbital motion bring eaxrth into the view of a nonrotating antenna,
With the earth sensor providinz error signals based on ground-supplied data for azimuth
and elevation for that particular SPS at that time of day, the pointing system will be
operated to null the error signals. An earth sensor at synchronous aliitudes typleally
has an accuracy potential of 0.05 degree so that even with some installation misalign-
ment and tracking error, the phase sensing system should be well within its nonambigu-
ous range. At this point the normal tracking mode can be engaged and normal pointing
operation achieved.

4,3.2 STABILITY — In a dynamic system such as the antenna where the sensors and
the actuators are separated by flexible structure, stability should always be a concern,
Howaever, based on such data as is available, there appears to be no unusual stability
problem. The lowest oscillatory mode of the antenna has been calculated to be about

=9




0.53 radians per second (12 secound period) whereas the first oscillatory mode of the
solar collector has been estimated to be 0,007 radian per second (900 second period)
or slower. Getting the control crossover frequency at the geometric mean of the two
gives a "conirol frequency' of 0. 06 radian per second. This is a factor of S, 7 below
the antenna’s first mode which is favorable for stability since a factor of 5 is commonly
considered adequate. At the same time solar collector bending disturbagces are
counterad by the open loop gain being up st least a factor of 8,7 which will provide
good apparent stiffness., The crossover of 0.06 radian corresponds to a 16 second
time constant which coupled with & maximum tracking rate of 1.04 x 10~ degree/ssc
gives a dynamic tracking error of only 0.1 arc minute even if integral compensation
is not employed. In short, the frequency separation between the struectural character-
istics of the antenna and the solar collector shows the capability for good stability and
good tracking performence. However, no data is available on the antenna/tower com-~
bination and the above conclusion should be reviewed when antenns/tower dynamics
have been investigated,

4,3.3 DIRECT DRIVE — For the antenna/tower arrangements shown in B, C, and D

of Figure 4-5, the pointing system is essentially brute force positioning of the actuators,
Assuming that the actuator attach points are 500 meters apart, positioning the antenna
to 0.1 arc minute correspouds to positioning the actuator to within 1.3 centimeters, It
is not expected that actuator positioning accuracy will be a problem even with large
actuators.,

The cable arrangement of Figure 4-5A can also be used for direct drive if the upper ex-
tension of the tower is made into the upper two arms of & "Y', This is probably the
simplest of the direct drive approaches since the long actuators with pivots at both ends
are not required. The cable drive could be either with force servos and rate feedbaclk
for stabilization or with position servos with force sensing for follow-up operation to
prevent the cables from pulling against each other to an excessive amount. Experience
has shown that cable systems such as this can be tricky and a detailed evaluation in-
cluding tower stiffness and dynamics should be conducted before seriously considering
them for a baseline.

4.3.4 ANGULAR MOMENTUM EXCHANGE — If the essentially free floating arrange-
ment of Figure 4-54 can be pointed by angular momentum exchange, this would provide
smooth operation without any resupply requirements. Using the maximum rates shown
in Table 3-2 and allowing 150 meters for the pivot {o center of mass offset (moment

of inert!s increase) gives a requirement of 1.18 x 108 Newton-meter—~seconds in azimuth
and 0. 84 x 108 n~m-~sec in elevation for a total capacity of 2.02 x 108, This much
angular momeuntum in AMCDs sized as the curvent 0.8 m radius unit would require
about 42 metric tons. However, 10 m radius units mounted with their spin axes paral-
lel to the plane of the antenna would have a mass of 3.4 metric tons,

+.3.5 REACTION CONTROL — Again using the arrangement of Figuve 4-34, pointing
could be provided by reaction control thrusters mounted on the outside edges of the
primary structure so as to provide maximum moment arm. The angular accelerntions
of Table 3-2 were used to estimate the 30 year impulse requirement to be 1.8 x 108
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Newton-meter-seconds, The 30 year propellant requivement would be 46, 3 metric
tons for an Og/Hy system and 1.8 metric fons for a MPD-arc jet system.

4,3.6 NUTATION CONTROL - Using the angular momentum compensation of
Section 4, 2.3 for countering gravity gradient introduces = tendency of the antenna to
nutate as a spinning body with a frequency of the net angular momentum divided by the
moment of inertia. TFor a mounting which is unbalanced by 25 meters, the matation
period is 4.7 hours and a coafiguration with a 100 m offset would have a period of
about 1,2 hours. This oscillation is of sufficiently long period that it can be readily
controlled by the particular pointing technique selected.

4.3.7 MODAIL DAMPING — One- of the concerns with large space structures has been
the possibility of largs structural oscillations which could exist for long periods of
time because of poor inherent damping. In order to evaluate the potential severity of
structural oscillation problems, the first three oscillatory modes of the antenna were
sirulated along with an active damping system. The simulated structure was dis~
turbed by a step force of 44,500 Newtons (10,000 ib) applied to the center of the
antenna. A total of seven runs were made with different damping systems and time
histories from one of the runs are shown in Figure 4-6, Thers are four actuators
{or groups of actuators): X and ¥ actuators at nodes 1006 and 1086. The slope time
histories at the top of the figure show the maximum deformation at node 1006 to be
about 0, 007 degree (0.4 arc minute) about the ¥ axis. The lower traces show the X
and ¥ acinator torgues.

T was found that with actuators mounted af the corner points of the hexagon structure,
all runs could e matched very well by:
x 106
Torque per Actuator = -—-—--—3;; 10 Newton~Meters
3
where:; N is the total number of actuators.
T 1 is the time in seconds for the transient to damp
" to half amplitude.

The above relation assumes the problem to be linear (no actuator saturation) so the
corresponding torque requirements for different sizes of disturbance can be readily
proportioned. Using Figure 4-6 as an example, the time to half amplitude is about 8
seconds. With T1=8 and N = ¢, the torque expression gives a torque per actuator of
about 106 Newton~meters (8.8 x 106 pound-inches) which compares reasonably well
with the peak value of about 8 x 108 pound-inches exhibited by the Y actuator, It is
again noted that this need not be all from one piece of hardware but could be the sum-
med capahbility of any number of actuators acting about the Y axis at the specified
logations.

In view of the result that a large step of force only produced 0,4 arc minute in surface
deformation, active modal damping does not appear to be required. However, this
conclusion should be re-examined if vibration sources such 3¢ rotating machinery are
present.
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Prosent concopts foy the MPTS antonna require it to rotate sbout one or more axes
with respoot to the main structure. Rotation is necessary te allow the solar collactors
to be divectod teward the sun while the transmitting antepna remains pointed to a fixed
ground rectenna {see Figure 4-7). The joints must provide structural stability and

- machanisms {o prowide the propor antennn ovientations as well as a means to transier

powWoL,

Proliminary analysis by NASA has indicated that the use of slip rings and brushes for
transferring power across a 360-degree continnously rotating joint will be more
effioient and have less wmass than other concepts, Strwotural and thermal considera~-
tions will most lkely determine the joint dimensions, Tlexible cables are prime can-
didates for use aoross joluts that have Hmited freedom.

There are many options possible for the rotating joint confisuration. An extensive
trade study and design effort is required to optimize the system from the standpolnts
ol transportation, assembly, complexity, and pointing performance, all of which is
outside the scopa of this study. This study has assuraed a rigld interfaos where the
antemna attaches to the joint, l,e., it accounts for all tolerance huildups between the
antenna strueture rotating joint interfaos to the antenun struoture subarray interface.

A potential rotating joint and support structure at the MPTS antenoa/SPS interface
might look like Figure 4-8,

Besides the ability to rolate 360-degrees to traok the sun, the ability to point the MPTS
antenna at various locations on tha enrth can be acecomplished by lnear adjustment
davices (like sorew jacks) at either the support tripod to primary space polygon (node)
interfice or by making tho upper and lowsr members in the support boom adjustable to
allow tilting the rotating plvot jolnt (see Figuwe 4-8).

The support striuoture that attaches the MPTS antenna to the SPS {8 very similar to the
type of construction used to build the MPTS primavy structare, Triangular struts
could be used fox the support tripod. They would be attached to the primary structuve
at three of the six hard points on the lower surface of the common sproe polygon.
Where those triangulay support beams join together at the retating joint, they form a
hexagonal shape with unecual length sides similar to the joint disoussed in Section 2,3
for the primary struotures diagonal struts (see Figure 4-9),

Pointing control may be acoomplished by a variety of methods as has been shown in the
preceeding seotlons. The MPTS antenna baseline design can accommodate most of
them very easily. The primary structures space polygon, where all the struts attach,
is a "hard point.™ It londs itgelf to mounting attitude control thrusters, eta., then to
distribute the load throughout the stiff geodetic structure. Likewise an annular
momeantum control devios (AMCD) such as the one developad for NASA Langley Reo-
soaroh Center by Ball Brothers Research Corp., and later modified by Sperry Flight
Systems (See Figuve 4-10) would {it nioely inside the primary space polygons., The
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shape of the polygon structure being hexagonal provides

six hard points to attach the magnetic suspension system.

4,5 CONTROL TECHNIQUES MATRIX

Having considered countering gravity gradient and
pointing as somewhat separable problems, this section
will address appropriate combinations of the two. A
summary of the combinations is shown in Table 4-2,

The counterweight technique can be combined with
direct drive, angular momentum exchange, or reaction
control. The large mass of the counterweight is a dis-
advantage and more control power will be needed be-
cause of the resulting larger moment of inertia, Al-
though counterweight techniques are not ruled out, they
are not considered prime candidates.

