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FOREWORD 

The SPS System Definition Study was initiated in June of 1978. Phase I of this e f f w t  was com- 

pleted in December of 1978 and is herewith reported. This study is a follow-on e f f w t  to an 

earlier study of the  same title completed in March of 1978. These studies a r e  a part of an  

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

National Aeronautics and Space Administration. 

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

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

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

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

Gordon Woodcock. Subcontractor managers a r e  Dr. Philip Chapman (ADL), Roman Andryczyk 

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

This report includes a total of seven volumes: 

I - Executive Summary 

11 - Phase I Systems Analyses and Tradeoffs 

I11 - Reference System Description 

IV - Silicon Solar Cell Annealing Test 

V - Phase I Final Briefing Executive Summary 

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

VII - Phase I Final Briefing: Space Construction and Transportation 

In addition, general Electric will supply a supplemental briefing on rectenna construction. 



Key team members t ha t  contributed in t h e  various disciplines were  the following: 

Subject 

Structures 

JSC- Management Team Contractor  Team 

Bob Reed Rich Reinert (Boeing) 
M. Rornanelli (Crumman) 

Power Distribution R. Kennedy; M.E. Woods J. Cewin 

Power Transmission R.H. Dietz Erv Nalos 

RF-DC Conversion L. Leopold E. Nalos 

Phase Control J. Seyl U'. Lund 

Fiber Optic  Pt-iase Distribution J. Seyl G.E. Miller 

Solid S ta t e  Design L. Leopold G.W. Fitzsimmons 
B.R. Sperber 

Array Analysis Dr. D. Arndt S. Rathjen 

inf orrnation & Communications R.H. Die t t ,  J. Kelley Tom Walter (TRW) 

Space Construction Operations L. Jenkins 

Space Transportation H. Davis 
E. Crum 

K. Miller (Boeing) 
R. hlccaffrey (Crumman) 

Eldon Davis 

Ground Receiving Station R. Andryczyk (CE) 

Siting H. Roberts D. Gregory (Boeing) 

Power Collection R.H. Dietz  P. Foldes (GE) 

Grid Interface L. Monford 8. Kaupang (GE) 

Constuction H. Roberts J. Chestik (GE) 

hlission Ops & Control 8. Wolfert K. Miller (Boeing) 
R. Crisman (TRW) 

Industrial Infrastructure J. Poradek P. Chapman (A.D. Little) 



CONTENTS 

Introduction and Background . . . . . . . . . . . . . . . . . .  1 

History . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

Objectives . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

Study Approach and Study Team . . . . . . . . . . . . . . . .  9 

Synopisis of Study Results . . . . . . . . . . . . . . . . . . .  11 

Satellite . . . . . . . . . . . . . . . . . . . . . . . . . . .  15 

Review of Critique Results . . . . . . . . . . . . . . . . . . .  15 

TRW Critique of t h e  Baseline Microwave . . . . . . . . . . . . .  19 

SPS Size and Configuration Effects  . . . . . . . . . . . . . . .  25 

. . . . . . . . . . . . . . .  General SPS Flight Control Studies 33 

SPS Internally-Generated Electromagnetic Interference . . . . . .  45 

SPS Equipment Failure Modes. Rates. and Effects  Analysis . . . . .  47 

. . . . . .  Analysis of Power Transmission System Availability and 56 
Maintenance Requirements by General Electric 

Command & Data Handlin System Failure Modes and Effects  . . . .  99 
Analysis (Privided by TRW? 

Satellite Energy Conversion . . . . . . . . . . . . . . . . . .  101 

Structural Analyses . . . . . . . . . . . . . . . . . . . . . .  101 

Satellite Energy Conversion Solar Blanket . . . . . . . . . . . .  128 

. . . . . . . . . . . . .  Satellite Energy Conversion Maintenance 12% 

Microwave Power Transmission . . . . . . . . . .  
F.lase Control and Array Simulation . . . . . . . .  
Baseline Verification . . . . . . . . . . . . . .  
SPS Array Computer Simulation . . . . . . . . . .  
Fiber Optical Phase Distribution . . . . . . . . .  
Failure Mode Analysis . . . . . . . . . . . . . .  

. . . . . . . . . . . . .  Availability Assessment 

. . . . . . . . . .  MPTS Efficiency Chain Impacts 

Solid-State Microwave Power Transmission Summary 



. . . . . . . . . . . .  Solid S t a t e  Amplifier Technology for  SPS 156 

. . . . . . . . .  Solid S t a t e  Transmitting Antenna Configuration 163 

. . . . . . . . . . . . .  Solid S t a t e  Satel l i te  System Analysis 170 

. . . . . . . . . . . . . . . . . .  Preliminary Noise Analysis 177 

. . . . . . . . . . . . . . . . . . . . . . . . .  References 180 

. . . . . . . . . . . . . . .  Klystron Module Thermal Control 180 

. . . . . . . . . . . . . . . . .  Antenna Waveguide Material 181 

. . . . . . . . . . . . .  Analysis of Antenna S t ruc ture  Options 1117 

. . . . . . . . . . . . . . . . .  DC to DC Converter  Analysis 200 

Passage of Lower Satel l i tes  through the  SPS Power Beam . . . . .  207 

. . . . . . . . . . . . . . . .  Space Construction and Support 229 

. . . . . . . . . . . . . . . . .  Series  Construction Analysis 229 

. . . . . . . . . . . . . .  Equipment Charac te r i s t ics  .4 nalysis 231 

. . . . . . . . . . . . . . . .  Beam- Builder Production Ra t e s  231 

. . . . . . . . . . . . . . . .  Module Indexing R a t e  .4 nalysis 244 

Single Deck Construction Base Module indexing Analysis . . . . .  244 

End Builder Construction Base Module indexing R a t e  Analysis . . .  245 

. . . . . . . . . . . . . . .  Equipment Manning Requirements 245 

Identification of Alternat ive Construction Concepts  . . . . . . .  249 

End Builder Construction Concept  Character izat ion . . . . . . .  254 

. . . . . . . .  End Builder Construction Requirements  a n d  Issues 254 

. . . . . . . . . . .  End Builder Satel l i te  Construction Options 254 

Typical End Builder Structural  Assembly Sequence . . . . . . . .  254 

Structural  Joints  During End Building Construction . . . . . . .  256 

. . . . . . . . . . .  Automatic  Beam Fabrication Requirements  258 

Satel l i te  Support During End Builder Construction . . . . . . . .  262 

. . . . . . . . . . . .  Solar ArrayIStructure Assembly Methods 262 

. . . . . . . . . . .  End Builder Antenna Installation Concepts  267 

. . . . . . . . . . . . .  End Builder Concepts  and  Capabilit ies 269 

. . . . . . . . . . . . . . . . . . . . . .  2 Bay End Builder 269 

. . . . . . . . . . . . . . . . . . . . . .  4 Bay End Builder 275 

. . . . . . . . . . . . . . . . . . . . . .  8 Bay End Builder 278 

. . . . . . . . . . . . .  Base Configuration Structural Analysis 281 



Timelines arad Performance Potential . . . . . . . . . . . . . .  284 

Single Deck Construction Concept Characterization . . . . . . . .  293 

LEO Single Deck Construction Base Characterization . . . . . . .  293 

LEO Construction Operations . . . . . . . . . . . . . . . . . .  296 

Construction Equipment . . . . . . . . . . . . . . . . . . . .  302 

Facility . . . . . . . . . . . . . . . . . . . . . . . . . . .  302 

Crew Size . . . . . . . . . . . . . . . . . . . . . . . . . .  302 

CEO Single Deck Construction BaseCharacterization . . . . . . .  303 

CEO Construction Operations . . . . . . . . . . . . . . . . . .  303 

Construction Equipment . . . . . . . . . . . . . . . . . . . .  310 

Facility . . . . . . . . . . . . . . . . . . . . . . . . . . .  310 

Crew Size . . . . . . . . . . . . . . . . . . . . . . . . . .  312 

Antenna Construction Concept Refinement . . . . . . . . . . . .  312 

Review of the Antenna Design for Construction Impact . . . . . .  312 

Primary Frame Configuration Update and Construction Approach . . 312 

Elevation Joint Location . . . . . . . . . . . . . . . . . . . .  316 

Refinement of the Antenna Construction Operations Concept . . . .  316 

Antenna Construction Platform . . . . . . . . . . . . . . . . .  319 

Phase Control System Installation . . . . . . . . . . . . . . . .  319 

Preferred Construction Concept Selection . . . . . . . . . . . .  326 

. . . . . . . . . . . . . . .  Construction Base Cost Comparison 326 

Construction Base Performance Comparison . . . . . . . . . . .  330 

Construction Base System Complexity Comparison . . . . . . . .  332 

Construction Base Operations Complexity Comparison . . . . . . .  332 

. . . . . . . . . . . . . .  Construction Base Development Risks 335 

. . . . . . . . . . . . . .  Construction Base Growth Capability 335 

. . . . . . .  Alternate Construction Concept Summary Comparison 335 

. . . . . . . . . . . . . . . . . . . . .  Space Transportation 339 

Heavy Lift Launch Vehicles . . . . . . . . . . . . . . . . . .  339 

Launch Trajectories . . . . . . . . . . . . . . . . . . . . . .  339 

. . . . . . . . . . . . . . . . . . . . . .  Return Trajectories 341 

Cargo OTV: Construction Locationlorbit Transfer Options . . . . .  354 

Introduction and Summary . . . . . . . . . . . . . . . . . . .  354 
. . . . . . . . . . . . . . . . .  GEO Construction with EOTV's 356 

. . . . . . . . . . . .  EOTV Performance and Cost Optimization 356 

vii 



Guidelines . . . . . . . . . . . . . . . . . . . . . . . . . .  356 

. . . . . . . . . . . . . . . .  Analyses Models and illethodology 359 

Sillcon EOTV's . . . . . . . . . . . . . . . . . . . . . . . .  363 

Gallium Arsenide EOTV . . . . . . . . . . . . . . . . . . . .  376 

. . . . . . . . . . . . . . . .  EOTV C~rnpariscn and Selection 380 

EOTV Design Life . . . . . . . . . . . . . . . . . . . . . . .  382 

EOTV Fleet Size . . . . . . . . . . . . . . . . . . . . . . .  385 

. . . . . . . . . . . . . . . . . .  EOTV L>esig~ Characteristics 3215 

. . . . . . . . . . . . . . . . . . . . . . . .  Configuration 385 

. . . . . . . . . . . . . . . . . . .  Power Generation Systern 389 

. . . . . . . . . . . . . . . .  Power Collection and Distribution 393 

. . . . . . . . . . . . . . . . . . .  Electric Propulsion Syslem 393 

. . . . . . . . . . . . . . . . . . . . . . . .  Mass Suniniiiry 398 

. . . . . . . . . . . . . . . . . . . . . . . . . .  EOTVCost 398 

blission Operat~ons . . . . . . . . . . . . . . . . . . . . . .  401 

K e y  IC1i3;, on Events . . . . . . . . . . . . . . . . . . . . . .  401 

EOTV Annealing Operations . . . . . . . . . . . . . . . . . .  404 

Thruster P efurb~shment . . . . . . . . . . . . . . . . . . . .  404 

LEO Skpport Base Des~gn arid Operat~ons . . . . . . . . . . . . .  406 

Conf lgurati*. ..r, . . . . . . . . . . . . . . . . . . . . . . .  &06 

EOTV C.ostruction . . . . . . . . . . . . . . . . . . . . . . .  4ua 

Depot Operdtidns . . . . . . . . . . . . . . . . . . . . . . .  408 

LEO Base Crew Size . . . . . . . . . . . . . . . . . . . . . .  411 

LEO Bdse $ 4 3 ~ ~  arid Cost . . . . . . . . . . . . . . . . . . . .  411 

CEO Corlstruction Crew Rotation/Resupply . . . . . . . . . . . .  41! 

LEC) Construction with Self Power Transfer . . . . . . . . . . .  413 

Configuration . . . . . . . . . . . . . . . . . . . . . . . .  413 

Self Power Orbit Transfer Systern Reusability . . . . . . . . . . .  416 

Recovery System Options and Sizirrg . . . . . . . . . . . . . . .  416 

Recovery EOTV Design and Operations . . . . . . . . . . . . . .  4 IS 

Construction Locacion Comparison . . . . . . . . . . . . . . .  423 

Construct ion Preparation . . . . . . . . . . . . . . . . . . .  423 

Satejl~te Design Impact Summary . . . . . . . . . . . . . . . .  423 

Orb1 ta l Bases . . . . . . . . . . . . . . . . . . . . . . . . .  426 

Construction Operations . . . . . . . . . . . . . . . . . . . .  426 

Env~ronmental Factors Summary . . . . . . . . . . . . . . . .  426 



. . . . . . . . . . . . . . . . . . .  Orbit Transfer Operations 429 

. . . . . . . . . . . . . . . . . . . . . . .  RiskIUncertainty 431 

Construction/Transpor:ation Cost  Comparison . . . . . . . . . .  433 
Construction Location Summary . . . . . . . . . . . . . . . .  439 

. . . . . . . . . . . . . . .  Conclusions and Recommendations 439 

. . . . . . . . . . . . .  Effects  of  Ion Jets on t h e  Magnetsphere 439 

Ground Support Facilities: Launch Si te  Analysis . . . . . . . . .  448 
. . . . . . . . . . . .  Transporatation to Equatorial Launch s i t e s  462 

. . . . . . . . . . . . . . . .  Terrestrial Transportation Issues 462 

. . . . . . . . . . . . . . . .  Potential Equatorial Launch Sites  465 

. . . . . . . . . .  Sea Route Distances and Transportation Costs  468 

. . . . . . . . . . . . . . . .  Advantages of Low-Latitude Sites  472 

. . . . . . . . . . . .  Ranking of Potential Low-Latitude Costs  478 

. . . . . . . . . . . . . . . . . . .  Ground Receiving Station 485 

. . . . . . . . . . . . . . . . . . . . . . . .  Rectenna Siting 485 

. . . . . . . . . . . . . . . . .  Rectenna Construction Analysis 491 

. . . . . . . . . . . . . . . . . .  Management and Integration 503 

. . . . . . . . . . . . . . . . .  SPS Program Planning Analysis 513 

. . . . . . . . . . . . . . . . . . . . .  Programmatic Studies 513 

. . . . . . . . . . . . . . . . . . . .  Test- Hardware Analysis 519 



1.0 INTRODUCTION AND BACKGROUND 

1 .O. 1 HISTORY 

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

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

by creat ion of wastes, and is itself free. 

About ten 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 the  solar collectors in space, where they can  collect sunlight 

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

a reas  can  be o b t a ~ n e d  with relatively l i t t le  investment in material  resources. 

Energy collected by these solar power satel l i tes  (SPS's) would be transmitted 

to  Earth by electromagnetic  means. The original Glaser proposal, and most of 

t he  subsequent studies, have assumed the  use of radio frequency systems in the  

nlicrowave frequency range. Recently, the  possibility of lase, beaming has also 

been recognized. 

The solar power satel l i te  principle is il lustrated in Figure 1.0-1. In a geosationary 

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

sunlight over 99% of the t ime and be  in continuous line-of-sight contac t  with 

i t s  ground receiving station. Electrical power produced on the  satel l i te  by photovoltaic 

or hea t  engine conversion of t he  sunlight would be converted t o  electromagnetic 

energy a t  high efficiency, and formed into a narrow beam precisely aimed a t  

the  SPS ground stations. The ground stat ion receiving antennas would reconvert 

t he  energy into electricity for  distribution. Solar power satel l i tes  a r e  intended 

t o  serve as producers of baseload electricity for  utility service. SPS's 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 ccrnpletely serve humanity's energy needs. 

Dr. Glaserfs original proposal was publ~shed in 1968 in Science magazir~e. In 1971 

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

Grumman, Raytheon and Spectrolab. This team was awarded a study contract  

through t h e  NASA Lewis Research Center  t o  investigate basic technical feasbiiity 

of t he  SPS concept. The conclusions of that  study were tha t  the  system is 



technically feasible and could provide baseload electr ici ty from mla r  power for  use 

on Earth. Additional studies and experiments, partly funded by NASA over the  

period 1973 t o  1975, established the  feasibility of efficient energy transmission 

at microwave frequencies. In 1975 a demonstration conducted at JPL transmitted 

more than 30 kilowatts over a distance grea ter  than a mile with a reception and 

conversion efficiency of 82  percent. 

In t he  1975 t o  1977 t ime period, NASA conducted a iechnical assessment of SPS 

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

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

These act ivi t ies  led t o  development of a n  SPS Development and Evaluation Program 

Plan jointly spnsored by DOE and NASA. The principal milestones in this plan 

are: 

Reference System Definition Report, Oct. 1978 (Complete) 

Preliminary Program Recommendations, May 1979 

Updated Program Recommendations, Jan. 1980 

Final Program Recommendations, June 1980 

(Also durillg this period, NASA-funded space transportation system studies indi- 

ca t ed  tha t  the high t ra f f ic  volumes required to  support an  SPS program could 

lead to  cost  reductions far below those projected for  the  space shuttle. The potential 

for  such cost  reductions was seen as significant t o  the  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 he  f i rs t  milestone of t h e  

DOEINASA evaluation plan. These would increase by roughly an  order of magnitude 

the  degree of depth of design and cost  definition for  SPS systelns. One such study 

was awarded t o  Boeing through the  Johnson Space Center; t h e  orher study was 

awarded t o  Kockwell through the  Marshall Space Flight Center. These studies 

c rea ted  reference system designs including the  solar power satellites, ground 

receiving stations, space transportation systems, space construction systems 

and other  support systems. The results indicated tha t  SPS's could be built by 

the  year 2000 with a likelihood of economic benefit. The principal findings of 

these studies might be summarized as follows: 



m.4M 

Satellites arc positioned in high-intensity, Hundreds of  satellites can be installed 
nearly continuous sunslrine; unaffected by night above equator over Pacific Ocean. 
and weather. they provide baseload electricity. 

Figure 7.0- 1. Solar Power Sateilites: The Principle 



1. Examination of energy conversion options led t o  a preference fo r  silicon 

~ho tovo l t a i c s  in t h e  b e i n g  study, and gallium arsenide photovoltaics in 

t h e  Rockwell study. (Both studies suggested thermal engine SPS designs 

as a hedge against t he  possibility tha t  expected cost  reductions in photo- 

voltaics mass production might not b e  achieved.) The silicon photovoltaic 

system offers  less risk with a more mature  technology but  a n  energy conver- 

sion system roughly 40 percent inore massive than gallium arsenide. 

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

indicated by the  earl ier  studies and detailed microwave link e r ror  analysis 

confirmed attainability of adequate efficiencies. Integrated power transmis- 

sion system conceptual designs were  developed considering RF, electrical,  

mechanical, and thermal  factors. 43 

3. Space transportation systems were designed t o  accomplish t h e  SPS transporta- 

tion operations at acceptable cost. 

B 4. Spac construction approaches and construction base designs were deveioped 

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

r a t e  of approxinlately 1 per year. 

The principal system elements  from tha t  study were t he  point c f departure for  

t h e  cur ren t  study. The preferred SPS defined by Boeing is i l lustrated in Figures 1.0-2 

through 1.0-6. 

1.0.2 OBJECTIVES 

The overa!l intent of the  systems definition studies, past  and present,  may be 

summarized as iullows: 

1. Assess t he  technical feasibility of solar F :wer satel l i tes  based on forecasts  

of technical capability in t he  various applicable technologies. Select t h e  

most appropriate technological paths leading t o  the  most environ~r~ental ly 

benign and economically practical systems. Define t he  a r ea s  of i.igh leverage 

research. 

2. Define the  character is t ics  of SPS systems tha t  may be derived if a t !eve lo~-  

ment  were t o  proceed. Assess performance, cost,  operational character is t ics ,  
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reliability, and t h e  suitability of SPS's as power generators  for  typical com- 

mercial electr ici ty grids. 

3. Assess t h e  uncertainties inherent in t h e  system characteris t ics  forecasts, 

based on technological uncertainties, on cost estimating uncertainties, 

and on uncertainties t ha t  ar ise from incompleteness in t he  d a t a  base. 

4. D e f i m  t h e  most economically prudent pa th  t o  minimizing these  uncertainties 

to t h e  point tha t  confident decisions c a n  be made to proceed o r  not t o  proceed 

with development of this energy system. 

The specific objectives of t h e  present study are: 

(1) t o  verify, maintain and update the  presently-defined elements  of t he  system, 

( 2 )  complete the definition of t h e  total  system, and 

(3; prepare a series  of plans required for  technology advancerrient and SPS 

program implementation 

Phase I of t he  present study, reported herewith, has concentrated OI? t he  first 

two objectives. Phase I1 will emphasize end-to-end operations analyses and t h e  

third objective. These objectives and the  timing of the  study are designed to 

support t he  NASA prograrn recommendations in fulfillment of t h e  DOE/NASA 

evaluation plan. 

1.0.3 S WDY APPROACH AND STUDY TEAM 
The J S C I b e i n g  and hlSFC/Rockwell SPS system definition studies of 1977 and 

early 1978 proceeded largely independently of one  another and developed system 

concepts with a number of significant differences. NASA then developed a refer- 

nece  SPS system description based on NASA inhouse studies as well as on h e i n g  

and Rockwell con t rac t  results. 

The present study is divided in to  two phases. The f irs t  lasted 7 months and the  

second will last  9 months. Phase I accomplished additional analyses of t he  options 

and issues identified by hASA in developing the  reference system report, beginning 

with a thorough critique of ,he JXIBoe ing  reference system followed by analyses 

of options and critique items. The reference design was updated a t  the  end of 

Phase I. The overall schedule is shown in F igwe  1.0-7. 
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The Study Contract Team included Boeing as prime contractor and General Electric, 

Grurnrnan, Arthur D. Little, and TR as subcontractors. Principal task areas and 

the study team leaders for each contractor 2.e shown in Figure 1.0-8. 

1.0.4 SYNOPSS OF STUDY RESULTS 
A major part of the phase I activity was directed to review, critique and modifica- 

tion of the baseline system. Additional analysis was invested in  some parts of 

the baseline system for which definition was incomplete. Finally, an evaluation 

of technology, objectives and developmenr planning in general was conducted. 

Kesults of the major trade-off studies were as follows: 

1. A review of the annealing concept was conducted with confirmation of 

the feasibility of the principle. Additional tests of directed energy annealing 

of solar cells were conducted. Recovery of 50 micron silicon solar cells 

degraded by proton radiation was demonstrated. The solar blanket design 

was updated to reflect the use of shunting diodes on each solar array blanket 

panel to protect the sollar array from shadowing. 

2. An alunrninum structure option for the solar array support system was analyzed. 

I? was found to be a feasible design but would be about 25 percent heavier 

than the co~npositc design. Analysis of alurninum structure for the transmit- 

ter antenna indicated that excessive thermal deformation would occur. 

Thus, aluminum transmitter structure would require active compensation 

for thermal deformation affects. The use of aluminum waveguides was 

also examined. Uetuning of the waveguides due to thermal expansion intro- 

duces an adaitional 1 percent loss in the microwave power transmission 

system efficiency. It was therefore recommended that a suitable composites 

material be developed for the waveguides. 

3. Analysis of solid state power amplifiers indicated that potentially useful 

efficiencies could be achieved but that the solid state transmitter wil l be 

limited by thermal effects to lower power systems in the range of 2500 

megawatt per RF link. 

4. A review of the Lincom phase conbtrol system approach indicated that 

this approach was satisfactory baseline phase control system. 
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5. A failure and maintenance r a t e  analysis was conducted indicating a potential 

availability of SPS energy of approximatelly 90%. Improvements in this 

f igure could be  achieved by minor changes in t h e  power t ransmit ter  design 

o r  by changes in maintenance philczqhy. 

6. Studies of smaller SPS's indicated tha t  power per  microwave link as low 

as 2500 megawatts  could be  achieved with modest cos t  penalties. Solid 

s t a t e  power t ransmit ters  were  identified as potentially desirable for  these reduced 

power levels because of improved packaging for  t he  power t ransmit ter  subarrays. 

A major analysis of orbit transfer and construction location options was 

conducted. The earl ier  study had indicated a preference for  low ea r th  orbi t  

contruction. Electric propulsion w w l d  b e  employed to move SPS modules 

t o  geosynchronous orbit. This was based on a comparison with chemical 

propulsion system for  obit-to-orbit transportation for  geosynchronous orbit 

construction. The current  study reviewed t h e  self-power option, made 

some minor configuration changes, and evaluated this option relative t o  

an  independent e lec t r ic  orbit transfer vehicle for  geosynchronous orbi t  

construction. The cost comparison showed essentially equal fully amort ized 

transportation cos ts  for  these options. The independent e lec t r ic  OTV option 

exhibit a higher front  end  cost due to t h e  need for  investment in t h e  orbit 

t ransfer  vehicle fleet.  The self-power system i s  more of a "pay a s  you 

go" opt  ion. 

8. A major analysis of construction techniques and construction base options 

was conducted. Six alternatives were evaluated and narrowed down t o  

two preferred options - a platform type facility and a n  endbuilder facility. 

T1.c cornparison between these two options was relatively close. The platform 

exhibits somewhat lower design and operational risk, and t h e  end builder 

exhibits somewhat lower cos t  and higher productivity. 

9. A study of equatorial launch si tes  exhibited no particular cost  preference 

for the  equatorial option. Cost  savings due t o  space transportation perform- 

ance  improvements turned out  t o  be relatively minor because the  electr ic  

propulsion options a r e  insensitive t o  the  de l ta  V difference between inclined 

orbits and low inclination orbits. Trajectory suppression studies indicated 

tha t  launch trajectories  could be held below 100 kilometers altitude, thus 



reducing and probably eliminating concern for  e f fec ts  of launch vehicle 

eff luent  on the  upper atmosphere. 

10. A mission control concept for  SPS mission operations was developed and 

a n  SPS avionics da t a  and communication system concept appropriate t o  

this n~ission control approact, was defined. 

11. A preliminary analysis of the  industrial intrastructure required t o  support 

SPS operations indicated tha t  only the  production of solar cel ls  blankets 

represented a major industrial challenge. 

The baseline systenr description selected by NASA for  t he  Phase I1 of the  present 

e f for t  is described in Volume 111 of this report. 

Development planning analysis identified 4 major program phases subsequent 

t o  the  present system definition and eva lua t~an  phase. These are: 

I. Technology Research 

2. Engineering Technique Development 

3. Prototype SPS 

4. Commercialization 

A detailed plan for  the  technology/research phase is in the  process of formulation. 

The current  version of this plan was provided t o  JSC for information, but is not 

regarded as a recommended plan at this s tage  of analysis. 



1.1 SATELLITE 

Four subjects a r e  reported at this WBS level: t h e  SPS critique; SPS size and configuration 

effects;  SPS internal EMI; and interactions of SPS power beams with o ther  spacecraf r. 

1.1.0.1 REVIEW OF CRITIQUE RESULTS 
The following discussion summarizes t he  results of t he  critique: 

I. At  t he  program leve', although t h e  materials list for  approximately 90% of t h e  

mass of a n  SPS have been identified, concern was expressed tha t  certain exotic  

materials,  even if used only in t r ace  quantities, could represent a materials availability 

problem. This applies, for  example, t o  materials used in the  electronics and RF 

power systems. 

2. The second i tem identified several concerns associated with t h e  large unit s ize 

of the  reference design SPS. This issue is being addressed in the  current  study. 

3. The third i tem dealt with the  space debris issue. Collisions between t h e  SPSts and 

other space junk have been addressed in earlier studies and means identified t o  

minimize the  risk of such ccllisions. This cr i t ique item, however, also identified 

a potential issue with creation of debris by the  construction process, and concern 

with outgassing o r  emission of particulates (e.g. graphite fibers) as a result of extended 

exposure of t he  SPS1s to  the  combined space environment. 

4. A related concern was expressed about t he  long-term suitability and stability of 

graphite fiber composites in t he  space environment. The issues raised included 

creep  and micro-cracking. 

5. A relat ive lack of definition exists for  the  flight control and onboard computing 

systems. This issue is being addressed in the  current  study phase. 

6. Definition of detai l  is needed in the  antenna yoke and turntable. This system 

provides the mechanical motion between the  antenna and the  SPS solar array. 

Mechanical isolation is necessary t o  minimize dynamic ef fec ts  on the  transmitting 

antenna. The solar array e lec t r ic  power must be delivered across this coupling. 



Although a reasonable definition of t h e  electr ical  slip rings exists,  comparable 

definition of bussing on both sides of the  slip rings and the  flexible e lec t r ic  

connection between t h e  antenna yoke and t h e  antenna itself has not been 

provided. 

7. Plasnia interactions may occur with t h e  high voltage solar array. In particular, 

this i t em singled out the problem of plasmas produced by the e lec t r ic  thrusters. 

A carefu l  analysis could shed some light on  this issue but an adequate resolution 

will require experinlents in space. 

8. This i tem addressed solar blanket details and recommended t h a t  experimental 

samples of the  lightweight annehlable solar a r ray  b e  built and tested t o  verify 

annealability as well a s  survivability of the  res t  of t h e  array under annealing 

conditions; a lso the interconnect technique; and compatibilit ies o i  all materials 

contemplated for  use. 

9. This i tem addressed solar blanket installation details. One concern was t h e  lack 

of definition c f  a repair and replace concept. A second concern regarded details 

of t h e  jumper installations between blankets across t h e  s tr- lctural  members, in 

particular the  relatively high voltage potential tha t  will exist between the 

s t ruc ture  and t h e  jumpers. Also, t he  change from bi-axial t o  uni-axial tensioning 

of the  solar blanket le f t  some inconsistencies in s t ruc tura l  arrangement  and 

installation details t ha t  need t o  b e  corrected. This l a t t e r  i t em is discussed below. 

10. Power Distribl~tion System: Better  definition is  needed of t h e  details of installa- 

tion of t he  main power busses on the SPS and their interconnection thro~lgh 

switchgear t o  t h e  solar array. Concern was also expressed over  t h e  production of 

wear particles in the  slip ring assembly and the  possibility that  these wear 

particles could "track" high voltage insulators causing arcing and damage t c  t he  

slip ring assembly o r  nearby components. Also, concern was expressed regarding 

t h e  arrangement  of t h e  power supply huokup t o  t h e  klystrons. Each power 

processor feeds about 406 klystrons; the potential faul t  currents  t ha t  could 3rise 

from a high voltage a r c  at one klystron could involve t h e  ent ire  power supply 

current.  Also, for  the  klystron power t ha t  is provided directly from the  solar 

array busses, a faul t  could theoreticdlly short t he  en t i re  bus to  grouncr. In 

addition t o  the  problem of very large fauii currents,  the  e l ec t r i r r l  ~ i n i  r n 2 ~ 1 ~ ~ t i r  



fo rces  caused by s e v e r e  t ransients  could easily c a u s e  major  mechanical  d a m a g e  t o  

t h e  SPS. A residual concern  was alsc expressed t h a t  power supply fau l t s  

f requent ly  c a u s e  fa i lures  in o ther  p a r t s  of a n  a lec t ron ic  system. Means of 

)redicting, minimizing, isolating and  cor rec t ing  such fa i lures  need t o  be-  

developed. 

I I. This i t en)  concerned t h e  thermal  environment  o n  t h e  t r a n s m i t t e r  an tenna  and 

recommended fu r ther  t h e r m a l  analysis. A problem was identified with t h e  

e f f e c t i v e  sink t e m p e r a t u r e  f o r  t h e  power processing subsystem radiators.  I n  t h e  

present  configuration, t h e  sink t e m p e r a t u r e  c r e a t e d  by t h e  klystron the rmal  

re ject ion system appears  t o  exceed  t h e  t e m p e r a t u r e  at which it is  de5ired t o  

r e j e c t  hea t  frorn t h e  solid state components  on t h e  power processor system. 

Several  avenues a r e  available t o  c o r r e c t  th is  deficiency. A thorough t r a d e  study 

is  needed t o  se lec t  t h e  best  ~ p p r o a c h .  Opt ions  include t h e  use o i  refr igerat ion 

cycles ,  use of higher t e m p e r a t u r e  components  (such a s  gallium arsenide transis- 

t o r s  o r  vacuum tube  diodes), re locat ion and reor ientat ion of the rmal  control  

radiators ,  and increases  in overal l  t r a n s m i t t e r  a p e r t u r e  corrlbined with decreases  

in overal l  power. Also, t h e  possibility of a l t e rna t ive  RF power amplif iers  such 

a s  amplitrons,  injection-locked magnetrons,  o r  solid s t a t e  systems,  should not  

b e  overlooked. 

12. Thc  use of pla ted composi te  waveguides in t h e  power transmission system was  

addressed. Thermal  cycling o r  a g e  deter iorat ion could c a u s e  cracking of t h e  

pla t ing in these  waveguides, resulting in reduct ion of eff ic iency and icc reases  

in  radio frequency in te r fe rence  f rom t h e  power transmission system. This issue 

is  being addressed i n  t h e  cur ren t  s tudy by examinat ion of a n  all-metal-waveguide 

backup design. In addition, tes t ing of pla ted composi te  waveguides was reconlmended. 

13. It  was recommended t h a t  additional in tegra ted  analysis of t h e  an tenna  a r ray  

and  phase con t ro l  s y s t e n ~  b e  conducted. This t t em is  being worked in t h e  c u r r e n t  

s tudy a s  well as in a s e p a r a t e  JSC c o n t r a c t  with t h e  Lincom Corporation. 

14. Concern  was expressed regarding damage  of sensi t ive  communicat ions  equipment  

on o ther  sa te l l i t e s  whose f l ight  pa ths  in te r sec t  t h e  SPS microwave power beam. 

This issue is being addressed in  t h e  cur ren t  phase of study. 



15. This i t e m  concerns  t h e  power t r a n s m i t t e r  an tenna  s t ruc tura l  configuration. In 

particular,  t h e  issue was raised t h a t  t h e  secondary s t r u c t u r e  in c f f e c t  fo rms  a 

p a r t  of t h e  pr imary s t ructure .  An analysis of th is  problem is  included in t h e  

present  report. 

16. Concern was expressed t h a t  t h e  pcwer  processor high-vcltage t r a n s f ~ r m e r  l i f e  

may be t o o  shor t  fo r  SPS a ~ p r i c a t i o n  d u e  t o  fa i lures  caused by a-c corona within 

t h e  windings. This i t e m  is being addressed in rhe  cur ren t  study. 

17. This i t e m  expressed concern t h a t  high voltage, high power t ransis tors  (used 

in  power processors) a r e  not  radiation res is tant  and t h a t  t h e  space radiat ion 

environment  would resu l t  in short  l i f e  f o r  these  devices. Shielding was  suggested 

as a possible fix. 

10. Concern  has expressed regaraing design of,  and mate r ia l s  for,  nigh vol tage insulators 

and c a b l e  insulation f o r  use  in t h e  s p a c e  environment.  e 
19. This aadressed t a c t u a l  performance of t h e  m i c r o h a v e  power transmission & 

phase control,  phase distribution, and  KF power distribution systems. The genera l  

n a t u r e  of t h e  c o n c e a s  was such t h a t  a t e s t  program would be required t o  accomplish 

resolution. a 
20. This i t e m  expressed concern  about  t h e  KF power amplif ier  design. Firs t ,  t h a t  

o t h e r  kinds of d-c/KF conbersion may b e  superior t o  klystrons; secondly, concerns  

over  klystron e f f i c ~ e n c y ,  klystron tuning over  t h e  the rmal  range t h a t  is  expected,  

a n d  klystron o r  the rmal  control  faillires and life. 

21. I t  was noted t h a t  in s p a c e  checkout  of t h  9 SPS modules, t h e  in tegra ted  SPS, 

a n d  i t s  operat ion with t h e  grbund system has  no t  been a d e w t e l y  defined. 

22. This i t e m  expressed concern over  radiat ion of harmonics by t h e  rectenna.  This 

sub jec t  was discussed in repor t s  prepared as a p a r t  of t h e  previous c o n t r a c t  

( P a r t  III e f f o r t  of C o n t r a c t  NAS9-151P6). 

This summary  has  o m i t t e d  a number of minor c r i t ique  i terns  t h a t  w e r e  primarily 

concerr,ed with lack of adequa te  definit ion de ta i l  o r  u n c e r t h t i e s  in !masses and 

costs. A detai led c r i t ique  package was provided t o  JSC at t h e  o r ien ta t ion  briefing. 



1.1.0.2 T R W  CRITIQUE OF THE BASELINE MKKOWAVE 

POWER TRANSMISSION SYSTEM 

The task ~ssigned to TRW was to provide a critique of the SPS baseline Microwave 

Power Transmission System and Phase Control System. The purpose of the critique 

1s to identify: 

a. nes~gn concept concerns 

b. .\reas roqulring additional analysis 

s. Inconsistencies dnd/or integration problems 

d. Potentiall) more attractive options from a cost/n,ass and a technology/schedule 

risk standpoint. 

An additional review categwy, i.e., identification of areas requiring additional technology 

advancement, which is part of ancther task, has also been included. 

For purposes of the critique the Microwave Power Transmission System was reviewed 

in two sections, the power distributior? section from the siip-rings to the klystrons 

and the r f  section f r ~ r n  the klystrons through the antenna. For each section the 

critique results are presented in the categories requested, however, categories (a) 

and tc) have been combined. As will be seen, a single item may f i t  rnore than one 

category. however, it is  only included in one. 

POWER DISTFUBUTION 

This section is principaliy concerned with power distrib~tion on the antenna side 

of the slip rings, however, the power distribution aspects of the solar array as it 

relates to power quality and distribution were also included where necessary. 

Design Concept Concerns 

In general, the system redundancy in the slip rings and other major power system 

busses are of some concern. Our review indicates that a single failclre on "B" bus 

uould prevent power from being radiated from either antenna. In addition, other 

slip rings will be required for control o >ewer, fluids, and probably, critical energy 

storage circuits. 

The ~nsulation provisions on the solar hrray busses may 1 : - t  be adequate for the 

reallired level 01 voltage (nominally up to 44 K! ). Con: .derably more spacing may be 
1 '; 
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required for  successful isolation. Plasrna effects ,  those naturally occurring a t  

synchronous al t i tude plus t h e  effects of ion engines, and other  propulsion engines as 

well as t h e  potential o r  discharge of env~ronmenta l  oxygen o r  o the r  ionizable gasses 

introduce t h e  need for corona suppression concerns. Argon gas is one  of t h e  most 

easily ionized gasses and is  presently t he  baseline stationkeeping ior  engine gas 

select  ion. 

The rilain solar array busses were  interpreted t o  b e  oriented in a plane perpendicular t o  

the nrain array surface. The method of accomrnoda?ing the thermal  expansion was 

explained for  t h e  axial  growth. The method of t ransir~oning t o  these f latplate 

conductors from the  a r ray  segments  was not covered in sufficient detai l  t o  permit  

analysis. The problem of threading t h e  array t o  main array bus connections would 

require t h r ee  dimensional insulation support. The force  on each  conductor by 

interaction of t h e  self-induced magnetic field when carrying cur ren t  in opposite 

directions is substantial and accu:nulative for each  unit of conductor length. The 

formula for parallel bus bars  is presented below t o  show t h e  magnitude of these forces. 

This does not apply t o  edge orientea bus bars. .4 new constant  is required for this 

geollle tr j .  

r l  x l  F = - ' ' lo-' 1 2 = fo rce  in kilograms per me te r  of length 
9.81 x d 

I and I 2  a r e  the  respective currents  and d is the  distance between conductors in 
1 

meters.  This forrnula was adapted from Rudenberg's Transient Performance of 

E!ectrical Power Systems. 

In considering t h e  forces  f rom current ,  t he  worst-case short circuit  current,  not t he  

norrrlal current  should be used t o  analyze the  forces induced. The worst-case current  

is t he  sun1 of all  t h e  sources tied together,  plus the  purr;p back curren t  frorn loads and 

co~ l~mt i t a t i ng  devices. If it were possible t o  s ize circuit breaker commutation 

requirements, a l l  t he  circuit breakers connected t o  t h e  circuit would have a n  additive 

contribution t o  the fault cur ren t  as would the dc  t o  d c  converters  that  a r e  used t o  

supply t h e  klystrons. For example, TRUl's TDRS satel l i te  has a nominal to ta l  load of 

1.5 kW. The capacitors in the input terminals of the  traveling wave tubes and t u g  

power processors approxin~ates  10,000 microfarads. In t h e  SPS tile sources a r e  large, 

but U. ith these large dc  t o  dc  converters,  the collective current  delivered to  a fault 

c w l d  exceed t h e  system norninal nameplate cur ren t  by a substantial margin. 



west& Areas of Additional Analysis 

A review of the assessment of technology readiness as related to dc to dc converters 

which rehtes switching frequency, efficiency and converter site is recommended. The 

optimum frequency does not necessarily go up to 30 kHz when large (hundreds of 

kilowatt) units are considered. It is a distribution problem. As the distance k t w r c ~  

power componerrts goes up, the length of connecting conductors goes up also, hence 

the inductance increases in  the interconnections. The voltage drop increases as a 

function of frequency. Co-axial type interconnections for multiphases and the proper 

control 2: their distance to the ground plane becomes impractical. Lower dc to dc 

efficiencies and increased weight should be assumed until actual units of comparable 

size are built. 

The current density in the sheet aluminun~ conductors should be checked for the 

criteria of 1 0 0 ~ ~  as this density appears to be hign even when radiating :o a black 

body. The method of conductor support from and to the slip rings was not specified 

and could add substantially to the weight due to insulators ar,d collector terminations. 
2 

In reviewing the I K loss as tabulated, the return conduct~r losses were apparently 

not added to the loss for dc to dc converter input or kiystron collector 4 and 5 connections 

i n  computirig the heat loads. The negative conduc:or would generate significant 

voltages in the shared conductor and would, i f  conrtected as diagrammed, present 

~nterractions in  unrelated circuits that would make it impossible to deliver the voltage 

of the quality specified. The method o i  busing all of ttiise interconnected  ires 

requires definition. In fact high voltage splices, connectors or attachment provisions 

for conductors would be expected to have a significant weight. In past utility practice 

using dc grid systems, the ground connection was always made at the source and 

at the source only. The report does not address the point as to the planned usage, 

grounded or ungrounded. The absence of a sij gle ground complicates fault detection 

relaying for system protection. Further analysis on grounding and i t s  relation to 

plasma neutralization and static buildup on insulated system components i s  recomlnended. 

The capability of interrupting an arc in a klystron by applying a modulating anode 

clamp in n~icroseconds requires further analysis or testing. Clamping does stop the 

r f  output, but the arc may make a plasina of the collector material and sustain the 

arc until the dc to dc converter i s  turned off and the stored energy of i t s  output 

uissipatea. 



As indicated later i t  is recommended that  the  weight analysis of the  commutation 

components required for dc  switching be reassessed af ter  the  components have been 

identified and sized. 

kcas of T-, R a p k i q  Additkmal Development 

Circuit breakers that  can handle the  power levels of the SPS in the  10 microseconQ 

stated as the requirement require development. Terres t ia  units that  rely on the  

assistt:ce t.f convection currents induced by gravity a re  expected t o  have significant 

derating if applied in space. The report cites utility success in use of high voltage 

dc as evidence of tecirnology readiness. However, i t  is our understanding that  all 

such d c  link switching is accomplished on the ac side (input and output) and the capability 

t o  switch dc at any power level approaching the  ones proposed for  the  SPS will require 

appreciable development. Every switch has to have enough energy stored with it 

to corrimutate off the  collective short circuit capacity. Comnlutation is normally 

accomplished by the  combination of capacitors and inductors. W e  a r e  not aware 

of ~ n y  suitable capacitors for use on a 40 kV multi-megawatt dc system. Electrolytic 

capacitors, which probably have the least size for the  kVa required, will require 

ccnsiderak!e deve!opment t o  achieve sufficient reliability for 36 years service in 

space in a c r i t ~ c a l  nonredundant circuit breaker application. The wet slug tantalum 

capacitcr is in a similar situation for this application. In addition, vacuum interrtipters 

do not perform as well at zero C as they go at one G .  The energy snubber circuits 

and the commutatior, components may weigh much more than the circuit breaker 

weight budget tabulated, and i t  is recommended that  this a rea  be evaluated. 

The Hughes d c  switch as presented in the literature is a krypton gas cathode anode 

that  acts as a gas tube when i t  conducts. it was sized for 1,000 amperes at 100 kV. 

I t  operated in 50 t o  60 milliseconds with the  aid of two mechanical contactors and 

large energy absorbing resistor grids. One of its insulated bushings may weigh as 

much as the stated budget cited in the report for main bus circuit breakers. The 

report identifies "A" bids units as 620 amperes and 6200 ampere momentary current. 

Methods of caiculating the  short circuit current capability of the  system which would 

become the rupture requirement of those circuit breakers, also require development. 

Potential Options 

In our review, diodes were assumed for each parallel string of solar cells. Use of 

a large power diode on the main solar array circuit breaker circuit is also recommended 



as the short circuit requirement of this circuit brcaker is thus reduced t o  that  of i ts  

own group of cells. This makes the  selection of the commutating capacitors and other 

devices more practical by reducing the  stored energy for commutation requirement 

determined by worst-case short circuit current and the speed selected for the circuit 

breaker operation. 

The report suggests the use of on-array switching of individual strings for voltage 

regulation. Use of this capability t o  clip the  excess voltage that  occurs due to B.0.L . 
t o  E0.L. decay and the  initial overvoltage that  is induced by occulation would reduce 

the excess power that  must be dissipated on the  antenna. The power quality could be 

thus held t o  even closer tolerance from the array than those selected in the  report. It 

is recognized the temperature of the  so!ar array would elevate whenever w y  load is 

turned off. 

I t  is suggested that  the  use of ac rather than d c  should be reconsidered even from a 

solzr array, as the ac technology is readily at hand even if space rated hardware is not. 

It i s  .lot obvious what the optimum frequency should be for such a large system, but 

experience indicates i t  might be 60 or  120 Hz as an approximation, The re? -tance 

losses cf ntajor feeders would be a critical sizing parameter not just transformer 

weight as has been concluded in previous studies. Ac systems would not require 

as large a plasma neutralizing provision as would a dc system because the net current 

flow, based on the electrode spacing could average out t o  nearly zero. 

For a c  or dc systems for use in space, all circuit breaker, relays, contactors, fuses 

and fuse holders should be redesigned for cold-plate cooling t o  permit reduced weight 

and size and for installation in power junction boxes for mechanical and personnel 

protection. Electrical and electronic equipment has always required a benign environment 

for gooa reliability; and therefore, i t  is anticipated that liquid or gas cooling loops 

will often be required, especially for high power equipment. 

The energy storage for this SPS electrical system should be redundant with the possible 

exception of the klystron heaters. The energy storage subsystem would result in 

a larger solar array penalty than stated in the report especially if nickel hydrogen 

batteries a r e  used. They a r e  expected t o  have roughly a 6% loss each day, and uocid 

have to be recharged even on days that no occulation occured. Low rates of battery 

charging a re  the least efficient, therefore additional penalty should be 
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estimated for this subsystem. Due to the  large spatial relationship of the  loads t o  

each other, dispersed energy storage locations a r e  indicated. it is possible that an  

energy storage electrical grid system could reduce the  amount of batteries o r  other 

electrical energy storage components by avoiding some of the  redundant capacity at 

a l l  critical ioad locations When large dc storage systems using batteries are 
considered, the  reconrmended distribution is use of inverters and ac so that commuta- 

tion switches may be designed t o  isolate the  battery frorn the bus u ithout added fault 

contribution from other things connected t o  the output b u r  

RF GENERATION TRANSMISSK)N 

This section is primarily concerned with r f  generation and transmission by t h e  

Space tema. 

Design Concept Concerns 

The estimated overall system efficiency assumes very precise phase control. Present 

techniques for determination of relative phase over large apertures and control of the 

phase have relatively large e r r o r s  It is suggested that  projection of measurement 

capabilities t o  the  MPTS time freame should be made t o  provide a more conservative 

estimate of phase determination and control. 

