
~· 
~I'· 

t "' 
It':". 
~~ 

~-'( l,> 
!;', : ll 
~ .. ' ... 
r. 
b 
I; 

r :. 

' 7~ 

I; i 

1"· 
... 

,. 

f· 
I," . 
l" ·' •·: .,. 

t ·:1 
i ,, 
~ .. 

\· ) '.{i' 
;.. /,t l° 

I 

f. 1 .. 

·.:· ( rr~ 

;\ ·- . L.' 

·;: i:. ·~ 
:r 
•· i .... 

<~: ~ 
'·~· 

r;· ; I 
·9>d• } 

rr', ·. I 
~\. ',;:.Ji·: ~ 

' t 
.! 
.J 

.. 
NASA CR-134886 
ER75-4368 

MICROWAVE POWER TRANSMISSION 
SYSTEM STUDIES 

VOLUME Ill SECllON 8-MECHANICAL SYSTEMS. ·- .. 
AND FLIGHT OPERATIONS 

RAYTHEON COMPANY 
EQUIPMENT DIVISION 

pteparecl for 

NATIONAL AERONAUTICS AND SPACE ADMINIS11tATION 

NASA Lewis Research Center 
Contract NAS 3-17 835 

(lUSl•CB-134886•Vo1·3J. lU~BOWAVB POW!R N76•15596 
TRlNS81SSiON stSTEK SiUDIES. VOLUME 3, 
SECTION 8: "ECHANICll SYSTEMS AND FLIGHT 
OPERITIONS (Pajtheon co.) 234 p HC $8.00 . Unclas csct 108 G3/4~ 07454 

1) 

·~. 

... 
. { 

·: ~ ~ 
: . :; I 

' ··~ . i 
. ! 

: ,.If' ·I 
. .! : ... 

:·-.-

: ", 

I , 



• l 

i 

' • 

i. 

•• 

I 
I 
~. 

\' t"1'! 

... 
I, 
1 · 
~. 

~ j 

1. • ~ 
i 

h 
""!'-" .o - ' " 

i : 
t 
t 

.. (• . .... 

-.. - ..... ---:. -:...-:. 

. I 2. Gowtmment Accmion No. t. Report No. 3. Ri:clpient't C..Utog No. 
NASA CR· l34S86 

4. Title ll1d Subtitle '- RePofl OaCe 
MICROWAVE POWER TRANSMISSION SYSTEM STUDIES December 1975 
Volume lll • Mechanical Syatema and Flight Operations (Section 8) 8. Performing Orgaflization Code 

7. Authaf(IJ 8. Performing Organlution Report No. 
O. E. Maynal'd, '\V. C. Bl'own, A. Edwards, J. T. Maloy, a. Melta 
J. M. Howell - Raytheon Co. ; A. Nathan • Grumman Aorospaco Elt75·4368 
r ..... _ 

10. Work Unit No. 
I. Psforrninl Orpnbatlon Name end AddfOD 

tla'ftheon Company 
Equipment DiVision tt. Contract or Gmtt No. 

528 Boston Poat Road NAS 3·1U35 
Sudbuty, Massachusetts Ol7i6 

13. Typit of Report end Ptrlod Cover~ ..::~ . ' 
12. Scionsorlftt Agency Name and Addtm Contractor Report 

National Aeronautics and Space Adininiatration 
Washington, D. c. 20546 14. Spo111orl119 Agency Code 

• 

! 
.1 

.! 

i&.~Hc.-
Mr. Rich&rd M. Schuh 
NASA Lewi.a Reeearch Centel' 
Cleveland, Ohio 44135 

16. AbsU'.ct 
A sidcly of microwave power generation, tranamiaaion, reception and control was conducted aa a 
part of the NASA otfic:e of Applicationa' joint Lewie Research <;:enter/Jot Propulsion Laboratory 
nve-year pr~ram to demonstl'ato the feasibiliix of power tl'&nsmissioa. from geosynchron0us orbit. 
Tbb volume. 3 o! 4) swumarizea tho efforts an presents recommandations associated with 
prelimit'.ary deaien and concept definition for mechanical ayatem6 and flight oporatfona.. . T echnica 1 
dlacusaicm 1n tho areas of mtsaion analy•i•• antenna structural concept, configuration analyai•• 
ulaembly and. packailnl with aeaociated costs are pl"uentecl. Tec:hilology iHuet !or the control 
eyateut, structural system., thermal system and aaaomblt tndudtng coat and man• a role in 
assembly and matntonance are identified. Background and desired outputs !or futuH efforts are 
disc:waaed. 

-
~.tl.ilq 

~Ql]~ 

.. 
11. bf_. ~ bV AuthorCsU ta. Dlstrillution Stattment 

Mlcrawave powel' tranamlHloni power from Unclaaalfied • Unltmltod 
apacea satellite power tranamlalioo; phased 
array .,ower transmlaaion; rectllyili& antenna 
(rectenna). 

. . 
'it. kurltY Qeuif. (of this ....... 10. lll:utity Clatlif. Cof tNs Pllltl 21. No.of,_ 22. Pticit. 

Uncl&Hilied Unclaaalfied ass $3.00 

•Fer sale bJ tile National Technical IRfcr'.Mtion Sltvice, Sprlnefield. Vlrainta 221&1 

.. , .. ~: '.·.: ':.. :....:. . 



I I 

PREFACE 

This section was prepared by Grumman Aerospace Corporation 

for Raytheon as the final rep~rt on the Mechanical System and Flight 

Operations tasks of Preliminary Analysis and Concept Definition. The 

baseline MPTS assumed for these tasks was derived from tlie prior 

feasibility study (Reference 4). The principal difference between 

this baseline and the system description that evolved during the Con­

ceptual Design Phase was the increase in weight of the MP'l'S waveguide 

to re~lect an increase in wall thickness to 0.5 mm. This increase 

\ 

does not materially effect the study results since the structure de­

sign driver is the thei:mal environment, and the orbital transportation­

assembly costs are normalized to cost per unit weight. 

A similar evolution to higher weight took place in the estimate 

for the solar photovoltaic power source used as an example for the 

comp1ete SPS. The preliminary and final estimates are as follows for 

an aluminum-amplitron configuration and 5 GW ground output power: 

Solar Array 

TranS!llitting Antenna 

Preliminary 

Weight - kg x 106 

9.8 

....L1. 

11.S 

Final 

Weight - kg x 10
6 

11.8 

....§...1 (*) 

17.9 

(*) Final Transmitting Antenna Weight - kg x 106 

Power Distribution O.Sl 

Converters 

Antenna 

2.22 

3.33 

6.06 

. ... ,.,. 
0 C• •• 

· ... ,, ·:.;;, .. v-~ ,,.,,, 
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AFCRt. ~ir Force Cambridge Research Laboratory 

ATC Air Traffic Control 

ATS Applications Technology Satellite 

CFA Crossed Field Amplifier 

CPU Central Processor Unit 

QaAs Gallium Arlienide 

HLLV Heavy Lift Launch Vehicle 

Met Meteorological 

MPTS Microwave Power Transmission System 

MW Microwave 

N. F. noise factor 

PPM periodic permanent magnet 

ROM Rotigh Order of Magnitude 

SCR Silicon Controlled Rectifier 
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SSPS Satel1ite Solar Power Station 
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Section 1 

INTRODUCTIO~ 

The objective of the Grumman study effort ts to provide refined inputs for mechanical 

systems, structure and thermal control for Raytheon's overall 11.vesttgation of the Micro­

wave Power Transmission System (MPTS). This system wm be used to transmit, receive 

and control large amounts of powet from space. Grumman's efforts identified structural 

design options, the driwr purameters for both weight and cost, and established require­

ments for the structural and filgbt operations systems. 

An orbiting electric power station has several major elements: the power source or 

converter, the electrical power distribution system and the microwave generator/ 

transmitting antenna. An antenna can be hypothesized that would be independent of the 
power source except for the mechanfoal control system interface. The purpose of Task 1, 

Preliminary Design. was to evaluate this mechanical interface. To achieve the depth 
needed to gain an understanding of accuracy and stability, a power source and spacecraft 

bad to be selected. Because more data on physical ~baractertstlcs were available on the 

SateUtte Solar Power Statton (SSPS), this power f!Jl)Urce/ spacecraft waF used ln the pre­

limlnarj assessment. 

Selection of the antenna structure required evaluation of 1) basic antenna geometry, 

2) the impact of MW conversion thermal waste on structural material selection and feasible 

structural flatness, and 3) the mode of transportation and assembly. A broad matrix of 

antenna geometries, structural materials and transportation modes have been evaluated. 

Figure 1-1 swrunarlzes this matrix of design options considered during the Task 1 

Preliminary Design Phase. 

The three matGrials, aluminum, graphite/epoxy and Kevlar polyimide, were selected 

on the basts that they represent a broad range of strength, weight, cost and the1 mal 

cbaractertsttcs. Alumlnwn represents a low cost, high welght option that woWd thermally 

lhntt the power level selected for the system. Oraphite/epa~· represents a material \\-ith 

excellent thermal expansion characteristics, high strength and low weight. Kevlar palyimide 

would be low weight at modest cost with a resin that could \\•lthstand a high temperature 

environment • 
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The four transportation modes selected for Task 1 represent the near term Space 

Transportation System capabilities. A Transtage was selected, bOth in an expendable a11d 

reusable version, ;s being most representative ot the per:totmll11Ce of the Interim Upper 

Stage (IUS). A Full Capability Cryo Tug was used to represent the STS performance 

capability ln the 1984 time frame. The f\lurth option, Shuttle/Low Altitude Asse1\l~ly, was 

inti~ced into the matrix to determine the impact of assembly altitude 011 overall system 

selection. 

Antenna geometry options include a rectangular grid and a radial spoke IJi;ructural 

layout. Both these structural arrangements are acceptable in terms of available layouts 

for the power distribution system. Antenna diameters between O. 7 to 1. 4 km were in­

cluded ln the design matrix after Raytheon's prelUninary results indicated that optimum 

system performance would fall within these bounds. 

The Task 1 study logic for control analysis and thermal structural analysis and cost 

parametrics are outlined in Fig. 1-2. The output of the three pri11Clpal tasks are recom­

mendations for a limited number of control system, structural and flight operations options 

for detailed concept definition ln Task 2. 

The U.mited number of design options recommended ln Task 1 were evaiuated in 

greater detail in Task 2, Concept Definition, using the study logic shown ln Flg. 1-3. In­

formation generated during Concept Definition will permit Raytheon to carry out technical 

and economic evaluation leading to selection of a siD@le configuration to be the basis fur 

ground demonstration test. 

Flight plans were generated for assembly of the ~PS at a low altitude which ts within 

the performance range of the Shuttle with integral OMS, and at an altitude above the Van 

Allen belts. Traffic rates and fleet size requirements were established for a one and two 

year assembly period. Packaging densities of SSPS components were considered in 

establishing the method of assembly using manipulative devices, maneuvering units, and 

EVA. Assumptions concerning degree of human skills are outlined as well o.s the potential 

capability of support ancillary equipment. Sensitivity analysis of varioi.s levels of ground 

prefabrication compared to corresponding levels of orbital assembly was performed to 
determine the most cost effective approach to structural assembly. 
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MODE ALUMINUM 

SHUTTLE/ 0 EXPENDABLE 
TRANSTAGE 

SHUTTLE/ 0 REUSABLE 
TRANSTAGE 

SHUTILE/ 0 eRYOTUG 

SHUTTLE/ 0 LOW ORBIT 
ASSEMBLY 

SHUTTLE/ 0 CRYOTUG/ 
SPACE stATION 

r-----, 
I CONTROL 
1 ANALYSIS I 
L ____ J 

r------, 
I cosT I 
I PARAMETRICS I 
L ____ J 

GISiNAt. PA.GI DI 
or Pooa QUAUTll 

MATERIALS DIAMETER CKml 

- ·---
GRAPHITE/ KEV. 

EPOXY POLYIMIDE 
STRUCTURAL 0.7 1.0 

ARRANGEMENT 

m 0 
0 0 • v v 

m 0 
0 0 
0 0 

RECT A."GULAR 
GRIO 

• " 
RADIAL SPOKE 

.J STUDY CONCEPTS &:VALUATED 

Fig. 1-1 Preliminary Design Option Matrix 
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DESIGN 
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OPTIONS 

CONCEPTS FOR 
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; OE F INITION 
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Flt. 1-2 Task 1 PrtlirriinllY Design Study LC)9ic. Mechanic.ii Systtma and Flight Operations 
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TASK3.2.1 

FLIGHT ... 
OPERATIONS 

TASK3.2.2 

DESIGN ~ 
DEFINITION 

TASK3.2.3 

PRELIMINARY r-t 
STRUctURAL 
ANALYSIS 

TASK3.2.4 

COST ~ 
ANALYSIS 

-
3.2.M 3.2.1·2 3.2.1-3 3.2.1-4 -
ASSEMBLY .. TRANsPORTATION 

""' TIME ... ASSEMBLY 1-4 FLT 
ALTITUDE SYSTEM LINES SCHEDULE PLAN 
SELECTION PERFORMANCI 

~ • 
3.2.2·1 3.2.2·2 3.2.2-3 3.2.2-4 •• 

~ ~ foot .... ~TECHNOLOGY GENERAL WEIGHT SUBASSEMBLY PACKAGING ISSUES 
ARRANGEMENT STATEMENT DEFINITION ASSESSMENT 

3.2.3-1 3.2.3·2 3.2.3-4 3.2.3-5 d• 

~ THERMAL f.-11 STRUCTURAL foot ""'ft 
FINAL 

CROSS SECT. MATERIALS REPORT 
SELECTION NODAL DEFLECTION ASSESSMENT 

ANAL VIII ASSESSMENT .~ 

3.2.4·1 3.2.4-2 3.2.4·3 

ASSEMBLY -.. ORBIT - CONCEPT 
COST ASSEMBLY -
EstlMATE COMPLE>CITY 

COMPARISON 

APPROACH FACTORS 

' I 

Fig. 1·3 T•k 2 - Conoept Definition Study Logic 

1-4 



T 
J.., 

l 
I 
l 
l 
T 
... 

. . 

l 
,/ 

. ' 

Antenna general 11rranaeme4ts, Interface drawlngs and weight atatements are ln· 

• 't : J In thls document for use durf.ns the remainder of the MPTS Btudlee. OetaU thermal 

and atructural evaluations have been performed to determine the llmttattone the structure 

lmpose on ef ectronlc layout and phase front control concepts. Mcchanlcal orttons to a 

ftally electronic control system have been tdenttfted and are shown to deseasjtlze the 

tolerance on structural assembly accuracy and lmpact of thermal deflectlolla over a wide 

range of sun-to--spacecraft geometries. 
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Sectton 2 

SUMMARY 

2.1 TASK 1 - PRELIMINARY DESIGN 

2. 1. l Control Analysts 

Qualitative estimates of requirements and dest·;n options for antenna mechanical 

steering indicates that pointing accuracy of better • itan 1 arc-min can bo achieved. '11te 

mechanical system. if integrated with the electronics microwave beam phase front control, 

COUld improve overall system efficiency with minimal impact on system weight and cost. 

Figure 2-1 summarizes the design environment for mechanicn! steering. The antenna 

gravity gradient torques are a major externally induced disturbance. other factors, such 
as torque caused by solar oressure, or electromagnetic forces, are small. The most 

significant torque ls the friction torque at the rotary Jolnt. This torque varies as a function 

of system power level and power transfer technlctue. Base motions of the SSPS are caused 

by normal limit cycle operations and by solar array bending dynamics. 

Figure 2-2 is a composite of &y$tem accuracy and torque requirements as a function 

of mechanical control system frequency. An azimuth accuracy of 40 arc-sec can be 

achieved with a control system frequency of 1 rad/ sec. This control frequency would re­

quire 1, 020, 000 N• m (750, 000 ft-lb) peak control torque (measured on load side of the 

gear train). This control system frequency ls well above the first structural frequency of 

the SSPS and antenna. Peak horsepower requirements at 1 rad/sec ls 0.18 ttnd t. 75 hp 

in azimuth (East-West rotation) and elevation (North-South rotation), respectively. 

A review of top level methods for imple111enting r'nechilnical steering favors a motor­

geartng mechanical system as opposed to a reaction jet system. Because control system 

frequencies are well nbo\•e the first structural bending frequencies, no instabilities nre 
foreseen. A mechanical system could be configured against wear by providing sufficient 

redundancy. The reaction jet aJ>proach, iii which jets are mounted to the antenna, would be 

advantageous because the antenna structure could be more readily isolated from spacecraft 

dynamics than a mechanical system using gear trains. The shortcomings of the jet system, 

however• inc ludo: 
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• ANTENNA TORQUES 

- GRAVITY GRADIENT ""'N•m (FT·LB) 
- FRICTION DUE TO ROLLERS - N·m (FT ·LB) 
- FRlcTfON DUE TO SUP ~ING& -~·m (FT·LBI 

• BASE MOTION 

- SSPS LIMIT CYCLE 
u POSITION - DEG 
n RA1 c - OEG/~EC 
o ACCELERAT10H..., DEG/SEC2 

- ANTfSVMMETRtC BENDING MOOE 

a POSITION - RAD 
a RATE - RAD/SEC 
n ACCELERATION - RAD/SEC2 

AZIMUTH 

,. (1330) 
uod((31G8) 

1,020,000 (760,000) 

.0027 
4.88x1o·: 
8.8Gx10· 

Fig. 2· 1 Control System Requirements 

5 

4 

ELEVATION 

2280 (1882) 
1160 (7921 

N/A 

±1 
±2 
:z.10-• 

.0027 
4.88x1~ 
8.68x1v-

3~·U,i1,~~'AW~"-'~~ato~ ... ,..,. .... ~ ... ~r.&&.~ 1 ARC MIN LIMIT 

POINtlNG 
ACCURACY - RAD 

2 

1x10-4 
9 
8 
7 
8 
&Jt10·5 

0.1 0.2 o.3 o.4 o.e o.a 1.0 2.0 3.0 4.0 5.0 

CONTROL SVStEM FRO - RAb/SEC 

• CONTROL PEAK TORCiUE 
- AZ<::=: CONSTANT WITH CONT•l FREQ• 1,020,000 N•m 
- EL ""CONSTANt WITl-f CONT'L FREQ= 2780 N•ril 

• PEAK OPERATING HP 
- AZ ~ CONSTANT WITH CONT'L FREQ = . 18 HP 
- EL"" CONSTANT WITl-f CONt•L FREQ= 1.76 HP 

Fig. 2-2 Control System Rtquirementl 
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• Bequlrement..for propellant resupply 

• Contamination of waveguide functions. 

Figure 2-s lists mecban\cal system opttons coneUdered-ln Task 1 atld identifies con­
figurations recommended for .Task 2 Concept Definition. Also included in Fig. 2-3 ate 
·recommended tec'1nology studies which could provide a more optimum design. Power 
clutches or rotary transformers are power transfer advanced space tecbnlques that could 

lead to a reduction in interface friction, and increased life. Spur gears are recommended 
for the gear train, but a direct drive motor system would eliminate gears and may be easier 
t.o lmplem~ prowted sUfflctent accuracy could be achieved. Individual rollers are recom­
mended as baseline because of ease of ttnplementatton. Ball bearings offer an advantage in 

terms of lower friction torques and should be coJisidered as an alternate. DC brush torque 

motors are recommended; however, linear induction motors may show advantages in terms 

of life and inherent capability to isolate the spacecraft dynamics from the antenna dynamics. 

2. 1. 2 Thermal/Structural Analysis 

A thermal/ structural analysis bas been carried out to determine deformations to be 

used in establishment of requirements for phase front control, and to determine cost and 

weight factors for overall system selection. 

· 2.1. 2. l Prelimi.n:lry Design Options 

Figure 2-4 ifJ a weight comparison of principal structural design layouts. The rec­
tangular grid approach was found to be lighter than the radial spoke arrangement. Two 

compression member designs were considered; a singular tube, 100 m long, and a 

triangular girder with thin walled circular tubes at the apex with cross tubes and nble-onal 

wire bracing. The triangular girder approach was found to be slgnificatttly lighter than the 

singular tube • 

Assessment of structural deflections included analysis of load. thermal and assembly 
tolerance induced deformations. The assembly tolerances were found to be the largest 

source of doformation •.\1th a \\·orst case tip deflection of o. 17 degree. Deflections due to 

thermal bending can be kept below 1 arc-min If thermal gradients between the upper and 

lo\\•er primary structural caps can be controlled to less than 4°K. Deflections due to loads 

were found to be insignificant. 
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• POWER TRANSF&R . 

MpUNE. 
~ n 

- SLIP RING ANO BRUSH---'1 

ftCHNOLOGY 
l'l'UOIES RECOMMENDED 

- FLEX HARNESS----------- ... I 
-PoWERCLU'llClt'-----------------------------•N 
- ROTARY TRAN8FORMEA ... / 
- ROLLING CONTACT V 

•GEARS 

- SPUR GEARS------
- WoRMGEARS 
- HARMONIC DRIVE GEARS 
- HELICAL GEARS .. I 
- CHAINDRIVE -------------------V 

• IEARINGS 
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- AC TORQUE 
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2.1. 2. 2 Thei'ntal J.\faluatton 

Preliminary thermal analysis of-the MPTS centered about titudles that would ini'tcate 

the ienslttvlty of temperatUre level and thermal gtl.dlen! on antenna size, ~er level, 

microwave converter ..ilele®!9n, aad dlstrtbutiOn. 

2.1. 2. 2. 1 '-rmnperature Level ... Structural temperature levels, material and antenna size 

combine to place limitations on the powe~ that can be transmitted by the antenna. Figure 2-5 

shows the limit power level for anteD11a diameters between o. '1 &Jld 1. 4 Ian. Alutninum, 

epoxy and ;olyimide are Shown as representative materials. Aluminum and graphite/ epoxy 

lose their strength chara()teristics at approximately 450°K. This limits system power 

levels for 1 km diameter antenna to 1 '1 p witb a 90% efficient micto~ave converter and to 

4 gw with a '10% efficient converter. Limit power levels can be significantly increased 

with the ~~ or p<>lyimide composite materials. 

2.1. 2. 2. 2 Tberma1 Gradient - ~igUre 2-6 presents the thermal gradients between primily 

structural cape for dietmces of 40 and 90 meters. The trend indicates that to limit tip 

deflections to less than 1 arc-min; the average distance between caps should be somewhat 

less than 40 meters. This w.uuld keep temperature gradidnts belo# 4°C. The worst 
case therm.al gradients occur when the antenna microwave sUrtace shades the lltructttre 
from the sun. 

2.1. 3 Design Options and Groundrules for Task 2 Concept Definition 

Task 1 resulted in recommendations that a freq\i.ency of 2.45 GHZ be selected and 

four configurations o1 slotted waveguide transmitting arrays be studied in Task 2. These 

conftguratioAS involve combinations of amplitrons with aluminum structure and array, 
amputrons with graphite composite structure and array, and a klystron With the same two 
materials. 

Task 1 also showed that a 5 gw ground output power level would be a reasonable 

choice for all Task 2 Study vehicles. An antenna diameter of l km was selected based on 

the reiative tnsensitiVlty of this patameter to overall system cost and performance. 
Figure 2-7 isummarizes the guidelines for Task 2 study. 
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FUNDAMENTAL PARAMETERS 
DESIGN POWEFl SOURCE SOLAR PHOTOVOLTAIC 
FREQUENCY 2.4SGHz 
GROUND OUTPUT POWER Cfo+& YR, &GW 
USEFUL LIFE 30YR 
TRANSMITTING ARRAY: 

TYPE SLOTTED ARRAY 
STRUCTURE REcTANGUl.AR GRID - GIRDER 
MATERIAL (1) ALUMINUM 

(2, GRAPHITE EPOXY 

PHASE FRONT CONTROL (1) COMMAND 
(2, COMMAND PLUS AbAPTIVE 

DC·RF CONVERTER (1) AMPLITRON 
(2) KLYSTRON 

HEAT TRANSFER CONDUCTION-RADIATION 
(NO HEAT PIPE) 

RECEIVl~G ANTENNA RECTENNA 

TRANSPORTATION-ASSEMBLY (1) SHUTTLE ORSITEft/CRYO TUG/SEPS 
- HIGH ALTITUDE ASSEMBLY 

(2) SHUTTLE ORBITER/SEPS-LOW 
AL tlTUDE AsSEMBL Y 

PROVISIONAL PARAM'ETERS 

TRANSMITTING ARRAY: 
DIAMETlR 1 KM 
ILLUMINATION EXP (·2.30 l'J.12J 
RADIAT!D POWER 8.4&GW 
SUBARRAY SIZE 18M X 18M 

AMPLITRON OUTPUT POWER 8KW 

AMPLITAON EFFICIENCY 85% 

kL YSTAON OUTl'UT POWlR &KW 

kL VSTAON EFFICIENCY 76% 

PEAK GROUND POWER DENSITY 23mwtcm2 

RECTENNA SIZE 10 km)( 13 km 

Fig. 2·7 Task 2 Bistline Delli'\ Guidllinet 
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2. 2 TASK 2 - CONC!:PT DEFINITION 

2.2.1 Mtsslon Analysts 

The mission mialysis effort objective was to define tlight scenarios for subsequent 

assessment of trattsportatlon system performance requirements. Ftgure 2-8 is « top level 

functlooal flow of the SSPS assembly sequence. Two flight plans for assembly and transport 

to geosynchronous orbit were developed: 

• Low altitude assembly and transport to geosynchronous using solar electric 

propulsion (SEP) 

• Assembly just above Van Allen belt~ and transpo1t to geosynchronous using SEP. 

A baseline SSPS, Fig. 2-9 was assumed for mission analysis and subsequent esti­

mates of traffic models and fleet sizes. Performance capabilities of the transportation 

system are summarized in Fig. 2-10. Shuttle performance ot 65, 000 lb (29, 400 Kg) can· 

be expected up to an altitude of 190 n mi. The Cryo Tug, used tn the flight plan with 

assembly at 7000 n ml, has a payload capability of 36, 800 lb (16, 700 Kg) in a Tug recover­

able mode. 

SEP size and perl''lrmance data for the two flight modes are presented in Fig. 2-10. 

A SEP system efficiency of O. 7 and a specific weight of 15 lb/kw (6. 8 Kg/kw) was assumed 

tn the stage sizing. The O. '1 efficiency is equaled or exceeded by today's technology. 

Overall system specific weight is consistent with projected solar cell weights for the SSPS 

itself. Specific weight of the power conditioning and subsystems is based on a projected 

four fold improvement in technology (using today's technology would result in an overall 

system specific weight of 65 lb/kw = 29. 5 Kg/kw) • 

.A 190 n mi assembly site would require continuous orbit keeping propulsion to com­

pensate il>r air drag. ¥1gure 2-11 indicates that uncorrected air drag effects would result 

in assembly entry after one to 16 months depending upon configuration M/C~. The spread 

in M/C~ (0.175 to 1. 75) is indicative of the SSPS configuration with solar blankets 

deployed and retracted. A 16-lb thrust (70 newton) SEP stage would be required for the 

orbit keeping function. A propellant expenditure of 44 Klb (20, 000 Kg) Is projected. 

2. 2. 2 Antenna structural Def initton 

The l\IPTS antenna is 1 km ln diameter by 40 meters deep, Ftg. 2-12. The antenna 

ls assembled in two rectangUlar grid structural layers. The primary structure ts built-up 

til 108 x 108 x 35 Jbeter bays using triangular girder compression members 18 meters tong 
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MISSION PLANS 

1 - LOW EAR1H ORBIT ASSV 

I 
SHuttlE 

2 - HIGH AL TITUOE l&SY 

OPER'L 
SSPS 

TRANSPORTATION SYSTEM 
PERFORMANCE 

• SHUTTLE 

- MAX PAYLOAD • 65 KLS (29.4 x 103 Kg) 
- MAX ALT• 190NM 
- INCLINATION= 28.5° 

• CRYOTUG 

ISP = 456.6 SEC 
>.' .. 0.898 
P/L (190 TO 7000 NM)= 36,800 LB (16,670 Kg} 

• SEPS 

(190 N M TO GEOSYNCH) 
P/l • 26.3 MU; (11.46 x 106 Kg) 
lsp • 8000 SEC 
WfULL • 3.66 MLB (1.61 x 106 Kg) 
WPROD = 1.78 MLB (.81 x 106 kg) 
THRUST = 454 LB (2019N) 

(7000 N M TO GEOSYNCH) 
P/l • 25.3 MLB (11.46 x 106 Kg) 
ISP = 4625 SEC 
Wt:ULL"' 2.63 ML8 (1.2 x 106 Kg) 
WPROP• 1.67 MLB (.71x106 Kgl 
THRUST= 400 L8 (1779N) 

Fig. 2·10 Miitlon Options 
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SUBARRAV PRI STRUCT 
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fig. 2·12 Antenna StrUCtUl'll An.,...ment 
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and 3 tnetere deep. The socondtu'7 structure ta used as support points for the wavegulde 

subarraya and t& built up us 18 x 18 x & meter bays. The total antenna stnicture/ineohantcal 

system weight ls 522 x 103 Kg uel11g alumbmm and 411x103 Kg utltng graphite/epoxy 

(ur polyimlde). 

'the antenna-to-spacecraft lnterface uses a 360° rotary Jolilt for anteana motion per­
pendicular to the orbit plane (azimuth Jolnt) and a llmlted motion rotary Joint, :!: 10 deg, 

for North-South poilltt.ng (elevation joint), Ftg. 2-13. Two slip rtng asseznblles (aste for 

plus power and one for power return) are used for power tran&fer across the azimuth 

rotary JolDt Slid flex cable ls used across the elevation joint. Both the azimuth and 

elevattott Joint drive assemblies utilize a aeared rail about the diameter of the suppc>rt 

structure and four DC brushless motor driven roller assemblies. 

The structure to wavegUlde Interface uses three gtmballed screw Jack assembltes 

(Fig. 2-14) to provide a mechanlcal tunfnt system for allglilnent of the waveguides after 

constru.ctton. Up to 40. 5 cm of linear motion can be used to correct thermally induced 

antenna tip deflections and can also be used to correct a maximum expected 4 arc-mlli 
subarray misaltgmnent. 

Figure 2-15 is a typical conceptual desip ot it mechanical locking mechanism for 

structural JointtJ. The girder interconnect f•tttng is similar to a docking drogue which 

utilizes a sprtng-loadedball lock for fastening with the tri-beam end fitting. 

2. 2. 3 Coliftguratton Analysts 

2. 2. 3. 1 Thermal Analysis 

A refined thermal analysis of the antenna conceptual design co11centrat&d effOrts on 

the followtng: 

• Selection of the tri-beam element longeton c!'oss section to minimize maximum 
temperature and thermal gtadients 

• Identlfying the Hmtt waste heat at the center of the anteblla as a function of 

structural vertical tnember material 

• Defib.ing range of thermal gradients between primary and secondary structural 

caps as a function of SWi position relative to the antenna. 

Figure 2-16 prosents the maximum tetnperatures and thermal gradient across three 

cmdidate structural cross sections: tubular. rectnngular bat. and triangular hat. The 

tube ls the worst from a thermal standpoint. The use of aluminum tubing near the center 

2-14 
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·1' 
, __ : ___ of the antemia will not be possible with thls geometry. The rectangular high hat design ls 

not ah attracthre structural geometry but does offer an llnpi-oved temperature picture. I · The trlanplar bet design has the lowest maximum temperature level and mlnlmum. 

gradient of the concepts considered. Aluminum construction ()f the tri-beam horJzontal 

J memb$rs can be considered with this cross section. 

The temperature pi-ofiles along the horizontal structural tri-beam caps were evaluated 

J ' fo~vaJ:ious orbital-poeitlolis during the eqµinoxes and solstices. Figure 2-17 presents th~ 
expected variation hi. thermal gradier.ts between primary and secondary structural. caps. 

I , The average primary structure thermal-gradient is approximately 5°K at the center of 
·· ··. ~ : the antenna. The expeeted variation in this gradient is :I: 1°K. The.thermal.gradients be-

I
. ·~ tween secondary structural caps are small, 1/2° ± 1/4°K, and do not present a significant 

thermally induced deflection environment. 

~' l~ 
!. f,l. 
;·: ... 
' 

! 1: 
! \ ... 

! : 
'.: ' ..... 

,\ . 
i ; 

; ' 

The vertical columns of the structure have the same view of the antenna surface and 

sp~e, and con&equently cannot be readily configured with coatings, insulation or geometry 

selection to minimize peak temperatures of the material. Eigure 2-18 presents the maxi­

mum waste heat flux that will be experienced by the vertical columns for microwave 
converter efficiency of 85% and 70%. Eighty-seven percent of the waste heat generated by 

the converters is assumed radiated toward the structul"e. The par~eter p is a scaling 

factor for the shape of the Gaussian distribution of microwave converters on the antenna 
surface. Limitations as to the taper of this distribution must be imposed depe:J.ding upon 

the structural material selected. A near uniform distribution (1. 5 to 1) must be used if 
the structure is aluminum or graphite/epoxy (70% converter efficiency). Selection of 

graphite/polyimide would be compatible with a desirable 10:1 taper for th-) converter 

Gaussian distribution. 

2. 2. 3. 2 Structural Analysis 

The Task 2 stnlrtr.iral analysis objective was to refine the design of the structural 

members and fo perform a detailed ass~ssment of thermally induced deflections. The 

following surr.rnarizes these assessments: 

• 'l"b1j principal applied load for structure design is that induced by inertial response 

of the cbntrol system during breakaway from the 1. Ox toG ~· m slip-ring torque. 
This torque equates to n 100 lb (440!\) end load on the upper and lower members. 
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• nte optt.m.lzed graphite/epoxy triangular hat longeron design ts shown ln Fig. 2-19 
for a 450°K environment. The 20 mil thick material ls compoeed of ten layers of 

2-mil graphite fibers. 

• The range of thermally induced deflections and local slope are presented in 
Fig. 2-20. Variations in slope with variation& in orbital position exceeds 1 arc-min 
for an aluminum structure. The slope variations from a mean or average deformity 

ls well within limits for graphite/ epoxy. Assessment of secondary structure 
deformation shows that the worst deflections occur at the tips of the antenna, with 

maximum deflections not to exceed 10. 5 mm over any one 18 x 18m subarray. 

2. 2. 4 Assembly 

2. 2. 4. 1 Detail Parts Assembly 

Sensitivity analysis of various levels of ground prefabrication compared to corre­

sponding levels of orbital assembly was performed to determine the most cost effective 

approach to antenna structural assembly. Figure 2-21 outlines the three approaches which 

span the possible options for detail part fabrication. Case I assumes manufacture of 
articulated lattice tri-beams on the ground. These designs c&n be compressed to 1/30 of 

its deployed length for convenient packaging in the Orbiter. Case Il assumes that the 

. ground fabricates the longerons and intercostal elements of the trt-beam and that assembly 

of the beam is performed in a space station. Case m assumes ground personnel prepares 

fiat $tock with appropriate coatings for installation into an automatic manufacturing module 

in space. 

Figure 2-22 summarizes the pertinent characteristics of these approaches. Although 

the. articulated lattice beam is an efficient packaging arrangement, the packaging density in 

the Orbiter is extremely poor. As much as 440 Shuttle flights would be required for delivery 

of the 470 Klb (213 x 103 Kg) antenna structure. Transport of beam elements provides an 

improved packaging density, depending upon the cross-section selected. The number of 
crew members, however, required to fabricate the finished beam in space in a reasonable 

time would require deployment of as many as 24 12-man space stations. In-orbit auto­

matic mattUiacture vf the structural members appear to provide the clearest road to a low 

cost detail parts assembly method . 
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• CONDITION CASE 1 CASE2 CASE3 - - -
- GROUND Ats&M8LE ARTICULATED FORM LONGERONS PRE.PROCESS 

BEAM$ It CROSS MEMBERS FLAT STOCK 

- IN-ORBlT DEPLOY ASSEMBLE MANUFACTURE 

• PACKAGING DENSITY 0.1 LB/n3 0.9 TO 7' LB/Fr3 100 wn3 
(-SHUTTLE CAPACITY) (6.1 LB/FT3) (6. 1 LBIFT3) (8.1 LB/FT3) 

• NUMBER SHUTTLE ~ 8T049 8 
FL TS TO DELIVER 
ANTENNA STRUCTURE 

• SUHORt l0Ulf9MENT DEPLOYMlNT CANNISTE~ 24 SPACE STATIONS 8 MFG MODULES 

RlCOMMEIDED 
FOR ITRUCTURI 
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2. 2. 4. ~ Structural A5'sembly 

Analysis concentrated on the most frequently used ope ration in the antenna structure 

assembly, namely, the time and motion assessment of Joining beams. Assembly costs are 

generally a strong function of the quantity and complexity of the assembly operation. In 

the estimate, for example, of aircraft structural assembly, the major cost driver is the 

num~r of parts and the type fastener used. In the antenna structure and waveguide inter­

face design, sintple mechanical locking meclwllsms similar in concept to a docking probe/ 

drogue was utilized when possible. Since most of the assembly will involve this type of 

operation, detail evaluations were performed on this beam assembly procec:Jure. 

