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1.0 INTRODUCTION 

1.0.1 DOCUMENT PURPOSE AND 0RGANJZATK)N 
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 D180-2407 1- I, issued at the  conclusion of a prior 

systems definition study, contract NAS9- 15196. 

The principal system configuration changes relative t o  the  earlier study were as 

follows: 

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

with the  DOEIN ASA baseline; 

2. Shadowing protection was added t o  the  solar blankets; 

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

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

t o  reduce potential fault currents; 

5. The rectenna structure was revised t o  reduce constructior! cost; 

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

and construction at geosynchronous orbit, in conformance with the  DOEINASA 

baseline; 

7. The space construction base was revised t o  a $-bay end-builder t o  enhance productivity. 

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

in the comparison volume t o  this system description, D180-25037-2. 

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

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

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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1.02 HISTORY 
Solar power has long been recognized as a n  ideal source of energy for  mankind. 

It  i s  naturally available and plentiful, does not disturb the  environment, e.g., by creat ion 

of wastes, and i s  itself free. 

About t en  years ago, a way of utilizing solar energy t o  generate electr ici ty on a 

24-hour continuous basis was proposed by Peter  Glaser of A.D. Little. His proposal 

was t o  place t h e  solar collectors in space, where they can collect  sunlight continu- 

ously, c a n  readily be  aimed at the  sun, and where very la rge  collector a r eas  can  

be obtained with relatively l i t t le  investment in material resources. Energy collected 

by these solar power satellites (SPS's) would be  transmitted t o  Earth by electromagnetic  

means. The original Giaser proposal, and most of t he  subsequent studies, have assumed 

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

t he  possib~lity of laser beaming has also been recognized. 

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

orbit 36,000 km above t h e  Earth's equator, each  SPS would be illuminated by sunlight 

over 99% of the  t ime and in continuous line-of-sight contact  with i ~ s  ground receiving 

station. Electrical power produced on the  satel l i te  by photovoltaic or  heat  engine 

conversion of the  sunlight would be conrer ted  t o  electromagnetic energy at high 

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

The ground station r e c e i v i ~ g  antennas would reconvert the  energy into electr ici ty 

for  distribution. Solar power satellites a r e  intended t o  serve as producers of baseload 

electricity for  utility service. SPS1s a r e  seen not as a substitute for  other  solar energy 

options, but as a complement t ha t  would allow solar energy t o  more completely serve 

numani ty's energy , ~ e e d s  

Dr. Claser's original proposal was published in 1968 in Science magazine. In 197 1 

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

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

Lewis Research Center  t o  investigate basic technical feasibility of the SPS concept. 

The conci~~s ions  of tha t  study were tha t  t he  system is technically feasible and could 

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

and exper;.nents, partly funded by NASA over t h e  period 1973 t o  1975, established 

the 
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feasibility of eff icient  energy transmission at microwave frequencies. In 1975 a 

demonstration conducted at J P L  transmitted more  than  30 kilowatts over a distance 

greater than a mile with a reception and conversion efficiency of 82 persent. 

In the 1975 to 1977 t i m e  period, NASA conducted a t e c h n ~ c a l  assessment of SPS and 

k g a n  inhouse studies at the Johnson and Marshall Space Center. The  Department of 

Energy conducted i t s  own assessment; SPS was discussed in congressional hearings. 

The act ivi t ies  led to development of an SPS Development and Evaluation Rogram Plan 

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

Reference System Definition Report, Oct. 1978 (complete)  

Preliminary Rogram Recommendations, May 1979 

Updated Rogram Recommendations, Jan. 1980 

Final Rogram Recommendations, June 1980 

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

that  the  high traff ic  vc luncs  required to support an SPS program could lead t o  cost 

reductions f a r  below those projected for  t h e  space  shuttle. The potential for such cost 

reductions was seen as significant to t h e  economic practicality of SPS)  

As a result, plans were formulated by NASA to conduct solar power satel l i te  system 

definition studies in 1977 in order t o  support t h e  f i rs t  milestone of t h e  DOEJNASA 

svaluation plan. These would increase by roughly a n  order of magnitude t h e  degree of 

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

b e i n g  through t h e  Johnson Space Center; t h e  o ther  study was awarded to Rockwell 

through t h e  Marshall Space Flight Center. These studies c rea ted  reference system 

designs including the  solar power satellites, ground receiving s t a t~ons ,  space  transpor- 

tation systems, space construction sb-stems and other  support systems. The results 

indicated tha t  SPS's could be built by t h e  year  200~ 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 preference for  silicon photo- 

voltaics in t h e  Boeing study, and gallium arsenide photovoltaics in t he  Kockweli 

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

possibility that  expected cost reductions in photovoltaics Inass production might 

not be achieved.) The silicon photovoltaic system offers  less risk with a rnore 
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mature technology but an energy conversion system roughly 40 percent more 

massive than gallium arsenide. 

2. Analyses of t h e  power *ransmission system confirmed t h e  basic feasibility 

indicated by the earlier studies and detailed microwave link error analysis 

confirmed a t t a i ~ b i l i t y  of adequate efficiencies. lntegrs ted power transmission 

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

and thermal factors. 

3. Space transportation system were designed to accomplish the  SPS transportation 

operations a t  acceptable cost. 

4. Space consttuction approaches and cosntruction base designs were developed for  

construction of 10,000 megawatt SPSS in geosynchronous orbit at a ra te  of 

approxim3teiy 1 per year. 

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

current study. The preferred SPS defined by Boeing is illustrated in Figures 1 .O- 3 

through 1.0-8. 
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WBS 1.1 SATELLITE 

ms 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 DtscriptionThe reference configuration illustrated in Figure 1.1.0-1 is a photovoltaic 

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

blankets. The nominal ground output is 5000 megawatts through a single power transmission 

link. 

. . 
A summary of the  efficiency chain and sizing requirements a re  presentea in 

Table 1.1.0- I. 

Element Mars 

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 a r e  given under the lower element entries. The mass growth allowance was 

derived from the  uncertainty analysis conducted ~ n d e r  contract NA59-15196. 

Element Cost 

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

a re  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 CEO. 

Other costs attributable to  space construction a r e  PLV and POTV, accounted under 

space transportation according t o  the NASA WBS, and capital recovery for space construc- 

tion. (This is amortization of the construction base and is carried a s  an indirect item). 

W BS I. 1.1 Energy Conversion 

WBS Dictionary 

This element includes all production hardware reo \~ i r t& i o  convert incident sunlight 

into electrical power a t  the required voltage and deliver this power t o  the power transmission 

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

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

equipment. 
I 1  



t o ~ ~ i  ARRAY AREA I S3.7km2 
TOTAL SATELLITE A R U  8 57.3 km2 
MINIMUM POWER TO SLIMIN08 1 GW 
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I 
INTERMEDIATE SEGMENT 

44-15rn SEGMENTWAY 
598 STRINGWAY 

i 
61 1 PANELWAY STRING LENGTH 5 STRINGSIlSm END 

SEGMENT 

Figure I. 1.0-1 Reference Solar Powr Satdlite-SCUU) Megawatts 

Table I. 1.0- 1 Updated Effickncy and Sizing 

EFFICIENCY MEGAWATS 
PER LINK 

MAIN BUS 12R 0.934 

ROTAR V JOINT 1.0 

ANTENNA POWER 0.97 
DISTHIGUTION AND . 
PROCESSING 

DC-RF CONVERSION 0.B 

WAVEGUIDE 1% 0.5 

IDEAL 6EAM 0.965 

INTRA.SUBARRAY 0.981 
LOSSES 

ATMOSPHERE LOSSES 0.98 

INTEHCEPT EFFICIENCY 0.95 

RECTENNA RF-DC 0.83 

GRID INTERFACING 0.97 
O.'* 

8,290 TOTAL l N W  THERMAL DEGRADATION (0.9541 
TO ANTENNA 1 ORIENTATION LOSS (0.919) 

$876 SOLAR 
ARRAY 
OUTPUT 

8 . m  

SOLAR INPUT: 1.353 W k  

SOLARCELL CONVERSION EFFICIENCY co.in) zu.1 

BLANKET FACTORS (0.9453) 221.3 

6.733 TOTAL 1 AND ANNEALING (0.983) 

 TED I 

8-04 1 

6.836 TOTAL RF 
POWER 

1 TOTAL SOLARCELL AREA: 
6,Ul 

49.8 km2 

APHELION INTENSITY (0.9675) 187.7 
NONAtJNEALABLE RADIATION DEGRATION (0.97) 182.1 

REGULATION, AUXILIARY POWER, 179 

6,097 / SOLAR ARRAY OUTPUT: 8,876 MW 

6,792 INCIDENT 
ON R E c f E w C L  

5,155 
5.000 NET TO GRID 
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WBS 
ELEMENT 

1 .O 
1.1 
1.1.1 
1.1.1.1 
1.1.1.1.1 
1.1.1.1.2 
1.1.1.1.3 
1.1.1.1.4 
1.1.1.1.5 
1.1.1.2 
1.1.1.3 
1.1.1.3.1 
1.1.1.3.2 

1.1.1.3.3 
1.1.1.4 

1.1.1.4.1 
1.1.1.4.2 
1.1.1.4.3 
1.1.1.4.4 
1.1.1.4.5 
1.1.1.4.6 
1 1 . 1 4 7  
1.1.1.4.8 
1.1.1.5 
1.1.1.5.1 
1.1.1.5.2 
1.1.1.5.3 

1.1.1.5.4 
1.1.1.5.5 

1.1.1.5.6 
1.1.1.6 

Mass Propenies Table 1.1.02 Comprehmsiw 

EQUIPMENT 
NOMENCLATURE 

SOLAR POWER SATELLITE TOTAL 
SATELLITE IOENTIFIED MASS 
ENERGY CONVERSION 
STRUCTURE 
PRlM4RY STRUCTURE 
SUPPORT STRUCTURE 
BLANKET SUPPORT CABLES 
BLANKET TENSIONING DEVICES 
POWER DISTRIBUTION SUPPORT 
CONCENTRAT6Qas 
SOLAR BLANKET 
BLANKETPANELS 
BLANKET MECHANICAL 

ATTACHMENTS 
INTERBAY JUMPER WIRES 
POWER DISTRIBUTION AND 

SWITCHGEAR 
MAIN POWER BUSES 
ACQUISITION POWER BUSES 
SWITCHGEAR 
DISCONNECT SWITCHES 
BLOCKING DIODES 
INTERCONNECT CABLING 
D W C  CONVERTERS 
ENERGY STORAGE 
THERMAL CONTROL 
SWITCHGEAR THERMAL CONTROL 
CONDUCTOR THERMAL CONTRCi 
D W C  CONVERTER THERMAL , 

CONTROL 
THERMAL CONTROL SURFACES 
ATTITUDE CONTROL SYSTEM 

THERMAL CONTROL 
AVIONICS THERMAL CONTROL 
MAINTENANCE 

MASS 

48473 
*.*40080... 

*.27235** 

'3383. 
3198 
- 

1.28 - 
57 

- 

1.1.1.6.1 
1.1.1.6.2 
1.1.1.6.3 
1.1.1.6.4 
1.1.1.6.5 
1.1.1.6.6 

1.1.2 
1.1.2.1 
1.1.2.1.1 
1.1.2.1.2 
1.1.2.1.3 
1.1.2.1.4 
1.1.2.1.5 
1.1.2.2 
1.1.2.2.1 
1.1.2.2.2 
1.1.2.2.; 
1.1.2.2.4 
1.1.2.2.5 
1.1.2.2.6 
1.1.2.2.7 
1.1.2.3 

* I 

NOTE: THIS 
CURRENT 

REMARKS 

INCLUDED IN 1.1.1.1.3 

LWCENTRATORS NOT REQD ' 
*m53' 
21093 I 

952 
508 

*1213* 
1090 

19 
42 
42 

- 
- 

(1 I 
20 

THERMAL CONTROL WAS 
ALLCCATED TO THE 
SUBSYSTEMS 

I 
-86. 

SOLAR ARRAY ANNEALERS 8 
MAINTENANCE GANTRIES 
GANTRY TRACKS 
CREW PROVISIONS 

I S 
I - 

CARGO HANDLING 5 
DOCKING SYSTEMS 5 

I 
POWER TRANSMISSION 1 2234'. 
STRUCTURE '370. 
PRIMARY STRUCTURE 53 I 
SECONDARY STRUCTURE 198 @ 

SUPPORT STRUCTURE - 
I SUBARRAY POSITIONING 

POWER DISTRIBUTION SUPPORT 
TRANSMITTER SUBARRAYS 
DCIRF CONVERTER MODULE 
DISTRIBUTION WAVEGUIDE 
RADIATING WAVEGUIDE 
THERMAL CONTROL 
WIRING HARNESS 
CONTROL CIRCUITS 
STF1UCTURE 
POWER DISTRIBUTION AND 

CONDITIONING 

TABLE REFLECTS REDISTRIBUTION OF WBS ITEMS TO CONFORM WITH THE DETAILS OF 
NASA SPS W8S. 

- 
119 

*9382 ' 
4875 

31 1 
1485 

) 
66 7 

'2210' 

L 
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1.1.4 

1.1.4.1 
1.1.4.2 
1.1.4.2.1 
1.1.4.2.2 
1.1.4.2.3 
1.1.4.2.4 
1.1.4.2.5 
1.1.4.2.6 
1.1.4.3 

WBS 
ELEMENT 

1.1.2.3.1 
1.1.2.3.2 
1.1.2.3.3 
1.1.2.3.4 
1.1.2.3.5 
1.1.2.3.6 
1.1.2.4 
1.1.2.4.1 
1.1.2.4.2 

1.1.2.4.3 
1.1.2.4.4 

1.1.2.4.5 

1.1.2.5 
1.1.2.5.1 
1.1.2.5.2 
1.1.26.3 
1.1.2.5.4 
1.1.2.5.5 
1.1.2.5.6 
1.1.2.5.7 
1.1.2.5.8 
1.1.2.6 
1.1.2.6 1 
1.1.2.0.2 
1.1.2.6.3 
1.1.~.6.4 
1.1.2.6.5 
1.1.2.6.6 
1.1.2.7 

1.1.2.7.1 
1.1.2.7.2 
1.1.2.7.3 

1.1.3 

1.1.3.1 
1.1.3.2 
1.1.3.3 
1.1.3.4 
1 . I  .3.5 
1.1.3.6 
1.1.3.7 
1.1.3.8 

(continued) 

REMARKS 

IOTE: THIS TABLE REFLECTS REDISTRIBUTION OF W 9 S  ITEMS TO CONFORM WITH THE DETAILS OF THE 
CURRENT NASA SPS WBS. 

ATTITUDE CONTROL AND 
STATIONKEEPING 

SENSORS 
ELECTRIC PROPULSION 
THRUSTERS 
PROPELLANT 
TANKAGE 
PROPELLANT DELIVERY 
CONTROLS 
DEDICATED POWER PROCESSING 
CHEMICAL PROPULSION 

Table 1.1.0-2 Comprehensive Mess 

EQUIPMENT 
NOMENCLATURE 

POWER CONDUCTORS 
SWITCHGEAR 
O W C  CONVERTERS 
CONVEnTER THERMAL CONTROL 
DISCONNECT SWITCHES 
ENERGY STORAGE 
THERMAL CONTROL 
THERMAL CONTROL SURFACES 
POWER PROCESSING THERMAL 

CONTROL 
INSULATION 
CONTm3L C:RCUITS THERMAL 

CONTROL 
MECHANICAL POINTING THERMAL 

CONTROL 
CONTRC L 
RECEIVERS 
DIP1 EXERS 
PHASE TRANSMITTERS 
PHASE RECEIVERS 
CONJUGATORS 
CABLING 
POWER DIVIDER 
SWITCHES 
MAINTENANCE 
MAINTENANCE GANTRIES 
GANTRY TRACKS 
DOCKING PORTS 
CARGO HANDLERS 
CREW BUSES 
CREW WORK STATIONS 
ANTENNA MECHANICAL 

POINTING 
CMG'S 
CMG DRIVES 
CMG CONTROL CIRCUITS 

INFORMATION MANAGEMENT 
AND CONTROL 

TRANSDUCERS 
SIGNAL CONDITIONERS 
DATA ACQUlSlTlONlMANAGEMENT 
CEbTRAL COMPUTERS 
CONTROL CIRCUITS 
SIGNAL ROUTING 
SOFTWARE 
INTRA-SATELLITE VOICE 

9 

a 

"184.' 

1' 
'155' 
14 
50 
6 
1 

- 
44 
4. 

Properties 

MASS 

398 

1277 

222 
- 
313 

'144. 
144 

'127.9' 

"250.' 

THERMAL CONTROL WAS 
ALLOCATED30 THE 
RESPECTIVE SUBSYSTEMS 

\ 

THE PHASE CONTROL , SYSTEM IS NOW 
ACCOUNTED UNDER 
SUBARRAYS 

# 

THIS IS A ROUGH ESTIMATE 
BASED ON THE TRW 
CONCEPTUAL DEFINITION OF 
THIS SUBSYSTEM 
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Table 1.1.0-2 Comprehensive Mass Propertic 
I I 

ELEMENT I NOMENCLATURE EQUIPMENT 

TilRUSTERSENGlNES 
PROPELLANTS 
TANKAGE 
PROPELLANTDELIVERY 
CONTROLS 

1.1.4.4 ( GIMBALS I '25. 
1.1.5 I COMMUNlCATtONS 0.10.. 

SATELLITE TO EARTH 

RECEIVERS 
TRANSMITTERS 
ANTENNAS 
SIGNAL INTERFACE 
CABLING 
GEO OPERATIONS 
COMMUNICATIOYS 
RECEIVERS 
TRANSMITTERS 
ANTENNAS 
SIGNAL INTERFACE 
CABLING 

I I L 

NOTE: THIS TABLE REFLECTS REDISTRIBUTION OF WbS ITEMS TO I 
CURRENT NASA SPS WBS. 

1.1.6 

1.1.6.1 
1.1 6.1.1 
1.1.6.1.2 
1.1.6.1.3 
1.1.6.2 
1.1.6.2.1 
1.1.6.2.1.1 
1.1.6.2.1.2 
1.1.6.2.1.3 
1.1.6.2.1.4 
1.1.6.2.2 
1.1.6.2.2.1 
1.1.6.2.2.2 
1.1.6.2.2.3 
1.1.6.2.2.4 
1.1.6.2.2.5 
1.1.6.2.3 
1.1.6.2.3.1 
1.1.6.2.3.2 
1.1.6.2.3.3 
1.1.6.2.3.4 
1.1.6.2.3.5 
1.1.6.2.4 
1.1.6.2.4.1 

1.1.6.2.4.2 

1.1.6.2.4.3 
1.1.6.2.4.4 
1.1.6.2.4.5 

1.2 

(continued) 

INTERFACE (ENERGY CON- 
VERSION~WERSRANSMISSIONI 

STRUCTURE 
PRIMARY STRUCTURE 
SUPPORT STRUCTURE 
CABLES 
MECHANISMS 
MECHANICAL ROTARY JOINT 
DRlVE RINGS 
DRlVE MECHANISMS 
DRlVE MOTORS 
DRlVE CONTROL CIRCUITRY 
ELEVATION JOINT (YOKE) 
ELEVATION DRlVE 
DRIVE MECHANISMS 
DRlVE MOTORS 
DRlVE SUSPENSION 
DRlVE CONTROL CIRCUITRY 
POWER DISTRIBUTION 
SLIP RINGS 
BRUSH ASSEMBLIES 
FEEDERS 
INSULATORS 
POWER BUSES 
THERMAL CONTROL 
MECHANICAL ROTARY JOINT 

THERMAL CONTROL 
ELEVATION JOINT THERMAL 

CONTROL 
SLIP RING THERMAL CONTROL 
THERMAL CONTROL SURFACES 
INSULATION 

GROWTH AND CONTINGENCY 
ALLOWANCE (21%) 

REMARKS 

t THERMAL CONTROL IS 
ACCOUNTED IN THE 
VARIOUS SUBSYSTEMS 

INFORM WITH THE DETAILS C THE 



Table 1.1.03 Projected Unit Cost of One 5-GW SPS (Millions of 1977 Dollars) 

1.1.3 INFORMATION MOM1 & 
CONTROL l U I U  

1.1.4 ATTITUDE WNYROL 
STATION KEEnNO, 

1 1  UACE m R U C T l O N  AND 
W R T  DIRECT 

b CAPITAL 
RECOVERY 

1.3 UACE lRAIY(rORTATKW3 
DIRECT 
M T A L  
RECOVERV 

(INCLUDE0 IN  
ENEROV CONV) 

1.4 OROLMD RECEIVIM STATION 2242 

1.8 MaMT AN0 INTEORATKW 

REASON 
FOR 

1 C M M E  

REVISED EFF ICIENCY 
CHIIN: 
a E o  C O I Y ~ T I ) U ~ ~  

OEO awmRUCI ION 

GEO CONgTRUCTtON 
WITH EON;  REDUCED 
SATELLITE M*PS 

NEW ANALYSIS OF 
RECTLNNA DESIGN 
AN0 CONtTRUCTION 

I *INCLUDED IN  TOTAL UNDER CUITAL RECOVERY B E L W  I 
11 TOTAL DIRECT OUTUV8 I ** I a8@ 11 

CAPITAL RECOVERY FOR 
WAC€ CONSTRUCT ION BASE j - 
AND TRANSrORTATlON FLEET 

2 YEARS 
CONSTRUCTION 
TIME 7.112X 

O R W H  AND CONTINOENCV 

PROJECTEO TOTAL CUITAL COST 

C 

*INCLUDED IN TOTAL UNDER CAPITAL RECOVERY BELOW 
**CAPITAL RECOVERY AND DIRECT WERE NOT SEPARATED IN EARLIER WORK 

1- 

13.4s9 

1130 - 
12,421 

EARLIER FIGURE 
HAD GROWTH 
APPLIED WICE TO 
TRANSFORTATION 
con 
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D 1 8 0 3 7 - 3  
Uemcnt Dewxiptioln 

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

I. A summary of the efficiency chain and sizing rquirements  were presented in Table 

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

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

factors a re  discussed in the  subelement entries. 

Element Cost 

The updated SPS cost summary wa- ;hewn in Table 1.1.0-3. The cost estimating factors 

are described in the  subelement entries. 

ms D i i  

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

part of one of the other subsystems. 

Elernent Description 

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

Figure 1.1.0- 1. The catenary (trampoline) support system is included as a part of t h e  

structure as is the power bus support system. 

VBS 1.1.1.1.1 Main Structure 

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-mt ter beams support the uni-axial solar array stretching levels. The lighter 7.5- 

meter beams a re  used in all other locatioris. Characteristics of the beams a r e  shown 

in Figure 1.1.1-2. 

WBS 1.1.1.1.2 Catenary System 

The method of supporting the solar blanket within the primary structural bays provide$ 

a u n i f ~ r m  tension t o  the end of each solar array segment by the use of constant-force 
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SECTION 
REF. SlDE LENGTH 
MAT 'L THICKNESS 
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BEAM WIDTH 
BATTCN SPACING 
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MASSlLENGTH 
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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 I. I. 1-3. These 

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

upper surface, beams at I5  meter in tervals  The springs are in compression, for better  

reliability, and exert  a uniaxial force of approximstely 4.IN to each blanket support 

tape* 

VBS 1.1.1.1.2 Parrr Daribmh sqpa-t 

fhe aisic 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 t o  the  main satellite 

structure. 

o Be light weight. 

o Have low ground fabrication cost. 

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

The support design presented here satisfies these basic requirements, but it is  recognized 

that  further study might lead t o  a better  design. 

The principa! loads on the  bus conductors are illmtrated in Figure 1.1.1-4, The ncornpres- 

sionw and "curling" loads are  generated within the  conductors and must Se resisted by 

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

forces a re  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 i s  the  magnetic force repelling two conductors 

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

being used, the  bending stress in the sheet conductors over the  span of a segnlent would 

almost certainly cause elastic instability in the co~npression side of the bus bar, especially 

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

sion, so i t  can be reduced by adding tension t ies between tne conductors a t  points interme- 

diate t a  the supports at the main structure at segment joints. This reaction means that 

l.t~sses carrying crrrrents in the opposite directions must be alternated. 
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The other major factor which determines the design is t h e  differential thermal expansion 
between the graphite-epoxy structure and rhe aluminum bus. The temperature variations 

between ed ipse  and full sunlight is from about 123K to 373K. Over the span of a full 

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

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

with stress of 4&3 MPa would be required to overcome this change in length. 

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

large load t o  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 Figl re  I. 1.1-5. 

The selected nietFIod of keeping t h e  natural frequency of t h e  sheet conductors above 

that  of the sa:dlite i s  to keep the bus conductors in tension. A preliminary analysis 

indicates ti;at modest forccs (of t h e  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 

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

expansion requires springs. The easiest way t o  provide this spring action is to use high 
R stresses in low modulus materials, such as Kevlar or E-glass. (A stress going from 

250 t o  500 MPa in a 200 m Kevlar tension support will provide the four meter extension 

needed t o  accommodate thermal expansion, while varying the load on t h e  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 

a r e  20 parallel buses. The three point springfcable t ies to the  main structure a r e  shown, 

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

The acquisition buses which a re  triangular in shape a r e  suspended within the center 

12.7 meter beam by guy wires. These acquisition buses a r e  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 so that  galvanic corrosion and oxidation 

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

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

be aluminum t o  aluminum and will be welded. 
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Eknn!ntms 
Tht structure mas estimate is summarized in Table 1.1.1-1. 

ElanntCost 

The cost estimating factor used for primary structural members is 55$/kg. This factor 

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

and f abr ica t im analysis. 

QBS 1.1.1.2 Concentrators - concentrators are not r e q u i d  

VBS D i c t i v  

This element includes all pmductian badware  required to convert incident sunlight 

into the  required electrical power. Subelements include solar cell panels, and panel inter- 

connect interbay jumpers. 

Elanart Desaiptiar 

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 f ront-surface emittance from around 

0.25 t o  around 0.85, and t o  protect the cell from low-energy proton irradiation. 

WBS 1*1*13.1 Sola Cdl Pmds 

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

of t h e  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 t o  silicon to form a strong and permanent adhesiveless joint. In ATS-6 flight 

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

of tlleir 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 t o  be able to  manufacture 7 5 p m  borosilicate 

glass sheets one meter wide by several meters long. 

The cell cover is embossed 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 covers. 



Table I. 1. I- 1 Stmctural Mass Estimating Summary 

51527m 

MEMBER LENGTHS: 

12.7M (UPPER SURFACE LONGITUDINALS) = 16 X 9 X 667.5M = 9612OM 

ALL OTHERS: 

LONGlTUDlNALS - I16 X 9 X 667.51 96120M 

LATERALS - 2j8 X 17 X 66761 = 181560M 

LOWER FACEOIAG - (8X16X944.01 = 120832 

CROSSBAYOIAG - (8X16Xl054.51 = 134976 

CORNER POSTS - (9 X 17 X 460.21 = 70410.6 

SUMMARY: 

127M (TYPE "A" BEAM) = 96,1201111 - . 
7.m (TYPE'C" BEAM) = 603,898.6M . 

GEO STRUCTURE MASS 

12.7M TYPE "A" BEAM - 96,120M @ 7.476 Kg/M = 718593.1 Kg 

7.5M TYPE "C" BEAM - 603,898.61111 @ 4.106 K f l =  2479607.7 Kg 
'I 

TOTAL STRUCTURAL MASS = 3198.2 MT . 
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The cells a r e  designed with both P and N terminals brought to the  backs of the  cells. 
This feature makes it possible to use simple 12.5 prn silver-plated copper interconnections 

which are formed on the  substrate glass. Complete panels a r e  assembled electrically 

by welding toget her the  module- to-module interconnections. 

Glass was chosen for tk 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 7 7 3 ' ~  (931%) annealing temperature, which 

at present seems t o  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.? b ~ t u e e n  cell and edge spacings are as shown. Tabs are ~ r o u g h t  out at two edges 

of the  pane! ftx electrically connecting panels in series. Cells within the panel a r e  inter- 

connected by ctmducting elements printed on the  glass substrate. 

Shadowing protectim 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 t o  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 m glass that covers 

the cells and 5b Nrr, sheets of substrate glass. 

The panels are joined in a matrix that  is 14.9 meters wide by 656 meters long t o  f w m  

blanket segments. After assembly, t h e  segment is accordion folded, at panel intersections, 

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

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

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

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

also have a bossed section to connect with interbay jumpers. 

The tapes, at the  end of blanket segments, are extended and have a t t achn~ent  rings 

to connect t o  the  tensioning springs of the catenary support system. 
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Element Mass 
A mass breakdown of t he  solar blanket is provided in Table 1.1.1-2. Also included in 

th is  tab le  are t h e  mass es t imates  for  t h e  array support system. 

Element Cost 
The cost et imating factors  for  t h e  solar blanket elements  haye not changed from t h e  

documentation of Part  2. The mature  industry project cost est imating fac tor  for  t h e  
2 reference solar blanket is $35/m . 

VBS 1.1.1.3.3 hterbay Jumpers 

W BS Dictionary 

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

distribution within a power sector  of t h e  solar blanket. 

Element Dexr ip t ion  

The formulation of high voltage in t h e  solar array is accomplished by connecting approxi- 

mately 78,000 sets of solar cells in series. Since t h e  strings of solar cells s t a r t  at t h e  

centerline of the  satellite,  g o  t o  t h e  outer edge and then back t o  the  centerline, they 

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

t he  interbay jumpers is t o  provide a means of electrically connecting strings in one bay 

t o  t h e  a p p r ~ p r i a t e  strings in t h e  next bay of t he  string length. 

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

jumpers a r e  collected and run along t h e  catenary cable to a n  end-connector. This end 

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

near t he  catenary support point. This method was chosen as a less complicated construc- 

tionlmaintenance scheme whilc still providing the  necessary function. 

W BS 1.1.1.4 RDwer Distribution 

W BS Dictionary 

This element includes power conductors and switches necessary t o  transmi? c;cctrical 

power from the power source t o  t he  rotary joint. Also included a r e  cables and harnesses 

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

instrumentation and da ta  buses which a r e  a part  of t he  da t a  management assembly. 



Table 1.1.1-2 Silicon Solw Csll Blanket Mass 

AVAILABLE BLANKET Q PART I1 MIDTERM DENsln 
AREA FACTOR 

COVERS-FUSED SILICA 220 65.88 3.0 1.0 167.64 
CELLS-SI LICON 236 69.M 2 0  0.9607 115.17 
INTERCONNECTS-COPPER & 227.W .I . 0.100 11.35 

. SUBSTRATE-FUSED SILICA 220 66.e 2.0 1.0 111.76 

- -c THEORETICAL PANEL WEIGHT 405.92 
3 h1lLS COVER TOLERANCES ALLOWANCE 6%) 20.30 

2 MILS CELL 
2 MILS SUBSTRATE I INTERCONNECTS. ESTIMATED PANEL WEIGHT 426.22 

PANEL AREA FACTOR 19913) 422.51 
SEGMENTS AREA FACTOR wn) 4 2 1 s  
JOINTBUPPORT TAPES 293 
CATENARY SYSTEM 2.52 

ESTIMATED ARRAY WEIGHT 426.78 

r tNTER BAY JUMPERS FOR 
A TYPICAL BLANKET SEGMENT 

Figure 1. 1.1-9 Inter Bay Ju np.m 
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For power management and power distribution, t h e  photovoltaic SPS i s  divided in to  

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

the  main power bus, facilitating annealing o r  other  jervicing. 

Solar cell strings approximately 5.1 km long were selected for  the  reference photovoltaic 

system configuration. This permits  generating tttz required voltage directly f r ~ .  -I t h e  

solar a r ray  without intervening power electronics. All solar cel l  strings a r e  identical. 

Current  generated by the solar cells a r e  carr ied by conductors o r  by t h e  solar cells them- 

selves. The configuration in f igure 1.1.1-10 uses the  solar cells ti, the  maximum possible 

ex tent  for  carrying t h e  current. I t  is noted tha t  no conductors are needed for  bringing 

in the current  from t h e  edges of t he  array, t he  solar ce l l  strings being arranged in loops 

whic? start from one center  bus, loop around t h e  edge of t h e  array, and returr, t o  t he  

other  bus a t  t he  center  of t h e  array. (The solar array i s  part  of WBS i tem 1.1.1.3; this  

description shows how t h e  solar array interfaces with t h e  power distribution system). 

During the  critique of t he  baseline system concept t h e  system redundancy of t he  major 

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

the  critique. In addition, the  potential faul t  currents t ha t  could occur with the  single- 

line bus system was also of concern. 

A redesign of t he  m- in power distribution bus system w3s accomplished t o  decrease 

the  possibility of loss of al l  power t o  t he  antenna and t o  limit potentla1 faul t  c l r ren ts .  

The overail multiple bus system concept i s  shown in figure l.l.1-10. A summary of 

the  important parameters  is shown in table 1.1.1-3. 

One of the problems .;o be addressed in a multiple bus system is t h e  delivery of power 

t o  all sections of the  antenna at essentially the  same voltage. Figure 1.1.1-1 1 shows 

a concept tha t  was developed which will enable the delivety of power t o  the, rotary joint 

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

distribt  on requirell;,cnts. By staggering t h e  bus connections a s  shown by figure 1.1.1- 

11, the voltage delivered only varies by the  voltage drop across 113 of a satel l i te  bay. 

The adoption of this  multiple bus scheme will resuit in t he  loss of one quadrant 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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wts 1-1-1.4-1 uain &ars 

Thc main bus subsystem outlined here o v e r s  the portion of the power distribution subsystem 

from the  solar cell interconmxtions to the a n t e m a  sliprings. The buii- of solar cells 

into st. . tgs, within each bay was described above, The s t r  irrgs on each side of the  satellite 

longitudinal centerline dre connected in series to form a half string 39,104 (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 a t  the outer edge of the satellite by triangular 

jumpers- This gives 298 series strings ( f a  e. .:h f iw bays-center to edge) each 78,208 

cells ling. Note that, to pravi& cell faiiure protection, each string is really I4 cells 

wide. 

V S  1-1-1-42 Aopuisitiar &r9a 

Acquisiiian buses collect the  raw dc power from the solar array strings and connect 
to the switchgear sets. To minimize satellite mass, conductor grade aluminun sheet 

was selected i c y  the main and acquisition buses. h l y s i s  of conduc*a operating temperature 

vs. mass led to the choice of a conductor c-perating temperature of 100'~. A one millirnete 

conductor thickmess was selected as the minimum gauge ac\ the bris of handling and 

aaernbly. Tiris lads to  t k  result that  the buses arc 0.01581 centimeters wide f a  each 

ampere car~ied.  

W8S 1-1.1-4-3 Svitdgear 

The silicon C C - ~ I  2anels and bays fwrn the power generatwn modules shown in the  photo- 

voitaic electrical schematic in figure 1.1.1- 12. These modules are fed to v a c w n  circuit 

breaker switchgear controlled by load and system demands. The satellite switchgear 

is rated at 2,230 amps a d  40 kv and is sirnilar to the  antenna switchgear. 

