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The SPS System Definition Study was initiated in June of 1978. Phase I of this effort was com­

pleted in December of 197& and is herewith reported. This study is a follow-on effort to an 

earlier study of the same title completed in March of 1978. ~studies are a part of an 

overall SPS evaluation effort sponsored by the U. S. Department of Energy (DOE) and the 

National Aeronautics and Space Administration. 

This study is being managed by the Lyndon 8. Johnson Space Center. The Contracting Officer 

is Thomas Mancuso. The Contracting Officer's representative and Study Technical Manager 

is Harold Benson. The study is being conducted by The Boeing Company with Arthur D. little, 

General Electric, Grumman, and TRW as subcontractors. The study manager for Boeing is 

Gordon Woodcock. Subcontractor managers are Or. Philip Chapman (AOL), Roman Andryczyk 

(GE), Ronald McCaffrey (Grumman), and Ronal Crisman (TRW). 

This report includes a total of seven volumes: 

- Executive Summary 

II - Phase I Systems Analyses and Tradeoffs 

III - Reference System Description 

IV - Silicon Solar Cell Annealing Test 

V - Phase I Final Briefing Executive Summary 

VI - Phase I Final Briefing: SPS and Rectenna Systems Analyses 

VII - Phase I Final Briefing: Space Construction and Transportation 

In addition, general Electric will supply a supplemental briefing on rcctenna construction. 
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1.0 INTRODUCTION 

1.0.1 DOCUMENT PURPOSE AND ORGANJZATION 

This document provides a concise system description for the baseline solar power 

satellite (SPS), silicon option, developed by Phase I of the systems definition study, 

contract NAS9-15636. This represents a revision and update to an earlier document of 

the same title, Boeing Document D 180-24071-1, issued at the conclusion of a prior 

systems definition study, contract NAS9-15196. 

The principal system configuration changes relative to the earlier study were as 

follows: 

1. SPS power rating was reduced to 5,000 megawatts ground output in conformance 

with the DOE/NASA baseline; 

2. Shadowing protection was added to the solar blankets; 

3. The solar array support structure was revised to increase redundancy; 

4. Power distribution was changed from a three-bus to a multiple-bus configuration 

to reduce potential fault currents; 

5. The rectenna structure was revised to reduce construction cost; 

6. The space operations approach was revised to use of electric orbit transfer vehicles 

and construction at geosynchronous orbit, in conformance with the DOE/NASA 

baseline; 

7. The space construction base was revised to a 4-bay end-builder to enhance productivity. 

The baseline changes were the result of system trade studies and analyses, presented 

in the comparison volume to this system description, 0180-25037-2. 

Certain elements of this system description have been adopted directly from the 

earlier document without revision except a change in WBS number as necessary to 

reflect the current NASA work breakdown structure. 

The document is organized in accordance with the new work breakdown structure 

shown in Figure 1.0-1. Prior to the system description, a brief historical background 

is given. 
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1.0.2 HISTOR. Y 

Solar power has long been recognized as an ideal source of energy for mankind. 

It is naturally available and plentiful, does not disturb the environment, e.g., by creation 

of wastes, and is itself free. 

About ten years ago, a way of utilizing solar energy to generate electricity on a 

24-hour continuous basis was proposed by Peter Glaser of A.O. little. His proposal 

was to place the solar collectors in space, where they can collect sunlight continu­

ously, can readily be aimed at the sun, and where very large collector areas can 

be obtained with relatively little investment in material resources. Energy collected 

by these solar power satellites (SPS's) would be transmitted to Earth by electromagnetic 

means. The original Glaser proposal, and most of the subsequent studies, have assumed 

the use of radio frequency systems in the microwave frequency range. Recently, 

the possibility of laser beaming has also been recognized. 

The solar power satellite principle is illustrated in Figure 1.0-2. In a geostationary 

orbit 36,000 km above the Earth's equator, each SPS would be illuminated by sunlight 

over 99% of the time and in continuous line-of-sight contact with hs ground receiving 

station. Electrical power produced on the sateJHte by photovoltaic or heat engine 

conversion of the sunlight would be com.•erted to electromagnetic energy at high 

efficiency, and formed into a narrow beam precisely aimed at the SPS ground stations. 

The ground station receiving antennas would reconvert the energy into electricity 

for distribution. Solar power satellites are intended to serve as producers of baseload 

electricity for utility service. SPS's are seen not as a substitute for other solar energy 

options, but as a complement that would allow solar energy to more completely serve 

humanity's energy · 1eeds 

Dr. Glaser's original proposal was published in 1968 in Science magazine. In 1971 

and 1972 a sm.lll contractor study team was formed including Arthur D. Little, Grumman, 

Raytheon and Spectrolab. This team was awarded a study contract through the NASA 

Lewis Re~;earch Center to investigate basic technical feasibility of the SPS concept. 

The conciusions of th.it study were that the system is technicalJy feasible and could 

provlrle baseload electricity from solar power for use on Earth. Additional studies 

and ex per irnents, partly funded by NASA over the period l 9'l3 to 197.5, established 

the 

3 
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feasibility of efficient energy transmission at microwave frequencies. In 1975 a 

demonstration conducted at JPL transmitted more than 30 kilowatts over a distance 

greater than a mile with a reception and (:onversion efficiency of 82 per~ent. 

In the 197 S to 1977 time period, NASA conducted a technical assessment of SP5 and 

began inhouse studies at the Johnson and Marshall Space Center. The Department of 

Energy conducted its own assessment; SPS was discussed in congressional hearing~. 

The activities led to development of an SPS Development and Evaluation Program Man 

jointly sponsored by DOE and NASA. The principal milestones in this plan are: 

Reference System Definition Report, Oct. 1978 (~omplete) 

Preliminary Program Recommendations, May 1979 

Updated Program Recommendations, Jan. 1980 

Final Program Recommendations, June 1980 

(Also dlring this period, NASA-funded space transportation system studies indicated 

that the high traffic volumes required to support an SPS program could lead to cost 

reductions far below those projected for the space shuttle. The potential for s1..1ch cost 

reductions was seen as significant to the economic practicality of SPS.) 

As a result, plans were formulated by NASA to conduct solar power satellite system 

definition studies in 1977 in order to support the first milestone of the DOE/NASA 

~valuation plan. These would increase by roughly an order of magnitude the degree of 

depth of design and cost defirition for SPS systems. One such study was awarded to 

Boeing through the Johnson Space Center; the other study was awarded to Rockwell 

through the Marshall Space Flight Center. These studies created reference system 

designs including the solar power satellites, ground receiving stations, space transpor­

t.ition systems, space construction systems and other support systems. The results 

indicated that SPS's could be built by the year 200v with a likelihood of economic 

benefit. The principal findings of these studies might be summarized as follows: 

I. Examination of energy conversion options led to a preferf!nce for silicon photo­

voltaics in the Boeing study, and gallium arsenide photovoltaics in the Rockwell 

study. (Both studies suggested thermal engine SPS designs as a hedge against the 

possibility that expected cost reductions in photovoltaics mass production might 

not be achieved.) The silicon photovoltaic system offers less risk with a more 

5 
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mature technology but an energy conversion system roughly 40 percent more 

massive than gallium arsenide. 

2. Analyses of the power •ransmission system confirmed the basic feasibility 

indicated by the earlier studies and detailed microwave link error analysis 

confirmed attainct.bility of adequate efficiencies. Integrated powe,. transmission 

system conceptual designs were developed considering RF, electrical, mechanical, 

and thermal factors. 

3. Space t!"ansportation system were designed to accomplish the SPS transportation 

operations at acceptable oost. 

4. Space construction approaches and cosntruction base designs were deveJoped for 

construction of 10,000 megawatt SPS's in geosynchronous orbit at a rate of 

approxim3tely l per year. 

The principal system elements from that study were the point of departure for the 

current study. The preferred SPS defined by Boeing is illustrated in Figures 1.0-3 

through 1.0-8. 

6 
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GENERAL CHARACTERISTICS 

• 5" OVERSIZING (RADIATION LOSS) 
• TRIP TIME • 180 DA VS 
• ISP• 1000 SEC 

MODULE NO WITH 
CHARACTERISTICS ANTENNA ANTCNNA 

• NO.MODULES 6 2 

• MODULE MASS Uo6KG) 8.7 23..1 - - • POWER REO'O (1o6Kwl 0.3 0.81 

• ARRAY" 13 36 

• OTS DRY (1ofiKGl 1.1 2.9 
• ARGON flofiKGt 2.0 6.6 

PROP. • L02'LH2 C1ofiKG) 1.0 2.8 
TANKS • ELEC THRUST (1o3NJ 4.5 12.2 

• CHEM THRUST no3Na 12.0 1..0 

iEB NO 

·w1TH 
ANTENNA ANTENNA 

PANEL SIZE: 24a38m 48a57m 
NO. THRUSTERS: 580 1680 

Figure 1.().7 (Part 1) Self Power Configuration Photovoltaic Satellite 

e FLIGHT. 
CONTROL 
P:.ODULE 
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L02/LHz TANK ] 
(4 PLACES) 

. • GEO PASSENGER MODULE 

cnew-11 
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PRE~- l UN· T 
URIZEO: PRE~ :I 
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30.UOOkg 

MODULE • 10,000 kg 

STAGE1 
INTERFACE 

MAltJ ENGINE (4) 
200 l<N (46 K LBFl 

21M------ •PAYLOAD 

42M 
UP 65,COO kg 
oovm 40.000 kt 

e STACE 

1-----STAGE 2 -------1------ STAGE 1 -----1 PROP 230.000 kt 
INERT 15,000 kl 

Figure 1.0-8. (Part 2) GEO Crew/Supply Delivery Orbit Transfer Vehicles 
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WBS l.l SATELLITE 

WBS Dictionary 

This element includes all hardware and resident software for operation of the solar power 

satellite. Maintenance equipment resident on the satellite is separately described under 

each element and is included in the summary SPS mass statement. 

Element DescriptionThe reference configuration illustrated in Figure 1.1.0-1 is a photovoltaic 

SPS (without solar concentrators) employing glass-encapsulated single-crystal silicon 

l>lankets. The nominal ground output is 5000 megawatts through a single power transmission 

link. 

A summary of the efficiency chain and sizing requirements are presentea in 

Table 1.1.0-1. 

Element Mass 
A comprehensive mass table is presented in Table 1.1.0-2. This table collects all available 

mass properties figures in an integrated presentation. Mass estimating factors and/or 

rationales are given under the lower element entries. The mass growth allowance was 

derived from the uncertainty analysis conducted :.inder contract NAS9-15196. 

Element Cost 

The updated SPS cost summary is shown in Table 1.1.0-3. The cost estimating factors 

are described under lower level elements. Figure !.1.0-2 shows the cost in bar chart 

form. Note that the space construction bar includes only support of the crew at GEO. 

Other costs attributable to space construction are PL V .. md POTV, accounted under 

space transportation according to the NASA WSS, and capital recovery for space construc­

tion. (This is a~ortization of the construction base and is carried as an indirect item). 

TIBS 1.1.l energy Conversion 

WBS Dictionary 

This element includes all production hardware reauirc\l to convert incident sunlight 

into electrical power at 1 he required voltage and deliver this power to the power transmission 

interface. The primary subelements are the solar blankets, the catenary support system, 

and interbay jumbers. Structure, power distribution, thermal control and maintenance 

equipment. 
11 
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Figure 1.1.0·1 Reference Solar Power Satellite-5000 Megawatts 

Table 1.1.0-1 Updated Efficiency and Sizing 

EFFICIENCY MEGAWATS 
PER LINK 

0.934 1,876 SOLAR 
ARRAY 

1.0 8,290 
OUTPUT 

o.97 8,290 TOTALINPU 
TO ANTENNA 

0.85 

SOLAR INPUT: 

SOLAR-CELL CONVERSION EFFICIENCY (0.113) 

BLANKET FACTORS (0.94531 

THERMAL DEGRADATION (0.954) 

ORIENTATION LOSS (0.9191 

APHELION INTENSITY (0.96751 

1,353 w1rrr2 
234.1 

221.3 

211.1 

194.0 

187.7 
8.041 

0.985 6,838 TOTAL RF 
NONAt~rJEALABLE RADIATION DEGRATION (0.971 182.1 

POWER REGULATION, AUXILIARY POWER, 179 

0.965 6.733 TOTAL ANO ANNEALING (0.9831 
RADIATED 
POWER 

Q.976 6,497 

0.981 1.341 
EOL BLANKET OUTPUT: 179Wfm2 

ATMOSPHERE Lf1SSES 0.98 6,U1 
TOTAL SOLAR-CELL AREA: 49.6km2 

INTERCEPT EFFICIENCY 0.95 6,097 SOLAR ARRAY OUTPUT: 8,876MW 

REClENNA RF-DC 0.89 5,792 INCIDENT 
ON RECTEr~N 

GRID INTERFACING 0.97 5,155 

0.563 5,000 NETTO GRID 
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Table 1.1.0-2 Comprehensive Mass Propertie6 

was EQUIPMENT 
ELEMENT NOMENCLATURE MASS REMARKS 

1.0 SOLAR POWER SATELLITE TOTAL 48473 
1.1 SATELLITE IDENTIFIED MASS •••400&0••• 
1.1.1 ENERGY CONVERSION .. 21235•• 

1.1.1.1 STRUCTURE •3383• 
1.1.1.1.1 PRIM"RY STRUCTURE 3198 
1.1.1.1.2 SUPPORT STRUCTURE -
1.1.1.1.3 BLANKET SUPPORT CABLES 128 
1.1.1.1.4 BLANKET TENSIONING DEVICES - INCLUDED IN 1.1.1.1.3 
1.1.1.1.5 POWER DISTRIBUTION SUPPORT 57 
1.1.1.2 rnNf'FNTR.6. TORS CONCENTRATORS Nur R .. uu 

1.1.1.3 SOLAR BLANKET •22553• 
1.1.1.3.1 BLAN'<ET PANELS 21093 
1.1.1.3.2 BLANKET MECHANICAL 

ATTACHMENTS 952 
1.1.1.3.3 INTERBAY JUMPER WIRES 508 
1.1.1.4 POWER DISTRIBUTION AND 

SWITCHGEAR •1213• 
1.1.1.4.1 MAIN POWER BUSES 1090 
1.1.1.4.2 ACQUISITION POWER BUSES 19 
1.1.1.4.3 SWITCHGEAR 42 
1.1.1.4.4 DISCONNECT SWITCHES 42 
1.1.1.4.5 BLOCKING DIODES -
1.1.1.4.6 INTERCONNECT CABLING -

l 1.1.1.4.7 DCIDC CONVERTERS <1 
1.1.1.4.8 ENERGY STORAGE 20 
1.1.1.5 THERMAL CONTROL ·~ 

1.1.1.5.1 SWITCHGEAR THERMAL CONTROL 
1.1.1.5.2 CONDUCTOR THERMAL CONTRCi.. THERMAL CONTROL WAS 
1.1.1.5.3 DC/DC CONVERTER THERMAL ~ ALLC'CATED TO THE 

CONTROL SUBSYSTEMS 
1.1.1.5.4 THERMAL CONTROL SURFACES 
1.1.1.5.5 ATTITUDE CONTROL SYSTEM I THERMAL CONTROL I 

1.1.1.5.6 AVIONICS THERMAL CONTROL .. 
1.1.1.6 MAINTENANCE •as• 
1.1.1.6.1 SOLAR ARRAY ANNEALERS 8 
1.1.1.6.2 MAINTENANCE GANTRIES 66 
1.1.1.6.3 GANTRY TRACKS 

I 
2 

1.1.1.6.4 CREW PROVISIONS -
1.1.1.6.5 CARGO HANDLING 5 
1.1.1.6.6 DOCKING SYSTEMS 5 

1.1.2 POWER TRANSMISSION .. 12234 .. 

1.1.2.1 STRUCTURE *370* 

I 1.1.2.1.1 PRIMARY STRUCTURE 53 
1.1.2.1.2 SECONDARY STRUCTURE 198 
1.1.2.1.3 SUPPORT STRUCTURE -
1.1.2.1.4 SUBARRAY POSITIONING - I 

1.1.2.1.5 POWER DISTRIBUTION SUPPORT 119 
1.1.2.2 TRANSMITTER SUBARAAYS •9392· 
1.1.2.2.1 DC/AF CONVERTER MODULE 4875 
1.1.2.2.2 DISTRIBUTION WAVEGUIDE 311 
1.1.2.2.3 RADIATING WAVEGUIDE 1485 
1.1.2.2.4 THERMAL CONTROL 1500 
1.1.2.2.5 WIRING HARNESS } 544 
1.1.2.2.6 CONTROL CIRCUITS 
1.1.2.2. 7 STRUCTURE 667 
1.1.2.3 POWER DISTRIBUTION AND 

CONDITIONING ·2210· 

NOTE: THIS TABLE REFLECTS REDISTRIBUTION OF WBS ITEMS TO CONFORM WITH THE DETAILS OF THE 
CURRENT NASA SPS WBS. 
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Table 1.1.0-2 Comprehensive Mass Properties (continued) 

was EQUIPMENT 
ELEMENT NOMENCLATURE MASS REMARKS 

1.1.2.3.1 POWER CONDUCTORS 398 
1.1.2.3.2 SWITCHGEAR 

1217 
1.1.2.3.3 DCIDC CONVERTERS 
1.1.2.3.4 CONVERTER THERMAL CONIROL 222 
1.1.2.3.5 DISCONNECT SWITCHES -
1.1.2.3.6 ENERGY STORAGE 313 
1.1.2.4 THERMAL CONTROL 
1.1.2.4.1 THERMA~ CONTROL SURFACES 
1.1.2.4.2 POWER PROCESSING THERMAL 

CONTROL THERMAL CONTROL WAS 
1.1.2.4.3 INSULATION t ALLOCATED.TO THE 
1.1.2.4.4 CONT~~!.. C!RCUITS THERMAL RESPECTIVE SUBSYSTEMS 

CONTROL 
1.1.2.4.5 MECHANICAL POINTING THERMAL 

CONTROL ~ 

1.1.2.5 CONTROL ~ 

1.1.2.5.1 RECEIVERS 
1.1.2.5.2 DIPl.cXERS 
1.t.2.5.3 PHASE TRANSMITTERS 

THE PHASE CONTROL 
1.1.2.5.4 PliASE RECEIVERS 

~ SYSTEM IS NOW 
1.1.2.5.5 CONJUGATORS 
1.1.2.5.6 CABLING 

ACCOUNTED UNDER 

1.1.2.5.7 POWER DIVIDER 
SUBARRAVS 

1.1.2.5.8 SWITCHES .. 
1.1.2.6 MAINTENANCE •144• 
1.1.2.6 1 MAINTENANCE GANTRIES 144 
1.1.2.fS.2 GANTRY TRACKS 
1.1.2.6.3 DOCKING PORTS 
1.1.:t.6.4 CARGO HANDLERS 
1.1.2.6.5 CREW BUSES 
1.1.2.6.6 CREW WORK STATIONS 
1.1.2.7 ANTENNA MECHANICAL •121.9• 

POINTING 
1.1.2.7.1 CMG'S 
1.1.2.7.2 CMG DRIVES 
1.1.2. 7.3 CMG CONTROL CIRCUITS 

1.1.3 INFORMATION MANAGEMENT ··2so•• THIS IS A ROUGH ESTIMATE 
AND CONTROL BASED ON THE TRW 

1.1.3.1 TRANSDUCERS CONCEPTUAL DEFINITION OF 

1.1.3.2 SIGNAL CONDITIONERS THIS SUBSYSTEM 

1.1.3.3 DATA ACQUISITION/MANAGEMENT 
1.1.3.4 CE~TRAL COMPUTERS 
1.1.3.5 CONTROL CIRCUITS 
1.1.3.6 SIGNAL ROUTING 
1.1.3.7 SOFTWARE 
1.1.3.8 INTRA-SATELLITE VOICE 

1.1.4 ATTITUDE CONTROL AND ••194•• 
STATIONKEEPING 

1.1.4.1 SENSORS . 1 • 
1.1.4.2 ELECTRIC PROPULSION •155• 
1.1.4.2.1 THRUSTERS 14 
1.1.4.2.2 PROPELLANT ro 
1.1.4.2.3 TANKAGE 6 
1.1.4.2.4 PROPELLANT DELIVERY 1 
1.1.4.2.5 CONTROLS -
1.1.4.2.6 DEDICATED POWER PROCESSING 94 

i 1.1.4.3 CHEMICAL PROPULSION . 4• 

NOTE: THIS TABLE REFLECTS REDISTRIBUTION OF WFJS ITEMS TO CONFORM WITH THE DETAILS OF THE 
CURRENT NASA SPS WBS. 
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Table 1.1.0-2 ComprtJhensive Mass Properties (continued) 

WBS EQUIPMENT 
ELEMENT NOMENCLATURE MASS REMARKS 

1.1.4.3.1 THRUSTERSIENGINES 1 
1.1.4.3.2 PROPELLANTS 3 
1.1.4.3.3 TANKAGE 1 
1.1.4.3.4 PROPELLANT .DELIVERY -
1.1.4.3.5 CONTROLS -
1.1.4.4 GIMBALS •25• 
1.1.5 COMMUNICATIONS ••10•• 
1.1.5.1 SATELLITE TO EARTH 
1.1.5.1.1 RECEIVERS 
1.1.5.1.2 TRANSMITTERS 
1.1.5.1.3 ANTENNAS 
1.1.5.1.4 SIGNAL INTERFACE 
1.1.5.1.5 CABLING 
1.1.5.2 GEO OPERATIONS 

COMMUNICATIOl\IS 
1.1.5.2.1 RECEIVERS 
1.1.5.2.2 TRANSMITTERS 
1.1.5.2.3 ANTENNAS 
1.1.5.2.4 SIGNAL INTERFACE 
1.1.5.2.5 CABLING 

1.1.6 INTERFACE (ENERGY CON· ••147•• 

VERSIONIPOWER;J"RANSMISSIONI 
1.1.6.1 STRUCTURE •53• 
1.1.6.1.1 PRIMARY STRUCTURE 53 
1.1.6.1.2 SUPPORT STRUCTURE -
1.1.6.1.3 CABLES -
1.1.6.2 MECHANISMS •94• 
1.1.6.2.1 MECHANICAL ROTARY JOINT 33 
1.1.6.2.1.1 DRIVE RINGS (28) 

1.1.6.2.1.2 DRIVE MECHANISMS ( 3) 
1.1.6.2.1.3 DRIVE MOTORS ( 1) 
1.1.6.2.1.4 DRIVE CONTROL CIRCUITRY ( 1) 
1.1.6.2.2 ELEVATION JOINT (YOKEi 4~.2 
1.1.6.2.2.1 ELEVATION DRIVE 
1.1.6.2.2.2 DRIVE MECHANISMS 
1.1.6.2.2.3 DRIVE MOTORS 
1.1.6.2.2.4 DRIVE SUSPENSION 
1.1.6.2.2.5 DRIVE CONTROL CIRCUITRY 
1.1.6.2.3 POWER DISTRIBUTION 20 
1.1.6.2.3.1 SLIP RINGS (121 
1.1.6.2.3.2 BRUSH ASSEMBLIES ( 21 
1.1.6.2.3.3 FEEDERS ( 41 
1.1.6.2.3.4 INSULATORS ( ,, 
1.1.6.2.3.5 POWER BUSES ( 1) 
1.1.6.2.4 THERMAL CONTROL ~ 

1.1.6.2.4.1 MECHANICAL ROTARY JOINT 
THERMAL CONTROL 

1.1.6.2.4.2 ELEVATION JOINT THERMAL 
CONTROL THERMAL CONTROL IS 

1. 1.6.2.4.3 SLIP RING THERMAL CONTROL ~ACCOUNTED IN THE 
1.1.6. 2.4.4 THERMAL CONTROL SURFACES VARIOUS SUBSYSTEMS 

1.1.6.2.4.5 INSULATION ~ 

1.2 GROWTH AND CONTINGENCY 
ALLOWANCE (21%1 •••B413••• 

....__... 
NOTE: THIS TABLE REFLECTS REDISTRIBUTION OF W&:> ITEMS TO CONF-ORM WITH THE DETAILS OF THE 

CURRENT NASA SPS WBS. 

15 



D 180-25037-J 

Table 1.1.0-3 Projflcted Unit Cost of One 5-GW SPS (Millions of 1977 Dollars) 

con 
"EASON 

Wll ITEM POINT OF FOR 
DEPA"TURE cu""ENT CHANGE 
IAll4W> 

"' IATILLITI 3111 All!. 
1.U IATILUTE INlllOY 

CONVIRllCIN DH 21• REVISED EFFICIENCY 
CHAIH: 
GEO CONSTRUCTION 

1.1.2 SATELLITE POWER 
TRANIMllllOlll SYSTEM 1221 ua REDUNDANCY AODED 

TO PHASE CONTROL 
1.1.3 INFORMATION MOlllT A 

CONTROL a a 
1.1.4 A TTITUOE CONTROL A 

STATION KEEPING 144 144 

1.U CXIMMUNICATIONI 111 111 

1.1.1 INTERFACE CINCLUOEOIN 
ENERGY CONVJ 

1.2 SPACE CONSTRUCTION AND 
ltl'l'ORT • Dl"ECT .... .!?! GEO CONSTRUCTION 

•CAPITAL 
RECOVERY 420• 

1.3 SPACE TRANSPO"TATION 
•DIRECT 3113" ~ GEO CONSTRUCTION 
•CAPITAL WITH EOTV; REDUCED 

RECOVERY , .... SATELLITE MASS 

u GROUND JllECEIVINO STATION 2134 fil! NEW ANALYSIS OF 
RECTCNNA DESIGN 

1.1 lllOMT ANO INTEGRATION '21 .!!! AND CONSTRUCTION 

•INCLUDED IN TOTAL UNDER CAPITAL RECOVERY BELOW 
I 

TOTAL DIRECT OUTLAYS .. aeoo 
J 

CAPITAL RECO\fERY FOR 
SPACE CONSTRUCTION BASE - ..!!!! 
AND TRANSPORTATION FLEET 

2YEARS 
INTEREST DURING CONSTRUCTION 1041 126 CONSTRUCTION 

TIME•M/8 

GROWTH AND CONTINGENCY 1551 .!..!!! EARLIER FIGURE 
HAO GROWTH 

PROJECTED TOTAL CAPITAL COIT 13,411 12,421 APPLIED TWICE TO 
TRANSPORTATION 
COIT 

"INCLUDED l~l TOTAL UNDER CAPITAL RECOVERY BELOW 
.. CAPITAL RECOVERY AND DIRECT WERE NOT SEPARATED IN EARLIER WORK 
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Element Description 

The reference energy conversion system configuration was illustrated in Figure 1.1.0-

1. A summary of the efficiency chain and sizing requirements were presented in Table 

1.1.0-1. A more detailed description is given lDlder each of the subelements. 

Eletnent Mass 

The energy conversion mass summary was included in Table 1.1.0-2. The mass estimating 

factors are discussed in the subelement entries. 

Element Cost 

The updated SPS cost summary war ;hown in Table 1.1.0-3. The cost estimating factors 

are described in the subelement entries. 

WBS 1.1.1.1 Structure 

WBS Dictionary 

This element includes all structure in the energy conversion system that is not au integral 

part of one of the other subsystems. 

Element Description 

The ~tructure supports the solar arrays in trampoline fashion as described earlier in 

Figure l.l.0-1. The catenary (trampoline) support system is included as a part of the 

structure as is the power bus support system. 

WBS l.1.1.1.1 Main Structwe 

The mainframe structure is a repeating hexahedral (box) truss arrangement made up 

of two sizes of graphite composite tri-beams as shown in Figure 1.1.1-1. The heavier 

12.5-m< ter beams support the uni-axial solar array stretching levels. The lighter 7.5-

meter beams are used in all other locations. Characteristics of the beams are shown 

in figure 1.1.1-2. 

WBS 1.1.1.1.2 Catenary System 

Yhe method of c;upporting the solar blanket within the primary structural bays provides 

a unif ~rm tension to the end of each solar array segment by the use of constant-force 

18 
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® 
@ 

@: 
®= 

TYPE •A• BEAMS - 12.1M 

TYPE T' BEAMS- 7.SM 
12.7MBATI'ENS 

Figure 1.1. 1-1 Solar Power Satellite Structural Bay Config.Jratiot: 

ITEM 
TYPE A TYPES 

UP!'H? SURFACE BEAM USED If-I All 
LOUGiTUDll'lAL 3..:AM OTHrn LOCATION!: 

SECTION CLOSED OPEii. 
REF. SIDE LENGTH J3CM 38CM 
MAT'L THICKNESS 0.86MM 0.71 MM 
Elx 3.39 EB N/CM2 1.80 EB rJtCM2 

l!EAMWIDTH 12.7M 7.5M 
BATTlN SPACING l!i.OM 12.7M 
CHITICAL LOAD 17"80N (CBIP. CHORD) 7090 N(BUCK BEAM) 
MASS/LENGTH 7.48 KG/M 4.11 KG/M 

Figure 1.1.1-2 Solar Power Satellite Structural Update Beam Configurations 
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blanket tensioning springs at each blanket support tape as shown in figure 1.1.1-3. These 

springs are also attached to a catenary cable that is then attached to the primary structure, 

upper surface, beams at U meter intervals. The springs are in compression, for better 

reliability, and exert a uniaxial force of approxifl"~tely 4.IN to each blanket support 

tape. 

WBS 1.1.1.l.2 Power Distributian 5uMaart 
The bdsic requirements for the bus support subsystem are as follows: 

o Provide a natural frequency, substantially higher than the sateliite. 

o Accommodate thermal expansion without applying large loads to the main sateJJite 

structure. 

o Be light weight. 

o Have low ground fabrication cost. 

o Be easy to assemble in orbit, using mostly automated methods. 

The support design pr-esented here satisfies these basic requirements, but it is recognized 

that further study might lead to a better design. 

The principa! loads on the bus conductors are ilhJstrated in Figure 1.1.1-4. The "compres­

sion" and "curling" loads are generated within the conductors and must !:>e resisted by 

the conductors, with whatever form of reinforcement is provided. Fortunately, these 

forces are relatively small so the resulting stress level is very low. The elastic stability 

of the thir: sheet conductors is a concern, however. 

The major load on the main bus conductors is the magnetic force repelling two conductors 

carrying current in opposite directions. This load is so large that, for the current density 

being used, the bending stress in the sheet conductors over the span of a SP.gment would 

almost certainly cause elac;tic in~tability in the compression side of the bus bar, especially 

when combined with the compression and curling forces. Fortunately, the force is repul­

sion, so it can be reduced by adding tension ties between the conductors at points interme­

diate t ... the supports at the main structure at segment joints. This reactio:i means that 

!:°'•JSses carrying currents in the opposite directions must be alternated. 
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Figure 1.1.1-4 Sheet Conductor Loads 

d) EARTH FIELD FORCE 

21 



0180-25037-3 

The other major factor which determines the design is the differential thermal expansion 

between the graphite-epoxy structure and the aluminum bus. The temperat\re variations 

between eclipse and fuU sunlight is from about 12lK to l7lK. Over the span of a fuU 

segment this results in a differential thermal expansion of a little over four meters. 

For the one millimeter thick sheet conductor a load of 443 kN for each meter of conductor 

with stress of 4fil MPa would be required to overcome this change in length. 

A total load in excess of 14 million Newtons would be developed. This is an unreasonably 

large load to impose upon the structure, so provisions for thermal expansion are made. 

After considering several alternatives, the design selected is to allow a thermal expansion 

curve at each bay joint, a~ shown in Figure 1.1.1-.5. 

The selected metf-.od of keeping the natural frequency of the sheet conductors above 

that of the sat~llite is to keep the bus conductors in tension. A preliminary analysis 

indicates tiHlt modest forcn (of the close order of one Newton per centimeter of conduc­

tor width) will keep the natural frequency of the bus an order of magnitude higher than 

tb.t of the satellite. To maintain this load in the conductors while allowing for thermal 

expansion requires springs. The easiest way to provide this spring action is to use high 

stresses in low modulus materials, such as KevlarR or E-glass. (A stress going frorn 

250 to 500 MPa in a 200 m l:evlar tension support will provide the four meter extension 

needed to accommodate thermal expansion, while varying the load on the bus by only 

a factor of two). 

These factors led to the final selection of the main bus configuration shown in Figure 

1.1.1-6. This view shows several bays near the slip-ring end of the satellite, where there 

are 20 parallel buses. The three point spring/cable ties to the main structure are shown, 

and the tension tries to react the bus magnetic repulsion forces can be seen. 

The acquisition buses which are triangular in shape are suspended within the center 

12.7 meter beam by guy wires. These acquisition buses are also aluminum. Making the 

connection between the copper pigtails that interconnect the individual strings of solar 

cells and the aluminum acquisition bus is a problem that requires further study. Even 

though the joint is made and kept in vacuum 30 that galvanic corrosion and oxidation 

are eliminated as problems, differentia! expansion remains a problem that will make 

good joint design difficult. From that initial connection subsequent connections will 

be aluminum to aluminum and will be welded. 
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Figure 1.1.1-5 Bus Expansion Slack 

; I '0\p? 7 ., Z'~ 

~ 'ACQ~SIT~ON BUS 
SOLAR ARRAY 
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Figure 1.1.1-6 Main Bus Support 
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Element Mass 

The structure ~estimate is summarized in Table 1.1.1-1. 

Element Cost 

The cost estimating factor used for primary structural members is "$/kg. This factor 

was based on mature industry projections and was verified by detailed manufacturing 

and fabricatian analysis. 

WBS 1.1.1.2 Concentrators - concentrators are not required 

WBS 1.1.l.l Solar 8L1nkels 

WBS Dictionary 

This element includes all production ~.ardware required to convert incident sunlight 

into the required electrical power. Subelemel'ts include solar cell panels, and panel inter­

connect interbay jumpers. 

Element Desaiption 

An illustration of the solar cell blanket is provided in figure 1.1.1-7. A silicon solar 

cell must be provided with a cover to increase front-surface emittance from around 

0.2.5 to around 0.8.5, and to protect the cell from low-energy proton irradiation. 

WBS 1.J.J..J.1 Solar CeD Panels 

Cerium-doped borosilicate glass is a good cover material because it costs only a fraction 

of the best alternate, 7940 fused silica, matches the coefficient of thermal expansion 

of silicon, and yet resists darkening by ultraviolet light. Borosilicate glass can be electrostatically 

bonded to silicon to form a strong and permanent adhesiveless jcint. In A TS-6 flight 

tests the cells having integral 7070 borosilicate glass covers lost only 0.8+ 1.1 percent 

of their output because of ultraviolet degradation. These cells had no cover adhesive. 

Other cells having cell-to-cover adhesives aegraded twice as much. Jena Glaswerk 

Schoot"' Gen. Inc., in West Germany, expects to be able to manufacture 75µm borosilicate 

glass sheets one meter wide by several meters long. 

The cell cover is e!Tlbossed during bonding with grooves which refract sunlight away 

from the grid lines and buses on the cell surface. COMSAT Labs expects an 8 to 12 

percent increase in cell output from this feature in cell ccvers. 
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Table 1.1.1-1 Stnictural Mass Estimating Summary 

MEMBER LENGTHS: 

12.7M (UPPER SURFACE LONGITUDINALS) • 16 X 9 X 667.SM • 96120M 

ALL OTHERS: 

LONGITUDINALS - (16 X 9 X 667.5) • 96120M 

LATERALS - 2[8 X 17 X 667.51 • 181560M 

LOWER FACE DIAG • (8 X 16 X 944.0] • 120832 

CROSS BAY DIAG - [8 X 16 X 1054.5] • 134976 

CORNER POSTS • (9 X 17 X 460.2) • 70410.6 

SUMMARY: 

I 12.7M (TYPE "A" BEAM) ""96, 120M 

I 7.5M (TVPE"'C" BEAM) - 603,898.&M I 
GEO STRUCTURE MASS 

12.7M TYPE "'A" BEAM • 96, 120M @ 7.476 Kg/M • 718593.1 Kg 

7.5M TYPE "C" BEAM-603,898.6M@4.106 Kg/M = 2479607.7 Kg 

I TOTAL STRUCTURAL MASS. 3198.2 MT I 
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Figure 1.1.1-7 Reference Photovoltaic System Description 

26 



0180-25037-3 

The cells are designed with both P and N terminals brought to the backs of the cells. 

This feature makes it possible to use simple 12 • .5lJm silver-plated copper interconnections 

which are formed on the substrate glas,,. Complete panels are auembled electrically 

by welding together the module-to-module interconnections. 

Glas,, was chosen for the substrate to enable annealing of radiation damage by heating. 

With all glass-to-silicon bonds made by the electro-static process there are no elements 

in the blanket which cannot withstand the 773°K (931 °F) annealing temperature, which 

at present seems to be required. 

The basic panel adopted for design studies has a matrix of 222 solar cells, each 6.48 

by 7 .44 cm in size, connected in groups of 14 cells in parallel by 16 cells in a series. 

Spacir-8 ~~t11Veen cell and edge spacings are as shown. Tabs are Drought out at two edges 

of the panc1 fur electrically connecting panels in series. Cells within the panel are inter­

connected by C.lmducting elements printed on the glass substrate. 

Shadowing protection is provided by shunting diodes at the panel level as illustrated 

in Figure 1.1.1-8. 

Panels are assembled to form larger elements of the solar array. The interconnecting 

tabs of one panel are welded to the tabs of the next panel in the string and then the 

interconnections are covered with a tape that also carries structural tension between 

panels. The 0.5 cm spacing between panels provides room for the welding electrodes, 

and also permits reasonable tolerances in the large sheet of 75 )Jm glass that covers 

the cells and 5tJ )JIT• sheets of substrate glass. 

The panels are joined in a matrix that is 14.9 meters wide by 6.56 meters long to form 

blanket segments. After assembly, the segment is accordion folded, at panel intersections, 

into a compact package for transport to the low-Earth-orbit assembly station. 

Provisions are made for connection of the blanket segments with interbay jumpers to 

form power sectors. Conductor strips will be used to join strings, with provisions for 

welding strips to join blanket segments, to form power sections. The conducting strips 

also have a bossed c;ection to connect with interbay jumpers. 

The tapes, at the end of blanket segments, are extended and have attachn.ent rings 

to connect to the tensioning springs of the catenary support system. 
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RATIONALE: 

PREVENTS ARRAY DAMAGE CAUSED BY UNEVEN ILLUMINATION AND SHADOWING EFFECTS 

PROVIDES MOR£ GRACEFUL POWER DEGRADATION FROM BLANKET PANEL FAILURES AND 
SHADOWING EFFECTS 

DESIGN CRITERIA: 

11CELLS 
IN SERIES 

REVERSE-BIAS PROTECTION FOR BLANKET PANELS 

LOW REVERSE LEAKAGE CURRENT 

LOW FORWARD-VOLTAGE DROP 

HIGH RELIABILITY 

COMPATIBLE WITH BLANKET PANEL CONFIGURATION• 

14 CE:1.LS 

6.48cm 

..---+-0.1 cm 
TYPICAL 

1.44cm 

IN PAUALLEL 

'--4• - -

I 
'I 
I 
I 

'· 

I 

• 

REDUNDANT (PARALLEU SHUNT DIODES 
INCREASE IN SYSTEM SIZE• 0.451 t&m2 
INCREASE IN SYSTEM MASS• 112.J llT 

- . . 

-SHUNT DIODE 

PHYSICAL ARRANGEMENT OF SHUNTlNG 
DIODES ON BLANKET PANEL 

ELECTRICAL £QUIV ALE.NT 

Figure 1.1.1-8 Implementation of Array Shad!Jwing Diodes 
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a~mentMass 

A mass breakdown of the solar blanket is provided in Table 1.1.1-2. Also included in 

this table are the mass estimates for the array support system. 

Bement Cost 

The cost etimating factors for the solar blanket elements ha-..e not changed from the 

documentation of Part 2. The mature industry project cost estimating factor for the 

reference solar blanket is $3.5/m 2• 

WBS 1.1.1.3.3 tlterbay Jumpers 

WBS Dictionary 

This element includes all production hardware required to provide for interbay power 

distrii>ution within a power sector of the solar blanket. 

Bement Description 

The formulation of high voltage in the solar array is accomplished by connecting approxi­

mately 78,000 se-ts of solar cells in series. Since the strings of solar cells start at the 

centerline of the satellite, go to the outer edge and then back to the centerline, they 

must cross the primary structural beams, between bays, eight times. The purpose of 

the interbay jumpers is to provide a means of electrically connecting strings in one bay 

to the apprc.priate strings in the next bay of the string length. 

The interbay jumpers (figure 1.1.1-9) are No. 12 aluminum cable. One-blanket segments 

jumpers are collected and run along the catenary cable to an end-connector. This end 

connector is joined with the next bays jumper end connector in the beam framework 

near the catenary support point. This method was chosen as a less complicated construc­

tion/maintenance scheme whilr still providing the necessary function. 

WBS 1.1.1.4 Power Distribution 

W BS Dictionary 

This element includes power conductors and switches necessary to transmi•. dcctrical 

power from the power source to the rotary joint. Also included are cables and harnesses 

required to distribute power to equipment mounted on the solar array. Excluded are 

instrumentation and data buses which are a part of the data management assembly. 

29 



0180-25037-3 

Table 1.1.1·2 Silicon Solar Cll/18/anket Maa 

AVAILABLE BLANKET• PART II MIDTERM DENSITY 

COVERS-FUSED SILICA 2.20 

CELLS-SILICON 
INTERCONNECTS-COPPER 
SUBSTRATE-FUSED SILICA 

7MILS 
3MILSCOVER 

2MILSCELL 

2.36 
l.M 
2.20 

55.88 
69.94 

227.08 
65.lt 

3.0 
2.0 
.I 

2.0 

AREA FACTOR 

1.0 
0.9607 
0.100 
t.O 

THEORETICAL PANEL WEIGHT 
TOLERANCES ALLOWANCE (5%, 

ESTIMATED PANEL WEIGHT 
PANELAREAFACTOR L9913, 

2 MILS SUBSTRATE• INTERCONNECTS. 

SEGMENTS AREA FACTOR l.99n, 
JOINTJSUPPORT TAPES 
CATENARY SYSTEM 

ESTIMATED ARRAY WEIGHT 

INTER BAY JUMPERS FOR 
A TYPICAL BLANKET SEGMENT . 

~=====i=~~~::::=:jtj:::=:::::=::::j'.~==::i"--•TOSEGMENT .;:: CONNECTOR 

INTER BAY JUMPERS 
(NO. 12 ALUMINUM CABLEI 

BLANKET 
TENSIONING 
DEVICE 

Figure 1.1.1-9 Inter Bay J1.J npers 
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20.30 
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For power management and power distribution, the photovoltaic SPS is divided into 

typically 228 power sectors. Each power sector is switchable and can be isolated from 

the main power bus, facilitating annealing or other ~ervicing. 

Solar cell strings approximately .5.1 km long were s~lected for the reference photovoltaic 

system configuration. This permits generating die requir~d voltage directly fr":, the 

solar array without intervening power electronics. All solar cell strings are identical. 

Current generated by tne solar cells are carried by c.:onductors or by the solar cells them­

selves. The configuration in figure 1.1.1-10 •Jses the solar cells t\l the maximum possible 

extent for carrying the current. It is noted that no conductors are needed for bringing 

in the current from the edges of the array, the solar cell strings being arranged in loops 

whic'": start from one center bus, loop around the edge of the array, and returr. to the 

other bus at the center of the array. (The solar array is part of WBS item 1.1.1.3; this 

description shows how the solar array interfaces with the power distribution system). 

During the critique of the baseline system concept the system redundancy of the major 

power system busses were of some concern to both Boeing and T?. W personnel who accomplished 

the critique. In addition, the potential fault currents that could occur with the single-

line bus system was also of concern. 

A redesign of the m- in power distribution bus system w:.is accomplished to decrease 

the possibility of loss of all power to the antenna and to limit potent1al !ault c:,•rrents. 

The overall multiple bus system concept is shown in figure 1.1.1-10. A summary of 

the important parameters is shown in table 1.1.1-3. 

One of the problems 'i.O be addressed in a multiple bus system is the delivery of power 

to all sections of the antenna at essentially the same voltage. Figure 1.1.1-11 shows 

a concept that was ctevdoped wt.iich will enable the delivery of power to the rotary joint 

with the voltage levels for aH busses within 0.25% of each other which should satisfy 

distribt. ~•vn requirc:m~11ts. By staggering the bus connections as shown by figure 1.1.1-

11, the voltage delivered only varies by the voltage drop across l/3 of a satellite bay. 

The adoption of this multiple bus scheme will result in the loss of one qundrant of the 

antenna for faults on any of the main B source power busses and one-sixth of the antenna 

for faults on the main A source power busses. 
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Table 1.1.1-3 Multiple Bus Conductor Summary 

SATELLITE ANTENNA 
POWER NO.OF ARqAV 
SOURCE BUSES POWER SECTORS 

A 4 (+) 31 15,966 57 25.388 

'(.) 

8 61+1 85 22,783 16,925 
ec l 
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W8S 1.1.1.•.1 Main Buses 

The main bus subsystem outlined here covers the portion of the power distnbution subsystem 

f rorn the solar cell interconnections to the antenna sliprings. The buildup of solar cells 

into st .. 1gs, within each bay was described above. The strings on each side of the satellite 

longitudinal centerline Me ~oonected in series to form a half string 39,lOlf (9776 x 4) 

cells in length. To obtain the 40,000 volts needed to operate the klystrons of the MPTS, 

the half strings are connected together at the outer edge oft~ satellite by triangular 

jumpers. This gives 29S series strings (fore •. _·h four bays-cent« to edgd each 71,208 

cells loog. Note that, to provide cell failure protection, each string is really l• cells 

w!<k. 

W8S 1.1.1.•.2 AcquisitiCJn Buses 

Acquisitioo buses collect the raw de power from the solar array strings and connect 

to ttk! switchgear sets. To minimize satellite :n.us, conductor grade aluminum sheet 

was selected t...- the main and acquisition buses. Analysis of conductor operating temperature 

vs. tndss led to tile choice of a conductor operating temperature of 100°c. A. OO""' millimeter 

conductor thick·ness .-as selected as the minimum gauge on the bsis of handling and 

a~mbly. This l~~s to the result that the buses are 0.01.581 centimeters wide for each 

ampere car:ied. 

WBS 1.1.1.t.J Switchgear 

The silicon o·il )anels and bays forrn the power generathlll modules shown in the photo­

V\l:tak ele<.:trical schematic in figure l.1.1-12. These modules are fed to vacuum circuit 

bre.ii<er switchgt:>ar co.>ntrolled by load and system demands. The satellite switchgear 

is rd.led at 2,200 .tmps and 40 kv aod is si•nilar to the antenna switchgear. 

YIBS 1.!.1 .. .S Thermal Control - No Requirement Has Been Identified 

YIBS 1.1.1.6 Maintenance (Solar Array Anlealing Equipment and Operations 

WBS Dictionary 

This element i11eludes all hardware required to pr.:>vi~ the capabi:ity of mnealing radiation 

degradation from the solar cells. Subelernents indude the anneaJing device, support 

!tlructure, and auxiliary equi;>m~.1t. 

t.lernent Description 

Laser annealing was chosen .:is tr ... ' reforence approach to recovt"r radiation induced performance 

degradation of the en~rgy ccnversion systeir.. 
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Figwe 1. t. 1-12. Simplified SPS Functional s.-mm Block Dill(/Rfll 
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The design assumptions for the laser devices that was used in our analysis is gi\~ in 

Table l.l.l-4. These are based on test results dPscribed in Volume IJ of the present 

report. 