Figure 2-23 outlliles the antenna structure assembly now. Assembly starts with 

installation of tb.e rotary Joint using the solar array central mast as the pc>int of departure. 

The rotary joint to antenna interface follows, usiDg the elevation rotary joint structure as 

an assembly base. Assembly of the primary and secondary structure ls performed working 

radially from the center of the antenna. Installation of waveguides and electronics follow. 

'l'he alternate approaches evaluated include use of: 

• Manned manipttlator modules 

• Remote controlled mantpulat.or modules 

• ·!VA with assist from rem\lte controlled logl$tics modules. 

The operations analysts approach is summarized in Fig. 2-24. The fuuctt.onal steps ln 

the operation for the three options were identified and a time Hild analysis performed to 

determine the range of potential assembly rates. Estimates of consumables consumption 

of the free-fiyiilg modules were also made. l>ast Grumman simulation data, which relates 

complexity of manipulator operations ln a static enVirontnent to operations in a dynamic 

environment, was used ln estimating both manned and remote controlled manipulator per­

formance. Skylab 3 data on the human petformance in assembling the twtn pole sunshade 

was 1 ..ad to estimate tVA assembly rates. 

Figure 2-25 summarizes results of the operations studies. '11le following con­

clusions were drawn from this data: 

• Remote controlled mabipulator assembly offers the most cost effective approach 

• EVA assembly with remote controlled logistics vehicles could be cost competitive 

if assembly times in excess of two years is acceptable and Space station costs for 

a 50-inill crew can be shown t.o be reasonable 
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ASSEMBLY omONS 

• MANNED MANIPULATORS 
• REMOTE CONTROLLED 

MANIPULATORS 

AHDElVOUS AID 
~fATIDI KEEP WITH ASSEMILY JOllT 

fl-. 2·23 MPTS Armnna Structural Aaembl'Y 
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11Mi, MINUTES 
MINIMUM MAXIMUM 

EvENt AT T 111 T 

4.3.3.1 ACQUIRE LOWER t".AP FROM 3.0 3.0 10.& 10.6 
STORAGE 

4.3.3.2 TRANSPORT TO ASSV 8.0 9.0 8.0 18.6 
JOINT 

4.3.3.3 DEPLOY ASTROMAST 2.d 11.0 2.0 18.5 

4.3.3.4 MANEUVER TO ASSY 0.5 11.6 0.6 19.0 
DISTANCE 

4.3.3.6 ATTACH HOLD ARM 3.0 14.5 10.6 29.6 

4.3.3.8 ALIGN MEMBER WITH 3.0 17.5 10.6 40.0 
ATTACH JOINT 

4.3.3.7 8ERTH BEAM MEMBER WlTH 1.0 
JOtN't 

• EVALUATE STRUCTURAL A.SSY OF 
JOINTS AS MOST FREQUENT 
~RATION 

• IDENTIFY FUNCTIONAL STEPS 
• PERFORM TIME LINE ANALYSIS USING 

- PAST GRUMMAN MANlPULATOR 
SIM DATA 

- SKYLA8 3 TWIN POLE ASSY 
PERFORMANCE 
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CONSOMA8i.ES LB 
PR PELLANT ECS 
MIN MAX MIN MAX 

0.38 1.20 

4.72 4.72 

0.24 0.24 
1.17 

3.0 3.0 

0.36 1.20 



STRUCTURAL ASS&MBLY METHOD I, 

MANN Eb REMOTE EVA WITH RE· 
MOTE~ON· MANIPU- MANIPU. TAOLLED LAtOR LATOR LbGtSTICS MObULE MODULE VEHICLE 

J 

• FREE Fl YEA CHARACTERISTICS 
-WGT 1380 Kg 138 Kg 138 Kg 
- ISP.SEC 300 300 300 
- CONSUMABLES AATE (Ke/Kt 

0.15 0.03 STRUCTURES) 1.7 
- #OF SHUTTLE RESUPPLY 

J 

Fl TS FOR ANTEt4NA 8TRUCT. 12 1 1 

• ASSYRATE 1. 
- MAX C~TRUCT/HR) 13 13 26 
- MIN Ckf.aTRUCT/HR) 7 1 18 

• NO. IN.ORBIT PERSOMNEL AT MAX AATE .1 

- 1 YRASSY 182 8 95 
- 2YRASSY 91 • 48 

• KEYISSUE SAFETY TV SAFETY 
COMMUNI· 
CATIONS 
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• Manned maJtlpulntor modtlles are not cost effective because of the hlgh prope1lartt 

consumption. 

2. 2. 4. 3 Support Equipment Requirements 

Preliminary deftnitlon of support system tcq\tlrements have been establtRhed for the 

low altitude and high altitude assembly sites uetng data generated during NASA studies of 

space stations, research applications modules and remote teleoperator vehicles. 

FlgUre 2-26 summarizPs the transportation and assembly approach used as a strawman 

tn establishing support equipment rE-quirements. The following lists the major equipments 

over and a'bo\re the basic transportation systems required in support of assembly at the two 

candidate assembly sites: 

Low Altitude (190 N Mi) 

• Remote controlled manipulators 

• Shuttle crew accommodations 

Crew support module 

Communications mOdule 

• Manufacturing modules 

• TD.RS 

ASSY TRANSPORT TRANSPORT DETAILED 
ORBIT SYSTEM CREW PART$ 

(MATERIALSI 

LOW ORBIT 
- 190NM • SHUTTLE • SHUTTL£ • AUTOMATIC 
- 28.&0 IN:ORBIT 

(MFR 
MODULEJ 

HlGHORBlT • SHUTTLE • SHUTTLE • AUTOMATIC 
-7000NM • FULLCAP. • FUlLCAP. IN.ORBIT 
- 28.&0 TUG TUG (MFR. 

• CREW MODULE) 
TRANSPORT 
MODULE 

Higb Altitude (7000 N Ml} 

• Remote controlled manipulators . 

• Manufacturing modules 

• Space station. 

• Crew transport module 

e TDRS. 

ASSY CREW TRAt4SPORT COMM 
METHOD ACCOM TO 

GEOSVNCH 

• REMOTE • SHUTTLE • SEPS • TORS 
MANIPU· - &MEN 
LATOR - 30 DAVS 

• REMOTE • SPAd • SEPS • TDAS 
MANIPU· STAtlON 
LATORI - iMEN 

- 180DAVS 

Fi~ 2·28 Transportltlon and Assembly Elements 

Figure 2-27 summarizes tile weight and cost fnctors assumed in the overall cost 

assessment of the SSPS assembly operation. To achieve consistency of data, the $/kg 

non-recurring and recurring cost estimate for the Space Station hns been applied to the 
cost of all support equtpmeiit. 
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"'*· RECURlltlNG 
ELEMENT PERFORMANCE WEIGHT COST/FLT RECUftRING UNIT SOURCE 

SHUTTLE EKT0190NM N/A $10.IM NIA S180M GAC$HUTTLE 
100FLTLIFE STUDY 

CRVOTUG 38.8KUTO llURNOUT• $ 1.0M NIA S12M MDAC TUG STUDY 
7000NM 2680 Kg 
100 FLT LIFE FULL• 

24,IOOK• 
FREE·FL YING & VR LIFE t83kt TBD ··- S1.24M MiFC.PAYLOAD 
TELE OPERATOR DESCRIPTION 

VOLU 
RAM SUPPORT · 30 DAY MISSION 5000 Ke S 1.0M S218M MOM WTDATAl 
MODULE & YR LIFE - NAS 8·27539 

COST DATA 
- NASl-9953 

RAM.coM 30 DAY MISSION 8780 Kt S 1.0M S283M SS9M WTDAtA 
MODULE & VA LIFE - NAS 8·27539 

COST DATA 
-Nut-ms 

MANUFACTURE &VR LIFE 9100Kt T8D S288M 182.sM SWAG 
MODULE 
SEPS 1 YR TRIP TIME FROM i!I NM• $16.7M Tab S40CINI GACRPTNO. 

1.18)( 10 ~ ASPl83·R.a 
FROM700N • s 9.0M TBD S400M 
.'58x106 1t1 

SPACE STATION &YR LIFE 78,700 Kt TBD $2097.eM $4i7.8M NASf.9153 
&MAN 
1JMAN &YR LIFE 102.000Kt TBD SZ309.• Slsl.'iM 
CREW NAS9·2&061 
TRANSF'R 100FLT LIFE 10,300 Kt T8D l32GM S71.2M 
MODULE t4l 
TORS NIA 2038Kt NIA S210M 131).IOM HUGHS REPORT 

30098-3514 

Fig. 2·27 Ti'lnlPo~on 1r1d Assembly System Flltt and Support !quipment Chal'ICttriltica and Coat Summary (1174 I'•) 
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2.2.& Cost 

The Task 2 CottcepOial.Deslgn objective was to refine the cost estimates estabHshed 

dUrlag prellmlnary deslgn. Cost estltnates of transportation and assembly were increased 

in scope to lnolude the entire SSPS and associated support eqqlpments. A more refined 

assessment of the antenna structural cost was uerformed on the rectangular grid 1 ktn 

structural arrangement uslng alum1J1um, graphite/epoxy and gt~/_polyimide • 

The following summarize the findltlgs of thEJse assessments: 

• I.ow altittlde assembly 1s slgniflcantly lower in cost than assembly above the 

Van Allen belts (575 $/Kg vs 1550 $/Kg) 

• The major cost driver is Shuttle per flight costs 

• Recurring unit costs for Shuttles, Tugs, Space Stations, and other support equip­

ments represents 1/ 6th of the total assembly costs 

• Aluminum is 4 to 0% lower in cost than composites. 

rigure 2-28 summarizes the traffic and fleet size reqUirements for three flight plans. 

'l'he total numbers of Shuttle flights required to assemble the entire SSPS includes flights 
for deployment of support equipments, tran$portation of personnel for monitoring the 

assembly operation and delivery of the consumables for the remote controlled manipulator 

modules·. Fliiht Plan 1 and 3 assume one and two year assembly periods at the low altitude 

site, while Flight Plan 2 assumes a one year assembly time at the high altitude site. A 

significant difference exists in terms of total Shuttle flights needed for assembly at the high 

altitude site, primarily due to the added requirement to transport Tugs to and from orbit. 

The difference in total Shuttle flights reqUired by Flight Plan 3 is not significantly different 

from Plan 1, but the average number of flights per day ls within reason (1. 37 vs o. 7 per day) 

particularly when considering the non-optimum launch opportunities available With a 

190 n mi assembly altitude. Because of the brbital geometries, launches of as much as two 

to four Shuttles 1t1one15 minute launch window may be required with Flight Plan 1. The 
two year low altitude assembly plan is recommended baeed on the low number of Shuttle 

flights and reasonable launch rate. 

Figure 2-29 presents a cost comparison of the three flight plane. The low altitude, 

two year assembly period is the lowest cost option (1301 $/kw). This cost c0u1d be reduced 

with increase in STS performance by a factor of two if a heavy lift, deploy only launcher 

with a payload capabillty of 120, 000 lb (54, 400 kg) were developed from existll'g Shuttle 
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• CONDITION FLTPLAN1 PLTPLAN2 PlTPLMf.3 
- ASSIMBL VAL T 190N.M 7000N..M.. -· 190"1 .. 
- MllM&i. \' TfW~- 1 VR 1VR 2VR. 
- DITAtL PAft.fS,.. AUTO IN-ORBt:r Alli'O f N-Oatl- AU'tO 1"-0Ri1T 
- AISEMBLY REMOTE Rit.to:i"e REMOTE . 

4i PL.ts 
- Sffun'U .. 401 1348 601·· 
-TUG 865 -
- AVOSKUTTLEFL1S/DAV 1.37 3.88 0.7 
- AVG TUG FL TS/DAV 2.34 

• FLEETSIZE 
- SHUTTLE 24 69 18 
- MAt4UFACTUAE MODULES 8 8 4 
- MANIPULATOR MODULES 182 178 91 
- C~EW SUfiPORtMODULES 2 2 
-TUGS 37 
- SPACf: STATION 1 

2 

RECOMMUDeD / 

FiQ.. 2-28 Ttaffie llnd Fleet SiZe SumllllrY 

18 

12 

$8 

• 

0 R£CURRtlG 

~TAL 

FLTPLd 1 
CS!MSlkt) 
(t35iCllWJ 

FLTPLd2 
(15"tflt) 
(3131 Sid) 

FLiGHTPLAI 

FLTPLA•3 
(571 ~iii 
(13011/KWJ 

Flt. 2-29 Aalmbty Coat Com ....... 
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FLTPLAI 

1- LOW ALT, 1 YR ASSV 
2 - HtGH ALT. 1 YR ASSY 
3 - LOW ALT, 2 YR ASSY 
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components. An additional reduction could b$ achieved with development of the Fly-Back 

Booster. It ls conceivable that a cost as low as 300 $/kw could be achieved. 

An aluminum antenna stmcture ls 4 to 5% lower in cost than a graphite/ epoxy or. 

graphlte/polylmide structure (Fig. 2-30). Thts asemmes that the baste structural elements 

can be made of the SUDdard 5 mil fibers. Although the cost of composites are slightly 

higher than alumt4um, technical factors such as thermal properties, could be the tn­

fiuenotng factors tn final selection • 

2 •. 3 RECOMMENDATIONS 

'l'he concepts and design ogtions recommended for Task 3 etudy are ltsted in Fig. 2-31. 

Also lncluded .are. concepts that show sufficient promise for further technology study. 

Because of the greatet cost associated with high altitude aS$embly, the transportation 
mode selection can be narrcn\•ed down..to use of the Shuttle at a low altitude assembly si~. 

Advmced transportatioo system with increased payload (heavy lift vehicle) and development 

of the Fly-Back Booster could further reduce transportation and assembly costs, and 

sbt>uld be given greater study emphasis • 

The rectangular grid structural arrangement should be retained. No technology 

issues arose during Concept Definition that would suggest a different approach. The light 

weight ~d standardized construction of the rectangular grid structure makes this approach 

the best of the options studied. 

Materials selection cannot be clearly made at this time. Aluminum offers the lowest 

cost option \\·ith the least technology risk. The graphite composites are attractive in terms 

of thermal e~-pansion properties and the potential to retain stiffness characteristics at high 
temperature (polyimides). Basic material$ technology testing of composites ts recommended 

to determine the outgasslng and ultraviolet tolerance of these materials at the expected 

systetn operating temperatures. 

The assembly of structure using remote controlled manipulators was found to be 

potentially the lowest cost approach. This assembly technique would minimize tbe man-in­
space role and would therefore minimize the need for expensh·e life support equipments. 

':'he use of EYA in the assembl~· function showed the potential for increased produC!tion rates 

relative to remote controlled assembly. Ho\vever, the cost of large support Space Statlotis 

may preclude selection of this approach. Study of man's role in aEtsembly of lar~e struc­

ture is recommended fbr in,·e stigatton outside of the ll PTS study. 
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A\UMllUM 3 WT•&22X10 Kt 

ASSY 

MATERIALS 
TAAISPORT 

,, MATERIA:..a ,...__ PA&FA8 

Gl&APHITE/EPOXV 
WT • 4t1 X 1.03 Kt 

2MIL 
FIBER 

&MIL 
•11H 

ANTEllA STRUCTURAL °"1011 

TRANSPORTATION MODE 
• SHUTTLE/EXPENDABLE TRANSTAGE 
• SHUTTLE/REUSABLE TRANSTAGE 

ORA•attTIJP' YIMIDI 
WT•4UX1 Kf 

&MIL 
FIBER 

TASK3 
STUDY 

iMlL 
F'8Efl 

• SHUTTLE/CAYO TUG ~ I 

TECHNOLOGY 
STUbY 

• SHUTTLE/LOW ORBIT ASSV ••••••••••• , ••••••••••••••••• ':'Ill _ / 
• AD\/ANCED TRANSPORT SYStENl$ •••.•••••••••••••• , •••••••••••••••••••••••••• ~ 

STRUCTURALARRANGEMINT ~I 
• RECTANGULAR GRID .............•....•................ ~ 
• RAOfAL SPOkE 

MA:E:~~~NUM · .............................................. '1 
: ~=:~~=~~IDE ........................... · ........ ~ ..................... .;, 
• KEVLAR/POLVIMIDE ......•......•......•...................••....•..... I •••••• ~ 

ASSEMBLY 

: ~~~~.~o~~;~~~~~~~~.~~~~~ :::::::.'.'.'.'.'.'.'.'.'.':~ ..................... .J 
OETAILED PARTS ASSEMBLY 

• ORD FAB OF OEPl.OVABLE STRUCTURE ...................................... .'V 
ti rMhNED tN.ORBIT FAB ... I 
• AUTO SPACE FASRICATION •.•..••••....•••••.••......••• ~ 
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The method of fabricating detail parts of the assembly is strongly driven by the 

volume limitations of the transportation system. With the Shuttle volume characteristics, 
sptce fabrication of the low density components, such as structure, ts recommended. If 
volume capabilities of the lauuch sy$tem were increased, ground prefabrication of deploy-

able elements may become a more attracthm option • 
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Section 3 

TECHNICAL DISCUSSION 

3.1 ~llSSION ANALY$1S 

3.1.1 SSPS Configuration and Flight Mode Oescriptlons 

The Satellite Solar Power station (SSPS), as presently conceived, ls a geosynchronous 

equatorial placed satellite whose function it is to collect solar energy and radiate it to the 

earth (see Fig. 3.1-1 and 3.1-2). Energy radiation to the earth would be accomplished by 

the Microwave Power Transmission System (MPTS}, an lbtegra1 part of the SSPS system. 

The overall size of the SSPS system (-5 km x 12 km) precludes launch into orbit by a single 

launch, but requires many launches to get the components of the system into low earth orbit. 

Once in low earth orbit(LEO) the system can be assembled and tral1Sported through the Van 

Allen belts to geosynchronous equatorial orbit. An alternate plan calls for SSPS assembly 

above the Yan Allen belts (-7000 n ml) to avoid solar cell degradation which occurs while 

traversing the Van Allen. radiation belts. The latter system would use a TUg to transport 

the SSPS components from LEO to 7000 n mi. Both assembly altitudes would use a Solar 

Electric Propulsion System (S:f;PS) to transport the assembled SSP8 system from the 

assembly polni to geosynchronous equatorial mission orbit. Simllarly, both techniques 

would use Shuttles to transport materials from ground to LEO. In summary, the complete 

SSPS system consists of the following segments: 

• SSPS structure 

• ~I PTS antenna 

• SEPS 

• Stationkeep/control module (LEO assembly only). 

Figure 3.1-3 depicts the two flight modes, i.e., the low earth orbit assembly mode 

(Plan 1 ), and the high earth brblt (HEO, 7000 n mi) assembly mode (Plan 2). 

3.1. 2 Transportation System Performance 

3.1. 2. 1 Shuttle 

Both of the flight modes described in the pre\ious subsection utilize the Shuttle as 

the ,·ehlcle for transporting elements of the SSPS from ground to LEO. Thie east Shuttle 

3.1-1 
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kgx 1o' 

Solar Arrri/ 9.80 
Blmtkets 6.11 
Concentrators 0.93 
Non-Conductive Structure 1.73 
Busses, &#itches 0.23 
Mast 8t Rotaty Joint 0.57 

MW Antenna 1.66 
Ref Phase Waveguide 0.02 
Slotted Waveguides 0.68 
Subarray Electronics and Detectors 0.03 
Element Status and Cont. Data Bus 0.02 
SWltching and Power 0.06 
MW Generators 8t Cooling 0.63 
DCBusses 0.20 
Structure Incl. Rotary Joln1S 0.23 
lnstallatlonal Facilities 0.02 

Co~I System incl. 1 year aapply of Propellant 0.02 

Total System 11.48 

Center* of Gravity 

Xarm• 0.1 km 
Y,Z armi = ± 0.026 km (85 ft) (Variation Is due to the rotation of the MW Antenna) 

Moments of Inertia. 

'xx • 14.24 x 1a6 kgkrn2 ( 10.48 x 1012 slug tt2) 

'vv • 123 • 1a6 kgkm2 ( 90.628 x 1012 slug tt2l 

lzz • 137 x 1a6 kgkm2 (100.83 x 1(j12 slug tt2) 

F'e. 3. 1·2 SSPS Miu Pro .. rtits 

3.1-3 

lb m x 106 

21.S1 
13.47 
2.05 
3.81 
0.51 
1.26 

3.65 
0.04 
1.50 
0.07 
0.04 
0.13 
1.39 
0.44 
0.61 
0.04 

0.04 

25.30 
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launches from Kenttedy Bpd.Ce Center (KSC) rettult lt1 placeuient of the maximum payload of 

65000 lb lnt.o low earth orbit at 28.5 deg Inclination. Figure 3.1-4 presents the Shuttle pay­
load capability as a flinctlon of circular orbit altitude for sttuatlollS reqUirtng a rendezvous 

by the Shuttle. As illustrated, 190 n ml ls ~e maximum altitude that the Shuttle can deploy 

the maximum payload of 65000 lb. Shuttle performance degrades near linearly and rapidly 

abOve 190 n ml t.o 290 n ml, where no psyload can be placed into orbit. Shuttle performance 

In this region can be Increased with the addition of Orbit Maneuvering System (OMS) propel­

lmt 111 the Shuttle's payload bay; the obvious disadvantage of doing th1 ·, ts the loss of p4y1oad 

bay volume. Figure 3.1-5 presents similar performance tnformatic l 1or cases not involving 

an ultimate rendezvous Shuttle. Maximum p9.vload can be deployed i · "-"'0 n ml ;inoe no OMS 

propellant has been budgeted for rendezvous. 

Since depl.oyment of segments of the SSPS will requJ !"~ their being placed in close 

proximity to previously orbited segments, the rendezvous performance curve was used 
to determine Shuttle capabilities. 

s.1. 2. 2 ·Tui 

The Space Tug ls an Integral part of Flight Plan 2 "!>P.rations since it wiU be used to 

transport, to 7000 n ml, the material delivered to LEO by the Shuttle. The Tug used 

throughout this m alysls (see Ref J.) uses cryogenic propellant, ls r~usable and has the 

· following characteristics: 

• Propellant weight: 50177 lb (22730 Kg) 

• Burnout weight: 5755 lb (2607 Kg) 

• specific impulse (18P~: 456. 5 sec. 

A typical Tug scenario starts with pick-up of a payload from a 190 n ml c• .ular ox bit, 

then delivering the payload to a ~000 n ml circular orbit, and returning to th •. ..ihuttle in th.:­

orlginr 1 l 90 n ntl orbit. Figure 3.1-6 pt'esents the TUg deploy capability while performing 

such a scenario. The perfo~ce >.tl listed as a function of the del• .; the Tug must expend 

to get the payload to its point of destination. This outbound d~l .n-V can be related to 

the deployment altitude. The de1ta-V ",'quired to retum .1r l"l g to Shuttle has been assumed 

to be equal to that ot the outbound leg of th~ 1currtev. 

Figure 3.1-7 shows the Tug conflguratlon &ll 1 s· 1mmarlzes lts payload capability for 

three operation modes. The first, ls for the aforementlont t pay1oad deploy scenarios lt 

sliows (as does Flg. 3.1-6) that the Tug can deploy 36800 lb,. ,•:10 Kg) to 7000 n ml. The 
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second mnde, payload retrl('val, has a payload ca.pablllty ot 19000 lb (860'7 Kg). The final 

mode involves deploytng atid retrieving a payload of ecauat weight to an orbit (roundtrlp), 

and Ftg. 3.1-'1lists12500 lb (5882 Kg) as the capability. 

a.1. 2. 3 Solar Electric J)ropulsion System (SEPS) 

Ion propUlston system performance tor both Plan 1, which calls for SS:PS delivery 

from L!O to geosynchronous equatorll1 orbit, and Plan 2 which requires a slmilar 

delivery from 7000 n mi is ciependcnt on SEPS thrust and SSPS weight. Figure 3.1-8 

presents SEPS in-plane performance for a transfer from a 190 n m1 circular orbit to geo­

synchronous orbit (at 28.5°) for various thrust-to-weight ratios. The figU.re shows that 

approximately one year ls required t.o reach mission orbit with the lowest thru.st-to-weigbt 

ratio being considered: this traversal spends 120 days in the Van Allen radiation region. a 

period durl11g whlch exposed solar cell effectiveness will be degraded by approximately 40%. 

This degradation will be accounted for when sizing the solar array which provides power for 

the ion propulsion system. 

3.1. 3 Altitude Selection 

The issue of altitude selection ts tied tD both the Shuttle payload/altitude capability and· 

air drag effects. The trades involved with selecting a LEO assembly altitude (Plan 1), 

or a high earth orbit assembly altitude (Plan 2) are centered around the consequences 

of supplying a Tug fleet for Plan 2 or an Orbit Keep/ Altitude Control Module (OK/ ACM) 

for assembly in LEO. Ultimately, the selection becomes one of cost and mission complexity. 

This subsection reports the effects of air drag on the SSPS in LEO, and will discuss the 

sizing of an OK/ ACM system required to maintain the SSPS at the selected altitude. 

Investigation of air drag effects on a satellite is dependent on the value of the satellites 

bal1istfo coefficient (M/CdA). 'I'hroughout this analysis,. two values of M/CdA have been 

investigated, 0.175 and 1. 75. 'These values weri selected by assuming a total weight of 

25 MlbB, a Cd value of 2, and an order of magnitude difference in the area int.o the wlnd (A). 

The balllsttc coefficient value of 0.175 assumes that the SSPS solar cells are covering the 

structure (as they would be in ac~al use) and that the SSPS has its edge lnt.o the wind. Tlie 

ballistic coefficient vaiue of 1. 75 assumes that the solar ce1ls are st.ored in a l"(jlled window 

shade fashton, and the effective area ls 10% of the nominal atea. A one degree peak-to-peak 

oscillation about the center of the SSPS ls also assWiled. Since orientation of the SSPS edge 

perpendicular to the orbital velocity vector (edge 1ntO wind) fo11ows a stnusoldal pattern, a 

mean area Into the wind was computed. The computation coiJ.Sldered the centroid of the 
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llmlt-oycle sinusoid, and reculted ln reducing t!le effective area by 60% ove~ that of holding 

a fixed olfaeU&U:o-.the-:wind. 

Flgur.e s.1-9 lllustrates the effect of a.tr drag on SSPS altitude over a 24 month period. 

The balllstlc coefficient ot .o. 1 '15 represents the SSPS wlth solar cell fully deployed. A 

nominal dyaamic (Jacchla) mid-1979 atmosphere and a 95 percentile atmosphere were 

separately assumed. Conslderlng tl1e 96 percentile atmosphere and an initial altitude that 

Shuttle can reach wtth ASOOO lb (29446 Kg) payload, the SSPS re-enterl!I (assumed to be 75 
n ml) after only one month .in orbit. The nominal atmoaphete asswnptlon merely adds M­

other mottth to the SSPS orbit life and indicates that an orbit.keep module must be added to 

the SSPS if assembly is to be performed at 190 n mi. The figure shows that SSPS's with 

initial orbits of 250, 300, and 400 n mi will not re-enter within a year under nominal 

atmospheric conditions. 

Figures 3.1-10 and 3.1-11 illustrate the wide variation in orbit lifetime which exists 

for Yehicles with the two different ballistic coefficient values mentioned earUer. Figure 

3.1-10 presents orbit decay characteristics for.the SSPS at an initial 190 11. mi altitude. 

Orbit lifetimes which differ by almost an order of magnitude result when the SSPS solar 

cells are fully de12loyed (M/CdA=0.175) as compared to the case where they are stored ln 

rolls. storage of the cells then shows two advalttages; first. air drag is reduced and 

secondly, solar cell degradation ls reduced during Van Allen belt transit. Figure 3.1-11 

shows similar information for an initial altitude of 250 n mi, and illustrates the distinct 

advantages of assembly at higher altitudes. The question of atmospheric density at 250 n mi 

bec..>mes academic if a balllstio coefficient of approximately 1. 75 can be assured. For these 

cases SSPS assembly could extend several years without even having to consider the addition 

of an orbit-keeping module to the SSPS. Unfortunately, Shuttle payload capability (on 

integral OMS) to 250 n mi ls less than half of what lt ls to 190 n ml (see Flg. 3.1-4). If the 
present shuttle ls basellned as the SSPS launch vehicle, then fleet size and Shuttle traffic 

considerations dictate that 190 n mi be selected as the assembly altitude. The selection 

:>resupposes that an orbit-keeping module, which uses a reasonable amount of propellant 

o\•er the assembly period (1 or 2 years), can be sized to malntaln the 190 n ml altitude. 

The orblt·k~eplng module h.~ .. to supply a force equal in magnitude (and opposite ln 

direction) to the air drag force. l"lgure a.1-12 presents the forces required to compensate 

for alr arag ln low earth orbits. A constant fo1·ce of 11 lb would maintain the SSPS at 190 

n mi during the assembly period. The fact that the structure bulldup will be progressh·e 

over the assembly period has been ignored. Rather, the consen·ati\•e assumption which has 
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been made is that the entire structure exists at the beginning of the orbit decay analysis 
time frame. An orbit-keeping module has been.1dzed to maintain the SSPS at 190 n mi 

altitude. It represents a small version of the ion propulsion system proposed td 

transport the SSPS to geosynchronous orbit, and as 11uob, has been sized using the 

procedure discussed in StJbsectlon 3.1. 4. 

Power from the stationkeeping module ion engine is derived from solar phototlS im­

pinging on solar cells. As the SSPS circles the earth in the 190 n mt assembly orbit, it 

will be in the earth's shadow approximately 40% of the time. Since the power source for the 

stationkeeping module will be lb.operative during the shadow traverse, the force from the 

engine will drop off and the SSPS orbit will decay slightly. To compensate for this effect, 

the thrust required from the stationkeeping module has been increased from 11 to 16 lb. 

Characteristics of the stationkeeping module, which was sized to keep the SSPS at 190 n mi 

altitude under nominal air drag conditions, are as follows: 

• Thrust 

• Propellant 

e Total Module Weight 

3.1.4 SEPS (Ion Engine) Sizing 

3.1. 4. 1. Sizing Procedure 

16 lb ('11. 2N) 

44 Klb/yr (19. 9 x 103 Kg/yr) 

89 K1b (40. 3 x 103 Kg) 

the factors affecting ion system size ind a sizing procedure flow logic are depicted in 

Fig. 3.1.13. Maximizing payload ratio (AR) is the fundamental goal in sizing the Ion pro­

pulsion. t:nllke chemical propulsion, this ts not achieved with maximum specific impulse 

(I
8

p>• The reduced propellant weight requirement with associated high Isp must be traded 

against the increase in weight of the power supply required to achieve it. The factors 

affecting that trade are: 

• System overall efficiency, = '1u·'1p 

- 11r =propellant utlllzatlon efficiency= particles ionized per total particles 

17 p = power efficiency = power in the thrust-producing ion jet per unit of power 

at the source 

• Specific mass of the propulsion system, a = weight of all propulslori system 

hardware per unit of source electric power (lbm/k-w) 

• Propulsion time, t 

• Mission 4i \'. 
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For a given value of sizing parameter 11 t/a and mission l1 V, there exists an optimum 

Isp which maximizes the non-prop\ilelve payload ratto. Figures 3.1-14 and 3.1-15 show. 

respectively, the optimum specific impulse and cotte&pondbig maxlmtzed payload fraction 

as a function of 17t/a*. once the optimum I
8
P and maximized payload fraction are estab­

lished, many of the important propulsion system characteristics can be determined. The 

propulsion system weights, total thrust requirement, and total source power requirement 

can be calculated, as shown below, on the basis of a given non-propulsive payload weight 

(MR): 

• l>ayload + propulsion system weight, M
0 
=MR/>. R 

• Propulsion system weight, including propellant, Mps = M
0
-MR 

• Propellant welght, MP= M
0 

- ~urnout = M
0

(1-e-.4V/Ispg) 

• Total thrust required, F = (Mp/t sec per yr) Isp 

• Source power requirement, P = F Isp g/2 71 x conversion 

factor to KW t;io> 

3.1. 4. 2 SEPS Stzed For Geosynchronous Delivery From 190 N Mi 

(3.1-1) 

(3.1-2) 

(3.1-3) 

(3.1-4) 

(3.1-5) 

Following the sizing procedures outlined in SUbsectlon 3.1. 4.1, the characteristics 

of a represeutative ion propulsion systein for the SSPS delivery mission can be determined. 

The mission parameters assumed are: 

• Delta-V = 16, 000 fps (5000 mps) 

• Trip time, t = 365 days 

• Non-propulsive payload weight, MR = 26 x 10
6 lbm (11. 8 x 106 Kg). 

The assumed mission delta-v corresponds to an ascension to geosynchronous orbit by 

continuous thrusting from an initial orbit altitude c>f approximately 190 b mi. A representa­

tive trip time of one year was selected to improve the '1 t/a sizing parameter while keeping 

within the bounds of thruster system capability for continuous propulsion. Durations of 

approximately 8000 and ~00 hr have been demonstrated in ground and space tests, 
respectively. A three-year continuous-propulsion capability CM readily be projected, at 

this time, for the SSPS time frame. 

-------
•Governing equations for Fig. 3.1-14 t..-id 3.1-15 are derived in Ref 120). 
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A mercury prt>~llant, electron-bombardment tan propulsion system with a solar cell 

power source ls asswned to have the following characteristics: 

• system efficiency• 1J = o. 7 

- 11u = o. eo 

- ,,p = 0.78 

• Specific weight, a = 15 lbm/kw. 

Overall system efficiencies of o. 7 are equaled or exceeded with t.oday's technology. 

The overall system specific weight assumption is based on an assumed powet supply and 

conditioning speclflc weight of 5 Ihm/kw, in line with projected solar cell weights for the 

SSPS itself, and propellant tankage, feed, thruster, structure, etc.• epecific weight of 

10 lbm/kw. current values for overall system specific weight fall in the range of 65-150 

lbm/kw; however, the assumed value of 15 has precedence in literature (Ref 21). 

The SSPS ion propulsion system, therefore, has a value of t'Jt/a = 17 day-h."W/lbm. 

It can now be determined from Fig. 3.1-14 and 3.1-15 that: 

• Optimum I
8

P = 8000 sec 

• Maximized payload ratio, AR= 0.88 

From Fig. (3.1-1) through (3.1-5): 

• Total system weight, M
0 

= 29 x 106 lbm (13.1x10
6 

Kg) 

6 6 • Propulsion system weight, Mps = 3. 5 x 10 lbm (1. 6 x 10 Kg) 

• Propellant weight, ~tp = 1. 8 x 10
6 lbm (0.82 x 106 

Kg) 

• Total thrust required, F = 454 lbf (2018N) 

• R>wer required• P = 113, 000 kw 

3.1. 4. 3 SEPS Sized For Geos~nchronous Delivery From 7000 ~ Ml 

An ion propulsion system can be sized for a SSPS delivefl· tt'.\ geosynchronous orbit 

from the candidate 7000 n ml assembly altitude. The method followed is identical to that 

outlined hi Subsection 3.1. 4.1. The mission parameters assumed are: 

• Delta-Y = s. 000 fps (156::? mps) 

• Trip time. t = 120 da~'B 
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6 6 
• Non-Propulsive payload weight, MR= 26 x 10 lbm (11. 78 x 10 Kg) 

• System efflctency, 71 = o. 7 

• Specific weight, o = 15 lbm/KW (6, 78 Kg/KW) 

The resulting SEPS had the following characteristics: 

• Optimum I8P = 4625 sec 

• Maximized payload ratio, AR = o. 96 

• Total system weight, M
0 

= 27 x 106 lbm (12. 2 x 106 Kg) 

• Propulsion system weight, Mps = 1.2 M lbm (0.54 x 10
6 

Kg) 

• Propellant weight, MP = o. 9 M lbm (O. 4 x 106 Kg) 

• Total thrust required, F = 400 lbf (1178N) 

• Power required, P = 43, 000 Icy{ 
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3. 2 ANTi:NNA STRUCTURAL CONCEPT 

3. 2.1 General Arrangement 

The MPTS antenna is 1 km (3280 ft) ln diameter by 40 meters (131. 2 ft) rlccp. Th<.' 

antenna ls assembled ln two rectangular grid structural layers, Fig. 3. 2-1. The prlmar~· 

structure ls built up in 108 x 108 x 35 meter bays using triangular girder compression 

members 18 meters long and 3 meters wide. The secondary structure 18 x 18 x 5 meter bays 

(Section B-13, Flg. 3. 2-1) are used as support points for the waveguide subarrays. Dimen­

sions of the secondary structure will vary with selection of the optimum subarray size. (The 
18 x 18 meter size is typical). A mechanical screw jack system (Detail C, Fig. 3. 2-1) is 

used as the interface with the subarrays and provides the q.exlblllty of mechanically aligning 

the waveguides in orientation and position. This feature desensitizes thEi configuration re­

quirements on assembly tolerances and thermal deflection accuracies. 