VBS 1.!.1,5 Thermal Contrd - No Reqrircment Has Been identified 

W e S  1.1-1.6 Maintenance (Sdar Array Asmeal@ -t ard Opaatiars 

VBS Dictionary 

This elerntlnt includes ali hardware required to pravidt the capabi : i t~  of annealing radiati.m 

degradation from the solar cells. Subelernents include the anneding device, support 

htructbre, and auxiliary equi?mc.lt. 

t lement  Descriptian 

Laser annealing *as chosen 3s ti ref rrence approach to recovt-r radiation induced perforrr~ar~cc 

degradation of the energy ccnversion systeic. 
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The design assumptions fo r  the  laser devices tha t  was used in our analysis is g i k a  in 

Table I. 1.14. Thest are based orr test results &scribed in Volume 4 of the  present 

report. 

The option chosen for  this study was to use one annealing device gantry per satellite 

module (4x8 by s u k t i o n )  as shown in Figure 1.1.1- 13. A typical anneaiing device gantry 

is also shown. The gantry would index to i ts  first positron, at the  edge of the satellite, 

anneal that  section (15 meter width x 6OOm length) and then move on to the  next section. 

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

When one bay has been annealed, t h e  gantry will index to the next bay and perform the 

annealing operating. These same operationr 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 t h e  satellite primary structural members, 

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

Within the  gantry, there a r c  44 laser systems. Each laser system is gimballed to allow 

the laser se t  !8 lasers) t o  scan a 15 meter square section. The 15 meter section was 

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

systems on a single gantry operating, i t  wiI.1 take approximately 2.5 hours to  anneal 

a 15 rneter section one bay wide. This results in a t ime of I I0  tiours t o  anneal ale bay 

of solar array. 

VBS 1.1.2 Microwave Powa Transmissb System 

VBS Dictiamry 

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

the dc distribution system from the rotary joint t o  the rf transmitters, the rf transmitters 

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

elements co~nposed of slotted waveguides, support structure, rf feed circuits, mechanical 

pointing control, and all the  components required for distribution and control of the  

phase of the retrodirective antenna subarrays. 

Element Description 

The MPTS system serves the  basic function of converting dc  power t o  microwave power 

in space, trar.smitting i t  through the medium with a minimum of environmental impact 
36 
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and converting i t  back to dc on the ground. The baseline approach utilizes a retrodictive 

phased array described in Section I. 1.2.3, powered by dc-rf klystron converters described 

in Section 1.1.2.3.2. DC power from the rotary joint is distributed in a manner to minimize 
2 1 R losses to the klystrons, utilizing 85% 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 1.1.2.3.1 and are combined to provide a 

tapered (10 db quantized Catiaian) illumination of the array restilting in low sidelobe 

levels and high antenna efficiency (over 95%). The thermal loading to the center of 
2 the array (22 kw/m rf)  permits a design for a 1 km diameter array which provides roughly 

5 CW of dc pwer  on the ground per antenna. The phased distribution system is designed 

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

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

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

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

fine beam steering) in an efficient manner. 

VBS 1.1.21 Structut  

This element inci~des those subsystems not directly associated with conversion of electric 

power into r f  beam power. 

WBS 1.1.2.1.1 Rimary Sttucture 

WBS Dictionary 

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

shape and form to the transmitter. 

Dexriptim 

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

octagonal shape in excess of 1,000 meters width and length. The Primary Structure 

a11d i t s  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 7-112 meter continuous chord beams composed of graphite polysulfone 

composite structure. 
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Figure 1.1.2-3 Reference MPTS Struture lnterf#:es 



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

Cost 

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

VBS 1.1.21.2 Secondary Structure 

VBS 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 

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

01 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 miiss estimate was 197,500 kilograms. 

Cost 

T3e cost estimate for the Secondary Structure was estimated as $129/kilogram. 

WBS 1.1.2.2 Transmitter Subarrays 

W BS Dictionary 

This element includes al l  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 10.4 meter subarrays 

arranged in a quantized 10 db taper configuration conforming to dimensional requirements 

which will resuit in a maximum RSS error associated loss of 2%. The concepts of configur- 

ation for fine beam steering have been adequately defined to the block diagram stage 



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 maximurn 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 a:jtenna which is in turn supported by t h e  

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

is achieved by varying the number 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 t h e  70 kw 

klystron m o u n t 4  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 t o  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 estimates for this element a r e  given in Table 6-9 of Vol. IV of the  Final 

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

page 1 3. 

Element Cost 

Cost estimates for this element a r e  given in the summary table (1.1.5-1) as $1.43 billion 

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

(mature industry estimate at 1 SPS per year). 

WBS 1.1.2.2.1 DCIRF 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 dc and rf a r e  also included. 
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Figure 1.1.2-4 Transmitting Array 

Figure 1.1.2-5 Integrated Klystron Module 
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Ekrnent Description 
An rf t ransmit ter  and configuration of IO1,552- 70 kw CW klystron amplifiers operating 

a t  42 kv with 45-50 db gain using a compact  efficient (82-85%) solenoid wound-on-body 
2 design approach with conservative design parameters (0.15 ampslcm cathode loading) 

t o  achieve long life has been chosen. This 5 s tage depressed collector design provides 

a complementary design t o  the  amplitron alternative. Proposed multiple tube development 

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

t o  t he  t ransmit ter  selection. The layout of the  basic klystror, building 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 short  length and high efficiency, features a dual 

output waveguide with 35 kw in eacn arm. The thermal control system used t o  cool 

t he  output gap, the depressed collector and the  solenoid (with a design temperature 

of 3 0 0 ' ~  maximum on the  body and 5 0 0 ' ~  on the  collector is described below. An MTBF 

improvement of 3 t o  10 from the  present value for  several hundred spaceborne tubes 

of 2 years, and best tubes of small groundbased radar systems of 10 years will have t o  

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

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

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

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

regeneration circuitry a t  power levels well below a milliwatt. The driver tube coulJ 

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

with up to  iO db gain pcr s tage  a t  this frequency. Ail phase configuration functions 

will 5e ~ e r f o r m e d  a t  low drive levels. 

Element Mass 

The klystron mass per tube is est imated to be 48 kg,  wit;^ an  additional 13 kg for thermal 

control. 

Element Cost  

The mature industry mass production cost per klystron has been est imated between 

$1900 and $2500 per klystron depending on prndt~ction r a t e  (1977 dollars). 
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WBS 1.132.2,3 dt 7 Structue and Waveguide 

VBS D i i  

This element includes all production hardware required for  t h e  radiating waveguide, 

distribution waveguide, subarray supporr structure and a t tachment  provisions for  subarray 

components. These WBS i tems a r c  grouped together because this is  an integraied assembly. 

UcmeF.t Dcwiption 

A typical, four modde,  subarray i s  shown (Figure 1.1.2-7) with a l l  pertinent systems 

instalied. The elements to be discu=:,d in this section are the radiating waveguide, 

distribut-on waveguide, subarray support structure, and t h e  klystron support structure. 

The radiating waveguide, at the  subarray ievel, i s  composed of I20 waveguide st icks 

(Figure 1.1.2-7) t ha t  a r e  10.43 meters  long. n e  method of at taining various numbers 

of module units per subarray i s  t o  install internal shorts, conducting elements, within 

the  stick lengths and t o  distribute rf power with the distribution waveeuide st icks t o  

the desired number of waveguide sticks, for a single klystron. fn this  manner, i t  was 

possible t o  obtain ten t y p s  of subarrays, ranging from 36 to 4 klystrons per  subarray 

(Table 1.1.2- 11, t o  ac'..ieve the desired pov:er taper. The integral radiating waveguide 

forms a subarray unit 10.43 iileters square, which remains unchanged throughout t he  

array, and i s  based on realizable mechanical tolerances and acceptabie e r ror  plateau 

levels. 

The distribution waveguides feed power from the  klystron output waveguide to t h e  radiat- 

ing waveguide. The distribution waveguide sticks a r e  arranged in psirs, each  one supplying 

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

at haif of the distribtition stick length, t o  connect/disconnect the klystron output wave- 

guide. 

The subarray support s tructure is composed of perimeter beams, lateral and longitudinal 

I-beams. These beams have a web of 12.0 crn and flanges of up to 0.0 cm and a r e  bonded 

directly t o  t he  back of the radiating waveguide. The lateral  and longitudinal I-beams 

form a matrix with a klystron module being framed within each  box. 

Attachment F .visions a re  made on the  subarray structure for the klystron supwr r  struc- 

ture, power distribution harnesses, module power connec ta s ,  solid s t a t e  control devices, 

an0 su! array support t o  the secondary structure. The klystro~t  is supported, within the 
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module, by a C-kam/saddk fixture that has a support black on each end for load trans- 

mittat into the radiating waveguide. Further suppart of the klystron Is provided through 

the klystron output wavegutdtldistribution waveguide connection. 

The power dis t r ik t ian  harnewes are supported by the subarray support stNcnre beams 

witir tiedown b.-indr at half module lengths. At  the point of departure of the cables from 

the hatncss to the moduie a comector support attachment is provided for the module 

power cormect,~. 

Rovisiors must also be ma& on the perimeter beams, at three points, to at tach the 

nrbarray to the sexondary structure. Tius attachment will allow the adjusting med\arusm, 

located on the secondary stntciure attachment points, to attach to the subarray structure 

to facilitate I d a t i v e  movement between the subarray and the MWS structure. 

UementUass  

The element r n e s  for the element ir? this section were shown in the cmprehensive 

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

subarray. 

Uemart Cast 

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

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

WBS Dictionary 

This element includes all production hardware required t o  remove and dissipate waste 

heat from the klystron modules a t  the subarray level. Subelements include the  klystron 

thermal control, solid st? t e  control device thermal control, and thermal insulation within 

the suhrray.  

Element Description 

The two major waste heat sources, at the subarray levcl, a r e  the collector and cavity/- 

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

the solid state control devices. Tables 1.1.2-2 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 lcLYs?n. 

1) COLlECfOR 
2) CAVITV LOSSES 
3) SOLENOID 

C RAOIATING AND FEED W A V H W m  

T& 1-1-23 Thrrmal Limitation Arrumptitms 

K L r n O I Y :  COLLECTOR -5otPc 

SOLENOID A#) C A V ~ E S  3aWC 

SOL10 STATE CONTROL C K l S  7V'C 

STRUCTURES: COMLhrOSITE MATERIALS 
1. GRAPHITE-EPUXV 175°C 
2. GRAPHITE-POLYMIOE t6QOC 



is an active (circulating) system largely def in& by the  Vought Corporation on their 

IRdtD, in cooperation with the current contracted effort. The principal motivation for 

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

operations at 50O0c. Both systems are described below. 

OptiUnAt HcatPCpc 

Heat pipes and radiators were designed to dissipate klystron waste heat losses. 1 he 

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 s o l m i d .  A cross-brace is  used 

to retain the  radiators along two edges. The collector section operates at 5 0 0 ~ ~  and 

the cauity/solenoid section at N'C. A better  description of the heat  pipelradiators 

is given in Table I. 1.2-4. 

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

a high temperature still existed at module components such as solid state control, power 

distribution buses, and cornposite materials in the structure and waveguides. A lower 

tempera-we environment for these components was provided simply by isolating the  

hign temperature sections of the klystron and the back side of i t s  thermal radiatcr with 

thermal insulation (Table 1.1-2-5). The small amount of waste heat from the  s l i d  s t a t e  

control device is dissipated by i t s  own radia:or/heat sink. 

Failure analyses conducted during the  c i r rent  contract indicated a problem with the 

heat-piped-cooled klystron. The difficulty is that  the 3 0 0 ~ ~  segment would utilize a 

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

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

and lead t o  orcing and damage. Plating of liquid metals on insulators might lead t o  

a permanent 8 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 c o ~ ~ l d  be selected that  would minimize risk of arcing. Their analys~s 

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

and cetainly more rel iabk tha3 the  expected lifetime ot  the klystron themselves. Figure 

1.1.2-9 and Table 1.1.2-6 show pincipal features of the circulating fluid systeni option 

for  the klystron cooling circuit. 
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FMn? I. 1.2-8 Top View of Klystron hlocrule Thermal Radiator 

TBbCe 1.1.24 Klystron Thermal Control 
Y S  1 - r  

CAVITY AND SOLENOID ,cCTIUN: 
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MASS (EACH) = 7.08 KG 
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F@um 1.1.2-9 Klystron Pumped Fluid 7Bennal Conttd Systen? 

Tabk 1.1.24 Klystron Module 73ennal Control System Characteristics 

MATERIAL 

FLUID 

INLET TEMP 

OUTLET rEMP 

LENGTH X WIDTH 

TUBE SPACING 

TUBE DIAMETER 

TUBE THICKNESS 

FIN THICKNESS 

EIL!I!%IVITY 

ABSOttT IVITY 

TSlNK 

PUhlP t FFY. 

'FIN EFFECTIVENESS 

AREA 

MASS,'MODULE 

CURRENT MASSlMODULE - 13.18 kg 
PART Ill MASSIMODULE - 18.88 kg 

b 

500% 

COPPER 

AIR @ 60 ATM 

477% 

413% 

0.57m x 1.61m 

3.1 cm 

5.6 mrn 

0.886 mm 

0.163 mm 

0.8 

0.3 

36.3% 

0.3 

0.844 

0.91 m2 

7.95 kg 

3oooC 

COPPER 

DOWTHERM-A 

277% 

260°c 

1 . M  x 1.Glm 

2.84 cm 

1.27 mm 

0.71 mm 

0 066 mm 

0.8 

0.3 

36.6OC 

0.3 

0.920 

1.67 m2 

5.13 kg 



ElementMass 

The major thermal control system element masses a r e  included in t h e  comprehensive mass 

table. The to ta l  thermal control mass per subarray varies between 575 kg and 6 4  kg, 

depending on t h e  subarray power density. The total  mass of subarray thermal control 

systems i s  1612.6 MT. 

Ekment Coat 

The cos t  of thermal control elements  was est imated as $1410 each. 

WBS 1.1.2.2.5 Wiring Hamesses 

WBS Dictionary 

This element includes al l  production hardware t o  provide power distribution at the  subarray 

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

busing between this  connector and t h e  klystron module connector, and t h e  klystron module 

connector. 

Element Description 

The conductors on the  individual MPTS antenna subarrays a r e  insulated circular aluminum 

conductors. The thermal environment for t he  conductors is relatively benign since t h e  

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

subarray conductor is routed from the  interface connection a t  the  subarray drop t o  the  

klystron. For reliability reasons no conductor taps a r e  made on t h e  subarray t o  provide 

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

interface connection, of t he  secondary str:lcture and subarray and also at the interface 

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

either t he  mddule o r  subarray for  maintenance options. 

Figure 1.1.2- 10 presents the  conductor summary for the  four klystron subarray. Also 
2 shown in this figure a r e  per unit length tabulations of conductor mass and I R losses. 

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- 15 present the  resalts 

for the  other  antenna subarray types. Total antenna subarray conductor mass aqd losses 

were computed by multiplying these quantities by the number of each  subarray types. 
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Figure 1.1.2- 10 Four Klystron %barray Conductor Summary 

WIRE 
NO. 
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1 
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WIRE 
SIZE 
AWG. 
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(MIL) . 
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KG. 
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0.001 
0.m 
0- 
0.030 
0.184 
0.861 
1.107 
1.709 

b 



VOLTAGE - 
21.050 
42,100 
21 .wc 
25.160 
29.470 
3 7 m  
wm 

10 
100 

COMMON 

TOTAL CURRENT - 
0.618 
0.m 
0.618 
0324 
1 .BE0 
8.712 
a.ow 
80.000 
42.036 

6 KLYSTRONS 2x3 

VOLTAGE TOTAL CURRENT 

21 .(iw 
42.100 
21.050 
15.1 #) 

29.470 
37890 
40.000 

10 
100 

COMMON 

8 KLYSTRONS 2x4 

F&re I .  1.2- 1 1 Six and Eight Klystron Subarray Conductor Summary 
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Figure I. I. 2- 12 Nine and Twelve Klystron Subarray Conductor Summary 
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Figure 7.1.2- 73 Sixteen and Twenty Klystron Subarray Conductor Summary 
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Figure 1.1.2- 14 Twenty-four and Thirty tYlystron Subrray Conduc;or Summary 
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FlravntUlSt 
The harness mass for each type of subarray was listed in the tables on Figwer I. 1.2- i I 

dudugh 1.1.2-15. The total mlss  of harnesses for an MPTS antenna i s  35.9 MT. 

UclncntCost 
The cost estimating factor for the hamesses is 45 $/kg. 

VBS 1-1.2.2.6 Cmtrd cim& 
Much of the phase control equipment is installed on the  subarrays. An integrated phase 

control discussion is provided under W BS 1.1.2.5. 

1.1z3.1 M= w DSrlriknion system 

The DC. power distributim of the antenna is defined between flexible elevation voke cable 

output interface and the  local power output associated w ~ t h  a transmitter (klystron) 

module. 

The antenna receives i ts  DC power via a total of 228 main DC power lines, called sector 

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

Since the antenna HF power distribution is axially symmetrical and tapered along the  

radius from the center i t  is logical t o  divide the  antenna into sectors and rings in a 

son~ewhat similar fashion then for the  reference phase distribution. Figure 1.1.2- 16 shows 

the division of the antenna into 20 sectors. Half of the sector lines reach t'le antenna via 

the left and right yoke joint respectively. Eleven sector lines a r e  going toward each of 

the 20 sectors. The remaining eight sector lines are  feeding the outer ring of the antenna, 

which is divided eight ways, thus on the average 11.4 sector l ~ n e s  a re  available for each 

sector. 

There a re  361 subarrays in eac3 sector. These subarrays a re  divided into 19 groups for the 

purpose of the phase distribution wtwork and 19 subarrays a re  in each group. The group 

designation IS ,I1, AZI...AIS as shown on Figure 1.1.2- 17 which exhibits a typical sector. 

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

subarray lines The division from sector lines to subarray lines i i  achieved a t  the J level 1 
junction stations. The figure also shcws the location of the J stations. 
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F b r e  1.1.2- 17 Dismtnbution of DC Sector Lines Within One of the ZU Secton 



Tiie distribution of t h e  J I s tat ions i s  selected in such a way tha t  e a c h  sector line i s  loaded 

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

loading condition. Actually tne number of klystrons vary b e t w e m  3% to 4% klystrons, 

representing maximum -1 1.2% and +2.2% variations from the nominal. 

At  each  J1 station a switch gear and DC t o  DC converter  is iocated designed fo r  a 

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

5.4 &;W input powcr capacity and 56% efficiency, thus approximately 218 kw thermal 

power has to be r a d ~ a t e d  a t  the converter. 

Figure 1.1.2- 18 shows the  distribution of DC subarray lines from t h e  i1 juriction stat ion 

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

al ternat ives available for  this par t  of t he  network. 

One ext reme alternative is to use a separa te  line from the  output  of J I  to t h e  terminal 

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

a f f ec t  3e  res t  of t he  distribution system. Except for  line length differentials, which 

vary between approximately 4 m and 187.2 m a l l  lines can  be made equal if drop off 

differentials a r e  negligible. 

The o ther  ex t reme al terant ive i s  to use as much as possible common cables. This requires 

the  introduction of additional junction stat ions J2 and J 3  as Figure 1.1.2-18 indicates. 

An open circuit o r  short circuit in a mairr line could influence as many as 110 Klystrons 

for  t he  shown example causing a n  approximate .l08% loss of output power of the  antenna. 

The total  amount of required conA11ctor is t he  same as for  t h e  previous case, the  insulating 

material associated with the  DC cables is much less while t h e  number of connectors 

is a larger, which further increases the  failure rates. 

The first alternative was assumed for the  failure mode analysis. 

W BS 1.1,2.3.2 and 1,1.2.3.3 Switchgear 4 DC/DC Converters  

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

control, and storage for  all  MPTS elements. The antenna i s  divided in t o  228 power 

control sectors, each  providing power t o  approximatey 420 klystrons. Two of the  klystrons' 

depressed collectors "A" and "B" which require the  majority of supplied power a r e  provided 

with power directly from the power genera?ion system t o  avoid the dc ldc  
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conversion losses. All other klystron element power requirements a r e  provided by 

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

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

to approximately 03% of the total  number of antenna klystrons. The dc/dc converter 

outputs s r e  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 dcfdc converters. No substations a r e  located on the center 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 t o  acNeve a ten s tep  approximation of the desired illumination taper. Within 

the subxray element, one set of connections provides the  interface between the  external 

power distribution system and t h e  subarray distribution system. Power is routed from t h e  

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

Alurninum sheet conductors a r e  routed frum the  rotary joint t o  the power sector control 

substation located at the  primary structure truss intersection m&s at the  back of the  

structure. 

The EVI PTS power control and distribution subsystem p r o v i ~ e s  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 0 solar panel supplies. The power conditioning subsystem block 

diagram is shown in Figure 1.1.2-21. The estimated input power t o  each dcldc converter 

is about 5000K W. 

Figure 1.1.2-22 shows a simplified diagram of the individual dcldc 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 d(:/dc conversion efficiency of about 95%. 

Overall power distribution system mass and losses a re  summarized in Table 1.1.2-7. 
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Table 1.1.2-7 Calculated Power Distribution System Mass and Loss Summary 

12R LOSS (WATTS) 

49,644,720 

4,774,760 

249,776,890 

MASS (KG) 

1,441,596 

35,871 

1,877,034 

t 

LOCATION CONNECTION & COMPONENT 

"ANTENNA" 

"ANTENNA" 

SECTOR CONTROL DCIM: 
CONVERTERS AND 
SWITCHGEAR 

SUBARRAY WIRING 
(INSULATION INCLUDED) 

TOTAL 



Each MPTS antenna in the baseline design contains over 101,000 dclrf converters and 228 

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

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

tube. However, removing mass froin the  tube imposes t h e  requirement that  the  

probability of internal arcing must 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 current interruption 

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

two orders of magnitude in current interruption time o-8er present switchgear capabilities 

(milliseconds t o  hundredths of milliseconds). Analyses a r e  required of possible klystron 

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

antenna circuit breakers could be either solid state (present configuration) or  vacuqm 

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

1.1.2-8 summarizes t h e  two circuit breakers. 

An additional circuit breaker i s  required which clamps the  anode t o  the  cathode at the  

klystron. Microsecond switching is required at 4OKV and no current. A solid s t a te  circuit 

breaker is proposed. 

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

In addition t o  the fault protection required in the MPTS Power Distribution System, 

isolation of the  switchgear for maintenance purposes 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 a re  not designed for current interruption 

and a r e  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 Rocessor Thermal Control 

W BS Dictionary 

This element includes all production hardware required t o  collect and dissipate the  waste 

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

Table 1.1.2-9 Antenna Power Distribution Fault Protection 

* 1 

GE VACUlJM SWITCH (PRESENT TECHNOLOGYl 

o RATING: 40 KV, 300 to 2000A continuous, 20,000 A interrupt 
o MASS: 10 gmlKW 
o COST: $1001KG 
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 gm1KW 
o Cot: $260/KG 
o Switching Time: 5 microseconds range 

- 

FAULT AREA 

MAtN BUS 

ANTENNA SUB DISTRIBUTION BUS 

ANTENNA DCIDC CONVERTER 

KLYSTRON INTERNAL ARCING 

OUTPUT WAVEGUIDE ARCING 
+ 

PROTECTION SCHEME 

REMOVE ALL S lTELLlTE POWER SOURCES 

OPEN APPROPRIATE MAIN ANTENNA CIRCUIT BREAKER 

OPEN CONVERTER CIRCUIT BREAKER 

TAKE KLYSTRON MODULATING ANODE TO CATHODE POTENT:AL 

REMOVE KLYSTRON INPUT RF DRIVE 
A 
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Elemslt Desaiptiar 
The power processors (dc--dc con-~er ters )  have a waste heat  of approximt.;ely 218 Kw per 

mit. The thermal limitation o f  t h e  power processors is 7 0 ' ~  (fi,l r .  .h  reliability) so it 
was necessary to baseline an ac t ive  thermal control system for thls equipment. 

The ac t ive  thermal control system (Figure 1.1.2-23) was sized, for  t h e  MPTS system, 

using a heat flow of 1000 wat t s  per square centimeter. Redundancy was built into t h e  

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

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

and thermal radiato:. The heat  zxchanger uses finned heat  pipes, :.~ith t h e  condenser 

sections irr contac t  with the  working fluid of t he  ac t ive  Imp. The evaporator section is in  

t h e  power converters, for  be t t e r  heat  rejection from t h e  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 est imated at 928 Kw. 

Element Mass 

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

Approximately 83 percer, of this  mass is for  t h e  thermal radiotor with t h e  remaining 

mass distributed between working fluid,-piping, pumps motors, contrcl  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 Figure 1.1.2-21, the  need for an Uninterruptable Power Supply (UPS) was indicated. 

This is provided by suitable dc/dc converters t h a t  so~~t inuous ly  charge an energy source 

(bat tery b a ~ k ) .  Klystron life is impacted by cathode heater power on-off cycles. In 

order tcj increase t h e  MTBF of t h e  klystron, heater power is maintained during t h e  period 

of t ime when occultation (caused either by the  ear th  or other solar power satellites) 

is encountered. 

I t  is anticipated tha t  significant increase in t he  MTBF of klystrons can be achieved if 

thermal cycling of t h e  klystron cathode heater can be miniv~ized. There a re  10 1,552 
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Figure 1.1.2-23 P o w  Pmmsor l h m a l  Control 



klystrons per antenna each requiring heater power of 50 watts at 30 VDC. Thus, a total of 

5.08 megawatts of power is used for klystron healers, If a distribution Loss of 20% 

(because of the low voltage) and a per id  of 2 hows required far operation from stored 

energy are assamed, then 12.186 megawatt hours of stored energy are required for 

klystrorl heaters. 

Gas c-lectrcde (i.e., nic: tr hydrogen) battery systems offer the advantage of numerous 

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

f i x  the reference cordiguration ar~d should provide at least four times the service l i fe of 

conventional nickel cadmium battery systems. With an energy storage system of this size, 

an energy density of 57.3 watt-hwrsfkg (26 WHr/lb) including tankage was derived, With 

a depth of discharge 3f 0.7 during a .mrmal 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 
3 - for the energy storage system i a  313.2~10 kilograms (313.2 metric tons). 

Reference P k  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 lciyout of the reference phase distribr~tion system was developed on the basis of the 

following assumpt ims: 

o 7220 .c~tbarrsy, 10.4 re> x 10.l m each 

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

o Separate phase distt i bution and conjugaxion circuits 

o Electronic circuits as per Linconi report 

o Phase di5':ibution tree ernploys three layers to s\:oarray or four layers to klystron 

level 



o Fourthlayerisaddon3ndcanbeomittedifsodesiredw1t~tinfluenungtherestof 

the Ire? design 

0 First layer is t r iple  redundant, second iayer i s  double redundant in phase distribution 

t r e e  

Figure 1.1.2-24 shows one  quadrant of t h e  antenna with t h e  boundaries between constant 

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

representirrg 0 dB power density. h t h e  outer  ring, L _O, "l y K = 4 klystrons a r e  employed 

per wbarray  resulting in -9.54 d 3  power density. 

Figure 1.1.2-25 displays .mw the antenna i s  divided into sec tors  and groups. There are a 

to ta l  of 20 sec tors  within t h e  antenna, each  representing approximately ar. !8O wide pie 

shaped area. Actually the re  a r e  t h ree  different  types of sectors, Qty 4, sector A, Q t y  8, 

sector B and Qty  8, sector  C. 

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

results in 361 s u b r r a y s  per sci tor .  The fine subdivision t o  subarray groups have to be 

developed only f c r  the  three  separate cases of A, 6 and C. 

The selected subdivisians allow a three  layer tree layout containing 20 x 19 x 19 = 7220 

output terminais, corresponding t o  the  input terminals of t h e  subarrays. 

Figure 1.1.2- 26 shows the  beg inn i~g  of the t ree,  which has triple redundancy. 

The anienna has Qty 3 €320 junction boxes (LO way dividers) which a re  located 50 m from 

the center  o i  t he  antenna, 120' apar t  on a circle. Any of t he  receivers associated with 

these junctions cdn ix cornrnanded that  they become the  phase reference receivers for t h e  

antenna. A total cf 20 cables go f rom a B2C) iunction to t h e  dig junctions located in t he  

middle of d sector ,  thus the overall system has a total of 60 of these f i rs t  layer cables. 

Into a sectcl- center  the reference signal arrives from three  separa te  s tar t ing points. At a 

command one  af these signals a r e  selected, synchronocsly for all 20 sector  centers. At a 

sector  center  tl~e selected reference s.gna! is divided intd 19 hay arid the  signal is 

transmitted down t o  gro:rp centers. The electronic equipment 3ssociated with this 

trans1 n~ssion is redundant d t  tlie sector centers  and the group ccnters, a c c q t  for the 
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Finurn 1.1.2-26 Location of Ht &rence Phist? Repeater Sations of &~tots and Groups 
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T .  I. 1.2- 12 Summary of w.g. Stick fimtitk 

1 
I Qty /Subarray 

Av. Length, m 2.308 
Y 

S t i c k  Type 
Length (a) 

Q ~ Y  of 
Level Subarrays 

1 308 
2 624 

I : 656 
6 32 

5 744 
6 672 
7 664 
8 536 
9 1112 
10 1072 

Tota l  7220 

Q t y  of S t i c k s  
1 2 

2.6 1.733 

199584 
411840 
283392 
159280 
321408 

565056 
430272 

231552 
48Q384. 
471680 

2359536 1134912 

1 2 
2.6 1.733 

648 
660 
432 
443 
432 

648 
648 

4 32 
432 
440 

3554448 

6134.79 2070.78 

8205.57 

Grand Tots1 

~ e n ~ t  hYa 

Grand T o t a l  
~ e n ~ t  hkm 

1 



cable which is between t h e  sector  center  and group center.  (The availability analysis 

indicates t ha t  t he  omission of t h e  second cable  has very l i t t le  effect.) 

Once 1 he signal arrived t o  a group center  is again divided by a B19 divider and i s  s en t  to 

the  suburays. No redundancy i s  provided at this  level, instead a bi-yearly maintenance is 

implemented. 

From subarray centers  t h e  number of phase distribution lines a r e  dependent on  t h e  number 

of klystrons mounted on  t h e  particular subarray. These kn dividers provide 36 output 

lines in the  middle of t h e  zntenna and four output lines at t h e  edge. 

Tables 1.1.2- 10 and 1.1.2- 1 1 shows the  quantities of s ibar rays  in various power levels, 

sectors  and groups. 

Figure 1.1.2-27 shows t h e  layout of t he  subarrays, including t h e  dimensions of k!ystron 

modules, w.g. s t ick  sizes and nurn ber of w.g.'s (nr = number of w.g. forming a row per 

klystron, n = to ta l  number of w.g. sticks per subarray). The figure also shows the  
S 

location and number of terminals of t he  Bmn type power dividers serving a subarray. 

Table 1.1.2-12 summarizes the  Qty of subarrays and associated w.g. s t ick types associated 

with the  various power levels. It  can be seen, tha t  ten different types of subarrays are 

required but only two  different types of w.g. sticks. The to ta l  length of w.g. in t he  

radiating elements i s  approximately 8205 km. Additional w.g. i s  needed for t h e  coupling 

lines between klystrons t o  w.g. sticks. 

Figure 1.1.2- 28 shows t h e  basic redundancy concept of t he  phase distribution network and 

Figure 1.1.2- 29 displays a mare  detailed block diagram from which applicable quantities 

of the  v a r i o * ~  components can  be determined. The same figure i-rdicatcs t he  failure ra tes  

which a r e  assurned for availability calculations. 

Table 1.1.;- 13 1is;s t he  Qty  of phase dividers t o  subarray and klystron ievel respectively. 

Doun t o  subarrav level only two types of dividers (B,O acd  B ! ~ )  3.e needed. An additional - 
type of 11 is required t o  klystron level. 

Table 1.1.2- 14 lists the  required phase distribution cables and their total length. 

Characteristics for two types of systems a r e  listed using equal or  unequal length of cables 
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Table 1.1.2- 1 1 Summary of Subarray Quantities in Various Phwing Sectors and Groups 
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Figure 1.1.2-27 Layout of the Ten Different Type of Subarrays, Showing Klystron and Phase 
Repeater Locations and Waveguide Stick Sires 

8-1 



Figure 1.1.2-28 Redundncy Concept of Phan Distribution N e m r k  

~ A I L U R C S A R ~  w o w n  
I N  W E  FAILUII I  PER 
lor NRS UNITS 

Figure 1.1.2-29 Block D i a g m  of Phase Distribution Network, 
Sh0win.q Applicable Failure Rates for Various Components 



Tsbls 1.1.2- 13 List of Phasrr Dividers to Subsmy Level 

BASIC SYSTM 

m 

REDUNDANT SYSTM 

E O N  TO KLYSTRON LEVEL 
(NO BmUNMNcY) 

TOTAL - 

TOTAL 
308 
624 
656 
€35 
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Table 1.1.2- 14 List of P h a ~  Distribution Cables 

TOTAL 
LENGTH 

KM 

AV. 
LENGTH 

KM LAYER REMARKS 
NO.OF 

CABLES -- 
EC .L CABLE LENGTH SYSTEM 

- r  2 f 
3 7220 

(NO REDUNDANCY I?I CABLES) 
(TRIPLE REDUNDANT CABLES) 

(NO REDUNDANCY IN CASLES) 
0.25 0.25 95 15 

(927 K M  IF SECOND LAYER IS ALSO 
REDUNDANT) 

(1629.3 KM 1F SECOND LAYER IS ALSO 

0.19 

TOTAL TO SUBARRAY 

101784 0.0069 

TOTAL TO TRANSMITTERS 

722 

832 

7023 

1533.3 
I REDUMDANTl 

UNEQUAL CABLE LENGTH SYSTEM 

0.25 
0.1 25 
0.06 

1 
2 
3 

15 
475 

433.2 

495.7 

28s 

780.7 

63 
380 

7223 

( ~ 3 . 2  KM IF SECOND LAYER IS ALSO 
REDUNDANT) 

. . 
(828.2 KM IF SECOND LAYER IS ALSO 
REDUNDANT) 

TCTAL TO SUBA~.RAY 

I 
4 101784 0.0028 

F- 

TOTAL TO TRANSMITTERS 

v 



within the same layer of the phase distribution tree. Either system is usable, but the 

equal length system may provide a slight reduction in the achievable ne t  phase error. For 

this system the able kng th  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  m p o n e n t s  in the  phase control system. I t  also displays the 

differential quantities bet\ -n a phase control system down to subarray level and a phase 

control system down t o  kl, ~ t r o n  level. 

Mcdwical Layout of the Diinikttion System. The mechanical layout of the Dr 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, (switch gear, DC t o  DC converters) and the RF cables with the associated phase 

transmitter, phase receiver and divider boxes. The cornporlents in this system are not 

related t o  any particular subarray but they must be supported on or behind the subarrays 

or on the secondary structure. 