Reaction control for countering the environment is
actually more massive than the counterweight when the
integrated 30 year propellant is considered but may be
somewhat more practical since all of the propellant

Figure 4-~10, Annular momentum control device being tested at
Sperry Flight Systems following modifications.
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Table 4-2, Control techniques matrix,

GRAVITY POINTING TECHNIQUE
GRADIENT
COUNTERING DRECT ANGULAR REACTION
TECHNIQUE DRIVE - MOMENTUM CONTROL
: EXCHANGE
COUNTER i , ‘
WEIGHT GOOD PERFORMANCE POTENTIAL BUT MASSIVE
REACTION NOT GOOD PERFORMANCE — MASSIVE
CONTROL COMPATIBLE 30 YR PROPELLANT REQUIREMENT
LARGE NOT GOOD PERTFTORMANCE BUT HAS
AMCD COMPATIBLE RIM FABRICATION QUESTION
MECHANICAL GOOD
ACTUATOR PERFORMANCE NOT COMPATIBLE
UNRESOLVED
BARDWARRE
MECHANICAL & TOWER NO DEFINABLE BENETIT OVER
CABLE QUESTIONS DIRECT DRIVE
MAGNETIC MASSIVE & HAS OCCULTATION PROBLEM —
RECOMMEND NO FURTHER CONSIDERATION

need not be in place before operation of the SPS begins. If resupply is practical, re-
action control may be a better candidate than the counterweight. Dirsct drive point-
ing is incompatible with this approach, but either angular momentum axchange or re-
action conirol pointing should perform quite well. Angular momentum would provide
the smoother system, but the propellant for reaction control pointing. would prohably be
noise level compared to the amount needed to counter gravity gradient.

A large AMCD sized to interact with environmental torques so as to precess at the
rate required for the daily rotation will perform very well with either momentum ex-
change pointing or reaction conirol pointing. Howsever, this is a questionable candidate
because of possible problems of fabricating a 1.0 Km diameter rim in orbit which is
halanced and which can take the required spin loads.

The mechanical actuators for both environmental torques and pointing appear to be one
of two most proniising approaches. Questions remain, however, about interaction
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and interface with the tower and about suitable large actuators for 30 years of spuce
operation.

Using mechanical cable for environmental torques and pointing is the other very pro~
mising approach. Again, tower interactions and interfaces nsed further study. Cable
dynamies have cansed problems in some past closed loop systems and especially
careful study should be given the dynawmics of cable, antenna, and tower interaction
hefore selecting the cable technique as a hassline system, However, if the dynamies
probleius can e resolved, this approach offers the payoeff of maximum simplicity and
minimum weight.

4,6 SPECIFICATION FOR STRUCTURAL MODIFICATIONS

The specification coatrolling the structurs used to attach the various control devices
and the MPTS support tripod beams will be the same as for the basie MPTS structure
{reference Appendix).

The sizes of the structural elements will of course vary significantly. But in an effort
to simplify the in-orbit construction task, it would be logical to use the same beam
building method, counstruction techniques, joints, materials, ete. as are used in the
construction of the MPTS struecture,
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5

TASK 5
MATERIAL PROPERTIES

5,1 COEFFICIENT OF THERMAL EXPANSION

Use of composite materials with near-zero cosfiicient of thermal expansion is critical
to the construction of thermally stable structures. Laminates can be tailored to get'a
theovretical CTE of zero at one.temperature by use of mixtures of fibers, crossplies,
and varying fiber content. Although the mesan value of a series of composite parts may
be near zero, the individual parts have CTEs which are distributed about the mean.
The effects of the statistioal distribution of CTE have been found to be more significant
than those of the average value in the achievable flatness for the MPTS. The move
different materials used in the composite, and the reliance on critical fiber content or
crossply angles to achieve zevo CTE may acinally increase the variation in CTE of
individual specimens about the mean.

Pseudoisotropic GY-70/X-30 is an example of a graphite/epoxy material with inherently
low coefficient, typically ~0.04 /m/C (-0, 02 gin, /in,/¥). TFor the SPS structures, it
can be assumed that a materials development program will yield a more efficient com~
posite than GY-70/X-30. It would have higher E, lower CTE, lower cost, and less
dispersion in composite properties. Since it cannot be used at the anticipated opera-
tional temperatures of the MPTS, it is not recommended. Howewver, it is being used in
similar dimensionally stable space structures, and statistical CTE data is available for
this composite. Its material properties provide a convepient baseline for this study.

Table 5-1 lists the measured CTE for 45 samples of GY-70/X-30. This data was
accumulated for 10 batches of prepreg fiber, To be more specific, each value should
be associated with a temperature, or be said to represent the average CTE for a parti-
cular temperature range.

In general, the values shown are for moderate temperatures. Actually CTE for graphite/
epoxy is relatively independent of temperafiure, so lumping the values in the table is
reasonably valid. On the basis of these measurements, the predicted CTE for pseundo-
isotropic GY-70/X-30 is -0, 088 #/m/C (~0. 021 pin. /in. /F) with a standard deviation of
0.072 (0.040).

As stated above, CTE for graphite/eposy is usually relatively constant with temperature.

We calculated the temperature dependency of CTE for GY-70/X-30 pseudoisotropic
material, The temperature dependent CTE function is:
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CTE(T) =A(T ~ 70) + B

where: A is a random variable with mean p, = -2.30E-6 and standard deviation
o, = ~2,52F~4 :
a

B is a random variable with mean p, = -2.29E~2 and standard deviation
O-‘b = 2' 71E~2

T is in degrees Fahrenheit, and CTE has units of pin./in. /F

Table 5-1. Pseudoisoiropic GY-70/X~30 average
coefficient of thermal expansion.

Lot No. w/m/C* (tin. /in. /T) Lot. No. p/m/C*  (nin./in./F)
6B8~80 -0, 103 ~0. 057 6B-90 ~0. 059 -0. 033
-0.077 -0, 043 -0. 040 -0, 022
-0.061 -0, 0384 -0, 027 -0, 015
-0, 049 -0. 027 -0.000 0. 000
0.036 0. 020 6C-37 -0.018 0.010
-0, 094 ~0. 052 5D-2 -0, 049 -0, 027
0. 009 0.005 4B-98 ~0. 077 -0, 043
~0.045 -0, 025 5C-48 -0.099 ~0. 055
-0.005 ~0.003 4C-G6 -0.144 -0, 080
0.018 0.010 -0.108 ~0. 060
-0, 067 ~0. 037 ~0.092 -0, 051
-0,121 -0. 067 ~0.133 -0, 074
-0, 104 ~0.058 -0, 083 -0, 046
-0.167 -0.093 4C-79 0.041 0.023
0. 004 0.002 0. 036 0. 020
-0, 108 -0. 080 0. 068 0. 038
-0, 027 -0,015 ' 0.029 0,016
-0.077 -0, 043 HEAO 0.173 0. 096
0,013 0. 007 0.148 0. 082
-0, 099 -0.055 ~0,034 -0, 019
-0, 050 ~0, 028 0,050 0. 028
-0, 040 -0.022 40-17/18  -0,126 -0, 070
-0. 005 -0, 008

*Measurement Accuracy is + 0,02 (+ 0,01)

This model adjusts the CTE for temperature, and also incorporates the predicted dis-
tribution as a function of temperature. The variation of mean value of CTE is very
small with temperature, but the distribution broadens as the temperature moves away
from the reference 70F. A 100F temperature change doubles the effective standard
deviation in CTE, This analysis was conducied in English units to be compatible with
the test data. The final result is interpreted in metric units,
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The coefficients A and B were computed from 29 CTE measurements of batch 6B-90
GY-70/X-30 composite for which microstrain vs. temperature data was available,
Figure 5-1 shows straight line segments connecting the data points. The starting
microstrain value is arbitrary since only the slope of the curve has significance. In
Figure 5-2, a best fit (least squares) parabola:

a (T-70)2 + b (T-70) + C

was fit to each specimen's data points. In Figure 5-3, only a ('1‘-":'0}2 +b (T=70) was
plotted. This normalizes all the curves to 0 microstrain at 70F. The mean and
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standard deviation of a and b were than determined. In Figure 5-4, p ('I‘-TO)2 + My
(T-70) was plotted. This shows the stability of CTE over a moderate temperauue
range since the slope is essentially constant. In Figure 5-3, %(T—:O)“ + B(T=70) was
plotted where A and B were determined by use of Fas Ta» Kpe 7 and a random number
generator., Twenty-nine cases of random A and B were generated to simulate the dis-
tribution of experimental CTE in Figure 5-3. We believe that use of this model gives
the most accurate estimate of the types and magnitudes of thermally induced distortion
for the MPTS in the operational environment.
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The coefficient of thermal expansion is then the temperature derivat: ‘¢ of the micro-
strain curves., The mean value of CTE, and the anticipated range of values anticipated
for a large sample at any temperature is illustrated in Figure 5-6.

The microstrain measured in the determination of CTE is small, typically less than 10.
The measurement requires the use of a laser interferometer or comparison of specimen
length to the length of a calibrated standard. In the latter approach, a laser beam is
deflected by a mirror balanced across the specimen and reference. The former method
is very accurate, but difficult to use in routine CTE measurement. The latter method
has been used to measure the specimens analyzed in this section. There is consider-
able scatter in the data due to the measurement procedure. The true distribution of
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CTE can be expected to be less than the measured distribution. This appreoach, which
was developed to determine average CTE and not necessarily distribution is accurate
for that purpose., Use of a laser interferometer to measure the distribution of a large
sample would be the more accurate method,

There are other considerations, however, which must be taken into account before a
material is considered to be fully characterized as to thermal stability for use in the
SPS structures. These include changes in CTE with time, under load, after thermal
cycling, after thermal shock, and if applicable after exposure to moisture and dryving
cycles. All of these effects are being investigated.
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Figure 5-5. Example of random microstrain predicted
for 29 additional samples.

5.2 STRENGTH AND MODULUS

A relatively large sample of GY-70/X-30 specimens, both unidirectional and pseudo-
isotropic, is available for analysis. The objective of the analysis is to determine
the statistical distribution in tensile and compressive strength of the composites and
the elastic modulus. MIL-HDBK-5 specifications are then applied to determine '"B
Allowable'’ values for these composites. In this study, the material properties of
GY-70/X-30 are used as typical of the G/E which will probably be available for use
in SPS fabrication. The fiber itself would be suitable for the MPTS application —
except for cost. The resin system does not meet mayimum operational temperature
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requirements. Lower cost fibers (e.g. piteh fibers) are becoming available, and
high temperature resin systems are also in use. The statistical properties of these
advanced composites are not expected to be very different from the G¥-70/X~30
bhaseline composite,

The accumulated strength and modulus data for GY-70/X-80 is listed in Table 5-2.
In Tahble 5-8 the mean of the sample, X, the sample standard devigtion, s, and the
number of specimens in the sample, m, are reported,

‘In order to establish design allowables it is necessary {o have data adequate to re-
present the current process capability of 2 material. Normally, a minimum of 100
individual measurements are required. These data should contain measurements
from at'least 10 production batches or lots from each of a majority of the major pro-
ducers of the material. TFor materials on which there is little background informa-
tion or the scatter in properties is great, more data is reqmrad If possible, data
from more than one test facility should be used.