The antenna-to-spacecraft interface (Detail D, Fig. 3. 2-2), uses a 360" rotary joint 

(azimuth) about the spacecraft (SSPS) central mast and a limited motion (±8°) rotary joint 

for North-South steering (elevation). The azimuth rotary joint uses two slip-rings and brush 

assemblies for power transfer (Section F-F, Fig. 3. 2-2). One routes plus current, the other 

negative. The azimuth drive assembly Utilizes a geared rail support structure (Section E-E, 

Fig. 3. 2-2) and motl'r driven 4-whcel truck roller assembly. The elevation drive utilizes 

flexible cable for pow~r transfer l'..Jld a geared rail drive system similar to the mechanism 

used tor azimuth contrlll. 

3. 2. 2 Rotary Joint 

A recommended approach for concept definition consisting of rollers and tracks hn · 

tentatively been made. Power is transferred across the azimuth interface by silver :illc.) 

brushes and slip rings, and across the elevation drive by flexible cable. The orif' •• tton 

drive ls by DC torque motor with spur gear drive. 

Des.gn of the antenna mechanical inte1·fnce requires selection of the ~earing, bearings, 

motor, power transfer device and lubric-ation. Reference 8, contait.lr. lesign dl"tails and 

analysis for a space station solar array l '>tatlng joint, has bf'·-·11 u~t ·las a source of pertinent 

design data. Applicable data from lx>th Ref 7 a .. : J ~ has he_· ~ q .!atcd in this rt.•port for 

convenience. 

3. 2. 2.1 Gears 

The choice of gears to meet the 1 arc-min pointin~ accur.h. i·Prtuirl'mC'nt and 30-y«.>ar 

life ls a major issue in control system design. Depending upon thl' ~ t .,t d the ~ear ratio, 

3.2-1 



backlash and jamming tn an environment of high torque and low rotational rate, may preclude 

meeting requirements. The baste types of gears include spur gears. he1ict11 gears, worm 

gears, harl'honic drive gears and bevel gears. The features of each of these options ar~ 

prcsAnted in Fig. 3. 2-3. The "no backlash" feature of the harmonic drive, in additfon to thf.l 

potential to achieve high gearing ratios with minimal packaging difff culty, would lead to 

selection of this approach. The major problem with the harmonic drive, however, ls the 

poor life inhibited in limited tests of these gears. The worm gear approach, particularly 

for the elevation drive, is not recommended because of alignment difficulties, high friction 

and the inability to drive the gears backwards. A spur gear drive would provide a simple 

positive traction for transfer of torque; however, the design of gear teeth would have to 

provide a significant positive safety margin to preclude tooth breakage. Wear ls not con­

sidered a problem due to the low speed environment. 

3. 2. 2. 2 Bearings 

Beatings for the MPTS interface control system should be rolling-element types to 

provide the lowest friction posstbie. Options for selection include ball }>e!artrtgs, roller 

bearings or individual rollers. The individual roller approach was used in the SSPS design 

shown in Fig. 3. 2-2. This approach results 1n high friction and has questionable fatigue 

life. A ball-bearing approach would minimize friction a.nd provtde better fatigue life. The 

large diameter (65 meters) of the azimuth interface would cause problems in design and 

assembly of conventional, machined-race, lo~frtctlon bearings. Because of the ball bear­

ing design problem, it is recommended that the individual roller and track bearing arrange­

ment be retained. 

Further study and deft.nttion should include assessment of the following: 

• Static load capacity • Tolerance to thermal gradients 

• Dynamic load capacity • Lubrication 

• Fatigue life • Materials 

• Stiffness • :Maintainability 

• Friction 
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a. 2. 2. 3 Motors 

l 
I 

The following summarizes the motor requirements for the MPTS :->lechanic.al .. systetn 

interface: 

Motor 
Characteristics 

• Torque (peak) 

• Horsepower 

• Time Constant 

Azimuth 
Drive 

1.02x106 N•m 

0.18 

Less than 0.1 soc 

Elevation 
Drive 

~.83x103 N·m 

1.8 

Figure 3. 2-4 ls a. list of typical motor types that are considerations for the serw 
systetn design. 

Control dytwnics computations indicate that less than 134 watts power drain is 

required to drive the antenna in azimuth; however, startup inertia and response to control 

the effect of base dynamios will require a high $tarting torque motor. A DC motor ts well 

suited to this application. The long life requirements (30 years) favors the brushless DC 

torque motor, though these devices are slightly heavier and less efficient than brush motors. 

Figo.re 3. 2-5 presents a conceptual design for the rotary drive mechanism. The total weight 
for motors, gears, idler wheels and drive wheels is 12, 024 Kg. 

An attractive option to the motor-gear system would oo the use of linear step motors 

mounted around the periphery of the drive assembly support. These devices have an 
excellent thrust-to-weight ratio (10:1) and would eliminate the wear.problems associated with 

gears. Figure 3. 2-6 is a conceptual layout and weight estimate of a three-phase variable 

reluctance linear motor system. A significant weight reduction relative to the motor cear 

approach is indicated. The attractiveness of tbih :.pproach in terms of reliability, simplicity 
and low weight strongly suggest that technology efforts be initiated to determine the feasibility 

of application to the MPTS rotary jolnt drive mechanism. 

a. 2. 2. 4 Power Transfer Devices 

Figure 3. 2-7 summarizes power trartefer options and the major considerations in 

selection. Consideration of all factors leads to a tentative selection of slip rings for the 

azimuth drive and flex cables for t..'P elevation driVC'. 

3. 2. 2. 5 Sltp Rings and Brushes 

A posstb1e configuration \\'oulct employ two coin silver slip tings around the mast 

mounted near the roller tracks for gap tolerance stabllity. Self-lubricating brushes would 

3.2-6 
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"FIXED" STRUCTURE 

;1\, 
CABLE/SEGMENTt:D GE.O.R RACK 

I 

AZIMUTH DRIVE CHARACTERISTICS 

ANTENNA SPEED 
GEAR REDUCTION 
MOTOR SPEED 
MOTOR TORQUE 

0.728 X 104 RAD/SEC 
2.47 x 106 

.. 18.4 RAD/SEC 

• 2.8 FT/LB 
13.8Nml 

WT, GEAR BOX & MOTORS .. 24,065 LS 
110938 Kgl 

WT, DRIVE TRUCK a CABLE• 2389 L8 
11086 Kg) 

Fig. 3.2·& Rotary Drive Conolpt 
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be spring loaded and mwlc of stlver/ntoblum dlscfonido carrytng from 7. 75 x 10
4 

to 15. 5 x 

10'
1 amp/m2 (50 to 100 a.·· p/in. 2). Brush pressure would be from 27,550 to 68,940 N/m

2 

(4 to 10 psi). Bru~h speed ts low, so no arcing problems are anttctpated. Brush height would 

be designed for the life of the SSPS at very small penalty, or ute/reliabllity goals could be 

met by an unloaded set of standby brushes to be actuated by command when wearout of the 

initial set was imminent. Life predictions for such designs have been estimated to be 

possible for over 100 years. The m~in problem ls providing for oil vapor 1ubricatlon to 

supplement the NbSe2 so1id lubricant. on vapor lube extends the life of brushes, but re­

quires some form of reservoir and labyrinth seal to minimize vapor loss. Mass estimate 

has yet to be made, but the specific weight will probably be small relative to structure, 

bearings, and buses. 

Figure 3. 2-8 is a schematic of the slip ring 411cl brush design concept for the azimuth 
rotary joint. The total weight of brushes and slip rings ls estimated at 1100 lb (504 F'.g). 

Slip rings and br11shes possess a well-developed technology and have unlimited rota­

tional freedom in one axis. Their performance is not degraded by stopping, starting or 

1'.°eversing. Slip rings have high reliability over long operating periods. Slip rings, however, 

are relatively heavy and because of their large size would present problems in assembly. 

The major consideration to overall system design is the high thermal inputs to the structural 

interface due to rR losses at the brush slip ring interface. Figure 3.2-9 and 3.2-10 sum­

marize the operating temperatures and voltage drop for some candidate brushes and slip ring 

combhtations. Considering a system power level of 5 GW and a voltage level of 20 KV, there 

will be approximate!~· 20, 000 amperes per bus bar. To achieve a medium current density of 

7. 75 amperes per square meter requires s. 23 square meters of brush/ slip ring contact 
area. According to Fig. 3. 2-10, the voltage drop across the brush/slip ring interface will 

be approximately o. 2 volt which will generate 40 h."'W of waste heat at each interface. To 

ensure reasbnable operating temperatures for the brushes, methods for efficiently "dumping'' 

this waste heat should be considered. 

3~ 2. 2. 6 Liquid Metal Slip Rlngs 

No information on successful a ... ·,Ucatton of this conc~pt has been unco\'e red to rlak. 

The state-of-the-art is such as to leave most questions unanswer('d, so dt'\•clopmPnt risk 

ls considered high. Reference ~ gave no technical informntton relative to liquid slip rings 

but did not list them with SKF as origin. SKF had tried to use a mercury liquid nwtnl slip 

ring for instrumentation noise suppression on a 2·1, 000 rpm bearing r<'st•arch program hut 

had dropped development In favor of a stlver/sllvt>r graphite solid brush systl'm. 

3.2-10 
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PlJlltER CLUTCH INTERMEDIATE POSSllLf.. INlERMEDIATE 12R THIRD CONCtPT STAGE NO l IJRf QN CONT AG TS 
COM- HAVfTORHfT MOTOR PARTS Nf.ED 
PONENTS MISCE 1.LANEOUS 
REPLAC.'E LUBRICATION 
ABLE. 

FLEX CABLE LOWEST POSSllLE LOWEST 12R. FIRST STATE.OF-THE-ART INDIVIDUAL STRANDS 
ILOW£STI LUBRICATED WITHIN 

SHEATH 
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TRANSFORMER IOUE TO INVERTERI SIZE ANO THE SHELF. SPACE 

EFFtCIENcV. UNITS NEED DEV 
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SEE REFERENCE 8 

Fig. 3.2·7 Power Transfer Device Selection Considerations 
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~·/"'' 7:.-~ SLIP RING 

x;p/~ 
/ SPf .. NO MOU•TED BRUSHES 

Fit. 3.2.. Brush/Slip Rint Concept 
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-COPPER SLIP fil!I!! 
SLIDING 

4 PSI 
8 PSI 
10.12 PSI 
13-11 PSI 

STATIC 

4 PSI 
8 PSI 
10.12 PSI 
13-16 PSI 

llbVgR SLIP 8!!!1. 
SLIDING 

4 PSI 
8 PSI 

STATIC 

4 PSI 
8 PSI 

.. 
v ~.C ICOTI LUIED 
"1LVER/GRAPHITE 

fiOAIJ~ 100A/IN~ 

88: 73-74 -
a: IO«I -
eo.et -
6CMIO 

71 -.. -
75-78 -
60-61 -

72·78 10CH02 
35-58 »11 

68-12 12• 
324 ~7 

MD~LUBED 
SIL A/COPP 

·-··-!«)A/I~ .. 

--· 

49-66 

1: 

ER 
NbSe, LUBED 

SILVER 

-_ fiOA/~--

61-83 

Fig. 3.2·9 Opentint l emper1Nr11 (°C) of, C.ndidlte Brushd 

BRUSHES VAC KOTE LUBED SILVER/GRAPHITE 

fiO A/IN~ 100 AllN2 
@PPER S\.IP RINGS I ----------···--·-·-·-

SLIDING FOR: ' ZOO HR - &lib HR 
4 PSI o.26 Cl. 18 
BPSI I 0.18 017 
10. 16 PSI : Cl.22 

UATIC FOR: I ~ 315 HR 
4 PSI I 0.14 
8 PSI Cl. 14 
10.18 PSI 0.17 

SIL 'Jt'R SC.IP RINGS° ________ ·-.. --·-- .. -· -· -

SLIDING FOR. :J.00 H~ ~ -~ H~ 
4 PSI 0.21 G.34 
8 PSI G.20 0.23 

~ N~ 
LUBED LUBED 
SILVERI SILVER 
~ 

-4-- .. +· - .. 
I 

--~ .. ~~-

009 

STATIC FOR • 315 HR - 315 __ t!~. ".' 1~-~-~ .: ~~~J:tR ~ -~7-• .. ~lt 
4 PSI -o:ao- 0.27 026 0 073 : 0.086 

l____!~S_I . ----~-0~!_- . ____ --------U!_ _ __ O~~~-- __ j_ _ . _ _ ._ __ 

Fig. 3.2·10 Volt191 brop fot Candidate Btuthes Hor Single Contlc:ts) 
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Liquid aodtum has potential as a sllp ring liquid hoonuac of good conductivity, Wl.•Utrig 

nnd viscosity chnrnctci·tsttcs. 'fhcorcticnlly, auch a device would carry ~urrC'nt with low 

power loss and low torque drag. Tho main problem ts foreseen aR dcvclopnwnt 0£ n long llfo, 

low friction seal to keep the liquid contained. Such a sonl would be scnatttvu to tempernturc 

change, contamlnation, and corrosion. It might prove difficult to lubricate and on-line 

malnt.ena.nce or seal replacement could prove compllcntcd, 

Because or high development risk, lac-k 0£ design lnformntion, constraints on structural 

configuration, and lower llfe/rellabllity rating thnn conventional slip rings, liquid mctnl slip 

rings are not recommended for baseline de.velopment but should be considcrlld ns a potential 

technology st-..tdy. 

3. 2. 2. 7 l>ower Clutch and Flexibl~ Cable 

A power clutch holds two contacts fixed together while they move through part of a 

revolution, and then the contacts break apart and reset to an initial position, and the cycle 

repeats. The relative motion ls allowed for by a flexible cable. For SSPS application, two 

sets of contticts would be required so one could carry the load while the other reset. The 

&.dvantage is a lower contact resistance and lower wear rate than with brushes and slip rings, 

but the greater mechanical complexity and redundant mechanism required would probably 

trend toward high ~r weight and lower reliability. 

3. 2. 2. 8 ·Rotary T1 uisformer 

A rotary transformer could be designed to operate at high efficiency w.th r£. wear 

(no contact\, but the high efficiency would require heavy core material and a closc> tnlt•rnnCl' 

gap. Since SSPS ls a DC syst<>m, an additional penalty would have to be added for Dl · c-nc 
power conversion. Rotary transformers do pro\ide low friction and should be ('1111~1Jc·1 .•·l as 

a potenti:.iJ technolog)· study. 

3. 2. 2. 1 ~oiling Contact 

A rolling contact device transferring power through either ~H · ~ or hearings is ineffi­

cient as an electrical oonducHun path hccuusc cont..'lct :lrea~ d'C' ·8st•ntinlly 11:\t·s C'l' p0ints 

u11lcss there is deformation - in which c,1_:-;1_ ·1wtal fati~· .. 1 •' .!~nes a problem. It is not 

recommended. 

3. 2. ::?.10 Luhrk:itlon 

Lubricant options include oil, grc:tsl' :md solid:'. Fir; ·1. !?-11 :md 3. :.?-1::! (h:uwd on 

data from Ref ~\ summarize test data on \•arious l'l~nditbtc oil~ ,'• ··' ·~T~asl'. Th(' 30-~·e:U' life 

3 .!!-l:l 
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!III Si:QM91I1.2Nll 
LOAD 10 KG (INITIAi. HERtZ liTRESS .. :no,ooo PSll 
•EED ICIO RPM (4li FT/MIN SLIDINCll 
DURATION IO MINU'rlll 
BAI.LS 62100 STEEL ---

MIN. COIF. OF FRICTION WEAR &CAA DIA., MM 

MNAIDATE OIL •.ic 70"C 1CICl°C 38°C 70°C 100°C 
~·- - --

VAC KOTE l'ETROLEUM o.o09 o.Cll6 0.096 0.401 0.471 G.413 o ... 0.432 

VAC KOTE ESTER O.OIS o.ose 0.093 0.280 0.278 G.273 

! VAC KOTE ETHER 0.122 0.118 0.114 0.241 0.220 0.224 

I 0.113 Q.207 

KRYTOX 143 AB 0.113• 0.1•· 0.098• 0.381 YB UH 
XRM 217D 9.oao 0.013 ~Q!J 0.211 0.196 I QJJ! 
I VERSILUBE F-60 0.098• ERRATIC• ~ !!!! 0.44S o•aa 
FS-12i& ~ 0.083 !!:!!! 0.194 0.207 G.31! 

riiOiWiuolNG -- '-----
: SEE REFF.RENCE 8 

Fig. 3.2·11 Friction and Wear Properties of Oils (Four·Ball Test) 

I TEST CONDITIONS: 
: LOAD 

SPEED 
DURATION 
BALLS 

10 KG (INITIAL HERTZ STRESS-~·210,000-PSll J 
800RPM145 FT/MIN SLIDINGl 
90MINUTES 
li2100_STEl:L ______ 

1 
_ l MIN. COEF.OF FRICTION I WEAR SCAR DIA, MM. -

l 
v~::~:~!T~~e:!t !o.~,c -l--o~ c -+-o~_c ____ -·-r ·--0:.13.ft~ · ·f o.;~~-fo-~t!. ~- __ _: 
VAC KOTE PETRO. BASE I 0.080 0.073 0.071 I 0.416 I G.494 ! O.S2fl 

I DUPONT PL-631 l 0120.. ,)106 • 0.100 : 0.413 ! 0.298 ; 0266 

I KRYTOX 2..0AC l 0106.. 0110.. 0.120 O.li17 j G.424 I 0.368 

; SUPERMIL M125 . 0 . .-t•• 0.083•• 0.077:• 0384 0.'45 0 329• 

I 160 MINI 160 MINI 

I VE RSI LUBE G-300 : 0 174:. 0.093:. ·0.22:. 0.504• ; 0&66 0 ~· 
: 113 MINI 11& Ml~) 1 ZERO Ml~I ' I 13 MINI ( 1S Mll',11 11£ RC' Mt~· 

.... - --· __ .. ------- - ~ ----- - .. - 1. - .... -

f'AILED AT tlME INDICATED OUE TO HIGH fRICl ION"' 0 221 
Noss·: SLIDING --·--- -------·-· ··---- --·-·· ·-·-·-- --·· -- . --- .. 

.... 

Fli. 3.2·12 Friction and Wur Proswties of Gr••n CFour·Bllt T~t) 

OBIGlNAL PAGE tS 
Of POOR QUALITY 
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reqtdtemont la thci moat atgnlftcnnt constdoration, wtth Uttfo or no dntn t.o Rupport 11 acll:cUon. 

Vac Kote lubricants havo prowm highly roltnhlc:i ln oso cmd other spn.c(lcraft nltp ring, r,c.•nr 
and motor uppUcatlona. Greases ho.v(l tho samo booto <lhnrnrtorlRtlcH aH the uila with 

appropriate thtckontng Qgonta added, GroaAos ahoulrl ho us,~d only whPr<-' l<'nlmgo ls too btgh 

to retain an on. Solids would have appUcn.Uon for slip rlng and motor lu•uHhc1A, 

3. 2. 3 Prtrnt\ry/Sacondnry Antormn Structure 

The baste structurb consists or 20 major benms porpondtcular to 011ch other to form 

a grid or squares 108 meters on e1Lch side. 'l'ho secondary structure located within these grids 

form a denser grid of squares 18 meters on each side. The major beam "upper" caps arc 

girder/columns consisting of three longitudinal members equidistant apart. At appropriate 

intervals, cross bracing and tension wires a.re added to bnlance \he shear loads. The 

"Jower" cn.p of the primary structure is idcnttca.1 to the set'ondary structure whlch ls a beam 

consisting of girder/columns five meters apart. These arc of similar construction to the 

primary members but scaled down. All beams arc given shear captibility by virtue of wire/ 

cables connected in the nuumer of a drag truss. Horizontal shear capability is obtained in 

a like manner by attacbing cables at the upper beam caps across the 108 meter bays. See 

ttg. 3. 2-13 for a typical 108 meter bay structural arrangement. 

3. 2. 4 structure/Wa •egtiide Interi'ac~ 

Two methods of attaching the waveguide assembly to the secondary strncture have been 

identified: 

• The Sin~le Point PicLup (Fig. 3. 2-14) consists of a two-a.~is motor driven g• .1h:tl 

located at each 1"' meter intersection. Lugs on this unit attach to composite 

structural members wHch support the waveguide assembl~· and effectively P'L ,.,_.u 
any conductive hC'nt transkr. The ~mbal provides means of varying thC' .intlng 

attitude of the waveguide assc>mbly to account for structural/thermal deformations 

L th~ structure. 

• The Three Point Support (Fig. 1. ~1 -15) requires three motnr , .. \'t.>n screw j,u•ks nt 

cnch lS n1ctcr intersection. Ettl'' ont' is mountf'd or .• .Wt• ,Lxis gtmbnl which. Wht>n 

coupll'd to the screw jn.ck action, pro\'ll·1·tc rohtiC'.t1l ai.d translational ndjustnwnt. 

Conducth·e heat transfer ls mlnlmlZt'd IJ~ • · \:. 1 of composite fittln~s to interface 

with thC' st'rl'W jacks. 
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ANTENNA SECONDARY STRUCTURE 

' I 

WAVEGUIDE ASSY 

Fig. 3.2· 14 Wa1teguide/Structure Interface. Single Point Support 

WT EST/ACTUATOR (ALUM) 
REQUIREMENTS 

• EXT'.ZNStON 18 IN. (40.6 CM) LB Kg 

• ROTATION :U ARC MINUTES 
SHAFT 20.0 9.06 
WORM 3.8 1.72 
MOTOR 5.0 3.89 
THERMAL ISOL 1.6 0.72 
GEAR BOX 8t GIMBAL 6.6 2.98 

44.0 19.93 

/ANTENNA SECONDARY STRUCTURE 

GIM8AL 

MOTOR GEAR 80)\-SCREW JACK ASSV (3) 

WAVEGUIDE ASS'f 

' . 
THERMAL ISOLATION FITTING 

At. 3.2·1& Wnttuldt/Sttucture lnterfaC:e, Three Polnt Support 
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a. 2. 6 Antedna Wet.ght and Mass Properties 

Weight of the structural lnitallatlon for the SSPs microwave alitenna evolved from 
oonstderatlons and analysts of the effect of wetght on ant.enn• stze, D1aterials mtd coatlngi, 

type of constructlOn, manufacturing tolerances, deployDlen.t and space assembly, carrier 

system liitegration, SSPS life reqUitements lD space environment, and thermal design re­

quirements. The assumptions, weight drivers, weight trades and the resulting detail weight 

eiitln1ate for the antenna structure is ineluded In the following dlScusslon of study results. 
3. 2. 5. J. Antenna Structure Weight 

Weight of the antenna st1"1cture itemized ID Fig. 3. 2-UI ls 410920 kg (904032 lb). The .I 

assumptloDs made to e.uinate weight are: 

• Antemia diameter: 1 Km 

• Material: Graphite/ epoxy with tht.rmftl coatmas (weight of graphite/polylm.ide ls 

same as for graphite/epoxy) 

• ;prtmary b'tructure: Rectangular grid beams at 108 meter intervals. The structure 

is built up trom structural boa.ms 18 meters long, each of which is constructed from 

three longitudinal mettlbers 18 meters long braced at 3 meter intervals. The height 

ot the primary structure is 35 meters 

• The secondaey structure is built up from 18 met.er beams braced at three meter 
intervals. 'the secondary structure height is 5 meters and tor. ·.s the grid for 

antenna electronic equipment support and &pans across the primary structure 

spacing Of 108 meters. 

• Weight penalties for the power distribuUon bus are not Included. 

3. 2. 5. 2 Alternate Materials and Structural Shape Study 

Weight study resul~ consitlerlng two types of structural shar>es (tubular and triangu.1ar 

hat se<jtions) and t;vo materials (2024 T-6 Aluminum and graphite/epoxy) show tha\i graphite/ 
epoxy is 41% lighter than aluminum for a tubular section. and 21% lighter for the triangular 

hat section. The triangular hat section is 4o% heavier than the tubular secUon (in graphite/ 

epoxy) (Fig. 3.2-17 and 3.2-18). 

3. 2. 5. 3 Weight Parametrics and Drivers 

-··~.·" ''·· 

• Loads - The primary arttenna loads are introduced into the antenna by the control 

actwttors which must overcome the slip ring force. Gravity gradient, atmospheric, 

and magnetic forces are small when compared to the actuator force. 

a.2-18 
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1 
2 

3 
4 

5 
6 
7 

8 
9 

10 

., -~-

2 

WEIGHT 

ITEM L8 KG 

SUBARRAY PRIMARY STRUCTURE 206,873 94,()34 

SUBARRAY SECONDARY STRUCTURE 66,452 29,748 

ELEVATION JOINT SUPPO~T 10,082 4,682 

ELEVATtON YOKE 42,241 19.200 
AZIMUTH JOINT SUPPORT 8,961 4,()69 

AZIMUTH YOKE 95,633 43,470 

ELEVATION MECHANISMS 97,SCIO 44,318 
AZIMUTH MECHANISMS& ATTACH. 24,300 11,045 
AMPI !TRON SUPPORT & ACTUATORS 304,000 138,131 

COA ·1NGS 49,00d 22.272 

TOTAL ANTENNA STRUCTURE 904,032 410,920 

Fig. 3.2·16 Antenna Structure Weight Summary (Graphite/Epoxy Tri•nguiar Hat) 
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,AbUt,11NUM 
(2024-tff) 

• TEMPERATURE, °F 360 
• MODULUS OF ELASTICITY, PSI sx1a8 
• DENSITY, LB/IN.3 0.101 
• THICl<NESS RANGE, IN. 0.008 TO 0.011 

• WEIGHT .!:! 
,.,, 

KG 
I -

- SUBARRAY PRIMARY STRUCTURE 214' 97 
- SUBARRAYSECONDARYSTRUCTURE 101 I • - ANTENNASUPPORTSTAUCTURE 106 I 48 
- YOKE AND MECHANISMS 111 I 51 
- COATINGS eo I 27 
- AMPLITRON SUPPORT 

I • CONTOUR CONTROL ACTUATORS 288 122 
• AMPLITRON ATTACH STR 61 23 - -

TOTAL 110 414 

·r 
I 

SQM~911IB 
(GRIEP) 

400 
ex 1a6 
0.056 
0.008 (3 PLIES) 

.!:!. c1a3> e 
I 104 47 

63 I 24 
62 I 24 
90 I 41 ... I 20 

288 I 122 
38 18 - -

847 294 

Fig. 3.2-17 Antenna Weight Comparfton (Aluminum ws Composites Tubular Section) 

~ GOMPOSITES d\.. ALUMINUM 
(2024-te) (GRIEP) 

• TEMPERATURE, Oj: 350 400 
• MODULUS OF ELASTfCITY, PSI 9X 108 ex 108 

• DENSITY, LB/tN3 0.101 0.056 

• THICKNESS RANGE, IN. 0.015 TO 0.040 O.G20 TO 0.056 

• WEIGHT YI (103) !Si !S! ua3' !59 
- SUiARRAY PRl~ARY STRUCTURE 300 I 137 207 I 94 

- SUBAR .. AY SECONDARY STRUCTURE 103 I 47 8S I 30 
- ANTENNASUPPORTSTRUCTURE 233 I 108 157 I 71 

- YOKE AND MECHANISMS 148 I ea 122 I 18 
- COATINGS 48 21 49 22 
- AMPLITRON SUPPORT I I 

• CONTOUACONTAOLACTUATOAS 288 I 122 288 I 122 

• AMPLITRON ATTACH STR 51 I 23 38 I 16 - - - -
TOTAL 1147 522 904 411 

. 
Fi" 3.2· 18 Anttnril Weight Comparison (Aluminum vs Compositts Triangular Hat Section) 
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• Materials - Materials considered for further analysis during the study were 

anodized alwninlm and graphite composites. The latter appears to be a promising 

ohoic!e for the antenna structure due to its lower thermal expansion a.ltd high 

sttffnes1:1/denslt:, ratio. 

• Eler".lent Member Shape - 'lwo structural shapes were considered in the weight 

analysts, namely thin walled tube and a triangular hat section. 'the triangular hat 

section, although heavier than the tube, has considertl.bly smaller thermal gradients 

across the section and is therefore a more deetrable section. 

• Tyj>e of Construction - T\ o methods of structural arrangement have been compared 

on a weight basis; rectangular grld and a radial grid. The results shotled that the 

rectangular grid has a 25% weight advantage over the radial design. 

• Manufacturing Toler:mces - The wall thickness tolerances on standard commercially 

available tubes are ±10%. A+ 10% tolerance on tube weight would increase the· 

antenna structured weight by 13, 600 Kg (30000 lb). 

• Antenna and Antenna Bay Size - During Task 1 of this study, antenna sizing relation­

ships were established to aid in selecti1lg major antenna dimensions. Figure 3. 2-19 

shows the result of these studies using early configurations. The trends are valid 

for the final reported configuration weight. 

• Antenna Mass Properties - Figure 3. 2-20 gives the weight., center of gravity, and 

moments of inertia of the SSPS antenna. The moments about the antetina center of 

gravity and about the azimuth yoke pivot are given for a total SSPS antenna weight 

of 1. 67 x 106 kg. 

3. 2. 5. 4 Antenna Structural Weight D'3rivation 

The antenna structural weights were derived using the results of prelim11lary load, 

thermal, and stress anal~·ses to~ether with "Structural Arrangement for the l\lPTS Antenna" 

(DWG No. MI>TS-001). Iildividual merttbers were sized using a weight ortitnization technique 
which equates the Euler column buckling stress to the local buckling stress and the applied 

stress. The sections resulting from this analysis will be optin1um for given material 

pr~~rties, section shape loading requirements and end fi~1ty requirements. Figure 3. 2-21 

summarizes the weight, dimensions nrtd quantities of the elements and beams which make up 

the structure of the SSPS alitenna. Included are weight estimates of the antenna azimuth and 
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M+H - sK'~ 
,.,.•--OIA-..... 1 fH 
~ 
• 100 LB LOAD ENO 

OF 26 METER CAP 

e SIZE SO THAT LOCAL 
WALL BUCKLING AND 
COLUMN STRESS ARE 
EQUAL 

• 25M 

- RADIUS • 2.2 CM 

0 e 
a: 
; 
c:J -I 

- THICK* • .0128 CM 

1.6 

1.0 

0.6 

&O 

PRIMARVBAY 
SIZE 

100 

IAV SIZE-METERS 
(PRIMARY STR.) 

f" : .. + « 

I 

4 

0 

~ 3 
a: 

i 
2 I 

1 

1.2 

0 
~ 1.0 

a: 

~ 
c:J - 0.8 I 

160 

H 

1:.. ~!Fl .. '{) .. 
• &&M 

40 

2& 

10 

500 1000 

DIAMETER-MEtERS 

SECONDARY BAY 
SIZE 

6 10 

BAY SIZE-MIZTERS 
(SECONDARY STR.) 

"'. Fil- 3.2· 11 Structutt Weight n Antenna Dimtftllon 
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1. MASS PROP&RTIES ABOut ANTENNA C.G. 

WltlGl:tT 
i' • 
l. • 
z • 

lxxCCG) 
lyy(CG) 
lzz(CG) 

2. MASS PROPERTl~S ABOUT '9\IOT 

WEIGHT 
1l • v • z • 

•xxCPIVOTJ • 
lyy (PIVOT) • 
lzz(PIVOT) • 

... , .; ....... 

x 

3.68x 1o'L8 
488FT 

0 
0 

126'i&8 x 1o8 SLUC.FT2 
88332x 1ol •• " 
88332 x 106 SLUG " 

3.68x 1o8L8 
486FT 
0 
0 . 
1267&8 x 1C~ SLUQ.FT2 
i1189x 1o8 " " 
91189x 1ol " '' 

3.2-23 
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, ! 
~-,i-·· . I 

I I 

(1.61 x 1ot' kg) 
(142 ME'I ERS) 

(0) 
to) 

(170487 x 1o8 
(89926x 1o6 
(89926x 1o6 

(UDx1o8 Kt) 
(142 METERS) 

(OJ 
(0) 

(170487 Jl 1o6 ,,_, 
... "!-ad (1287 x 1u- Krm::-J 

(1287 x 1o8 Kt.MJ~ 

T~>'~ _, -- ..... - ., . -- ...... 
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rTEM 

SUBARAAV PRIMARY- STRUCTURE. 

CAPS- UPPER. CIACUM 
CAPS - UPPER TAANSY 
POSTS-CIRQJM 
PQS1'S.- TRANSV 
SHEAR TIES--U'PER 
SHEAR TIES-VERT. 
SHEAR.TIES- LOWER 
CAPS - LOWER CtRCUlf 
CAPS - LOWER TAANSY 
BEAM CONNECT FFnlNGS 
SHAFT-ELEVATION JOINT 

SUBARRAV SECONDARY STRUCTURE· 
CAPS-UJllER CIRCWI 
CAPS-UMER11'ANSV 
POSTS-CIRCUll 
POSTS-TRANSV' 
SHEAR TIES-TAANSV 
SHEAR TIES-VERTICAL 
BEAM CONNECT FITTINGS 

ANTENNA SUPPORT STRUCTURE 

ELEVATION JOINT SUPPORT 
ELEVATION' YOKE 
AZIMUTH JOINT SUPPOR.T 
AZIMUTH YOKE 

MECHANISMS 
AZIMUTH· JOINT 
ELEVATION.JOINT 

AMPLITRON SUPPORT a ACTUATORS' 
COATINGS 

BEAM 1:t _ 1;Mt;NT Rt7o:. BEAM 
LEllG.TH. HEIGHT-, THICK, L. UNLTWT 
M CM- MM 

M(1) LB KG. 

18 3 .. G.61 3.0 3U 16.1 
1a 3 .. 0.11 3.0 33.1 1&.1 
31 1.21 0.78 a.o : 128.3 67.& 
31. e.n o.• a.o : 128.3. 67.& 

112 - OAQ. - 8.1 3.8. 
38A - 0.3.1 - 1.36 0.8 
2& - 0.31 - 0.85. 0.4 
18 2.38 0.203 SJ> 7.40 3.4 
18 2.38 0.283 3.0 7.40. 3.4 

10.ll 2.5 8;5 
8.27 0.13 3.o 

•• 2.38 G.2D 3.o 7AO. 3.4 
1a 2.3S G.2D 3.0 7.40· 3.4 
& 2.38 0.20 3.o 2.G9 OJM 
& 2.3& G.2D 3AJ 2JJ9 OJM 

26 - 8.31 - oa o.38 
18.7 - G.31 - 0.86 o.3G 

10.16 2.54 8.& 
. LB/FT l(g/M 

- 8.27 1.27 3.0 2.30 3.44 - 8.27 1.27 3.0 2.86 3.95 - 8.6& 1.30: 3.Q, 2.86 3.9S - 8.68. 1.39 3.0 2.89 J.95 

--

TOTAL ANTENNA STRUCTURE 

Fit- 3.2-2t Antenna Structuta Wefgtlt 

......... ~· -
--~---~-~~-~·--·----~·---~-------- -- --~---·------ --- --

.. 

BEAM. TOTAL 
QTY WEIGHT 

LB KG 

C2Gl813l Cl40341 
174 57li9. 2818 
792 28216 11818 
174 21878 -fS84 8839 38288 
12 &30 241 .. 1310 l5l9S 

2240 1900 .. 
174 1288 &85. 