The second figure is showing the components which a r e  directly associated with a subarray. 

This layout is obvioi ly  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 exhib~ted 

on Figure 1-1.2-30. 

W B S  1.1.21 MPTS Maintenance Equipment and Operations 

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 t o  fix the  failures is the klystron tube modules. A total of 3800 

tubes a re  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. 

W BS Dictionary 

This element includes the  description of the antenna items requiring maintenance, the 

legel 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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conducted rndcr contract NAS9-151%. It describes oniy t h e  klystron power amplifier 

maintenance. 

LLvd of Repllaoanart The level of replacement selected is that  of the  klystron tube 

module plus i t s  thermai control system as shown in Figure 1.1.2-31. Actual removal 

- $  the tube module involves access through holes in the  radiator to reach the  distribution 

wave guide attachment bracket which S H X W ~ S  the module to the distribution wave guide. 

Once this attachment is released the  module is f ree  to be removed. 

-n=?t 
I 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 1.1.2-32. The primary structure is an  A-frame 

design forming ridges that  allow free  unobstmcted 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 t o  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. 

Additionai 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 t o  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 attacned t o  

the boom to eliminate the  need for the manipulators t o  reach back down t o  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 nodule, and movement t o  

the next failed klystron tube estimated at a distance of 2 subarrays away or 20 meters. 
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The Satellite based maintenance systems will be  installed during satel l i te  construction. 

The systems are shown as they r e l a t e  t o  one  side of one  antenna in Figure 1.1.2-35 and 

1.1.2-36. Since two crews work on each  satellite,  these same  systems a r e  present on 

both sides of the  antenna. 

To enable the  docking of t he  various maintenance system elernents and t o  transfer cargo  

around the  antenna, t he  antenna structure has  been designed t o  incorporate a cargo  

distribution system and has s tructural  additions to allow maintenance gantries t o  b e  

positioned so they can be maintained and supplied with new klystron tube modules. 

Thc 60 person crew is delivered to the  satel l i te  in t he  crew habitat  using the  second 

s tage  of t he  POTV that  initially brought t he  crew from t h e  LEO construction base t o  

t h e  GEO final assembly base. Once at the  satel l i te  (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  satel l i te  

using a dedicated POTV (stage 2)  that  had initially brought klystron components t o  t he  

CEO 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 t he  antenna. The POTV then flies t o  t h e  other  s ide df t he  antenna leaving another 

pallet. At the completion of t he  repair operation, the pallets a r e  loaded with failed 

klystron tubes. The POTV then moves t o  t h e  two docking locations collecting the  pallets 

with failed tube rnodules and returns them to  the  GEO final assembly base where they 

a r e  refurbished. Following the release of the pallets, t he  POTV returns t o  t he  LEO 

construction base where i t  is made ready t o  deliver another load of klystron components. 

The actual distribution of t he  cargo  around the  antenna is accomplished through use 

of cargo transporters operating on the track system on two sides of the  antenna. The 

cargo transporter system consists of th ree  separate units a t tached together t o  form 

a "train." The riiiddle unit is a control unit that  has a crew cabin, power systems and 

cranelmanipulator that  moves the cargo between the  train and the  maintenance gantries. 

Units on either side of the  control unit a r c  essentially trailers that  carry either new 

klystron tube modules or  those tha t  have failed and have been removed. The train system 

moves down to  each gantry and delivers t o  i t  the nutnber of klystron tubes required 

in that  particular aatenna channel during one shif t  or  one day of operation depending 

on the channel. 
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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 w 6 tubes per subarray. Consequently i t  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 t ime than previausly identified for repair-3 112 days per satellite. The 

addition of 112 day to the  schedule, however, will not  appreciably alter  t h e  prior analysis. 

It should also be noted, the outside channels require far  less t ime to repair and less equip- 

ment due t o  fewer failed tubes. Cnsequently when the  crews assigned t o  this particular 

equipment a r e  finished, they can then be used to repair other components on the satellite 

such as the  dc-dc converters mentioned earlier in the  discussion. 

VBS 1.1.2.7 Mecharricai Pointing 

VBS Dictionary 

The Power Transmission System Attitude Control System provides fine control of antenna 

mechanical aiming. Control Moment Gyros (CMGts) a re  used t o  generate torques required 

for this fine control. 

Description 

The CMC1s located on the back side of the Primary Structure and a r e  12 in number for 

each transmitting antenna. A feedback loop from the  Antenna Attitude Control System 

t o  the SPS mechanical rotary joint allows the  rotary joint t o  apply torque t o  the antenna 

t o  continuously desaturate the antenna CMGts. This torque is supplied through a highly 

compliant mechanical joint so that  the natural frequency of the antenna in i t s  mechanical 

supports is below the control frequency bands for the  CMC's controlling antenna attitude. 

I he control system concept is described under W BS 1.1.6 
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llbss 
Each CMC 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 CMC's for two antennas 

was estimated as S202 million based on a CER. This averages t o  $790/kilogram for 

the CMG hardware. 

W BS 1.1.3 lnf ormation Management and Control 

WBS Dictionary 
The Information Management and Control System includes al l  computers and centralized 

and decentralized data processing required for overall onboard management of the satel- 

l i te configuration operation, flight ccntrol, 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 satellite state af 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 level to which a command capability wil l be provided. For the subsys- 

tems which are relatively well defined, this process was accomplished on the 

existing dcstgn. For those subsystems on which very l i t t le 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 i t  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 onloff status a r e  monitored for each klystron, however, onloff commands 

a r e  provided down t o  the  subarray level only. 

Tabel 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 t o  and including the slip rings) and for the  MPTS antenna (from 

the  slip rings throughout the  antenna). This segregation became necessary 

as the magnitue of the  requirements developed and it became apparent tha t  

two C3HS systems with a limited interconnect might be required, one for space- 

craf t  and one for the  M PTS antenna. 

B. System considerations and Features 

The large numbers of telemetry points and commands required by each sateilite 

made i: apparent that if all telemetry data were transmitted t o  the ground, 

either very large numbers of ground personnel would be required t o  monitor 

the data and generate commands, or  the equivalent work would have t o  be 

accomplished by automatic processing. It also became apparent tha t  if auto- 

matic processing had t o  be used, i t  could be done by a distributed processing 

system in the satellite with processors located near t h e  equipment being moni- 

tored and commanded. This system provides two other advantages, the amount 

of data transmitted throughout the  satellite and t o  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 a re  required, distributed 

throughout the satellite. These processors a re  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 t o  and from the ground. 
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The recommended approach is -tially two systems connected by a limited 

data  link thorough the  slip rings. The masons 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 t h e  slip 

rings will be very difficult 

C)  A redundant link with the  ground is provided 

The use of fiber optics is recommended for &ta transmission because such 

a system is of lighter weight, is more fault to lenant  (because it is a non-conductor 

i: Qes not propogate faults), has a wide-banei multiplexing capability, is inher- 

ently immune t o  EM1 and arc discharges, and t h e  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 fotmat which contains the  clock has been selected becaw the long 

distances over which the  data m a t  be transmitted not only make synchroni- 

zation with a separate clock signal very difficult, but also results in an appre- 

ciable increase in complexity and cost. 

C. Recommended C o n f i g u r a t i o ~  

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 (I). The t iers for 

monitor and control of the solar array are organized in tte same order as the 

solar array. At tie lowest tier (I), each RTU monitors and controls two of 

the I00 strings which constiwte a load sector. At the next tier (31, each processor 

(load sector cont.roller) monitors and controls 50 of the lower tier RTU's plus 

the  other load sector functions. The next tier (21, of processors (module controllers) 

monitor and control 48 load sector controllers and interface with the  C PU. 

The other spacecraft subsystems require a relatively small number of RTU's, 

hence there a r e  only three levels or  control, with module controller t 3  inter 

facing directly between the RTU's and the CPU. 
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The C W  manages data t ra i f ic  to and from the ground, formats telemetry 

for transmission and checks commands for bit errors. Other functions of t h e  

CPU include maintaining stored comrnands for oppcrating and testing the data 

subsystem in the  absence of g r d  control and control of telemetry data storage 

for later tranmission. 

Each t ier  monitors operation of the  tier below, instigates check on subofdinate 

units and establishes priority for upward comm~nication. The lowest tier inter- 

faces the  CDHS t o  other subsystems through sensor readings, digital data trans- 

fers and command outputs. An upper tier may also overr rde a command by 

a lower tier in order to  restore operation o r  diagcose apparent failures if its 

information on the status of the RTU involved, or information f rorn another 

RTU, warrants such action. 

Figure 1.1.3- 2 shows t h e  configuration for the M PTS antenna which utilizes 

f ive tiers of control not only because of the  much greater telemetry and corn- 

mand requirements, but because much quicker response is required by t h e  

power sectors and klystrons of the MPTS in order t o  prevent extensive damage 

in the event of an anomaly. f ,?e RTU's (I), moniroring these components monitor 

fewer sensors but sample them at nearly twice t , k  ra te  of the spacecraft RTU's. 

Similarly, at the next level above the  RTlJS, the RTU controllers (4). monitor 

fewer RTU'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 #4 and It5 which 

monitor and control tk antenna subsystems other than the M P T S  For these 

subsystems the number of RTU's is much smaller because of the  lower require- 

ments. As in the case of the spacecraft the  nurn ber of intermediated t iers 

is reduced for the  portion of the CDHS associated with these subsystems. 

W BS 1.1.4 Attitude Control and Station Keeping 

WBS Dictionary 

The att i tude control subsystem includes all operational elements and software required 

t o  maintain orbit station keeping and att i tude control of the  SPS in the operational orbit 

or to establish attitude control from an initially uncontrolled condition. 
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~ t h l  

The att i tude control system includes at t i tude sensing and an electric propulsion system 

wi thf our installations, one at each cor x r  of the  SPS energy conversion system. A typical 

corner constallation is illustrated in Figure 1.1.4- 1. The att i tude control system includes 

thrusters, power processors, structure, propellant f e e d  and control systems and instrumentation 

and control. Chemical propulsion is provided for control during equinoctal occultations 

or unexpected loss of electric p w e r .  Additional discussion of at t i tude control operations 

may be found in Sections 1.1.0.3 and 1.1.0.4 of Volume I1 of this report. 

h k s  

A mass summary of the  at t i tude control system was given in the  comprehensive mass 

table. This mass estimate is based on Part  11 results described in Volumes 5 and 6 of 

the  Part  I1 Final Report, adjusted t o  refiect the current 5-GW configuration. 

Cast 

A cost sumary for the at t i tude control system is given in Table 1.1.4- 1. The cost  data  

represents a n  update from the  Contract NAS9-15196 Part  I1 Final Report results. 

WBS 1-1.4.1 S#rsof Systems 

Velocity control is required t o  maintain orbit station by offsetting solar pressure and 

orbital drif t  toward the neutral point. Attitude control is required to provide Sun orien- 

tation of the  collector and high accuracy Earth rectenna pointing of the  two antennas. 

In addition t o  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 t o  t h e  solar pressure. Individual thrusters 

a r e  modulated above or  below their bias level t o  provide the control torques needed 

t o  offset gravity-gradient disturbance torques. In essence, there is  no additional propel- 

lant penalty for collec*or al t i tude control. The basic features of this concept a r e  illus- 

trated in Figure 1.1.4-2. Single axis (pitch) rigid body control only is shown. Thruster 

location will be a t  the nodal points ~f one of the iower m ~ d e s  t o  minimize excitation 

of that  particular flexible mode. Active damping of other modes will be achieved by 

superimposing additional thrust mod~lation sigilals on the at t i tude control thrust level 

commands. These signals a re  derived from the outputs of multiple ra te  sensors which 

a re  processed t o  isolate the rigid body and iower bending mode components of motion. 
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W B S D k t h i U y  

Thrusters include the primary electric thrusters for maintenance of at t i tude control, 

and auxiliary chemical thrusters required for establishment of at t i tude control when 

electric power is not generated by the  SPS. 

otsctiption 

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 1 1.4-4. 

Mas 

Electric thruster mass was estimated at 50 kilograms each based on extrapolations from 

the 30 centimeter thrusters presently in experimental production. 

Codt 

The thruster cost estimate was derived from an  electro-mechanic& cost estimating 

relationship and a production ra te  extrapolation. A cost check was made between this 

result and a cost estimate provided t o  NASA by the thruster manufacturer (Hughes) 

with good agreement. 

W BS 1.1.4.2.2 Ropdiant 

The propellant for the electric propulsion system is liquid (cryogenic) argon. Approximately 

50,000 kg per year is required, as established by the  need t o  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. 

W BS 1.1.4.2.3 Ropellant 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 a s  propellant 

gauging and vent valves and the rnultilayer insulation on the tank. 

108 
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asaiption 

The propellant containers are spherical aluminum tanks located near each thruster instai- 

lation. Tanks are sized to hold one year's supply of propellant plus a 20% margin. The 

oxyg-rr and hydrogen tasks include a 20,000 kilogram maneuvering reserve in addition 

:o the  normal control propellant. This is sufficient to re-establish the  SPS normal at t i tude 

from any initial attitude. 

Because of the lcng propellant storage time the  tanks are &signed with a light-weight 

hard -shelled vacuum jacket that  includes approximately 50 layers of multilayer insulation. 

The tanks a re  designed t o  be refilled from a tanker or removed and exchanged with 

new tanks brought from Earth. 

Mass 

The mass of the propellant tanks was estimated as 75% of the  fluid contained. The 

total mass Is 1 500 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. 

W BS I. 1.4.2.4 and 1.1-4.2.5 Ropellant Feed 'lhrust Cmtrd System 

W BS Dictiorwy 

These elements include all propellant feedlines and thrust control electronics and intru- 

mentation. 

Description 

The propellant feedlines are uninsulated aluminum lines. Propellant pressure is controlled 

t o  the pressure required for the  thrusters by regulators. A shutoff valve is inc!uded 

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. Oxygenlhydrogen thruster thrust control is provided by operating the  

thrusters in pulse mode. 



D 18G25037-3 

VBS 1.1.4.2.6 Power Processors 

WBS Dictionary 

The power processor element  includes al l  power processing required to convert t h e  

SPS-generated electr ical  power (a t  40,000 volts) t o  t he  voltages and conditions required 

oy the  a t t i tude  control system, including thruster requirements, control requirements, 

a s  well as computing and other  requirements. 

Dqscription 

Power processors a r e  solid s t a t e  electronic processors t ha t  convert t h e  40,000 volts 

from the  SPS to  the  lower voltages required by thrusters and other  equipment. There 

a r e  a total  of 12 processors, three  at each  corner. 

Mass 

Mass of each  power processor was est imated as 15,583 kilograms based on a mass scaling 

relationship of 1.7 kilograms per kilowatt. This es t imate  includes the  thermal control 

t ha t  would be required for  these prccessors. 

Cost 

Each processor was est imated t o  cos t  $3.57 million dollars based on production r a t e  

scaling from cost es t imate  projections derived for  similar hardware in comlnercial produc- 

tion. This is about $230/kg. 

WBS 1. 1 .4.3 Chemical Propulsion 

A detailed definition was not developed 

W BS 1.1.4.4 Structure and Installation Hardware 

W BS Dictionary 

This element includes all s t ructure and a t t i tude  control installation hardware not accounted 

for under other WBS items. As such, i t  includes all structural equipment and standoffs 

added t o  the basic SPS structure t o  mount the  a t t i tude  control systems. Also included 

a re  secondary structure or support ~f propellant tanks and other equipment, and the  

gimbal system and thruster panels required t~ control the  thrust vector direction of 

the thrusters. 



Description 

The structure was illustrated earl ier  in Figure 1.1.4-1. The s t ruc ture  would be similar 

t o  t he  SPS primary strllcture including truss beams with suitable terminations t o  form 

t h e  tripod-like standoff. The gimbal system is a 2-axis motor-driven slow r a t e  gimbal 

system. Gimbal commands a r e  derived from t h e  instrumentation and control system. 

The thruster panels provide mounting for  t he  thrusters and support routing for  t he  e lec t r ic  

power feeds from the  power processors. 

M a s  

Each structural  installation was est imated at 6000 kg, for  a to ta l  of 2500 kg. 

WBS 1.1.5 

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 t h e  

f i rs t  alternatives considered were use of t he  uplink pilot signal from t h e  rectenna for  

transmittal of commands and modulation of one of the  MPTS antenna klystrons for  transmission 

of telemetry. Both of these techniques have t h e  disadvantage tha t  t he  MPTS antenna 

beam is  deliberately despoiled in t he  event  ~f loss of a t t i tude  control, thus severely 

degrading the  communication link a t  a critial period of operation. 

The recommended communication subsysten~ configuration consists of a spacecraft  

system and an MPTS antenna system which have a limited da ta  link by the  da ta  bus 

through the slip rings. The recommended IMC system is such tha t  approximately one  

megabitlsec. r a t e  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 ea r th  coverage 

gain of 18 dB a t  S-band. An omni-antenna is located on the  spacecraft  t o  provide for  

command reception in the  event  of a major error  in spacecraft  a t t i tude  control. The 

configuration shown, with a 20 wat t  transmitter will transmit up t o  20 Mbps and receive 

up t o  10 Mbps. 

Figure 1.1.5-2 i s  the  proposed frequency plan. Uplink command information will be  

received by the  satellite in the  2.050 t o  2.120 Ckiz band. Telemetry da t a  will be trans- 

mit ted in t he  2.200 t o  2.300 GHz band. A concern with this frequency plan is the  broadband 
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noise transmitted from the  MP'iS power transmission klystrons falling within the  2.050 

t o  2.150 GHz reception band. A typical klystron transmits AM and FM noise in t he  -.icinity 

of t h e  RF carrier. At  about one megahertz from the  carrier,  t he  noise character.  .c 

is relatively cofistant at a value of 130 dB/KHz below the  carr ier  component. Beyond 

t h e  klystron's passband (typically 10 MHz) the  noise characteris t ic  is further a t tenuated  

by t he  rolloff characteristic of the  klystron cavities. For a six cavity klystron, approx- 

imately 400 MHz away from the  carr ier  ( a t  t he  uplink command reception band), t h e  

rolloff characteristic of the  klystron i s  approximately 220 dB (six octaves). The output 

noise from t h e  100,000,70 KU' klystrons at the  edge of t h e  klystron passband i s  10 

dRW, while within the  commanc! reception band i t  is 220 dB below this value o r  -210 

dB (- 186 dBM). A typical phzse-lock loop command receiver has a sensitivity or  threshold 

of -140 dBM. Under the  above assumptions, then, :he wideband klystron noise i s  approx- 

imately 40 dB below t h e  command receiver threshold. Had  his not been t h e  case, some 

other frequency band, such a s  t he  11.0 t o  14.0 GHz band could have been selected. 

Higher frequencies may be desirable to minimize band crowding and interference in 

the  SPS t ime frame. 

W BS 1.1.6 Interface An tema  Yokes snd Turntables 

W BS Dictionary 

This element  includes all production hardware required t o  mechan~cally interface t h e  

satellite primary structure with the  MPTS structure. Subelements include the  mechanical 

rotary joint and drive system, t h e  elevation yoke joint, and interface s t ruc ture  between 

the satellite and MPTS systems. 

WBS 1.1A.1 Structure 

The MPTS antenna is at tached t o  the  satel l i te  primary structure by t h e  use of an  antena 

yoke, yoke support sturcture, a mechanical rotary joint and an  elevation joint (figure 

1.1.6- I). The ent i re  MPTS support s tructure i s  hinged at the  edge of t h e  satel l i te  struc- 

ture for LEOICE0 transport configuration. 

The yoke support s tructure is composed of the  7.5 meter beams baselind for  t he  satel l i te  

primary structure. The support s tructure beams join t o  form a hexagonal interface 

ma t  provides eight support points for  the mechanical rotary joint circular beam (figure 

1.1.6-2). 
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WBS 1.1.6.2 Mcdwisnrs 

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 

(f igwe 1.1.6-4) 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 priniary structure. At the antenna end of the yoke, a special end fitting 

is provided to interface u i th  the antenna elevation joint. The elevation joint provides 

fol- a small pointing angle adjustment (approximately 7 degrees) of the MPTS system 

for alternate rcctenna transmission capabilities. 

There is  an electrical rotary joint at the interface of t5e yoke and yoke support structure. 

The electrical connection across the elevation joint uses flex cables because of the small 

angle adjustment involved. 

Element Mass 

The mass of thc antenna yoke and turntable, for one MPTS, is listed in Table 1.1.6- 1. 

included in these masses are the attachment provisions and mechanical elements neces- 

sary for the subeleirien t supports. 

Elemart Cost 

The element costs estimating factors, for the items listed in Table 1.1.6-1, are listed 

in Table 1.1.6-2. 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 spacecraft 

central axis with limited motion for elevation steering while maintaining structural 

and electrical 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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Coin silver (90% silver and 10% copper) was selected for the slip-ring material and a 

silvermoiybdenum disulfide brush with 3% graphite was selected. The characteristics 

of this cmbinat ion are shown in Figure 1.1.6-5. With a design using a brush current 
2 &t,i~y of 20 ampslcm 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 t o  assymetrical loading, For this reason, the slip-rindbrush e m b l y  was designed 

for symrnetical loading as shown in Figures 1.1.6-7 and 1.1.6-8. Brush drag (with a coefficient 

of friction of 0.14) a t  a brush pressure of 4 PSI (25.6KPa) was computed to be M7N, 

and 463N 169,87 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, hmce,  rejects heat very poorly, Coin 

silver is a very good conductor. The combinations of the two results in acceptable slip-ring 

temperatures based on I U D  tes t  results. It was w m e d  that  no heat is rejected through 

the slip-ring feeders. Actual operating temperatures will thus be somewhat lower than 

shown since the feeders a r e  designed t o  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 p w e r  distribution, the  requiremertt 

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 t o  

accomplish power transfer for the ten pairs of power buses. 

The concept shown in figure 1.1.6- 10 was developed bsed on the following requirements: 

I. twenty separate slip-ring assemblies 

2. normal slip-ring current capabilities 

3. maximum brush current density of 20 amperes per square centimeter 

4. bwsh feeder current density of 400 amperes per square centimeter 

5. brush pressure of 25.9 Kpa (4 psi) 

6. coin silver slip-ring (90% silver and 10% copper) 

7. silver-molybdenum disulfioe-graphite (85% Ag, 12% MOSZ, and 3% Graphite) brushes 



Figure 1.1.6-8 SPS Bmsh Assembly 
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8. maximum outside diameter of 16 meters (fits inside HLLV payload bay) 

9. Earth assembled 

10. minimum spacing between different conductor systems of 0.7 meters 

1 I. positive retraction of the  brush assembly from the  slip-ring contact surface 

12. All feeder conductors t o  hav: tlaximum surface exposure to f ree  space for thermal 

dissipation purposes. 

The design shown meets the above requirements. A typical brush assembly/slip-ring 

interface, a cross-section of the  brlrsh assembly, and a typical brush were shown earlier. 
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WBS 13 SPACE CONSTRUCTION AND SUPPORT 

WBS D i i  

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 "Operaticnsn is used t o  collect certain costs, descriptions 

of operation of equipment is integrated with descriptions of the  equipment in order 

t o  enhance clarity. Crew count and operations costs are summarized under W BS 

1.2.1.3. 

Ekment Dcsaiptkn 

The baseline construction concept entails constructing a 5 CW photovoltaic SPS 

at geosynchronous orbit (CEO) using electric orbital transfer vehicles (EOTV's) t o  

haul cargo between a low Earth orbit (LEO) base and a CEO 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 HLLV flights every two days. Crews a r e  delivered t o  the  LEO base 

either by the HLLVts or by shuttle orbiter crew bus once every 90 days. 

The LEO base is used t o  construct the  EOTV1s and is also used as a staging depot 

for transferring cargo and crews t o  the  vehicles which will deliver them t o  CEO. 

During the  EOYV 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  CEO base in approximately 180 

days using the EOTVs. Crews and crew supplies are  transferred t o  the  CEO base 

in approximately 6 hours using chemical (LOZ/LHZ) orbital transfer vehicles (OTVts). 

The SPS's a re  constructed at CEO using a 4-bay- wide end builder construction base. 

The G EO construction base will construct one 5 GW SPS in approximately 6 months 

employing a crew of approximately 385 people. 

The CEO base is also used as a place t o  refurbish failed SPS hardware and is the 

home base of maintenance crews and their mobile maintenance systems thpt travel 
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to operational SPS's. The maintenance crew s i ze  at CEO depends upon how many operational 

SPSts a r e  in orbit. If 20 SPS's were  in place, i t  is es t i  'bated tha t  there  would be 240 

maintenance reople at t h e  CEO base and 240 people visiting t h e  satellites. 

The G E 3  base, i t s  configuration, equipment, and operations a r e  described in WBS 

1.2.1. The LEO base, i t s  configuration equipment and operations are described in 

WBS 1.2.2. The mobile maintenance equipment and operations are described in W BS 

1.2.3. 

WBS 1.2.1 CONSTRUCTION FACILITIESc CEO base 

W BS Dictionary 

This element  includes t h e  facilities, equipment, and operations required t o  a s scn~b le  

and check out t he  satel l i te  system. Included are fabrication and assembly facilities, 

cargo depots, and operations. 

Element Description 

The G EO base is shown in Figure 1.2.1- 1. It's primary function i s  constructing the  

5 GW photovoltaic satellites. The base i s  designed t o  mee t  t he  requirements listed 

in Table 1.2.1-1. 

The CEO base has three  contiguous a reas  used to construct t h e  energy conversion 

system, the  power transmission system, and the  interface system. For simplicity, 

these areas  will be referred t o  as the  Solar Array, Antenna, and Yoke construction 

areas. 

The CEO base is referred t o  as a 4 - b y  End Builder construction base. I t  ge t s  this 

name from the  manne. in which the  solar array portion of t he  SPS is constructed. 

Construction of t h e  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, e t c )  a r e  mounted on t h e  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 distance from the  solar array facility t o  provide 

an  a rea  in which the  rotary joint and mating structure can be built. 
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Table 1.2.1- 1 GEO Bsss Requirements 

4 i 

t I 

1. Construct the 5 GW mono1 i t h i c  SPS w i th in  6 months + 5%. 

2. Power co l l ec t i on  system construct ion operations t o  be 
performed : 

a. Frame assembly 

b. Solar array deployment 

c. Power bus system i n s t a l l a t i o n  

d. Thruster system i n s t a l l  a t ion  
( e l e c t r i c  and chemical th rus ter  systems) 

e. Avionics system i n s t a l l a t i o n  

f. Module t e s t  and checkout 

g. Annealing machine gantry assembly 
and i ns ta l l a t i on .  

3. Antenna construction operations : 

a. Primary frame asseinbly 

b. Secondary st ructure deployment 

c. Wiring harness i n s t a l  1 a t i on  on the 
secondary structure. 

d. Antenna subarray deployment 

e. Power d i s t r i b u t i o n  system i n s t a l l a t i o n  

f. Antenna t e s t  and checkout 

g. Maintenance system t rack  and 
gantry i n s t a l l a t i o n  

4. Yoke construction operations t o  be performed: 

a. Frame assembly 

b. Mechanical ro ta ry  j o i n t  assembly 

c. E lec t r i ca l  ro ta ry  j o i n t  i n s t a l l a t i o n  

d. Power bus system i n s t a l l a t i o n  

e. Elevation j o i n t  i n s t a l l a t i o n  

f. Gimbal mechanism i n s t a l l a t i o n  

(Continued) 
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Table 1.2.1 - 1 G EO Bas? Requirements (Cont'dl 

1 

5. Other const ruct ion operat ions t o  be performed: 

a. Antenna-to-yoke mating 

b. Antennalyoke-to-module mating 

c . Subassembly ope ra t~ons  

1. Thruster assembly 

2. Antenna swi tchgear assembly 

3. Module swi tchgear assembly 

4. Power bus support hardware assembly 

1 5. St ructure subassembly 

6 .  The antenna and module cons t ruc t ion  f a c i l i t i e s  must be contiguous. 

7. Provide docking and o f f l oad ing  systems f o r  t he  f o l l ow ing  vehic les  : 

a. Personnel OTVts 

b. ECTV-to-Base cargo t r ans fe r  vehicles 

c. Maintenance So r t i e  OTVts and crew hab i ta ts  

8. Provide operat ional  areas fo r  the f o l l ow ing  a c t i v i t i e s .  

a. OTV operations 

1. Stage handl ing 

2. Cargo hand1 i n g  

3. OTU maintenawe 

4. Propel 1 ant  t r ans fe r  and storage 

b. Cargo so r t i ng  and storage 

c .  Suba5sembly f ac to r i es  

d. Crew quarters, work modules 

e. Base maintenance 

9. Free- f ly ing o f  assernbl i e s  o r  const ruct ion and l o g i s t i c s  
equipment i s  t o  be avoided. 

(Continued) 
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Table 1.2.1- 1 GEO BE* Requirsments lCont'd) 

t J 

10. Provide a c o m n  base l o g i s t i c s  track network f o r  moving 
cargos, crew, and construct ion equipment. The l o g i s t i c s  
track w i l l  have a gauge compatible w i th  the s ize o f  the 
base framework beams. Provide alterr,ate pathways t o  
every f a c i l i t y  locat ion. Ensure tha t  there w i l l  not  be 
competition f o r  a spec i f i c  track locat ion. A l l  vehicles 
sel f-powered and operator driven. 

11. Ensure tha t  r e l a t i v e  motion between the fac i l i t y /cons t ruc-  
t i o n  equipment and the par ts  heing assembled are compatible 
w i th  the accuracy and time cc-.straints involved i n  the 
construct i  on operations. 

12. Provide moving indexing/support machines tha t  in te r face  
the module-to-faci 1 i ty and antenna-to-faci l i ty. 

13. Provide f o r  base a t t i t u d e  control  and s ta t ion  keeping, 
t ransfer  capab i l i t y  from one longi  tudinal pos i t ion  t o  
another. Thruster i n s t a l l a t i o n  and th rus t  leve l  t o  
accomnodate mass and CG excursi 9ns during construct ion 
operations. Thrust leve l  not  t o  exceed 5 x 10-59. 
Thrust w i l l  be constant thus al lowing burn time t o  vary. 

k 
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Table 1.2.1-2 gives me mass and cost summary for this base. Values in the table 

reflect SPf maintenance operations support facilities added t o  the CEO base as a 

result of maintenance analyses conducted during Part 111 of the prior study (Contract 

NAS9- 15 196). 

WEE5 1.2.1.1 Work SIppwt Facilities 

WBS Dictionary 

This element includes the facilities and equipment reqiiired for satellite assembly 

and check out. Included a re  beam fabricators, manipulators, assembly jigs, installation 

and deployment equipment, and cargo storage depots. Excluded are the  f arilities 

related t o  crew s u p p t .  

Element Description 

This element describes the configurations of the CEO base structure, construction 

equipment, cargo handling/distribution system, subassen;bly factories, testlcheckout 

facilities, 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 12.1.1.1 Strucnre 

W BS Dictionary 

This elemznt includes the primary and secondary structure of the  CEO base. 

Element Desaiption 

The G LO base structural configuration is shown in Figures 1.2.1-2 and -3. The facility 

primary structure is composed of 100 m square 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: 

(240,000rn) + (247,824m) (1.2X5KClm) = 2927 x I O ~ K C  
Antenna Solar Array 20% Total Base Structure Mass 
Platform Facility Allowance 

6 (2927 x I O ~ K G )  ($100/KC) = $293 x 10 Total Bare Structure Cost 
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VBS Dictmary 
This element  includes a l l  equipment i tems dedicated to construction of the SPS with 

the exception of equipment utilized in subassembly operations ( the !atter are includtd 

in U BS 1-2.1.1.4). 

Uanart Dc#ript#rr 

Table 1.2.1-3 provides a summary listing of t h e  equipment types, where used, quan- 

t i t  ies, mass and ccst. Each of the major equipmmt i tems a r e  described In the  subele- 

ment descriptions beginning page 155. 

Construction OperatiomOwniev 

SPS assembly operations commence with the  construction of the energy conversion 

systenl as shown in Figure 1.2.1-4. .4ssernbly of the energy conversion system is 

timed for siniultaneous completion and mating with the  interface system and power 

transnlission systetn. The X;W monolithic satel l i te  is constructed and checked out  

in 2 E d  In six months. 

The 4 bay end builder uses two passes t o  construct t he  8 x 16 bay energy conversion 

system; each  pass prcvides a 4 x 16 bay module which contains t he  appropriate sub- 

systems (i.e., structure, solar blanket; power distribution and control, a t t i tude  control, 

etc.). The rnain power bus is installed during the f i rs t  pass in parailel with the  fabrica- 

tlon of contint:ous logitudinal beams. The seccnd construction pass is somewhat 

shorter since one side o f  the  s tructure is already built, and therefore less vertical 

and diagonal support beams a r e  required. 

The inter1 ace system is constrbcted separately and then joined t o  the  power transmis- 

sion sy-stenr. Thc satzl l i te  is fully asse~nbled, when these systems a r e  mated with 

the  energy conversion system. 

Energy Conversion System Construction Sequemcc 

Figures 1.2.1-5 and -6 illustrate rhe  generic sequence for assembling the  energy 

conversion system cn  the end Suildcr construction base. The construction process 

entails fabrication of continuous logitudinal structural members, fabricat ion and 

at tachment of seg~nented  structural members, and i~~s t a l l a t i on  of power b u s s ~ s ,  solar 

arrays, and other  required subsyste~ns. 



FWn 1.2.1-2 4 Bay End Builder Cmmucth Base 

r TOTALBEAYLEWGTn--m 
TOTAL tlwx LEffiTH - 2a.OQO 

r TOTAL TURNTABLES - m 

Fbure 1.2.1-3 Antenna ConsbructEon Piatfom 

132 



D 18025037-3 
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The construction operations begin with synchronized operation of the  ten 7.5 meter 

Iongitudinal beam machines, which fabricate short lengths of beams to establish 

nodal joints for a s s e m b l i  the first structural frame. Mobile beam machines for 

7.5 meter and 12.7 meter members are used to fabricate the  lateral and diagonal 

beam segments of the end frame. The 12.7 meter uppet lateral beams used t o  support 

solar blanket tensioning a r e  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 arrav canisters are 

anchored on the  construction base and the distal end of t h e  solar arrays are attached 

to the upper laterals. 

Upon completion of the end frame asxmbly and solar array attachment, the structure 

is indexed by continuing the fabrication of longitudinai members. As the  fixed beam 

machines fabricate the  667 meter longitudinal beams, t h e  main bus is deployed (on 

the first pass) and the sollar array panels, are Aso deployed. 

After completion of the  indexing phase, the upper lateral beam segments of the 

next frame a r e  fabricated and installed. Then, collector busses and switches a r e  

attached. Next the solar array canisters are detached from the construction base, 

momted on the upper laterals and the proximal ends a r e  connected to collector busses. 

Sirnultanmusl) . new solar array canisters dre anchored on the construction base 

and the distal ends a r e  attached to the upper laterals and c m e c t e d  to collector 

busses. Finally, pigtails a re  installed across the upper laterals t o  provide electrical 

connection between the busses. 