Therrndi stress may produce large scale distortion errors in both the subarrays surface 

and the  total  array surface. The retrodirective concept corrects for deviations from 

the plane but does not correct for beam peak alignment shifts, i-e., if a subarray is 

sufficiently distorted so that  i t s  pattern is skewed, the  conjugate phase technique will 

correct the phase of its radiation in the d~rect ion of the Rectenna, but will not realign 

i ts  bean1 peak in that  direction. Extension of the thermal distortion analysis is needed 

to  evaluate the magnitude of associated patterr. changes of the subarray and total 

array. 

Sqgpted Areas of Additional Analysis 

The present rationale for the  Spacetema aperture distriburion is based on a controlled 

amplitude taper which achieves high efficiency combined with sidelobe level well 

below the  present U.S. safety standards. However, the  sidelobe levels a r e  significantly 

above the USSR safety standards. On the basis of the assumption that the latter a r e  

deriveci from health problems encountered in operations; studies of the  antenna sizes, 

and Spacetenna aperture distribution should be extended t o  determine the impact of 

these significantly lower safety !evels on t h e  MPTS. 



The slight mismatch of the  Rectenna elements will produce coherent scattering 

of a small portion of the incident field by each element. Despite the fact  that  the  

Rectenna functions as a scalar system, i.e., no array pattern; this scattered field 

will closely resemble the  pattern that  would be realized if it did function as a vector 

array. This will occur at the carrier frequency and the  potential for sidelobe scattering 

from atmospheric disturbances should be investigated as t o  potential interference 

with terrestrial communications. 

Areas of T e d n d w  Rtspkbg Additional Dcrdopmcnt 

On-board alignment measurement t o  determine distortion of t h e  antenna and i t s  

subarrays, and att i tude control of the antenna and subarrays t o  minimize pointing 

errors and t o  compensate for large-scale, ordered error in the  antenna. 

Long term aging properties of realizable phase reference distribution implementations 

a r e  not well established at present. Error growth with t ime in the  phase reference 

distribution network is a real possibility. A study is needed t o  develop concepts 

for autonomous phase-reference distribution calibration throughout the  entire array 

and subsequent compensation of error. 

Potential Optiaas 

Reduction of diffraction perturbation of illumination by use of passive techniques. 

It is feasible by use of passive complementary, line-sources on the Rectenna panel 

edges to  readily adjust the Sommerfeld diffraction t o  produce a near uniform illumination. 

These techniques have been used in the past with considerable success. 

1.1.0.3 SPS SIZE AND CONFIGURATION EFFECTS 

PARAMETRIC INVESTIGATIONS 

SPS baselines have generally used a 5,000 megawatt power transmission link. This 

power rating may be uncomfortably large for some applications and i t  is natural 

t o  raise the  question, "How much smaller could SPS's be made?" Shown in Figure 

1.1- 1 is a joint optimization of transmitter diameter and power level holding the 

rectenna size constant at the optirnum value. This result was developed on the  earlier 

contract, and did not nclude packaging density considerations. As the system power 

level is reduced, i t  is possible t o  employ samewhat larger transmitting antennas 

without violating the 
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2 23 mwlcm limit. Transmitter diameters larger than 1.4 kilometers do not pay off; 
2 the minimum system cost in dollars per kilkowatt follo~us along the  23 mwlcm limit 

t o  about 2,500 megawatts and then follows up the  1.4 kilometer transmitter curve. 

Note that  comparatively little cost penalty is incurred going down as low as 3,000 

megawatts of grid power. &low 3,000 megawatts, the  system cost  in dollars per 

kilowatt begins t o  turn up rapidly. 

The present study expanded on these earlier results to consider packaging and specific 

configuration effects arising from asymmetric configurations. Three smaller SPS 

configurations a r e  compared t o  the  original LO gigawatt baseline in Figure 1.1-2. 

The first of the  three shown is the  present NASA 5 gigawatt baseline with one trans- 

mitting antenna. Analysis of the control requirements for this asymmetric configura- 

tion determined that  because of t h e  overriding importance of solar pressure compensa- 

tion in the  control thrust scheme, no propellant penalties were incurred by the  lack 

of symmetry. Also, no packaging differences have been identified that  would arise 

from dividing the  original configuration into two equal halves. Therefore, the only 

consequence of this alternative t o  the original baseline is the requirements for more 

positions in geosynchronous orbit t o  effect  a given total installed generating capacity. 

The next alternative shown is also a 5 gigawatt system, but the power is transmitted 

through two power transmission links each rated at 2K gigawats. In order t o  minimize 

land use and rectenna costs, i t  is desirable when reducing the link power t o  increase 

the  transmitter aperture, in turn reducing the  receiving station area. This design 

option, however, has approximately four times as many transmitter subarrays as 

the  single-transmitter 5 gigawatt satellite. As a result, i t  incurs a significant payload 

packaging problem because of the low packaging density of completely assembled 

transmitter subarrays. The packaging density situation appears t o  be much improved 

through use of a solid state transmitter. In the solid s t a te  option, all of the active 

functions a re  included in a planar sheet only about 2 centimeters thick (including 

the resonant cavities). Thus, a much higher packaging density per unit of aperture 

area can be achieved. 

The final option shown, like the second option, results from effectively dividing a 

symmetric configuration in half. As for the other case, no penalties were determined 

for this design option excepting the use of more geosynchronous orbit space. 
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Because of t h e  potential problems with packaging smaller SPS's, a n  update of t h e  

earl ier  packaging studies was performed. This packaging update is summarized in 

Table 1.1- 1. I t  includes allowances for  orbit transfer hardware and orbi t  t ransfer  

propellants (both of which package relatively densely), thus density determined for  

t h e  10  gigawatt  reference configuration has increased somewhat from earl ier  estimates. 

Nonetheless, a significant problem is identified for  t h e  systems of t he  reference 

type  with 2H gigawatt  t ransmit ter  links. The problem is much alleviated in t he  solid 

state transmit ter  case. 

ASYMMETRIC CONFIGURATIONS 

The configuration considered is t h e  Photovoltaic Reference Configuration, c u t  in 

half so  tha t  t he  north-south dimension of t he  array is reduced from 2!,280n1 t o  10,640m. 

A sketch appears in Figure 1.1 -3. 

It  is assumed tha t  t h e  vehicle remains oriented perpendicular t o  t h e  orbit plane (POP) 

and tracks the  sun t o  t h e  extent  possible with a single degree of rotational freedom 

(about t h e  orbit normal). Thruster clusters a r e  assumed at the  four corners of t he  

array. 

There a r e  two significant disturbance sources-solar radiation and gravity gradient. 

Solar raaiation generates  a force  normal t o  t he  panel at all t imes except  during occulta- 

tion. The force  varies seasonally as the  sun moves about and helow the  orbit plane. 

There is also a north-south force  component, tangential t o  tile array, which is a function 

of surface reflectivity. These forces a r e  shown in Figure 1.1-4. Because t h e  center  

of mass and center  of solar pressure a r e  separated in this asymmetric  configuration, 

t h e  solar forces genera te  disturbance torques. 

Gravity gradient torques a r e  produced whenever t he  principal axes of inertia a r e  

ro ta tea  out  of alignment with the  local vertical and local horizontal. The major 

contribution arises from the  rotation of t he  array about the  axis perpendicular t o  

t he  orbit plane. This leads t o  a sinusoidal torque with a half-orbit period, Figure 

1.1-5. A gravity gradient torque also occurs about the  hinge line when the  antenna  

points off t he  equator but the  magnitude is negligibly small. 

North-south the east-west stationkeeping a r e  not considered, but i t  is assumed tha t  

t he  solar force must be continually compensated t o  prevent distortion of t he  orbit. 
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Table 1.1- 1 SPS Pakaging Estimates 

PACKAGING DENSIN INCLUDES SPS AND APPLICABLE ORBIT TRANSFER HARDWARE 

r 

10 GW, REF. DESIGN 

5 GW, REF. DESIGN 

2.5 GW, ONE ANTENNA 

6 GW. TWO ANTENNAS 

2.5 GW, ONE ANTENNA. 
SSPA 

5 OW, TWO ANTENNA 
SSPA 

I ALL DIMENSIONS IN METERS 

Figure 1 .13  Spacecraft Geometry 

PACKAGING 
DENSITY 

125 kdm3 

125 ka/m3 

42 kdm3 

42 kg/m3 

77 kdm3 

n kdm3 

HLLV FLIGHTS 
TO DELIVER SPS 

415 

208 

207 

4 14 

111 

222 

J 

VOLUME-LIMITED 
PENALTY. 96 

0 

0 

a2% 

82% 

0 

0 
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If this is done, i t  follows tha t  no adLitiona1 propellant is needed for  a t t i tude  control. 

Coctrol  torques can  be generated by increasing the  thrust on one  side of the vehicle 

and reducing i t  on the  other  while maintaining the to ta l  thrust equal and o p p o s i t ~  

t o  t he  solar force. 

If the  thruster clusters  a r e  designated A B C 0, as was shown in Figure 1.1-3, t he  

required thrusts are: 

Norrnal t o  t he  array 

t A: 78.25 cos2 + 65.70 sin a N 

t 8: 78.25 cos2 - 65.70 sin - 6 

2 t C: 75.55 cos - 65.70 sin 

t D: 75.55 cor2 + 65.70 sin -g 

2 D Where = 23.5 sin - deg. 365 

D is t h e  number of days from the  
vernal equinox, and 

t = t h e  local t ime in hours. 

biaximurn and rninimum values of A and B a r e  143.95 and 0.1 1 N and of C and U, 

141.25 and -2.16 N. 

The mean thrust normal t o  the  array is 282.7N and t h e  m e l n  thrust tangent t o  the  
10 array, 55.2N. The total  yearly impulse IS 1.066 x 10 N sec  which requires 54,330 

Kg of propellant assuming a specific impulse of 20,000 sec. 

Thrust velues depend on the panel reflectivity. Coated cells have a generally accepted 

range of 0 t o  C.3 and (1 value of 0.15 has been used above. Zero reflectivity would 
10 redlt-,  the inlpulse t o  0.980 x 10 N sec (49,650 ;'.g of propellant) whi!e a value of 

10 0.3 would require 1.151 x 10 N sec (58,700 Kg of propellant). 



1.1.0.4 GENERAL SPS FUCHT CONTROL S T U m  

S o b  Power Satellite Contrd 

Solar Power Satellite control encompasses a wide range of vehicle configurations 

with varying control . cquirements d'~ring the construction, transportation, and operation 

r~lission phases. 

There are two basic control modes: (a) powered flight when thrust is being applied 

to produce a velocity increment ( v) either for the purpose of maintaining orbit 

dltitude, or changing from one orbit to another or for achieving and maintaining 

a specific location in a given orbit; (b) coasting flight which inciudes al l  other flight 

regimes. 

The control requirements and criteria for each mission phase are discussed below. 

Included are a description of the currently preferred control concept and a comparison 

with other candidate approaches which were considered 

Altitude and Velocity Conad Owing Carstmctkm 

During the coasting periods, the construction base must be maintained in  a stable 

attitude to permit rendezvous and docking of supply vehicies and to minimize internal 

forces whch would result i f  the vehicle were allowed to tumble. Also, a constant 

re!crt ive earth orientation and a regular sun orientation will provide irnprored working 

conditions over those wh~ch would exist on a randomly rotating vehicle. Because 

a specific orientation is required during orbit-keeping operations, attitude mam?uver 

propellant and time can be eliminllted i: this desired attitude is also maintained 

during coasting flight. The criteria for selecting a preferred attitude are listed below: 

a. Aerodynamic drag should be minimized in order to reduce orbit make-up propellant. 

b. Disturhacct rorques should be minimized in order to  reduce attitude control 

propellant. 

c. The orientation should be compatible with the selected orbit-keeping approach. 

d. The orbit mechanics forces between the construction base and the rnodule should 

be minimized to simplify the indexing mechanism design (minimize sire, weight, 

and cost). 



Edge*ise orientation ( tha t  1s u ith t he  plane of the  collector r~todule parallel t o  the  

orbi t  plane) is the  obvious choice for one of the  two alignment axes, because i t  inini- 

rnizes drag, and i t  is a gravity-gi-adient s table orientation. The o ther  alignment 

(module d o ~ n  o r  module forward) is not as easily determined. Items a) and b) d o  

not prcvide a conclusive choice b e c a u . ~  the  resulting preferred orientation changes 

during the construction process and also because the  rniniinurri drag orientation is 

not a luays  the  one  which results in ~iiinimum grav~ty-gradien; disturbance torque. 

h1utri;rl conipatibility with the orbit keeping concept is the  ~i iajor  factor  In selecting 

the  preferred orientation and is discussed in the next paragraph. 

The requirelricnt and cri ter ia  for control durifig orbit-keeping AV operations a r e  

listed belou : 

a. The ,-onstruction base irlust b e  capable of orbit-keeping by itself (when nlouule- 

i n ~ n t c d  thrcsters a r e  not available). 

b. Even u hen niodeie-rriounted thrusters are avdlable,  it is preferabie that  orbit- 

keeping be acnieved using iacility-i~iounted thrusters only. 

c. P!unie ilnpingenlent on t he  s tructure should be minimized 

d. To inaxin~iz- eff iclcncy :and minimize propellant rt.quireri~ents), a large CoinPo- 

nent of thrust should be in the  direction of the orbitdl velocity. 

e. A fixed orienfaticn of the  thrusters is favored over girnbaling for reasons of 

i r~~proved  cost,  weighi, and reliability. 

f .  Continuous burn i s  favored ovzr pulsing operation if rnultiple s t a r t s  have adverse 

e f fec ts  on thruster failure rates. However, for noti-b:rnbaled thrusters, on-off 

oneration IS required for a t t i tude  contrcl unless there  is a throttling capability. 

-4 . g. An acceleration of 10 g IS assumed. This value is based on a reasonabie burn 

time. 



Figure 1.1-6 shows the  vehicle coniiguration for seven stages of construction. I t  

is recognized that the ccnf iguration changes continuously during construction. The 

o res  shown have been selected because they represent some of the  extremes of config- 

uration parameters such as mass, moment-of -inertia unbalance, c.g., location, prin- 

cipal axis orientation and aerodynamic drag. The selected concept must be c q a b l e  

of controlling all of these configurations. 

A matrix of possible control approaches using fixed and gimbaled thrusters with 

fixed (module down and module forward) and variable attitudes is shown in Figure 

1.1-7. Typic21 thruster locations and orientations are shown for each concept. Also 

shown a r e  the c.g. locat ions taken from the  seven representative configurations. 

Concept A shows the  use of separate at t i tude control t h ~ s t e r s  to offset the  AV 
thruster unbalanced ntoment. This approach is not acceptable because the required 

att i tude control thrust and propellant, for some c.g. locations, can exceed those 

for the QV thrust. L7 the module-forward att i tude shown in Concept 8, the AV 
thrusters can be located so that  both p s i t i v e  and negative control moments can 

always be generated regardless of c.g. location. Furthermore, all of the propellant 

expended contributes t o  a positive velocity increment. This is the  only fixed-attitude 

concept which does not have a large wasted side component of thrust. Concept C 

shows the approximate thruster location and orientation required t o  accommodate 

all preaicted e.g., locations for the  module-down orientation. Concepts E and F 

illustrate the large gimbal angles (and consequent inefficiency) for thrust vector 

control with a fixed vehicle attitude. Concepts D, G, and H show how efficiency 

is improved by rotating the vehicle so that  the  thrust vector, when pointing through 

the vehicle c.g. is also digned with the  orbital velocity vector. However, the  t ime 

and propellant required t o  rotate the  vehicle t o  the  required att i tude make this approach 

unacceptable. 

Figure 1.1-8 shows the  selected approach t o  at t i tude and velocity control of the 

construction base and spacecraft components during the LEO construction phase 

of the mission. Included a r e  the  design features and advantages of the concept. 

The average orbit-keeping propellact required is 1200 kg per day for this co~figuration 

(assumed I = 400 sec). 
SP 

Figure 1.1 -9 is a summary of the computed orbit maintenance parameter values 

and resulting propellant req~irements.  Burn times for both constant thrust and con- 

stant acceleration modes a re  given. 
3 5 
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ADVAWTAGES OF SELECTED DESIGN 

100% EFFICIENT AV l?4RCISnNQ 

*NO THRUST GlMBALltJG REQUIRED 

@GRAVITYGRADIENT STABILITY: 

UNCONDITIONALLY STABLE * 2/3 OF RUE 

UNSTABLE EQUILIBRILW a t n  OF nrnE 

LOWEST DRAG FOR HEAVY CONFIGURA~lOlVS 

*POSSIBLE COrAMON LOCATION FOR ATTITUDE 
CONTROL AND I V  THRUSTERS 

NOTES: @ATTITUDE COIJTROL PROPELLANT CONTRIBURES 
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SELECT3 TO MINIMIZE BAS 
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Figvre 1.1 -9 Orbit Main menam Psrarneters 
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&bit Transfer 

The r equ~red  velocity increment must be  provided while maintaining a sun orientation 

for self-pcwer. During the  early par t  of this  phase, the  offset t ing of gravity-gradient 

disturbance torques requires a large portion of t he  available thrust. Chemical propui- 

sion is used during occultation periods. The control loop design must provide saie 

stability margins for  s tructural  ccwpling effects.  Such techniques as multiple sensors, 

rlrultiple thrusters, and digital signal processing %i l l  be used in control algorithrn 

developmer?t. 

(Rosynct~onous Orbit  Operatiorrs 

Velacity control is required to maintain orbit s tat ion by offset t ing solar pressure 

anu orbi tal  dr if t  coward the  neutral point. Attitude control is required t o  provide 

Sun orientation of t he  collector and high accuracy Earth rectenna pointing of t he  

tu 0 a t e n n a s .  In addition t o  countering the gravity-gradient disturbance torques, 

t he  control concept must avoid unstable interaction of t h e  antenna and collector 

ctxitrol loops and the  s tructural  flexibility effects.  f i e  current  baseline approach 

for coilector control makes use of multiple thrusters  providing a to ta l  force equal 

t o  the  solar pressure. Individual thrusters a r e  modulated above o r  beiow their bias 

level t o  provide the  control torques needed to offse t  gravity-gradient disturbance 

torques. In essence, there  is no additional propellant penalty for collector a t t i tude  

control. The basic features of this concept a r e  illustrated in Figure 1 .I- 10. Single 

axis (pitcn) rigid body control only is shown. Thruster location will b e  at the  nodal 

points of one of the lower rnodes t o  minimize excitation of t ha t  particular flexible 

rnode. Active darnping of other  modes will be achieved by superimposing additional 

thrust rnodulation signals on the  a t t i tude  control thrust level commands. These signals 

a r e  deri-ded from the  outputs of multiple r a t e  sensors which a r e  processed to  isclate 

the  rigid body and lower bending mode components of motion. 

Because of t he  fine pointing requirement, t h e  antenna is controlled in free-f loating 

gi~tlbals a s  if i t  were a separate body. The conventional approach of gimbal torqueing 

~ o u l d  result in undesirable coupling of t he  antenna and t h e  collector (rigid body 

and flexible) motions through the  rigidized gimbals. The selected approach also 

avoids gimbal torquer design and reliability problems. To point toward rectennas 

in the  Northern Henlisphere requires an antenna boresight pointing offset  of a s  rnuch 

as 8.6 degrees from nadir. This results in a continuous, unidirectional gravity-gradient 

disturbance torque on the antenna about the  elevation gimbal axis. In adition, if 
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t h e r e  1s a requlrelnent  t o  po in t  toward rec tennas  a t  d i f fe ren t  longitudes, a similar 

to rque  is exper ienced about  t h e  a z i m u t h  gimbal  axis. The  gravity-gradient to rque  

c a n  b e  reduced o r  e l imina ted  by m a s s  balancing t o  m a k e  a l l  t h r e e  principal moments  

of iner t ia  equal. A large mass  mounted on a long boom paral le l  to t h e  boresight 

ax i s  (out t h e  back s ide  of t h e  antenna) i s  required. If t h e  boom length (or t ip  mass) 

is fu r ther  increased and  t h e  boom angle  made  adjustable,  t h e  gravity-gradient to rque  

c a n  b e  used fo r  positive a c t i v e  a t t i t u d e  control.  However, t h e  boom length and  t ip  

Inass required a r e  very large. O t h e r  cand ida te  concep ts  f o r  a n t e n n a  conr ro l  are:  

Ion propillsion reac t ion  cotltrol, r eac t ion  wheels, control-moment  gyros  (crng's) and 

e lec t romagne t ic  torquing against  t h e  Earth's magne t ic  field. The c u r r e n t  baseline 

uses  c n ~ g ' s  because of the i r  f ine  resolution, high reliabili ty (for redundant systems)  

and 1c;ng life. Because o t  t h e  unidirectional torques,  t h e  c ~ n g L  will eventually become 

saturated.  Periodlc desaturat ion is accomplished by gimbal  torquing against  t h e  

collector.  

Ttie an tenna  a n d  col lector  con t ro l  loops a r e  coupled through t h e  girnbal bearing and 

slip-ring f r i c t ion  and by t h e  iner t ia l  r e a c t  ion resulting f rorn any  a n t e n n a  c g  off set 

t r a r ~ l  t h e  girllbal axes. Design require111er.t~ should specify t h e  srnallest  p rac t i ca l  

values l o r  these  parameters .  Compute r  simulations will b e  required fo r  design a n ~ l y s i s  

dna  ver i f icat ion of t h e  con t ro l  concepts.  The e f f e c t s  o n  s tabi l i ty  margins  of off- 

nonllnal values of design p a r a m e t e r s  must  b e  assessed. Figure  1.1 -1 I is a sirnplif ied 

block diagram which i l lus t ra tes  how t h e  s t ruc tura l  flexibility modes a r e  coupled 

to t h e  rigid body con t ro l  loop through t h e  con t ro l  sensors. I t  a l so  s h o ~ s  how t h e  

anrenrlcl con t ro l  loop is coupled tnrough t h e  mass  unbalance and  girnbal f r ic t ion effects .  

SPS A n t e m a  Control 

Antenna gimbal torqulng resul ts  in a react ion morrient o n  t h e  co l lec to r  even  for  a 

perfect ly  balanced antenna. If t h e  an tenna  c.g. is o f f s e t  f rom t h e  gimbal axis. t h e r e  

1s a n  a d d ~ t i o n a l  react ion f o r c e  a t  t h e  gimbal polnt. These fo rces  and niornents e x c i t e  

t h e  col lector  s t ruc tura l  rnodes and  appear  a s  dis turbances  t o  t h e  co l lec to r  a t t i t u d e  

control.  Thl?: coupling c a n  b e  reduced significantly by using "free  floating" gimbals 

and  generat ing t h e  con t ro l  torques  within t h e  an tenna  itself .  {However t h e  an tenna  

lliass unbalance reac t ion  f o r c e s  will no t  b e  eliminated.) Trades of con t ro l - rnon~ent  

gyros  (crng's), iner t ia  wheels, r eac t ion  con t ro l  th rus te r s  and geo-magnet ic torquing 

have resul ted in t h e  t e n t a t i v e  select ion o f  multiple,  antenna-mounted crng's t o  g e n e r a t e  

con t ro l  torques. Because o f  t h e  unidirectional gravity-gradient d ~ s t u r b a n c e  torque, 
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t he  cmg's will, in time, become saturated. It  is  proposed tha t  pe r1a3 ;~  or continilous 

cmg  desaturation be accomplished by antenna gimbal torquing against t h e  collector. 

A scheme for  accomplishing this  while retaining t h e  decoupling feature,  t o  the  maximum 

ex ten t  possible, is described in t h e  paragraphs which follou~. 

The baseline hybrid control concept  shown in Figure 1.1-12 uses antetina-mounted 

control-moment gyros (cnlg's) for  f ine resolution, high frequency control  and uses 

antenna gimbal torquing against t h e  collector t o  desaturate  t h e  cmg's. The gimbal 

torquing mechanism, in e f f ec t ,  counteracts  t he  s teady unidirectional gravity-gradient 

torque u~hi le  t he  cmg's compensate for base motion e f f ec t s  caused by structural  

flexibility, and collector a t t i t ude  stabilization. The block diagram shows how these 

two torque-producing elernents can  be  combined t o  provide t he  desired corltrol characteristics.  

The an tenna  gimbal servo loop i s  not  closed directly with t h e  an tenna  pointing e r ror  

but indirectly with a cmg "degree-of-saturation" signal. The optional switch can  

be included if continuous desaturatlon i s  not desired. The non-linear gain character-  

is t ic  and t h e  low-pass f i l ter  prevent t h e  gimbal ac tua tor  from responding t o  small- 

amplitude, high-freqrlency antenna oscillations caused by s t ruc tura l  flexiblity effects.  

This decoupling of t h e  antenna pointing control, collector a t t i tude  stabilization and 

collector flexibility e f f ec t s  enhances syctem stability and i s  a key f ea tu re  of this 

approach. The system will r e t t l e  at an operating point on the  gain curve where t h e  

antenna gimbal torque just balances t he  gravity-gradient disturbance torque. 

The cmg  loop fea tures  "proportional-plus-integral" control. By including t h e  integral 

of t he  pointing error  in t he  control  torque command signal, the  system can  produce 

a torque t o  of fse t  t he  disturbance without requiring a "hang-off" a t t i t ude  errar.  

This allows the  a t t i t ude  e r ror  t o  go t o  zero, a condition which could otherwise be  

realized only by making the  position gain (K ) infinitely large. 

A similar arrangement  can  b e  used for  antenna azimuth control. In addition t o  t h e  

gravity-gradient disturbance torque which results when of i se t  pointing from nadir 

is required, there  is a continuous unidirectional brush/slip-ring torque t o  be overcome. 

The discussion thus far  has considered t h e  antenaa as a rigid body. The baseline 

design, consisting of a deep s t ruc ture  of graphite epoxy composite material  provides 
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a s t i f f  configuration with  minimal the rmal  distortion. Ac t ive  control  of t h e  an tenna  

figure,  therefore ,  i s  n o t  considered to b e  required at this  t ime .  The  control /s t ructural  

coupling in te rac t ion  i s  minimized in t h e  s e l e c t e d  control  approach because t h e  high 

frequency torques  a r e  produced by multiple cmg's dis t r ibuted throughout t h e  an tenna  

s t ruc ture ,  and gimbal torques  a r e  applied very gradually. This resul ts  in smal ler  

control-induced s t ruc tura l  deflections.  The  problems of sensor location and signal 

processing t o  provide adequa te  control-lcop s tabi l i ty  marpins will b e  analyzed when 

an tenna  s t ruc tura l  proper t ies  a r e  more  c lear ly  defined. 

1.1.0.5 SPS INTERNALLY -GENERATED ELECTROMAGNETIC INTERFERENCE 

Exaroination of t h e  SPS configuration resulted in t h e  following a s  t h e  v 9 s t  probable 

internal  sources  of h ~ g h  EMi: 

Higt, vol tage switch g e a r  Inrush c u r r e n t s  

Slip rings 70 KW klystrons 

Corona  e f f e c t s  DCIDC conver te r s  

Very preliminary consideration of these  sources  in o rder  to se lec t  one  fo r  analysis 

indicated t h a t  t h e  corona e f f e c t s  and inrush c u r r e n t  w e r e  likely t o  b e  less s e v e r e  

sources  than t n e  others .  The  high vol tage switch gear  was not se lec ted  s ince  t h e r e  

will b e  no disconnect operat ions  o n  energized lines. T h e  slip rings and 70  KW klystrons 

were  not se lec ted  because of lack of d a t a  on equipment  of t h e  s i z e  under consideration 

fo r  SPS. 

The  5.5 megawat t  DCIDC conver te r s  w e r e  se lec ted  f o r  analysis s ince  s o m e  informatior) 

is  available on their  design, they a r e  a continuous as opposed t o  i n t e r m i t t e c t  source 

and  it was considered t h a t  extrapolat ion of d a t a  f rom a 3 K W  conver te r  was reasonably 

valid s ince  t h e  s a m e  switching techniques will probably b e  used. 

The following information and assumptions w e r e  used f o r  this assessrnent: 

a lnput Voltage = 38.2 K W  

a Input Cur ren t  = 135 A 

Switching Frequency = 2 0  KHz 

a Fil ters  w ~ l l  l imit  ripple t o  1% 

a Switching will be  by SCR's 



Power busses a r e  m a d e  of 1 rnm ;hick aluminum s h e e t s  of d i i fe ren t  9-~idths and 

lengths  

Tile sa te l l i t e  s t r u c t u r e  is  of g raph i te  epoxy 

o Conver te r s  connec ted  t o  t h e  s a m e  bus will b e  synchronized such t h a t  their  switching 

pulses a r e  tiot coincident with  e a c h  other .  

Photographic d a t a  cur ren t ly  avai lable  shows t h a t  t h e  c u r r e n t  waveform is  a ser ies  

of cosine pulses and  t h a t  t h e  vol tage w !vefornl is  a ser ies  of i r regular  pulses t h a t  

c a n  b e  crudely approximately by a triang\;!ar pulse. These d a t a  d o  not  shou  t h e  

a t t enua t ion  e f f e c t s  of a power l ine  f i l ter ;  however,  thlI t e s t  d a t a  shows t h a t  spec t ra l  

l ine ampli tudes  a r e  generally less  than  1 %  of t h e  r a t e d  input current .  Using this  

a s  a basis f3 r  t h e  ernissior?~ f r o m  a 5.5 megawat t  corlverter,  t h e  following assumptions 

result:  

The c u r r e n t  spec t rum will b e  spec t ra l  lines having a n  ampl i tude  of 1.35 A at  

20 KHz, declining in ampli tude a t  a r a t e  of 40 dB per  d e c a d e  fo r  t v e n  harmonics,  

with suppressed odd harmonics. 

The vc l tage  spec t rum will b e  spec t ra l  l ines having a n  ampli tude of about  330  

vol ts  a t  20 KHz, declining i r  ampli tude a t  a r a t e  of 40 dB ~ s r  decade  fo r  odd 

h a r m o n ~ c s ,  with suppressed even harmonics. 

These values were used t o  ca lcu la te  t h e  E- and H-fields near  t h e  power bus conductors.  

Since t h e  c u r r e n t  distribution ac ross  t h e  bus a t  high frequency is  only known very 

generaily,  a very simplified approach was taken,  whereby t h e  5-meter  and  17-rneter 

s:Ieets w e r e  e l a c e d  by imaginary conductors  separa ted  by 18.9 m e t e r s  ( a  c i rcular  

a r c  with a radius equal  t o  half t h e  dis tance between t h e  c e n t e r s  of t h e  conduct ing 

sheets). The  vol tage d i f fe rence  was t aken  a s  1% of t h e  bus voltage, i.e., 380 volts. 

Tne mean  e l e c t r i c  f ie ld  at a dis tance of 6 m e t e r s  ( t h e  approximate  cadius of t h e  

a r c )  would then  b e  approximately  20 vol ts /meter  at 2 0  KHz, declining a t  higher f re -  

quencies. Cur ren t  e q u ~ p r n e n t  must b e  designed fo r  10 vol ts /nle ter  from 14 KHz 

t o  3 5  hiHz. 

In a s i r i~ i l a r  manner (i.e., g rea t ly  ~ i rnp l i f i ed)  t h e  mear, rnagnetic field a t  a d i s tance  

of 6 m e t e r s  is approximately  36 mill iamperes/meter  a t  20 KHz, declining a t  higher 

frequencies.  The  c u r r e n t  requ i rement  on equipment  is  2.6 microamperes  p e r  mete r .  



The common resistance interference e f f ec t s  were -.ot calculated due to lack of detailed 

information on t h e  power distribution system lumped resistances configurations. 

These EM1 e f fec t s  wili result in modulation of the  power beam baseband signal unless 

appropriate measures a r e  taken in :he design of t he  t ransmit ter  and power supply 

systems. 

1.1.0.6 SPS EQUIPMENT FAILURE MODES, RATES, AND EFFECTS ANALYSIS 

An analysis was performed t o  I: define SPS hardware faiiure modes, 2 )  predict equipment 

filaure rates ,  and 3) determine the  e f f ec t s  on SPS system operation and ground power 

output. Table 1.1-2 presents t he  results of the  analysis. 

FAILURE RATES 

Previous reliability analysis performed during the  study ef for t  of cont rac t  NAS- 15196 

showed that  a potential reli.-bility problem existed with the solar blanket design. 

The problem occurred because lengthy series-para!lel strings ($ parallel by 130,000 

in series) would experience to ta l  string failure if, for any of t h e  130,000 sets of 4 

parallel cells, two of the  four cells failed causing t h e  remaining two cells t o  b e  reversed 

biased with their subsequent failure. The revised blanket design o; fourteen cells 

in parallel ailows for failure of 4 of t h e  14 cells t o  fail  without total  string failure. 

As a result, the  expected total  number of cel l  stti.;): failures for a ten gigawatt satel l i te  

is approximately 0.01 per year. With a mean t ime between failbres (MTBF) of 10 8 

hodrs lor  the solar cell/interconnect combination, approximately 0.3% of the  cells 

a r e  predicted t o  fail  over a thirty year period, but with no predicted total  string 

failures. 

Tho power generation portion of t he  satel l i te  contains large numbers of identical 

components such as solar cells, blanket tensioning devices, blanket support cables, 

and conductors for  connecting the  solar arrays between bays. When predicting total  

failures using the traciitional exponential reliability predictions, and predicted number 

of annual failb. :s is q i t e  large. Annual failure ra tes  for  non-series elements  were 

computed 



u h e r e  

NF = nur~~!-er  of equipment  i t e m  fai lures  per  year  

N . t o t a l  !:.:.nber of t h e  equipment  i t e m s  on t h e  SPS 

- i/ii;ed.l t u n e  k t t v e e n  fa i iures  (hours) 

The medn tlrne betweer,  fa i lures  d a t a  u a s  obtained f rom Boeing's Experience Ar~alysis  

C e ~ t e r  \s hich pravides a d a t a  bank of reliabili ty and  maintenance i n f c r r n a t ~ o n  from 

aircraf t, cnissiles, spacecraf t .  ships. and ground equipment.  The  pred ic ted  nutnbcr 

of filllures for the  po*er generat lon portion of t h e  sa te l l i t e  is l a rge  bu t  has  negligible 

e f f e c t 3  a n  r h c  p o u e r  ou tpu t  because of redundance and/or sa te l l i t e  oversizing. Table 

1.1-2 s u i n r ~ ~ a r i z e d  t h e  SPS e l e m e c t s  w-nich u i l l  have  t h e  highest t o t a l  nunibcr of 

i a i lu r rc  Table 1.1-3 provides a de ta i l ed  listing. The prirnary fa i lu re  rtloae of t h e  

blarlhet te~ls ioning devices  is breakage of t h e  tensioning spring. Hok ever ,  the  dev ice  

is d e s ~ g n e d  t o  have a positive s t o p  in th? even t  of a spring fa i lure  s o  t h a t  a t tachn:ent  

of t n e  a r r a y  blanket is not  to ta l ly  lost. 

The e f f e c t s  of sa te l l i t e  fa i lures  o n  t h e  ground ou tpu t  F o u e r  a r e  summar ized  in f ~ g u r e  

1.1-3. The prirnary contr ibutors  t o  power loss d u e  t o  failures a r e  t h e  an tenna  mounted 

02 t o  13C c o r ~ v e r t e r  su i t c i lgear  a n d  RF  t o  DC converters.  Though n o t  shou  n in 

this  suntary, t h e r e  a r e  c e r t a i n  failure: of sa te l l i t e  sys tems  which c&n c a u s e  to ta l  

loss of a n  a n t e n n a  po\\er output .  Amoung the-ce a r e  c e r t a i n  ra ta ry  joint fa i lures  

which uould  prohibit an ienna  rotation. For t h e  mechanical portion t h e  rotdry 

joint redundant dr ive  systerlis a r e  provided as well a s  provisions fo r  disabiing f rozen  

dr ive systems. Redundance ir, t h e  e lec t r i ca l  sl ip ring assenlhly is provided by multiple 

brush assemblies  opera t ing  a t  low (approximately 10 amperes  per  square  c e n t ~ n t e t c r )  

c u r r e n t  densities. In addition, provisions for  re t rac t ing  t h e  brush assembly ;;re pro- 

vided. 
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The  power distribution sys tem was re-designed to provide mult iple  power buses t o  

l imi t  potent ia l  f au l t  c u r r e n t s  and t o  reduce  t h e  probability of loss of t h e  t o t a l  a n t e n n a  

power ou tpu t  due  t o  failure; in  t h e  main power bus system. The mult iple  bus  power 

dis t r ibut ion sys tem does increase t h e  complexi ty  of t h e  bus and insta l la t ion sys tem 

a n d  t h e  e lec t r i ca l  sl ip ring, b u t  o f fe r s  a s ignif icant  reduct ion in fau l t  c u r r e n t s  and 

increase  in  overal l  sys tem reliability. 

O n e  of t n e  object ives  of this  analysis was t o  recommend design mcdif icat ions  to 

assure  g racefu l  fa i lure  degradat ion modes. Based o n  t h e  resu l t s  shown in  f igure  

I. I - 1 3 t h e  fo lou  ing modifications a r e  recomimended: 

I. Switchgear  - The a n t e n n a  mounted switchgear  con t ro i s  power t o  228 individual 

2 o b e r  sector;  per antenna. Loss oi a s ~ n g l e  switchgear  resul ts  in  t h e  loss of 

approximately  0.5% of t h e  ground power output.  The insta l la t ion of redundant 

svkitchgear f o r  an tenna  power sec to r  con t ro l  will significantly improve system 

opera t ing  time. In addition, fa i lures  c a n  occur  on in,ividual subarrays  which 

will require  removal  of a l l  input power t o  t h e  subarray. With t h c  present  design 

t h e  loss in ground power is  equivalent  t o  a n  an tenna  Fower s e c t o r  (0.5% s ince  

rnis is  t h e  lowest switchgear  control  level). Improvements  in power sec to r  availa- 

bility c a n  b e  made  with t h e  addition of switchgear  at t h e  subarry level. 

2. DC to DC Conver te r s  - Fai lures  of a n t e n n a  mounted DC t o  D C  converters ,  

which supply mos t  of t h e  various vol tages  r e q ~ t i r e d  by t h e  klystrons, a r e  t h e  

l a rges t  source of predicted SPS ground power loss. A significant reduct ion in 

ground power loss c a n  b e  real ized by instali ing redundant  DC t o  DC c o n v e r t e r s  

o n  t h e  antenna. The  predicted number of an tenna  power s e c t o r  ou tpu t  losses 

d u e  to conver te r  fa i lures  decreases  frorn 12 (with no redundance) t o  0.6 (with  

redundance) per  antenna. By i n s ~ d l i n g  redundant conver te r s  on t h e  an tenna  

t h e  inc rease  in operat ing reveilues is  significant.  The mass  penalty would be 

appror inla te ly  10 metr.c tons  per  conver te r  incltiding t h e  the rmal  con t ro l  systern 

f o r  t h e  converter.  
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1.1 .O. 7 Analysis of Power Transmission Sys tern A v a i l a b i l i t y  
and Maintenance Requirements by General E l e c t r i c  

Maintenance Requirements 

Maintenance of Space Antenna Power Transfer  System 

On t h e  b a s i s  of t h e  previously  assumed f a i l u r e  r a t e s ,  a p p l i c a b l e  component 
numbers and h a l f  yea r ly  maintenance per!.ods t h e  expected number of f a i l u r e s  and 
t h e i r  es t imated r e p a i r  t ime requirements can be c a l c u l a t e d .  The r e s u l t s  a r e  
e x h i b i t e d  i n  Table 1.1-4 

Table 1.1-4 

Number of F a i l u r e s  and Associated Maintenance 
Time Requirements i n  t h e  Space Antenna Power 

" 3nsmission Svstem 

I I 
T o t a l  3506.3 i 

j 3 4 2 9 * 6 8 ~  - . - -  -i i 

1 I 
Man hours f o r  two man team 7012.7 i 

-11 , 

! 

4 i 136.8 
I I 

I 

From these r e s u l t s  i t  is ca lcu la ted  t h a t  i f  1 man produces 42 hours i n  
an 84-liour maintenance period then an 84-man team is required t o  maintain the 
space antenna. 

3i.2 DC ~ a n v r r t o r  I 

I 

.075 1 456 

.00594 j 1.35 
I 

I DC vec to r  1i-w I 2  16.2 '778 

I Subarray Line i I I I 
..000315 101784 32.06 

i swi Output j 1,11 
i 

i 
2nd B Ot tpu t  

1 3  
i .0060iB I80 t ? . 2 9  

I 
1 1 Bm Outpu t  .005246 I 7220 37.87 
I 

- 4  128.'1 

3 i 8.9 

6 ! 13.8 I I 
7 7 j . 7  i I 

I 

K lys t ron Icpu t  

f I 
.01859 f 60 

I 

.!I07626 1 101784 ' 776 .2  ! .75 582.1 i 
I I 

I 

I I I 

1 25-4.6 1 Klyst ron and Drive I -025 
LL I 

101784 ' 254&.  6 



Maintenance of t h e  Rectenna DC Power Col lect ion System 

According t o  t h e  maintenance philosophy of t h e  rectenna t h e  panels  contain- 
ing  t h e  d i p o l e s  and diodes a r e  designed f o r  30 y e a r s  - l f e  without scheduled main- 
tenance.  Tne r e s e  of t h e  system, including DC bus l i n e s ,  swi tch gear  and c i r c u i t s  
w i l l  be maintained on a continuous b a s i s  without d i scon t inu ing  t h e  o v e r a l l  opera- 
t i o n  of t h e  rectenna.  Thus maintenance work w i l l  r e q u i r e  shut  down of  panel 
s t r i n g s  o r  u n i t  t o  gro-lp l i n e s  only.  

- - 
The f a i l u r e  number c a l c u l a t i o n s  and t o t a l  r e p a i r  t i m e  requirements a r e  d i s -  

played i n  Table 1 .l-5 

Table 1.1-5 

Number of F a i l u r e s  and Associated Maintenance 
Tine Requirements i n  t h e  Rectanna DC Power 
Col lec t ion  System 

Fran these  r e s u l t s  i t  may be estimated t h a t  i f  one man provides 200 hours 
wi thin  the  .1 year  maintenance cycle ,  then 30 men a r e  required f o r  the  maintenance 
operations.  On the  average 15.1 f a i l u r e s  are t o  be repaired da i ly .  It must be 
emphasized t h a t  t h e  above numbers a r e  order  of magnitude ind ica t ions  only,  
because f a i l u r e  r a t e s  and r e p a i r  times are highly  dependent on the  d e t a i l e d  com- 
ponent design of t h e  rectenna.  

f 1 -  I 1 
.1 year 

- -* --,--- 

Panel S t r i n g  87240 i 5.49.6 

Unit to Group 
.00315 1 784 2.47 

Center Lines I 
T o t a l  [ 5762.5 1 

4 I 
I 

Hrs - - '  

Repalr 
m - 

5 ( 2  man) 

1 8  (6 man) 

t 

Tot. Repair .  Man Hours I 
H r s .  Per Main 

2748 . . 

44.4 266.4 

L ! 
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Maintenance of Rectenna AC Power Col lec t ion System 

In t roduc t ion  an.' r)ef i n i t i o n s  

The maintenance requirements w i l l  be d iscussed i n  two separa te  ca te-  

gor ies .  The normal o r  scheduled maintenance requirements w i l l  be defined 

as being inspec t ions  and performance t e s t s  causing e i t h e r  no cur ta i lment  of 

pawer o r  performed during per iods  i n  which the  power genera t ion from the  

rec tenna system is  ze ro  f o r  o t h e r  reasons than rec tenna AC Power Col lec t ion 

System maintenance. 

The unscheduled maintenance o r  f a i l u r e  r e p a i r  w i l l  be defined a s  a l l  

o t h e r  aaintenance.  This  would include r e s t o r i n g  power output which was l o s t  

due t o  a f a i l u r e ,  a s  we l l  a s  component r e p a i r  o r  replacement following a 

f a i l u r e  when redundant des ign prevented a l o s s  of power. 

Since the  scheduled maintenance of the  devices  i n  t h i s  p a r t  of the  

r e c t e i ~ n a  system is t y p i c a l l y  on a yea r ly  o r  multi-annual b a s i s  a s  w e l l  a s  

of very  s h o r t  dura t ions  (hours) i t  is reasonable t o  assume t h a t  scheduled 

maintenance w i l l  never cause power c u r t a i l p e n t  from the  rectenna.  

Unscheduled Maintenance Requirements 

The va lues  f o r  r e p a i r  time given i n  the  f a i l u r e  r a t e  and e f f &  a n a l y s i s  

w i l l  be used as a b a s i s  f o r  developing the  unscheduled maintenance require-  

ments. Table 1.1-6 shows the  mean time t o  r e p a i r  f o r  the  components i n  the  

system. The values  used a r e  t y p i c a l  e l e c t r i c  indus t ry  s t a t i s t i c a l  da ta .  

The values  f o r  the  SPS rectenna system may be considerably lower than the  

values  shown due t o  a v a i l a b i l i t y  of s p e c i a l l y  t r a ined  maintenance personnel 

and a well-stocked replacements p a r t s  suppl:~. P a r t i c u l a r l y  i n  the  a r e a  of 

transformer maintenance the  value  of a s u f f i c i e n t  nunber of spa res  would be 

q u i t e  s i g n i f i c a n t ,  The values  i n  the  t a b l e  assume 2 v s i l a b l e  spares  f o r  the  

transformers.  
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Table 1.1-6 

Unscheduled Maintenance Requirements 

I n  Table 1.1-7 t he  n u d e r  of components present  i n  each of the  

r 

a Component 

DC Switchgear 

DC/AC Converters 

Converter Transformer 

AC Cable 
I 
I Synchronous Condenser 

I AC Switchgear 

Step-up Transformer 

designs are l i s t e d ,  with Table 1.1-8 ahowing the expected values . ~ f  

f a i l u r e s  per year ca lcu la ted  a s  Repair time (h r s ly r )  x'number of components/ 

- is760 hr s /y r  = Expected va lue  of f a i l u r e s  i n  a year.  

Table 1.1-7 

Ncmber of Components 

8 

Mean time t o  
Repair-hours 

6 

10 

75 

16 

112 

3.8 

72 

Repair t i m e  
hours/year 

1.600 

3.300 

.225 

.054 (per  I000 ft) 

5 6 

.067 

.9 36 



Tabit 1.1-8 

Expected Values o f  Fzi lures /Year  

AC Cable 1 .004 1 .017 

DC Breakers 

D/A Converters 

Converter  Transformer 

Synch . Condenser I .16 

AC Switchgear 

P a r t  I I1 
Base l ine  

1.917 

.047 

.003 

SU Transformer 1 .001 I . -0008 

Low Current  
Design 

2.833 

.205 

-014 

Scheduled Maintenance Requirements . 

- 

The scheduled.maintenance requirements f o r  t h e  components i n  t h e  rectonna 

AC power c o l l e c t i o n  system a r e  q u i t e  nominal. There a r e  few s tandard  p r a c t i c e s  

i n  t h i s  a r e a  i n  e l e c t r i c  u t i l i t y  systems, s i n c e  ?ach user  would t n i l o r  t h e  

maintenance p r a c t i c e s  , t o  f i t  'with h i s  s p e c i f i c  s i t u a t i o n .  Contamination from 

p a r t i c l e s  and- chemicals,  the  impzct of weather and duty  cyc les  and manufactilrers 

s p s c i f i c a t i o f i s  would a l l  be v a r i a b l e s  i n  determining frequency and m i n t e n a n c e  

a c t i v i t i e s .  

Based on a v a i l a b l e  survey r e s u l t s  of maintenance a c t i v i t i e s  che daza 

given i n  Table 1.1-9 show scheduled maintenance i n  t e r m  of manhours per 

y@r f o r  t h e  components i n  the  rectenna AC system. Depending or. i h e  number 

o f  the var ious  dev ices  f o r  a given r e c t e m a  AC l a y o u t ,  inc reased  e f f e c t i v i t y  

i n  performing t h i s  maintenance could  reduce t h e  manpower requirements.  

