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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.
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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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hY




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).
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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




CRES, STEEL |

INVAR

]
]
MAGNESTUM l

GRAPHITE/EPOX'Y (ISO) ]

ALUMINUM ]

BORON AL, ]

TITANIUM |

BERYLLIUM B

GRAPHITE/EPOXY (UN)) B

uy

| ! 4 { ! L
200 400 600 800 1000 1200
Fiy 103

- X

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.

2=35

e e o - e g e

v Sy v ovyen p b L 1 . k. v o emoe & n

SR S

gt g




-

I R TR TEEIES o U SE DRt WL S PRI P SN FHOTIN NN AU CORIES A S GO (iRl Gl o K JENTES

I

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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STORAGE & FEED CLIP
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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,
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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
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