During this process, other structural members of the frame a re  fabricated as needed 

t o  complete the assembly. Various sensors, avionic components and thrusters a r e  

installed in parallel as needed. These assembly operations a r e  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) t o  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 1.2.1-7 depicts major beam installation activity at each frame-station with 

the longitudinal-diagonal 
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Figure 1.2.1-8 End-Builder-Constnrction System 
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(7.5 m) being installed before the lateral solar array (S/A) supportbeam (12.7m) t o  

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 t o  preclude 

interference with the  beam machine producing the vertical beam elements. The 

beam elements in t h e  plane of each f rame (verticals, lateral diagonals, and lower- 

transverse elements) a r e  installed last and complete the  structural buildup of each 

bay 

Major equipment functions and t k ~ r  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 ra te  of Imlrnin). The two views shown represent what is probably the 

most active location in the  base. The 12.7m beam machine provides the  requited 

S/A support beams, while nearby a mobile (track m a t e d )  7.5 m beam machine is 

shown at i t s  mid point of travel between one end of t h e  base and t h e  other. in addi- 

tion, the 7.5 longitudinal beam machine; bus installer and solar array implacement 

equipments a r e  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 a r e  deployed automatically as the  longitudinal 

beams a re  fabricated from one end frame t o  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 I5 m, etc.). 

The first method is preferred because i t  allows shorter construction times t o  be 

achieved while also permitting significantly slower rates for thin film solar array 

blanket deployment. This method requires the least equipment t o  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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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 i t  t o  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 itsanchor support fittings and fastened t o  the  next 12.7m support beam t o  

complete the cycle. 

Rower Bus hstabtion. In the  end-builder construction concept, i t  is necessary t o  

install power bus systems in two directions. A longitudinal centerline power bus 

system has t o  be installed "on-the-fly" as the  longitudinal beams are being fabricated. 

After 4 rows bays a r e  fabricated in the longitudinal direction, it is necessary t o  install 

a lateral power bus system. 

Installation of 3 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 a re  installed 

by a pair of 90m cherrypickers, one operating on the  upper facility surface and one 

operating on t h e  lower facility surface. 

The switch gear sui>assemblies a r e  preassembled in the  Level A subassembly factory. 

These subassemblies a r e  delivered t o  the upper facility surface where they will be 

installed by 30m cherrypickers. The installed configuration is shown in Figure 1.2.1- 

I I. Approximatel] two of these subassemblies a r e  installed per bay on the lateral 

power bus sys ,em installation locations. 

The power busses a r e  deployed by the  power bus deployer, (W BS 1.2.1.1.2.3.) The 

power bus material is delivered t o  the CEO 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 a re  welded t o  the  bus connection bar stock pieces 

that  a re  part of the previously installed switch gear subass~lmbly. 
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Figure 1.2.1- 11 Switch Gear Assembly Installed Configuration 



Attitude Control lhust Systems. The thruster systems a r e  installed at t h e  four 

corners of t he  SPS. After the  other  construction operations a r e  completed on t h e  

end bays (solar array electrical connections, bus installation and, bay framing, etc.), 

the  mobile 12.Sm beam machines a r e  reoriented to fabricate thruster  support beams. 

The unoccupi~d cherrypickers help assemble t h e  structure. 

The SPS e lec t r ic  and chemical thrusters a r e  installed within their yoke assembly 

at t h e  Level A Subassembly Factory. These units a r e  delivered t o  t h e  solar array 

module final assembly a rea  where they a r e  installed on the thruster support beams. 

The 30m cherrypickers will perform these operations. These cherrypickers will also 

participate in the  assembly of t he  support structures. 

The propellant tanks arr ive a t  CEO on pallets ready t o  be installed on t h e  SPS. This 

pallet i s  installed by 30m cherrypickers. 

The propellant plumbing and the  radiator systems a r e  installed piece-by-piece by 

30m cherrypickers. 

Mher.  The installation operations associated with t h e  avionics, communications, 

da t a  processing, and other  miscellaneous SPS energy conversion subsystems have 

not been analyzed. 

Microwave Fbwer Transmitter Construction Operations. The antenna i s  constructed 

upon t h e  antenna construction paltform shown in Figure 1.2.1-3 as a part  of t h e  

construction bass, It is constructed in parallel with the  construction of t h e  energy 

conversion system (solar array) module. 

Construction of t h e  antenna entails t he  following suboperations: primary f rame 

assembly, secondary structure assembly, power distribution system installation, phase 

control system installation, subarray installation and final tes t  and checkout. Thece 

operations a r e  described in the  following subsections. 
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Figure 1.2.1-12 shows a side view looking into t h e  antenna construction facility. 

This picture il lustrates t h e  relat ive locaticr,~s of t h e  various construction equipment 

items. Figure 1.2.1-13 illustrates t h e  e t n e r d  consrruction sequence. The antenna 

i s  indexed through the  facility one  bay ?t a tirne. When a full width of bays i s  completed, 

t h e  antenna i s  indexed longitudinally out of t h e  facility so  t ha t  t h e  next  row of bays 

can  be assembled. When t h e  antenna i s  completed, it will be  located at the  proper 

position s o  t ha t  i t  can  be  mated  t o  t h e  yoke, see Figure 1.2.1- 14. 

The integrated antenna construction timeline is  shown in Figure 1.2.1 - 15. 

Structure Assembly. F ~ g u r e  1.2.1- 16 illustrates t h e  configuration of t h e  antenna 

primary structure. Figure 1.2.1- 17 illustrates the  f r ame  construction sequence, 

t h e  beam machine and cherrypicker locations, and t ime  required. Figure 1.2.1-18 

illustrates t ha t  both "ialll' and "short" indexers a r e  required during the  f r ame  assembly 

sequence. The beam end fit!:ngs anci t h e  bat tens a r e  preassembled in Subassembly 

Factory 8 and a r e  then delivered in sets o r  magazines t o  the  antenna construction 

facility. 

The antenna secondary s tructure is  conceptually a preassembled deployable cubic 

structure. The s tructure is  delivered as a collapsed and telescoped package. The 

construction task is t o  expand and lock the  s tructure into a 104 x 104 meter  square 

platform tha t  can the,> be placed upon mounting points on t h e  antenna primary structure. 

The collapsed secondary s tructure package is delivered t o  t h e  antenna deployment 

platform. This platform is the  most prorvinent 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 t o  deploy the  secondary s tructu: .  install phase control wiring, install power 

distribution wiring, and t o  instail subarrays. 

After e a c ; ~  secondary s t rur ture  package arrives a t  t h e  platform, i t  is then placed 

onto thc  secondary s tructure de-telescoper machine mounted on one of the gantries. 

The phase control system installation cherrypicker is employed t o  anchor one  f a c e  

of the secondary s tructure while t he  de-telescoper re t rac ts  t o  expand the  s tructural  

package t o  i t s  full lorn depth. A lanyard is  then pulled which sllows t h e  secondary 

s t ruc ture  to expand using spring-activated hinges on the  s tructural  s t ruts .  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. Chetrypickers then make the 

necessary structural joints between the primary and secondary structures. 

Rover Bus h s t a l h t h .  After each bay of primary structure is completed, it is then 

tirne to install the power distribution system on the surface opposite the subarrays. 

The i irst step is to install bus support subassemblies which have been preassembled 

iil Subassembly Factory 8. A pair of cherrypickers are employed (the same ones 

used to install the upper surface of the primary frame). At the nodal joints of the 

primary structure, i t 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 instail 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 i s  deployed and attached t~ ,he installation 

telescopes, it is necessary to install a phase control wiring hardness (perhaps a fiber 

optics harness) onto the face of the secondary structure adjacent to where the subarrays 

will be instalied. A gantry and cherrypicker have been incorporated into the deployment 

platform for this purpose. 



The phase control interconnect operation bctween t h e  subarrays and the harness 

installed on the  secondary structure is accomplished as a par t  of subarray deployment. 

Subarrays Before subarrays a r e  delivered to the  deployment area,  the pallet of 

subarrays are delivered t o  a subarray tes t  a r ea  where e a c h  subarray will be t es ted  

fo r  mechanicd and electrical integrity, see Figure 1.2.1 -21. The subarrays tha t  

require refurbishn~enf ~ o u l d  be taken to a nearby facility for  repair. The tested 

subarrays a r e  loaded onto a transporter for &livery to the deployment platform. 

Figure 1.2.1-22 shows how pallets of subarrays are transferred t o  and from the sub- 

array deployer using a n  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 ~ b a r r a y  

deployment machine. The deployment machine mechanisms ex t r ac t  each  subarray 

panel from the pat let  and raise i t  into position where t h e  jackscrews can  be a t tached 

to  hardpoints on the  secondary structure. The subarray is then leveled. The cherry- 

picker on the  side of t he  deployer then makes t h e  phase control and power distribution 

pigtail connections t o  t h e  respective harnesses previously installed onto the secondary 

structure. 

Yoke Construction ad Mating; F i  Checkout 

The construction and mating sequence for t h e  satel l i te  interface system is illustrated 

in Figure 1.2.1-24. Assembly of the  interface yoke can lead t h e  antenna build-up 

as shown or  be delayed until antenna is almost fully assembled as shown in Figure 

1.2.1-25. 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 c~ns t ruc t ion ,  the  rotary joint and supporting yoke structure 

a r e  assembled on the  back face  of t he  energy conversion construction facility. The 

rotary joint is subsequently indexed outboard for at tachment t o  t h e  yoke (see Figure 

1.2.1-52). At rhe 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 at tached in incre- 

mental s teps t o  permit t he  base t o  gradually transfer the  antenna mass while indexing 
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Figure 1.2.1-24 Interface System (Yoke) Consttuction and Mating Operstion 
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i t  self away from, and c lear  of,  t h e  antenna. The s t a r t  of t he  final mating operation 

i s  il lustrated in s t e p  3. The ar ray  i s  indexed laterally along t h e  base s o  that t h e  

appropriate s tructural  nodal point is in t he  base overhang. The antenna assembly is 

also indexed on rai ls  until i t  i s  positioned for  completing assembly of t h e  mating in ter face  

structure legs. Subsequently t h e  base is indexed outboard t o  position t h e  next  pair of 

mating points in the  base overhang. The center  legs of t he  interface 

structure a r e  then completed. Step 4 illustrates t h e  final mating of t h e  power trans- 

mission system t o  t h e  energy conversion system. When the  mating operation is com- 

pleted, final test and checkout will be automatically performed on the major satel l i te  

systems (e.g., a t t i tude  control, dc  power distribution, a d  RF phase control). At 

t h e  conclusion of these tests, the  base will be separated from the  satel l i te  and trans- 

ferred to the  next satel l i te  CEO construction location. Subsequent satel l i te  power 

build-up operations will be controlled from the  ground. 

Equipment Description Summaries 

W BS 1.2.1. 1.2.1 Beam Machines 

WBS Dictionary 

This element  includes all  machines dedicated t o  fabricating structural beams. Beam 

machines a r e  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. 

W BS 1.2.!.1.2.2 Cherrypickers 

W BS Dictionary 

This element includes the mobile equipment that  has crew cabins equipped with dextrous 

manipulators. Cherrypickers a r e  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 con1 lguration. 



Table 1.2.14 Beam Machine Description SYmt 

Manned Beam Machine 7 . 5 ~  Syn:hrontzed : tbnnedBeam~chine 

o Fabricate 7.5 a brm I o Fabricate 7.5 a b e r  1 0 F a b r ~ c a t e 1 2 . 5 a b e r  

10 Ibch imr  optrated I o traverse 0 traversc 
synchronous 1 y o tilt 0-!WO I o Rotates 90' 

Remotely control led I o Rotate f 90' i 0 control led by on-bwrd 

Traverse i n  one dimension Control led by on-board operator L O operator ---------- ---- ---- -.-L --------- 
I (tonnon t o  a l l  types) 
( u fabricate c ~ l p o s i t e  material beam Suppor tbea~whi lebeamcndf i t t ing ins ta l l ed  

l o  l n s t a l l b e a m c n d f i t t i n g s  o Quick-change component magazines 

1 o install batten cnd caps o Harerial n l o s d  by cherrypickers 

l o  Support beam as I t  i s  fabrtcated 

YULRE USEO I Solar Array Lonqitudlnals I A l l  other btarm 1 Solar Arrav la tera l  Beams 

I o 7. *Beam fabricator 7.Bbcm fabricator o 1 2 . k  b e u  fabricator ' 0 6imble 
1 m n  control cabln 1 u n  control cabin 

I o Carriage (Self-propelled) 

o Beam End F i t t i n g  ins ta l l a t i on  system 

) o Beam holderlindexers I 
- -- - 

OPERATING RATES 
AND TIMES 

M Y  10 1 ,  
E*. 11OWkg 1 15000kg Ncs 
TOTAL 11O.MX)kg , K'.OOOkg ! :;:;: 

$35M TFU/$56.PAYE I S6SU TFUlf49.8~1 AVE 1 1 7 h  TFU/175m AVE 
mrr 1269M 1199M I S75U 

MANNING 1 operator per 8 machines I 1 optratorper uchtnet,:hshtfd 1 operator wr n c h i n e  each shtf 
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W B S D i a h a l y  

This element  includes t h e  equipment items used to s u p p r t  and move the SPS major 

end i tems during construction. 

Element Description 

Four s izes of indexers have been identified, see Table 1.2.1-6. A conceptwal con- 

figuration f o ~  ur indexer is shown in Figure 1.2.1-28. 

W B S  1.2.1.1.2.C Bus Depbymnt Madrims 

VBS Dicticmary 

This element includes the  construction equipment used to deploy the  sheetmetal  

power busses. 

Uemerrt Description 

Three types of bus deployment machines have been identified, see Table 1.2.1-7. 

A conceptual design for  t h e  bus deployment machine used on the solar array module 

is shown in Figure 1.2.1-29. 

WBS 1.21.1.25 Solar Array Deployma'tt Equipment 

WBS Dictionary 

This elemen: includes the  equipment dedicated to deployment of solar array blankets, 

with the  exception of cherrypickers. 

Element Description 

The solar array deployment equipment t ha t  has been i amt i f i ed  is described in Table 

1.2.1-8. 

W BS 1.2.1.1.2.6 Antenna Deployment System (Platform) 

WBS Dictionary 

This element inciudes the  equipment used t o  deploy and install t h e  antenna secondary 

structure,  t o  install p!~ase corltrol and power dstr ibution wiring on the  secondary 

structure, and t o  instali the  antenna subarrays. 

It10 
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The operation of the  antenna deployment system was described on page previously. 

System characteristics are summarized in Table 1.2.1-9. 

WBS 1-t1.1.3 Catgo Han&ing/Distrhtion System 

W BS Dictwmy 
This element includes the  hardware used for docking the  various cargo and crew 

vehicles, the  systems used t o  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  EOTV or chem OTV approaches the CEO base, the controller at the Earth- 

based Space Traffic Control Center would handoff control of t h e  vehicle t o  a local 

traffic controller, who is stationed in the  CEO base o. - .ations module. This local 

traffic controller issues verbal commands t o  the  pilot ol he OTV o r  issues data 

commands t o  the  unpiloted EOTV. The EOTV is brought into a stationkeeping position 

where i t  will remain until the  cargo is offloaded. The chzrn OTV's a r e  guided into 

a docking port on the  base. 

The EOTV transports the  cargo on a free-flying "cargo pallet vehicleN (CPV) that  

is attached t o  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 t o  activate the  CPV and launch i t  away from 

the  EOTV. The CPV is then guided into a dedicated docking system on the  CEO 

base. There would be dedicated crew members who would be located a t  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 controller 

directs their departure until the ground-based traffic controller takes over command. 

If space vehicles need refurbishment or repair prior t o  departure from the CEO base, 

there would be a crew of vehicle maintenance people who would handle the problem. 
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Tabie 1.2.1-9 Antenna Dbployment Symm Description Jns2t (ContimedI 
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There would also be a requirement for some CEO-based crew who would handle the 

OTV's and their cargo or crew payload modules. 

After a crew OTV is docked i n  the OTV operations area, Figure 1.2.1-30, a crew 

bus (concept illustrated in Figure 1.2.1-31) drives up to thc crew module and achieves 

an airlock. The passengers and crew are then moved out of the OTV inro 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 quarters. 

After a cargc pallet vehicle (CPV) is docked, cherrypickers w~;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 car :o 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 compo- 

cent containers from the pallet. The gantrylmanipulator then transports the con- 

tainers to a nearby storage rack. 

This operation is repeated until the cargo pallet is emptied. I f  there are empty con- 

tainers that are to be recyclsd, these are placed into the cargo pallet. Eventt~a:ly, 

the cargo pallet is returned and reloaded onto the CPV. 

The component handling gantryfmanipulator is dsed t o  remove containers from the 

storage racks and to piace them onto transporters. These transporters then take 

the containers either directly to construction eqbipment or to subas;ernbly factories. 

At the construction equipment, such as a beam machine or bus deployment machine, 

a cherrypicker is employed to changeout empty containers from the machine and 

replace them wit11 the loaded containers. 

At the subassembly factories (refer to figures 1.2.1-33 and - 3 4 ) ,  the component 

containers are removed from the transporters by cherrypickeis and placed on storage 

racks near the work spaces. 
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The transporters, either empty ar loaded with empty containers, a r e  then returned t o  

the warehouse t o  picu up another load. 

The movement of the transporters around the facility track network would be 

controlled from a central track traffic management center in t h e  aperations module. 

A11 of these transporters a re  self-propelled but a re  remotely controlled. The central 

track traffic management center controllers a h  keep track of the  construction 

equipment and crew busses that  a r e  operating on the  track network. 

VBS 1.21-1.3.1 Vehick t hkhg  Systems 

WBS Dictimary 

This element includes the systems dedicated t o  docking of chem OTVs and the EOTV 

cargo pallet vechicles. 

Element Oacripsion 

Requ~rernents for two types of vehicle docking sytems a re  identified. in Table 

1.2.1 - 11). Figure 1.2.1-30 showed the chem OTV docking fac: fities. 

The vehicle docking operations were discussed in WBS 1.2.1.3.1. 

W B S  1.2, I .  1.3.2 Vehicle Loading/Unlowling Systems 

VBS Dictionary 

This element includes the hardware systems used t o  loadfoff-load the  chem OTV and 

cargo ..allet vechic le. 

Element ksmi!~tior. 

The equipment associated with loadingfoff-loading the transportation vehicles is 

described in Table 1.2.1- 1 I. 
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WBS Dictimary 

This element includes the CEO 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 1.2. I - 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 wi l l  be required. 

The carriages associated with construction equipment items have already been 

accounted for. There 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. 

W e S  1.2.1.1.3.4 Cargo Sorting Systems 

WBS Dictionary 

This element includes the hardware -ystems dedicated to the cargo pallet contents 

cf f-load~ng into component storage, and component loading onto cargo trar?sporters. 

Element Description 

A r ~quirement for dedicated cargo sorting equipment has been :dentified. 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.J -1 .3-5 C x g o  Storage Systems 

W BS Dictionary 

This element includes the hardware systems used to store (warehouse) the SPS com- 

ponents and propellants. 

Element Description 

The cargo storage systems that have been identified are described in Table 1.2.1 - 13. 
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UNDER 20,000 KG CLASS 

o Crew Bus Carriage o Component Platform Carriage 

o S l  i p r i  ng Transporter o Small Beam Machine Carriage 

o Turntable Cart o Wiring Deployer Carriage 

o Ant. Sw. Gear Transporter o S t ru t  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 S t ru t  Magazine Tran;~orter 

o Conductor Ro l l  Transpwter 

o Bus Deployment Machine Carriage 

o Secondary Structure Deployer Carriage 

80,000 KG CLASS 

o Subarray Deployment Machine Carriage 

o So13r Array Magazine Transporter 

o Solar Array Deployer Cart-iages 

SPECIAL PURPOSE CLASS 

o Thruster Module Transporter (700,000 KG) 

o Module Indexing/Support Machine (3 x lo6 KG) 

o Antenna IndexinglSupport Machine (12 x lo6 KG) 



COMI'ONENT ' 
MAGAZINE HANDLING 
GANTRY/ MANIPULATOR 
I3 I'LCS) 

TRANSPORTER 

I 

- 

Figure 1.2.1-38 Central Cargo Receiving and Warehousing Area (Level A/ 

IS1 

Y L U T E W  

FUNCTWAL 
REOU1REMENTI 

WnERE M D  

WR 
WEELEMENTS 

W R A T I N G  RATES 
AN0 TIMES 

QTY 

W M S  E& 
TOTAL 

COST 
TOTAL 

MANNING 

o Transport cargo 

Throughout thc GEO &st 
0 tralne 
o Bogey units 
o Pouer sup~ ly  
o Avionics 

10 - Z W m i n  

20 

500 I'. 
IOMX) KG 

5% 
M(h 

REMOTELY CONTROLLED 



- 

- 

SUITE YS 

F r n r n A L  
IIEWIREYEWTS 

*((ERE USED 

w o n  
SW€LEYENTE 

OPERATING RATES 
AN0 TIYES 

QTV 

urO €4 
TOTAL 

CMT E& 
TOTAL 

YWNING 

Cargo Pa l le t  1 Ceaponent ugazlne 
Mlddan f t a t u n  handling g m t r y l u n i p  20 a cherryptcker 

1 

o Latches cargo 1 o lransfers cargo I o Unlatches cargo 
pal l e t  t o  ugaz ine  fra pal le t  u g a z i m  

I base structure pal le ts  t o  
I storage racks a Assists i n  

o Rcrotely con t ro~ lcd  

I 
r s l ~ v i n g  

o Rewtely controlled 
pal le t  

I 
o Transfers cargo 

u g a z i n s  frm 
storage racks to pal le t  f o r  

I 
transporters 

Reaoves p a l l e t  1 from transporter 

I 
and places on 
holdarn f i x tu re  

Yaretmuse YIrehouse I Yarehouse 

o F r r  o Srntry I 
o Latch mechmita I o M i p u l a t w  

o Avionics I 
i ! 
I 
I I 

I I 
3 I 3 3 

TBD I 
TBD TBD 12h TFU 

S 5 6 . l b  
t 

1 operator 1 operator 



Tibk 1.2.1- 15 CNgo Slow System Description mt 

ITEM CARGO STORAGE SYSTEMS ~ 8 s ~ .  1-2.1.1.3.5 

FUNCTIONAL 
REWIREMENIS 

WHERE USED 

argo Storage L c k s  I Propellant storage tank 

I 
Restraln cargo n azines. o Store propellants that  
pallets. subrssa%licr, c t c d  w i l l  be used on the mintcnrnce OW'S. 
Self-latching t n t e r f u n  srte;ltte transfer s y s t a .  and 
b c t m n  racks and crrgo. 1 base thruster systcmr 

I 
I 
I 
I 
I 

hrchousing area 
I 

rarenousing a r m  

I 
o Fralorork 
o Latches I 

I 
I 
I 

1 OPERATING RATES I I I 
AN0 TIMES I 1 

TBD I TBD I 
M A S  €A. 

TCTAL - 
iao I TBD 

I 
TBD TBO 1 

con LA 
TOTAL 

MMNING 

I 
I 



WBS 1.2.1.1.3.6 Cargo Distribution System 

WBS Dictianary 
This element includes the  CEO base track network tha t  is usea for mounting movable 

equipment. 

Element Description 

The cargo distribution system is a track network that  is built into the  base. This t rack 

system is mounted on the  facility s tructural  beams a s  shown in Figure 1.2.1-39. This 

network provides pathways for moving and cargo transporters, construction equipment, 

and crew transporters throughout t h e  base. Figures 1.2.1-40 and -41 show the  track 

networks in the  antenna construction facility. (The track network in t h e  solar array 

construction f ~ ~ i l i t y  tias n2t been defined). Table 1.2.1-16 summarizes t he  est imated 

cnaracteristics of the track system. 

WBS Dictionar:r 

This element inciudes tile vehicles t ha t  a r e  L. ed on the  CEO base track network for 

tran:o,>rting crew. 

Elemeni Descr.;.ption 

Requirements for two types of crew transport vehicles have been identified. Table 

1.2.1- 17 aescribes these vehicles (also see Figure 1.2.1-31). 

WBS 1.2.1.1 4 Subassembly Factories 

WBS Dictionary 

rhis element includes the  facilities and equipment dedicated t o  preassembly of SPS 

subassemblies prior t o  delivery t o  the final installation facilities. 

Element Description 

There a re  several SPS subassemblie; t ha t  cannot be shipped in a volume/mass efficient 

manner. Zubsequently, i t  will bc  necessary to  pre..ssemble some i tems a t  the  GEO 

base in dedicated facilities F r t o  delivering the  suba;sen:blies t o  the final assembly 

areas. (The subassembly areas were shown in Figures 1.2.1-33 and 1.2.1.34). The 

1 84 
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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 subassemblies used on the  

antenna and yoke. Table 1.2.1 - 18 summarizes the  equipment that  has bewr identified 

to date. 

VBS Dictionary 

This element includes all facilties and equipment on the  CEO base that  a r e  dedicated 

to test and checkout of SPS components or  subassemblies. 

Elemcnt Description 

The major test  and checkout facilities/equipment that  have been identified a re  the  

following: 

Subarrays test system 

a Thruster test  system 

Slipring assembly test  system 

There has been no configuration concept or mass, cost, or crew 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 t o  chem OTV or 

EOTV maintenance operations at the CEO base. 

Element Description 

These facilities have not been identified at this time. 

WBS 1.2.1.1.7 SPS Mainteaawe Support Facilities 

WBS Dictionary 
This element includes equipment items stationed a t  the  CEO base that are  dedicated 

to  the refurbishment of the SPS failed components that  have been returned from SPSVs. 
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The maintenance crew living and working modules and the  dedicated maintenance 

vehicles a r e  addressed in other  sections. 

Ekment Description 

The refurb~shment facility equipment provisions have not been defined at this time. 

'185 1.2.1.1.8 Base Subsystems 

VBS Dictionary 

This element  includes the  base electr ical  power and flight control systems. 

Element Description 
Several subsystems do not re la te  specifically t o  any one of t h e  crew modules, but 

instead a r e  associated with operating the  base a s  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 

e s  shown in Table 1.2.1-19. The average operating power level required is est imated 

at over 1600 KW. This load does not Include recharging of t h e  secondary power supply 

or losses. 

Crew module, power requirements were based on est imates for a 12 man space stat ion 

defined by Rockwell, scaled up t o  accollnt for t he  difference in crew s ize  and the  

number of modilles involved. 

Construction equipment power est imates relied on Boeing da t a  and da ta  from recent  

space station studies. Typical examples per machine include t h e  12.5m beam machine 

a t  5 KW, and crane/manipulator a t  3 KW. All of these est imates include the  power for 

a two man control cabin. 

2 
External lighting est imates a r e  based on providing 216 lumens/m a s  specified by 

McDonnell Douglas in the  Space Station Systems studv (NAS9-14958). Typical con- 

struction areas  in this study covered 2000 mZ and required LO K W  to provide the  

specified illumination. A total of 32 areas  of this s ize were identified. 



OPERATING POWER 

CREW MODULES 

ENVIRONMENT CONTILIFE SUPPORT 

INTERNAL LIGHTING 

INFORMATION SYSTEM 

GUID. 81 CONT. 

CONSTRUCTION EQUIPMENT 

SATELLITE EQUIPMENT 

ANTENNA EQUIPMENT 

SUBASSEMBLY 

EXTERNAL LIGHTING 

SATELLITE CONST. 

ANTENNA CONST. 

SUBASSYANAREHOUSE 

TOTAL 

Table 1.2.1-20 Solar Array Sizing 

REQUIREMENTS (KW) 

OPERATINGLOAD 

SECONDARY POWER 

SUPPLY RECHARGING 

8 POWER CONDITIONING 

POWER DISTRIBUTION 

RADIATION DEGRADATION (5%) 

SIZING 

CONTINUOUSLY SUN ORIENTED ARRAY: . . 
(SATELLITE TYPE CELLS, 140 wlrn2) 

FIXED BODY MOUNTED ARRAY WITH 

EARTH ORIENTED CONST. BASE 

ARRAYS ON 3 SIDES OF BASE 

MAX SUN INCIDENCE ANGLE OF 54.5 DEG 

TOTAL ARRAY SIZE: W 30000 m2 
205m x 205m FOR EACH OF (3) ARRAYS 



The to ta l  power requirement to be used in sizing t h e  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 tha t  produces the  operating loads during 10% of t h e  orbit. The 

allowance for oversizing is t ha t  associated with 50)lm cells and 75)lm cover slips. No 

thermal annealing is assumed. 

The primary power generation system is solar arrays similar t o  those used in t h e  

satellite,  with a nickel hydrogen bat tery system used for  occultation periods. An ar ray  

voltage of 1500 ~ o l t s  has been selected. 

The selected installation approach for t he  array is a fixed body mounted concept, with 

a n  array located on three  sides of t he  construction base so  tha t  t h e  necessary power 

can be generated by any one array with the  base a t  any location in orbit. Each array 

also has been sized t o  account for sun incidence angle penalties so t h e  combined ne t  

a f f ec t  is a total  array tha t  is approximately five t imes as large as an  array tha t  was 

always PEP. By past space system s~andards ,  this excess would be prohibitive, 

However, in the  era  of power satel l i te  with low mass and low cost cells, t h e  penalty is 

qui te  smail. 

Flight Control 

L*c!uded under t he  category of flight control a r e  the  guidance/navigation/attitude type 

sensors such as IRU, s tar  t rackers  and horizon sensors and t h e  propulsion system t o  

perform a t t i tude  and orbit maintenance maneuvers. 

This system has not been defined a t  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 members. Included a r e  living quarters, ceritral 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 f i t  

193 



within the  HLLV cargo  bay. Accordingly, the  modules have dimensions of 17m 

diameter and up to 23m length. 

A summary listing of these modules and their functions a r e  presented in Table 

1.2.1-2 1. All modules a r e  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 cos t  summary for t he  crew support facilities i s  

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 livir~g quarters. 

Elemen1 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 t he  offwork functions associated with living. 

A transient zrew quarters  has been provided. This module is used during crew rotat ion 

periods to  accommodate overlapping of the crews, preventing overcrowding of t h e  

crew quarters and allowing t ime t o  clean up t h e  crew quarters  between crew changes. 

This transient crew quarters  also provides for redundancy in t h e  event a primary crew 

quarters  module had a massive failure. The transient c rew quarters  further provides 

temporary housing for crews tha t  cannot be returned to  LEO in the  event  of vehicle 

troubles. 

Floor a rea  requirements associated with a 100 person module and the  division of 

functions among the  decks of t he  module a r e  shown in Figure 1.2.1-42. The indicated 

area  allocations a r e  based to  a large degree on the  Rockwell Integral Space Station 

Study (NAS9-9953). The indicated areas  a r e  sized for all 100 people present; this 

occurs one day per week when both shifts a r e  off-duty. 

The module is 17m 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. 

1 94 



Table 1.2.1-21 Construction Base Crew Modules 

MODULE -- 

CPEW OUARTERS 

TRANSIFNT CREW 

QUARTERS 

OPERATIONS CENTER 

a ?r?AINTENANCE, TEST 4 N D  

CHECKOUT 

a TRAINING 5( SIh4ULATlON 

a UNDEFINED 

QUANTITY FUNCTION (PROVISIONS) - - ------ 

PERSONAL OUARTERSIHYGIENE 

PHYSICAL FITNESS/RECREATION 

DINING 

USED DURING CREW ROTA7 ION PERIODS 

HOUSE VIP'S 

EMERGENCY OUARTERS 

BASE OPERATIONS 

CONSTRUCTION OPERATIONS 

CONSTRUCTION EQUIPMENT 

SATELLITE COMPONENTS 

NEW PERSONNEL 

REW CONSTRUCTION OPERATIONS 

CLINIC 

NOTE: ALL  MODLJLES SELF-SUFFICIENT EXCEPT PRIMARY POWER AND FLIGHT CONTROL. 

Table 1.2.7-22 4-Bay GEO Base Crew Module Mass and Cost Summary 

I 4-BAY 

CONCEPT 

ITEkI 

CREW QUARTERS 

OPERATIOPIS lrlODULE 

MAIIJTEPJANCE LIODULE 

TRAlFIlNG I.1ODULE 

TRAtJSIErJT CREW QTRS. 

MISC. 

TOTAL MASS 

TOTAL COST 

QTY 

8 

1 

3 

1 

1 

1 

MASS 
1 

COST ' 

MASS EA, KG , 

375 X 103 

218 X 133 

164 x 103 

143x103 . 

375 X 103 

146 X 103 

COST EA S 

3325 X 106 

$347 X 106 

5193 X 106 

5158 x 106 

$325 X 108 

S236 X 106 

SUSTOTAL 

3000 X 103 

218 X 103 

492 X 133 

143x103 

375 x I@ 

146 X 103 

4374 x 103 

SUBTOTAL - 
$2600 X 106 

s 4 7  X 106 

6579 x 108 

51% X 106 

$325 X 106 

$236 X 106 

34246 X 106 



o '12ED FOR 100 

0 iLOOR AREAS SCALED FROM 12 HAN UNITARY SPACE STATION (BASED ON ROCKWELL 1970  S N O Y  - 

o AREAS BASE0 ON ENTIRE CREU BElff i  PRESENT 

RECIPHYS FIT./MAINT 

PERS. QUARTERS 

CONTROL/SUBSYSTMS 
1 5 . 6  

I PERS. QUPRTERS 

PERS. WARTERS 

EXPEND STORAGE 

0 GEO WDULE MODIF 
o ADD 1 DECK FOR RADIATION SHELTER 

ALLOCATIONS PER HOWLE 

FUNCTION FLOOR AREA 

~2 ( FT* ) 

PERSONAL QTRS 512 (5500) 

PHYSICAL HYGIENE 8 9  ( 960)  

RECREATION 107 (1150) 

PHYSICAL FITNESS 5 3  ( 570  

GALLEY 5 3  ( 5 7 0  

DINING 1 1 6  (1250) 

CONTROL CENTER 37 ( 400)  

SUBSYSTEMS 1 4 9  (1600) 

MAINTENANCE SHOP 9 ( 100)  

EXPENDABLE STORAGE 193 (2080) 
(90  DAYS) 

o TUNNELS/AISLES - 163 (1750) 
TOTAL 1480  15930 

MARGI N 71 760  

Figure 1.2.142 Crew Quarters Sizing 



Crew Module Subsystem Definition. The design approach used for  each  subsystem was 

generally t he  same as defined by Rockwell in their solar powered integral Earth orbit 

space station study (NAS9-9953) for JX in 1970. A summary of these subsystems is 

provided in Table 1.2.1-23. 

Structum. The crew module primary structure is aluminum alloy. The  pressure com- 

partment  is designed for a n  operating pressure of 14.7 psia. The outer shell of each  

[nodule consists of a double bumper micrometeroroid protection system tha t  was 

designed t o  give a 0.9 probability of no penetration in 10 years. Also included in t h e  

outer bumper system is t he  thermal radiator for internal hea t  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 t o  provide a refuge for  the  crew during solar f la re  

aczivity. 