4717 34908 , .. 
3941 21800 9910 

4800 2182. 
(85452} (29149) 

174 1288 585 
4717 34908 158118 

174 314 185 
2777 5804 2838 
2240. 1930 877 
488'1. 316Q. 1438 ., 18000 8182 

LElllG.TH.M (166907) (71321) 

1283 10082 4582 
487& 4nl1 19200 
1030 8951 4089 
9832" 96833 43470 

1121800) C56383t 
97500 44:118 
24300 11045. 

C3CMCJOO) (1381811 
l490DD) -·-

tcM032 410920 
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elevation joint mechanisms. F'iguro 3. 2-22 through 3. 2-32 glva the detail sizes and astmmp­

tlons made for each itern in Ftg. 3. 2•21. 

An lnvestlgatlon was ma.do to co11Slder the use of a Linear Induction Motor (Ll:M) for 

the rotary J,.,ll'it actuation in lieu of a motorized gear drive. Figure 3. 2-33 compares the 

weight of the motorized gear drl,,e with a large (4000 lb)LIM used on the TACRV (Grumman 

contract to the DepartmeI?-t of Trane]iortatioll) and a multiple step motor concept. The 

antenna requirements ot low speed and hlgh torque make the m1Uttple step motor a contender 

as the c'rl ve for the lUltenna. 

3.2-25 
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A. LONGITUDINALS 

B. LATERALS 

C. WIRES 

D. FITTINGS a 
ATTACHMENTS 

- l 
I 
! 

LENGTH,M HEIGHT, CM 

18 3.89 

3 3.89 

4.2 0.31 

TOTAL UNIT BEAM WEIGHT 

TOTAL NUMBER REQD/ANTENNA 

CIRCUMFERENCE 
TRANSVi:RSE 

--
t,MM 

0.608 

0.508 

-

174 
792 

ASSUMPTIONS: PCAP 360 LB, MODULUS OF ELASTICITY 8 X 106 PSI 
L" 118 INCHES/ELEMENT, GRAPHIT~·EPOXY 

Fig. 3.2·22 Primary StructUre (Upptr Ctps) 

3.2-26 

Ill .. • ; . ~ ,. .. ' 

... ··1• 

I 

' '' 

NUMBER/ TOTAL 
BEAM WEIGHT 

LB KG 

3 13.0 6.9 

15 10.8 4.9 

24 1.7 0.8 

7~ 3.6 

33.1 15.1 
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.. • A. LONGITUDINAL& 

~ \ 8. LATERALS 

~ 
; 

• 

~ 

.. • 

! D. ... •.-• 

' ., " 

·;. NUMBER/ TOTAi. WEIGHT 
LENGTH,M HEIGHT, CM t,MM POS't us ~u 

' A. LONGITUOINALS 36 8.71 0.782 3 66.3 29.7 

. ! B. LATERALS 3 &.71 0.112 16 27.9 12.7 

C. WIRES 8.5 o.31 - 24 3.9 1.8 

O. FITTINGS a 
ATtACHMENTS 29.2 13.3 

TOTAL BEAM WEIGHT 126.3 57.5 

NUMBER RF'lO/ANTENNA 

CIRCUMFEAEMCE • 174 
TRANSVERSE •i84 

ASSUMPTIONS: PPOST • 750 LB, MODULUS OF ELASTICITY 6 X 108 PSI 
L .. 230 INCHES/ELEMENT, GRAPHITE/EPOXY 

Flt. 3.2·23 Primary StrUcture lPosut 
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NUMllA/ TOTAL WEIGHT 
UNGTH,M DIA.CM t,MM - LI "' -.;1.ro• 

A. Ll)NGITUDINALS ti 2M 0.203 3 3.22 t.I 

I. LATERALS D.I ue Q.203 ti 0.$3 OA 

C. WIRES 3.t G.3t - 24 1.8 0.8 

D. FITTINGS• 
ATTAcHMENTS 1.16 0.7 

TOTAL WEIGHT 7.40 3.4 

NUMBER RECD/ANTENNA 
CIRCUMFERENCE 174 
TRANSVEASI 4717 

ASsuMPTIONS: PCAP • 30 LB. MODULUS OF ELASTICITY 8 X 1rJJ PSI 
L • 118 INCHES. GRAPHITE/&PO>CY 

•SAME AS SECONDARY UPPER STftUCTURE AND IEC..'ONDAAV LOWER STRUCTURE. 

8 

. ·-···-- -~----

NUMBER/ 
TOTAL 

ITEM LENGTH,M DIA,CM ANTENNA wt:IUHT 

LI Kt 

A. UPHR SHEAR Tiii 112.0 0.4 82 630 241 

8. VERTICAL SHEAR TIES it.4 0.31 - 1310 595 

C. LOWER SHEAR TIEI 21.0 0.31 2240 11100 ... 
I). FITTiN~IMARV *' 21,800 9910 

3.2-28 
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• UPPER AND LOW£!R CAPS 

SAME AS PRIMARY STRUCTURE LOWER CAPS 

• POSTS 
I 

llM TOT ... L 
t ~ NUMBER/ W£;1GHT 

LENGTH,M OIA,CM t,MM BEAM LB l<G 

1. L('1'4GITUDINAL 6.0 2.38 0.203 3 0.81 2.37 

2. TRANSVERSE 0.9 2.38 0.203 9 0.50 0.22 

3, WIRES 1.4 0.31 - 12 !l.30 0,11 
I '. 

4. FITTINGS& 
~ 0.48 :' 'I '?1 ATTACHMENTS 
~ ........ .-.. 

TOlAL BEAM WEIGHT ' \ ' ),94 --·- '· ···- ·-
~ ~~ 
NUMBER REQD/ANTENNA ' '. • .:../ANTENNA 

CIRCUMFERENCE 174 CIRCUMFERENCE 174 
TRANSVERSE 4717 TRANSVERSE 2177 

Fig. 3.2·26 Secondary Structure 

A 

NUMBER· TOTAL WEIGHT 
ITEM LENGT;-4, M DIA.CM ANTENNA LB KG 

A. LOVIER SHEAR TIES 25 0 31 2240 1930 d77 

8. VERTICAL SHEAR TIES 18.7 0 31 4881 3160 1436 

C. FITTINGS-SECONDARY 3019 18,000 8182 

Fig. 3.2-27 Sec?nct.ry Structure lntegrativn Items 
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ELEMENT .. MEMBER NUMBERl MEMBER TOTAL WEIGHT 
MEMBER HEIGHT, CM T,MM LENGTH,L,M ANTENNA WEIGHT, LB LB KG 

A 821 1.21 88.7 .. tiOt 4032 1838 

B i.27 1.27 79.3 8 689 4792 2178 

c 8.27 1.27 a.1 4 217 - 394 

FITTINGS 38 380 172 

TOTAL PER ANTENNA 10,082 4582 

ASSUMPTIONS. 
Prnetnlaer .. 4000 LB, MODULUS OF ELASTICITY 8 X 10$ PSI, PINNEO END, 

'l. 

118''/ELEMENT - GRAPHITE EPOXY 
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• ELEMENT HEfGHT 8.27 CM 
• ELEMENT THICKNESS 1.71 MM 

• ELEMEN't SPACING 3M 
• BEAMMDTH 3M 
• B~M UNIT MIGHT 3.44 Kg/METER 
• TOTAL MEMBER LENGTH 4878METERS 

• WEIGHT LB !! -- MEMBERS 3i9o1 18713 
- B~AM FITI1NGS 1500 882 
- MISC ATTACH. 3840 1746 - -

TOTAL VOKE 42241 19200 

• 
ASSUMmONS: 

P member• 6000 LB. MODULUS OF ELASTICITY 8 X 106 PSI PINNED END COLUMN 
L .. 118° INCHES/ELEMENT. GRAPHITE·EPOXY 

Fig. 3.2-29 Elnation Yoke 
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• ELEMENT DIAMETER 
• ELEMENT THICKNESS 
• ILIMINT SPACING 
• llAMWlDTH 
• BEAM UNIT WEIGHT 
• TOTAL MEMBER LENGTH 
• TOTAL WEIGHT 

ASSUMPTIONS: 

8.66CM 
1.39CM 
3M 
3M 
3.95 Ka/METEFt 
1030METERS 
8951 LB (4089 Ka) 

Pmember • 6000 LB. MoDULUS ot:: ELASTICITY 8 X 108 PSI 
L • 118 INCHatELEMEN't, GRAPHITE·EPOXY 

Fig. 3.2-30 Allmuth Yoke Support 
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• ELEMENT DIAMETER 8.5.' 
• ELEMENT THICKNESS 1.39MM 
• ELEMENT SPACING 3M 
• BEAM WIDTH 3M 

• BEAM UNIT WEIGHT 3.95 Kg/METER 
• TOTAL MEM8ER LENGTH 9832METERS 

• WEIQHT Y. .!5t 
- MEMBERS 85439 38836 - BEAM FITTINGS 1500 682 
- ATTACHMENTS 8694 3952 - -

TOTAL YOKt: 95833 43410 

ASSUMPTIONS: Pmember .. 6000 LB, MODULUS OF ELASTICITY 6 X 106 PSI, 
PINNED Ef<JD COLUMN L .. t 18 INCHES/ELEMENT, 
GRAPHITE/EPOXY 

Fig. 3.2·31 Azimuth Yoke 
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AZIMUTH FtOTARY JOllft 

• ANl'ENNA SPEED 
• GEAR REDUCTION 
• MOTOR sPEED 
• MOTOR TOAOU& 

• WSGHT 
- GEAR BOX a MOTORS 
- DRIVE 
- BRUSHES 
- SUPPORT 

TOTAL EACH 
ITWOREQDJ 

ELEVATION JOINT 

• SCALED FROM ASMUTH ROTARY JOINT 

C),72a X 10 ... ftAD/8EC 
2.47x106 

18.4 RAD/SEC 

2.8 FT•LB CTHEORETICAL-NEGLECTING 
FRIC'tlON) 

L8 1(8 

24086 
2389 
1100 

2119111 

<48750 

C97&CIOJ 

10938 
1Cllli 
600 

9884 

221&8 

(44318) 

• TOTAL WEIGHT• 12.150 X 2 REG• 24,300 LB 
C11,045KeJ 

MECHANICAL (MOTOR/GEARS) LINEAR INDUCTION MOTOR 

~!NEARSrlP ~ 
I.I I.II I.I 

GEARBOX 24085 LIM 2214 4000 

DRtVE 2389 ARMATUR& 432- 1000 

BFUJSHH uoo BRUSHES 1100 1100 

SUpfl()RT 8987 SUPPORT nm. .la. 
EACH 38641 EA~H 11748 12100 

2REQD (2) 23492 (2124200 

POWER 
CONDITIONING 4000 12208 

TOTAL LB 73802 TOTAL LB 27~2 5'08 
Kg (33218) 1(9 1125001 1161001 

Fi" 3.2·33 Rotary Joint Drift (Mechenlctl" Ltrif,., lnduction MOtor) 
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3. 3 CONFIGURATION ANALYSIS 

3. 3.1 Cont.ml.Analysis 

The characteristics of a phased array Microwave Power Transmission System ellml­

nates the need for mechaiilcal fine pointing of the antenna. Sigltal phasing compensates for 

misalignment al1d distortions in antenna surface up to 1/16 of a wavalength with mlnlmal loss 

in transmission efficiency. Ali overall antenna misalignment error of % 1 arc-min can be 

tolerated by the subarraya. The purpose of this subtask ls to define the environment and 

.toad requirements for the design of the antema polntlng system servomechanisms, defltle 

the beat accuracy that can be achieved with this system and identify the likely design 

approach. 

3. 3.1.1 Spacecraft TOrqUe Environment 

Figure 3.3-1 summarizes the torque environment for the baseline SS:Ps system 
(Ref. 2). Torque caleulatlons are based on the configuration data presented ln Fig. a.1-2 

and the following additional ground rules: 

• Baselitle orbit - equatorial geosynchronous 

• Baseline attitude - long axis (X-axis) perpendicular to orbit plane, the solar array 

normal (Z-axis) parallel to the projection of the sun vector onto the orbit plane. 

T.be extemal disturba:nce torqtles are illduced by aerodynamic, solar pressure; magne­

tic and gravity gradients. Gravity gradient torque predominates the induced ~~rque envtron­

ment by several orders of magnitude aJid Will be the only source of external torqUe used to 

defiJle mechataical system requirements. 

C.Ontrol sy8tem torque levels are limited by SSPS structural bending. A force levd of 

2980N (66'Ub) used for orbit keeping and applied at the comers of the solar array, was 

found in Ref. 3 to be the maximum force at which stru<."tural deflections can be limited to 

:1: 1 deg. This force, however, induces symmetric bending and does not affect antenna 

motion. A 44. 6N (10 lb) ooupled jet flring ls used for attitude control and induces anti­

symmetric bending modes which do impact control system design. 

· 3. 3.1.1.1 Antenna Motion Relative To Spacecraft - Figure 3. 3-2 shows a typical system 

that pro,ides rotation iii azltnuth m1d elevation. The azimuth rotary Joint le located at the 

mast intel'face between the antenna assembly and the solar arrays. Azimuth motion ls pro­

dded by \•ariable speed motor drives located at this interface. An actuator fot elevation 

control could utilize ptopOrtlonal linear control (wonn gears and llnkagel a.lid would be 

Ioc:iated at an offset dlstllllce from the main antenna-to-mast rotary jo{nt • 

3.3-1 
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SOURCE 

AERODYNAMIC 

SOLAR 

MAGNETIC 

GRAVITY 

CONTROL 

N/A 

T • 138 new10n-mtter 
x (100ft-lb) 

T • 6560 ntw1Dn-meter 
y (4100 ft-lb) 

ti. O.b 

N/A 

Ty • 3100 newtbn m/deg 
dtviatiort 
(23,000 ft·lb/deg) 

• 27100 newton m/dtg 
deviation 
(10,CIOO ft·lb/deg) 

• 12.1 x 104 newton·m 
(8.97 x 10 ft·lb) 

Tx • 8.754 x 1a5 
newton.meter 
(4.979 x 105 ft·lb) 

Ty• 7.8x1o8 
neWtoh·meter 
(5.78 x 106 ft·lb) 

tz • 7.9x 1o8 
ritwton-meter 
(5.78. 106 ft·lb) 

COMMENT 

At an 1ltltude of 19,333 ft ml, the atmospheric 
density Is equ lvalent to 1he plasm• proton density: 

• 3.4 x 10·24 k!PTI m3 

(3.0 x 10·22 llug/ttlJ 
The Nallting force on the SSPS (s: 

II , 
~.4.x 10: NewtoM 

(& x 10-6 lb) 

T1tt rtlatiYtly low magnitude and resulting torque 
can be ignored •a factor in dtsl~ <'f mtchanlcal 
interface (Ref. 1). 

Total Solar Collectlon aree ""49 x 1oe-;,;2 
Sol• Pressure Constant• 45 x 10-8 nwttlJn/m:. 
Separation of Cp from cg• 25m (Rtf. 1J 

Adjacent 

Early unit nilwtetic field In the system has 
opposite polarity with a net magnetic torque 
of approj<lmately zero. (Ref. 1) 

The system X axis ls perpendicular to the orbit 
plane resulting in zero nominal torqtae about y 
and z axis. Small limit cycle motions (±10) cau• 
destabilizing sprint torques. The v and z aidi 
rotate through 380° per orbit .,d produce 
torques with the max value shown when v and x 
axes are at 45° to the vsti' J. The period of this 
disturbance Is twice a <lay. (Ref. 1) 

Impulsive jet ton:es limited to 667 lb to limit 
SSPS sttuctUral deflections to less 1han ± 1°. 
(Ref. 1) 

Ml>t torques assume coupled firings. 

Fl9. 3.3-1 SYltHt Torque EMironinlnt 
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The elements defining requlred motion of the antenna relative to the spttoecraft tnc:ilude 

the nominal moUon between the sim-orlented SSPS and the earth pointing antenna, the normal 

SSPS control system Umit cycle, mid the bendlftg ltlotlon of the SSPS mast at the 1t1tenna 
CJ Interface. The on()e-a-day 360 rotation of the antenna reiatlve to the long axts of the solar 

pointing spacecraft ls required to maintain boreslght pol11tlq t.o the rectenna.. Additional 

antemta motion In azimuth and elevation ls requtred h> compensate for normal *1° space­

craft litnlt cycling. The modal oharacterlstlcs of the SSPS affecting the antenna e1evatl0n 

drive ts shown In Flg. 3. 3•3. The normalized modal displacements, '· and the normalized 

modal slopes, o. correspond.lng to et.ch mode, are Identified at the ends of the axis where 

the ooittro1 actuators and sensors tor the SSPS are located (data presented ln Ref 4). Also 
included ls the anti-symmetric mode shape used to determine movement at the &Jitenna 
interface driven by a coupled ftrlng of the 44.5N SSPS attitude contl'oltere. Maximum 

antenna motion due to bending will be lpproxlmately 0.15° at a frequency of o. 018 nd/sec. 

FigUre 3. ~4 summarizes the system angular motion requirements for design of 

mechanlcal Interfaces between the spacecraft and antenna. Control error signals wtll be 

sinusoidal with a frequency equal to that of the SSPS control system limit cycle. Anti­

symmetric belldlng motion is superimposed on the baste control motion. The mlnlmum 

azimuth antenna rate is eqUal to orbital rate, while mlnlmum rate in elevation fs zero. 

MaxlmUiD. azimuth rates occur- just prior to SSPS jet firing and are· induced by gravity 

gradiettt torques. Maximum acce1eratlons occur at jet flringS in azimuth and at peak energy 

potnts in the anti-symmetric bending oscillation in elevation. 

3. s.1.1. 2 Antenna Disturbance Torgues - The rotary joint oonfigtiration shown In Fig. 3. 2-2 

consists of four equally spaced rollers attached to the solar array mast (Ref 5). The toilers 

slide on a track incorporated on the rotating mast. There are two sets of rollers at each 

rotary joint. Each set of bearings transmits bending momenta through the mast segments 

by normal loads in each set of rollers. The ~rltlcal mast bencllng moments result from 
loads induced by spacecraft gravity gradleitt correction torques. These torques produce a 

3600N• rn bending moment which results in rolling friction torque of 1077N• rn in each set of 

rollers. (The Tet'tcm coated ro1lers have a coefficient of friction &aalnst rolling of o. 05.) 

The s1lp ring brushes also induce frictional torques. Contact pressures between the 

brushes and rotary jotnt rhig will vary between 27,550N/m2 and 68, 940N/m2 (4 and 10 psi) 

for optimum J)Ower ttaliSfer. At an assumed system voltage of 20 K\' and a bl\lah current 

rate of 7. 76 x 104 A/m2 
(50 A/in2

), 6.4Sm2 (10
4 in2) of hrush area li req\llred to transfer 

10 GW of power. The tbtal normal force ls 4. 45 x to5N (to5lb) at a ooefflclent of frlcUon 
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I ------+----~-------+--·---1------~ 

I FREQUENCY 
RAD/SEC. 0.0076 0.0178 I 0.02; 