Law Voltage 
Design 

2.942 

. 295  

-0 20 

.024 

.16 

.002 

108 1 
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Table 1.1-9 

Scheduled Maintenance Requirements 
-I 

Table 1-1-10 suumarizes the  "unscheduled" and scheduled mainteaance require- 
ments f o r  the AC p w e r  co l lec t ion  system f o r  a 1/10 year period. The t o t a l  hours 
can be provided by a 35 man team. The t o t a l  AC-DC crew is 64 people, 

DC Swi tchgear 

DC/AC Converters 

Converter Transformer 

AC Cable 

Synchronomts Condenser 

AC &?itchgear 
! 

i S t e p u p  Transformer 
i 

Table 1.1-10 

Summary of Maintenance Hours Requirements f o r  
the AC Power Collect ion System 

Manhours/year/device 

Unscheduled 

Scheduled 

2 

16 

16 

2 

40 

20 

16 

Hrs. - 
495.7 

6450 

6945.7 

i 



space Antcosu DC P m r  Dlatrubutioa Syatm 

The input t o  the  space ante- DC power dis t r ibut ion  8 y 8 t ~ 1  1s defined at the  
output temlml of the f lexib le  DC cables through the  elevation angle yoke. The 
output of the  DC parcr d is t r ibut ion  s y s t u  i s  at the pawer connector of  the 
klystron. It is assumed tht the  ava i l ab i l i ty  of the la pamr lewel d i s t r i b u t i m  
system i e  much higher then the high power syste~ and it is neglected i n  the 
fo l l a r i ag  c h e d a t  ions. 

The ava i l ab i l i ty  of the system vi l l  be cdcu1a:ed by u e i q  the  binomial 
probability function. In order t o  do t h i s  the following q u a t i t i e s  have t o  be 
defined: 

X - number of f a i lu re  f o r  a given component 

T = period of tiae during which X f a i lu re  occurs 

1 - = f a i lu re  ra te  
r 
r = aeaa time aecessary t o  rerove a fa i lu re  .(mean time t o  repair) 

Z p = - r = probability of f a i l u r e  for  r given f a i l u r e  rate a d  
T mean ti= t o  repair 

Using the  def in i t ion  gi.ven above tihe probability of x f a i l u r e  is 

For lam N it is more pract ica l  t o  use the following recursive formula 

(l-plF fo r  x = o 
P(x) - 

N - X + 1  - P P (x-1) f o r  x # 0 
X 1-P 

The mean value of expected fa i lu res  

The DC power d is t r ibut ion  system can be divided in to  two pa r t s  for  the purpose 
of a v r i l a b i l i t p  calculations: 1) Sector l ines ,  2) Subarray l ines .  

Sector Lines 

This system consists  of N - 228 separate main DC buses, each carrying a nominal 
of 35 & DC power a t  a nominal 40 kV and 8758 using approximately 35 mn diameter 
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aluminum conductors. A t  the end of a typical line there is a atit-ear unit. P u t  
of the paver (5.44 HI) goes through a DC t o  DC converter wfth 218 In LOSS md 
there is a n m  446 vay pouer divider at the output of t h e  converter stat ion.  

The folloving fa i lure  ra tes  a n  . s d  for  m individual M: t o  DC converter: 

1 -15 failure - = 
T year 

r - .5 pears 

For all space antenna avai labi l i ty  calculations .5 year repair  tioe is selected. 
Assuming douole redundancy ('3 = 2 )  and us* the above given recursive formulas the? 
probability of f a i l u r e d  = P(2) for  the syster  of 2 redundant converters is shown i n  
Table 1.1-11. 

Table 1.1-11 

Calculation of the Probability of Irailure for  
Two Redundant DC to  DC Converters 

The fa i lure  rates for  the complete sector l ines  system 

Redundant I)(: t o  DC converter .005625 
Main DC bus .000315 
Resultant sector l ines  .005 94 

One line carries a = 1 - .4385% part of the to ta l  power. The available 
228 

power i f  a fa i lure  occured ised is 



p u t  of the f u l l  power. A is the ava i l ab i l i ty  of  power. T.ble1.1-12ahwa the  
cilcul.tioa of A as r function of 

n 
P = C PCL) f o r  # =  228 and p - .00594. 

0 

Calculation of AvdXability fo r  the  W: Sector L i n e s  of  eke Space Antenna 
(la = 228, p - ,08594) 

Figure 3.'-1 s h w s  the ava i l ab i l i ty  vs. probabil i ty f o r  the  space antenna 
DC sec tor  lines f o r  .075 and .166 fa i lu res  per  ha l f  year in the individual DC 
t o  Df converters. It can be seen tha t  even with the lower f a i l u r e  r a t e s  and 
&uble_redundancy the ava i l ab i l i ty  is only 99.5% i n  not less than 66% of the 
t i m e  (P = 66%). (The 66% probabilitjr corresponds approximately to the average, 
thus system f a i l u r e s  on the  average cause .5X reduction of output paver). 

This system consists  of the l i n e s  between the  output fro* the  end of the 
main bus t o  the  individual klystrons. These l i n e s  go e i t h e r  d i rec t ly  t o  :he 
klystrons (about 446 lines from each converter) o r  f i r s t  LO subarrays (on the 
average approximately 31 l i n e s  from each converter) and then from subarray 
centers  via an addit ional  junction point to the  klystrons (on the  average 
approximately 14 l ines ) .  



Figure 1.1-14 Availability Vs. Probability for Space Antenna DC Distribu- 
tion System From Output of Elevation Flexible Joint to 
Klystron Input. 

For availability caiculation the direct connection is assumed. For the DC 
bus p = .000315 and N = 446. The end result is shown in Figure 1.1 .-14, The same 
figure shows also the resultant availability of the complete DC power distribution 
systzm, assuming tkat the converter with & = -15 failure/pear is selected. The 

T 
resultant availability is the product of the availability of the sector and subartay 
lines. It can be seen that the availability of this part of the SPS system is 
limited by the failure rate of the DC to DC converters. 



Space Antellzu P h  Control Syotm 

The input t o  the  space antenna phase cont ro l  system is defined at the  aper ture  
of the receive anteano e l e u n t  . (There a r e  th ree  redundant antennas) . The output 
of the  phase control  system is a t  the input terminal of t he  d r i v e r  f o r  the  klystron.  
It is assumed that the  ground p i l o t  s t a t i o n  has a much b e t t e r  a v a i l a b i l i t y  then the  
space antenna phase cont ro l  system, thus it is neglected i n  the  present ca lcu la t ions .  

The block diagram of t he  phase cont ro l  system f o r  a v a i l a b i l i t y  ca lcu la t ion  
purposes is shown on Figure 1.1.15. This f igure  a l s o  exh ib i t s  t he  f a i l u r e  r a t e s  i n  
one f a i l u r e  per lo6 H r s .  u n i t s  f o r  each c q n e n t .  Since the phase cont ro l  network 
is a four  l aye r  tree, i t  is prac t i ca l  t o  ca lcu la te  the a v a i l a b i l i t y  f o r  each l aye r s  
separately.  The de f in i t i on  of the interfaces:  

Par t  1. Input of phase cont ro l  system t o  output o f  switches SUI 

Part 2. Output of switches SW1 t o  output of 2nd Big power d iv iders  

Par t  3. Output of 2rrd Blg power d iv iders  t o  output of  B,, power 
d iv iders  

Part  4. Otitput of power d iv iders  t o  input of  Klystron dr ives  

Par t  1 

The following f a i l c r e  r a t e s  a r e  selected: 

Reference antenna .GO05 6 f / 10 hours 

F i l t e r  .a010 f / lg6 hours 

Receiver -0800 f / lo6 hours 

B20 paver divider  . 0 100 f / lo6 hours 

- Fhase t ransmit ter  .0150 f / lo6 hours 

1st l aye r  cable .0129 f / lo6 hours 

SWl switch -0200 f / lo6 hours 
- 

Resultant - X = .I414 f / lo6 hours 
T 

X P = - r = .0185925 
T 



The f i r s t  layer is t r i p l e  redundant (N = 3 p a r a l l e l  branch). For t h i s  case 
the probabil i ty of failure f o r  the system of three redundant f i r s t  layer  lines 
is shovn i n  Table 1.1-13. 

Table 1.1-13 

Calculation of the  Probabil i ty of Failure f o r  
Three Redundant F i r s t  Layer Circuit  

- - 

Thus the resultant  probabil i ty of f a i l u r e  is p = .00000646 f o r  the  redundant 
bracbes and there a re .  N = 20 lines a t  t h i s  (sector). The probabi l i t ies  of avai l-  
a b i l i t y  is shown in Table 1.1-14. 

Table 1.1-14 

Calculation of the  Probability fo r  the  Phase 
Control Network Sector Layer (Part 1)  

A vs ? f o r  Part  1 of the system is shown on Figucc , 1-16. It  can be seen 
tha t  t h i s  type of system f a i l u r e  a f fec t s  the system a. aliabili:y for vcry small 
times only, but fo r  t h i s  part  of the probability range it varies very rapidly. 
(Once a single f a i lu re  occurred i t  a f fec t s  a  re la t ive lv  large,  5% p ~ r t  of the 
antenna system power output.) 



Figure 1.1-16. Ava i l ab i l i t y  V s .  P robab i l i t y  f o r  Space b t e n n a  Phase Con"ro1 
System from Input  of P i l o t  Receive Antenna t o  Klystron Drive 
Input. 

Fart 3 

The following f a i l u r e  r a t e s  a r e  selected:  

SW2 switch .0200 £/lo6 hours 

B19 power d iv ide r  .0100 f /lo6 hours 

Phase t ransrnit ter .0150 f/106 hours 

H3 hybrid .0010 f / lo5 hours 

Resultant 
6 f / l o  hours 

  his l aye r  is  dcuble redundant (N = 2 p a r a l l e l  branch). For t h i s  case the 
probabi l i ty  of  f a i l u r e  is shown i n  Table 1.1-15 
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Calculation of the Probability of Fai lure f o r  
Two Redundant Second Layer Circui t  ' 

The fai lure '  r a t e s  f o r  the mamining portion of t h i s  layer  t o  its output in ter -  
face : 

2nd layer cable .0129 6 f 110 hours 

SW4 switch .0200 f /lo6 hours 

Phase receiver .0020 f /lo6 hours ' 

-hybrid .0010 -f/106 hours , 

B1g power divider  .0100 f /lo6 hours 

Result ant  = .0459 f /lo6 hours 
T 

p = & .00604849 as f o r  the f i r s t  portion of Part  2. 
T' 

Table 1.1-16 

Calculation of the Probability of Faflure for  
the Phase Control Network Group Layer (Part 2, Input Portion) 



Thus t h e  r e s u i t a n t  p robab i l i t y  of  Fa i lu re  i s  p = .0@01303 f o r  t h e  redundant 
branches. There are N - 380 l i n e s  at t h i s  (group) l aye r .  The p robab i l i t y  of 

a v a i l a b i l i t y  is  displayed i n  Table 1.1-1 6. 

The r e s u l t a n t  values  f o r  t h e  complete Part 2 are t h e r e f o r e  t h e  same as i n  
Table1.1-16 except t h e  numbers :in t h e  C o l m  A have t o  be squared. The r e s u l t s  
m a l s o  d l s p l a p d  in Figure 1.1-16. 

Pa r t  3 

The following f a i l u r e  r a t e s  a r e  se lec ted :  

Phasc -ansmit ter .0150 f /lo6 hours 

3rd l a y e r  cable, .0129 f /lo6 hours 

Phase rece iver  .do20 f /lo6 hours 

pa re r  d i v i d e r  .0100 f / lo6 hours 

Resul ta~t 

There is no redundancy and thc re  are N 7220 l i n e s  i n  t h i s  (subarray) l a y e r .  
Since N is very l a rge  the A versus  P funct ion converges t o  its assvmptatic value 
very slowly. (n - 130 would be needed t o  reach Y > .9999.) Adequate accuracy can 
be obtained by reduc ing- the  s i z e  of the  system by an o rde r  o f  magnitude by s e l e c t i n g  
N' = - N = 722. In  t h i s  case  n = 1 corresponds t o  10  f a i l u r e s  ins tead  o f  1. The 

10 
p robab i l i t y  of a v a i l a b i l i t y  is shown i n  Table 1.1-17. 



D 1 W26037-2 
Table 1.1-17 

Calculation of the Probability of Failure for 
the Phase Control Network Subarray Layer (Part 3) 

The resu l t s  of the above table  a re  a lso  plotted i n  Figure 1-1-16. 

Part 4 - 
The following fa i lu re  rates are  selected: 

Phase transmitter .0150 
6 f /10 hours 

4th layer cable .0129 f / lo6 hours 

Phase receiver .0020 f / lo6 hours 

Conjugator .0186 f / lo6 hours 

Receiver ,0080 f / lo6 hours 

F i l t e r  ,0010 f /lo6 hours 

Radiating element .0005 f / lo6 hours 

Resultant 
X - .0580 f/106 hours 
T 

7 1 



There i s  no redundancy and t h e r e  a r e  N = 101784 l i n e s  i n  t h i s  (k lys t ron)  l a y e r .  
N' = N 3 100 s c a l c  r educ t ion  is s e l e c t e d  t h u s  n = 1 corresponds t o  101.784 

101.784 
& l u r e  causing 1% of output  power l o s s  from t h e  antenna.  

The p r o b a b i l i t y  of a v a i l a b i l i t y  is  shown i n  Table 1.1-18. 

Table 1.1-18 

C a l c u l a t i o n  of the P r o b a b i l i t y  of ' f a i l u r e  f o r  
t h e  Phase Control  Network Klystron Layer (Par t  4)  

The r e s u l t s  o f  t h e  above t a b l e  a r e  a l s o  s h ~ w n  i n  F i g ~ r e l . 1 - 1 6 ,  t o g e t h e r  with 
t h e  r e s u l t a 9 t  a v a i l a b i l i t y  f o r  t h e  complete phase c o n t r o l  system. 

The following conc:usions can be drawn from Figure 1.1-16. 

1. The e f f e c t  of f i r s t  l a y e r  f a i l u r e s  a r e  completely n e g l i g i b l e  except f o r  
l o s s  &ich occurs  i n  less than  1 hour p e r  yea r .  However, i f  t h e  redundancy would 
be reduced t o  double from t h e b a s e l i n e  t r i p l e  redundancy t h e  l o s s  of space antenna 
output  power becomes n o t i c e a b l e  f o r  s e v e r a l  hours p e r  year .  

2. A t  rms (66%) p r o b a b i l i t y  l e v e l  t h e  nonredundant p a r t  of :he system causes 
about 12  l o s s  of output  power from t h e  space antenna.  Th i s  would be recoverable  by 
'extending t h e  doiible redundancy t o  t h e  Klystron l e v e l  and thereby inc reas ing  the  
cos t  of  t h e  phase c o n t r o l  system by approximately a f a c t o r  of 2 .  

3 .  I n  t h e  p r o b a b i l i t y  region corresponding co about 100 hours p e r  year  the  
a v a i l a b i l i t y  is l i m i t e d  by t h e  4 t h  l a y e r ,  which w i t h i n  t h i s  time range causes 
about 3X'power l o s s .  Most of  t h e  assoc ia ted  f a i l u r e s  a r e  a t t r i b u t a b l e  t o  t h e  
conjugator  and l a s t  phase t r a n s m i t t e r .  I f  t h e  s p e c i f i c a t i o n s  of  t h e s e  u r i t s  can 
be improved without redundancy, then t h i s  l i m i t a t i o n  can be removed. 



4. It must be emphasized tha t  a l l  output power l o s se s  i n  the space antenna 
cause twice as  nuch reducticn of power i n t o  t he  rectenna, because t h e  associated 
unused aperture  a rea  of space antenna causes a l s o  a reduction of antcnna gain.  

The achievable f a i l u r e  rate f o r  a 70 kw output power klystron i n  space i s  
one of t he  key parameters of t he  whole SPS system. A t  the  moment no hard numbers 
are avai lable ,  but there  a r e  speculat ions t ha t  t he  present ly  achieved one f a i l u r e /  
two years  r a t e  can be extended by an order  of magnitude. In  the  following t h i s  
des i rab le  f a i l u r e  r a t e  w i l l  be assumed i n  order t o  compare the  r e su l t an t  ava i l -  
a b i l i t i e s  with the  rest of the  system. 

For t h i s  case 

X 1 f a i l u r e  = .05 - = f a i l u r e  , r = .5 year  
T 20 years year 

There are N = 101784 klystrons.  A - s c a l e  reduction of  379.791 is se lec ted ,  which 
r e s u l t s  N = 268, a la rge  enough group.for adequately accurate  calculat ions.  For 
t h i s  condition n = 1 corresponds t o  379.791 f a i l u r e  and a l o s s  of a = 1/268 = 
.37313X i n  the output from the space antenna. 

The probabi l i ty  of a v a i l a b i l i t y  is displayed i n  Table 1.1-18. 

The r e s u l t s  of t h e  above t a b l e  a r e  a l s o  shown i n  Figure 1 .l-17. It can be  
seen tha t  on the  average (p = 66%) the  klystrons cause 2.5% of .output power 
reduction, while a t  p = 99.9% probabi l i ty  (.867 hourslper year) the  output power 
l o s s  may be a s  high a s  6.4%. The l o s s  t o  the  rectenna is twice of these values 
because at the  same time the  corresponding antenna a rea  is  a l so  l o s t .  It may &rl 

noted t h a t  t he  probabi l i ty  d i s t r i bu t ion  shown on Figure 1.1-17remains unchanged 
u n t i l  the  X product i s  the  constant.  For instance a s imi l a r  a v a i i a b i l i t y  can 

T 
be achieved with a 10 year l i f e  time klystron i f  the  maintenance is  due i n  every 
th ree  months instead of every s i x  months. The t o t a l  space maintenance hours per 
year of course would be increased f o r  t h i s  case. Al te rna t ive ly ,  with the 26 year 
l i f e  time klystron and four year ly  maintenance period half  of the  l o s t  energy can 
be recovered. 

I f  the  value of a kw Hr .' is .03$, then the  value of the reco-. -red energy is 
32.8M$ yearly.  For t h i s  iecovery the  cost  of  t h e  addi t iona l  maintenance time 
associated t o  the more frequency replacement of f a i l ed  klystrons has t o  be traded 
o f f .  



Table 1.1-18 

Calculation of the Probability or Failure for 
the Klystron and Driver Circuit 



Figuze 1.1-17. A v a i l a b i l i t y  Bs. P r o b a b i l i t y  for Klyst rons  With T h e i r  Drive ,  
Based or, a Group of 380 Klyst rcns .  

Availat1 li t y  Reduc t f  on Associated with Space Segment Svs cem 
Operation and Propagat5on E f f e c t s  

Figurel . l-18 snows 4 ty;les of random e f f o c t s  which a r e  no t  a s s o c i a t e d  wi th  
f a i l u r e  aodes,  but  t h e i r  e f f e c t  on a v a i l a b i l i t y  produces a s i ~ i l a r  d i s t r i b u t i o n  
t o  the  rffcct of f a i l u r e s .  These e f f e c t s  are: 

a Randon phase crrcrs i n  th2 apercure  of the  SPS space  ancenna 
a Random amplitude errors i n  t h e  a p e r t u r e  of the  SPS space  antenna 

Atmospheric 3t tenuat ion 
a Faraday rocat  ior! 



The res and peak value of the random amplitude and phase e r r o r s  h a w  been 
ca lcu la ted  during Par t  I11 of t h e  study and a r e  included i n  Par t  111 fical repor t .  
The peak e r r o r s  vere  taken as 3G values f o r  Figure 1.1-19. The random ~ l i t u d e  error 
vas zakeo on the  bas i s  of assuming tha t  t he  subarrays a r e  aligned within bes - .05a 
peak angular accuracy. 

T t e  atmospheric a t tenua t ion  value w a s  taken f o r  a typ i ca l  East b a s t  U.S. site, 
thus I -  is pess imis t ic  f o r  the  assumed Texas loca t ion  of t he  rectenna. Note that 
tile a tanspheric  a t tenua t ion  value does not converge t o  100% ava i lab i l i t ? ; ,  thus i: 
represents  about 12 ,--r.~:ant l o s s  on the average r e l a t i v e  t o  vacuum. 

The F a r a ~ a v  rota- ion e f f e c t  is negl ig ib le  mst of the  time, except f o r  t h e  
J m u r y  period of t he  worst years  of  t he  sunspot cycle.  When the  associated l o s s  
vs X of tlme is ca lcu la ted  and averaged f o r  t he  30 y:sr l i f e  time of SPS t h e  l o s s  
is about 1.5I f o r  1 hour/year. 

P'RCENT OF PROBABIL'T* (P! 

Figure i.1-18. a i l a b i l i t y  of  E f f e c t i ~ e  Antenna Gain of Space Antenna Vs. 
 robab ability Due t o  Random Eperture Dis t r ibu t ion  Errors and 
Pr~pagat ion Conditions i n  Eiedia . 



Rectenna DC Paver Collection System 

According t o  the  w e r a l l  DC paver co l lec t ion  layout  of  t he  rectenna 
-- as it is described in Section 2 t h e  a v a i l a b i l i t y  of tfre DC system can be 

. c a l c a a t e d  i n  four portions: 

1. S t r ing  of 43  diodes 
2. Panel covering 432 = 1849 diodes 
3.  St r ing  of pacels 
4. Unit t o  group center  l i n e s  

These -in f a i l u r e  modes are recognized: diode open c i r c u i t ,  panel s t r i n g  
l i n e  short c i r c u i t ,  group center  l i 3 e  s t a r t  c i r c u i t .  The diode cannot fail 

'as a s66rt c i r c u i t  because of its bui ld i n  fuse. ' 

The bas ic  maintenance philosophy is tha t  the  f a i l e d  diodes and panels 
a r e  not replaced over t he  30 year period, but the  DC bus l i n e  f a i l u r e s  a r e  
repaired cont inual ly as soon a s  they a r e  detected. 

PERCENT OF PROBABILITY IF) 

Figure 1.1-19. Avai lab i l i ty  Vs. Probabi l i ty  of a S t r i n g  of 43 P a r a l i e l  
Diodes in Rectenna. 

77 



1. S t r i c g o f  43Diodes 

These diodes are p a r a l l e l  connected. The assumed f a i l u r e  r a t e  is 

X * 3.2596 x f a i l u r *  - = -02 x 10- T Br 3C year 

The above f a i l u r e  r a t e  is about a f ac to r  of 2 b e t t e r  than present  s t a t e  of art. 
15 the r epa i r  time is r = 30 year 

The probability oz a v a i l a b i l i t y  is shown i n  Tablel.1-19 and Figure 1.1-19 

Table 1-1-19 

Calculat ion of t h e  P r ~ b s b f l i t y  of Fa i lu re  f o r  
a S t r ing  of Par . ~ e i  Diodes 
(I - 43, p = .CiCi52596) 

2. Panel of 1849 Diodes 

p = .0052596, N = 1849. The r e s u l t s  a r e  shown io Table 1.1-20 

Figurel.l-20 shows a v a i l a b i l i t y  values as ca lcu la ted  i n  Tabiel.1-20 bilt a l s o  
includes t he  da ta  for 

and a i s o  .04. It may be noted t h a t  t h e  a v a i l a b i l i t y  values r e f e r  to the  end of the  
30 year l i ze t ime of t he  rectenna. Foz 

t he  f a i l u r e s  cause on the  average (6CX probabi l i ty )  .56% power l o s s .  I f  the  reccenna 
is refurbished with new diodes a f t e r  15 years  .28X power can be recovered, which is 
a very ssall value compared t o  the rcqulred refurbishing e f f o r t .  
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Calculatioa of the Probability of Failure for a Pau& 
(N = 1849, p = .0052596) 



Figure 1-1-20 Ava t l ab i l i t y  V s .  P robab i l i t y  of a Typical  Rectenna Panel 
Containing 1849 Diodes. 

3. Panel S t r i ngs  

There are approximately Nps = 87240 panel s t r i n g s  i n  t he  rectenna. For 
s4hp l i c i t y  t he  c d c u l a t i o n s  are done f o r  c 100 times reduced sca l e ,  where 

fa i lu re /year ,  r = 876 hours mean t i n e  t o  r e p a i r  and m = 15.93 hour l f a i l u r e  a c t ~ a l  
r e p a i r  time. (See Table 1.1-21 .) 

These conditions y i e ld  p = 6.3 x 10'~. However, Figure 1 . i-21 a l s o  shows the 
a v a i l a b i l i t y  f o r  r = 1752 hours r e p a i r  t i m e .  The r e l a t i v e l y  l a rge  mean time t o  
r e i ? ~ i r  times a r e  assumed t o  allow the  use oL a cornparati-rely small  r e p a i r  crev.  

For X/T = 6.3 x 10'~ f l y  t he  t o t a l  number of f a i l u r e s  a r e  5496 f l yea r  or  
54.96 f/876 hour. I f  one r epa i r  takes  5 hours then a crew of 14 men is needed. 



Table 1.1-a 

Calculatioa of the Probability of 
P.ilure for r Pmel St- 

&, - 872, P = 6.3 r 10-3, r - 876 H r s )  



PERCENT OF PR08AB8LITY ($1 

Figure 1.1-21. Ava i l ab i l i t y  Vs .  P robab i l i t y  of  a Typical Rectenna Panel 
S t r i n g  Containing 872 Panels. 

Group Center Lines 

There are NG = 786 groups i n  the rectenna, each carrying approximately .2175X 
of the t o t a l  power. Their f a i l u r e  made is sho r t  c i r c u i t  on the  l i n e s  going from 
un i t  t o  group center ,  where the  DC t o  AC converters a r e  locatzd. The DC bus l i n e  
f a i i u r e  r a t e  assumption is A/T = .0315 fa i lu re /year .  

This is a f ac to r  of 2 b e t t e r  than the  panel s t r i n g  l i ne s .  The improvement is 
considerel  reasonable on the  bas i s  of running these l i n e s  a s  c l e a r l y  separated 
elevated high power cmdu i t s .  The t o t a l  number of yearly f a i l u r e s  fo r  the grcup 
l i n e s  is 24.69 o r  2.469 within the assumed r = 676 hours maintenance period. The 
ca lcu la ted  f a i l u r e  p robab i l i t i e s  a r e  displayed i n  Table 1.1-22 and i n  Figure 1.1-22. 



Calculations of the Probability of Failure for the Croav Center Lines 
(NG = 784, p - .00315, r = 876 Elours) 



PERCENT OF PRO6.IMLITY 16) 

Figure 1.1-22. Availability Vs. Probability of Rectenna Unit to Group 
Center Lines for 784 Lines. 



Resultant DC Power Collect ion System 

On t he  bas i s  of the  previous ca lcula t ions  the  r e s u l t a n t  a v a i l a b i l i t y  
of t h e  DC power col lec t ion  system is shown i n  Figure l . l -23for  the  d i f f e r e n t  
combinations of f a i l u r e  cha rac te r i s t i c s .  The four  cases a r e  defined ill the  
t a b l e  as Figure1.1-23. It can be seen t h a t  f o r  the  bes t  combinations of 
f a i l u r e  c h a r a c t e r i s t i c s  (Case 1)  the DC system causes an average power l o s s  
of 1.55% a f t e r  30 years of operation. The most e f f e c t i v e  way t o  improve t h i s  
f igure  is by decreasing the  mean time t o  repa i r ,  which can be achieved by 
increasing the  size of the  ground maintenance crew. 

Figure 1.1-23 

HOURS PER YEAR 

6 1 s  290~4  876.8 4 3 ~ 3  87.7 . an 
. . 

t I I I I  I1.. ,, ,,,.,,, 30 wm S war M +nl In 

: :* ? :a 

PERCENT OF PROBABILITY (61 

Avai labi l i ty  V s .  ? robab i l i ty  of Overal l  Rectenna DC Power 
Collection System f o r  Various Fai lure  Mode Charac te r i s t i c s .  



Rectenna AC Power Collect ion System 

There is no technological  problem t o  achieve any des i r ed  a v a i l a b i l i t y  
i n  t he  AC p a r t  of t h e  rectenna and t h e  a v a i l a b i l i t y  f i g u r e s  a r e  s t r i c t l y  
l imi ted  by c o s t .  

Figurel . l -24 shows the  c i r c u i t  layout  s e l ec t ed  f o r  a v a i l a b i l i t y  ca l cu la t ions .  
This layout  does not  match exac t ly  the  DC power output format of t h e  rectenna 
but  t h e  necessary p r a c t i c a l  dev ia t ions  do not  a f f e c t  t he  a v a i l a b i l i t y  numbers 
s i g n i f i c a n t l y  . 

The assumed f a i l u r e  c h a r a c t e r i s t i c s  f o r  t h e  var ious  components a r e  shown 
i n  Table 1.1-23. 

Table 1.1-23 

Assumed Component F a i l u r e  Characte_rjgt&s7in. the .AC .-. --- ----- - -*-. - 
Power Col lec t ion  Sys tem 

Component (  fail-,re ! '1 f a i l u r e  
H r s  i - : T year 

p~ .- ~ -- - 1 
I I 
( lMW breaker , .2' .00002281 . . 8 i - .OGGl824 

, . 
! 

.00063 1 7.1068~10-~ 
I i DS bus I 13 1 .0000009 1 I 

1 20 MW breaker  .00002281 8 i 

I I n  . L 
! .OOOICi4 

I ! 

1 Converter & t a t i o n  . 33  .00003764 I Q .G00376L 
! i 20 EM transformer 1 .Cis41 4.6772 x 10'~ 219 .00010242 

- 
T Hr r .! 

I 200 ME switchyard 

/ 200 HW transformer 

Synchronous condenser 

1000 MW switchyard 

1000 ?IW transformer 

500 KV t ransmission 

i . P 

I 
i I 

I 
0 0 - 1 0 

I 
.0041 4.6772 x l(i ? 259 ! .00010242 ! I 

I I 

.5 5.7038 x ! 112 ; .006388 

0 

,0041 

2 

I 
0 i 0 - 1 

4.6772 x 10" 219 \ .OGO10242 i 
I i 
I 

,0002281 8 1 .001825 
I 

! 
-.- 



Pigure 1.1-24. Block Diagram of Xectenna AC Power Collection System =st 
Availabi l i ty  Calculations. 

There are f fve  layers i n  the AC power combining three, representing the 1 ,  
20, 40, 200 and 1000 MW l eve l s .  The resultant p values can be obtained on the 
basis  of Figure 1-1-24 and Table 1.1-23. The applicable N numbers are summariztc' 
i n  Table 1.1-23. 

Table 1.1-24 

P and N Values Applicable in  the DC Power Collection 

Unit (MW) 

1 

20 

40 

200 

1000 
h 

N 

5000 

250 

125 

25 

5 
--- 

P 

.OOG3652 

.0040 30 

.0004 79 

0001025 

.0001025 



Tables 1.1-25, 1.1-26, 1.1-27, 1.1-28 and 1.1-29 show the availability 
ca3,culations for the various power leve ls  of the network. 

T a b l e  1.1-a 
Calculations of the Probability of Failure for the lMW 

Level l i e t~ork - 

Table 1.1-26 

Caiculations of the Prqbability of Failure for the 20 MW - 
Lev4  Netwqrk 



Calculations of the Probability of Failure for the 
40 IS Level Network 

Calculations of the Probability of Failure for the 
200 FS Level Hetvork- 

(N = 25, p = .001025) 

Calculations of the Probability of Failure for the 
1000 hlW Level Network 



Figure 1-1-25, AvaIIab i l i ty  Vs. Probabi l i ty  of Overal l  Rectenna AC Power 
Col lec t ion  System. 

The components and the  r e su l t an t  a v a i l a b i l i t y  curves f o r  the AC power 
co l l ec t i on  system are displayed i n  Figure1.1-25. It can be seen t h a t  the 
effect  of t h e  AC system is very small on the  ove ra l l  a v a i l a b i l i t y  of the SPS 
system except f o r  a few hours per  year.  

The above ca lcu la t ions  vere completed fo; the  somewhat idea l ized  AC system, 
developed during Par t  I11 of t h e  study. The s e n s i t i v i t y  of these calcu1a:ions 
system a v a i l a b i l i t y  was checked by repeating it f o r  i n t e r f ac ing  with the so- 
ca l l ed  "low w l t a g a "  and "low current" AC power co l l ec t i on  systep.  The block 
diagram f o r  these  a v a i l a b i l i t y  ca lcu la t ions  were done on the  bas i s  of f a i l u r e  
rates shown i n  t he  blo-k diagram of Figure 1.1-26. The appl icable  component 
couats are displayed In  Table 1.1-30. The corresponding a v a i l a b i l i t y  p r o f i l e s  
are s h m  i n  Figures 1.1-27, 28, and 29. 



Table !. .1-70 

NUMBER OF ELREN'E IN RECTENNA 
AC PCUER COLLECTION SYSTEM 

DC Breakers 

Bus Connections (Approx. ) 

DC Converter Breakers 

DC/AC Converter 

Converter Transformer 

AC Cable 

69 /230 Transformer 

69/500 Transformer 

230/500 Transformer 

Baseline 
Design 

Iav Current 
Design 

Lou Voltage 
Design 

500 kV AC Circuit Breakers 12 12 12 

- * 
D C 1  DC DC 

WIT W l T o c -  ms 
GEAR CONNECT. M A K E R  

Figure 1.1-26 Block Diagram of Rectenna AC Power 
Collection System for Availability 
Calculations 



Figure 1.1-27 Availability Vs. Time for 1 Gw Sector AC 
m. ksuaing Part 111 Study Rectenna Layout 

Figure 1.1-28. Availability Vs. Time for 625 Mw Sector AC 
Assumlng Low Current Rectenna Layout 



F i w s e  1.1-29. A v a i l a b i l i t y  Vs. Time f o r  625 Mu S e c t o r  AC 
Assllmiilg Low Voltage Rectenna Layout 

Resul tant  A v a i l a b i l i t y  of t h e  Microwave P w e t  Transmission System 

X 
too 

From the  o v a i l a b i l i t y  c a l c u l a t i o n s  presented i n  t h e  previous s e c t i o n s  
t h e  r e s u l t a n t  a v a i l a b i l i t y  of t h e  complete microwave power t ransmiss ion system 
can be clalculated. These r e s u l t s  a r e  sunmrarized i n  Table 1.1-31. I t  must be 
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emphasized t h a t  t h e  equipaent a v a i l a b i l i t y  ca lcu la ted  preuiouslv  is r e l a t e d ,  
but no; i d e n t i c a l  t o  the a v a i l a b i l i t y  of sower a t  t h e  output  terminal of t h e  
system, which is the i n t e r f a c e  t o  t h e  paver g r id .  

- 
- 
- 
- 

The r e s u l t a n t  equipment a v a i l a b i l i t y  f o r  a given p r o b a b i l i t y  va lue  P can 
be ca lcu la ted  approximately by simply mul t ip lying t h e  corresponding A va lues  
of t h e  components i n  t h e  s e r i e s  connected chain.  However, when a power producing 
component i n  t h e  space antenna f a i l s ,  then at t h e  saue time the c o r r e s p o ~ d i n g  
p a r t  of t h e  space antenna aper tu re  area is also l o s t .  Thus i n  Table 1.1-3lthe 
A values r e l a t e 6  t o  t h e  DC d i s t r i b u t f o n ,  phase c o n t r o l  and Klystron of t h e  space 
3ntenn;~ must be en te red  twice i n  t h e  r e s u l t a n t  power a v a i l a b i l i t y  product. The 
A va lues  shown l o r  t h e  random phase and amplitude e r r o r  e f f e c t s  were a l ready  
ca lcu la ted  on the  b a s i s  of t h e i r  in f luence  on antenna ga in  reduct ion.  

On the b a s i s  o f  t h e  power t r a n s f e r  e f f i c i e n c y  va lues  est imated by GE* 
f o r  an SPS without f a i l u r e  and the  power a v a i l a b i l i t y  caused by f a i l u r e s  t h e  
r e s u l t a n t  e f f i c i e n c y  p r o b a b i l i t i e s  can be ca lcu la ted .  This is shown i n  Table 

1.1-32. The same t a b l e  shows the  a c t u a l l y  a v a i l a b l e  power. The absolure value  
of output power is 5% higher i f  a corrtsponding improvement i n  t h e  r e s u l t a n t  !tF 
t o  DC consersion i n  the rcctenna diode c i r c u i t  is assumed. 

*GE est imates  of rectenna RP-DC conversion e f f i c i e n c y  appear t o  be highly  
conservative inasnuch a s  h igher  values have been measured i n  laboratory  
tests - GW. 
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Figure 1.1-3Ois a graphical  presentat ion of t he  equipment and power output 
ava i l ab i l i t y .  

Table 1.1-31 
Summary of Equipment and Power Avai lab i l i ty  

Calculations 

I 2 Phase Control [ 99.80 98.92 98.44 97.83 96.10 94.40 91.30 I 
! 

$ 

I 3 Klystron [ 98.90 97.50 97.02 96.55 95.48 94.58 93.60 1 
i ! 

10 66 80 90 99 99.9 99.99 

1 4 Random Phase 99.40 98.50 98.20 97.82 96.80 95.75 94.80 ! 
1 

5 Random Amp. f 99.60 98.60 98.40 98.00 96.65 94.90 91.70 
! 

1 
? i 
[ 99.05 98.54 98.28 97.84 96.24 94.17 91.77 ! 

B . Propagat ion ! 
1 

6 Attenuation ' 1 99.05 . 98.62. 98.40 98.10 96.90 95.20 93.15 
f 

7 Faraday Rotation 100.00 99.92 99.98 99.74 99.32 98.92 a8.52 
: 
i 

H r s  /Year 

A Space Antenna 

1 DC Distr ibut ion 

(c.  Rectenna 

7889 2980 1753.2 876.6 87.66 8.766 .8766 

97.75 93.20 91.56 89.59 84.12 78.62 71.28 

100.00 99.50 99.22 98.95 98.00 97.00 95.95 

9 DC power Collec- 
tion 

9 AC Power Collec- 
t ion  

Total  Power Trans- 
mission System 
~q uipment- Availabi- 
m .  

Power Availabi l i ty  
at Power G r i d  
In ter face  Relative 
t o  Equipment Without 
Fai lure 



Figure 1.1-30. Equipment and Power to Utility Grid Availability of Overall 
SPS System Between Elevation Flexibile Joint of Space Antenna 
and Power Grid Interface. 

Table 1.1-32 

Availability of Efficiency and Power Into 
Power Grid 

i % I 

Available Power I f 4513.3 4078.6 3952.3' 3773.6 3287.6 2833.9 2233.4! 

r 
Hrs /Year 

, Availabld Efficiency 

7889 2980 1753.2 876.6 87.66 b.766 .8766 
-,- --.-. . - .  .. - - -  ---I 

63.33 57.23 55.46 52.29 46.13 39.76 31.34 1 



An i n t e r e s t i n g  c h a r a c t e r i s t i c  is the  rms power a v a i l a b i l i t y  a t  t h e  
inpu t  of t h e  rectenna.  This can be obtained from Table 1.1-31by taking t h e  
product of A of t h e  space antenna,  A r e l a t e d  t o  t h e  propagcrtion media and sub- 
i tems 1, 2 and 3 a t  = 66%. This y i e l d s  

The above f a c t o r  reduces t h e  i d e a l  v a l u  o f  RF power d e n s i t y  i n  t h e  middle S o f  o f  t h e  rectenna from t h e  given 24.3 m/cm (see  Sec t ion  2.1) t o  21.52 mwlcm2 
on t h e  average.  Thus i f  23 mw/cm2 is al lowable ,  the  output  from t h e  space antenna 
can be  increased by a f a c t o r  o f  1.068 o r  .29 dB. This  would b r ing  t h e  a v a i l a b l e  
output  power 4355.9 MU at t h e  power g r i d  i n t e r f a c e .  This  is t h e  maximum p o s s i b l e  
average power i n t o  t h e  u t i l i t y  'grid,  compatible wi th  t h e  23 MW/cm2 s p e c i f i c a t i o n s  
f o r  t h e  assumptions of t h e  above presented (basel ine)  a v a i l a b i l i t y  c a l c u l a t i o n s .  

The r e s u l t s  i n  Table 1.1-32are- r e l a t i v e l y  p e s s i m i s t i c  but  i t  has  t o  be 
judged from a proper perspecti .*.  With t h e  except ion of t h e  k l y s t r o n  f a i l u r e  
rate, no d r a s t i c  r e l i a b i l i t y  o r  d iode e f f i c i e n c y  irnpi-avements were considered 
and t h e  assumed redundancies were n o t  excess ive .  The c a l c u l a t i o n s  should not  
be taken a s  f i n a l  r e s u l t  f o r  an optimum s y s t m  but merely a t o o l ,  by which t h e  
weak s p o t s  of t h e  system can be detected.  On t h e  b a s i s  o f  t h e s e  c a l c u l a t i o n s  
r e l i a b i l i t y  improvements can be implemented i n  such a r e a s  o f  t h e  system where 
i ts c o s t  impact is minimum. A l t e r n a t i v e l y  some redundancies may be removed o r  
maintenance requirements reduced i n  a r e a s  where t h e i r  impact o r  c o s t  is high,  but  
t h e i r  e f f e c t  on a v a i l a b i l i t y  is second order .  

The cos t  s e n i t i v i t y  .-f t h e s e  v a r i a t i o n s  r e l a t i v e  t o  t h e  assumed system 
can be demonstrated on t h e  following simple model. 

Assume that. t h e  r e l a i i v e  c o s t  ' d i s t r i b u t i o n  of t h e  base l ihe  SPS &stem 
is t h e  following: 

@ Rectenna 14.3 
(Panel assembly: 7.15%, balance of system: 7.15%) 

@ Space Antenna 14.3 

@ Klystrons  

@ S t r u c t u r e ,  s o l a r  c e l l s ,  DC d i s t r i b u t i o n ,  50.5 
a t t i t u d e  c o n t r o l  

Q Phase con t ro l  3.6 

To ta l  SPS c a p i t a l  investment 100.0 
C a p i t a l  investment t o  cover year ly  space 4.28 

maintenance c o s t  
C a p i t a l  investment t o  cover year ly  rectenna .7 

maintenance cos t  

On t h e  b a s i s  of t h e  above assumption Tablel . l-33shows t h e  impact of 
var ious  output  power inc reas ing  opt ions  on output  power and c o s t  inc rease .  
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0 1 m25037-2 

Effec t  of Deviation From b a e l l a e  SPS on Relat ive Output Paver 

I 

Opt ion 

A, Increase 4 and 1 by 1.068 f o r  23 mwlcm mut. 
Received Power Desnity 

B Increase 4 and 3 by 1.1 
Reduce 2 by 1.1 
Increase 1 by 1.1 

C. Increase 1 by 1.1211 
f o r  96.771 beam 
ef f ic iency  

A 
X Increase of 
Output Paver 

6.8 

I D. Implement klystron 1 
Maintenance i n  Every 

I 
2.5 1.58 1 1.58 

3 Months i ! 

1 ! 
I 

I 

E. Make Last Layer of 
Phase Control 
System Ful ly  I 3 .0 .13 

I. ~kdundan t 
I 

A l l  t he  above opt ions a r e  
implemented. 

Average Power Output 
r 

Only Cost Effect ive Options 
A, B and D a r e  Implemented 

Average Power Output 
* 

10.0 1 5.71 1 1.75 

j ! I 
1 

1 
1.5 1.73 I .87 

I 

B 
X Increase of 
System Cost 

3.88 

23.88 

(5052 MU) 

20.42 

(4911.4 MW) 

1 

26.50 
1 
I .901 

! 

B/A 

1.75 

II 

I 

3.57 .16 

.35 1 1.06 
! 

I 

F. Refurbish Rectenna 
Panel Asssembly After  I -58 
15 Years 

11.50 

G. Reduce r t o  438 Hours 
on Panel Str ing '  

1.77 

.37 
Maintenance I' 



It m y  be noted t h a t  the  a v a i l a b i l i t y  p r o f i l e  o f  t he  output power a s  shown 
i n  Table 1.1-33 is q u i t e  favorable  i n  comparison t o  present  day u t i l i t y  systems. 
I f  the average power of t he  system is ra ted  a t  4078.6 M, then i t  f a l l s  t o  
80% of t h a t  l eve l  i n  less than 87.7 Hrs (1%) yearly.  

The above a v a i l a b i l i t y  number include only random f a i l u r e s .  On the  top 
of t h a t  during ec l i p se  and biyear ly  maintenance period the system w i l l  be 
closed down completely on a scheduled bas i s .  

Considering only the two 86 hours scheduled shut down and neglect ing ec l i p se  
and the  shut  down and s t a r t  up times Figure1.1.3lshows the  r e su l t an t  ava i l ab l e  
power, including scheduled maintenance. 

Figure 1.1-31. Available SPS Power t o  U t i l i t y  Grid Considering Random Errors  
and Fa i lure  Nodes and Scheduled Maintenance, But Neglecting 
Eclipse and S t a r t  UpIShut Down Time Losses. 
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1.1.0.8 Command & D a t a  Handling System Fai lure  Modes and  E f f e c t s  Analyses 

(Provided by TR W) 

A preliminary fa i lu re  modes and  e f f e c t s  analysis was conducted at  t h e  s y s t e m  leve l  

f o r  both t h e  CCIHS and  t h e  communicat ion subsystem. T h e  s t a t u s  of t h e  design is  such 

t h a t  i t  was not  considered productive t o  a t t e m p t  a n  analysis at any lower hardware 

levels. 

For  t h e  communicat ion subsystem, o n e  of t h e  major recommendat ions  was t h e  use of 

e a r t h  coverage  an tennas  ins tead of utilizing o n e  of t h e  techniques involving t h e  MPTS 

a n t e n n a  fo r  this purpose. T h e  concern  was  loss of communicat ion in  t h e  e v e n t  of a rela t ively 

smal l  a t t i t u d e  control  o r  an tenna  pointing e r r o r  when t h e  MPTS beam is del iberate ly  

despoiled. A second recommendat ion was  use  of s e p a r a t e  communicat ion links fo r  t h e  

spacecra f t  and t h e  MPTS an tenna  d u e  t o  t h e  magni tude of t h e  requirements  and  concern 

over  t h e  abili ty t o  t ransmi t  high d a t a  r a t e s  across  t h e  slip rings. 

For t h e  CDHS, recommendat ions  w e r e  m a d e  fo r  severa l  system areas: 

A. System Redundancy 

i )  The  RTU's should be non-redundant, however, t h e  t e l e m e t r y  d a t a  

should b e  distributed among t h e  RTU's such t h a t  informat ion concerning 

o n e  component  is divided among t w o  or  m o r e  RTU's. For  example  

if one  RTU monitors t h e  onloff switch position of a n  e lec t r i ca l  component ,  

ano ther  RTU c a n  b e  used to monitor t h e  component  t empera ture .  

Thus if one  of t h e  RTU's indicates  a failure,  t h e  nex t  level control ler  

c a n  check  t h e  ou tpu t  of t h e  o t h e r  RTU to verify tile failure. If t h e r e  

i s  disagreement  between t h e  RTU's t h e  nex t  level control ier  can  a l so  

check  t h e  s t a t u s  of t h e  RTU's to dt termine both of these  dre operat ing 

properly. 

2 )  The  RTUfs should b e  configured such  t h a t  fa i lure  of o n e  does  not  propagate  

t o  o t h e r s  o r  t o  the  nex t  level controller.  An example  of this would 

be local isolation of e a c h  RTU power supply. 



3) One-for-one standby redurldancy is recommended f o r  t h e  CPU's and 

t h e  next  lower level processors (module controllers) because of t he  

relatively small number required and the  importance of their functions. 

4) For intermediate level processors (between t h e  RTU4s and t h e  module 

controllers) i t  was concluded tha t  a bank of spares would be satisfactory. 

Each of these spares would be such tha t  it could be act ivated t o  replace 

a failed processor. 