These test requirements ave difficult to meet for graphite/epoxy materials. For
GY-70/X-30, the fiber GY-70 is made by one manufacturer, the resin X-30 by another,
and there presently are no aliernative sources. The prepreg is made by a third
organization, then the layup and cure by a fourth. Variation in procedure at any

point in the manufacturing process can cause a significant change in the material
propartiss,

For the manufacture of SPS graphite/epoxy components, many manufacturers will bs
jovolved but also uniform process specifications will be used, and the statistical
distribution of properties will probably be better than that reflected by the data in
Table 5-2.

In the design of asrospace components, the "B Allowable' is a mechanical-property
value above which at least 90 parcent of the entire population of values is expected to
fall with a confidence of 95 percent. That ig, the confidence is 95 percent that at
least 90 percent of the entire population would exceed the "B" values; determined hy

- ks. The coefficient "k is the one-sided tolerance factor for a normal distribution.
Values for k are computed from noncentral t-distribution for n-1 degrees of freedom.

A table of kK(P, 0.9%, n) is given in MIL-HDBK-5, pages 9-76 to 9-81, 1 September
1971, Using this table, for P= 0,90 ("B'" Allowable), the values of k are determined
for Table 5-3. The B allowable, x - ks is then shown for strength and modulus.

Since this method requires that the distvibution of the variable is normal, an alterna-
tive method of computing B allowable is given in MIL-HDBK-5, page 9-82, which is
valid for any distribution., The data is r¢ peated here in Table 5-4.

The measured values are ordered from low tu high. The table is entered at the
largest value of n equal to or less than the sample size. The value of the 'rith
specimen counting from the lowest value is the best estimate for B allowable., The
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Table 5-2, Strength and modulus of G¥-70/X-30, (Cont'd)
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Table 5-2. Strength and modulus of GY-70/X~30. (Cont'd)
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Table 5~3. Statistical propertics of strength and modulus of GY-70/X-30.
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Ranks, r, of chservations, n, for an unknown distribution
having the probability and confidence of A and B values.

* BBosis -
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B Basis -
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3000
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110
120
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150
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180
180
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210
220
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asreement is reasonably good between the two approaches, The latter approach is
probably more valid because the sample sizes have not been large enough to get good
approximation to a normal distribution.

5.3 SHORT TERM DIMENSIONAL STABILITY (UNDER TRANSIENT THERMAL

CONDITIONS)

As part of on~going programs for the shuitle Remote Maneuvering System (RMS) arms
and the Thematic Mapper, Convair has recommended optical/laser interferometric
measurement techniques for evaluating dimensional stability of components. These
same technigues, with only minor adaptation for size and, perhaps, remote operatmn,

are applicable to this study.

5.3.1 RMS ARMS — Thermal expansion tests are performed to determine the coef-
ficient of thermal expansion along the length of the test specimens.
Test Composite assemblies that completed thermal vacuum tests are subjected to
Thermal Expansion tests as follows:

5-17

Both Arm Boom
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1. The Lower Arm Boom Test composite ig fitied with 8/8 inch aluminum adapter
flanges with provisions for muunting mirrors to each flange, Both optical
mirrors are spring loaded to the respective aluminum end flanges. The front
mirror has two 3/8 inch diameter holes through which the laser beams pass to
reach the rear mirror. The distance between the mirrors is monitored by the
buili-in sensor of the Hewlett-Packard Model 5526A Laser Dilatometer system
capable of measuring changes in the test specimen length within + 1 x 108 inches.

2, The iest specimen assembly is installed in a test seitup similar to that shown in
Figure 5-7 with the test specimen suspended inside the environmental chamber
by means of a vibration isolating suspension system.

3. The pressure of the vacuum chamber is reduced to 1 x 10~6 torr and maintained
during thermal expansion testing.

i

. The test specimen is eycled through a sequence of:

— 1 hour @ 75TF

— Increase to +282F; stabilize 1 hour
— Decrease to -240F; stabilize 1 hour
— Return to 75F; stabilize 1 hour.

At each temperature level measure and record the length of the test specimen.

LN, COLD WALL STRAIN/VIBRATION
FOR -240F ISOLATING SUSPENSION
TEN‘P = . = W Y < Iy = ot VACUUM GAGE
RECORD \
-0 {
WINDOW 1 s i
FRONT MIRROR N
l /L‘ / SPRING CLAMP 2 i /—-3/3" END FLANGE
LASER/SENSOR UNIT REAR MIRROR—" // :
V——— v LY e LW Yy fr——p—— T /1
N
n
AW Y Y ~ . N AN N NN |

VACUUM CHAMBER
1 % 10-6 TORR
TEST SPECIMEN - LOWER OR UPPER ARM
. WRAPPED WITH HEATER TAPE FOR +232F

Figure 5-7, RMBS; typical thermal expansion test setup,
518
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5. Calculate and record the change in the length of the test specimen from its
lensth at +75F and the specimen length at the three temperatures of 1232T,
~1001", and ~-240F. This AL data is used to caleulate the coefficient of thermal
expansion, The following formula is used to determine the coefficient of
thermal expansion:

AL

L AT in, /in./F

Coefficient of Thermal Expansion =

L = Length of test specimen at 75F (inches).
AL = Change in length of specimen at +232F, -100T and -240F,

AT = Change in {est specimen temperature from 75F, _

5.8.2 THEMATIC MAPPER — A similar procedure, with a test setup adapted to the
different configuration of the mapper, is used, as follows:

1, Install two mizrrors on the test specimen at points A and B, as shown in Figures
5-8 and 5-9, by use of spring clamps., The mirrors are used to measure longi-
tudinal thermal expansion of the test specimen, The distance between the
mirrors is monitored by the built~in sensor of a Hewlett-Packard Model 5526A
laser dilatometer.

NOTES: (1) Mirmor locations at the scanner mirror
wtount (A} and the optic bulkhead (B},
(2) Accelerometer locations are at positions
1 through &,
(3) Accelerameter Mo, 3 to be centrally located
on the bulkhead along the Y axis,

VIBRATION ISOLATING SUSPENSIONS

/l_\

LASER

TEST CHAMBER
OPTICAL METERING STRUCTURE—/ [ -

Figure 5-8, Thematic Mapper; thermal expansion test setup,
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A - LASER SYSTEM
~ / REAR MIRROR
r | ~LASER
l——i

AN

. B - LASER SYSTEM
. FRONT MIRROR
0 .
% SPRING CLAMP W/DOUBLE HOLE
B T WINDOW
//J T SECONDARY MIAROR MOUNT BULKHEAD .
{ ~—— TEST CHAMBER
MEASURED DISTANCE WALL

Figure 5-9. Laser measuvrement of thermal expansion.

2. The test specimen is installed in a test setup similar to that shown in Figure
§5-8, The test specimen is suspended in a temperature~vacuum ~hamber by
means of vibration isolating suspensions, An aluminum ring is attached to the
forward end of the support cone to simulate the thermal expansion constraint g
of the mounting ring, £

3. Cycle the test specimen temperature ten times in the following sequence. This }l
temperature cycling is to stabilize the thermal expansion of the test specimen: }

2. Room ambient
b. +165F

c, +5F

d. Room ambient

4, Decrease the chamber pressure to 10 microtorr and maintain it during thermal
expansion testing.

5. Perform the daily schedule of temperature cycling and measurement as specified
in Figure 5-10, After each temperature change, allow the test specimen to
temperature stabilize for two hours before each measurement. Measure the
test specimen with the dilatometer as shown in Figure 5-2, Record the results.

6. After the completion of the temperature test of step (4), allow the chamber
pressure and temperature to return to room ambient conditions.

5-~20
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180+
v 3 NQTES: (1) ® ~ 2 hour minimum perlod
1604 — +165F (2) o ~ Dilatomater test measurements
| | (3" initial & final temperatures are
140 4 | | room ambient.,
1204 | I
100 | i
) ! |
80 A
80y . R i I o S8y v
an T N
+50F
40 \ , I | L] 0 }
20 J ' } ! | { 1o I l
0 H——+ +5F |1 5 | | !
T e O o e o =

Figure 5-10, Temperature cycling schedule,

5.4 LONG TERM DIMENSIONAL STABILITY (UNDER STEADY LOAD CONDITIONS)

Experiments are currenily underway at General Dynamics/Convair to measure the
long term dimensional stability of graphite/epoxy laminates under tension loading.

Long specimens (60 inches) of 8~ply GY-70/X-30 pseudoisotropic laminates are being

loaded 2t ahbout 25 and 50% of ultimate tension load., Measurements of the relative

motion of two points, 36 inches apari, in a uniform stress field is obtained using dial

gages. A spacer of ultra low expansion (ULE) glass provides a means of obtaining

these measurements. These tests are being conducted under controlled conditions of
temperature and humidity, so that these factors have ne influence of the behavior of
the test specimens. Unloaded control specimens serve to identify any environmentally~

induced behavior that might oceur.

The purpose of these tests is to determine long tevm creep characteristics over a

period of several months, limiis of such ereep behavior, permanent set, if any, and

time required to stabilize after removal of load.

Additional creep tests ihat are indicated include compression, berding and shear load

conditions to evaluate the influence of stress state on the long &' v\ dimensional

stability of graphite/epoxy material.