---------
0.025 

·-----..,.------+------+-----
'1· GENERALIZED 

MASS-SLUGS ___ ~_ 1_895_7_&. ___ j~~-· ---~--143*_.. • 1C0018. _j 
i STRUCTURAL I . I 
~~~~1~0 _______ ~- -~·o _____ -~-- o.o __ o~--~---o_.o ___ --1 

I 
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' DISPLACEMEN1'o +1.0 +1.0 .0.793 ..o.180 I 

... -----~-· -- ·---·-
! RIGHTEND 

. ------1 
_4_.,_11_._,.0_3_~_"°:3S3ii~_J ; NORMALIZED 

I SLOP£ IRAO/FTI +0.864a103 · +0.18a10'3 
L--· ________ __...L.. .. ----- -- _1 __ , ___ -------~ 

ANTISYMMETRIC DELECTIONS 
AT ANTEN'4A GIMBAL MOUNT 
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SLOPE ~ i • !4.811110.S AA01UC 

' 6 • •8 66a10-8 RAO 'SEC2 

Fig. 3.3-3 SSPS Bending Mocle Date 
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AZIMUTK 
PARAMETER SERVO 

CONTROL Aht •Wat+ K Sln2w,t 
VARIABLE 

MIN RATE • 728 X 1cr' RAD/SIC 

MAX RATE .69 x 10·1 RAD/SEC 

SLEW.RATE .728 X 10-4 RAD/SEC 

MAXACCEL 1.1 X 10·7 RAD/Slc2 

POSITION 
ACCURACY • 1MIN 

, 

.1. ' 
! 

j 

ELEVATION 
SERVO co•ENT 

E(t) • K1 Sldwat We• ORBITAL RATE 

·~"'' Wm• ANTl-8VMMETRIC MODE FREQ• .018 RAD/SEC 
"' K1 • AntTuoE DEAD BAND• t1° 

"2 • ANTl·~ETRIC B£NolNG ,MODE SLOflE • t.0015i RAO 
K SinZw,t SIMULATES CONTROL MOTION WtTH A PERIOD 

.·/ 

EQUAL TO THAT OF GRAVITY GRADIENT TORQUE • 

0.0 ORBITAL RATE 

3.1 x 10·2 RM/llC MAX. RATE BUILD-W DUE TO GRAVITY GRADIENT 

0.0 ORBITAL RATE 

UiX 1cr'RAD111c2 CONTROL TORQUE IN AZIMUTH: BlNDING MODE 
.. 1 

RESPONSE IN ELEVATION 

1MIN 

··1 

-'· 

·. 
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of 0.1 and a m·ut dhuneter of 50 meters, l. 02 x 10
6N° m (75 x 104 ft· lb) of torque Is lnclu<led 

by the allp rings. Flgure 3. 3-5 shows thle torque varlatlon wlth power level. 

Anteuna gravity gradient torques OD the rotary joints arc CWCUlU.tOO USIJ1g the cquhtlODB 

showri In Fig. 3. 3-6. Tho disturbance torque ls approximately 3G4N•m/rlog (260 ft-.fb/rJeg) 

offset between the onteMa botcslght end the local vorttcal. 'rhe nomlital antenna av.ltnUth 

angle ls offset 2. 6° as a result of locaUllg tho spacecraft at the stabtc node point, 123° Wost 

longitude, and the rectemla at 104° West longitude. An additional 3. 5° otfset results from 

ecoentrlclty drlft daused by solar pressure on the solar arrays. The elevation angle offset 

ls 6.5° cauied by locating the spacecraft 011 the equator and the rectcnna at 40° North 

latitude • 

The next highest dlstutbance ln the antema servo system results from electromagnetic 

radlatfon forces. An esUmate of the force created by the electromagnetic energy radiation 

from the antenna has bee11 computed ('Ref 6) assuming a total power Input of 1o10 watts and 

a frequency of 3 GHz. The force ls calculated by replacing the electromagnetic fields at the 

aperture of the slot array by equivalent current sources and computing the forces on the 

image currents which replace the aperture ground plane. The result.q predict an electro­
Jh:lgnetic force pressure of 2. 3 x 10-5N/m2. normal to the antenna and a corresponding total 

force of 18N. 

Al~ugh the electromagnetic forces do not place a signlflcaJit design requirement on 

the antenna control eystent. the coilstalit force ln the Mdial dli'ectlon does require the SSPS 

t.o continUally perform orbital corrections. An acceleration along the radial direction does 

not slOtiflcantly modify the energy of the orbit. The orbit will develop an eccentricity but 

the orbit period will remain lilmost constant. The force of 18 Newtons will cause a r"rlial 

perturbation of 

:4R u 1.ss2 km (i.oo n ml) 

by the 80th day. (This same acceleration along the velocity vector would change the semi­

major axis by (120 n mi) ln the same time.) The propellant requirement to make an altitude 

correcUon of 1. 0 n ml tor an SSPS of 106 slugs and an ISP = 8000 seconds ls, 

. . WP ~ 6. 7 kg (15 lb) 

This would be equivalent to a yearly propellant requirement of, 

\\'p ::: 30. 8 Kg 168 lb) 

3. 3.1. 2 Polnttng mid Control 

Qualitative and Umlted quantltatlve data has been generated for defining mechanical 

steering of the transntittlng antenna. This data wlll be used ln an overall assessment of 
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WHERE 
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mlcrowavo hcum phuRo front f'ontrol. Tho remdtR of tblR offort lndleaw thnt rnechnnlcr~l 

steering of the nntmtna to acc\1raclea bctt'lr thrm l arc-min o.: o readily nl'hlc~\'ud without 

sUbstantlal lttcreaac In control aystcm torque or horsepower rcquircmcntf!. 

Figtirc 3. 3-7 aunnn:irlzcs c:>ntrol system dc1dgn used ln preliminary assessment. 

The lnltlal response of the motor drive wlll be to relieve torque loads on the antemta lnducod 

by spacecraft (SSPS) dlsturbancas. 'I'hcse spacecraft disturbancea include gro.v!ty gradients, 

bending modes, and normal satellite limit cycling with a time constant of 12 hours. 

Spacecraft bendf,,g mGdes couple through the rotary Joint and are of the form: 
• 

Q = A 8 cos wst• 

'rhls motion is coupled mto the alltenua through rotary joint f rlctlon ln b.nb elevation and 

azimuth. Antemta motlon of the form 
Q = Asinw

8
t 

due to spaceoraft bending dynamlcs which ls coupled IJ1to the antenna only in elevation. This 

occurs because the antenna system 3es only a 2-a:xis pmbal system. This coupled inertial 

load 11ltD the antenna ls relatively small. 

'l1le gravity gradient disturbance bas been neglected In this study because it ls orders 

of magntbtde less than the couplblg disturbance and friction torque. The 1° satellite limit 
cycle ls also neglected with the ratlona1e that the 12-bour period ls sufficiently long to 
asiUme that steady state comltlons exist. 

The prellmlnary system design is modeled as a motor dlrect1y driving the antenna 

through a shaft. Gearing dynamics and selecticnl can be made with detail analysis at a later 

date.. A study of control toiqlle requirements and power requirements indicate that they are 

lnsensitlve iD varlations of control frequency within the range studied. The system sh.c 

requirements to acbleve 1 arc-min are: 

Az: 1.02 x 106 N•m torque; 

o.1a hp 

El: 28SO N•m torque; 

1.8 hp 

3. s. 2 Thermal Evaiuatlon 

During 'task 1, the analyses were centered about studies of the sensitivity of temper­

ature level and temperature gradient wlthlri the antenna sup:··>rtlng structure (Fig. 3. 3-3) to 

par&Dietei'B such as antenna size, power .transmitted, efficiency of microwave converter, 

thermal radiation properties of structure, and spac;ng of stnacttiral elements. 
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For puipoae of selecting candidate li'laterlala for the support structure, the maximum 

expected temperature must be deterrnlnecl. Should the support itruotui'e be used as an 
electrloal dlstrlbutlon syetem from the solat atrays t:o the microwave converters, tempet­

atute level wlll also be requited t:o eatabUsb the electrical tesliistaJ1ce Of the oonductors. 

twference 11 states that the antenna powttr trans:tnlssion dlstributton will be Gaussian 

in cross-sectlon. Wlth the present method of i"ejectfng heat from the microwave converters, 

the radiant beat flux t:o the antenna support stmcture will also have a Gaussian dtstrlbutlon. 

Figure s. S-9 gives such a distribution for a 1 km dla:ttteter antenna transmtttlng 10 GW with 
a microwave converter effiolency ot 90%. 

The maximum stmctural temperature w1ll occur in the member that ls closest t:o the 

center of the antenna where the radiant flux ls maximum. Temperature magnitude will 

depend on the o.
8
/E ratio,. ... the element, the gfie)metrlc sbal>e of the element,_jo a mtnor 

extent the ~tstance Of the element from the anterma surface (for distances up t:o ao meteal 

the varl.atlon ls less than s°K) and, t:o a ma.Jor extent, the magrdtude of the radiant flax at. 

the center of the antenna. This Wit factor depends on microwave ocmvetter efflclettcy, · 

FlgU.te 3. s-10 shows maximum structural temperatures as a function of transmitted 
power for three antenna dlameters and two mlcl'OW&ve ('()tlverter ~clencles. The three 

basic trends are: (1) increasing the transmitted powerJncn..ses the maximum structural 

temperatu.te, (2) increasing the efficiency of the microwave power converter decreases the 

maximum stmctu.ral temperature, and (3) increasing the diameter of the antenna decreases 

the maximum .iructural temperature. 

After completion of Task 1, Raytheon selected the following values for the antenna 

parameters (Ref 13): 

• Antenna diameter 1km 

• Badlated p;wer 6.45 GW 

• Amplltron ()utput power 8kw 

• Amplltron efficiency 85% 

• Klystron ouqrut power Gkw 

• tatstron efficiency 75% 

• I1lumtnatfon exp (-2. SO(r/a)2) 
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Thia lllumlnatlon dlstrlbutlon results from a mlcrowave converter spacing given by: 

L = LJDln ap ((r/466)
2
) 

Ab analysts by Raytheon t-eveltled that 87. 5% of the waste heat generated ln the micro­

wave aonverter tubes would be radtated towards the antenna support structure, with the 

rematntng 12. 5% betug tadlated out of the opposite side of the 8.iltemta suiiace toward earth. 

Thermal ana1yses Of the following key probleins vtere pel'formed using the above values 

for the Ml>TS parameters: Geometry of beam ca.p elements, temperature difference between 

beam cap&, colUJbtt temperatures, and eff~ of microwave converter spacing on the waste 

heat proft.le With its attendant effect on beam and column temperatures • 

S. s. 2.1 Geometry of Beam Cap Elements 

This study involved determining the inaximum temperature and the temperature 

difference Within structural members having tubular, high-hat and triangW.ar cross-sections 

(Fig. 3.3-11and3.3-12). MaximU.m temperature ts important from the materials selection 

and strength standpoint, while temperature gradient ts important because of the induced 

thermal stresses. The stmatural members considered in tbls study are those that make t&P 
the beaJtt cap and are in a plane parallel to the antenna surface (Fig. s. S-11). (Members in 

a perpendicular plane were considered separatc.1y.) They are heated by radiation from the 

hot antenna surface below it. For this study the ant8T.ma surf~e at the center was taken to 

have an. effective temperature of 600°1< which ls approximately the sltu.atfon when the antenna 

ls 1. 0 km in diameter and transmitting 6. 45 GW With a microwave converter efficiency of 

75% • 

'the temperature mialyses were performed by subdividing the particular geometry into 

nodes (betwem 8 and 11, depending on the shape) and determining the radiation couplings 

between the Dodes themselves and between the nodes and the aJitenna surface as well as deep 

space (Fig. 3. S-13). The computer programs CONFAC (CONflguratldn FActor) and AFl 

(script F) were used to deterinlne the 50 or so $lgnlflcant radiation couplings. C.Onductlon 

effects were neglected, which ls a consel'Vltive approach, pending m:iterial and thickness 

selections. Once the mathematical me tel of a geometry was established the computer 

program SSTAl (Steady-State Thermal .. 'Ullysls 1) was run to evaluate temperatures. The 

results of the ltlvestlgatlon are discuss~ · dXt • 

3. 3. 2. 2 Tubular Cross-Sectton 

Figure 3. 3-- ., ... esents the maximum ~mperature that a structural member with a 

tubular cross-section wUl .experience as a Nnctlon of the effective antemut surface 
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temperature. The tube outer surto.ce watt taken to have an emlsslvlty of o. 9 (e.g. whlte 

paint). Three valuee, 0.1, O. 4 and 1. o. were used for the emlsslvlty of the lnner wall, and 
as expected, th6 higher the omlsstvlty of-the lnner wall, the lower the maximum temperature. 

This ls due to the lncteasecl thermal communlcatlon between the hot Wttom and the cool top 

afforded by the higher lnnet wall emiss{vlt-y. Flgute 3. S-15 sho•e the temperature dlfier­

ence between the bottom and top at the tube for the three interior emlssivltles. These 

tempetature differences htduce bending stresses within the tubes. To sustain these induced 

stresses, the tube wall mugt have a mlltlmum thickness. Based on Fig. 6 of Ref 22, Flg. 

3 .. 3-16 was generated. It ls apparent from tbla figure that 1tresses induced ln alumllium 
are consldetable and that the required tube Wl thlclmesa would have to be 411 order of 
magnitude greater than that required for a graphite/ epoxy tube. Furthermore, the need to 

paint the inside oi aluminum tubes black ls obvious, otherwise the required tube wall thick­
ness wlll 16atl to an excessively heavy beam. For example, a tube diameter of 0.1 meter 
reqUit-es a mlnlmum tube wall tb1ckness of 1 Jtlm (O. 039 inch) to sustain the induced bending 

stress associated with a temperature difference of 236° K. Painting the htstde surface black 

will reduce the required thlclmess to 0.48 mm (0.017 inch), a greater than so6,{~ reduction in 

weight. An alternate approach to pallitlng the inside of the tubes black la to m811ufacture 

the tubes with holes ln the walls. This UlA1 ptove even more eitectlve than the black paint 

in reducing the maxUnum temperature and temperatul"e gradient. 

A -review of Fig. s. 3-14 shows that neither alUmlnum nor graphite/epoxy can be used 

in a tubular geometry ln locations where the effective surface temperature ls greater than 

500° K because the maxlmuttt workb1g tem1i9rature of these JI19.terlals will be exceeded. 

Insulating the bottom half of the tube with layer& of a1uminlzed Kapton will lower the 

temperature sufflcletltly so that they can be used. Note, howe\•er, that the temperature 

gradle-- · will not be slgnlflcantly reduced. This ls apparent from Fig. 3. 3-15 which shows 

the temperature difference to be a weak fUnctlon of effective antenna temperature. (Insulat­

ing the bottom half of the tube can be viewed as reducing the effective antenna t:!?nperature). 

WrappJ.Dg the entire tube with insulation will result in smaller temperature gradients but 

higher tetnperatUres. 

In conclusion, a tube ls considered a poor geometry for a structural member that ls 

parallel to the antenna surface due to the high temperature and gradi'.?Dt that will exist 

within the tube. 
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3. a. 2. 3 High-Hat Section 

The blgh temperature and gradient6 within the tube geometiy are oaU:Sed buloally by 

the bottom segment of the tube not being able to radiate directly to deep apace and the top 

segment not teoelvlng radiant energy directly from the antema surface. A ''hlgh-hat" 

gcometi.;v does not have this disadvantage. fnstead each segment has some view of butb the 

antenna surface ind deep spaoe; albeit the fraotl~nal view of each varies from segment tu 

segmellt. 

F1gure 3. &-17 shows the temperature dlsttlbutlon lD. a high-hat section tbu ts dlmen­

slOJied L x 6L x 4L. Two. cases are shown: One where both sides 6f the member are painted 

White, and the uther case '<there the slde towai'ds the anteuna surface his a low einlsslvlty 

coating (E = O.l) or, if alumtnum were used. the slde towards the antelllla surface ls left 

untreated. 

A solar load of 1356 watts/meter2 was applied to the right side of the blgh-bat to obtain 

the maximum temperature gradient. The followlng conclusions can be drawn from Fig. 

a. s-17: 

•-The blgh~hat seCtion runs cooler than the tubular cross•sectlon 

• Temperature gradients are smaller ht the high-bat than 1n the tube 

• Both sides of the hlgh-hat should be painted white as this reduces the maximum 

temperature difference from 196°K to 76°K 

• Alumtmun or graphite/epoxy cannot be used without some Insulation between the 

member and the antenna surface. 

3. 3. 2. 4 Triangular Cross-Section 

The next geometry considered was that of a triangle. In this geometry each segment 

of the triangle has a good view of cold space. rtaure 3. 3-18 shows the temperature dUstrl­

bution wltbln such a member wlth and without a solar toad. Of great slgnlflcance here ls 

the low maximum temperature of 4a9° K (330° F) which permits al\lmlnum or graphite/ epoxy 

to be used. Thia •eometry can be easily mu\ifactured with one side of the aluminum sheet 

left untreated and the other side painted white or given an alzac finish. Graphite/epoxy 

would have the top patntoo whtt~ and the sl6e facing the antenna would be aluminum foll 

bonded tnto the epoxy. 

The maximum temperature dlfferl'nces ln the triangular sl'aped member are seen to 

be 73°K with a side solar load and 56°K without a solar load. The two side tabs are nl!inlng 
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cooler than the triangle.. proper. Increasing the emlssl\ilty of the tabs on the side facing the 

antenna surface results ln higher tab temperatures.. Therefore, it ls possible to reduce the 

temperature gradient wtthtn the member hy proper selection of the emissivity of the tabs. 

Although applying a coating to the tabs Will increase manufacturing costs, tbe smaller 

temperature gradient wUl permit a tblnne~, and hence lighter, structural member to be 

used. The net effect may be a reduction ln the total system cost. 

Flgu.re 3. 3-19 presents the maximum temperature and temperature difference that 

Figures. 3-19 exists ln triangular members. The results are shown with and without a 
side solar load for two dliterent size tabs With various emissivity values on the ta.be. The 

emissivity value that mb1lttllzes the temperature difference ls ln the neighborhood of o. 2, 

which can be achieved by applying an anodized coating 0.1 microns ll1 thickness (Ref 23) • 

The maxlmuin temperatur& difference ls reduoed to 30°K with solar load and 12dK without 

solar load. 

Figure 3. S-19 also shows that there is no thermal advantage to the larger tabs. How­

ever, e>penlng the triangle beyond the 60° angle considered ln the study will reduce both the 

maximum temperature and the temperature difference within the member. In th& limit, 

opening the triangle completely to a flat plate produces the lowest possible temperature, 

337°K (147°F), for white paint on the top ( f = o. 9) and unflnlshed aluminum( t = 0.1) on the 

bottom. This ls, of course, at the complete expense of the member strebgth. No doubt 

there is an optimum angle. 

l'he following conclusions call be drawn from this study of candidate beam geometries: 

• Tube geometr)' is the worst from a thermal standpoint. rhe lllghest temperatures 

and largest temperature differences are achieved with thts geometry. The uSt:> of 

aluminum or graphite/epoxy tubing nt::ar the center of the antenna will not be 

possible without the use of some insulation between the tubing and the nntenha 

surface- (The insulation should not encapsulate the tubing. ) 

• The high-hat section is not an attractive geometry although the temperature picture 

is somewhat better than the tubular geometry. The tube with its greater rigidity ls 

preferred over the high-hat. 

• The trlanglilar section is the best geometry of tl:ose studied. it has the lowest 

tem~rature and the smallest temperature differences. It can be easily manufac­

tured arid made of aluminum. Whether it is economically justifiable to MOdize the 

bottom of the side tabs remalns to be investigated. 
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Figure S. S-20 ands. 3-21 summadze the results of-the study and Bhow clearly the 

thermally superior performance of the trlangLllar geometry, both from the standpoint of 

lower maXlmum temperature and smaller temperature difference • 

3. 3. 2. 5 Temperature Profile 

Temperature proflles along the beam cap elements were calculated for the MPTS in 

vatious orbital positions dUrfng tlte equinoxes and solstices. Orbital variations in the 

temperature profiles are caused by the varying angle, normal to the structure made with 

the sun vector, as a result Of the anteDlla being earth oriented. The "North-South" and 

"East-West" bedm caps have been assumed to be oriented at 45° to the sun line to minimize 

differential solar inputs. The temperature p 'files change during the yellr as a result of 

the solar load on the structure varying with the e;ua.nges in Earth-SUn distance and the inclin­

ation of the solar vector to the orbital plane • 

Figure 3.3-22 shows three temperature profiles for a beam cap mem~r located on.e 

meter above the antenna surface. Two profiles are for the extremes l\f the full sun condi­

tion, that is, when the structure is located at the sub-solar point of the orbit during the 

eqttinoxes and the su.mmer solstice. It is observed that the yearly variation in the tempera­

ture profile of a beam cap element is only a few degrees. This id c<>ntrasted with the orbital 

variation which is much greater. Figure 3. 3-22 shows that as the structure near the center 

of the antenna goes around an orbit its temperature will change apProxlmately 50°K. Near 

the perimeter of the structure, where the sun's load represents a greater fraction of the 

total heat load on the structure, the temperature of the beam elements shifts roughly 150°K 

as the MPTS moves around an orbit. This swing in temperature may be significant when 

one considers that there will be over 10, 000 such cycles during the 30-year life of the 

MPTS. 

The temperature swing near the structure perimeter is reduced when a more nearly 

uniform microwave converter spacing is used. The temperature profiles shown in Fig • 

3. 3-22 are those associated with a scale factor p = 466 meters .. which produces a 10 to 1 

power ratto from the center to the antenna tip. With a scale factor of p = 55 7 meters the 

power ratio is reduced to 5 to 1 and, as Fig. 3. 3-23 shows, the temperature shift near the 

perimeter is reduced from its previous value of 150° to l!!0°K. The swing near the center, 

however, has increased from 50° to 60° K • 

... ____ _ 
., 

*Microwave Converter Spacing= Lmin ~ Exp ((r/ p ) .. ) 
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Another significant item shoWn lb Fig. 3. 3-23 ls that the 1naxltn'Utn temperature has 

been reduced from the 440°K shown in Flg. S. 3-22 to 425°K. This ls an important reduction 

ln temperature BP it provides some margin for an aluminum or grRphlte/epoxy structure. 

(The maximum rerommended service temperature for these materials ls 450° K. ) 

S. 3. 2. 6 Terttperature Difference Between Beam Cap Elements 

The temperature gradients within the antenna support structure will pos~ the most 

severe design condition for maintaining structural flatness. The severlfy of the problem ls 

indicated by Ref 12 which states that to limit antenna tip deflections to less than 1 arc-min, 

the Ur ·.p. ... ·tature difference between the upper and lower caps must be less than 3°K. Some 

of the temperature gradients and their causes that can exist within the structure are given 

next. 

A temperature gradient through the cross section of a standard member will exist 

tending t.o give the member a banana shape. Such a gradient is caused by non-uniform heat­

ing around the surface of a member. The magnitude of the gradient depends on the material, 

surface radiation properties and geometry of the element. Figure 3. 3-21 shows the trian­

gular shaped geotnetry to have the smallest temperature difference ( 20°K versus 400°K 

for the tubular geoltletry with law inner wall emissivity). 

However, a much Jfiare sigliiflcant temperature difference that can exist within the 

structure is between corresponding elements on the upper and lower caps. The cause of 

the temperature differeneie is the different views that the two corresponding elements will 

have of the radiating antenna surface, with the element furthest away effectively receiving 

radlltlit energy from a larger portion of the antenna surface below it. For example, 90% of 

the radiation tlux that impinges on a structJ\ral element located a distance d above the 

antenna surface colfies from within an imAginary disc of radius 3d on the surface below it. 

Because the surf'ace has a Gaussian rather than a uniform distribution, the further element 

will receive a different amount of energ)' than the closer element. The amount ot radiant 

energy received by the further element may be more or less than that received by the closer 

element depending on the location of the elements with respect to thf.> center of the antenna. 

Near the center, the further element will receive less energy, while near the edge it will 

receive more. The exact amount of energy received by an clement and its resulting 

temperature were calculated using a computer program that was developed to account for 

the GaussiaJi waste heat distribution on the antenna surface. 

As a result of this type of temperature difference, the elements on the lower cap wlll 

expand more thin those on the upper cap and the antenna wHl tend to "dish. " ~aturall~· If a 
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constmtt tempetattllre cUfferenee existed between upper aDd tower caps, the strocture coulrl 
be built Mth mem~ts }Sfestress~ such that when the temperature dJfferencte was applied 

the sntmma would 1tra1ghten out and become flat. However d8 the MPTS travels arourtd an 
orbit the te'DlRt.mtur1...d!ffere11be between beam caps will vary. 

An analysis was performed to assess the temperature dlf:fereuce between beam caps, 

both on a daily and yearly basis. Figure 3. 3-24 presents results oI the analysis and shows 

several things. The first ls that the greater the separation cUstance between elements, the 

greater the temperature cUfference between them. There ls virtually no temperature dif­

ference between elements located 6 meters and 1 meter above the antenna surface, except 

near the perimeter where the difference is approximately S°K. The difference In temper­

ature between elements at 41 meters and 1 meter varys from about 5°K near the center to 

nearly zero and then over 14°K at the perimeter. (Note that calculations for temperatures 

did not include the effects of partial shading that will occur durtng parts of an orbit and lead 

to an asymmetrical temperature profile about the center of the antenna. ) 

Another item of impottance shown in Fig. 3. 3-24 ls that the orbital variation in the 
temperature difference between the 41 and 1 meter locations is for the most part less than 

2° K; am this is true any time of the year. The orbital variation in the temperature differ­

ence between the 6 and 1 meter locations ls lnslgnlficant - it ls lost in the thickness of the 

line. It ls now apparent that the orbital variation• in temperature difference are not large 

and therefore by p~perly riding the structure the thermally induced deflections can be 

nulled out on an orbital average basts. The adcUtlonal time varying deflections may prove 

negligible, especially if organic matrices are Uled, if not it may be possible to electron­

ically campen8ate for them by "phasing" the mlorowave converters several times a day • 

It ls instructive to consider the temperature cUfferences that are produced by a more 

uniform waste heat d1stributl0t1. Figure 3. S-25 shows the situation for the scale factor 

p = 557 meters which yields a power ratio of 5 to l ln comptrtson with the 10 to 1 of 

Figure 3. 3-24. A comparison of the two figures shows that the more nearly uniform the 

distribution, the smaller the temperature dlfference between beam caps. This ls a 

seconrl advantage to having a large scale factor; the first advantage of ylelcUng a lower 

tttaxlmum temperature was mentioned eal'Uet. 

3. 3. 2. 7 Column Temperatures 

Temperature predictions for the columns or vertical members tying the beam caps 

together as well as the antenna surface to the beams a.re shown ln Fig. 3. 3-26. (Columns 

not shown will have temperatures intermediate to the center and perimeter column 
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tumpcrntures.) It ls Reen that thu1•c la well over u 200° K temJ.i~rature <liffor•mco between a 

column at the porlmeter of the structure and the one at the c~1nt~r. Tilfs larp;c temporaturo 

difference does not pose a deflection problem providbd the sb:lng of the vertlcru rnembere 

reflects the different operatt11g temperatures. However• carefUl deslgzt consideration wlll 

have to be given to the vertical members to minimize deflections induced by the different 

temperature swing& (viz., 18°K for a member located near the center, 61°K for a member 

near the perimeter) caused by the varying sun load. l'se of a low solar absorptrmce coating 

on vertical members wtll dlmlnlsh the Sun's lnfluence so far as a direct solar load on the 
members is concerned. ( c:r

8 
= o. 27 corresponding to white paint was used in the present 

study.) However, since the sun's energy ls absorbed by the anteJillA aurfae!e and then re­

radiated as energy in the infrared region, it ls seen that the low a
8 

coating will not eliminate 

entirely the difference in temperature sWlDgs between columns. Organfo matrices with their 

low thermal expansion coefficients may well be the answer. 

The columns near the perimeter ate prone to having large teniperature gradients 

along their length and through their cross-section and therefore wUl probably not be tubular 

in cross-section. The gradients tend to exlst because of the different views elements on the 

co1UJJiD have of the antenna surface and space. This contrasted with the columns near the 

center. Every eleinent .-long these columDS, regardless ot orientation or position, has the 

same view of the antenna surface and spade, o. 5 each. ConseqUently, CtJlumns near the 

center will be essentially um.form in temperature but rather hot (viz. 482 - 500°K). Coat­
ings, i.Dsulatlon or geometry se1ectlona will not yield any stgnlflcant reduction lJ1 these 

column telh~ratures. Near the center of the antenna, the columns will have to be made 

from a material such as polyimide that can sustain the temperature level of 500°K. It 

alUinlnum or graphite/epoxy is to be used for these vertical members, waste heat flux at 

the center of the antenna must be redUced. One way of accomplishing this reduction while 

maintaining the total power level of the Ml>'I'S is to space the microwave cori~erters 

differently which can be achieved by increasing the scale factor p. tncreaslng p has the 

effect of reducing the power transmitted front the center of the antenna and increasing lt at 

the perimeter. A discu.ssion of the effects of va~·ing p are given next. 

3. 3. 2. 8 Effect of 1\Ucrowave C.Onverter Spacing 

Maximum structural temperatures are dictated by the maximum waste htiat flux. 

These maximum values occur at the center of the antenna where the microwave converters 

are most densely packed. The microwave oonv~rter spacing Is given by L == Lmin • EXP 

((r/p)2) meten where Lmln =the converter spacing at the center of the antenna in mete.rs, 
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r .. distance hom antenna centct In meters, and p "' aoale fact.or In mctcre. it follows that 

the waste heat flux radiated towards the structure at the center of the atlten:rta la given by: 

watts 

7 
wure 

F = fraotlon of waste heat r4dlated t.owatd the structure, the rema!Jtder belng 
rad.lilted toward clirth 

'1 = efftclency of microwave converter 

P = power traDBmitted by antennl watts 

p =scale factor, meters 

r0 =radius of antenna, meters 

It ls htteresttag to observe that for a given power transttlission the maxi.mum waste 
heat flux ls lndependent of ~· This can be attributed to the fact that increasing Lmin 

requires increasing the p>wer level per converter. The end result being that the waste 

heat per unit area rema1ns constant (asstimlng coutant converter efficiency) • 

Figure 3. 8-27 presents the waste heat flux at the center of the antenna as a function 

of the scale fact.or P• Two curves are shown: one for a microwave converter efficiency of 

85% and the other for an efficiency of 70% which is now considered representative of the 

klystron performance rather tluu:i 75%. For values up t.o about 600 meters, p exhibits a 

strong iDfluence on the maxim.um waste heat flux. The maximum flux values that can be 

tolerated by three candidate materials are shown as SGoo, sg()o, and 8100 w /m 2 for 

aluminum, graphite/epoxy and polyimide composites, respectively. These v~ues estabUsh 

mtntm.um values for the scale tact.or p, i.e.• they impose a constraint on the shape of the 

Gaussian dtstrihltton. For example, considering an efficiency of 70!( and an aluminum 

structure, Fig. 3. 3-27 shows that the microwa'Ve converters will have to be spaced al'.jCOrd­

ing to (J ~ 1100 meters, which produces a fairly fiat Gaussian distribution, nearly a uniform 

dlstributic>n. 1.-1gure 3. 3-28 shows t.'he waste heat proflle across the antenna suttace f(jr 

three values of p. lt clearly illustrates the effect that p hos on the \t!a!te heat profiie' 

smaller values of p producing profiles with greater waste heat concentrations at the center 

and lower waste beat concentrations at the perimeter, which in turn leads to greater 

differences ln column and beam temperatures between the center and the perimeter • 
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The effect of p on the mRxlmum structural temperatures la shown ln Fig. 3. 3-29 for 

two efflciencias, 70 and 85~, and two types of members, vertical and horizontal. Figure 

3. 3-29 rebtforces what was mentioned eatly thatt a vertical member or column wlll run 

hotter than a horizontal berun at the center of the antenna. But more to the relevancy of p 
is the trend shown of decreasing temperature with increasillg p. It is obvious that the 

choice of p may well impose a co1uitraint on material selection. It is recognized that p will 

influence the microwave transmission efficiency and the total power that can be handled by 

the MPTS. It should now be obvious that p has a strong effect on structural temperatures 
and material selection which must be accounted for in any studies to optimize the power 

received on Earth. 

Before closing this section it should be noted that there are other ways of reducing 

the maximum structural temperature than by increasing p; some of the methods are: 

• Alter the microwave converter radiator design so that more of the waste heat. 
is rejected in the transmission direction of the microwaves (toward Earth) and 

less ls radiated towards the antenna support structure. Ill the present study, 

87. 5% of the microwave converter waste heat ls being radiated towards the 
structure and 12. 5% toward Earth. 

• Employ heat pipes to smooth out the heat rejection profile so as to produce a 

. nearly uniform profile across the aurfaoe of the antenna (see Fig. 3. 3-30). 

• Design tbf'J microwave converter radiator surfaces to be ~metrically and 

spectrally selective so as to reduce the amount of solar energy that is absorbed 

and to alter the distribution of radiant flux emanating from the antenna to a more 

nearly uniform one. 

• Cse special coatings on the structural members. For the present study white 

paint (o:s/E = o. 8) was used on the side of members facing space and an aluminum 

finish ( E = 0.1 and E = o. 2, lightly anodized) for the side facing the antenna 

surface. Coatings such as silver teflon (0:
8

/ E = 0.1) and gold ( E = o. 05), 

respectively could be substituted for the white paint and aluminum. 

It m\1Bt be noted that most coo.tings degrade as a result of exposure to ultraviolet 

radiation and particulate radiation emanating from galactic sources and the \'an Allen belt, 

The 30-year MPTS design life demands that serious consideration be given to establlshlng 

the extent of degradation. At the present time there is a dearth of data for ultraviolet 
4 exposures greater than 10 sun-hours; the MPTS will have an exposure of approximately 

2. 6 x 1o5 sun-hours. 
. . 
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3. 3. 3 Structural Analysis 

The following is a summary assessment of preliminary structural design options: 

• Structural arrangements of the alitenna primary structure leads to selection 

based on light weight of a rectangular grid beam arrangement, which is 15% 

to 30% lighter than either a triangular or radial arrangement. 

• Primary structural member evaluation considering columns of 5, 25 and 100 

meter lengths concludes that primary structure caps should be built up as 
triangular girders. 18 tneter long girders made up of 3 meter bays has been 

selected for cap members • 

• A determiraatton was made that inertially induced deflections are insignificant, 

but thermal gradients n...ust be kept low, in the order 2° to 4° C between the 

upper and lower caps of the primary structure. 

• Composites offer attractive features in terms of weight savings and thermal 

properties. 

• Other factors for future study are the integration of power lines and structure. 

3. 3. 3.1 Antenna Structural Design Arrangements 

Three structural arrangements were considered as candidates for the baseline design 

(see Fig. 3. 3-31). 

• Rectangular Grid Beams - Primary beams at right angles to each other 