The option chosen for this study was to use one annealing devi::e gantry per sateUite 

module (4x8 by subsection) as shown in Figure 1.1.1-13. A typical anneaiin§ device gantry 

is also shown. The gantry would index to its first position, at the edge of the satellite, 

anneal that section (15 meter width x fOOOm length) and then move on to the next section. 

In this manner, it would traverse the length of the satellite annealing one bay wide sections. 

When one bay has been anneale<!, the gantry will inde"< to the next bay and perform the 

annealing opecating. These same operations are repeated until the complete array has 

been annealed. A total of four gantries will be used. 

The gantry system travels on tracks provided on the satellite primary structural members, 

in the upper surface beams, running along the satellite length. 

Within the gantry, there are 44 laser systems. Each laser syst"!m is gimballed to allow 

the laser set (8 lasers) to scan a 15 meter square section. The 15 meter section was 

chosen to be consistent with the array blanket segment widths. With all of the laser 

systems on a single gantry operating, it wi!.1 take approximately 2.5 hours to anneal 

a 15 u1eter section one bay wide. This results in a time of 110 hours to anneal one bay 

of solar array. 

WBS 1.1.2 Microwave Powel Transmission System 

WBS Dictionary 

This element includes the entire spaceborne phased array power transmitter. This includ~ 

the de distribution system .from the rotary joint to the rf transmitters, the rf transmitters 

themselves (klystrons), their de and rf control and monitor circuitry, and the rf antenna 

elements composed of slotted waveguides, support structure, rf feed circuits, mechanical 

pointing control, and all the com(lOl'lents required for distribution and control of the 

phase of the retrodirective antenna subarrays. 

Element Description 

The MPTS system serves the ba:uc function of converting de power t" microwave power 

in space, trar.smitting it through the medium with a minimum of environmental impact 

36 



0180-25037-3 

Table I. I. 1-4 Gimbaled St:Mning LllW a...ct.ristics Upd9re 

• AMIEAUNG BIEAGY DENSITY: 

e f'OllER DENSITY: 

• T MAX (ACTIVE REGION): 

• LASERSIGl-.U.: 

• SCANNING SPOT SIZE: 

• SPOT SWEEP RATE: 

• POWER REO' llRED/LASER GllmAL: 

• POWER REOUIREOIGMTRY: 

e NUMBER Of GANTRIESISATELUTE: 

• TOTAL ANNEALING POWER REQUIREMENT: 

• TIME REQUIRED TU ANNEAL ARRAY: 
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Figure 1.1.1·13 Laser Annealing Concept 

37 



D 180-25037-3 

and converting it back to de on the ground. The baseline approach utilizes a retrodictive 

phased array described in Section l.l.2.3, powered by dc-rf klystron converters described 

in Section 1.1.2.3.2. DC power from the rotary joint is distributed in a rnanner to minimize 

12R losses to the klystrons, utilizing 8.5% unprocessed power with a maximum voltage 

of 42 kv. The transmitter design constraints are outlined in Figure 1.1.2-1. The high 

efficiency klystrons are described in Section 1.1.2.3.l and are combined to provide a 

tapered (IO db quantized Ga~ssian) illumination of the array resulting in low sidelobe 

levels and high antenna efficiency (over 9.5%). The thermal loading to the center of 

the array (22 kw/m2 rf) permits a design for a l km diameter array which provides roughly 

..5 GW of de power on the ground per antenna. The phased distribution system is designed 

to minimize line lengths and cumulative phase errors in the distributing transmission 

lines by using a 3-node reference distribution system with line length compensation. 

The pilot reference signal from the ground utilizes spread-spectrum modulation with 

a sup.,ressed carrier at the power beam frequency, to effect conjugation (i.e., electronic 

fine beam steering) in an efficient manner. 

WBS l.l.2.l Structure 

This element inch ... odes those subsystems not directly associated with conversion of electric 

power into rf beam power. 

WBS 1.1.2.1.1 Primary Struchre 

WBS Dictionary 

The Power Transmitter Primary Structure is the main structure that provides overall 

shape and form to the transmitter. 

Description 

The Primary Structure is an A-frame open truss structure, 130 meters deep, with a quasi­

octag,Jnal shape in excess of 1,000 meters width and length. The Primary Strncture 

a11d its relationship to the Secondary Structure and the rest of the power transmitter 

are shown in Figures 1.1.2.-2 and 1.1.2-3. The A-frame elements of the Primary Structure 

are made up of 7-1/2 meter continuous chord beams composed of graphite polysulfone 

composite structure. 
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Figure 1.1.2-2 Reference MPTS Structural Approach 
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Figure 1.1.2-3 Reference MPTS Scruture Interlaces 
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Mass 

The mass of the Primary Structure is 52,500 kilograms. 

Cost 

The cost of the Primary Structure was estimated at $125 per kilogram. 

WBS 1.1.2..1.2 Secondary Structure 

WBS Dictionary 

The Secondary Structure provides structural bridging over the Primary Structure with 

a sufficiently small repeating structure element interval to allow installation of the 

transmitter subarrays. The Secondary Structure does not include subarray structure. 

Description 

The Secondary Structure is a deployable cubic truss, with telescoping vertical members 

to minimize packaging volume. The members are made from graphite composite materials 

and the joints all include a rigidizing mechanism of device to provide complete rigidity 

of the structure after deployment. Diagonal cross--members are removable as necessary 

to allow for maintenance of the subarrays by the maintenance system. 

Mass 

The Secondary Structure m<,ss estimate was 197,500 kilograms. 

Cost 

The cost estimate for the Secondary Structure was estimated as $129/kilogram. 

WBS l.1.2.2 Transmitter Subarrays 

WBS Dictionary 

This element includes all hardware required for the generation, distribution, phase control, 

and radiation of the microwave energy including thermal control. 

Element Description 

The retrodirective phase array configuration utilizes 7220-10.4 x l0.4 meter subarrays 

arranged in a ~uantized 10 db taper configuration conforming to dimensional requirements 

which will result in a maximum RSS e~ror associated loss of 2%. The concepts of configur­

ation for fine beam steering have been adequately defined to the block diagram stage 
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but require further design refinement and laboratory verification. The array features 

a standing wave slotted waveguide approach with a maximum effective stick length 

of 5.2 meters and maximum power level of 3.5 kw per stick. A test program for a plated 

composite waveguide has been suggested to verify the potential advantages of this light­

weight approach currently in modest use on some communication satellites. 

A modular concept integrates klyston power tubes with subarray radiators. One quarter 

of the transmitting array is shown in Figure 1.1.2-4. The square subarrays, complete 

with associated klystrons tile the face of the aateMa which is in turn supported by the 

secondary structure. A taper of the microwave power density across the antenna aperture 

is achieved by varying the numbf;r of klystrons used per subarray. A section of a subarray 

called the integrated klystron module is shown in Figure 1.1.2-.5. It shows the 70 kw 

klystron mount.xi on the back of the slotted waveguide antenna array. The passive cooling 

system can be seen. Also illustrated here is the phase control system installation on 

the subarray, required to insure that the radiation from the modules will be in phase 

at the rectenna. This system will tie the modules within a subarray together with waveguide 

and all the subarrays together with coaxial cable or an equivalent transmission link. 

Element Mass 

Detailed mass e~timates for this element are given in Ta!:>le 6-9 .:>f Vol. IV of the Final 

Report for Contract NAS9-15196. A mass summary was included in the mass table on 

pagel3. 

Element Cost 

Cost estimates for this element are given in the summary table (1.1.5-0 as $1.43 billion 

per antenna for structure, waveguide, klystrons, thermal control, and control circuits 

(mature industry estimate at I SPS per year). 

WBS 1.1.2.2.1 DC/RF Converter Module 

WBS Dictionary 

This element includes all the hardware and control circuits for the klystron rf transmitters, 

namely the cathode subassembly, the rf circuit (body), the collector, the output waveguide 

and window (if required) and the solenoid for beam focusing. External monitor circuits, 

both de and rf are also included. 
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NUMBER NUMBER 
~ SUBARRAYS ~ YSTRONSI NUMBER 

1 276 &ARRAYS KLYSTRONS 

38 ·-

2 632 30 11,960 

3 644 24 1&.• 

4 128 20 12.680 

5 784 11 12,.544 

I 900 12 10,llOO 

7 6&4 I &,971 

• 112 • 4,891 

9 1,052 I 8,312 

10 1,028 4 4,112 - -Tot* 7.220 101.&62 

Figure 1.1.2-4 Ti ransmitting Array 

Figure 1.1.2·5 I ntegrated Klystron Module 
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Element Description 

An rf transmitter and configuration of 101,552- 70 !<w CW klystron amplifiers operating 

at 42 kv with 45-50 db gain using a compact efficient (82-85%) solenoid wound-on-body 

design approach with conservative design parameters (0.15 amps/cm 2 cathode loading) 

to achieve long life has been chosen. This 5 stage depressed collector design provides 

a complementary design to the amplitron alternative. Proposed multiple tube development 

programs and assessment of high voltage operation in space will provide the final answer 

to the transmitter selection. The layout of the basic klystro .. , ouilding block module 

is shown in Figure 1.1.2-6 with the various elements shown. The 6 cavity design, with 

a second harmonic bunching cavity for s~ort length and high efficiency, features a dual 

output waveguide with 35 kw in each arm. The thermal control system used to cool 

the output gap, the depressed collector and the solenoid (with a design temp(·rature 

of 300°C maximum on the body and 500°C on the collector is described below. An MTBF 

improvement of 3 to 10 from the present value for several hundred sf>aceborne tubes 

of 2 years, and best tubes of small .groundbased radar systems of 10 years will have to 

be reo.lized through conservative design and proper burn-in procedures. The driver for 

the final klystron power amplifier will require a;1 output of about 3 watts cw for a 45 

db output amplifier saturated gain. This power level is available in several off-the-shelf 

reliable low power low noise TWT amplifiers which can be driven directly from phase 

regeneration circuit!"y at power levels well below a milliwatt. The driver tube could 

be either an off-the-shelf low-noise high-gain TWT or a multi-stage transistor amplifer 

with up to iO db gain per stage at this frequency. All phase configuration functions 

will ':>e ~erfor'.Tled at low drive levels. 

Element Mass 

The klystron mass per tube is estimated to be 48 kg, wit;1 an additional 13 kg for thermal 

control. 

Element Cost 

The mature industry mass production cost per klystron has been estimated between 

$1900 and $2500 per klystron depending on prnduction rate (1977 dollars). 
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Figure 1.1.2-6 70 Kw Klystron 
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WBS 1.1.2.2.2,3 & 7 Strucnwe and Waveguide 

WBS Dictionary 

This element includes all production hardware required for the radiating waveguide, 

distribution waveguide, subarray support structure and attachmE.nt provisions for subarray 

components. These WBS items are grouped together because this is an integrated assembly. 

Elemer.t Description 

A t)·pical, four modu!e, subarray is shown (Figure 1.1.2-7) with all pertinent systems 

installed. The elements to be disc~::.w-d in this section are the radiating waveguide, 

distribut!on waveguide, subarray support structure, and the klystron support structure. 

The radiating waveguide, at the subarray level, is composed of 120 waveguide sticks 

(Figure l.l.2-7) that are l0.'t3 meters long. The method of attaining various numbers 

of module units per sul•array is to install internal shorts, conducting elements, within 

the stick lengths and to distribute rf power with the distribution wave~u!de sticks to 

the desired number of waveguide sticks, for a single klystron. In this manner, it was 

possible to obtain ten types of subarrays, ranging from 36 to 4 klystrons per subarray 

(Table 1.1.2-0, to ac~ieve the desired po,·:er taper. The integral radiating waveguide 

forms a subarray unit 10.43 meters square, which remains unchanged throughout the 

array, and is based on realizable mechankal tolerances and accepta;,le error plateau 

levels. 

The distribution waveguides feeci 1>4'wer from the klystron output waveguide to the radiat­

ing waveguide. The distribution waveguide sticks are arranged in pair~, each one supplying 

half of the rf power to a given klystron module. There is also an attachment point, 

at haif of the distribution stick length, to connect/disconnect the klystron output wave­

guide. 

The subarray support structure is composed of perimeter beams, lateral and longitudindl 

I-beams. These beams have a web of 12.0 cm and flanges of up to 6.0 cm and are bondeci 

directly to the back of the radiating waveguide. The lateral and longitudinal I-beams 

form a matrix wit-!) a klystron module being framed within each box. 

Attachment ~ _visions are made on the subarray structure for the klystron support struc­

ture, power distribution harnesses, module power connectvrs, solid state control device-;, 

ana su~ array support to the secondary structure. The klystro11 is supported, within the 
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f 
i-.--8.6507 CM- 6.0CM 

..... -=~ ..... ----------~----~-04..ii;~ 
STRUCTURAL MAT'L: GREP -8PLY 

CONOUC"TING MAT•t: ALUMINUM (T • 6.67 11M) 

Figure 1. 1.2·1 Reference MPTS-lntegrated Subarray 
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NO. MODULES ARRANGE-NT 
SUBARRAY OF MODULES 

3& 
JO 
24 
20 
16 
12 

IW•U 

L_: -
9 
8 
6 
4 

6•6 
6a5 
'ta4 
Sa4 ..... 
Sa4 
l•J 
4 a2 
1.2 
2.2 

48 

MODULE C*IElllSION 
w ..... L(lft} 

1.138. 1.138 
1.7Jla2 ... 
1.138•2.&DB 
1.08611 2.til08 
l.&118. 2.&118 

2.lilDI • 1.•n 
J.4nxJ.4n 
2.lilDI :ii: 5.215 
3.4n.5.215 
5.215 • 5.215 



011&25037-3 

module, by a C-beam/saddle fixture that has a support block on each end for load trans­

mittal into the ~adiating waveguide. Fw-ther support of the klystror\ is provided through 

the klystron output waveguide/distribution waveguide connection. 

The power distribl."tion harnesses are supported by the subarray support structwe beams 

with tiedown b.'\nds at half module lengths. At the point of departure of the cables from 

the harness to the module a connector support attachment is provided for the module 

power connect·,,.. 

Provisions must also be made on the perimeter beams, at three points, to attach the 

subarray to the secondary structw-e. Ttus c1ttachment will allow the adjusting mechanism, 

located on the secondary struc~ure attachment points, to attach to the subarray structure 

to facilitate 1 .!lative movement between the subarray and the MPTS structure. 

Element Mass 

The element mc?SSes for the element if\ this section were shown in the comprehensive 

mass Table. The structural mass includes attachment and support provisions for the 

subarray. 

Element Cast 

The cost estimating factor used for the elements in this section, was 66$/kg. This factor 

covers both waveguides and structure at the subarray level using a mature industry approach. 

W8S 1.1.2.2.' 1benna.I Contral 

WBS Dictionary 

This element includes all production hardware required to remove and dissipate waste 

heat from the klystron modules at the subarray level. Subelements include the klystron 

thermal control, solid st<"te contr"l device thermal control, and thermal insulation within 

the su!:>array. 

Element Description 

The two major waste heat sources, at the subarray level, are the collector and cavity/­

solenoid sectioos of the klystron. A small amount of waste heat must be dissipated from 

the solid state control devices. Tables t.1.2-2 and 1.1.2-3 list the waste heat sources 

and therma~ limitation assumption for subarray components. 

Two options have been identified for the klystron thermal control system. The first 

option is the heat pipe approach developed under Contract NAS9-15196. The second 

49 



A. 

.. 
c. 

01~25037-3 

Table 1. 1.2-2 Waste Heat Sourr:a 

SOURCE LEVEL 

KLYSTRON: 

1) COUECTOR 8.0KWIUNIT 
2) CAVITY LOSSES 3.1 ICW/UllllT 
3) SOLENOID 1.4KWIUNIT 

SOLIO ST ATE CONTROL OEVICU 10WJUllllT 

RAOIATI~ ANO FEED WAVEGUIDE 1.0T09.1 KWISUBARRAY 

T&Jle 1. 1.2-3 Tht!rmal Limit11tion Assumptions 

KLYSTRON: 

STRUCTURES: 

COLLECTOR • !iOO'lC 

SOLENOID ANO CAVITIES 30CJOC 

SOLID STATE CONTROL Cl(.1S 700C 

COMPOSITE MATERIALS 
1. GRAPHITE-EPuXY 
2. GRAPHITE-POL YMIOE 

50 

175oC 
26QOC 

OUAUTY 

SOODC 
~ 
3QOOC 

0-700C 

0.125oC 
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is an active (circulating) system largely defined by the Vought Corporation on their 

IR&D, in cooperation with the current contracted effort. The principal motivation for 

the active system is the elimination of liquid metals (mercury) necessary for heat pipe 

operations at soo0 c. Both systems are described below. 

Option A: Heat Pipe 

Heat pipes and radiators were designed to dissipate klystron waste heat losses. The 

heat pipe evaporators, an integral part of the klystron, pick up the waste heat for transfer 

to the thermal radiators (Figure 1.1.2-8). The thermal radiator has six sections, two 

sections for the collector and four for the cavities and solen<.'id. A cross-brace is used 

to retain the radiators along two edges. The collector section operates at 500°C and 

the cavity/solenoid section at 300°c. A better description of the heat pipe/radiators 

is given in Table 1.1.2-4. 

Even though the thermal control system removes the heat released by the klystron, 

a high temperature still exi~ted at module components ~has solid state control, power 

distribution buses, and composite materials in the structure and waveguides. A lo.wer 

temperature environment for these components was provided simply by isolating the 

high temperature sections of the klystron and the back side of its thermal radiatcr with 

thermal insulation (Table l.1.2-5). The small amount of waste heat from the solid state 

control device is dissipated by its own radia!or/heat sink. 

Failure analyses conducted during the current contract indicated a problem with the 

heat-piped-cooled klystron. The difficulty is that the 500°c segment would utilize a 

mercury vapor heat pipe. In the event of 2 meteoroid puncture or other leak, the liquid 

metal would be released into the high voltage environment of the transmitter system 

and lead to drcing and damage. Plating of liquid metals on insulators might lead to 

a permanent" image situation tha: would require repair and replacement. Vought Corporation 

examined a circulating fluid cooling option and found that a mass reduction was possible 

and that fluids co•Jld be selected that would minimize risk of arcing. The!r analysis 

indicates that a circulating fluid system can be maoe as reliable as the heat pipe system 

and cetainly more reliab•~ tha!'l the expected liietime ot the klystron themselves. Figure 

1.1.2-9 and Table l.1.2-6 show j)rincipal features of the circulating fluid system option 

for the klystron cooling circuit. 
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TYPICAL MOOUL£ OF HIGHEST POWER SUBARRAY 

---~''tL ------ 1
·7J9m _ L__ r=O,C)251n 

~AT"~ 1'rc,~ ~sc:::·--:::=--n:::·:::;:::::-~:."=::.~ ~~~·---~-~--~-~~=:;1111 I 
FLEX.JOINT~ 

Ii 
THERMAL '1 

RADIATOR FIN (6) -f H 

THERMAL RADIATOR -:--" - ,__ 
HEAT PIPE 161 

SUBARRAY 
l-8EAMSTP.UCTURE---"' 

1.65M ,_.,.. 

RADIATOR I l 
CROSSWACE ~ II~-

_ _J_ .. _'!..=il= ~~~'-> i .. • . ~=:=:::.::::= ;t-= llG----1.sc1m __ =:j__. IJl 0·019in 

Figure 1. 1.2..IJ Top View of Klystron Module Thermal Radiator 

Table 1.1.24 Klystron Thermal Control 
5'S ,~ ... 

CAVITY AND SOLENOID -cCTION: 30CJOC 

COLLECTOR SECTION: 

HEAT PIPE TYPE-1.339 KGIM 

WORKINt: FLUID-HG 

4 HEAT PIPES'" 1.30 11.W EAC!i 

RADIATOR -ALUMlf4UM 

-THICKNESS• .081CM 

- ARl A : 0.432 l'A2 EACH 

MASS (EACH) ~ l.18 !<.G 

50C)t'C 

HEAT PlrE TYPE - 1.339 KG/M 

WORKING FLUID - HG 

2 t4EAT PIPES\• 4.0 :<W EACH 

RADIATOR - COPPER 

Tll ICKNESS • 0.086 CM 

AHEA ~ 0.406 M2 FACH 

MASS IEACHI • J.08 KG 

---------------
MASS/KL VSTRON • 13.9 KG 
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Tab/ti 1. 1.~5 n.m.I /MUl«ion 

COWONENTS: 

fjQODC 

COLLECTOR SECTION 

(RADlAl'OR • llL YSJROll) 

3IJOllC 

CAVITY 6 SOLENOID 

(RADIATOR• KLYSTRON) 

WAVEGUIDES 

TYPE: 

9 LAYER MUL TIFOIL (ZrO SPACER) 

I LAYER KAPTON (SllK NET SPACER) 

15 LAYER KAl'TON (SILK NET SPACER) 

10 LAYER ltAPTON (SILK NET SPACER) 

llASSIMODULE • Z.IOKG 
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'4 t."40" -----t 
~e~''rrj 111111_ 

-----
'-B 

!).2 KW 
300•c. 
KL "I''!. TlllOt4 
ltAl>IATOC. 

Figure 1.1.2-9 Klystron Pumped Fluid Thennal Control System 

Table 1. 1.2-6 Klystron Module Thermal Control System Characteristics 

500°C 300oC 

MATERIAL COPPER COPPER 

FLUID AIR@60ATM DOWTHERM-A 

INLET TEMP 477°c 277oC 

OUTLET TEMP 41J°C 2so0c 
LENGTH X WIDTH 0.57m x 1.61m 1.04m x 1.G1m 

TUBE SPACING 3.1cm 2.84 cm 

TUBE DIAMETER 5.&mm 1.27 mm 

TUBE THICKNESS 0.886mm 0.71 mm 

FIN THICKNESS 0.163mm 0.066mm 

EMISSIVITY 0.8 0.8 

ABSOHT IVITY 0.3 0.3 

TSINK 36.3<>c 36.s0 c 
PUMP lFFY. 0.1 0.3 

'FIN EFFECTIVENESS 0.894 0.920 

AREA 0.91 m2 1.67 m2 

MASS/MODULE 7.95 kg 5.13 kg 

CURRENT MASS/MODULE - 13.18kg 
PART Ill MASS/MODULE - 18.88 kg 
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Element Mass 

The major thermal control system element masses are included in the comprehensive mass 

table. The total thermal control mass per subarray varies between 57.5 kg and 64 kg, 

depending on the subarray power density. The total mass of subarray thermal control 

systems is 1612.6 MT. 

Element Cost 

The cost of thermal control elements was estimated as $1410 each. 

WBS l.l.2.2 • .5 Wiring Harnesses 

WBS Dictionary 

This element includes all production hardware to provide power distribution at the subarray 

level. The subelements in this category include the pigtail connector for the subarray, 

busing between this connector and the klystron module connector, and the klystron module 

connector. 

Element Description 

The conductors on the individual MPTS antenna subarrays are insulated circular aluminum 

conductors. The thermal environment for the conductors is relatively benign since the 

klystron radiator system is designed tc radiate away from the waveguide surface. Each 

subarray conductor is routed from the interface connection at the subarray drop to the 

klystron. For reliability reasons no conductor taps are made on the subarray to provide 

for multiple klystron feeds from a single conductor. Connectors are provided at the 

interface connection, of the secondary structure and subarray and also at tht: interface 

of the harness and the klystron module. This provides the co.pability to physically connect/disconnect 

either the mvdule or subarray for maintenance options. 

Figure 1.1.2-10 presents the conductor summary for the four klystron subarray. Also 

shown in this figure are per unit length tabulations of conductor mass and t2R losse~. 
All subarray conductor calculations for subarray distribution mass and losses were computed 

using Lhese per uni.: length values. Figures 1.1.2-11 through 1.1.2-1.5 present the results 

for the other antenna subarray types. Total antenna subarray conductor mass a'ld losses 

were computed by multiplying these quantities by the number of each subarray types. 
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4 KLYSTRONS 2X2 

VOLTAGE CURRENT/TUBE TOTAL CURRENT 

21,050 
42,100 0.088 0.352 
21,050 0-044 0.118 
25,160 0.08tl 0.352 
29,470 0.154 0.611 
37,890 0.130 1.320 
40,000 1.452 5.808 
10'.I 5.000 20.000 
1;JOV (2 EA.I 10.000 40.000 
COMMON 7.156 2a624 

Ly•32.916 

W.,•1.38KG. t2R•241.0I 

WIRE 
12RJM NO. WIRE INSUL WTIM 

VOLTAGE REQ'O SIZE THICK KG. WATTS 
(REF TO CURRENT 14.WG. (MILi. 
BODY AAOOE) 

21,050 1 30 8.6 .0009 
0.G88 1 30 8.6 .G009 0.004 

21,050 0.044 1 30 8.6 .0009 0.001 
16.940 0.1188 1 30 6.8 .0001 0.004 
12.llO 0.154 1 28 5.2 .0001 O.Q08 

4.210 0.330 1 27 2 .0004 0.030 
2,100 1.452 1 22 1 .0010 0.184 

1UM 42,100 5.000 1 18 16.8 .0068 0.861 
42,100 7.156 1 16 1&.e .0090 1.107 
42,100 10.000 2 15 16.8 .0103 1.709 

£ = 0.0419 5.617 

Figure 1.1.2-10 Four Klystron Subarray Conductor Summary 
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I ::.=:.::.::=-;::~_;_,.-~ 
J 

1 
-

l 
6 Kl YSTRONS 2X3 

I Kl YSTRONS 2X4 

VOLTAGE 

21,050 
42,100 
21,or..o 
25,1llO 
29,410 
37,890 
40,000 

10 
100 

COMMON 

TOTAL CURRENT 

0.528 
ll.'264 
0.528 
0.924 
1.980 
8.712 

30.000 
80.000 
42.936 

LT•49.374M 

Ww•2.49Kg 

12R •333.50 

VOLTAGE 

21,1150 
42,100 
21,050 
25,1fi0 
29,470 
37,890 
40,000 

10 
100 

COMMON 

TOTAL CURRENT 

0.724 
0.352 
0.724 
1.232 
2.640 

11,616 
40.000 
80,000 
57.248 

Ly. 65.832 

Ww-3.18 Kg 

12R • 368.78 

Figure 1.1.2-11 Six and Eight Kly6tron Suba"ay Conductor Summary 
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ti KLYSTRONS 3ll.3 

12 KLYSTRONS 3X4 

VOLTAGE 

21,050 
42,100 
21.o&o 
25,160 
:dl,470 
37.890 
40,000 

~o 

100 
COMMON 

TOTAL CURRF.NT 

0.792 
0.398 
0.792 
1.386 
2.970 

13.068 
46.000 
90.000 
64.404 

LT•11.579 

Ww•3.42Kg 

12R • 458.23 

VOLTAGE 

21,050 
4:.!,100 
21,050 
2S,i60 
29,47(1 
:17,890 
40,000 

10 
100 

COMMON 

TOTAL CURRENT 

1.056 
0.528 
1.056 
1.848 
3,960 

17.424 
60.000 

120.000 
85.872 

Lr•95.439M 

Ww•4.42 Kq 

t2R • 592.25 

Figure 1.1.2-12 Nine and Twelve Klystron Subarray Conductor Summary 
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..._ _ _.___~ _ __.____J 

-~() 

I ,-
0 

16 KLYSTllONS 4X4 

20 KLYSTRONS 5X4 

VOLTAGE TOTALCURRENT 

21,0:-.0 
42,100 
21,050 
25,160 
29,470 
37.890 
40,000 

10 
too 

O:OMMON 

1.408 
0.7(M 
1.408 
2.464 
5.280 

23.232 
80.000 

160.000 
114.49'! 

Lr• 131.664 

Ww•S.94 Kg 

12R • 795.73 

21.050 
4'.!,100 
21.0!iO 
'.<5.160 
2'J,470 
37.890 
40,000 

10 
100 

COMMON 

1.71>\. 
0.880 
1.760 
3.030 
6.600 

29.040 
100.000 
200.000 
143.120 

Ww• 7.40 Kg 

12R "991.77 

Figure 1.1.2·13 Sixteen and Twenty Klystron Subarray Conductor Summary 
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10 
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2.112 
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1691 
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240.000 
11t.M4 
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.. 2.100 
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TOTAL CURRE!llT 
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300.000 
214.680 
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Ww• 1C.13 Kg 

12R • 1,351.50 

Figure 1.1.2-14 Twenty-four and Thirty l(/ystron Su!Jarray Conduc~r Summary 
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Figure 1.1.2-15 Thirty-six Klys:ron Subarray Conductor Summary 
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Ell!meftt Mass 

The harness mass for each type of subarray was listed in the tables on Figure~ l.l.2- i 1 

tt..~h 1.1.2-U. The total m3SS of harnesses for an MPTS antenna is 35.9 MT. 

Element Cost 

The cost e~timating factor for the harnesses is 4.S $/kg. 

was 1.1.2.2.6 eantro1 Circuits 

~uch of the phase control equipment is installed on the subarrays. An intf!grated phase 

control discussion is provided under \VBS l.l.2.5. 

was 1.1.2..l Power Distribution and Conditioning 

1.1.2.J.l DC IWer Distribution System 

The- DC power distribution of the antenna is defined between flexible elevation voke cable 

output interface and the local power output associated with a transmitter (klystron) 

module. 

The antenna receives its DC power via a total of 228 main DC power Hnes, called sector 

lines. Approximately 35.7 MW of DC power is carried on each of these lines. 

Since the dntenna RF power distribution is axially symmetrical and tapered along the 

radius from the center it is logical to •iivide the antenna into sectors and rings in a 

somewhat similar fashion then for the ref P.rence phase distribution. Figure 1.1.2-16 shows 

the division of the antenna into 20 sectors. Half of the sector lines reach ne antenna via 

the left and right yoke joint respectively. Eleven sector lines are going toward each of 

the 20 sectors. The remaining eight sector lines are fet"ding the outer ring of the antenna, 

which is divided eight ways, thus on the average 11.4 sector Imes are available for each 

sector. 

There are 361 subarrays in each sector. The:,e subarrays are divided into 19 groups for the 

purpose of the phase distribution network and 19 subarrays are in each group. The group 

designation 1s ,\ 1, A2, ... A19 as shown on Figure 1.1.2-17 which exhibits a typical sector. 

The same figure shows the distnbution of the incoming sector lines and the out-going 

subarray lines The division from s..!ctor lines to subarray lines i.> achieved at the J 
1 

level 

junction stations. The figure also shews the locdtion of the J 
1 

stations. 
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Figure 1.1.2·16 Distribution of !JC Sector Lint!5 for the Space Anrenna 
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Figure 1. t.2-17 Diltribution of DC Sscror Unes Within One of the 20 Sscton 
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The distribution of the J 1 stations is selected i.n such a way that each sector line is loaded 

by approximately the same number of Klystrons. Ideally 446 klystron gives the equal 

loading condition. Actually tne number of klystrons vary between 396 to 4% klystrons, 

representing maximum -11.2% and +2.2% variations from the nominal. 

At each J 1 station a switch gear and DC to DC converter is located designed for a 

nominal 35.7 MW Capdcity. Part of the power goes through a DC to DC Converter with 

5.4 MW input powr .. capacity and%% efficiency, thus approximately 21& kw thermal 

power has to be radiated at the converter. 

Figla'"e 1.1.2-18 shows the distribution of DC subarray lines from the J1 junction station 

for a typical part of the antenna, close to the edge of the aperture. There are two main 

alternatives available for this part of the network. 

One extreme alternative is to use a separate line from the output of J 1 to the terminal 

points T of each individual klystrons. In this case a failure in any of these lines do not 

affect L."e r~t of the distribution system. Except for line length differentials, which 

vary between approximately 4 m and 187.2 mall lines can be made equaJ if drop off 

differentials are negligible. 

The other extreme alterantive is to use as much as possible common cables. This requires 

the introduction of additional junction stations J2 and J3 as Figure l.l.2-1& indicates. 

An open circuit or short circuit in a main line could influence as many as 110 Klystrons 

for the shown example causing an approximate .108% loss of output power of the antenna. 

The total amount of required conA1Jctor is the same as for the previous ca8e, the insulating 

material associated with the DC cables is ml!ch less while the number of connectors 

is a larger, which further increases the failure rates. 

The first alternative was assumed for the failure mode analysis. 

JIBS 1.1.2.3.2 and 1.1.2.3.3 Switchgear aw.I DC/DC Converters 

Trie MPTS antenna power distribution system provides power transmission, conditioning, 

control, and storage for all MPTS elements. The antenna is divided in to 228 power 

control sectors, each providing power to approximatey 420 klystrons. Two of the klystrons' 

dPpressed collectors" A" and "B" which require the majority of supplied power are provided 

witt. power directly from the power generation system to avoid the cc/de 
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conversion losses. All other klystron element power requirements are provided by 

conditioned power from the dc.'dc converter. System disconnects are provided for 

isolation of equipment for repair and maintenance. Each de/de converter provides power 

to approximately 0 • .5% of the total number of antenna klystrons. The de/de converter . 
outputs are shown in Figure 1.1.2-19. 

The MPTS antenna was divided into approximate equal power areas to define power 

control sectors. Figure 1.1.2-20 shows the location of the power sector control substation 

and the associated de/de converters. No substations are located on the ~enter structural 

node, since this node 1s in the center of the highest waste heat flux regior •• 

The reference antenna structural design concept consists of a relatively sparse primary 

structure, fairly dense secondary structure and ten different types of antenna subarray 

elements to achieve a ten step approximation of the desired HJumination taper. Within 

the sub~ray element, one set of connections provides the interface between the external 

po~er distribution system and the subarray distribution system. Power is routed from the 

power sector substations to the antenna subarray elements. Disconnects are installed at 

the power sector substations to provide isolation for maintenance and repair. The power 

sector s~bstation location was selected to be at the back of the primary structure. 

Aluminum sheet conductors are routed from the rotary joint to the power sector control 

substation Jocated at the primary structure truss intersection oodes at the back of the 

structure. 

The M PTS power control and distribution subsystem provic.es conditioned power for all 

MPTS elements. The five depressed collector klystron requires conditioned power on all 

inputs except the two collectors which utilize power directly from the SPS Collector A 

supplies and Collector B soJar panel supplies. The power conditioning subsystem block 

diagram is shown in Figure 1.1.2-21. The estimated input power to each de/de converter 

is about .5400K W. 

Figure 1.1.2-22 shows a simplified diagram of the individual de/de converter modules 

employed. The selection of the particular switching circuit device has not yet been made 

but an analysis has shown that a switching speed of 20 KHz with SCR's or power 

transistors can yield a de/de conversion efficiency of about 95%. 

Overall power distribut~on system mass and losses are summarized in Table 1.1.2-7. 
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Figu1 c: '· :.2-19. DC/DC Converter for Five Segment Depressed Collector Klystrons for MPTS 
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Note: This diagram represents the Part II configuration. It 
was not updated for Pan Ill. 

Figure 1.1.2·20. MPTS Reference Antenna Power Conditioning Placement 
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Figure 1.1.2-21 MPTS Power Conditioning Subsystem 
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Output 

[itcT ~921KV 
18.Sa 

Input 

~OfiVoa > Switching RECT {yiLTE~25KV 
FILTER CKT XFHR 37a 

:Reactor ~ 
RECT HLTER 29.SKV 

f&Cap. 65a 

RECT FILTER )t-21KV 

Suppression 37a 

RECT FILTER ~21KV 
Oa 

RECT FILTER ltCVA 
420a 

RECT JfFILTER_j 30V 
700a 

Figure 1.1.2·22. Simplified DC/DC Converter Block !)iagram 

Table 1.1.2-7 Calculated Power Distribution System Mass and Loss Summary 

LOCATION CONNECTION & COMPONENT MASS(KG) 12R LOSS (WATTS) 

"ANTENNA" SECTOR CONTROL DC/DC 1,441,596 49,644,720 
CONVERTERS ANO 
SWITCHGEAR 

"ANTENNA" SUBARRAY WIRING 35,871 4,774,760 
(INSULATION INCLUDED) 

TOTAL 1,877,034 I 249,776,890 

70 



0180-25037-3 

Each MPTS antenna in the baseline design contains over 101,000 dc/rf converters and 228 

power sector control substations. During too conceptual design of the klystron, an effort 

to minimize the mass of the individual tube elements resulted in an overall lightweight 

tube. However, removing mass from the tube imposes the requirement that the 

probability of internal arcing mu~t be minimized and, in the event that arcing should 

occur, rapid removal of the power sources is required. Preliminary requirements placed 

on the MPTS switchgear were extremely stringent-10 microseconds -:urrent interruption 

time. The development of switchgear to perform this task will require an improvement of 

two orders of magnitude in c~rent interruption time 0·1er present switchgPar capabilities 

(milliseconds to hundredths of milliseconds). Analyses are required of possible klystron 

design changes and possible uses of current limiting reactors to increase this time. The 

antenna circuit breakers could be either solid state (present configuration) or vacu'Jm 

switches (proposed configuration). The rating of the switchgear is 600A at 49K V. Table 

1.1.2-8 summarizes the two circuit breakers. 

An additional circuit breaker is required which clamps the anode to the cathode at the 

klystron. Microsecond switching is required at 40K V and no current. A soHd state circuit 

breaker is proposed. 

The antenna power distribution system fault protection scheme is shown in Table 1.1.2-9. 

In addition to t'1e fault protection required in the MPTS Power Distribution System, 

isolation of the switchgear for maintenance purpo~es is required. The use of isolation 

disconnects would enable isolation of a single power sector substation without powering 

down the main power busses. The disconnects are not designed for current interruption 

and are only operated when no current flow exists (i.e., the downstream breaker is open 

when the disconnect is operated). 

WBS 1.1.2.3.4 Processor Thermal Control 

WBS Dictionary 

This element includes all production hardware required to collect and dissipatt: the waste 

heat flux from the power processing equipment on the MPTS system. 
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Table 1.1.2-8 Surnmary of DC Circuit Breakers 

GE VACUIJM SWITCH (PRESENT TECHNOLOGY) 

o RATING: 40 KV, 300 to 2000A continuous, 20,000 A interrupt 
o MASS: 10 gm/KW 
o COST: $100/KG 
o SWITCHING TIME: 5 milliseconds range 

SOLID STATE SWITCHES (FUTURE TECHNOLOGY) 

o Reting: 40 KV, 300 to 2000A continuous, 10,000 A interrupt 
o Mass: 18 gm/KW 
o Cost: $260/KG 
o Switching Time: 5 microseconds range 

Table 1.1.2-9 Antenna Power Distribution Fault Protection 

FAULT AREA PROTECTION SCHEME 

MAIN BUS REMOVE ALL S~TELLITE POWER SOURCES 

ANTENNA SUB DISTRIBUTION BUS OPEN APPROPRIATE MAIN ANTENNA CIRCUIT BREAKER 

ANTENNA DC/DC CONVERTER OPEN CONVERTER CIRCUIT BREAKER 

KLYSTRON INTERNAL ARCING TAKE KLYSTRON MODULATING ANODE TO CATHODE POTENT:AL 

OUTPUT WAVEGUIDE ARCINu REMOVE KLYSTRON INPUT RF DRIVE 

7~ 



D 180-26037-3 

Element Desajptian 

The power processors (dc-·dc comerters) have a waste heat of approxim;.~ely 218 Kw per 

~it. The thermal limitation of the power processors is 10°c (fo, '·)\reliability) so it 

was necessary to baseline an active ther;nal control system for th!:> equipment. 

The active thermal control system (Figure 1.1.2-23) was sized, for the MPTS 3ystem, 

using a heat flow of 1000 watts per square centimeter. Redundancy was built into the 

system (pumps, valves, and control equipment) for higher reliability. 

The basic system is composed of a heat exchanger, pump, thermal control/bypass valve, 

and thermal radiato:-. The heat •!xchanger uses finned heat pipes, '.'lith the condenser 

sections iri contact with the working fluid of the active loop. The evaporator section is in 

the power converters, for better heat rejection from the more sensitive solid state 

components. The fluid pump was sized at 4.1 Kw. The power consumption of all the 

processors thermal control systems was estimated at 928 Kw. 

Element Mas 

The estimated mass of a typical power processor thermal control system is 972 kg. 

Approximately 83 percer. of this mass is for the thermal radiator with the remaining 

mass distribut~d between working fluid, "piping, pumps motors, control valves, and includes 

redundant components. The total processor thermal control systems mass is 222.1 MT. 

Element Cost 

The cost estimating factor for this element was 414 $/kg. 

WBS 1.1.2.3..5 Energy Storage 

In Fi~ure 1.1.2-21, the need for an Uninterruptable Power Supply (UPS) was indicat.?d. 

This is provided by suitable de/de converters that continuously charge an energy source 

<bnttery bar1k). Klystron life is impacted by cathode heater power on-off cycles. In 

order to increase the MTBF of the klystron, heater power is maintained during the period 

of time when occultation (caused either by the earth or other solar power satellites) 

is encountered. 

It is anticipated that significant increase in the MTBF of klystrons can be achieved if 

therm;;i.l cycling of the klystron cathode heater can be minimized. There are 101,552 
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klystrons per antenna each requiring heater power of .SO watts at 30 voe. Thus, a total of 

.S.08 megawatts of power is used for klystron hea1ers. If a distribution loss of 20% 

(because of the low voltage) and a period of 2 hours required for operation from stored 

energy are assumed, then 12.186 megawatt hours of stored energy are rectuired for 

klystrO'l heaters. 

Gas e:lectrc.de (i.e., niclt1 t1ydrogen) battery systems otfcr the advantage of numerous 

recharge cycles and t.igh energy densities. A nickel hydrogen battery system is selected 

for the reference corJiguration a11d should provide at least four times the service life of 

conventional nickel cadmium battery sy:,tems. With an energy storage system of this size, 

an energy density of .S7.3 watt-hoors/kg (26 WHr/lb) including tankage was derivt"d. With 

a depth of discharge ~f 0.7 during a .lOrmal 2 hour operation, a density of 40.1 WHR/kg is 

used to determine the mass of the required energy storage system. The estimated mass 

for the energy storage system i;:) 313.2xl03 kilograms (313.2 metric tons). 

WBS 1.1.7 • .S Phase Control 

Reference Phase Distribution System. The purpose of the reference phase distribution 

system is to provide each klystron with a phase reference as required for a focused 

radiation into the ground receive antenna. 

The IJyout of the reference phase distribution systeM was developed on the basis of the 

following assumptions: 

o 7220 ~t•barray, 10.4 r.l x 10.4 m each 

o Ten level power distribution approximating Gaussian function with -9.54 •. B taper 

o Separate phase distribution and conjugaxion circuits 

o Electronic circuits as per Lincom report 

o Phase di~· :ibution tree employs three layers to Sl:Darray or four layers to klystron 

level 

75 



01~25037-3 

o Fourth layer is add on and can be omitted if so desired without influencing the rest of 

the tre~ design 

Q first layer is triple redundant, second layer is double redundant in phase d:stribution 

tree 

Figure l .l.2-24 shows one quadrant of the antenna with the boundaries between constant 

power level rings. In the center region, L 1, K = 36 klystrons are used per subarray 

representi=lg 0 dB power density. In the outer ring, L ~O' only K = 4 klystrons are employed 

per subarray resulting in -9.54 dB power density. 

Figure 1.1.2-25 displays :10w the antenna is divided into sectors and groups. There are a 

tota.l of 20 sectors within the antenna, each representing approximately ar. !8° wide pie 

shaped area. Actually there are three different types of sectors, Qty 4, sector A, Qty 8, 

secto!' 8 and Qty 8, sector C. 

Each sector is divided into 19 groups and each subarray contains 19 subarrays. This 

results in 361 subdrrays per s ... ..::tor. The fine subdivision to subarray groups have to be 

developed only fer the three separate cases of A, Band c. 

The selected subdivisions allow a three layer tree layout contdining 20 x i9 x 19 = 7220 

output terminals, corresponding to the input terminals of the subarr.lys. 

Figure l.l.2-26 shows the beginnirig of the tree, which has triple redundancy. 

The antenna has Qty 3 B20 junction boxes (20 way dividers) which are located 50 m froll' 

the center oi the antenna, 120° apart vn a -:ircle. Any of the receivers associated with 

these junctions c.:sn oe commanded that they become the phase reference receivers for the 

antenna. A total cf 20 ca!lles go from a B20 iunction to the 1319 junctions located in the 

middle of u sector, !.hus the overall system has a total of 60 of these first layer cables. 

Into a sector center the reference signal arrives from three separate st.lrting points. At a 

command one .1f these signals are selected, synchrono1..:sly for all 20 sector centers. At a 

.>ector center tl1e selected reference s·gnd! i..; div:ded intv l 9 way .. md the signal is 

transmitted down to gro;1p centers. The electronic equipment lssociated with this 

trans1111ssion is redundant ..it the sector centers and the group centers, acccj)t for the 
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Table 1.1.2-12 Summary ofw.g. Stick Quantities 

. Qty/Subarray Qtv of Sticks 
Stick TVJ>e l 2 l 2 
Lenstth (m) 2.6 1.733 2.6 1.733 

Qty of 
Level Subarrays 

l 308 648 199584 
2 624 660 411840 

I 3 656 432 283392 
4 632 44~ 159280 
5 744 432 321408 
6 872 648 565056 
7 664 648 430272 
8 536 432 231552 
9 1112 432 48l\384· 
10 1072 440 471680 

Total 7220 2359536 1194912 

Grand TotJ.l 3554448 

Length Y.m 6134.79 2070.78 

Grand Total 8205.57 
Length km 

Av. Length, m 2.308 

80 



D 180-25037-3 

cable which is between the sector center and group center. (The availability analysis 

indicates that the omission of the second cable has very little effect.) 

0nce the !;ignal arrived to a group center is again divided by a s19 divider and is sent to 

the subarrays. No redundancy is provided at this level, instead a bi-yearly maintenance is 

implemented. 

From subarray centers the number of phase distribution lines are dependent on the number 

of klystrons mounted on the particular subarray. These Bmn dividers provide 36 output 

lines in the middle of the antenna and four output lines at the edge. 

Tables 1.1.2-10 and 1.1.2-11 shows the quantities of subarrays in various power levels, 

sectors and groups. 

Figure 1.1.2-27 shows the layout of the subarrays, including the dimensions of k!ystron 

modules, w.g. stick sizes and number of w.g.'s (n =number of w.g. forming a row per 
r 

klystron, n =total number of w.g. sticks per subarray). The figure also shows the s 
location and number of terminals of the B type power dividers serving a subarray. mn 

Tabl'! 1.1.2-12 summarizes the Qty of subarrays and associated w.g. stick types associated 

with the various power levels. It can be seen, that ten different types of subarrays are 

required but only two different types of w.g. sticks. The total length of v.-.g. in the 

radiating elements is approximately 8205 km. Additional w.g. is needed for the coupling 

lines between klystrons to w .g. sticks. 

Figure l.l.2-2& shows the basic redundancy concept of the phase distribution network and 

Figure 1.1.2-29 displays a m.:>re detailed block diagram from which applicable quantities 

of the various components can be determined. The same figure hdicat(.S the failure rates 

which are assumed for availability calculations. 

Table l.1.~-13 lists the Qty of phase dividers to subarray and klystron ievel respectively. 