Report No, CASD-NAS-78-011

FINAL REPORT

ACHIEVABLE FLATNESS IN A LARGE
MICROWAVE POWER ANTENNA STUDY
(DRL Item No, 2)

6. TASK 4 — TECHNOLOGY PLAN

Prepared under

Contract No. NAS9-15423
fer
National Aeronautics and Space Administration
LYNDON B. JORNSON SPACE CENTER
Houston, Texas 77058

Prepared by
GENERAL DYNAMICS CONVAIR DIVISION
P.0. Box 80847
San Diego, Califorria 92138



R R e e e

ORIGINAL PAGE IS
6 OF POOR QUALITY

TASK 4
TECHNOLOGY PLAN

This study has indicated several areas in which technology developments are required
in order to support a 1987 new start commitment for the SPS, A 3~ to 4~year program
ig indicated (see Figure 6-1). As a follow-on to these developments, or, at least
after some basics have heen established, a further set of areas relating to on-orbit
operations can he projected, Typlcally, these include (Figure 6~1):
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¢ Orbital assembly techniques and support equipment.
¢ Surface figure/oritical dimension measursment,

¢ Autoncmous sensiig and toleranse correction.
These are not counsidered to be within the scope of the present disoussion.
6,1 TECHNOLOGY AREAS

6.1.1 DYNAMICS/CONTRCL TECHNIQUES — The influence of gravity gradient on
antenna control has been found to be unexpectedly severe because of the great dis-
tance from the antenna to the SPS center of mass. As a result, the conirol problem
changed from that of a conventional space attitude control system for a freely floating
body to one where gravity gradient accommodation was the prineipal concern. Since
the teohniques other than direct support carry severe mass penalities, direct support
should be evaluated in more detail. Whereas this study concentrated on the aptenna
itself, an early study is required which considers the mounting of the antenpa and the
tower as a single problem. Lower dynamics large aciuators, cable systems, and
coinbined geometry need to be considered in greater detail to assure that direct sup-
port of gravity gradient forces and direct drive for peinting are indeed low-risk
solutions.

6.1,2 MATERIALS = Material development to achieve a near zero coefficient of
thermal expansion with a very high modulus of elasticity (E). While Convair has
achieved CTE in the 0,04 x 10~8 cm/em/C range with isotropic GY-70/X-80, the &
is only 11,2 x 109 M/m2, Techniques to achieve the same low CTE with an E of 21
to 28 x 10° N/m?2 should be investigated,

6.1.3 STRUCTURES TECHNOLOGY — Although the MPTS antenna structure could
be manufactured using current technology, additional technology developments should
be directed to improved efficiencies in both the construction »nd operation of the
system.

The MPTS antenna structure wil” raquire additional siudies and further advancemenis
in space manufacturing of large beams, thermal coatings that maintain their stabiﬁty
over 30 years, assembly and service techniques for the vwerall structure, and im-
proved ground analytical techniques and methods for simulating static and dynamic
properties of large stiuctures in space. .

Specific items requiring attention are:
® Zero-Tolerance Joints
e 1000 Newton (Low Force) Beams
6.1.4 PROOT OF CONCEPT (POC) DEMONSTRATION MODEL — X POC model is

required to combine technology developments and SPS/MPTS structural concepts. It
then serves as a test bed and demonstration article for dynamic response,
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environmental testing, materials, fabrication process proofing, and member instal-
lation and handling.

6.2 DETAILED TECHNOLOGY PLANS

6.2.1 DYNAMICS/CONTROL TECHNIQUES — This study has found that gravity
gradient acting on the MPTS antenna creates an environmental torgque which requires
massive techniques for countering unless direct mechanical support is used for the
antenna, By designing the antenna and support structure such that the center of mass
of the combination is on the principal long axis of the solar collector, the gravity
gradient torque is taken up in the mechanical support and not transmitted to the solar
collector. The first bending frequencies of the antenna and the solar eollector are -
sufficiently separated frequencywise that no unusual bending/control system inter-
action problems should exist if the antenna support structure is considered to be rigid.
However, the support will not be infinitely rigid and it is unknown what constitutes
sufficient rigidity or whether any unreasopnahle penalties arise from achieving that
rigidity. The support stiffness requirements cannot he based on linear considerations
entirely since the excitation of bending modes by breakout friction is a potentially
major problem in achieving sufficiently accurate pointing.

Three candidate direct support/direct drive configurations are defined as follows
(see Figure 6-2):
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{2) CABLE JRIVE SYSTEM . (3) LINEAR ACTUATOR DRIVE SYSTEM

Figure 6-2, Candidate systems for direct support/
direct drive.
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1. Gimbaled ~- a conventional gimbal arrangement with the antenna supported
along the x-axis with limited freedom of rotation. The half-ring gimbal is
supported at the base by an unlimited ¥ rotation actuator, All actuators are
of the rotary type with flex leads transmitting the power across the elevation
actuator bearings and brushes or slip rings for the azimwarh drive,

2, Cable Drive — The anftenna is pivoted on a single cestral ball with three cables
for positioning the antenns in two limited degreecs of freedom. The support is
a single dog~legged tower with a clock drive at the base. Power is fransmitted
across the ball via flex leads, Brushes or slip rings are used in the clock
drive.

3. Linear Actuator — the antenna is pivoted on a single central ball with two linear
actuators used for positioning the antenna in two Iimited degrees of freedom.
The dog leg tower and the clock drive at the base are the same as for the cable
drive concept. :

The basic objective of the effort is to determine the feasibility of constructing MPTS
antenna support structures which could provide a suitable base for direct mechanical
pointing of the antenna to 1.4 arc minutes with non~idealized actuators.

Tasgk 1: Parametric Stiffness Analysis

Perform design sindies to identify design techniques and weight penalties for achieving
varying degrees of stiffness \u each of the three candidate antenna support configura-
tiens, The stndies will include two or more techniques of tying the antenna support
!nto the solar collector and the corresponding stiffness and weight characteristies.

Task 2: Parametric Pointing Analysis

Perform dynamic studies to identify the relative merits of the three candidate pointing
techniques as to their pointing potential, Factors to be considered include estimated
friction differences, actuaior to antenna stiffness, actuator attachment local stiffness
and solar collector stiffness,

Tasl 3: Pointing Sipmlation

Based on the resulis of Tasks 1 and 2, select and refine a point design for more de-
tailed evaluation. Perform computer simulation to establish pointing accuracy
potential at various levels of pivot and actuator Erictions. Simulation will include as
a minimum support structural dynamics, estimated solar collector structural
dynamies, actuator dynamics, and all identifiable friction sources.

Task 4: Requirements Definition

Fstablish required minimum allowable friction levels to achieve 1.4 arc mimites
pointing of the antenna as a rigid body., Conduct studies and surveys to establish
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the feasibility of achieving the required friction levels., Establish anteona support
structure stiffness requirements and the attendant weight penalties, if any,

The feasibility, or lack thereof, of accurately pointing the MPTS antenna by simple
direct drive techniques should he established during Calendar 1979 (Figure 6-3).
Should additional resolution of the issue be required, there will then be time prior to
1987 to consider alternate approaches such as active damping of the support structure,

EVEN SCHEDULE (MONTHS) HOURS
ACTIVITY/ T 112131415167 ]{819|10j11]12
STIFFNESS :
ANALYSIS
TASK 2! pARAMETRlC T rrE B 480
POINTING
ANALYSIS
TASK 3: POINTING 640
SIMULATION
TASK 4: REQUIREMENTS 320
DEFINITION
TOTAL 1,920HR
L |

Figure 6-3. Dynamics study summary schedule.

6.2.2 MATERIAL AND PROCESS SELECTION ~ Large quantities of high-tempera-
ture graphite composites are required Jor the fabrication of MPTS structures. We
know the operational environment, and required service life. The building of large
structural elements will occur probably in LEO, and handlipg loads are prediciable
for the transport and assembly into the completed structure at GEO, Pitch fiber/
polyimide composites, either thermoplastic or thermosetting, are prime candidates
for this application, however, there are many options within these general categories
as well as veplacement matrices which could be developed to beiter meet the MPTS
requirements,

The selection of the process is inseparable from the formulation of the fiber/matrix
composite. Tor a semi~ to fully-automated process for manufacture of structural
elements in space, process control should ensure that material properties of the
completed parts are within tolerance. Comnbination of fiber and matrix, if sccomp-
lished in orbit, should not result in unusable by-products, The cure apd/or forming
operations should not generate waste, either as a hy-product or in unsatisfactory
structural elements. Automated progess control is required to monitor the produc~
tion, detect out-of-tolerapce conditions and take corrective action without astronaut

participation.

Figure 6~4 summarizes the approach to materials/process/fabrication analysis.
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The objectives of the first phase of this program are to determine the options of pro-
cesses and materials that can be applied to the MPTS structure fabrication, the
general performance of each option iu terms of cost, energy requivement, availability,
material properties, ete., and then selection of the best candidate systems for a
detailed comparison study.

The second phase is a laboratory program of development and testing of processes
and material options with the objective of selecting the prime candidate system. This
program will include plenning of proof~of-concept shuitle experiments.

The final phase will include pilot-plant production of materials, and simulated and in-
gpace fabrication of major components of the MPTS structure. .

Program schedule is shown in Figure 6-5.

ACTIVITY/EVENT T SCHEDU": (YEARS) 3 HOURS

PHASE I: rgmuc. DESIGN
_ TRES
TASK 1: CHARACTERIZE SPS 1,920 ovggmfcs

STRUCTURAL THERMAL

ELEMENTS STRUC DESIGN
TASK 2: DERIVE MATERIAL N 1,920 { MATERIALS

REQUIREMENTS \ 1)

(3,840 SUPRORT
PHASE |l: PROCESSES 6,720 [ STRUC, DESIGN
T ANALYSIS ! MATERIALS
MFG DEV,

PHASE Il: PROOF OF CONCERT | MFG RES.
TASK 1: MODEL DESIGH 2,400
TASK 2; SUPPORT EQUIPMENT 4,320

DESIGN & FABRICATION
TASK 3; MODEL FABRICATION 3,360
TASK 4: MODEL ASSEMBLY ‘ 4,320

& OPERATION T 14,400

TOTAL 24,960 HR
.

Figure 6-5. Materials/processes development schedule.

6.2.3 MATERIAL PROPERTIES — Pitch fiber is a good candidate for SPS structure
fabrication hecause of its potential savings in cost and energy over conventional poly-
acrylonitrile (PAN) fiber, Currenily it lacks availability and guality has not been
consistent. It should be available in larger quantities and with more uniform pro-
perties within a year, .