Electrical Power. The primary electr ical  power system is diiscussed under t h e  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 

a r e  also included in each  module. 

Environmental Control. All modules have an independent ECS, The system provides 

an  Earth atmosphere envircnment. Oxygen makeup for leakage and usage is provided 

through electrolysis of water which is obtained by reduction of C 0 2  using a Sabatier 

reactor while C 0 2  itself is removed using molecular sieves. 

Nitrogen t o  supply leakage and repressurization is stored a s  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 a r e  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 l i fe  support a r e  the waste management and personal 

hyqiene systems, 



CREW MODULES 

STRUCTURE 

ELECTRICAL PGrNER 

ENVIRONMENTAL CONTROL 

a LIFESUPPORT 

CREW ACCOMMODATIONS 

IKFORMATION SYSTEM 

ALUMINUM ALLOY 

METEOROID PROTECTION 

P(o) = 0 FOR 10 YRS. 

DOUBLE BUMPER 

PRESSURE COMPARTMENT 

101000 n/m2 (14.7 psi3 

EMERGENCY - FUEL CELLS 

EACH INDEPENDENT 

LEAKAGE 

OXYGEN -WATER ELECTROLYSIS 

NITROGEN - CRYOGENIC 

REPRESSURIZATION 

OXYZEN - HIGH PRESS 

NITROGEN - CRYOGENIC 

WATER - SABATIER REACTOR 

C02 REMOVAL - MOLECULAR SIEVES 

THERMAL -WATER AND FREON LOOQS 

URINE AND WASH WATER RECOVERY 

DRIED AND FROZEN FOOD 

WASTE MANAGEMENT 

PERSONAL HYGIENE 

PERSONAL EQUIPMENT 

FURNISHINGS 

RECREATION 

PHYSICAL FITNESS 

COPhMUNlCATlONS - S BAND 

DATA PROCESSlFiG 

DISPLAYS AND CONTROLS 



CrcvArranmod.tions 

Included under this category a r e  the  personal equipment, furnishings, recreation and 

physical fitness equipment. These are locared only in the crew quarters. 

brforrrsation System 

The principal systems included a re  communications, data processing and displays and 

controls. b c h  module will have i ts  own ir! ernal communication system as well as 
contact with the main communication center located in the operations module. The 

principal link between the base and Earth or transportation vehicks is S-band. Each 

module has data processing capability suitable f o r  its meds. Each module also has an 

appropriate set of displays and controls  

Guidance and Curtrol 

Displays and ccwrtrols for these systems a r e  located in the Operations module although 

the equiprnerrt itself is located throughout the base. 

Reaction Control 

This is a base level subsystem. 

special Equipmerrt 
This equiprilent is peculiar to the maintenance/test/checkout and training!simulation 

modules. 

Element Mass 
The mass of  the crew modules are  summarized in Table 1.2.1-24. 

WBS 1.2.1.2.2 W A  Moduks 

WRS Definition 

This element includes ihe crew m d u l e s  used for operations, maintenance and training. 

Element Dcxr ipt ion 

The work modules have the same general conf~guration and subsystems described for 

the crew modules. 

The operations  nodule serves as  the controi center for all base operations and con- 

struct ion operations. Tspical base operations to be controlled from this module 
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STRUCTURE 

E LEC. POWER 

ENVIRON. CONT.1 
LIFE SUPPOaT 

CREW 
ACCOMMODATIONS 

INFGRRIATION 

GUlD 81 CONT 
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include that  associated with the  primary power supply and flight cantrol system 

(attitude and stationkceping), communication system within the base as well as that  

with Earth, other bases and transportation vehicles in transit. 

Overall crew scheduling and consurnabks management functions a r e  also included 

wder base operations, Construction operations controlled from thc module include 

those functions associated with schcduiing, briefings, troubleshooting or i .ntifying 

w o r k a r d s ,  monitoring of construction operations and the operations associated with 

cargo handling and distribution. The operations module also houses the central data 

m a n a g e m t  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 pmarurcl and 

for development construction task procedures in a controlled environment. 

An additional module has been included to provide for functions not ircludtd 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 Mass 

The mass of the work modules a re  summarized in Table 1.2.1-25. 

VBS Dictionary 

This element includes the planning, development, and conduct of operations at the 

construction facility. I t  inciudes both the direct and support personnel and the 

expendable maintenance supplies required for satellite assembly and checkout. 

The operations work element is used t o  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. 

20 1 



Table 1.2 1-25 Work Module MISS Summary - Miss in 103 kg 

SYSTEM -- 

STRUCTURE 

E LEC. POWER 

ENVIRON. C0NT.I 
LIFE SUPPORT 

CREW 
ACCOMPelODATIONS 

INFCFihlATlGN 

SUID & CON1 

REACTION CON.' 

SPECIAL EOt:lPhlENT 

SUBTOTAL 

GRO\VTH/ 
CClNTINGEWCY 

IOTAL DRY 

CPN'it?%!ABLES 
(90 DAYS) 

OPERATIONS MAINTENANCE TRAIN:NG 
CENTER TEST & C/O ---- -- & SIMUL. -- 

i OTAL 



The operations descriptions were inclwkd with the  base hardware descriptions t o  

provide an integrated exposition of the hardware elements and their roles in 

constructing SPS's. 

Element Dtscription 

The operatiws conducted at t!re CEO base include the  following major categories of 

operat ions: 

Transportation Vehicle Operations 

Cargo Handling/Distribution Operations 

Construction Operations 

- Solar Collector Construction Operations 

- Antenna Construction Operations 

- Yoke Construction Operations 

Command and Conrrol 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 st~own in Table 1.2.1-27. Figure 1.2.1-43 presents the  

crew organizational relationships that were used t o  determine crew size. 
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Table 1.2.1-26 GEO Construction Baoe 

Base Directors and Managers- - - - - - - - - - - - - - - - - - - - - - - - - 
a Construction Management Operation------------------- 

- Construction Management Staff ------------------- 22 

- Energy Conversion System Construction Crew------ 40 

- Pbwrer Transmission System Construction Crew----- 40 

- Subassembly Construction Support---------------- 46 

- Construction System h-laintenance----------------- 37 

- Construction Logistic Support------------------- 4 2 
- Test and Qua11 t y Control - - - - - - - - - - - - - - - - - - - - - - - - 40 

Support hfanagement ----- - -- -- - ------- --------- -- 67 

Total Personnel 385 

Table 1.2.1-27 WBS 1.2.1.3 Mass and Cost Summary 

WBS SUB-ITEMS 

1.2.1.3.1 TRAWPOHTAT I O N  VEHICLE OPERA1 IONS 

1.2.1.3.2 CARGO HANDL lNG/DISTRIBUTIOk  OPERATIONS 

1.2 .1 .3 .3  CONSThUCTIUN OPERATIONS 

1.2.1.3.4 COWANfi  ARD CUMTQOL OPERATIONS 

1.2.1.5.5 BASE KAINTENAhCE OPERATIOkS 

1.2.1.3.6 SPS MAIhTENARCE SUPPORT OPERATIONS 

1.2.1.3.7 EASE SUPPORT OPEI~ATIONS 

(ALLOLA5X FilR CUNSUMMABLES) 

1.2.1.3 GPERATIONS 
i 

MASS. lo3 kg COST, $lo6 

2.64 

5.04 

27 .O 

3.6 

1 6 0  

28.8 

8 . 0 4  

7.5 

62.62 



NUMBERS IN ( ) INDICATE THE NUMBER OF 
CREW MEMBERS REQUIRED TO STAFF THE 
INDICATED JOB OVER 2 SHIFTS 

THESE PERCENTAGES WERE BASED 
ON BOEING AEROSPACE COMPANY 
MANUFACTURING EXPERIENCE DATA 

D ( N O . O F  MACHINES ),,,(,OF OPERATORS ) x ( ~ o . o ~ ) -  SHIFTS - TOTAL CREW REQUIRED NO. OF 

TO STAFF THE JOB 
MACHINE 



TOTAL - 

k 
i 

g I 

VOICE eOY In FOV w (2) 

73AFFZ COW nl 

FLT 0.S S U P  -0 I41 
V C W L E  llGR 14) 
VEU~CLE COOAO I81 
FLT M T A  COORD I*) 

i 

WSE HOTEL YWo€Nl*r  *L(Qn 
UTYI1WS yo0 WII can am 

a~ 9 1 '=L - ta 
J - WIUTAT - O t t L  CLERKS -m L*LT conmoan o, 

UTILITIES O 411x2-8 OmJTILI 0 1  
& l o - 8  - UlOO mRVlM ?U*YLDICI (I) 

--mn a - n  4 8 1 d  
SYS 0 -0WRNoOtnS 
b J - 4  r ( n m m E L  

a 4 -  rn 

WLDMKmn 

hp""9  THRUSTER 

b c Ill, 

i nu* TOTAL CREW SIZE = 386 
I41 @ 

i 

.*PomEcw- 
* 0 4  

I 

STRUCT AS87 h 2  - 4 
MANIC Ol &l - 4 

IAT'LS 
RECEIVING 

CARaO MASTER t TRAWI a 
112 - 2 b 2 - 4  
n u v  UNLOADIIM M ~ W E  
112-2 LOADER 
GANTRV OC 1011 - 10 
212-4 
SORTER OI 
412 8 
INV CON1 
2.2 - 4 

F is~re  1.2.1-43 
G EO Base Crew Jobs and Organization 



D 180-25037-3 

WBS 1.2.2 Logiitics Support Facility (LEO Base) 

WBS Dictionary 

This element includes the hardware, software and operations required in  LEO to 

support the constructim, opcration and maintenance of the satellite system. Included 

are crew l i fe support facilities, cargo and propellant depots, and vehicle servicing 

facilities necessary for tbe receiving, storage, and transfer of cargo and personnel 

destined for a construction base cr operational sateliite located in CEO. 

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 wil l be accomplished during Phase I1 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 wil l be used to construct a fleet of EOTV1s. 

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 HLLV1s to 

EOTV's. The EOTV's will stationkeep with the LEO base during the cargo transfer 

operations. Inter-orbit vehicles (IOTV1s) 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 CEO base. This requires transient crew quarters and the docking facili- 

ties for the Earth-to-LEO crew vehicles and the crew OTV1s. 

Table 1.2.2-1 lists the mass and cost summary for this WBS element. 
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Table 1.2.2- 1. Mass and Cost Summary LEO Lagistics Suppon Facility WBS 1.2.21 

1 

WBS 
NUMBER 

12.2 

1.2.2.1 

1.2.2.1.1 

12.2.1.2 

1.2.2.1.3 

1.2.2.1.4 

1.2.2.1.5 

1.2.2.1.6 

1.2.2.1.7 

1.2.2.1.8 

1.2.2.2 

1.2.2.2.1 

1.2.2.2.2 

MASS, 
103 kg 

El 
- 450 

200 

115 

50 

TBD 

TBD 

35 

TBD 

50 

81 0 - 
660 

1 50 

(1260) 

ITEM 

LEO LOGISTICS SUPPORT FACILITY 

WORK SUPPORT FACILITIES 

STRUCTURES 

CONSTRUCTION EQUIPMENT FOR 
(SEE TABLE DETAILS) 

CARGO HA~JDLING/DISTRIBUTION SYSTEM 

SUBASSEMBLYFACTORIES 

TEST AND CHECKOUT FACILITIES 

TRANSPORTATION SUPPORT SYSTEMS 

BASE MAINTENANCE SYSTEMS 

BASE SUBSYSTEMS 

CREW SUPKIRT FACILITIES 

CREbY QUARTERS MODULES 

WORK MODULES 

(BASIC HARDWARE) 

INDIRECT COST FACTORS (BASED ON BASIC 
HARDWARE TOTAL) 

SPARES (15%) 

ASSEtABLY AND CHECKOUT (16%) 

SE&1(7%) 

PROJECT MANAGEMENT (2%) 

SYSTEM TEST (3%) 

GSE (4%) 

COST, 
$106 

121861 
337 - 
20 

257 

40 

TBD 

TBD ' 

15 

TBD 

5 

1150 - 
900 

250 

(1407) 

- 699 

223 

238 

104 

30 

45 

59 



WBS 1.221 Work Support Facilities 
WBS Dlctianary 
This element includes the facilities and equipment required to  provide logistics support 

in LEO. Included a r e  EOTV construction fac i l i t i s  and equipment, HLLV and OTV 

docking stations, payloads handling equipment, and cargo and propellant storage 

depots. Excluded are  facilities related t o  crew element support. 

Uement Descriition 
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 sifbsystem and base 

maintenance system. The operational interface between the  LEO base and orbit 

transfer systems is similar to  that  described fo. :he CEO base. Figure 1.2.2-2 shows a 

preliminary concept of docking an  HLLV orbited t o  the  LEO base. Figure 1.2.2-3 

shows a representative flight schedule. 

WBS 1.2.21.1 Structure 

vss Dexription. 

This element includes the primary and secondary structure of the LEO base. 

Element Description. 

The LEO base structural configuration lis shown in Figure 1.2.2-4. 

The structural mass is estimated t o  be 200000 Kg and the cost $20~1. 

VBS 1.2.2.1.2 Construction Equipment 

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 lat ter  a re  

included in WBS 1.2.2.1.4). 

Element 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 

2 10 
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CONSTRUCTION 60 M CHERRYPICKER 
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4 
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subassembly operations. Each of the above operations are &scribed iit subdement 

descriptions. Figwe 1.2.2-6 shows the  integrated construction sequence. tt is 

estimated that  23 days arc required to construct cad\ EOTV. The t imdine  to 

construct one bay of the  EOTV is shown in figure 1.2.2-7. A fleet of 23 vehicles would 

k constructed. 

reslwttl-zl Beamlkdrintspkm 

The beam machines used in the constructia> of the EOTV arc similar in design to thwe 

used in the  constructim of the  satellite and &fined in WBS 1.2.1.1.2. Thc two 

machines required praduce 5 meter beams. 

VBS l.2.2.1w2.2 C k r r y  PWem 

The cherry pickers used in the  constructiw of the EOTV arc simi!ar in design to those 

used to constructing the satellite (defined in VBS 1.21.1.2). Two 50 m and one 200 rn 

cherry pickers arc reqtired. 

VB!5 1.22.1-23 fh -t Yle)rins 

The bs deployment machine* used in the construction of the EOTV are similar t o  

those used in constructing the  satellite as defined in WBS 1.2.I.l.Z. Tht primary 

differences *tween the machines is t b t  the  buses will be smaller in depth. 

VBS 1.2.21.2.4 hdtxar 

The indexers used for EOTV construction will be similar t o  those wed in constructim 

of the satellite and defined in WBS 1.2.1.1.1. 

Frame M y  Opaatiar, 

The pri.rrary frame is constructed by a team of 2 beam machines, 4 5Om cherry pickers, 

and a 23Om cherry picker. The location of these equipment items was shown in Figure 

1.2.2-5. 

The beams a re  fabricated by the beam machines The beam end fittings and the 

battens are  fabricated in the subassembly factory and delivered to  the beam machines 

for assembly. The 5Om cherry pickers take the fabricated beams from the beam 

machines and assembles thein t o  indexers or t o  previously assembled structure. 

It is necessary to use the 230m cherry picker t o  jcin the ends of some of the upper 

surface beams after the beam nodal joint is indexed away from the Search of the 

90m cherry pickers on the construction gantr j .  

214 
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WBS 1.2.2.1.2S Solar Array Dqhymnt System 

W B S  l h m o w y  
. - 

This element includes the  equipment dedicated t o  deployment of solar array blankets. 

Uemart Ocsniption 

There are two independent types of solar array deployment equipment: ( I )  the  solar 

array deployment machine which incorporates several pieces of equipment, and (2) t h e  

distal end installation machine. 

The sclar array deployer subelements a r e  described in Table 1.2.2-3. This machine 

installs the solar array containers onto t h e  EOTV structure, deploys the  array across 

the structural bay, and instails the proximal end electrical inter-bay jumpers. Figwe 

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 a r e  initiated. 

Prior t o  the initiation of the  solar array deployment, containers of solar array a r e  

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 i t  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 af ter  the  gantry is indexed one 

solar array blanket width (1 5m). 

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 t o  its starting position. 
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After the  leading edge deployer has started down the gantry, the  proximal end 

installer moves into position where i t  can grasp the proximal solar ar ray catenary. I t  

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 a r e  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 t o  construct the  EOTVts. 

Element Description 

The consruction gantry is shown in Figure 1.2.2- 1C. I t  is described in Table 1.2.2-5. 

WBS 1.2.2.1.3 Cargo HandlinglDistribution Systems 

W BS Dictionary 

This element includes the  hardware used t o  load/offload these vehicles, the  cargo and 

crew transporters, the cargo sorting and storage systems, and the  track network used 

t o  move the cargo, crew, and equipment around the base in any detail. This system 

was not defined. It includes the  following subelements: 

W BS 1.2.2.1.3.1 Cargo Loading/ Unloading Systems 

WBS Dictionary 

This element includes the hardware systems used t o  loadloff-load the  various trans- 

partation vehicles. 

Element Description 

The equipment used t o  loadloff-load the vehicles is described in Table 1.2.2-6. 

WBS 1.2.2.1.3.2 Cargo Transporters 

W BS Dictionary 

This element includes the LEO base track-mounted unit utcd t o  move construction 

equipment and the units used to  transport cargo within the base. 
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Ucmart Dcsuiition 

Refer t o  WBS 1.2.1.1.2.2 for a description of this type of hardware. The number 

of cargo transporters required at the LEO base has not been dettrrnmned. 

Wtrs 1-2.2.1.3.3 Chrgo Sorw Systems 

WBS Dictiaxuy 

T5:s element includes the hardware systems dedicated to the cargo pallet contents 

off-loading into component storage and component loading unto cargo transporters. 

Ekment Dcrcriptim 

Refer to  W BS 1.2.1.1.3.2 for a description of this type of hardware. The quantity 

of equipmen: required f a r  this element has not been determined. 

QEU 13.2.1.3-4 Cargo Storage !Systems 

WBS D i c t i v  

This element includes the systems used t o  store (warehouse) the  SS and EOTV cmp* 

nents and propellants. 

Elcment Ocseription 

Refer to Table 1.2.1-17 in WBS 1.2.1.1.3.5 for descriptions of this type of hardware. 

The quantities, mass, and cost of the  LEO base elements have not ben determined. 

WfXi  1.2.2.1.3.5 Caqo Oistributiar System 

WBS Dictionary 

This elenlent includes the LEO base track network that  is used for mounting movable 

equipment. 

Element Descriptiun 

The track design appro~ch  is described in VBS 1.2.1.1.3.6. The LEO base track network 

is shown in figures 1.2.2- 1 ! and - 12. .4 total of 18085 meters of track is required. 

The mass and cost were not estimated. 

WBS 1.22.1.2.6 Crew Transporters 

W BS Dictionary 

This elenlent includes the vehicles that a re  uscd on the LEO base track network 

fur transporting crew. 
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Urnrent oe!siuiitian 

A representative crew bus concept was described under WBS 1.2.1.1.3.7. Quantities, 

mass, and cost for the LEO base have not been determined. 

WBS 1.2.2.1.4 F-k 

WBS Didonaq 

This element includes the facilities and equipment dtdicated to preassembly of EOTV 

subassemblies prior t o  delivery t o  the  f inai installation facilities. 

Ekmart Dc#xiption 

The following subassemblies have been identified: 

o Beam end fittings 

o Beam battens 

o Thrusters 

o Switchgear subassemblies 

o Bussupportstructures 

The subassembly facilities ard equipment have not been &fined. 

res 1.zz1.s ~est/- ~aditics 

v85 Dictionary 

This element includes the faciities and equipment on the LEO base that  are dedicated 

t o  test and checkout of EOTV components or subassemblies. 

Ekmentrkxriptim 

The facilities and equipment have not been defined. 

VBS 1.2.21.6 Space Transportation Support S y s t a s  

WEU Dictiomy 

This element includes facilities and equipment dedicated t o  support space transporta- 

tion vehicles that  interface with the LEO base. These items included a r e  docking 

systems, assembly systems, propellant storage and distribution system and mainte- 

nance systems. 
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Ucment Description 

The subelements of the transportation sapport systems are &scribed in the following 

subsections. 

W 8 5  1.21.l6.l V&k Cbdchg Systems 

VBS Dicthmay 

This element includes the systems dedicated to docking of the OTV's, HLLVs, PLVS 

ana Ik'TV's. 

Ucmart Dcscriptim 

Requirements for three types of vehicle docking systezns have been identifies as 

indicated in tabie 1.2.2-7. Figure 1.2.2- 1 7 shows the iocation of these systems. 

WBS 1-2-2.162 A s e d d y  System 

VBS Dictionary 

This element includes the systems necessary to handle and assemble elements that 

make up the orbit to orbit crew/supply vehicles. 

Uemen: Description 

The principal equipment includes I IOm cherry pickers (number not determined) that 

are used to move and assemble crew transfer vehicles, resupply modules and the 

La2/LH2 orbit transfer vehicle. 

WBS 1.2.2 16.3 Propellant Storage and Distribution System 

WBS Dictionary 

This elenlent includes the systems used to store and distribute propellant to be used by 

space transportat ion vehicles. 

Elenmt Description 

Storage is provided for LOZ. LH2, helium and argon propellants. A distribution system 

provides the capability to more propeiiant 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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VBS 1.2.2.1.6.4 Main- !System 

W BS Dictiolrary 

This element indudes all systems necessary t o  maintain space vehicles that  are 

periodically based at the  LEO base such as LOZ/LH2 OT& or those that station keep 

near the base such as the EOT\Ps. 

Uement Discripti011 

Maintenance systems for the L02/LH2 OTV have not been defined as yet. 

One type of equipment used in maintaining the  EOTn 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 1.2.2.1-7 Base Maint- Systems 

WBS D i i  

This element will include all systems and facilities necessary t o  conduct maintenance 

on al l  elements permanently associated with the  base. 

Uement Description 

This element has not been defined at this time. 

WBS 1.2.2.1.8 Base Subsystems 

W BS Dictionary 

This eiernent includes the  base electrical power and flight control systems. 

Element Description 

The LEO base subsysteln elements are  described in the following subsections. The 

mass for the base subsystems is estimated as 50,000 KC and the cost estimated t o  be 

$5M based on scale-ups from other systems. 

W BS 1.2.2.1.8.1 Electrical Rower 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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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. 

W 8 5  1.2.2.1.8.2 Flight Control Systems 

W BS 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/navigation/attitude 

type sensors such as IRU, star trackers and horizon sensors and a LOZ/LH2 propulsion 

system to perform attitltde and orbit maintenance maneuvers. The orbit altitude 

to be maintained is 477 - + 1 Km. Sizing of the propulsion system for the present 

base has not been accomplished. 

WBS 1.2.2.2 Crew Support Facilities 

W BS Dictionary 

This element includes the facilities and equipment required for the l i fe  supprt 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 modules 

I transient crew quarters modules 

1 worli module (operations and maintenance) 

The configuratioi~s of these modules are identical to those described inWBS 1.2.1.2 

except that the radiation shelter is not referenced. Table 1.2.2-8 gives the mass 

and cost summary for the crew support facilities. 

WBS 1.2.2.3 Operations 

W BS Dictionary 

This element includes the planning, ~evelopment, and cor,duct of operations at the 

logistics supporr facility. It includes hoth the direct and support personnel and the 

expendable maintenance supplies required for logistics support. 
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Tdls 1.22-8. WBS 1.2.2.2 Mas md Cost Summwy 

a 

WBS SUB-ITEMS 

1.2.2.2.1 CREW QUARTERS MODULES 
1.2.2.2.2 WORK MODULES 

1.2.2.2 CREW SUPPORT FACILITIES 
1 

MASS id kg 

660 

I50 

810 

COST. $19 ' 
900 

250 

1150 



Uement Description 
The operations conducted at  t h e  LEO base include a n  integration of t h e  following 

categories  of operations: 

o Transportation vehicle opertions 

o Cargo handiing/distribution operations 

o EOTV construction operat ior~s 

o Command and control operations 

o Base maintenance operations 

o Base support operations 

These operations a r e  discussed in following subelements. Table 1.2.2-9 summarizes 

the  LEO base crew size. 

W85 1.2.3 Operations and Maintenance Support Facilities 

lntr-on 
The operations and maintenance support facilities description i s  based on t h e  partial 

maintenance analysis conducted as a part of Pa r t  III of Cont rac t  NASO- 15196, in 

which periodic replacement of Klystron tubes was analyzed. The  definition i s  incomplete. 

A complete maintenance analysis will be conduted during Phase I1 of t h e  present 

study and this description will b e  revised and completed at tha t  time. 

WBS Dictionary 

Note: This WBS definition has been modified from t h e  NASA WBS Dictionary to 

include mobile maintenance systems. 

This element  includes t h e  mobile maintenance systems (crew habitats,  crew supply 

modules, and cargo modules) tha t  a r e  flown between the  CEO base and operational 

satellites by chemical OTV's. 

Other  SPS maintenance systems a r e  described in the  following sections: 

WBS ~ ~ 1 . 1 . 6  Energy Conversion System Maintenance Systems 

WBS 1.1.2.6 Power Transmission System Maintenance Systems 

WBS 1.1.6.5 Interface System Maintenance Systems 

KBS 1.2.1.1.7 CEO Base SPS Maintenance Support Facilities 
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Table 1.2.2-8. t EO Stag'ng Depot Crew Snr 

~ A S E  MGMT 

CONSTRiJCTtON 
MGMT 
EOTV CONST 
SUB.\SSY 
TEST 6 QC 

BASE OPS 8 SUPPORT 
MGMT 
hlAIfJTENANCE 
.,r* . ,.ltCARGO HANDLlNa 
FLIGHT CONTROL 
CO;~&lUNICATION 
CATA FROCESSING 
UTILITIES 
HOTEL OPS 
MEDIDENTAL 

TRANSPORTATION OPS 
MGDT 
PROP HANDLItJG 
FLIGHT READINESS 
EON MAlNT 
VEHICLE COORD 

TOTAL . 

EOTV 
CONSTRUCTION 

(11 

cn) 
6 
46 
10 
15 

(93) 
6 
14 
16 
6 
8 
6 
12 
16 
9 

(21) 
4 
8 
7 
0 
2 - 
188 

ON-GOIUG 
OPERATIONS 

a) 
(0) 

(8)) 
. 6 

10 
. 13 

6 
8 
6 
12 
16 
7 

(43) 
4 
8 
7 
22 
2 - 

134 

. EONCONST 
+ OPERATIONS 

(7) 

m) 
6 
46 
10 
15 

(93) 
6 
14 
16 
6 
8 
6 
12 
16 
8 

(43) 
4 
8 
7 
22 
7 - 

I 
220 



Ekmerrt Descrirption 
A crew of maintenance personnel will visit each SPS twice a year t o  remove and 

replace failed hardware and perform s:heduled maintenance and replenishment of 

consumables. This will require a fleet cf OTVts and mobile crew habitats, crew supply 

modu!es, and cargo modules. The OTVts a r e  described unter WBS 1.3.4 (POTV). 

The cargo pallet modules a r e  discussed under WBS 1.2.3.1. The crew habitats and 

supply modules a re  discussed under WBS 1.2.3.2. The SPS maintenance operations 

a r e  described under W BS 1.2.3.3. 

W BS 1.2.3.1 Vork Support Facilities 

WBS D i c t i o ~ c y  

This element includes the cargo pallets used t o  transport SPS components between 

the SPS and the  CEO base. 

Element Description 

The only item that  belongs t o  this WBS element that  has been defined t o  date is 

the klystron tube module cargo pallet, see Figure 1.2.3-1. A set of pallets is required, 

but the numbel, mass and cost have not been determined. 

WBS 1.2.3.2 Crew Support Facilities 

W BS Dictionary 

This element includes the facilities and equipment required for the  life support and 

well being of the crew members. Included a re  living quarters, recreation facilities, 

and health facilities. 

Element Description 

The mobile crew habitat shown in Figure 1.2.3-2 has been defined. Four of these 

crew modules a re  required t o  repair a 10 GWe satellite by the reference maintenance 

operatioris plan defined in 1.2.3.3. (This plan does not provide a comprehensive maintenance 

capability.) The mass and cost of each module a re  estimated t o  be 240,000 kg and 

$240 M, respectively. 



Fijpre 1.2.3- 1. Mobile Maintenance System Equipment Trany~ort Cr )figuration 

m*QI 
CREW HABITAT 

RECIPHYS FtTlSUBSYS 

PERS QTRS 

11- RAO SHELTERISTORAGE 

PERS QTRS 

GALLEYlDlNElC JNT 

ONE HABITAT PER 60 PEOPLE 

MODlFIfD CREW QUARTERS MODUU 

240.000 kg 

$240 MILLION INVESTMENT 

16% W I T A L  CHARGE 

Figure 1.2.3-2. Mobile Crew Habita* Module 



WBS D i i  

This element include, the  planning, development, and conduct of -ations at the  

OdrM support facility. It include, b-t~th the direct and support pcrsonnei and the  

expendabk maintenance supplies required in CEO for sa tci!ite operations and 

maintenance. 

EkmcntDcscription 

The reference satellite maintenance mission i n c i u k  setrri-annual visits to each 

5 CW satellite by two repair crews, each with Sf-' people, that  work continuously e 
for 3K days unti! a satellite is repaired. A two shift operation is employed. Each 

repair group can service 20 satellites per 90 days allowirig one day for transfer operations 

between satellites. The maintenance operat imi  associated with the  first visit t o  

the satellites is initated at the beginning of one equinox (e.g., spring), with the second 

visit t o  the satellites beginning a t  the  s t a r t  of the autumn equinox. 

The plan t o  be dr ~cr ibed  provides mly for klystron power amplifier replacement. 

According t o  present estimates, this is the  dominant SPS maintenance workload 

requirement, but other nontrivia! requirements exist. These a r e  t o  be analyzed during 

Phase I1 of the present study. 

Typical flight operations associated with one CEO base and the  operations associated 

with one repair group and one refurbishment group assigned t o  the base a r e  described 

under the assumption that 40, 5-GW' SPS's a r e  in orbit. 

Once maintenance operations a re  begun, the CEO canstruction base serves as  a major 

staging depot for the maintenance crews and their hardware in addition t o  i ts  role 

of constructing the satellites. The initial operations associated with a typical 90 

day period a re  shown in Figure 1.2.3-3. Four repair crews and four refurbishment 

crews are transported to  the CE3 base. Each crew is provided with its own L 0 2 / L H 2  

orbit transfer vehicle. At approximately the same time another orbit transfer vehicle 

delivers klystron tube nlodule co~llponents to be used in the refurbishment of failed 

t!lbes. This vehicle would also transfer other replacement components. 
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Refurbishment crews remain at the CEO base, repairing failed klystron tube modules 

that have previously been delivered by other repair crews, Repair crews transfer to 

the  satellite designated f o r  repair taking with them their habitat. The second stage of 

the orbit transfer vehicle which bought  t h e  crew to CEO is used for ?he transfer to 

the satellite. The second stage of the orbit transfer vehicle used to deliver the  

klystron tube components to the  GEO final assembly b a s e  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 t h e  failed 

klystron tubve modules back to the CEO 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 CEO base delivering additional klystron tube 

components and is  then dispatched with completely refurbished klystron tube modules 

t o  the  second satellite that  is t o  be repaired 

This cycle is repeated for each satellite t o  be  repaired. 

The final operations associated with a typical 90-day period a r e  illustrated in Figure 

1.2.3-4. After the  20th satellite hs been repaired, t h e  crew and habitat return t o  

the CEO base where the habitat is left for the  next repair crew. The initial crew 

then returns back t o  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 a r e  then transferred to the CEO 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 a re  also indicated. 

Crew Sunrnary 

The main:enance crew sizc est imate is summarized in Table 1.2.3-2. 
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Table 1.2.3-2 Maintenance Crew Size Estimate [$ 

Repair Croup 

Direct 160 

Indirect 80 

Refurbishment Group 

Direct 160 

Indirect 80 

D Maintenance crew assigned to a typical GEO base. This crew can repair and 
refurb SPS's two times per year. 

Consists of four repair crews which would be at operational SPSqs except 
when at the CEO base at the time of crew rotation. 

Consists of four crews normally stationed at the GEO base. 

V8S 12.3.3.1 bergy Canversion Maintenance Operations 

WBS Dictbiuy 

This element includes the description of the energy conversion equipment requiring 

maintenance and the operations required to perform the maintenance. Energy 

conversion maintenance operations were not analyzed. 

WBS 1.2.3.3.2 Antema Maintenance Operations 

W 8 5  Dictionary 

This element includes the description of the antenna items requiring maintenance, the 

level of replacement, the replacement concept, logist'-$ provisions, and the mainte- 

nance equipment. Maintenance operations were an2 ;zed only for klystron power 

amplifier replacement. 

Level of Replacement. The level of replacement selected is that of the klystron tube 

module plus i t s  thermal control system as shown in Figure 1.2.2 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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Conxpt 
The selected klystron tube module replacement concept uses vertical access through 

the  cubic secondary structure which is at tached to the A-frame primary structure. 

The overall c o n c q t  is illustrated in Figure 1.2.3-6. The primary structure is an 

A-frame design forming ridges that  allows f ree  unobstructed movement of the maintenance 

gantry movicg horizontally across the  antenna. 

The antenna will have a total  of 10 channels in which maintenance gantries can be 

mounted. Attached to each of t h e  gantries are t h e  maintenance vehicles which reach 

up through the secondary structure t o  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 t o  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:~ to reach 

back down t o  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 t ime 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 

t o  the next failed klystron tube estimated at a distance of 2 subarrays away o r  20 

meters. 

The Satellite based maintenance systems will be  installed during satellite constrli-tion. 

The systems are shown as they relate t o  one side of one antenna in Figures 1.2.3-9 

sad 1.2.3- 10. Since two crews work on each satellite, these same systems a r e  present 

on both sides of both antennas. 

To enable the  docking of the  various maintenance system elements and t o  transfer 

cargo around the antenna, the antenna structure has been designed t o  incorporate 

a cargo distribution system and has structural additions to  allow maintenance gantries 

t o  be positioned so they can be maintained and supplied with new klystron tube modules. 

These items a re  included under "antenna maintenance provisions," WBS 1.1.2.6. 



Figure 1.2.3-6. Vertical Access For Tube Maintenance 
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The 60-person crew is delivered t o  the  satel l i te  in tne crew habitat using the second 

stage of t he  OTV tha t  initially brought t he  crew from the  LEO construction base to 

t h e  CEO final assembly base. Once  at t h e  satel l i te  (antenna), a crew bus is used t o  

t ransfer  persons between the  habitat  and the  maintenance repair vel~icles. 