Down to subarray level only two types of dividers (B20 ar.d B ! 9> .::u·e needed. An additional 

type of 11 is required to klystron level. 

Table 1.1.2-14 lists the required phase distribution cables and their total ler1gth. 

Characteristics for two types of systems are listed using equal or ur.equal length of ce>.bles 

81 



0180-25037-3 

Tablll 1.1.2-10 Ouan'titis of &lbamlys in Various Lewis, Sectors and Groups 

19 
lA 15 
l& ll 
lC 19 2A 4 __ _..,,. .... 

21 

la 
3C 

LEVEL. SECIOa 

CIOUP 
.. 

1 
19 
19 
19 

+ 61 
6C 

12 
16 
ll 
18 11 

3 
7 
l 

6 

4 
7 5 

17 19 
15 19 
12 19 

lOA 
2 1 

19 19 
19 19 
19 19 
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Table 1.1.2-1 t Summary of Subarray Quantities in Various Phasing Seeton and Groups 

A19 • 60 
819 • 96 
C19 • 152 

A19 • 16, A18 • 76, A17 • 20 
B19 • 56, BlS • 152, !17 • 80 

C1s • 152, C17 • 72 

Al7 • 56, Al6 • 56 
B17 •.72, B16 • 15). B15 • 40 
C17 • SO, C19 • 152, C15 • 48 

Al6 • 20, A15 • 76. A14 • 32 
815 • 112, B14 • 152 
C15 • 104, C17 • 136 

A14 • 44, A13 • 7f, A12 • 64 
B13 • 152, B12 • 96 

C14 • 16, C13 • 152, C12 • 144 

A12 • 12, A11 • 76, A10 • 72 
B12 • 56, B11 • 152, B10 • 152 
C12 • 8, C11 • 1~2. C10 • 152, Cg • 40 

A10 • 4, A9 • 76, Ag • 56 
B9 • 152, Bg • 112 
C9 • 112", CR • 152 

As • 20, A7 • 76, "£ • 5 
Bg • 40, 5; • 152, B6 • 32 

C7 • 152, C6 • 59 
A6 • 68, As • 76, A4 • 64 
s6 • 120, a5 • isz, s4 • 152. a 3 - 16 
C~ • 96, C5 • 152, C4 • 152, C3 • 64 

A4 • !2, A3 • 76. A7 • 76, Al • i6 

T19 • 72, T1s • 380, T17 • 172 
T • 624 

T17·• 208, T16 • 360, T15 •SS 
T • 656 

T16 • 20, T15 • 292, T14 • 320 
T • 632 

T14 • 60, T13 • lSG, T12 • 304 
T • 744 

T12 • :s, T11 • 380, T10 • 376, Tg • 40 
T • 872 

T10 • 4, T9 • 340, Ts • 320 
T • 664 

Ts • 60, T7 • 380, T6 • 96 
T • 536. 

T6 • 284, T5 • 380, T4 • 368, TJ • 80 
T •ll.12 

T4 • 12, T3 • 300, Tz • 380, T1 • 380 
T • 1072 53 • 136, B2 • 152, B1 • 152 

C3 • 88, Cz • 152, C1 • 152 ____________________ .,. 
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Table 1.1.2-13 Li1t of Phue Dividers to Subarray Level 

BASIC SYSTEM 

m 1.2!!!: 
820 1 
819 400 

REDUNDANT SYSTEM 

820 2 
119 20 

TOTAL SYSTEM 

:zo 3 } 
19 420 m 

2 nru 

ADD ON '1'0 KLYSTRON LEVEL 
- (NO BEDUNDANCY) 

TOTAL 
836 108 308 
B30 624 624 
B24 656 656 
820 632 635 
B16 744 ~19 • 420 

• 744 
11 TYP!S 

Bl2 872 872 

89 664 664 
Ba 5:!6 536 
16 1112 1112 
B4 1072 1072 

7643' 
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Table 1.1.2-14 List of Pha!IB Distribution Cables 

AV. TOTAL 
NO. OF LENGTH LENGTH 

LAVER CABLES l<M KM REMARKS --
Ef .L CABLE LENGTH SYSTEM 

-·~T 60 0.25 I 15 (TRIPLE REDUNDANT CABLES) 
380 0.25 95 (NO REDUNDANCY l~I CABLESI 

3 I 7220 0.11) 722 (NO REDUNDANCY IN CASLESI 

TOTAL TO SUBARRAY 832 (927 KM IF SECOND LAYER IS ALSO 
REDUNDANT) 

4 101784 0.0069 702.3 

TOTAL TO TRANSMITTERS 1534.3 (1629.3 KM IF SECOND LAYER' IS ALSO 
REDUNDANT) 

UNEQUAL CABLE LENGT!i SYSTEM 

1 60 0.25 15 
2 380 0'.125 47.5 
3 7220 0.06 433.2 

TCT AL TO SUBAf.fCAV 495.7 (543.2 KM IF SECOND LAVER IS ALSO 
REDUNpANTl 

I 
4 I 101784 0.0028 2&.i 

.. 
TOT AL TO TRANSMITTERS 7S0.7 (828.2 KM IF SECOND LAYER IS ALSO 

' 
REDUNDA.NT) 
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within the same layer of the phase distribution tree. Either system is usable, but the 

equal length system may provi~ a slight reduction in the achievable net phase error. For 

this system the able length is about an order of magnitude smaller than the length of the 

w.g. which yield about two order of magnitude smaller weight. The equal cable length 

system is about twice as long as the unequal length system. 

Table 1.1.2-15 lists all the "Qmponents in the phase control system. It also displays the 

differential quantities bet' ~a phase control system down to subarray level and a phase 

control system down to kJJ ~tron level. 

Mechanical Layout of the Disn ibution System. The mechanical layout of the D:"' and RF 

(phase) distribution system of the antenna can be represented by two figures. 

The first is an overall diagram, which shows the layout of the DC cables and junction 

stations, (~witch gear, DC to DC converters) and the RF cables with the associated phase 

transmitter, ph~e receiver and divider boxes. The components in this system are not 

related to any particular subarray but they must be supported on or behind thesubarrays 

or on the secondary structure. 

The second figure is showing the components which are directly associated with a subarray. 

This layout is obviously different for each subarray type. Only one of the necessary ten 

layouts was developed (for a Type 1 subarray, at the edge of the antenna). This is exhibited 

on Figure 1.l.2-30. 

WBS 1.1.2.6 MPTS Maintenance Equipment and Operatioos 

A number of major components of the satellite have been analyzed for their nature 

of failures, mean time between failure, power loss per failure, and finally the power 

loss per year. The component having the greatest impact in terms of power loss and 

in the time required to fix the failures is the klystron tube modules. A total of 3800 

tubes are estimated to fail per year resulting in ;..n annual power output loss of 500,000 

Kw. The antenna maintenance system has therefore been designed around replacement 

of the klystron tube module. 

WBS Dictionary 

This element includes the description of the antenna items requiring maintenance, the 

leo1el of replacement, the replacement concept, logistics provisions, and the maintenance 

equipment. The description provided here is the result of a preliminary analysis 
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Table 1.1.2-15 Ult of Componenu in Ph-. Control Cin:uit 

TO SUIUllY U'lEL 

m 
7220 
7220 

3 

' 

420 423 

8420 
60 (15 IK) J 

380 (95 IM) 
7220 (722 IK) 

8420 

20 } 20 
380 1180 
380 
380 

7220 
101784 

7220 (9Z02 KM) 

832 IM 

to Ja.?STBOH LEVEL 

m 
101784 
101784 

308 
624 
656 
635 
420 7643 
744 
872 
664 
536 

·nu 
1072 

110204 

60 (15 IM) l 380 (95 IM) 16?9 l!l 
7220 (722 lt!f) 

101784 (702 IK) 
110204 

Ji~ '\1180 
380 
380 

101784 
101784 
101784 C9io2 IK) 

Figure 1.1.2-30 Mechanical Layout of a Typical Klysr:ron Module in the Outer Ring 
of the Soace Antenna 
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conducted under contract NAS9-Ul96. It describes only the klystron power amplifier 

maintenance. 

Level of Replacement. The level of replacement selected is that of the klystron tube 

module plus its thermal control system as shown in Figtre 1.1.2-31. Actual removal 

-f the tube module involves access through holes in the radiator to reach the distribution 

wave guide attachment bracket which secures the module to the distribution wave guide. 

Once this attachment is released the module is free to be removed. 

Concept 

1 he selected klystron tube module replacement concept uses vertical access through 

the cubic secondary structure which is attached to the A-frame primary structure. 

The overall cocept is illustrated in Figure l.1.2-J2. The primary structure is an A-frame 

design forming ridges that allow free unobstructed movement of the maintenance gantry 

moving horizontally across the antenna. 

The antenna will have a total of 10 channels in which maintenance gantries can be mounted. 

Attached to each of the gantries are the maintenance vehicles which reach up through 

the secondary structure to reach the failed klystron tubes as shown in Figure 1.1.2-33. 

Additional detail of the cubic secondary structure and the maintenance vehicle is presented 

in Figure 1.1.3-34 with a maintenance vehicle shown moving along in the direction of 

the channel. The gantry itself is designed to transport all of the spare klystron tubes 

necessary for a given shift. The maintenance vehicle consists of a hinged boom and 

a two-man crew cabin with manipulators. A small klystron rack is also attached to 

the boom to eliminate the need for the manipulators to reach back down to the gantry 

for each tube that must be repaired. In the case of a 36 tube subarray as many as three 

tubes may require replacement. 

Using this concept a tube replacement time of 4.5 minutes is expected, which includes 

removal and replacement of two diagonals (in lower and upper surface of secondary 

structure), removal and replacement of one klystron tube 'llodule, and =novement to 

the next failed klystron tube estimated at a distance of 2 subarrays away or 20 meters. 
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e SELECTION: TUBEPUJSRADIATOR 

ACCESS HOLE IN RADIATOR 
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Figure 1.1.2-31 Lt!Vel of Replacement Sslection 

Vertical Access for Tube Maintenance 
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Figure 1.1.3-33 Vertical Access for Tube Maintenance 
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Figure 1.1.3-34 VerticJ/ Access Maintenance Vehicle 
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The Satellite based maintenance systems will be installed during satellite construction. 

The systems are shown as they relate to one side of one antenna in Figure l.l.2-3.5 and 

l.l.2-36. Since two crews work on each satellite, these same systems are present on 

both sides of the antenna. 

To enable the docking of the various maintenance system elements and to transfer cargo 

around the antenna, the antenna structure has been designed to incorporate a cargo 

distribution system and has structural additions to allow maintenance gantries to be 

positioned so they can be maintained and supplied with new klystron tube modules. 

The 60 person crew is delivered to the satellite in the crew habitat using the second 

stage of the POTV that initially brought the crew from the LEO construction base to 

the GEO final assembly base. Once at the satelJite (antenna), a crew bus is used to 

transfer persons between the habitat and the maintenance repair vehicles. 

Cargo, primarily m the form of klystron tube modules is also delivered to the satellite 

using a dedicated POTV (stage 2) that had initially brought klystron components to the 

GEO final assembly base for refurbishment of "failed'' kystron tubes. The operations 

associated with a POTV include docking and release of one klystron tube pallet on one 

side of the antenna. The POTV then flies to the other side vf the antenna leaving another 

pallet. At the completion of the repair operation, the pallets are loaded with failed 

klystron tubes. The POTV then moves to the two docking locations coHecting the pallets 

with failed tube modules and returns them to the GEO final assembly base where they 

are refurbished. Following the release of the paJlets, the POTV returns to the LEO 

construction base where it is made ready to deliver another load of klystron components. 

The actual distribution of the cargo around the antenna is accomplished through use 

of Cdrgo transporters operating on the track system on two sides of the antenna. The 

cargo transporter system consists of three separate units attached together to form 

a "train." The middle unit is a control unit that hds a crew cabin, power systems and 

crane/manipulator that rnoves the cargo between the train and the maintenance gantries. 

Units on either side of the control unit are essentially trailers that carry either new 

klystron tube modules or those that have failed and have been removed. The train system 

moves down to each gantry and delivers to it the number of klystron tubes required 

in that particular a;itenna channel during one shift or one day of operation depending 

un the channel. 



....... D 180-25037-3 

CREW BUS I 
CREW HABITAT L­

PRIMARY STRUCTURE 
EXTENSION 

DISTRIBUTION (TRACIO 
SYSTEM l80TH SIDESt 

SAME EQUIPMENT 
ON BOTH SIDES 
OF ANTENNA 
ANO BOTH ANTENNAS 

•AINTENANCE 
GANTRY IN 
LOADIUG POSITION 

KL YSTROf-1 TUBE PALLETS (4) 

SPS·111U 

-CARGOOTV 

Figure 1. 1.2-35 Satellite Maintenance Systems 
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Figure 1.1.2-36 Satellite Maintenance Systems 
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The installation location of the maintenance equipment on an antenna being repaired 

by two crews is shown in Figure 1.1.2-37. 

The number of maintenance vehicles (machines) installed in each channel of the antenna 

is a function of the estimated number of tube failures. This value is larger in the middle 

channels of the antenna since the center of the antenna has subarrays containing 36 

and 30 klystron tube modules while near the edge of the antenna, the subarrays have 

4 or 6 tubes per subarray. Consequently it will be noted that the middle channel has 

three maintenance systems each consisting of a gantry and repair vehicle. 

With this equipment distribution and working 20 hours per day, the middle channels require 

slightly more time than previ.lusly identified for repair-3 1/2 days per satellite. The 

addition of 1/2 day to the schedule, however, will not appreciably alter the prior analysis. 

It should also be noted, the outside channels require far less time to repair and less equip­

ment due to fewer failed tubes. Cnsequently when the crews assigned to this particular 

equipment are finished, they can then be used to repair other components on the satellite 

such as the de-de converters mentioned earlier in the discussion. 

WBS 1.1.2.7 Mechanical Pointing 

WBS Dictionary 

The Power Transmission System Attitude Control System provides fine control of antenna 

mechanical aiming. Control Moment Gyros (CMG's) are used to generate torques required 

for this fine control. 

Description 

The CMG's located on the back side of the Primary Structure and are 12 in number for 

each transmitting antenna. A feedback loop from the Antenna Attitude Control System 

to the SPS mechanical rotary joint allows the rotary joint to apply torque to the antenna 

to continuously desaturate the antenna CMG's. This torque is supplied through a highly 

compliant mechanical joint so that the natural frequency of the antenna in its mechanical 

supports is below the control frequency bands for the CMG's controlling antenna attitude. 

lhe control system concept is described under WBS 1.1.6 
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Figure 1. 1.2·31 Antenna Maintenance System ln#JJl/ation 
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Mass 

Each CMG was estimated to have a total mass of 10,660 kilograms for a total per antenna 

of 127,920 kg. 

Cost 
The total cost for the attitude control systems including the 24 CMG's for two antennas 

was estimated as S202 million based on a CER. This averages to $790/kilogram for 

the CMG hardware. 

WBS 1.1.3 Information Management and Control 

WBS Dictionary 

The Information Management and Control System includes all computers and centralized 

and decentralized data processing required for overall onboard management of the satel­

lite configuration operation, flight ccfttrol, and power transmission systems. 

A. Requirements 

The telemetry and command requirements for the IMCS were determined by 

examining the satellite design in detail and estimating the instrumentation 

required to determine the satelJite state of health and to make decisions concerning 

the commands in the event of anomalies. It was also necessary to define the 

commands. The results presented are for a 5 GW satellite, that is one MPTS 

antenna and its related power generation system. 

The process of requirements determination necessitated many decisions concern­

ing the component level to which each satellite subsystem will be instrumented 

and the leveJ to which a command capability will be provided. For the subsys­

tems which are relatively well defined, this process was accomplished on the 

existing dt>sign. For those subsystems on which very little design information 

exists, the estimates were made by extrapolating requirements of typical current 

satellites to a system of the magnitude of SPS. 

Two of the major satellite areas generating telemetry and command require­

ments are the solar arrays and the klystrons. As an example of the decisions 

involved, for the solar arrays it was decided to measure the voltage of each 

solar cell string once in each bay, and to measure the array current at each 
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load sector. A disconnect command is provided for each load sector string. 

In the case of the klystrons selected currents and temperatures as well as output 

and on/off status are monitored for each klystron, h<lwever, on/off commands 

are provided down to the subarray level only. 

label 1.1.3-1 summarizes the estimated telemetry requirements and Table 

1.1.3-2 summarizes the estimated command requirements. The estimates 

are presented separately for the spacecraft (i.e., the solar array portion of 

the satellite up to and including the slip rings) and for the MPTS antenna (from 

the slip rings throughout the anteMa). This segregation became necessary 

as the magnitue of the requirements developed and it became apparent that 

two CDHS systems with a limited interconnect might be required, one for space­

craft and one for the MPTS antenna. 

B. System considerations and Features 

The large numbers o.f telemetry points and commands required by each satellite 

made it apparent that if all telemetry data were transmitted to the ground, 

either very large numbers of ground personnel would be required to monitor 

the data and generate commands, or the equivalent work would have to be 

accomplished by automatic processing. It also became apparent that if auto­

matic processing had to be used, it could be done by a distributed processing 

system in the satellite with processors located near the equipment being moni­

tored and commanded. This system provides two other advantages, the amount 

of data transmitted throughout the satellite and to the ground would be reduced, 

and the delay time between detection of an anomaly and receipt of a correcting 

command would be reduced. In view of these considerations the on-board pro­

cessing system was selected. 

In order to process telemetry data and generate commands locally within the 

satellite, numerous microprocessors and memories are required, distributed 

throughout the sateJJite. These processors are organized into groups, each 

of which is monitored by a processor that is one of another tier of processors. 

This tiering process continues up to a Central Processor Unit which manages 

the data traffic to and from the ground. 
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Table 1. 1.3· 1 SI'S Telemetry R«1UitWnent1 

!_!!ElLtt~ SUBSYSTEM TELEMETRY TYPE 

AN~l:_Q_q Bl LEVEL DIGITAL 

SPACECRAFT 

SOlAR ARRAY 89,152 19,200 
ATTITUDE CONTROL I DETERMINATION 26 28 ' t.'.ECTRIC PROPULSION 656 128 
CHEMICAL PROPULSION 112 112 

COl'l'WtD & OAlA HANDLING 4,805 9,610 24,025 
COft4lliICATIONS 30 48 6 

POWER CONTROL 426 204 12 

THERMAL COHTROl 200 400 

TOTAL 95,407 29,730 24,047 

MPTS ANTENNA 

CENTRAL POWER OIS'l'RIBUTIOH 1,648 4,120 

POWER SECTORS 4,560 131,708 1,140 

KLYSTRONS 970,560 485,280 

PHASE CONTROL/RF DRIVE 679,372 388,224 

ATTITUDE CONTROL I DETERMINATION 26 28 4 

CONTROL MQM[NT GYROS 48 24 24 

C<lt-f1ANO ANO DATA HANDLING 9, 194 18,388 45,970 

COMMUN I CA Tl ONS 30 48 6 

THERMAL CONTROL 200 400 
----

TOTAL 1,665,638 1,028,220 47,144 
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Table 1. 1.3·2 SPS CommanJ Requi,.,,.,,tr 

SATELLITE SUBSYSTEM 

SPACECRAFT 
SOLAR ARRAY 
ATTITUOE COHTROt. a DETERMINATION 
ELECTRIC PROPULSION 
CHEMICAL PROPULSION 
COM'VIND & DATA HANDLING 
COMJNICATIONS 

POWER CONTROi. 
THERMAL CONTROL 

MPTS AFHENNA 
CENTRAL POWER DISTRIBUTION 
POWER SECTORS 

TOTAL 

ATTITUDE CONTROL I DETERMINATION 
CONTROL MOMENT GYROS 
COl'tlAND AND DATA HANDLING 
COfftJNICATIONS 
THERHAI. CCJtTAOL 

TOTAL 

100 

COMMAND TYPE 
PULSE 

84 
1.000 

22• 
220 

54 
90 

1,672 

1,140 
84 
24 

18,388 
54 

19.690 

STATE 

19,200 
32 

2,400 
200 

96 
400 

22,328 

1,848 
485,280 

32 

9. 194 
zoo 
400 

496.954 
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The recommended approach is essPntially two systems connected by a limited 

data link thorough the slip rings. The reasons for this approach are: 

a) The large amount of information which must be handled 

b) Transmission of large amount of data at high rates across the slip 

rings will be very difficult 

c) A redl.Bldant link with the ground is provided 

1he use of fiber optics is recommended for data transmission because such 

a system ~ of lighter weight, is more fault tolerrant (because it is a non-conductor 

it does not propogate faults), has a wide-band multiplexing capability, is inher­

ently immune to EMI and arc discharges, and the raw materials required are 

in ready supply and inexpensive. It is recognized, however, that a considerable 

amount of development in fiber optics will be required. 

A code format which contains the clock has been selected because the long 

distances over which the data must be transmitted not only make synchroni­

zation with a separate clor.k signal very difficult, but also results in an appre­

ciable increase in complexity and cost. 

C. Recommended Configurationn 

The recommended IMC system is two systems, one for the spacecraft and one 

for the MPTS antenna with a limited data interconnect through the slip rings. 

Figure 1.1.3-1 shows the configuration for the spacecraft which utilizes four 

tiers of control including the Central Processor Unit as tier (l ). The tiers for 

monitor and control of the solar array are organized in the same order as the 

solar array. At the lowest tier (4), each R TU monitors and controls two of 

the 100 strings which consti-:ute a load sector. At the next tier (3), each processor 

(load sector controller) monitors and controls 50 of the lower tier R TU's plus 

th.: other load sector functions. The next tier (2), of processors (module controllers) 

monitor and control 48 load sector controllers and interface with the CPU. 

The other spacecraft subsystems require a relatively small number of RTU's, 

hence there are only three levels 01 control, with module controller 113 inter 

far.~ng directly between the R TU's and the CPU. 
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The CPU manages data traific to and from the ground, formats telemetry 

for transmission and checks commands for bit errors. Other functions of the 

CPU include maintaining stored commands for opperating and testing the data 

subsystem in the absence of grOlJn<l control and control of telemetry data storage 

for later tranmission. 

Each tier monitors operation of the tier below, instigates check on subordinate 

units and establishes priority for upward communication. 1he lowest tier inter­

faces the CDHS to other subsystems through sensor readings, digital data trans­

fers and command outputs. An upper tier may also override a command by 

a lower tier in order to restore operation or diagnose apparent failures if its 

information on the status of the R TU involved, or information from another 

RTU, warrants such action. 

Figure l.l.3-2 shows the configuration for the MPTSantenna which utilizes 

five tiers of control not only because of the much greater telemetry and com­

mand requirements, but because much quicker response is required by the 

power sectors and klystrons of the MPTS in orde!' to prevent extensive damage 

in the event of an anomaly. The RTU's (5), monitoring these components monitor 

fewer sensors but sample them at nearly twice t~ rate of the spacecraft R TU's. 

Similarly, at the next level above the R TU's, the R TU controllers (4), monitor 

fewer R TU's but sample their outputs at a higher rate. 

Tiers (3) and (2) provide communications Management and test programs for 

the subordinate tiers except in the case of module controllers 14 and 15 which 

monitor and control the antenna subsystems other than the MPTS. For these 

subsystems the number of R TU's is much smaller because of the lower require­

ments. As in the case of the spacecraft the number of intermediated tiers 

is reduced for the portion of the CDHS associated with these subsystems. 

WBS 1.1.4 Attitude Control and Station Keeping 

WBS Dictionary 

The attitude control subsystem includes aU operational elements and software required 

to maintain orbit station keeping and attitude control of the SPS in the operational orbit 

or to establish attitude control from an initially uncontrolled condition. 
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Figure 1.1.3-2 MPTS Antenna COHS Using Five Tiers of Proceaon 
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Description 

The attitude control system includes attitude sensing and an electric propulsion system 

withfour installations, one at each cor"'ler of the SPS energy conversion system. A typical 

corner constallation is illustrated in Figure 1.1.4-1. The attitude control system includes 

thrusters, power processors, structure, propellant feed and control systems and instrumentation 

and control. Chemical propulsion is provided for control during equinoctal occultations 

or unexpected loss of electric power. Additional discussion of attitude control operations 

may be found in Sections 1.1.0.J and 1.1.0.4 of Volume II of this report. 

Mass 

A mass summary of the attitude control system was given in the comprehensive mass 

table. This mass estimate is based on Pact II results described in Volumes 5 and 6 of 

the Part II Final Report, adjusted to reflect the current 5-GW configuration. 

Cost 

A cost sumary for the attitude control system is given in Table 1.1.4-1. The cost data 

represents an update from the Contract NAS9-15196 Part II Final Report results. 

1J8S 1.1 ••• l Sc:nsor Systems 

Velocity control is required to maintain orbit station by offsetting solar pressure and 

orbital drift toward the neutral point. Attitude control is required to provide Sun orien­

tatio:1 of the collector and high accuracy Earth rectenna pointing of the two antennas. 

In addition to countering the gravity-gradient disturbance torgues, the control concept 

must avoid unstable interaction of the antenna and collector control loops and structural 

flexibility effects. The current baseline approach for collector control makes use of 

multiple thrusters providing a total force equal to the solar pressure. Individual thrusters 

are modulated above or below their bias level to provide the control torques needed 

to offset gravity-gradient disturbance torques. In essence, there is no additional propel­

lant penalty for collertor attitude control. The basic features of this concept are illus­

trated in Figure 1.1.4-2. Single axis (pitch) rigid body control only is shown. Thruster 

location will be at the nodal points of one of the lower modes to minimize excitation 

of that particular flexible mode. A<.:tive damping of other modes will be achieved by 

superimposing additional thrust mod .. Jlation signals on the attitude control thrust level 

commands. These signals are derived from the outputs of multiple rate sensors which 

are processed to isolate the rigid body and lower bending mode components of motion. 
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12flot THRUSTERS 
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ElECTP.!C THRUSTERS 
• II PAHELS <OllE AT EACH CORllfR> 

• THRUST /PNIEL - lSON 

1 15 OPERATING THRUSTERS/PANEL 
125 TOTAU 

t 15, • 20.000 SEC 

' AR60ft PRO."tt.l.AllT 
(50, 000-fiO, 000 Kg/YEAR) 

• OPERATING LIFE - 2 YEARS 
C0.5 DUTY CYCLE AHD 80A 8EAft 
CUR!lEllT> 

CHEftlCAL TKRUSTERS <LOzll.Hzl 

• ClllTROL IM,IRUf6 EOUlllOCTAI.. 
OCQll. TA Tl OllS 

e (SP• 1100 
e 1500 - 3000 iCIVYEAR 

Figure 1.1.4-1 Attitude Control $)'slim Thrusten 

Table 1.1.4-1 Flight Controls System Cost 

THRUSTERS 160 X $10,000• 

PROCESSORS $3.57M EACH X 12 

INSTALLATION 

TANKS 

CONTROL 

= $ 1.6 MILLION 

= $42.84 MILLION 

= $25.0 MILLION 

• $ 5.8 MILLION 

• $12.6 MILLION 

$85.0 MILLION 

•tow COST RESULTS FROM COMMONALITY WITH ORBIT TRANSFER THRUSTERS. 

THEY ARE THE SAME EXCEPT FOR ACCELERATION VOLTAGE AND OPTICS. 
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Figure 1.1.4-2 Operational (GEOSYNC) Orbit­
Combined Attitude and Station Control 
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W&S 1.1.•.2 Bec1ric Propulsion 

W BS 1.1.,.2.l Thrusters 

WBS Dictionary 

Thrusters include the primary electric thrusters for maintenance of attitude control, 

and auxiliary chemical thrusters required for establishment of attitude control when 

electric power is not generated by the SPS. 

Description 

The electric thrusters are 120 centimeter diameter ion thrusters operated on argon as 

primary propeelant. A typical thruster is illustrated in Figure 1.1.4-3. Performance 

characteristics for such a thruster are illustrated in Figure I 1.4-4. 

Mass 

Electric thruster mass was estimated at .50 kilograms each based on extrapolations from 

the 30 centimeter thrusters presently in experimental production. 

Cost 

The thruster cost estimate was derived from an electro-mechanical cost estimating 

relationship and a production rate extrapolation. A cost check was made between this 

result and a cost estimate provided to NASA by the thruster manufacturer (Hughes) 

with good agreement. 

WBS 1.1.lf.2.2 Pl"opellant 

The propellant for the electric propulsion system is liquid (cryogenic) argon. Approximately 

50,000 kg per year is required, as established by the need to eliminate orbit perturbations 

introduced by solar pressure. All other flight control can be accomplished by modulation 

of the solar pressure counter-thrust. The chemical propulsion system employs liquid 

hydrogen and liquid oxygen. 

WBS l.l ••• 2.3 Propellant Tanks 

W BS Dictionary 

This element includes the argon, oxygen, and hydrogen propellant tanks for the SPS 

attitude control thrusters. It also includes tank-mounted equipment such as propellant 

gauging and vent valves and the multilayer insulation on the tank. 
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Figure 1.1.4-3 120 CM Argon Ion Thruster 
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Figure 1.1.4-4 120 CM Argon Ion Thruster Performance 
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Description 

The propellant containers are spherical aluminum tanks located near each thruster instal­

lation. Tanks are sized to hold one year's supply of propellant plus a 20% margin. The 

oxy~.!fl and hydrogen tasks include a 20,000 kilogram maneuvering reserve in addition 

t" the normal rontrol propellant. This is sufficient to re-establish the SPS normal attitude 

from any initial attitude. 

Because of the Ieng propellant storage time the tanks are designed with a light-weight 

hard-shelled vacuum jacket that includes approximately 50 layers of multilayer insulation. 

The tanks are designed to be refilled from a tanker or removed and exchanged with 

new tanks brought from Earth. 

M~ 

The mass of the propellant tanks was estimated as 7"2% of the fluid contained. The 

total mass is 1500 kilograms per corner not including contained propellant. The contained 

propellant is 80,000 kg including the maneuvering reserve. 

Cost 
The cost of the tanks was estimated using a cost estimating relationship for tank struc­

tures. The total cost for all tankage was estimated at $5.8 million, about $970/kg. 

WBS 1.1.4.2.IJ and 1.1.4.2.5 Propellant Feed Thrust Control System 

fl BS Dictionary 

These elements include all propellant feedlines and thrust control electronics and intru­

menta tion. 

Description 

The propellant feedlines are uninsulated aluminum lines. Propellant pressure is controlled 

to the pressure required for the thrusters by regulators. A shutoff valve is included 

in each line for each thruster so that any malfunctioning thruster can be isolated from 

propellant feed. The feedlines include flexible elements and gimbals to cross the thruster 

panel gimbal joint. Electric thrust control is provided by startup and shutdown of indi­

vidual thrusters. Oxygen/hydrogen thruster thrust control is provided by operating the 

thrusters in pulse mode. 
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WBS 1.t.•.2.6 Power Processors 

WBS Dictionary 

The power processor element includes all power processing required to convert the 

SPS-generated electrical power (at 40,000 volts) to the voltages and conditions required 

oy the attitude control system, including thruster requirements, control requirements, 

as well as computing and other requirements. 

0-;scription 

Power processors are solid state electronic processors that convert the 40,000 volts 

from the SPS to the lower voltages required by thrusters and other equipment. There 

are a total of 12 proce~sors, three at eat:h corner. 

Mass 

Mass of each power processor was estimated as 15,}83 kilograms based on a mass scaling 

relationship of 1.7 kilograms per kilowatt. This estimate includes the thermal control 

that would be required for these processors. 

Cost 

Each processor was estimated to cost $3.57 million dollars based on production rate 

scaling from cost estimate projections derived for similar hardware in commercial produc­

tion. This is about $230/kg. 

WBS 1.1.4.3 Chemical Propulsion 

A detailed definition was not developed 

WBS 1.1.4.4 Structure and Installation Hardware 

WBS Dictionary 

This element includes all structure and attitude control installation hardware not accounted 

for under other WBS items. As such, it includes all structural equipment and standoffs 

added to the basic SPS structure to mount the attitwde control systems. Also included 

are secondary structure or support ~f propellant tanks and other equipment, and the 

girnbal system and thruster panels required to control the thrust vector direction of 

the thrusters. 
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Description 

The structure was illustrated earlier in Figure 1.1.4-1. The structure would be similar 

to the SPS primary strncture including truss beams with suitable terminations to form 

the tripod-like standoff. The gimbaJ system is a 2-axis motor-driven slow rate gimbal 

system. Gimbal commands are derived from the instrumentat1-.>n and control system. 

The thruster panels provide mounting for the thrusters and support routing for the electric 

power feeds from the power processors. 

Mass 

Each structural installation was estimated at 6000 kg, for a total of 2500 kg. 

WBS 1.1.S 

Communication Subsystem 

The design of the communication subsystem must take into consideration not only normal 

but also contingency operations. In developing the recommended system two of the 

first alternatives considered were use of the uplink pilot signal from the rectenna for 

transmittal of commands and modulation of one of the MPTS antenna klystrons for transmission 

of telemetry. Both of these techniques have the disadvantage that the MPTS antenna 

beam is deliberately despoiled in the event c.f loss of attitude control, thus severely 

degrading the communication link at a critial period of operation. 

The recommended communication subsystem configuration consists of a spacecraft 

system and an MPTS antenna system which have a limited data link by the data bus 

through the slip rings. The recommended IMC system is such that approximately one 

megabit/sec. rate is require for both the command uplink and the telemetry downlink. 

Figure 1.1.5-1 is a block diagram of the recommended communication subsystems. 

Both subsystems have a two foot parabolic antenna each providing an earth coverage 

gain of 18 dB at S-band. An omni-antenna is located on the spacecraft to provide for 

command reception in the event of a major error in spacecraft attitude control. The 

configuration shown, with a 20 watt transmitter will transmit up to 20 Mbps and receive 

up to 10 Mbps. 

Figure 1.1.5-2 is the proposed frequency plan. Uplink command information will be 

received by the satellite in the 2.050 to 2.150 GHz band. Telemetry data will be trans­

mitted in the 2.200 to 2.300 GHz band. A concern with this frequency plan is the broadband 
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Figure 1.1.5-1 SPS Communication Subsystem 
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noise transmitted from the MP'fS power transmission klystrons falling within the 2.0.50 

to 2.150 GHz reception band. A typical klystron transmits AM and FM noise in thP "icinity 

of the RF carrier. At about one megahertz from the carrier, the noise character. . ..: 

is relatively consta11t at a value of 130 dB/KHz below the carrier component. Beyond 

the klystron's passband (typically 10 MHz) the noise characteristic is further attenuated 

b:y the rolloff chara~teristic of the klystron cavities. For a six cavity kly<>tron, approx­

imately 400 MHz away from the carrier (at the uplink command reception band), the 

rolloff characteristic of the klystron is approximately 220 dB (six octaves), The output 

noise from the 100,000, 70 K\\' klystrons at the edge of the klystron passband is 10 

dBW, while within the command r~ception band it is 220 dB below this value or -210 

dB (-180 dBM). A typical ph~se-lock loop command receiver has a sensitivity or threshold 

of -140 dBM. Under the above assumptions, then, :he wideband klystron noise is approx­

imately 40 dB below the command receiver threshold. Had ihis not been the case, some 

other frequency band, such as the 11.0 to 14.0 GHz band could have been selected. 

Higher frequencies may be desirable to minimize band crowding and interference in 

the SPS time frame. 

WBS 1.1.6 Interlace Antenna Yokes and Turntables 

WBS Dictionary 

This element includes all production hardware required to mechanically interface the 

satellite primary structure with the MPTS structure. Subelements include the mechanical 

rotary joint and drive system, the elevation yoke joint, and interface structure between 

the satellite and MPTS systems. 

WBS 1.1.6.1 Structure 

The MPTS antenna is attached to the satellite primary structure by the use of an antena 

yoke, yoke support sturcture, a mechanical rotary joint and an elevation joint {figure 

1.1.6-1). The entire MPTS support structure is hinged at the edge of the satellite struc­

ture for LEO/GEO transport configuration. 

The yoke support structure is composed of the 7 .5 meter beams baselind for the satellite 

primary structure. The support structure beams join to form a hexagonal interface 

u1at provides eight support points for the mechanical rotary joint circular beam (figure 

1.1.6-2). 
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Figure 1.1.6-1 Antenna Yoke and Turntables 

C. F e G E. H 0 A 
DElfAH F ,,. 
'' ·~- CIRCULARBEAM------_.:_;_C: ~~MECHANICAlROTARYJOINT 

HINGED SUPPORT 
POINTS Ill 

YOKE SUPPORT- (SATELLITE SIOEI 
STRUCTURE 

LATCHED 
SUPPORT 
POINTSIJI 

- SATELLITE -·--'1--_.;:11'---4---~~-----<1---t 
STRUCTURE 

HINGEOSUPPO·R· T~~ ,,--cm-:uLAR BEAM 
POINTS ---- - - I ").'..., 

·.~v~1SL~ 
LATCHED~~ 

PTS. A, B. C, D. E, F, G, H ~RE THE MECHANICAL ROTARY JOINT 
CIRCULAR BEAM ATTACtiMENT POINTS. 

Figure 1.1.6·2 Yoke Support Structure 

II S 



018~25037-3 

WM 1.1.6.2 Mechanisms 

The mechanical rotary joint is composed of two segmented circular beams (one on the 

satellite side and one on the yoke side), a section of which is shown in figure 1.1.6-3. 

Each circular beam is supported at eight points, ever 45 degrees, to its adjacent support 

structure. The inner and outer base chords of each circular beam are arranged adjacent 

to each other. Between each set of base chords, a drive ring and roller assembly is attached 

(figure l.l.6-4) to provide relative movement between the satellite and MPTS system. 

The antenna yoke attaches to its circular beam in a similar method as described for 

the yoke support structure. 

The yoke is composed of one hundred meter trusses made up of the same beams as that 

for the MPTS primary structure. At the antenna end of the yoke. a special end fitting 

is provided to interface \\ ith the antenna elevation joint. The elevation joint provides 

for a small pointing angle adjustment (approximately 7 degrees) of the MPTS system 

for alternate rt:ctenna transmission capabilities. 

There is an electrical rotary joint at the interface of t.._e yoke and yoke support structure. 

The electrical connection across the elevation joint uses flex cables beca~e of the small 

angle adjustment involved. 

Element Mass 

The mass of th~ Jntenna yoke and turntable, for one MPTS, is listed in Table I. l.6-1. 

Included in these masses are the attachment provisions and mechanical elements neces­

sary for the subelement supports. 

Element Cost 

The element costs estimating factors, for the items listed in Table 1.1.6-1, are listed 

in Table l.l.6-2. Also listed is the total cost for one MPTS antenna yoke and turntable 

system. 

Electrical Rotary Joint 

The MPTS antenna-to-satellite interface requires 360° rotation about the spacecr.ift 

central axis with limited motion for elevation steering while maintaining structural 

and dectrical integrity between the satellite and the antenna. Figure 1.1.6-7 illustrated 

the rotary joint in relationship to the basic "satellite" structure. 
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Figure 1.1.6-3 Circular Ring Beam Geometry 
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Chords of Circular Ring Beams 
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Tai* 1.1.6-1 Antenna Yolceand TumtllbleMaa Estimate 

ANTENNA SUPPORT STRUCTURE 

MECHANICAL ROTARY JOINT 

ANTENNA YOKE 

TOTAL 

53.0MT 

33.4MT 

41.2MT 

1Z7.6MT 

Table 1.1.6-2 Antenna Yoke and Tumt11b/e Cost Estimate 

ELEMENT CER CS/KGt COST CS1o'J 

ANTENNA SUPPORT STRUCTURE 111 5.87 

MECHANICAL ROTARY JOINT 340 11.36 

ANTENNA YOKE 128 5.27 

TOTAL COST 22.sx10 6 
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Coin silver (90% silver and 10% copper) was selected for the slip-ring material and a 

silvermolybdenum disulfide brush with 3% graphite was selected. The characteristics 

of this combination are shown in Figure l.l.6-j. With a design using a brush current 

dela .. ity of 20 amps/cm2 only about 40 kW of power is dissipated in the rotary joint. 

The installation of a single brush assembly on a circular slip-ring causes unwanted deflections 

due to assymetrical loading. For this reason, the slip-ring/brush assembly was designed 

for symmetical loading as ~n in Figures l.1.6-7 and 1.1.6-8. Brush drag (with a coefficient 

of friction of 0.14) at a brush pressure of 4 PSI (2j.6KPa) was computed to be 307N, 

and 463N (69, 87 and 104 pounds force) for each inner, middle and outer slip-ring brush 

assembly. The brush design in shown in Figure 1.1.6-9. 

The coin-silver slip-ring is a bright surface and, hence, rejects heat very poorly. Coin 

silver is a very good conductor. The combinations of the two results in acceptable slip-ring 

temperatures based on IR&D test results. It was assumed that no heat is rejected through 

the slip-ring feeders. Actual operating temperatures will thus be somewhat lower than 

shown since the feeders are designed to operate at a much lower temperature and will 

help in removing slip-ring waste heat. 

With the selection of the multiple bus system for SPS pawer distributioo, the requirement 

for a multiple slip-ring rotary joint exists for accomplishing the transfer of power between 

the power generation (sun-facing} portion and the power tranmission (earth-facing) 

portion of the SPS. A design was developed which provides for twenty slip-rings to 

accomplish power transfer for the ten pairs of power buses. 

The concept shown in figure l. l .6- l 0 was developed bsed on the following requirements: 

l. twenty separate slip-ring assemblies 

2. normal slip-ring current capabilities 

3. maximum brush current density of 20 amperes per square centimeter 

4. brush feeder current density of 400 amperes per square centimeter 

5. brush pressure of 2 5. 9 Kpa ( 4 psi) 

6. coin silver slip-ring (90% silver and 10% copper) 

7. silver-molybdenum disulficie-graphite (85% Ag, 12% MOS2, and 3% Graphite) brushes 
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Figure 1.1.6-10. Slip Ring Assembly for Multiple Bus Power Distribution System 
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8. maximum outside diameter of 16 meters (fits inside HLLV payload bay) 

9. Earth assembled 

1 O. minimum spacing between different conductor systems of 0.7 meters 

11. positive retraction of the brush assembly from the slip-ring contact surface 

12. AU feeder conductors to hav~ 1tlaximum surface exposure to free space for thermal 

dissipation purposes. 

The design shown meets the above requirements. A typical brush assembly/slip-ring 

interface, a cross-section of the brush assembly, and a typical brush were shown earlier. 
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was 1.2 SPACE CONSlROCTION AND SUPPORT 

WBS Dictialmy 

This element includes all hardware and activities required to assemble, checkout, 

operate, and maintain the satellite system. Included are space stations, construction 

facilities, support facilities and equipment, and manpower operations. 

Although WBS 1.2.1.2-3 "Operati<ms" is used to collect certain costs, descriptions 

of operation of equipment is integrated with descriptions of the equipment in order 

to enhance clarity. Crew count and operations costs are summarized under WBS 

1.2.1.3. 

Element Description 

The baseline construction concept entails constructing a .5 GW photovoltaic SPS 

at geosynchronous orbit (GEO) using electric orbital transfer vehicles (EOTV's) to 

haul cargo between a low Earth orbit (LEO) base and a GEO base, see Figures 1.2.0-1 

and 1.2.0-2. 

Cargo is delivered to the LEO base by heavy lift launch vehicles (HLLV's). There 

would be three HLL V flights every two days. Crews are delivered to the LEO base 

either by the HLLV's or by shuttle orbiter crew bus once every 90 days. 

The LEO base is used to construct the EOTV's and is also used as a staging depot 

for transferring cargo and crews to the vehicles which will deliver them to GEO. 

During the E07V construction operations there would be about 200 people at the 

LEO base. During the on-going cargo handling phase there would be about 135 people. 

Cargo is transferred between the LEO base and the GEO base in approximately 180 

days using the EOTV's. Crews and crew supplies are transferred to the GEO base 

in approximately 6 hours using chemical (L02/LH2) orbital transfer vehicles (OT V's). 

The SPS's are constructed at GEO using a 4-bay- wide end builder construction base. 

The GEO construction base will construct one 5 GW SPS in approximately 6 months 

employing a crew of approximately 38.5 people. 

The GEO base is also used as a place to refurbish failed SPS hardware and is the 

home base of maintenance C'"ews and their mobile maintenance systems thc?t travel 
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Figure 1.2.0-1 GEO Construction Concept 
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Figure 1.2.0·2 Orbital Bases-GEO Construction 
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to operational SPS's. The maintenance crew size at GEO depends upon how many operational 

SPS's are in orbit. If 20 SPS's were in place, it is estL1ated that there would be 240 

maintenance r~ple at the GEO base and 240 people visiting the satellites. 

The G Ev base, its configuration, equipment, and operations are described in WBS 

l.2.t. The LEO base, its configuration equipment and operations are described in 

~BS 1.2.2. The mobile maintenance equipment and operations are described in WBS 

1.2.J. 

WBS 1.2.1 CONSTRUCTK>N FACILITIES: GEO base 

WBS Dictionary 

This element includes the facilities, equipment, and operations required to ass(.mble 

and check out the satellite system. Included are fabrication and assembly facilities, 

cargo depots, and operations. 

Element Description 

The GEO base is shown in Figure 1.2.1-1. It's primary function is constructing the 

5 GW photovoltaic satellites. The base is designed to meet the requirements listed 

in Table 1.2.1-1. 

The GEO base has three contiguous areas used to construct the energy conversion 

system, the power transmission system, and the interface system. For simplicity, 

these areas will be referred to as the Solar Array, Antenna, and Yoke construction 

areas. 

The GEO base is referred to as a 4-Ba}' End Builder construction base. It gets this 

name from the manne;· in which the solar array portion of the SPS is constructed. 

Construction of the solar array takes place in an L-shaped facility, 2.96 km long 

with 700 m and 860 m wide legs. Solar array construction equipment (beam machines 

and handling devices, solar blanket installation facilities, and bus installation mechanisms, 

as well as habitation, docking, storage, etc) are mounted on the 700 m deep leg. 

The other !cg of the facility guides and supports the longitudinal beams of the SPS 

until the bay structure is completed and self supporting. The antenna and yoke con­

struction platform is mounted at a riistance from the solar array facility to provide 

an area in which the rotary joint and mating structure can be built. 
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Table 1.2.1·1 GEO 81118 Requif'f11111N1ts 

1. Construct the 5 GW monolithic SPS within 6 months + 5%. 

2. Power collection system construction operations to be 
perfonned: 

a. Frame assembly 
b. Solar array deployment 
c. Power bus system installation 
d. Thruster system installation 

(electric and chemical thruster systems) 
e. Avionics system installation 
f. Module test and checkout 
g. Annealing machine gantry assembly 

and installation. 