. Polyimide matrix systems are usnally recommended for applications requiring eleva-

ted operating temperatures. Polyimides may alleviate the high temperature problems,
but introduce others, Graphite/polyimide composites require special care in fabri-
cation to get repeatable composite properties, They are susceptible to voids and
delamination, and uncerfainty in their thermal s{ability.
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Very little material property data is available for this fiber/resin system. The
objective of this task is to characterize a representative pitch fiber/polyimide com-
posite for potential application to the MPTS support struciures.

A test flow diagram is shown in Figure 6~6, Prepreg material is assumed to be
available from one or more suppliers, Prepreg material is evaiuated for percent
resin solids, resin flow, percent volatiles and hardness time/iemperature. An in-
frared scan is made of one extracted matrix sample from each batch to ensure that
no chemical change has been made in the resin system, Visual inspection of quality,
such as fiber strightness, gaps, lamina thickness and irrvegularities is made,

PREPREG CHARACTERIZATION TESTS FABRICATE TEST SPECIMENS TEST
s VISUAL INSPECTION »  © UNIDIRECTIONAL LAMINAL ]  « TENSION
* RESIN SOLIDS ¢ PSEUDOISOTROPIC ~ LONGITUDINAL
+ RESIN FLOW LAMINATE — TRANSVERSE
» VOLATILES s COMPRESSION
s+ PROCESS GEL - LONGITUDINAL
INFRARED ANALYSIS - TRANSVERSE
: i + COEFFICIENT OF THERMAL
EXPANSION
1 - LONGITUDINAL
THERMAL | ~ TRANSVERSE
CYCLE « SHEAR
10 TIMES « MICROYIELD

Fy - LONGITUDINAL
« THERMAL CONBUCTIVITY

— LONGITUDINAL
- TRANSVERSE

s ELECTRICAL CONDUCTIVITY
s CREEP

v
DOCUMENT, PREDICTION &
CORRELATION OF RESULTS

Figure 6-6, Test flow diagram.

For the destructive Frpy; and Fyy tests, a minimum of 6 specimens is recommended
for each test condition and for each bateh of material tested. Measurement of CTE
would benefit from a larger sample, e.g, 12 specimens for each test condition, A
group of samples could be used to determine the CTE over the operational range,

100 - 200C (212 - 392F), then the average CTE to shadow (liquid nitrogen) tempera-
ture. After a number of cycles from full-sun operational temperature to dcrmant
shadow temperature, the CTE measurements would be repeated to detect nonrevers-
ible structural changes.

Other samples would be thermally cycled over the orbital extremes, then Frpyy and
Fry determined. Since E1 and Ec are important to flatness, these could be
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determined before and after thermal cycling, CTE specimens could be used io
determine strength and modulus afier CTE tests are completed. :

Thermal capacity and conductivity are inclnded because of their importance in simu-
lation of the temperatures of the MPTS structure,

A period of 2 to 3 months would bhe required at the beginning of the program for
material specifications, ordering and procurement. Formalization of the test plan
would also be accomplished in this time.

All of the iests considered here except creep could be accomplished in a short time,
perhaps six months. CTE measurement would be the pacing item since limited
numbers of laser dilatometers are available. Convair has developed 2 4-specimen
dilatometer that will expedite measurement of larger sample sizes,

An important consideration, and one not easily satisfied, is the measurement of long
term microstrain., The composite is reguired to maintain dimensional stability under
load, and at elevated temperatures. Some test specimens should be prepared and
placed under stress in an arrangement where microstrain can be monitored.

A summary schedule is presented in Figure 6-7.

SCHEDULE (MONTHS)
ACTIVITY/EVENT TR TS T S Te T e 1o o Tis HOURS
TASK 1: PREPARE
MATERIAL 240
SPECIFICATION(S)
TASK 2: MATERIAL 320
PROCUREMENT
TASK 3: RECEIVING/
INSPECTION/PREPREG cso | MATL 240
CHARACTERIZATION TEST 320
TESTS
TASK 4; FABRICATE TEST 280 i 160
SPECIMENS - SHOP 240
ASK 5: CONDUCT PROPERTIES MATL 720
T TESTS T RT 2,560 | ENGR 400
TEST 1,440
TASK &: DOCUMENTATION 160
TOTAL 4,320 HR

Figure 6-7, Material properties summary schedule,

B8.2.4 ZERO TOLERANCE JOINTS — Multi-jointed tetrahedral truss structures axve
subject to potential surface distortions caused by manufacturing tolerance buildups at
individuzal truss member intersections, Structures with free-play or slack in their
joints do not respond to thermal, static or dynamic loads in 2 linear manner, In some
cases joint free-play may completely alter load paths and hence structural response.
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Early in the assembly of a ietrahedral truss, a stable configuration is reached,

After this point, if additional struts are not of perfect length they must be stretch
or shortened to fit the available space and thus induce fabrication loads and defon
tions into the structure. Such loads can be guite high, greatly exceeding the strer
ability of an EVA crew member, and will necessitate the use of a jack~like tool to

 apply the required installation force.

To alleviaf_:e these design deficiencies some form of zero tolerance joint will be re-
quired to attach adjacent struts at their common intersection points.

Figure 6~-8 summarizes the study activities and task flow reguired to arrive at a
rational joint design which will address these problem areas.

ATRUCTURAL JOINING MATERIALS OF TRUSS ASSEMBLY
SVSTEM TECHNIQUES CONSTRUCTION TECHNIQUES
r
INPUT STUDIES DESIGN REVIEW PREFERR
LOADS 3 .
ENVIRONMENT
GEOMETRY R
TOLERANGES > |
OTHER ; STRESS
DYNAMICS
WEIGHTS
TOOLING
MFG

Figure 6-8. Joint study flow diagram,

Task 1: Requirements Review

Review member configurations, materials and alignment systems to define generic
types of joints and requirements for each type. Assembly techniques and associated
tools and support equipment will also be considered in this review,

Task 2: Jeining Technigues Evalnation

Review typical 'joining techniques:
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— Solid State Welding ~ Cold Welding
~ Diffusion Welding
~ Ultrasonic Welding

— Electronic Beam Welding

— Resistance Welding

- Lé.ser Welding

— Brazing

— Adhesive Bouding

— Mechanical Fasteners
Evaluate techniques for puaﬁeters and characteristics such as outgassing, residual
stress/distortion, loose materials (fasteners, debris), weld quality, joint quallty,
power requirements, operations (EVA, tools, support equipment).

Tasls 3; Material Selection Trade

Review memher materials and evaluate joint materials for compatibility, workahility
and net contribution to dimensional stability.

Task 4: Joint Predesign Study

Develop joint predesigns for various member configurations, loads and folerance
requirements,

Task §: Joint Trade Study

Evaluate the joints designed in Task 4 for feasibility, complexity, support require-
ments, and cn~orhit fabrication/assembly. Select one or two candidates for further
development.

Task 6: Technical Support

Provide stress, weights, dynamies, thermal, tooling and manufacturing support for
Tasks 1 through 5.

Task '7: Design Full-Scale Joints

Conduct detz2il designs of candidate joints and aftaching structural members; level to
be of sufficient detail for production operations.

Task 8: TFabricate Development Parts and Subassemblies

Fabricate a sufficient quantity of detail parts and subassemblieg to conduct production
process proofing tests (approximately 6 of each type of joint).
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'I‘as '9 ?Develop Assembly PmceSSeS |

' ,:;; Assemble joints. mth 4 range of variatmn in pmcesses (e.g., practical limits of weld
schedules) and conduct simple snmotu:ral tests o select optimum process. Define
toohng’ requu:ad fo:r: assembly aper:mons.

\Tote Such tools wouldthen hecome the subject of a separate development program.
' .Task 10: I‘abncate. Pa:.ts and Subassemblies '

' -'.":E‘,abr.icai;e :-a-s‘et of‘parts and subassemblies for each type of joint to be qualified.
- Design refinements, derived in other tasks, would be incorporated.

- Task 11: Assemble Qualification Test Model(s)

_ , |
- Using the processes developed in Task 9, assemble joints of each type for use in the
qualification test program.

Task 12: Conduct Joint Qualification Tests
- Perform typical qualification tests of the selected joints under load, as follows:

— Tension ~- Thermal Cycling
— Compression ~ Thermal Expansion
— Bending/Buckling

A summary schedule for joint development is shown in Figure 6-9.

G.2.. 1000 NEWITON BEAMS —The possibility exists to design a structure that will
not evierience the large thermal loads when the antenna is in the all-cold condition.
Assuy ing this design is selected, the structural beams could be reduced from their
present size to possibly as little as a beam designed to carry only 1000 Newions., The
1000 Newton Beam'! follow-on program would investigate candidate materials, sizing
of beam, mamfaciuring and handling of beam in space, and joining methods including
the possibility of having 2 spring-loaded detent joint that allows load relief at say 950
Newtons to prevent catastrophic failure of the beam.

1

The task flow for this study is shown in Figure 6-10.