8. Data Bus 

1) The use of fiber optics was recommended for  t he  same reasons outlined 

in the  information management section of volume 3, however, a concern 

was expressed over t he  degradation of t he  optical conducting material  

during the  required 30 year lifetime. 

2 )  The use of a parallel, redundant da t a  bus between t h e  module controller 

and the  CPU is also recommended. 



1.1.1 SaWte Energy Conversion 
Three stlbjects are covered in this rcetion: Solar Array Support Structure Analyses 

(W bS 1.1.1 .I), Solar Blanket Analyses (W BS 1.1.1.3), and Solar Blanket Maintenance 

(A~ealing; W 85 i.1.1.6). There were no analyses to report under WBS numbers 

1.1.1.2, 1.1.1.4, or 1.1.1.5. 

1.1.1.1 Structural Analyses 

A loads analysis which resulted in a structural resize was perfwmed during this 

contract period. She results of the loads analysis, including initial assumptions, an6 

the new structural configuration and member sizes will be aiscussed. Also, Grumman 

anal yzeci an aluminum solar array support structure. 

A. Loads Analysis 

The loads analysis was performed on one module of the solar power satellite (4x8 

bays). The maximum load condition was determined to be that of a satellite module, 

kith one antenna payloaa, undergoing self-powered orbit transfer from LEO to G EO. 

For the loads analysis the maximum acceleration of the module was assumed to be 

1 0 ' ~ ~ .  The acceleration of the satellite module is achieveti by using electric 

thrusters mountecr at each corner. 

7 he basic configuration of the module used for the loatis analysis is shown in figure 

1.1.1- 1. The antenna would be installed on the back of the module (opposite the solar 

array) attached to the geometric center of that face. 

The structural fell (bay) configuration shown in the part 111 documentation was revised 

to provide a suitably stable unit. Figure 1.1.1-2 illustrates the original and revised 

structural concepts. In the original system the edge cells of each of the eight modules 

making up the ent~.e SPS used the configuration illustrated. The interior cells 

employed an absolute minimum of structure. Further analysis indicated that the ease 

cells were not stable with the result that the enti-e system was not stable. Further, 

the 7Yi meter beams were not adequate for solar blanket tension when the solar 

blanket tension was changed to uniaxial. As a result, the system was revised to the 

configuration indicated for solar blanket tension support and all cells incorporating the 

structural concept shown. The lower-deck-to-uppyer-deck diagonal provides structural 

stability. 



ORKiVIAL REVISED 

ALL 7KM BEAMS ALL'PkYBEAMs 

ExCEITASluOlED 

NOT =ABLE 

7UM BEAM UYADEOUATE 
FOR lOUR DLMlKET- 

Figure I .  1.1-2 Solar Army Support Structure Evdution 



T k  maximum acceleration a n d i t i o n  r e s d b  in a thrust pa corner on the 

module of 6100N. This thrust was reacted into the moduk structure to determine the  

member loads on the short edge (four bay side) and the long edge (eight bay edge). 

Figure 1.1.1-3 illustrates the  results of the  loads analysis on the  satellite module with 

the  maxirnwn loads summarized in table 1.1.1.- I. The maximwn loads in the table 

were used to resize t h e  strlrctural members. 

5. Revised Structval Cmfipatim nd Ucnvba Sizirrg 
The revised bay configuration including an index of the  location and types of beams 

used in a typical bay is s k w n  in figure 1.1.1-4. T k  loads analysis resulted in the 

selectim of three types of beams for the  satellite structure. For construction 

purposes, type B and C beams differ only in their batten spacing. This will allow the 

use of only two types of beam machines in the construction facility. 

Type A beams a re  designed for accommodating the bending load resulting from blanket 

pretension. A bending load of 4.285 Nlm resulted from the  necessity t o  achieve a 

blanket first mode frequency of 0.0024 Hz, two times the system first mode 

frequency. To react this bending load a 12.7 meter beam width and a 15.0 meter 

batten spacing was selected. The beam characteristics are  shown in table 1.1.1-2. 

Type t3 beams a re  desigwd for all satellite lateral beams to accommodate the  

maximun column loads that  result from the l ~ - ~ ~  orbit transfer acceleration. 

Ty$e C beams are designed for all other satellite beams to accommodate the lower 

c olumn loads shown previously in table 1.1.1-1. The majority of the beams in the 

baseline system are  type C beams. 

1 he structural mass o! the satellite (without the MPTS or support) was calculated t o  

be 97211.7 MT. Figure 1.1.1-5 and table 1.1.1-3 summarize the new module 

configuration, dinlensions ana structural mass breakdown. 

The reference system selected for Phase 2 is a 5-t~igawatt satellite (one antenna) t o  be 

constructed in geosynchronous orbit. For this system, all type B beams can be changed 

to type C, as orbit transfer loads a re  not a design factor. Alsn, the duplicate structure 

inherent in the rr;odular design is eliminated. The resulting structure mass is 3198 

nletric tons, about 3 5 4  less massive per unit SPS area than the  LEO c o n s ~ u c t i o n  

structure. 



F&re t. 1.19 Loads R~~vICS 

Element Column Bending Comment 

Pats bOO0N 

Diagonals 5064N 

Longitudinal Beam 3568N Module Transport 

I Longitudinal &am 333N 4.285 N/m Array Pretension 

Lateral Beam 13000N 
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ALWINW SOLAR ARRAY STRUCNRE 

During R a e  I, G~mmcrn also performed preliminary studies on the 

feas ib i l i ty  of usiag aluminum alloys f o r  th$ bbsic so* arra~r structure of the 

SPS. B s c t i c a l  thermo/structu.al design solutions were found f o r  minimizing the 

ef fec ts  of thermsl t ransients  i n  orbit.  The results of t h i s  analysis are cam- 

pared with Boeing's advanced Composite SPS structure. 

This study was focused on the design conditions f o r  Boeing's lOGW SPS, 

which is  fabricated i n  law earth orbit.  A s  shown i n  Fig. 1.1.1-6, this s a t e l l i t e  

consists of eight attached solar  array modules and two micmve antennas. Each 

solar  arrw module, 2678 m by 5348 m, is self  transported to geosynchronous o rb i t  

using thrusters mounted st each of f a  corners. 'Rso of the d u l e s  are coupled 

with antennas. The complete satellite i s  assembled i n  GEO. 

Estimates of design loads were made f o r  the  c r i t i c a l  design conditions; 

s t i ffnesses were calculated and used t o  estimate the  natural  h q u e n c y  of the 

complete sa te l l i t e .  Several thermal design conditions were selected fo r  evalu- 

at ion t o  assess the response of the aluminum structure t o  the thermal environ- 

ments. The very lindted studies carried out, p a r t i c u h r l y  i n  the t h e m /  

s t ructura l  area, indicate that the use of aluminum is  feasible. l i ~ ~ e r ,  a 

considerable amount of design and analytic e f fo r t  must be done t o  reach a m r e  

defini t ive conclusion. 

The major conclusions derived from t h i s  task are  as follows: 

Roll formed closed section aluminum structures can be automatically 

fabricated i n  orbit.  

Design load requirements f o r  LEO constructed SPS module are  sat isf ied - 
5 aluminum 2346 (2.82 x 10 ~ g )  heavier than composite but mybe lower 

i n  cost. 

10 GW SPS natural frequency with aluminum (AR 4) i s  65 times orb i t a l  

frequency - instead of 100 times. 
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Estimated natural fYesuency i s  a d e q u t e  fo r  s a t e l l i t e  control  

system s t a b i l i t y ;  fur ther  analysis  required to verify. 

Based on i n i t i a l  studies,  t h e 6  stresses are within capabi l i ty  

of aluxriinum design. 

0 S a t e l l i t e  def lect ions are within acceptable l i m i t s  (ea). 

LE3 thermal cycle e f f e c t  m ~ y  alter basic  aluminum beam lsngth 

(667.5m) by as much as .%. Further study required on assembled 

s t ruc ture  response, and thermal design options. 

a GEO construction approach can avoid LEO therna l  cycle problem by 

not fabr ica t ing  during biannual occul tat ion periods. 

Ope11 issues (aluminum vs. conposite t rade)  

- LEO vs. GEO construction approach 

- S a t e l l i t e  and construction base requirements f o r  overa l l  

s t i f f n e s s  alignment and l o c a l  r i b i d i t y  constraints  

- Equipment s t ruc tu ra l  designs 

- Comparable costing prep and delivery t o  o r b i t  ) . 
It i s  recommended tha t  tke  aluminum so la r  array s t ruc ture  be investigated 

fur ther  i n  Phase 11. The aluminum s t ruc ture  design should be updated f o r  the  

current SPS baseline. Specific areas t o  be emphasized include: 

- Broaden t h e m s t r u c t u r a l  analysis  

- 1nvestiga.te in te r face  loads and i ~ t e r a c t i o n s  between s a t e l l i t e  

and canstruction base 

- Verify s a t e l l i t e  control  system f e a s i b i l i t y  

- Analyze space fabr ics t ion  requirenents and cos ts  

- Ikf ine  advanced technology requirements. 

DESIGN REQUIREMENTS Am WADS 

The basic  design data  and requirements supplied by iweing f o r  the study 

are shown in Fig. 1.1.1-7. The thrus t  t o  weight r a t i o  is  applied t o  the 4 bay by 

8 bay modules f o r  s e l f  t ransport  t o  UO. The SPS s t ruc ture  na tura l  frequency of 

1.2 x hz (4.32 cph) which is 100 times o r b i t a l  frequency i n  GEO i s  used t o  

assess the aluminum s t ruc ture  frequency and a l so  used t o  es tab l i sh  the so la r  

array blanket pretension a f t e r  increase by a fac tor  of 2.0 to  2.4 x ha. 



MASSDATA 
SOLAR ARRAYS 5.178 x lo7 kg 
MW ANTENNAS 2.521 x 107 kg - 
WT GROWTH 

TOTAL w 
* SOLAR ARRAY BLANKET UaIT WEIGHT - 0.427 k@/m2 

TMI IN TRANSPORT FkOM LEO TO GEO - 0.0001 
SPS NATURAL FREQUENCY INCLUDING SOLAR CELLS 
B ANTENNAS - 0.0012 Hz 

SOLAR BLANKET NATURAL FREQUENCY - 0.0024 HZ 

SOLAR BLANKET PRELOAD NEEDED TO OBTAIN FRE- 
QUENCY = 4.285 N/m (0.0245 LB.1IN.I 

FACTOR OF SAFETY - 1.4 

30 YEAR SERVICE LIFE 

F&u,-e 1.1.1-7 Design Data 

SOLAR BLANKET PRE.LOAD 

TRANSPORT ACCELERATION TO GEO 

TEMPERATURES 6 THERMAL GRADIENT TIME 
HISTORIES 

ATTITUDE CONTROL 81 STATION KEEPING 
TORQUES 

STIFFNESS 

INTERFACE LOADS BETWEEN MODULE & 
CONSTRUCTION BASE? BEAM HANDLING 

Figure 1.1.1-8 Design Conditions 
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The 30 year service life, when increased by an spprapriate  s c a t t e r  factor ,  i s  

used t o  evaluate time dependent f a i l u r e  modes such as fat igue,  f l a w  growth, 

creep and environmental degradation e f fec ts .  It i s  expected t lmt  low s t r e s s  

l sve l s  may permit aluminum t o  sa t i s fy  the l i f e  requirements. 

The more ~ i g n i f i c a n t  s t ruc tu ra l  loadillg conditions shown i n  Fig. 1.1.1- 9 
curren+,ly are the  so l a r  a r ray  blanEet preload and loads caused by transport of 

the 4 bay x 8 b w  module t o  GEO. The first condition causes a high loca l  cap 

load i n  t h e  7.5 meter beam; the  second induces t h e  highest column compression 

load i n  t h e  7-5 m by 667.5 m beam. Inasmuch a s  aluminum has a coef f ic ien t  of  

t.hermal expansion grea te r  than the  advanced structural composites, the  e f f e c t  

of gradients on d is tor t ions ,  s t r e s se s  etc., are evaluated. Thermal control  

features  a r e  incorporated i n  the  design t o  minimize thermal/s t ructural  response. 

These include thermal coatings, incorporation of  l ightening holes i n  members, 

e tc .  b a d s  induced during fabr ica t ion  and handling w i l l  a l s o  require assessment 

ir, l a t e r  phases of t h i s  program. m e  s t i f f n e s s  requirements a r e  used t o  define 

the  loads on the  beams supporting the  so l a r  array blanket and t o  evaluate the  

overa l l  SPS natura l  frequency i n  GEO. 

Further discussion on loads due to  o r b i t a l  t ransfer  and s o l a r  array 

areload a r e  provided below. 

Ioads - Orbital  Transfer Condition 

Figure 1.1.1-9 shows the 4 bay by 8 bay mdule  which i s  constructed i n  

LEO and 5ransported t o  GEO f o r  assembly i n t o  the full s i ze  SPS. Eight of these 

modules a r e  joined together t o  make up the  21420 m x 5348 m s a t e l l i t e .  The 

thrus te rs  a re  supported on four  outrigger s t ructures .  A t  each end of the module 

so l a r  array blankets a r e  deployed t o  provide power during transport.  This arrange- 

ment defines t he  two basic  design conditions which a r e  c r i t i c a l  f o r  the  primary 

so lar  array structure.  The thrus t  forces balanced by i n e r t i a  forces induce 

benc!;,~ @;d shear i n  the  t ru s s ;  the la rger  member loads occur i n  the 5348 meter 

directa-on. These loads a r e  the  la rges t  column loads on the  667.5 meter beam. 

The so lar  blanket preloads on each of the  two end bays cause the  maximum loca l  

cap compression load, 

Figure .]..I.-10 shows the module with thrus te r  loads applied t o  the  

cdmbined module and antenna mass; the  antenna i s  supported at points  A, B, C 

and i). A dynamic magnification f ac to r  of 2.0 and a safety f ac to r  of 1.4 were 

used t o  obtain ulbimate dcsign loads i n  the t russ .  



DIRECTION 
SOLAR &!WAY BLANKET ON EACH END BAY ONLY 

OF CONSTRUCTION / 

MODULE MASS - 6.500.000 kg 
ANTEhNA MASS - 12.200.000 kg 

MAXIMUM THRUST TO WEIGHT RATIO = 0 0001 

Figure I. 1.1-9 4 Bay by 8 Bay Module 

CONDITION: SELF.TRANSPORT TO 

TAL THRUSl = 1.8349 x l d ~  14123 LBI LIMIT 
NAMlC MAGNIFICATION FACTOR = 2 
CTOR OF SAFETY = 1.4 FOR ULTIMATE 
RCE PER THRUSTER a 12837N 

b ANTENNA INERTIA FORCE = 33502N 
MODULE INERTIA FORCE = 17849N 

b ANTENNA SUPPORTED AT POINTS A. 8. C. D 

F bure 1.1.1- 10 Design Loads on Module 
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The summary of c r i t i c a l  member load3 f o r  the  t r u s s  a r e  shorn i n  Fig. 

1.1.1-11 f o r  the  module p lus  antenna t ransport  condition. The loads aye based 
on the  required th rus t  t o  weight r a t i o  of  The maximum load condition f o r  

the  667.5 meter beam uas used t o  w i s e  the  member as a l a t t i c e  column; the 

r e s 9 d t s  show the  ember  has a lO$  margin of safety.  

b a d s  - Salar  Array Pre(.oad ---- 
The I80 baseline configuration u t i l i z c s  s four  b e ~  wide construction 

base t o  fabr ica te  t he  4 bay by 9 b8y module. D u r i r ~  module construction, t he  

15  meter wide so lar  a r ray  blankets a r e  i n s t a l l ed  on the  two end bays of the 8 

bay length as shown i n  Fig. 1.1.1-12. The 15 meter arrays a r e  interconnected 

along t h e i r  lengths and uniaxial ly  pretensioned such t h a t  the blanket natural 

freqzency i s  3.64 cph. Sending moments, caused by the  pretension r e s u l t  i n  high 

a x i a l  compression loads i n  the caps of t he  567.5 m beau. This condition gives 

t he  c r i t i c a l  load i n  the cap of the 7.5 meter deep beam. 

Figure 1.1.1-13 i l l u s t r a t e s  t he  loading system on the  t r iangular  cross- 

sect ion beam when the  running preload of 4.29 ~ / r n  i s  applied t o  t he  667.5 m span. 
5 The maximum bending moment a t  the  midspan is  3.35 x 10 Nm. m e  curve shows the 

compression cap load a s  a funct5.on of beam depth. The cap load f o r  the  selected 
4 7.5 m depth bean i s  2.58 x 10 N compression. 

AGNlNUM STRUZTLTRE: DESIGN 

L2am Design - -  
An aluminum beam design, which can be fabricated i n  space f o r  the SPS 

so l a r  array s t ructure,  i s  shown i n  Fig, 1.1.1-14.  The aluminum + . + a n g u l a r  cross 

sect ion beam design incorporates thi e r o l l  formed closed sect;:. .,ps in,ce- 

connected by bat tens spaced at 7.5 meters. Shear s t i f f n e s s  C& ue provide ~y 

e i t h e r  preloaded cross cables o r  cornpressiou/tension members. The cable concept 

i s  approximately 20$ l i g h t e r  and has been selected f o r  the baseline aluminun 

structure.  However, pretensioned cables f o r  shear stiffenill: may induce 

po ten t i a l  problems such as: adjustment of a l l  csble tensions t o  the  proper 

prelosds t o  prevent s lack a t  any time, f a i l u r e  of cable attachments, po ten t ia l  

f o r  excessivs material  creep deformation under sustained load and temperature 

fo r  30 years increased by an appropriate s ca t t e r  facto?, e f f ec t  of selected 

cable system on l a t t i c e  column capabi l i ty ,  otc. 



N O T E  YHC TENSION l INIANlh1 w l A H  BLANK& 1 
LOADS ON UPPER B t  AMS 00 NOT ACT ON 
AROVt Mt MBtHS Ht NOlNC CAUSE 0 BY 
SOLAR ARHAY FR€ 1 tNSION OCCURS ON 
7 5 nt BEAM5 . OHMA1 I 0  AClilVI; BEAMS 
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WAX MOMENT ON 661 5 m B E U .  2 . Y  & 1 9  IN. LB ULTINATE (3 35 n 16 NU1 
n 

; L L.. 
10 1s 

'METERS 

F b r e  1.1.1-13 Variothn of CZitkd Qp C a q m s b n  Load us Baem Depth 

Fipre 1.1.1- 14 Aluminum Beam &son 7.5 Meters 
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The selected cap s i ze  for the design laads is .2 nt deep end has a 

thickness of  .081 cm, The batten is also a closed section with the bot- 

flsaees exkadiag outward f o r  8tbchnreIlt to the  cqp. The deptb is 10.16 

and thickness of -05 cm, 

I n  order to minimize the& gradients i n  nrenrbers and between members, 

flanged Ughtening holes have been spaced to reduce shaoawi~ as much as possible. 

Several thermal coatings have also been evaluated to maintain temperatures and 

gradients within acceptable limits, although addit ional  s tudies are requixl, 

Lo obtain an optimum design. 

The roll formed cap incorporates longitudinal s t i f fening beads near the  

corner sections i n  order to provide a high campression capability i n  the  corners. 

Between the  lightening holes, teads are rolled i n to  the  section f o r  stiffening. 

The section is forned on a mandrel (Fig. 1.1.1-15) which is used f o r  support 

d i i ing  the  attschment operatson. 'Pire lower attechirient on the  centerl ine is  not 

m l e t e d  u n t i l  after the battens are connected. The gap between fumges permits 

the  d 1 1  support to extend inward to the  beam machine; the  l~ rndre l  support 

ends, and the two flanges are joined. 

Akaninum Beaaa Closed Cap Design 

Figurz 1.l.i-16 shows the required thickness and depth of closed cap cross  

section f o r  the 7.5 meter deep beam with a batten spacing, L, of 7.5 meters. The 

curves are bzsed equating section crippling strength to column failure strength 

f o r  -various column f i x i t y  conditions. These data were developed as an i n i t i a l  

design optiaization proce&we. However, the  selected cap design represents an 

off  optimum configuration because of the  requirements to provide large lightecing 

holes to  reduce t h e 4  gradients, to permit suff ic ient  attachments between 

battens and cap and to provide s t i f fness  f o r  column s tab i l i ty .  The selected 

secticn is  .2 m deep and .081 cm thick. 

Candidate Material Properties 

Candidate aluminum materials are l i s t e d  i n  Fig. 1.1.1-17 together with 

t h e i r  mre significant ;)mperties. These materials w e r e  seiected because they 

can be roll formed i n  these tempers, are weldable and have re la t ive ly  good 

corupzwssive yield strengths. The spot weldability as the preferred methad of 

attachment i s  of questionable value due t o  electrode wear; t h i s  characteris t ic  

may be overcome with suff ic ient  hture technology develaprect. 



SUIPOilT 
FOR B I T 1  EN 
ATTAWMENT 

Figure 1.1.1-15 Roll Fonned Aluminum Ckp on 7.5 m Beam Closed 

O i - i -  -I i- . A - S J  _J 
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Figure 1.1.1- 16 Aluminum CIooed Section Beam Cap Thkkness & Depth vs 

:,%~ 0 , 2 "  
Clitical Load; L = 7.5 m 
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The area of joints trnd attachment techniques requires an i n  depth 

developent program to evolve sn optbum attachment oethod which requires mi- 

service, provides sound attachmnts, creates no debris, requires l o w  pover and has 

a high degree of reliabil i ty,  

Candidate Truss Confiaur8tions 

A weight caqarison was prade between several truss configurations con- 

sidering depths of truss and bay widths, as well as pretension cables 

versus canpression capable diagonals. Figure 1.1.1-18 shovs the comparison of 

the 7.5 meter beams with cables and compressio% diagonals. The cable system 

design is approximately 309 l ighter and wss chosen for  the design baseline. 

The talc;-dated weight fo r  the selected sizes, which meet the strength require- 

ments, shows the u n i t  weight tc be 5.73 kg/m (3.& lb s f f t  ) fo r  the cross cable 

A l a n =  Structure Weight 

The of the 4 by 8 bay module was calculated. for  the aluminum 

structure and compared to the Boeing supplied weight for  t h e  composite design, 

The aluminum strdcture is  appmximately 23 percent heavier (282,000 a) than 

the composite nodule. 

The weights shown i n  the Fig, 1.1.1-19 are fo r  the basic structure only, 

not including thruster outriggers, plus a 5 percent increment for  miscellaneous. 

Aluminum Structure Natural Frequency 

Besed on the structural  sizes and properties for  t h e  aluminum structure 
7 and the nass data fo r  the SPS (9.75 x 10 Kg), the na tura l  frequency was calcu- 

lated for  the base=- design point (aspect ra t io  AR = 4) w i t h  the antennae 

lumped at the  t ips  as  ski- i n  Fig. 1.1.1-20. ?he frequency calculated i s  

.'pj x ld3 hz compared t o  a required 1.2 x hr. The variation of natural 

freqziency w i t h  aspect ra t io  was also calculated; the aspect ra t io  would hsve 

to be reduced t o  2.3 to  a t ta in  a frequency of 1.2 x loo3 hz. A c u m  is  also 

included which shows the effect  of structural  depth on freqttency for  an aspect 
r s k i 0  of 4.0. For the required 1.2 x hz it i s  not feasible to increase 

frequeilcy by this method. The frequency curve for the same mass, uniformly 

distributed shows a much higher frequency as might be expected; the very Large 



WEIGHT Of 7.5 m BEAM = 5.73 k d m  (3.W IWft.) 

MIEIIBER LENGTHS I N  4 BAY BY 8 BAY MOOULE 

- CHORDS & VERTICALS = 1.23 x lo5 m (4.024 x lo5 ft.) 

4 X 8 BAV MODULE WEIGHT INCLUDING 
51( ASSEMBLV PROVlSlONS = 1.49 x 106 kg (3.29 x 106 Ibr) 

WEIGHT OF COMPOSITE MODULE = 1.216 x 106 kg 

ALUMfWM STRUCTURE IS 23% HEAVIER THAN 
COMRXIlE STRUCTURE 

FWm 1.1.1-19 Aluminum Struc~tz Estlstlmaned Weight 
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Figum 1.1.1-20 Aluminum Structure Natural Frequency 
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masses a t  the  t i p s  cf the  SPS cause an appreciable frequency reduction. The 
frequency change using a graphi te  thermoplastic material shows that addi t ional  

cap area o r  depth i s  required t o  raise the  frequency l e v e l  t o  1.2 x lom3 hz. 

The .75 x hz is  approxixrately 75 times t h e  o r b i t a l  frequency; the  

1.2 x hz i s  100 times o r b i t a l  frequency. An initial review i3diea tes  t h a t  

t h e  calculated frequency i s  adequate f o r  cont ro l  system s t a b i l i t y  although 

addi t ional  study must be car r ied  out  f o r  ver i f ica t ion .  

THERMO/STRUCRTRAL ANALYSES 

This sect ion incorporates t h e  preliminary thermal and s t ruc tu ra l  s tudies  

car r ied  out to assess the f e a s i b i l i t y  o f  using an alminum a l loy  f o r  the so-lar 

arrw primary structure.  Such a complex problem cannot be completely resolved 

i n  a short study program. I n  this study three conditions w e r e  investigated: 

(1)  s t resses  and deflect ions i n  t he  .2 m deep cap of the 7.5 m beam (2) deflec- 

t i o n  of a 7.5 m by 667.5 m beam and (3) def lec t ion  of t h e  21420 m SPS. Thermal 

cont ro l  f o r  this i n i t i a l  study consisted of se lec t ion  of pmper coatings ani! by 

providing lightening holes to i l luminate  occluded surfaces. An area which was 

not examined i n  d e t a i l  i s  the  use of  shielding and/or insu la t ion  to mZ-nimize 

both thermal d i f f e r e n t i a l s  and thermal excursions i n  orbi t .  It is f e l t  t h a t  

t h i s  method of minimizing t h e  thermal response of  s t ruc tures  wil-r provide a 

feas ib le  solut ion t o  the  problem. 

The thermal analysis  of  the  construction phase has been performed to 

y ie ld  the s t ruc tu ra l  temperature d i s t r i bu t ion  necessary t o  perform i n i t i a l  

d i s tor t ion /s t ress  analyses. Both horizontal  and v e r t i c a l  beam or ien ta t ions  

were investigated f o r  t h i s  preliminary study. To minimize thermal gradients,  

t he  ilorizontal beams were or iented so t h a t  the  axes of the elements were 

aligned with the  sun's rays so t h a t  the  sun enter ing the holes i n  the  two sun- 

facing surfaces impinged on the  t h i r d  (back) at 0' o r b i t  angle .AS shown i n  

F ig .  1.1.1-21. A t  the back s i d e  of the orbit  (before entering the earth's  shadow) 

so l a r  energy en ters  the holes i n  the  back surface t o  impinge on the  other  two. 

The i oca l  tenperature d is t r ibu t ions  i n  the  beam cap using a very f ine  

node g r i d  were not pa r t  of t h i s  study. A f i n e r  g r id  might show la rger  tempera- 

t-me variat ions around the  cap sect ion than those shown resu l t ing  i n  s ign i f icant  

thermal s t resses  and possible buckling. Further s tudies  a r e  required. 



ELEMENT ORIENTATION 
-7 AT 0' ORBIT 4NGLE 

-4 
BEAM CAP 

>*,,a,," F 1 2 1  Orbital Attitude During Construction 

TEWERATURE - OC 

HORIZON1 AL CAP 

LOW EARTH ORBIT 
560 Km 

2W5.oIIV Fipre I. 1.7-22 Aluminum Structure Cap Temperature vs Time 

1 24 



Other arrangements considered are t he  severe cases where the  sun is 

normal to one of the surfaces at 0' o r b i t  angle and where one element shadows 

another. The v e r t i c a l  beams, where in te rmi t ten t  shadowing takes place, were 

a l so  investigated. 

For the  construction phase, a 560 Km a l t i t u d e  c i r c u l a r  o r b i t  i s  

considered. 

I n  GEO-synchronous o rb i t ,  the  gradients  between t h e  sun-side horizontal  

beams, and those opposite have been calculated, 

For this study, the ins ide  of t h e  elements a r e  coated with black anodize 

( e  = .83, cr -. .86) and the  outside surface with 2-93 white paint ( 6  = .go, 

cr = .17). 

The l l r ~ i t e d  s tudies  done i n  t h i s  segment w e r e  selected t o  surface some 

of the major thermn-'structural problems; it by no means represents a t o t a l  review 

of poten t ia l  problem areas. Considerable addi t ional  study e f f o r t  i s  necessary 

t o  point  up problems and solutions. 

Figure 1.1.1-22 shows time-temperature curves for selected locations 

around the  0.2 meter deep cap member o f  t he  7.5 meter deep beam on low ea r th  

o r b i t  f o r  a coating of 2-93, a white pa in t  ( s  = .90, a = .I?) selected f o r  the  

outer  surface and a black anodize (6 = .83, u = .86) f o r  t he  inner. The peak 

gradient was lgOc ( 3 6 ' ~ )  a s  shown f o r  the selected sun orientat ion.  

Stresses  and Deflections i n  7.5 m Beam 

The thermai gradients  were applied to the beam caps at segments A-B 

and C-D, as shown i n  Fig.  1.1.1-23. The cap from A t o  B was assumed simply 

supported at .4 and fixed a t  B. The curve of s t r e s s  versus time shows the  peak 

compression s t r e s s  of approximately 16 x lo6 N/$ (2200 p s i )  f o r  the section. 

The =irnum deflect ion i s  0.48 cm (0.19 inches). The s t r e s s  leve ls  at C and D 

a r e  lower than the  values a t  B. 

Beam Length Versus Temperature 

Figure 1.1.1-24 shows the  temperature f o r  t he  7.5 meter beam as  a 

function or' o r b i t  time. The peak temperature excursion i s  65Oc (11~i'F). Depen- 

ding on beani bui lder  r a t e  and t h e  time of start and completion of the beam i n  

the o rb i t ,  the lengthening o r  shortening of t he  beam i s  shown i n  the  curve of 

beam length versus temperature change, The mrst case shows a length change of 

.g meter; a s t a t i s t i c a l  evaluation i s  required t o  fully assess  t h i s  po ten t i a l  
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prcblem. The ins ta l la t ion  of the dimensionally variable member in to  the 

structure requires an a~sessment of the dimension of next asstmbly. This problem 

may also ex i s t  although t o  a lesser  extent on a composite structure. One possible 
solution requiring investigation is  the use of insulation o r  shading t o  reduce 

thermal excwsions. 

Sa te l l i t e  Deflection due t o  Thermal Differential 

The design condition given i n  Fig. 1.1.1-25 shows the SPS s a t e l l i t e  i n  

geosynchronous o rb i t  with the sun orientation normal t o  the plane of the solar  

arrays, the temperature time curve gives the temperature d i f ferent ia l  between 

upper and lower members and includes occultation which occurs during the vernal 

and autumnal equinox. The temperature d i f ferent ia l  5 5 ' ~  ( 9 9 " ~ )  was used to  c3l- 

culate the  deflections f o r  the  21 lan s a t e l l i t e ;  the t i p  deflection i s  approxi- 

mately 150 meters i n  10.7 km, the angular deflection i s  approximately 2' which 

i s  not significant. 
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W BS Item 1.1.1.2 Satellite Energy Conversion Solar Blanket 

Effec ts  of array shadowing were investigated. If a segment or  section of a long 

solar cel l  string is shadowed, i t  will not genera te  current. Current  flow in the  ent i re  

s tr ing is therefore interrupted. If other  strings a r e  connected t o  the  load in parallel 

with the  shadowed string, t he  difference be t  ween their loaded output voltage and 

t h e  zero-current voltage of the  shadowed string, appears  as a reverse-bias voltage. 

The reverse bias voltage, if i t  is more than a few volts per shadowed solar cell, will 

destroy the  shadowed cells if they a r e  not protected. A small spacecraft  flying across 

t h e  f ace  of an SPS could severely daniage a n  unprotected solar array. Reverse-bias 

protection i s  therefore mandatory. The solar blanket panel design was modified 

t o  include shunting diodes. 

W BS Item 1.1.1.3 Satellite Energy Coaversion Mainterne 

A summary of repair and replace requirements for  t he  satel l i te  was presented under 

WBS Item 1.1. This section addresses maintenance requirements peculiar t o  the  

energy conversion system. 

The energy conversion system is designed t o  be as nearly maintenance-free as possible. 

Solar cells, b!ocking and shunting diodes, and a t tachment  and tensioning devices 

al l  incorporate enough redundancy t o  provide a l i fet ime of more than 30 years. Exceptional 

maintenance requirements may rise, e.g., in the  event  of collisions of natural o r  

marmade space objects with the  SPS. These will be t rea ted  a s  unscheduled maintenance. 

Switchgear may require replacement of one or  two units annually. 

Occasional maintenance of t he  solar array by annealing t o  restore output due to  

damage of the  solar cells by solar f lare radiation i s  expected to be necessary. It 

would be possible t o  make the  solar array maintenance-free with regard t o  expected 

radiation by oversizing o r  providing ex t r a  shielding (in t he  form of thicker coverglass). 

Annealing, however, has distinct cost advantages. 

I t  is important t o  recognize that  nearly all  of the  radiation damage t o  solar arrays 

at geosynchronous orbit comes from solar flares, which a re  a stat is t ical  phenomenon. 

Environrrtent models a r e  used t o  predict t he  amount of radiation for  which arrays 

must be designed. The model used by Boeing was originated by the Coddard Space 

Flight Center. As is typical fo r  s u c i ~  design models, i t  i s  roughly a 90% confidence 

model; an  expected-value model would predict less radial Ion. Use of a conservative 

mocel is warranted by t h e  f a c t  tha t  a severe solar f lare event  will a f f ec t  a!l SPS's 

then in orbit. 
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Resul ts  3f a s ta t i s t i ca l  analysis of solar  f l a r e  s i z e  a r e  shown in Figure  1.1.1 -26. The 

f l a r e  size probability distribution was asscimed to iollow a log-normal curve. The 

available s ta t i s t i ca l  sample  i s  too smal l  to develop detai led conclusions as t o  f l a r e  

size. I t  s e e m s  unlikely t h a t  a log-normal distribution would hold fo r  very l a rge  f l a r e s  

s ince  th i s  distribution places  no  upper l imit  o n  f l a r e  size. 

The t w o  c u r v e s  shown represen t  power-law and exponential-rigidity models fo r  t h e  

proton spectrum.  Available d a t a  f i t  e i t h e r  l aw about  equally, y e t  these  spec t ra l  

distributions predict  l a rge  dif ferences  in proton f luxes  in t h e  energy range f rom 2 MEV 

t o  10 MEV. This energy range  is  of principal concern  fo r  thin  solar cel ls  with thin 

covers ,  b u t  avai lable  d a t a  d o  not ex tend  in to  this  region. 

Even th i s  conserva t ive  model  indicates  t h a t  degradat ion m o r e  than  10% f rom a single 

l a rge  f l a r e  is highly unlikely. Much irnprovement in t h e  confidence in this  resul t  c a n  

be e x i e c t e d  d u e  to cont inued accumulat ion of s t a t i s t i ca l  d a t a  f rom t h e  cur ren t  solar 

c y c l e  and with  d i rec t  observation of proton f luxes  in t h e  2 t o  10 MEV range. 

The e s t i m a t e d  requirements  f o r  annealing a r e  c lea r ly  sensi t ive  to ?he  model used and 

t h e  s t a t i s t i c a l  approach adopted. A compara t ive  s tudy of t h e  avai lable  d a t a  fo r  sil icon 

and gallium arsenide SPS's and  solar  a r rays  was conducted. This a,,,lysis revealed a 

significant d i f fe rence  in t h e  environment  model used fo r  t h e  Boeing and Rockwell 

solar blanket  degradat ion analyses. Most of t h e  d f fe rences  in degradat ion predicted by 

t h e  s tudies  is due  t o  dif ferences  in envlronment  models. The Rockwell model is less 

conservative; i t  woul-1 predict  t h a t  nei ther  a silicon nor a gallium arsenide SPS would 

be likely t o  need annealing in 30 years  at  geosynchronous orbit .  

Boeing t e s t  d a t a  o n  silicon solar  cel ls  a r e  compared  in Figure 1.1.1-27 with t h e  

Rockweil projections fo r  t h e  gallium arsenide solar cell. I t  is c l e a r  t h a t  t h e r e  is no 

s igr i f icant  degradatio,? difference. Note  t h e  d i f fe rence  in p r o t c n / e l ~ c t r o n  equiv- 

a lences  between silicon and gallium arsenide. This d i f fe rence  a r i ses  because of t h e  

dif ference in inass of t h e  a t o m s  o i  t h e  t w o  so la r  ce l l  constituents.  Our  analysis would 

p r e d ~ c t  no s ignif icant  di f ference in  degradat ion between t h e  two  svs tems  for t h e  s a m e  

fluence. Since t h e  gallium arsenide solar blanket design has  significantly iess 

shielding, we would predict  more  degradation in t h e  equivalent  environment  compared 

t o  t h e  Boeing silicon blanket  design. 
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Figure 1.1.1-27 Degadation Comparison for Electron lrradiorion 



F&m I .  1.7-28 Ttnmaal Annealing of  Proton Damp? in Siticon: 
Baerng Test Data 



Recent results reported by Hughes show the  radiation degradation of gallium arsenide 

t o  be a strong f d o n  of function depth. Additional radiation degradation testing is 

m d e d  for both types of solar celis; gailium arsenidc is reported t o  degrade less with 

shallow junctions. The possibility tha t  gallium arsenide cells may a-neal at relatively 

low temperatures also needs to be f wther  explored by testing. 

Annealing of radiation damage in silicon has been repeatedly demonstrated in the 

laboratory. Illustrated in Figure i.l.1-28 are the  results of oven annealing tests of 

bare 50 micron silicon solar cells. Several cells were tested with two irradiations and 

two anneals. W i n g  tests af laser annealing of 50- micrometer solar cells are reported 

in Voiunle 4. All cells tested demonstrated some annealing recovery. 

Annealing of the  solar blanket on one SPS will require a technique tailored t o  that  

purpose, as well as a blanket design compatible with annealing temperatures Atten- 

tion hzs been given t o  laser directed energy annealing under this contract. 

The concept cf the actual annealing system is shown in Figure 1.1.1-29. Each laser 

gimbal would acmally have 8-500 watt  CG2 lasers installed. The laser beams would 

be optically tailored t o  provide the desired illumination pattern and energy density. 

The gimbals would be mounted on an overhead gantry that  would span the  entire 

bay width; one bay of solar array would be annealed in fifteen meter increments. 

Solar array strings undergoing annealing will be taken out of service while they a re  

annealea. Table 1.1.1-4 summarizes predicted performance paranie ters for the annealing 

systems. 
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1-12 1 Phase Canvol Md Array Simulation 

To assess phase control system performance extensive use jointly with J X  has beer, made 

of array simulation computer programs, particularly in  the areas of grating lobe levels and 

subtilt effects. A qualitative summary of results is given on Table 1.1.2-1 prior to 

discussion of quantitative data derived during this contract period. 

*e errors. The main conclusion i s  that main beam wander is primarily due to correlated pha, 

This can be greatly minimized i f  the number of branches at the first level of phase distri- 

bution i s  increased so as to randomize the errors. In addition, a joint paper presented at 

the International Conference on hlodeiing of Electronic Systems, in Toronto in September, 

1378, by Dr. D. Arndt of JSC and S. Rathjen of Boeing defined antenna tilt requirements 

rrlore clearly and preliminary calculations made by Lincoln became available. 

The continuing modeling work on the phase control system proposed by JX should provide 

the specific method by which to redistribute energy betweep sidelobes, error plateau in 

the array rol l  off and grating lobes. In phase 2, trade studies of phase error build up in  

cables (including fiber optics), 'black boxes," the appropriate number of phase distribution 

tree levels and subarray size should provide detailed answers. 

It is s t i l l  our feeling that a back-up phase contro! system should be analysed and compared 

with the Lincom system in terms of phase error buildup and ease of implementation. This 

would, of course, have to be carried to the component demonstration level and would 

require additional resources. 

1.1.2.1.1 BASELINE VERIFICATION 

Phase Distribution Tree Layout 

What the detailed layout of the phase distribution system should be depends on correlated 

and uqcorrelated phqse error buildup per node, redundancy, reliability and the level at 

which phase control is exercised. 



Tabk 1.1.2- 1 Effect of Phrae Error and Tilt on Beam Sape 

EFFECT 

NO EFFECTS ON MAIN 8EAM SWME 

FAROUT QDELOBE LEVEL PLATEAU INCREAEU) 

CORRELATED PHASE ERRORS 

FEW BRANCHES H) SLIGHT RANDOM WANDER OF MAIN BEAM 
AT FIRSTISEWNO LEVEL BEAM BROADENED BY 4%(9S% CONFIOUICE) 

ANTENNA TILT 

SYSTEMATE 1 ILT r MAIN BEAM SHAPE UNAFFECTED BUT 
POWER REDUCED BY SCAN COSSWHlOl 
APPEARS AT GRATING LOBES 

MAIN BEAM SHAPE UNAFFECTED; 
RESULTING AWLITUOE m M U U T l O l l  
CAN RASE ERROR P U T  W 
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Four different  distribution t rees  a r e  outlined on Figure 1.1.2- 1, each  indicative of different 

level of phase control  and degree of power splitting. The baseline system of Lincom 

with 9 nodes (dl is based on a maximum of 4:1 power split whereas the  4 node system 

(a) elaborated by GE is based on a 2 0 x 1 9 ~ 1 9  distribution t o  the  subarray level and a 

variable power splitting t o  t he  klystron level (4th node) using 4:1 power spl i t ters  a t  the  

edge and 36: 1 power spiitters a t  t h e  a r ray  center.  

The nine node system suffers from poor reliability, poor phase randomization (i.e., resulting 

correlated phase er rors  which produce beam pointing errors) and lowest ailowable phase 

error per  node. The four node system may be a viable candidate if 10 rn x 10 m subarrays 

a r e  retained and phase control is exercised down t o  the  klystron level. A three node 

systern n-ray be possible if phase control is exercised at the  stibarray level only, and subarray 

s ize  is reduced t o  5 m x 5 m. 

To reduce phase correlation effects ,  i.e., beam steering errors, t he  number of branches 

at the l o ~ e r  levels should be kept high. This also allows higher random phase error  per 

level in the  error  budget. Even with 4 m x 4 m subarray, t he  $-level system will require 

a total  ( I  GHz) phase accuracy of 2' per level t o  achieve a 96% efficiency including 

tilt. This will require stringent design criteria. A possible 3 m x 3 m subarray could 

be acconlmodated by a 32 x 16 x 16 x 8 four node distribution system. 

Phase error  buildup af fec ts  only low level f a r  sidelobes where power density i s  low and 

does not appear t o  constitute an  environmental problem. Furthermore if the  phase errors  

a r e  correlated they a r e  not expected t o  be  of great  importance in a systeni that  has 

more than about ten branches per node. 

In previous SPS studies phase distribution layouts were of ten  selected on the  basis of 

minimizing to ta l  cable length. This type of optimization may not be significant compared 

t o  other  c r i te r ia  such as minim~zing phase error  buildup and/or constant cable length 

since cable mass is only around 1% of t h e  array waveguide mass, even in the  case of 

redundant cables a t  lower levels. An array using fiber optics wili have a n  even lower 

phase distribution mass fraction. 

Table 1.1.2-2 lists calculated cable  lengths for  the  GE 4 node system mentioned earlier 

for representative cable length a t  each node. Since the cable has about a tenth the 

Inass per u n ~ t  length of waveguide with a total  length about a tenth tha t  of the waveguide, 

the resulting cable mass is around 1% of the waveguide mass. 
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Tabk 1.1.2-2 Estimate of Required Cable Length for GE Phase Distribution System 
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Line Attenuation Compensation 

An input resulting from t h e  Boeing critique of t h e  baseline system was tha t  implementa- 

tion of the  Lincom system will require compensatior~ of cable loss between different 

nodes. (See Figure 1.1.2-2.) The limits of gain compensation due t o  diplexer leakage a r e  

indicated in the  chart.  For a signal to er ror  ra t io  of 20 dB, with 40 dB of diplexer 

isolation, 

Thus, for  example, t he  maximum cable length of KC8 cable which can  be compensated at  

500 MHz is 150 meters. By using LDF 4-50 cable one may do bet ter ,  reaching 1 krr~ at 500 

k ~ h z  with a n  attenuation K = 30 dB. 

Antenna Pattern Analysis 

Continuing transmitting array analysis has concentrated on building a n  understanding of  

how arrays with imperfections as in real l i fe  will perform. More specifically, t h e  e f fec ts  

of systerrratic and random subarray t i l ts  on both beam efficiency and grating lobe level 

were investigated. 

As a par t  of a smail add-on cont rac t  by NASA JSC, a number of "Tiltmain" runs were 

made t o  check sorrre available aspects  of t h e  Lincorn "Solarsim" program, of which Figure 1.1.2-3 

is typical. For t he  use of a 10 rn x iO m subarray, both one dimensional and two dimensional 

"Tiltmain" runs checked well with t h e  Lincom results, provided tha t  surface irregularity 

errors  were accounted for  in a simi!ar manner. In these results, close coordination was 

rriade with related runs obtained directly on the JSC computer and the  capability t o  

access t he  JSC computer from the  b e i n g  facility in Kent, Washington aas implemented. 

Useful runs on start-up and shut-down procedures were initiated at JSC as  a result of 

mutual discussions and additional work simulation of various types of failures in the  

MPTS system will be proposed. Although the  initial check points in Figure 1.1.2-3 were 

obtained using a I -L) version of Tiltmain, these da t a  points have since been confirmed 

using 2 dimensional t i l ts  a t  each  subarray, 

Calculations by Lincorn show tha t  going t o  smaller subarray size desensitizes the transmitting 

antenna performance degradation due to  systematic  tilt. Selected results frorrl recent  

Boeing computer runs a r e  in good agreement with Lincorn da ta  and indicate tha t  if greater  

t i l ts  than presently allocated a r e  experienced, a review of the  baseline 10 meter  subarray 

size is warranted. 
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Fur ther  runs on t h e  Ti l tmain program, confi rmed by graphical in tegrat ion of superk?sed 

randorn t i l t s  on various values of s y s t e m a t i c  t i l t ,  ind ica te  t h a t  random t i l t s  can  have 

g r e a t e r  e f f e c t s  than  previously realized (see Figure 1.1.2-4). For  instance, for 3 a r c  

minvtes  of s y s t e m a t i c  t i l t  t h e  eff ic iency is reduced f rom 98.5% f o r  z e r o  randorn t i l t  to 

94.756 with  3 f i a r c  min of random til t .  The chc ice  of 3 q o f  random t i l t  (1 dimensional 

a t  45' on t h e  "Tiltmain" program) corresponds t o  a choice of 3 a r c  mir! of 2 dimensional 

ti1 t an t h e  Lincoln prograrn. 

Figure 1.1.2-5 i l lus t ra tes  typical  grat ing lobe  level amplitudes as a function of d i s tance  

f rom t h e  rectenna.  The design requirement  of 1 a r c  minu te  of s y s t e m a t i c  t i l t  is derived 

froin these  t o  m e e t  t h e  Soviet microwave level  s t andard  a t  t h e  f i r s t  grat ing lobe. The 

rslndorn t i l t s  have only second order  e f f e c t  on g ra t ing  lobe levels and primarily a f f e c t  t h e  

a r r a y  scanning loss. 

Subarray Size Considerations 

A cr i t i ca l  review of t h e  phase control  baseline systein needs t o  enco!npass a review of t h e  

viability of phase corltrol t o  t h e  klystron level in t e r m s  of trading complexity f o r  

pe r formance  improvement. O n e  approach is t o  consider a n  increase in  t h e  number of 

subarrays  by a f a c t o r  of 4 with pravision of phase control  only t o  t h e  subarray level. 