Cargo, primarily in the  form of klystron tube modules is also delivered t o  the  satel l i te  

using a dedicated OTV (stage 2 )  tha t  had initially brought klystron components t o  t he  

CEO final assembly base for  refurbishment of "failed" klystron tubes. The operations 

associated with an  OTV include docking and release of one klystron tube pallet on one  

side of t h e  antenna and then free-flying to t h e  other  side of t he  antenna leaving 

another pallet. At the  completion of t he  repair operation, t he  pallets a r e  loaded 

with "failed" klystron tubes. The  OTV then moves t o  the  four docking locations collecting 

the  pallets with failed tube modules and then returns them back t o  the  CEO final 

assembly base where they will be  refurbished. Following t h e  release of t he  pallets, 

t h e  OTV returns t o  t he  LEO construction base where i t  is made ready to deliver 

another load of klystron components. 

The actual  distribution of the  cargo  around the  antenna i s  accomplished through 

use of cargo transporters operating on the  t rack system on two sides of each  antenna. 

The cargo transporter system consists of three  separa te  units a t tached together 

t o  form a "train". The middle unit is a control unit t ha t  has a crew cabin, power 

systems and crane/manipulator t ha t  : qoves the  cargo between the  train and t h e  maintenance 

gantries. Units on either side of the  control unit a r e  essentially trailers t ha t  carry 

ei ther  new klystron tube modules or  those tha t  have fai led and have been removed. 

The train system moves down t o  each  gantry and delivers t o  i t  t he  number of klystron 

tubes required in tha t  particular antenna chacllel 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 sbown in Figure 1.2.3- 11. 

The number of maintenance vehicles (machines) installed in each channel of the  

antenna is a function of the est imated number of tube failures. This value is larger 

in the  middle channels of t he  antenna since the  center  of the antenna has subarrays 

containing 36 and 30 klystron tube modules while near the  edge of the antenna, the 



Figure 1.2.3- 1 1. Antenna Maintenance System installation 



subarrays have 4 to 6 .,.' -5  per subarray. Consequently i t  will be noted tha t  t h e  

middle channel has three  mairt* mce systems consisting of a gantry and repair 

vehicle. 

With this equipment distribution and working 20 hours per day, the  middle channels 

require slightly more t ime than previoilsly identified for repair-3h days per satel!ite. 

The clddition of !!2 day t o  the  schedule. however, will not appreciably a l t e r  t h e  prior 

analysis. 

It should also be noted, the outside channels require fa r  less t ime t o  r e w i r  and less 

eq1;ipment due t o  fewer faiied tubes. Consequently when t h e  crews assigned t o  this  

particular equipment a r e  finished, they can then be used to repair other  c o m p i l e n t s  on 

the satel l i te  s x h  as the  dc -dc converters mentioned earl ier  in t he  discussion. 

VBS 12.3.3.3 interface System !Uainte~nce Operat- 

Tc  be added. 



WBS 1.3 S p ~ x  Transportation 

This section of the document addresses the description of the space transportation system. Both 

launch and orbit transfer 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-sectiqns. 

Transportation Summary 
The space transportation sybtem includes a heavy liit launch vehicle (HLLV), a modified shuttle 

personnel launch vehicle (PLV). h personnel and supplies h~gh-thrust orbit transfer vehicle (OW), 
dnd low-thrust electric orbit transfer vehicle (EOTV). The low-thrust EOTV systems are reusable 

and are returned to LEO after delivery of cargo to CEO. A vehicle flight utilization and cost sum- 

mary is presented in Table 1.3.0-1. 

WBS 1.3.1 Catgo Launch Vehicle 

The launch conf~guration of the SPS cargo vehicle is shown in Figure 1.3.1-1 with the overall 

geometry noted. This series burn concept uses 16 LCH4:'LO2 engines on the booster and 14 stand- 

ard SSME's on the orbiter. The LCH4!LO7 - booster engines employ a gas generator cycle and pro- 

vide a vacuum thnist of 9.79 x lo6 newtons each. The SSMES on the orblter provide a vacuum 

thrust of 2.09 x lo6 ncwtons ( 100% power level). The cominal 100% power level for the SSME's 

was selected bawd on engine life considerations which indicated about a 3 factor reduction in life if 

the 109!T power level is used. 

An airbreather propulsion system has been provided on the booster for flyback capability to  

simpiify the booster operational mode. The reference wing area for both stages is: 

Sw (Orbiter) = 1 146m2 ( 1  5.560 ft2) 

Sw (Orbiter) = 2330m2 (25.080 ft3) 

Heat sink thermal protectioa system is prcvided on the booster and the Shuttle's Rcusable Surface 

Insulation (RSI) is used on the orbiter. 

WBS 1.3.1.1 Launch Vehicle Chwacteri$tics 

WBS 1.3.1.1.1 Vehicle Design Characteristics 

The vehicle design characteristics are noted in Table 1.3.1-1. The net delivered payload is 424.000 

A return payload of 157 (03,500 kg) of the dzlivcrcd payload was asdmrd for the orb~ter tntry 

and landing conditions. Tiic rcsi~lting mass fraction is 0.875 for tile boaster and 0.84 1 for the 

orbiter. 
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WBS 13.1.1.2 Asccnt P t r f o m u n c e ~ t c r i s t i c s  

The SPS launch vehick ascent performance characteristics are noted in Table 1.3.1-2. A '3g' rnaxi- 
mum a c ~ ~ l e r a t i o a  thrust profile was used due t o  the manned cayability and also t o  minimize the 

load conditions on the orbiter. The booster staging velocity of 2 170 m/sec is well within the *%eat 

sink" capability oi the aluminum/titanium airframe. 

1.3.1.1.3 Reentry Characteristics 

Tht .ottnUy characteristics for the booster and orbiter are noted in Table 1.3.1-3. The maximum 

drccleration for the booster is4.27 g's and the subsonic transition altitude is 17.86 km. The orbiter 

reentry has been limited t o  a normal load factor of 1-4 I p's un ti1 the subsonic transition which 

3t an altitude of 13.62 km. 

1.3.1 -2 Booster Stage 

1.3.1 -2.1 System Description 

The booster s t a g  of the :-stage winged vchic!~ consists o f  the following subsy;tems: 

Stmctuies 

Induced Environmental Protection 

h n d i n g  and Ausiliary Systems 

Ascent Propulsion 

Fly back Propulston 

RCS Proptilsicn 

Prinlt: Power 

Electrical Conversion and Distribution 

Hydraulic Conversion and Distribution 

Surface Controls 

Avionics 

Cnvironnicntal Coiltrol 

Each of L;ICW S L I ~ S ~ S ~ C I I I S  is discussed in the followi~!e sections including definition of the rationale 

for the niass and cost t'stiniates. 

1.3.1.2.1.1 Structures-The booster s t a g  structures subsysteni consists of the wing. vertical 

tail. and body group. The body grotip conslsts of the nose section. osidizer (LO,) - tank. interlank. 

fuel {LCHJ) tank. base skirt. thnrst strtrcturc. aft body nap. and fairing srnicturcs. A prcliniinary 

sizing analysis was condii i t~d to detcrminc' the individual structural cleincnt masscs c's~.lusivc of 

heat ski11 rcquirrnicnts. The additions1 materials required to satisfy hcat sink requircmctits are 

incorporstcd into thc inditccd cnvironmcntal protr.clion subs) stc'ni. 
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WIYIIIY DYNAMIC PRESSURE 

MAXIMUM AMXLERATKm 

SAGE BUF;N TIME 

RELATIVE STAGING VELOCITY 

O W # :  PSESSURE AT STAGING 

SECOlVD STAGE 

BJITIAL TNd 

YAXIHuhl ACCELEPViTlOtJ 

STAGE BURN TIME 

Table 1.3.1-3 SPS Win@ Vehicle Renetry Characterittiis 

F W M  0ECELERATK)IY CON- 

q - 1o.n  PI 
h = 32.61 km 

Vd - 1327 mlsac 
NORMAL LOAD FACTOR - 437 d8 

Vd - 361 1 n h  

NORMAL LOAD FACTOR - 1.41 

SUBSONIC TRANSITIW CONDITION 

h - 13.62 Lm 
W I M U t A  DYNAMIC PRESSURE CONDITlOW a-6.4- 

q = 13.29 kPa 
h - 22.96 km 

V,d - 686 m k  
NORMAL LOAD FACTOR - 149 d8 

SUBSONIC TRANSITI9N CONDITION 



Wing-The wing box is constructed o f  7075 -r73 aluminum and the leading edge, trailing edge. and 
elet-ons are constructed of 6AL4V titanii:m. A 4g entry condition and a 2.5g subsonic maneuver 

condition were corrsidered in sizing the wing structure. A constant tic = 10% was used. The wing 

mass is 129,700 kg. 

Vertical Tail-The vertical tail was sized for a boost max qS condition of 177 kpa. The box stmc- 

ture is 7075-T73 Awninurn and tht? remaining tail structure is 6AL-4V titanium. The mass of the 

vertical tail is 14.000 kg. 

Nose Section-1 he nose section consists of a t-ied shell structure plus a depioyable nose cap. The 

shell structure experiences maximunt compressive loadings of 35.200 N/cm forward and 4,000 

Nicm aft during the boost 3g condition. The smeared thickness of the 7075 aluminum skin-stringer 

panels is 0.82 cnl forward and 0.68 cm aft. The smeared thickness of the 7075 aluminum now cap 

is 0.38 cm. The nose section mass is 26.800 kg. 

Oxidizer (LO2) Tank-The oxidizer tank is an d l  weided 22 19-T8 7 aluminum pressure vessel with 

integral sidewall stiffening in the cylindriczl section. The smeared thickness of the sidewall panels 

varied f r m  0.79 crn forward to  0.93 cm aft. The dome n~embmne thickness varies between 0.28 
cm and 0.40 cltl for the upper dome and between 0.47 cm and 0.8 1 cm for the lower dome. The 

tank Illass includinu: slosh baffles is 36 100 kg. 

Intertank-l'he intertank is 3pproximately 18.5 meters long and is constructed of 7075 aluminum. 

Tile intertank experiences a maximum compressive loading of 30.160 Njcm at the boost 38 onset 

condition. The smeared thickness of the skin-stringr panels is 0.76 cm. The mass of the intertank. 

which incorporates tile alrbn'ather engine support structures. is 38.000 kg. 

Fuel (LCH4) Tank - The fuel tank is an all welded 2 2  19-T87 alilniinu~n pressure vessel ~ i t h  integral 

sidewall stiffening in the cylindrical section. The stleared thickness of the stdewdl panels is 0.89 

cm. The dome nletl~hrdne thicknrss v~rirs betwe-n 0.28 cm and 0.40 cni for the upper dome and 

between 0.18 and 0.46 cni for the lower deme. The tank mass including slosh baffles is 32.600 kg. 

Base Skirt-The h3sz skirt is approsinlarely 19.7 metcrs long arid is constructed of 7075 aluniinun~. 

The upper 14.4 meters esperiet~c't's nlasimuni compressive 'oadiiigs of 40.000 Nlcni fonvard and 

14,500 N/cm aft at the boost 3g onset condition. The snieared thickness of the skin-stringcr panels 

is 0.85 cm fonvnrd and 0.94 cni 3ft. Tile lower 5.3 rlleters experiences 3 niasirnun~ contbined COIII- 

pressivc loading of 2 1.100 N cm arid shear flow of 18.900 Irc'/cii~ during thc tanked pre-ignition con- 

dition. n i e  sineared thickness of the skin-stringer panels is I .iO cm in tlie sticar-out rcgiion and 

0.64 cm otiiside t!le shear-out rcgion. -nit base skirt mass is 47.200 kg. 



Thrust Structure -The thrust structure consists of four major beam assemblies plus interbeam stabi- 

lizing nieiiikrs. S~steen thrust posts are incorporated into the beam rtsxmblies 7075 Juminwn is 

used throughout. The structural elements arc sized for the ignition condition using a dynamic 

magnification factor of 1.25. Shear [lows in the individual plates vary fro111 15.300 Nlcm to 61.300 

K!sm and the web plate thicknesses vary h i  0.46 cnl t o  1.85 cnl. The average cross m a  of 3 

thrust post is 186 square centin~etzrs The thrust structure mass is 3.900 kg. 

Aft Body F b p  The constant chord body flap provides the booster stam with pitch trim control 

and themially shields tlie niSn engines during entry. The tlap is constructed of h A L l V  titanium 

and has a mass of 2 100 kg. 

Fairing Stmctures-Fairing structures ccrisisi o the wineto-body h i r i n g  located both forward and 

att of the box carry-thru section. tile tail-to-body fairing. and the engine shroudituse region fairings 

The firings an' ionsIn-~ctr'd of i,..\L4'.? titanium and have an estimated mass of 8500 kg. 

1.3.1 .2. 1.2 Induced Environmental Protection-The induced environmental protection subsystem 

s}steni consists of tlie heat sink additions required to maintain the airfranie outer skin within 

acceptable tenipemture limits. plus tile base neat shield. Reusable Surface lnsulrition is the thermal 

protection system on :he haw !:eat shield. The heat sink additions weigh 28.300 kg and the base 

heat stiield 8 I 0 0  kg for a total systcnl mass of 4h.400 kg. 

1.3.1.2.1.3 k n d i n s  and Auxiliary Systems-In addition to landing gear. this subsystem includes a 

inzludt-s a landing drc~g device and auxiliary systems for upper s t a g  =pardtion and nose cap drploy- 

mcnt:lrttcliin~. nit lantiitig sear weight is zstitiiatt'd at 3.2% (of desigi landing weight. Total suh- 

s>-stc~ii 11i.1ss i s  -~4.500 Ls. 

1.3.1.2.1.1 Ascent Propulsion-'flit. ascent propulsion subsystem consists of the iliain engines. 
tsngin~s. acc:.ssnries. gimbal provisions. and the flit! and osidizer systems. Main propulsion is pro- 

vided by sistcen ( Ih) high prcssllre I-02iLCH4 gas pnerator cycle engines arid tlie asswiated tank 

prcssuri~atic~n aiid prc~pellctnt deliver? system. 'The following c n ~ i n ~  cliarclcteristics were used in the 

:~:~r~lysis: 

Prol1clI;tnt LO - 3 LC'Hf 
('hariiber Prcss~~rr' 34.500 kpa 

Arca H;rtio 60: 1 

Mixturc Ratio 2 :  I 
Tlirust (S.L./V;it.. 8.7hu 1 0 ~ ~ ~ ! 0 . h ~ x  I O ~ N  

Syrcciiic I~iipiilsc (S. L./'C'ac. ) 2 18.5 scc'352 wc 



The mass of the sixteen engines and associated accessories plus gimbal provisions (for eleven 

engines) is 162,400 kg. 

Pressurization gases are heated GO? for the LO? tank and heated GCHf for the LC& tank. The 

total mass of the tank pressurization and propellant delivery systems is 42.200 kg. 

1.3.1 -2.1.5 Flyback Ropdskn-The flyback propulsion subsystem consists of the airbreath 
ing engines. acceswries. fuel system, tankage. and engine installation nacelles. ducts. and doors. 

Flyback thmst is yrwided by twelve (12) turbojet engines. each having a S.L. static thrust of 

356.000 N. The tYyt.ack fuel is RP-I . The dry niass of the subsystem is 57.100 kg. 

1.3.1.2.1.6 0th- !iubsystems-The remaining subsystem masses have been estimated using 

historical or  Shuttli. predicted wei&ts. These subsysten~s include RCS propulsion. prinie power. 

electrical convehion and distribution. hydraulic conversion and distribution. aerosurface controls. 

a ~ i o n i i ~ ,  and ei:vironniend control. 

RCS Prupukion-The reaction control systmi is rewired for stage orientation prior t o  entry and for 

control during e n t v .  The subsys1t.m dry niass is 5 100 kg. 

Prime Power-Malor power sources consist of batteries m d  airbreather engine driven generators for 

electrical pots;er. and a hydrazine powrnrd APU for hydraulic power. The subsystmi niass is 

4300 kg. 

Electrical Conversion and Distribution-'lhc power conversion conditioning, and cabling elements 

are included in this category. The subsystem riiass is 4200 kg. 

Hydraulic Conversion and 2ictribution -All stage fiirictioiis requiring hydraulic power are serviced 

by the iiydr-uiic conversion and distribution suhsysteni. The hydraulic power for rocket engine 

thrust wctor control and valve actuation is included in this category. The subsystem mass is 
10.u00 kg. 

Surface Controls-- Tile actuation system for the aerodynaniic control si~rtices are included in this 

category. n i e  subsystcni mass is 10.300 kg. 

Avionics-The avionics siibsysteni includes rlements for guidarice, navigation and control. tracking. 

instrumentation. and data processing and software. The subsystem mass is 1 500 kg. 

Environmental Control--The environmental control si~bsystcnl maintains a c.onJitioneJ tlieniial 

environnlent for the avionics. 'Ttit. subsystem niass is 200 kg. 



1.3.1.2.2 Booster Mass Chamcteristics 

The tlyhazk hoostcr r\iJ>s characterist!c, are shown in Table 1.3.14.  The s ~ r t l c t u ~ .  induced 

environment protection. ascent and  a u x i l i a ~  propulsion. and landing subspsten~s account for 89% 
of the cfr). mass. The iriduccd envirc>nn~et~t protection subsystem tilass includes tile atiditional 

stnlctural tli~cknt%s required for the "1le~t sink capability" and the  base heat shield. 

1.3.1.3 Orbiter Stage 

f -3.1.3.1 Sysrcnr Description 

The Orbiter oi' the 2-st~gc' \vtngcrl \-ehicle consists o f  tiit f~>lltnvi~lg sllbsystrft~~s: 

Structures 

Induced Environn~t.ntal Protection 

Landing and .I\usili;lry S! stems 

Ascen t Propulsion 

031 S Propulsion 

RCS Prc>pulsior 

Prinie P~ower 

Electrical ('onversion a r ~ d  1)istribiition 

t1ydraulii ('onversion and Distribution 

Surfact. ('ur~t rols 

.Avionics 

Fnvironmr.;it;il ('ontrol 

Pt.rson1ii.1 i'rovisions 

P<rsonncI 

Pay loud :\ccommoii,it ion5 

Each of thew ~ ~ l l ~ s y s t e r n s  will t ~ c  Jisc~isscd in the following sccticjns including dztiniticm of  t!le 

rationalt. for Illc n i ~ s s  a n ~ l  cost estil~i;~fcs. 

1.3.1.3.1.1 Structures-The Orbiter strucrurzs subsystc~ii consists of ihe H itlg. :.crtical t;iil, 

and bod!. grt,tiiv. Tlii' t~c\ri> gr~Jui1 consists of  t h ~  I I O ~ C  scctinri. iTcn\v ~ i i t ~ ~ i l ~ l ~ .  f11e1 (Lf i2)  tank. infer- 

t m k .  1' L b;iy (~OOIZ(. i ~ x i d i ~ c r  (LO:) ta11Jr. ;lit skirt. t l~rust  s tn~c tu re .  :~ f t  i lo~ly tlap. and fairing 

str11ctiirr.s. :\ prcliini!i.~q siiitig ;ir~al\ sis \\.;is conducted to  dr.tcnliillc tht. intlivi~li~;tl ~trtictiii;;I 

cI~lllcllt 111CLs5r.s. 

Wing 'The \virlg is <onsrruztr.ci i1-(?111 (,.-\L-4\' tit;i~ii~ilii. :\ 2 .5 ;  c ~ i i r y  ~ x ~ i i ~ i i t i c ~ i i  and ;I 2.5g sitbsonic 

IiiarlcLiv~~r c o ~ ~ ~ i i t i o l l  \vcrc c t j ~ i > ~ ~ l ~ . r c t l  in >i/iiig tlic \vi11g >iru~,tiirc. :\ ;t>rist:i~it f L. = ICI': \v;~s ilsccl. 

Tlie \virig 111.15s is 5 I .SO0 kg. 



Table 1.3.14 Booster Mast Statrsment 
-m 

ASCENT \ PRWLSION 

LAIJDING AND --/ INDUCED 
AUXILIARY SYSTE9S ENVIRONr.lENTAL 

4% PROTECTION 
6% 

DRY MASS BREAKDOWN 

m=C: MI 
STRUCTURE =#10 
MWCED ENVIRONMENTAL PROTECTM a100 
LANDING AND AUXILIARY GYbfEMs a610 
ASCCNT PROPULSION 2066.M 
AUXILIARY PROPULSION 6@6W 
PRIME POWER 4300 
ELECTRICAL CONVERSION AND DlSTRleUTlON 4 200 
HYDRAULIC MNVERSlON AND DIGTRIMITIDN 10 800 
SURFACE CONTROLS 10 300 
AVlOnilCS 1600 
ENVI?WMENTAL CONTROL 200 
GROWTH 68600 

DRY MASS- 796900 
RESIDUALS AND RESERVES 49 800 

LANDING MASS = 816 700 
LOSSES DURING FLYBACK 86 200 -- 

START FLYBACK MASS - 932 900 
ENTRY IN-rr  :HT LOSSES 3 700 

START ENTRY t . 4 H  = 936 600 
IN-FLIGHT LOSSES PRIOR TO ENTRY n om -- 

STAGING MASS = 963 600 
THRUST DECAY PROPELLANT . 14 600 

INERT MASS - 978 100 



Vertical Tail-The vertical tail was sked for a boost max @ condition of 177 kpa. It is constructed 

of 6AL-4V titanium. T l ~ e  mass of the vertical tail is 12,300 kg. 

Nose Section-The nose sectioil is constructed of 6AL-4V stiffened sandwich construction. 

Included in the nose section are the exterior windshields and the nose landing gear support bulk- 

head, wheel well and doors. The titanium sandwich is 3 cm thick and has a smeared thickness of 

0.13 cni. The total mass of the nose section is 9200 kg. 

Crew Module-The crew module is an all welded 22 19-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 niodule acconirnodates a 4-man flight crew plus a 6-man passenger group. The crew 

module niass is 2800 kg. 

Fuel (LH2)Tank-The fuel tank is an all welded 6AL-4V titaniuni sandwich pressure vessel. The 

core thickness is 3 crn. The smeared thickness of the sidewall sandwich is 0.41 cm. The dome 

sandwich srnearrd thickness varies between 0.2 1 crn and 0.26 cr~i  for the upper dome and between 

0.22 cm and 0.28 cni for the lower dome. The tank niass is 21.200 kg. 

Intertank--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 t o  0.25 cni. The intertank mass is 25,900 kg. 

Payload Bay Doors -The payload bay door is 24 meters long and has a surface area of 553 squa;e 

meters. It consists of two panels that open at the upper centerline. Each panel consists of four 

equal length segments. The forward 6-meter segment incorporates deployable radiators. The door 

primary structure is of honcyc.ornb and franie construction employing composite materials. The 

door nlass is 5 100 kg. 

Oxidizer (LO2) Tank-The oxidizer tank is an all welded 22 19-TS7 aluminum pressure vessel con- 

sisting of  two elliptic~l domes. The dome nienibrane thickness varies between 0.53 cm and 0.63 cm 

for the upper ciotne and between 0.62 cni and 1.00 cm for the lower donie. The tank niass includ- 

ing slosh baffles is 20.300 kg. 

Aft Skirt-The aft skirt is app:oxiniately 12.2 rneters long and is constructed of 7075 aluniinuni. 

The skirt experienccs niaximuni coriipressive lorldings of 26.200 N/cni forward ancl 33.800 N/cm 

aft during the booster 3g condition. Th: smeared t!lickness of the skin-stringer panc.!s !s 0.7 1 cni 

forward anti 0.8 1 cni aft. The .ift sklrr mass is 19.600 kg. 



Thnrst Structure-The tlirust structure consists of an internal cone frustum with a cruciforni beam 

system at its lower end. Ten thrust posts are incorporated into the lower section of the cone 

frustiom and fotlr thrust posts are incorporated into the cruciform beam system. A combination 

7075 aluminun1/bAL4V titanium structure is used. The structural eletnents art: sized for the 

ignition condition using a dynamic magnification factor of 1.25. Tte average compressive loading 

in thc upper section of the cone frustunl is 12,900 Nlcm and the average smeared thickness of the 

alurliinunl skin panel is 0.49 cm. Tiie awragc cross section area of a titanium thrust post is 23 ' 

square centimeters. The thrust structure mass is 10,100 kg. 

Aft Body Fbp-The constant chord body flap provides the Orbiter with pitch trim control and 

them~ally sllields the nlain engines during entry. The flap is an aluminum structure with honey- 

conib s k ~ n  panels. Vie tlap mass is 640 kg. 

Fairing Structures-Fairing s tn~ctuws consist of a forward wing-to-body fairing located in the tran- 

sition region between 'Ile circular fuel tank an4 the "boxey" intertank, a wing-to-body fairing 

located under the lower half of the circular aft skirt, and a tail-to-body fairing. The fairings are 

aluniinum structures with honeycomb skin panels. T l ~ e  total mass of tire fairings is 3960 kg. 

1.3.1.3.1.2 induced Environmental Protection-The induced environmental protection sub 

systeni consists of ( 1 )  Reusable Surface Insulation (RSI) on the exterior surfaces of the wing, tail, 

and body. (2) a base hcat shield incorporating RSI, (3) internal insulation for thermal control of 

pertinent components. and (4) purge. vent, and drain provisions. The masses of the foregoing are 

44,800 kg, 1400 kg. 1100 kg, iind 100 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. The landing gear weight is estimated at 3.2% of design landing weight. 

Total si~bsystem mass is 15,800 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 L02ILH2 

Chamber Pressure 20,700 kpa 

Area Ratio 77.5: 1 
Mixture Ratio 6: 1 

Specific Impulse (Vac) 473 sec 

The mass of the fourteen engines ar.d associated accessories plus gimbal provisians (for ten engines) 

is 43,540 kg. 

265 
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Pressurization gltses are heated GO: for the LO: tank and lieated GH: for the  LH:, tank. The dry 

mass of  the tank pressi~rization and propellant delivery system is 17,260 kg. 

1.3.1.3.1.5 OMS Propulsion-The orbital maneuver system consists of  iocr  (3) ASE engines 

and accessories. ~ n d  associated tank pressurization and propellant delivery and storage elements. 

The following engine characteristics were used in tlie analysis: 

Propellant LO,;LH? - - 
Cllamber Pressure 1 3.800 kpa 

Area Ratio 200: 1/400: 1 

Mixture Ratio 6: 1 

Thnlst (Vac) 89,000 N 
Speci tic Impulse (Vac) 473  sec 

The mass of the four engines and accessories is 7 7 i  kg. 

Tank pressurization is provided by lt high-pressure low-temperature hellium gas system. The dry 

mass of tlie tank pressurization anti propellant delivery and storage elements is 4830  kg. 

1.3.1.3.1.6 Other  Systems--The remaining subsystem masses have been estimated using 

historical o r  Sliiittlr predicted weights. These subs)~stt.nis include RCS propulsion. prime power. 

electrical conversion and distribution, hydraulic conversion and distribution. aerosurfaces controls. 

avion~cs. env~ronniental control. personnel provisions. personnel, and payload acc~mmodatioiis .  

RSS Propulsion T h e  reaction control systerli provides for stage orientation on-orbit and prior t o  

entr) . and for coiitrol during tntry.  Tllc subsystem dry Inass is 3930 kg. 

Prinie Power-Major power sources consist of an @1,'H2 powered fuel cell subsystem t o  provide 

electrical power. and ;i hyctrazilie powered APU subsystern t o  provide hydraulic power. The dry 

mass o f  the prime power subsystem is 2500 kg. 

Electrical Conversion and Distribution-The power conversion, conditioning and cabling elements 

are includcd in tliis category. Ttlr subsystem rnass is 4800  kg. 

Hydraulic Conversion and Distribution-All stage fi~nctiolis requiring Iiydraulic power 3re serviced 

by the hytlr;iulic conversion and distributioll subsystem. The hydraulic power far  rocket engine 

tllrust vector control and valve actuatior* is included in this category. .l'lle subsystern niass is 

3600 kg. 

Surface Co~ltrols 1'11~ actuation systenls for t1lc acrodynanlic coritrol slrrt';t~.es ; ~ r c  incluclcd in tliis 

category. as are the cockpi1 controls. Tlie suhsystcni niass is 0800  kg. 



Avionics-The avionics subsystem includes elements for guidance, navigation and control, communi- 

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 arrionics. 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 subsystern mass including closed loop 

fluids. is 2400 kg. 

Personnel Provisions-The fixed life support system and personnel accommodations for the Cman 

flight crew a.-e included in this category. The subsystem mass is 5CO 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 1200 kg. 

Payload Accomlnodations-Reniovable payload support equipment is induded in this c- .egory. 

The mass allowance is 2900 kg. 

1.3.1.3.2 Orbiter M a s  Characteristics 

The orbiter mass chardcteristlcs are shcwn in Table 1.3.1-5. Structure accounts for approximately 
50% of' the Ftage dry mass. The ascent propulsion ar;~! thermal protection subsystems are an 

additional 29% of the dry mass. The dry mass is 86% of the inert mass with the rerai.ider including 

residuals and reserves. peno~;nel and payload accommodations, and infligh: losses. 
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Tabla 1.3- 1-5 O&tw Mas &mmt . 

STRUCTURE 
WOWED ENVl-AL MlOlEcrWm 
LAWMNGANOAUXSrSfEMS . 

UCENT PROPULSION 
AuXlLMRY PRr3PULSIoN 
mIME#IYVER 
ELECTRICAL CONVERSION AND OtSlRIBUTION 
HYDRAULIC CONVERSION AND OLETRtlWTlON 
WRFACE ~ R 0 I . S  
AVKmlCS 
ECLSS AND PERSONNEL ?RMI 
G m  

DRY MASS = 
P E m S F . L  AND PAYLOAD -ATalS 
RESIDUAL u n  RESERVES 

I.AmtNGYUSS- 
ENTRY IPJ-FLIGHT LOSSES 

STAR? ENTRY awS = 

4% UNIRONMEMAL IN-FLIGHT LOSSES PRIOR TO ENTRY 

DRY MASS BREAKOOW - 
1.3.1.1 Launch Vehicle Costs 

Costs are presented in 1977 dollan. Dciing Phzs: 2 ,  costs will be updated t o  1979 dollars. 

T t e  i)DT&E cost fcr the tlight hardware and iis associated graund support equipment is sltown k 

F i ~ u r e  1.3.1-2 for L3th the boosttl and orbiter stags. The total development cost for both s t a g s  
is $1 1.1B. Cys~-.nts test. which inc!lides all the ground and flight test hardware in addition to  thr 

test labor. accounic in excess of 50% of the total development cost. The bo rde r  DDT&E cost 

includcs a new . xket engine and airbrelrthcr engill. development. The orbitcr DDT&E reflects use 

of !he Space Shuttle's SSME's an6 some of the other subsystefi~s which were modified rather than 

new detelol. :,enls. A11 c ~ s t s  qaoted art: m I977 dollars. 

Stncr "System Test" is such 3 large portion of tile DL'T&E cost n further detail bxakdown is shown 

in Tzble 1.3.1-6 fcr both the booster and orbiter: 

7 l l r .  "Systcms 7'e5t Labor" enti)- includes t i i t  labor for both ground and tlig!~t test. A five ( 5 )  

%ig!ir .'eveloplnei\t t! i i  program is planlled for the behick. The lahor includes 211 ttie effort to 

mod,,y eqaipment. buiid test fixtures. il- scil instrumentation and to condu~-! the test program. 

Approrir .tely 25% of ?.- . .;ems teC! lahor entry is attributablc to  the f i ~ g  L rest portion anu tile 

remair,:;~. 1s a s s w ; a t r ~  with ihc grc~und tzst activity. 



Tab& 1-3-14 SPS Vehicle Systems Test Cost Breakdonn, 

*INCLUDES REFURBISHMENT OF DYNAMIC TEST ARTIC! : INTO A FLIGHT TEST UNIT. 

ORBITER 

S626M 

S I X ~ I  

($l!MM) 

w66w 

($566M) 

S708M 

m70M 1 

r 

SYSTEM TEST LABOR 

GROUNO TEST HARDWARE 

STRUCTURAL TEST AHTlCLE 

PROPULSION TEST ARTICLE 

DYNAMIC TEST ARTICLE 

FLIGHT TEST HARDWARE* 

TOTAL 

BOOSTER 

5767UI 

s1620M 

(3170m) 

(s'25M) 

6725M) 

S907M 

iU294M 
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1.3.1.4.2 Production Cost 

The initid unit production cost for both the SPS cargo vehicle booster 2nd orbiter is shown in 

Figure 1.3.1-3. The theoreticrll first unit c a t  (TFU) for the b o s t e r  of S821.4M 111d S68.5M for 

the orbiter werr: devzlop~d using tbe b e i n s  P.irmletric Cost h i d e l  (K-MI. TIic foliowing is a 

breakdoan of the TFU cost b! m i o r  sutrsyste~r.: 

Subsystem 

Structure 

TPS 

Main Propulsion 

Landinp and Aus. Sys. 

Flyback Propulsion 

Other Sub:)-srems 

Booster Orbrter 
? 1 <-; - IbS 

&:A 1 0'7 

2 - 4 5  2sc: 
135 or; 

1 1'; Kj.4 

1 ‘Fir 265 

The ground suppcrt equlpnient KFU cost is estitllatrd to h. S 1 cl-T.Hhi and S 1 lo.Ohf i,)r thc booster 

and orbiter re: pcCtivz1,'. 

1.3.1.4.3 .berage Cost Fli_yht 1 !btellite, Year! 

The cost ilight breaktiown shown in Figure 1.3.13 is the a v e r j g  for the 100 per year Lunch n t e  
ar?J I4 years of opcrution. Thc iclst !light itenis i ~ l l c ~  the Shii[lic l iwr ('llarge Policy giide!incs 

with the foIIo~.i~ig additions. 

1 .  :\\a~orti~atic>ri , v r  t h ~ ~  1 1 ~ ~ 1  production Cost?; 

. Inclusion o !  flit rate tooIi11y idst due to  tile hartt\vare qu;~ntities required. 

The fc~lloc in:! asa~ti~ptiotis and 6-riterij rcgarlii~lg rcfiirhisll~ll~tlt aiid rcpIe~tisl\~~\e~lt spares wss used 

to Je\rblc;p the ~ ~ v z r a y  cost per tliphr i'cx the vehicle: 

State Elenlent flesigi~ Life Refurbishment 

.4trt'mo:e 300 tlipl~fs tl:icll 100 tlish! i.1 

30'; of pro,iuztic-n 

cost 

Indefi~litt. 1'.1zh 5 0  tl~gllts ;.I 

20' ot' produ~.tion 

cost 

0.5lF': pcr t11g11t 
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The effect of  design life and attrition rate variations are show~l 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 productio~ and spares is the largest single item with the booster and orbiter 

acmunting for 55% and 45%. respectively. Propellant cost amounts t o  12% of the total per flight 

cost. 

1.3.1.4.4 Effect of bunch Rate on Cost/Flight 

Figure 1.3.1-6 illustrates the effect of launch rate on the rvenge cost/fli&t and the transport cost 
to low Earth orbit for the SPS cargo vehicle. The required launch rate of approximately 500 flights 

per satellite results in the fdlowing: 

Annual bunch Ra k Cost/Fli$t Tnnsport Cost 
$/kg (Sllbm) 

401) Flights S ! 3.447K 31.71 (14.38) 

1600 Flights S 10.754M 25.36 (1 1 50)  

A 40 launch per year rate. comparable to the planned rate for Shuttle from KSC, would result in 
an average cost of S23M per flight for the SPS cargo iaunc,, vehicle. Also noted on the chart, are 

the NASA/JSC in-house cost estimates as of January 1978. 