A potential joint design may incorporate a spring-loaded detent that would be designed
to move if the load on the beam exceeds a set amount. One such joint design is shown
in Figure 68-11, This consists of a strut end with slopes in two directions to a center
detent groove. Balls are inserted and held in place by a spring-loaded collar. If an
excessive load is applied the halls roll out of the detent and expand the oufer spring,
When the load is reduced the spring forces the balls back into the detent.
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SCHEDULE (MONTHS)
HOURS
ACTIVITY/EVENT e 1718 910011]12]13]14]15]16]27]18
A, PREDESIGH:
TASK 1. REQUIREMENTS REVIEW 2o
2. JOINIKG TECHHIOUES 240
3. IATERIAL TRADES 30
4. JOINT PREDESIGNS 400
| ~SELECT PREFERRED JOINTS
5. JOHT TRADES =y ' 80
i
& TECHMICAL SUPPORT o 200
t1,080
. ENGIMEERING MODEL DEVEL OPMENT:
TASK 7: DESIGH FULL-SCALE JOWTS 320
(W/ASSOCIATED MEMEERS)
8. FABRICATE DEVELOPMENT N 1 280 | ENGR 320
PARTS & SUBASSEMBLIES ‘ SHOP 960
9. DEVELOP ASSEMBLY 2,400 [g?gf 223
PROCESSES & IDENTIFY , T00L 480
10. FABRICATE PARTS & 880 [Encr 160
SUBASSEMBLIES SHOP 720
11: ASSEMBLE QUALIFICATION 480 ElGR 160
TEST MODELLS) | SHoP 320
12: COHDUCT JOINT 1.920 | ShoR aa0
QUALIFICATION TESTS . Ihor 960
(7,280
TOTAL 8,360 HR

Figure 6-9. Zero-iolerance joint development schedule.
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Figure 6=10, 1000N bemm study task fow,
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Figure 8=11, Overload safoty device for 1000 Nowton boams.
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Another form of protection for the 1000N truss member uses tension only elements
to preload the tetratress when under operating tharmal loads, Figure 8<13 shows a
plan view of the 880 strues of the primary struotrs, I this axample, a CTE of

=0, 088 €/C (=0,021 €., T) was used for all struts excopt the 80 adge struts (hat form
the porimeter, These were set at CTE of =1,08 €/C (=0,60 €/F), A uniform
tomperature rise of 111C (300F) was used to apply 8 thermal load. The odge mom=
bers simulated unidirecotionnl eabies, Mombors in tension are {lustrated ag continu-
ous Hnes, and the membors o compression by Intorvaptod Wnes,

In the study, an optimum pattern of prelond cable members could be determined so

that at operating temperatures the strueture would be a fully redundant tetratruss.,

At temperatures bolow minimum operating condittons, the tenston eables would slacken,
The romaining struts would be the minfmum aumber to maintain contiguration, The
strueture would deform, but be essontinlly atreas=fres {n the cold state,

B=1:t

PN




ORIGINAL PAGE IS
OF POOR QUALITY

TENSION
COMPRESSION

Figure 6-12, Stress reversal distribution under hoop tension loading.

Substitution of cables for redundant struts would facilitate assembly at nonoperational
temperatures in a relatively siress—free condition.

6.2,6 PROOF OF CONCEPT DEMONSTRATION MODEL — A Proof Of Concept (POC)
model is proposed to demonstrate the MPTS antenna elements, As shown in Figure
6~13, a combination of bays from both primary and secondary structures is recom-
mended, This will demonstrate, at a subscale level, typical bays and their constituent
structural elements, joints, connections and materials. It will also demonstrate
installation and interface controls between primary and secondary structural elements.

A summary plan for development of the model is shown in Figure 6-14, The corres—
ponding preliminary schedule is presented in Figure 6-15,

Task 1: POC Model Design

Prepare drawings for:

— constant length primary structure surface struts and diagonal members for
3~bay structural assembly.

— constant length secondary structure sr=face struts and diagonals for two l4-bay
structural assemblies. '
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Figure 6-13, Proposed POC demecanstration model,
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MICROWAVE NASA-ISC MODEL
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= sCALING LAV PANELS FOR
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|
| [STRUCTURAL TEST
FABRICATE
L 5 COMPONENTS S
*! CTE. £, Fry SHIPPING CRATE
Fleure 6-14, POC demonstration model plan.
— 3-bay primary structure spider assemblies, including both front and back of

spiders.
— l4-buy secondary structure spider assemblies.

6-16




419

U SCHEDULE (AOUTHS) HouRs
WITV/EVEN 11213 a5 e[7] 8]0 [1ol1t]12[1z1a1sliel17][18]19]20]21[22[23]24
GO-AHEAD 'T (~DESIGN BEFINITION
¥ REVIEW MEETING WITH HASA
TASK 1: POC MGDEL DESIGH : { (2,400
1, OVERALL LAYOUT } 480
¥
2. DETAILS I 1,440
; |
3, INTERFALES e 480
TASK 2: DEVELOP ANALYTICAL : | :
T SCALING LAVIS & = : ; <60
IAODEL GAGES } : I 1 i
| i
TASK 3: FABRICATE & i | l :
T ASSEMELE POC MODEL ; : i
APRe r FINAL P05 :
1, PROCURERENT -*--l-".r—:-- — i a&0
et b ] T00L 1,280
2. TOOLING P ‘ i ¥ ' 2 2,560 | T00F 12280 o
3. FAB DETAILS | e [ . 5,440 ——
| 1- % Co ! ! ence 320 \>W0F 4,808
4, SUBASSEMBLIES A pageed ! 2,240 | SHOP 1,440
Py, A Py ! [ SUPT 480 [ENCR 480
5, POC MSODEL ASSEMBLY b mrerry PEVIEW & APPROVAL 2,880 SHOP 1,920
i ! o : EVIEW L ence 320 LSUPT 480
TASK 4: PREPARE TEST PLAN [ L] — ’u‘:}u‘urq | | ; l 960 | ocT  wap ,
TASK 5: COBDULT DEMO TESTS S 0 : | 5,760 Ther L 9e0
AT CONTRACTOR'S FACILITY | § i Lo g : ,i | 3_ SUPT 2,820
TASK & CONDUCT UELA0 TESTS AT I | | ! 5 ‘
T Ty | . { | { ; 5 . 940 ENGR SUPT
] ’ O 1 | TOTAL: 25,120 HR
A T I T I ' |

Figure 6-15.

POC demonstration model development schedule.

OVd "IVNIHNID

ALITVAD HOOd Jd0

<1



— structural assembly of 3-bay primary structural assembly and 14-bay second-
ary structural assembly.

— modulus to simulate subarray panels, including installation on secondary
structural assembly.

— demonstration model assembly,
Task 2: Model Scaling and Gages

Perform dimensional analysis and scaling of the tetrahedral truss elements for the
demonstration model.

Task 3: Pabricate and Assemble POC Model

¢ PROCUREMENT — Provide procurement assist to sngineering iz procuring raw
material/purchased parts and subcontracted hardware items.

¢ TOOLING — Provide tool design and tool manufacturing support during model
component fabrication and assembly, Prepare tool orders and planning docu-
ments.

¢ MANUFACTURE — Fabricate 3-bay primary structural members (struts and
diagonals) from graphite/epoxy material,

— Utilizing mandrels, lay up graphite/epoxy materials in accordance with
engineering design., Vacuum bag laid up part, cure in autoclave, debag and
trim.

~ Fabricate simulated subarray panel moduvles in accordance with engineering
design. Perform subassembly of modules.

— Fabricate attitude control moclkup and load point pads.

¢ ASSEMBLY — Assemble 3-bay primary and l4-bay secondary structural
assemblies utilizing shop aid assembly fixture and procure parts (spiders,
pins, etc.) and raw material (tubes). Assemble MPTS demonstration model,
including installation of simulated subarray panels, Attach attitude control
and load pads.

¢ QUALITY CONTROL — Provide receiving-inspection services to engineering
during material/purchase parts procurement cycle. Provide inspection support
during fabrication of tools and MPTS model detail parts fabrication and assembly.

Task 4;: Test Plan
Prepare a detail MPTS demonstration model test plan which will include test environ-

ments, conditions, etc., to prove the concepts which the model is intended to demon-~
strate, These include simulation of structural and attitude control systems. The
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plan covers testing to be performed at the contractor's facility, as well as those to
be conducted by NASA in conjunction with other SPS/MPTS demonstrations.

Task 5: Contractor Test Program

o Y o

N
I
c

Typical tests include attitude control responses, natural frequency modal survey,
static and dynamic icads, deployment, assembly, and utility of support tools and
equipment, and environmental tests.

Task 6: NASA Test Program

Contractor will provide support, as required, for NASA test program.
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1.0 SCOPE

This specification defines the performance criteria, environmental, manufacturing,
test, handling, and shipping requirements for the microwave power antenna structure.

2.0 APPLICABLE DOCUMENTS

The following documents form a part of this specification to the extent specified herein.
In the event of conflict between the documents referenced herein and the contents of
this specification, the contents of this specification shall be considered the superseding

requirement.

Specifications

MIT,-A-83577
75 Jun 15

FED-STD-2095
78 Apr 24

MIL-STD-~1538
73 Apr 11

MIL-STD-S10B
78 Jul 31
Chg 4, 70 Sep 21

JSC-07700
Vol. 14

MIL~-STD-889B
TG Jul 07

S-32-061, GSFC
Cet, 69 (Updated)

5-320-G~1
Qot. 69

X-325-67-70

X-325-71-488

Assemblies, Mechanical for Space Vehicles, Design and
Testing Requirements, General Specification for

Clean Room and Work Station Requirements Controlied
Environment

Spare Parts and Maintenance Support of Space and Missile
Systems Undergoing RDT &E

Eavironmental Test Methods

Space Shuitle Specs — System Payload Accommodation
Dissimilar Metals

General Environmental Test for Geosynchronous Spacecraft
General Environmental Test Spec for Spacecraft and

Components

GSFC Magnetic Field Restraints for Spacecraft Systems and
Subsystems

Supplements — Subsystems
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Other Publications

NASA-SP-R-002347 Vacuum Stability Requirements of Polymeric Material for
Spacecraft Application

MIL-HDBK-& Metallic Materials and Elements for Aerospace Vehicle
Structures

Qther Documents

Drawing No.
- Spec Control Drawings

b e vtey Interface Control Drawings
3.0 REQUIREMENTS
3.1 PHYSICAL REQUIREMENTS

It shall be the mission of the microwave power antenna structure to provide a stable
platform for mounting klystron/waveguide/thermal radiator units (subarrays). Slope
ervor of less than 3 arc minutes for each subarray is 2 primary requirement.

In addition the antenna must be capable of stationkeeping, and have figure and pointing
control.

S.1.1 INTERFACES — An interface control drawing (ICD) (Drawing No. x-x¥xx)
shall be prepared to describe the antenna assembly, its datum references, and volume
available for support structure, mechanical references, and the structural attachment
interface requirements for the primary structuvre to gimbal and secondary structure to
subarray attachment, The ICD shall show the physical relationships between the
antenna assemblies ard the adjacent spacecraft structure and other components.