• Triangular Grid Beams - Primary beams arranged in such a manner as to 
produce geodetic structure 

• Radial spoke beams - Primary beams emanating from a central core and 

extending to the periphetj' as spokes in a bicycle wheel. 

The inertial loads applied to the antenna arc relatively low, therefore the total structural 

weight is a direct function of total beam length. Assuming eqt1al lengths of unsupported 

beams in each case, the total beam length for the three arrangements were generated. 
The ratio of their respective total lengths are shown in Fig. 3. 3-32. The respective total 

lengths are approximately 15. 760 meters for the rectan~lar grid, 23, 300 meters for the 

triangular and 21, 330 mctl'rs for the radial. Figure 3. 3-32 was generated to demonstrate 

weight relationships using an L/D (length of mcmbcr/dia. of member) of 20 to 100. In each 

case aluminum With a thkkness of O. 02 in. (O. 05 cm) and a hel~t between caps of 40 meters 

was assumed. 
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3. 3. 3. 2 Structural Metl'iber Evaluation 

Structural member analyses were carried out to establish a feasible structural ar­

rangement and to calculate member sizes to atrive at the lowest weight compatible with the 

existing thermal environment. It should be noted that this study did not include overall 

structural geometry optimization :-.. '}d the general arrangement, Fig. 3. 2-1 and 3. 2-2 was 

used to determine member loads and sizes. The previously used applied loads based on 

gravity gradient induced torques, have been superseded by torques generated by slip 

ring/brush pressure and result in an average of 100 lb force compression loads in the 

upper and lower bending members. 

our Task 1 sizing effort was based on aluminum tubular members to form the base­

line triangular girder. The selection was based on the comparison of (1) a single circular 

tube 100 meters long and (2) a triangular girder with a tubular member at each apex with 

cross tubes and diagonal bracing. The later section was also assumed as an Euler column 

100 met13rs long, since this member, while braced at 25 meter intervals by vertical 

members, can fail in the lateral column buckling mode. Figure 3. 3-33 and 3. 3-34 show 

the wall thiclmess vs diameter at various compression loads for the Euler failure mode and 

were co.lculated for 5, 25 and 100 meter lengths. 

After the thermal profile was generated, it became evident that the tubular elements, 

particularly aluminum, could not be used. Considering that, plus the new loads, selection 

of at'~ shape and material was initiated, resulting in the "modified V" fabricated from 

graphite/epoxy or graphite/p0lyimide. Analysis of this section, Fig. 3. 3-35 shows that it is 

capable of balancing a compressive load of 127 lb at 450° K. Local crippling does not 

appear to be critical. The current investigation did not include loads induced by preloads 

in cable cross bracing required to overcome cable slack or tension caused by thermal ex­

pansion. Further study ts required for this investigation. 

3. 3. 3. 3 Structural Deflection 

The primary load which the antenna is subjected to is due to the tortiues generated by 

slip rfng brush pressure. A bending moment curve Fig. 3. 3-36 was generated and result­

ing deflections calculated. As shown in Fig. 3. 3-37 these defiecttons are within the allow­

able 1 arc-min. 

iltitially a simplified thermal model was used to arrive at the deflections shown in 

Ii'ig. 3. 3-37. With the selection of the 1 knt diameter baseline, a n1orc extensive thermal 

profile, Fig. 3. 3-24, was generated and new deflections calculated. These calculnttons 
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wora performed with the use of an in-house "3-dlmonstonal fra1ne" computer program. 

The resulting defiections curve &11d slopes are shoWJi ln Fig. 3. 3-38 and S. 3-39 for tho 

primary structure. 

To evllluate the effects of secondary structural deflection on the overt.11 defiectton, a 

soctlon of structure fartbese from the antenna center was chosen for examination. Thts 

particUlar area was chosen because (1) it is the area that the ptimary structure experiences 

its largest deflection and (2) the temperature gradients arc highest. Figure 3. 3-40 refiects 
the deflections and slopos calculated for the secondary structure, and as can be seen, the 

magnitudes will co11trlbute very little to the o~erall deflections. 

Note that Fig. 3. 3-SS and 3. 3-39 show the deflections 4Dd slope& calcubtted for 

temperature devtattons that occur chirtng different seasonal and orbital positions. The 

mean ~ T curves represent the location and angle that the respective waveguide arrays would 

be assembled t.o the secondary structure. The waveguide assemblies within approximately 

the 16, 000 in. (406 M) radtus can be preset or ''tuned" once and left alone. Those located 

beyond this radius must be adjustable in flight by use of screw Jacks or similar devices. 

Purther elltnination of adjustable devices can be achieved by judicious design procedures 

to reduce deflections at the antenna periphery. Close manufacturing tolerances will have 
to be augmented by an adjustment or ''tuning" technique in order to ltlinfmize bullt-111 
waviness and deflections. A study of tolerances, both manufacturtng and assembly would 

deterD11ne the extent and type of adjustment that would be necessary. A typical girder 18 

meters long has the followtng tolerances: 

Length 

Coup~ ftttlng 

Straightness 

RSS 

:1: 2 tn. (50. 8 mm) 

:1: • 25 tn. (6. 35 mm) (mechanical or weldment) 

:1: 1/2 tn. (12. 7 mm) 

:I: 2. 076 in. (52. 73 DUil) 

The RSS over a 1000-meter ledgth of 40 beatn element ls: 
~ ,1.-~2---2--------2 

cS= "Ngn where g N = Vgl + .,2 + ... "n 

The worst case angte of cu.rvatUre ls defined by: 

G>= (l/2 +cS/2l (1 -f~~ ~ i~~) 
H 

= o. 003 radians or o. 1723° 

where H = 35 meters 

I /2 = 500 meters 
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roqulrcd to determine prohabillty of thta wotat case occurr•ng. 

3. 3, 3. 4 Mlltorlala 

Three mntorials ha.vo been conaldorcd for the antoMn. structuro: aluminum, 
graphite/epoxy and polyimldc composites. Each ma.torlal has lts ndvanta.gct:; nnd dlsndvnnt .. 

ages. Aluminum offers low material cost and established processing, mn.nufacturing and 

assembly tecbniqUos but suffers from rolatlvely hlgh coefficient ot thermal expansion. 

Graphite/epoxy, an organic composite that Grumman ls developing extensive experience 

wlth, exhibits the attractive properties at a low coeftlcicnt of thermal expansion and a high 

strength .. to-welght ratio. On the debit side, the material cost of graphite/epoxy runs 25 to 

200 times that of alWJ1lnum. Also on the debit side is the relatively low maximum recom .. 

mended servtce temperature for graphite/epoxy (conservative designers limit graphite/epoxy 

to 450°K, i.e., 350°1', the same as aluminum). Based on the temperature predictions ~f 
Subsection 3. 3. 2, the use of either allumlnum or graphltf!/ epoxy for the columns near the 
center of the antemia is precluded (see Fig, 3. 3-26); the used these materials for the beam 
cap elements near the center ls marginally satisfactory. 

Polyimlde composites such as graphite/polyimide or Kevlar/polyimide offet relief to 

the temperu.ture problem as they have maximum recommended service temperatures in the 

range 5~0 to 645°K (500 to '700°F). In llddltion to the higher allowable temperattlre, 

graphite/polyimide offers the same main advantages of a graphite/ epoxy matrix, namely 

high strength-to-weight ratio and low coefficient of thermal expansion. Figure 3. 3-41 

shows these properties for various graphite composite systems. Little data exists for the 

strength characteristics of epoxy and polyimlde composites at elevated temperatures. 

llowever, Fig. 3. 3-42 sheds light on the performance of these materials when used as 
adhesives. The superiority of polyimide over epoxy at 533°K (500°F) ls obvious. But 
concern exists as to what the performance of polyimlde wi11 be after 30 years (2.6 x 105 hrs) 

0 4 of operation at 533 K. Figure 3. 3-42 shows that after 4 x 10 hours (4. 6 ~·ears) the lap 

shear strength is ohly 65% ot its value after 1 O hours. Suitable tests nnd extrapolation 

procedures are required to resolve this concern. 

On the debit side, the material and processhtg costs for polylmldes are considerable 

in comparison with epoxy. Futhermore, as Fig. 3. 3-43 shows, polyimidl's haven hi~h 

volatile content. More thnn likely the polyinlides will be processed in space and, therefore. 

n suitable bleeder system must be provided to prevent contamh1t .. ~h1Q'. items such tis micro­

wave converters and parts that have been thermally coated. 
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3 .PLY PROPE~TIES 

GAAl'HIT•a 
FIBER 
LAYOUT RESIN TENSILE TENSILE 1'HERMAL COEF 10-6 m/m/OK MAX 

COMPOSITE 
(3-PLYI 

THICKNESS DENSITY RTRENGTH MODULUS TEMP, 

'"""' (Kgtm3) 
c1o6ntm21 C1o'ntml LONG. TAANSVEASI: OK 

1300/6208 
(EPOXYI (0t601T 6208 0.17 1600 345-416 48-78 0.38.0.83 1.1 .... 5 460 

HT.S/710 • • SKY BOND 
(POLYIMIDE) (Ot601T 710 0.17 (11 1660 276-310 4N9 o.36.o.n 1.14.5 590 

Ht.S/710 $KY BOND 
(POLYIMIDE) (Ot 45)T 710 0.17 (1)·. 1660 345-416 6N3 0.3M>.90 1.2-3.8 845 

AS/3601 
(EPOXY) COt 60l 3501 0.17 1620 276-310 &Mt 0.3&0.83 1.1 ... .5 460 

HH.S/3601 
CEPOXYI (Ot 80) 3501 0.17(1) 1745 195-240 83-103 0.18.o.40 0.7·1.S 450 

NO'tE: AT PRESENT NO SOURCE IS AVAILABLE FOR THIN PLY GR/Pl, OR HM-S/3601. THESE ESTIMATES ARE EIASED ON 
LIMITED DATA AVAILABLE ON COMPOSIT.E LAMINATES SUCH AS (O/t ~ls OF CONVENTIONAL THICt<NESS. 

21.e--~~~~~_,...,-~~~~~~--...-~~~~~~-r-~~~--~~ ...... 
(41 Q HIGH TEMPERATURE EPOXY 

CPOLYIMID' 

METAL-301 STAINLESS STEEL 

13J;c===~::::===---.....tb:::---+----~ 
(2) 

100 1,000 10,000 40,000 

AGING AT 533°K CS00°FJ, HOURS 

Fla. 3.3-42 Thettnal Stability "6t V1rtou1 Achtiwtt ft 633°K 
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With any of the composites, the question of outgassing naturally arises. Tests run at 

Grwnmart on graphite/ epoxy laminates showea ess,.mti~lly no outgassing when the specimens 

were exposed to high vacuum at room temperature for 72 hours. Tests at elevated temper­

atures need to be run. Polyi.tnldes, not being free Of volatlletJ as are epoxys, may present 

an outgassing problem. The vapors given off by a polytmide composite. structure may 

tnbibit proper operation of the microwave converters. Tests are required to establish the 

vapor pressure cbaracteristlcs ot candidate composites at elevated ter.:peraturee and then, 

if necessary, suitable coatings to minimize the outgasslng must be found. 

Up to this point, any reference to temperature has always been along the lines of high 
temperature. The MPTS, however, Will experience cold temperatures armnd the time of 

the two equinoxes each year. The structure will cool down to temperatures in the neighbor­

hood of 75°K (-325°F). This cold temperature will not present atty problem to aluminum 

which has been used to virtually 0°K. How the composites hold up is an unlmown. Tests to 

establish their cold temperature performance and their response to temperature cycling 

(from 75 to say 600°K) are reqUired. 

Struciural members manulactui:ed from composite materials will have a. White thermal 

control paint applied to the side of the member that faces space while the opposite side 

which faces the hot antenna surface will have an aluminum foil bonded into it to provtde a 
good heat refiector. Thus, the composite materials will not be directly subjected to ultra­
violet radiation. However, tests to establish the ultraviolet degradation that the white paint 

and aluminum foil will undergo during the 30-year MPTS life are reqUtred. 

Figut"e 3. 3-44 summarizes pertinent properties of the three materials: aluminum, 

graphite/epoxy and graphite/polyimide. At the risk of over simplification, the material to 

use for the antenna support structure should have the best available strength-to-weight ratio 

and be capable of operating at GOO~ K for 30 years. This statement can be made because 

material and processing costs should play a secondary role in material selection since 

transportation costs dominate the overall cost picture. Furtheremore, tt can be assumed 

that any tendancy towards ou~assing or ultraviolet degradation will be aptly prevented by 

application of suitable coatings. A low thermal expansion coefficient is desirable but should 

nevet play a dominant role ln the material selP,ctlon process since a mechanical adjustment 
device will most likely be utilized to remove manufacturing tolerances. This same device, 
proper!~· controlled can remo\·c deflections caused by differential thermal expansions. 

lii conclusion, the pol~imtdc matrices have m11ch to offer but appropriate test data for 

a 30-year life arc required on their low and high temperature performance as well as their 

vapor pressure characteristic~. 
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ADHESIVE TYPE CURE TEMP, °K VOLATILES MATERIAL COST PROCESSING COST 

EPOXY 450° NONE LOW LOW 

EPOXY-PHENOLIC 4liO° &'Jli LOW LOW TO MODERATE 

POL YBENZIMIDAZOLE 530-645° 10-16'6 HIGH VERY HIGH 

POLYIMIOE 530-645° 10-15" HIGH VERY HIGH 

Fig. 3.3-43 Cost and ProCessing ctmectiriitla Of Vmous Types of Adhesives 

GRAPHITE/ GRAPHITE/ 
PROPERTY ALUMINUM EPOXY POLYIMIDE 

APPROXIMATE STRENGTH 
TO WEIGHT• (1o3 Ml 23 28 28 

TENSILaSTRENGTH 
1o6N/M 241-600 195-418 27M16 

DENSITY 
(Kg/M3) 2570-2960 1600-2000 . 160().2000 

COEFFICIENT OF THERMAL 
EXPANSION 
(1()'6 M/M PER OK) 23.4 0.1.0.7 0.3-1.0 

MAXIMUM RECOMMENDED 
SERVICE TEMPERATURE 
(OK) 450 450 53~ 

MOD. OF El.AST. 
1oiJN/M2 73 48-106 48~ 

SPECIFIC HEAT 
(j/kg-OK) 920-982 870-1000 -
THERMAL C.:ONDUCTIVITY 

, 
W/(M.OK) 117·234 o.2"4.& 5-10 

REQUIRED THERMAL ANODIZED E.G. ALZAC 
COATING - SPACE SIDE OR WHITE PAINT WHITE PAINT WHITE P~INT 

REQUIRED THERMAL NONE ALUMINUM FOIL ALUMINUM FOIL 
COATIN(;.ANTENNA SIDE BONDED IN BONDED IN 

•TITANIUM AND ITS ALLOYS HAVE A STRENGTH TO W~IGHT RATIO OF 36 

Fie. 3.~ eom.-rison of Material Properties 
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3. 3. 3. 5 Other Flietors 

At this time no attempt has been made to integrate p<>We1• transmission lines and 
structural elements. The large current now in this network requires large conductors and 
it is possible. perhaps necessary• to utilize the structure as an integral part of the power 
system. For example, if we assume a Gaussian distribution, the mean distance from the 

· center would be approxitnated by d = 1. 77 '1. where 3 '1 = 1'8.dius of the antenna. Assuming a 

total power of & glgawatts and 1600 areas of equal power, it follows that the power from each 

area = 5 x 109 watts/1600 = 3.1 x 106 watts. The cunent at 20 KV, to each of these areas 
would be I = P/E = 3.1 x 106 /2 x 104 = 156 amp. 'l'he mean conductor length is (1. 777) 

(500/3)=195M (640 ft) long. Neglecting temperature, a No. 2 size copper conductor 

(AN-J-C-48) or an equivalent No. 0 alumbmm conductor can carry tbat load. The weight 

of the aluminum conductor is-.1/ft and results in a total weight of (.1) (640) (1600) = 
102, 400 lb (225, 280 kg). Weights of this rnagnitude should be integrated into the baste 

structure. 
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3.4 AS8£MBLY AND PACKAGING 

!J. 4. 1 Detail Parts 

A study of packaging structural members/elements was initiated to determine the 

opthnum arrangement within Shuttle constraints, and to determine the sensitivity of various 

levels of ground prefabrication compared to corresponding levels of orbital assembly. 

The options selected for evaluation. shown IJ1 Fig. 3. 4-1, span the potentjal spllt up of 

fabrication methods between ground based and space based operations. These cases are 

as follows: 

• Case I - Aasemble collapsible beam members on earth which will provide the 

most efficient Shuttle packing density and deploy when in space 

• Case ll - Prefabricate structural elements of tri-beams and manually assemble 

in space 

• Case m - Prefabricate flat stock on grotind with required thermal coatings and 

autc assemble in space. 

Assembly of structural members on the ground requires that these members be 

stowed in a folded or compressed manner to achieve as high a density as possible. Efficient 

Shuttle utilization requires a cargo density of at least 6 lb/ft3. A survey of existing 

stowable structural members (astromast, articulated lattice) suggest that an order of 

magnitude less is the best that can be achieved. Figure 3. 4-2 was generated for typical 

articulated lattice girder members and. as can be seen. the densities are in the order of 

O. 01 to O. 02 lb/ft3• This represents a Shuttle load factor of 1% and it is obvious that cyen 

with improved design techniques, the net gain would still fall far short of the desired goal. 

The attractive facet of this approach is that most of the subassembly work is done on the 

ground, not at the orbital site. If advanced lauJ'lch systems were not as volume restricted 

as the Shuttle, this approach could become the preferred choice. 

Detail component fabrication on the ground and assembly at the orbital site offers oppor­

tunity for a tnuch more efficient packaging density. The first step in this approach is to sub­

stitute very thin solid elements for the "Baseline" appro::wh of thin walled tubes (Ftg. 3. 4-3). 

'l'bis imr:'lediately achieves a packaging density far in excess of the minimum 6 lb per cubic 

foot, but as the followl~ example shows, also results in a weight increase. To balanC'e a 

100 lb load in a thin walled, 2. 5 ln. di:imetcr graphite/epoxy tube. supported at slx meter 

intervals, the wall thickness woold be O. 0075 in. The resulting weight is o. 039 lb/ft. By 
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DIAMETER·MEMBER, IN. 2 3 4 5 6 

ALLOWANCE FOR CABLES & FITTINGS, IN. 1 1.5 2 2.5 3 

AE- BAY LENGTH EXTENDED, FT 4.9 4.9 9.85 9.85 9.85 

AR - BAY LENGTH RETRACTED, IN. 5 7.5 10 12.5 15 

NO. OF BAYS (RETRACTED IN 60 FTI 144 96 72 67.5 48 

LE - EXTENDED LENGTH. FT 700 470 710 570 475 ·-
ESTIMATED WT OF FITTINGS, LB 1.2186 (.3) 86 \.4186 I.SI S6 1.6) 86 

ESTIMATED STRUCTURE. WT, LB 
(0.0075 GRAPHITE EPOXYI 22 22 44 44 44 -
NO. OF BIRDERS THAT CAN BE 
PACKAGED IN SHUTTLE BAY 7 7 1 1 1 

TOTAL WT PACKAGED IN SHUTTLE, LB 756 I 756 130 ! 130 130 

PACK~GING DENSITY IN SHUTTLE. 

.. ---- 0.0~11 I 
' 

LBIFT I 0.012 I 0.012 0.012 ---
f19. 3.4-2 Chaulcteristics of Articulated lettice Beam 
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substituting three soltd elements, arbitrarily adding supports C\'CfY 12 inches to halnncc 

33 lb each, the weight is o. 0429 lb/ft (0. 0143 x 3) Fig. 3.4-4. Aasumlhg the 12 in. sup-

ports add aJt additional 50% weight penalty, the total weight would be o. 0643 1iJ/ft. 

Figure 3, 4-5 shows the limitations of both structural elements with respect to the Shuttle 

cargo bay, and it is clear that further optimization can result in less weight penalty while 

yielding an efficient packaging density. 

This assembly concept would require the largest work force in orbit of any of the 

options considered. When the cost of the required Space Station, crew rotation and 

materials and life support logistics is factored into the equation, this approach does not 

appear desirable. Figure 3. 4-6 summarizes an estimate of the rate of assembly of a 

typical structural trl-beam in which the caps and intercostal members have been shipped 

in an efficient Shuttle packaging arrangement to a Space station. Skylab 3 data on the rate 

of assembly of the twin pole sunshade was used to establish the degree of human skills in 

space environment. In the Skylab 3 mission, a single man assembled two 55 ft poles in 

5 ft sections in 137 minutes. This represents an assembly rate of 6. 2 min/operation. A 

typical MPTS 18 meter structural member would require 78 operations. Assuming a 90% 
learning durve improvement in skills relative to Skylab performance, a 2. 5 min/operation 

could be considered plausible. At this rate 5. 7 lb/m-hr rate of assembly could be 

achieved. Twr~nty-iour 12-man Space stations would be required to support the assembly 

crew at ·s. 7 lb.tin-hr. A total of 470 klb of MPTS antenna structure could be fabricated 

using a crew of 275 in the allotted 2-month period. This high manpower requirement with 
1 ' associated Space Station support equipment tends to eliminate this approach as a \1ab1e 

detailed assembly approach (Fig. 3, 4-7). 

l. 

Complete fabrication and assembly in orbit <'an achieve 100% Shuttle load factor by 

transportation of raw materials to the fabrication/assembly site. This concept l'equlres a 

free flying "factory". It is not unreasonable to assume that one could be designed and built 

with little technical risk. Figure 3. 4-8 sho1,·s a concept for in-orbit fabrication and 
assembly of a typical girder. Considering the factors involved, that is, volume limitntionf:t 

of the Shuttle and the desire to minimize on-orbit personnel, this approach appears to be 

the most promising. An operations analyi:;is of this process has tentatively established a 

rate of assembly of 420 lb/hr for the !\IPT8 structurnl elements. At this rate, eight manu­

facturing modules would be required to rneet assembly time tables. 
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100 300 500 700 

TYPICAL TRIBEAM 
- WEIGHT= 21.4 LB (AL ALLOYI NO. OF OPERATIONS 

- NO OF OPERATIONS"' 78 ~ /2.5 MIN/OPERATION 

..... ,. . ... 
-·-·--·-·---~··-· ---------·-

TIMELINE (ONE BEAM ASSY) 

1. SET UP EQUIPMENT/MATERIALS 16 MIN 
2. ASSEMBLE BEAM 196 MIN 
3. RETURN TO SPACE STATION 

OPEN HATCH 6 REMOVE BEAM 
FROM ASSEMBLY MODULE 15 MIN 

TOTAL TIME 225 MIN 

BEAM ASSEMBL V RATE = 0.095 LB/MIN 
• 5.7 LB/M-HR 12 6 K~M·HRI 

Fig. 3.4-6 lnflight Detail Parts Assembly 
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3.4.2 Structural Assembly 

A prellmtnary assembly eoqucnoo for the MPTS nntennn f'>llowR. ThlR aaaolllbly now 

ts based 011 the rectangular grid general arrangement, (ace Flg. a. 2-1). Major functtonnl 

blocks are ldentlfled in the order ltl which they arc ns~mbled. 

A top level operations analysis ls presented for the following structure assembly 

methods: 

• Using manned free flying mru1lpulator modules 

• Using remote controlled free flying manipulator modules 

• EVA using remote cotttrolled logistics modules. 

The analysis bas led to the following indicators: 

• Assembly using remote controlled manipulator modules offers the most cost 

effective approach 

• EVA assembly with remote controlled logtstit:s modules could be cost competitive 

• Manned manipulator assembly tends not to be effeetive because of the high pro-

pellant consumption of the free flyers. 

3. 4. 2. 1 MPTS Assembly Functional Flow 

3.4.2.1.1 Level 2 Assembly Flow - Figure 3.4-9 ls a breakdown of the assembly steps 

for the MPTS antenna structure. Assembly starts with installation of the rotary joint using 

the SSPS central mast as a point of departure. The rotary joint to antenna interface struc­

ture assembly follows using the elevation rotary joint structure as an assembly base. 

Af3sembly of the primary and secondary structure is performed working radially from the 

center of the antenna. Installation of the waveguides and electronics follows. 

3.4.2.1.2 Level 3 Assembly Flow - Figures 3.4-lOthrough 3.4-12 are more detailed 

definition of sequences for atasembly of the rotary joints, interface structure, and antenna 

primary and secondary structure. Assembly of the rotary joints appears to represent the 

most complex assembly operation due to the number of unique im1tallattons (gears, flex 

harnesses, etc.). Assembly of the antenna itself along with wovcguidcs and electronks, 

ls a repetitive operation and should not pose difficult problems. 

3.4-n 
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4.1 4.2 

ASSEMBLE 
ASSEMBLE ~ 

AOTAAV JOtN'I 
ROTAAV TO ANTENNA 
JOINTS INTERFACE 

$tRUCTUAE 

4.1 ROTARY JOINt 

1-t 

- 4.3 

ASSEMBLE 
PRIMARY a ~ 
SECONflARV 
stRUCTURE 

4.2 INTERFACE 
stRUCTURE 

4.4 

INSTALL 
SUBARRAY 

Fig. 3.4-9 Llffl 2 Functional Flow : ASMmblt MPTS 
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4.1 4.1.1 4.1.2 4.1.3 4.1.4 4.1.6 
ASSEMBLE ASSEMBLE ASSEMBLE ASSEMBLE ASSEMBLE AZIMUTH AZ ROLLER 

ASSEMBLE 
AZ SLIP AZ SLIP ROTARY ROLLER TRUCKS& 

AZ ROLLER 
RING PLATE RING SUPPORT JOINTS TRACK& DRIVE MOTOR 

BRACE (2) STRUCTURE 12) ORIVE(;EAR 

.. 
4.1.6 4.1.7 4.1.8 4.1.9 4.1.10 4.1.11 

ASSEMBLE ASSEMBLE ASSEMBLE 
SLIP RING (2) AZ SLIP RING SET BRUSH INSTALL AZTO EL 

Hi 
ASSEMBLE 

L..t TO ROLLF;R H BRUSHES& H PRESSURE H ELECTRONICS H JOINT ELEVATION .. 
INTERFACE MATE TOSIC INTERFACE BRACE 
STRUCTURE BUS SYSTEM STRUCTURE 

·--
4.1.12 4.1.13 4.1.'4 4. 1 .1 !1 4.1.16 4.1.17 

ASSEMBLE ASSEMBLE ASSEMBLE INSTALL AZ INSTALL INSTALL 4.2 .... EL TRUCKS ~ 
EL TRACK ....... EL JOINT 

"9 ... TO EL JOINT f--t ELJOINT ~ E.L JOINT f+ &GEAR SUPPORT FLEX &MOTORS TRAIN STRUCTURE BUS SYSTEM HARNESS ELECTRONICS 

-
Fig. 3.4-10 level 3 Functional Flow: Assemble Rotary Joints (Sheet 1 of 3) 
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4.11 
ASSEMSLE 
AZ ROLLER 
TRACK II 
DRIVE 
GEAR 

4.12 
ASSEMBLE 4.13 4.14 
AZ ROLLER ASSEMBLE ASSEMBLE 
TRUCKS& AZ AZ SUP 
DRIVE ROLLER RING 
MOTOR BRACE PLATE 

4.16 
ASSEMBLE 
AZSLIP 
P.ING 
SUPPORT 
STRUCTURE 

4.1ea,.11 
ASdEMBLE SLIP RING 
TO ROLLER INTERFACE 
stAUCTURE II ASSEM SLIP 
RING BAUSHES a MATE TO 
8/C BUS SYSTEM 

SLIP RING 

AZ ROLLER 
TRACK 

SLIP RING 

Flt. 3.4-10 Letti 3 Functionat Flow: Assemble Rotary Joints (Sheet 2 of 3) 
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4.1.10 
ASSEMBLE AZ 
TO EL JOINT 
INTERFACE STRUCTURE 

4.1.11 
ASSEMBLE 
ELEVATION BRACE 

4.1.12 
ASSEMBLE 
EL TRUCKS & MOTORS 

4.1.13 
ASSEMBLE 
EL TRACK& 
GEAR TRAIN 

4.1.14 
ASSEMBLE 
EL JOINT 
SUPPORT STRUCTURE 

Fig. 3.4-10 Level 3 Functional Flow: Aasemble Rotary Joints (Sheet 3 of 3) 
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ASSEMBLE A$SEMiLE 
ROTARV JOINT AS§MBLE PAI MARY 

INSTALL STRUCTUFtE 4.3 TO ANTENNA 6TRUCTURAL UPP~RCAP ALIGN BUS 
INTl:RFACE FINGERS &&TWEEN SYSTEM 
STRUCTURE FINGERS 

Fig. 3.4-11 lAwel 3 Functional Flow: Allemble Rotmy Joint to Arttenftl Interface Structure 
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4.3.1 4.3.2 4.3.3 4.3.4 4.3.5 

ASSEMBLE ASSEMBLE ASSEMBLE ASSEMBLE 
UPPER VERTICAL LOWER CAP ALIGN outeR 
CAPS f--t MEMBERS 1-t PRIMARY ~ PRIMARY HI MEMBERSOF • 
PRIMARY PRIMARY STRUCTURE SECONDARY STRUCTURE 
STRUCTURI: STRUCTURE STRUCTURE 

NOTE: FUNCTIONAL Fl.OW FOR TYPICAL 108 X 108 m STRUCTURAL BAY 

4.3.7 
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SYSTEMS 
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3, 4. 2.1. 3 Assembly Using Manipulator Modules - Figure 3, 4-13 is n roprm1n11tatlvo plun 

for assembling beams fo1 the primary/socondary structure of the antcnnn. Thifl operntlon 

ts sel~cted for detailed analysis because it represents the most frequently used operation 

in the JUildup of structure. Manhour requirements to perform tbi s operation rcprosontR 

f 40 to 50% of the assembly cost of the antenna. Statistical datn 0,1 aircraft assembly indicntcs 
.. ' 

~. 

that structural assembly accounts for 20% of the total cost to produce. 

The assembly sequence presented in Ftg. 3. 4-13 assumes the use of :t free flying 

manipulator module which could be manned or remotely controlled from the ground. 

·Astromast beams are assumed stored in a logistics area in the retracted condition. The 

astromast storage area is also representative of the location of an auto beam manufacturing 

unit. The assembly joint is assumed to be a mechanical locking device similar to a docking 

drogue. 

The objectives of the operations analysis are as follows: 

• Establish a rough order of magnitude range of time required to assemble the 

structure 

• Establish a level of complexity between performing assembly from the ground and 

manually in orbit 

• Establish typical consumables requi.rements for ancillary equipments used in 

assembly. 

Figure 3.4-14 summarizes the maximum and minimum time required to acquire a 

beam from storage, transport to the assembly area, join the beam to the structure and 

return to the storage area. A minimum time of 23. 5 minutes and a maximum time of .J1, 

minutes has been established assuming a manipulator design similar to the Shuttle H~lS. 

The minimum time represents the potential of a man~pulator to perform the rcriuired tasks 

assuming perfect accuracy and totally static conditions. The maximum time was eRtahlished 

utilizing the parametric data in Hef 24 whieh relates the ratio of performing a b:u;ic task in 

a static environment to the time required to perform the task in a iynamtc em;ronment. 

The parameters considered in establishing complexity factor~. irclude: 

• Control system frequency of the manipulator and targf"t 

• Attitude limit eye-le amplitude of the target 

• The distance lll'tween the target attachment point and the tnrgct q; 

• The position and \•elocity acC'uracy during st:.itionkccpi~ 

e Manipulator time delay. 
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4.3.3 

ASSEMBLE 
~ LOWER CAP 

PR I MARV 
STRUCTURE 

4.3.3.6 

ATTACH 
H "''>LDARM 

TO RIGID 
STRUCTURE 

4.3.3.1 

ACQUIRE 4 LOWER CAP 
MEMBER FROM 
STORAGE 

4.3.3.8 

ALIGN H 
MEMS!R WITH 
JOINT 

4.3.3.1 
ACQUISITION 

4.3.3.2 

TRANSPORT H TOASIEMILV 
JOINT 

4.3.3.7 

llRTHIEAM ~ 
MEMBER WITH 
JOINT 

4.3.3.8 
ALIGN 

4.3.3.8 
TRANSFER TO 

'lili!r--illl-----..J STORAGE ARIA 

TUG PACKAGED 
BEAMS 

4.3.3.3 

OEPLOY 
ASTROMAST 
COMPRESSION 
MEMBER 

4.3.3.8 

TRANSFER 
TO$TORAGE 
AREA 

4.3.3.7 
8ERTH 

4.3.3.4 

H MANEUVER 
TO ASSEMBLY 
DISTANCE 

MECHANICAL 
LATCH 

4.3.3.5 
ATTACH 
HOLD ARM 

---

FREE FLYER 
{MANNED OR REMOTE 
CONTROLLED) 

4.3.3.3 

DEPLOY BEAM MEMBER 

Fig. 3.4-13 Lewel 4 Functionll Flow: Manipulator Module A111mbly of Lower Cap; Primary Structure 
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TIME.MIN. CONSUMABLES. LB 

EVENT MINIMUM MAXIMUM PROPELLANT ECS 

AT T AT T MIN MAM MIN 

4.3.3.1 ACQUIRE LOWER CAP FROM STORAGE 3.0 3.0 10.S 10.6 0.38 1.20 

t 4.3.3.2 TRANSPOAT TO ASSEMBLY JOINT 6.0 9.0 8.0 16.5 4.72 4.12 

4.3.3.3 DEPLOY ASTROMAST 2.0 11.0 2.0 18.5 0.24 0.24 
1.17 

4.3.3.4 MANEUVER TO ASsEMBL V DISTANCE 0.5 11.6 o.s 13.0 3.0 :1.0 

4.3.3.5 ·ATTACH HOLD ARM 3.0 14.5 10.5 !19.5 0.36 1.20 

4.3.3.6 ALIGN MEMBER WltH ATTACH JOINT 3.0 17.S 10.S 40.0 0.36 1.20 

4.3.3.7 BERTH BEAM MEMBER WITH JOINT 1.0 18.5 1.0 41.0 0.12 0.12 

4.3.3.S TAl\NsFER TO STORAGE AREA 5.0 23.5 5.0 46.0 4.72 4.72 
--....:... 

TOTAL LB 13.88 16.40 1.17 

TOTAL kg 6.29 7.43 0.63 

Fig. 3.4-14 Assembly TllTleline and CC>nsumabies R•lrement 
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Time delay effects cm be used to establlsb the penaltf for performing assembly remotely 

from. the ground. The range of time delays considered bt l\ef 24 was between v.ero and two 

seconds. If lt ls assumed that a mtlntted manipulator will perform with time delay near 

zero and ~mote controlled ma!ilpulators will perform with time delays near two seconds, 

little difference it1 total time to perform the assembly tasks can be identified. 

Figure 3. 4-15 presents the variation in cumplexity factor (time in dynamic environment/ 

time in static environment) for variations in target limit cycle deadband, manipulator 

characteristic frequency and the distance between the target <'g and manipulator nttach 
point for a system wlth a two second tlme delay. A similar plot for a system with zero 

time delay shows little variation in complexity faotor for target limit cycle amplitudes of 

less than 1° and low manipulator characteristic frequer•oies • 

Manned free flyer mochtle propellant consumption will vary between 14 and 16 lb , 3. 3 

to 7. 2 Kg) for the minimum and maximum tf.me case, respectively. This quantity per trip 

includes limit cycle control and translational propellants. These estimates assume a 

3000 lb (1359 Kg) vehicle with inertia and jet geometries similar to the !Amar Module (LM) 

ascent stage at docking. The ECS consumables required tor life support will be approxi­
mately o. 2 to o. 3 lb (0. 1 Kg) per trip. This estimate ls based on the LM configured for one 

man. 

An unmanned manipulator module could be configured at 400 lb (181 Kg). This lower 

weight reduces propellant consumption to reasonable levels, 1. 8 to 2.1 lb (O. 9 Kg) per trip. 

The order of magnitude difference~~: propellant consumption for the unmanned, relative to 

a manned free flyer, ls a strong factor in favor of remote controlled assembly approaches. 

Figure 3. 4-16 presents assembly cost factors which utilize the operations time line 

analysis results. The overall structure can be assembled at a rate of 13 to 26 lb/m-hr 

(6 to 12 Kg/m-hr). This range of cost was established by determining the number of joints 

ln a typical 108n x 108m primary/secondary structural bay (394) and the tlme to at'semble, 

established in Fig. 3. 4-14, for each joint. The rate in uillts of lb/m-hr ls established by 

dh·idtng the weight of a typical structurP1 bay by the total time. These assembly rnteR nre 

in line with that assumed during Task 1, 11 lh/m-hr. This is the rate at \\'hich steel workers 

can construct a major building on the ground assuming aluminum girders. 

3.4. 2.1. 4 Assembly Using EVA Operations - Little or no data e.xtst concerning larg~ ncale 

EVA &l!'Sembly operations froin which an oxtrupolatton of task and tlme estimates can be 

made. This \\•as determined after a surtey of the literature and conversations wtth NASA 

personnel. However, actual EVA performance on Skylab equaled or exceeded expectntionf; 

3,4-18 
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fit. 3.4-16 Manipulator Performance Complexity Factor 

• ASSUMPTIONS FOR TYPICAL 108 X 108m ANTENNA BAV: 

MATERIAL 
WEIGHT 
NO. OF JOINTS 
FREE FLYER 

WEIGHT 
ISP 

- ALUMINUM 
- 3951 LB 
·- 394 

- 3000 LB 
- 300SEC 

• ASSEMBL V ROM UNIT MODEL RELATIONSHIPS 

ASSEMBLY TIME " 13 LB/M·HR 
26 LB/M·HR 

IMINI 
lBESTI 

FREE FL VER PR()PELLANT " 1 5 LB/LB OF STRUCTURE 
ECS REOMT ·0 O.;;> LBILB OF STRUCTURE 

Fig. 3.4-16 Mllnipulator Madule Assembly 0pt"retiont Summary 
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or simulation results of tho anrno performance in nautraJ buov1111cy proc•ellurcR/pro'kh·n~·y 

development operaUom~. It c:m ho expected thnt. given proper restrnlnta and Ufo f\Uppm1. 

systems, mQJl can pe1rform RR well tn P.~>aco ttR he floes on onrth. It le felt that n dc~r<'n of 

confidence can be nchiaved by i·ela.Ur·J MPTS structural aaGemhly tlme eettmatcs to that 

of the Twin-Pole Suneb11.de assembly using F.VA techntqueR 011 Skylab 3. 

Figure :.i. 4-17 shows the MPTS structural assembly pl:m utUizing EVA opnrntlon~ tn 

conjunction with a remote controlled logistics module for transport of be::im sections from 

stonlge to the assembly area. A two-man operation is aasumed. A work platform with 

the appropriate foot and hand l·Gstrnints is utlltzed. 'l'hc first crew test (Operatlcn 4. 3. 3. fi) 

is to move the work platform to the next assembly point. The logtsttcs module deliver~ 

tb.i:ec beams which are temporarily lashed to the work platform. The crew prcaRsemblos 

the thr~e beams and tension wires to form tho strncturnl quad at the work platform. The 

crew unfolds the beams (total beam weight'-= 65 lb) (29.1 Kg) orients the unfolded section 

for mating to the structure. 

Figure 3. 4-18 is a task description of Skylab 3 Twin-Pole Sunshade deployment. The 

relutcu operations used to define the time required to asAernble the MPTS structure nro 

steps 2, 4, and 5 which i~re similar to evtabliahing the work station :..t the new :n;isembly 

po!nt, prefabrication of the delivered beams and deployment .tod mating of thn R:rm·h1ral 

qllad. A learning advantagP has been assumed in er:t:iblishing the time 1:stimatc:~ ~hovrn in 

Ftg. 3.4-17. 

Figure 3.4-Hl swnmarlzes the rate of assembly, rate of free fly<'r' prnr.,.Jl:tnt PXJ>Cli·­

diture anti th"3 required Space station support requt.remcnt to house tht net:d(!d cr..:·w ~LZP 

for ~1PTS strnctural assembly in approximately two mc1utb& Tht' a&r..etntih ratio ir. !hir 

case was not constrained b)1 crew performance but rather by perfonnanc<' uf the free flvr~r. 

TM.s could in fact have v:tlidit'y in that even in earth construdion of laty,P 1;truct11rt·, 

the supply of materials to the irJ..1J1~a1ate assembly point i~ often the time c·muttrainin[; 

clement. A Space station at a projected weigh·~ of rioo, oon Ih would be ruqtiired to f:upport 

the 30-man crew ne<.~m~Eiary to assemble the 470 kll) of :lntcnna b1ructurc>. 

The assembly rntc using EVA operations t.enctr-1 to be twkc that using rem<.. .• con­

trolled mnntpulntor operations. This agrees with intuition even though the operation8 

analysis presented here ts ba~ on very limlll;d data. DccnuHe of the potential incre;1se in 

assembly rate us!ng •~VA operations, which could off set the cost of the Space Station, thi f' 