The 2-stbge winged vehicie operations plan includes prelaunch. launch, and recovery activities 

associated with the SPS launch vehicle. The launch site operations plan includes: 

I .  Both vehicles laming at the launch site. 

2. Stage maintenance and checkout in dedicated facilities for both tile booster and orbiter. 
3. Mating. vehicle integration. and fueling at the launch pad. 

A horizontal mating operation is planned on the launcher wticre the two stages will be joined and 

then rotated to the vertical. This concept is depicted in Figure 1.3.1-7. The upper portion of the 

launcher/erector is rotated away from the vehicle after the vehicle is in the vertica! positton to 

provide clearance for launch. 
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Figure 1.3.1-7 Laumhr/Enxtw Concept 



Booster Timelines 
The booster timeline from launch to  its move in the integration position is shown in Figure 1.3 .I-8. 

The timelines reflect the average timelines for the operational launch vehicle system. A total of 

62 hours is estimated for this portion of the turnaround with the scheduled and unscheduled 
maintenance activity requiring 36 hours. On-hoard condition monitoring equipment will enhance 

the operations by: 

1.  Providing performance monitoring of the stage subsystems. 

2 .  Aiding in fault isolation and detection. 

Rocket erigine m;lintenance is anticipated to be the major portion of the booster operations. 

Orbiter Tiriclines 
Tile ~ r b i t e r  timeline from launch to  its move to the integration position is shown on Figure 1.3.1-9. 

A total time of 97 hours for orbiter processing including 24 hour on-orbit staytime is estimated. 

The maintenance portion of the activity is estimated to requlre 48 hours due t o  the thermal protec- 
tion system and the additional systmu/equipment required for the manned stage. A total of 12 

hours has beer. Jlocated for payload installation in a parallel operation with the orbiter 

maintenance. 

Integrared Vehicle Timelines 
The vehicle integrated operations tirneline is shown on Figure 1.3.1-10. These activities are at the 

launch site and retlect all the operations from vehicle mating through launch. This portion of the 

launch operatiorts requircs 34 hours for the booster and 30 hours for the orbiter. l l e  total turn- 

around times for the booster and o., .ter are summarized in Table 1.3.1-7. Also shown on the table 
for reierence Is the anticipated turnaround times for the :-stag Sallistic recoverable concept 

sicdied csrlicr. The '-stage winged vel!~cle results in !urnaround times which are less than those for 

the ballistic vehicle. 
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UPPER STAGE 

STAGE OPS 
ONLY 

63 HOURS 

97 HOURS 

----------- 

93 tIOURS 

102 HOURS 
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WBS f -3.2 Cargo Orbit Transfer Vehick 

The cargo Orbit Transfer Vehicle is used to transport satellite components from 

the LEO staging depot to t h e  CEO construction base. This vehicle uses electric 

propulsion and is hereafter referred t o  as the  electric orbit transfer vehicle (EOTV). 

A total of 23 vehicles a r e  required for construction of two 5 GWE satellites in one 

year. 

Selected Configmation 

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 pwrta- 

hedron. The apexes of the  pentahedrons a r e  tied together t o  serve as a mounting 

location for the  payload and propellant tanks. This location provides a good moment 

of inertia baiance t o  minimize gravity gradient torque control requirements and 

simplifies the  docking of the payloads as well as propellant tankers. Thruster modules 

a r e  attached t o  beams protruding from the  four corners of the  configuration. Power 

for the thrusters is drawn from solar arrays in the  bay adjacent t o  the  thruster module. 

The vehicle is sized t o  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 a f t e r  the  Phase i 

mid'errn. 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 Power Gemeration System 

In terms of power generation and distribution systems, the EOTV is divided into four 

separate bays with each bay providi~g power t o  6 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 voitage was found t o  be 2685 volts a s  shown 

in Figure 1.3.2-4. Each segment consists of 20 strings, with each string in turn con- 

sisting of 498 panels. Each of the panels include (140) 5 x 10 centimeter cells. The 

cell shape change is the result of corn?romise between a desired square satellite 

shai. a r~d  the power and ;.oltage requirements dictated by the propulsion system. 



Figure 1.3.2- f EO TV Configuration Concept 
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1.3.23 Power Colkction and Distrhtian 

Power busses a r e  located on t h ree  sides of each  bay of th- EOTV as illustrated in 

Figure 1.3.2-5. Each bay i s  divided into 7 sectors in order  to minimize t h e  impact 

on the  switch &ear co~ l~p lex i ty  should a fault  occur. Five sectors each  col lect  power 

from 8 segments while two sectors  col lect  power from 7 segments. Z bn from each  

sector runs to the associated thruster module where the power is processed. Each 

of the  busses is ale milimeter thick by 80 centimeters  deep. The optimum bus temper- 

a tu re  was found to be 5 0 ' ~  as shawn in Figure 1.3.2-6. 

1.3.2.3 Electric Prapukim System 

Electric propulsion modu!es a r e  located 2 t  four corners  of t h e  EOTV. The key charac- 

teristics of each modu!e a r e  shown in Figure 1.3.2-7. Each module consists of a 

gimbal, yoke, thruster panel contair~ing thrusters and pawer processing units and 

a thermal control systtm. ior t he  reference design, 289 thrusters  a r e  used at each  

of the  four corners. The principal components of t he  1..2m diameter  ion thruster  

and performance characteristics associated with a specific impulse of 8000 sec are 

shown respectively in Figore 1.3.2-8 and Table 1.3.2-1- 

Several methods were  considered for supplying power t o  t h e  thrusters. One  of tP.ese 

options invoives obtaining power directly from the  arrays with no  processing o r  no  

regulat~on. The chief disadvantage in this option is tha t  t h e  voltage is decreasing 

a t  the same t ime the  power is degrading. As t h e  flight proceeds, t he  lower voltage 

will result in a loss of approximately 1,000 seconds of specific impulse. A second 

option regulates and sectionaliies the  array so  tha t  as additional power is required, 

additional sectors can b e  switched into operation. The main disadvantage of this 

concept is t he  extremely complicated switch gear  system. The final power supply 

method considered involves processing all t he  power. The array voltage generated 
2 in this concept is the optimum voltage from t h e  standpoint of I R and plasma losses. 

The resulting voltage i s  2685V AS compared t o  1700V required by the  thrusters. A 

complete comparison was not done on these concepts, however, t he  all-processing 

method appears t o  be the most straightforward and since some of t he  power needs 

to be processed anyhow rqis method was selected for t he  reference. The type of 

processing equipment selected was solid s t a r e  due t o  i t s  longer MTBF. Therma! 

corttrol of the processing equipment is required and is accomplished using an ac t ive  

radiatcr. 
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Tabk 1.3.2-1 Salected 1.2 M Allgw, Ion Thruster Clw8cteristrics 

FIXED CHARACTERISTICS . 
BEAM'CUR#ENT: - '  . 
ACCEL. VOLTAGE: 
DISCHARGE VOLTAGE: 
COUPLING VOLTAGE: 
DBL. ION RATES: 
NEUTRAL EFFLUX: 
DIVERGENCE: 
DISCHARGE LOSS: . 

OTHER LOSS: 
UTILIZATION: 
LIFE: 
WEIGHT: 

SELECTED CHARACTERISTICS 
SCREEN (BEAM) VOLTAGE: 
INPUT POWER: 
THRUST: 
EFFICIENCY: 

80.0 AMPS. 
m.0 v. 
30.0 V. (FLOATING) 
11.0 v. 
0.16 (JUJ1) 

4.8384 AMP: EOUIV. 
0.98 

187.3. EVllON 
1158.0 W. 
0.892 W. 
8000 HR. 

50. KG. 

*WEIGHT PREDICTION COURTESY OF T. MASEK OF H R L -  



1.33.5 Mas Sunmary 
The mass characteris t ics  of t h e  EOTV are summarized in Figure 1.3.2-9. The empty 

niass for  t h e  configuration i s  shown for  both mid-term and final values. The most 

significant change was t ha t  associated with t h e  solar array mass, which increased 

as a result o t  using a more accura te  model reflecting the  power requirements for  
2 I R losses, s torage provisions, changing power conditioning efficiencies as a result 

of using solid state equipment rather  than motor geGerator equipment and also a 

revision in the  radiation degradation analysis. These changes to t h e  solar array, 

in turn, have ref lected o r  resulted in changes in al l  other  elements  of t h e  vehicle 

resulting in approximately a 300 metr ic  ton increase over t h e  mid-term values. 

Accordingly, t he  startburn mass also ref lects  a 300 metr ic  ton increase over the 

mid-term value. 

1.3.2.6 EOTV Cost 

A preliminary cost for  t h e  EOTV was established at the  mid-term of Phase 1. It  

was indicated a t  t ha t  t ime tha t  t h e  es t imate  was probably optimistic. The guidelines 

used t o  establish more  accura te  EOTV costs  than tha t  shown at t h e  mid-term are 

indicated in Table 1.3.2-2. The f lee t  s ize  and amortization period a r e  t h e  same  

as was used for  mid-term. The chief difference in costing, however, deals with t h e  

method in which t h e  costing was done. At t he  mid-term, a scaling relationship was 

used where the  power generation and distribution system cost  was scaled t o  similar 

systems of the satel l i te  and t h e  electr ic  propulsion system cost for  t he  EOTV was 

scaled t o  costs  associated with the  selfpower orbit transfer systems. As such, this 

scaling method presented an optimistic cost  primarily because of using a component 

~ r o d u c t i o n  r a t e  much higher than tha t  possible when amortizing t h e  hardware over 

a number of years. The final costing of t he  EOTV, included establishing detailed 

first unit costs  using component mass and quantities directly associated with a single 

EOTV. These TFU costs  were then used in conjunction with the  annual production 

r a t e  of the  components for  the  ent i re  EOTV fleet  t o  establish t h e  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 r a t e  

for some of the  EOTV and self-power components is presented in Table 1.3.2-3. 

In the  case of t he  CEO construction concept, the  total  componerlts for  t he  23 vehicles 

has been spread out equally over 7 years of i ts  operating life w ~ t h  An additional 20% 

287 
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Table 1.3.2-2 €0 TV Costing Guidelines 
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Table 1.3.2-3 Component Annual Production Rate 
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added t o  t h e  annual requirement to cover manufacturing problems, etc. As indicated, 

nearly all  components for t h e  GEO/EOTV case reflect  a significant decrease in t h e  

annual production rate ,  which will eventually ref lect  in t he  average unit cos t  of 

t he  EOTWs. 

The final Phase I EOTV hardware and cost per flight numbers a r e  presented in Table 

1.3.2-4. In the  case of t h e  hardware costs, both mid-term and final costs  a r e  pre- 

sented. The final flight unit costs  have almost doubled from tha t  of t he  mid-term, 

reflecting the influence of the  more detailed cast analysis. The output from the  

detailed cost analysis i s  presented in Table 1.3.2-5. The power generation and distri- 

bution system has not increased as much as electr ic  propulsion system primarily 

because the  solar array, which is t he  largest contributor, was and still  is being costed 

on mature industry basis with the increase over preceding mid-term values primarily 

the result of t he  20% penalty paid for using t h e  5 x 10 centimeter  cel l  and also t h e  

21% cost  growth factor. Electric propulsion costs, a r e  greater  by almost a fac tor  

of 3 and ref lect  a significant difference in t h e  cost for  individual elements  as a result 

of lower production rate. As indicated earlier, programmatic costs  were not indicated 

in t he  mid-term. On a cost  per flight basis, including amortization of t he  capital, 

the  change from the  mid-term has been approximately $30 million per flight. 

Figure 1.3.2- 10 presents a mass and cos t  sunlmary. 

1.3.2.7 Mission Operations 

1.3.2.7.1 Key Mission Events 

Mission events t ba t  occilr whle using an  EOTV for  CEO construction a r e  indicated 

in Table 1.3.2-6. A to ta l  of 16 days of on-orbit t ime has been indicated for the  turn- 

around of the  vehicle, in addition t o  the  219 days of t ime required for  the up and 

down transfers. 

Once the  vehicle reaches GEO, i t  will be placed in a standby condition approximately 

1 kilometer from the base. At that  tirne small LOZ/LH2 tug(s) will be used t o  move 

the  cargo from the  EOTV t o  the  CEO construction base. Annealing of the  solar arrays 

will occur at CEO and will be discussed in more detail in a subsequent chart.  Once 

the  vehicle has returnzd t o  low ear th  orbit, i t  will again be placed in a stationkeeping 

standby c o ~ d i t i o n  approximately 1 kilometer from the LEO base. Again, small tugs 
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Table 1.3.2-5 Detailed EOTV Cost R e a ~ l t ~  

C*S/ MIS trr? T I T L ~  RASZ PER PRODUCT COST FLOOI VALUE ELEIUYV L S V ~ L  c a r  PJI cosv ~t(r . ersr rrr 
W S  SYSTEN U N I T S H Y I  BASIS ' 8 8 L I  W L B  1234S67491&.311 ILCIISRT SV,STtII *CAI 

NO. O I I 3 4  . t 0 0 0 )  . ( 0 0 0 )  C O P O )  

I TOTALS L.ISE+OI o SUN o MIA . a 256,692 25b.692 1 0 0 2 6 . 7 6 1  - 
z P r o 6  XNTES I ~ 6 n ~  U ~ A  o s RULE o A a : 1 2 . ~ 2 s  IP.ZZJ Q ~ ; . E ~ s  

3 I N I T I A L  SPARES . M/ A 0 5 RULE . 0 ' , N / A  ' a . . 4.485 ,445 17.942 

4 ASSENBLY I C/O N/A 

5 PACKAGING : N/A 

5 IEOTV FLIGHT WDYE ' l.SSE*O? 

1 7  THRUSTER SUIPANEL 101129 

18  PAWEL STRUCT I S 4 0  e 

19  THRUSTERS 110 

20  PROCESSORS 2?50 

O C RULE 0 A 

0 E- I U L E  0 . N/A 

4 sun o w d i  II 

32 sun ' 0 N/A 

32 AV6 U N I T  1 2 0  . l I8  

5600 FLCOI 1 0 0  100 , • 

640 PRO0 RAT 50 1 0 7  

2 1  SYZTCHGEAR 

22 INTERRUPTERS 

23 CABLING 

120 640 PRO0 t A T  1 0  . 2 • a. 38 6,198 24,791 

2 5  17504 PROD RAT SO 76 a 1 8.307 33.228 

3564 3 2  AVS UNIT SO . 6 8 5  2,138 19 .504 78,018 

2 4  INSTRUNENTATION . ZOO 32 A V t  UNIT 1 0 0  I 6 2 7  325 2.602 1 0 1 4 1 1  

2 5  PROP SYSTEM 

2 6  THRUSTER YOKE 

27 GIMBAL ASSV . 

28 COnPUTLR 

29 COURUNICATIONS 

30 STAHDOFF STRUC 

3 1  ARGON TANKS 

$ 2  LO2 TANKS 

33 L H Z  TANKS 

- 36 TANK INSUL 

35 PROP FEED SV5 

36  TCSIRAOfATORS 

3 2  AVE UNIT 

1 6  AVG unxT 

1 6  AVC UNIT 

1 6  AVG UNIT 

16  AVG UNIT 

16  AV6 UNlT 

8 AYE UNIT 

4 AVG UNIT 

I AVG UNlT 

16 AVG UNIT 

16 AVG UNIT 

8 0  AVG UNIT 

3 7  POWER DISTR 5900 112 F L O O R  10 10  a 58 1.651 6.607 , 
~ 8 .  ENERGY STOR 1000 256 FLOOR 100 1 0 0  99 6,399 25,599 

3 9  SOLAR BLANKETS 83655 672 SUM 0 N / A  a 334 56,216 224.864 

40 ARRAY PANELS . 1 1  5110560 FLOOR 4 4 a 0 56.216 224,864 

4 1  ARtAY STRUC 6544 1 2 8  PROD RAT 50 58  379 12,153 48,615 



EOTV CDST 

WA 
DlSTRIRlTIW 

TOTAL- 283.8 

Figure 1.3.2- 10 LO TV Mass & Cost Summary 

Table 1.3.2-6 Mission Events 

will f ly  out from the LEO base to t h e  EOTV to perform refurbishment operations 

on the thrusters, unload and load caigo propellant and deliver propellant. The propel- 

lant resupply will b e  done by tankers rather than removal of the propellant tanks. 

EVENT 

TRANSFER TO GEO 

TERMINAL MANEUVERS 

UNLOAD CARGO 

ANNEAL SOLAR ARRAY 

PREPARE FOR RETURN 

TRANSFER TO LEO 

TERMINAL MANEUVERS 

REFURBELEC 
THRUSTERS 

CARGO HANDLING 

UNSCHEDULED MAlNT 

PROPELLANT RESUPPLY 

PREPAaE FORT RANSFER 

DESCRIPTION 

COST OPTIMIZED FIRST FLIGHT 

RENDEZVOUS AND PLACE ON 
STANDBY CONDITION 

(10) 400 MT UNITS 

12 MILLION SO METERS 

ACTIVATE, CHECKOUT AND 
LOAD CARGO 

DICTATE0 BY POWER AVAILABLE 

RENDELVOUS AND PLACE ON 
STANDBY CONDlT ION 

1600 UNITS 

UNLOAD CARGO AND LOAD 110) 
400 MT UNITS 

--- 
ARGON, LOz LH, 

ACTIVATION AND CHECKOUT - - 
TOTAL 16 219 

b .  4 

A TIME 

ONQRBIT 

1 

1 

4 

1 

% 

4 

1 

(DAYS) 

TRANSFER 

'180 

39 
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Trbk I. 3.3- 1 Curiu Am- Cort.F/wt (356 Flig?tts/Yw For 14 Y-1 

WBS ELEMENT 

TOTAL PROGRAM OQERA' fNG C06T 
- -- - 

PROGRAM OtAECT 
PROGRAM SU390RT 
PRODUCTION b SPARES 

ORBITER PRODUCTION 
ORalTER PARES 
SSMES 
BOOSTER AIRFRAME 
BOOSTER ENGINES 
CREW RELATED GFE 

EXPENDABLE HARDWARE E.T. 
TOOLING 
GROUND OPSPSVS 

GROUND OQS 
GSE SPARES 
PROPELLANT 
OTHER 

DIRECT MANPOWER 
CIVIL SERVICE 
SUPPORT CONTRACTOR 

INDl9ECT MANWWER 
C I V ~ L  SERVICE 
SUPPORT CONTRACTOR 

> 

COST BY WBS LEVEL 8 M  (1977 $1 

1.W 
4342 
0.326 
Q7?9 
4200 
b16S 

1.413 
a326 
Q888 
a074 

12.619 

. 
a756 
a g ~ ~  

@ @ @ @  
1388 

- 
1 .M18 

L-- 

1.663 

QOOB 
3926 

r .PW 
0.137 
2 169 

am1 
a 707 



Hard .ware Equivalent Units 

k s t e r  Airframe 

Booster Engines 

Orbiters 

SSME's 

ET 

26 units 

175 units 

10 units 

I40 units 

3584 units 

The average cost of the ten or t i ters  was established at $550M each. 

The average cost per flight of $1 2.619M includes Program Direct (75%), Direct Manpower 

( 12%) and Indirect Manpower (I 3%) categories. The Program Direct element breakdown is  

as follows: 

Program Support 

Productior! and Spares 

Expendable Hardware 

Tooling 

Ground Operations/Systems 

The Direct and Indirect Manpower costs reflect both extrapolation and modification of 

the Shuttle User charge data for the  Personnel Vehicle concept. 

Wr S 1.3.4 P e r m 1  Orbit Transfer Vehicle 

The Personnel Orbit Transfer Vehicle (POTV) will b e  used t o  transfer personal and supplies 

between the  LEO and GEO bases. The crew rotation/resupply mission i s  flown every 30 

days with 160 people being transferred and one month of supplies provided for 480 people. 

1.3.4.1 Configuration 

The POTV configuration is a spaced-based common s ~ a g e  OTV is a two-stage system with 

both stages having identical propellant capacity a s  shown in Figure 1.3.4-1. The first 

stage provides approximately 213 of the delta V requirement for boost out of low Earth 

orbit at which point it is jettisioned for return to  the  low karth orbit staging depot. 



APS THRUSTERS 
UAIN WGlNC 0 

I ~ o f i " ~ r a r  
, (4 PLACES) 

STAGE 2 I sT\GE 1 - 

PAY LOAT, CAPABILITY = 152 3irU Kc LIP 
90 000 Kg DOWN 

OTV STAR1 ?URN MASS = 890 000 Kg 
ONE FLIGHT PER MOhTH PER CONSTRUCTION BASE 

Fiqure 1.3.4- 1. PO TV for G EO Consauction 
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The second s t age  completes t he  boost from low Earth orbit as well as the remainder of 

t h e  other  del ta  V requirements to place t h e  payload at CEO and also provides the  required 

de l ta  V t o  return the  s tage  t o  t he  LEO staging depot. Subsystems for  each  s tage  a r e  

identical in design approach. The primary difference i s  t h e  use of four engines in the  f i rs t  

stage due t o  thrust-to-weight requirements. Also, t h e  second s tage  requires additional 

auxi:iary propulsion due t o  its maneuvering requirements including docking of t h e  payload 

to the  construction base at CEO. The vehicle has  been sized to deliver a payload of 

150 000 kilograms and returr  '0 000 Kg. As a result, t b e  stage star tburn mass without 

payload is approximately 890 000 kilograms with the  vehicle having an overall length of 56 

meters. 

Structure and Mechanisms 

Main propellart containers a r e  welded aluminum with integral stiffening as required to 

carry flight loads. Intertank, forward and a f t  skirts, and thrust s tructures employ 

graphite/epoxy composites. An Apollo/Soyuz type docking system is  provided a t  t he  f ront  

end of each s tage  for docking with payloads, refueling tankers  and orbital bases. The 

stage-to-stage docking system provides for docking t h e  s tages together  with flight loads 

carr ied through fu l l -d iam~ter  structures. Propellant t ransfer  connections allow ei thcr  

stage t o  be  fueled independently with t h e  s tages e i ther  separated or  docked toge'ner. 

Structure of the  two stages i s  idt-ntical t o  t h e  extent  practicable. 

Main Propulsion 

Main engines a r e  based on shutt le  engine technology, operating with a stagec-combustion 
2 cycle a t  2G Mnlm (3000 psia) chamber pressure, a L02/LHZ mixture rat io of 5.5 t o  1.0 

and a retractable nozzle with extension expansion a rea  r a t io  of 400 provid~ng a specific 

impulse of 470 seconds. Advanced low NPSH pumps a r e  used t o  minimize feed pressures. 

A 6 degree square gimbal pat tern is employed. The engines a r e  capable of operating in a 

tank-head idle (T:iI) mode (pumps not turning: mixed-phase propellants) for  chi 11-down 

and self-ullaging at a specific impulse of 350 seconds; 60  seconds (time) in seif-ullaging 

mode is assumed needed prior t o  bootstrapping t o  full thrust. Throttling between tank- 

head idle and full thrust is not required. Main propellant pressurization is derived from 

engine top off a f t e r  an  onboard helium prepressurization. 
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AIoriliaryRapulsion 

Auxiliary propulsion is used for at t i tude control and low delta V maneuvers during coast 

p e r i d s  and for terminal docking maneuvers. An independent LOZ/LHZ system is used and 

provides an  Isp of 375 seconds averaged over pulsing and steady state operating modes. 

Thrusters a r e  mounted in quad packages analogous t o  the  Apollo Service Module 

installation. Each quad has its own propellant supply t o  facilitate change out. Auxiliary 

propulsion for the two stages uses common technology but capacities and thrust levels are 

tai lored 

Electrical Power 

Primary electric power is provided by fuel cells based on shuttle technology, tailored to 

the OTV requirement. Reactants a r e  stored in vacuum-jacketed pressure vessels 

Product vrater is assumed retained onboard to  minimize payload contamination potential, 

Ni-Cad batteries a r e  employed for peaking and smoothing. 28 VDC power is rough- 

regulated and filtered with fine regulation provided by power using subsystems as needed, 

A potentiai inert mass saving (not assumed) would use b w  pressure reactants provided 

from main propellant tanks. Electric power systems for the  two s t ~ e s  a r e  identical 

except for reactant capacity and harnesses 

Avionics 

Avionics functions include onboard autonomous guidance and navigation, data manage- 

ment, and S-band telemetry and command communications. Navigation employs Earth 

horizon, s tar  and Sun sensors with a n  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 a re  identical, software for each stage is  tailored t o  the  

stage functions. 

Thennal/Envircw~lental 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 JI of the  avionics systems is accomplished using semi-active 

louvered radiators and cold plates. Active fluid loops and radiators a r e  required for the 

fuel cell systems. Superalloy metal base heat shields are employed to protect the base 

areas from recirculating engine plume gas. 



VBS 13.4.3 Performance 

Performance characteris t ics  associated with t h e  common s t age  L02/LH2 OTV a r e  shown 

in  Figure 1.3.4-2. Propellant requirements a r e  shown as a function of t h e  payload return 

and delivery capability. Performance ground rules used in these parametrics  a r e  as 

follows (values a r e  main propellant quantities): 

o THI mode Stg 1-100 kg  per  s t a r t  

Stg 2- 50 kg per  s t a r t  

o Stop loss Stg 1- 20 kg 

Stg 2- 10 kg 

o Boiloff r a t e  6 kg/hr each  s tage  

o Burnout mass scaling equations: 

Stg 1 3430 kg  = 0.05567 W P I  + 0.1725 WP2 

Stg 2 3800 kg  = 0.05317 WPI + 0.1725 WP2 

Where WPI and WP2 a r e  main and auxiliary propellant capacities respectively 

o Stage ' of 0.33 

o Staging base at 477 Km, 31 degrees 

1.3.4.4 Mass 

Summary level mass est imates a r e  presented in Table 1.3.4- 1 for  t h e  selected satei l i te  

OTV. A weight growth factor  of 10% was used rather  t na t  15% as in FSTS based on t h e  

judgment tha t  t h e  SPS L02/LH2 OTV would be a second generation veh~cle.  Mass 

est imates for the  systems reflect  t he  design approach previously described. 

13.43 Mission Profile and Flight Opera t iom 

Typical orbit transfer operations from LEO t o  CEO for  t h e  common s tage  OTV a r e  

illustrated in Figure 1.3.4-3. The majority of t h e  de l ta  V for  boosting from LEO is  

provided by 3tage 1. Stage 1 then separates  and returns t o  t he  staging depot following an 

elliptical return phasing orbit. Stage 2 completes t h e  boost and puts  t h e  payload into a 

CEO transfer and phasing orbit, as well as injecting t h e  payload into CEO and performing 

the  terminal rendezvous maneuver with the  CEO construction base. Following removal of 

the payload, s tage 2 uses two primary burns in returning to  t l ,e  LEO staging depot. A 

detailed mission profile indicating events, t ime and de l ta  V i s  presented in Table 1.3.4-2. 



PAYLOAD RETURNED (ld Kg) 

Figure 1.3.4-2 Two S- LOgLH2 OTV M o n n n n  



Table 1.3.4- I Chemical 0 7V Ma# Summary 

Struct and Mechanisms 
hisin Propulsion 
Auxiliary Propulsion 
Avionics 
Electrical Power 
Thermal Control 
Weight Growtii (I 0%) 

Drq' 
Fuel Bias 
Unusable LO7!LH, - - 
Unusable and Reserve APS 

Burnout 
Main Impulse Prop 
APS 

Startburn 

Stage I (KG) 
13,300 
7 -090 

820 
3 0 0  
850 

1,850 
3,4 20 

26,630 
640 

Stage 2 (KG) 
14,780 
4.020 
1.120 

310 
820 

2.310 
2.340 

75.790 
640 

1,810 

figure 1.3.4-3 Chemical 0 TV Orbit Transfer Operations 

30? 



MISSION 
EVENT REQUIRED PROPULSION 
NO. & ,TIME M L T A  V (MAIN OR 
NAME (HR) MlSEC AUXILIARY) REMARK 

I 

MISSION - 
1. STANDOFF 0 3 A PROVIDES SAFE SEPARATlON DISTANCE BETWEEN 

FACILITY & VEHICLE 
2. PHASE 12 3 A 6 V  IS .9 lTlTC'DE CONTROL 

3. COAST .5 1715 M OTV FIRST STAGE SEPARATES AFTER THIS AV 

4. COAST 4.2 3 A ELLIPTIC REV 

5. INJECT .1 750 M INCLVDES 60 MlSEC ACCUMULATED FINITE - 
BURN LOSS 

6. COAST !i.4 3 A TRANSFERTOGEO 

7. PHASE INJ .1 1780 M REPRESENTATIVE FOR 15O PHASING 

8. PHASE 23 3 A 

9. TPI -1 66 M INCLUDES 15 WSEC 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 6.4 1 0  A TRANSFER TO LEO 

16. PHASE INJECT .I 2356 M 

17. PHASE 12 3 A ORBIT PERIGEE AT STAGING BASE ALTITUDE 

la TPl .1 60 M 

19. RENDEZVOUS 2 20 A 

20. DOCK 1 10 A 

21. RESERVE 130 M m OF STAGE MAIN PROPULSION v BUDGET 

FIRST STAGE RECOVERY 

1. COAST 4.2 30 A AV TO CORRECT DIFFERENTIAL NODAL REGRESSION 
BETWEEN COAST ORBIT AND STAGING BASE 

2. PHASE INJECT .I 1645 M ELLIPTIC ORBIT - PERIGEE AT STAGING BASE ALT. 

4. TPI 12 3 - A ALTITUDE CONTROL 

3. PHASE .1 50 M 

5. RENDEZVOUS 2 20 A 

6. DOCK 1 10 A 

7. RESERVE - 85 M 2% OF STAGE MAIN P~OPULSION v BUDGET 
4 I 



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 assernbly between stages and between OTV and 

payload. 

13.4.6 Cost 

DDTE cost for the  common stage L02/LH2 OTV with a s tar t  burn mass of approximately 

900 000 k g  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 a t  $82 million 

(1977 dollars) again using FSTSA parametrics. 

Cost per flight for the LOZ/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 14 Year Program Life 

o 50 Flight Design Life 

o Stage Learr~ing Factor of 0.88 

o L02AH2 Bulk Cost of $0.10 per kg 

o Spares Equal 50% of Operational Units 

o Backup OTV Always Available and Assumed Used at the  Same Rate a s  the Crew 

Rotat ion/Resupply OTV 

Based on the above groundrules, a total of 16 stages are  required resulting in an average 

cost per OTV flight of $4 million. 
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Figure 1.3.4-4 Chemical OTV Flight Operation Timeline 
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W BS I .4 Ground Receivirg Stations 

WBS Dictiohtry 

The SPS ground receiving stat ions include al l  functions required t o  receive t h e  power 

beams, convert them t o  grid-compatible e lec t r ic  power, and provide g r w n d  control 

of beam formation, aiming, and power. Whether t h e  ground receiving stat ions would 

be responsible for SPS flight control has not been determined. 

Description 

Each receiving stat ion includes t h e  land area, rectenna (rectifying antenna), gr ia  interface 

equipment, and control and communications systems. The land s i t e s  a r e  13.18 x 18.7 

km (nominal, a t  35' latitude) and each  rectenna proper is 9.885 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 est imates were not made. 

Cost Summary 

Kectenna cos t s  were based on General Electric Studies of rectenna construction, power 

collection, power processing and grid interfacing. 

Land was est imated a t  $5000/acre for acquisition. 

A summary follows: 

Land 47,800 acres 

Structures & Installation 

R F  Assemblies Ik Ground Plane 

Distribution B u s e s  

Command & Control Center  

Power Processing & Grid Interface 

These figures a r e  for one receiving si te ,  

Cost Million of $ 
120 

285 

834 

268 



Figure 1.4- 1. Tilted Panel Rectenna Configuration 



WBS 1.4.1 Site and Facilities 

WBS Dictionary 

This element  includes t h e  land ar lor t he  ground receiving stations and all  s i t e  prepara- 

tion. 

Description 

The land a rea  requirement was assumed t o  be  equivalent t o  t h e  SPS power beam footprint 

on the  ground. The slze i s  nominally 13.8 x 1P.7 km, e l l i p t i c~ i ,  but varies with latitude. 

That porticn of t he  land a rea  not used for  clctive rectenna elements  may be planted 

in grass or forest  (as i s  appropriate t o  t he  climate) t o  minimize reflection of t he  outer  

fringes of the  microwave beam. The beam intensity in this region will b e  less than 1 
2 m;.:/cm . The ent i re  receiving s i t e  will be fenced. 

Mass 

Not applicable. 

WBS 1.4.2 Recte~a Primary Structure 

WBS Dictionary 

This element  includes al l  support s tructure for t h e  ac t ive  rectenna. 

Description 

The structural design selected is illustrated in Figure 1.4.2, excerpted from the  General 

Electric Rectenna construction study. 

Mass and Cost  

Principal materials consumption for one rectenna is estimated as follc.ws, based or f 2 

GE construction analysis: 

Concrete* : 1,145,000 metr ic  torts 

Steel 1 589,000 metr ic  tons 

Aluminum .70,000 metr ic  tons 

ceramic (probably AIZOj) 6,000 metr ic  tons 

plastic 12,000 metr ic  tons 

gallium arsenide (in diodes) 25 metr ic  tons 

* Indications a r e  that  this is a high estimate. 



Figure 1.4-2. Pre-Stressed Concrete in Basdine Structure 



Table 1.4- I presents t h e  summary cost es t imate  from the  CE rectenna construction 

analysis. 

VBS 1.4-3.1 RF-DC Corrvcrsiorr 

Oescriit i a ~  

The rectenna concept utilizes a wea:her proof matched dipole configuration shown in 

Figure 1.4-3. .911 n ~ a t e r i d s  required a r e  readily available and of low cost. The mechanical 

design is amenable to highly automated production. Using the  previously proven rectennas 

construction  neth hods from the  JPLfRaytheon tests,  a more efficient two plane design 

forrrlat :us b , ~ n  developed (Fig. 1-4-41. An actual  complete scction has  been evaluated 

in r.f. t e s t s  and is shown in Figure 1.4-5. 'Ihe metal  shield is used t o  provide environmental 

protection as well as prevent direct  radiation of harmonic power. Also, t h e  dc converting 

bus forrns $art of the  filter and r.f. rectification circuit. 

Ground Planes 

lhe two-plane &sign consists of the ac t ive  receiving elements  and a reflecting plane, 

or  ground plane. The reflecting plane need only be  a metallic rnesh with suitable spacing 

relative to the* wavelenth. Refer t o  1.4-4 for the form and location of the ground plane. 

Llsz of a rncsh allows passage of the  wind, rain, snow. etc., t o  reduce structural  loading. 