3. Antenna construction operations: 

a. Primary frame asseinbly 
b. Secondary structure deployment 
c. Wiring harness installation on the 

secondary structure. 
d. Antenna subarray deployment 
e. Power distribution system installation 
f. Antenna test and checkout 
g. Maintenance system track and 

gantry installation 

4. Yoke construction operations to be perfonned: 

a. Frame assembly 
b. Mechanical rotary joint assembly 
c. Electrical rotary joint installation 
d. Power bus system installation 
e. Elevation joint installation 
f. Gimbal mechanism installation 

(Continued) 
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Table 1.2.1·1 GEO Base RequiremtJnts (Cont'd) 

5. Other construction operations to be perfonned: 

a. Antenna-to-yoke mating 
b. Antenna/yoke-to-module mating 
c. Sub~ssembly operatlons 

1. Thruster assembly 
2. Antenna switchgear assembly 
3. Module switchgear assembly 
4. Power bus support hardware assembly 
5. Structure subassembly 

6. The antenna and module construction facilities must be contiguous. 

7. Provide docking and offloading systems for the following vehicles: 

a. Personnel OTV's 
b. EOTV-to-Base cargo transfer vehicle~ 

c. Maintenance Sortie OTV's and crew habitats 

8. Provide operational areas for the following activities. 
a. OTV operations 

1. Stage handling 
2. Cargo handling 
3. OTV maintenance 
4. Propellant transfer and storage 

b. Cargo sorting and storage 
c. Suba~sembly factories 
d. Crew quarters, work modules 
e. Base maintenance 

9. Free-flying of assemblies or construction and logistics 
equipment is to be avoided. 

(Continued) 
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Table 1.2. 1-1 GEO Be• Requirements (Cont1d) 

10. Provide a co111110n base logistics track network for moving 
cargos, crew, and construction equipment. The logistics 
track will have a gauge compatible with the size of the 
base framework beams. Provide alterr1ate pathways to 
every facility location. Ensure that there w1ll not be 
competition for a specific track location. All vehicles 
self-powered and operator driven. 

11. Ensure that relative motion between the facility/construc­
tion equipment and the parts being assembled are compatible 
with the acc•Jracy and time cc,·.straints involved in the 
construction operations. 

12. ~rovide moving indexing/support machines that interface 
the module-to-facility and antenna-to-facility. 

13. Provide for base attitude control and station keeping, 
transfer capability from one longitudinal position to 
another. Thruster installation and thrust level to 
acco11111odate mass and CG excursiQns during construction 
operations. Thrust level not to exceed 5 x lo-Sg. 
Thrust will be constant thus allowing burn ~ime to vary. 
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Table 1.2.1-2 gives uie anass and C\lst summary for this base. Values in the table 

reflect SP~ maintenance operations support facilities added to the GEO base as a 

result of maintenance analyses conducted during Part Ill of the prior study (Contract 

NAS9-15196). 

WBS l.l.l.l Work Support Facilities 

WBS Dictionary 

This element includes the facilities and equipment required for satellite assembly 

and check out. Included are beam fabricators, manipulators, assembly jigs, installation 

and deployment equipment, and cargo storage depots. Excluded are the f2r:ilities 

related to crew support. 

Element Description 

This element descri'>es the configurations of the GEO base structure, construction 

equipment, cargo handling/distribution sy~tem, subassembly factories, test/checkout 

facilitit:s, transportation vehicle staging/maintenance facilities, and base subsystems. 

The mass and cost summary for these items was included in Table 1.2.1-2. 

WBS 1.2.l.l.l Structwe 

YI BS Dictionary 

This elem.:nt includes the primary and secondary structure of the GEO base. 

Element Description 

The GEO base structural configuration is shown in Figures 1.2.1-2 and -3. The facility 

primary structure is composed of 100 m sq1.1are section open truss beams. Each member 

of the trusses are 12.5 meter triangular-section beams. The mass and costs for the 

base structure were computed as shown below: 

(240,000m) + (247 ,n4m) (l.2X5KG/m) ::: 2927 x 103KG 
Antenna Solar Array 20% Total Base Structure Mass 
Platform Facility Allowance 

(2927 x 103KG) ($100/KG) = $293 x 106 Total Base Structure Cost 
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Figure 1.2.1-1 4 Bav End Buildtr 

Table 1.2. 1-2 Mass and Cost Summ11TY for GEO Construc:tion Base 

I 

! 

1118SNO. ITUlllAME -" TOTAL
1
fA. 

OI' UlllTS MASS. 1 

U1 GEO a>lllSTRUCTIOlll MID 
C)f(llA TIOlllS BASl 1 

U.1.1 WORK SUPPORT fM:ILITIES -U.1.1.1 STRUCTURE an 
U.1. U CONSTRUCTION EOUINIEllT 401 
:.2. 1. 1 .J CARGO HMOl.lllG/ 

OISTRl8UTIOlll SYSTEM -1.2.1.1.4 Sl.9ASR~Y FACTORIES • U.1.1.5 TESTl'CHECKOUT FACILITIES TIO 
U.1.1.• TRAlllSl'ORTATIOlll VEHICLE 

MA•nENAlllCE FACILITIES TIO 
U.1.1.7 SPSllAlllTENAllCE 

SUPPORT FACILITIES !IO 
U 1. 1.1 8"51: SUllSYSTEMS TIO 

CADD 1ft. FOft U-.>EflfllEO nuw llS4 

l.l.U CREW SUl'f'OllT FACILITIES 

I 
.,,. 

llllRAPAROUllO COSTS ~ SPARES Clnt 
INST AU •• ASSEllll8l Y. CHE CK OUT 11ftl 
SEa111'\I 
PACJECT MAlllAGEMEllT '2'1 

I SYSTEM TEST fJ'IW 
GSE 14'51 

IJ> IASIC HARDWARE IS T~ SUll OF 2411 • 424& • ... • 1'/' 
~ 41'1. OF BASIC HARDWARE 

uo 

.. 
TOTAL 
COST.I ... 

1111 

MW §> 
m 

1Jll 

JtJ 
211 

ilD 

TIO 

TIO 
TIO 

no 
4145 fi> 
J1JZ --· 10M.Z 

.... 2 
1JU 
200.D 

--· 



0180-25037-3 
WBS 1.2.1.1.2 Constructicn Equipment 

WBS Oicttonary 

This element includes all equipment items dedicated to construction of the SPS with 

the exception of equipment utilized in subassembly operations (the Jatter are included 

in 'A'BS 1.2.l.l.4). 

Eleme!nt Description 

Table l .2.1- 3 provides a summary listing of the equipment types, where used, quan­

tities, mass and ccst. Each of the major equipment items are described an the subele­

ment descriptions beginning page 155. 

Construction Operations Overview 

SPS assembly operations commence with the construction of the energy COf\version 

system as shown in Figure l.2.l-4. Assembly of the energy conversion system is 

timec for simultaneous completion and mating with the interface system and power 

transmission system. The 5Gll' monolithic satellite is constructed and checked out 

in GE0 m six months. 

The 4 bay end builder uses two passes to construct the 8 x 16 bay energy conversion 

system; each pass prC'vides a 4 x 16 bay module 'A·hich contains the appropriate sub­

systems (i.e., structure, solar blanket; power distribution and control, attitude control, 

etc.). The main pov.,er bus is installed during the first pass in parailel "ith the fabrica­

tion of continuous logitudinal beams. The seccnd construction pass is somewhat 

shorter !tince "lfle side ,,f the structure is already built, and therefore less vertical 

and diagonal sup:>0rt beams are required. 

Th~ intert.ice system is constructP.d separately and then joined to the power transmis­

~ion system. The sat~llite is fully asseHlbled, when these systems are mated wit~1 

the energy conversion system. 

Energy Conversion System Construction Sequence 

Figures 1.2.1-5 and -6 illustrate the generic sequence for assembling the energy 

conversion system en the end !:>uildcr constru~tion base. The construction process 

entails fabrication of continuous logitudin.il structural members, fabrication and 

attachr.ient of segmented structur:ll member~, and installation of power busses, solar 

arrays, and other required subsy~tcms. 
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Table 1.2.1-3 Construction Equipment Mass and Cost Summary 
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The construction operations begin with syndronized operation of the ten 7 .5 meter 

longitudinal beam machines, which fabricate short lengths of beams to establish 

nodal joints for assembling the first structural frame. Mobile beam machines for 

7 • .5 meter and 12.7 meter members are used to fabricate tt.e lateral and diagonal 

beam segments of the end frame. The 12.7 meter upper lateral beams used to support 

solar blanket tP.nSioning are fabricated and jointed to the longitudinal beams. Next, 

the other beam machines begin fabricating the 7 .5 meter beam segments, which 

comprise the remainder of the end frame. Simultaneously solar array canisters are 

anchored on the construction base and the distal end of the solar arrays are attached 

to the upper laterals. 

Upon completion of the end frame assembly and solar array attactrnent, the structure 

is indexed by continuing the fabrication of longitudinal members. As the fixed beam 

machines fabricate the 667 meter longitudinal beams, the main bus is deployed (on 

the first pass) and the sollar array panels, are Glso deployed. 

After completion of the indexing phase, the upper lateral beam segments of the 

next frame are fabricated and installed. lllen, collector busses and switches are 

attached. Next the solar array canisters are detached from the construction base, 

mot:nted on the upper laterals and the proximal ends are connected to collector busses. 

SimuJtaneousl) ~ new solar array canisters dre anchored on the construction base 

and the distal ends are attached to the upper laterals and cOIVlected to collector 

busses. Finally, pigtails are installed across the upper laterals to provide electrical 

connection between the busses. 

During this process, other structural members of the frame are fabricated as needed 

to complete the assembly. Various sensors, avionic components and thrusters are 

installed in parallel as needed. These assembly operations are repeated until the 

entire 4 bay by 16 bay module is completed. 

Frame Assembly. In the end builder concept, the frame is assembled by joining beam 

segments (fabricated by the mobile beam machines) to the continuous longitudinal 

beams (fabricated by the fixed beam machines). The production buildup of the energy 

conversion system starts with assembly of 7.5 m and 12.7 m structural tri-beams. 

Figure l.2.1-7 depicts major beam instaHation acti'.'ity at each frame-station with 

the longitudinal-diagonal 
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(7 .S m) being installed before the lateral solar array (S/ A) supportbeam (12.7m) to 

facilitate cherry-picker accessibility and mobility in the end-attachment process. 

The 12.7 m beam machine shuttles up and down on a short length of track to preclude 

interference with the beam machine producing the vertical beam elements. The 

beam elements in the plane of each frame (verticals, lateral diagonals, and lower­

transverse elements) are installed last and complete the structural buildup of each 

bay. 

Major equipment functions and the1r specific locations in the construction base are 

identified in Figure 1.2.1-8. A 60 m travel distance is provided for the longitudinal 

beam builders to permit on-line maintenance and repair in a 60 min period (assuming 

a fabrication rate of Im/min). The two views shown represent what is probably the 

most active location in the base. The l 1.7m beam machine provides the required 

SI A support beams, while nearby a mobile (track mounted) 7 .5 m beam machine is 

shown at its mid point of travel between one end of the base and the other. In addi­

tion, the 7 .5 longitudinal beam machine; bus installer and solar array implacement 

equipments are shown. 

Solar Array Deployment. The solar array blankets can be installed by either method 

shown in Figure 1.2.1-9. One method aligns the solar array blankets in the direction 

of construction. Hence all solar arrays are deployed automatically as the longitudinal 

beams are fabricated from one end frame to the next frame. The second method 

illustrated in the lower half of the figure, installs the solar blankets normal to the 

direction of construction, during progressive stop and go beam fabrication operations 

(i.e., build 15 m length deploy array - build 15 m, etc.). 

The first method is preferred because it allows shorter construction times to be 

achieved while also permitting significantly slower rates for thin film solar array 

blanket deployment. This method requires the least equipment to implement. The 

alternate approach, which deploys fewer blankets at a higher rate, can also be imple­

mented with little impact on construction base design. 

As shown in Figure 1.2.1-10, the installation of energy conversion solar arrays (S/ A) 

occurs at the same work station in the base as the assembly of structural frame 

elements in order to mamimize time-line benefits from parallel activites. 
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Figure 1.2.1-9 End Builder Frame Assembly/Solar Array Deployment (Coupled Operations) 
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Subsequent to the installation of a 12.7 m solar array support beam, the cherry picker 

removes a S/ A box from the supply crib shown and fastens it to the proximal anchor. 

The distal-end of the blanket is then connected to the beam. When the frame has 

been indexed one bay away, the blankets are fully deployed and the box is removed 

from its anchor support fittings and fastened to the next 12.7m support beam to 

complete the cycle. 

Power Bus mtallation. In the end-builder construction concept, it is necessary to 

install power bus systems in two directions. A longitudinal centerline power bus 

system has to be installed "on-the-fly" as the longitudinal beams are being fabricated. 

After 4 rows bays are fabricated in the longitudinal direction, it is necessary to install 

a lateral power bus system. 

Installation of .i power bus system requires three major suboperations: power bus 

support structure installation, switch gear subassembly installation, and power bus 

deployment. 

The power bus support structure is a cable suspension system. The cables are installed 

by a pair of 90m cherrypickers, one operating on the upper facility surface and one 

operating on the lower facility surface. 

The switch gear sui>assembJies are preassembled in the Level A subassembly factory. 

These subassemblies are delivered to the upper facility surface where they will be 

instaJled by 30m cherrypickers. The installed configuration is shown in Figure 1.2.1-

11. Approximate!/ two of these subassemblies are installed per bay on the lateral 

power bus sys .em installation locations. 

The power busses are deployed by the power bus deployer, (WBS 1.2.1.1.2.3.) The 

power bus material is delivered to the GEO base in rolls that can be loaded into the 

bus dispensers on the bus deployer by the cherrypicker that is part of the deployer 

equipment. The power bus strips are welded to the bus connection bar stock pieces 

that are part of the previously installed switch gear subass~mbly. 
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Attitude Control Thrust Systems. The thruster systems are installed at the four 

corners of the SPS. After the other construction operations are completed on the 

end bays (solar array electrical connections, bus installation and, bay framing, etc.), 

the mobile 12 • .5m beam machines are reoriented to fabricate thruster support beams. 

The unoccupi'!!d cherrypickers help assemble the structure. 

The SPS electric and chemical thrusters are installed within their yoke assembly 

at the Level A Subassembly Factory. These units are delivered to the solar array 

module final assembly area where they are installed on the thruster support beams. 

The 30m cherrypickers wiJJ perform these operations. These cherrypickers wHJ also 

participate in the assembly of the support structures. 

The propeJJant tanks arrive at GEO on pallets ready to be instaJJed on the SPS. This 

paJlet is installed by 30m cherrypickers. 

The propellant plumbing and the radiator systems are installed piece-by-piece by 

30m cherrypickers. 

Other. The instaJJation operations associated with the avionics, communications, 

data processing, and other miscellaneous SPS energy conversion subsystems have 

not been analyzed. 

Microwave Power Transmitter Construction Operations. The antenna is constructed 

upon the antenna construction paltform shown in Figure 1.2.1-3 as a part of the 

construction bas~. It is constructed in parallel with the construction of the energy 

conversion system (solar array) module. 

Construction of the antenna entails the following suboperations: primary frame 

assembly, secondary structure assembly, power distribution system installation, phase 

control system installation, subarray installation and final test and checkout. The!:e 

operations are described in the following subsections. 

141 



018~25037-3 

Figure 1.2.1-12 shows a side view looking into the antenna construction facility. 

This picture illustrates the relative locati<'•'S of the various construction equipment 

items. Figure 1.2.1-13 illustrates the ft..ner'll construction sequence. The antenna 

is indexed through the facility one bay cit a ti~e. When a full width of bays is completed, 

the ant~nna is indexed longitudinally out of the facility so t!'lat the next row of bays 

can be assembled. When the antenna is completed, it will be located at the proper 

position so that it can be mated to the yoke, see Figure 1.2.1-14. 

The integrated antenna construction timeline is shown in Figure 1.2.1-15. 

Structure Assembly. Figure 1.2.1-16 illustrates the configuration of the antenna 

primary structure. Figure 1.2.1-17 illustrates the frame construction stquence, 

the beam machine and cherrypicker locations, and time required. Figure 1.2.1-18 

illustrates that both "tall" and "short" indexers are required during the frame assembly 

sequence. The beam enci fitt:ngs and the battens are preassembled in Subassembly 

Factory B and are then delivered in sets or magazines to the antenna construction 

facility. 

The antenna secondary structure is conceptually a preassembled deployable cubic 

structure. The structure is delivered as a collapsed and telescoped package. The 

construction task is to expand and lock the structure into a 104 x 104 meter square 

platform that can the.~ be placed upon mounting points on the antenna primary structure. 

The collapsed secondary structure package is delivered to the antenna deployment 

platform. This platform is the most prorrin<::nt assembly of equipment on the antenna 

construction facility. Its location is shown in Figure 1.2.1-19. Many pieces of equipment 

operate on this platform as illustrated in Figure 1.2.1-20. The equipment platform 

is used to dP.ploy the secondary structu:. install phase control wiring, install power 

distribution wiring, and to mstall subarrays. 

After eac;1 secondary strur:ture package arrives at the platform, it is then placed 

onto thi:. secondary structure de-telescoper machine mounted on one of the gantries. 

The phase control system installation cherrypicker is employed trJ anchor one face 

of the secondary structure while the de-telescoper retracts to f;xpand the structural 

package to its full lOm depth. A lanyard is then pulled which ;.tllows the secondary 

structure to expand using spring-activated hinges on the structural struts. When 
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the secondary structure is fully expanded and self-locked into a rigid structure, the 

corners are attached to the secondary structure telescoping installation system. 

The structure is then ready to be wired • After the wiring is completed and the primary 

structure correctly positioned, the secondary structure is raised into contact with 

the primary structure by the telescoping actuators. Cherrypickers th....an make the 

necessary structural joints between the primary and secondary structures. 

Power 8us mtaUation. After each bay of primary structure is completed, it is then 

time to install the power distribution system on the surface opposite the subarrays. 

The iirst step is to install bus support subassemblies which have been preassembled 

in Subassembly Factory B. A pair of cherrypickers are employed (the same ones 

useJ to install the upper surface of the primary frame). At the nodal joints of the 

primary structure, it is necessary to install a preassembled antenna switch gear subassembly. 

After the support structures and switchgear assemblies are installed, a bus deployment 

machine moves into place and deploys the necessary power bussing for the bay. 

It is necessary to install a power distribution wiring harness on the secondary structures. 

This harness goes onto the face of the secondary structure opposite where the subarrays 

will be installed. A gantry and cherrypicker has been incorporated into the deployment 

platform for this purpose. 

After a secondary structure element has been installed onto the primary structure, 

it is necessary to run power cables between the antenna switch gear subassemblies 

<on the primary structure) to the power distribution wiring harness on the secondary 

structure. A 230m cherrypicker is employed for this operation. 

Phase Control. After the secondary structure is deployed and attached tl. ,.,.e installation 

telescopes, it is necessary to install a phase control wiring hardness fperhaps a fiber 

optics harness) onto the face of the secondary structure adjacent to where the subarrays 

will be installed. A gantry and cherrypicker have been incorporated into the deployment 

platform for this purpose. 
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The phase control interconnect operation br!ween the subarrays and the harness 

installed on the secondary structure is accomplished as a part of subarray deployment. 

Subarrays. Before subarrays are delivered to the deployment area, the pallet of 

subarrays are delivered to a subarray test area where each subarray will be tested 

for mechanical and electrical integrity, see Figure 1.2.1-21. The subarrays that 

require refurbishmen~ v;ould be taken to a nearby facility for repair. The tested 

subarrays are loaded onto a transporter for delivery to the deployment platform. 

Figure l.2.l-22 shows how pallets of subarrays are transferred to and from the sub­

array deployer using an elevator. The deployment machine traverses along the gantry, 

stopping every 10.4 meters. Figure 1.2.1-23 shows a close-up view of the s•Jbarray 

deployment machine. The deployment machine mechanisms extract each subarray 

panel from the pallet and raise it into position where the jackscrews can be attached 

to hardpoints on the secondary structure. The subarrdy is then leveled. The cherry­

picker on the side of the deployer then makes the phase control and power distribution 

pigtail connections to the respective harnesses previously installed onto the secondary 

structure. 

Yoke Construction and Mating; Final Checkout 

The construction and mating sequence for the satellite interface system is illustrated 

in Figure 1.2.1-24. Assembly of the interface yoke can lead the antenna build-up 

as shown or be delayed until antenna is almost fully assembled as shown in Figure 

l.2.l-25. With either approach the interface system is fully assembled and ready 

for mating operations when the 8 x 16 bay energy conversion system has been com­

pleted. 

In the early stages of construction, the rotary joint and supporting yoke structure 

are assembled on the back face of the energy conversion construction facility. The 

rotary joint is subsequently indexed outboard for attachment to the yoke (see Figure 

l.2.1-52). At i:he same time, the rotary joint/solar array interface structure is par­

tially assembled. Step 2 shows the completion of build and mating of the antenna, 

the yoke and the rotary joint. The energy collection system has also been completed. 

The interface structure between the rotary joint and solar array is attached in ini:re­

mental steps to permit the base to gradually transfer the antenna ma-;s while indexing 
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it self away from, and clear of, the antenna. The start of the final mating operation 

is iJJustrated in step 3. The array is indexed laterally along the base so that the 

appropriate structural nodal point is in the base overhang. The antenna assembly is 

also indexed on rails until it is positioned for completing assembly of the mating interface 

structure legs. Subsequently the base is indexed outboard to position the next pair of 

mating points in the base \lverhang. The center legs of the interface 

structure are then completed. Step 4 illustrates the final mating of the power trans­

mission system to the energy conversion system. When the mating operation is com­

pleted, final test and checkout will be automatically performed on the major satellite 

systems (e.g., attitude control, de power distribution, and RF phase control). At 

the conclusion of these tests, the base will be separated from the satellite and trans­

ferred to the next satellite GEO construction location. Subsequent satellite power 

build-up operations will be controlled from the ground. 

Equipment Description Summaries 

VI BS 1.2.1.1.2.1 Beam Machines 

WBS Dictionary 

This element includes all machines dedicated to fabricating structural beams. Beam 

machines are used in construction ... ~ the solar array and power transmission system. 

Element Description 

Requirements for three types of beam machines have been identified, as summarized 

in Table 1.2.1-4. Figure 1.2.1-26 shows a conceptual configuration. 

WBS 1.2. • .• I.2.2 Cherrypickers 

WBS Dictionary 

This element includes the mobile equipment that has crew cabins equipped with dextrous 

manipulators. Cherrypickers are general-purpose construction equipment used in 

many ways. 

Element Description 

Requirements for four types of cherrypickers have been identified, see Table 1.2.1-5. 

Figure 1.2.1-27 shows one conceptual configuration. 
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Table 1.2.1-4 Beam Machine Deaiption ~-..,•t 

ITEM __ B_E_AM_MA_c_H_I_Nc_s ______________________ _ WISNO. 1.%.1.1.2.l 

SUllTEMS 

f IMCl IOltAl. 
llEOUIRUolENTS 

llllHERE USl:O 

Of'£ RATING RATES 
Alo!OltM£S 

QTY 

MASS 

COST 

M4NNING 

EA. 

I 

I I 7.5111 GlmbltNl/Mobile 

, Hanned Beam Machine 

12.Sin Gimbled/Mobile/ 
7. 5m Syn:hronhed 

o fabrlc•te 7.5 • betm 
1 

o F1brfute 7.5 •be• l o hbrfcate 12.5 •be• 
o 10 Maclline\ operated I o traverse I o travers~ 

synchronously o tilt 0-90° o Rotatrs ! 90° 

o Remotely controlled I o Rotate ! 90° I o controlled by on-board 

~ _T:•:s.:_ 1~0: ~"':ion _L :_ _ ~~~i~~ed by :·_'.:·~--L _ _:wa_: ___ _ 
( COllllOn to a 11 types l 1 

u fabricate coqios1te material b~am l' Support bea .. while beu encl fitting installed 

o Instill bta• enct fittings o Quick-char:ge component 11119azines 

o Instill batten encl caps o Material reload by cherrvrickers 
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Solar Array longi tudi na ls I A 11 other beams 

o 7. !'Jn8ea111 f1brte1tor o 7 .!inbeat11 fabrlc•tor 

o GllllblP 

_____ · _ _J _o .2_ ma~o~~·b~ 
( toanon to a 11 types) 

o Carriage (Self-propelled) 

o Beam End Fitting installation system 

o Bea111 holder/indexers 

l m/min I 5 m/min 
I 

10 I 4 

llOOOkg I 15000kg 

--·-
I Solar Array literal BealllS 

I 0 12. 5m be• fabrfutor 

0 Gi11ble 

+ 0 1 111n control cabin -- - ------
I 
I 
l S m/lllin 

I I 

ZlOOOkg I 21000kg 
I 
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$3511 TFU/$26.'lllAVE 

~~Al $26911 

l operator per 8 machines 

I S6SM TFU/$49 .8111 AVE I S75m TFU/$75111 AYE 

Sl99M I S75H 

I 1 operator per •ch1nee~:hshff~ 1 operator per achlne each shift 
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WBS 1.2.1.1.2.3 hleurs 

WBS Dictionary 

This element includes the equipment items used to support and move the SPS major 

end items during constructioo. 

Element Description 

Four sizes of indexers have been identified, see Table 1.2.1-6. A conceptural con­

figuration fo1 ID indexer is shown in Figure 1.2.1-28. 

WBS 1.2.1.1.2.• 8us Deployment Machines 

WBS Dictionary 

This element includes the construction equipment used to deploy the sheetmetal 

power busses. 

Element Description 

Three types of bus deployment machines have been identified, see Table 1.2.1-7. 

A. conceptual design for the bus deployment machine used on the solar array module 

1s shown in Figure !.2.l-29. 

WBS 1.2.1.1.2..5 Solar Array Deployment Equipment 

WBS Dictionary 

This elerr.ent includes the equipment dedicated to deployment of solar array blankets, 

with the exception of cherrypickers. 

Element Description 

The solar array deployment equipment that has been ici.~ntified is described in Table 

1.2.1-8. 

WBS 1.2.1.1.2.6 Anteooa Deployment System (Platform) 

WBS Dictionary 

This element inciudes the equipment used to deploy and install the antenna secondary 

structure, to install p!lase control and power distribution wiring on the secondary 

structure, and to install the antenna subarrays. 
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Figute 1.2.1-28 Satellite Supponhndexing Machine 
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Ta/W 1.2.1-1 Bu6 Dflp/oytMnt MM:hiM P.:ription Shat 

IUS DEPLOYllEll~ IMOllllES 
ITIM --------------------------------------------------------------

-llO. 1.2.1.1.2.l 

sueanMS S.OUll AllllAY llUs. I AllTElllA 1115 I YOll IVS 
DlPt.OYIOT MCHlllE llCPLJYl4£11T MCHlll( 0£PLO"'°'T MCHl11£ . 

FUMCTIOlllA&. I 0 eo-tt busses to I 0 Dtspeas..-s ua .,. arttailatel 
MOU1At•1ns switdl sen s•ss'1 so tllat bussn e111 ti. dtr-

I I rected to tile slip • i119 
0 Retr•ct •cquistUOll subass'1 

bus dis-ser tG 

I J_ clur .,._ 
,__ --- -- -- --- - -- - --- --- -- -- - -(COlftlll TO All TYPES) 

0 Tr•weru •long f•cihtt tracks (ortlloroMl dtre<:UOll) 
0 ., ~Id bus to bus c-.ctiOllS 
0 Dtspenu •11d fl•tttn I •tlllct siled •t•I conductors 
0 Quick ~. bus •ttrt•l ~zi!IH 

-llEUSIO S.0 l•r •rr•y llOd. I ~t- I Yol<t 
0 A.;:quisitiOll bus diSptllStr 

I 
0 A bus dfSpellstf' I 0 A bus dispt11stf' MAJOll 0 A bus di SpeMtr 0 • bus dt sptllStr 0 • bus dfsptllStr sueElhltlOTS 

0 I bvs dlspe11ur 0 c bus dfspellStr D C bvs di SpttlStr 
0 c bus dispe11srr .J 0 ui. Bus llOo. _J 0 Articulatt119/ elnattag ... 
LL ~.J!!!m- - - Cllii)RTOALLTms) - - - - --- - - - --

0 5.tlf-propell~ carri•9t 
0 20ll clltrrypicter 
0 Built-in tr•cks for chtrrypicker 
0 Contra 1 cat> 

OPEllATllOG RAUS •• ! AMJT-S 1ID I TIO 

QTY l I l I l 

II.ASS (A. 
uuuul.g auuu kg 

I 
8000 kg 

TOT"L 
SOOG kg I 8000 kg 8000 kg 

-- I 

COST EA. $2511 
I S2511 I $2511 

TOT Al 

........... G l operators per .. c11t11t l 2 operators per •dltne I 2 operators ,,rr •clltne 
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Table 1.2.1-8 Sol• Arnty Deploytnt111t Equipment Detaiption ShHt 

tllll __ .:;SOl=M;;;....;AR=RA:.:.Y~OE:.:P..:.LO::..':.:.l'IE=.11:.:.l:_::E'IU:::.:l:..:M=.;:llT.:_ ______________ _ WUNO 1.Z.l.l.Z.4 

5Uell(M$ I SOLAR ARllAY AllCHOAS I SOLAR ARRAY 1 SOLAR .\RRAY 
CONTA!ll[R AANDt.lllG JIGS COllTAINER TRAllSPOllTERS 

f""'Cfl0oi4l 0 Holds sol•r ArrAJ I 0 lnterf•ce bet'4eft I 0 Stores TIO 
ll£Qu11t\ti0U•U container dvdng o:ontainers and Solar array 

Mplo.)-nt srquence 

I 
cherr;pickrr I containers . 
.. nipulators 0 Transoorts c1111i.tners 

I I 
I I 

I I 
I ~ 

•HftH. USED Solar array f•cill t,y clierryp1cllcrs I Solar arr., t1c1l1ty 

M.>JOA 0 Fraw 0 strongb.ck bNn I 0 container llolclown 
St•@E llMU•f$ 0 Hing. ISS "y I 0 .. nipulator wcllanis. 

0 container svpport interfac• bnckrts I 0 carriage ass •y 
bracket 0 contal.,..r iftterface 

0 tension s~sors I 111ecllanisa 

I I I I 
O~f RA r1fliG RAllS I 
.&1':0 TIMES I 
l)H l7b 1 4 l 4 

r .. ..SS (A. I I h>TAl TBO TBO TBO 

o:X>ST u .. TBD I TBD I TBD 
TOT Al I -,._.,...,..,...G l I 
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Element Description 

The operation of the antenna deployment system was described on page previously. 

System characteristics are summarized in Table 1.2.1-9. 

WBS 1.2.1.1.3 Cargo Handling/Distribution System 

WBS Oictiouary 

This element includes the hardware used for docking the various cargo and crew 

vehicles, the systems used to offload/reload these vehicles, the cargo and crew trans­

porters, the cargo sorting and storage systems, and the track network used to move 

the cargo, crews, and equipment around the base. 

Operational Description 

As an EOTVor chem OTV approaches t~ GEO base, the controller at the Earth­

based Space Traffic Control Center would handoff control of the vehicle to a local 

traffic controller, who is stationed in the GEO base o, - ·ations module. This local 

traffic controller issues verbal commands to the pilot 01 he OTV or issues data 

commands to the unpiloted EOTV. The EOTV is brought into a stationkeeping position 

where it will remain until the cargo is offloaded. The ch~m OTV's are guided into 

a docking port on the base. 

The EOTV transports the cargo on a free-flying "cargo pallet vehicle" (CPV) that 

is attached to the EOTV during orbit transfer. After the EOTV achieves its station­

keeping position, the local space traffic controller (or another specialist) would issue 

the necessary command and control to activate the CPV and launch it away from 

the EOTV. The C PV is then guided into a dedicated docking system on the GEO 

base. There would be dedicated crew members who would be located at the docking 

systems area, who would control the docking of the vehicles. 

When the CPV, EOTV, or chem OTV is ready for departure, the local traffic controUer 

directs their departure until the ground-based traffic controUer takes over command. 

If space vehicles need refurbishment or repair prior to departure from the GEO base, 

there would be a crew of vehicle maintenance people who would handle the problem. 
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Table 1.2. 1-9 Antenna Deployment Symm Dtlsalption Sheet 

ANTENNA DCPlOYMENT SYSTDI 
ITIM ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-- WUNO. l.Z.1.l 2.t 

SUlllTUIS DEPLOYMENT PLATFOAll I PHASE CONTROi. SYSTE" INSTALLOR 
I 

fUNC!IOOIAl 
0 Provides t~ structural I o Pro-tde upabllity to .,_ver 

llEOUIRUIENTS 
basr upon which the I a 20ll cherryplcker an~re 
following llObile benH th a secondary structure 
equ tpeent operators 0 PTovide -ns to tnsull a 

I phase control wiring (or flbe!' optics) 
0 Suti.rray deployiornt dlstrtbutton harness 

gantry 0 Antsts tn dep\o.J91!ftt of s~ond•ry structL· e 
0 secondary Structurr I auembly gantry 
0 Secondary Structurr 

trle;coping installation I 
system 

I 
I 

WHERE USED ~tenna const. facility I BenNth deplo,_nt platfOl'WI 

M-.JOll 0 Structure lo i;.ntry 
SU8ElEMENTS 0 Tracks for gantry 0 llobi le 20ll cherrypicker 

carriages 

~ 
Harness stonge 

0 Power dhtribution system llork 11 liainttlon sys teia 

I 
I 

OPf'IATING llATES 

I TBO 
Af\IOTIMES 

QTY 1 I 
I 

~ EA. (Total including all attached equipf TIIO 
TOTAL 28000 kg I 

(Total including all attached equip\ TBD 
COST EA. 

~ TOTAL 

MANNING I 1 11111/shl ft 
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Table 1.2.1-9 AntMna Dtlploy,,.,.,,t Systflm De«:ription Sh•t (Condnu«JJ 

W9SllO. 1.Z.1.1.Z.6 

'" :01 .. .,..,u..,. l :OUIUUllUU OKl'"LUlnLftO llMIKI 
IUllTl• ~SEMllY EQUl""lNT 

FUNCTIONAL 0 Providf!s capability to I 0 
Pro'#idH capabtlit, to Mneunr 

lllOUlllEMElllTS NMUYtr a chtrryplcktr tht subl rr11 dep 1 o,er enplltrt 
anplltre over the top under I secondary s tr11Cturt 
surface of tht secondery I 0 

Provide -ns to tren$fer pallets -
structure of sub4rrays frOll cargo trusporter to the 

0 Provide Mins to tnstall subarr11 deployer 
power distribution wiring I o Provide tracks for sublrr11 
ti.mess dep101ft' 

0 Assists in secondary structure 
deployi1rnt op. I 

I 
I 

WHEllEIJaO DeploY9t"t Pletfonit I Deplo,Ylltllt Plltfo,. 

MA.IOI! 0 ~ntry I: Gar.try 
SUllfLEMElllTS 0 Mobile 2~ cherrypicker £l eva tor system 

0 Mot-ile Secondary structure 
lk -u 1 es coper 

0 Harness storage 

I ~ llork i llu.ination system 

I 
OPERATING R"TES I ANO TIMES 

QTY l I 1 
-

IL\$$ E.\. TBO I TBD 
TOTAL I 
E.\. I 

COST TllO TBD 
TOTAL 1 t-- -

MANNING l Op/shift I 0 
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Table 1.2.1-9 Antenna !Hp/oyf'Mflt Syitwm Dncription Shut (Continued} 

wasNO. _1_.z_._1_.1_._z._t __ 

Sub1 rrq Dep 1 oyer I seco11dary Strvcture teel scopl ng 
SU•tlEMS lnst1ll1tton syst .. 

fUNCTIQl'jAL 
0 Provide capability to 101d/ lo Provide _.ns to support 

RlOUIRUoltNTS offlOld subarray p1llets ncond1ry structure while 
0 Provide means to extract 

lo 
it is being worked 

single sublrrays from Provide 111t1ns to raise secondery 
0 Provide means to raise subarray structure into contact with 
0 Provide 1ttans to attach 

jo 
primary structure 

subarray leveling jacks to Provide 111eans to Nke secondary 
second1ry structure structure-to-prlaary strui:turt 

0 Provide me1ns to 1eve1 the interface 
subarr1y I 0 Provide lllt!•ns to attach 
sublrr1y pha\e control 111d 
power distribution pig tatls to 
connectors o!I secondary structTe 

WtiEREUSEO Subarray deplo)'llltnt gantry 1 Deplo1"1'flt platfonn 

M.o\JOR 0 Pallet conaintr 1~ Telescoping actu1tors (•) 
SUllELEMENTS 0 Subarray f etd 111e111ntsa Interface attatclwent Mehantsm 

0 Subarray elevator 
0 Subarray scrtw jack actuator I 0 leveHn9 sensor/control sytem 
0 Oeii.t~s manipulator 
0 2 Mn contro 1 cab . 
0 Carriage I 

I 
OPERATING RATES install one subarroly within I 
ANO TIMES 20 minutes I TBD 

QTY 1 I 1 

MASS EA. TBD I TBD 
TOTAL 

COST EA. TBO I TBD TOTAL 

MANNING 2 operators/shift j Contro'led by subarrey deployment Nchlne operator. 
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There would also be a requirement for some GEO-based crew who would handle the 

OTV's and their cargo or crew pi\yload modules. 

After a crew OTV is docked in the OTV operations area, Figure 1.2.1-30, a crew 

bus (concept illustrated in Figure 1.2.1-31) drives up to the crew module and achieves 

an airlock. The passengers and crew are then movect out of the OTV into the crew 

bus. The passengers are then transported to the crew habitat modules by the bus. 

The crew supply module attached to the OTV is taken off by cherrypickers and placed 

on cargo transporter vehicles which then move the supply module to the crew qua.rters. 

After a cargc pallet vehicle (CPV) is docked, cherrypickers w1~h a pallet handling 

jig attached, remove the cargo pallets and place them onto cargo transporter vehicles. 

There are 10 cargo pallets to be removed from each CPV. 

The caqo pallets are transported to the Cargo Sorting Facility (Figure 1.2.1-.32) 

where a pair of cherrypickers place the pallet onto a pallet holdown fixture. The~~ 

cherrypickers assist a component handling gantry/manipulator in removing the .;ompo­

r.ent containers from the pallet. The gantry/manipulator then transports the con­

tainers to a nearby storage rack. 

This operation is repeated until the cargo pallet is emptied. If there are empty con­

tainers that are to be recycl~d, these are placed into the cargo pallet. Event•Ja~ly, 

the cargo pallet is returned and reloaded onto the CPV. 

The component handling gantry/manipulator is Jsed to remove containers from the 

storage racks and to place them onto transporters. These transporters then take 

the containers either directly to construction equipment or to subas:;embly factories. 

At the co:istruction equipment, such as a btam machine or bus deployment machine, 

a cherrypicker is employed to changeout empty containers from the machine and 

replace them whn the loaded containers. 

At the subassembly factories (refer to figures 1.2.1-33 and -34), the component 

containers are removed from the transporters by cherrypickeis and placed on storage 

racks near the work spaces. 
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/" FACILITY 
,, TRACKS 

-------------------- ---.-·-~_. ___ __._.._ __ --1~-'----.L.--
9'----40 ~ 

TYP 

90M CHERF. 'PICKER 
USED10 
MOVE VEHICLE 
MODULES 
(2REQ"Dl 

21111 CHERRWICKER 
USED TO 
REFURBISH 
VEH6CLE 
MODULES 
(2REQ"D~ 

CODE 

Cll -
CTY -
OTV1-

OTV2-

CCWAND llODULE 
CREW TRANSFER V£H1CLE 
ORSITAL TRANSFER 
VEHICLE - STAGE 1 
ORBITAL TRANSFER 
VEHICLE - ST AGE ~ 
RESWPL Y MOOUlE 
PROPELLANT STORAGE TANK 

OTYOOCKINQ 

... --·-·-·-·-·-·-·-·-·-·-·---·-·-·-·-·- ~-------------.:..·-·-·-·-·-·--=-·-·-·-·-·-· 
Figure 1.2.1-30 OT\i Jperations Area 

Figure 1.2.1·31 Crew Bus 
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TRANSft>RTEll 

Figure 1.2 1-32 Cargo Saning/Storage Area 
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Figure 1.2.1-34 Level 8 Subassembly FactMY 
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The transporters, either empty or loaded with empty contain(:rs, are then returned to 

the warehouse to pick up another load. 

The movement of the transporters around the facility track network would be 

controlted from a central track traffic management center in the ~rations module. 

All of these transporters are self-propelled but are remotely controlled. The central 

track traffic management center controllers a~so keep track of the construction 

equipment and crew busses that are operating on the track network. 

WBS 1.2.1.1.1.1 Vehicle Docking Systems 

WBS Dictionary 

This element includes the systems dedicated to docking of chem OTV1s and the EOTV 

cargo pallet vechicles. 

Element Descrip":ion 

Requirements for two types of vehicle docking sytems are identified. in Table 

l.2.1-10. Figure l.2.l-30 showed the chem OTV docking fac:lities. 

The vehicle docking operations were discussed in WBS 1.2.1.3.1. 

WBS 1.2.1.1.3.2 Vehicle Loading/Unlo=tcling Systems 

•BS Dictionary 

This element includes the hardware systems used to load/off-load the chem OTV and 

cargo allet vechide. 

Element Descriptior. 

The equipment associated with loading/off-loading the transportation vehicles is 

described in Taille 1.2.1-ll. 
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Table 1.2. 1-10 Vehicle Doclcing Syalrn 0..:ription Sheet 

Vt:HIC:LE DOCllllG SYSTOIS --· l.2.l.l.l.l 

I CAKO •ALl£T voua.£ oot1tllli snn:" 
·-

SU.llfllS OTV ootitllla SYSTOI 
I 

f UNCT IOllU'l I 

•EOUtAllllltlOTS 0 Provick docking tnUrface wttlll o Provide dac:kh19, interface 
clletl OTV s tagn , witll UFfO pallet velllcle 
c-nd Mdill•, 
crew tnnsft'r velliclH, I and Utlken. 

I 
I 
I 
I . 

-•lUSfO 'letude c1ocl1119 arH I ...... ,c '" aac1t•ng ..... 

IUJCtl 0 Fr_. z 0 Fr-
Sl!eflElllltlOTS 0 l!ocking 91Khaniim I: "Short" docki"9 - (2) 

"long" dorlitng ·-

I 
I 
I 

Oll'l.RATni.G •ATS;~ l ANOT'M(S I 
TY 6 I 2 . 

MASS foll 
TOT Al 

T&D I TIC 

- I TBD TIO 
OO$T loll 

TOT Al I 

........ ""' I 
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Table 1.2. I· I I Vehicle Loading,{)ffloading Sysrem Dnaiption Sheet 

IUM ______ V£_Hl_C_l_£ _l_OAD_l_lflil_OF_•_l_OA0_1_..a_s_,s_T_£_11S ___________ _ _.,_ 1.2.1.1.3.2 

OT¥ CARGO llANlll ING I PROPCLLAllT TllAllSfEI I CARGO •At.LET VEH:CLE 
5WIT£11S CllAllRYP'r~RS SYSTEM CMGO llAllDLlllG OIEitllYPIClERS 

fUllCTIOOIA&. 
St•c•/unsuc• OTY 

I 
Tr•nsfer 

I 
OfflOld lCNdfll -EMENTS 0 I 0 

I 
0 

st•ges •nd paylCNd modules 

I 
Propellants Hll¥ cargo pallets 
betloftft OT¥ 0 RelOld """t' 

I 
docking system I pallets 
Incl the 
prope 11 Ant 

I I storage Unl 

I I 
I I I 

I I 
-REUSED un ""'-"'119 lnl I UIW ""'-"'"' ani I ..... 1c1e ._ .. 1119 area 

.. "'°" 90lo chrrryfoicker I 
I 

90ra che.-rypicltet" 0 0 PUii!' systm 0 
SUIHEMU1TS 0 Handling jig 0 piping I 0 INlnclli!lg ji 9 

I 
I 

I I 
I I 
I . . I I - -

C"'EllATllllG RATES 

I N'lllMES I r--
' Cl: 2 I 

2 
I 

MASS EA. 5000 ICG TI;"I I 500'\ ltg 
TOTAL 10000 tg I 10000 tg 

- ---53611 TFU RD I Sl&t TF!J 
COST EA. SSS.7 • I SSS. 7,. 

TOTAl. 

'"""'"'"G 2/shift I TBD I 2/shif~ 
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WBS l.2.1.1.3.3 Transporters 

WBS Dictionary 

This element includes the GEO base track-mounted unit used as the prime mover for 

construction equipment and the units used to transport cargo within the base. 

Element Description 

The basis for every piece of moving equipment is a machine called a "Standard 

Carriage Unit," see Figure l.2.l-35. Additional details of the "bogey units" used on 

these carriages are shown in Figures 1.2.1-36 and -37. Table 1.2.1-12 shows that 

there are four major classes of carriage units that will be required. 

The carriages associ:sted with construction equipment items have already been 

accounted for. Tht.!re are some transporters that are used for moving cargo between 

the receiving area, cargo sorting area. subassembly areas, and final assembly areas. 

The mass and cost estimates for these cargo transporters are listed in Table 1.2.1-13. 

WBS 1.2.l.l.J.lf Cargo Sorting Systems 

WBS Dictionary 

This element includes the hardware ·ystems dedicated to the cargo pallet contents 

cff-loading into component storage, and component loading onto cargo transporters. 

Element Description 

A 1 equire·Tlent for dedicated cargo sorting equipment has been identified. Figures 

1.2.1-32 and 1.2.1-38 show the cargo sorting area. Table 1.2.1-14 describes this 

equipment. 

WBS 1.2.l.l.3 • .5 C'lrgo Storage Systems 

WBS Dictionary 

This element includes the hardware sys!ems used to store (warehouse) the SPS com­

ponents and propellants. 

Element Description 

The cargo storage systems that have been identified are ':iescribed in Table l .2.1-15. 
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NOTE: 
EACH UNIT HAI 

BATTERY PACK 
RECHARGE "'CONll.-'"EC.-TOll""• 
COOLING SVSTEll 
AVIONICS 6> FOR HEAVY DUTY UNITS ADD 

.... ~E BOGEY UNITS 

Figure 1.2.1-35 Standard Carriage Unit 

'ti] l 
' __ , 

---- 1 --j 

------·-··---, 

~- 11· 

~~,. ~-
--- . )1 -----r- ~O.IGAP 

WHEEL UNITS ON BOGEY 
ARE SPACED SO THEY 
CAN SPAN THE 0.81'A 
GAP AT INTERSECTIONS 

1. -----

.-<:ONTROL SIGNAL CONNECTOR . 