Since in t h e  klystron level phase control  concept  passive e le lnents  will have t o  provi:je 

phase integr i ty  within t h e  allowable Errors at t h e  edge of t h e  a r r a y  (4 klystrons per  10 .n  u 

10 !n subarray, i.e., 5 m x 5 m s i z e  per  klystron), t h e  s a m e  cell  s i z e  fo r  t e t rod i rec t ive  

phase control  could be used a t  t h e  center ,  possibly using a thermal ly  compensated 

waveguide fo r  phase distribution t o  t h e  9 individual klystrons -7t this  level. If coinpatible 

with overall  a r ray  per formance  ( to  be checkt = when t h e  "Mcdrnain" program is running) 

this would resu l t  in 4: 1 reduct ion in phase distribution cornplexity over  phasing e a c h  

klystron individually. 

An added benef i t  of reduced subarray s ize  would b e  reduction in t h e  r: l~~nber and 

tnagrlitude of g ra t ing  lobes, as indicated in Figure  1.1.2-6. The gra t ing  l o t ?  level would 

b e  reduced by 20 log DZ/D1, which is 6 db .  

Due  t o  t h e  70 kw per  klystron power quant izat ion only 9 possible s b ~ h r r a y  poNcr levels 

exist. If a six-step power t aper  a s  shown on Figure  1.1.2-7 is ; y n t h e s i ~ e d  with subarrays  

of 1, 2, 3, 4, 6 and 9 klystrons e a c h  t h e  microwave beam p a t t e r n  t ransmi t ted  is 

e i fec t ive iy  the shn;e.  The beam eff ic iency only degrades  by half a percen t  and t h e  f i r s t  

side lobe o ~ l y  rises by .4 dB. 

14 1 



SYSTEMATIC RANDOM 1 lLT 

Figure 1.1.24 Effect of Systematic and Random SL-jana y Tilt 
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In vicu of the ~ncreased systc~r~ srnipl~crty wit11 equrvalent systeltl perfor~t~arw-c, 5 111 

x 5 111 subarrays .ire rero~ti~ncndrd for further study on itlt-ir ovcrnll irrlpac-t oli Sf?\ deh~gn. 

1,1.2,1,2 SPS Array Conlputer Simulation 

In the area of co!nputerizrd array simulation routine usc is riow being 111;ldc of the "Tiltlrlclin" 

arra) progr.arii l t l  c1.eckrng grating lobe levels with sysrcniatic and rando111 tilt. The 

"AIQC~IIIJIII" prograltl. u hlch ~VC~<.OI:ICS SOIIIC of tlw s*~rage l i~ti i t . i t~o~is of T ~ l t t ~ l a ~ t i  1s 

r?tw t.s'\, ~ ~ v ~ i ~ l t - t t ~ .  and \\:I1 u l t~niatcl \  en.iblc ~ t l o d r l l n ~  the St's arrav to the klyst~.~n 

it~vciult. 1evt.l (i00,000 cle~ticr!ts). The yropraltl tlou of cdc-ti are ~ndlcated on Figure 

I. l . t - S ,  and ihc status ot cdc-h i b  Indicated bclc~u. 

ct " T l i  I'\\ .\IN" 

i'tl.tsc c'ontrol Vcrlficatlon Ztudirs arc 111 Progress 

Gr.at lnt; Lobc Levels and Tilt Effects art- being Evaluated 

cp 9 * ~ i < ) ~ > . i !  .AI~V~ 

XL\U 1~1s  ('ap.ib111ty to Aci-css NASA-3%- C-ornpi~tc-r 

<',in .kt up Flies for h!;::: Prograin arid S~broutmrs 

.\lod;ri.iin u ill It,.c the fellow ing fc .lures: 

o C.ip.~brI~!y 10 IIIP~C'I flit- spat.Ctcrirla ~ O U  II tc thc power niodulc lcvcl u ithout esc t - ~ s i i  1- 

5tor.iSc rquirevtwnts. 

o \ioriX ac-cxlratc ~iiodclrn); ot gr.it 111g lobr bcI\.iv~or. 

Lj tar "iio~1111~111i" Itas bcrn ~ilatclted to .i no-crror "T~ittnain" run for a I 0  11)  x I 0  111 ~ i~ tu r ra ! .  

T l ~ c *  t II st ~ t i ~ t r , t \  bctuccrl the tuc; progr;r:lis uas the ~o~ I~J I I zc~  ell-ctrrc- tleld partern 

IIC.~~ tllc rCc.tCiilld. "llodr~tnln" now pr illts c ~ t  the power dcnsity as u el 1 as the dci'lbt81 

valuc*s. Et trr,icricy c'alcul.atiCns \sere ncx t ~natched using 10.43 by 10.43 mt8trr strbarrays. 

As cuprctcd. t i ~ t *  use of 5 111 by 5 111 suhrrays ln the basic prograln "iiig~t~arrr" crccrtcd 

.i .~tor.fc- ~wcrlo.ic! prv,>lc~n btit could be niodeled 111 "h lod~~i~in."  
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Figure  !.1.2-9 shows t h e  f i r s t  g r a t i n g  lobe for t h e  case of 5 m by  5 rn subarrays. .4s 

predicted t h e  1st grat ing lobe is loca ted  a t  turrce t h e  d i s tance  of t h e  1st gratir?g lobe for 

t h e  10 111 by 1 0  m subarrays.  The  gra t ing  lobe 1s split  because u i thout t i l t  t h e  c e n t e r  of 

t h e  g ra t ing  lobe fa l ls  in t h e  null of t h e  s i b a r r a y  p a t  tern. Most Importantly, t h e  resul ts  

indicate  t h a t  t h e  g ra t ing  lobe ampli tude i s  approximately  six dB below t tw 1 0  nl by 1 0  m 

s u h r r a y  s i z e  case. 

The plan l o r  Phase 2 is  t o  incorporate  t h e  "error" subrout ine in to  "h!odnlain," m a t c h  

this  t o  Ttltrnain runs, and &tad t h e  rliodel by changing t h e  s i z e  and spacing of t h e  

inodules. There  u ill b e  :en d i f fe ren t  s i z e s  of klystron niodules corresponding to tile t e n  

s:zy q u d ~ ~ t i r e a  ~ l lumlna t ron  tbper. 

1.1.2.1.3 Fikr Optical Phase Distribution 

l'se of f ~ b e r  op t ics  in the phase  d-stribution svstern has  defini'e advantages,  sumlnar i red 

on Table 1.1.2-3. over  using c o a s i a l  c a b l e  as in t h e  c u r r e n t  baseline. Advanced mult imode 

f ibe rs  may b e  dble t o  acco~i t rnuda te  signal f requencizs  approaching 1 GHz. 

2 There is a f a c t o r  of 10 cab le  mass reduction if op t ica l  f ibe rs  a r e  used and a l so  J 

son leuha t  lower c o s t  per unrt length. This has l t t t l e  iii:pac: o n  X1PTS masses  and  costs .  

however, because t h e  phase con t ro l  system cabl ing rnass and  c o s t  f ract ions  of t h e  MPTS 

a r e  u e l l  under a tenth t o  begin u ith. 

Cvnlpctrlson of teilhperature coef f i c ~ e n t  o t  sigcal phase delays in conventional coaxial  

c a b l e  and f iber  opt lcs  indicates a twentyfold reduct ion with op t ica l  fibers. Low values for 

p h a e  change  suggest t n a t  t h e  required comper~sa t ion  f o r  cabling phase sh i f t s  rrlay be 

s r n ~ p k r  t o  i n ~ p l e n ~ c n t  because t h e r e  will b e  n o  need t o  consider possible phase 

a ~ n b r g u i t  ies. 

Ftber opt ics  have less  signal loss p e r  unit line length than coax,  so less a n ~ p l i f i c a t ~ o n  u i l l  

be needed In t h e  system. More valuable  than this, though, may be t h e  fac t  t h e  opt  rcal 

f ibe rs  have  rto shor t  c i rcu i ted  fa i lu re  modes, rnaking fiber fa i lures  independent. They also 

allow t h e  transmission of signal across high vol tage dif ferences  u i t h o u t  introducing 

possible nlet.illic shorting paths  as conventional cab les  do. 

.A cdndriiate f iber  o p t  tcal single node r e f e r e n c e  phase distribution concep t  is  i l lus t ra ted in 

F r g l ~ r e  1.1.2- 16 with design considerations outlined in Table 1.1.2-4. It f ea tu res  a tu.ofold 



Figure 1.1.2-9 First Grating Lobe P o w  for 5m by 5 n  Subarray Sire 

Tabk 1.1.2-3 Compzison of Coaxial and Fiber Optic System 

ATTErJUATION 
dbflun (100 MHz) 

MASS 
k&m 

COST 
Shm 

PH.ASF DELAY 
Q flF - 103 MHz 
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LilJEAR 
EXPANSION 

PHASE 
CHANGE 
FOR 
a r - l m  
L-3oRn 

L 

COAXIAL CABLE 

LDF-50 FOAM DIEL- 
RG-58 SOLID DlEL (112 DIA) 

lWdb IS 

43 160 

a= 4)oo 

lzI“fi4EER 
(e1.0. Ag3m) 

165x104h 
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O i l 0  

OPTICAL FIBER 
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I F  REFERENCE SIGNAL 
CENTER & R M Y  

REOUNDANT ARRAY OF 
LIGHT EMITTIMG DIOOES 
(10 OIOOES 0.1 clr EC 

I U O c M o o E S Q 1 n r E A c n ~  

HEXAGONAL BUNDLE 
CONTAINS 61 HEXAGONS (M0 OUJ 
EACH WITH 61 FIBERS (#16 LACHI 
6 MILS EACH 

KEVLAR BUFFET N8E 
(61 CABLES) 

HEYSPHERICAL SEC'IKIW 
CONSTANT LENGTH FIWR CAUE 

I 1  CABLES, 226.981 FIUERS 
3721 FIBERS 

61 FUSERS 

30 GROUPS OF 2 FIBERS 

AVALANCHE DIOOE 
ENVELOPE DETECTOA 

RECOVERED 
IF  REFERENCE SIGNAL 

Figure 1.1.2- 10 Fiber Optic Phae Distribution System Comept 

Table 1.1.24 Fiber Optic Considerations for P S  Phase Coctrol Distribution 

INCOMRENT LIGHT EMITTING DIODE 

ONE EMlnER CAN ILLWINATE BUNDLE OF >100,000 FleLRS 

REDWJDANT LED EASV TO IMPLEMENT 

MULT W D E  GRADED ItJDEX FIBER 

LOSS OF 10 DBlUM COMPATIBLE WITH SPS (S6PER METER: 

PQTEIJTIALLV GOOD RADIATION RESISTANCE 

CABLE BUNDLE a 2.5" FOR DUAL FleER REOUNOANCV 4'-200,000 FIBERS) 

W E  LINK CALCULATION 

POWER DIVISION LOSS r s d b  

FIBER LOSS a Sdb 

FOR 1 mrr RAOlAT ED POWER, RECEIVED POWER IS - 60 dbm - 1 mrn 

AVAUNCHE D m €  RECEIVER WILL HAVE &N > 20 db THIS LEVEL FOR 6 MHz BANDWIDTH. 



0 180-25037-2 
fiber redwdancy for  t h e  case of a fiber per klystron and a twentyfold redundancy a t  the  

optical signal source, which is proposed t o  b e  light emit t ing diodes but could be  lasers. 

If the source is coherent,  single m& fibers may b e  used, but incoherent sources require 

multimode fibers 

A number of candidate optical fibers in use today have been considered and a r e  summarized 

on Table 1.1.2-5. The selection of the most suitable fiber will depend on the  temperature 

requirements and the radiation environment on t h e  array. The fiber optic  cabling system 

looks sufficiently promising t o  recommend tests of a selected se t  of fibers t o  verify 

their temperature stability and link budget. Separately, a postulated radiation environment 

should be used to determine the  possible e f f ec t  on fiber life and required protection. 

In summary, optical fiber technology appropriate for  MPTS reference phase distribution 

systems is available today. It i s  recommended for use because of nurnerous advantages. 

1.1.22 Failure Mode Analysis 

1.1.22 1 Availability Assessment 

b:PTS availability assessment &as done by CE using a representative klystron module 

and the  GE reference phase distribution system with redundancy described in the previous 

section of this report. 

The assumed layout of the  klystron module is shown on Figure 1.1.2-1 1. Possible locations 

of the solid s t a t e  phase control modules for good thermal distriburion a r e  sh0n.n. Selection 

of a pilot receiving antenna has not been finalized. What is shown is a n  example of 

an approach to  be considered for  achieving good uplink/downlink isolation when the  

power beam and pilot beam a r e  a t  the  same frequency. The radiator is indicative only 

and is not representative of an a l te rna te  lower mass act ive cooling system under consideration. 

The hlTBF values assigned t o  each  component in the phase distribution path a r e  s h o ~ n  

in Figure 1.1.2-I? These values, together with the  redundancy level selected, and the 

selected mainte- ace procedure assumed, lead t o  availability numbers detailed in the  

Part  4, Phase I, Final Report, Dec. 14, 1978, General Electric Space Division. The overall 

impact of the fai lure analysis on efficiency is summarized in Table 1.1.2-6. 



0 180-25037-2 

Table 1.1.2-5 &didate F i k  Optic Matwids 

FUSED SLICA CORE. SILICONE CLAO WALTEC) 

LOW TEHPERATURE - --ATTENUATlM INCII- CMYUOMtYO-fO W 
W/KM 0 

HIGH TEMPERATURE - -  -OK TO *lSO°C 

RADIATION RESISTANCE - --GOOD 

FUIEO SILICA CORE. POLYMER CLAD (DU PONT) 

LOW TEMPERATURE - - -OK TO oOC. POSIBLY TO 6 . 
HlGH TEFIPERATURE - - - CLAODING MELTS AT-- 

RADIATION RESISTANCE - - - REPORTED BEST 

ALL GLASS. GRADED iNDEX (CORNING) 

LOW TEMPERATURE - - -OK TO -50%. LESS THAN 1- 

CHANGE -30° TO + 600C 
HlGH TEMPERATURE - - -BELIEVED OK TO +I& 
RADt ATION RESISTANCE - - - POOR 

A U  GLASS, STEP INOEX (GALILEO) 

LOW TEMPERATURE - - - 2 TO 3 OB INCREASED ATTENUATHm AT 6 SHRIIUKW 
BUFFER CAUSES MICROBEIYDE 

HIGH TEMPERATURE - - - BELINED OK TO +1- 

M O U T K m R E s m Y C E - - - C O O R . s U f ~ V I I I G  







Phase Control 

Tabk 1.1.26 Microwam Pow Tnnm,irrion Loss Factors 

Availability, % Efficiency , Comment 

Klystron and Driver 

Rectenna 

.989 .978 Power dt Beam Loss 
Redundant Ist, 2nd Level 
Con jugator, Receiver 
6 Months Maintenance 

Previouc No Redundancy 
Budget 25 Year MTBF 

6 Month Maintenance 

.984 Diodes Nonredundant 
No Maintr- . 

DC Panel OpenlShort 
Circuit 
Continuous 
Maintenance 

3.8% Microwave Related 

5.1% Total MPTS 



Note t h a t  t h e r e  is a double penalty fo r  phase con t ro l  systern cornponent failure: loss 

of power, s ince  t h e  klystrons a r e  n o t  radiating in t h e  main beam direction, and  associated 

a r ray  thinning, which reduces  beam efficiency. The 5.1% eff ic iency degradat ion f igure  

includes losses d u e  to "~ssbar  fa i lures  o n  t h e  s p a c e  a ~ ~ t e n n a  and t h e  rectenna.  

1.1.2.22 MPTS Efficiency Chain Impacts 

Table 1.1.2-7 surnrnarizes overal l  in ipacts  o n  baseline !UFTS eff ic iency values fo r  t h e  

cases  of alu~ninurn waveguide, t he  required baseline r ~ l t s ,  and t ransmit t ing an tenna  component  

failures f o r  10 rn x 10 m and  5 r r ,  x 5 rn subarray systems. Ref inements  in rec tenna  

subsystem values a r e  planned subjects  f o r  Phase 2 study. 

The t i l t  requirements  a r e  1 a r c  minu te  sys temat ic  t i l t  for real is t ic  grat ing lobe levels 

and 1 a r c  rninute random t i l t  f rom assembly and manufactur ing tolerances.  Note  t h a t  

t h e  5 nr x 5 m subarray has  fivefold lower t i l t  losses than  1 0  m x 10 m subarrays. The 

additional e f f i c iency  reduct ion d u e  t o  meta l  waveguide (as opposed t o  composi te)  and 

fa i lures  is  4.94%. 

1.1.2.3 Solid-State Microwave Power Transmission Summary 

Solid s t a t e  power amplif iers  f o r  microwave power transmission a r r a y s  seem well sui ted 

t o  SP5's wlth  grid power ou tpu ts  of around 2.5 gigawatts.  With adequa te  developmevt 

on e f f i c ien t  solid s t a t e  microwave power amplif iers  t h e r e  is  a relatively low risk associated 

with accomplishing a sui table  solid state systeni design. 

The key issues remaining are: 

1) The  feasibili ty of eliminating ?ewer processing, 

2) Experirnental verification of accep tab le  eff ic iencies  of in tegrated asseriiblies of 

arnplif ~er  devices,  coupling c i rcu i t s  and  RF radiators,  and 

3) Microwave power amplif icat ion d2vice cost.  Gallium arsenide FET's today cos t  

o n  t h e  o rder  of $100 per  watt .  This is obviously prohibitive. A production r a t e  

c u r v e  extrapolat ion to quziit i t ies appropria te  t o  SPS leads  t o  cos t  predictions in 

t h e  a c c e p t a b l e  range. These, however, will require  fu r ther  confi rmat ion through 

exper ience in larger  sca le  production. 
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Table 1.1.2-7 Nominal MPTS Efficiency Chan 

CUR~ENT BUDGET EASED ON COMPOSITE WAVEGUIDE 

SYSTEMATIC TlLT 1.76 ARCMIN. NO RAtdDOM TlLT 

ALUMINUM WAVEGUIDE 

TILT [ 1 ARC MIN W E  MATIC 

1 ARC MIN RANDOW I 
RECTENNA 

FAILURES' 

A n  

EFFICIENCY DEGRAOATIOIJ 

l o M X l w 4  

1.18X 

2n 

TED 

3.8% 

7.50% 

S M X W  

1.18% 

' 0.5% 

TOO 

3.8% 

L41X 
Y 
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1.1.2.3.1 Solid State Amplifier Technology for SPS 

Introduction 

The approach t a k e n  for  a n  SPS in t h e  1990 t i m e  f r a m e  is to assume t h a t  today's s t a t e  of 

t h e  a r t  will b e  in mass  production by 1990 with  re la t ively minor improvements  in 

per formance  parameters .  

The primary requirements  f o r  solid s t a t e  SPS MPTS a r e ,  in order,  a d e q u a t e  DC-RF 

conversion eff ic iency,  dev ice  l i fe t imes long enough t o  e l iminate  power amplifier replace- 

ment  f o r  30 years  a n d  MPTS c o s t s  compet i t ib  2 with costs of o ther  DC-microwave 

conversion options. 

A N ide  var ie ty  of sui table  solid s t a t e  a c t i v e  devices  current ly  exist .  These include bipolar 

and  f i e ld  e f f e c t  transistors,  many types  of two-terminal  devices  (Gunn, IMPATT, TKAPATT, 

and BARITT diodes) and hybrid devices  such as e lec t ron  bombarded semiconductors  

(EBS). EBS have  been included a s  being solid state s ince  t h e  e lec t ron  beam only supplies 

a smal l  cur ren t ,  with t h e  bu!k of t h e  supply c u r r e n t  s taying in t h e  semiconductor.  

Once  device type  i s  chosen, o t h e r  technical  a l t e rna t ives  remain to b e  considered. For 

a c t i v e  devices  with  more  t h a n  t w o  te rmina l s  t h e r e  a r e  severa l  c lasses  of amplif ier  c i rcu i t  

configuration t h a t  t h e  devices  may b e  used in. There  is a growing number of commonly 

used solid s t a t e  mate r ia l s  o u t  of which cornponents may b e  fabr icated,  with options 

!n type  o f  processes at e a c h  s t e p  in fabrication. Many of these  opt ions  have been considered 

in this  study and  fu r ther  improvements  by industry will b e  included In periodically updated 

study results.  In particular,  c lose  c o n t a c t  will be maintained with R C A  Princeton Laborator ies  

during their  c o n t r a c t e d  work with Mr. L. Leopold of NASA-JSC. 

S t a t e  of t h e  a r t  power-added eff ic iency,  gain and single device power as a filnction 

of frequency fo r  various types  of solid s t a t e  devices  a r e  shown o n  Figures 1.1.2- 13, 

1.1.2-14 and 1.1.2-15. 

Power- Added Efficiency 

Power-added eff ic iencies  f o r  various devices  a r e  shown in  Figure 1.1.2- 13. GaAs FETs, 

silicon bipolar t ransis tors  and  EBS have  t h e  best  values. All t h e  t w o  termin31 devices 

have eff ic iencies  less than  .36, which is  so low as t o  m a k e  their  use fo r  SPS impract ical  

and allows their  elimination f rom fur ther  consideration. 
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Figure 1.1.2- 15 Solid !&are CW Power versus Frequency 
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It  i s  worth noting tha t  t he re  a r e  two CaAs FET da ta  points substantially above the  

general  GaAs FET trend. These represent occasional acomalously good lots from 

single wafers. Several manufacturers have observed this phenomenon which in the  

case of GaAs still  remains someaha t  unpredictable. Perhaps this unpredictability 

should be expected since CaAs is unstable in the sense tha t  separation into separate 

Ga and As phases i s  energetically favorable a t  electronic device operating and storage 

terriperdtures. 

In the case of three-terminal devices the  results of Figure 1.1.2-13 correspond t o  

class  A and B amplifier cocfigurations fo r  GaAs FETs and to class C for  bipolar transistors. 

This inherently limits their efficiency. Other  classes of amplifier, summarized on 

Table 1.1.2- 8, can  have theoretical efficiencies approaching unity. 

The classes of aniplifiers grou-xd as "switched mode antplifiers" on Table 1.1.2-8 

opera te  u i th  the  I-V product t ime integral over t he  operating cycle  minimized as 

!nuch a! possible. T h ~ s  generally requires ac t ive  debice transition times about a 

fac tor  of ten faster  than the  RF period. i t  also generally requires remnant  react ive 

ne tuorks  which make achieving bandwidths of a tenth o r  rnore of the  operating frequency 

as desirea by rnany co:nmtinkations users very difficult. In this sense, t he  narrow 

barldwidrh required by SPS is a real advantage. 

Present cornrnunications interests  in microwave p w e r  amplifiers a r e  increased linearity 

over u ide  bandwidth and KF output powers equivalent to present traveling wave 

tubes u i t h  longer life than the TWT's, whereas for SPS, efficiency, I ~ f e t i n ~ e ,  lou 

cost and narrow bar,dwidth a r e  desired. It  is anticipated tha t  with adequate funding 

the  development of high efficiency switched mode amplifiers for  SPS presents a 

relatively low risk t o  the program's chances for success. However, SPS developers 

may have t o  take the  initiarive in this development because tho communications 

industry cm develop and prosper adequately with present LIC-KF conversion efficiencies. 

The present state of t h e  a r t  in switched mode amplifiers i s  con-,rn >n use in RF ampli- 

f iers  at tens of megahertz. Experimental amplifiers at over 103 MHz have been 

~uccessful ly achieved and microwave amplifier experiments a r e  pending. More discussion 

oi efficient utllplification techniques is given in Keferences 1 and 2, with discussion 

of t he  particular t. .)*. . ' switched mode amplifier known a s  the class E amplifier 

in Keferences 4-6. 
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Achieved device gains vs frequency a r e  shown on Figure 1.1.2- 14. There is a s t r ihng 

difference between small-signal and power gain for F E T s  At the SPS frequency of 

2.5 CHz bipolars have about 8 db gain while CaAs FETs yield around LO db. In general, 

GaAs FETs have sever& db more gain than b i p o k s  throughout the spectrum. As for 

the  other devices, 1MPATTs can have gains of over 20 db and electron beam 

semiconductors are projected to yield about 20 db. The low gain of Sts t i r  Induction 

Tras is tdrs  (SITS) a t  I GHz e l i n ~ i ~ t e s  them from consideration a t  present, although 

they appear to  have great  potential for further developmenr due to  ti1e.r high power 

badwidth  product. 

Device Power 

The power per device is an important SPS parbmeter since the number of devices 

w hich can be ef f ic~ent ly  corrlbined in a module is limited by circuit bsses and the 

power per module determines the RF power density per m i t  transmitting array area. 

The sirigie device power chart  (Figure 1.1.2-15) sh@ws that  silicon bipolar transistors, 

GaAs FETs and multi-mesa 1MPATTs can all handle powers above 10 watts, which is an 

adequate power level for SPS application. Of the  devices considered here, only 

E-beam sei:licondoctor devices are capable of generating a power level of IGO watts 

per dev~cct which would be adeqtiate for one device per radiating element. For the 

other devices, power combining will be necessary. 

Device Lifetimes 

The f d a m e n t a l  uearout failure modes in semiconductor devices tend t o  be concen- 

trated at surfaces, both internal and exposzd, and are gei~erally electrochemical in 

origin. In the case of the internal surfaces, t r a n - v r t  of species to  and away trorn 

interraces eventually degrades coiltacts. In the case of external surfaces, impurities 

can come in from outside t o  form compounds and oxides and high electric fields can 

cdu.u breakdown. 

4 EBS cathodes presently have an expected lifetime of 2x10 hours, over an order 

of magnitude less than that  required for a 33-year satellite, so they appear unsuitable 

for SPS. The two remaining so!id s ta te  amplifier candidates are  GaAs FETs and 

Si b i p l a r  transistors. Si bipolar lifetimes a re  limited by electromigration of emitter 

finger metallizations due t o  localized high current densities. This give5 relatively 

sudden and complete hard (open or short circuit) failures, whereas GaAs FETs seern 

to  suffer from contact degradation which decreases performance gradually. 



Bipolar lifetimes have been improved recently by going t o  gold rather  than alumlnum 

metallizations, but at r :asonable operating conditions and equal junction tempera- 

tures, GaAs FETs have a definite performance advantage. A current  GaAs FET 

lifetime vs temperature curve is shown on Figure 1.1.2- 16. 

GaAs FETs were selected as t h e  preferred DC-RF conversion devices because of 

their higher gain than silicon bipolars, equivalent expected power added efficiencies, 

roughly equal power capabilities at 2.5 GHz and much bet ter  expected contac t  metalli- 

zation reliability due t o  current  densities lower than Si bipolars. GaAs FETs for  

SPS application could be  fabricated separately and mounted in hybrid fashion o r  

conlb~ned with other  components on larger GaAs chips in integrated circuits. The 

la t te r  al ternat ive is preferred because of i t s  significantly lower cos ts  in mass pr* 

duction, although i t  does entai l  somewhat more development. 

1.1.2-3-2 Solid State Transmitting A n t e m  Configuration 

Configuration Description 

Synthesis of a solid state transmitting antenna configuration has been accomplished 

using desig~t cr i ter ia  for  radiating module s i ze  developed in previous NASA studies 

and several concepts developed in prior proprietary Boeing Il?&D work. 

The basic elements  of t h e  solid s t a t e  transmitting array a r e  .59X x .59 X = f r e e  

space u.svc!?ngth) radiating modules. These a r e  fabricated on 20 mil thick alumina 

dielectric shet-t which is metallized for signal, control and power circuitry. A candi- 

da t e  cavity radictor design has been subjected to initial test. Microstrip techniques 

a r e  used for combi.>ing, filtering, and making antenna elements  witn 5 db  gain over 

isotropic. Ways ha l e  been found t o  efficiently combine outputs from up t o  

6 ampliiiers. 

Proper phasing signals a r e  t o  b e  distributed from a control unit at the  center  of the  

subarray to all c ther  panels by a stripline phase feed network. Signal losses on the 

feed may be ei ther  made up for along the  way with local amplifiers or  handled through 

ex t r a  gain at the  power amplifier chip. 

.+isurnin& a s ign4  input power of 1 milliwatt, i t  appears t ha t  two s tages  of amplifica- 

tion die required prior t o  the power amplifier. These should only require a small 
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f rac t ion  of t h e  a r e a  o n  t h e  chip, t h e  power arnplifier taking most  of it. Feedback 

t o  all06 phase  cor rec t ion  between radiat ing e l e m e n t  and amplif ier  may b e  necessary. 

The  power amplification devices  proposed f o r  init ial  tes t ing a r e  GaAs metal-semiconductor 

f ie ld  e f f e c t  t ransis tors  (MESFETs) s imilar  to those made  by Fukuta  e t  

a l ,  which N e r e  15 u a t t  20 volt  devices  (Ref. 7). Thermal  res is tances  f rom t h e  a c t i v e  

regions of the power FET will have  to b e  reduced by use of plated-through pins, a s  

described in R e f e r e n c e  8. 

The alunlinum ground p lane  o n  t h e  radiat ing s ide  of t h e  rnodules provides a mounting 

surf.lce for  t h e  power amplif ier  chips  on raised pads, which f i t  in to  holes in the  dielec- 

tric 5ilbstra:e. Thi; minimizes  t l~errrial  res is tance be tween  t h e  chips  and t h e  m e t a l  

su r faces  ased as thermal  radiator.  Fur ther  a t t e n t i o n  t o  t h e  detai led the rmal  design 

u ill be  required, but prelimtinary e s t i m a t e s  ensure  feasibility. 

In the  r~iodule proposed f o r  t e s t  evaluation, t h e  back plane of t h e  a lumina subs t ra te  

is covered k i t h  a 10 rnil aiuminum cover  u h i c h  f o r m s  t h e  R F  cav i t i es  and  provides 

environmental  protection. This cover  is e iectr ical ly  contiguous with t h e  ground 

p lace  through tabs  cr imped around t o  t h e  f ron t  in t h e  l as t  s t a g e  of t h e  ntodule manu- 

facturirig process. It is also t h e r n ~ a l l y  coupled t o  t h e  ground plane metal l izat ion 

through t h e  t abs  and t h e  substra te .  

A s u r f a c e  of u hi te  the rmal  con t ro l  coat ing N i th  a/€ of .25 (Ref.  9) i s  presumed 

t o  c o a t  the  alurninuln t o  increase the rmal  radiarion capaci ty .  This allows a the rmal  
2 0 rc lect ion i d p a c i t y  0: approxirnatciy I kw /I;) per  s ~ d c  a t  125 C .  For a device eff i -  

2 
ciericy cf 75%, th is  ir~tplies 2n RF power density of ( r l / l - r l ) (Q/A)  = 3 kw/m . 

For design purposes. a module combining six % w a t t  amplifiers has been selected. 

These 30-\! a t t ,  15-volt pou.er amplif ier  rnoduies a r e  to b e  connec ted  in 3 series/paral-  

lel hierarchy i l lus t ra ted in Figure 1.1.2- 17. Modules a r e  connec ted  4 in parallel  

to form unifs cal led rows. Twelve row; a r e  connec ted  in se r ies  t o  fo rm strings. 
7 

Three s t r ings  in parallel  m a k e  up t h e  panel, which is  0.73 m' in a r e a  and is  considered 

to be i h e  least  replaceable  unit. O n e  hundred forty-four panels in a 12x12 series- 

parallel  rnatris f o r m  subar-ays of t h e  s a m e  s i z e  as t h e  cur ren t  baseline with  a voltage 

of 2.16 kv. 



3Qnr KWTER M00Ul.E 

ROW - 4 YOMILES IIJ P - L ~  

STRW- 12 ROWS tN SERIES LEAST SWlTWABLE UNlT 
2.W uv.a22aw.u2 ar 

Figure 1.1.2- 17 Sdid State S u m y  Layaut 



Going t o  series-parallel connections as proposed here makes system failure probability 

calculation somewhat more con~plex  but stil l  well within the  state of the  a r t .  The 

resul t  depends both on the  failure modes of a l l  t he  elements  in t he  matr ix and on  

system response t o  failed elements. A preiiminary plan of overvoltage and short  

c ircui t  protection by regulators, bypasses anci ';lsc.s a t  various levels on the  hierarchy 

is  shown on Table 1.1.2-9. 

An analysis of series/parallel connections for  a case of modules consisting of two 

parallel amplifiers, in parallel rows of 4 modules and strings of 12 rows is shown 

on Figures 1.1.2- 18 and l.i.2-19. in the  case illustrated, the  rou should be able 

to  to le ra te  open failures in two out  of t he  8 amplifiers in order  t o  not a f f ec t  string 

reliability excessively. Tile results also show that ,  for the  case where 2 amplifiers 

per row n?dy fail, t he  string failure r a t e  c a n  be made much lower than the  amplifier 

failure r a t e  i o r  cases u here  only one  amplifier may fail. For example, probability 

of string failure is ten t imes lower than anlplifier failure probability at Fp = .04. 

This nil1 be even more d ra~ i l a t i c  for lower Fpts. 

Table 1.1.2-10 PI Lc ~ t s  a rr~ass es t imate  for a representat ive solid state transmitting 
2 

array design. The total  rrlass per unit transmitting array a rea  is approximately 5 kg/m , 
2 slightly more massive than the  uaveguide in t h e  basel;,~e design (4 kg/m ). The r.f. 

power density for the  configuration on Figure 1.1.2- 17 is 5.5 ku/rn2, yielding a specific 

rnass of about 1 kg/l;u at the center  df the  transmitter.  

This potver density requires a DC-KF conversion efficiency of 82% or  be t te r  in order 

to retain t h e  1 2 5 ' ~  surface temperature limit. Advanced technology pourer arnplif ica- 

tion devices u t~ i ch  handle more power must be  usea in proportionately less lossy 

amplifiers if t he  same teniperatures a r e  t o  be retained. To niatch t h e  22 ku/nl  2 

aperture pouer  density of the present b a c ~ l i n e  satel l i te  design uould require 96% 

eff icient  amplifiers which a r e  unlikely. In t he  a l te rna te  approach of raising the  

teniperatiire, 75 K more is requir2d t o  double the  radiated thermal  power. This is 

not possible in te rms  of GaAs FET t ime to failure, ah i ch  goes down a factor  of I 9  

roughly every 25K. 

Sever31 th ings  a re  apparent from the  mass estimate. First of all, the mass of the 

d ~ e l e c t r  ic doinina:es and can  almost certainly be reduced by going t o  designs with 

less dlelec t r  ic volurne and/or less dense dielectric. 



D 18025037-2 

Table I. 1.2-9 Series-Paallel Unit Responses IPrelminaryI 
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Figure 1.1.2- 18 String Reliability Analysis Configuration 
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Figure 7.1.2- 19 Series-Parallel String Failure Overhead 

Table 1.1.2- 10 Solid State Transmitting Array Mass Estimate 

Component Mass Per Unrr Area (kg m-*) 

MPTS Primary Structure .07 

MPTS Secondary Structure .72 

7.5 mils Aluminum (Front Side Average) -52 

20 mils Alumina 1.99 

7.5 mils Aluminum (Back Side Average) .5? 

5 mils A1 equivalent for radiation shielding .35 

5 mils A1 equivalent for phase feed .35 

5 mils A1 equivalent for intersubarray structure -35 

Total 4.87 



Secondly, t h e  housekeeping masses of support s t r u c t u r e  and  phase feed  add  up t o  about  

a third of t h e  total .  

Lastly,  t h e  power processing system should b e  designed a n d  included in order  t o  fairly 

cornpare t h e  baseline ar,d solid s t a t e  t ransmit t ing options. This will b e  done In Phase I1 

a f t e r  design ref inement  and  detailing. 

Power Supply Options 

In t h e  p resen t  SPS concep t  of a s e p a r a t e  t ransmit t ing an tenna  connec ted  through a 

ro ta ry  joint t o  dis tant  solar ce l l  panels, t h e  method of providing power t o  individual 

m o d ~ l e s  appears  t o  b e  t h e  l a rges t  ident i f iable  system design uncertainty.  Three 

b a s ~ c a l l y  d i f fe ren t  options have been identified ( see  Figure  1.1.2-201, with a choice t o  

b e  made a f t e r  fu r ther  s tudy  in Phase 11. These &re: (1) Direc t  High Voltage DC 

(DH" DC), (2) DC-DC conversion at t h e  t ransmi t t ing  antenna; and  (3) AC power 

aistribution. 

For  t h e  ini t ia l  design, d i rec t  high vol tage DC is  assumed s ince  t h e  solid s t a t e  ampli- 

fiers,  unlike klystrons and magnetrons,  d o  no t  require  vol tage regulation. Fas t  over- 

vol tage protect ion will have t o  b e  provided, however. The main problem with DHV DC 

is t h e  proper connect ion topology if buss voltages of t ens  of ki lowat ts  a r e  t o  be 

reached. (High e l e c t r i c  field values between ad jacen t  subarrays  res t r i c t  how t h e  

subarrays may b e  connected together.)  

DC/DC conversion of fe r s  t h e  lowest risk option bu t  AC distribution may minirnize - 
distribution losses and allow lower solar a r ray  voltages. For both DC/DC and AC, 2 

mass prrralty on t h e  o rder  of  1 kg/kw is incurred. However, s o m e  se r ies  connectiolls to  

ra ise  vol tages  and reduce conductor mass  a r e  s t i l l  expec ted  t o  b e  necessary in an  eco- 

nomically viable system. 

1.1.2.3.3 Solid S t a t e  Sa te l l i t e  System Analysis 

This sec t ion  deals  \kith prelirr~inary values of solid s t a t e  SPS microwave power trans- 

mission system masses and cos t s  and  their  overal l  i m p a c t  on SPS. 

Mass Est imates  

A simple mass  model of t t ,e  SPS microwave t ransmi t t ing  an tenna  has only t w o  terkns:  

o n e  depending linearly on an tenna  a rea ,  which has a coeff ic ient  o f  approxinlately 
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2 4 kg/m f o r  waveguide; and another depending linearly on t h e  power transmitted, 

which has a coefficient of about 1.4 kglkw for  klystrons. The e f f ec t  of going t o  a solid 

s t a t e  antenna, assuming i t  does not  require power processing, is t o  el iminate t he  

power-dependent term in the  mass. If power processing is required, a power- 

dependent t e rm of around I kg/kw will b e  a d d e d  

Cost Est imates 

.As in t he  case of rnass estimates, cos t  components c a n  be  split into z r e a  dependent 

and pouer  d-pendent terms. The en t i re  phase control system is ~nc luded  in t he  a r ea  

term and is probably significantly more cost ly per unit a r e a  t han  in t h e  baselined 

(klystron) system k a u s e  phase must be distributzd to power amplifiers a fac tor  
4 of 10 smaller. Because of the  lack of definition of t he  phase contrcl  system at 

this poi-t, a meani,lgful prediction of i t s  cost for an  al ternat ive solid state satel l i te  

is not possible but is ant icipated t o  rnake a aifference. 

For the  pou er-depenaer:t cos t  ccrnponent of t he  transmitting array, r a ~ g h  predicrions 

may b e  ,nade Sy taking costs and production ra ies for  present microwave semiconduc- 

tor dev,,-cs and running r'lem down 3 production r a t e  irnprovement curve  for an  SPS 

buy. F ~ g u r e  1.1.2- 21 sboi s cos ts  of microwave power for present-day devices and 

Figure 1.1.2-22 illustrates SPS production r a t e  co. t r eac t ions .  Surprisingly, klystron 

CGSIS a r e  ! o x l y  i-a:ched. 

If the phase ccntrol  system cos t  is  a fiich t ha t  of t he  polr-er amplifier cost,  sirigle 

1.4 km diameter  an i en r -  satel l i tes  of approximately 2.5 Gw Earth output  a r e  near 

cos t  optinlal (set: Figure 1.1.2-?3j. Kith a 3% production r a t e  improvement curve  

(i.r., units prodticed z t  the  :ate of 29 per  ye^ cos t  70% as n~uci? as units produced 

a: the r a t e  o i  n >2r year), cos t  per  urlit power for GaAs FETs is about t he  r ame  as 

the projected Cost per unit poww for k!ystrons. 

Sizing Aids 

A nomograph was d e v e l o ~ e d  t o  assist in ~ o w e r  beam sizing es t imates  for thcse systerns 

(Figure 1.1.2-24). The assumptions in this dasign tool a r e  based 611 the  assumed norrilnal 

SPS efficiency chain and a r e  described in Reference iO.  

k'gure 1.1.2-25 plots RF p w e r  density aud moaule power of a .7A x .7 A module 

io? cniform acd  Gaussidn transmitting -.? tures versus DC grid power output. 
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I. 1.2.3.4 Preliminary Noise Analysis 

Calculations of incoherent noise spectral  density near t h e  operating frequency indicate 

that  the  solid s t a t e  MPTS shouid have significantly less ground noise than the  base!ine 

MPTS with 70 kw klystrons. This i s  not due  t o  t he  f a c t  tha t  klystrons a r e  noisier but 

raiher  tha t  the  solid s t a t e  power is radiated over a larger solid angle. Further 

ref inernents of these  calculations, both close to t h e  car r ie r  and out  of band, will 

be  needed once al l  of t he  camponents in t he  MPTS a r e  bet ter  defined, but for ncju 

these est imates suffice and indicate feasibility. 

Phase locking may be used t o  combine the best spectral  charactcristics of several 

devices in a systern. If this is done f o r  the  SPS MPTS by locking local Cunn ox i l l a to r s  

t o  a crystal  controlled reference oscillator a noise spectrum with a floor near - 160 dbclHz 

similar to Figure 1.1.2- 26 can be expected. 

The noise at the  pomer amplifier o u t ~ u t s  of the  klystron and solid s t a t e  MPTS options 

a r e  essentially t he  same G c c i i i S e  in a series of amplifiers noise figures af prior s tages 

~ v e r w h e l m  contributions frorn t h e  following stages. Thus even though a klystron 

may have a rtoise figure of 3 G  db  as opposed t o  approximately 5 db  for a solid state 

amplifier i t  makes no  noticable difference in the  system noise figure, if they both 

have similar f r ~ , l t  ends. 

Since L I I ~  solid sts.2 panels have substantially less a r e a  than klystron modules, t he  

panels will s p ~  ead their noise c .  e r  a wider solid angle than the klystron moduies 

N ill, ther;.'.~ r Aucing the  ground noise power per unit area. (See Figure 1.1.2- 27.) 

Table 1.1.2-1 1 shoks  calculations of the type made by Dr. D. Arndt of NASA-JSC 

for t he  klystron and indicates a level 14 db lower for  the  solid state satel l i te  with 

t h e  parameters  c .usen. 

The coherent contributions close t o  t he  carr ier  a r e  expected t o  result in negligible 

oifset  ~ I O I T I  nominal b e a n  center.  For a frequency deviation of 5 "1Hz (phase lock 

loop banduidth, say!, df/f = dX/A = dB/@ - j/2500 = 11500. With a 10 km rectenna 

diameter the  expected offset  would be 
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1.1.2.4.1 Klystron Moduk Thermal Control 

Failure aniilyses performed as par t  of t he  critique also i nd~ca t ed  a prc9lem with 

the hea t  pipe cooled klystron. The difficulty was tha t  t he  5 0 0 ' ~  segments aould  

utilize liquid meta l  heat  pipes. In t he  event  of a rneteroid pur,zture or  ot t ler  le, k, 

t he  iiquid nletal uould b e  released into the  nigh voltage environment of t h e  t ransmit ter  

system, and leadin: ' 7  arcing and damage. Pbssible permanent damage due r r  plat  ...,: 
of liquid metals  on insulators would I equire repair and/or replacement. 

.4 Vought Corporation circulating fluid cooling option shows tha t  a possible mass 

reduction exists with f1b.d~ ;;ICIC can  be  selected t o  mii~itnize risk of  arcing. V ~ ~ g h t l s  

analy'sis indicates tt ~t a circulating fluid system can  be  mar as reliable a s  *+e h .t 

pipe s y s x m  and certainly more reliable than tile expected l i fet ime of , e :ilystrons 



themselves. Table 1.1.2- 12 shows principal fea tures  of t h e  circulating fluid system for 

t he  klystron cooling circui t  and Figures 1.1.2-28, 1.1.2-29 and 1.1.2-30 i l lustrate  t he  

Vought thermal  ccntrol  concept. 

1.1.2.4,Z Antenna Waveguide Material  

Using waveguides made  of plated coinposites i s  probably a high risk approach based on  

today's know ledge because of potential breaks or  delamination of t he  plating under 

tilet-tr~al cycling or  high RF power conditions. However, the cos t  advantages of a 

material  ~ i t h  a low coefficient of thermal  expansion a r e  sufficient t ha t  development 

of a suitable approach for  waveguides should be identified as a priority development 

itern for SPS. Table 1.1.2- 13  summarizes t h e  cur ren t  s t a tu s  of this  topic. 

Included in t he  analysis of aluminum structural  options was analysis of use of 

aiuminurn for the waveguides in t h e  transmitting antenna. Due t o  expected tempera- 

tu re  changes, and alumhum's high coefficient of thermal expansion compared to t h e  

graphite used in t h e  earl ier  baseline, t he  aluminum waveguides will significantly 

detune. This results in power losses as tabulated on Table 1.1.2- 14. 
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MATERIAL 

FLUID 

INLET TEMP 

OUTLET TEMP 

LENGTH X WIDTH 

TUBE =ACING 

TUBE OlAMETEll 

TUBE THICUNEm 

FIN THICKNESS 

EWlSStVllV 

ABSORTIVITY 

TSINU 

PUMP EFFY 

FIN EFFECT ~VENESF 

AREA 

MASYMODULE 

CURRENT MASSlMODULE - 13.18 kg 
PART III MASSJMWLE - 1- ks 

6009C 

COPPER 

AIR 0 0 ATM 

477% 

413°C 
057111 r lJ1m 

t t a  
5.6 nn 
0.888 nm 

0.163 mm 

0.8 

0.3 

03 

o m  
0.91 m2 

7.95 k# 

3oooC 

COPPER 
DOmI4ERM-A 

nl~c 
26VC 

1- x 1.61111 

2.84 cm 

1.27 n n  

0.71 mcn 

0.066 mm 
0.8 

9.3 

36.6% 

03 

0.920 

1.67 d 
6.13 kg 
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T '  1.1.2-13 Antenna Wawguidle Material 

LQW aE-plated composite detuning loss is 0.2% 
compared to 1.3% for aluminum. 

Cost of 1% efficiency loss is $75 million per 5-GW SPS. 

Plated composite as high-risk, based on today's knowledge. 

Recommend using Iow-CTE characteristics for waveguide 
performance and mass; flag development of suitable 
sxntertl as high~,riority resculch item 

Tabk 1.1.2- 14 Cmpanpan90n of Lasses for Metal & Compwrpwrte W-ide 

AVERAGE mx - 2n METERS 

a AT- 56% 

STICK LENGTH 

srra'w~om 

CROSS GUIDE LENGTH 

CR<LSS GUIW WlDTH 

PERCENT POWER LOSS 

ALUMINUM 

. 6 7  

A;Z 

-17 

.11 

l a %  

COYPOSIT€ 

.02 

-12 

.a2 

.03 

.101 
A 



1.1.25 Analysis of Ant- Strutwe Optims 

Summary of Options and Feahres 

Early investigations of ttte SPS microuave power transmission systems antenna 

structure developed the tetrahedral truss primary and secondary structure concept. 

This systern represents a maxinlum of structural effic~ency foi- such at, antenna. 

However, 11 constrains the subarrays to a non-square system and presented certain 

a ~ f  ticulties with respect to main~enance access. This conf~guration is compared to 

ott1t.r optloris In Figure 1.1.2-31, 

The center illustrat~on in the iigure represents the antenna structure as visualized by 

the rrlaintenance engineer. I t  provides easy access to subarray repair or replacement 

and allows square subdrays but structurally is not very efficient and employs tension 

members. The use ot tenslon members results in dubious dynamic qualities for the 

structure. Further, the secorldary structure is rquired to provide stability of the 

primary structure. Analycis of this combination indicated a relatively poor stiffness 

ef iiciency. 