3.2 DESIGN REQUIREMENTS

3.2.1 DESIGN ATTRIBUTES — Throughout the various stages of design, considera-
tion shull be given to the items listed below.

a. Dimensional stability
b. Manufacturability
c. Overall structural stiffness
d. Mission life
g, Stress margin
f. Serviceability
2.2 STRUCTURAL REQUIREMENTS — The primary and secondary structure, sub-
array supports, and the antenna assembly supporting structure shall be shown by

analyses to be cupable of withstanding, or shall be protected against degradation in

S-A




functional performance or operation, the environments noted in this section. Factors
for design purposes shall be introduced commensurate with the objectives of safety,
reliability, and producibility.

Selected deliverable structure (hardware) shall be proof-tested, using a load which
will be determined from stress analysis.

3.2‘.2.'1 Mass Properties — The total antenna assembly weight, including the primary
and secondary structure, interconnecting hardware, and the subarray kinematic links,
but not the subarray panels or their loose hardware, shall have a design target of
1.3M kilograms.

3.2.2.2 Center of Gravity — The center of gravity (cg) of the reflector assembly
shall be computed (predicted) during the design phase., Selected components shall be
weighed and their cg determined prior to assembly to verify the analyses. The loca-
tion of the cg shall be referenced to the datums defined on ICD No, xm-~xxxX,

3.2.2,3 Moments of Inertia (MOI) — The MOI of the reflector assembly shall be com~
puted about 3 orthogonal axes through the cg. The MOI calculations shall be accurate
within 5 percent.

3.2.2.4 Interchangeability ~ All parts, subassemblies, and assewmblies having the
same part pumber shall be interchangeable with respect to form, fif, and function.

3.2,3 IDENTIFICATION AND MARKING — Each deliverable unit and each shipping
container at the time of delivery shall be permapently identified to the extent listed on
ICD No, =¢-xocs,

3.2.¢ BSURFACE PROFILE — To achieve the primary goal of the antenna structure to
maintain a pointing accuracy of within 3 arc minutes for the subarrays, the manufactur-
ing/assembly tolerances, maneuvering accelerations, and thermal distortions all need
to be controlled,

A total slope accuracy budget of 2 arc minutes is to be used as a design goal. The
allocation of the above mentioned three major error categories are as foliows:

Arc Mipute Budget

Manufacturing Tolerance 1.5
Maneuvering Accelerations i1
Thermal Distortions 0.7

RSS Total = 1,99 arc min.




Sufficient information shall be submitted to ascertain that the antenna design meets
the above requirements.

3.2.5 ACTIVE MECHANICAL ALIGNMENT PROVISIONS — It is preferred

that the structure be constructed so as to meet the less than 3 arc minute error re-
quirement without active controls. Their use as an alternative to the close-tolerance
manufecturing of antenna truss elements can he considered {n addition to baseline de-
sign using only "passive'' adjustments to mest the requirements of tnis specification.
{A passive adjustment is one that is required to be done only during the assembly/

manufacturing phase. )

3.2.5.1 Subarray Adjustment und Mechanical Reference — The subarray support sys-
tem shall incorporate provisions for an optimum position passive adjustment (one time
only adjustment) of the location of the snbarrays, and shall incorporate a method that
will define this physical location for reference purposes after adjustments are com-~
pleted. The adjustment mechanism shall permit removal and reinstallation of a sub-
array to the original 3 arc mipute pointing accuracy.

A system shall be provided for replacing an adjustment mechanism without losing the
subarray's adjustment.

3.2.5.2 OSurface Tolerance, Worst Case in Orbit — Considering manufacturing
deviations and the worst case thermal distortion in ovbit, it shall be shown by
analysis and component tests that the requirements stated in this section will be met,

3.2.6 ANTENNA GEOMETRY — The baseline geomstry is shown in Figures 1 and 2.
It is a two-tier structure consisting of one large 10-bay primary and 61 smaller 14-bay
secondary tetrahedral truss structures. The primary truss structure is made from
equal length truss struts joined at 60 degree surface angles at each node to form a flat
surfnce. A passive alignment system may be used between the primary and secondary
structures to compensate for loss of surface flatness due to manufacruring tolerance
buildup, ete, A kinematic attachment method is sssumed necessary to accommedare
thermasl expansion differences between the primary and secondary structures,

A modification of the above attachment method may slso be used for the subarray
support system,

Reference ICD No. xx-xxxx for complete details of the antenna structure.

3.2,7 ANTENNA MANUFACTURING/ASSEMBLY TOLERANCES — Manufacturing and
assembly tolerances are the largest contributor to the rms slope error of the sub-

arrays.

The sllowable budget amounts are shown in Table 1. These values assume a passive
configuration, i.e., no active adjustment control.
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Tahle 1. Tolerance budgets

Tunotion Primary Secondary Subarray

Spider Fabrication + 0,030 + 0.010 N/A
Strut Length + 0.150 + 0,020 N/A
Alignment (Straightness) + 0.030 + 0.010 + 0,010
Strut Joint Slop 0 ) 0 9
Actuator Joint Slop + 0.001 +0.001 N/A
Measurement Tolerance a 0 0
Miscellaneous (Assembly Tolerance) + 0,050 + 0,010 + 0,010

RSS Subtotals 0. 164 0.028§ 0.014

R3S Total = 0. 166 in.

Arc Min, Equivalent = 1,49

(Design Goal = =1.5 arc min.)

3.2.5 MATERIAL PROPERTIES AND ALLOWABLES

3.2.8,1 Sources — Material strengths and other mechanical and physical properties
shall be from Seller's test data or other verified engineering development test values

when appropriate. Strength allowables and other mechanical properties used shall be
appropriate to the loading conditions, design environments, and stress states for each
structural membex.

3.2.8.2 Values — Aliowable material strengths nsed in designs shall consider all of
the effects of temperature and time associated with the design environments. Allowable
vield and ultimate properties are as follows:

1. Tor Metals

a. For single load path structures, the minimum guaranteed values (A values in
MIL-HDBK-5) are to be used.

b. For multiple load path structures, the 90 percent probability values (B values
in MIL-HDBE~S) are to be used.,

2. For Graphite

a. For single load path structures, the minimum guaranteed (2 sigma) values
are to be used for tension and compression strength based on test results,
16 samples each.,

b. TFor multiple load path structures, the typlcal (average) values are to be used,

Load Factors Limit Load Ultimate Load
Flight loads 1.0 1,25
Nounflight loads 1.0 1.5
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3.8 ENVIRONMENTAL REQUIREMENTS
3.38.1 SHIPPING, HANDLING AND STORAGE ENVIRONMENTS

3.8.1,1 Antenns Hardware in Shipping/Storage Containers — The deliverable antenna
hardwars, when packaged in accord with MIL-B-26195, shall be capable of warehouse
storage for 5 years without degradation.

The requirvements of MIL-P-116E shall be incorporated for long term storage,

8.3.1.2 Antenna Hardware Out of Shipping/Stovage Container — The degradation of
the hardware projected through & years of storage and 7.5 years in orbit based on the
measurable degradation at the end of three years storage outside of the shipping/
storage container under the following environmental conditions, shall not degrade the
performance of the antenna hardware below the specification requirements.

1, Temperature: from +25 to +150F
2, Humidity: less than G0 percent

3. Sand, dust, fungus, salt, and corvosive atmospheres: the wprotected reflector
assembly will not be exposed to sand or dust, nov intentionally to fungus, salt,
or corrosive atmospheres,

4. Hapdling shooks: accelerations and imprets applied to the antenba assembly
through the handling equipment ave not to exceed 1.1 g,

5. Vibrotion: not applicable.

3.38,1,8 Handiing Equipment for Deliverable Hardware — All equipment used to handle
the deliverable hardware shall conform to MIL-5-85128,

3.38.1. 4 Support Equipment — All equipment usad to support the deliverable hardware
shall conform to MIL-S-85121B,

3.8.1.5 Handling Provisions — Strong points shall be provided as suitable to allow
transporting, assembling, supporting, hoisting, or otherwise handling the deliverable
hardware,

All completed havdware shall be protected agalust contamination and packaged in
haudling/storage containers,

3.8.1.6 Handling Load Factor — For general handling purposes during manufacture,
assembly, test, hoisting, and erection, & resultant load factor of 2,0 shall be con~
sidered to act in any one divection. This load factor is equivalent steady-state value,
inclusive of dynamic effects, to be applied to all structural elemeuts simultaneously,
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3.3.2 PRELAUNCH ENVIRONMENTS AT THE LAUNCH SITE

3.3.2.1 Temperature and Humidity — Ajr conditioned tempsratures range from +25
to +100T; relative humidity will he less than 60 percent until liftoff. Prior to air
conditioning, the temperature range is from +25 to +150F, Prevention of condensation
to protect thermal control surfaces shall be provided,

3.3.3 BOOST AND ORBIT — The antenna hardware shall withstand the following
specified boost and orbit environmental conditions without damage or degradation of
performance (reference Table 2 for environmental condition tolerances).

3.3.3.1 Tlight Frofile — Figure 3 desoribes the expected flight profile for design -
purposes. Assume the space shuttle as a launch vehicle.

The orbital parameters are also shown in Figure 3.

Tahle 2., Tolerances on envirommental conditions.

Temperauve + 5T degrees
Humidity (relative) + 5 percent
Acceleration + 5 percent
Barometric pressure + 20 percent
Sound pressure level o

(1/8 ootave bandl) 3 dB
Sound pressuve level (OSL) +1dB
Acoustic spsctrum {1/3 octave

+1 .

band center frequencies) % 10 percent

Natural frequency + 1 percent

These test condition tolerances shall not apply on un-
defined ambient conditions.

3.3.3,2 STS Temperatures During Launch and Orbit — The STS Orbiter is designed
for attitude hold capabilities. During the 3-hour thermal conditioning periods, the
vehicle holls at approximately five revolutions per hour (barbescue mode) about the X~
axis with the orientation of the X-axis perpendicular to the Earth~-Sun line within + 20
degrees, or it can be oriented at preferred thermal attitudes. On-orbit thermal con-
ditioning lasting as long as 12 hours (before the deorbit maneuver) is allocated for
missions on which the thermal protection subsystem temperatures exceed the dssign
Lmits associated with a single-orbit mission.