~ ~~;; .. - =-i. ·.:::ii-~-·:;v.-~.;..~~G8ACKll£AM REI ___ _ 
CONNECTOR .• Q •· '. i ' 

•·1 M 
. . DRIVE WHEEL • ·- - ·- -----~I .,.,,.,, .... ·- ---·-· 

· • · · RAil : : \. , . ~ u 
---· . . . --- ·. · .C '-... ......-'RETRACT 
-·- · · ·-··-- ··-- • 10'-cA --- ...,. l 
~ · ·· WHEF.L I 

· TRACK SUPPORT BRACKET -Jt-z-...... ----
FACILITY BEAM--.. -

\('"' 
\ 

Figure 1.2.1-36 Standard Bogey Unit 
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Figure 1.2.1·37 Carriage Bogey Unit Details 
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Table 1.2.1-12 TranqJOtter Oallificatiom 

UNDER 20,000 KG CLASS 

o Crew Bus Carriage o Component Platform Carriage 

o Slipring Transporter o Small Beam Machine Carriage 

o Turntable Cart o Wiring Deployer Carriage 

o Ant. Sw. Gear Transporter o Strut Transporter Carriage 

o 110 m Crane/Manipulator o Ant. Bus Support Struct. Transp. 

o Module SW Gear Transporter 

40,000 KG CLASS 

o large Beam Machine Carriage 

o Strut Magazine Tran:.oorter 

o Conductor Roll Transp~rter 

o Bus Deployment Machine Carriage 

o Secondary Structure Deployer Carriage 

80,000 KG CLASS 

o Subarray Oeployment Machine Carriage 

o So1 ~r Array Magazine Transporter 

o Solar Array Deployer Carriages 

SPECIAL PURPOSE CLASS 

o Thruster Module Transporter 

u Module Indexing/Support Machine 

o Antenna Indexing/Support Machine 
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Table 1.2.1-13 Cargo Tran1POrttw Desaiption Sheet 

WGO TRANSPORTERS 
ITIM _______ ~~~~~--~~-~~~--~~---~ 

SU81TU.IS 

fUNCTIOll&Al 0 Transport (Ugo 
R£0UIRUt£NTS 

•HER£USEO Throughout the GUI base 

0 tr...,. 
MAIOR 0 Bog~y units 
SUllflEMENTS 0 P~r sup>'lY 

0 Avionics 

OPERATING RAT£$ 10 - 2Qln/mi n 
ANOTIMIES 

QTY 20 

MASS EA. 
500 ,,, 

TOT.Ill 10000 KG 

S3111 
COST EA. $60m 

TOTAL 

MANNlltG l!EMOT£LY CONTROllED 

t ----- IO ----<1•"6'---.-1- '° ------..w·I 
I 40 • 40 I I 

_..NO l.l.l.1.3.l -- -------

l 
__ _,:+TVl'tTVP' , i ., 

----------------~-....; ____ 1_ 1_ ·--i-l-i----7 PACtLITYTRACKI 

: ~~-ti: 
111mij: -
. I ··~~· -·---

TRANSPORTER 

20M CRANEJMANll'ULA TOR 
(3PLCSI 

CARGO STORAGE RACK 

Figure 1.2.1·38 Central Cargo Receiving and Warehousing Area (Level A) 
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Tabl• 1.2.1-14 C.., Salting Sysi.m DM:ription Sh•t 
CARGO SOATllli SYSTDt 1.2.1.1.3.• 

ITIM ---------~-~----~~-~----------~~ WISllO. --------

C•"IO Pallet I CC11111CJM11t •gaztne l ~ITEMS lloldcloMI ftature handling gantry/ .. ntp 20 • cherrypt clter 
I 

FUNCTIONAL 0 Latches cargo I 0 Tr1nsfers cargo I 0 Unl•tches urgo 
lllOUlllUIENTS pallet to •gaztne from pallet •guines 

base structure I ptllet' to 
I storage r1cll.s 

I 
0 Assists 1n 

0 lt-tely controi led 

I 
r-vtng 

0 Re110tely controlled ugutnes fl'Olll 

I 
pallet 

I 
0 Transfers cargo 

•gaztnes from 0 Configures 8')ty 
s tor&ge racks to I pall•t for 

I 
transporters retum to vehicle 

I 0 Re110ves pallet 

I 
from trensporter 

I 
and pleces on 
holdCMI ftature 

-REUSED Ve rehouse I Ve rehouse I Ila rehouse 

lllA.IOll 0 fr- I 0 &antry I 
SU9ELEMENTS 0 latch meclu1nism 0 llinipul1tor 

I 0 Avionics 
I 

I I 
I I 
I 

OPERATING llATES I I ANO TIMES 

QTY 3 I 3 I 3 

MASS EA. TBO I TBD I 
l:.UU kg 

TOTAL 79'l0 kg 

TBD I T8D I $2611 TFU 
<X>ST EA. S56.1611 

TOTAL . 
M~NING I 1 operator I 1 operator 
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Table 1.2.1- t 5 Carpo Storage System Description Sheet 

ITEM -----"CA=RGO~::.ST:..:O:.:RAG=Ec..S::.;Y~S.;.;TE::.MS=------------------ WISNO. 1.2.1.1.J.5 

SUllTEMS 
C.rgo Stor1ge Rich I Propel11nt stor1gt tank 

I . 
FUNCTIONAL ., Restrain cargo :zu1nes. j 0 Store propellants th1t 
REOUIREMENT5 pallets. sub1ss Hes. etc. w1 ll bf usl!d on the 11111inte111nce OTY •s, 

0 Self-lat:Mng interfaces I sete\11te transfer systellS, and 
between ricks and cargo. bue thruster systfllS 

I 
I 
I 
I 
I 
I 

WHERE USED llnehous1ng art1 .. arenous1ng area . 
MAJOR I 
SUIELEMENTS 0 Fra~rlc 

I 0 Latches 

I I I 
I 

OPERA TING RATES I 
AND TIMES 

QTY TBD I TBD 

MASS EA. iilO I TBD 
TCTAL 

I 
180 I TBD 

COST e.-.. I TOTAL 

MANNING I 
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WBS 1.2.l.t.l.6 Cargo Distribution System 

WBS Dictionary 

This element includes the GEO base track network that is useo for mounting movable 

equipment. 

Element Description 

The cargo distribution system is a track network that is built into the base. This track 

system is mounted on the facility structural beams as shown in Figure 1.2.1-39. lhis 

network provides pathways for moving and cargo transporters, construction equipment, 

and crew transporters throughout the base. Figures 1.2.1-40 and -41 show the tracl~ 

networks in the antenna construction facility. (The track network in the solar array 

construction f~_Jity has n-,t been defined). Table 1.2.1-16 summarizes the estim:ited 

characteristics of the:· track system. 

WBS 1.:.>.1.1.3~: ~ .... ,_.,,.. ·r,-,:i~ .'s,.wters 

WBS Oictionar:1 

This element inciudes the vehicles that are v ed on the GEO base track network for 

tranf;.l\.,rting crew. 

Element Descr.•.ption 

Requirements for two types of crew transport vehicles have been identified. Table 

1.2.1-17 aescribes these vehicles (also see Figure l.2.l-31). 

WBS 1.2.1.1 4 Subiwembly Factocies 

WBS Dictionary 

fhis element includes the facilities and equipment dedicated to preassembly of SPS 

subassemblies prior to delivery to the final installation facilities. 

Element Description 

There are several SPS subassemblie.:; that cannot be shipped in a volume/mass efficient 

manner. ~ubsequently, it will bi:! necessary to pre .. sse"1ble some items at the GEO 

base in dedicated facili!ies i: r to delivering the suba~sen~blies to the final assembly 

areas. (The subassembly areas were shown in Figure'i 1.2.1-33 and 1.2.1.34). The 
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figure 1.2.1-39 Facility and Satellite Track Concept 

Ert ,1 
I I 
I 

·1 • 134 TURNTAllLEI 

I • 22.230111 Of TRACK 

I 
I I ____ ·r;:::-~- _J 

. 
----- -----------

I -
I - - - - - - -. I -

~-.k. 
.T 

11 ---- I I 
I I .11 

r-i 1--1 I 

.......... '- - - - . - - ... -. ANTENNA 
LEVELB 

L__ - - - - . - t--- CONSTftUCTION 

I SUBASSEMBLY.~ --· FACILITY 
FACTORY r- - - SUBARRAY ENVELOPE 

, I 111 ' ,. · ~ TEST /REWORK I ~ -- - -· 
•_J • AREA 

L----------- -_ _:..:..:.. . -- - -------
ANTENNA 
PLATFORM 
ENVELOPE 

Figure 1.2.1-40 Antenna Platform (Level BJ Track Patte,.,, 
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UY 

INTERSECTION 
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. -
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2'5 20 I 

-t 

~ 
--r­

i 
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I 
FACILITY 
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312 - - -------"+----104- _:_ TRAflslTIOI 
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TRACKS 
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BEM FABRICATION AMO FRME ASS'Y JUNCTUM 
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Figure 1.2.141 Logistic Network Level C 
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CAMI> OlSTllWlTill SYS1£M 
•ftll~--~--~----~-~~--~----------~~ 

1.z.1.1.1.1 
.. llO. ------

-ft- Tl'Kl 11etwrt: 

FUllCTIOllAl. 0 "1wtde iaterfKe llebleea eq11t,.at 
BIOUIMllElillS curiagn .alld tlle Nse st...ctMre 

0 Provide ortllog.ar.a 1 patllooeJS for 
Hhicle-t 

-MUSED ''"-;:ir--
...... 'IKU _ _, 

MAJOR 
sutElnlENlS 0 Att.acllilent llr.ackets 

0 It.ail 
0 Vehicle c-1111 .alld control 
0 Central c-nd .and coatral ceater 

OP£11ATING llATES 
NIOT-S 

QTY 77696 .ten (._.le ntl) 

MASS EA. 155.39Z .... 
TOTAL 

a>sT EA. 
TOTAi. 

$31.111 

-lllG 
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T_,. 1.2.1-11 Oww r,.,,,,_.,. D#t:liption She« 

-- 1.2.1.1.J.1 

... n• 10 - c,.., Illus I 24-creollus 
I -. 

F...ct~ 10 - C•pacity Tr .. sfer ,..., to c•st. 0 I 0 
MOUlllEWlllS equfp control cas 

- ------- _ J...! __!~~!!!.-
. 

- - -------
(COllOI TO IOTM) 

0 PTowidr. ,,-essurizff, sMrt-sl- eavi.-t 
0 ProYide airloclls •t eKll end 
0 Provide pers-1 rntraint s75te1 

-llEUSEO lllroughout !lase I Thrau9110ut !Ilse 

__,.. _l o Transfer capwle 
SUIELlllOtlS - - - - - - - - ...!..... _C.ap!!!_e...!!llf.!!.1•~ - --- ------ -( COlllOll TO llOTll) 

0 C.rri1ge 
0 Pressurized conuhier witll EClSS 
II Avioncs 

CIP£11ATING RATts 0-ZOll/•ill I 0-20 11/llf n AlllOT-S 

OTY l I 2 

llAS'li EA. 5000 kg 

I 
12000 kg 

TOTAl 15000 kg 2«IOO tg 

S4-. I $7" 
COST EA. Sl2'1 $14-

TOoAl 

-lllG 1 operator l I oper1tor 
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Level A subassembly factory puts together the subassemblies used on the solar array 

module. The Level B subassembly factory puts together the subassem~lies used on the 

antenna and yoke. Table 1.2.1-18 summarizes the equipment that has been identified 

to date. 

WBS 1.2.1.1.5 Test/Checkout Facilities 

WBS Dictionary 

This element includes all facilties and equipment on the GEO base that are dedicated 

to test and checkout of SPS components or subassemblies. 

Element Description 

The major test and checkout facilities/equipment that have been identified are the 

following: 

• Subarrays test system 

• Thruster test system 

• Slipring assembly test system 

There has been no configuration concept or mass, cost, or ~rew size estimates devel­

oped for these elements. 

WBS 1.2.1.1.6 Transportation Vehicle Maintenance Facilities 

WBS Dictionary 

This element includes special facilities and equipment dedicated to chem OTV or 

EOTV maintenance operations at the GEO base. 

Element Description 

These facilities have not been identified at this time. 

WBS 1.2.1.1.7 SPS Maintenance Support Facilities 

W8S Dictionary 

This element includes equipment items stationed at thE- GEO base that are dedicated 

to the refurbishment of the SPS failed components that have been returned from SPS's. 
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Table 1.2. 1-18 Su""-tnbly Far:toty Equ"""1nt o.;,iption Sheet 

... llO. 1.2.1.1.• 

_, ... Sublssmbly F1ctory A I Sublss•ly f1ctory I 

. 
f\llOC1 IOMAL I 
lllOUllllllllENTS 0 Pre1ssellbl1 0 Pl'8ss•le 

0 Thruster sublss •y 

I 
0 Alitl!ft!Y swttch geer sulllss'y 

0 Solar 1rr1y ..,..,. 0 a.it_,-.)'1111.1 llus SlaPllOrt 
switch gNr sublss • y structures 

0 8ffa end fittings 

I 
0 ....... fittings 

0 .... blttens 0 ...... tteM 

l 
I 
I 

-llEUSEO T 
-

l lll'UOll 0 c~t stroege rects 0 CCllllOfttlll S tarl~ l"lctS 
SU911.fll£Nl'S 0 20. ctierrypickers (6) 0 ZOii cllerrypick~ (9) 

0 Bus bar 'fll!lder 0 '89 Bd ft~tillg ISS 'J jigs 
0 Bus bar rod betlder I 0 lltta f1brlcetors 
0 StNl ass-'>l:r uch\nes 
0 ~ .. end ftttt119 assy. J1gs. 
0 llttlll f&brtc1ton I 

I 

Ol'UIATING llAllS I 
ANOTlllES I 

QTY I 
MASS EA. (cherr:ppitkers only) 2500 kg I (cherryplckers only) 2500 tg 

TOTAi. 15000 kg 22500 k9 

COST EA. 
(cherr:rpickers only) Sl121t ( cherrypi ckers on 1 y) $168.511 

TOT Al -
MANNING 7 per shift 7 per shift 
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The maintenance crew living and working modules and the dedicated maintenance 

vehicles are addressed in other sections. 

Element Description 

The refurbishment faciJi ty equipment provisions have not been defined at this time. 

WBS 1.2.1.1.a Base Subsystems 

WBS Dictionary 

This element includes the base electrical power and flight control systems. 

Element Description 

Several subsystems do not relate specifically to any one of the crew modules, but 

instead are associated with operating the base as a total entity. Such subsystems 

include primary power and flight control. 

Electrical Power. Basic operating power requirements have been grouped into the 

categories associated with crew modules, construction equipment and external lighting 

es shown in Table 1.2.1-19. The average operating power level required is estimated 

at over 1600 KW. This load does not :nclude recharging of the secondary power supply 

or losses. 

Crew module, power requirements were based on estimates for a 12 man space station 

defined by Rockwell, scaled up to acco•Jnt for the difference in crew size and the 

number of mod1.Jles involved. 

Construction equipment power estimates relied on Boeing data and data from recent 

space station studies. Typical examples per machine include the l 2.5m beam machine 

at 5 KW, and crane/manipulator at 3 KW. All of these estimates include the power for 

a two man control cabin. 

External lighting estimates are based on providing 216 lumens/m 2 as specified by 

McDonne!J Douglas in the Space Station Systems study (NAS9-14958). Typical con­.., 
struction areas in this study covered 2000 m'- and required 10 KW to provide the 

specified illumination. A total of 32 areas of this size were identified. 
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OPERATING POWER 

CREW MODULES 

ENVIRONMENT CONT/LIFE SUPPORT 750 

INTERNAL LIGHTING 350 

INFORMATION SYSTEM 70 

GUID. & CONT. 5 

CONSTRUCTION EQUIPMENT 

SATELLITE EQUIPMENT 50 

ANTENNA EQUIPMENT 50 

SUBASSEMBLY 50 

EXTERNAL LIGHTING 

SATELLITE CONST. 120 

ANTENNA CONST. 120 

SUBASSYIWAREHOUSE 80 

TOTAL 

Table 1.2.1-20 Solar Array Sizing 

• 

• 

REQUIREMENTS (KWI 

• OPERATING LOAD 

• SECONDARY POWER 

SUPPLY RECHARGING 

• POWER CONDITIONING 

• POWER DISTRIBUTION 

• RADIATION DEGRADATION (5%) 

SIZING 

e CONTINUOUSLY SUN ORIENTED ARRAY: 

(SATELLITE TYPE CELLS, 140 w/m2) 

e FIXED BODY MOUNTED ARRAY WITH 

EARTH ORIENTED CONST. BASE 

• ARRAYS ON 3 SIDES OF BASE 

e MAX SUN INCIDENCE ANGLE OF 54.5 DEG 

e TOTAL ARRAY SIZE: 

26ooom2 

:::::130000m2 

KW 

(11751 

(1501 

(320l 

1645 

(3645) 

1645 

960 

330 

540 

170 

206m x 205m FOR EACH OF (3) ARRAYS 
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The total power requirement to be used in sizing the primary power supply is 2985 KW 

as noted in Table 1.2.1-20. The secondary power recharging load is for a nickel 

hydrogen system that produces the operating loads during 10% of the orbit. The 

allowance for oversizing is that associated with 50lJm cells and 75lJm cov'!r slips. No 

thermal annealing is assumed. 

The primary power generation system is solar arrays similar to those used in the 

satellite, with a nickel hydrogen battery system used for occultation periods. An array 

voltage of 1500 ·1olts has been selected. 

The selected installation approach for the array is a fixed body mounted concept, with 

an array located on three sides of the construction base so that the necessary power 

can be generated by any one array with the base at any location in orbit. Each array 

also has been sized to account for sun incidence angle penalties so the combined net 

affect is a total array that is approximately five times as large as an array that was 

always PEP. By past space system s·.andards, this excess would be prohibitive. 

However, in the era of power satellite with low mass and low cost cells, the penalty is 

quite smail. 

Flight Control 

;, . .-'.uded under the category of flight control are the guidance/navigation/attitude type 

sensor::, such as IRU, star trackers and horizon sensors and the propulsion system to 

perform attitude and orbit maintenance maneuvers. 

This system has not been defined at this time. 

WBS 1.2.1.2 Crew~ Facilities 

WBS Dictionary 

This element includes the facilities and equipment required for the life support and 

well-being of the crew :TJembers. Included are living quarters, central control facili­

ties, recreation facilities, and health facilities. 

Element Description 

A total of fifteen primary crew modules have been included in the GEO construction 

base. The modules have an Earth atmosphere environment and have been sized to fit 
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within the HLLV cargo bay. Accordingly, the modules have dimensions of 17m 

diameter and up to 23m length. 

A summary listing of these rr.odules and their functions are presented in Table 

1.2.1-21. AH modules are self-sufficient in terms of environmental control provisions 

and emergency power. Primary power is obtained through a common power supply 

provided by the base. The mass and cost summary for the crew support facilities is 

presented in Table 1.2.1-22. 

WBS 1.2.1.2.1 Crew Quarters Module 

WBS Dictionary 

This element includes the crew modules designated as crew living quarters. 

Elemem: Description 

Eight crew quarter modules have been provided with each sized for a crew of 100. 

Four of the modules house construction crew and 4 modules house maintenance crew. 

These modules provide all of the off work functions associated with living. 

A transient ::rew quarters has been provided. This module is used during crew rotation 

periods to accommodate overlapping of the crews, preventing overcrowding of the 

crew quarters and allowing time to clean up the crew quarters between crew changes. 

This transient crew quarters also provides for redundancy in the event a primary crew 

quarters module had a massiv~ failure. The transient crew quarters further provides 

temporary housing for crews that cannot be returned to LEO in the event of vehicle 

troubles. 

Floor area requirements associated with a 100 person module and the division of 

functions among the decks of the module are shown in Figure 1.2.1-42. The indicated 

area allocations are based to a large degree on the Rockwell Integral Space Station 

Study (NAS9-99.53). The indicated areas are sized for all 100 people present; this 

occurs one day per week when both shifts are off-duty. 

The module is 17 m in diameter and approximately 20m in length including the end 

domes. The module is divided into seven decks with the indicated functions performed 

on each deck. General arrangement within each deck has not been defined. 
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Table 1.2.1-21 Construction Base Crew Modules 

MODULE OU AN Tl TY FUNCTION !PROVISIONS) --- --------- -------

• CPEW QUARTERS 5 • PERSONAL QUARTERS/HYGIENE 

• PHYSICAL FITNESS/RECREATION 

• DINING 

• TRANSIE'NT CREW • USED DURING CREW ROT Al ION PERIODS 

QUARTERS • HOUSE VIP'S 

• EMERGENCY QUARTERS 

• OPERATIONS CENTER • BASE OPE RATIONS 

• CONSTRUCTION OPERATIONS 

• MAINTENANCE. TEST .!\ND • CONSTRUCTION EQUIPMENT 

CHECKOUT • SATELLITE COMPONENTS 

• TRAINING & SIMULATION • NEW PERSONNEL 

• NEW CONSTRUCTION OPERATIONS 

• UNDEFINED • CLINIC 

NOTE: ALL MODULES SELF-SUFFICIENT EXCEPT PRIMARY POWER AND FLIGHT CONTROL. 

Table 1.2.1-22 4-Bay GEO Base Crew Module Mass and Cost Summary 

SPS .'ti8S 

4-BAV 

CONCEPT 

MASS COST 
ITEM QTY I MASS EA. KG 5USTOTAL COST EAS SUBTOTAL 

CREW QUARTERS 8 375 x 1oJ 3000 x 103 ~325 x 106 $2600 X 10G 

OPERATlmJS MODULE 1 218 x 1:>3 218 x 103 :;341 x 1()6 $347 x 1<>6 

MAlfJTHJANCE f.!ODULE 3 164 x 1oJ 4!l2 x io3 S193 X 1o6 $579 x 1()6 

TRAltJING r.10DULE 1 143 x 103 143 x 103 $158 x 106 $15S x 106 

TRArJSlrnT CREW OTRS. 1 375 x 1o3 375 x 1o3 $325 X 10G $325 x 106 

MISC. 1 146 x 103 146 x 1o3 $236 x 1o6 $236 x 1o6 

TOTAL MASS 4374 x 103 

TOTAL COST S424!:i x 1()6 
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o ~IZED FOR 100 

o .·lOOR AREAS SCALED FR<»t 12 MAN UNITARY SPACE STATION (BASED ON ROCKWELL 1970 STUDY • 

NAS 9-9953) 

o AREAS BASED ON ENTIRE CREW BEING PRESENT 

ALLOCATIONS PER KlDIJLE 

r REC/PHYS FIT./MAINT FUNCTION FLOOR AREA 
M2 (FT2) 

PERS. QUARTERS 
o PERSONAL QTRS 512 (5500} 

CONTROL/SUBSYSTEMS 
15.Sm o ~HYSICAL HYGIENE 89 ( 960} 

GALLEY/DINING o RECREATION 107 (1150) 

PERS. QJP!tTERS o PHYSICAL FITNESS 53 { 570 

j_ PERS. QUARTERS o GALLEY 53 ( 570 

~ 
EXPEND STORAGE o DINING 116 (1250) 

~ 
o CONTROL CENTER 37 ( 400) 

l o SUBSYSTEMS 149 (1600) 
17.CR 

o MAINTENANCE SHOP 9 ( 100} 
o GEO PIK>DULE MODIF 

o ADD l DECK FOR RADIATION SHELTER o EXPENDABLE STORAGE 193 (2080) 
(90 DAYS} 

o TUNNELS/AISLES 163 (1750} 
TOTAL 1480 15930 
MARGIN 71 760 

Figure 1.2.1-42 Crew Quarters Sizing 

196 



D 180-25037-3 

Crew Module Subsystem Definition. The design approach used for each subsystem was 

generally the same as defined by Rockwell in their ~olar powered integral Earth orbit 

space station study (NAS9-9953) for JSC in 1970. A summary of these subsystems is 

provided in Table 1.2.1-23. 

Structure. The crew module primary structure is aluminum alloy. The pressure com­

partment is designed for an operating pressure of 14.7 psia. The outer shell of each 

module consists of a double bumper micrometeroroid protection system that was 

designed to give a 0.9 probability of no penetration in 10 years. AJso included in the 

outer bumper system is the thermal radiator for internal heat rejection. An 

aerothermal shroud for the crew modules is not required since they will be launched 

within the payload shroud of the launch vehicle. One deck of each crew module 

incorporates radiation shielding to provide a refuge for the crew during solar flare 

activity. 

Electrical Power. The primary electrical power system is diiscussed under the Base 

Subsystem Section 1.3.1.1.5. Each crew module incorporates an emergency power 

system of tuel cells. Distribution, wiring and special power conditioning equipment 

are also included in each module. 

Environmental Control. AH modules have an independent ECS. The system provides 

an Earth atmosphere envirt.nment. Oxygen makeup for leakage and usage is provided 

through electrolysis of water which is obtained by reduction of co2 using a Sabatier 

reactor while co2 itself is removed using molecular sieves. 

Nitrogen to supply leakage and repressurization is stored as a cryogenic. Oxygen for 

repressurization is stored as a cryogenic while the emergency oxygen system uses high 

pressure storage. Thermal control of the modules makes use of water and freon loops. 

Life Support 

Both urine and wash water are recovered. The urine is reprocessed using vapor com­

pression while wash water recovery utilizes reverse osmosis. Dried and frozen food 

was used. Also included under life support are the waste management and personal 

hy~iene systems. 
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Ta/W 1.2.1-23 ~bqstem Summ•y 

CREW MODULES 

• STRUCTURE • ALUMINUM ALLOY 

• METEOROID PROTECTION 

• P(O) = 0 FOR 10 YRS . 

• DOUBLE BUMPE:R 

• PRESSURE COMPARTMENT 

• 101000 n/m2 (14.7 psia) 

e ELECTRICAL POWER • EMERGENCY • FUEL CELLS 

• ENVIRONMENTAL CONTROL • EACH INDEPENDENT 

• LEAKAGE 

• OXYGEN ·WATER ELECTROLYSIS 

• NITROGEN · CRYOGENIC 

• REPRESSURIZATION 

• OXYCEN · HIGH PRESS 

• NITRO~EN - CRYOGENIC 

• WATER· SABATIER REACTOR 

• C02 REMOVAL-MOLECULAR SIEVES 

• THERMAL-WATER ANO FREON LOOPS 

e LIFE SUPPORT • URINE AND WASH WATER RECOVERY 

• DRIED AND FROZEN FOOD 

• WASTE MANAGEMENT 

• PERSONAL HYGIENE 

e CREW AC':OMMODATIONS • PERSONAL EQUIPMENT 

• FURNISHINGS 

• RECREATION 

• PHYSICAL FITNF.SS 

e 11\iFORMATION SYSTEM • COMMUNICATIONS· S BAND 

• DATA PROCESSING 

• DISPLA VS AND CONTROLS 
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Crew Accommodations 

lnclU'Jed under this category are the personal equipment, furnishings, recreation and 

physical fitness equipment. These are located only in the crew quarters. 

Information System 

The prin.::ipal systems included are communications, data processing and displays and 

controls. Each mo<!ule will have its own ir. ernal communication system as well as 

contact with the main communication center located in the operations module. The 

principal link bet~·een the base and Earth or transportation vehicles is S-band. Each 

module has da td processing capabih ty suitable for its neec:is. Each module also has an 

appropriate set of displays and controls. 

Guidance and Cc;ntrol 

Displays and controls for these systems are located in the Operations module although 

the equipment itself is located t!lroughout the base. 

Reaction Control 

This is a b.lse level subsystem. 

Special Equipment 

This equipment is peculiar to the maintenance/test/checkout and training/simulation 

modules. 

Element~ 

The mass of the crew modules are summarized in Table 1.2.1-24. 

WBS 1.2.1.2.2 Wxk Modules 

\Vl\S Definition 

This element includes i.he crew mooules used for operations, maintenance and training. 

Element OPscription 

The work modules have the same general configuration and subsystems described for 

the crew modules. 

The operations module serves dS the contrl"'i center for all base operations and con­

struction oper..itions. Typical rose l.)perations to be controlled from this module 
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Table 1.2. 1-24 Clew Module 11.s SUmnwy - M.IS in 1fil kg 

CREW 
QUARTERS 

SYSTEM CEA) 
~- ----

STRUCTURE 80 

ELEC. POWER 5 

ENVIRON. CONT./ 60 
LIFE SUPPOiH 

CREW 11 
ACCOMMOOA TIONS 

INFGRMA TION 6 

GUIO& CONT 0 

REACTION CONT 0 

SPECIAL EQUIPMENT 0 

SUBTOTAL 16} 

GROWTHi SJ 
CONTINGENCY 

iOTAL ORY 215 

CONSUl\lA :us 45 
190 DAYS) 

TOTAL 260 
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include that associated with the primary power supply and flight control system 

(attitude and stationkeeping), communication system within the base as well as that 

with Earth, other bases and transportation vehicles in transit. 

Overall crew scheduling and consumables management functions are also included 

under base operations. Con-ttruction operations controlled from the module include 

those functions associated with scheduling, briefings, troubleshooting or! .ntifying 

workarounds, monitoring of construction operations and the operations associated with 

cargo handling and distribution. The operations moduJe also houses the central data 

management and processing center. 

The maintenance, test and checkout module provides the capability to work on large 

pieces of construction or base equipment or satellite components while in an Earth 

atmosphere environment. 

The training and simulation rrndule provides a facility for training new personnel and 

for cfevelopment construction task procewres in a controlled environment. 

An additional module has been included to provide for functions not ir.duded in other 

modules. Examples include medical, dental and sickbay provisions, as well as a tem­

porary morgue for personnel who have died in space. Isolation of sickbay and morgue 

areas from the other base crew quarters was deemed important. 

Element Mam 

The mass of the work modules are summarized in Table 1.2.1-25. 

WBS 1.2.1.3 Operations 

WBS Dictionary 

This element includes the planning, development, and conduct of operations at the 

construction facility. It inciudes both the direct and support personnel and the 

expendable maintenance supplies required for satellite assembly and checkout. 

The operations work element is used to collect the direct ongoing costs of operations. 

The foregoing items (WBS 1.2.1.1 and 1.2.1.2) represent construction base hardware 

and equipment and thus represent the capital cost of the construction base. 
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Table 1.2. 1 ·25 Worlc Module MllSS Summaty - Mass in to1 kg 

OPERATIONS MAINTENANCE TRAIN:NG 

SYSTEM CENTER TEST & C/0 & SIMUL. MISC. ---- ----

STRUCTURE 80 80 80 

ELEC. POWER 7 3 7 

ENVIRON. CONT./ 42 24 11 
LIFE SUPPORT 

CREW 4 3 3 
ACCOMMOOA TIONS 

INFCRMA TION 30 5 0 

GUIO&CONT 0 0 

REACTIC\N CON·; 0 0 0 

SPECiAL EGl.ilPMHH 0 5 0 

SUBTOTAL 164 120 108 110 

GROWTHi 54 40 35 36 
CONTINGE~CY 

TOTAL ORY 218 164 143 ~46 

C0N"U\~A8LES 0 0 0 0 
190 DAYS) 

-- ·- --

lOTAL 218 164 143 146 
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The operations descriptions were included with the base hardware descriptions to 

provide an integrated exposition of the hardware elements and their roles in 

constructing SPS's. 

Element Description 

The operatiors conducted at the GEO base include the following major categories of 

operations: 

• Transportation Vehicle Operations 

• Cargo Handling/Distribution Operations 

• Construction Operations 

Solar Collector Construction Operations 

Antenna Construction Operations 

Yoke Construction Operations 

• Command and Control Operations 

• Base Maintenance Operations 

• SPS Maintenance Operations 

• Base Support Operations 

Each of these operations were addressed in the preceding sections. 

Table 1.2.1-26 summarizes the crew requirements that have been identified. The cost 

summary for WBS 1.2.1.3 is shown in Table 1.2.1-27. Figure 1.2.1-43 presents the 

crew organi•.ational relationships that were used to determine crew ~ize. 
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Table 1.2.1-26 GEO Construction Ba. PetSOnnel 

• Base Directors and Managers-------------------------

• Construction Management Operation-------------------

Construction Managem~nt Staff------------------- 22 

Energy Conversion System Construction Crew------ 40 

Power Transmission System Construction Crew----- 40 

Subassembly Construction Support---------------- 46 

Construction System Maintenance----------------- 37 

Construction Logistic Support------------------- 42 

Test and Quality Control------------------------ 40 

• Base Operations Mangement---------------------------

• Base Support Management-----------------------------

10 

267 

41 

67 

Total Personnel 385 

Table 1.2.1-27 WBS 1.2.1.3 Mass and Cost Summary 

WBS SUB-ITEMS MASS. 1<>3 kg COST, $106 

1.2.1.3.1 TRANSPORTATION VEHICLE OPERATIONS 2.64 

1.2.1.3.2 CARGO HANOLING/DISTRIBUTION OPERATIONS 5.04 

1.2.1.3.3 CONSlkUCTION OPERATIONS 27.0 

1.2.1.3.4 COr+iANO AND CllNTROL OPERATIONS 3.6 

1.2.1.:l.5 BASE MAINTENA~CE OPERATlOhS TBD 

1.2.1.3.6 SPS MAl~TENANCE SUPPORT OPERATIONS 28.8 

1.2.l.3.7 6ASE SUPPORT OPE~ATIONS 8.04 

(ALLOlA~~~ FOR CONSUMMABLES) 7.5 

1.2.1.3 OPERATIONS 82.62 

:!04 
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WBS 1.2.2 Logistics Support Facility (LEO Base) 

WBS Dictionary 

This element includes the hardware, software and operations rpquired in LEO to 

support the constructbn, op•!ration and maintenance of the satellite system. Included 

are crew life support facilities, cargo and propellant depots, and vehicle servicing 

facilities necessary for tt-e receiving, storage, and transfer of cargo and personnel 

destined for a construction base er operational sateliite lcx:ated in GEO. 

Element Description 

Development of the '- EO base description was not carried to as great a level of detail 

as that for the GEO base. Additional definition will be accomplished during Phase II of 

the study. The LEO base is shown in Figure 1.2.2-1. It has three primary operational 

functions: EOTV construction, orbit transfer vehicle servicing, and staging depot for 

cargo and crews. 

Early in the SPS program, the LEO base will be used to construct a fleet of EOTV's. 

The base gets its configuration from the requirements imposed by the EOTV construc­

tion operations. The main deck size is approximately the size of the EOTV bay. 

Tne outriggers provide the capability for indexing the EOTV structure in one-bay 

increments in three different directions during the construction process. The 

construction gantry and an assortment of construction equipment operate from the 

upper surface of the base. 

The LEO base serves as a staging depot for cargo being transferred from HLLV's to 

EOTV's. The EOTV's will stationkeep with the LEO base during the cargo transfer 

operations. Inter-orbit vehicles (IOTV's) shuttle between the base and the EOTV. 

The LEO base also serves as a temporary quarters for the crews on their way between 

Earth and the GEO base. This requires transient crew quarters and the do(;king facili­

ties for the Earth-to-LEO crew vehicles and the crew OTV's. 

Table 1.2.2-1 lists the mass and cost summary for this WBS element • 

. . .. ;.,'. .. . -id 
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• BASE OPERATIONS 

HLLV 
DOCKING 
FACILITIES 

• E01V COlllSTRUCTION 
• CARGO TRANSFER 

CARGO VEHICLE 
DOCKING ANO 
CARGO SORTING 
AND STORAGE 
FACILITIES ON 
LOWER LEVEL 

0180-25037-3 

VERTICAL 
TRACKS 
BElWEEN' 
UPPER ANO 
LOWER LEVELS 

•CREW SIZE 
CONST 200 
OPS 130 

• CONs·,· TIMEIEOTV • 23 DAYS 
• BASE MASS• 1300 MT 
• COST - $2.28 

Figure 1.2.2-1. LEO Base For<?EO Construction/EOTV Con~t 
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Table 1.2.2-1. Mass and Cost Summary LEO Logistics Support Facility (WBS 1.2.2) 

WBS MASS, COST, 
NUMBER ITEM 103kg $106 

1.2.2 LEO LOGISTICS SUPPORT FACILITY 112&01 l 21s&I 

1.2.2.1 WORK SUPPORT FACILITIES 450 337 - -
1.2.2.1.1 STRUCTURES 200 20 

1.2.2.1.2 CONSTRUCTION EQUIPMENT FOR 115 257 
(SEE TABLE DETAILS) 

1.2.2.1.3 CARGO HANDLING/DISTRIBUTION SYSTEM 50 40 

1.2.2.1.4 SUBASSEMBLY FACTORIES TBD TBD 

1.2.2.1.5 TEST AND CHECKOUT FACILITIES TBD TBD 

1.2.2.1.6 TRANSPORTATION SUPPORT SYSTEMS 35 15 

1.2.2.1.7 BASE MAlrffENANCE SYSTEMS TBD TBO 

1.2.2.1.8 BASE SUBSYSTEMS 50 5 

1.2.2.2 CREW SUPPORT FACILITIES 810 1150 - -
1.2.2.2.1 CREW QUARTERS MODULES 660 900 

1.2.2.2.2 WORK MODULES 150 250 

(BASIC HARDWARE) (1260) (1407) 

INDIRECT COST FACTORS (BASED ON BASIC 
HARDWARE TOTAL) ~ 

SPARES (15%) 223 

ASSErJIBL Y AND CHECKOUT (16%) 238 

SE&I (7%) 104 

PROJECT MANAGEMENT (2%) 30 

SYSTEM TEST (3%) 45 

GSE(4%) 59 

209 
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WBS 1.2.2.1 Work Support Facilities 

WBS Dictionary 

This element includes the facilities and equipment required to provide logistics support 

in LEO. Included are EOTV construction faciliti~s and equipment, HLL V and OTV 

docking stations, payloads handling equipment, and cargo and propellant storage 

depots. Excluded are facilities related to crew element support. 

Bement Description 

This element describes the configurations of the LEO base structure, construction 

equipment, cargo handling/distribution equipment, subassembly factories, test/ 

checkout facilities, transportation vehicle support equipment, base sl•bsystem and base 

maintenance system. The operational interface between the LEO base and orbit 

transfer systems is similar to that described fo, ;he GEO base. Figure 1.2.2-2 shows a 

preliminary concept of docking an HLLV orbited to the LEO base. Figure 1.2.2-3 

shows a representative flight schedule. 

WBS 1.2.2.1.1 Structure 

WBS Description. 

This element includes the primary and secondary structure of the LEO base. 

Bement Description. 

The LEO base structural configuration lis shown in Figure l.2.2-4. 

The structural mass is estimated to be 200000 Kg and the cost $20M. 

WBS 1.2.2.1.2 Construction f.quipment 

W BS Dictionary 

This element includes all equipment items dedicated to construction of the EOTV 

with the exception of equipment utilized in subassembly operations (the latter are 

included in WBS 1.2.2.1.4). 

FJement Description 

Table 1.2.2-2 provides a summary of the equipment types, quantities, mass, and cost. 

The general location of the construction equipment is shown in Figure 1.2.2-5. The 

integrated construction operation encompasses solar array deployment, powe: bus 

installation, thruster system installation, payload pallet assembly, and the associated 
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Figure 1.2.2-2. HLLV Docking Operations 
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Tftb# 1.2.2-2. Construction Equi{Jffl(fnt Mass and Cost 54.Jmnwy ..... 
MASS. 1<>3111 COSTS1 .. 

ITEM QUANITITY 
SUBTOTAL EACH SUBTOTAL EACH 

8EAA1 MACHINES z ,. 30 IO 100 
CHERRYPICKERS 

20-n z 4 • • • 
SO.u 4 • 24 

I 
6 20 

23'.lm 1 11 11 11 11 
lfloOl:XlilS 

4Sm • u • J ,, 
BUS OLPLOVER 1 4 4 20 20 
SOlAR ARRAY OEPLOYER z n n 40 IO 

TOTAL CONST. 
lOUIPMlN! 

TOTAL CONST. 
EQUIP. CO.~T 

L 

CONSTRUCTION 
GANTRY 

200M CHERRYPICKEP. 

&OM CHERRVPICKER 

~ 

50 M CHERRYPICKER 

- ,,. 
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-- 20 M CHERRYPICKER 

CARGO PLATFORM 
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~Y operations. Each of the above operations are described in subelement 

descriptions. Figure 1.2.2-6 shows the integrated construction sequence. It is 

estimated that 23 days are required to construct each EOTV. The timeline to 

construct one bay of the EOTV is shown in figure 1.2.2.1. A fleet of 23 vehicles would 

be con~tructed. 

WB.S 1.2.2.1.2.1 Beam Machine s,stem 

The beam machines used in the construction of the EOTV are similar in design to those 

used in the construction of the satellite and defined in WBS 1.2.l.l.2. The two 

machines required produce 5 meter beams. 

WB.S 1.2.2.1.2.2 Qen-y Pidc:ers 

The cherry pickers~ in the constructioo of the EOTV att similar in design to those 

used to constructing the satellite (defined in WBS l.l.l.1.2). Two jC) m and one 200 m 

cherry pickers are reqwred. 

WB.S 1.2.2.1.2.l 8lb Deployment Machines 

The btL~ deployment machine:. used in the construction of the EOTV are similar to 

those used in constructing the satellite as defined in WBS 1.2.l.l.2. The primary 

differences .>etween the machines is that the buses will be smaller in depth. 

WBS 1.2.2.l.2.' hlexer"s 

The indexers used for EOTV construction will be similar to those used in constructi"° 

of the satellite and defined in WBS 1.2.1.1.2. 

name Assembly Operations 

The pri.nary frame is constructed by a team of 2 beam machines, 4 ~m cherry pickers, 

and a 210m cherry picker. The location of these equipment items was shown in Figure 

l.2.2-5. 

The beams are fabricated by the beam machines. The beam end fittings and the 

battens Me fabricat~d in the subassembly factory and delivered to the beam machines 

for assembly. The 50m cherry pickers take the fabricated beams from the beam 

machines and assembles them to indexers or to previously assembled structurP. 

It is necessary to use the 230m cherry picker to join the ends of some of th<" upper 

surface beams after the beam nodal joint is indexed away from the sedrch of the 

90m che .. ry pickers on the construction gantr; • 

.:!14 
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© ASSEllMILE llOST OF BAY 1 ©•ADO VERTICAL BEAM 
•AND LOWER LATERAL BEAil © •INDEXIAY 

•T•5DAYS 

& ASSEMBLE BAY2 l§\eASSH8lEBAY3@ llOVEGANTRYOUTOFWAY 
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!""I 
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f1' MOVE GANTRY INTO POSITION © •COMPLETE MOST OF BAY 4 
\;/ WHERE CARGO PLATFORM • T • 20 DAYS 
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Figure 1.2.2-6. EOTV Construction Sequence 
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CONSTRUCTION DAYS 
0 1 2 3 4 5 
I I I I I 

I .· I STRUCTURE 

,.,,l ____ ___.I SOLAR ARRAY 

I I BUSIHSTAL• 
ARRAY HOOKU­

___ THRUSTER MODULE 

-
1 
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1 
ASSY AND ltjSTAll 

c::::J SUBSYSTEM lf.ISTAll 
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c:::J INDEX 

Figule 1.2.2-7. EOTV Bay Construction Titnt!line 
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"8S 1.2.2.1.2.5 Soliu" Aaa.y Deployment System 

WBS Dictionary 

This element includes the equipment dedicated to deployment of solar array blankets. 

Element Description 

There are two independent types of solar array deployment equipment: (1) the solar 

array deployment machine which incorporates several pieces of equipment, and (2) the 

distal end installation machine. 

The sclar array deployer subelements are described in Table 1.2.2-3. This machine 

installs the solar array containers onto the EOTV structure, deploys the array across 

the structural bay, and installs the proximal end electrical inter-bay jumpers. Figure 

1.2.2-8 shows the configuration of the machine. 

The distal end installer, see Figure 1.2.2-9, is used to make the solar array distal end 

structural and electrical connections. Table 1.2.2-4 describes the machine. 

After the frame for a bay is completed and the construction gantry moved out of the 

way, the solar array deployment operations are initiated. 

Prior to the initiation of the solar array deployment, containers of solar array are 

delivered to the solar array deployers. These containers are loaded into the solar 

array container magazines by the 50m cherry pickers. 

The solar array deployer gantry is moved into position. The container manipulator 

grasps each container and lifts it into position where the container can be installed on 

hardpoints on the EOTV beam. The manipulator then unlatches the front cover of the 

container. The manipulator then retracts and recycles after the gantry is indexed one 

solar array blanket width 05m). 

The leading edge deployer then moves into position where the catenary handling 

mechanisms can grasp the handling rings on the solar array catenary cables. The 

leading edge deployer traverses along the gantry pulling the accordion-folded solar 

array blanket out of the container. When the leading edge deployer reaches the far 

end of the gantry, the catenary cable ends are handed off to the distal end deployer. 

The leading edge deployer then traverses back along the gantry to its starting position. 
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Table 1.22-3. Equipment Dacription Shetlt 
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Table 1.2.2-3. (Cont'd.) Equipment Dtll!Cription Sheet 

. 
•TE __________ so __ L_A_R_A_a_R_A_v __ o_E_P_Lo_v_ER ______________________________ _ WISNO. __ 1._2._2._1_.2_.1 __ 
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Table 1.2.2-4. Equipment Dncrir~on Sheet 
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After the leading edge deployer has started down the gantry, the proximal end 

installer moves into position where it can grasp the proximal solar array catenary. It 

then installs the catenary and makes the necessary interbay electrical connections. 

At the end of the installation sequences, the gantry is reindexed 15 meters and the 

operations repeated until the solar array is installed in a bay. The gantries are then 

indexed out of the way so that the EOTV frame can be indexed as sequenced. 

WBS 1.2.2.1.2.6 Construction Gantry 

WBS Dictionary 

This element includes the mobile construction gantry used to construct the EOTV's. 

Element Description 

The consruction gantry is shown in Figure 1.2.2-lC. It is described in Table 1.2.2-5. 

WBS 1.2.2.1.3 Cargo Handling/Distribution Systems 

WBS Dictionary 

This element includes the hardware used to load/offload these vehicles, the cargo and 

crew transporters, the cargo sorting and storage systems, and the track network used 

to move the cargo, crew, and equipment around the base in any detail. This syste:m 

was not defined. It includes the following subelements: 

WBS 1.2.2.1.3.1 Cargo Loading/Unloading Systems 

WBS Dictionary 

This element includes the hardware systems used to load/off-load the various trans­

portation vehicles. 

Element Description 

Th•? equipment used to load/off-load the vehicles is described in Table l.:C.2-6. 

WBS 1.2.2.1.3.2 Cargo Transporters 

WBS Dictionary 

This element includes the LEO base track-mounted unit used to move construction 

equipment and the units used to transport cargo within the base. 
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Ta/JM 1.2.2-ti. EquipmMt DtllCription Shset 
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Element Description 

Refer to W6S l.2.l.l.2.2 tor a description of this type of hardware. The number 

of cargo transporters required at the LEO base has not been determined. 

WSS 1.2.2.1.1.1 C.argo Sorting Systems 

WBS Dictianary 

T~is element includes the hardware systems dedicated to the cargo pallet contents 

off-l1.J.1ding into component storage and component loading onto cargo transporters. 

Element Description 

Reier to 'fr' BS l .2.1. l. 3.2 for a description of this type of hardware. The quantity 

of equipmen: required for this element has not been determined. 

WBS 1.2.2.1.J.• Cargo Storage Systems 

WBS Dictionary 

This element includes the systems used to store (warehoosel the SS and EOTV comp;r 

nents and propellants. 

Element Description 

Refer to Table l.2.l-li in WBS l.2.l.l.3 . .5 for descriptions of this type of hard•;are. 

The quantities, mass, and cost of the LEO base elements have not ben determined. 

WBS 1.2.2.1.3 • .5 Cargo Distribution System 

W8S Dictionary 

This element includes the LEO base track network that is used for mounting movable 

equipment. 

Element Description 

The track design appr\.l.4Ch is c!escribed in WSS 1.2.l.l.3.6. The LEO base track network 

is shown in figures 1.2.2-1 ! and -12. A total of 1808.5 meters of track is required. 

The mass and cost were not estimated. 

WBS 1.2.2.1.2.6 Crew Transporters 

WBS Dictionary 

This element includes the vehicles that .ire used on the LEO base track network 

for transp.:irting crew. 
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Element Descriptian 

A representative crew bus concept was described under WBS 1.2.1.1.J.7. Quantities, 

mass, and cost for the LEO base have not been determined. 

WBS 1..2.2.1., smas.tembly Factories 

ns Dictionary 

This element includes the facilities and equipment dedicated to preassembly of EOTV 

subassemblies prior to delivery to the final installation facilities. 