The pentahedral truss snow n at the left  appears to offer a way out. It tr~aintains good 

access w itt? good efficiet~cy, eliminates tension members and allows square subarrays. 

A potentidl interference problem has been ideniified with respect to the operation of 

the n~dintenance gantry and the existence of cross bearn members for the prirnary 

perttahedral truss structure. This is better illustrated in the next figure 1.1.2-32. 

The pentahedral structure is shown in more detail in Figure 1.1.2-32. Simplification 

of the seconadry structirre appears in order. The upper cross-braces in the primary 

structure create an interference with operation of the maintenance gantry. Further 

investlgativr~ during phhse 2 of the study is expected to find a way to eliminate this 

interference. 

STRUCTURAL ANALYSIS OF THE A-FRAME MPTS ANTENNA 

The purpose df this study was to develop as much design information as tirne permitted 

to a ~ d  in evalua7~ng the A-frame antenna's viability from a structural standpint. 

Tho types of results were developed: 
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I. The stiffness characteristics of t h e  structure, in te rms o t  i t s  natural vibration 

rnodes and frequencies, were deterrrlined by means of a NASTRAN f ini te  element  

model. 

2. An es t imate  of thermal deformations and associated deviations from flatness for  

an  alurninum structure *as made, also via NASTRAN. 

RESULTS 

I. Secondary Structure Model 

The first s t ep  in the study was to  ascertain the  vibratory characteristics of the  

secondary structure, which consists of a series  of truss modules as sketched below 

in Figure 1.1.2-33. Its relation t o  the  primary structure is shown in Figure 

1-1.2-3g. 

To s u e  the plate a pin-jointed NASTRAh model of the  truss was analyzed first. 

l l embers  were made of GrIEp and were sized assuming a n  annular cross-section 

with a wall thickness of 0.030 in and an outside diameter chosen to give an  r / t  200. 

The sizes appear in Table 1.1.2- 15. 

The above sizes correspond t o  a totzil antenna secondary structure mass of 565 

SIT, which is 2.9 tirnes the  rnass given in (1). 

hose shapes and frequencies for the truss simply supported at i t s  four corners 

Are shewn in Figures 1.1.2-35 through 1.1.2-39. The frequency range, 0.39 Hz 

to 1.24 Hz, 1s well above tha t  t he  full antenna fundamental. Hence adverse 

resonant coupling is not a concern. 

In constructing the overall antenna niodel each  truss was replaced by a single 

plate  element having the  same fundamental frequency as the  truss. To determine 

plate  thickness a quarter model with free-free boundary conditions was analyzed. 

The lat ter  bounciary conditions were chosen, since analytical expressions for  

natural frequencies of plates pinned at their corners a r e  not readily available. 

Furthermore, in a model where mass is lumped at t h e  four corners of t he  plate, 

pinning the corners would cornpletely prevent any vibratory motion. A first 

estirrlate of plate  thickness was made using a method described below. 



A .  
Fyure 1.1.2-33 Secondary Structure Mdute Tnrss 

SUBARRAYS-3 POlNT SUPPORT 

MAINTENANCE 

STRUCTURE 
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TaMe 1.1.2- 15 Serondery Jkmctun Member Sim 

SPS SECONMRY STRUCTURE m)aJlE WWf SHAPES 
SIWLT SUPPORTtD 17 L O l f P  CORNER3 
UFPER SUSFACI WML F!CPLACENNTS YIW 
WML DEfOR. SUBCASE 1 MODE 1 FREQ. 0.393710 

Figure 1.1.235 SPS Secondary Structure Module Mode Shapes, Mode 1 

- 

Horizontals & Verticles 

Diagonals 

t = 0.030 in. 

do, in 

2.5 

3.5 

A, in 2 

0.4684 

0.6569 

L/ 

234 

236 



SPS S E C ~ ~ V  STRJCTURE WXWLE WOE W Q  
S I R L I  SUPPORTED A T L L M R  COWERS 
UPPER SURFACE WOAL DlSPLACLfXCTS StWN 

ROML DEFOR. S P C I J E  2 ROE 2 F N Q .  0.5534l4 

Fiwre 1.1.2-36 SPS Secondary Structure Module Mode Shapes, Mode 2 

SPS SECONMRV STRUTURE W L E  MODE SHAPES 
SIWLV SUPPORTED AT . M R  CORNERS 
UPPER SURFME WML DISPUCE#WTS SHIM 

I(ODAL MFOR. S U W E  3 WE 3 FREQ. 0.736557 

Fbure 1.1.237 SPS Secondary Sttucture Module Mode Shapes, Mode 3 



7-26-71) WAX-DEF. 0.04561305 

SPS SECOtIDAUY STRUCTURE I(YHKE WON SHAMS 
SIMPLY WPPDRTED AT LWER C O W &  
WPER S U l f K E  HDDAL D I S P U C M L N T S  SHWN 
MOML DEFOR. SUBCASE 4 HOOE 4 FREQ. 0.66678 

Figure 1.1.238 SPS Secondary Structure Module Mode Shapes, Mode 4 

SPS SECONDARY STRUCTURE W U L E  MEDE SHAPES 
SlrPLY SUPPDRTED AT LWER CORNERS 
UPPER SURFACE MODAL DISPLACEnEHTS SHWN 

W M C  DEfOR. SVBCME 5 M O M  5 TRIO. 1.242043 

Figure 1.1.2-39 SPS Secondary Structure Module Mode Shapes, Mode 5 



The plate frequencies were obtained by analyzing a NASTRAN model consisting 

of a single p la te  element. The ncn-structural mass corresponds t o  t ha t  of t he  

heaviest modules located near t he  center  of the  antenna. Non-uniformity of 

t he  mass distribution over the surface of t he  module was considered t o  be a small 

e f f e c t  and was neglected. 

2. Antenna hrlodel 

One of the  main structural  features of t he  A-frame antenna is t he  utilization 

of the secondary structure as a primary load-carrying agent. Each module is 

independently fixed t o  the  A-frame ridges of t he  primary structlrre. Thus there  

i s  no direct load path from one module to another. This reduces the  overall in-plane 

stiffness of the antenna. Incorporating this fea ture  in t he  f ini te  element  model 

was considered of prime importance. Figure 1.1.2-40 shows schematically t he  

idealized at tachment of a typical module t o  the  primary structure. As a n  example, 

standoff beam 1-5 is fixed to the  plate  at node 1 and pinned t o  the  primary struc- 

ture  a t  node 5. Torsional stiffness is also included. There i s  no  direct  connection 

between adjoining plates, as in the  actual  structure. Although t h e  plates a r e  

shown slightly separated in Figure 1.1.2-40 for  clarity, t he  corners of adjoining 

plates occupy the  same point in space in t he  NASTKAN model. This contact  

exists in a geometric  sense, but not in a structural  sense. 

Primary structural  members were sized in a way similar t o  tha t  described earlier 

f o r  the  secondary truss, using an  I / t  = 200. Table 1.1.2-16 summarizes this 

data. 

The primary structure was pin-jointed. To reduce the order of the  problem 

a half-model was used with the  axis  of symmetry l y ~ n g  perpendicular to t h e  

antenna's axis of rotation and passing through the center  of the  antenna. The 

structure was simply supported at the connection t o  the  yoke as shown in Figure 

1.1.2-41. 

The antenna mass was distributed over the  surface in accordance with the  klystron 

layout shown in Figure 1.1.2-42. In t h e  overall antenna model, s t ructural  mass, which 

represents about 6% of the  total, was neglected. 

The I ~cl'eforrned finite element model appears in Figure 1.1.2-43. Figures 1.1.2-44 

thrt-ugh 1.1.2-48 show the  f i rs t  five vibration modes. Of these the  f i rs t  three a r e  
sylnmetric and the last two a r e  anti-symmetric. In order t o  Compare the  baseline 



STANDOFF BEAMS 
(ONE FOR EACH PLATE) 

Figure 1.1.2-40 Attachment of Secondary Module to Primary 

Table 1.1.2- 16. Primary Structural Member Sizes 

All Members Except Diagonals 

Diagonals 

do, in 

58.17 

82.15 

A, in 2 

5.480 

7.739 

L/ 

= 200 

= 200 



u T c n  XHNTS U~D 
MlNGED JOINTS 01 

Figure 1.1.24 1 Reference MPTS Structural Approach 

STEP - 
1 

NUMBER 
SUBARRAYS 

276 

NUMBER 
KLYSTRONS1 
SUBAR RAYS 

36 

NUMBER 
KLYSTRONS - 

9.936 

Figure 1.1.242 MPTS Reference Po w r  Taper Integration 



ANTENW W F  HWEL. S Y M T R l C  
IWW)ES MU FREQUENCIES 
FREE-FREE 
ODM DEFORM. SUBCASE 5 )OOf 5 FREQ 0.199691 

Figure 1.1.2-43 Antenna Half Modd 

ANTENNA W F  nO#L. SVWTRIC 
NODES AND FREQUENCIES 
FREE-FREE 
MDML DEFOR. SIBCASE 3 RODE 3 FWQ. O.OQSB78 

Figure 1.1.244 Antenna Half Model Displacements Mode 1 



ANTENNA M L F  W E L .  SYWETRlC 
AN0 FREWEIICIES 

SUBARRAY WML OlSPUCLnENTS SHWN 
NOOM OEFOR. SUBCLSE 2 W7E 2 FRZQ. O.OSl66l 

Figure 1.1.245 Antenna Half Model Displacements Mode 2 

ANTENNA M L F  IIOML. SYMETRIC 
MW€S An0 FREQUENCIES 
SUBARRAY lYWML OISPLKEMENTS SHWN 
mY)M OEFOR. SUBCASE 3 WE 3 FREQ. 0.1048'10 

Figure 1.1.2-46 Antenna Half Model Displacements Mode 3 



FWre 1.1.247 Antenna Half Modal, Free-Frae Mode I 

M T E N M  M L F  Ml. ANTI-STWTRIC 
* W Y S  MO F R E q J E t l E S  
jU&RRAI MODAL DlSPLAtrWEMlS SUmN 
raOA, OEFW. S W E  2 IIO[)E 2 FREO. 0.173657 

figure 1.1.2-48 Antenna Half Model, Free-Frm Mode 2 



stiffness to that of t k  tetratruss 3s reported by General Dynamics in (31, the uncon- 

strained modes and frequencies of the former were obtained. Tte first three sym- 

metric free-free mdes we  shown in  Figures 1.1.2-49 t o  1.1.2- 51. For comparison 

purpaaes the first four tetratruss modes are reproduced from (3). pg. 79 and appear 

in  Figure 1.1.2-52. 

The final result to  be presented is an estirliate of the thermal defxmations resulting 

from the tempzrsturz distribilticn o; Figure 1.1.2- 53, reproduced from (3), c t i n g  

on an aluminum antenna structure. The defxmations are shown in F i g ~ r e  1.1.2-54. 

Two conclusions resulted from this analysis: 

1. Thermal deformation of an aluminum antenna far exceed thaw aliowable within 

the requirements for MPTS beam-forming performance. An sluminurn antenna 

therefore would require active deformation control. 

2. The A-frame structure is not very efficient because of the relative softness of 

the secondary structure in providing stability of the primary structure. A penta- 

hedral truss antenrla structure appears to  provide a good design compromise between 

structural efficiency and mainterlance access. 

1.1.2.6 DC to DC Converter Analysis 

The critique of the reference concept raised the issue of DC to  DC converier 1:fe 

based on corona induced failures within transformers and inductws used i l l  filters. 

The reference DC to  DC converter concept was derived by >,?iccting a converter chop- 

ping frequency of 20 kilohertz in order that the overe!i satellite mass was minimized. 

However, the reliability analysis was performra using failure rate data based on 400 

hertz. Corona-induced failures withip ~ransformers are dependent upon the total 

number of AC cycles 10 which tkte transformer is subjected. The main-time-t+failure 

at 20 kilohertz is 50 times shorter than at 400 i.?rtz. 

As a result cl the critique an analysis was accomplished to  investigate the tollowing 

three approaches to  increasing the predicted l i fe of the converter. 



I I W T E M  Wc ME!, SmElRlC 
RWES h C  f kiWMlES 
FREE-fIEE 
MlilAl DEFDR. S1BCMF 3 1002 3 FREQ. 0.09507@ 

Fiure 1.1.249 Anmna Half Modal, Freefree Mock? 3 

ANTENNA HALF WLKL. S W T R I C  
WOES AW FREQUElrCiES 
FREE-FREE 

MOCtU DEFR. SU)C&I 4 4 FREQ. 0.192036 

Figure 1.1.2-50 Antenna Hdf Model, Free-Free Mode 4 



F@re 1.1.2-5 1 Antenna Half Modal. FreeFree Mode 5 

MODE 1 I = 0.085 Hz ASTlGLUTlSU MODE 2 f = 0.085 Hz ASTIGMATISM 

MODE 3 ! = 0.141 Hz DEFOCUS MODE 4 I =  0.148 Hz N = 3 

Figure 1.1.2-52 Preliminary Modal Analysis 
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SUBARRAYRADIATORSURFACETEMPERATUREBOUNOARYCONDlTIWSFORSUPPORTSTRUCTURE 
THERMAL ANALYSIS 

I... MAXIMUM (WASTE HEAT 
PLUS MAX. SOLAR) 

--.)-- PRIOR TO EARTH 
SHADOW (WASTE HEAT 
ONLY) 

- - - MiNI?AUM (END OF EARTH 
SHADOW 

F&ure 1.1.2-53 Antenna RF 73ermaI Loads 

ANTE- HALF IOML. S M T R 1 C  
THEMUL DEFOrWITlOllS 

STATIC DEFOR. SUBCASE 1 L w  0 

Figure 1.1.2-54 Antenna Half Mode/, Thermal Deformations 
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a) Reduce the  converter system chopping irequency 

b) Increase the  transformer life by &rating the  dielectric material (i.e., operate 

at a lower voltage stress) 

c )  Redesign the  transformer to increase its operating life. 

Reducing the  converter system chopping frequency incurs a significant mass penalty. 

The converter specific mass including thermal control at 1 kilohertz is approximately 

2.9 kg/kw ar.d is approximately 1.7 kg/kw at 20 kilohertz. Derating the  dielectrics 

in the converter results in a converter specific mass (including thermal control) of 

2.0 kg/kw. 

An effort  is underway by Thermal Technology Labs (funded by the  USAF Aero Propul- 

sion Laboratory) t o  develop lightweight transformers for airborne power supplies. 

A computer program has been developed, and a 50 KVA prototype fabricated t o  verify 

the  computer optimized design, t o  enable the &sign of lightweight liquid cooled trans- 

formers. The computer optimization was used t o  develop a design for a 6,000 kw 

liquid cooled transformer. 

The analysis was used t o  develop design parameters for the transformer as a function 

of frequency. The per*,nent parameters for the  transformer are  shown in Table 1.1.2- 17. 

In order t o  increase the overall converter lifetime dielectrics were derated for all 

filters in the converter. The losses for the  revised converter a re  tabulated as a func- 

tion of frequency in Table 1.1.2- 18. 

In order to select the chopping frequency f a  the  long life processor, the  curves shown 

in Figure 1.1.2-55 were developed for the baseline converter design, the baseline 

converter with derated dielectrics in all filters and a liquid cooled transformer as 

a replacement for the baseline transf ormer. It is apparent from the curves of Figure 

1.1.2-55 that  the minimum mass system occurs when the  liquid cooled transformer 

is used (with derated dielectrics in all filters) at a chopping frequency in the 15 t o  

20 kilohertz range. This converter concept was selected t o  replace the baseline con- 

verter concept. 
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T&e 1.1.2- 17 Liquid Coded Tiansfomr 

POWER IN 

POWER OUT 

EFF!CIENCY 

WEIGHT 

INTERNAL SIZE 

OPERATING FREWENCY 

Tdle 1.1.2- 18 Itemized DCDC Converter L m - N e w  Design 
~ W z O  

CONVERTER SECTION 

IPJPUT FILTER 

CON0 
SWITCHING 

SW 

DRIVE AVO 
SUPPRESSION 

TRANSFORMER 

RECTIFIERS 

OUTPUT FILTERS 

TOTAL LOSSES 
F 

EFFICIENCY (XI 
t 

v 
LOSSES IN KW AT CHOPPING FREQUENCY 

1 KHz 

30 

12 

2.4 

10 KHZ 

42 

12 

12 

20 KHZ 

48 

12 

24 

22 

70 

2 2 

60 

178.8 

96.8 

30 KHz 

54 

12 

36 

11 

70 

23 

138 

305.2 

94.7 

55 

70 

2.2 

120 

Ta.7 

953 

16.5 

70 

2.2 

149.5 

340.2 

Q4.1 



MAS - CONVERTER MASS + THERMAL CONTROL MASS + ARRAY MASS 4 REQUIRE0 TO MAKE UP FOR 
CONVERTER LOSSES ) 

PART II CONVERTER 

PART II CONVERTER 
WlTH OERATEO 
0:ELECTRIC MATERIALS 
CTRANSMRMER & FILTERS) 

PART II CONVERTER 
WlTH NEW TRANSFORMER 
AND DERATED DIELECTRIC 

- MATERIALS 

CONVERTER CHOPPING FREQUENCY 2. KILOHERTZ 

Figure 1.1.2-55 DCDC Converter Switching Frequency Se1er:tion 



P A S S A G E  OF LOWER S A T E L L I T E S  

T H R O U G H  T H E  S P S  P O W E R  BEAN 

I n t r o d u c t i o n  

If one o r  more Solar Power S a t e l l i t e s  a r2  deployed i n  gecsynchronous 

o r b i t  (GE(i), the p o s s i b i l i t y  w i l l  a r i s e  of encounters w i t h  the  (n~icrowave) 

power beams by  o ther  sate1 1 i tes , i n  o r b i t s  below geosynchronous a1 ti tude. 

The pawet- bea~!is mdy use f i r l l y  be v isua l i zed  as spokes of a wheel, r o t a t i n g  

w i t h  the Lar th  as hub dnd w i t h  GEO d s  the r i m ,  althotrqh the beams w i l l  o f  

covrse no t  be evenly spaced, being concentrated near lons i tudes where h i s h  

powel- dcrnar~d e x i s t s .  The problem considered here i s  t h a t  o f  determining 

the frequency anrl dut-at i on  o f  encounters w i t h  lower sate1 1 i tes,  both i n  

c i r c u l a r  o r b i t s  and i n  low- thrust  t rans fe r  from LEO Lo GEO. 

Probleins a r i s i n a  from the existence o f  SPS power beams may inc lude  

the f u l  lowiry: 

i )  Radiofi-equency in te r fe rence  (RFI)  w i t h  t h e  operaticin of some lower 

s a t e l l i t e s .  

ii) Damage t~ sgnsors o r  o ther  components o f  s a t e l l i t e s ,  f o r  which the 

owners o f  the SPS involved k;ould presunably be 1 i a b i e .  

i i i )  Design cons t ra in ts  and add i t i ona l  costs imposed on a l l  s a t e l l i t e s ,  

t o  avoid dalr;,~qi. o r  maic ta in  operat ion i n  the event o f  encounters w i t h  

power bcarris. These c o s t s  shuuld c i e a r l y  be borne by the SPS systeni, bu t  



there are inherent d i f f i c u l t i e s  both i n  levy ing independent, in te rna t iona l  

SPS operators and i n  a1 locat ing compensation t o  owners o f  s a t e l l i t e s .  

iv) .  Br ie f  outages i n  the power from a given SPS, due t o  in ten t iona l  

shutdown t o  avoid damage t o  a sensi t ive s a t e l l i t e  o r  because o f  occu l ta t ion  

of the bear; by large vehicles (such as an SPS module ir( self- transfer 

from LfO t o  6L0). . 

v )  Legal disputes a r i s i n g  from the f a c t  t ha t  each SPS preempts, not  only  

a loca t ion  i n  GEO, but a large region of space (of order one m i  11 ion  

cubic ki lonierers), f ixed r e l a t i v e  t o  the Earth, fo r  i t s  power beam. 

v i )  I.cqal, at l~e in i r t ra  t ivt! an3 perhaps s e c ~ ~ r  i t y  problems invol  ved i n  the 

maintenance o f  an up-to-date ephen~eris fo r  a l l  s a t e l l i t e s  which might be 

affected, so tha t  encounters niay be predicted, 'and i n  coordinat ion between 

mul t inat ional  governmental and p r i va te  operators o f  power and other 

sate1 1 i tes. 

For t t~nnte ly ,  as w i l l  he shown, these prob lm~s are not  as serious 

as they rrlay a t  f i r s t  seem, because these encounters are general ly ra re  

and b r i e f ,  even when a large number o f  power s a t e l l i t e s  are i n  operation. 

O r b i t a l  Geometry 

I t  i s  c lear  that, i f  the inc l ina t ions  o f  the o r b i t s  of both the SPS 

and a lower s a t e l l i t e  are exact ly  zero, and i f  the SPS i s  feeding a rectenna 

which i s  exact ly  on the equator, then the s a t e l l i t e  w i l l  encounter the 

power beam i n  every revolut ion. I n  the general case, i n  which the rectenna 

i s  a t  l a t i t u d e  L and the lower s a t e l l i t e  i s  i n  an o r b i t  o f  i n c l i n a t i o n  i, 

the frequency of  encounters i s  much less. 

For present purposes, i t  i s  s u f f i c i e n t  t o  assume tha t  both the SPS 

and the rectenna are a t  longitude zero. The l i n e  defined by the power beam 

then in tersects the polar ax is  o f  the Earth a t  a po in t  A, as shown i n  F i g .  

1.1.2-56,whose distance from the equator ial  plane i s  



where the u n i t  o f  d istance i s  the rad ius o f  the  Earth, 

rs = 6.63 i s  the rad ius of GEO, and + i s  the angle which the power beam 

makes w i t h  the equa to r ia l  plane. As the SPS nioves around i t s  o r b i t  each 

day, the Seam thus generates a  con ica l  surface about the po la r  ax is .  The 

i n t e r sec t i on  o f  the i nc l i ned  o r b i t a l  plane w i t h  t h i s  surface i s ,  of course, 

a  conic sect ion:  an e l  1 ipse, parabola o r  hyperbola according t o  whether 

i i s  less than, equal to, o r  greater  than 4 .  Since @ < 7.4' f o r  L < 50°, 

the i n t e r sec t i on  wi ! ;  be a  hyperbola except f o r  e s s e n t i a l l y  equa to r ia l  

s a t e l l i t e  or.bits. The locus o f  the power beam i n  the lower s a t e l l i t e  

o r b i t a l  plane s t a r t s  a t  geosynchronous a1 t i  tude when the SPS passes through 

the r i g h t  ascension of the ascending node (assuming the o r b i t  i s  posigrade); 

i t  sweeps dowri, dur ing a  per iod o f  s i x  hours, t o  a  niininlunl a1 t i t u d e  (frorn 

Fig.  1.1.2-56 

and then sweeps up again t o  meet GEO a t  the r i g h t  

ascension of the descending node. There i s  no i n t e r sec t i on  w i t h  the 

s a t e l l i t e  o r b i t a l  plane dur ing the next  12 hours, u n t i l  the SPS reaches 

the ascending node again. 

1 
Note tha t  i n  the e l l i p t i c  case (i < @),  12.21 impl ies  r,,, > 7 rs. 

The e l l i p t i c  locus i s  s i g n i f i c a n t  & l y  f o r  high, no t  q u i t e  equatol- ia l  o r b i t s ,  

and i s  no t  considered f u r t h e r  here. 

I t  i s  a l so  noteworthy t h a t  the shape and o r i e n t a t i o n  o f  the locus are 

f i x e d  when the l a t i t u d e  o f  the rectenna and the  i n c l i n a t i o n  and o r i e n t a t i o n  

o f  the lower s a t e l l i t e  o r b i t a l  plane a re  given. The beams from several 

SPS's, fcedinq rcctennas a t  the same l a t i t u d e ,  w i l l  thus f o l l o w  i d e n t i c a l  

paths i n  a given o r b i t a l  plane, the long i tude of the rectenna and SPS 

f i x i n g  on ly  the time o f  day when the bean1 i n t e r sec t i on  s t a r t s  i t s  sweep. 

I n  a  geocer~ t r i c  equator ia l  i n e r t i a l  coordinate systeni w i t h  the 

x-ax is  t o ~ ~ a r d s  the ascending node and the z-ax is  along the no r t h  po la r  

ax is ,  the rad ius vector t o  a  po in t  i n  the l i n e  def ined by the power beam, 

a  distance b from the i n t e r sec t i on  w i t h  the po la r  ax is ,  i s  





and the u n i t  vector  up the power beam, cowards the  SPS, 

i s  

= 

I n  these expressions, R = 72.7 microradians/second i s  the GEO 

z z, - b s i n  4 

= x 

Y 

i = 
-P 

angular v e l o c i t y  and t ime i s  measured from an i n s t a n t  when the locus o f  

the beam i n  the i nc l i ned  o r b i t a l  p lane i s  a t  i t s  lowest a l t i t u d e ,  g iven 

by l2.23. 

- b c o s $ s i n f t t  

b cos 9 cos R t  

- cos q, s i n  R t  

cos cos nt 
- s i n  g 

The u n i t  vector along the i n c l i n e d  o r b i t  normal i s  

Now transfor111 [ 2 . 3 ]  t o  a coordinate syster~~ w i t h  the same x-ax is  

I ~ r t ,  w i i . t ~  ~ I I ( >  z - ' ~ x i b  alon!j tl~c! i r ~ c l i n c t l  o r b i t  nonltal. Thr? t rans fo r l~ ia t ion  

mat r i x  i s  

i ,  = - z 

1 0 0 

0 cos i sin i 

0 - s i n  i cos i 

- s i n  O i I 
cos il 

so t h a t  the  t ransfor~ned vector  i s  



The locus o f  the i n t e r s e c t i o n  o f  the beam w i t h  the i n c l i n e d  o r b i t a l  p lane 

i s  g iven by z '  = 0, o r  

b* = b/zo = cos i / [ s i n  9 cos i + cos 4 s i n  i cos ~ t ]  ~2.71 

= / - b cos + s i n  fit 

b cos 0 cos i cos nt + (zO - b s i n  ) ) s i n  i 
e' I 

so tha t ,  dropping the primes on the coordinates,  

z ' I - b cos + s i n  i cos nt + ( z O  - b s i n  ))COS i 

x ' 
Y '  

X = 
- r,cos i s i n  4 s i n  R t  

[ s i n  g cos i + cos q~ s i n  - c Z J  

Y =  
r 5 s i n  4 cos R t  

-. ..- - . . --- -.- -- --- 
[ s i n  cos  i + cos 4 s i n  i cos 

where [2.1] has been used t o  e l  iminate zo. The po la r  

freedom eq:!ations of the hyperbol i c  locus are then r e a d i l y  obtained as 

2 2 1/2 
r = r,sin 4 [I - s i n  i s i n  R t ]  

[ s l n c r i  t cos $ s i n  i cos ~ t ]  

tan 0 = - cos i tan 9 t  r 2  9b) 

The path fo l lowed i n  an o r b i t a l  p lane o f  i n c l i n a t i o n  i = 28.5" by 

the i n t e r sec t i on  w i t h  the power beam t o  a rectenna a t  l a t i t u d e  L = +35' 

i s  shown i n  f i g .  2.2. 

The t ime when the beam crosses an o r b i t  o f  rad ius  r may r e a d i l y  

be found by so lv ing  [Z .Qa] ,  which i s  quadrat ic  i n  cos Rt.  





D u r a t i o n  o f  B e a d s a t e l l i t e  E n c o u n t e r s  

In order t o  estimate the maximum time tha t  a s a t e l l i t e  i n  an 

c r b i t  of radius r can spend i n  the power beam from a oiven SPS, i t  i s  

su f f i c ien t  t o  assuttie that  the region o f  s iqn i f i can t  f lux  density 

expands l i n e a r l y  froin the diameter Ds o f  the antenna a t  the SPS tc the 

(east-west) d ianr te r  0, o f  the rcctenna a t  the surfdce o f  the Earth. 

A t  a distance d front the SPS, the e f fec t ive  didtneter o f  the bean1 i s  then 

where 

dr = s i n  L /s in  3 12.111 

i s  tile distance fro111 the SPS t o  the rectenna ( i n  Earth 

r a d i i ) .  Wr i t ing 

r 
s d - b  

cos 4 

dnd substitcbting from 12.71, the diameter o f  the bcair!, 

a t  the in tersect ion w i th  inc l ined o r b i t  piane i s  fourid t o  be 

(D,.-D,)rssin ,* s i n  i cos Ct 
= 

's + Z m i n  4 cor i + cos 41 s i ~ i i c ~ ~  
1 2 - 1 3 ]  

The ra te  a t  which the beam in te rsec t ion  moves i n  the o r b i t a l  p1a:le 

; = - Cr cos i s i n  9 ~ n ~ c o s i c a s i ! t  s i n i c o s g J ,  [ 2 m 1 J a 3  
5 [ s i n  cos i + sir) i cos $, cos Ct]' 

2 - i!r,sin I$ cos i s i n  O t  
. 7 = rGn 4 cos i + cos d s i n  i cos cq' '  [ z .  l S b j  



In order to use these expressions, [2.9aj 1s solved to give the time 

when the beam crosses the given satel 1 i te orbit . For an encounter to 

occur, the sate11 i te must then be at the angular position given by [2.9b]. 

and its cotliponents o f  velocity wi 1 1  be 

where vc is the circular orbit velocity, related to 

the zero-altitude value v = 7.91 km/sec = 1.21 r Earth radiilsec by 
C 0 

The relative velocity of the satellite and beam intersection, in 

the orbital plaric., is the11 

T;,c !!nit vector up the beam was given in [2.4], in equatorial 

coot-dim t es .  Tt..?nr;fonriing it to orbital -plani? coordinates gives 

, = I - ccs 41 $in ~t i [2. is]  
i cos i cos ; cos i!t - sin c sin .; 

I 1 -  s in  i c o r :  cos i:t - cos i s i n :  , 

T h e  reldtibc veldcity vecto~. o f  the sa te l l i te  ~ d k c s  d n  angle a 

wi th  t ! ~ c  bz,te d x i 5 ,  (liven by 

Tlic d i s t a n c c  throucih the bena, dt this angle, is 



and the durat ion of the encounter i s  

T = - (--- 
C 

+ X )  Av s i n  

where X i s  the diameter of the s a t e l l i t e ,  measured 

i n  the d i r e c t i o n  o f  the r e l a t i v e  ve loc i t y  vector. 

Fig. 1.1.2-58 sham the encounter durat ion as a funct ion of the 

s a t e l l i t e  o r b i t  radius, for  a small s a t e l l i t e  and for  a la rge  one for  

which X = 5 kn. As before, L =3s0 and i = 28.5" i n  t h i s  f igure.  

It i s  c lear  fron the f i gu re  that,  i f  a shutdown of the pcwer beam 

i s  necessary t o  avoid a s a t e l l i t e  encounter, o r  if the beam i s  occulted 

by a la rge  s a t e l l i t e ,  the outage w i l l  be br ie f ,  no t  more than several 

seconds. 

2.4 Frequency  o f  f3eam;Sate:lite E n c o u n t e r s  

2.4.1 S a t e l l i t e s  i n  C i r c u l a r  O r b i t s  

The rninGm.iin radius i n  the o r b i t a l  plane reached by the power beam 

intersect ion i s  q i v e ~  by [2.2]. I t i s  easy t o  show tha t  rm > 1 i f  L > i. 

There are no encounters w i t h  the beam by s a t e l l i t e s  o r b i t i n g  telow t h i s  

radius. The maximum safe o r b i t a l  a l t i t u d e  ( i n  km) i s  shown i n  Fig. 2.4 

as a funct ion o f  the o r b i t  inc l ina t ion ,  f o r  several rectenna la t i tudes .  

The cross-hatched region shows the range o f  l a t i t udes  from 30" t o  45", 

whcrc t hc ~ I J  j o r  i ty o f  r,oc tcnna s may be cxpec ted . 
One strategy for reducing the frequency o f  beam encounters i s  t o  

use a low-incl  ina t  ion o r b i t  for satel  1 i tes wherever feasible. Because 

o f  the steepness of the curves i n  Fig. i.l.2-59, and because o f  the expected 

geographic d i s t r i b u t i o n  o f  rectennas, small reductions i n  i n c l i n a t i o n  

could producc s ign i f i can t  effects. For example, a s a t e l l i t e  i n  an o r b i t  

of i n c l i t i ~ t i o r i  28.5" aiid a l t i t u d e  500 km w i l l  never enccunter. beaas t o  

rectennas a t  higher l a t i t udes  than about 31"; a plane change of 2", t o  



Figure 1 . 1 . 2 - 5 8 :  Duration o f  Beam/Satell i t e  Encounters 
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F i g u r e  1 .1 .2 -59 :  A l t i t u d e s  Below Which There Are No Beam Encounters 
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26.5'. could e l iminate encounters w i t h  beams feeding New Orleans, Houston, 

San Antonio and other major c i t i e s  near 31' l a t i t ude .  

I n  general, however, there w i l l  be s a t e l l i t e s  i n  o r b i t s  above the maximum 

safe a l t i t u d e  for  a given rectenna. I n  such a case, an estimate o f  the 

p robab i l i t y  o f  a beam encounter may be obtained by considering the width 

o f  the in tersect ion between the beant and the o r b i t a l  path. The u n i t  

vector tangent t o  a c i r c u l a r  o r b i t  a t  the beam in tersec t ion  i s  

i n  orb i ta l -p lane coordinates. The angle which the 

tangent t o  the o r b i t  makes i- i i th the beam ax is  i s  then given by 

cos X 

where i i s  given by [2.18]. The width o f  the in te rsec t ion  
-Q 

i s  then 

I f  the a pr io t i  probab i l i t y  of the sate1:ite being anywhere i n  i t s  

o r b i t  a t  a given ins tan t  i s  uniform (e.g., i f  there i s  no coordinat ion 

between the sate1 1 i t e  and SPS) , then the encounter probabi 1 i t y  on a given 

day ( i .e . ,  during a s ingle pass o f  the bean) w i l l  be simply 

where a factor o f  two has been included t o  account f o r  

the two beam-intersection regions i n  the orb i t . *  

This funct ion i s  p lo t ted  i n  Fig. 1.1.2-60, for;- 28.5' and several 

*Note that there are some special o r b i t s  f o r  which encounters a t  the 
two intersect ions during a s ingle beam pass are not mutual ly exclusive 
events. 
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Figure 1.1.2-60:Probability o f  Beam Encounter 



rectenna l a t i t udes  L. The maxSmum probabi l  i t y  o f  encounters occurs f o r  

s a t e l l i t e s  a t  r e l a t i v e l y  low a l t i t udes  -- f o r  example, a s a t e l l i t e  launched 

a t  a random time i n t o  an o r b i t  o f  a l t i t u d e  2000 km has, during i t s  f i r s t  

day o f  operation, about one chance i n  2000 o f  encountk ing the beam t o  a 

given temperate-zone rectenna. 

While t h i s  p robab i l i t y  seems f a i r l y  low, encounters o f  course 

become much more l i k e l y  i f  mu l t i p le  s a t e l l i t e s  and/or m u l t i p l e  SPS's are 

considered. For example, i f  there are 20 sate1 1 i tes i n  randomly-phased 

low o r b i t s  (but above the maximum safe a l t i t ude ) ,  the beam from a newly 

c m i s s i o n e d  SPS t o  a temperate zone rectenna has about 1% p r o b a b i l i t y  

o f  encounter$ng one o f  than during the f i r s t  day. Conversely, if one 

hundred SPS's are i n  operation, a s a t e l l i t e  a t  t h i s  a l t i t u d e  has about 

a 5% chance o f  an encounter during a given day. 

It should be noted that, once a beam encounter has occurred, o r  

once the o r b i t a l  pos i t ion  of a s a t e l l i t e  has been otherwise determined, 

p red ic t ion  o f  fu tu re  beam encounters i s  a determin is t ic  problem (apart  

from stochastic o r b i t  perturbat ions).  I n  the ideal  case,' i n  which the 

s a t e l l  i t e  moves without perturbations i n '  an inverse-square f i e l d ,  and 

there i s  no bean1 wander due t o  SPS station-keeping errors, the beam 

intersects the o r b i t  a t  exact ly the same time each day, I f  the s a t e l l i t e  

period i s  an exact sub-mul t i p l e  of a day, encorrnters w i l l  occur every day, 

o r  not a t  a l l .  More generally, encounters w i l l  repeat every n days (if a t  

a l l )  i f  the radius o f  the ( c i r c u l a r )  s a t e l l i t e  o r b i t  i s  

where j i s  any integer which i s  not a d i v i s o r  o f  n. I n  

order f o r  the o r b i t  t o  1 i e  between the surfzce and GEO, 

There are thus about 16n o r b i t a l  r a d i i ,  i n  a given o r b i t a l  plane, 

f o r  which the period between encounters w i th  a given power beam w i  11 recur 

evcry n days. I n  cacti o f  thcsc orb i ts ,  i t  i s  ideal ly possible t o  choose 



the o r b i t a l  phase so as t o  avoid a l l  encounters w i th  a given beam. 

In practice, because of per iodic  perturbations, the choice o f  n f o r  

encounter avoidance w i l l  be l i m i t e d  t o  f a i r l y  small values and there 

w i l l  therefore be a f i n i t e  set of o r b i t s  w i t h  t h i s  property. I f  the 

s d t e l l i t e  has 110 station-keeping a b i l i t y ,  secular pertu!'bations w i l l  

eventual ly lead to a beam encounter i n  any o f  these orb i ts ;  the i n te res t i ng  

question o f  how long encounter avoidance mav be maintained, and o f  

what happens thereafter,  needs fu r the r  study. 

The problenl i s  more complex when there are mu1 t i p l e  beams t o  be 

avoided. For a given o r b i t ,  there w i l l  be a set o t  small, d isc re te  

tcam-interaction regions (two f o r  each rectennd)., symmetrically 

J i - ~ r i b u t e d  about the perpendicular t o  the l i n e  o f  nodes. The angular 

sepacation o f  each p a i r  depends only  on the l a t i t u d e  o f  the corresponding 

rectenna, and the times when the beams are i n  each i n te rac t i on  region 

depend on the longitudes of the rectennas. Even i f  mission considerations 

do not r e s t r i c t  the choice of o r b i t a l  parameters, i t  i s  not  i n  general 

poss ltllc t o  ;rvoi(r a l l  the in te rac t ion  rcqions a t  a1 1 the appropriate 

times, but the frequency o f  encounters can presumably be minimized by 

choosing the best possible o r b i t .  Moreover, i t  may be possible t o  

deve'lop guide1 ines f o r  rectenna locat ions such tha t  some special o r b i t s  

are avai lable, f o r  use by p a r t i c u l a r l y  sensi t ive s a t e l l i t e s ,  i n  which 

encounters are great ly  reduced o r  e l  iminated. 

A s a t e l l i t e  equipped w i th  thrusters can o f  course always maneuver 

sc as t o  avoid bean1 encounters, but the th rus t  leve l  and fue l  requirements 

f o r  t h i s  have not ye t  been investigated. 



Beam E n c o u n t e r s  b y . V e h i c l e s  i n  T r a n s i t  t o  GEO 

The number of encounters w i t h  power beams from operat ional SPS's 

which may be expected during low-thrust transfer from LEO t o  GEO (e.g., by 

an SPS module i n  self-powered t rans i t ,  o r  by an e l e c t r i c  o r b i t  t rans fer  

vehicle (EOTV)) can be calcu1ated.only i n  the context o f  a f u l l  t r a j e c t o r y  

analysis. Orb i ta l  perturbations, especial l y  i n  low o r b i t ,  can produce 

accelerations an order o f  nlagn'i tude la rger  than the th rus t  acceleration. 

and hence cannot be ignored i n  ca lcu la t ing  the times when the EOTV w i l l  

cross the beam t ra jec to r i es  i n  i t s  instantaneous o r b i t a l  plane. It i s  

a lso obviously necessary t o  specify the th rus t  program and guidance 

algorithm, as these contro l  the shape and o r i en ta t i on  of the ascent 

s p i r a l  . 
It would be qu i te  premature t o  car ry  out  such an analysis for  the 

purpose of inves t iga t ing  beam encounters, if only because there i s  s t i l l  

controversy over various scenarios fo r  t ransport ing SPS modules o r  

components t o  GEO. I n  the present study, i n  order t o  obta in some 

estimate o f  the magnitude o f  the encounter problem, the simplest possible 

ascent t ra jec to ry  model was used t o  calculate the number o f  encounters 

w i t h  a s ingle SPS power beam during a t yp i ca l  t r a n s i t  t o  GEO. The r e s u l t s  

presented here should be regarded, not  as a pred ic t ion  as t o  what might 

occur during an actual t r ans i t ,  but as a simple numerical experiment 

providing a f i r s t  data po in t  for t h i s  subject. 

I n  the model assumed here, the th rus t  vector i s  assumed a:ways 

t o  l i e  i n  the o r b i t a l  plane, i n  the d i rec t i on  of the l oca l  hor izonta l ,  

and the th rus t  accelerat ion i s  assumed constant i n  magnitude. Circumferent ial  

th rus t  i s  not the most e f f i c i e n t  th rus t  steering law, and the r e s t r i c t i o n  

t o  the coplanar case means tha t  the model cannot include the necessary 

plane change t o  GEO. I t  may be possible t o  contro l  engine parameters 

(power, mass flow, or  spec i f i c  impulse) so as t o  maintain constant t h rus t  

accelerat ion as the vehicle mass decreases, but  i t  i s  not necessari ly 

desirable t o  do so. Moreover, a solar-powered EOTV c l e a r l y  cannot t h rus t  

on the n igh t  side o f  the planet unless energy storage o r  a u x i l i a r y  power 

i s  provided. The model assumes an ideal  inverse-square force f i e l d ,  so 



t h a t  perturbat ions are a lso neglected. 

Despite these 1 imi tat ions,  the simp1 es t  model provides a useful  

s t a r t i n g  po i s t  fo r  f u r the r  work on beam encounters during ascent. For 

example, w i th  minor modifications i t  could be used i n  an inves t iga t ion  

o f  on-off th rus t  programs intended t o  minimize such encounters, when 

several SPS's  are i n  operation. 

I n  any case, w i th  the above assumptions the equations of r a d i a l  

and c i rcuni fcrent ia l  mot ion o f  the vehicle are 

and 

where p i s  the grav i ta t iona l  constant o f  the Earth 

and a, i s  the constant th rus t  acceleration. For low values o f  a,, the 

o r b i t s  w i l l  be nearly c i rcu la r .  and the r a d i a l  accelerat ion may be 

neglected, so tha t  r2.22 3 gives the c i  rcu la r -o rb i  t resu: t 

Subst i tu t ing t h i s  i n  C2.231 gives an equation which i s  easy t c  

integrate, y ie ld ing  

where ri i s  the i n i t i a l  o r b i t  radfus and 

where vCi i s  the c f r c u l a r  ve loc f ty  I n  the i n i t i a l  o r b i t .  



If the veh ic le  i s  t o  reach synchronous a l t i t u d e  a t  t ime t2, 

then, from r2.251, 

T = t2/(l - (ri/rs) 112) 12.271 

If the t rans fe r  s t a r t s  from low a l t i t u d e  r 1.1 Ear th  r a d i i )  and 

takes 180 days, then r = 304 days. From r2.261, the requi red t h r u s t  

accelerat ion i s  on ly  about 30 microgees. 

With r2.251, [2.24] reads 

where ol = p1/2/r:/2 i s  the i n i t i a l  o r b i t a l  angular 

ve loc i t y .  I n teg ra t i on  y i e l d $  

This equation shows t h a t  about 638 revo lu t ions  take p lace dur ing 

a t r ans fe r  l a s t i n g  180 days. 

f o r  a numerical experiment using t h i s  model, the EOTV was assumed 

t o  be i n  an o r b i t a l  piane o f  i n c l i n a t i o n  28.5', s t a r t i n g  a t  an a l t i t u d e  

of 750 km. The rectenna l a t i t u d e  was taken as 30'. Thrust ing s ta r t ed  

a t  t = 0, when the beam locus i n  the o r b i t a l  plane was a t  i t s  lowest 

po in t ,  w i t h  the EOTV a l so  on the y-ax is  o f  the o rb i t a l - p l ane  coordinates. 

The EOTV rad ius was f i r s t  ca lcu la ted a t  i n t e r v a l s  o f  exac t l y  24 hours, 

using [2.25], and t h i s  value was used i n  the so lu t i on  o f  [2.9a] t o  g i ve  

the t'imes i n  t h a t  day when the beam crossed t h a t  radius.  These times 

were added and subtracted t o  the in teger  days and new values o f  r 

calculated. Several i t e r a t i o n s  o f  t h i s  pi-ocedure always produced 

convergent values of the EOTV rad ius a t  the times on t h a t  day when the 

beam passed by. These beam passage times were then used i n  [2.9b] t o  

g ive the angular pas i t i on  o f  the beam in te rsec t ions  w i t h  c i r c l e s  o f  these 

r a d i i ,  and i n  [2.29] t o  g ive  the angular p o s i t i o n  o f  the EOTV. The 

d i f ferences i n  angular p o s i t i o n  of  the EOTV and the beam- i n te r sec t i on  regions; 
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mu1 t i p l i e d  by the o r b i t  radius a t  these times, gave a measure o f  the 

miss distances between the beam and the OTV. 

I n  a transfer l a s t i n g  180 days, there are o f  course 360 opbartuni t ies 

for  an encounter w i th  the4beam from a s ing le  SPS. I n  the ibove 

calculat ion, i t  was however found tha t  there were no occasigns when the 

beam passed w i th in  100 km o f  the EOTV, and there were only  ten occasicns 

when the rrliss distance was less than 1000 km -- seven of these occurred 

on the descending hal f  of the beam in tersec t ion  locus i n  the o r b i t a l  

plane, and three on the ascending ha l f .  

While the condit ions f o r  t h i s  ca lcu la t ion  may have been fo r tu i t ous l y  

wel l  chosen, i t  does appear tha t  i t  should be possible t o  f ind  ascent 

t ra jec to r i es  from LEO t o  GEO i n  which beam encounters are qu i te  un l i ke l y .  

I n  fu tu re  work, t h i s  issue can be explored by tak ing other combinations 

o f  o r b i t  inc l ' inat ion and rectenna la t i tude,  as wel l  as d i f f e r e n t  i n i t i a l  

o r b i t a l  posi t ions f o r  the EOTJ. 

C o n c l u s i o n s  and Recommendations 

As noted i n  Section 2.1, the consequencr- 'J encounters between 

SPS microwave beams and lower s a t e l l i t e s  may be serious, i n  terms o f  

engineering, economic, p o l i t i c a l  and legal  costs. A f i r s t  and most 

important conclusion froc the prosent analysis i s  t ha t  such encounters 

w i l l  not  be as frequent as i n t u i t i o n  might suggest. Poreover, f o r  

rectennas i n  the temperate zone and r e l a t i v e l y  low- inc l  i na t i on  o rb i t s ,  

there are sate1 1 i t e  a1 t i tudes  f o r  which encounters w i l l  not  occur. 

The durat ion o f  encounters i s  not more than several seconds: a t  the 

f l u x  levels  expected o f  SPS microwave beams, t h i s  ru les  out d i r e c t  

heating as a s ign i f i can t  s a t e l l i t e  damage mechanism. 

I n  general, i t  appears that,  i f  large numbers o f  sate1 l i t e s  (>loo) 

are i n  o r b i t s  o f  moderate a1 t i t u d e  ( ~ 5 0 0 0  km) and i nc l i na t i on ,  one of them 

 ill pass through the beam o f  a given SPS ( t o  a ^emperate zone rectenna) 

about once o r  twice a month. Conversely, i f  there are large numbers o f  

SPS (>loo),  feeding randomly scattered rectennas , a typ ica l  low sate1 1 i t e  

might expect t o  encounter one of the beams once o r  twice a month. 