Cargo temperatures for a typical flisht are shown in Figure 4.
3.8.3.3 Orbital Temperature Cyclinﬂ‘ ~ The antenna assembly shall be exposed to

temperature cycles in orbit for 7.5 years minimum considering a maximum of 3600
eclipses of approximately G0 n:unutes duration.
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3:¢3.8.4 STS Vibration — The estimated random vibration and appropriate exposure
durations for the cabin and midfuselage to payload interfaces caused by the f{luctuating
pressure loads are shown in Figure §. The levels shown are typieal of liftoff, tran-
sonic flight, and performance at maximum aerodynamic pressure., The midfuselage/
payload Interface vibration environment is based on the response of unloaded interface
structure and should be considered the upper limit. The vibration inputs at the inter-
faoe will be reduced by addition of the payload and support structures between the inter-
face and payload component.

Vibration resulting from acoustic spectra is genevated in the cargo bay by the engine
exhaust and by serodynamic noise during atmospheric flisht. These predicted maxi-
mums are illustrated in Figure 6, The datu presented ave based on an empty cargo -
bay and may be modified by the addition of payleads, depending on their characteristics,
Aerodynamic noise during entry is significantly less than on ascent,

3.3.3.5 Thermal — A geosyncinonous orbit with an altitude of 19,325 nmi and an
orbit peried of about 24 hours is specified for the large 1 km microwave power antenna.
The antenna/solar array system oxientation is such that the solar array is normal to
the solar flux (maximum power generation) whereas the antenna is essentially pointing
at the center of the earth (depending on receiver antenna location), For the thermal
analysis, an angle of zero degrees between the earth-sun vector sud the orhit plane is
to be employed. This case yields maximum solar heating and thus highest tempera-
tures for the subarray radiator panels. It also yields the maximum earth shadow time
of about 1,16 hours, Reference ICD No. xx-xuxy for thermal load information.

N 0.1
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Figure 5. Random vibration at midfuselage main longeron payload
attachment points interface and in the cabin.
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3.5.3.6 Steady State Solar Ilumination — The anienna system design shall be capable
of meeting performance specifications when subjected to direct illumination for steady
state thermal conditions with the sun incident on the antepna from any direction includ-
ing shadowing by the adjacent structure and other elements (see ICD No. xx-xxwx).

3.3.38.7 Generated Environmenis — No lquid or gas which is corrosive, erosive, ex-
plosive or noxicus shall be exhausted from the hardware. All materials shall be com-
patible with an absclute pressure of 10-G torr for the test and 10~13 torr for operational
life. All materials shall be selected in accordance with report GSFC X~735-69-471,

3.3.8.8 Pressure and Venting — With the vents open, the STS cargo bay pressure
closely follows the flight atmospheric pressures. The payload vent sequencing i= as
follows:

Prelaunch Closed (vent no. 6 Entry (high heat zone) All closed
in parge position) Atmospheric (75,000
Liftoff (T = 0) Closed +5,000 £t (23 + 1.5
T + 10 seconds All Open kilometers)) to :
Orbit insertion All open landing All open
On orhit All open Postlanding purge Closed (vent no,
Preentry preparation All closed 6 in purge
position)

During the orbital phase, the cargo bay operates unpressurized. Pressures for other
flight phases are shown in Figure 7.
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Figure 7. STS cargo bay internal pressure.

3.3.4 NATURAL RADIATION ENVIRONMENT — The antenna assembly shall be de-
signed to withstand the following radiation environment and duration without damage,
deterioration, or degradation of performance,

Solar and trapped particle radiation for a minimum of 7,5 years. The daily fluxes of
trapped electrons and protons are given {n Tables § and &, The integrated solar proton
fluence shall be as in Figure 8,

Table §. Trapped elactrons,

The time-averaged daily integral flux spectrum for trapped electrons is:

Flux with energles gr pater than E

Enerev (E) MEV Electons/cm=2 - day
0.439E12

0.316E12

0.T28E10

0.157TE10

0.138E9

0. 1499

0.509ES

0,180E8
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Figure 4. Trapped protons

The time-averaged daily integral flux speotrum for trapped protons is:

Flux with energies greater than B

Eperey (B) MEV Protons/cm'?‘ ~ day

0.4 0.616E12

1.0 0.115112

4,0 0. 110E1Y
15,0 0. 28419
30,0 0.501E8
50,0 0. 111538
100.0 0.5%73EY
300.0 0.537E6

4.0 QUALITY ASSURANCE PROVISIONS
4,1 GENERAL

Dimensions, design features, material sultability, and functional requirements
specified in this section shall be formally verified to establish the acceptability of the
product., All testing shall conform to requirements of MIL-C-45662 and
MIT.-~-STD-831.

4,2 INSPECTION

Items not conforming to the oriteria specified herein are to be submitied to Material
Review, individual evaluation, and dispositioning by designated representatives.

4,2.1 TOLERANCES — Compliance of the antenna assembly with every tolerance
specified in this document or on ICD No, xx-~xxxx shall be adequately demonstrated by
Quality Control records. This proof of compliance may involve physical measurement
cf the manufactured items or, whers appropriate, proof that the tooling will

guarantee compliance,

4.2,2 SPACE ENVELOPE — Fit check tooling shall be used to show that the sntenna

is within the limits of the space envelope, as defined on ICD No., xx-xxxx. Compliance
with this paragraph shall be documented in Quality Control records,

4,2.3 SOURCE INSPECTION — A resident source Inspector may be provided for the
duration of product manufacturing and testing. .

4,2 QUALITY PROGRAM

A formal Quality Assurance Program shall be implemented.
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Figure g,
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Integrated solay proton fluence,
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4.3.1 CALIBRATION — Records of the calibration of all test and measuring equipment
used shall he uenerated and documented, in accordance with document xTx-¥¥¥s,

4, 3.'2' INSPECTION AND TEST PROCEDURES — Verification, acceptance inspection,
and acceptance test procedures for the antenna bardware shall be prepared and docu—
mented by the subcontractor in accordance with decument sxx~xoooy,

4.4 PHYSICAL QUATLIFICATION

4.4.1 WEIGHT DETERMINATION — The weight of each deliverable component shall
‘he measured with an accuracy of 5 percent,
4.4,2 CENTER OF GRAVITY DETERMINATION — The location of the total cg shall

be calculated and shall mest the requirements of paragraph 3.2.2.2,

4,4.3 TESTING — STRUCTURAL

€ it AT ) AT R T T T g Tt

4.4.3.1 Acoustic Vibration — A qualification test unit will be required to withstand,
- without damage, the acoustic levels shown in Figure 9,

4.4.3.2 Environmental Test — It shall be demonstrated that the equipment will mest
all functional requirements when subjected to an environment which simulates the
effects of exposure for 7.5 years In the space environment given in paragraph 8.3.2.
If no data exists on substantially the same materials, samples of the actual materials
shall be tested in UV and in electron and proton beams to establish conformance with
this section,

P TRl T

et Mg - A

Environmental testing shall be accomplished in accordance with MIL-STD-8108.

4.4,3.3 Loads Verification — Verification of the load-carrying capabilities of the
deliverable hardware will be via a static load test. This load test will be performed on
a representative deliverable package, and on a representative STS payload package if
different than above.

- 4,4.8.4 Factors-of-Safety
Condition Yield -Ultimate

a. Ground Handling and Transportation

1, Involving personnel safety. 1.15 1.59

2, Where personnel safety is not involved. 1.00 1.25
b. STS Flight Operations

1. Involving crew safety. 1.00 1,40

2. Where crew safety is not involved, 1.00 1.25
¢, Emergency Landing - 1,00
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THIRD OCTAVE BAND LEVEL Ii! dB RE 0,0002 ICROBAR

120

1405

130

QUA

LIFICATION OVERALL LEVEL: 136.5 dB
TEST DURATION: 3 MINUTES

110

[~ ~
Y [ -‘\
100 : =
£ ACCEPTANGE OVERALL LEVEL: 133.5 dB
TEST DURATION: 1 MINUTE
0 a a {

0 63 100 180

ONE THIRD QCTAVE BAND CENTER FREQUENTY IN Hz

! }
250 460 630 1000 1400 2500 4000 6300 10,000

QONE THIRD

ONE THIRD
QCTAVE GENTER : ) OCTAVE CENTER
FREQUENGY (Hz)  ACCEPTANGCE  QUALIFICATION FREQUENCY (Hz)  AGCEPTANCE  QUALIFICATION
30 122.0 125.0 400 107.5 110.5
63 128.5 131.5 500 107.0 110.0
80 128,0 131.0 630 106.0 109.,0
100 127.0 130.0 500 104.5 107.5
125 1235 126.5 1000 103,5 106.5
- 160 119,0 122,0 125G 102,5 105.5
200 1140 117,0 1600 102,0 105.0
250 109.5 112,5 2000 101,0 104,0
315 108.5 111.5
Figure 9. Aocoustic spectrum (STS configuration),
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: The v‘mdmg safety requirement fo:c STS operatlons shall be that a failure of any com-
- ponent does not endanger the orbiter vehicle and its flight crew. The loading conditions
'hlch could cause crew safet:y hazards are listed in Table Bq

Table 5 Applxedbﬂs.ty of 1.4 *’actor-of—safety.
(Emervency landmg events) '

SRS - Loading
. TPhase S Potential Ha.zard Condition
' ._Als'cent' _ Puncture of orbiter doors or fuel tanks below X, +Y
o .- cargo-bay liner
Where fatlure on ascent could result in puncture of -7

crew-cabin bulkhead at orbiter station 582 during
- landing for about-once-around condition.

Landing Punciure of orbiter fuel tanks below cargo-bay liner. -X

. Puncture of crew=-cabin bulkhead at orbiter station +7
- 5382,

0 PREPARA‘I‘ION FOR DELIVERY
Pa.cking‘ and packaging arra}ngements shali provide adequate protection for the antenna
component parts to withstand the environmental conditions incident to transportation,
handling, and storage.

Each deliverable unit shall be cleaned, and labeled prior to shipment.

6.0 NOTES
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