Element Descriptian 

The following subassemblies have been identified: 

0 Beam end fittings 

0 Beam battens 

0 Thrusters 

0 Switchgear subassemblies 

0 Bus support structures 

The subassembly facilities ard equipment have not been defined. 

WBS 1.2.2.1.j Test/Chedmut Faciities 

WBS Dictionary 

This element includes the faciities and equipment on the LEO base that are dedicated 

to test and checkout of EOTV components or subassemblies. 

Element Oescription 

The facilities and equipment have not been defined. 

WBS 1.2.2.1.6 Space Transportation Support Systems 

WBS Dictionary 

This element includes facilities and equipment dedicated to support space transporta­

tion vehicles that interface with the LEO base. These items included are docking 

systems, assembly systems, propellant storage and distribution sy$tem and mainte­

nance systems. 
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Element Description 

The subelements oft~ transportation support systems are described in the following 

subsections. 

was a.2.i.1.1..1 Vehicle Docking Systems 

WBS Dictionary 

This ele:nent includes the systems dedicated to docking of the OTV's, HLL V's, PL V's 

an<i K'TV's. 

Element OesCTiption 

Requirements for three types of vehicle docking systems have been identifies as 

indicated in tabie 1.2.2-7. Figure 1.2.2-13 shows the location of these systems. 

WBS 1.2.2.1.£.2. Assembly System 

WBS Dictionary 

This element includes the systems necessary to handle and assemble elements that 

make up the orbit to orbit crew/supply vehicles. 

Element Description 

The principal equipment includes l IOm cherry pickers (number not determined} that 

are used to move and assemble crew transfer vehicles, resupply modules and the 

L02'LH2 orbit transfer vehicle. 

WBS 1.2.2.l.t..J Propellant Storage and D~tribution System 

WBS Dictionary 

This element includes the systems used to store and distribute propellant to be used by 

space transportation vehicles. 

Element Description 

Storage is provided for LOr LH 2, helium and argon propellants. A distribution system 

provides the capability to more propeHant from the storage systems to the required 

vehicles or to tanks that will be transported to vehicles. The quantity and size of 

storage tanks has not been determined at this time. 
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Table 1.2.2·7. Equipment Oncriprion Sheer 
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WBS 1.2.2.1.6.• Maintenance Systems 

W BS Dictionary 

This element indudes all systems necessary to maintain ~pace vehicles that are 

periodically based at the LEO base such as lOifLH2 OT~ or those that station keep 

near the base such as the EOTV's. 

Bement Discription 

Maintenance systems for the l0if LH2 OTV have not been defined as yet. 

One type of equipment used in maintaining the EOTV's is that associated with the 

electric propulsion system. A concept for the maintenance vehicle is shown in figure 

1.2.2-14. Four of these EOTV maintenance vehicles are provided. Mass and cost have 

not been determined. 

WBS t.2.2.1.7 Base Maintenance S,Stems 

WBS Dictionary 

This el~ment will include all systems and facilities necessary to conduct maintenance 

on all elements permanently associated with the base. 

Element Description 

This element has not been defined at this time. 

W BS 1.2.2. l .8 Base Subsystems 

W BS Dictionary 

This element includes the base electrical power and flight control systems. 

Bement Description 

The LEO base subsystem elements are described in the following subsections. The 

mass for the base subsystems is estimated as 50,000 KG and the cost estimated to be 

$5M based on scale-ups from other systems. 

WBS l.2.2.1.8.1 fJectrical Power System 

W BS Dictionary 

This element includes all systems necessary to generate and distribute electric power 

to be used by the LEO base. 
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Figure 1.2.2-14. EOTV OTS Maintenance Vehide 
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Element Description 

Primary power is provided by body mounted solar array blankets. Nickel hydrogen 

batteries provide power during occultations. Power requirements for the presently 

defined LEO base have not been estimated. 

W6S 1.2.2.1.s.2 Flight Control Systems 

WBS Dictionary 

This element includes all systems necessary to determine, maintain and change the 

orbital position and attitude of the base. 

Element Description 

Included under the category of flight control are the guidance/na•;igation/attitude 

type sensors such as IRU, star trackers and horizon sensors and a L02'LH2 propulsion 

system to perform attitude and orbit maintenance maneuvers. The orbit altitude 

to be maintained is 477 !:. l Km. Sizing of the propulsion system for the present 

base has not been accomplished. 

WBS 1.2.2.2 Crew Support Facilities 

WBS Dictionary 

This element includes the facilities and equipment required for the life support and 

well-being of the crew members. Included are living quarters and work modules. 

Element Description. A total of four crew modules have been included in the LEO 

base: 

2 permanent crew quarters module~ 

l transient crew quarters modules 

l wor'< module (operations and maintenance) 

The configuratio11s of these modules are identical to those described inWBS l.2.l.2 

except that the radiation shelter is not referenced. Table l.2.2-8 gives the mass 

and cost summary for the crew support facilities. 

WBS 1.2.2.3 Operations 

\\'BS Dictionary 

This element includes the planning, c.evelopment, and conduct of operations at the 

logistics support facility. It includes hoth the direct and support personnel and the 

expendable maintenance supplies required for logistics support. 
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Table 1.2.2-8. WBS 1.2.2.2 M .. Md Cost ~mmal'Y 

was SUB-ITEMS MASS. 1o3 kg COST. s1r/' 

1.2.2.2.1 CREW QUARTERS MODULES 660 900 

1.2.2.2.2 WORK MODULES 150 250 

1.2.2.2 CREW SUPPORT FACILITIES 810 1150 
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Element Description 

The operations conducted at the LEO base include an integration of the following 

categories of operations: 

o Transportation vehicle opertions 

o Cargo handling/distribution operations 

o EOTV construction operatior1s 

o Command and control operations 

o Base maintenance operations 

o Base support operations 

These operations are discussed in following subelements. Table 1.2.2-9 summarizes 

the LEO base crew size. 

flBS 1.2.3 Operations and Maintenance Support Facilities 

Introduction 

The operations and maintenance support facilities description is based on the partial 

maintenance analysis conducted as a part of Part Ill of Contract NAS0-1.5196, in 

which periodic replacement of Klystron tubes was analyzed. The definition is incomplete. 

A complete maintenance analysis will be conduted during Phase II of the present 

study and this description will be revised and completed at that time. 

WBS Dictionary 

Note: This WBS definition has been modified from the NASA WBS Dictionary to 

include mobile maintenance systems. 

This element includes the mobile maintenance systems (crew habitats, crew supply 

modules, and cargo modules) that are flown between the GEO base and operational 

sateliites by chemical OTV's. 

Other SPS maintenance systems are described in the following sections: 

WBS 1.l. l.6 

WBS 1.1.2.6 

WBS J.1.6.5 

WBS J.2.1.1.7 

Energy Conversion System Maintenance Systems 

Power Transmission System Maintenance Systems 

Interface System Maintenance Systems 

GF.O Base SPS Maintenance Support Facilities 
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Table 1.2.2·9. LEO Staging Depot Crew Size 

EOTV ON-GOIUG EOTVCONST 
CONSTRUCTION OPERATIONS +OPERATIONS 

BASE MGMT (7) (7) (7) 

CONSTRJCTION (77) (0) (77) 
MGMT 6 6 
EOTVCONST 46 46 
SUB.\SSY 10 10 
TEST& QC 16 16 

BASE OPS & SUPPORT (931 (841 (931 
MGMT 6 8 8 
MAlrJTENANCE 14 10 14 
·::::t/CARGO HANDLING 18 . 13 16 
FLIGHT CONTROL 6 6 6 
co:.:MUNICATION 8 8 8 
C:ATA PROCESSING 6 6 6 
UTILITIES 12 12 12 
HOTEL OPS 16 18 16 
MED/DENTAL 9 7 9 

TRANSPORTATION OPS (21) ('3) ('31 
MGMT 4 4 4 
PROP HANDurm 8 8 8 
FLIGHT READINESS 7 7 7 
EOTVMAINT 0 22 22 
VEHICLE COORD 2 2 ~ - - -

TOTAL 188 134 220 

238 



0180-25037-3 

Element Description 

A crew of maintenance personnel will vi:;it each SPS twice a year to remove and 

replace failed hardware and perform s:t1erlllled maintenance and replenishment of 

consumables. This will require a fleet cf OTV's and mobile crew habitats, crew supply 

modules, and cargo modules. The OTV's are described un~er WBS 1.3.4 (POTV). 

The cargo pallet modules are discussed under WBS 1.2.3.1. The crew habitats and 

supply modules are discussed under WBS 1.2.3.2. The SPS maintenance operations 

are described under WBS 1.2.3.3. 

WBS 1.2.3.1 Work Support Facilities 

WBS Dictionary 

This element includes the cargo pallets used to transport SPS components between 

the SPS and the GEO base. 

Element Description 

The only item that belongs to this WBS element that has been defined to date is 

the klystron ~ube module cargo pallet, see Figure 1.2.3-1. A set of pallets is required, 

but the number , mass and cost have not been determined. 

WBS 1.2.3.2 Cre# Support Facilities 

WBS Dictionary 

This element includes the facilities and equipment required for the life support and 

well being of the crew members. Included are living quarters, recreation facilities, 

and health facllities. 

Element Description 

The mobile crew habitat shown in Figure 1.2.3-2 has been defined. Four of these 

crew modules are required to repair a 10 GW e satellite by the reference maintenance 

operatio,is plan defined in 1.2.3.3. (This plan does not provide a comprehensive maintenance 

capabi'i.ty.) The mass and cost of each module are estimated to be 240,000 kg and 

$240 M, respectively. 
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Figure 1.2.3· 1. Mobile Maintenance System Equipment Transport Cr 1figuration 
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Figure 1.2.3·2. Mobile Crew Habits• Module 
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1.2.l.l Operations 

W8S Dictionary 

This element incl•Jde;; the planning. developroC"nt, and conduct of operations at the 

O&M support facility. It include ... }_,~th th.i? direct and support personnel and the 

expendable mainteoan.:::e supplies required in GEO for sat~Hite operations and 

maintenance. 

Element Description 

The reference satellite maintenance mission includes semi-aMUal visits to each 

5 GW sateJlite by two repair crews, each with SfJ people, that work continuously 
e 

tor 3Yz days untH a satellite is repaired. A two shift operation is employed. Each 

repair group can service 20 satellites per 90 days all'>wir.g one day for transfer operations 

between satellites. The maintenance <>Pf ration:; associated with the first visit to 

the satelJites is initated at the beginning of one equinox (e.g., spring), with the second 

visit to the satellites beginning at the start of the autumn equinox. 

The plan to be d£ --cribed provides only for klystron po"*er amplifier replacement. 

According to present estimates, this is the dominant SPS maintenance workload 

requirement, but other nontrivia! requirements exist. These are to be analyzed during 

Phase II of the present study. 

Typical flight operations associated with one GEO base and the operations associated 

with one repair group and one refurbishment group assigned to the base are described 

under the assumption t~at 40, 5-GW SPS's are in orbit. 

Once maintenance operations dre begun, the GEO construction base serves as a major 

staging depot for the maintenance crews and their hardware in addition to its role 

of c:onstructing the satellites. The initial operations associated with a typical 90 

day period are shown in Figure 1.2.3-3. Four repair crews and four refurbishment 

crews are transported to the GEv base. Each crew is provided with its own L0z'LH2 
orbit transfer vehicle. At approximately the same time another orbit transfer vehicle 

delivers klystron tube module co111ponents to be used in the refurbishment of failed 

tubes. This vehicle would also transfer other replacement components. 
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Refurbishment crews remain at the GEO base, repairing failed klystron tube modules 

that have previously been delivered by other repair crews. Repair crews transfer to 

the satellite designated for repair taking with them their habitat. The second stage of 

the orbit transfer vehicle which brought the crew to GEO is used for the transfer to 

the satellite. The second stage of the orbit transfer veh~cle used to deliver the 

klystron tube comporlftlts to the GEO final assembly •..ue is then loaded with 

refurbished klystron tube modules and transferred to the first satellite to be repaired. 

At the completion of repairs on the first satellite, the crew and habitat transfer to the 

next satellite to be repaired. The other orbit transfer vehicle returns the failed 

klystron tubve modules back to the GEO base where they will be refurbished. The OTV 

then ; eturns back to the LEO base. Prior to this time, however, another orbit transfer 

vehicle has come from LEO base to the GEO base delivering additional klystron tube 

components and is then dispatciled with completely refurbished klystron tube modules 

to the second satellite that is to be repaired. 

This cycle is repeated for each satellite to be repaired. 

The final operations associated with a typical 90-day period are ilJustrated iri Figure 

1.2.3-4. After the 20th satellite hs been repaired, the crew and habitat return to 

the GEO base where the habitat is left for the next repair crew. The initial crew 

then returns back to the LEO base and eventually back to Earth. The refurbishment 

crew has also completed their 90 day stay time and also returns back to Earth. Four 

new crews and four new refurbishment crews are then transferred to the GEO base. 

The complete cycle is repeated again. 

The annual number of orbit transfer vehicles and launch vehicles flights which occur 

in the maintenance of 40 satellites are also indicated. 

Crew Summary 

The mainte11ance crew siz~ estimate is summarized in Table I.2.3-2. 
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Table 1.2.3-2 Maintenance Crew Size Estimate [i> 

Repair Group 

Direct 160 

Indirect 80 

Refurbishment Group [}> 
Direct 160 

Indirect 80 

480 

Maintenance crew assigned to a typical GEO base. This crew can repair and 
ref urb SPS's two times per year. 

Consists of four repair crews which would be at operational SPS's except 
when at the GEO base at the time of crew rotation. 

Consists of four crews normally stationed at the GEO base. 

W8S 1.2.3.3. l Energy Conversion Maintenance Operations 

WBS Dictionary 

This elemt>nt includes the description of the energy cooversion equipment requiring 

maintenance and the operations required to perform the maintenance. Energy 

conversion maintenance o;>erations were not analyzed. 

WBS 1.2.3.3.2 Antema Maintenance Operations 

WBS Dictionary 

This element includes the description of the antenna items requiring maintenance, the 

level of replacement, the replacement concept, logis"'-c; provisions, and the mainte­

nance equipment. Maintenance operations were anc ~zed only for klystron power 

amplifier replacement. 

Level of Replacement. The level of replacement selected is that of the klystron tube 

module plus its thermal control system as shown in Figure 1.2.: 5. Actual removal of 

the tube module involves access through holes in the radiator to reach the distribution 

wave guide attachment bracket which secures the module to the distribution wave 

guide. Once this attachment is released the module is free to be removed. 
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Concept 
The selected klystron tube module replacement concept uses vertical access through 

the cubic secondary structure which is attached to the A-frame primary structure. 

The overall cooc~t is illustrated in Figure 1.2.3-6. The primary structure is an 

A-frame design forming ridges that allows free unobstructed movement of the maintenance 

gantry moving horizontally across the antenna. 

The antenna will have a total of 10 channels in which maintenance gantries can be 

mounted. Attached to each of the gantries are the maintenance vehicles which reach 

up through the secondary structure to reach the failed klystron tubes as shown in 

Figure 1.2.3-7. 

Additional detail of the cubic secondary structure and the maintenance vehicle is 

presented in Figure 1.2.3-8 with a maintenance vehicle shown moving along in the 

direction of the channel. The gantry itself is designed to transport all of the spare 

klystron tubes necessary for a given shift. The maintenance vehicle consists of a 

hinged boom and a two-man crew cabin with manipulators. A small klystron rack 

is also attached to the boom to eliminate the need for the manipulato:s to reach 

back down to the gantry for each tube that must be repaired. In the case of a 36 

tube subarray as many as three tubes may require replacement. 

Using this concept a tube replacement time of 45 minutes is expected, which includes 

removal and replacement of two diagonals (in lower and upper surface of secondary 

structure), removal and replacement of one klystron tube module, and movement 

to the next failed klystron tube estimated at a distance of 2 subarrays away or 20 

meters. 

The Satellite based maintenance systems will be installed during satellite con~tr:.1~tion. 

The systems are shown as they relate to one side of one antenna in Figures 1.2.3-9 

and 1.2.3-10. Since two c•ews work on each satellite, these same syst~ms are present 

on both sides of both antennas. 

To enable the docking of the various maintenance system elements and to transfer 

cargo around the antenna, the antenna structure has been designed to incorporate 

a cargo distribution system and has structural additions to allow maintenance gantries 

to be positioned so they can be maintained and supplied with new klystron tube modules. 

These items are included under "antenna maintenance provisions," WBS 1.1.2.6. 
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Figure 1.2.3-6. Vertical Acces:s For Tube Maintenance 

148 



0180-25037-3 

i--~~~~~~~~~~~~~ 104.0m~• ~~~~~~__,·~, 

~OA"'.,: 

rA 
-<?~--~~--..,,...,-~-~UJ~•~.--..s--~~·----~•~•··~·---.-~~--.-._........,.,,..........,......._~~---------~~~~ 

I/.!/~ 

• 10 CHANNELS 
PER ANTENNA 

Figure 1.2.3-7. Venical Access For Tube Maintenance 



....... -..... ~RAY 

MAINTENANCE 
VEHICLE 

MAINTENANCE 
GANTRY 

0 lS0.26037·3 

TUIERACK/-

/ 
--·-- -:::-e.:::.-

CUBIC SECONDARY 
STRUCTURE 

.I/ 

(KNEE 

VERTICAL AND 
DIAGONAL MEMBE 
CTELESCOPEl RS I ~,d__'HORIZ 

l
l MEMBERS 

/.- JOINTSl i 

- I 

, SECTION At-A 

~ 

·\. 
. \, 

'\ 

"= . . PRIMARY 
_STRUCTURE 
RIDGE BEAM 

'SS Mamtenance Vehicle Figure 1.2.3-8. Vertical Acee . 

250 



...... 0180-25037-3 

DISTRIBUTION (TRACK) 
SYSTEM (BOTH SIDES) 

SAME EQUIPMENT 
ON BOTH SIDES 
OF ANTENNA 
AND BOTH ANTENNAS 

CREW BUS I 
CREW HABITAT L D< 

PRIMARY STRUCTURE 

CREWOTV 
l~G2) 

EXTENSION 

CARGOOTV 

Figure 1.2.3-9. Satellite Maintenance Systems 

r SECONDARY STRUCTURE 

SUBARRAV\~ /I PRIMARY sr:-.ucTURE 
, 1 (RIDGE BEAM) 

! , _II 
--.J1 'J MAINTENANCE 

_ ~,,,, · 1,f GANTRY IN 
. OPERATING 

: ~ POSITION 
I T1 -~-~--+--"'4 

CARGO AND ----- -4,-,- ------·--
CREW TRANSPORTER 
TRACK 

KLYSTRON TUBE 
PALLETS 14/SAT.) 

CARGOOTV 
(STG2) 

MAINTENANCE GANTRY 
IN LOADING POSITION 

A-A 

Figure 1.2 . .1-10. SatellitE Maintenance Systems 

251 



0180-25037-3 

The 60-person crew is delivered to the satellite in tne crew habitat using the second 

stage of the OTV that initially brought the crew from the LEO construction base to 

the GEO final assembly base. Once at the satellite (antenna), a crew bus is used to 

transfer persons between the habitat and the maintenance repair vehicles. 

Cargo, primarily in the form of klystron tube modules is also delivered to the satellite 

using a dedicated OTV (stage 2) that had initially brought klystron components to the 

GEO final assembly base for refurbishment of "failed'' klystron tubes. The operations 

associated with an OTV indude docking and release of one klystron tube pallet on one 

side of the antenna and then free-flying to the other side of the antenna leaving 

another pallet. At the completion of the repair operatiC1n, the pallets are loaded 

with "failed" klystron tubes. The OTV then moves to the four docking locations collecting 

the pallets with failed tube modules and then returns them back to the GEO final 

assembly base where they will be refurbished. Following the release of the pallets, 

the OTV returns to the LEO construction base where it is made ready to deliver 

another load of klystron components. 

The actual distribution of the cargo around the antenna is accomplished through 

use of cargo transporters operating on the track system on two sides of each antenna. 

The cargo transporter system consists of three ~eparate units attached together 

to form a "train". The middle unit is a control unit that has a crew cabin, power 

systems and crane/manipulator that : ·10ves the cargo between the train and the maintenance 

gantries. Units on either side of the control unit are essentially trailers that carry 

either new klystron tube modules or those that have failed and have been removed. 

The train system rno·,es down to each gantry and delivers to it the number of klystron 

tubes required in that particular antenna cha~ .• 1el during one shift or one day of operation 

depending on the channel. 

The installation location of the maintenance equipment on an antenna being repaired 

by two crews is sliown in Figure 1.2.3-11. 

The number of maintenance vehicles (machines) installed in each channel of the 

antenna is a function of the estimated number of tube failures. This value is larger 

in the middle channels of the antenna since the center of the antenna has subarrays 

containing 36 and 30 klystron tube modules while near the edge of the antenna, the 
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6MO 
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tttt! 

I ~ 171 ' I ' 10 
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24 hr_ 3..4 3..2 3.3 . I 3.5 DAY ALL~ABLE 
DAY 

Figure 1.2.3-11. Antenna Maintenance System Installation 
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subarrays have 4 to 6 ~.-· _.>per subarray. Consequently it will be noted that the 

middle channel has three main• J.nce systems consisting of a gantry and repair 

vehide. 

With this equipment distribution and working 20 hours per day, the middle channels 

require slightly more time than previously identified for repair-311? days per satel!ite. 

The dddition of 1/2 day to the schedule. however, will not appreciably alter the pr~or 

analysis. 

It should also be noted, the outside channels require far less time to rep.t.ir and less 

eqliipment due to fewer faiied tubes. Consequently when the crews assigned to this 

particular E:CjUipment are finished, they can then be used to repair other components on 

the satellite silCh as the de-de converters mentioned earlier in the discussion. 

WBS 1.2.J.J.J Interface System Maintenance Operations 

Tc be added. 
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WBS l.3 Space Transportation 

This section of the document addresses the description of the space transportation system. Both 

launch and orbit tran:;fer vehicles for cargo and personnel are included. In addition, launch facility 

requirements. propellant production and delivery systems, and operations/support are discussed in 

the following sub-secti')ns. 

Tramportation Summary 

The space transportation syi.tem indudes a heavy till launch vehicle (HLLV), a modified shuttle 

personnel launch vehide (Pl V). a personnel and supplies high-thrust orbit transfer vehicle (OTV), 

.md low-thrust electric orbit transfer vehicle (EOTV). The low-thrust EOTV systems are reusable 

and are returned to LEO after ~elivery of cargo to GEO. A vehicle flight utilization and cost sum­

mary is presented in Table 1.3.0-1. 

WBS 1.3.1 Cargo Launch Vehicle 

The launch configuration of the SPS cargo vehicle is shown in Figure 1.3.1-1 with the overall 

geomet:-y noted. This series bum concept uses 16 LCH4!L02 engines on the booster and 14 stand­

ard SSME"s on the orbiter. The LCH4/L02 booster engines employ a gas generator cycle and pro­

,·ide a vacuum thrust of 9. 79 x I 06 newtons each. The SSME's on the orbiter provide a vacuum 

thrust of 2.09 x I 06 newtons ( I 00% power level). The nominal I 00% power level for the SSME's 

was selected based on engine life considercations which indicated about a 3 factor reduction in life if 

the I 09'; power level is useJ. 

An aH"breather propulsion system has been provided on the booster for tlyback capability to 

simpiify the booster operational mode. The reference wing area for both stages is: 

Sw (Orbiter) 

Sw ~Orbiter) 

= I446m2 05.560 ft2) , ., 
= 2330m- (25.080 n-) 

Heat sink thermal protectio;i system is provided on the booster and the Shuttle's R~usable Surface 

Insulation <RSI) is used on the orbiter. 

WBS 1.3. l.J Launch Vehicle Ch:iracteri~tics 

WBS 1.3. l. I.I Vehicle Design Characteristics 

The vehicle design characteristi1.:s are noted in Table 1.3.1-1. The net delivered payload is 424.000 

A return payload of I 57r (63,500 kg) of the ddivcrcJ payload was assumed for the ortiitcr entry 

and landing conditions. The resulting mass fraction is 0.875 for the bovsh:r and 0.841 for the 

orbiter. 
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Figure 1.3. 1-1 Two-Stage Winged SI'S Launch Vehicle (Fully Reusable Oqo Carrier} 

Table 1.3.1-1 Tl/f/0-Stage Winged Vehicle Design Characteristics 

ORBITER BOOSTER 

GLOW 10.971.400 

BLOW - 7,813.100 

BOOSTER FUEL CLCH.t) - 1.708,IOO 
BOOSTER OXIDIZER CLQi) - &.128.700 

BOOSTER INERTS - 178.100 

OLC>W-LESSPAYLOAD Z.740.100 -
ORBITIER FUEL (LH2l 329,400) -
ORIBITER OXIDIZER CL<>2l 1,,976.200 • -
ORBITER mERTS 435.100 -
ASCENT PAYLOAD 424,000 -
RETIJRN PAYLOAD- 15~ 13,flOO -
MASS FRACTION G.841 0.876 

ENTRY r/EIGHT-NO PAYLOAD 395,200 93G,Ci00 
.:..WITH RETURN P/L 456,000 -

ST ~RT CRUISE WEIGHT-tJO P/L - 9..'2,800 
-WITH RETURN P/L - -

LANDING WEIGHT-NO PAYl.OAD 391,800 848,700 
-WITH r.ETURN P/L 452.600 -

(ALL MASS DAT A IN kg) 

•MAINSTAGE +FLIGHT PERFORMANCE RESERVE 
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WBS 1.3.1.1.2 Ascent Pttfonnance Omacteristics 

The SPS launch vehicle ascent perfonnance characteristics are noted in Table 1.3.1-2. A •3g· maxi­

mum ac"'-eleration thrust profile was u~d due to lhe manned carability and also to minimize the 

load conditions on the orbiter. The booster staging velocity of 2170 m/sec is well within the ·'heat 

sink'' capability of the aluminum/titanium airframe. 

1.3. I. t .J Reentry Cbaracteristics 

Thto :eentry characteristics for the booster and orbiter are noted in Table l.3. l-3. The maximum 

deceleration for the booster is 4.27 g's and the subsonic tr.msition altitude is 17.86 km. The orbih.·r 

r«ntry has been limited to a nonnal load factor of 1.41 g's until the subsoni<: transition which 

occurs at an altitude of 13.62 km. 

1.3.t.2 Boostft' Stage 

I .J.1.2.1 System Description 

The booster stage of the ~-stage winged vehicle consists of the following subsy;;tems: 

Strm:tures 

Induced En\·ironmental Protection 

landing and Auxiliary Systems 

Ascent Propulsion 

Flyback Propulsion 

RCS Propulsic.n 

Prime Powc-r 

Ekctrical Conversion and Distribution 

Hydraulk Conversion and Distribution 

Surf:tce Controls 

Avionics 

[nvironmental Control 

Each of 1;1cse subsystems is discussed in the followi1•2 sections including definition of the rationale 

for the mass and cost estimates. 

1.3.1.2.1.1 Structures-Tite boustcr stage structures subsystem consists of the Y<ing. vertkal 

rail. and body group. The body groi.;p consists of the nose section. oxidizer (LO~) tank. intertank. 

fud \ L\H4) tank. hase :.kirt. thmst strndllrc. aft body flap. and fairing sm1ctures. A preliminary 

sizing analysis was condu.:tcd lo dell·nninc the individual strndural cleml'llt ma~scs l'Xdusiw of 

heat skin requirem~nls. The additional materials n:quired to satisfy ht·at sink rcquiren11..·nts are 

irn:orporated into the induced c1wironmcnlal proh·ction subsystem. 
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Table 1.3. 1-2 Ascent Pwfonrwta ClwKteristicl 

FIRST STAGE 

T/W AT IGNRION - 1..30 

MAXIMUM DYNAMIC PRESSURE 315.11 ui. (JtiOpd) 

MAXlfl.OM ACCELERATION - SJll 

S&AGE BURN TIME - 155.MMC 

RELATIVE ST AGING VELOCITY 2170rN9C (1.120 fpl) 

DYNAMIC P:lESSURE AT STAGING - 1.16U'9 Q4pd) 

SECOND STAGE 

lt~ITIAL TNI - D.94 

MAXIMUM ACCELEr.ATION 3.0t 

STAGE BURN Tll.1E 350.2'-= 

Table 1.3. 1-3 SI'S Winged Vehicle Reenerry Characteristics 

BOOSTER 

APOGEE Cl. JITIONS 
h•80.821un 

v,..·1955m/ts 

!AXIMUM OECELERATION CONDITION 

q·10.nkr. 
h • 32.61 km 

Yn1• 1327m/-

NORMAL LOAD FACTOR• 4.27 '' 

MAXIMUM DYNAMIC PRESSURE CONDITION 

q • 13.29kPa 

h•22.96km 

v,11 •686 m/wc 
NORMAL LOAD FACTOR• 1.49t1 

SUBSONIC TRANSITllJN CONDITION 

h • 17.861.m 

C& • 15deg 
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ORBITER 

MAXIMUM DYNAMIC PRESSURE CDNDm0N 

q•1117k.-
h•15.561un 

Yn1•361m/SIC 

NORMALLOADFACTOR•1A1 

SUBSONIC TRANSITION CONDITION 

h~ 13.6211m 
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Wing-The wing box is constructed of 7075·· f73 aluminum and the leading edge, trailing edge. and 

ele,·ons are constructed of 6AL-4V titanium. A 4g entry condition and a :!.5g subsonic maneuver 

condition were considered in sizing the wing structure. A constant t/c = 10% was used. The wing 

mass is 129.700 kg. 

Vertical Tail-The vertical tail was siz~ for a boost max qJJ condition of 177 kpa. The box struc­

ture is 7075-T7J aluminum and the remaining tail structure is 6AL-4V titanium. The mass of the 

vertical tail is 14.000 kg. 

Nose Section-The nose section consists of a fixed shell structure plus a depioyable nose cap. The 

shell structure experiertces maximum compressive loadings of 35.:!00 N/cm forward and :!4,000 

N/cm aft during the boost 3g conditiort. The smeared thickness of the 7075 aluminum skin-stringer 

pa:iels is 0.8:! cm forward and 0.68 cm aft. The smeared thickness of the 7075 aluminum nose cap 

is 0.38 cm. The nox- section mass is ::!6.800 kg. 

Oxidizer (l02l Tank-The oxidizer tank is an all welded:!:! 19-T87 aluminum pressure vessel with 

integral sidewall stiffi:ning in the cylindric•!l section. The smeareJ thickness of the sidewall panels 

varied from 0.79 cm forward to 0.93 cm aft. The dome membrane thickness varks between 0.:!8 

cm and 0.40 cm for the upper dome and ht-tween 0.47 cm and 0.81 cm for the lower dome. The 

tank mass including slosh baflles is 36 100 kg. 

lntertank-The inkrrank is approximately 18.5 meters long and is constructed of 7075 aluminum. 

llte intertank experien..:~ a maximum compressive loading of 30.160 N/cm at the boost Jg onset 

l'Ondit!on. The smeared thickness of the skin-stringer panels is 0. 76 cm. The mass of the intertank. 

whil·h incorpor;ih:s the :i!rbreatha c-ngine support stmctures. is 38.000 kg. 

Fuel CLCH4) Tank- The fud tank is an all welded :!219-T87 aluminum pressure vessel \\-ith integral 

sidewall stiffening in the cylindrical section. The smeared thickness of the s1dewall panels is 0.89 

cm. The dome membrane thickness \"Jries berwe:n 0.28 cm and 0.40 cm for the upper dome and 

between 0 . .:!8 and OA6 cm for the lower dome. The tank mass including slosh baffles is 32.600 kg. 

Base Skirt-The base skirt is approximately 19. 7 mders long and is construded of 7075 aluminum. 

The upper 14.4 meters experiences maximum compressive 1o:idings of 40.000 N/cm forward and 

44.500 N/cm aft at the boost 3g onset condition. Thi.' smeared thickness of thl' skin-stringl'r rands 

is 0.88 cm forward and 0.94 cm aft. 111l' lower 5.3 meters expt"riencl·~ a maximum combined com­

pressive loading 0f 31.100 1'. 1.:111 and shear tlow of 18.900 N/cm during the: tanked pre-ignition con­

dition. ll1e smeared thickness of the skin-sf ringer panels is I. :ill 1.:111 in the shl..'ar-out region and 

0.64 cm ouisidc thl' shear-out region. ·me hase :-.kirt mass is 47.200 kg. 
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Thrust Structure -The thrust structure consists of four major beam assemblies plus interbearn stabi­

lizing members. Sixteen thrust posts are incorpor.ited into the beam assemblies. 7075 aluminum is 

used throughout. The stru"·tural elements arc sized for the ignition condition using a dynamic 

magnification factor of I .~5. Shear llows in the individual plates vary from 15.300 N/cm to 61.300 

N/cm and the web plak thid.ne~s vary front 0.46 cm to 1.85 mt. Tite avc:ra~ aoss area of a 

thrust post is I So square "·entimeters. The thrusl slrudure mass is ~3.900 kg. 

Aft Body Fbp- The constant chord body flap provides the booster stage with pitch trim control 

and thennally shields the m:.iin engines during entry. The tlap is constructed of flAL-4V titanium 

and has a mass of ~I 00 kg. 

Fairing Structures-Fairing ~tructurl's consisi o the wing-to-bod)· fairings located both forward and 

aft of the box carry-thru section. tile t;.il-to-body fairing. and the engine shroud/base region fairings. 

The.• fairinp are l.·onslntl'h'd of hAL-4'! titanium and have an estimated m:iss of 8500 kg. 

1.3. t.:!. 1.2 Induced Environmental Protection-The induced environmental protection suflsystem 

systl.'m consists of th'-" ht>at sink additions required to maintain the airfrm1e outer skin within 

acceptable temrer.iture limits. plus ti1e base neat shield. Reusable Surface lnsubtion is the thennal 

proh~l'tion system on ~he ba~ !:eat shield. Tite heat sink additions weigh 38.300 kg and the base 

heat shidd 8100 kg for a total systt·m ma~s of ..Jll.400 kg. 

1.3.1.2.1.3 Landing and Auxiliary Systems-In addition to landing gear. this subsystem includes a 

indudt·s a landing dr:tg dl'vict> and auxiliary systems for upper stagt> separ.ition and nose cap dt'ploy­

nwnt 'lah:hing. TI1e lantlin!! gt>ar weight is estimated at 3.2'1- of design landing Wl'ight. Total suh­

system mass is 3-l.500 kg. 

1.3.1.2.1.4 Ascent Propulsion-The as1..·t·nr propulsion subsystl'm consists of the main engines. 

t.•ngines. acct·ssoril's. gimhal provisions. and tht.' fuel and oxidizer systems. Main propulsion is pro­

vided by six tt:en ( l h) high pn.·ss11re LO 2! LCH.t gas generator cycle engines and the associated tank 

prt·ssurizatil'n and pro11dl:111t ddivl'ry systl'm. ·n1l' following t'ngitk' char:tcteristics Wt're USl'li in the 

;!nalys1s: 

Propdlant 

C l.;1111 be r P rl.'ssu rt' 

Arca Ratio 

Mixture Ratio 

Thrust ( S. l./V:11..-. l 

Spl'dfic lmpulsl.' 1S.L./V:11.:.l 

L02:...Cttt 

J..J.500 kpa 

60: I 

J: I 

8.7hx IOhN/9.68x 10'1N 

J 18.5 Sl'C 'J5 ~ Sl'C 
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The mass of the sixteen engines and associated accessories plus gimbal provisions (for eleven 

engines) is 16:?.400 kg. 

Pressurization gases are heated GO::? for the LO:? tank and heated GCJ4 for the LCf-4 tank. The 

total mass of the tank pressurization and propellant delivery systems is 4:?.:?00 kg. 

1.3.1.2. l.S Flyback Proptilsion-The flyback propulsion subsystem consists of the airbreath 

ing engines. acces.~riei-.. fuel system. tankage. and engine installation nal.-elles. ducts. and doors. 

Fly back thrust is pro·.-ided by twelve ( l .:!) turbojet engines. each having a S.L static thrust of 

356.000 N. The llyt.ack fuel is RP-I. Thc:- dry mass of the subsystem is 57.400 kg. 

1.3.1.2.1.6 Other SuiJsystems-The remaining subsystem masses have been estimated using 

historical or Shutrk predicted weights. These subsystems include RCS propulsion. prime power. 

electrical conwr..ion and distribution. hydraulic conwrsion and distribution. aerosurface controls. 

avionii."S. and e1~vironmen.al control. 

RCS Propulsion-The reaction control system is reqaired for stagt' orientation prior to entry and for 

control during entry. The subsystem dry mass is 5100 kg. 

Prime Power-Ma_ior power sources consist of batteries and airbreather engine driven generators for 

cledrical power. and a hydrazine pow.:red APU for hydraulic power. The subsystem mass is 

·BOO kg. 

Electrical Conversion and Distribution-Th~ power conversion conditioning. and cabling elements 

are included in this category. The subsystem mass is 4.:!00 kg. 

Hydraulic Conversion and D!<itribution -All stage functions requiring hydraulic power are serviced 

by the hydr.mlic conversion and distribution subsystem. The hydrauli~· power for rocket engine 

thrust vector control and valve actuation is included in this category. The subsystem mass is 

JO.QOO kg. 

Surface Controls-- The ai:tuation system for the aerodynamic control surfaces are induded in this 

category. The subsystl·m mass is I0.300 kg. 

Avionics-The avionics subsystem includes ekments for guidance. navigation and control. trad.ing. 

instrumentation. and data processing and software. The suhsystl'lll mass is 1500 kg. 

Environmental Control- The environmental control subsyskm maintains a conditioned thennal 

environment for the avionics. Tht• subsystem mass is ~00 kg. 
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1.J. l.2.2 Booster Mass Characteristics 

The tlyba..:k boostl.'r mass ..:haraderist!c are shown in Tabk l.3. l-4. The strm:ture. indu..:ed 

en\'ironment protei:tion. asi:ent and auxiliary propulsion. and landing subsystt'ms accounl for 89% 

of the \try mass. TI1e inducl·d t'nvironment protl.'ction subsystem mass indudes the a1.lditional 

stmctural thi1.·kn1.-ss re4uired for tht.> '"ht"at sink 1.·apability" and the baSl' heat shidd. 

1.J. l.3 Orbiter Stage 

1.3.1.3.1 System Description 

The Orbiter or thl' ~-stag.I.' wing.e•.l \"l'hidl" ..:onsists of thl" h_,llllWing subsystems: 

Stru'"·turt.>s 

lndu..:t'J Em·ironnk'ntal Prok•'"·tion 

landing and Auxiliary Systl.'ms 

As'"·en t Propulsion 

OMS Propulsion 

RCS Propulsio11 

Prime P•.)\\"t'f 

fk,:trii.:al Conwrsion and Distribution 

ffydrau!iL· Conwrsion anJ Uistrihutilm 

Surfa,:i: Contrnls 

.. \\ioni .. ·s 

fm·irtllllllt'ntal Contwl 

P1.·rstl!ltld Pnwisi1.l!lS 

Pasonnd 

Payload :\1.·,:omnwdations 

Ea .. ·h of th1.•s1.• subsysfl•ms will bl" dis1.:usst·d in the following sedions induding definition of the 

rati .. mak for !ht• mass and ..:ost t•stim;1ll's. 

1.3. J .3. I. I Structures-Thl" Orbita stru1.·1ur~s subsys!t'lll 1.·onsists of the "ing. ···atical tail. 

and b1.1Jy !!fl1up. Th,· ''l1,!y grl1ur 1.·1.11i:-.ists of thl" nos1.· sel'lilin. ,.h'W nwduk. ful'l I LB~ l tank. ink·r­

t;mk. P L bay doors. oxidiLer 1 LO~ I t;ink. aft skirt. thrust stnKturl'. :1ft b1,1dy !lap. and fairing 

stn11.:tur~s. :\ prdimin.1ry si1ing analysis was ,·ondu1.·k<l to 1.kll·n11i11t' thl· indi,·idu;1l strudu;;;I 

l'k·m~nt 111ass~s. 

Wing Th~ wing is ._·nnstru1.·1,·d fwm 6.-\L--l\. tit;111iu111. A .;.5g ~ntry ,·lmdition and a 2.5g subsoni..: 

matll.'llh'r 1.·1.1nditi\1n \h'fl' ,· .. 111:-.ida,·d in ~i;ing th1.· wing :-.tnKtur~ . .-\ , .. mstant t 1.· = Ill"; was ll'il'd. 

Thl' wing 111.1ss is 51.SllO kg. 
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Table 1.3. 14 BoostrJr Mass Statement 

STRUCl\JRE 
45Yt 

INDUCED 
ENVIRONMENTAL 
PROTECTION 

"" 

STRUCTURE 
INDUCED ENVIRONMENTAL PROTECTION 
LANDING AND AUXILIARY SYSTEMS 
ASCC:NT PROPULSION 
AUXILIARY PROPULSION 
PRIME POWER 

MAS'-fkt) 

•eoo 
'8400 
346JO 

2041JO 
80600 
4300 

ELECTRICAL CONVERSION AND DISTRIBUTION 4 200 
HYD'RAUUC CONVERSION ANO DISTR1bUT10N 10 900 
SURFACE CONTROLS 10 300 
AVIONICS 1 600 
ENVl~ONMENTAL CONmOL 200 
GROWTH 68 600 

DRY MASS• 186 900 
RESIDUALS AND RESERVES 49 800 

LANDING MASS• 848 700 
LOSSES DURING FL YBACK 86 200 

ST ART FL YBACK MASS• 832 900 
ENTRY IN-n ~HT LOSSES 3700 

136600 

~000 
163600 

DRY MASS BREAKDOWN 

START ENTRY f.1ASS • 
IN-FLIGHT LOSSES PRIOR TO ENTRY 

STAGING MASS• 
THRUST DECAY PROPELLANT 

INERT MASS• 
14500 

878100 
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Vertical Tail-Tht: vertical tail was sized for a boost max qp condition of 177 kpa. It is constructed 

of 6AL-4V titanium. ll1e mass of the vertical tail is I 2,300 kg. 

Nose Section-The nose section is constructed of 6AL-4V stiffened sandwich construction. 

Included in the nose section are the exterior windshields and lhe nose landing gear support bulk­

head. wheel well and doors. ll1e titanium sandwich is 3 cm thick and has a smeared thickness of 

0.13 cm. The total mass of the noS1: section is 9200 kg. 

Crew Module-The crew module is an all welded 22 l 9-T87 aluminum pressure-tight vessel with 

integral stiffening. Included in the crew module are the interior (redundant) windshields, hatches 

for ingress and egress. and support provisions for other subsystem elements located within the 

module. The module accommodates a 4-man flight crew plus a 6-man passenger group. The crew 

module mass is 1800 kg. 

Fuel ( LH2)Tank-The fuel tank is an all weided 6AL-4 V titanium sandwich pressure vessel. The 

core thickness is 3 cm. ll1e smeared thickness of the sidewall sandwich is 0.41 cm. The dome 

sandwich smeared thickness varies between 0.11 cm and 0.26 cm for the upper dome and between 

0.11 cm and 0.18 cm for the lower dome. ll1e tank mass is 11.100 kg. 

lntertank--The intertank is constructed primarily of 6AL-4V titanium sandwich. It provides sup­

port for second stage payloads and the payload bay doors. The smeared thickness of the sidewall 

sandwich varies from 0.13 cm to 0.15 cm. The intcrtank mass is 15,900 kg. 

Payload Bay Doors -The payload bay door is 14 meters long and has a surface area of 553 square 

meters. It consists of two panels that open at the upper centerline. Each panel consists of four 

equal length segments. ll1e forward 6-meter segment incorporates deployablt> radiators. The door 

primary structure is of ho1wy1.:omb and frame construction employing composite materials. The 

door mass is 5 I 00 kg. 

Oxidizer ( L02) Tank-The oxidizer tank is an all welded 21l9-T87 aluminum pressure vessel con­

sisting of two elliptical domes. The dome membrane thickness varil!s between 0.53 cm and 0.63 cm 

for the upper dome and between 0.62 cm and 1.00 cm for the lower dome. The tank mass includ­

ing slosh baffles is 20.300 kg. 

Aft Skirt-The aft skirt is approximately 12.2 meters long anJ is constructed of 7075 aluminum. 

The skirt experiences maximum compressive loadings of 16.200 N/cm forward a1Hl 33.800 N/cm 

aft during lhe booster Jg condition. Th::- smeared t!1ickness of the skin-stringer panels is 0. 71 cm 

forward and 0.81 cm aft. The aft skirt 111:1ss is 19.600 kg. 
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Thrust Structure-The thrust structure consists of an internal cone frustum with a crucifom1 beam 

sy)tem at its lower end. Ten thrust posts are incorpor.lted into the lower section of the cone 

frustiom and fo!.lr thnast posts are incorpor.ited into the cruciform beam system. A combination 

7075 aluminum/ciAL-4V titanium structure is used. The structural elements are sized for the 

ignition conJition u-.ing a dynamic magnitkation factor of 1.25. The aver.ige compressive loac.ling 

in the upper section of the cone frustum is l 2,900 N/cm anc.l the average 'imeared thickness of the 

aluminum skin panel is 0.49 cm. The average cross section area of a titanium thrust post is 23 

square centimeters. The thrust structure mass is I 0, 100 kg. 

Aft Body Flap-The constant chord body flap provides the Orbiter with pitch trim control and 

themrnlly shields the main engines during entry. The tlap is an aluminum structure with honey­

comb skm panels. 'TI1e tlap mass is 640 kg. 

Fairing Structures-Fairing stnictures con-.ist of a forward wing-to-body fairing located in the tran­

sition region between •tic drcular fuel tank and the "boxey" intertank, a wing-to-body fairing 

locatt:d under the lower half of the circular aft skirt, and a tail-to-body fairing. The fairings are 

aluminum structures with honeycomb skin panels. 'TIH: total mass of tile fairings is 3960 kg. 

1.3.1.3.1.2 Induced Environmental Protection-The induced environmental protection sub 

system consists of (I) Reusable Surface Insulation (RSI) on the exterior surfaces of the wing, tail, 

and body. (2) a base hl·at shield incorporating RSI, (3) internal insulation for thennal control of 

pertinent components. and (4) purge. vent, and drain provisions. The masses of the foregoing are 

44,800 kg. 1400 kg. I I 00 kg. and I 00 kg, respectively, yielding a total subsystem mass of 

48.300 kg. 

1.3.1.3.1.3 Landing and Auxiliary Systems-The subsystem consists of the landing gear and payload 

handling manipulator arms. 111e landing gear weight is estimated at 3.2% of design landing we'.ght. 

Total subsystem mass is I 5,800 kg. 

1.3.1.3.1.4 Ascent Propulsion-The ascent propulsion subsystem consists of the main engines, 
accessories, gimbal provisions. and the fuel and oxidizer systems. Main propulsion is provided by 

fourteen (14) standard SSME's and the associated tank pressurization and propellant delivery 

systems. The following engine characteristics were used in the analysis: 

Propellant L02/LH2 

Chamber Pressure 20,700 kpa 

Area Ratio 77.5: l 

Mixture Ratio 6: 1 

Specific Impulse (Vac) 473 sec 

The mass of the fourteen engines and associated accessories plus gimbal provisions (for ten engines) 

is 43,540 kg. 
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Pressurization gases are heated G02 for the L02 tank and heated GH2 for the LH2 tank. The dry 

mass of the tank pressurization and propellant delivery system is 17,260 kg. 