There does not a t  presest appear t o  be any s i g n i f i c a n t  encounter 

problem for vehicles i n  low-thrust t rans fer  from LEO t o  -GEO, a1 though 

further study of the question . is needed. 

I t  i s  of course possible t a  design most s a t e l l i t e s  t o  withstand 

passage through the power beams, where the f l u x  my reach hundreds o f  

mi 11 iwa!ts per square cent i r~ete i -  ( a t  11-igher a?; i tudes)  . Radar-type 

grounding switches can be used t o  protect the inputs t o  sens i t i ve  RF 

recei vsrs (especial ty those designed fo r  use a t  S-band) and sens i t i ve  

components nay be shielded -- .in some cases, i t  may be possible t o  

eficlose the e n t i r e  rate1 1 i t e  i n  a Faraaay cage. I n  order t o  evalucte 

r e a l i s t i c a l l y  the costs o f  such pro tec t ive  nlearures, i t  would be usefu l  

t o  undertake a sctvey o f  a range o f  ex i s t i ng  ( c i v i l i a n  and m i l i t a r y )  

sa t * l l i t es ,  t o  see what penalt ies would have been incurred i f  i t  bad been 

ascessary t o  design them fo r  SPS bean encounters. 

SFS system reconmendations a r i s i n g  from the present analysis include: 

i) No rectennas should be allowed on o r  close (e.g., l ess  than one degree 

l a t i t ude )  t o  the equator, i n  order t o  avoid frequent beam encounters by 

equator ial  sate! 1 i tes. 

i i j  Where options ex is t ,  rectennas shou:d be b u i l t  a t  8s high l a t i t udes  

as i s  economical Iy and geographica;ly feasible, i n  order t o  mlnimize 

interference w i th  low sate1 1 i t e s  i n  o r b i t s  o f  moderate inc l ina t ion .  

i i i )  Where mission object ives permit and launch penal t ies are no t  

excessive, the use o f  the lowest possible o r b i t  i n c l i n a t i o n  f o r  a l l  sens i t i ve  

s a t e l l i t e s  should be encouraged, t o  minimize beam encounrer frequency. 

i v )  The SPS power beam should be designed f o r  rap id  on-off  stvitching 

( i n  t ines o f  a second o r  two), i n  order t o  minimize outages i f  i t  becomes 

necessary to in te r rup t  the beam t o  avoid an unacceptable encounter w i th  

a sensi t ive s a t e l l i t e .  Continuous power t o  the u t i l i t y  g r i d  could be 

provided by a very sma 1 1 energy storage capac i ty a t  the rectenna ( i t i s  

probable tha t  adequate storage w i  11 be ava i lab le  i n  order t o  compensate 

f o r  other, considerably longer outages). 

. I t  should be noted tha t  the conclusions reached i n  t h i s  study were 

based on the use o f  microwave power t ransfer  from a geosynchronous SPS. 



A similar study should be undertaken of encounters between sate11 ites 

and laser power transmission beats, as an Input to evaluation of this 

option. The flux densities are of course higher in t k  laser case. 

but no general statement is possible concerning the relative hazards 

of infrared and microwave radiation to the operation or integrity of 

satellites. Here again, a survey of existing satel 1 ites could be useful. 

Additional encounter problenas qay arise in the laser case, even if the 
SPS is in GEO, if the laser beams are switched rapfdly from ocre receiver 

to another, in response to terrestrial weather. In many laser-transmission 

proposals, the SPS is assumed to be in sun-synchronous orbit, either 

irradiating receivers of opportunity as it passes over them, or else 

relaying via mirrors in GEO. In the latter case, there are twice as 

~nany power beams as in the geosynchronous SPS, and half of them niove as 
t l , 2  solar collectors orbit the Earth, greatly increasing encounter 

probabilities. In the purely low-altitude system, the sun-synchmnous orbit 

is at high inclination and above most LEO satellites, so that the 
laser beams will cross the orbits of nearly all satellites on every 

revolution: it wculd be interesting to compute encounter probabi 1 i t  ies 

for t h i s  system. 



13 SPACE COWSTRUCTION AND SUPFORT 

1-21 Space-BasdConshuaionSystans~ 

The primary focus of this task was t o  investigate alternative construction concepts 

and to refine the  baseline construction concept. Table 1.21-1 lists the phase 1 subtasks 

that  were performed urder task 4.2.1 of the study and Gsts subsections of this report 

that  display the study results. Grumman was a major c o n t r i b ~ t o r  t o  this analysis 

under subcontract. Grumman and Boeing results are ictegrated in this report section. 

1.2.1.1.1 Intro&ction 
The baseline construction concept was designed so that  the antenna and the modules 

were constructed in parallel. The motivations for this approach were that  i )  the 

maximum amount of t ime would be available f ~ r  constructing each of these major 

end i t e ~ s ,  and 2) the antenna and module components have to be mixed in the H L i V  

cargo pallets t o  achieve mass limited launch conditions so it made sense t o  utilize 

the components as they were delivered 

One of the  construction sensitivities that  was not explored earlier was t o  determine 

the ramifications of a construction approach wherein the antenna and the  modules 

would be constrazed in series instead of in parallel. The motivation for exploring 

this approach was that  potentially the crew size could be reduced thereby reducing 

the number of crew modules (the most expensive items at the base). 

The objectives of this analysis were t o  determine the cost effectiveness and praciicality 

of a series construction concept as compared t o  the  baseline parallel construction 

concept. 

1.21.1.2 Summary 

This analysis compares two series construction concepts t o  the  baseline construction 

concepr. The series construction approach will reqtiire the modules, yokes, and antennas 

to be constructed in about half the time as woald bc required for the baseline approach. 

In order t o  construct a t  this faster rate, i t  will be necessary t o  operate the construction 

equipment at faster rates (Option 1) or t o  use more equipment (Option 2), or by some 

combination of these two strategies. 
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Spaced-Bastd Construction Systems Armlysis 

Task 4.2.1 

Sccticm ~ t a s i s  tit* of *~ccticm 

4.2.1.1 42101 Suies Comtructicm Analysis 

02.1.4 42106 End Builder Construction Concept 

42 I07 Characterizaticm 

42108 

42109 

42112 

421 12 

421 10 Single Dedc Construction Concept 

Characterization 

421 17 Antenna Ccnstruc tion Concept 

421 18 Refinement 

421 14 Preferred Construction Concept 

42115 Selection 

421 16 

NOTE: Task 42113 Update Baseline Final Assembly Bue was not performed 

as this was a task that was applicable to the LEO construction 

approach which was not selected as the reference concept. 



Table 1.2.1-2 summarizes t h e  equipment r a t e s  and quantities and t he  crew sizes 

required for  the two  options and these are compared to the baseline requirements. 

Figure 1.2.1-1 shows t he  ne t  e f f e c t  of these two  options. Figure 1.2.1-2 shows '.st 

the resulting cast deltas will range from an additional 10% for  Option 2 to as much 

as -20% for Option 1. 

Table 1.2.1-3 summarizes the preliminary conclusions of this w y s i s .  

1.2.1-2 Efpipmnt charcteristics AdySis  

This task incorporates three  subtasks: beam builder production rare analysis, module 

indexing rate analysis, and equipment manning requirements analysis. 

Dbcusion: 

The a t t e m p t  to establish a preliminary determination of realisi~c beam builder produc- 

t ion r a t e s  started . : th  a review of current  technology. Sources utilized were  CDCIJSC 

(NAS9- 15310) X A F E D S  Report dfCASD-ASP77-017 uIcl results from GACIMSFC 

(&ASS-32472) SFDS in-house test program. An overview of t he  two technological 

approaches t o  beam making is shown in Figure 1.2.1-3. Both designs a r e  based on 

cyclic (run/stop) operation where the caps  a r e  formed in the  "af tw bay and t h e  bracing 

fastened in the  "forward" bay. A notable difference lies in t h e  heating/cooiing operations 

required for  the  composite beam builder. 

Both the  composite m d  aluminum beam builders presently in technology development 

a r e  s izea in geometry, power, etc., t o  opera te  from the  payload bay of t h e  STS in 

a t ime frante anticipated to be in the 1980's. Figure 1.2.1-4 and -5  show the  major 

subsystems for  t he  two units. 

The subject investigation concerned itself with a beam builder fabricating a much 

larger s tructure (6.5-m deep x 7.5-m bay length) and operating in a la te r  t ime f r ame  

where production ra tes  are considerably more critical. Therefore, the  study concen- 

t ra ted  in identifying potential growth options in t h e  cur rent  machine r a t e s  of 1.08 

meterslrnin (composite) and .682 m e t e d m i n  (alumiwm). The study was aimed pri- 

mj r i fy  at the composite beam builder zince tha t  i s  t he  baseline s tructure in t he  pres- 

en t  cont rac t  e f for t ,  however, comparable da ta  was also derived to r  ,he aluminum 

bean) builder t o  establish additional credibility. 
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F&m 1.2.1- 1 Sm'es Cansauction Options 

BASELINE OPTION 1 OPTION 2 

OCZXS INCLUOE OELlVERY (FAST RATES) (MORE EQUIPMENT) 
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A discussion of the  effects of increasing cap forming ra te  and of var iws scale effects 
follows: 

Opticn A-Higtwr Cap Formi* Raws 
In the  c o m p i t e  beam builder, two means are available for increasing the cap forming 

rates. The first  is t o  provide higher heating and cooling rates t o  compensate for the 

desired higher cap speed. The second is t o  increase the dimensional length of the 

heating and cooling subsystems proportioylly with t h e  increase in cap speed so that  

total time exposure to  both heating and cooling is constant. The lat ter  maintains 

existing heater and coolant temperatures and, with the  resources available, is there- 

fare simpler to deal with. Figure 1.2.1-6 shows the  potential gained from increasing 

cap speeds of t h e  1.18-m composite beam builder together with the  anticipated 

increase in the  length of the Itaf t" bay. 

Optian %Batten (Scale Eff act) 

This option concerns a "windfall" which is attributable more t o  beam geometry than to 

beam builder operation. When scaling up from a 1.434-m batten spacing to the  present 

7.5-m baseline, a proportionally greater amount of t ime is spent in the "run1' mode of 

the  runlstop cycle for the same unit bay construction. The assumption is made that  

while the battens a re  longer, the t ime required t o  dispense them is essentially constant 

(t = 40 sec). The diagonal cords a re  dispensed during the  "run" mode, and cord B 
fastening time is regarded as the same. Figure 1.2.1-7 shows the effect  of batten 

spacing on production rates while maintaining the  current machinery rates. 

Optian C-Beam Dept ( W e  Effect) 

This option relates ultimately to the selection of a reasonable cap forming ra te  and is 

another scale effect  attributed t o  beam geometry. 

In beam builder operation, dissimilar cap speeds will produce warping (bow) of the 

beam with an attendant objectionable eccentricity in beam-column load applications. 

Figure 1.2.1-8 shows the relationship between a beam's eccentricity and the difference 

in cap exit  rate expressed as a cap error. It is assumed that  the  top cap had a higher 

rate than the bottom two, whose rates were identical. Note that  a deeper beam may 
be permitted to have a greater cap error for the same eccentricity ratio (h/l) and that  

the increaszd permissable cap error is in direct proportion to  beam depth. 
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In terms of beam builder machinery, the  same  control system required for synchro- 

nizir~g cap speeds theref ore, appears to perform bet ter ,  in effect ,  when t h e  beam 

builder is scaled-up for the  greater  depth. However, rather  than accept  the better  

performance, it may be preferable in this  instance t o  t r ade  t h e  be t te r  performance for  

a greater  cap  $Feed. 

It would be  conservative t o  assume tha t  t he  control system can be designed to  limit 

the increase in cap error  t o  a value in direct  proportion to an increase in cap  speed. 

Given this approach, a direct  relationship (Fig. 1.2.1-9) can be  established between 

beam depth and permissable cap  forming rate. For example, t h e  permissahk Tap 

forming r a t e  of a 6.5-m deep beam will be 6.5/1.18 = 5.51 t imes the cap  r a t e  of a 
1.18-m deep beam. Its cap  e r r w  would also b e  5.51 times greater ,  but spread-out over  

a greater  depth will produce the  same h/l  value. 

Cdusicns.  

A. 'ihc combined options (A, 8, and C )  a re  shown in Figure 1.2.1-10. Note tha t  a 

production r a t e  of 5.7-mlrnin for  t h e  baseline beam configuration can be  readily 

achieved with higher values permissible for greater  beam depths and longer bat ten 

spacings. Further increases can b e  realized when t h e  40 sec "stopN mode is 

reduced. However, the  la t te r  requires further  study of the  cooling radiator 

subsystem to  establish a rationale for  reducing the  40 sec t ime lapse. 

Figure 1.2.1-11 shows the  increase in beam builder length e x p e c ~ ~ d  when heat irg 

and cooling temperatures a r e  helu constafit. 

d. Figure 1.2.1-12 shows the  combined options A, B, and C as they apply t o  the  

aluminum beam builder, with a fourth option included t o  operate on t h e  s top mode 

(tg). The current  aluminum beam builder fastens i t s  braces, during the s t o p  

mode, by spot-welding in an in-series sequence mostly t o  mairltain low power 

requirements. However, given a "high-power" environment, spot-welding can be  

performed in an in-parallel sequence with a tg of 14 sec minimum and 30 sec 
maximum. Corresponding production rates would be 10-m/min and 7.3-m/rnin 

respectively. 

C. A further option beyond those discussed exists for  increasing production rate. The 

"stop" mode in both current designs can be eliminated by performing all bracing 
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operations non-the-fly.n This option, beyond being merely identified here, has not 

been studied in detail. 

i21.2.2 m&k fndt* Rae A d y s b  

There are two subtasks: (1 Single deck 'cmtructiorr base mod& i n d t x i ~  rate analy- 

sis and (2) End builder construction base moduk indexing rate analysis. 

1.2.1.2.2.1 SirlgkDedtCmstnrtianBbpC-m- 

A nquick-lodC' analysis was performed to determint whether a not a module indexing 

rate of 10 metersimin was feasible. 

Two cases were considered: 

1) LEO assembly-all translations normal to long axis of construction base 

2) CEO assembly-translations both parallel to and normal to construction base long 

axis. 

k s u n p t i ~ 1 ~  
o Loads are transmitted between modules by "indexers" which roll on tracks on the  

construction base swf ace. 

o Grouna rule: module translation speed will be held to  the lowest value which is 

consistent with the construction rate. This value has been tentatively set at 

10 meters/min. 

0 GEO construction base mas = 5x1061rg. 

Analysis: t = 33.37 min 
x = 337.5 m 

t = O  t = 66.75 min 
2 

a337*5) = 1 . 6 5 ~ 1 0 ' ~  n/s . x = 667.5 m 
a=2 = r (33.75160 

Let S = K at 2 

"max = at = 1 . 6 5 ~ 1 0 - ~  m/s (2025 5)  = 0.334 rn/s = 20 mlmin 

T h u r t  Reg = m i  = ( 1 . 6 5 ~ 1 0 - ~  m h e c 2 ~ 5 x 1 0 6  kg) = 825 N. 

Maximum power required = 825 N (0.334) m/s = 275 W. (100% efficiency). 

+aw t 

For acceleration profile as shown. -a 



C ~ Q I I I  
LO-m/min indexing ra te  is sustainable with essentially no impact on the module struc- 

tural design. Considerable margin is avaiiable to allow shaping of acceleratian and 

jerk profiles. BAC studies have shown tha t  proper control of these profiles is an - 
eff ec t i e  method of limiting structural exatation,  and tha t  such limitation will be 

required for structures chacteristic of SPS. As the  farce required to accelerate the  

module sufficiently to meet the 10 m/m average translation rate (825 N) can be 

readily applied by a single indexer, these results can be  amsidered to apply to both 

LEO and CEO construction scenarios. 

1.2.1.2.2.2 End Mda Baot &x&k M e x i q  Rate h d y s b  
Preliminary estimates were made of the loads acting on the  end builder construction 

base during construction and are presented in Figures 1.2.1- 13 and -14. The satellite 

arraylantenna configuration are shown in the first figure. Since the satellite mass is 

very much greater than the construction base, it can be assumed that  the relative 

motion of the satellite is zero. 

A force-time curve is shown in the second figure for an index ra te  of 20 miminute. 

Additional study is required t o  evaluate the effect  of the impulse on the  construction 

base. 

Automatic Beam Machine Maming 

The baseline approach initially assigned two operators t o  each beam machire. 

Although a work load analysis had not been performed, a two-man crew is a 

conservative ground rule considering previous mission safety constraints and the fac t  

that  only two i d p e n d e n t  mobile machines were included in the  baseline concept. 

Direct use of this ground rule, however, was not applicable t o  the end builder 

construc~Lon concept since it relies rpon synchronized operation of several beam 

machines. Each beam machine is fully automatic and does not have t o  be controlled 

on site. In fact  all fixed beam machines, w h i d  fabricate continuous longitudinal 

beams on the end builder, must be centrally contralled. The remaining structural 

members can either be fabricated with separate gimbailed beam machines iocated 

next to  each longitudinal member or with mobile gimballed beam machines as in the 

baseline. The gimballed beam machines operate independently and have a few more 

functions than the fixed beam machines he., aiming, fab different length beams, etc.). 
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These machines can  also be preprogrammed for  remote  centralized control to minimize 

crew operators. Increased use of automated equipments, however, also implies added 

requirements for  maintenance and repair. 

Therefore t o  faci l i tate  t he  comparison of the single deck and end builder concepts, 

t he  groundrules for  manning automat ic  beam machines were revised to accommodate 

difierent construction applications as shown in Figure 1.2.1 - 15. 

Based on previous studies, one  operator  was assigned t o  control 8 synchronized fixed 

beam machines. This appears t o  te a rather  conservative es t imate  when compared 

with present automated procedures in the lumber industry. 

It  was assumed tha t  fewer gimballed machines could be controlled by each  man due 

t o  the  cdded functions as listed in Figure 1.2.1- 15. 

One man u a s  ass~gned t o  operate * fixed gimballed beam machines. Generally 94 

t o  212 minutes a r e  required t o  fabricate t h e  various length beams at 5.0 meters  

per minute. Allowing 10 minutes for  hand-off and aiming implies t ha t  90 to 95% 

of the  t ime is <pent nlonitoring operations. Even if t h e  four beams are all the  same  

length and fabrication ends simultaneously the  handoff and aim functions can  be 

performed in series. 

Finally one man was assigned to each mobile beam machine. This follows the  original 

groundrule similar t o  a cranei truck on Earth o r  a n  SPS crane/manipulator, where 

the  operations a r e  performed in series: (1) moviirg from location t o  location, (2) 

positioning, and (3) performing required operations. The reduction in crew staffing 

from t ~ o  rnen to  one man was consistent with the  revised crew staffing logic devel- 

oped for cherry picker operations. 

Cherry Picker Usage and Mannhg 

The original ground rule requlred the  use of two cherry pickers a t  both ends of each  

segmented beam during beam handling and structural joining operations. This require- 

ment was carried over from k i n g ' s  previous SPS study which examined the  assembly 
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of 20 meter pentahedral segmented beams built with preformed struts. These struc- 

tural members were made to size with squared off ends for attaching special end 

fittings at the  structural joining site. Hence one cherry picker was required t o  hold 

the  beam in positim while a second cherry picker/crane installed the  required 

connecting struts. The present baseline, however, uses a space fabricated continuous 

chord beam which can be made with t h e  appropriate end fitting be., nodal, butt, lap, 

etc.) a t  the t ime of manufacture. The preferred end fitting design and how i t  might be 

integrated into the  beam machine operation remains as an area for future study. 

Nevertheless, if i t  is assumed that  the beam is made with nodal end fittings then one 

cherry picker a t  each end is sufficient for handling and joining, provided it is equipped 

with separate grapplers and dexterous manipulators. 

As previously noted the staffing of remote work station for cherry pickers and beam 

machines was originally baselined as a two-man-crew for reasons of safety and not 

necessarily due to  operator work !oad. In the SPS era, i t  is believed that  a manned 

remote work station (MR WS) can be  designed with sufficient redundancy t o  meet crew 

safety requirements. Therefore crew staffing should only be based on specific work 

load requirements. Based on recent MRWS studies, it is believed that  SPS construction 

tasks (e.g., assembling the joints) can be readily performed by one operator. There- 

fore, until further analysis or simulation shows otherwise, only one operatcr can be 

justified for each cherry picker or mobile beam machine. 

1.2.13 Identification of Alternative Construction Carroepts 

The method of construction selected for building the full size Solar Power Satellite (5 

t o  10 CW) will directly impact the size of the  construction work zone and t h e  

minimum equipments needed for space fabrication and assembly. The method of 

construction can also impose constraints on the design of SPS subsystems. Two alter- 

nate methods for construction, segmented build-up and continuous build-up, are  

&picted in Figure 1.2.1- 16 for a typical SPS solar array module. 

The baseline LEO construction approi for example, follows a two-step segmented 

build-up method. This method allows minimal equipment t o  be used for structural 

assembly while other t ime consuming subsystem functions, such as installing solar 

array blankets, are performed on fully assembled structural bays. The solar array 

structural bays are  constructed with space fabricated tri-beam elements joined at the 

corners. Accordingly, the  construction work zone needs a two bay tacility depth to  
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accommodate both structural  and nonstructural construction operations, whether 

double deck o r  single deck base arrangements are used. 

The continuous build-bp option, however, is 'ceyed t o  t'?e continuous fabrication of 

longitudinal structural elements  which allows the  build-up of o ther  subsystems t o  be 

more closely coupled. While this methodof construction requires more construction 

equipment than the  segmented build-up concept, i t  also needs a shorter construction 

work zone, hence, a smaller base to implement. The use of continuous longitudinal 

elements  of course requires a d i f f e r a t  joint design for  assembling the  structural 

framework. 

The segmented and continuous construction methods discussed above lead toward 

generic iamilies of external  construction bases shown in Figure 1.2.1-17. That is, 

segmented construction can  be implemented by the  baseline double deck and i t s  

derivatives encompassing single deck options and smaller size base arrangements. 

Derivatives of the continuous end builder can also vary in size o r  include added fea- 

tures if needed t o  faci l i tate  SPS construction. 

Other construction approaches a r e  derived by considering hybrid concepts which 

may have an  economic advantage over the external  system concepts discussed above. 

For example, the internal construction system shown in the figure constrains t he  

base t o  a small volume by building t h e  SPS structure around itself. This hybrid system 

can  be adapted to  either the  segmented or continuous construction concept. On 

the  other hand, an  even smiiller base can  be envisaged if the  SPS is self-constructed 

by portable beam machines or  multi-purpose subsystem installation/maintenance 

equipment which in e f fec t  implement "bootstrap" construction. 

The alternative construction concepts that  were examined in this study a r e  shown 

in Figure 1.2.1- 18. 

The major a r eas  emphasized during Phase I include: 

Comparison of segmented versus continuous SPS CEO construction. 

Development of al ternate base arrangements and required construction elements  

t o  encompass: 

-Satellite structural build-up (beam machines and construction aids). 

-Antenna yoke build-up and assembly t o  satellite. 
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-Subsystem installation operations (solar array deployers, microwave subarray 

deployers, etc.). 

-Crew support. 

o Base/module interface loading during satellite build-up. 

1.2.1.4 End Wder Canstructicm Concept Characterbticn 

1.21.4.1 End Builder Construction Requirements and lsrues 

1.ZlA.l.l End Wder Satellite Constructim Optiarrs 

Several options for building the  SPS with conanuous structural beams are  shown in 

Figure 1.2.1-19. The end builder construction base has been allowed t o  vary in size 

from 8 bays wide (maximumj t o  2 b%ys wide (minimum) t o  permit identific?+ .f 

critical aspects in the  production buildup of the baseline SPS. In addition, . - 
configurations were examined Le., alternate SPS aspect ratio = 8 and t i  smal . . ZO 

constructed module) in order t o  assess the interaction of base-size and St-. 

configuration. 

The baseline 8 X 16 bay SPS can be constructed by usirg either 8 bay wide, 4 bay wide, 

or 2 bay wide ccnstruction bases. The large 8 bay wide end builder constructs the 

satellite on a single pass. It can install the antenna at the beginning or the end of 

power collection module construction. The other bases r e q i r e  2 or more passes t o  

complete the  satellite and can phase the antenna installation t o  coincide with either 

the mid point or completicn of power collection module construction. The 8 bay wide 

and 2 bay wide options encompass the  lowest and highest levels of production activity 

to meet the  6 month build cycle. 

The two remaining options address alternate SPS designs which favor single pass 

production buildup for the  4 bay wide option. The LEO constructed modules also 

require that  the antenna be  installed normal tc the direction of construction. 

1.2.1.4.1.2 Typical End Builder Structural m r n b l y  Sequence 

The end builder construction system is tailored to the  structural cross section of the  

satellite and uses dedicated beam machines t o  automatically fabricate continuous 

longitudinal members. Additional beam machines are  needed to fabricate the  other 

required lateral and diagonhi members used in the structural assembly. A typical 
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assembly sequence is shown in Figure 1.2.1-20 for  t h e  f i rs t  construction pass of a 2 

bay end builder. I t  i s  also typical fo r  a 4 bay and 8 bay end builder. 

As shown, the assenlbly process begins with s t e p  I, when the  f i rs t  k a m e  is built ilp on 

the  longitudinal members. The structural  members of the f r ame  can be fabricated 

by separa te  beam machines; located next t o  each  longitudinal member ur with mobile 

beam machines tha t  t ravel  f rom one  position t o  t he  next. The upper and lower horizontal 

beams a r e  fabricated in parallel and then positioned fcr  assembly. As these members 

are being joii,ed, the  k a m  machines a r e  pivoted and the  o ther  members of t he  t i a m e  

are fatr 'cated as needed t o  complete the  assembly. Step 2 indexes t h e  f r ame  for  

one bay lengt., by fabricating the  continuous longitudinal beams from dedicated beam 

machines. In Step 3, the  next f r ame  is buil: as in Step 1. During these th ree  steps, 

power busses and solar array blankets can  be installed in parallel. If salar array 

blankets a r e  t o  rn deployed in the  direction of h i l d ,  they are fed out as the  s t r i c t u r e  

indexes. If t h e y  a r e  iaterally strung, then the  s tructure is indexed  incremental!^ 
and blanrcets strung across t h e  structure, from t h e  base, at each  increment. Longitudinal 

busses a re  Installed "on the  fly" as the  structure i s  indexed; lateral  busses are installed 

before a bay is indexed. 

Step iC fills in 'rhe bay structure kith diagonal beams t o  complete t ha t  structure. 

This bay- is then iqdexed, as in Step 2, anll the  whole procc-ss repeated until t he  solar 

array s t f l x iu re  is built. 

1-2-1.4.1.3 Structural hints During End Building Construction 

Several tvpes of s tructural  icints can  be adapted t o  The end builckr constrbction 

process. Figure 1.2.1-21 illustrates three  types of joints which could be used at 

the  in t e r sec t~on  of structural beams. The preferred joint is termed a 'nodal fitting.' 

Here, the continuous beam caps a r e  uninterrupted and the  pitch of the la teral  posts 

maintained. In the  appropriate bay of t he  beam, diagonals a r e  replaced by a f i t t ing 

w h ~ c h  provides m anchor point for  the pin jointed ends of the  other  intersecting 

beams. This anchor point is at the  centroid of t he  continuous beam, and the  tub~llat 

end of each other  b e a n  is aligned with the centroid of tha t  beam. The lengths of 

tube enas will be dictated by access to the  fitting past the zontinuous beam members. 

Ground fabrication of the fitting, with folding of i t s  legs for  laurch, seems feasible. 
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A second joint option provides for butt joining thc beams ends. AU beams are 
interrtptcd to accolnmodate a comprehensive fitting 'which presents a face to each 

in te r sec t iq  beam for it to butt and at tach to. Sudr a p i n t  would demand adjustment 

of each butting tam to accctmmodak eccentricities, etc, in each heam. fhc fitting 

itself would k either space fabricated, or gta;nd fabricated in pieces and space 

assembled. It would be volumetrically inefficient to launch tht completed fittings 

from the ground. 

The third option shown S a w e  frame that  does not interrupt the contiamus beam 

caps. I t  replaces one set of lateral posts. Lateral and diagonal beams attacb to points 

on the periphery af the frame. These a t t a c h m e ~ t s  may be either p i d  or fixed 

joints. The joints are located so that  the end load in each beam is aligned with t h e  

centroid of the rontinuous beam. Eccentricities or rriralignments of the beams w d  

result in torsion ir. the continuous beans. This f r i m e  would also be space fabricated, 

or gromd fabricated in piices and space assembled. 

12.1.4.1.4 Autanatic &am Fdmicatiar R q h m e n t s  
1-he eno builder construction performance is keyed to the expected output rates of 

future automatic beam machines and the  synchralized operation of multiple longitudi- 

nal bearn machines. The following paragraphs discus longitudinal beam fabrication 

anci synchrmized indexing. 

Lmgitudinal Beam Fdxicatim R-. Beam fabrication and satellite indexing 

are close!;. related in the  end-builder construction operations. The longitudinal beam 

builders provide the driving force to index the satellite structure, while performing 

their bas~c :unction of beam-element iabrication. This end builder characteristic 

leads t o  the necessity for certair! requirements shown in Figure 1.2.1-22 regaroing 

beam builder performance. Those requirements identified to  date are: 
- Limit startup and shutdown accelerations to insure that  beam builder subsystem 

machinery will safely sustain forces induced during indexing. Include the affect  

of mass differences in the 2,4, and %-bay end-builder configurations as well as 

the progressive mass increase in the satellite under construction. 

- Provide fa synchronized irdexing. Tolerances in the simultaneously operating 

beam builders produce variations in beam builder forces d u r i ~ g  indexing. These 

variations shad be  limited to safe  levels as determined by allowable forces not 

only on subsystem machinery but on the base structure and sate!lite structure as  

well. 
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- Design for construction continuity in the event of a beam builder failure. 

Emphasis shall be placed on reliability of subsystem machinery including redun- 

dant operating modes, where possible, to avoid beam hiider shutdown. In 

addition, consideratian should be given to subsystem designs that  l imi t  repair time 

t o  approxirnateiy 60 minutes, while the shutdown beam builder tracks along at the 

same ra te  as the  indexing structure. Holding fixtures to facilitate on-lineloff- 

line maintenancn and repair shall also be considered. 

It should be noted that  the  above requirements for limitation of accelerations and for 

synchronization apply t o  any base assembly function where simultaneity of operation is 

critical, including the  bse of multi-indcxers driving simultaneously t o  propel either the 

base (in the mi!-builder constructim appkchj or t o  propel the satellite (in the singie- 

& ~ k  consuuctiat approach). Far all such functions, centralized control is necessary 

to  limit locomotion forces to  acceptable values. 

Synducnized Indexing. Control tolerances in the simultaneously operating longitudinal 

beam machines generate interface l a d s  between the base and satellite as a function 

of :5e ~ a t e l l i  te's structural stiff ne-i. If i t  IS assumed that  one of the  beam machines 

IMS a ~i ight ly  higher w t p u t  ra te  tnan the rest, this ra te  difference can be seen as a 

aifference in beam 1eng:h and can be treated as a deflection induced on the  satellite 

str t i i t r l r t .  

A preliminary study of beam synchronization requirements suggests that  thz control 

techniqur: presently used within the beam machne  itself t o  synchronize the  3 cap rates 

can alw be irsed t o  control multiple machines liy increasing the number of feerl!xLk 

control loops to include all caps in those machines operating simultanec?uslv. 4cccr;l;rtg 

tolerance levels achieved to  date in the CAC/MSFC (NAS 8-32472) beam builder, 

estimates of beam length differences between machines a re  derived and shown in 
Figure 1.2.1-23. The induced loads shown are based on deflections i m p e d  on an 

elastic structure idealized in the  c u v e  also included in the figure. (Beam properties 
2 used were E = 20,000,000 PSI and A = 3.75 in ). Preliminary load values computed a re  

given parameu~cal ly  based on the  frequency (7.5m, XOm, and 2.5m) with which 

recalibration checks i n  the control system are performed. Far example, a slotted hole 

spaclng of 7.5 m a l m g  the  caps limits the  accumulation of error in the  encoder device 

to -533 cm max. This deflection produces a maximum load of 2670 newtons which, for 

the present, is well under the  13900 N allowable. 
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I t  should be noted tha t  the effects of thermal gradients in the  construction base, 

which are a necessary consideration in this kind of analyses, have not been included. 

1.2.1.4.1.5 !Saalliti SIlQQort E d  &6kla Corrotruction 
As presently conceived the  L shaped facility fo r  building the sohr array carries beam 
machines on one leg of the L and supports for emerging structure on the other leg. 

As illustrated in Figure 1.2.1-24, disturbance of the  structure already built will result 

in moments reacted by end loads in the beams and beam machines and by shears 

reacted by the  supports on the other leg. Tht beam machines also provide the  forces 

for indexing the structure, as it is built, by fabricating t h e  longitudinal beams. The 
capability of the  beam machines to provide the  forces necessary t o  react disturbance 

torques and to index the  assembled satellite structure requires further study. 

Three options a re  presented in this figure for relieving the  beam machines of this 

function. Option 1 adds on-line indexing mechanisms t o  the process of fabricating 

the longitudinal beams. These synchronized mechanisms are dedicated to indexing 

the  beams and t o  reacting disturbance end loads similar t o  the indexers used on the  

single deck baseline. Shears a r e  still reacted by the  leg supports. Option 2 ad& 

a leg t o  the top of the  L t o  make a C section base. Thus, the structure has supports 

on two opposite faces which react  alI disturbance loads and index the structure. 

The third opt im extends that leg of the base which mounts the  supports, Additional 

supports a re  provided on the extension at one bay distant from the originals. These 

two sets of supports react  all disturbance loads and index the structure. 

1.21.4.1.6 Sokt Array/Stnrcare Assembly Metho& 
Four methods a re  shown in Figure 1.2.1-25 for coupling the  installation and deploy- 

ment of solar array blankets with the end builder structural assembly sequence. 

The baseline solar array segments are oriented normal t o  the  continuous longitudinal 

beams. Hence, the arrays may be either installed during progressive stopand-go 

beam fabrication operations (i.e., built 15m length-deploy array-built Ism, etc.), 

installed in series with the  completed structural bay (as in the segmented build-up 

approach), or installed during synchronized operations with continued beam fabrication. 

A unidirectional method is also shown which aligns the solar array segments with 

the direction of construction. In this method, all the  solar arrays in the  bay can 

be automatically deployed, as the beam fabrication process continues from one frame t o  the 

next frame. Reorienting the arrays in this manner, however, requires the  satellite t o  be 
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designed with a different power bus routing. Boeing analysis indicates that  the power 

bus can be rerouted with no weight penalty. 

The unidirectioral solar arraylstructwe ass, m31y method is preferred because it - 
allows shorter construction times to be achieved while also permitting significantly 

slower rates for thin film solar array blankel deployment. This mettrod requires the  

least equipment to implement. The p r ~ g r e s s i * ~ e  method of assembly is the  al ternate 

approach since it can also be implemented with l i t t le  impact on construction base 

design. Both methods are illustrated in Figure 1.2.1- 26. 

Further discussion of solar array blanket installation requirements and the compara- 

tive assenlbly methods a r e  provided below. 

Solar Array Blanket h t a l l a t i a n  Chmihraticn. The solar array installation method 

must deal with the mechanical and electrical requirements for hooking up the  opposite 

ends of each ' mket and the required rate of deployment. The baseline solar array 

installation cyck,  shown in Figure 1.2.1-27, takes 82 minutes, which indudes 55 

rrlinutes for  attaching and connecting the trailing edge ITE) and the leading edge (LE). 

The trailing edge connections a re  made in parallel as the leading edge deploys. With 

the blanket oriented normal t o  the  direction of construction it must be deployed at a 

faster ra te  than if i t  were aligned with the  emerging longitudinal beams. High rates of 

deployment a r e  generally undesirable since they impoae increased braking require- 

ments during extended blanket deceleration. The baseline deployment ra te  of 12.5 

mprn can be reduced significantly by aligning the solar array segments with the  

direction of build-up. Reorienting the  arrays also requires the power distribution 

system to  be designed with multi-busses in lieu of the baseline centerline bus. 

Solar Array/Str~~cttm Assembly Cornparism (128 Bays). 'The four assembly met  hods 

(progressive, series, synchronized, and unidirectional) are  compared in Figure 1.2.1-28 

in terms of their structural fabrication methods, blanket installation direction, 

required deployment rates, solar array installation equipments, construction base 

impact and related satellite impact. 

Approximately 148 days a re  available for constructing the power collection module, 

within the  specified six months, when yoke assembly, antenna/yoke mating and final 

test and check act a r e  considered. The required rates for fabricating the longitudinal 
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beams and deploying the  solar array blankets in 128 bays a r e  shown for  t he  8 bay, 4 

bay, and 2 bay wide construction bases. The analysis includes the  t ime for fctbricating 

and assembling satellite frames and diagonal supports and performing solar array 

mechanical and electr ical  hook-ups. It  should be noted tha t  the  longitudinal beams a r e  

fabricated a t  mucil lower r a t e s  than the  5 mprn r a t e  used t o  fabricate laterals  and 

diagonals. For the  cases examined, i t  was not possible t o  apply ei ther  t he  progressive 

or  series methods for  the  2 bay wide base since i t  took too  long t o  accomplish. Both 

the  synchronized and unidirectional methods, however, were able t o  work within the  

available time. The unidirectional method e x h i b ~ t s  the  same  low rates, of course, for  

bearn fabrication and blanket deployment. Therefore i t  was selected for t he  2 bay 

base design. The al ternate progressive method of assembly was also analyzed for  

the  8 bay and 4 bay base designs to  demonstrate  t ha t  i t  could be made t o  work in 

6 months. 

The unidirectional method is also a t t rac t ive  for  t he  4 bay and 8 bay designs because 

i t  requires the  least equipment and has l i t t l e  impact  on the  construction base. Recent  

Boeing analysis has indicated that the satel l i te  power bus can  be reconfigured with 

no weight penalty. An assessment of s tructural  impact  due t o  end builder construction 

methods and realigned solar blanket preloading remains t o  be performed. 

1.2.1.4.1.7 End &ril&r A n t e ~ a  Installation Concepts  

Several options were investigated for  locating the  antenna construction site. These 

options included top deck (horizontal and canted), back side, and rear  deck (forward 

and lateral  pass) as shown in Figure 1.5.1-29. The top-deck horizontal, originally 

selected as the baceline approach because of base s ize and weight considerati n, 

was la te r  discarded because of undesireabie off-site antenna tssembly prccedures 

necessitated by this approach. The top-deck canted  concept exhibits the same problems. 

The back side approach required excessive antenna handling and was also discarded. 

The rear  deck - forward pass has the  desireable fea ture  of in-line antenna handling, 

however the slide-through feature imposes cr i t ical  requirements for  satellite support 

and satellite clearance and turther t he  construction base t o  be grea ter  than 2-bays 

wide. The preferred approach is the rear deck lateral  pass because of i ts  in- l~ne  

characteris t ic  and i ts  much simpler mating procedure. After mating the antenna, 

the base is indexed clear cf the antenna in a simple, straight forward manner. 
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1.2.1.4.2 End Buikkr Cmcepts and -tie 

End builder concepts were defined for the construction of the baseline, 8 x 16 bay, 

SPS. The configurathns derived were classified as 2-bay, 4-bay, and 8-bay cansttuc- 

ti011 txses (shown in Figue 1.2.1-30) and their operational capabilities were investi- 

gated. Production buildup m e t M  for the satellite's primary struc.ure and onboard 

systems were established for purposes of deriving timeline, crew size, equipment 

Count' cost, etc., data. 

The basic a~f fe re rces  in overall operations of the  three bases shown lie in the number 

of "passes" required t o  construct the  satellite. The 2-bay base builds the  satellite in 

four passe>; the 4-bay base in two; and the 8-bay base in one. Described below are the 

major syztem characteristics for each of the three bases. 

I.Z.l.4.2.i 2 t h y  End Ruik&r 

The main feature o i  t ; i ~  base are  listed in Figure 1.2.1-31. The baseline SPS is 

constructed by multiple p a s x s  of this end builder, which builds a 2-bay wide strip, 16 

bays long, then indexes over ro build s~ccessively, three more strips. Construction 

system characteristics include the cost, mass and crew information presented at the 

Phase 1 Final Brieting. Major construction equipment for the  solar array module are 

also itentized and t:te impzct on satellite 'esign a r e  identified. 

The following paragraphs discuss the 2-bay base satellite construction .sequence, base 

arragnemenr, construction systim, satellite construction apk oach and antenna/yoke 

mdting. M G ~  of these characteristics apply as well t o  the 4-bay and 8-bay end 

builders. 

2 Bay - Construction Sequence- The 2-bay base uses loqgitudinal aqd lateral indexing 

rails o canstruct the 8 % 16 bay satellite in 4 successive passes. After completing t h e  

first 2-hay wide strip, the base is indexed laterally (=-bay.;! as shown in Figure 

1.2.1-32 and then longitudinally (16 bays) t o  begin, a t  that  paint, the second pass. 

Note that the antenna is c o n s t r u  n d  in parallel. This procedure is rcpeated until 

the power generation and di .tribution system structure ana subsystems a re  completed. 

At the en6 of the ?t+ pass, the antenna, yoke, etc., a r e  also completed. The base 

is then indexed !ater&l:y t o  a fxxition with the antenna on satellite centerline. Mating 

opcratia~s are  ?hen begun to trafis' r ihe antenna mass from the construction base t o  
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the  satellite. When the  antenna is completely mated the base is then indexed away 

f rorn, and clear of, the  antenna. 

2 Ehy-Camtndm Biwe. Tk 2-bay end builder construction base shown in Figure 

1.2.1-33 huilds an 8-bay wide SPS, 16 bays long in fou passes. The only di f fermce 

from the SPS baseline configuration is the continuous, rather than segmented, 

fabricatim of all longitudinal beams. Solar arrays are deployed parallel to the  

longit uciinal beams and the antenna facility conforms t o  all aspects of the basehe 

antenna construction scenario, except tha t  i t  includes a yoke fabrication ,-K! assembly 

area. 

While &fined as a 2-bay base, its width !2050m) ercompasses a 3-bay segment of the  

power collector structure to provide a one bay ov. - .?p for la+wal and longitudinal 

indexing operations. The 760m high base, built in the form of an open truss 
w L ~  - shaped framework, is sufficient t o  house necessary equipment and machinery t o  

construct the power collector module. The an:enna construction site is located a t  the 

rear of the  base, making the total base length 3370m although only approximately 

800m is required for power collection 1 1 ~ d u l e  m t r u c t i o n .  A short platform extends 

into the antenna work area to facilitate rotary-joint assembly which is described 

further below. 

2 Bay-Carstructian System. Mapr  equipment functims and their specific locadons in 

the  base a r e  identified in Figure 1.2.1-34. A 60 m travel distance Is provided for t h e  

longitudinal beam builders t o  permit on line maintenance mind repair in a 6C-min period 

(assuming a fabrication ra te  of Im/min). 

The two views shown represent what is probably :he most active location in the base. 

The 12.7 m beam machines gimbals 180 degrees t o  provide the required S/A suppart 

beams, while nearby a mobile (track mounted) 7.5 m beam machine IS shown at i t s  mid 

point of travel between one end of the base and the other. In addition, the  7.5 m 

l o n g i t u a i ~ l  bearc machine, bus installer and solar array implacement equipments a re  

shown. 

2 Bay-Caratructim Appruach (Rimay Structur), The productio-. buildup of the 

power c o l l e c t i ~ ~ l  module starts  with assembly of 7.5 m and 12.7 m structural tri- 

beams. Figure 1.2.1-35 depicts major beam insta1la:ion activity at each frame-station 
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with the fwwara ... , '*d;nal-diago~l (7.5 m) being installed befare the  lateral S/A 

support beam ' I  ' 7 mr to  facilitate cherrypicker accessibility and mobility in the  end- 

attachme-: $-xe-s. 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 the plane of each f tame (verticals, lateral diagonals, 

anti lower-transverse elements) are installed last and compiete the structural buildup 

of each bay. 

2 Bay-Canstnrticm Approach 6th Array), The installation of solar arrays shown in 

Figure 1.2.1-36 occurs at the  same work station in t h e  base as t h e  assembly of 

in-plane structural f rame elements, described above, t o  obtain maximum time-line 

benefits from parallel activities. 

Subsequent t o  the installation of a 12.7 m solar array stpport beam, the cherrypicker 

rercoves a S/A box f tom the  supply a i b  shown and fastens it to  the proximal anchor. 

The distal-end of the blanket is tken connected t o  the  beam, When the frame has been 

inaexed one bay away, the blankets are  fully deployed and the  box is removed from i ts  

anchor support fittings and fastened t o  the next 12.7 m support beam t o  ccmplete the  

cycle. 

2 Bav-AntemaIYoke Matirrg. Nith the antenna facility in i t s  revise6 location in the 

constructior? base shown in Figure 1.2.1- 37, antenna mating operations a r e  performed 

after  the completion of the 8 x 16 power collection module. The antenna is 

constructeo in parallel with the  S/A so that af ter  the  4th pass, i t  is ready for 

installation. At the end of the 4th pass, the base is indexed to  the left 3-bays to  put 

t he  antenna in the S/A centerline. The interface structure between rotary joint and 

solar array is attachea in 'ncremenral steps t o  permit the base t o  gradually transfer 

the antenna mass ~ h i l e  indexing itself away from, and clear of, the antenna. 

1.2.1.4.2.2 4 Bay End Builder 

The rr,ain features of this base are s k w n  in Figure 1.2.1-38. The baseline 8 x 16 bay 

SPS is constructed in t u ,  successive passes by the  4-bay end builder. The construction 

systerri characteristics, major equipments and the in~pac t  on satellite design are  also 

iaent~f iea  in t h e  figure. 
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This 4-bay base operates  very similarly t o  thc. smaller 2-bay wide end builder. Solar 

arrays are deployed in t h e  direction of build. The antenna construction platform 

conforms to the  baseline in area but includes a yoke construction facility. This base 

mates  the  antenna t o  the  solar array in t h e  PI cferred location with the antenna aligned 

with the  longitudinal centerl ine of the solar array. 

Construction of t he  solar a r ray  takes place in a n  1-shaped facility, shown in Figure 

1.2.1-39 (2.96 Km long with 700 m and 360 m wide legs). This facility is constructed 

frorn the  joining of square section open truss beams, provisionally sized at 100 m 

per side. Mounted on the  700 m deep leg a r e  such c ~ n s t r u t t i o n  equipments as beam 

machines and handling devices, solar blanket installation facilities, and bus installation 

mechanisms, as well as habitation, docking, storage, etc. Beam machine and solar 

blanket installations a r e  similar t o  t h e  2-bay end builder. The o ther  leg of t he  facility 

guides and suppccts t h e  longitudinal beams of the  SPS until t h e  bay s t ruc ture  is completed 

and self supporting. 

The antenna and yoke construction platform is mounted at a distance from the  solar 

array facility t o  provide a n  a r e a  in w h ~ c h  the  rotary joint and mating structure can  

be built. It  is also located so tha t  during second pass construction, the firs t  pass 

solar array structure does not foul t he  antenna under construction. When t h e  antenna 

and yoke have been built, they a re  assembled t o  the  rotary joint. The mating structure 

t o  the  solar array i s  then built, but not completed at i ts  solar array end. This en t i r e  

assembly is then indexed along the  backface of t he  solar array facility until one 

set of legs of t he  mating s t ruc ture  is at the  mating overhang for s tructural  completion 

of those legs and mating t o  the  solar array. The base is now indexed outboard so  

tha t  t he  center  mating legs can  be  completed and a t tached in the  mating overhang. 

This sequence of indexing and mating is repeated t o  complete t he  mating of t h e  

solar array and antenna assemblies. Indexing of t he  base, laterally across the  solar 

array, is continu2d until t h e  base is separated from the  satellite. 