aporoach should oo retained as a potential option needing further t<'C'hnology ~tudy. 

!l. 4-20 
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4.3.3 

AS(:EMBLE 
LOW&RCAP 
PRIMARY 
stAUctuRE 

EVA OPERATION 

(8 TO 31.6 MIN) CS TO I MIN) (2TO 11 MIN) C0.6 TO 11 .6 MINI 

4.3.3.1 4.3.3.2 4.3.3.3 4.3.3.4 

+). MANIPULATOR 
ACQUIRE3 - TRANSPORT ~ 

DEPLOV3 
- MANEUVER TO .. UTROMAST .. 

LOWER CAP TO ASSEMBLY 
COMPRESSION 

ASSYWORK 
MEM8ER FROM JOINT MEMliER) STATION 
STORAGE 

{') ~ -
~] I 

Cf>.10 Mti-4) C~10MlN) I C1·2 MIN) (5-10MIN) 

4~.3.8 4.3.3.7 4.3.3.8 4.3.3.9 

2MEN MOVE WORK 
SECURE 

- CONNECT2 
~ - ~ DELIVEMED 

DISCONNECT STATION TO COMPRESSION - ENDJOINTS 
ASSEMdLY NEXT ASSEMBL ~ MEMBERS TO & TENSION WIRE 
WORKSTATION POINT TEMPORARY PT TO FORM QUAD 

~ 
WORK x PLATFORM 

,.1##1,, R ~ I. --; ~n 

12-4MINI 12-4MIN) 13-6 MINI (4-8MINI 

4.3.3.10 4.3.3.11 4.3.3.12 4.3.3.13 

ROTATE 

-ii UNFOLD - UNFOLDED f---t JOIN Tb - SECURE 
CONNECTED - SECTION ASSEMBLED -

TENSI0!',1 Wlf'1E 
SECTIONS FOR FINAL STRUCTURE AAUGN 

ASSEMBL'f 

D L.; ___ .. 

Fig. 3.4-17 Letti' ful\ctlonaf Flow: EVA Assemble lower C.p; Ptimiry Structurr 

a •. 1-21 
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ACTUAL. PillMAHU 

TASI< prr.:cntPTIQN TIME WITH "flME WITHfJUT 
PAQBL.EM5 f'llUHL.lMS DtTAll.G 

IMINUTf.SI IMINUHSI 
--~----------~-~:----+---__,...----------·-+---~~--+--~------
1. SHUP OF SAIL EOUIPMf.NT IN l HE 

Fl:t<ED AIRLOCK SHROUD AHEA 
COLl.fCT POLF.S, RODS, SAIL, !tl\SE Pl.AH, 
Cl.OTHES LINES, ETC 

2. SETUP C'IUAL HAND RAIL WORK STATlr.JN INSTALL FOOT RESTRAINTS 
INSTALL BASE PLATE 
INSTALL SAIL BAO 

3. ASSEMBLE TWO 55 FT POLES a INSTALL 
IN BASE PLATE 

4. REMOVAL OF SAIL OUT OF BAG II 
DEPLOYMENT 

5. INSTALL CLIPS ON CLOTHES LINE & 
PUSH SAIL POLES AGAINST WORKSHOP 

6. ns:r•.OYMENT OF REEFING LINES 

7. CLEAN·~P 

CONNECT 5 FOOT SECTION, ETC 

NOTE: UNACCOUNTED FO~ CONDITIONS 
RESULTED IN ASSEMBLY PROBLEMS 

STRETCH SAIL TO ITS 22 FOOT• 24 FOOT 
FULLY EXTENDED LENGTH 

NOTE: UNACCOUNTED FOR CONDITIONS 
RESULTED IN DEPLOYMENT PROBLEMS 

FIRST STEP IN SECURING SAi L 

LAST STEP IN FLATTENING SAIL AGAINST 
WORKSHOPS 

RETRIEVE CONTAINERS a RESTRAINTS 

t8 

137 

25 

9 

t8 

8 

238 

25 

18 

46 

t6 

9 

16 

8 

138 

13 HR, 68 MIN.) 12 HR., 16 MIN.I 

•DATA SUPPLIED BY R. KAIN TELEPHONE CONVERSATION AND AS DERIVED, FROM 
ACtuAL SKYLAB 3 MISSION EVENTS TIMELINE 

Fig. 3.4-18 DeaHtd Tak Sequence P.d PerformlftCe Times for Two-Man $ttvlab 3 Twin.Pole Sunshlde EVA Deployment• 

• ASSUMPTIONS FOR TYPICAL tiX18m SUBARRAV BAY 
MATERIAL 
WEIGHT 

FREE FLYER 

WEIGHT 
ISP 

- ALUMINUM 
- SS.1 LB 

- 300 LB 
- 30USEC 

• ASSEMBLY ROM U~IT MODEL Rti:LATION$HIPS 

ASS£MiL Y TIME • 27 LBi'M·HR CLONGESTI 
50 LB!M·HR IFfASTESTI 

FREE·FLYER PROPELLANT. o.on Ll\/LB STRUCTURE 

• SUPPoRT EQUIPMENT REQUIREMENT FOR ASSEMBLY OF MPTS STRUCl'URE 
WEIGHT ~ 470 KLB 
ASSIGNED ASSEMBLY TIME ... 2.9 MONTHS 
ASSY MANPOWER REQO .. 9,400 MAN-Htl 
NO OF PERSONNEL·' 30 

Fig. 3.4-19 EVA Auembty 0Ptt'•tmm Summarv 

a.4-22 
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3. 4. 2. 2 On-Orbit Support SyRtom Roqutramonta 

Prcllmlnary deflnltlon of tmpport eystem rcqutrementR hnvc boon oatnbltahod fur tho 

low altitude wtd hlgh Pltltude aeaombly Rltea uRlng datn gcnerntod during the RtudloR of 

Space stations, research appllcntion modules nnd romoto tclcoporntor vchtcloa (Hcf 2& 

thr<>ugh 28). The 111aJor support equipment r·equlromonta nrc aummnrlzcd for the nltctrtntc 

assembly sites as follows: 

Low Altitude (190 N Ml) 

• Remote controlled manipulators 

• Shuttle crew accommodations 

- Crew support module 

- Communications mod\tle 

• Manufacturing modttles 

High Altitude ('1 ()OO N Mt) 

• Remote controlled manipulators 

• Manufacturing module 

• Space station 

• Crew tranSp<>rtatton module. 

3. 4. 2. 2.1 Remate Controlled Manipulator Module - The RMM ls a free-flying teleoperated 

vehicle which serves to extend and enhance the natural sensory, manipulative, !ocomoti\'e 

and cognitive capsbilittes of a man from a remote location. Figure 3. 4-20 is n sketch of 

the i-~ree-Flying Tcleaperator (FFTO), ldentUicd in the preliminary Payload Descriptions 

Level B Data package for potential Shuttle sortie pnyloade (Payload No. l..S-04-S). The 

FFTO weighs 183 Kg dry and ltas 33 Kg of hydrazine for propulsive maneuvers. Although 

more detailed definition of a remote controlled manipulator sy~t.erh for use in assembly of 

t.hc MPTS is required, the functional t•apabllittcs of the Ft-~TO ls mtffkiently dof;e to what 

ts needed to use it us a strawmnn in overall system aRf;CSStncnt of the aEiscmblv opcrnticn. 

3, 4. 2. 2. 2 Cr<!w Support Module - A HA:\t Support 'Module (HS~t) i~ u&>d in thC' Eitudy as 

being rcprcscntuth·c of th~ support l'1(Uipment nct•c.•;-;n:iry to house thC' <'rew for monitorini; 

the assembly operation. The HSM is n prc~~urtzed vehicle which will an·nmmodatr up to 

four additional crcwnll:n o\·er the number tranf'portl'd in the Orhitcr. Fihru1·c ~.·1-:.:1 l!-i a 

:J.4-23 

i 
I 
I 

l 



j_ 

' ·-

1 

~ - ' . 

, .. _. 

'--• 

: "•· 
; .. 

IUft&VfiffM 
STATUS 

flJCC:O CAMfRAS 
MONITOR 

MANIPULATOR/ 
OR APPL ER 
CONTROLS VIDEO SYSTEM 

CONTROLS 

A·rrlTUDE 
CONTROLLER 

GROUND CONTROLLER 
STATION 

• WEIGHT" 406 LB 1183 Kgl 

• COST 
NON RECURRING • &U6M 

- RECURRING • tf).99M/UNIT 

Fig. 3.4-20 Fm-Flying Ttleoperator C.-.on~~t 

REMOTE 
CONTROLLED 
MANIPULATOR 

SUPPORT MODULE 14 MENI 

SUPPORT MODUl.E - -• WEIGHT • 10.887 LB 

• COST 11970ll 
- NON AECURRINO • S1 '4M 
- REC:URRINO • $32M/l'HIT 

COM MODULE -----e WEIGHT" 19,130 

., con n11oa1 
... ON RECURRING • $726M 

- Rf.CURRING .. S47MIUN11 

Fi .. 3.4-21 Low Altl"* Aaemblit kpport Equipment Wti"1t end Cost ~ttilMtft 

OllGINAL PACE IS 
or POOll QUALITY 
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sketch Of the RSM configUred (see Ref 26) in the Orbiter for support of the MPTS assembly 

mission. 'l'he ittterlor arrimgement ls based on a longitudinal fioor arrangement between 

the end bulkheads. Interior secondary structure includes four over~ad sleep compart­

ments. storage volume, f..ir ducting, and -utilities runs. Sufficient room exists in the main 

pfatform of the interior for mounting controls and dlspUtys consoles !or monitoring 

as8'lmbly operations. Consumables and other Ufe support items necessary for a 3o-day 

misr.lon a "'8 considered an integral part of the module. 

3. 4. 2. 2. 3 Communications Module - A commul1icatlons module, F'ig. 3. 4-21, ls used as a 

center to transmit televlslon data via TDRS to the grow:ad and to receive command data 

from ground controllers for operation of the remote manlpUlatoJ:S. A potential need for as 

much as 190 simultaneous TV: pictures would be reqU.ired. The communications module 

would receive Tv. signals from the manipulator modules via omnLantennas and condition 

the signals for Ku-band transmisSioil. 

A total bandwidth ot 5'700 Mltz would .be reqU.ired for black and white pictures (no data 

compaction) i.f assembly is performed in one year. The planned TDitS has a bandwidth or 

only 226 MHz whkh c&n simultaneously support "I RMM's. 

Several observations for remote operations can be identttted: 

• A dedicated high bandwidth communications satellite system is 11eeded similar 
. to TDF.$ 

• Slow scan TV (1Mllz) could be used if it can be shown that the RMM's can 

adequately be controlled with this quality picture. Only 25 RMM's could be 

serviced at one time with the current TDRS concept 

• - A high degtee of operations coordination is needed if TV operations are to be 

limiter! to 25 at a time - this assumes TV is used for only close-in assembly tasks 

• If ctssembly time were increased from 1 to 4 years, 45 manipulatm; modules would 

· be needed with "I in a TV operations mode at a time anu hence would be more 

compatible with a dedicated TDRS system (three satellites). 

The weight estimates shown in Fig. 3. 4-21 are based on an 18-ft Sortie RAM 

(r<ef 26) with 1310 lb of antebnn and cofunrnnicattoit equipment added. The 1310 lb is the 

estimated weight for the dual Shuttle communications system. 

It ls recommended that two iedicnted TDRS (3 sntellites each) be utilized in a support 

role. 

3.4-25 '_,., 
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3. 4. 2. 2. 4 ManUfacturing Module - '!'he mattufactutine module prroceasea flat stock into 

" basic structural element trl-beams. FlgUre 3. 4-8 shows the application of these modules 
; 

i'"' 
~ .. 
<~ ':I • 

f, 
'· l 

·; 

:~.· . 

;• .. 

for manufacture of beams \181Dg aluminum. Th~ basib operations for aluminum beam manu­
facture include toll tormtng the fiat strip stock into the re(llllred longeron and lntercostal 

elements of tb$ bellln. Feed and cropping mechanisms ensure proper member lengths. 

Spot welding is used to Jof.J1 l.oug$rons and inte~costals. Harvt·sting arms and associated 

mechanisins are used to assemble the end fittings. 

Beam manufacture usi!lg grapb.ite/epoxy could utilize l'Olled strips of partially cured 

composite materials. A series of hot and cold rollere \VOUld be used to finallte the setting 

process. Bondtsw detices ate used to Join elements. 

A.prellmfnary operatiol18 analysis of the manufactbring steps indicates tbat beams can 

rot:ChlY be manufactumd at the rate of 420 lb/hr. The weight estimate shown in F.tg. 3.4-8 

uses the RAM free flying payloadmodUJ.e for the baste sttcectaft and a 100% ~P arotdld .. 

factor to. account fo:e ma!llJfactuttug equipments.. Stgnfffcantly more study ta ~ to 

defltle the module concept for a more realiettc estimate. 

s. 4. 2. 2. 5 .. SJ>ace Station - Figute 3. 4-22 is a schematic of a basic six-man Space station 

needed to suppoi:t assembly operations at a 7000 n mt altitude site. lnformation presented 

in Ref 2S was used. to establlsh..welght and c<>st estimates. To achieve consistency Of data, 

the $/lb nmi-recurrlng tml recurrtng coat estimates for the Space station established in 

Itef 25 has been applied to the coat of all support equipment (RMM, RAM, support Modules, 

etc.). Figure S.4-23 is the wetght and cost eattmates for a 12-m&Jl support Space station, 

and baa ~used-to estahJJ.sh_.the-wet.ght abd cost trends as a function ot number of crew 
members. 

s. 4. ~.2. 6 crew Tl'ail!POri Module - Reference 2'1 was ~sed to establish a atrawman for 

tlie cttw ti'alispOri mOdule, Fig. 3~4-24. The conceptUal desigil of thts modnle can be used 

to trarasport crttwe between tlle Shuttle dd. the support Si»ace ststton at '1000 n mi ustna the 

Space Tug as a p~ll stage. tt a1so lii.S the dpe~onal capabtllty for servicing the 

matwfacturiJig modules add remote nuulipUlator modules. 
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• WEIGMT • 188.4db LB 

• COST . 
- NON RecURRING • $2097.&M. 
- RECURRING • $ 487.IM 

Fit- 3.4-22 High Altitllde Assembly, Typiat &Min Support S;ace Station Concept 

INTEGRATED 
RCS POD 

- +Z 

• WEIGHT • 243,620 LB 

• COST 
- NON·RECURRING • 12309.IM 
- RECU-.fUNG • 759.1M 

Fi .. 3.4-23 High Altitude Aiterribty, Typial 12·Man Suppor1 Spece Station Concept 
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A·A 

GROSS 
STRuctURE 
suesvmMS 
EXPENl:'.>ABLES 
PROPELLAN.T 

A•F: NAS 8-2&06t 

wEtGHTCLBt 
22,740 
1UGO 
e.MJ 

BOO 
2,700 
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a.s COST 

This subsection contains cost paramctrics for mechanical systems and flight operations. 

Flight operations cost estlma.tes are made for the erttire SSPS including the recurring costs 

for suppport equipment. Mechanical System costs are estimated for the MPTS antenna and 

include the following cost e1ements: 

• Primary and secondary structure 

- MaterialS 

- Manufacturing 

• Materials tranSpOrtation 

• Ass~mbly. 

3. 5 .1 Task 1 - Preliminary Design Results 

The follol\'ing $Ummarizes the significant outputs of this initial activity: 

• The performance of the Interim Upper Stage (Transtage) is insufficient to transport 

assembly crews to the prime assembly site above the Van Allen belt 

• Asaembly at low altitude resu1ts in fl significant reduction in total structural system 

cost relatfvp to assembJ.y at the prime site 

• Kevlar/polyimtde is the low cost material for assembly at 7000 n mi altitude 

• Alu minim structures would result in lowest cost structure for low altif-ude assembly 

• A 1. 4 km diameter aluniinu.m antenna is four times the cost of a o. 7 km diameter 

antenna. 

The top level alternate concepts assessed during Task 1 are sUJrtmarized in Pig. 1-1 • 

Four transportation modes, three structural materials, two structural arrangements and 

three antenna diameters were tncludcd tn the preliminary matrix of options. The four 

transportation modes included: 

• Shuttle/Expendable Transtage (1980 IOC• 

• Shuttle/Reusable Transtage (1980 IOC) 

e Sliuttlc/Cryo Tug (1984 IOC) 

• Sbuttte/Low Orbit Assembly (1980) 

I 

I 
1 
I 

I 
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The materials con.1Jidered in this lnltial assesstnen~ Included: .. 

• Aluminum (A~ac coating) 

• Graphite/ epoxy (white paint cottting) 

• Kevlar po1yimide (white i>alnt coating) 

The two structural arrangements evaluated were the "recttuJgulat' grid" and "radial 

spike" designs discussed ln Reference 16. Antenna diametera of 1.4, 1. 0 and o. ·I.km wer~ 

assessed. 

:t'igure 3. 5-1 and 3. 5-2 summarize the Task 1 preliminary estimates of weights and 

costs for the "rectangular grid" and "radial spike" design options. Fig\lre 3. 5-1 shows 

weight and cost variations for antenna diameters between o. 7 and 1.4 km and for aluminum, 

graphite/epoxy and Kevlar/polylmide. Figure 3. 5-2 shows the radial spike deslgn for a 
1 km diameter antenna using the same three materials. only two of the four filght modes 

(e.g. , Cryo Tug, Mode m and Shuttle/low orbit assembly, Mode IV) are presented. The 

performance of the Transtage lUS was found to be insufficient to deliver assembly crews to 
a site of 7000 n mi altitude. Assembly at low altitude shows a significa11t cost benefit over 

assembly at 7000 n mi. On the average. a 40 to 60% decrease in costs can be a~hieved with 

the lower altitude assembly site. 

Kevlar/polyimide is potentially the low cost material for assembly at 7000 n mi 

altitude. 'rhis cost advantage o~er aluminum or graphite/ epoxy will be greater 1f it cari be 

shown that the thermal variatio11 of polylmide would be sufficient to withstand the expected 

environment without coatings. Aluminum is the low cost material for low altitude assembly, 

with Kevlar polyimlde the second choice. Alumtnu.m structure \\'lll be approximAtely 25%, 

less costly than graphite/ epoxy and 20% less than Kevlar for the low altt'..ude case. 

The rectangular grid (1 km) antenna was selected for concept definltion during Task 2. 

Aluminum and graphite/epoxy or polyimide was selected for more in-depth assessment. 

Furthet evaluation of the assembly altitude selection 'W\'aB recommended to determine the 

impact on cost: 

• Support Equipments 

• SEPS transportation costs 

· • Aase .bly coats of the enUte SSPS. 
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PARAMETER DESIGN C>nlON 

• DIAMETER 1.0KM 

• MATERIAL GRAPHITE/ KEVLAR 
ALUM EPOXY POLYIMIOE 

• COATING ALZAC WHITE PAINT a WHITE PAINT & 
ALUMINUM r-OIL ALUMINUM F.JIL 

• LIMIT TRANSMITTED 1.6GW(90%1 1fClW (90"1 20GW 190%) 
POWER 3.8GW(79%) 3.dGW (70%1 17GW 170%) 

• WEIGHTS KLB (1000 Kg) 
- f$RIMARY stRUCT 112.0 ( 60.71 74.6 ( 33.8) 77.8 ( 36.31 
- SECONbARY 289.3 (131.21 159.2 : 72.21 144.8 ( 65.61 
- COATINGS 7.0 l 3.21 59.t ( 26.81 61.9 ( 28.1) 
- ATTACHMENTS 164.0 ( 83.4) 131.7 ( 59.7) 128.0 ( 58.0) 

TOTAL KLB (1000 Kg) 592.3 (268.6) 424.6 (t92.6) 412.3 )186.9) 

• COSTS 
- MATERIAL 0.74 8.5 6.5 ·' 
- PROCEUING 36.5 83.0 49.& 

suatOTAL 35.974 91.5 55.0 

SHUTTLE/CAYO TUG 

- MATERIALSTRANS 458.0M 329.0 319.6 
- ASSEMiLY 205.0M 266.0 307.0 
- FLT SUPPORT 21.tM 24.4 26.2 

·-
TOTAL 720.074 710.9 707.7 

SHUTTLE/FLOW ORBIT ASSEM 

- MATERIALS TRANS 98.0 70.4 68.0 
- ASSEMBLY 132.0M 170.0 18.7 
- FLT SUPPORT 13.4M 17.0 18.7 

TOTAL 279.374 348.9 324.7 

Fig. 3.5-2 Tak I, Preliminary MPtS Design Dae. Sheet - Radlaf Spoke 
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s. s. 2 Tnsk 2 - Concept Definition Results 

The Task 2 findings are s·ummartzed as follows: 

• Low altitude assembly (190 nm!) ls slgnlff~antly lower ln cost than assetnbly above 
the Van.Allen belt. 

l 

·e The majo~. cost driver. ls the Shuttle operations cost. The most ~yoff tor reduction 

of overall assembly and transportation costs would be the reduceton of thf' per fltght 

STS costs by intm:Juoma the Fly-Baak Booster and/or heavy Utt vehicle. 

• Itecurrtng unit costs for Shuttles, Tugs, Space Stations, etc. -represents 1/6 of the 
total costs for assembly. 

• Alumbiwn ls th.q low oost matertal tor the antenna. Compasttes increase cost 

4 to 0%. 

3. 5. 2.1 TrllnSpOrtation and Assembly 

The assembly attd transportation system element$ assumed for the low altitu-Je and 

high altitude assembly site Task 2 cost estimates are presented in Fig. 3. 5-S. The low 

altitude assembly site uses the Shuttle for transportation of materials and consumables. The 

Shuttle, augmented by support modules in the payload bay, are used for crew accommoda­

tions. Detailed parts 3re fabricated in orbit using automated manufacturing modules • 

. Assembly ts performed using remote controlled manipulators. Solar Electric Propulsion 

is used for transport of the assembled SSPS to the geosynchronous orbital position. The 

high altitude site requires the a\iditlon of the Full Capability Tug for transport of materials 

and must be augmented by a crt'w transport module for rotation of assembly crews. A stx­

man space station ls assumed requited for crew ac;commodations at the high altitude site. 

3.5.2.2 Fleet Size and Traffic Aseessment 

Both fleet size calculations and the asaessment of vehicle traffic are directly affected 

by the total weight that is transported to orbit, the assembly altitude, and the assembly time 
in orbit. This subsection presents the effect that these elements have on traffic rate and 

fie~t size for three representative filgbt plans. All three fiight plans considered ln·•orbit 

manufacture Of all SSPS structural components by manufacturing modules. The three 

fUgbt plans are: 
tt Fltght Plan 1 - One ~·ear asaembly at 190 n ml 

• Fllght Plan 2 - One year assembly at 7000 n ml 

• Flight Plan 3 - Two year assembl)• at 190 n ml. 

Figure 3. 6-4 summarizes the SSPS compottent weights for the three flight plaits listed abow. 
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ASSIMBLV 
ALTITUDE 

J:2WORBIT 
_ 1.,NMI 

• 28.5° INCL 

HIGH ORBIT 

• 7000N Ml 

• 28.s" IHCL 

TRANSPORT DETAIL TRANSPORT 
MODE TRANSPORT CREWACCOM- PARTs MSIMILY TO 
(MATERIALS) CREWS MODATIONS ASiEMBLV METHOD GEOl\'NCH 

• AUTOMATIC • REMoTE 
IN~kBIT MANIPULATOR 

• SHUTTLE • S'HUTTLI • SHUTTLE MANUFACTURi • SEPS 
- IMIN 
- 30DAVS 

• SHUTTLE • SHUTTLE • SPACE • AUTOMATIC • REMOTE ti SEPS 
STATION IN.ORBlT MANlPULATOR 

• FULLCAP. • FULLCAP. MANUFACTURE 
T\JG - IMEN 

- 180DAVS 
• CREW 

TAANSPOAT 
MODULE 

FLIGHT PLAN 

1 2 3 

STAT. KEl!P MOD. STRUCTURE KLB '103 Kg) 45.0 (20.4) lllOTAEOD 45.0 (20.4J 

STAT.KEEPCONSUMABLES KLB '103 Kt) 44.0 (19.9) NOtREOO 88.0 (39.91 

SSP$ STAucTuRE MLB'108 Kt) 21.1 19.81 ~,,, (9.8) 21.1 (9.8) 

MPTS ANTENNA MLBC108 Ktl 4.12 (1.9) 4.12 11.9) 4.12 11.91 

SEPS STRUCTUREC1) MLBU08 Ket t.77 (0.81 0.32 co. 14) 1.08 (0.481 

SIPS CONSUMA8L"C1) MLBU08 Kg) 1.78 (0.81 0.90 (0.4H 1.87 10.761 

TOtALMLB ML8C1o' Kg) 28 .• 113.t) -28.44 n u11 21.• (12.871 

Fig. 3.M SSPS Weights 
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Tho assum(ittons used fOJ: neet stztng are dtvtded tnto three groups as followa: 

Sbuttle and Dis Porformance 

• 66K lb Shuttle capat:illty to 190 rt mt orLtt 

• SS. SK Tug payload capability from 190 t.o '1000 n ml 

• 2a Shuttl~ fits/yr tor each Shuttle vehicle 

• 23 Tug fits/yr for eaoh Tug vehicle 

support EqutpmGnt 

.. Each manufaoturtng module processes 420 lb/hr 

• Manufacturing modules operate 24 hr/day 

• Remote manipulator modules (RMM) assembles at 26 lb/man-h<>ur 

• One ground controller for each RMM 

• Each ground controller works 165 mhr/month 

• RMM'e are used three shifts/day 

• .R?bt' s require 5% co11Sumables for each 1 lb moved 

Crew tlequirements 

7000 N Ml site 

• Six men needed iJ1 7000 n mt orbit for 1 yr 

• Crew change every 180 days at high altitude site 

190 N Mi site 

• Shuttle crew quarters 

• Sl"t men 

.i 30-day missions 

Figure 3. 5-$ and 3. 5-6 present a detaUed breakdown by assembh• phase 

(see Fig. 3. s-7) of the number of Shuttles used during each phase of assembly for Flight 

Plan 1 (1 year assembh• 190 tl mi). and Flight Plan 3 (2 rear nssembh• at 190 rt mi). Also 

Usted are the approximate assembly times based on the materlnl dellverr and manufacturing 

assumptions. Both of these tUght plans ha'Ve aturumed that a separate solar array is avall­

able to pc;wer the SEPS during the trip to geosynchronous orbit. Ail lnvestlgatlon of th«" 

3,5-7 
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• FLT Pl.AN 1 - LOW ALTITUDE ASSV 
• DETAU .. eo ASSEMBLY - IN.ORBIT MANUFACTURE 
• A881M8LY - REMOTE MANIPULATOR MODULe 
• ANTENNA MATERIAL - ALUMINUM 
• A88EMILY TIME - 1 YR. 

• PHASt: 1 - ASSEMBLE STATION KEEP/CONTROL MODULE 
- SHUTTLE FLTS (MATERIALS) 
- SHUTTLE FL TS CMANUFAC. MODULU a RMM'S) -
- SHUTTLE FL TS CCONSUMAILU) -

• PHASE 2 - ASSEMBLE CREW SPACE STATION - N/A 

• PHASE 3 - ASSEMBLE SSPS 
- SHUTTLE PLTS CMAT'EAIALS) 
- SHUTTLEFLTSCPEASONNEU 
- SHUTTLE FL TS (CONSUMABl.&S) 

• PHASE 4 - ASSEMBLE MPTS 
- SHU'tTLE FL TS (MATERIALS) 
- SHUTTLE PL TS (PERSONNEU 
- SHUTTLE ~LTS(CONSUMABLIS) 

• PHASE 6 - ASSEMSLE SEPS 
- SHUTTLE! PLTS (MATERIAL) 
- SHUTTLE PL TS !CONSUMABLESI 

• PHASE 8 - TRANSPORT TO GEOSVNCH - NIA 

• PHASE 7 - CHECKOUT - NIA 

TOTALSHUTTLEFLTS 

3.5-8 

(9.8 MONTHS TO ASsEMBLEI 

(1.9 MONtHs TO ASSEMBLE) 

(0.S MONTHS TO ASSEMBLE) 

325 
10 
17 

84 
2 
4 

27 
31 

492 
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• FLT PLAN 3 - LOW AUl~UDE ASBY 
• DETAiLED ASSEMBLY -- IN.ORdiT MANUFACTURE 
• ASSSMBLY ~ REMOTe MANll'ULATOR MODULI': 
• ANTENNA MATERIAL - ALUMINUM 
• ASSEMBL V ti ME - 2 YR • 

41 PHASE , - ASSEMBLE &TN KE!EltlCONtRdL MODULE 
- Sl-tUTTLE FL TS IMATERIAUt -
- SHUTTLE FL TS tM!fR. MODULES a RMM'St -
- SHUTTl. & FL TS (CONSUMABLE&> · 

• PHASE 2 - ASSEMSLE CREW S!'ACE STATION - NIA 

• PHASE 3 - ~SSEMBLE SSPS (19,2 MONTHS TO ASSEMBLE) 

- SHU1TLE FL TS (MATERIALS> 
- SHUTTlE FL TS (P,RSONNELt 
- SHUTTLE FL TS ICONSUMA8LESJ 

• PHASE 4 - ASSEMBLE MPTS 13.8 MONTHS 10 ASS; · 1'lLEt 

- SHUTTLE FLTS (MATERIAL.SJ 
- SHUTTLE FL TS IPEFI .. lNNEL) 
- SHUTTLE FL TS (CONSUMABLES) 

• PHASE 6 - ASSEMBLE SEPS 10.6 ~,, ,·.J ASt.~ r. 

- SHUTTLE FL TS IMATERIA&.$) 
- sHUTTLE FLTS CCONSUMABLEat 

• PHASE 8 - TRA~SPORT TO GEOSYNCH - NIA 

• PHAS~ "! CttECKOUT - N/ A 

10TAL SHUTTLE Fl TS 

Fig. 3.6-6 Traffic Model Assessment, Flight Plen 3 

1.0 

.USEMBU 
STATIONKEEP/ 
AmTUDE 
CONTROL 
MODULE 

~ ' - . 
2.0 10 4.0 &.O 8.0 1.0 

2 
6 , 

326 
20 
17 

(.. 

··' 

27 
31 

501 

ASS~MBU 
~ ... ~ ~ ~ lRANIPO._T ~ CHECKOUT CREW A.~EMBLE MSEMBU ASSEMBLE TO • SPACE SSPS• MPTS .. SEPS•H GEOSYNCH ACTIVAn STATION 

• SSPS: - SATlLUTE SOLAR POWER STATIOfl 
.. MPT$: - MICROWAVE POWER TRANSMISSION SVStlM 
"* SlPS: - IOLAA UECTMONIC PROPULSION SYSTEM 

Fl .. 3.6-7 Level I FunctioMI Flow: Auembly 
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feasibility of.uema the SSPS for .thte pirpoee and reconftprt.ng it once ln geosynchronous 

orbit, proved to be ~ omely costly beoau&e of tbe adclittonal hardwue req\llftd to sup­

port reconfiguration. Manned Spllee Statiou.bl feOsynchroiM>Us oi:blt. would be necessary to 

~rt the reconftguratioi1 crew; this would Impose a requttement for a Tug fieet and 
additional Shuttle flights to effect deployment of hardware, consumables, personnel, and. .. 
'l'ugs. Secondly, a delay tn the start of SSPS operation would be required. A separate 

SEP8. array avoids the reconflgul'ation f.:Jtep and results in lower total program cost and a 

SSPS which becomes operational earPer. 

Results of the fleet size analyses show that 24 Shutt1ei:i are required for the one yes.r 

assembly plan (Flight Plan 1) and 15 Shuttles are needed to support the two year assembly 

plan (Fligltt Plan 3). Jn both cases, two crew support modules are required to support the 

six-man crew. Eight manufacturing modules and 182 manipulator modules are needed for 

Flight Plan 1 and hal!·that number for Flight Plan 2. 

Figure 3. 5-8 presents the detailed Shuttle/Tug flight requirements necessary to sup­

port Flight Plan 2, 1. e. , one year assembly at '7000 n mi. Since atmospheric drag ts not 
a consideration at 7000 n mt, the stattonkeeptng module has bet3n eliminated. The figure 

shows that the Shuttle is required to make appro.ktmately 1300 flights in a year. The 

d.ramatlc use over the LEO assembly requirement of approximately 500 Shuttle flights can 

be explained by the fact that additional flights are required (at less thaJi 10(1% load factor, 

i.e. , 65000 lb payload) to get Tugs intO orbit. The result is that 59 Shuttles a11d 37 Tugs 

are needed to support Flight Plan 3 • 

3. 5. 2. 3 Launch Opportunity Sensitivity to Traffic Rate 

The Shuttle has an ETR launch opportunity every 23. 5 hours to a 190 n mt 28. 5 

inclined orbit assembly site. A glance at the total number of Shuttle launches required for 

either Of th<; one year assemblies (see Fig. 3. 5-9) indicates that from one to four Shuttle 

launches per duy are required if orbit phasing is neglected. Worst case phasing conditions 

can exist on some Of these days; this only serves to aggrevate the launch/day IJituatlon • 

This situation arises from the fact that under worst case phasltlg conditions, lt ls optimum 

to delay launch a day, and spend 16 bouts phasing with the assembly area at 190 n mt The 

alternative is to latlJ.ich on the first opportunity, spend 40 hours phasing, and arrive at the 

assembly point at the same time as a vehicle that delayed launch tor 1 day. Obviously, lt 

ls more advantageotas to delay launch for the day and watt on the ground for better relative 

lauttcb site/assembly point phasi~ to exist. This walttng would mean that the ETR launch 

ra• 3 would double on some days during the year attd that from 2 to 8 vehicles would have to 

3.6-10 
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• F&.t PLAN 2 - .-1ow AL TITUOE AllSY (7GOO N MIJ 
• IN-ORBl't MANUFACTURE AT 7000 N.ML. 
• . ltEMOTE MANIPULATOR ASSIMBLY 
•. 1 YEAR MANUFACTURI a ASSEMBLY 
• ANUHl'Ul MAlliBIAl -ALUMUll' IM 

• !!HASE 1 - EQUIPMEHT Dlif'LOYMEN1: 
- SHUTTI.E Fl:tS 1'0 LOW liAltnf OR81T (MFR. MOD) 
- SHUTrLE Fl'fS to LOW EARTH ORBIT CRMll'S) 
- sHUTTLE FLT$ F.oft TUG DEPLOWENT 
- TUGFLTts 

• PHASE..2- CREW SPACE STATIOH.oEPLbYMENt 
- SHUT11.E FL TS TO LOW EARTH OftBIT (SPACE STATIONJ 
- SHUTI'l.E Fi. TS FOR TUG DEPLOYMENT 
- TUGFLTS 

' PHASE 3 - SSPS MANUFACTURE. 
- SHUTTLE FLTS TO LOW EARTH ORBIT (MATERIAU 
- SHUT11.~ FLTS FflR TUG DEPLOYMEN.'t.--~--.----~-
- llJGFLU 

• PMBE 4 - MPTS MANUFACTURE 
- SHUTTL&.'FLTS TO LOW EARTH ORBl-T (MATERIAU 
- SHUTI'l.E fLlS FOR :tUG DEPLOYMENT 
- TUGFLTS 

• PHME S - SEPS MANUFACTURE 
- SHUTfLE F~ TS TO LOW EARTH ORBIT (MATERlAU 
- SHUTTLF. FL 1S FOR TUG DEPLOYMENT 
- "RJUFLTS 

• PHASE 8 - TRAtdPotlT to GEOSYNCH 

- SHUTTLE FL TS TO LOW EARTH ORBIT CS~PS PROPELLAN11 
- SHUTTLE FL TS FOR TUG DEPLOYMENT 
- TUGFLTS 

- SHUTTLE FL TS TO LOW EARTH ORlrt CAMM CONSUl'MSLES) 
- SHu:ni..E Ft. TS FOR TUG DEPLOYMEtfr 
- TUGFLTS 
- SHUTTLE FL ts TO LOW EARTH ORBl'f (CREW+ RSM) 
- SHUTTLE FL TS FOFt TUG DEPLOYMENT.--
- TUG ftLTS 

TOTALSHUTTLEFLTS 
TOTAL TUG FLTS 

Flf. 3.&8 tmfic Mocfet irid Fteet Sia Aaitsment, Fllght Ptan 2 
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ltuncbed-wlthbt the.launch wlid>w-.( - t& mtnutee)--l3ased..oD .cutrenUaun® operating 
~ thje ire49tD8 to b'e im. unab~ tnfl'lo rate. 

It ta tnteresttng to note tbi.t.U an assembly altitude of 265 n-Dli were. cbOSen. P.ropn• 
pliastar with the. assembly pulllt wou1d.exlst on a daflr baste and the iautlch overtlo\iv from 
one· day to the next would be a~deL-

3...5.. 2. 4 Fleet Siz49/Ttilfflc Recommelldattou 

Figure 3.5-9 presents a sumnulry of.the f'leet stm/t1'8fffo requtr•tnenta..of the three 

flight plans. Based on stdctly fleet ld.Zt ctmetderatloJi a..t\w year asalinhly at LEO is 

recommea.&9d. _From....a.Jaunch opportunity pl>1nt of tie•• a 2&5 n Ji11 as88lftblLl!titude is . 

recommended. '1'hls..alt.itude also offers oi"btt dec41 actvamages. 

3,, 5. 2. 4.1 Concept Cost Comput.At>tt - C.Ost...compilations were prepued tot- tile followtzrg 
three cases: -

• 13.tght Plan 1- 1.ow· altitude aesem.bly, one year assettibiy periOd <ftg~ 3.6-10) 

•--Eltght..Plan 2.- Htgh altitude assamb1y,_om :VMt·assemblypertod (Figt .. ~. 5-11) 

• Flight Plan....3 - ~ altttude asseID.blt, two year assembly itetiod (Ftg. 3. 5-12}. . 

The recurring and nonrecurrhlg cost estimates for su.pport equiptneuta asswned tu. this 

concept comparison are outllJled in Fig. 3.6•18_. Previous cost datt on Space station 

(NAS 9-9958) were updated to 1974 dollars and applied as a unit coat faetor ($/Ki) to Space 

station. Shuttle SUppott mOdUles. remote mutpulators atld auto maiiUfacturtng madtiles. 

Weight estimates were taken frotn Ref. 25 a1ld Z6 for the Modblat Space Station alid Shuttle 

SUpport Modules. respectively. Cost estiniatn fdr Shuttle were taken...ftolit Grwnman 

Phue A study results wbile Tug estimates wert based on recent Tug System Studies. Tlie 

cost ot Si':PS and tJm control modules were UiWDed at $1M/lb of thrust, Bet. 29. All 
equipments used in the cost comparison were amortized over the assembly of five SSPS. 

Ftgute 3. 5 • o tb.1'0Ug1t 3. 5-12 summartze the tr~ticm Bild assembly costs for 

the three flight plans cited.above. An assembly cost of 1323/kw (5 GW system) can be 

achieved at a low altitude site with a one year aesetnbly time (Flight Plan 1, Fig. 3. 5-10). 

These costs can be reduced altptly, $130~ -"cw, tt the assembly time ls increased to two 

years. (Fllgbt Plan a. Fig. 3. 5-12). Assembly at high altitude would cost 350/kw (Fltght 

Plan 2, Fig. S. 6-11\, an unacceptable cost level, tf space based power generation ts to be 
competitive with grotUld generated power. 
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._ . .cQNOJ.TSOltf FLT Pi.AN t FL"tl'LAN-<>--· FLT l'LAN3 
- ASSEM&'L VAL 'F · iitJ tt.M 7000 tf.t.f 190 NM 

tYR tVR 2YR - ~8~\'Tl~E 
- DETAfL'P.ARYS AUTO f 19-0RatT-- Ath'o tlt.oR&t1' AU10 IN.ORBi't 
- ASSEMBLY REMO'tL _ __REMQJE REMOtE 

• f.a.:rs 
- Sff.tt'r.Ti..E 
- TtlG 
- AV~~HUTtlEFl'l'SlDAY 
- AW TUG Flts ... .,..JD-•....,Y,__ __ 

L#~Et' itZE 
- SHUnt.E 
- MANUF'ACTURI! MODULO 
- MANfeu1;AyOl'f MODULES 
- CREW SUPP..oitt MOD'tit.d 
-TUGS 
- SPACE StAl'iON 
- CflEW tliANSiteftt MtHnil.E 

-
t.37 

24 • 182 
2 

69 • 1.78 

a1 
1 
2 

501 

0.7 

18 
4 
91 
2' 

RlCOMMbll>i!tl / 

fil. 3.5-9 tmMcAnil• SU~ 

RECURRING 
NOr.. FLEET AMORTIZED NO. NO. 

ELEMENT RECURRING.CM size OVER S SSPS. $M FLTS PERSONNEL 

SHUTTLE NIA 24 8114 - -
RAMSU#oRT 
MOOOi.e 218 2 18 12 -
RAM COM 
MdouLE - 2 23.& 12- -
MAMJFAtTUAE'-
MC>bui.E - 8 ;ao - -
FREE.PLYING 
TELEOl'EMTOR u& 182 4&.2 - -coNn«>t.. 
MOdULE T8b ' 3.2 - -
TORS 230 8 80 - -
SEPS TIO 1 400 1 -

lCTAL 1.Stt.9 

• TOTAL <:C$1' lRECUR + OPSI " $6,78t.7M 
• COST/LI • t270iLB ($594/KgJ 
• tlKW" S1352/KW 

•ASSUMES l1MIMONTH OVER 1 YR PEAfOD FOR Fi.TOPS SUPPORT 

" 

OPS 
COST.SM 

S,tei 

12 

12 

12 

21.7 

1.4 

9 

15.7 

t>~" - I 
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SHUTTLE 

TUG 

SPACE SfA1'10N 
(8-MANj 

CREW 
TRANSFER MODULE 

MANUFAcTURE 
MODUL' 

FREE-FLYING 
TELEOPERA1'0A 

COlllTROL 
MODULE 

TDRs 

SEPS 

RECURRING 
NON· FLEET AMORTIZED NO. 
RECURRING. $M St%E OVER 6 SSPS. $M FL ts 

N/IL .. 99 2.120 1348 

NIA 37 $9 86S 

711111 , 97.e -
328 1 14.2 -
288 8 100 -
5.1& 178 43.8 -. 
TBD 1 3.2 -
230 8 80 -
i:ab 1 70 -

SUiTOTALS 26lr.'.J 

• TOTAL C"ECUR~fHG + OP:# • $17.iW2.8M 
e COST/LB $707/LB (1654-/Kg) 
• cOsT/KW • $31537/KW 

NO. 
PERSOf.INEL 

-
-
-
-
-
628 

-
-
-

• AssUfffs SUNMONTH OVER 1 YR PEftlOD f:OR FLT OPS SUPPORT 

3.6-14 
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I 

I 

OPS 
COST.SM 

14.164 

866 . -.. 
12 

12 

12 

20.9 

1.4 
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16,oatU 
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RECURRING 
NON- FLEET AMORTIZ&D NO. NO. 
RECURRiNG, SM SIZE OVER 5 sdS, SM FLTS PERSONNEL 

NIA 16 540 601 

218 ·--·--· 2 ti 24 

* 2 23.5 t4 

288 4 60.0 -

6.96 91 22.60 -

Teo 1 3.2 -
230 6 80 -

• 
T8D 1 400 1 

TOTAL 1115.3 

fl TOTAL COST CRECURR +OPS)• $8427.IM 
' cost/Lil. $260/LB (571.9 $/Kg) 
e $/KW• S1301/KW 

-

-

-

-

273 

-

-

-

•ASSUMES $1M/MONTH OVER 2 YR PERIOD FOR FLT OPS SUPPORT 

Fig. 3.6-12 Treniportation end Assembly COit, Flight Pltn 3 
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EUMENT 

SHUTTLE. 

CRYOTUG 

FREE·FL YING 
TELE OPERATOR 

RAM SUPPORT 
MODULE 

RAM.COM 
MODULE 

MANUFACTURE 
MODULE 
sEPS 

SPACE STATION 
8MA14 
12MAN 
CR ht 
TRAJ.isFER 
MbouLEC4) 
TORS 

'• 
~ ~ .• ~~-~~~~~-

NON· ftECURRtNG 
PERFORMANCE wEIGHT COS'i'/FLt RECURRING UNIT 

65K TO 190N M NIA 11d.IM NIA $180M 
100 F&.T l.IFE 
36.SK LBTO BURNOUT .. s 1.0M NIA $12M . 
7000NM 2680ltt 
100 liLT LIFE FUL.L• 

24,tOOKt 
SYR LIFE 183Kt T8D ... S&.f!ir.t S1.24M 

30 DAY MISSION 
5YR LIFE 

6000K9 $ uw SZUM. S40M 

30 DAY MISSION 8760 Kt $ 1.0M $283M S69M 
5 YR LIFE . 

5 YR LIFE t100Kg T8D $288M S62.5M 

1 YA TRIP TIM& FROM 1!BNM• Si UM TIO S400M 
1.~~ 1·0 Kg 
F 700NM• It.OM tao $400M 
.SMX 106 Kt 

S YR LIFE 78.700Ki TSO $2097.&M *4S7.8M 

S YR LIFE 102.0iOO Kg t8D SZiof.9fA $769.11.1 

100FLT LIFE 10,30b Kt tao S32iM i7i.2Wl 

NIA ma ate NIA *i~dM i»SOM 

Fli- 3.&-13 Ttinajl'OIU6GW at Ailiiiilify 8Yitim Fl~ wt StippOit Equipment 
Chtrlittri_..Cf lnid Coit Summity (1974 .... 
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MDAC TUG STUbY . 
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WT DATA( 
- NAS 8-27539 
COST DATA 
- NAS9·9953 
WT DATA 
- NAS 8·27539 " 
COST DATA 
- NM9·9953 
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GACRPTNO. 
AsP583·R-8 

NAS9·99s3 

NAS9-M1 

HU.CHS REPORi' 
30096-3514 
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STS operations cost. is the major cost driver. OWL-80% of tu cost for assembiy are 
relat.ed to STS pei;..fltgbt launch costs. These costs can be slgntflcantly reduced by lnt.ro­
ductna the Fly-Back Boosters. Data geno~ated dur(ng the..Sbuttle Phase A studies tndlcated 

that launch costs could V! reduced by a factor of.two or three with a Fly-Back BOoster. A 

heavy lift vehicle, which utilizes the current Shuttle system e:dernal tanks. SSME- and soltd 

rockets could.be utilized in a deploy only fiight mod& and increase throw weight performance 

to $120 .. 000 lb pe~ flight without increasing launch costs. Launch cost of $25 to $50/lb 

could be achieved with these STS .modifications. 

Recur:rlJig costs fot. support equipments were found not to be as slgntflcant a cost 
chi.ver as was expected. The unit costs to purchase the Space Stations, additional Shuttles, 

manuf4cturlng modules. etc. r.epresent only 1/6 the cost to assemble ~ach SSJ>S • 

The development cost of Space stations. Shuttle payload bay support modules and 
free fiytng te1e~rators can be shared o~ fully absorbed by J)rograms which are more n:ear 
term than SSFS. The function of tbe. matntfactuting mociulefl and $EPS, may be so unique 

to SSl!S that these elements may have to ~ accounted as part of the SSPS development 

costs. 

3. 5. 2. 4. 2 Sensitivity To Shuttle Packagi.Dg Density - A .re.view of packaging factors for :111 
elements.of the SSPS has shown that most components and/or subassetnblbs can utliize 

the full payload performance capability of the Shuttle. The exception is perhape the antenlia 

waveguides. structural subassemblles, can be packages as fiat stock and fabricated in 

space with relatively simple auto manufacturing modules. Solar cell blankets can be rolled 

into tightly packages bundles for transport. Electrical \\'iring and equipments can also be 

densely packaged. The waveguides. however. may require fabrication on earth where the 
tight dimeilsional tolerances necessary for efficient microwave performance cm be closely 

controlled. 

The design of close tolerance binges and looking mechanisms as an integral part of 

the waveguide subarray offers a packaging approach with reasonable densities. Figure 

3. 5-14 ls a parametric prefentatton or total waveguide weight and packaging density as a 

function of waveguide wall thickness. The final selection of thkkness wilt be determined 

by analysts of the operational thermal requirements of the wavegUtdes. An fncrease in 
thlckness will increase conductivity of heat from the hot surface where the microwave con­