1.3.1.3.1.S OMS Propulsion-The orbital maneuver system consists of fot:r (4) ASE engines 

and accessories .• ind associated tank pressurization and propellant delivery and storage elements. 

The following engine characteristics were used in the analysis: 

Propellant L02/LH2 
Chambt'r Pressure 13,800 kpa 

Area Ratio 

Mixture Ratio 

Thrust (Vac) 

Spedfic Impulse lYad 

200: 1/400: l 

6:1 

89.000 N 

473 se•.: 

The mass of the four engines and accessories is 77~ kg. 

Tank pressurization is provided by a high-pressure low-temperature hellium gas system. The dry 

mass of the tank pressurization and propellant deliwry and storage clements is 4830 kt~· 

J .3.1.3. 1 .6 Other Systems--The remaining subsystem masses have been estimated using 

historical or Shuttle predicted weights. These subsystems include RCS propulsion. prime power. 

dectrical conver:;ion and distribution, hydraulic conversion and distribution. aerosurfaces controls. 

avionics. environmental control. pers0:rnel provisions. personnel. and payload accommodations. 

Rt::S Propulsion-The rt:>adion control system provides for stage orientation on-orbit and prior to 

entry. and for control <luring ~ntry. The subsystem dry mass is 3900 kg. 

Prime Power~MaJor powe:- sources consist of an 02/H2 powered fuel cell subsystem to provide 

electrical power. and a hydrazine powered APU subsystem to provide hydraulic power. The dry 

mass of the prime power subsystem is 2500 kg. 

Electrical Conversion and Distribution-The power conversion, conditioning and cahling elements 

are included in this category. The subsystem mass is 4800 kg. 

Hydraulic Conversion and Distribution-All stage functions requiring hydraulic power :m~ serviced 

by the hydraulic conversion and c.iistrihutio11 subsystem. The hydraulil'. power for rocket engine 

thrust vector control and valve actuatior is included in this category. The suhsystem mass is 

3600 kg. 

Surface Controls Thi..' actuation systems for the Jerodynamic control s11rfal'l'S an.· induded in this 

category. as are the rnckpil controls. Tht> subsystt'lll mass is 6800 kg. 
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Avionics-The avionics subsystem !ncludes elements for guidance, navigation and control, comm uni· 

cations and tracking, displays and controls, instrumentation. and data processing and software. The 

subsystem mass is 2400 kg. 

Environmental Control--The environmental control subsystem maintains a habitable environment 

for the crew and passengers, and a conditioned thermal environment for the avionics. It provides 

the basic life support functions for the crew and passengers, and thermal control for several sub­

systems. It also provides for air lock pressurization. The subsy~tem mass including closed loop 

fluids, is 2400 kg. 

Personnel Provisions-The fixed life support system and personnel accommodations for the 4-man 

flight crew a:·e included in this category. The subsystem mass is sr.o kg. 

Personnel-The 4-man flight crew and their gear and accessories are included in this category. (The 

6-man passenger group and their gear. accessories, and baggage are considered part of the payload.) 

The subsystem mass is 1.200 kg. 

Payload Accommodations-Removable payload support equipment is inc!uded in this r 0 .egory. 

The mass allowance is 2900 kg. 

1.3.1.3.2 Orbiter Mas..<> Characteristics 

TI1e orbiter mass characteristics are !>hewn in Table 1.3.1-5. Structure accounts for approximately 
507c of the stage dry mass. fhe ascent propulsion an·~ thermal prC1tection subsystems are an 

additional 29% of the dry mass. The dry mass is 86% of the inert mass with the rerr. ai.1der including 

residuals and reserves. per~onnel and payload accomm0dations, and inflight losses. 
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Tal:Jl• 1.3.1-5 OtbitwMaaStatmrent 

srRUCTURE 
~ 

L LAN!>ING ANO--....... __.-­

,l;X SYSTEMS - ·- INIJIJCED 
EJNIRONMENTAL 
PROTECTION 

13S 

DRY MASS BREAKDOWN 

1.3.1.4 L3unch Vehicle CostS 

STRUC1\JRE 
INDUCED ENVIRONMENTAL PROTlCTION 
LANDING AND AUX S\'SltfAS 
ASCENT PROPULSION 
AUXILIARY PROPULSION 
PR•POWER 
ELECTRICAL OONVERSIOH AND DISTRll'UTION 
HYDRAULIC CONVERSION AND DISTRIBUTION 
SCAFACE CONTROLS 
AVIONICS 
ECLSS AND PERSONNEL PROV 
GROWTH 

DRY MASS• 
PERSONtJEL AND PAYLOAD ACCOMllODATK>t'JS 
RESIDUAL AHn RESERVES 

LANPING MASS• 
ENTRY lfJ·FLIQHT LOSSES 

STAR"!" ENTRY MASS• 

IN-FLIGHT LOSSES PRIOR TO ENTRY 
IMRTMASS• 

Cosh are presenl<>d in 1977 dollars. Dt;ring Phase.:!. costs will be updated to 1979 dollars. 

Ll. L4. l Dl>TE..E Costs 

llMS(ke) -­·-151DO ·-·-2&00 
4IOO 
3100 
1100 
2400 
2IOO 

...!!!!! 
m:tao 

4100 
14500 

391800 
3400 

3962CIO 
31900 

43& 100 

The ODT&E cost fc:- the clight hardware and iis associated ground support equipment is shown ir. 

Fi~ure 1.3.1-2 for bth the booskt and orbiter stages. The total development cost for both stages 
is S 11.28. Sy:>l.:-ms test. which inc!ades all th~ ground and flight test hardware in addition to thr 

test labor. accounl" "or in excess of 50% of the total development cost. The bo0 .;1er DDT&E .:ost 

indudi.:s a new ~ ·du~t engine and airbreathcr eng!11e development. The orbikr DDT&E reflects use 

of ~he Space Shuttle·s SSME\ anri some of the other subsystems which were modified rather than 

new de,·elo1; :.en ls. All costs quoted are m I 977 dollars. 

Smee .. Syscem Test"· is such a large portion of the DL'T&E cost a further detail breakdown is shown 

in T.:ble 1.3.1-6 for both the booster and orbiter: 

Tit» "'Systems le<tt Labor"' enc:y includes tlH labor for both ground and flig!tt test. A five 15) 

'1ig!1t ~eveloP'nent ti. ~l program ;s planned for the whick. The labor indudes 'lll the effort w 
mod .. y eq~ipment. buiid test fixtures. ir ·~i; instrumentation and to comlu•' the test program. 

Appro>"ir .telv 25% of~'-- . _;ems te~! lallor entry is attributable to the fi1~1 1 :est portion anu the 

rcmai.- <..:r •~ as~oc:att" • with ihc gwund t.:st adivity. 
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OTHER 
a 

SYSTEMS TEST 
55S 

~R DDTliE •$6.628M 
ORBITER DODE• S4.&74M 

e TOTAL VEHICLE DDTlaE • $11.28 ILESS FACILITIES) 

Figure 1.4.1-2 SPS Vehicle DDT&E Cost 

Table 1.3.1-6 SPS Vehicle Systems Test Cost Breakdown 

BOOSTE~ ORBITER 

SYSTEM TEST LABOR I 
$781M $626M I 

GROUfJD TEST HARDWARE $1620M $1236M 

STRUCTURAL. TEST A:iTtCLE ($170M) ($104M) 

PROPULSION TEST ARTICLE ($725M) ($566M) 

DYNAMIC TEST ARTICLE ($725M) ($566M) 

FLIGHT TEST HARDWARE" $907M $708M 

TOTAL $3294M $2570M 

•INCLUDES REFURBISHMENT OF DYNAMIC TEST ARTICI : INTO A FLIGHT TEST UNIT. 
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1.3.1.4.2 Production Cosr 

The initial unit produdion ..:ost for both the SPS ..:argo vehicle boost\.'r <!nd orbiter is shown in 

Figure l.J. l-3. The the1.neti..:al first unit ..:ost tTFU> for th'-' boosrer of SS~ 1.4M and S6_~8.5M for 

the orbiter we~ de,·elop ... -d using the Boeing P.1r.m11~tric Cost Model \P<.-Ml. 111'-' following is a 

breakdown of the Tfli ..:1.lst hy major subs~·sr.:-n~: 

Subsystem 

Stru..:ture 

TPS 

Main Propulsion 

Landing and Aux. Sys. 

Flytiack Propulsion 

Otht.•r Suh~ystems 

Boosrer 

N/A 

13'} 

I l't-

1 <YC 

IO% 

N/A 

The ground support equipment TFU ..:ost is estimatc.•J h.1 ~ SI<•.:! .SM and SI ~o.OM f.;1r th..: booster 

and ''rl:lik'r rt.•:·pl·diw1:;. 

1.3.1.4..l :\.wrage Cost. flight C 1 Satellite/Year) 

Thi!' ..:ost ilight brt>akdown shown in Figure I .J.1-4 is the aver;.~ for the 400 per year i.iun1..·h rate 

anJ 1-l years of op~ration. The c1.'"' !light ik'ms follew the ShuHk User Char!,!e Poli..:y guiJdines 

with 1:1e ft,llowing additions. 

I. :\11wrci1;1tion ,,r thl· ll...-1.·t production costs 

lndusion o! 1!11.· r.1te tooling '"·Jst due to thec' hardware qu:tntitiec's re,1uirl.'1.l. 

Thec' folkw.ing assumptions and ··rit1:ri-1 n.·garJing rdurfiishnk·nt anJ rec'plenishmt>nt spar...•s was US\.'d 

to J~·,dop tht" awragec' ..:('St pl'r !light for tht.' n•hid\.·: 

Sratt> Elemt>nt Desigu Life 

300 llighb 

lmkfinik 

Refurbishment 

b .. :h I 00 tligh! \•I 

30''r 1.lf pro;.lu..:li('ll 

F.tch 50 tli~hts ~-' 

30' r of prodlK(i(lll 

l'OS( 

Z70 

Repk-ni~hmer. i 

o. Is··; P\.'r !light 
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BOOSTER 

~ER 
STAG[ 

PROG INT a MGMT 

ASSEMBLY 
ANOC/O 

COOSTER 
SUBSYST81S 

BOOSTER 
GSE 

OTHER 

ORBITER 

ORBITER 
STAGE 

PROG INT a MGMT 

ASSEf~BLY 

ANDC/O .. 
ORBITER 
SUBSYSTEMS 

ORBITER 
GSE 

F19Ure 1.3. 1-3 SPS Launch Vehicle Production Cost 

GROUND OPS/SYS 
21" 

FLIGHT HJaRDWARE 
PRODUCTION 
AND St-ARES 
en 

AVER/a.GE COST/FLIGHT., $13.447M 

• lWO-STAGE WINGED VEHICLE 

• PLACEMENT OF 1 SATELLITE 
PER YEAR (400 FLIGHTS) 

• 14 YEAR PROG"AM 

•NO ATTRITION 

Figure 1.3.14 SPS Launch Vehi~le Average Cost/Flight (One Satellite/Year) 
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The effect of design life and attrition rate variations are shown in Figure 1.3.1-5. Based on these 

trends the recommended goals for design life and attrition rate are 500 flights and 0.1 % respectively. 

Flight Hardware production and spares is the largest single item with the booster and ortite! 

aa"OUnting for 55% and 45%. respectively. Propellant cost amounts to 12% of the total per flight 

cost. 

1.l.1.4.4 Effect of Launch Rate on Cost/Flight 

Figure 1.3.1-6 illustrates the effect of launch rate on the c>verage cost/flight and the transport cost 

to low Earth orbit for the SPS cargo vehicle. The required larnch rate of approximately 500 flights 

per satellite results in the following: 

Annual Launch Rate Cost/Flight Transport Cost 

$/kg (S/lbm) 

400 Flights S!3.447M 31.71 (14.38) 

1600 Flights SI0.754M 25.36 (II 50> 

A 40 launch per year rate. comparable to the planned rate for Shuttle from KSC, would result in 

an average cost of S2J~t per flight for the SPS cargo iauncu vehicle. Also noted on the chart, are 

the NASA/JSC in-house cost estimates as of January 1978. 

1.3.1.S Vehicle Operations 

111c 2-st;.ge winged vehicle operations plan includes prelaunch. launch, and reco\·ery activities 

associated with the SPS launch vehicle. The launch site operations plan includes: 

I. Both vehicles lanuing at the launch site. 

") Stage maintenance and ch>!ckout in dedicated facilities for both the booster and orbiter. 

3. Mating. vehicle integration. and fueling at the launch pad. 

A horizontal mating operation is planned on the launcher where the two stages will be joined and 

then rotated to the vertical. This concept is depicted in figure 1.3. l-7. llte upper portion of the 

launcher/erector is rotated away from the vehicle after the vehicle is in the vertical position to 

provide clearance for launch. 
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AVERAGE 
COST/FLIGHT ... 
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•40'l FLIGHTS/VE.AR 

D~ 
RECOMMENDED 

12 
DESIGN LIFE AND 
ATTRITION CRITERIA 

0-2% 0.4" 0.6"' 0.8'lu 1.0% 
ATTRITION R~TE 

Figure 1.3.1·5 Effect of Design Life and Attrition Rate 

• TIVO-STAGE WINGED VEHICLE 
• 14 YEAR PROGP..W 

SHUTTLE e NO ~ :TRITION Q RATE FROM KSC 
• 300 FLIGHT DESIGr~ .IFE 

' e REFURBISt'MENT CYCLE 
' ' • AIRFRAME EACH 100 FLIGHTS ' • ROCKET ENGINES EACH SO FLIGHTS 

1 SATELLITE/YEAR 

0 
·• 

4 SATELLITES/YEAR 

RANGE OF • NASA/JSC ESTIMATE 
JAN 1!17a 

... __ 
........ 411_ 

10 
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Booster Timelines 
The booster timeline from launch to its move in the integration position is shown in Figure 1.3 .J-8. 

The timdines reflect the ave1age timelines for the operational launch vehicle system. A total of 

6~ hours is estimated for this portion of the turnaround with the scheduled and unscheduled 
maintenance activity requiring 36 hours. On-board condition monitoring equipment will enhance 

the operations by: 

I. Providing perfonnance monitoring of the stage subsystems. 

Aiding in fault isolation and detection. 

Rocket engine maintenance is anticipated to be the major portion of the booster operations. 

Orbiter Ti'lielines 
TI1e orbitc-r timeline from •aun..:h to its mo\·e to the integration position is shown on Figure I .3. 1-9. 

A total timc- of 97 hours for orbiter procc-ssing including ::!4 hour on-orl>it staytime is estimated. 

The maintenan..:e portion of the activity is estimated to require 48 hours due to the thennal protec­
tion system and the additional systems/equip:nent required for the manned stage. A total of I::! 

hours has beer. allocated for payload installation in a parallel operation with the orbiter 

maintenance. 

Integrated Vehicle Timelines 
The \·ehide integrated operations timeline is shown on Figure 1.3. l-IO. These activities are at the 

laun..:h site and reflect all the operations from vehicle mating through launch. This portion of the 

launch opcTations requin:s 34 hours for the booster and 30 hours for the orbiter. The mtal turn­

around times for the booster and o.dter are summarized in Table 1.3.1-7. Also shown on the table 
for reference !s the anti..:ipated turnaround times for the :!-stage ballistic recoverahle concept 

siudie<l carlia. The 2-stagc winged vel11de results in !urnaround times which are less than those for 

the ballistic vehicle. 
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Table 1.3.1-7 Vehicle Turnaround Analysis Summary 

VEHICLE C\>NCEPT STAGE OPS INTEGRATION TOTAL 
ONLY AND LAUNCH OPS TURNAROUND -

f'INGfNING 

BOOSTER 63HOURS 34HOURS 97 HOURS 

ORBITER 97 HOURS 30HOURS 127 HOURS 

~-------- ------------- -------
BALLISTIC/BALLISTIC 

BOOSTER 93 HOURS 34HOURS 127 HOURS 

UPPER STAGE 102 HOURS 30HOURS 132 HOURS 
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WBS 1.).2 cargo Orbit Trans!tt Vehicle 

The cargo Orbit Transfer Vehicle is used to transport satellite components from 

the LEO staging depot to the GEO construction base. This vehicle uses electric 

propulsion and is hereafter referred to as the electric orbit transfer vehicle (EOTV). 

A total of 23 vehicles are required for construction of two 5 GWE satellites in one 

year. 

Selected Configuration 

The selected EOTV configuration for cargo transportation is shown in Figures 1.3.2-1 

and 1.3.2-2 and consists of four solar array bays, with each bay formed by a penta­

hedron. The apexes of the pentahedrons are tied together to serve as a mounting 

locati<'n for the payload and propellant tanks. This location provides a good moment 

of inertia balance to minimize gravity gradient torque control requirements and 

simplifies the docking of the payloads as well as propellant tankers. Thruster modules 

are attached to beams protruding from the four corners of the configuration. Power 

for the thrusters is drawn from solar arrays in the bay adjacent to the thruster module. 

The vehicle is sized to deliver 4000 metric tons and return 200 metric tons with 

an uptrip time of 180 days and down time of 40 days, with a specific impulse of 8,000 

seconds. The total dry mass of the vehicle is 1462 metric tons while the total propel­

lant loading is approximately 500 metric tons. The 1510 m dimension of the configur­

ation reflects the change in power requirements that occurred after the Phase I 

mid·erm. The 1044 m dimension is the same as that used at the midterm and is a 

function cell size and voltage requirements. 

1.3.2.1 Pow~ Generation System 

In terms of power generation and distribution systems, thP. EOTV is divided into four 

separate bays with each bay providiPg power to c. thruster module as shown in Figure 

1.3.2-3. Each bay is divided into fifty-four 14.5 meter segments and produces approxi­

mately 74 megawatts. The optimum voltage was found to be 2685 volts as shown 

in Figure 1.3.2-4. Each segment consists of 20 strings, with each string in turn con­

sisting oI 498 panels. Each of the panels inc1ude 040) 5 x 10 centimeter cells. The 

celJ shape change is the result of com!)romise between a desired square satelli~e 

sha1~ and the power and ·;oltage requirements dictated by the propulsion system. 
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1.3.2.2 Power Collection and Distribution 

Power busses are located on three sides of each bay of th- EOTV as illustrated in 

Figure 1.3.2-5. Each bay is divided into 7 sectors in order to minimize the- impact 

on the switch bear complexity should a fault occur. Five sectors each collect power 

from 8 segments while two sectl)rs collect power from 7 segments. \ t-•JS from each 

sector runs to the associated :hruster module where the power is processed. Each 

of the busses is one milimeter thicj( Dy 80 centimeters deep. The optimum bus temper­

ature was found to be 50°C as sh.>wn in Figure 1.3.2-6. 

1.3.2.J Electric Propulsion System 

Electric propulsion modules are located 2t foor corners of the EOTV. The key charac­

teristics of each module are shown in Figure 1.3.2-7. Each module consists of a 

gimbal, yoke, thruster panel containing thrusters and puwer processing units and 

a thermal control systtm. ior the reference design, 289 thrusters are used at each 

of the four corners. The ~rincipal components of the l •• 2m diameter ion thruster 

and performance characteristics associated with a specific impulse of 8000 sec are 

shown respectively in Figure 1.3.2-8 and Table l.3.2-1. 

Several methods were considered for supplying power to the thrusters. One of tt'.ese 

options invoives obtaining power directly from the arrays with no processing or no 

regulatton. The chief disadvantage in this option is that the voltage is decreasing 

at the same time the power is degrading. As the flight proceeds, the lower voltage 

will result in a loss of approximately 1,000 seconds of specific impulse. A second 

option regulates and sectionafo:.es the array so that as additional power is required, 

additional sectors can be switched into operation. The main disadvantage of this 

concept is the extremely complicated switch gear system. The final power supply 

method considered involves processing all the power. The array voltage generated 

in this concept is the optimum voltage from the standpoint of I2R and plasma losses. 

The resulting voltage is 2685V dS compared to 1700V required by the thrusters. A 

complete comparison was not done on these concepts, however, the all-processing 

method appears to be the most straightforward and since some of the power needs 

to be processed anyhow ~'1is method was selected for the reference. The type of 

processing equipment selected was solid state due to its longer MTBF. Therma! 

control of the processing equipment is required and is accomplished using an active 

radiator. 
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Table 1.3.2·1 Selected 1.2 M Atp0n Ion Thruster Characteristics 

FIXED Cl:tARACTERISTICS · 
BEAM.CURRENT:.. . 

ACCEL VOLTAGE: 
DISCHARGE VOLTAGE: 
COUPLING VOL TAG~: 
DBL. ION RATES: 
NEUTRAL EFFLUX: 
DIVERGENCE: 
DISCHARGE LOSS: . 
OTHER LOSS: 
UTILIZATION: 
llfE: 
-WEIGHT: 

SELECTED CHARACTERISTICS 
SCREEN (BEAM) VOLTAGE: 
INPUT POWER: 

.THRUST: 
EFFICIENCY: 

80.0 AMPS. 
500.0 v. 
30.0 V. (FLOATING) 
11.0 v. 
0.16 ,.,2/J1) 

4.8384 AMP~ EQUIV. 
0.98 

187.3. EV/ION 
1758.0 w. 

0.892 w. 
8000 HR. 

50. KG. 

1700 v. 
130 KW 
2.9 N 
78 

•WEIGHT PREDICTION COURTESY OF T. MASEK OF HRL -
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1.3.2 • .S Mas Summary 

The mass characteristics of the EOTV are summarized in Figure 1.3.2-9. The empty 

mass for the configuration is shown for both mid-term and final values. The most 

significClOt change was that associated with the solar array mass, which increased 

as a result ot using a more accurate model reflecting the power requirements for 

I2R losses, storage provisions, changing power conditioning efficiencies as a result 

of using solid state equ.:pment rather than motor gelierator equipment and also a 

revision in the radiation degradation analysis. These changes to the solar array, 

in turn, have reflected or resulted in changes in all other elements of the vehicle 

resulting in approximately a 300 metric ton increase over the mid-term values. 

Accordingly, the startburn mass also reflects a 300 metric ton increase over the 

mid-term value. 

1.3.2.6 EOTV Cost 

A preliminary cost for the EOTV was established at the mid-term of Phase I. It 

was indicated at that time that the estimate was probably optimistic. The guidelines 

used to establish more accurate EOTV costs than that shown at the mid-term are 

indicated in Table 1.3.2-2. The fleet size and amortization period are the same 

as was used for mid-term. The chief difference in costing, however, deals with the 

method in which the costing was done. At the mid-term, a scaling relationship was 

used where the power generation and distribution system cost was scaled to similar 

systems of the satellite and the electric propulsion system cost for the EOTV was 

scaled to costs associated with the selfpower orbit transfer systems. As such, this 

scaling method presented an optimistic cost primarily because of using a component 

t>roduction rate much higher than that possible when amortizing the hardware over 

a number of years. The final costing of the EOTV, included establishing detailed 

first unit cost:; using component mass and quantities directly associated with a single 

EOTV. These TFU costs were then used in conjunction with the annual production 

rate of the components for the entire EOTV fleet to establish the average cost of 

an EOTV. 

As indicated earlier, amortizing or spreading out the total hardware requirements 

over the operating life of the system greatly influences the unit cost of the EOTV 

and subsequently the cost per flight. A comparison of the annual production rate 

for some of the EOTV and self-power components is presented in Table 1.3.2-3. 

In the case of the GEO construction concept, the total compone11ts for the 23 vehicles 

has been spread out equally over 7 years of its operating life with ::in additional 20% 
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Table 1.3.2-2 EOTV Costing Guide/if'lfl$ 

• FLEETSIZE 

• AMORTIZATION PERIOD(YR) 

• FLIGHT UNIT COST 

• POWER GEN 6 DISTRIB 

ARRAY CONTRIB 

• ELECTRIC PROPULSION 

• PROGRAMMATIC 

MIDTERM 

23 

7 

SCALING 

SCALE TO SATELLITE 

C$95/KG) 

$44JM2 

SCALE TO SELF 
POWEROTS 

($117/KG) 

NOT CONSIDERED 

Fll"AL 

23 

1 

DETAILED MOOEllNG 

• DETAIL TFU 

MASS & QUANTITY 

• AVG. TO REFLECT COMPONENT 
ANNUAL PRODUCTION RATE 

$53JM2 DUE TO 
6X10CMCELL 

CONSIDER 

Table 1.3.2-3 Component Annual Production Rate 

-
ANNUAL PRODUCTION RATE CUNITS) 

KEY COMPONENT 
LEO/SPM GEO/EOTV LEO/SPM/EOTV 

THRUSTERS . 26800 5340 

PPu·s 314 534 
(1 PER 80 THRUSTERS) (1 PER 10 THRUSTERS) 

SWITCHGEAft 1920 534 

INTERRUPTERS 26800 16500 

CABLING 192 30 

TANKS-ARGON 3Z 8 

GIMBAlL ASSY 32 15 
AVIONICS 

COMMUN I 3Z 15 
COMPUTER 3Z 15 

THERMAL CONT 384 15 

POWER DIST 160 105 

STANDOFF STRUCT 32 15 
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added to the annual requirement to cover manufacturing problems, etc. As indicated, 

nearly all components for the GEO/EOTV case reflect a significant decrease in the 

annual production rate, which wiU eventually reflect in the average unit cost of 

the EOTV's. 

The final Phase I EOTV hardware and cost per flight numbers are presented in Table 

1.3.2-4. In the case of the hardware costs, both mid-term and final costs are pre­

sented. The final flight unit costs have almost doubled from that of the mid-term, 

reflecting the influence of the more detailed c.:>st analysis. The output from the 

detailed cost analysis is presented in Table 1.3.2-5. The power generation and distri­

bution system has not increased as much as electric propulsion system primarily 

because the solar array, which is the largest contributor, was and still is being costed 

on mature indu.>try basis with the increase over preceding mid-term values primarily 

the result of the 20% penalty paid for using the 5 x 10 centimeter cell and also the 

21 % cost growth factor. Electric propulsion costs, are greater by almost a factor 

of 3 and reflect a significant difference in the cost for individual elements as a result 

of lower production rate. As indicated earlier, programmatic costs were not indicated 

in the mid-term. On a cost per flight basis, including amortization of the capital, 

the change from the mid-term has been approximately $30 million per flight. 

Figure 1.3.2-10 presents a mass and cost summary. 

1.3.2.7 Mission Operations 

1.3.2.7 .l Key Mission Events 

Mission events that occur whle using an EOTV for GEO construction are indicated 

in Table 1.3.2-6. A total of 16 days of on-orbit time has been indicated for the turn­

around of the vehicle, in addition to the 219 days of time required for the up and 

down transfers. 

Once the vehicle reaches GEO, it will be placed in a standby condition approximately 

l kilometer from the base. At that titne small L02/LH 2 tug(s) will be used to move 

the cargo from the EOTV to the GEO construction base. Annealing of the solar arrays 

will occur at GEO and will be discussed in more detail in a subsequent chart. Once 

the vehicle has rt!turned to low earth orbit, it will again be placed in a stationkeeping 

standby co'"ldition approximately 1 kilometer from the LEO base. Again, small tugs 

290 



• FLIGHT Ul'UT 

• POWER GEN 6 DISTRIB 

SOLAR ARRAY-

STRUCTURE 

DISTRIBUTION 

ElliERGY STORAGE 

• ELECTRIC PROPULSION 

THRUSTERS 

POWERCOND. 

THERMAL CONTROL 

STRUCT/MECH 

PROPELLANT SYS 

•AVIONICS 

• PROGRAMMATIC 

D 180-26037-3 

Table 1.3.24 Silicon EOTV Cost 

• COST IN MILLIONS 

EOTVHARO~ COST PER FLIGHT 

PART1 PART1 
MIDTERM FH.:AL BASIC 

'124) (247) • CAPITAL 1347) 

(69.9) (99.7) • EOTVHRDW 284 

79.8 • EOTV LAUNCH 54 

12.1 •CONST BASE 13 

1.8 • DIRECT 

8.4 •REFUEL 

(52.71 (1411 • REFURB 

15.4 • CONST TIME DELAY 

87.2 e PAYLOAD LAUNCH 
22.1 

TOTAL 
11.3 

6.0 

(1.0J (6.51 

(36.&J 
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Table 1.3.2·5 Detailed EOTV Ca1t Rew/ts 
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Figure t.3.2-10 COTVMass& Cost Summary 

Table t.3.2-6 Mission Events 

EVENT DESCRIPTION 
A TIME (DA YSt 

ON-ORBIT TRANSFER 

TRANSFER TO GEO COST OPTIMIZED FIRST FLIGHT 180 

TERMINAL MANEUVERS RENOEZVOUS Al\10 PLACE ON , 
Sl A.NOBY CONDITION 

UNLOAD CARGO (101400 MT umTS , 
ANNE A\. SOLAR ARRAY 1.2 MILLION SO METERS 4 

PREPARE FOR RETURN ACTIVATE, CHECKOUT AND 1 
lOADCARGO 

TRANSFER TO lEO DICTATED BY POWER AVAllABlE 39 

TERMiNAL MANEUVERS RENOELVOUS ANO PLACE ON 1 
STANDBY CONDITION 

REFURB ElEC 1600UNITS 4 
THRUSTERS 

CARGO HANDLING UNLOAD CARGO ANO LOAD 110) 1 
400MT UNITS 

UNSCHEDULED MAINT --- 1 

PROPELLANT RESUPPLY ARGON, L02, LH2 1 

PREPARE FOR TRANSFER ACTIVATION ANO CHECKOUT , 
- -

TOTAL 16 '219 

will fly out from the LEO base to the EOTV to perform refurbishment operations 

on the thrusters, unload and load ca(go propellant and deliver propellant. The propel­

lant resupply will be done by tankers rather than removal of the propellant tanks. 
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\JBS 1.3 .. l Personnel Launch Vehicle (PL V)-The PL V provides for the transportation 

of personnel and priority cargo between earth and low earth orbit. The reference vehicle 

is derived from the current space shuttle system. lt incorporates a winged liquid propel­

lant fly-back booster instead of the Solid Rocket Boosters and has a personnel compart­

ment in the Orbiter payload bay capable of transporting .50-100 passengers. The overall 

configuration and vehicle characteristics are shown in Figure 1.3.3-l. The passenger 

module is also illustrated in Figure 1.3.3-1. 

The booster employs four O/CH4 engines similar to those on the HLLV booster. A 

series burn ascent mode is utilized and the external tank (ET) is a resized, smaller version 

of the space shuttle tank, carrying .546 metric tons of propellant versus 71.5 metric tons 

for the current srs. 

1 .. 3.3.1 Personnel Vehicle Cost per Flight 

The personnel vehicle cost per flight is based on the cost per flight work breakdown 

structure shown in Table 1.3.3-1. The average cost/flight is based on the cost per flight 

work breakdown structure amortized over 14 years of operation. Total program costs 

less the DDT&E and facilities portion 

75-Passenger Transfer Module 

Reduced size External 
Tank 

•• •••• 
••• ••• ••• 

-<-37.9 m----+----55.7 m------; 

Flgure 1.3.3· 1 Personnel Launch Vehicle 
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thrust-9 ,6 x 106N 
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Tab# 1.3.3· t PwsonMI CMr;. A..-.,.,.,. Cost/Flight (256 Flights/YHT For 14 YMn} 

COST BY was LEVEL. SM 11~77 St 

WBSELEMENT 0 0 0 0 
TOTAL PROGRAM OPERA., tNG COST 12.111 

------
PROGRAM DIRECT 9.388 

PROGRAM SUPPORT 0.908 
PRODUCTION 9i SPARES 3;428 

ORBITER PRODUCTION t.636 
ORBITER S!'ARES 0.342 
SSME'S 0.325 
BOOSTER AIRFRAME 0.719 
BOOSTER ENGINES 0.280 
CREW RELATED GFE O.t66 

EXPENDABLE HARDWARE· E.T. l.StMJ 
TOOLING 0."37 
GROUND OPS/SYS 2.769 

GROUND OPS t.473 
GSE SPARES 0.326 
PROPELLANT Q..886 
OTHER 0.074 

OCRECT MANPOWER UG8 
CIVIL SERVICE 0.881 
SUPPORT CONTRACTOR 0.707 

INO•qECT MANNWER t.663 
CIVIL SERVICE 0.7S6 
SUPP\JRT CONTRACTOR 0.908 
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The average cost of the ten orl:;iters was established at $ .5.50M each. 

Equivalent Units 

26 units 

17.5 units 

10 units 

140 units 

3.584 units 

The average cost per flight of $12.619M includes Program Direct (7'%), Direct Manpower 

(12%) and Indirect Manpower (13%) categories. The t>rogram Direct element breakdown is 

as foUows: 

Program Support 

Productior. and Spares 

Expendable Hardware 

Tooling 

Ground Operations/Systems 

10% 

36% 

20% 

5% 

29% 

The DirE.'Ct and Indirect Manpower costs reflect both extrapolation and modification of 

the Shuttle User charge data for the Personnel Vehicle concept. 

wr S l.J.• Persomel Orbit Transfer Vehicle 

The Personnel Orbit Transfer Vehicle (POTV) will be used to transfer personal and supplies 

betw~en the LEO and GEO bases. The crew rotation/resupply mission is flown every 30 

days with 160 people being transferred and one month of supplies provided for 'r80 peopJe. 

1.3.•.l Configuration 

The POTV configuration is a spaced-based common SLage OTV is a two-stage system with 

both stages having identical propellant capacity as shown in Figure 1.3.4-1. The first 

stage provides approximately 2/3 of the delta V requirement for boost out of low Earth 

orbit at which point it is jettisioned for return to the low i:arth orbit staging depot. 
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....... ......,.._ _______ b~~\-.:.~ ..... --.-..--~u....:.._i,..._._.., .... ....,_.._ ..... ,L..JC,. 

' L02'J.H2 TA...aK J 2111 _____ _. 

(4PLACES) 
56M 

• PAYLOAO ~APABILITY = 1~:) OUU K!! l 1P 
90 000 Kg DOWN 

• OTV ST ARl f>URN MASS = 890 000 Kg 
• ONE FLIGHT PER MOl\iTH PER CONSTRUCTION BASE 

Figure 1.3.4-1. POTV for GEO Construction 
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The second stage completes the boost from low Earth orbit as well as the remainder of 

the other delta V requirements to place the payload at GEO and also provides the required 

delta V to return the stage to the LEO staging depot. Subsystems for each stage are 

identical in design approach. The primary difference is the use of four engines in the first 

stage due to thrust-to-weight requirements. Also, the second stage requires additional 

auxi!iary propulsion due to its maneuvering requirements including docking of the payload 

to the construction base at GEO. The vehicle has been sized to deliver a payload of 

1.50 000 kilograms and returr ·o 000 Kg. As a result, the stage startburn mass without 

payload is approximately 890 000 kilograms with the vehicle having an overall length of .56 

meters. 

l .l.•.2 Subsystems 

Structure and Mechanisms 

Main propellar.t containers are welded aluminum with integral stiffening as required to 

carry flight loads. lntertank, forward and aft skirts, and thrust structures employ 

graphite/epoxy composites. An Apollo/Soyuz type docking system is provided at the front 

end of each stage for docking with payloads, refueling tankers and orbital bases. The 

stage-to-stage docking system provides for docking the stages together with flight load!' 

carried through full-diam...ter structures. Propellant transfer connections allow eith(.r 

stage to be fueled independently with the stages either separated or docked togc:ner. 

Structure of the two stages is id~ritical to the extent practicable. 

Main Propulsion 

Main engines are based on shuttle engine technology, operating with a stagec'-combustion 

cycle at 20 Mn/m2 (3000 psia) chamber pressure, a LOifLH2 mixture ratio of 5.5 to 1.0 

and a retractable nozzle with extension expansio11 area ratio of 400 providing a specific 

impulse of 470 seconds. Advanced low NPSH pumps are used to minimize feed pressures. 

A 6 degree square gimbal pattern is employed. The engines are capable of operating in a 

tank-head idle (Tlil) mode (pumps not turning: mixed-phase propellants) for chill-down 

and self-ullaging at a specific impulse of 350 seconds; 60 seconds (time) in self-ullaging 

mode is assumed needed prior to bootstrapping to full thrust. Throttling between tank­

head idle and full thrust is not required. Main propellant pressurizatiun is derived from 

engine top off after an onboard helium prepressurization. 
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Auxiliary Propulsion 

Auxiliary propulsion is used for attitude control and low delta V maneuvers during coast 

periods and for terminal docking maneuvers. An independent L02/LH2 system is used and 

provides an lsp of 37 5 seconds averaged over pulsing and steady state operating modes. 

Thrusters are mounted in quad packages analogous to the Apollo Service Module 

installation. Each quad has its own propellant supply to facilitate change out. Auxiliary 

propulsion for the two stages uses common technology but capacities and thrust levels are 

tailored. 

Electrical Power 

Primary electric power is provided by fuel cells based on shuttle technology, tailored to 

the OTV requirement. Reactants are stored in vacuum-jacketed pressure vessels. 

Product v,,ater is assumed retained onboard to minimize payload contamination potential. 

Ni-Cad batteries are employed for peaking and smoothing. 28 VOC power is rough­

regulated and filtered with fine regulation provided by power using subsystems as needed. 

A potential inert mass saving (not assumed) would use low pressure reactants provided 

from main propellant tanks. Electric power systems for the two sta6es are identical 

except for reactant capacity and harnesses. 

Avionics 

Avionics functions include onboard autonomous guidance and navigation, data manage­

ment, and S-band tele:netry and command communications. Navigation employs Earth 

horizon, star and Sun sensors with an advanced high performance inertial measurement 

system. Cross-strapped LSI computers provide required computational capability includ­

ing data management, control and configuration control. The command and telemetry 

system employs remote-addressable data busing and its own multiplexing. Although the 

avionics systems in the two stages are identical, software for each stage is tailored to the 

stage functions. 

Thennal/Enviromnental Control 

Main propellant tanks arer insulated by aluminized mylar multilayer insulations contained 

within a purge bag. The insulation system is helium purged on the ground and during Earth 

launch. Environmental contt ->l of the avionics systems is accomplished using semi-active 

louvered radiators and cold plates. Active fluid loops and radiators are required for the 

fuel cell systems. SuperaJloy metal base heat shields are employed to protect the base 

areas from recirculating engine plume gas. 
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WBS 1.3.4.3 Performance 

Performance characteristics associated with the common stage LO/LH2 OTV are shown 

in Figure 1.3.4-2. Propellant requirements art! shown as a function of the payload return 

and delivery capability. Performance ground rules used in these parametrics are as 

follows {values are main propellant quantities): 

o THI mode 

o Stop loss 

o Boiloff rate 

Stg 1-100 kg per start 

Stg 2- 50 kg per start 

Stg 1- 20 kg 

Stg 2- 10 kg 

6 kg/hr each stage 

o Burnout mass scaling equations: 

Stg l 3430 kg= 0.05567 WP l + 0.1725 WP 2 
Stg 2 38()0 kg= 0.05317 WP l + 0.1725 WP 

2 
Where WP1 and WP2 are main and auxiliary propellant capacities respectively 

o Stage 'of O.J3 

o Staging base at 477 Km, 31 degrees 

1.3.4.4 Mass 

Summary level mass estimates are presented in Table 1.3.4-1 for the selected sateilite 

OTV. A weight growth factor of 10% was used rather tnat 15% as in FSTS based on the 

judgment that the SPS LO/LH2 OTV would be a second generation vehicle. Mass 

estimates for the systems reflect the design approach previously described. 

1.3.4 • .5 Mission Profile and Flight Operations 

Typical orbit transfer operations from LEO to GEO for the common stage OTV are 

illustrated in Figure l .3.4-3. The majority of the delta V for boosting from LEO is 

provided by ~tage l. Stage l then separates and returns to the staging depot following an 

elliptical return phasing orbit. Stage 2 completes the boost and puts the payload into a 

GEO transfer and phasing orbit, as well as injecting the payload into GEO and performing 

the terminal rendezvous maneuver with the GEO construction base. Following removal of 

the payload, stage 2 uses two primary burns in returning to tt.e LEO staging depot. A 

detailed mission profile indicating events, time and delta V is presented in Table 1.3.4-2. 
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, 

a • • • ,. 
PAYLOAD RETURNED (1o3 Kt) 

Figure 1.3.4-2 Two Stage LO;ILH2 0TV Adfonnance 
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Table 1.3.4·1 Chemical OTV Mass Summary 

Stage I (KG) 

Struct and Mechanisms 13.300 

Main Propulsion 7,090 

Auxiliary Propulsion 820 

Avionics 300 

Electrical Power 850 

Thennal Control l,850 

Weight Growth ( IOC/c) 2,420 

Dry 26,630 

Fuel Bias 640 
Unusable LO.,/LH., 1.810 

Unusable and Reserve APS 290 

Burnout 29.370 

Main Impulse Prop 415.000 

APS 2.700 

Startbum 447.070 

Stage 2 (KG) 

14,780 

4.020 

I .I ~O 

310 

820 

2.310 

2.340 

25.790 

640 

1,810 

660 

28,990 

407.000 

6.100 

442.090 

Figure 1.3.4·3 Chemical OTV Orbit Transfer Operations 
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Table 1.3.4-2 Million PmfU. 

MISSION 

EVENT REQUIRED PROPULSION 

NO.• ·TIME OELTAV (MAINnR 

NAME (HR) M/SEC AUXILIARVI REMARK 

MISSION 

1. STANDOFF 0 3 A PROVIDES SAFE SEPARATION DISTANCE BETWEEN 
FACILITY 6 VEHICLE 

2. PHASE 12 3 A ~ V IS ·' fTITL'OE CONTROL 

3. COAST .s 1715 M OTV FIRST STAGE SEPARATES AFTER THIS b.V 

4. COAST 4.2 3 A ELLIPTIC REV 

S. INJECT .1 750 M INCLUDES 60 M/SEC ACCUMULATED FINITE -
BURN LOSS 

6. COAST S.4 3 A TRANSFER TO GEO 

1. PHASE INJ .1 1780 M REPRESENTATIVE FOR 15°PHASING 

8. PHASE 23 3 A 

9. TPI .1 55 M INCLUDES 15114/SEC OVER IDEAL TO ALLOW FOR 
!TERMINAL PHASE CORRECTIONS 
INITIATION) 

10. RENDEZVOUS 2 10 A TPI ASSUMED TO OCCUR WITHIN 50 KM OF TARGET 

11. DOCK 1 10 A 

12. WAIT 8 0 - ASSUMED DOCKED 

13. STANDOFF .1 3 A 

14. DEORBIT .1 1820 M 

15. COAST 5.4 10 A TRANSFER TO LEO 

16. PHASE INJECT .1 2356 M 

17. PHASE 12 3 A ORBIT PERIGEE AT STAGING BASE ALTITUDE 

18. TPI .1 50 M 

19. RENDEZVOUS 2 20 A 

20. DOCK I 10 A 

21. RESERVE - 130 M 2" OF STAGE MAIN PROPULSION V BUDGET 

FIRST STAGE RECOVERY 

1. COAST 4.2 30 A tW TO CORRECT DIFFERENTIAL NODAL REGRESSION 
BETWEEN COAST ORBIT ANO STAGING BASE 

2. PHASE INJECT .1 1645 M ELLIPTIC ORBIT· PERIGEE AT STAGING BASE ALT. 

4. TPI 12 3 . A AL Tl TU DE CONTROL 

3. PHASE .1 50 M 

5, RENDEZVOUS 2 20 A 

6. DOCK 1 10 A 

7, RESERVE - 85 M 2% OF STAGE MAIN PROPULSION V BUDGET 
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A total mission timeline for each stage is presented in Figure 1.3.4-4. Allowing 

approximately eight hours for refueling and refurb results in 40 hours elapsed time before 

a given Stage 1 can be reused. A typical Stage 2, however, has an elapsed time of 85 

hours before reuse including time for assembly between stages and between OTV and 

payload. 

1.l ••• 6 Cost 

DOTE cost for the common stage LO/LH2 OTV with a start burn mass of approximately 

900 000 kg is estimated at $950 million (1977 dollars) based on cost parametrics developed 

in the FSTSA study. The average TFU cost for the two stages is estimated at $82 million 

(1977 dollars) again using FSTSA parametrics. 

Cost per flight for the L02/LH2 OTV is based on the following ground rules: 

o Space Based L02'LH2 Common Stage OTV 

o Startburn Stage Mass of 445 K kg 

o Stage TFU Equal $82M (1977 Dollars) 

o 1 Satellite Constructed Per Year 

o 12 OTV flights Per Year for Crew Rotation/Resupply 

o l 4 Year Program Life 

o 50 Flight Design Life 

o Stage learning Factor of 0.88 

o L02/LH2 Bulk Cost of $0.10 per kg 

o Spares Equal 5096 of Operational Units 

o Backup OTV Always Available and Assumed Used at the Same Rate as the Crew 

Rotation/Resupply OTV 

Based on the above groundrules, a total of 16 stages are required resulting in an average 

cost per OTV flight of $4 miJiion. 
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30 40 50 

~~...a.oa..;:~~S;._T_,,ANDBY • WAITING FOR NOOE CROSSING 
:;:;:; BOOST & COAST 

60 70 

STAGE 1 j ;:;:::;:;:;:;:;:;:; INJECT INTO PHASING ORBIT 
!LOWER) I ;:; RENDEZVOUS & DOCK WITH STAGING DEPOT 

I REFURB & REFUEL 
,-SEPARATE 

- -- - -- ~ -- STAGE 2/PA YLOAO 

------' ' ····:· COAST 
L- - - - - ...,:·...,.:·~·· i.--.~ 

;:;:;:;: INJECT INTO GEO TRANSFER ORBIT 
ST AGE 2 :;:;:;:;:;:;:;:;:;:;:;:;8;:;:;:;::; INJECT GEO PHASING ORBIT 

80 

(UPPER• f. :;:; RENDEZVOUS & DOCK Al CONST BASE 
BURN COAST ;:;:;:;::;: UNLOAD PAYLOAD 

Figure 1.3.4-4 Chemical OTV Flight Operation Timeline 
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WBS 1.4 Ground Receiving Stations 

WBS Dictiorury 

The SPS ground receiving stations include all functions required to receive the power 

beams, convert them to grid-compatible electric power, and provide ground control 

of beam formation: aiming, and power. Whether the ground receiving stations would 

be responsible for SPS flight control has not been determined. 

Description 

Each receiving station includes the land area, rectenna (rectifying antenna), grici interface 

equipment, and control and communications systems. The land sites are 13.18 x 18.7 

km (nominal, at 35° latitude) and each rectenna proper is 9.88.5 x 14 km. The output 

power of 5000 megawatts is delivered through five 1000-megawatt transformer stations. 

Several rectenna configuration options were evaluated. The tilted-panel configuration 

shown in Figure 1.4.1 was retained as preferred concept. 

Mass 

Mass estirna tes were not made. 

Cost Summary 

Rectenna costs were based on General Electric Studies of rectenna construction, power 

collection, power processing and grid interfacing. 

Land was estimated at $5000/acre for acquisition. 

A sum rnary follows: 

Land 47 ,800 acres 

Structures & Installation 

RF Assemblies & Ground Plane 

Distribution Bu~ses 

Command & Control Center 

Power Processing & Grid Interface 

These figures are for one receiving site. 
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Figure 1.4-1. Tilted Panel Rectenna Configuration 
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WBS 1.4.1 Site and Facilities 

WBS Dictionary 

This element includes the land a1 LOr the ground receiving stations and all site prepara-

tion. 