R.F. Assemblies 

The foreplane contains the half-wave dipoles the  input wave filters, the  rectification 

circuit, the smoothing za+acitar!ce, and the  DC power collection and bussing function. 

Figurr- 1.4-6 shows the electrical iormat of the  foreplane. Figure 1.4- 5 showed a physical 

?tnbvdi~~icnt  of a section of foreplane construction as defined in Figurc 1.4-6 with the 

addition of a shicld. The foreplanc shown it\ Figure 1.4-5 has bccn thoroughly checked 

out -1ectrica1ly drld found to  be e q u d  in cfficielicy to that  of the tirrec plane construc- 

tion. Figurc 1.9-4 showcd how the foreplane can be iiitegratcd with the  reflecting screen 

t o  fort11 the tnajar portion of the  rcctenna structure. It is found that  thc  metal shield 

placed over thc act ive portion of thc rcctcnna to  shicld it €roll\ the e r ~ ~ i r ~ n ~ n c n t  and 

to  prcvcnt J ircct  radi,rtion of har~nonic power frat11 the rcctificr L-ircuit c'ari filnc'tion 

very satisfaztorily as the horitolltal load bearing mcnibcr of thc  rcctt8r\ria. 



TYPE - 
RECTENNA 
MATERIAL: 

DIODES 
STEEL IN PANELS 
ALUMINUM BUSCARS (.02" x 0.5") 
STRUCTURE 

CONCRETE (6 r 10 METER MODULE) 
STEEL (REINFORCING) 

4CIDIODE 
15.8 Kglm2 
165.000 METRIC TONS 

TOTAL COST (MS) 
11 977 DOLLARS) 

LABOR 50 

CAPITAL COST 

MISCELLANEOUS 

(TYPICAL MACHINE LIFE IS 40 
5 YEARS, COST TO PROJECT 
ONLY DURING USE) 

1 75 - 
TOTAL RECTENNA COST 1 360 

GROUND POWER DISTRIBUTION AND TRANSMISSION 

(PER SPS PHASE Ill FiNAL REVIEW) 

TOTAL SPS GROUND 
SYSTEM COST 
(EXCLUDING LAND AND 
DEVELOPMENT COST) 
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HALF WAVE - 
DIPOLE ANTENNA 

DC B a s  BAR 
2 SECTION LOW PASS 

MICROWAVE FILTER !NDUCTANCE BYPASS CAPACITANCE 
10 RESONATE AND OUTPUT FILTER 

AALF WAVE SCHOTTKY PECTiF,E~ CIPCUIT BARRIER DIODE RECTIFIER 

Figure 1.4-3. Cutaway section of the threeplane rmmna approach used in the 
RXCV at jPL 3 Goldstone facility showing how the rmtenna dements 
plug into the array. Although this approach was tatisfactory electric- 
cally, it is complicated from a fabrication point of view. A greatly 
simplified mechanical appraach is the two plane system which 
p m e s  all of the desirable electrical properties of the threpplme 
system. 





H?LF-WAVE DIPOLE COLL C I I N G  WS 
i , - 

- I - 
F * + +  

lo  
- 
t 

f LOW PASS f l L f C R  TO REEPHhRMONICS FROM RADIATING 

I I Y I S - 1  

Fwre 1.4-6a Schernatk of the f w a n e  of the t m - p l a ~ ~ e  metanna ahomirg the 
aaqpment of hdf-waw dimes, input fittars, and Schottkybmiw 
ractifying dh&. Two-win? tmsmiaion lines are uaRd far both 
microwave cirwits and carrying out the DC p o w  c d I W  by the 
array. 

INBOUND SECTIONS 

SECTION n SECTION ("-11 SECTION (n;'2 + 2) SECTION (n/2 + I )  

._"-I1 PUT OPTIONAL 'I- 
.?>inrER ll GROUND - CI- 

1 O P T l O N A l  

- --C 
GROUND 

SECTION 1 SECTION 2 SECTION (n/2 -1 ) SECTION (n/2) 

f b r e  1.4-6b. Schematic electrical drawing showing how the sections of diodes 
repretenting the rectenna elemenb within a long length of foreplme 
are connected in parallel and series to build up to the desired out- 
put current and voltage levels. 

315 



- 
The dipoles are formed of aluminutn wire as shown in Figure 1.4-7. 

Cirdtry 
Refer to Figure 1.4-6 for the electrical circuit of the  rectenna panels. Panel interconnec- 

tions are described in section 1.4.3.2. 

Shiddsadcorarr 

The shape and size of the shield shown in cross section in F i r e  1.4-8 is Qtumined 

by a number of factors. The depth of the beam is determined by the  necessary distance 

of about one inch between the half wave d ipde  a n t m a s  and the  reflecting screen and 

the method of assembling the shield to the screen. The assembly of the beam to tk 

screen is important but the options on how tc do i t  are severly limited. By making 

the shield deeper and inserting i t  into folds in the  screen a secure, fast, and economical 

assembly can resuit 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 i ts  depth to provide i t  with 

high torsional resistance. If the  top and bottom members of the shield are quite thin, 

they can be given resistance t o  buckling under stress by forming lateral grooves In the 

material. 

Although the dil: ,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 t o  be at 1.093 inch and the moment of 

iqertia I is found t o  be 2.303 t, where t is the thickness of the  material. 
Y 

VBS 1.9.3.2 Rectema Power Canditioning 

htroduction 
In order to determine the major characteristics of a rectenna, which can be r~sed 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: 



Figure 1.4-7 Proposed method of continuous fdn'cabion of the awe e I y  of 
rertmna elemmts T ~ Q  andbottom m a m h  an? continuOUS/y 
tbrnned from mv rolls of flat wrie to the left of the assembly. 
Details of the above dm-ng ham been sllpemedsl by a new ak@ 
shown in F@re 1.2.4-2. 

NEUTRAL AXIS 

I - 1.043 - 

1 

Figure 1.4-8 Proposed design of ,+he sbidd for the foreplane assembly. Design 
consists of three parts. The parts are continuously a m b l e d  to 
each other by rolling over flanges left on top and side pieces, after 
the parts flow around and enclose the core of the foreplane. 
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Space Antenna 

Equivalent diameter: 

Power distribution: 

Frequency: 

Wavelength: 

Aperture Gain: 

Aperture illumination efficiency: 

Antenna Gain: 

3 db beamwidth: 

8.S db beamwidth: 

1OOOm = 8153.6A = D A 
Gaussian, approximated 

by 10 constant level 

rings with -9.5 db edge taper. 

2450 MHz 

12.2449 cm 
2 G o = "  DX.88.17 db 

A = 88.25% 

G = 0 = 87.63 db 

72.08 = 8.84 x 1 0 ' ~ d e ~ .  - 
D A 

1 19.37' = .01464 deg. 

DX 
Number of transmitters: 101552 

Transmit power out of antenna module: 

Total transmit power: 

Orbit location: 

Northern tilt  of antenna: 

Ground Antenna 

Location: 

Elevation angle to  spacecraft: 

Slant range: 

70 kw 

PT = 7.1249 Gw 

-loo0 long. 

4.96777 deg. 

-loo0 long., 30' lat. Texas 

Edge taper: -8.8 db 

Keceive power density in middle 

of rectenna: 

Nominal N-5 dimension: I 1.48 km 

Nominal E-W dimension: 

Aperture shape: 

Area: 

9.4 km 

Nominal elliptical, approx- 

imated by N-S and E-W 

straight lines. 

84.75 km2 

Beam efficiency between space 

and rectenna: 95.33% 

Beam efficienty sensitivity: + 1.5%/+ - 12.1 1% antenna 

variation. (beam efficiency can be increased t o  approximately 96.77% i f  antenna 
2 area is increased to  95.01 km ) 



No attempt was made to optimize the rectenna size relative to t h e  space antenna and 

its aperture distribution. However, it is believed tha t  an economical optimum is not 

far  from the above selected antenna area. For instance if it is assumed that  t h e  rectenna 

represents 12% of t h e  system cost and the rectenna costs is proportional to its a rea  

then - + 1 3 %  beam efficiency variation corresponds t o  - + 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 t o  the  center  of t h e  beam. 

Figure 1.4-9 exhibits t h e  variation of t h e  aperture distribution and t h e  centers of the  

selected "r irir" over the aperture, 

Table 1.4-3. P o w  Distribution Within the Rectenm 

r km 
(&s Plane) 

0 

1.22 
2.44 

3.66 

4.88 

For the rectenna geometry and qg = 95.47% the rectenna intercepts 6802 GW RF power, 

neglecting propagational effects. In the middle of the  rectenna the  power density is 
2 approximately 24.3 mw/cm for the loss less atmosphere and no component failures 

2 in the space antenna. This puts t h e  rms value of maximum power density to 2 1.52 mw/cm . 
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1.4-9. Distribution of Incoming RF Power over Rectenna as a Function of 
Distance from Center Normalized to Major or Minor Axis of Elliprical 
Aperture of Rectenna 



In order to develop the  details of the r e c t m a  power collection network the aperture 

area is divided into ten  approximately elliptically shaped rings. The DC power collecting 

scheme distinguishes the  following assemblies; 

Dipole 

Array 

Panel 

Unit 

Group 

These assemblies can be  connected in a number of ways. Two particular conf hurations 

were analyzed in some detail. In the  first, so-called Hlow voltagew design the  network 

is connected in such a way that  t h e  line voltages remain within a nominal 2 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 t o  2 23 kV. For safety ad 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 desibn, 

due t o  the  larger conductor quantities necessary. 

Layout and Characteristics of a Low Voltage DC System 

Diile Assembly 

It is assumed that  the  basic receiving element of the  rectenna is an  electrical dipole 

in the front of a perfect reflecting element, o r  ground plane. the dipole assembly also 

contains a filtering and matching circuit t o  match the dipole, when i t  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 
a 2 and average receive area A =-of an arbitrary antenna is  

a" 47 



For a free space, infinitely thin half wave dipole G = 1.65, thus 

X 
For two endfire isotropic sources, T from each other and 90' in phase G = 3.36 and . 

2 Aeff = 40.09 cm . When a half wave dipole is alone in the front of an infinite ground 

plane i t s  gain is somewhat better  than the  ideal two element endfire array and i t s  gain 

is C - 4.85 = 6.87 db. The corresponding effective a rea  of such an antenna is Aeff 

57.86 cm. When an infinite number of such dipoles form an array the  effective area 

per d~pole  decreases slightly due t o  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 
2 the slightly conservative Aeff = 54.08 cm 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 
2 x 43 = 1849 matrix of dipole assemblies on a 10 m panel. In the  middle of the  rectenna 

a single dipole ideally will receive 1.313 w power. It i s  assumed that all dipoles a r e  

identical thtoughout the rectenna The number of dipoles in the  rectenna is approxi- 

mately 1.305 x 1010* The 7.354 c m  = .-6A in a square array configuration and 7.902 c m  

= .644 A in a triangular array format. 

In practice the  triangular format is recommended due t o  i t s  more even distribution of 

dipoles. 

It may be noticed that the  dipole density has some effect  on tile overall 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 t o  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 t o  the power density variation over the recten, a aperture a single type of radiating 

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 already 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 will b e  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 s i~nple  printed circuits, Table 1.4-4 shows t h e  RF power delivered to  t h e  diode 

by the  ~ a r i o u s  type of receive elements as a function of their location In the  rectenna. 

It is assumed that  t h e  rectenna is divided into ten  rings and t h e  power per dicde shown 

in Table 1.4-4 is the  average power within the  corresponding ring. The same table also 

shows t h e  estimated conversion efficiency on the  basis of a n  analytical model as shown 

in Figure 1.4-10 on the Dasis of the  Rensselaer Polytechnic Inst. Report No. N! i 9-15453 

by R. J. Cutrnan and J. M. Borrego.* 

Figure 1.4- 10. Assumed RF to DC Conversion Efficiency of Diode as a Function of 
Diode Input RF Power 

70 

* The model is conservative. Experimental results 3 t o  5% better than this curve have 

been reported. 

I 
. I  .Z .3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 

DIODE RF iNWT POWER PIN (WATTS) 



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 il1r;rnination nonuniforrnaity diode mount loss 

The resultant efficiency shown in Table 1.4-4 refers t o  already demonstrated diode 

performance and does not include any diode technology improvement effects. I t  is cus- 

tomary t o  predict in the literature about 5% improvement in efficiency by diade improve- 

ment and circuit loss reduction. 

On the other hand the  above calculation neglects the  effect  of diode aging and the  fac t  

that the spacecraft and rectenna generally are not at the  same longitude. For instance 

a 5' longitude differential introduces an additional appr. 92.6 1% factor for the ring 

10 arrays, which have relatively large directivities. At any rate a maximum 5% efii- 

ciency growth may be assumed relative t o  the  demonstrated performance assumed in 

this report. 

9 There are  approximately 7.654 x 10 arrays (diode assemblies) in the overall antenna. 

Panel Assembly 

From the dipole or array assemblies panels are formed. I t  is assumed that  the panel 
2 is the smallest assembly from fabrication point of view. 10 m 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) pica1 panel assembly in the center of the rectenna. It is assumed that  

all panel sizes a re  identical and this requries 7060224 panels in the  rectenna. There 

a r e  four different type of panels, corresponding t o  the four different type of receiving 

arrays. Although the  dipoles and diodes a r e  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 panels. 
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Figurn 1.4- 11. ihaptor l  Layout of Pard in tha Mid& of R m  Cantrrniw 
1849 OipoIa and Oiodas (Dimmshs svr in m.) 
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wkadllr 
From thc pa& udt assemblies arc f o r m e d  The units are combined from pandr in 

s u d r a m a m e r t h a t r o m i n a l l y  1OOOpanelsafeinoneunitandthe N-Sdimarsionof a 

unit is always 32 x 3S62 = 117.184 m, vhich msans that tht nunber of panel rows in 

the N-S plane is always 32. This aUows a standardization of the urit layouts to a min- 

imum of seven types. 

F i  1.4- 13 shows t h e  unit layouts selected for  the various rings and T a b k  1.4-6 gives 

the main drafactnisticx of the mitr 

F i e  1.4- 14 shwt the overali layout of the rectema with the ring boundaries a d  

the nunber of rnits within each ring. The coordinates of the ring bandaries are given 

in Table 1.4-7. Note, that  the N-W dimension of the units are standardircd to 1 1 7 1  

m everywhere within the rectenna a d  only the E-W dimemion of the mits varies from 

ring to ring. 

CIorp- 
The last assembly which is  formed at DC is called "group" and kings the power output 

into the 5 10 M W  range. In order to keep the voltage levels relatively low the groups 

are formed from t h e  units by paralled comcctions only. 

The power from the unit output is brought to the group centers, where the M3 to AC 

inverters a r e  located by a relatively long transmission line and there lines a r e  parallel 

connected at the poup centers only. Table 1.4-8 shows the characteristics of the group 

assemblies. 

Figure 1.4- l i  presents the  overall circuit diagram of group 1 in ring 1 of the  rectenna 

on the basis of the previous calculations 

L o s r c a k m h ~  

In order to determine the total loss associated with the DC power collecting network 

and its weight (cost) :he 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. 



F- 1.4- 13. Wiring Laywt of the Sevan Diffarent Unit 0- used in the Rectmm for bhe 
Low Vui- Canfi~vratkm 

Table 1.4-6. Cn--& of the Unia 
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T&e 1.4-8. C%iuacteristics of the Groups 

I 

Ring 

1 

2 

@ 

9.012 

5.632 

8.016 

5.299 

4.965 

5.991 

2.923 

4.786 

4.843 

7.669 

P a r a l l e l  
Uni ts  

6 

4 

I 

I* 

1459.2- 

1016.t  

1651.2 

i 
1 2 0 4 . 8 ;  . .  

! 
1296.81 

i 

1777 1 
. . 

972.5 i 
I 

887.2 ! 
I 

989.6 i 

1690.4 
a 

NG 

85 

179 . I 8  3 112 

7 2 

97 

82 

40 

43 

44 

22 

4 

5 

6 

7 

8 

9 

10 

No. of 
Residual 
Uni t s  

8 

0 

. - 8  

8 

10 

10 

8 

8 

8 

12 

1 2  

0 

0 

0 

0 

0 

4 

1 
V" L?! 

6175 

5542 

4854 

4397 

3829 

3370 

6011 

5392 

4893 

4536 

13.58 

17.18 

9.166 

11.36 

8.875 

5.68 

18.18 

18 

14.4 

15.71 



Figure 1.4- 15. Block Diagram of a Typical Group for the Low Voltage Configuration, Example 
shows a Group within the Inner Ring (Circlcl of the Rectm~a Aperture 



D 18G25037-3 

Tabie 1.4-8. Loss Calculation for P a d  Lines I#. Wires) 

Total  46-23 

Input 4891.4 

Loss X .945 

Output .  6845.2 

Table 1.4-9. Loss Calculation for Unit Lines 

r 

ohm Loss - Tota l  
2 - 1 L m P Unit Loss 

Ring fUA A- 4 2 O h  kw X Mu Nu Lu C,, 

1 243.2 160b 2 . 2 4 3 x 1 0 - ~  2877 .06455 3.81; .254 1.977 518 2980 4353 12991 

254.1 1600 2.243 x lom5 3413 ,07655 4.942 .351 3.538 716 $687 4359 21299 

206.4 1600 2 . 2 4 3 ~ 1 0 - ~  3199 .07175 3.056 .W5 2.775 908 2905 4359 ?2661 

2666 .ll959 2.712 .409 i.594 588 3135 2179 6832 

3336 .I4831 3.897 .627 3.024 776 5131 2179 11181 

4266 .09568 3.021 .SO4 2.477 820 6996 6359 30691 

5332 ,23919 2.262 .386 .905 400 8531 2179 18591 
L 

6826 ,30621 3.766 .629 1.295 344 9393 2179 20464 

4 

Ring 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Total  20.02 

Input 4845.2 

A 

1.5 

1.5 

1.5 

1 

1 

1 

1 

1 

1 

.5 

2.25 

1.98 

1.72 

1.50 

1.31 

1.11 

.973 

.866 

.773 

.755 

Loss X .413 

Output 4845.2 
334 

ohm - 
Ro m 

,02394 

.02394 

.02394 

.0359 

..0359 

.0359 

.OX9 

.OX9 

.0359 

.0718 

f LPm 

146.2 

146.2 

146.2 

106.2 

106.2 

106.2 

106.2 

76.25 

76.25 

52.95 

Ipo'Y 

3.274 

3.274 

3.274 

3.812 

3.812 

3.812 

3.812 

2.736 

2.736 

3.802 

Loss - 
Pam1 

X 

16.54 .953 

12.83 .933 

9.68 .673 

8.58 1.035 

6.54 1.045 

4.69. 1.003 

3.61 .988 

2.05 .702 

1.63 .691 

2.16 1.012 

n" 
TotalLom. 

7.60 

9.41 

8.64 

4.03 

5.03 

9.92 

2.30 

1.44 

1.46 

1.80 

- 
GI 

534.8 

1041.7 

272.2 

445.5 

619.6 

185 .l 

146.3 

187.2 

30.3 

N~ 

647552 

733184 

871680 

470400 

769792 

1009600 

640000 

704512 

901120 

842240 

I 

LP'- 

130864 

214383 

254879 

99912 

163503 

222935 

67968 

53719 

68710 

22298 

!!& 

GP"'" 

4.087 

4.087 

4.087 

2.724 

2.724 

2.724 

2.724 

2.724 

2.724 

1.362 
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Table 1.4- 10. Loss Ca/culation for Unit to Grwp Combining Lines 

Tota l  1.88 

Input 4825.2 

Loss X ,038 

Output 4823.3 

m 
L u ~  
179.8 

106.7 

300 

250 

310 

800 

999.8 

853.3 

533.3 

933.2 

Tota l  
Loss 
m 

.12 

-08 

. 
km 

L u ~  Iu  %Go" 

.004033 

.002393 

-006729 

.01121 

.01391 

,01794 

.04485 

.03828 

.01195 

.02029 

Nu 
518 

716 

~ i n g  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
t 

2 
!% 
km 

G~~ 

908 *25 I 
cT 

243.2 

254.1 

206.4 

150.6 

162.1 

177.7 

97.25 

110.9 

123,7 

211.3 

.14 

.28 

. '.6 

.15 

.16 

.06 

.18 

1600 

1600 

1600 

800 

800 

1600 

800 

800 

1600 

1600 

"*' :::: 
76*4 1 272.4 4359 

588 

776 

820- 

400 

344 

352 . 
188 

i 

147.0 

240.6 

656.0 

799.8 

587.1 

375.4 

701.8 

406 

333 

1187 

320 , 
I 

524 1 
i 

2859 i 
I 

2179 

2179 

4359 

2179 

2179 

4359 

4359 

1743 

1279 

1636 

3059 
A 



Only one iteration was made for the selection of conductor sizes and the  system shown 

in t h e  tables is not optimized. However, t h e  calclllation shows the  sensitivity of t h e  

losses t o  the amount of metal used and as might be  expected the  losses in t he  units are 
limiting t h e  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 t h e  increasing conductor siz: increases the fabrication problems 

and may rule out  t he  use of printed conductors on tCle panels. 

The reduction of unit l ine weights by a factor  of 2 can  save  about 117900 T of alumirum 

at the  expense of deteriorating the  loss by .41%, however, t he  associated loss of revenue 

probably does not justify such a reduction. 

Table 1.4-12 summarizes t h e  transfer losses for  t h e  overall SPS system. 

1.4.3.3 Layout and Characteristics of a b w  Crrrrent DC System 

If safety and environmental considerations, and furthermore reliable high voltage insulators 

allow the  use of larger DC voltages in t h e  DC power collection system, then i t  is advantageous 

t o  increase the  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 t o  the  uncertainties associated with this design, i t  was 

not selected as the  baseline configuration. Nevertheless, because of i t s  potential advantages 

a few of the calculated characteristics a r e  included here. 

The low current design is identical t o  t h e  low voltage design up t o  t h e  output of a panel. 

Furthermore the  same number of panels can be  used in a unit then for t he  low voltage 
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Table 1.4- 11. Summery of Losses and Tnnsmission Line "JeiMts 

Total DC Power 4891.4 
a t  Diode Output . 

Loss X -1.393 

TotalDCPower 4823.: 
a t  Inver te r  Inpu t  

b 

I Loss Mw 

j 8 . 1.44 -1.29 .16 2.89 146 . 20469 1279 21594 
' 

1 

i 9 1.46 1.03 .06 5.44 187 52357 1636 54180 

10 . 1.80 1.40 .18 3.38 30 48931' 3059 52020 

Ring 

; I  
I 
1 
i 3 
I 
1 4  
I 
' 5 1 
1 6  
1 

7 .  

r 

Weight 
T 

Group 
Panel Unit Line Tota l  

Group 
Panel Unit Line Tota l  

7.40 

9.41 

8.44 

4.03 

5.03 

4.92 

2.30 

406 13932 
1 

333 22508 

1187 ' 14890 

320 7424 

524 12 150 

2859 33970 

1743 t 20519 

535 

876 

1042 

2 72 

445 

620 

185 

12991 

21299 

12661 

6832 

11181 

30491 

18591 

9.5b 

13.03 

11.46 

5.76 

8.33 

7.86 

3.35 

1.98 

3.54 

2.77 

1.59 

3.02 

2.48 

.SO 

.I2 

.08 

.25 

.14 

.28 

.46 

.15 



TabAe 1.4 12. Summary of Pow Transfev LO- without Equipmant Fa'Ium and Propsgetian 
Effscn in Andyzed Part of SPS System 

Inpst Interface: Output from transmit aperture of space antenna 

Output Interface: Input to power grid 

Mu Efficiency Factors 

Satellite RF Radiated Power 

Rectenaa RF Input Power 6792 .? 

Rectenna DC Input Power +I 

Rectenna DC flutput Power 4823.3 4 

Rectenna AC Output Power 4750.9 J 

.9534 
(beam) 1 .6769 

1 
.7200 (RF to DC) 
(resultant 

I 
conversion) 

.985 
(AC conversion 

J 
and transmission) 

- .6667 
(RF to AC) 



Fwre 1.4- 16. Wiring Laywt of the seven D i f f m t  Unit Dm-'gns W i n  the Rectennn for tht 
Low Current Confi~vration 

T . / e  1.4- 13. Cr,(~acteristics of Unitsin Low Cbrrent Des@n 

t 

Ring 

1 

' 2  i 

4 
I 

1 5  
I 

6 

1 9  

10 
? 

' 

P a r a l l e l  
Panels 

2 7 

32 

k V  - 
. V uni t  

No. of 
S e r i e s  
Pan. 
Str ings  

32 

32 

A - 
Iunit 

30 

2 5 

31 

4 0 

25 

32 

4 0 

35  

24.69 160.80 
I 
i 

22.17 163.52 
! 1 

32 

32 

19.41 ,51.60 
f 

I l i . 8 7  3 7 . 6 5  

3 2 
i 
! 15.31 40.52 , 

32 i 13.48 '44.42 ' 
i 
1 

32 :12.02 '24.31 
I 

I 

32 i i 10,78 , 2 7 . 7 2  1 
I 

I 

32 

3 ;? 

9 .78  30.92 

9.07 52.82 
I 



design. However, in this cmf  iguratim much smalier panel stri~rgs are fwrned and about 

the same number of panels are connected parallel thcn in series. 

Figure 1.4- 16 shows the unit configuration and Table 1.4- 1 3 summarizes the applicable 

voltage and current levels. 

From the units groups are formed in such a way that the line voltages are further increased. 

Table 1.4- I4 shows the obtainable voltage and current levels. 

A comparison between the low vdtage and low current design at panel and group levels 

reveals, that their currents are csscntiallv identical, However, a: tht most important 

unit level, the low current desrgn typically has I14 of the current levels. Thus for idtntical 

conductors the losses will be 11 16 or for iderrtical losses the conductor weights can be 

reduced by a factor of 15. On the basis of Table 1.4- I0 this represents a conductor 

we~ght saving of 

1 235803 (1 - T = 221065T 

out of a total of 25349OT. thus reduces the conductw weight to 32424T (a factor of 

7.8!) The cost rnipast of such a uvrng could be in the order of 10 - 20% for the rectenna 

and I - 2% at the overall sssten- level. 

Yhase control af the SPS tratisniitter i s  provided by an uplink transmitter at the center 

of the rectecna. This uplink system employs the spread-spectrum coding technique 

defined by P. t. Lindsey of Lincon, for J S C  under separate contract. 

c3thcr ccmtrol is  provided through the communications system described under W BS 1.1.5. 

VBS 1.9.5 Layout and Characteristic: of AC System and hterpksc with 

Ekctric Util ity Systems 

This sclectlon of the layout for the rectcnrklr -1C systcrn between the indiv~ciiial I)C/AC' 

converters and the birlh power levels of the I></ 4C coriverters as well as on thc needs of 

the bulh power transr~ilsslon s\stcni. The onc-l~r:e diagrarn for the re< tcl~nj. :Ic system as 

i t  was developed far the previous bjsclinc des~gn wiwrc the DC output frorn the drpoles 

were collected Into 40 \lU IW'lhC' c-oiivcrtcr stat~orls IS shown 111 Figure :.4- 17. The 

40 4IU converter statlon oritplat 1s t rans~~i~t tcd by undergraund cable to 20C \\U trans- 

former statlons whcre the voltage IS stcppcd up to 230 hV, t l ~ c ~ i  ~ ~ i l t * i t c d  In 1020 1\U 

groups and trdmfarilicd to 590 hV ior ~~lterphasc \\.~tl i the brrlh t ra~ is i i i~ \~~o t i  s\stcili. Thr 

.:40 
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Tdde 1.4- 14. Q,aacmktb of G m p r  in Low Cbmmt Dcopn 

Fgure 1.4- 17. Ground P o w  Collecrion and Transmission Systeni 
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switchyards are shown arranged as reliable 'breaker and a halfw schemes where single 

contingency outages may be sustained without loss of p w e r  output capability. The 

selectiaal of the voltage level for t he  ultimate bulk power transmission interface with the  

utility grid as well as t he  possibility of interconnecting two or more of t h e  LOO0 MW 

switching stat ions together should be optimized based on detailed information about t h e  

connecting utility system. The solution shown in Figure 1.4- 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 grea ter  reliability and 

economy. J'hile an arrangement as shown in Figure 1.4- 17 nicely f i t s  an assumption of 

symmetrically located load a reas  surrounding t h e  site,  i t  is more likely tha t  the  major 

portion of t h e  output would be required at a single area geographically. For example, 

with location of the  ground power stat ion in t h e  desert  a r e a  of the  Southwest, we would 

expect  tha t  t he  major output would be absorbed OII t h e  West Coast. 

S i t h  this in mind, i t  is logical t o  consider fewer transmission circuits from a single 

substation in a double bus type of arrangement. 

Figure 1.4- IS shows t h e  propcsed arrangement, using a total  of s ix 500 kV circuits, four of 

which are  assumed direct to a single load area with t h e  remaining two  circuits directed t o  

two additional load areas. It is anticipated that any two  of t h e  6 circuits could be 

removed from service without reductioa of the  rectenna output. The remaining four 

circuits, togetiwr with the  normal utility transmission interccnnectims s h o ~ l d  be capable 

of carrying the  5000 MU' output required. In other  words, the systern shown could hand:e 

either a line maintenance outage plus sudden fault loss of a .second circuit,  o r  sudden loss 

of two circuits alone. Additional circuits would, of course, provide the  ability t o  handle 

additional multiple contingency situations. 

The breaker and a half arrangement shown can survive a fault in aily component without 

toad reduction. The major contingency situations are: 

Bus fault - no loss of c i r c u ~ t s  

&eaker fault - one or two circuits lost, depending on breaker location 

"stuck" breaker - one ?r two circuits lost (including faulted circuit) 

(i.e., failure to depending on location of stuck breaker 

trip for line fault) 



The conventional electr ic  utility bulk transmission systems opera tes  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 t o  the res t  of the  e lec t r ic  
. 

utility systern. 

For conventional generating stations, depending on t he  distance t o  the  load center,  some 

series capacitor cornpensation of t he  AC transmission lines would norn~ally be expected 

when considering contingency line loadings. Typical line loadings versus distance and 

amount of series cotnpensation 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 

carrying the full 5000 MW t he  line loadings wou!d be 1.25 t imes t h e  surge impedance 

loading (SILL The surge impedance loading for various voltage levels a r e  shown in Table 

1-4-15 and for 500 kV, t h e  Si t  would be about 1000 MW. From Figure 1.4-19 i t  would 

appear t ha t  a reasonable transmission distance with no series  compensation for this 

example would be about 200 miles, which could be increased t o  350 o r  400 miles with up 

to  70% series compensation. 

To define the  specific requirements for a given situation, load flow and system stability 

studies would be required. I t  is likely, however, tha t  t he  SPS power system would be fa r  

rnore stable than a conventional power plant of t he  same rating. This would mean tha t  

the transr~iission distances could be ir~creased for a given line loading without need for 

series co*npensation. 

When substantial arnountf of power a re  t o  be transported for  distances of 400 miles or  

more, the  consideraticn of a high-voltage DC (HVDC) as the  transmission load is of ten  

indicated. The HVP" systern is idea!ly suited for long distance bulk power transport since 

i t  does not suffer a n  stability e f fec ts  and can even be used t o  improve the  stability of 

the  AC systern tc. which i t  is connected. The DC system is asynchronous and can easily 

transmit power between independent power systems such as those of the  Eastern and t h e  

Western United States. 

There are,  however, certain specific requirements to be met. At each of its terminals the  

DZ transnlission system absorbs reactive pcwer which must be supplied by s t a t i c  

capacitors, rotating machines, like synchronous condensers or from the  connected AC 



Figure 4.7- 18. Transmission Requireme~t for Utility Interface 
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network. Reactive volt-amperes equal t o  approximately 60% of t h e  t ransmit ted ac t ive  

power a r e  required. 

Table 1.4- 15. Representative tine Surge Impedance Loadings (SILJ 

One Two Three F w r  

Line Volt Conductor Conductor Conductor Conductor 

k V MW M W M W  MW 

242 146 IS3 209 - - 
36 2 327 4 10 468 504 

: 50 - - 945 1080 1160 

SO0 - - . - 2280 2460 

The current on the  AC side of t he  terminals con'it.ins substantial harmonic componects 

which must be  removed, generallv by shun:-conrec ted tuned circuits. These filters a r e  

also large enough t o  provide w m e  of the :-.squired reactive power. 

Lastly, the DC terminal must be connccted io  an ac t ive  AC network having a short circuit 

capacity (in volt-amperes) equal t o  a m i n ~ i ~ u m  of two t imes the  transmitted power. If 

the .4C systern doer not have the  r equ~red  level of short circuit capacity, which would be 

the  case for the  SPS system, synchronous condensers (also called synchronous compensa- 

tors) a r e  connected adjacent t o  t he  termirals. They will regulate t he  .4C systern voltage, 

provide the  needed system strength, and provide t t  e reactive power not generated by the  

filters. For these same reasons synchronous condensers have also Seen recommended for 

use with the  DC to  AC converters within the  rectenr.a system. 

When the  reqi~irements  for fi!tering, reactive supply, a7d short circuit capacity a re  met ,  

t he  HVDC system is a reliable, efficient,  and readily c o ~ t r o l l e d  power transmission 

medium. 

A typical HVDC power transnlission circuit is shown ir? Figure 1.4-20. The sy?chronous 

condensers and AC fi l ters  a r e  shown connected to  the  AC switchyard. The DC terrninal 

consists of three phase bridge converters connected in para:lel on the AC side and in 

series on the DC side. Although only two bridges a r e  shown between ground and the  DC 



Figure 1.4-20. Elements of a HVDC TranmisstSSIon System 
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conductor, i t  is not uncommon for  four such bridges to  be applied when t h e  DC voltage 

exceeds - + 400 kV. 

The DC system is  balanced with respect  t o  ground and i s  firmly held this way by fully 

rated ground electrodes. In normal operation there i s  no current  it- these ground electrodes, 

but in an emergency if one conductor ir i t s  converters  a r e  lost, t he  o ther  conductor 

and the  ground circui t  will continue to transmit half power. Such emergency use can  

usually be tolerated. The transformers which couple t h e  AC system t o  t h e  bridges a r e  

shown equipped with load t a p  changers (LTC) which Insure tha t  t he  converter  operates  

at t h e  proper voltage and firing angle regardless of normal smaller variations in t h e  

AC system voltage. 

Power flow in t h e  DC system is subject to accurate and rapid electronic control. Power is 

held steady o r  adjusted according t o  source o r  load requirements as desired. In this 

respect is is ideally suited for t h e  SPS power transmission system. 

HWC technology is advanced and the  systems have been well received. A 6300 M W  

system in Brazil is currently in t he  proposal s tages with full scale operation scheduled for 

1985. It would appear that  a DC system or a combination of DC and AC system could b e  

applied to the Solar Power Satellite system with few difficulties using today's e lec t r ic  

utility system's transmissior, design practices. 

WBS 1.5 MANAGFMENT 

Management svstems were nat  defined. An allowance for  program management costs  was 

made in the  cost analyses. 