verston electrc>nlcs are mounted to the cooler slotted face of the subarray. "'bis thermal 

transfer ls required to minlmiZe the thermal gradients between the slirfaces thereby 
nlnlmiztng thermal dlBtortion. The packagiftg appl'9ach sho\\-n iii Flg. 3. 5-14 uttlizes the 
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binges rwmlag the 18 tneter length of the wrwegUtde as a means ot rolling the ttrray into as 

tight a bundle as pasatble, without affectt.Dg the dlmenalOnal cbara~edsflc& of individual 

waveguides within the subarray (slmUa~packagtng &PJU'Oach as used.to stow snow fence). 
'. 

After delivery of the Sllbarrays to orbit, lockl .. ·• mechantstn on the f tlce opposite the hinge 

lines are utilized to securely deploy the subarray to within the required fiatne111. 

Figure 3. 5-15 relates total wavegUtde system weight to packing density and number of 

Shuttle nights. The fttgbt plans presented earlier in this section, assumed intltght fabrica­

tion of these units. A total.of 25 flights was required to transport the 3. 95 Kg of 10 mil 

alumlmmi stock for lnflight manufacture. The number of flights increasee to 140 ff the 

waveguides are fabricated on the groUlld al1d transported 1n the packaging arrangement 

shown. in Fig. 3. 5-14. The number of required filghts remain constant up to a waveguide 

wall thickness of 50 mil. Above this material thickness, the Shuttle perfotmance llmita­

tione become the driving factor for establishing quantity ol flights. 

Trattsportstion costs increase 20% trom the baseline rate of 1301 $/kw to 1550 $/kw 
if space fabrication is not used for the waveguide. 1'1lis 20% increase holds up to a wave­

guide wall thickness of .so mil .. _ At a thickness of 100 mil, the increase in cost-ls 50%. 

Figure 3. 5-16 summarizes tbe cost delta's as a function of waveguide wall thickness. 

3. 5. 3 MPTS structural Costs 

The c.-ost elements fQr mechanical systems 'and flight operations have been broken 

down into the following subdivisions: • 

• Primary and secondary structure 

Materials 

t.lamifact\ld.ng 

• Materials transpOrtation 

•-Assembly. 

Cost parametric& for the structure are ln 1974 doll•us and lnchtde the coRt of 

materials and thermal coatings. the manufacturing procese;i'1g costs for prelauncb forming 

of beam elements and application of thermal coating~ are included. Cost relationships are 

1n the form of S/Kg. 
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- R~CURRING 
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- TOTAL 
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':!' · Materials Transaortatton costs ~ evaluated for a low altitude assembly 1Hte 

only, .lae haih altitude option was deopped beoause oUbe non-competlUve costs (see 

Subsection 3. 5. 2). The cost.of transporttag assembly ctews and ln-fllght progesst"* 

modules are mt Included under thls cost element. 

Assembly costs for the stnactural matetlala (l. e. • aluminum and graphite composites) 
optloila considered wore asBWDed the same. The results of the assembly cost comparison 
(Subsection 3. &. 2) were used to elltabllah a p10pOrttoDate cost fo1 suppert equlpmeni.. 

SEP- trusportatlOn cod. etc. based oa antenaa weight alattve to the entire SSPS. The 

assembly cost of structure varies With the number of. Joints or. pieces of material that 

mu.i be assembled and ts Independent of the pfOP"rtles °'" weight of the material. 

3. 5. 3. 1 Materials and Manufaoturlng Costs 

fte mtcrowava power tr8D8111tsslon sectton of the orbitllig solar energy collector can 

be designed from advanced composite matertal or aluminum to meet three criteria. 'these 

.ate (a) 30-yee.llfe, (b) low or zero thermal expansion-and (c) operath2.g temperature 

range betWeen 460°K and 480°K. Tide structun can be designed as thil:i=-11 tubes, 3-6 

inches ftl diameter, 18m (60 ft) or less In leDgth. or as thin (O. 010) slats which roll up to 

a heliJt 4. 6m (15 ft) tn diameter. 

A swntnary of matertal and processlllg costs are atven lil Fig. 3. 5-1'1 for several 
candidates • ....!lhetmal control coattrag costs are ittcluded. 

Matetlal coats were obtained during the week of August 19, 1974 from Grumman 

purchasing agellts, who are tn. dlrec.t contact with vendors and who used most recent pur­

chase orders and quotes as their basts. These costs are listed in Flg. ~. 5-1 '7 as ''pMsent 
material cost", a1ld would be the price paid.. today for a latge quantity order. The only ex­

ception ts 2-mtl-thtck graphlte/epoxy 3-lllch-wlde tape whose price would dtop from 

'126 $/Kg ($330 pet lb) (which ts the small batch cost) to less than 210 $/Kg ($100 pe1• lb) 

for tarp wlume oi'dets; a flrnt price could not be obtatlied from the vendors. 

1'tllllrilUin prices sliown in Ftg. 3. 6-17 are generally the same as present prices or 

are baaed 011 recent prices (e.g. 236 $/Kg ($107/lb) for boron/epoxy in January 1974), 

projected near term lower costs (e.g. 44 $/l{g (S20/lb) for graphlte/ep0xy) "r different 

forms of t1ie materlal (e.g.• Kevlar prices, aluminum alloy types). 

1 
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OPTION GRUMMAN STRUCTURAL TOTAL 

SPEC. MATEBJAL Cost' :PROCESSING Cos.T COST RANGE 
. -.a mm. MAX. ~ .t mm1 MAX. MIN. MAX. 

Borodtpo.xy GM30Q4-3 170.00 107.00 195.00 200 150- 300 257 495 

3" tape, 5-mll (374..0) (235) (429) (441) (330) (661) (566} (1091) 

Grapbitefepoxy GM3012 47.00 20.00 60.00 200 150 275 150. 33S 

3" tape. 5 mil (103.) (44) (132) (441) (930) (606) (330)· ('138) 

Graplllte/epc.tXJ GM3012 330..00 140 420.00 300- 195 425 33i 845 

3" tape, 2-mll. (727) (308) (92~ (66"1) (429) (937) (738) (1863) 

Quartz-polylmJde- GC11ClBC 44.00 44.00 53.00 160 120 210 164 263 

12" e~ot!l, 8-mll (91) (91) (116) (352). (264)- (483) (361) (579) 

c:?..au-polylmlde GCllOBBJ. 6.SO. &.SO. 7.80- 160 120 210 127 218 

44'' cloth. 8-mil (14. 3); (14. 3) (11.2) 352 (264) (463) (280)' (480) 

Glua·p>}ybnlde GM4001G42 2'.98 2.98 3.60 133 100 180 103 184 

44" cloth., 8-1nll (6. 57) (6.57) (7,93) (293) {220) (398) (227) (405). 

~ 
Kevlar-polytmlde - 22.50 13.20 37. lCl 160 120 210 133 24? 

50" cloth, 8'-mll (49".Gl) (29.11) (81.80) (132J (284) (483) (293) (544) 

~ (3) (4) 

Kevlar-epny - 19. 00. 9.70 33.60 133 100 180 110 224 
50" elotb (41. 90) (21.39) (74.09) (293)- {220J C398) (242) (493) 

Alumlllum (St 1.00 o.ec 1.25 80 60 
~=) 

61 291 
(2.20) (1 .. 76) (2. '11) (198) (132) (13f) (641) 

Genenl Note: AU- compoaltea cost include external white thermal control coatings at $3. 00/lb wet cost, or 
approaimately 16 sq ft per lb. Tbls cost la includaJ as .-rt of p~ing. 

(1) Tble coat depends oa type of structure. being fabricated. 
C2). Style 181 8-mil fabric 
(3) Style 281 epecial 1420 derrie. 
(4) Style 120 4-mll t.brlc 
f5) Includes Alzac coating fOr thermal control. I -

Fiti 3.S.17 ,..,... ..... Procelling.Costa. I/La (t/Kg) 
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Maximum prieea antlelpate a 20-25% lDflatlonary ralse durlog tl1e 1974-1971l time .. 
span for most ot the materbils ltsted tn Ftg. 3, 5-17 except tor the Kevlar maximum prlce 

which ls a more expensive forrrt of this patttcular nu,tortkl. Kevlar prices may drop th 

tt,e near future as usage of this mBJt-made fiber increases. 

Processing costs were baaed on a recent study for the VF AX all·plane design ln 
which an analysts considered metal and composite designs. These costs are based on the 

currelit $14-$15 per hour manufacturing rate. They reflect a '15-80% learntng curve, 

with tnaxlinurn cost taken at Ship No. 1 and mtnlmum cost at Ship No. 150. It ts undetsto 

that 150 cihlps Dtay not be built, but that within each shit> there e.Jtists sufficient repetitive 

structure such that mass product!~ of identical items will tend to lower unit cost as more 

and more items are built. 

For further in-depth reference the reader ts directed to ttef 17. 

3. 5. 3. 2 Transportation and Assembly 

tlgttre 3. 5-18 summarizes the cost relattonshl~s used 111 compatltig MPTS structur 

options. The cost of materirJs transportation assumes the Shuttle can deliver 29.4 x 103 

(65 K/lb) to 190 n mi at a cost of $10. SM per flight. In the four month period allocated to 

the assembly of the antenna, ei~ht flights were needed for transpottatton of consumables 

and personnel (see Subsection 3. 5. 2). tt is assumed that the type of material used in the 

construction Of.the antenna does not affect this r$quirement. The cost of eqiltpments tor 

support of asnmbly and the cost of SEX'S transportation to geosynchronous was allocated 

ill proportion to the baseline antenna weight to solar array weight ratio used lil the traffic 

mod·91 assessment and \\•as assumed tr.dependent of structural material. 

Figure 3. 5-1J) sho\vs that aluminum ls the low cost material for the antenna structu 

'111e three graphit•!/composite options evaluated are: 

• Graphite/epoxy - 5 tnil material 

• Graphite/epoxy - 2 mil material 

• Graphtte/polyimide - 2 mt1 material • 
• 

The increased cost of the graphite composite materials and prelaunch prooesslbg 

relative to aluminum is greater than the transportation cost savings achle\·ed with the 

lighter material. These compdsite cost estimates are based on projected costs of gtaphl 

material in quantities of a fe\\• thousand pounds. Vendor contacts have indicated, howeve 

that large quantl~· orders (ntt11tons of pounds) ma~· Significantly reducb these costs. 

3.5-23 
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ALUMINUt.t GIW'HtrEJEPOXY 

MATERIALS TAANdoR.UO$t ..$/Li ($/Ka) 182 (367) 182(35~ 

1'AANSPOP.'f OF PEFiSONNt!L, IOUll' a CONSUMABLES, • .. .. 
AISDtBt..V 
emHPMENT (0.2 OF TOTAL SATELLlTE REaMts),$M 21& 276 

FLT oH co.2 OF TOTAL SATELLITE REOMTS), ... 14.9 14.9 

..--
MATERIAL 

ALUMINUM GAAfHIT&IEPO)tV GRAPHITE/POL. VIMIDE 
&MIL LAYERS 2-MU .. UIVEAS 2-MIL LAYERs 

OtAMtfl:1km 1 1 1 ' COATING ALZAC Wf.UTE.P.AINT WHITE PAINT WHITE PAI .. -

TRANSMITTED. 
POWE A 8.46 8.45 8.45 8.46 

LIMIT WASTE HEAt • AN'rtNNA 
CENTERw/m2 3800 3800 3800 8000 

TRI BEAM cROSS SECTION TRIANGULAR HAT lRfANGULAR HAT TRIANGULAft HAT TRIANGULAR HAT 

• WEIGHT. K'-8 C1CXIO Kg) 
PRIM STRUCTURl 300 (137) 20'> 1941 2b7 (94) 207 , .. , 
SEC ST1'utTUR! 103 (47) 85 (30) 85 (30) 85 (30) 
SUPPORT si'AUCTUAE 233 (108) 167 (71) 167 (71) 167 (71) 
YOKE a MECHANISM 14d (88) 122 166> 122 (68) 122 C&il 
COATINGS 48 (~1J 49 (221 49 (22) 49 (22) 
SUiARRAY ACTUATORS 288 (122) 288 C122J 288 (122) 281 (1221 
SUIARRAY AnAcH STA 61 (23) 36 (\81 38 (18) 38 1181 

TOTAL 1147 (5221 904 (411) f04 (410 .. (410 

RECURRING Cost CSMJ 
- MATIAIAL 0.918 18.oab 126.SIO U'lt.888 
- PROCESSING 18.1182 135.600 178.2llO 194.575 
- MATERIALS TRANsPoRT 185.814 148.448 148.448 148.448 

SUI TOTAL 265.8i4 300.128 449.288 47o.891 

- ASSEMSLY a FLT OPS 373.900 313.900 373.900 373.900 -TOTAL($M) 829.114 8t4.o28 823.188 8'4.791 

Fig. 3.6-19 MPTS Structutll Concept Corfttilriton 
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Section 4 

TECHNOLOm" ISSUES 

This section. includes an initial ltettng of MPTS technology issues. T.his listing identb... 

fies areas tn technology where more work needs to i,e done and suggests approache$ for. ac~ 
complishtng these tasks.· No attempt has been made at this time to categorize or combine 

the.Se technology programs. 

4.1 CON'tROL SYST:tM 

4. 1. 1 Evaluation of Alternate Power Transfer and Drive Devices 

Slip rings and flex harnesses ue power tt-ansfer deVices most commonly used in 
spacecraft. However. these systems. principally the slip ring approach. require many 
mechanical interfaces. Potential reliability advantages can be envisioned With the use of 

rotQ..ry tranelormers for JLOWer trail$fer and direct dri1le. linear induction motors for drive 

power. Potential payoffs in reduced maintenance or logistic requirements and lower friction 

justify further study of these devices for the MPTS. 

4. 1. 1.1 Background 

Slip rings and flex ha.messes are the onl~· tltght-demonstrated methods of power 

transfer across rotating joints. Because of the project scale of the MPTS. in site . .:urrent 

carrying capacity. and mission duration, it is deemed critical to further evaluate rotary 
transformerS and linear induction drive devices. 

These devices are relatively new applications for a space environment. A rotar~· 

transformer and linear induction motor drive combination has many advantages including no 

wear or '"ear products, no arcing. negligible friction. no viscous drag from liquid contact, 

and energ.r transfer relatively unaffected by the presence of oil. water, or other contami­

nants. Further design and experimental work is required to determine the practibility of 
such a de\ice to the MPTS. 

4. 1. 1. 2 Desired output 

e Conceptual design to determine feaslbilit~·, weight and cost of rotary 

transformer/linear induction motor 

• outline of seated db'"'T. prototype test program which will lead to deve1opntclit 
of full scale model. 
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4. 1. 2 Detalled. Conuol Systein.. Analys.la 

'the preUnUnary analYtloal study perfo:tmed-~i:t of Ws coD.tl'act .tnchided an 

assessment of.;n:obable }M)hittng accuracy, control. torque requirements, ho:csepower reqUire­
ments and control systent bandpass frec8lency. '.these results were obtained ustng simplifled 

system.models so that the most significant factors could be studied. Tbes~ sisnplf fications 

may result iii not identifying key dynamics problems associated with spacecraft to anteiJJia 

structural dynamics and non-1ineatittes in tlte mecbaDical el~ments of the conttol system. 

4 •. 1. 2.1 Background 

A more in:depth study which. considers non-litlearitles and structural dynamics would 

modify and complicate the control system deL1ign. The first step in a refined study would be 

the development C\f an accurate seo. <>f structural modes of vibration fo:c all freqllencies up 

through that of the control system bandpass freqllency. This is.required to understand 

system .stability and perfortnance. in a reallatic manner .. 

These bending modes couple into anteliDa motions through friction effects in the bear­

ings and: gear trains, and by physically perturbing the antenna through motion cross-coupling 

into tts two-axis gtmbal system. The preliminary study documented hei:e add:cessed these 

eftects; however, a much more detailed investlgatlon is required. 

The torque drive-gear chain system has wlthih it the factors of fieXibi1ity, friction, 

backlash, and hysteresis. These were brieO.y considered in the preliminary study. They 
were neglected in the prelbninary ahalysis, but they must be considered in more detail. 

Dlsturbance forces which must be considered in further analysis efforts are. due to 

angular momentum cross-coupling, gravity gradient. magnetic field interaction, and solar 

pressure. Pre11wa1nary study indicated that these might be initially neglected because of the 

dominating infiuence of friction forces and structural triode oscillations, which were con­

sidered. 

It is possible that detailed study efforts will show that many of these aforementioned 

factors are critical effects on control design and performance. It may also be found that it 

is not possible to calculate or estimate some of these factors with sufficient accuracy to 
provide the necessary control performance acourac3·. Ih that case a type of "adaptive0 

control design may be required where a special estimator logic (Kalman Filter) can update 
the knowledge of these factors and adjust the control system gains approprtateiy. 
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4.1. a:. 2 IMsired-OUtptlt 

4...2 

• JleistJM control system .... de-s .... 'rmi!L-----­
•· In-d-- s~btltty «nalysis 

•-1>.otnttng adcutac.y sensitivity to conflgUt-ation uncettalntles 

•.. FU.11 a-dtmenstomtl matb-mndel $i1Uulation demonstration • 

4. 2. 1 coniposite stmctures. and Assembly Techniq1$s 

The attractive combfDation ol ~ and JnjtSs properties. peculiar to advanced.com­
posites makes theEfe materials strong ca:tididates for the anteilna. structure .. High.strength, 

stiffness, and l.Ow thermal expansion at'e desirltble properties. The initial studies of the 

MTPS shows these materials to be oost cotnpetitive. 

4. 2.1.1 l3ackground 

Uu. to tb.is time much of the mechanical propedtes data for adw.nced comp(.sttes bave 

been establlsbed for short-duration atrctaft and spacecraft missiohs. The antenna struc­

tural designs woukLemploy composites in-much thinner gauges than has been normally used. 

Development of mechanical nr<>perties in th1t>. sections (5 mil range) must be ~ed. 

Durability of orgattic matrix materials lft od>it must be reliably predicted based oil sound 

test data ... ".rhese '9'erification tests for long-duration life times (30 years) must be initiated 

as soon as possible. 

Methods oLassembly and manufacture in $pace must be evaluated to determine overall 
feasibility of composites to :MTPS application. · Creep fatigue from thermal cycling in a 

apace enVironment should be a long-term advanced. stud~· for these matetials- Bonding 

ntethods used to join members in a space enVironment needs definition. 

4. 2.1. 2 Desired output 

• Sufficient data to r.upport design of MTPS structure usiilg thin members in a 

geosynchronous altitude ertvirotuneilt tor a 30-year period. This data should 

determirte materials strength degradation due to fatigUe. radiMfon. temperature 

artd outgassirtg 

• l\lethOds for manlifacture in space. Low cost methods of trahsport~ raw 

materials to a space-based factory and subsequent automatic manufac-e~re of 

basic structural elements 

• Methods of joining and bonding baste structuni1 e1emertts into large s1:~.: c·ture. 
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4..2~ 'tEm&ton.Brace Antenna :f'~aiiltbtlity Assessment 

4,2. z. 1 BacklJ."ound 

Tbe Tension Bi:ace coticept may offer \\'etgbt. and cost idtant&1Eta over a bullt=dp 

section. ~ach. The flat atra!'. ts relatlvblY. illsenstttve to. out-of ':'plane thermal dlstoe­

ttons stnce the..bracd maintain a 129sltlve torce on. the flat ar~y tension wires. The brace 

. and flat attay wires. can serve as both structural members and cOttductlng elements. 

In order to assess the concept teastbilttJ stru.ctual art-angement. dtmvtngs must be . 

dram, stJ:uctum members need to be s~ the combtned..etfects of thermal cycling, 

long teJ!ULCreep on wires, joints.and braces. n&ed to be evali1ated, and the feasibility of 

using structure for-pour t1!ansmlssion Deeds deftnttton. In addttto~ methods of assembly 

to prodUce a flat pre-tensioned.array tn space needs to be evaluated along With alternate 

materials and relative costs. 

4. 2. 2. 2 Desired OUtput 

• Preliminary dra.tngs of configuration. optled and selection of one of the follo\Vlng: 

- S(luare array 

- Trtangular attay 

- Round army 

• Selectton ot r.ectanptar, trlangtllar or radial grid for the flat array 

• Itecommendatlon ot the number ot. braces per assembly, brace size and wire size 

• Material optto.ns 

• Method of assembly in space 

• Long term strength/thettnal and creep eftects on wt~ and til~aces 

• Structural weight/cost analysis comparing thr~e tension brace optloba with 

butlt-up section apj:il'Oach. 

4. 2. 3 Local Crippling Stress Evaluation 

A study ts required for the \'.)redictton of local compression crippling failure modes of 

ve~· thin (0.1 - 0.16 mm) structural sections for various materials. The study should in­

clude tubulu as well as other structural shapes iluch as hat sections, channels :ingtes, 

sections of circles, etc. or prtrne interest in the evaiuation are the effects of initial tm­

perfectlona induced in the fabrication process. 
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4. 2..3..1 Bitckgtouncl 

Some test data has been generated fn the-low thiclmess ranges ands.re summar.lzed 

lai..the NASA Handbook of Sttuctut.al StabWty. Ho\Vever, the tbtclmess does not extcmd in­

the ranges expected for the antenna stru.ctu~; in addition., varioUd materials should be 

evaluated such as tb.e.graphite/epoX)'. Ke\l'lar 49/epoxy, etc • 

4. 2...3..2... Desired. Output 

Local instability design curves as function oLparameteu such as section geometx:y, 

ini.tial tmperfectlons, materials properties, applied axial compression load and temperature­

load time htstoties. 

4. 2. 4 Design Envl~ents 

A stud~· of all the structural design environments induced or~ the antenna during launch 

tnto low and synchronous orbit ii:> necessary. This study should establish the design condi­

tions indticed during fabrication and assembly in Space, wtth consideration being given to the 

30-year life requitement, 

4. 2. 4.1 Background 

No data is available on the design environments for laT,;~ structures of the type to be 

used on the antehna. or particular intereat (and related to the fabrication process) are the 

environments induced in assembly, operat.ion SJ.td refurbishment during the 30-ycar life. 

4. 2. 4. 2 Desired Output 

Structural design environments including acoustic. shock, acceleration. vibration. 

temperature, Jll.Qteoroid. etc.: in addition the abo•.te are affected and influenced by the 

30-yeat' life operation. 

4. 2. 5 Optimum .Antenna Structures 

The cost of the MPTS is strongly dominated by the mass of the antenna support 

structure. Significant cost savings wtll be offered b~· an optimum structural arran~ement 

for the envtronrrtental conditions and stiffness requirements. A stud~· that takes into 

cottslderat!on the following factors should be pertormed: 

• Geometry 

• Design environments including effects of meteoroids 

• Life requirement (fracture, creep, fatigue creep buckling, etc. 1 
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• 1\latel:litls appjloattons 

• Sttffttes.s.. recnitre.liUmts _ 

• Ji'easlbWty of fabttdattmi and.assembly 

Consideration to be ttven..to vat-tous configurations of structural elemeats and shapes. 

4. 2. 5.1 Background 

None a\'ailable on large sp19e structures of this type. 

4. 2. 5. 2 Desired output 

Destgn...data and typical sttr•ctur.al dltslgn attartgemeftts 'fihiCb will Satisfy tlle expected 
requil'ements. 

4. 2. 6 Finite Element Model Development. 

Finite element models of selected structutal arrangements-are needed.to ewiate 
the antenna structural responses to thermal and dynamic loads These models would 

ensure that a particular destan configuration would satisfy the defiectton ltm.ittt~lons and 

potntt.ilg accuuc~· req],lirements.. As part ot this study ta dev.elop finite ele·n.eJtt models, 
consideration. could be given to developing a membei:. loading system by int reasing or 

r.elaxtng cable loads based on a deflection. sensiDg system in colijtutction wtth aft. on-board 
c->mputer and cable loading/unloading drive system._ The objective olthts system ts to 

correct any large induced defiections which may occur ltl the 30-year life dUe to load and 

thermal distortions as well as creep. 

4.2.6.1 Background 

None ttvaihlble. 

4. 2. 6. 2 Desired output 

Eeasibllit~· of typical design concepts to meet requirements. 

4. 2. 7 Codlpostte Waveguide 

The MPTS "'8.vegutde will experience extremes in thermal enVironment and may 

require tight dimensional and electrical stablltt~· throughout these extremes. Composites 

offer th~ potential to meet these requirements at low \\·eight and high strength. 

4. 2. 7. 1 Sackground 

The Alr Force l\laterlals Laborator~· at Wrtght-Pattersoh Atr Force J3ase (Ref i 7 

and 19\ has completed studies on manufacturing methods for dimensionally stable composite 
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microwave co~?nents. Comt20nents we~e made. of graphite/epoxy and .ln.aU casei: werC­

found to meet-crll:erla of temperature stablltty, reptoductbiltty Bild tea&onablf.' ~~ost. These 

components were tested for mechanical and electrical umpenles In a. teil\per:Uure range 

between U 7 to.39.4°K (-250 to .25d:F). 

Application to the MPTS would requj.re cost-effective manufactu~ of composite 

components tn stgriiftcahtly larger lengths, and tested in a much harsher en'Vironm¢nt: 

50 to 600°K (-S70 to 620°!'). Manufacturing techniques for interfacing microwave ¢on­

ve~ton devices such as amplttrons and klystrons are required. ~daterlals otber tban 

graphite could lead to a more cost-effective total system. One such maUerlal is Kovlar. 

This materJal bas a tendency to degrade 1n the presence of UV r4dtltlon and cos.tin~ methods 

to preclude this dE!1grttdatlon would be requirt!d. 

4. 2. 7. 2 Desired Output 

• Manufacturing methods for long length cemposite material 

._ Material tests at the temperature extremes 

• Radiation characteristic testing 

• Manufacture costs 

• Extent ot UV degradation 

o Suitable protective coatings. 

4.3 THERMAL S'tSTEM 

4. 3. 1 Maximum Temperatui·e 

For a given mtc.rowRve convertE!r efficiency and antenna diameter, the pOW'!l' trP~ns­

mission capability of the l\IPTS ts limited bS the maximum permissible structural tem­

perature. Potential payoffs tor greater power transmission and wider selection of 

stru~tural Materials to choose from warrant studies for redueing the maximum t1"mpera­

tute e~-perienced b~· the structure. 

4. 3. 1. 1 BackgroUl'ld 

The Gauss!nn \\·aste hertt distribution of the MP'tS causes peak tempetatutes in the 

center of the antenna support structure that are ::?Oo" K hotter thrut the temperatur': s at th~ 

edges. If one material ts to be used efficiently throughout the structure, all of thi:: 

~tM1rt11re flhotild be ncnr the ma~lmum working trmpl"rrtturc nf thC' n'at1•t·hl. :-- ·\:i1 

nta.~tmtze the transmission capabtllt~· of the 1'1l>TS. Studies are required to e\·a:·~ate 
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various techniques tot smoot11lng_out tile Gaussllln waste heat..distri1~-;:.un. (An. lm~rtant 

byp.roduct of.this sn\CjOthbig_will be tunalle~ feltlperature dtSei!encett ~·tt•tweeti. structuraL 
membus..) TechutQJH1s far smootbllig.j)ie dlstrtbut1011 tlttt.shOUld be ~nvestlgated ar.e: 

(1) the use of geometdcally and spectrilly selective radJatote. (2) hc.:\t pi11es to transpol!t_ 
heat away fl'Om.the. center and.(~) through the selectton-ot..tbe-constm\t p hi the mlcrowa¥e 

convertet. spachtg_ ec:fUatlon 1 = 1 m111. eXJ) (r/ p)2• It ls recognized that thls constant wUL 

affect the microwave transmtsalon..efflciency and the-total power that can be handled by 

the MPTS.. A study that includes the effect 011 structurtl temperatu~s is requited to 
establish the R. value that results in the maximum p0wer t:ecelved on Earth. 

As part of this study to increase the J)OWer trdnsmisslon..capatblllty ot the Ml?T.$ and 
increase the choiee of structural mateJ:ials, it is recommend~ that the etfect of coatings 

on reducing the maximum structural temperature be investigated. St'leotlve use of coatings 

will also offer mi11imlzation ot temp~i:a.W.~.$11.ffe.~@nces between structural members. 

4. 3.1. 2 Desired outputs 

• Conceptwtl desigll ot geometrically and spectrally selective n.diatot.s..Jllong with 

theit attendant Ml?tS ~e~1evel tncremelits 

• Performance recmtrements, tnstallation considerations, and redundancy aspects 

of heat pipe designs along with their predicted power level increments. Due to 

the high tP,atperatures 1300 - 500cK) the heat pipe designs will involve new 

developments 

•· Selection criteria tor the spacing constant p that provides maximum power 

recelved on the ground for a ~h·en antenna size and maJtimum stru~tural 

temperature 

• Candidate coatings fot tlie structural members with their a~ndarit p<>wer level 

increments. Consldetatlon for minimizing temperature difft:r,~nces bern·een 

elements by selectively coating the members should be part rJf this stud~·. The 

degradaWon performance of the coatings must be examined ~,, as to ensure the 

30•yea.r design lite of the MPTS. A test program for obtai:...;:.4; the necessary 

degradation data should be outlined as part of tht s study. 

4. 3. ~ Transient Analysis 

The greatest uncertainty in the stress levels that the structur'.l: ~~·'=·~1bers ,,.m 
l"'i'"ri"nt'c ts cfuc to t.hr- Rtrt'i::s fTlriUC'C'd by the citffC'rC'nt t .. tlnsifmt tr.:.,• ... ~J !'d~pn11:~, .. ~ d 

the ,·ttrious structural members. To ensure that the lightest posstb~,~ !ltructure ts used 
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thls uncertainty mu.at be ellinlnatecl, i.e.• a detailed study of the transient thermal per­
formailce of the structure muet be performed. 

4, 3. 2.1 Background 

Twice each year the MPTS wlll be shadowed from the Swt by the Earth. Whtie tn the 

Earth's shadow there will be no waste heat. The only source of.heat to the MPTS will be 

5-6 w/m2 from the Eatth's infrared emission and albedo. The structure will drop to 

approximately '15°K (-335°F) during the 'Z2 minute occult period. Stresses will be induced 

as a result of comp0nents with low thermal inertia coollng and shrinking ntore rapidly than 

the ''heavier" ones. The counterpart of this p.reblem with the MPTS coming out of the 

shade and ihto the sunlight will also have to be investigated since the members Will be 

stresQed ditferently in the two situations. Identlficatton and modelling of the critical 

su~rt structure elements wt11 be i:equlred. A therm.al model of the antenna '\\'avegulde/ 

radiator surtace will be necessary to provide the thermal inputs to the str\icture as the 

entire MPTS moves in.and out of the Eatih's shadow • 

4. 3. 2. 2 Desired OUtp\tt 

• Tr.ansient temperature responses of critical structural members during cool-down 

and.heat-up as the Ml?TS goes ill and out of Earth's shadow 

• The stresses Induced in the structural members as a result of differential 

· coD.tracttona/ expanste>ns caused by the dtffepent temperature responses. 

4. 4 ASS£MBLY 

4. 4. 1 Assembly Cost 

'l'be greatest. uncertainty in establishing accurate cost estimates for th~ !\lPTS is the 

estimate of assembly cost. In the development of assemblr cost estimates, th~ amouttt of 

resources (manpower, facilities and materials) required to produce the e11d product must 

be known. 'Manpowe~osts are of two types: recurring and non-recurring. Recurring is 

the effort assoelated with the tabricatton, assembly, integration and t~st of flight hardware. 

Non-recurring cost is the effort :issoclated with mn.nufacturh1p: and testing prototype or 

test h~rdware, This effort nlso includes the cost of tooling and pecuhar support equipment. 

4. 4.1.1 Backgrouhd 

Three btlSic methods of dev-eloptng mrumfacturlng cost estimates arl1 used: grass 

toots, ano.to"ou!I Rnd parametric. Grass roots estimates Bre h:l!ii!Prl on hntMtn1:i: Hf' frnm 

detatled estimates arid requirl' good defhiiUon of the parts to be fabrltatcd, the methods 

~~.;,r;~;,:·_~:~~":;~~:-:~~-~:7~-:~c~: .. ·-·"'~~"~~. ~:~L'...:.' ................... 
.... -.7- . - r· -:- ·~ .,.... __ ·~···- ·~ . 
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to be used and-the eqUlpmelit reqUlred. Analoaous esttlftates u•e colbpvtsons with .past 

progtama •. t&ls metllod 1!eCllllres historical cost data add the exetotse oi Judgment to 

determll\e a r8Jt0sentati¥e PfOlrll-'11 for comp11rtson and adjustment tor var,lnl. oom­
plexlty factors. Parametric eSt1!.'nates use mathematical for.mulas. based on slgntftcut 

vartablos related.to physical or performance charactertstlcs of the system. 

stnce there ts no hlstortcal data based for saaoe antennas, a combination of grass 

roots and. analog.Gus tecbnlques ls ~red to de\Celop cost estlrnates. A baseline-desigll 
ts i:equtred w.hlch ls aulitclently detailed to detertnlne tile. aost ddv.ei'S-and majo:c. coat 

elements. These can then be related to cost data on fabrication, assembly. 8Dd erection 
for large a1umlmur1 structutes or ground based· antemtaa. 

4. '- 1. 2 Desired outputs 

• Baseltne design to determine: 

- E~metlt fabrlcatlon l?letllod 

- Joint design 

?ttatedals 

Assembly ai1d ettctton. pitoeed'ttms 

Packaging and delivery tecbnlques 

- Alignment procedUres 

- Toollng and equipment requirements 

- Facility requtrements 

• Analysts of cost data tor erection of representative aluminum structuMs 

• Preliminary plah for manufactUre on earth 

• Analysts of sp:lce assembly techniques 

• Analysis ot astronaut capabilltles to perfotin assembly tasks 

• .Analysis of special equtplttent requirements. 

4. 4. 2 Man's Role tn Assembl~· and Maintenance 

The Apollo and Skylab progrtuns demonstrated man's capability to wor" auc~cssfully 

in zero gravity. Futttre work ht space \\'ill require teams of men to assemble enormous 

structures across vaat areas ewer \\'eeks or months. The Jobs that man can and must do 

in the transport, assembl~·. positioning and malntcnance of the MPTS need to be identUled. 

Tbs equipment needed for these Jobs and the design of the MPTS to aid Job ~unduct Att"fln~h· 
influences the operational concepts se tected. 
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4. 4. 2.1 Background 

The assembly of the MPTS involves these human factor and safety concerns: 

ti Lile supg>rt equipment 

• Mobility and restraint Jttethods/devlces 

• Special tools and aids 

'' Stability and structural.Jlitegrtty of apace structure when "man handled" 

• Wodt..slte volume, power, attitude control, etc.• tequiremeDts 

• Manipulator inte:dieea: electrical, mechanical and procedural 

• Envt.runm.ental protection requirements for solar flab:les, micrometeorites 

*11d microwave radiation 

• Safety In mattng large structures and lnstalltng/ checking out high voltage/ 
high amperage equipment. 

Mllntenance of the MPTS requires &118\Yets to these questions before design concepts 

a~fzmed: 

• Should the system ever bi.ve a plamied shutdown? For what reason and for 

how long? 

• Will mail1tenance by men be done from the microwave radiattng side of the 

antenna? From the heat rejection side of the assembly? 

• What materials ot devices can be tailored to protect men aitd/or equipment 

from microwave radtatit\g hazards, but still provide \l'lsual information on 

activity progress? 

• Are equipment requirements for MPTS assembly operations compatible with 

equipment requirements for maintenance? Should the)• be compatible'? 

4.4.2.2 Desired OUtputs 

• Remote cmtrol acttvit~· descriptions 

• Crew roles and Job descriptions 
ti Crew equipment requlretnents 

' Crew safety constraints 

• 'Work stte requtr~ments 
• Mainten&ilce philosophy 

• Slmulatton requirements. 
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Section 5 

CONCLUSIONS ANO RECOMMENDATIONS 

5 • 1 CONCLUSIONS 

The :Eo11~ing sununarizes significant conclusions for the mechan­

ical systems and flight operations • 

a. Rectangular gr;iA structural arrangement with tri-

angUlar has se~tion is reconunended for basic members of the trans­

mitting antenna structure. 

b. Aluminum, graphite epoxy, and graphite polymide 

are recommended candidate rflaterials. 

c~ Aluminum materials result in th~ prohable lowest 

cost and development risk program with thermal limits being their most 

critical area. 

d. Composites are attractive for low thermal dis-

tortion and high temperature operation (polymide), but ultra-violet 

compatibility, and outgassin~ leading to rf ~enerator contamination 

need investigation. 

e. Assuming the Shuttle as the transportation sys-

tem, low altitude assembly is recommended. The associated transpor­

tation and assembly cost for $10.SM/launch is estimated to be near 

600 $/kg. 

f. Advanced transportation system needed for low cost 

~f large payloads to earth orbit at re1atively low launch packaging 

densities for the payload. Low cost advanced transportation systeJfl 

required to transport assembled or ~artia11y asAemblP.d systems fTnm 

low ea~th orbit to 9eosynchrondus equatorial orbit. 
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9. Ot'bital asseltlb1y recrJires remote controlled 

manipulators. 

h. Ma~imum on orbit manutacturing and assembly will 

be ne~essary when using the Shuttle transportation or other options 

with small volume capacity tequirin~ high launch packaging densities 

to achieve payload performance. 

5.2 RF.COMMENDATIONS 

Technology issuea for mechanical systems are listed and dis­

cussed in Section 4 of Section 8 (Mechanical Systems and Fli~ht 

Ope~ations). This listing identifies areas in technology where more 

wo~k needs to be done and su~gests approaches for accomplishing these 

tasks. The following simplified list is incorporated here as recom­

mendations for further detailed investig~tion. 

a. Evaluate alternate power transfer and drive 

devices for the rotary joint. 

b. Conduct detailed control system analysis. 

c. Conduct detailed investigations of composite 

structures and assembly techniques. 

d. Investigate tenaion-brace concepts and compare 

them with the built-up section approach. 

e. Evaluate the local crippling stress characteris-

tics of the basic thin material elements of the structure. 

f. Establish th~ design environments for launch 

into low earth orbit, transfer to synchronous orbit as well as those 

associated with fabrication and assembly. 
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