Description 

The land area requirement was assumed to be equivalent to the SPS power beam footprint 

on the ground. The size is nominally 13.~ x rn.7 km, elliptic.:l, but varies with latitude. 

That portion of the land area not used for -lctive rectenna elements may be plant~d 

in grass or forest (as is appropriate to the climate) to minimize reflection of the outer 

fringes of the microwave beam. The beam int.,.n'iity in this region will be less than 1 

m·::/cm2• The entire receiving site will be fenced. 

Mass 

Not applicable. 

WBS 1.4.2 Rectenna Primary Structure 

WBS Dictionary 

This element includes all support structure for the active rectenna. 

Description 

The structural design selected :s illustrated in Figure 1.4.2, excerpted from the General 

Electric Rectenna construction study. 

Mass and Cost 

Principal materials consumption for on~ rectenna is estimated as follc·ws, based or h.: 

GE construction analysis: 

Concrete* 

Steel 

Aluminum 

ceramic (probably A1 20 3) 

plastic 

gallium arsenide (in diodes) 

* lndications are that this is a high estimate. 
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• 70,000 metric tons 
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--
TYPICAL 3, 715,050 PLACES 

Figure 1.4·2. Pre-Stressed Concrete in Baseline Structure 
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Table l.4- l presents the summary cost estimate from the GE rectenna construction 

analysis. 

WBS t.•.l Power Collection 

WBS l ••• J.1 RF-DC Conversion 

Description 

The rectenna concept utilize-s a weather proof matched dipole configuration shown in 

Figure l.4-3 • .'\11 mJ.terials required are readily available and of low cost. The mechanical 

design is J.mt.>nable to highly automated production. Using the previously proven rectennas 

construction methods from the JPL/Raytheon tests. a more efficient two plane design 

format has b-...-en developed (Fig. l.4-4). An actual complete S<'Ction has been evaluated 

in r .f. tests and is shown in Figure 1.4- 5. 'The metal shield is used to provide environmental 

protection as well as prevent direct radiation of harmonic power. Also, the de converting 

bus forms t>J.rt of the filter and r.f. rectification circuit. 

Ground Planes 

1lle two-plane design consists of the acti\'e receiving etements and a reflecting plane, 

or ground plane. The reflecting pl.lne need only ht" a metallic mesh with suitable spacing 

relati\'e t\.) ti>•' wJ.velen!h. Refer to 1.4-4 for the form and location of the ground plane. 

Lise of a rnc.•sh allows pass..ige of the wind. rain, snow. etc •• to reduce structural loading. 

R.F. Assemblies 

The forepl.ine contains the half-wave dipoles the input wave filters, the rectification 

circuit, the snH,othing c.lp.lcit.ince. and the DC power collection and bu~sing function. 

Figure.• l.!i-6 shows the electrical format of the foreplane. Figure 1.4- 5 showed a physical 

-:-mbodiment of .. t section of forepl.ine construction as ctefined in Figure 1.4-6 with the 

.iddition of a shidd. The forepl.inc shown in Figure l.4- ') hds bc.•en thoroughly checked 

out ._iectrically .ind found to be equal in cf fo.·ie11cy to th.it of the three pl.inc construc­

tion. Figu:-t' l.4.-4 showc.•d how the forcpl.ine c.in be iategr.itcd with the reflecting screen 

to form the m.ij1.lr p.-)rtion llf the rectenna structure. It is found that tht' met..il shield 

plJced llVer the ..ictiV<' pl1rti,m l.,f the.• rcctenn..i to shidd it from the '-'n\ir,,nment ..ind 

to prc.·vent dirl'd r Jdi.lt ion of h,.ir1111mic power lr.:>m the rc..·ct i I ier circuit cJ11 htrKtion 

very s.itisf.ictl)rily ..is the hori.wnt..il load bc.•Jring mc.'mbcr of the r(Yh.'nn.i. 

Jl I 



0 lSG-25037-3 

Table 1.4· 1 SI'S Ground System Cost (~mmaty of Major Equipm#lnt, 
Buildings, Material .,,d Lab«J 

TYPE 
RECTENNA 
MATERIAL: 

DIODES 
STEEL IN PANELS 
ALUM&NUM BUSCARS (.02" x 0.5") 
STRUCTURE 

CONCRETE (6 x 10 METER MODULE) 
STEEL (REINFORCING) 

LABOR 

CAPITAL COST 

MISCELLANEOUS 

SENSITIVl"~Y 

4C/DIODE 
15.8 Kg/m2 

165.000 METRIC TONS 

9 METPIC TONS/MODULE 
300 Kg! MODULE 
(100 Kg!ARCH: 

3 ARCHES/MODULE) 

(TYPICAL MACHINE LIFE IS 
5 YEARS. COST TO PROJECT 
ONLY DURING USE) 

TOT AL RECTENNA COST 

GROUND POWER DISTRIBUTION ANO TRANSMISSION 

(PER SPS PHASE Ill FINAL REVIEWJ 

TOT AL SPS GROUND 
SYSTEM COST 
(EXCLUDING LANO ANO 
DEVELOPMENT COST) 

TOTAL COST (M$) 
(1977 DOllARSJ 

298 
349 
267 

81 
100 

50 

40 

175 

1360 

630 

1990 
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oc auss 8All 

2 SECTION LOW PASS 
MICROWAVE fllTER !NOUCTANCE BYPASS CAPACITANCE 

;iAlf WAVE SCHOTTKY , 
8ARRIER DIODE RECTIFIER 

TO RESONATE ANO OUTPUT FILTER 
RECTiFIER Cll!CUIT 

Figure 1. 4-3. Cutaway section of the three-plane rectenna approach used in the 
RXCV at jPL ':s Goldstone facility showing how the rectenna elementt 
plug into the array. Although this approach was satiffactory electric­
cally, it is complicated from a fabrication point of view. A greatly 
simplified mechanical appr;iach is the two-plane system which 
preserves all of the desirable electrical properties of the three-plane 
system. 
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VERTICAL SUPPORT 

\e.. 

METAL 
ENVIRONMENT Al 

SHIELD 

Figure 1.4-4. Dtawing of the two-plane rectenna constroction format consisting 
of a reflecting screen or ground plane and the foreplane which con­
tains dipole antenna, bus ban-all 
protected from the environment by a metal 

Completed rectenna foreplane assembly consisting of metallic shield 
and the core assembly of five rectenna elements. This section has 
been substituted for a section of the three level construction in a 
rectenna and found io perform as well. 

3t4 



0180-25037-3 

HALf-W.\V[ DIPOLE COLL CUNG IUS 
/ 

+ 

f LOW PASS FILTER TO 11.EEP HARMONICS FROM RADIATING 

·::'.JlPUl 
-'(~WER 

0 

Figure 1.4-6a. Schematic of the foreplane of the two-plane rectenna showing the 
anangement of half-wave dipoles, input filten, and Schottlcybanier 
rectifying diodes. Two-wire transmission lines are used for both 
microwave circuits and carrying out the DC power collected by the 
array. 

SECTION n 

---

I 
OPTIONAL 

1 GROUND -

INBOUND SECTIONS 

SECTION (n-11 SECTION fn/2 + 2} 

----1 

SECTION (n/'1 + 1) 

I 

OPTIONAL 
GROUND 

ITJ i J I 1- I I r-¢ ~ ~ Cb ~ I 1 1 I i 
T I I I T 11 f 1 f __ T I I I T 

I 

SECTION 1 

Figure 1.4·6b. 

------- --
SECTION 2 SECTION (n/2 -1 ) SECTION (n/2) 

Schematic electrical drawing showing how the Sl!Ctions of diodes 
representing the rectenna elements within a long length of foreplane 
are connected in parallel and series to build up to the desired out­
put cu"ent and voltage levels. 
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Dipales 

The dipoles are formed of aluminum wire as shown in Figure 1.4-7. 

Circuitry 

Refer to Figure l.4-6 for the electrical circuit of the rectenna panels. Panel interconnec­

tions are described in section 1.4.3.2. 

Shields and C.Owrs 

The shape and size of the shield shown in cross section in Figure 1.4-8 is determined 

by a number of factors. The depth of the beam is determined by the necessary distance 

of about one inch between the half wave dipoJe antennas and the reflecting screen and 

the method of assembling the shield to the screen. The assembly of the beam to the 

screen is important but the options on how t~ do it are severly limited. By making 

the shield deeper and inserting it into folds in the screen a secure, fast, and economical 

assembly can result while also providing the beam with greater strength because of 

the greater depth. The width of the shield is largely determined by the physical size 

of the core assembly and the requirement for operating the core assembly at some poten­

tial removed from ground. The thicker the assembly the more will be the wind resistance. 

The thickness of the member is made constant throughout its depth to provide it with 

high torsional resistance. If the top and bottom members of the shield are quite thin, 

they can be given resistance to buckling under stress by forming lateral grooves m the 

material. 

Although the di•'.;ensions assigned to Figure 1.4-8 may be somewhat arbitrary, they are 

quite representative of what the design will probably be with this approach. With the 

assumed dimensions the neutral axis is found to be at 1.043 inch and the moment of 

i"lertia IY is found to be 2.303 t, where t is the thickness of the material. 

WBS 1 ••• 3.2 Rectema Power Conditioning 

iltrocb::tion 

In order to determine the major characteristics of a rectenna, which c;an be used for 

a failure mode and availability analysis and also to derive a realistic construction and 

erection concept a typical rectenna design was performed. 

For this design the system parameters shown in Table 1.4-2 were assumed: 
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17:1:119 

Proposed method of continuous fabrication of the core assembly of 
rectt!flna elements. Top and bottom members are continuously 
formed from two rolls of Rat wire to the left of the assembly. 
Details of the above drawing have been superseded by a new design 
shown in Figure 1.2.4-2. 

1.0'3 

3t 

1.950 -- --·- -·----·---

Proposed design of the shield for the foreplane assembly. Design 
consists of three parts. The parts are continuously assembled to 
each other by rolling over flanges left on top and side pieces, after 
the parts flow around and enclose the core of the forep/ane. 
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Space Antenna 

Equivalent diameter: 

Table 1.4-2. ~mmary of Aslumptio111 

Power distribution: 

Frequency: 

Wavelength: 

Aperture Gain: 

Aperture illumination efficiency: 

Antenna Gain: 

3 db beamwidth: 

8.8 db beamwidth: 

Number of transmitters: 

Transmit power out of antenna module: 

Total transmit power: 

Orbit location: 

Northern tilt of antenna: 

Ground Antenna 

Location: 

Elevation angle to spacecraft: 

Slant range: 

Edge taper: 

Receive power density in middle 

of rectenna: 

Nominal N-S dimension: 

Nominal E-W dimension: 

Aperture shape: 

Area: 

Beam efficiency between space 

and rectenna: 

lOOOm = 81.53.6A =DA 

Gaussian, approximated 

by 10 constant level 

rings with -9 • .5 db edge taper. 

24.50 MHz 

12.2449 cm 
2 G = 11 DA. = 88.17 db 

0 

A= 88.2.5% 

G = llAG = &7.63 db 
0 -3 

72.08 = 8.84 x 10 deg. 

DA 
0 119.37 = .01464 deg. 

o). 

101'.52 

70kw 

PT =7.1249Gw 

-100° long. 

4.96777 deg. 

0 0 -100 long., 30 lat. Texas 

.550 

T = 36785.3 km 

-8.8 db 

2 
PR = 24.28 mw/cm 

11.48 km 

9.4 km 

Nominal elliptical, approx­

imated by N-S and E-W 

straight lines. 

84.75 km2 

95.33% 

Beam efficienty sensitivity: + 1 • .5%/.!_ 12.11 % antenna 

variation. (beam efficiency can be increased to approximately 96.77% if antenna 

area is increased to 9.5.01 km 2) 
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No attempt was made to optimize the rectenna size relative to the space antenna and 

its aperture distribution. However, it is believed that an economical optimum is not 

far from the above selected antenna area. For instance if it is assumed that the rectenna 

represents 12% of the system cost and the rectenna costs is proportional to its area 

then!. 1.5% beam efficiency variation corresponds to.! 1.47% variation in the cost 

of the overall system. Consequently the cost of an energy unit is not sensitive to the 

rectenna size variation around the selected value. 

Table 1.4-3 shows the power distribution that the space antenna produces on the ground 

relative to the center of the beam. 

Figure 1.4-9 exhibits the variation of the aperture distribution and the centers of the 

selected "rings" over the aperture. 

r km 
(E-W> Plane) 

0 

2 

3 

4 

4.7 

Table 1.4-3. Power Distribution Within the Recrenna 

r km p db 

(i/?.s Plane) 
R 

0 0 (P 
0 

= 24.28 mw/cm2) 

1.22 - .37 
2.44 -1 • .50 

3.66 -3.8 

4.88 -7.9 
-8.8 

For the rectenna geometry and l')B = 95.47% the rectenna intercepts 6802 GW RF power, 

neglecting propagational effects. In the middle of the rectenna the power density is 

approximately 24.3 mw/cm2 for the loss less atmosphere and no component failures 

in the space antenna. This puts therms value of maximum power density to 21.52 mw/cm2• 
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Figure 1.4-9. Distribution of Incoming RF Power over Rectenna as a Function of 
Distance from Center Normalized to Major or Minor Axis of Elliptical 
Aperture of Rectenna 
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In order to develop the details of the rectenna power collection network the aperture 

area is divided into ten approximately elliptically shaped rings. The DC power collecting 

scheme distinguishes the foUowing assemblies: 

Dipole 

Array 

Panel 

Unit 

Group 

These assemblies can be connected in a number of ways. Two particular configurations 

were analyzed in some detail. In the first, so-called "low voltage" design the network 

is connected in such a way that the line voltages remain within a nominal! 3.25 kV 

range. 

In the second, so-called "low current" design the network currents remain below 300A, 

but the range of the highest voltage increases to! 23 kV. For safety and reliability 

reasons the first design was selected as the baseline. However this design results in 

a rectenna configuration which is 10 20% more expensive than the high voltage desit:,.1, 

due to the larger conductor quantities necessary. 

Layout and Characteristics of a Low Voltage DC System 

Dipole Assembly 

It is assumed that the basic receiving element of the rectenna is an electrical dipole 

in the front of a perfect reflecting element, or ground plane. the dipole assembly also 

contains a filtering and matching circuit to match the dipole, when it is emplaced in 

an infinite array of dipoles, to the incoming wave at least with a -20 db reflection 

coefficient. 

The optimum number of dipoles for a given receive area is determined by the effective 

receive area of a dipole. The-relationship between gain, effective receive area Aeff 

and average receive area A =). 
2 

of an arbitrary antenna is av '41' 
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For a free space, infinitely thin half wave dipole G = 1.6.5, thus 

>. 2 
Aeff • ~ G • 11.9316 G • 19.6872 em2. 

41' 

For two endfire isotropic sources, t from each other and 90° in phase G = 3.36 and • 

Aeff = 40.09 cm2• When a half wave dipole is alone in the front of an infinite ground 

plane its gain is somewhat better than the ideal two element endfire array and its gain 

is G .... 4.85 = 6.87 db. The corresponding effective area of such an antenna is Aeff ~ 

57 .86 cm. When an infinite number of such dipoles form an array the effective area 

per d1f)ole decreases slightly due to mutuaJ coupling effects, nonuniformity of the in­

coming wave, finite dipole thickness and dipole losses. The effective area ·is also a func­

tion of the dipole array layout (triangular, square, rectangular, etc.). In the following 

the slightly conservative Aeff = .54.08 cm2 will be assumed for a dipole in an infinite 

array of dipoles and in the front of a ground plane. This allows the mounting of a 43 

x 43 = 1849 matrix of dipole assemblies on a 10 m2 panel. In the middle of the rectenna 

a single dipole ideally will receive 1.313 w power. It is assumed that all dipoles are 

identical throughout the rectenna. The number of dipoles in the rectenna is approxi­

mately 1.30.5 x io10• The 7.354 cm = .-6A in a square array configuration and 7.902 cm 

= .644 A in a triangular array format. 

ln practice the triangular format is recommended due to its more even distribution of 

dipoles. 

It may be noticed that the dipole density has some effect on the overaU cost of the 

produced energy unit. For instance if the dipole density is reduced slightly then the 

cost of the dipoles is reduced proportionally, but the reduction of output power is somewhat 

less due to a slight increase of the effective area per dipole and an even smaller increase 

in conversion efficiency due to higher operating power level of the diode. However, 

these effects are very small and were not analyzed during the present phase of the study. 

Array Assembly 

Due to the power density variation over the recten. a aperture a single type of i·adiating 

element and a single type of rectifier cannot provide optimum conversion efficiency. 

Either a number of radiating element types or a number of diode types must be provided. 

Presently one single type of diode is assumed which is operated with four different types 

of antenna ~lements. It is assumed that besides the dipole element alr•?ady described 

these antenna elements are formed by using the basic dipoles in arrays containing 2, 
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4 or 8 dipoles. The corresponding assemblies wiH be called Type 1, 2, 3 and 4 receiving 

element or array. The array formation requires 2,4 and 8 way power combiners, which 

can be simple printed circuits. Table 1.4-4 shows the RF power delivered to the diode 

by the ·•arious type of receive elements as a function of their location in the rectenna. 

It is assumed that the rectenna is divided into ten rings and the power per diC'de shown 

in Table 1.4-4 is the average power within the corresponding ring. The same table also 

shows the estimated conve:-sion efficiency on the basis of an analytical model as shown 

in Figure 1.4-10 on the oasis of the Rensselaer Polytechnic Inst. Report No. N! \ 9-1.54.53 

by R. J. Gutman and J. M. Borrego.* 

8 

I 
6' 

4 

2 

80 

8 

6 

4 

2 

70 
.1 .2 .3 .4 .5 .8 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 

DIODE RF INPUT POWER PIN (WATTSI 

Figure 1.4-10. Assumed RF to DC Conversion Efficiency of Diode as a Function of 
Diode Input RF Power 

* The model is conservative. Experimental results 3 to 5% better than this curve have 
been reported. 
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The "resultant" efficiency of the diode incorporates a number of factors, like 

Ideal conversion efficiency 

Mismatch loss 

Nonuniform power variation over a long panel string caused loss 

efficiency reduction caused by lower than optimum operating power level 

RF combiner loss 

Filter loss 

Panel edge diffraction caused ill:.;:nination nonuniformaity diode mount loss 

The resultant efficiency shown in Table 1.4-4 refers to already demonstrated diode 

performance and does not indude any diode technology improvement effects. It is cus­

tomary to predict in the literature about 5% improvement in efficiency by diode improve­

ment and circuit loss reduction. 

On the other hand the above calculation neglects the effect of diode aging and the fact 

that the spacecraft and rectenna generally are not at the same longitude. For instance 

a 5° longitude differential introduces an additional appr. 92.61% factor for the ring 

10 arrays, which have relatively large directivities. At any rate a maximum 5% efti­

ciency growth may be assumed relative to the demonstrated performance assumed in 

this report. 

There are approximately 7.654 x 109 arrays (diode assemblies) in the overall antenna. 

Panel Assembly 

From the dipole or array assemblies panels are formed. It is assumed that the panel 

is the smallest assembly from fabrication point of view. 10 m2 is selected for the pane! 

area, with a N-S plane dimension of 3 m and E-W plane dimension of 3.33 m. Figure 

1.4-11 shows a t> pical panel ao:;sembly in the center of the rectenna. It is assumed that 

aJI panel sizes are identical and this requries 7060224 panels in the rectenna. There 

are four different type of panels, corresponding to the four different type of receiving 

arrays. Although the dipoles and diodes are identical for all panels the combining- matching-filtering 

circuits and the diode wiring represents four types. 

Figure 1.4-12 shows the layout of the various type of panels and corresponding arrays. 

Table 1.4-5 summarizes the characteristics of the i>anels. 
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Figfn 1.4· 11. Conctlptwl Layout of Panel in th6 Middltl of R«:tenna Containing 

1849 Dipoles and Diodes (Dimensions are in m.J 
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u.itA Mr 
From the panels unit assemblies a.re formed. The units are combined from panels in 

such a manner that nominally 1000 panels are in one unit and the N-S dimension of a 

unit is always 32 x 3.662 = 117.lh m, which means that the number of panel rows in 

the N-S plane is always 32. This allows a standardization of the unit layouts to a min­

imum of seven types. 

Fi.gwe l.•-13 shows the unit layouts selected for the various rings and Table•·'-' gives 

the main characteristics of the ..Uts. 

Fi.gwe l.•-l• shows the overall layout of the rectema with the ring boundaries and 

the runber of units within each ring. The coordinates of the ring boundaries are given 

in Table l.'-7. Note, that the N-W dimension of the units are standardized to 117.1 

m everywhere within the rectenna. and only the E-W dimension of the Wlits varies from 

ring to ring. 

er-. Assemblies 

The last assembly which is formed at DC is called •group" and brings the power output 

into the 5 10 MW range. In order to keep the voltage levels relatively low the groups 

are formed from the units by parallt"d connections only. 

The power from the unit output is brought to the group centers, where the DC to AC 

inverters are located by a relatively long transmission line and these lines are parallel 

connected at the group centers only. Table 1.lf-8 shows the characteristics of the group 

assemblies. 

Figure 1.4-15 presents the overall circuit diagram of group 1 in ring 1 of the rectenna 

on the basis of the previous calculations. 

Loss Calculations 

In order to determine the total loss associated with the DC power collecting network 

and its weight (cost) the connecting line material and cross section must be selected 

for the panel, unit and group assemblies. Tables 1.4-8 through 1.4-11 summarizes the 

results of these network loss calculations. 
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Table 1.4-7. Coordinates for Boundaries of Ring1 of Units 

• aua 
1 2 3 4 5 6 1 8 9 10 

low rt,• 

l 117.18 1180.49 2006.78 2664.76 2938.97 3392.48 3673.72 3947.93 4299.48 4486.97 4700.25 
2 234.37 1186.49 2006.78 2664.76 2938.97 3392.48 3673.72 3947.93 4299.48 4486.97 4700.25 
l 351.55 1186.49 2006.78 2664.76 2938.97 3392.48 3673.72 3947.93 4299.48 4486.97 4700.25 
4 it68.74 1186.49 2006.78 2664.76 2933.97 3392.48 3673.72 3947.93 4299.48 4486.97 4700.25 
5 585.92 1166.49 2006.78 2664.76 2935.~7 3392.48 3673. 72 3947.93 4299.48 4486.97 4700.25 
6 703.10 1186.49 . 2006.78 2664.76 2938.97 3392.48 3673.72 3947.93 4299.48 4486.97 4700.25 
7 820.29 1087.47 1907.75 2566.33 2931.94 3385.44 3760.43 3943.24 4294.73 4482.29 4690.87 
8 937.H 1087.47 1907.75 2566.33 2931.94 3271.78 3740.51 3923.32 4274.87 4462.36 4668.61 
9 1054.66 1087 .43 1907.69 2566.24 2931.84 3385.33 3760.ll 3943.11 4294.65 4482.13 4696.57 
10 1171.84 1087.43 1907.69 2566.24 2931.84 3271.66 3740.39 3923.19 4274.73 4462.21 4668.45 
11 1269.02 989.00 1809.26 2577 .96 2858.02 3305.64 3680.62 3954.82 4274.73 4511.43 4724.70 
l2 1406.21 790.96 1826.83 2595.54 2869.74 3323.22 3698.20 3972.40 4206.76 4487.99 4701.26 
13 1523.39 592.93 1647.55 2416.25 2783.02 3236.51 3517.74 3883.34 4234.98 4422.37 4637.98 
14 1640.58 247.25 1653.41 2422.11 2787.71 3241.20 3522.43 j796.63 4148.17 4429.40 4642.67 
15 1757.76 1523.34 2292.04 2657.64 3111.13 3486.10 3760.30 4lh.84 4299.33 4627.44 
16 1874.94 1523.34 2292.04 2657.64 3111.13 3486.10 3760.30 4111.84 4299.33 4627.44 
17 1992.13 1406.16 2285.01 2650.61 3104.10 3479.07 3753.27 4104.81 4292.30 4613.38 
18 2109.31 1288.98 2167.83 2533.43 2986.92 3361.89 3727.49 4079.0J 4266.52 4587.60 
1'9 2226 . .;J 1171.80 2050.65 2416.25 2983.40 3358.38 3723.98 3958.34 4239.57 4560.64 
20 234}.;)8 l054.62 1933.47 2390.47 2843.96 3218·:93 3584.54 3584.54 4224.34 4545.41 
21 2'·60.86 820.~6 1786.99 2283.84 2850.99 3225.96 3591.57 3943.11 4224.34 4545.41 
22 25!li'.C5 468.72 1786.99 2152.60 2719. 75 3094.72 3460.32 3811.86 4093.10 4520.80 
'23 2f;J5.23 1647.55 2013.15 2693.97 3068.94 3434.54 3786.08 4067 .31 4495.02 
24 2012.42 1647.55 2013.15 2580.JO 2955.28 3320.88 3672.42 3953.;)5 4832.53 
25 2929.60 1318.27 1775.28 2547.49 2922.47 3320.88 3'.41.95 3923.19 4350.89 
26 3046.i8 1318.27 1775.28 2456.09 2924.81 3290.41 3641.95 3923.19 4244.26 
27 3163.97 1097.98 1647.55 2328.37 27S7.0:J 3255.26 3606.80 3888.03 4209.11 
:>8 3281.15 439.42 1354.60 2035.42 2595.54 3052.54 340it.08 3685.31 4114.19 
2~ 3398.34 109i.98 1892.46 2454.92 3004.50 3356.03 3637 .27 4064.97 
30 3515.52 914.00 1822.15 2384.41 2'42.79 3194.32 3569.30 3773.20 
31 3623.70 548.40 1682.70 2245.17 2793.57 3145.ll 3525,95 3847.02 
32 3749.89 1588.96 2151.42 2699.83 3051.37 3338.46 3766.16 
33 3667.07 1361.63 2017.84 2567.41 3036.13 4489.17 3745.07 
34 3934.26 1134.30 1884.25 2432.66 2901.38 3276.35 3597.43 
35 410: .• 44 794.48 1731.92 2280.32 2749.04 2655.30 3551. 73 
36 4:18.62 1499.90 2139.70 2608.42 2983.40 3412.28 
37 4335 .81 1188.20 1939.33 2536.95 2911.92 3340.80 
38 4452.S9 937.44 1761.21 2347 .11 2815.83 3243.54 
39 4570.1,; 1373~34 2193.61 266~.33 3090.03. 
40 4687.36 1189.38 1892.46 2454.92 2990.43 
41 4804.54 1006.57 1826.83 2369.30 2818.18 
42 4921. 73 1523.34 2085.80 2621.32 
43 5038.91 1288.98 1945.19 2372.89 
44 5156.10 937.44 1687.39 2222.90 
45 5273.28 1406.11; 2048.30 
46 5390.46 1312.42 1847 .93 
47 5507.65 1499.90 
48 5624.83 1285.47 
49 5742.02 749.95 
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Table 1.4-8. Olaracteristicsofthe Groups 

No. of I Parallel Residual 
IA Ring Units Ne Units vV ~1 pMw 

1 6 85 8 6175 13.58 9.012 1459.2· 

2 4 . 179 0 5542 17.18 5.632 1016.4 . . 
3 8 112 12 4854 9.166 8.016 1651.2 

. 
4 . 8 72 12 4397 11.36 5.299 1204.8 

5 8 97 0 3829 8.875 4.965 12%.8 

6 10 82 0 3370 5.68 5.991 1777 

7 10 40 0 6011 18.18 2.923 972.5 

8 8 43 0 5392 18 4.786 887.2 

9 8 44 0 4893 14.4 4.843 989.6 

10 8 22 4 4536 15.71 7.669 1690.4 

Specials 

1 4 2 0 6175 20.37 6.008 972.8 

3 6 2 0 4854 12.22 6.012 1238.4 

4 6 2 0 4397 15.15 3.974 903.6 

10 6 2 0 4536 20.95 5.7522 1267.8 
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....... 

4 

Figure 1.4-15. Block Diagram of a Typical Group for the Low Voltage Configuration. Example 
shows a Group within the Inner Ring (Circlo) of the Rectenna Aperture 
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Table 1.4-8. Loss Calculation for Panel Lines (Al. Wires) 

Loss 
ohm 

!. L a 
Panel M"' !.& 

Ring I A A- • Rpoha % Total Loaa Np Lpm Gpm GT p Ro 2 p w 

1 2.25 1.5 .02394 146.2 3.274 16.54 .953 7.40 447552 130864 4.087 534.8 

2 1.98 1.5 .02394 146.2 3.274 12.83 .933 9.41 733184 214383 4.087 876.21 

3 1.72 1.5 .02394 146.2 3.274 9.68 .673 8.44 871680 254879 4.087 1041.7 
. .. 1.50 1 .0359 106.2 3.812 8.58 1.035 4.03 470400 99912 2.724 272.2 

5 1.31 1 •. 0359 106.2 3.812 6.54 1.045 5.03 769792 163503 2.724 445.5 

6 1.11 1 .0359 106.2 3.812 4.69. 1.003 4.92 1049600 222935 2.724 619.6 

7 .973 1 .0359 106.2 3.812 3.61 .988 2.30 640000 67968 2.724 185.1 

8 .866 1 .0359 76.25 2.736 2.05 .702 1.44 704512 53719 2.724 146.3 

9 .773 1 .0359 76.25 2.736 l.63 .69l 1.46 901120 68710 2.724 187.2 

10 .755 .5 .0718 52.95 3.802 2.16 l.012 1.80 842240 22298 1.362 30.3 

Total 46.23 4339 

Input 4891.4 

Loa11 % .945 

Output · 4845. 2 

Table 1.4·9. Loss Calculation for Unit Lines 

ohm Loss Total 
!.& 2 !. L m Unit Loss km IuA Af1111l Cl, l\iohm G km cT Ring P-o 2 u kw % Hw Nu Lu u .. 

2.243 x 10-5 l 243.2 1600 2877 .06455 3.8li .254 1.977 518 2980 41551 12991 

2 

I 
254.1 1600 2.243 x io-5 3413 .07655 4.942 .3Sl 3.538 716 ~i187 4359 21299 

206.4 1600 
-5 

3199 .07175 3.056 .305 2.775 908 2905 4359 12661 3 2.243 x 10 
I 

4.486 x io-5 4 I 150.6 800 2666 .11959 2.712 .409 l.594 588 3135 2179 6832 
I 
I 

4.486 x io-5 5 ! 162.1 800 3306 .14831 3.897 .627 3.024 776 5131 2179 11181 

6 177. 7 1600 2.21+3 x lo-5 4266 .09568 3.021 .504 2.477 820 6996 4359 30491 

7 97.25 800 4.486 x io-5 5332 .23919 2.262 .386 .905 400 8531 2179 18591 . 
8. 110.9 800 4.486 x lo-5 6826 .30621 3.766 .629 l.295 344 9393 2179 20469 

9 123.7 1600 2.243 x lo-5 8532 .19137 2.928 .447 1.030 352 12013 4359 52357 

10 211.3 1600 2.243 x 10-5 7465 .16743 7.475 .780 l.405 188 11227 4359 48931 

Total 20.02 235803 

Input 4845. 2 

Lou% .413 

Output 4845.2 
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Table 1.4-10. LOS$ Calculation for Unit ro Group Combining Lina 

Total g 
. DIJ.2 1D Rue ohm 

Loss 
km km GT Ring Iu A Luc MW Nu Luc Gue 

1 243.2 1600 179.8 .004033 .12 518 93.1 4359 406 

2 254.1 1600 106.7 .002393 .08 716 76.4 

I 
4359 333 

3 206.4 1600 300 .006729 .25 908 272.4 4359 1187 

4 150.6 800 250 .01121 .14 588 147.0 2179 320' 
I 

5 162.1 800 310 .01391 .28 776 240.6 2179 524 ! 
I 

820· 
j 

6 177. 7 1600 800 .01794 . '·,6 656.0 4359 2859 j 

! 
7 97.25 800 999.8 .04485 .15 400 799.8 2179 1743 

8 110.9 800 853.3 .03828 .16 344 587.1 2179 1279 

9 123. 7 1600 533.3 .01195 .06 352 375.4 4359 1636 
~ 

10 211.3 1600 933.2 .02029 .18 18'8 701.8 4359 3059 

Total 1.88 13348 

Input 4825.2 

Loss % .038 

Output 4823.3 
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Only one iteration was made for the selection of conductor sizes and the system shown 

in the tables is not optimized. However, the calculation shows the sensitivity of the 

Josses to the amount of metal used and as might be expected the losses in the units are 

limiting the overall system. Relatively small amount of additional conductor weight 

could take out some losses from the panels (about 4300 T aluminum can reduce panel 

losses by .48%) however the increasing conductor siz.~ increases the fabrication problems 

and may rule out the use of printed conductors on t~.e panels. 

The reduction of unit line weights by a factor of 2 can save about 117900 T of alumir•Jm 

at the expense of deteriorating the loss by .41%, however, the associated loss of revenue 

probably does not justify such a reduction. 

Table 1.4-12 summarizes the transfer losses for the overall SPS system. 

1.4.3.3 Layout and Characteristics of a Low Current DC System 

If safety and environmental considerations, ant:I furthermore reliable high voltage insulators 

allow the use of larger DC voltages in the DC power collection system, then it is advantageous 

to increase tht voltage as much as possible. This allows the reduction of conductor 

losses without excessive conductor weights thus may result in a lower cost rectenna. 

As indicated previously, due to the uncertainties associated with this design, it was 

not selected as the baseline configuration. Nevertheless, because of its potential advantages 

a few of the calculated characteristics are included here. 

The low current design is identical to the low voltage design up to the output of a panel. 

Furt'1ermore the same number of panels can be used in a unit then for the low voltage 
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Table 1.4-11. Summary of Losses and Transmission Line 'I eights 

Loss MW Weight T 

Group Group 
Ring Panel Unit Line Total Panel Unit Line Total 

. 1 7.40 1.98 .12 9.5u 535 12991 406 I 13932 I 

I I 
I 

' i 2 9.41 3.54 .08 13.03 876 21299 333 ! 22508 
I 

I 3 8.44 2. 77 .25 11.46 1042 12661 1187 ; 14890 

I ~ 
I 4 4.03 l.59 .14 5.76 272 6832 320 7424 I 

I 
I 5 5.03 3.02 .28 8.33 445 11181 524 12150 l 
I 

i ·6 4.92 2.48 .46 7.86 620 30491 2859 33Q70 
! 

7 2.30 .90 .15 3.35 185 18591 1743 20519 
i l ~ 8 l.44 ·l.29 .16 2.89 :46 20469 1279 21894 I 

! 
i 9 l.46 1.03 .06 5.44 187 52357 1636 54180 

I . . 
10 1.80 1.40 .18 3.38 30 48931' 3059 52020 

46.23 20.02 1.88 66.13 4339 235803 13348 253490 

Total DC Power 4891.4 
at Diode Output 

Loss % ·1.393 

Total DC Power 4823.: 
at Inverter Input 
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Table 1.4-12. Summary of Power Transfer Losses without Equipment Failures and Propagation 
Effects in Analyzed Part of SPS System 

Inp~t Interface: Output from transmit aperture of space antenna 

Output Interface: Input to power grid 

Efficiency Factors 

Satellite RF Radiated Power 

Rectenna RF Input Power 

Rectennc. DC Input Power 

7124.9} 
.9534 l 6792.1 (beam) 

I 1 
.6769 

.7200 (RF to DC) 
(resultant .6667 
conversion) (RF to AC) 

Rectenna DC 1Jutput Power 4823.3 J .9861 j 
(DC trans~ission) 

RectennaAC Output Power 4750.9 I .985 
(AC conversion 
and transmission) 
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Figure 1.4-16. Wiring Layout of the Sewt> Different Unit Designs Used in thtt Rectenna for the 
Low Current Configuration 

Tai.Jle 1.4-13. Characteristics of Units in Low Cum!nt Design 

' 
t No. of 

Series 
Parallel Pan. kV A -- --

Rin~ Panels Strings yunit 1unit 

1 27 32 24.69 60.80 
I 

I 
l 

I 2 32 32 22.li !63.52 
I I 

I 
I I 

3 30 32 19.41 51.60 
! 

i i 
i 4 25 32 17.87 i 37 .65 I 

i l ; I i 5 31 32 ' 15.31 40.52 
! ; I 

I ' 

I 
6 40 32 13.48 I 44 .42 l 

I I I 

I 7 25 32 ! 12.0:! '24. 31 
I : i 

l 
8 32 32 10, 78 : 27. 72 I 

! ' 
I 9 40 32 9.78 30.92 

10 35 32 9.07 52.82 

J.N 
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design. However, in this configuration much smaller panel stri1lgS are formed and about 

the same number of panels are connected parallel then in Stties. 

Figure 1.4-16 sho•·s the unit configuration and Table 1.4-13 summarizes the applicable 

voltage and current levie-ls. 

From the unit~ groups are formed in such a way that the line voltages are further increased. 

Table 1.4-14 sho•·s the obtainable voltage and current levels. 

l\ comparison between the low voltage and low current design at panel and groop levels 

reveals, that their currents are es~tially identical. However, at the most important 

unit level, the lo~· current design typically has 1/4 of the cu.rent levels. Thus for idf-ntical 

conductors the losses will bf' 1/ 16 or for identical losses the conductor weights can ~ 

reduced by a factoc of 16. On the ba3is of Table 1.4-10 this represents a conductor 

weight saving of 

235803 U - 1!> T "22106H 

out of a total of 2H490T, thus reduces the conductor weight to 32424T (a factor of 

7 .8!) The cost impa(:t of such a saving could be in the order of 10 - 20% for the rectenna 

and I - .2'\. at the overall systen' level. 

WBS 1.4.4 Control 

Phase control '3f the SPS transmitter is provided by an uplink traosmitter at the center 

of the rectenna. This uplink system employs the spread-spectrum coding technique 

<M-fined by W. L. Lindsey of Lincon, for JSC under sep.irate contract. 

Other contrnl is provided through the communications system described under WBS 1.1.5. 

WBS 1.4.5 layout and Characteristic.:: of AC System and lnterphase with 

ElectTic Utility Systems 

This selt"ction of the IJ.yout for the rectenrld :\C systt'm between the individual OC/ o\C 

converters and the bulk power levels of tilt' nc I AC converters as well as on the needs l"lf 

the bulk power tr .. rnsrnission system. The one-linr diagram for the rcctc11na :\C system as 

it Wcls dcvelop<-d for the previous basclint• desi~n where the DC output from the dipoles 

were collected into 40 \\\\" nc/:\C C•)IWNter statil'n;; is Shl'Wll in Fi~ure l.4-17. Tht' 

40 M\\. converter station t'11tp1a is transmitted by undcrgrl)und c<.lble to .200 \\\\' tr .. ms­

forrner statit,ns where the volt..i~<" 1s stcpp<"d up to 210 kV. tht•n Cl'llt.•\·tt·d in !ODO "\l 
groups ..ind transformed tl) 500 1.;V il'r intt•rph..isc with tht• b1ill.; transmiss1\'ll systt'm. Tht• 
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Table 1.4-14. 0...cteristics of GrouJJI in Low Oln'ent Daigtl 

Mo. of Ro. of 
Parallel Series 
Units Units 

... 2 

4 2 

4 2 

4 J 

4 3 

6- l 2 

6 3 

8 3 

10 4 . 

5 6 

zcr-w 
COU&TIOH/ TIWISl'CllllEJI 

STATION 
(2.5 TOTAL) 

f 

t 
I 

t 
i 

i 
l 
I 
• I 
i 
t 

I 

Mo. of 
Groups 

64 

89 

114 

49 

64 

68 

44 

28 

18 

24 

562 

kV Unit 
yGroup Group 

8 49.38 

8 44.34 

8 38.82 

12 53.61 

12 45.93 

~., ....... 26.96 

18 36.06 

24 32.14 

40 39.12 

30 54.42 

IOOCW 
~- SWITOllll& 

STATION 
(S TOT.U.J 

Figure 1.4-17. Ground Power Co/lecrion and Transmission System 
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switchyards are shown arranged as reliable "breaker and a half" schemes where single 

contingency outages may be sustained without loss of p;>wer output capability. The 

selection of the voltage level for the ultimate bulk power transmission interface with the 

utility grid as well as the possibility of interconnecting two or more of the 1000 MW 

switching stations together should be optimized based on detailed information about the 

connecting utility system. The solution shown in Figure l.4-17 is one of several possible. 

Further consideration of the transmission system and associated high voltage bussing 

arrangements has resulted in refinements which should provide both greater reliability and 

economy. '1.'hile an arrangement as shown in Figure l.4-17 nicely fits an assumption of 

symmetrically located load areas surrounding the site, it is more likely that the major 

portion of the output v;ould be requir-ed at a single area geographically. For example, 

with location of the gr-ound power station in the desert areas of the Southwest, one would 

expect that the major output would be absorbed on the West Coast. 

'lith this in mind, it is logical to consider- fewer transmission circuits from a single 

substation in a double bus type of arrangement. 

Figur-e l.4- l& shows the propcsed arrangement, using a total of six 500 kV circuits, four of 

which are assumed direct to a single load area with the rem.tining two circuits directed to 

two additional load areas. It is anticipated that any two of the 6 circuits could be 

re:noved from service without re~uction of the rectenna output. The remaining four 

circuits. together with the normal utility transmission interccnnectioos should be capatlle 

of carrying the 5000 M\l output required. In other words, the system shown could handle 

either a line maintenance outage plus sudden fault loss of a second circuit, or sudden loss 

of two circuits alone. Additional circuits would, of course, provide the ability to handle 

additional multiple contingency situations. 

The breaker and a half arrangement shown can survive a fault in any component without 

load reduction. The major contingency situations are: 

Bu!. fault - no loss of circuits 

Breaker fault - one or two (:ircuits lost, depending on breaker lo<ation 

"stuck" breaker - one -v two circuits lost (including faulted circuit) 

(i.e., failure co 

trip for line fault) 

depending on location of stuck breaker 
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The conventional electric utility bulk transmission systems operates AC and the following 

paragraph will discuss system parameters on AC transmission systems to illustrate the 

considerations necessary when selecting AC or DC as well as voltage levels for the high 

voltage transmission system connecting the SPS power plant to the rest of the electric 

utility system. 

For conventional generating stations, depending on the distance to the load center, some 

~ries capacitor compensation of the AC transmission lines would normally be expected 

when considering contingency line loadings. Typical line loadings versus distance and 

amount of series compensation for AC transmission lines is shown in Figure 1.4-19. 

When considering contingency loadings as discussed above with 2 lines down and 4 lines 

c.irrying the full 5000 MW the line loadings would be 1.25 times the surge impedance 

loading (SIL). The surge impedance loading for various voltage levels are shown in Table 

1.4-15 and for 500 kV, the Sil would be about 1000 MW. From Figure 1.4-19 it would 

appear that a reasonable transmission distance with no series compensation for this 

example would be about 200 miles, which could be increased to 350 or 400 miles with up 

to 70% series compensation. 

To detine the specific requirements for a given situation, load flow and system stability 

studies would be required. It is likely, however, that the SPS power system would be far 

more stable than a conventional power plant of the same rating. This would mean that 

the transmission distances could '>e increased for a given line loading without need for 

series co·npensation. 

When substantial amount~ of power are to be transported for distances of 400 miles or 

more, the consideraticn of a high-voltage DC (HVOC) as the transmission load is often 

indicated. The HVC"'~ system is idea!ly suited for long distance bulk power transport since 

it does not suffer .Jm stability effects and can even be used to improve the stability of 

the AC sy:,tern tc which it is connected. The DC system is asynchronous and can easily 

transmit power between independent power systems such as those of the Eastern and the 

Western United States. 

There are, however, certain specific requirements to be met. At each of its terminals the 

DC transmission system absorbs reactive pcwer which must be supplied by static 

Cdpacitors, rotdting machines, like synchronous condensers or from the connected AC 
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500KV 
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N w+E 
s 

Figure 4.1·18. Transmission Requirement for Utility Interface 
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Figure 1.4-19. Typical Economic Line Loadings 
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network. Reactive volt-amperes equal to approximately 60% of the transmitted active 

power are required. 

Table t.4-15. Representative Une Surge Impedance Loadings (SIL) 

One Two Three f '>ur 

Line Volt Conductor Conductor Conductor Conductor 

kV MW MW MW MW 

242 146 183 209 

362 327 410 468 504 

.:'50 945 1080 1160 

sou 2280 2460 

The current on the AC side cf the terminal~ Conte.ins substantial harmonic components 

which must be removed, generally by shun'.:-conrected tuned circuits. These filters are 

also large enough to provide some of the ~·equir~d reactive power. 

Lastly, the DC terminal must be connected ..:o an active AC network having a short circuit 

capacity (in volt-amperes) equal to a mim;rium of two times the transmitted power. If 

the .'\C system does not have the required levd of short circuit capacity, which would be 

the case for the SPS system, synchronous condensers (also called synchronous compensa­

tors) are connected adjacent to the terrnirals. They will regulate the .l\C system voltage, 

provide the needed system strength, and µrovide tt e reactive power not generated by the 

filters. For these same reasons synchronous condensers have also been r~commended for 

use with the DC to AC converters within the rectenr.a system. 

When the requirements for fi!tering, reactive supply, a,d short circuit capacity are met, 

the HVDC system is a reliable, efficient, and readil~ co1trolled power transmission 

medium. 

A typical HVDC power transmission circuit is shown in Fi~·ure 1.4-20. The sy"\chronous 

condensers and AC filters are shown connected to the AC ~witchyard. The DC terminal 

consists of three phase bridge converters connected in para:Jel on the AC side and in 

series on the DC side. Although only two t-iridges Me shown between ground and the nc 
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SYNCHRONOUS CONDENSERS 

l'-Ac FILTER NEGATIVE CONDUCTOR 

SYNCHRONOUS 
CONDENSERS 
LT REQUIRED 

AC. CIRCUIT 
BREAKERS 

AC _ ...... __ _.. LINES 
~-u-- .......... .....,,_ TO 

L---+.- LOAD 

Figure 1.4·20. Elements of a HVDC Transmission System 
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conductor, it is not uncommon for four such bridges to be applied when the DC voltage 

exceeds + 400 kV. 

The DC system is balanced with respect to ground and is firmly held this way by fully 

rated ground electrodes. In normal operation there is no current ir these ground electrodes, 

but in an emergency if one conductor ir its converters are lost, the other conductor 

and the ground circuit will continue to transmit half power. Such emergency use can 

usually be tolerated. The transformers which couple the AC system to the bridges are 

shown equipped with load tap changers (L TC) which insure that the converter operates 

at the proper voltage and firing angle regardless of normal smaller variations in the 

AC system voltage. 

Power flow in the DC system is subject to accurate and rapid electronic control. Power is 

held steady or adjusted according to source or load requirements as desired. In this 

respect is is ideally suited for the SPS power transmission system. 

HVDC technology is advanced and the systems have been well received. A 6300 MW 

system in Brazil is currently in the proposal stages with full scale operation scheduled for 

1985. It would appear that a DC system or a combination of DC and AC system could be 

applied to the Solar Power Satellite system with few difficulties using today's electric 

utility system's transmission design practices. 

W8S 1 • .5 MANAGEMENT 

Management systems were not defined. An allowance for program management costs was 

made in the cost analyses. 
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