1.2.1.4.23 8 Bay End Builder 

Tt,is base builds t he  baseline SPS ifi a single pass and is shown in Figure 1.2.1-40 

and 1.2.1-41. The 8-bay base as shown incluaes a pre-midterm antenna construction 

facility. Satellite antenna mating operations a r e  performed with a "forward-pass" 

hand off,  rather  than the  "lateral-pass" hand off technique used by t h e  2-bay and 4-bay 

bases. The "forward-pass" hand off is conducted through the  large opening in the  "L" sh.;,.cd 
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st1 ucture. Other  differences include the  necessity for !S dedicated longitudinal beam 

bui!ders, and added cherry pickers t o  fully opera te  this wider facility. 

1.21.43.4 Base Carfisltratim Struchval Analysis 
Preliminary studies were made t o  assess t h e  structural  design of t h e  end builder 

construction base during operl t ions in  geosynchronous orbit. Gravity gradient and 

indexing design conditions were examined for  t h e  2-bay end builder during the 

construction of t he  baseline SPS satellite. 

o Gravity Gradient Condition, Natural FrequencylMode - Figure 1.2.1-42 shows the  

configuration evaluated for  gravity gradicn: induced loads; the solar ar ray  is 4 by 

16 bays, the  construction base is i n  posirion at t h e  antenna end and the  microwave 

antenna fully constructed is located in the a f t  position of t h e  base. Mass o.: r .. and 

orbital orientation are as shown in the  figure. A worst case gravity gradient 

torque was assumed with 0 = 45' and = 0 was assumed. 

Figure 1.2.1-43 shov.rs t h e  free-body diagram of t he  solar array/construction 

b a s e / a n t e ~ n a  configuration. The control thrusters  were assumed located a s  shown 

a t  each  end of the  construction base. The moment at the  section A-A does not 

exceed t h e  s trength of a composite material  beam. 

The frequency for the  selected configuration shown in the previous figure was 

calculated using t.k given mass data. The stiffness data s3own in Figure 1.2.1-44 

was calculated for the  Boeing selected composite cap  member with an area of 
4 2 11 2 8.065 x iO- m and a modulus of elasticity of 1.378 x 10 N/m . The array was 

assumed at tached t o  the base at the  indicated locations; the  total  antenna mass 

was located a t  its center of gravity. 

The results show the  frequency of 0.0031 Hz is well above the  required 0.00124Hz. 

o Construction Base Irdexing - Preliminary est imates were made of the  loads acting 

on t h e  end builder construction base during construction. The satel i i re  array/ 

antenna c~nf igu ra i ion  is shown in Figure 1.2.1-165. Since the  satellite mass is very 

much greater  than the  construction base, i t  can be  assumed tha t  t he  relative 

motion of the satel l i te  1s iero. 
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A force-time curve is shown in Figure 1.2.1-46 for an index rate of 20 m/minute. 

Additional study is required t o  evaluate the  effect  of the implvlse on the 

construction base. 

12.1.4.2.5 T i  and fbmtial 
Throughout the Phase I study effort, emphasis has been placed on orte over-ridirig 

ground rule; t o  complete 5 G W  satellite construction within 180 days :5%. in meeting 

this requirement, the  end builder timelines underwent several interactions in defining 

minimum crews and equipments t o  maximize base construction productivity. The 

major timeline parameters were revised during the  course of the study only if needed 

t o  compare alternate construction methods and supporting rationale were available. 

The following F aragraphs describe the  evolution of timeline parameters, define the 

end builder timelines, and describe techniques for accelerating SPS construction 

operations with the end builder base. 

a Evolution of Timeline Parameters - Figure 1.2.1-47 identifies the major timeline 

parameters and ground rules which have been updated since the Mid Term Briefing. 

The impact of these changes on the overall requirements for usage of crews 

and equipment are also provided. Some of the changes shown are interrelated. 

For example, as a result of a revised ground rule, whereby the  reindex rate was 

increased from 1 mpm t o  10 mpm, there was a significant saving in time. That 

t ime was applied t o  the solar array attachment phase, which could then be accomplished 

with less cherry pickers and crew. 

As a result of re-evaluating the manning requirements for the cherry pickers 

and the  beam machines, there was a significant saving in manpower. The ariginal 

ground rules specified that each cherry picker and each beam machine would 

be operated by a two-man crew, for reasons of safety and not necessarily due 

t o  operator workload. 

By orienting the solar array deployment longitudinaliy for the  4-bay end builder 

(similar t o  the  oriental ion of the  2-bay end builder), i t  was possible to (1) delete 

the solary array deployer, (2)  lower the  solar array deployment ra te  from 12.5 

mpm t o  1 mpm, and (3) shorten the  overall construction time. 

2 Bay and 4 Bay End Builder Timelines - The end builder timelines a re  provided 

in Figure 1.2.1-48. As shown therein, the SPS assembly operations commence with 
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the construction of the  power collection module. For the  2-bay end builder, i t  is 

constructed in four passes through the construction base. Each pass provides a 

2-bay by 16-bay submodule and reinde:d.ing occurs between passes. The first and 
fourth construction passes include the  installation of thrusters. The centerline 

main bus is installed during the second pass, but that  does not ef fect  the timeline 

since i t  is installed in parallel with the  fabrication of the longitudinal beams. The 

second, third and fourth construction pass a re  shorter than the first pass, because 

one side of the modules a re  common with the structure previously assembled and 

therefore two fewer beams a r e  required. The fourth pass would require the same 

construction time as the  second and third, except for the addition of the 

thrusters. After completion of the fourth pass, the yoke is assembled and then 

mated to  the  antenna, which was begun during the  assembly of the first 2 x 16 

power collection submodule. Allowing additional t ime for checkout, the total 

2-bay end builder constructicn time is 184 days. 

The 4-bay end builder operates identically to  the 2-bay end b:rilder, as shown in 

Figure 1.2.1-48. There are, of course, only two passes through the construction 

base, each pass providing a 4-bay by 16-bay submodule with only one reindexing 

pass. When the longitudinal beam fabrication occurs at 0.5 mpm, the  total 4 bay 

end builder construction time is 180.5 days. However, if the longitudinal beam 

fabricat.cr process is accelerated t o  one mpm, then the total construction t ime 

can be reduced to  i57.1 days. 

2 Bay End Builder Satellite Module Assembly Operations - Figure 1.2.1-49 

illustrates the  satellite module assembly operations for the  2-bay end builder. 

The assembly operations commence with the fabrication of short lengths of the 

longitudinal beams for implacement of the  joints t o  which the lateral and diagonal 

beam segments of the end frame will be connected. Then, the 12.7 meter upper 

lateral beams for the end frame are  fabricated and joined to  the longitudinal 

beams. Next, t h e  mobile beam machines begin fabricating the beam segments, 

which comprise the remainder of the end frame and simaltaneously solar array 

canisters a re  anchored on the construction base and the distal end of the solar 

arrays are  attached to the upper laterals. 

Upon completion of the end frame assembly and solar array attachment, the 

structure is indexed longitudinally. Meanwhile, the fixed beam machines fabri- 

catt t h e  667 meter longitudinal beams, the main bus is deployed (on the  second 

pass) and the solar array panels are also being deployed. 
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After completion of the indexing phase, the upper lateral beam segments of the  

next frame a re  fabricated and installed. Then, collector busses and switches are 
attached. Next the solar array canisters are detached from the construction base, 

mounted on the  upper laterals and t h e  proximal ends are connected t o  collector 

busses. Simultaneously, new solar array canisters are anchored on the  construc- 

tion base and the distal ends are  attached t o  the  upper laterals and connected t o  

collector busses. Finally, pigtails are  installed across the upper laterals t o  

provide electrical connection between buses. These assembly operations are 

repeated until the  entire 2-bay by 16-bay module is completed. 

a Techniques for Accelerating Space Construction Operations - The baseline config- 

uration was a f our-step, decoupled assembly approach. For that  configuration, 

accelerating space construction operations can be accomplished by adding e q u i p  

ment t o  shorten the time required for any s tep (except the index phase) or by 

coupling operations, as shown in Figure 1.2.1-50. 

The end builder configuration uses a two-phase, coupled assembly approach. 

Those operations that  can be accomplished, while the structure is being indexed, 

are  grouped together in the first phase and the indexing rate controls the 

operation. Accelerating space construction operations in this phase cannot be 

accomplished by adding more equipment. It can only be done by increasing the  

indexing rate and yet i t  is limited by the maximum rate  for fabrication of the  

longitudinal beams and deployment of the solar arrays and the main bus. During 

the second phase of the  end builder construction approach, the controlling 

operation is the fabrication and attachment of the segmented beams. The amount 

of crew and equipment required for the  solar arrays is adjusted to  finish that  

installation concurrent with the segmented beam operation. Accelerating space 

construction operations during this phase requires a coordinated increase of 

equipment for both operations. For example, adding cherry pickers for solar array 

attachment will help t o  shorten the construction process until some other function 

becomes more critical. At that  point, other types of equipment (e.g., beam 

machines) must also be provided. 
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End Builder i o n g i t u d i ~ u l  Beam Production Capability and Benefits Fixed Crews 

and Equipments - In order t o  satisfy t h e  ground rule which limits CEO assembly of 

t he  5GW satellite t o  6 months, it was necessary t o  operate with skeleton crews, 

use minimal equipmertts and slow t h e  operating rates of on-line beam machines. 

The impact on to ta l  satellite construction t ime is shown in Figure 1.2.1 -51 for  

various longitudinal beam fabrication rates with t h e  2-bay, 4-bay, and 8-bay end 

builder concepts. A significant reduction in overall construction t ime  can be  

realized by sirnply o p e ~ a t i n g  these on-line machines a l i t t le  faster ,  such as at 3.5 

meters  per minute rather  than the  .25 t o  1.5 meters  per minute shown at 180 

days. I t  is not eff icient  t o  opera te  these machines at much higher ra tes  s ince 

o t h e ~  construction operations a r e  constrained by limited crews and equipments 

(e.g., for  scilar array hook up). 

The benefit of being able ?o shorten the  construction t ime without adding 

additional crews and equipments can be reflected in reduced payments fo r  

construction interest.  Using a dally interest  ra te  of $2.7 M, the  4-bay end btrilder 

can complete construction 40d as early (at  3.5 m/min) at a saving of about $107:d 

per satellite. Equivalent savings in cons t ruc~ion  interest a r e  also shown for  other  

fabrication rates  for  t he  three  end builder concepts. 

8 End Bl~jlder Production Scale Up Potential - Added Crews and 30 Meter Cherry 

Pickers - The performance improvement t ha t  can be achieved by adding crews and 

equipments t o  t he  end builder concept is shown in Figure 1.2.1-52. Increasing 

cherry picker crews can speed up the  ,solar array hook-up times. Both :he 2-bay 

and 4-bay end builders a r e  currently defined with 7 cherry pickers for solar array 

hook-up and structural assembly. The &-bay end builder, however, could have 

been defined with 5 cherry pickers by relying upon a greater  shared usage between 

these various solar array and structural assembly operations. Available resources, 

however, did ,lot allow this option to  be adequately explored t o  develop this multi- 

usage timeline further. Nevertheless, s ign~f icant  improvements in overall con- 

struction t ime can bc  achieved by increasing the crews and equipments in 

selective construction activities. 

The cost penalty for adding tnese crews and equiprnents is also shown in Figure 

1.2.1-52. This cost penalty ref lects  t he  added costs for  cherry pickers, crew 

modules, crew operations, and related transportation costs. The interest saved by 
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adding these additional equipments is also shown for each  end builder in terms of 

t h e  added cost.  less t h e  interest  saved. 

a End Builder Satellite Construction Potential - The cumulative e f f ec t  of faster  end 

builder production capabilities a r e  illustrated in Figure 1.2.1-53. Assuming tha t  

the  SPS program requires 10 GW t o  be added each year, then 30 years a r e  needed 

to  achieve 300 GW by constructing one 5CUI satel l i te  every 6 months. By 

operating t h e  4-bay end builder at 3.5 meters  per minute, the  same  number of 

satel l i tes  could be completed at least  6- 112 years sooner. This performance 

advantage can ei ther  be used t o  complete productior! sooner, build more satel l i tes  

or b e  applied as a production schedule reserve t o  cope with unscheduled delays 

(i.e., weather, strikes, etc.) 

1.21.5 Single Lk& Construction Concept Characterization 

At  the  end of t h e  previous contractual SPS concept definition study, t h e  baseline 

construction concept entailed construction of 8 SPS modules and the  2 antennas at a 

low Earth orbit (LEO) construction base. The LEO construction base was a C-shaped 

facility tha t  haa both upper and lower decks tha t  provided surfaces from which 

construction equipment could operate. Going into the  current  study, i t  was recognized 

that  the  upper deck and back wall of the  facility could be eliminated by using a mobile 

construction gantry tha t  could be used t o  mount t h e  construction equipment required 

at  the  upper surface. 

This section presents the  details of two versions of a single deck construction base 

concept: 1) a LEO single deck construction base, where 8 modules a r e  constructed, 

and 2) a CEO single deck construction base, where a 5 CW monolithic SPS would be 

constructed. As these concepts utilize the  construction techniques (frame assembly, 

solar array deployment, bus deployment) developed for the  2-deck coi~struct ion base, 

t he  description of t he  single deck concepts does not describe these opc-rations. I t  is 

expected tha t  the  reader can refer  t o  previous contract  documentatiorl for details. 

1.2.1.5.1 LEO Single Deck Construction Base Characterization 

The reference satellite configuration Po be constructed is shown in Figure 1.2.1-54. 

The LEO construction concept is il lustrated in Figure 1.2.1-55. This concept entails 

constructing 8 modules and 2 antennas a t  t he  LEO base. The configuration of t he  
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modules to be constructed L shown in Figure 1.2.1-56. The toplevel  construction 

timeline is shown in Figure 1.2.1 -57. 

1.2.15.l.l LEO Carstructiar Operatiam 

T k  modules and antennas are constructed at L EO using the single-deck construction 

base shown in Figure 1.2.1-18. This *ac lity concept is  shown in more detail in Figure 

1.2.1-59. Tlre track network on this bax is shown in Figure 1.2.1-60. 

mis facility concept is identical in plan form t o  the  baseline C-clamp facility. The 

"roof" and "back wall" have been eliminated. The indexers halre been moved t o  a louer 

deck. The construction gantry, shown in more detail in Figure 1.2.1-61 and -62, 

providcs the capability of ~ i a c i n g  beam machines and cranes where they can be used t o  

assemble the upper surface of the modules and yokes. 

Ihe gantry is mounted on a carriage that  operates from a dedicated track system. The 

gdntrg can rotiite 360' about the vertical axis of the carriage. The cantilevered arm 
of the gantry spans one SPS bay. The gantry iocation provides enough clearance at the 

base so that  the  f acility-mounted beam machines and cranes have working room. 

Figure 1.2.1-63 slmws snapshots of the gantry locations and orientations during 

different phases of the  construction operations. 

The detailed module construction operations (frame assembly, solar array deployment, 

power bus installation, thruster installation) and timeline (40 days per module) a re  

identical t o  those described for the baseline. The frame assembly and solar array 

deployment operations are shcwn in Figure 1.2.1 - 64. 

The detailed yoke construction aperations (frame assembly, power bus installation, 

rotary joint installation, elevation joint installation) a re  identical t o  those described 

for the baseline. 

The detailed antenna construction operations (primary frame assembly, secondary 

frame b?loymer.t, power distribution system installation, and subarray installa~ion) 

are identical to  that  described for the baseline. 
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The antenna-to-yoke and yokelantenna-to-module mating operations a re  identical t o  

those described for t h e  baseline. 

1.2.1.5.1.2 Constructim Equipment 

The construction gantry is the only new piece of construction equipment. All other 

equipment item configurations and quantities are  identical t o  those described fa- the  

baseline. 

-Add one construction gantry. 

-Delete 2 250-m crane manipulators 

1-2.13.1.3 Facility 

Framework. The facility framework dlff ers f rorn that described for the baseline in the 

following respect: 

-Use 10-m beams instead of 20-m 

-Delete top deck 

-De!ete back wall 

-Add f r a m e w ~ r  k for dedicated gantry tracks. 

Base W y s t e m s .  Identical to  baseline except that the thruster system has been 

relocated. 

Crew Modules. Identical to  baseline. 

Wak Modules. Identical to baseline. 

Cargo Handling/Di.trikrtion. This system differs from that described for the baseline 

in the following respects: 

-Delete all tracks associated with top deck and back wall 

-Add dedicated gantry tracks 

-Add one crew bus (dedicated t o  the gantry) 

1.2.1.5.1.4 Crew Size 

Crew size identical t o  that  given for the baseline LEO base. 



1.2.1-5.2 CEO w e  Deck Com&uctim Basc Charac&rizatiar 
The reference satellite configuration t o  be constructed is shown in Figure 1.2.1-65. 

The CEO construction concept is illustrated in Figure 1.2.1 -66. This concept entails 

constructing a monolithic satellite. The top leve l  construction timeline is shown in 

Figure 1.2.1-67. 

1-21-23 Geo Ccmstruction Operatias 
The monolithic satellite is constructed at CEO using the single-deck construction base 

shown in Figure 1.2.1-68. This facility concept is shown in more detail in Figure 

1.2.1 -69. 

The single-deck is s i m i l ~ r  t o  that shown for the LEO single-deck facility described in 

the  previous section. The most notable differences a re  the  orientation of the solar 

array deployers and the location of the antenna facility. The construction gantry is 

identical to that  described previously. 

To construct a monolithic satellite it is necessary to  employ lateral and imgitudinal 

indexing. The module construction operatiors are  conducted in a 2 x 2 bay area. The 

2 facility bays on either side of this 2 x 2 construction area are  ctilized t o  provide 

support points for the indexers when the module is laterally indexed. 

The solar =ray deployers have been reoriented so that the solar array is deployed in 

the lateral direction. It is necessary to  put 2 deployers in each of the  two solar array 

deployment facility bays in order t o  keep the deployment rates comparable to  the 

baseline rates. 

To alleviate competition for track by the four solar array deployers and the indexers, 

i t  was necessary to create  dedicated tracks for the deployers. Figure 1.2.1- 70 shows 

the location of these dedicated tracks. Figure 1.2.1-71 shows how the deployers, 

indexers, and facility tracks a re  interfaced. 

The detailed module construction operations (frame assembly, solar array deployment, 

power bus installation, thruster installation) are identical to those described for the 

baseline, see Figure 1.2.1-72. The module construction timeline is shown in Figure 

1.2.1-73. 
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The antenna construction operations are identical to  the  baseline. There are 167 days 

available t o  construct t h e  antenna (compared t o  120 days fw the baseline) so the 

equipment rates could be 40% slower. 

The yoke construction and mating operations are described in Figure 1,2*1-74. 

1.2.1.5.4 Canstrurticm Equipnent 

No change from that described far the LEO single deck. 

1.21.5.5 Facility 

Fmmcwak-The framework for the  fazility differs from L ! t  desaibed for the  

baseline in the following respects: 

-Use 10 rn beams 

-Delete top deck 

-Delete back wall 

-Delete 200 m truss along back edge 

-Add f rarnework for dedicated gantry and solar array deployer tracks. 

Shystem-The base subsystems are identical t o  the baseline except that  the 

thruster system has been relocated. 

Cmv Modules- ldentical to  baseline. 

Work Modules- Identical to baseline. 

Cargo Handling and Distributiar- This system differs from the baselire in the follow- 

ing respects: 

-Delete all tracks associated with top deck and back wall. 

-A& dedicated gantry and solar array deployment machine tracks. 

-Move the cargo receiving, sorting, and warehousing track system t o  the antenna 

platf orrn (no net change). 

-Add one crew bus (dedicated to  :be gantr ). 
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1215.6 Crw Sizt 
The crew size is listed in table 4.2.1-4. 

1.2.1.6 Anbcrrra Cars=nrtian Cancept R cfirm#lt 

This section contains the analysis prtaining to antenna construction refinement. 

There are two smhsections: 1) Review of the  anterma design for constructian i m p x t ,  

and 2)  refinement of the  antenna corlstruction operations concept- 

1.21-6.1 Review of tfrt AntcIILa Design far Camtnrdar hrprt 

The zintenna construction concept described in the Part  III Refer red  Concept 

Description document had two significant inconsistencies that  were never resolved due 

t o  the press of time. These inconsistencies, their construction impact and resolution 

are desaibed below. 

1 1 1 . 1  Rbnay Frame Gmfipatim Update and CarstnrtMn Apposrlr 

Figure 1.2.1-75 shows the antenna primary f rame configuration defined at t h e  crrd of 

Part Ill. This strucrure was composed of 10 m beams and incorporated tension cables. 

!n the first part of the current study, a s u u c t u r d  analysis of t h e  antenna framework 

(MPR 32, Attachment 2 )  recommended that  the  tension cables be replaced by beams. 

The resulting configuration of the primary s t r u c t o . ~  is shown in Figure 1.2-1-76. The 

analysis did not specify the dimensions of the beams, e-g., 5 m or 10 m beam, but it did 

specify the attributes of the beam (see Table If in MPR 12, Attachment 2). For t h e  

construction arraijsi~,  i t  is not necessary t o  know the specific cross-sectional size of 

the beams; beam length is the important dimension. 

The construction issues that  were to be defined fa the new primary f rame configura- 

tion a re  the  following: (1) How many beam machines a r e  required? (2) How ma2y 

cherrypickers are required? (3) What is the  assembly sequence? (4) How long does i t  

take? 

Construction issues (1) through (4) are resolved in Figure 1.2.1-77. This figure shows 

how two beam miichines and four cherrypicken can assemble a primary frame bay in 

about 4 hours per bay. 
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1.2.1.6.1.2 Elcvatim ;kint Lacatim 
One of the most significant inconsistencies betweer. the Part HI antenna configuration 

concept and the  antenna construction concept is the orientation of the  A-f rame 

primary structure with respect t o  the  yoke, see Figure 1.2.1-78. In the antenna 

configuration concept, the A-frame structure is oriented so that  t h e  elevation joints 

tie into the ends of the center A-frames. However, in the construction concept it is 

necessary for the A-frames to  be oriented orthogonally to tha t  just described. This is 

necessary so that  toward the  end of the antenna construction timeline the antenna can 

be indexed while i t  is being constructed within the confines of the  yoke, see Figure 

1.2.1-79. 

In order t o  impiement the construction-required A-frame orientation, there a re  two 

issues that  need t o  be resolved: (1) Can the  elevation joint be mated into the  side of 

the A-frames? ( 2 )  Is there any impact on the antenna maintenance system concept? 

The first issue is illustrated in Figure 1.2.1-80. The structures analysts indicate tha t  

the  elevation joint could be made into the  side of the  A-frames if some provision could 

be made to take out the axial loads on the  upper surface without relying on the 

secondary structure. This would require beams t o  bridge between the peaks of the 

A-frames as shown in the figure. These beams wodd complicate the maintenance 

gantry clearance and would create a problem for the cherrypickers on the maintenance ' 

gantries to gain access to  the subarrays located directly above the  beams. Time does 

not permit these problems to be resolved. In view of the fac t  that  the antenna 

primary structure may be changed to a pentrahedral design dut.ng Phase 11, i t  does not 

seem to be critical t o  resolve the issues defined above. 

1.21.6.2 Refinement of the Antema Constructim Opaations Concept 

The antenna construction operations have been explored in detail in the previous 

studies. However, there are several construction issues that needed t o  be refined in 

order to  incorporate MPTS configuration updates and to  pin down some loose ends. 

The antenna construction concepts that  were re-explored are the following: 

1. Re-examine the configuration of the antenna construction platform. 

2. Determine construction operations, equipment, and manpower required to  install 

the  phase control system. 
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3. Determine the  construction operations, equipment and manpower required for  

assembly and installation of t h e  maintenance system. 

4. Develop an integrated timeline for  the  MPTS construction. 

5. Develop updated construction equipment and manpower count. 

1.2.1.6.2.1 Antem Constructim Platform 

Figure 1.2.1-81 shows the  reference antenna construction platform. This platform 

provides the  following purposes: (1) Supports the  antenna facility, ( 2 )  Provides supimrt 

s tructures for  t he  t rack network, and (3) Provides space for  a subassembly factory. 

The only one of these tha t  will be addressea here  i s  Item 2. 

The majority of Ihe  antenna construct lor^ plztform surface  a rea  is devoted t o  support 

of t he  indexing st d.:k. A closer look iit the  indexing requirements s h ~ w  tila: :t is 

necessary t o  provi& ?r;lcks for  both "tall" and "short" indexers, see Figure 1.2.1-82. 

The "tall" indexers sre r q u i r e d  only during the construction of t h e  f i rs t  row of bays. 

I t  was not deemed feasible t o  support t h e  assembled s t ruc ture  from the  peaks of 

the  A-frames alone. Afrer t he  second row of bays is partially completed, i t  is possible 

t o  support the  s trdcture using "short" indexers only. It  is necessary t o  add dedicated 

tracks fo r  the  "tall" indexers for  this early pnase of f r ame  assembly. 

Another factor  tha t  became apparent (which has not recognized before) was tha t  

i t  is necessary t o  support t he  antenna a t  t he  perimeter only. After t he  second row 

of A-frames a re  partially completed, the  secondary structures a r e  added. These 

structures prohibit attaching indexers t o  t he  f ace  of t he  antenna. The only place 

le f t  :o grab the structurE. is out a t  the  ex t reme edges of the  primary structure. 

Subsequently, t he  anrenna platform needs t o  be extended on ei ther  side of the  antenna 

facility so tha t  the indexers at tached t o  the  perimeter have track t o  run on. The 

resulting configuration of the  platform is shown in Figure 1.2.1-83. This configuratioq 

is a significant change from the reference configuration. The integrated track network 

on  this platforrn is shown in Figure 1.2.1-84. Ali  of the single deck and end-builder 

construction base concepts were updated t o  incorporate this new configuration. 

1.2.1.6.2.2 Phase Control System installation 

The phase control system configuration is still in the  process of being defined. The 

installation of this system has never been considered in the antenna construction 
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concept t o  date. Preliminary discussions with t n e  MPTS experts  has exposed a 
requirement t o  add some equipment and people for  performing this installation. 

I t  will b e  necessary t o  add a gantry and cherrypicker t o  t he  Deployment Platform so 

t h a t  a phase control wiring or fiber optics distribution harness can be  installed on t h e  

secondary structure on the  side adjacer?t t o  the  subarrays. The revised Deployment 

Platform concept is shown in Figure 1.2.1-85. This will force  a requirement for t h e  

ttshort" and "tall" indexers t o  be 230 m and 1 10 m in length. 

Maintenance Systems Irrstallaticm 

Figure 1.2.1 -86 shows the maintenance systems tha t  need t o  be  installed on the  

antenna a s  i t  is fabricated. The issues t o  be  resolved a r e  t he  following: 

a. What beam machines a re  required t o  make the  t rack beams and the  gantry beams? 

?he timeline analysis t ha t  i: discussed later  will show tha t  t he  beam machine used 

on the lower level (seam Machine 2 in Figure 1.2.1-77) is only used intermit tent ly 

for  primary f r ame  assembly. It  seems reasonsable to  assume tha t  this machine 

could be  used to  fabricate both the  gantry and :he t rack beams. 

b. Wh2t cherrypickers could be used for maintenance system installation? 

The two cherrypickers associated with Beam Machine 2 (CP3 and CP4) a r e  also 

used intermittently, only 11 hours every other day. It  is reasonable t o  assume tha t  

these machines could be used t o  install  t he  gantries, t h e  cherrypickers on the  

gantries, the t rack beams, the cargo transporters, and the  crew busses. Remem- 

ber t ha t  these systems a r e  installed only on t h e  outboard ends of t h e  primary 

frame, so there  would be plenty of t ime availabie t o  use C P 3  and CP4 to  do the  

necessary preassembly operations on the maintenance systems prior t o  

ins ta l la t i~n .  

h - t e n n a  Construction Timeline 
Each of the construction operations have now been examined in detail  t o  define the  

t imes r equ i~  ed. The integrated t lne i ine  is shown in Figure 1.2.1-87. The locations of 

some of the construction equipment is shown in Figurc 1.2.1-88. 
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&Hum Cmastructian Equipment and Mam* Requirements 

The construction equipment i e v i ~ e d  requirements a r e  summarized in Table 4.2.1 - 5. 

The revised manning requiremenis are showri in Figure 1.2.1-89. 

121.7 Refared Cammctiar C a m p t  Selectian 

The single deck and 2 bay14 bay end builder c m c e p t s  were all  &fined to m e e t  the 

requirements f a r  constructing a 5 CU satei i i te  in GEO every six months. Figure 

i.2.1-96 shows :.he single cieck with t h e  2 bay ena bu,ider t o  approximately the s a m e  

scale. T k s e  concepts were t o  be e v a i m t e d  rn terms of cost, performance complexity, 

system complexity. operations compiexity, development risk ana growth potential. 

This set of u l t e r i a  encsrilpasses broaci categories  which include other  fac tors  related 

t o  specific programmatic issues dnd system design considerations. 

;.21.7.1 Construction Base Cast Compariun 

Comparat ive costs a r e  shown in Figure 1.2.i-91 for  t h e  a i te rna te  sa te l l i t e  construc- 

t ian approaches. 1 he ncminal construc tim rime and max,;n;lrn construction capabili- 

t ies  a r e  also shown fc?r tk al te rna te  bases. Total base costs  and the related annual 

amortization costs  a r e  s h o ~ n .  Fotentiai construction interest  t ha t  can  be saved each 

year bj- operating at faster ra tes  a r e  aiso shown and t h e  net  annual cos t  with this  

interest benefit is p r o v i ~ d .  

Althougk the  torai  cost difference i not great,  the  2 Cay end builder fea tures  t h e  least 

total  base c ~ s t  and a !oh- annual anfiorl izat~on cost ~ i t h  interest  benefit. 

Further ciscuss~on on the  cost es t imate  details ana a prcjected 8 bay b a ?  comparison 

a r e  c rovided below. 

G E 3  Cr.ns:ruction Base Cost Estimates - The same  rrlethodology was usea to  

deveio? comparable cost  da ta  for  Boeing's single deck Oaselitw afid Grum man's 

a l te rna te  end builder concepts. Cost  es t imates  shown ir: Figure 1.2.1 -92 were 

developed to  the  level of base framework, cre's modules, constri~ctio;: equipment 

ana logistic equipment (i.e., tracks, turntab!es and vehicles). Common subsystem 

ana maintenance costs were included ir all concepts, a; were costs  reiated to 

antenna construction, yoke construction and subassembly ccnstruction activities. 

A 47% wraparound fac tor  is also included t o  acccunt  for  management, system 

engineering and ii~tegration, sys'em test ,  and the  other  cost  e lements  nored in the  

iigure. The added i o s t s  for transporting base hardware to CEO and conducting 

recurring c r e k  operations (i.e. for  1 year) a r e  also ~rr,-ltlded. 
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The est imates shown in Figure 4.2.1-93 were jointly reviewed and adjusted, if 

needed, to assure tha t  comparable design definitions were used across t h e  board. 

Base framework costs, for example, assume tha t  each configuration employs 100 

me te r  deep structural  sections in lieu of t h e  range of "as-drawnw dimensions, 

which await  further  loads and stress  analysis. 

The 2 bay end builder exhibits the  lowest cost  primarily because i t  features less 

costly cons t ruc t iw equipment and related crew modules. The 4 bay end builder 

has more equipment but is slightly less costly than the  single deck baseline 

because of its smaller crew size. 

3 Bay Base Cost Comparison - Figure 1.2.1-93 provides a graphic comparison of 

the major cost differences between t h e  a l te rna te  construction bases. Total base 

cost, annual amortization and related interest benefits due t o  faster  construction 

a r e  shown for  the single deck and end builder concepts. Total base costs  fo r  t h e  8 

bay ena  builder were derived from earl ier  8 bay versils 2 bay end builder cost 

comp~risons.  Accordingly, t he  8 bay end builder is projected t o  cost  almost  10% 

more than single deck baseline ana have an equivalent increase in anrtual 

amortization costs. I t  is interesting t o  note, however, when annual interest  

benefits a r e  considered, the net annual costs for  the  8 bay end builder are no 

h ~ g h e r  :han the single deck. Nevertheless, t h e  4 bay and 2 bay end builder still  

show the lowest ne t  annual cost with the  interest benefit. 

1.2.1.7.2 Canstructicm 6ase Perfcrmance Comparison 

Comparative performance data a r e  provided in Figure 1.2.1 -94 f o r  t h e  a l te rna te  

construction bases. The base characteristics related t o  longitudinal beam design, 

satel l i te  construction approach and nominal construction t imes a r e  shown together 

with their comparative m a s e s  and maximum construction capabilities. The online 

beam machines, wnich a r e  used for  continuous fabrication of end builder longitudinal 

beams, provide an inherent capability for increasing the overall r a t e  of construction. 

By operating the longitudinal beam machines at 3.5 meters  per minute i t  is possible to 

save up tc 40 days of satel l i te  construction time. The baseline single deck segmented 

beam method of construction is not ab le  t o  shorten t h e  r a t e  of construction without 
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aading additional crews and equipments. By building two 5 GW satellites a year, the 4 

bay end builder therefore can offer an 80 day advantage in faster performance over 

the single deck. 

Comparison of the total base relative masses (see Figure 1.2.1-95) shows that  most of 

the weight difference is attributed t o  the difference in base configuration framework. 

As previously noted, the  weight of base framework listed herein is normalized t o  the 

extent each base was assumed t o  employ 100 meter deep structural sections, rather 

than the various deeper and shallower "as drawn" sections which have not been 

analyzed and sized. 

1.21.73 Construction Base System Complexity Comparison 

The major system differences between the  alternate construction bases a r e  compared 

in Figure 1.2.1-96. The single deck builds the segmented beam design and constructs 

the satellite by perfwming multiple lateral and longitudinal indexing operations. The 

end builder concepts, in turn, build the continuous longitudinal beam design and 

construct the satellite by fabricating in one direction and then re-indexing for a 

subsequent pass. Other system differences are characterized in terms of the overall 

base size (with and without the  antenna construction facility), module construction 

work station, major moduie construction equipment, total crew size, and logistic 

trac!:. The end builder concepts a re  generally smaller in size and can be operated with ' 

fewer people than the single deck. However, the single deck requires fewer automatic 

beam machines and cherrypickers than the two end builder concepts. It should be 

noted, however, that  the  end builder uses some of i t s  cherrypickers t o  perform solar 

array installation functions, using simple proximal anchors from i t s  built in logistic 

track, in lieu of the large cross bay gantries and related installation/deployment 

equipment used by the single deck. 

1.2.1-7.4 Constructim Base Operatim Complexity Comparison 

The major difference in alternate CEO base construction operations a re  summarized in 

Figure 1.2.1-97. All of the alternate bases build the sate!lite by indexing the base 

either laterally or longitudinally as permitted by the  longitudinal beam czsign. The 

single deck segmented longitudinal beam assembly method allows either decoupled or 

coupled construction techniques to  be employed. The baseline single deck approach 

uses decoupled solar array structure assembly operations. On the other hand, coupled 

soiar array/structure assembly operations are  facilitated by the end builder continuous 
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longitudinal beam approach. This end builder approach necessitates tha t  all automat ic  

longitudinal beam machines be  synchronized and be capable of being maintained and 

repaired both on and off line. The end builder solar blankets can  ei ther  b e  deployed 

longitudinally (88 or 176 strips) or laterally (single strip) as t h e  baseline. Each 

al ternate base uses a similar method for translating and mating the  satel l i te  antenna. 

1-21-75 Carstructian Base Development Risks 

The major construction elements  t ha t  must be  developed fo r  ei ther  t he  single deck or 

the  end builder concepts a r e  listed in Figure 1.2.1-98. Some of the differences in 

system development requirements include single deck upper level gantry control, end 

builder au tomat ic  longitudinal beam machine synchronization, and other  differences in 

single deck/end builder solar array installation and deployment equipments. None of 

the  above differences a r e  judged t o  be  significant, henc- all  concepts are c i ted  t o  have 

a moderate development risk. 

1.2.1.7.6 Construction fbse Gmwth Capability 

The ability of t h e  a l t e r w t e  construction bases t o  be adapted to  other requirements 

than those studied for CEO construction a r e  summarized in Figure 1.2.1-99. 

Growth in SPS production r a t e  require.nents implies added crews and equipments for 

the  single deck. For t he  end builders these added costs can b e  deferred until the  

longitudirlal beam fabrication r a t e  capability is reached (i.e., about 3.5 meters/min). 

All al ternate bases can be  expanded if needed t o  huild the  8 x 16 bay satellite in one 

pass. Each concept cm also buila pentahedral structures or be adapted for  use in LEO 

construction. In addition they can readily build smaller or larger satel l i tes  which 

require fewer or more bays of t h e  same  size. Should smaller or larger satel l i tes  b e  

required with diiferent slze bays a f t e r  the base has been built, then the  single deck 

approach is probably easiest t o  adapt. 

1.2.1.7.7 Alternate Construction Concept Summary Comparison 

The major differences identified in t he  evaluation of a1 t e rna te  CEO construction bases 

a re  summarizea in Figure 1.2.1-100. Each concept  is compared in terms of i t s  major 

costs ( total  base cost and annual amortization with interest  benefits) system charac- 

ter is t ics  (base mass and crew size), operations complexity, performance capability, 

development risk and growth capability related t o  SPS size. Both the  2 bay and 4 bay 
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end builders provide higher performance capability (40 days faster a t  3.5 miinin). 

Hence if faster production capzbility is important tbr l  the 4 bay end builder is 

preferred. 

However, the single deck appears simpler to operate due to haviqg less construction 
equipment. The single deck is probably also easier to adapt to major changes in 

satellite design. Therefore, if simple operations are more important than faster 

production capability, then the single deck is yrefeired. 
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1.3 SPACE TRAYSPORTATW 

Three study act ivi t ies  were conduced under this WBS item: 

1) HLLV trajectory afialyses investigating ways of ameliorating potential environ- 

mental e f f ec t s  of HLLV operations with high launch rates; 

2 )  Eva!lra.-un of +dicated e lec t r ic  orbit transfer vehicks  for delivery of SPS cargo  

t o  ge~synchro!~ous  orbit, including evaluation of space coratruction and SPS 

design factors  related t o  t h e  relat ive cos t  of e lec t r ic  OTV's as compared t o  

the  earlier self-power baseline. 

3 An exploratory investigatioil of possible e f f ec t s  of e lec t r ic  propulsion operations 

on the  geomagnetosphere. 

1.3.1 HEAVY LIFT LAUNCH VEHiCLES 

1.3.1.1 Lbunch Trajectories 

Problem Statement 

A preliminary study by t h e  Los Alamos Scientific Laboratory raised concerns over  

depletion of the ionosphere F-layer by exhaust products from HLLV's. This study 

assumed tha t  t he  HLLV ascent  t rajectory will reach t h e  F-layer. The reference 

trajectory is shown in Figure 1.3.1-1; i t  never ge ts  closer than 75 km froin the  bottom 

of t he  F-layer. Boeing conducted a preliminary analysis under IR&D t o  examine 

the  possibility of deleterious ef fec ts  from this trajectory. It was concluded that: 

(1) The ef fec ts  on t h e  ionsophere will be  a b 0 l ~ t  a fac tor  of f ive less than projected 

by the  LASL study. Even though the  trajectory stays well below the  ionsophere, 

t h e  hydrogen from the  rocket engines will diffuse rapidly up t o  the  F-layer and 

cause  some depletion. 

(2 )  There does not appear  t o  be  any concern regarding the  ozone layer. I t  is even 

possible tha t  water diffusing downward could reduce ozone depletion by other  

reac tants  such as aerosol propellants. 
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0 180-25037-2 
3 if ;he t rajectory peak al t i tude could be suppressed t o  about  100 km, t h e  iono- 

sphere concerns would be much reduced. 

Trajectory Analyses 

I t  was concluded t h a t  t h e  t rajectory modification task should investigate t h e  feasibil- 

i ty of reducing the ascent  t rajectory maximum al t i tude to about  100 km. (The earlier 

re te rence  trajectolq- has a maximum al t i tude  of about 125 km for  injection to a 100 km 

x 477 krn transfer  orbit.) Three trajectory shaping methods were  studied: (1) changing 

injection a1ri:ide; (2) using a commanded ra ther  than optimized upper s t age  angle 

of a t t ack  profile; (3) using a commanded ra ther  than optimized booster bi;ial tilt. 

(All booster t rajectories  were zero-angle-of-attack gravity turns.) Figure 1.3.1 - 1 

presents a summary of results. Table 1.3.1 - 1 summarizes key trajectory parameters. 

The trajectory plots from which these  points were taken a r e  shown in Figures 1.3.1-3 

through 1.3.1-16. 

The sca t t e r  in Figure 1.3.1-2 results from non-optimality of t h e  path depression 

strategies. Best vehicie performance occurred with a peak al t i tude of 110 km (360,000 

feet). The performance penalty for  suppression t o  100 km is a b u t  2-1/2%. 

1.3.1.2 Return Trajectories 

Overpressures (sonic booms) result from supersonic flight of vehicles departing for, 

o r  returning from, space. In t h e  case of a launch s i t e  on the Eastern Seacoast, such 

as K5C, the  departure overpressures occur some distance at sea and a r e  of l i t t le  

environmental concern. The same i s  t rue  for booster reentries. (Booster f lyback 

t o  t h e  launch s i t e  will be subsonic). The orbiter,  however, returns t o  t h e  launch 

site.  The level of expected overpressure is grea ter  with larger vehicle s i ze  and higher 

wing loadiag and varies considerably with t h e  local weather conditions. The baseline 

SPS HLLV orbiter is much larger than the shutt le  orbiter but lower in wingloading--its 

predicted overpressure i s  about twice tha t  for  t h e  Shuttle. The overpressure level, 

roughly 195 pa (3  psf) is in the n u i s a ~ e  (not damaging) range, but the  potential frequency 

of occurrence, on the  order  of once a day, motivates a search f o r  trajectory strategies 

than can  ameliorate this problem. 

The highest overpressures come from tha t  par t  of t he  trajectory near Mach 1.5. 

The hypersonic part of t h e  trajectory produces relatively l i t t le  overpressure. Accordingly, 

a potentially beneficial s t rategy is t h e  supersonic turn: Cross t h e  coastline a t  a 



125- 

ORIGINAL REFERENCE +A 
0 0 

0 INJECTION AT 9&95 KM 

d 0 INJECTION AT 85 KM 
A INJECTION AT 110-120 KM 

315- I I 1 b 

90 100 110 120 130 

PEAK ASCENT TRAJECTORY 
ALTiTUOE IN KM 

Table 1.3.1 - 1 ~ra,jecmry Sirmmay lby per;-) 

INDICATES ENTIRE T R M C T O R Y  <lOOka 
t INDICATES T R A S C t O R Y  NEAR 100 km < l g L m  



0 
0 1w 200 3m 4m 500 boo 

RANGE iNAUT. MILES) 

0 
0 100 200 #O 400 WO 600 

RANGE (N. MI.) 

Figure 1.3.14 33x477 km explicit fnybol#:tory Tilt = 82.0 



a0 

HEIGHT (Km) 

RANGE {N. MI.) 

0 100 200 300 400 600 mo 700 WW) 

RANGE (N. MI.) 

Frplwr 1.3.1-6 lnswtion to 93x477 km O&it (Fixed Tilt = 810/ 
344 



HEIGHT 

0 180.m7-2 
120 

. 

A - 15.i.QICOOO LBS 
AW2 - SpSe,soOLBS 
WMECO - 1.920.100LBS 
PA - 925.88 LBS 

O L  I I I I I 1 I - 
0 100 200 300 400 500 (WO 700 800 

RANGE (N. MI.) 

120 4 

HEIGHT (Km) 

TO CIRCULARIZE: AV - 364.1 

?st STAGE PROPELLANT ' - 15,070,000 LBS 
2nf STAGE PROPELLANT - 5,058,750LBS 
".: VECO - 1.918.2SOLBS 
O/L - 924,134LBS 

0 '  I I I I I I I 

0 100 200 300 400 500 00 700 800 
RANGE (N. MI.) 

FQure 1.3.18 Inmion ro 93x477 km Orbit ( R e f m m  



0 100 200 300 400 so0 wo mo 800 900 

RANGE (N. MI.) 

80 

HEIGHT (Kml 

AW2 - 6,-&8.010LBS 
Wmco - 1.918.190 LBS 
AVc - 364.1 
PA - 924,077 LBS 

RANGE (N. MI.) 

Figure 1.3.1- !0 93x477 km Orbit (Tilt = 83.50) 



HEIGHT 

0 '  I I I I I I I I 

0 100 200 300 400 500 600 700 &00 900 
RANGE (N. MI.) 

Figure 1.3.1- 1 1 %Ox477 km (Reference) 

HEIGHT (Km) 

60 

AW2 - 5.073.380 LBS 
WMECO - 1,903,629 LBS 
PA 913,691 LBS 

1 I I I 1 1 I 

0 100 200 300 400 500 600 700 800 
RANGE (N. MI.) 

Figure 1.3.1 - 72 120x477 km (Ref. trencei 

347 



la, 

60 

HEIGHT (KmJ 

80 

0 
0 100 200 300 400 m 600 JW 800 

RANGE (N. MI.) 

AW2 - 6 ,0#1 ,210~  
= 1,lm.rnLBs R E  = m,omm 

I I 

F&re 1.3.1- 14 85x477 km (Tilt - 6t2.0) 

i 

0 100 200 m 400 500 mo 700 a0 
RANGE (N. MI.) 

F 1 - 1 3  1 la177 h (R-I 



0 180-25037-2 
L 

-----I) ----.------.I)--- ---.I------ - 
4 -- - 

AW2 - 6,082,130 LBS 
W ECO = 1,894,870LBS 
P I  = 000,813LBS 

t 

I I I t 1 I t A 

0 100 200 300 400 600 600 700 800 
RANGE (N. MI.) 

Figure 1.3.1- 15 85x477 km (Tilt - 82.5') 

-------------------- -------- 
I 

AW2 - 6,067,500 LBS 
W ECO - 1,905,000 LBS 
P = 910.168 LBS 

I I I I I I I 

0 100 200 590 400 #W) 600 7@0 800 
RANGE (N. MI.) 



high supersonic or hypersonic speed; ini t ia te  a turn to reverse direction; complete  

t h e  turn at sufficiently high al t i tude and speed to allow a return t o  t he  launch s i t e  

with sufficient al t i tude l e f t  at arrival t o  permit  a sa fe  approach and landing; t ry  

t o  accomplish subsonic transition fa r  enough at sea t o  avoid s trong overpressures 

reaching land. 

The t rajectory design entai ls  several considerations. (1) The hypersonic flight portion 

should occur at maximum l if t  coefficient (angle of a t t a c k  about 55  degrees) t o  maxi- 

mize flight al t i tude and thereby minimize heating r a t e s  and overpressures; ( 2 )  t h e  

turrr should be  flown at maximum LID t o  enable turn completion at maximum speed* 

and altitude. Maximum LID occurs at an angle of a t t ack  between 20  and 25 degrees; 

(3) if a sudden transition is made from 55' angle of a t t a c k  to 25' angle of a t t ack  

and 45' bank, t he  l i f t  will decrease markedly below weight and a dive will result. 

Accordingly, a transition is  needed. Smooth transitions were  found possible by gradually 

reducing angle of a t t ack  from 55 degrees at M=IO t o  20 degrees at M=5; (4) a t t empt s  

t o  control  t h e  turn by maintaining a normal load fac tor  of 2 ( the "ideal" turn at 

45' bank) generally resulted in a progressively increasing angle of a t t ack  until CL 

max was exceeded and the  normal load fac tor  could not be  maintained. Holding 

a constant  angle of a t t ack  at 20' t o  25' resulted in good turn control; (5) glideback 

shvuld te performed at LID max t o  maximize range. Subsonic LID max occurs at 

an angle bf a t t ack  of about 10 degrees. 

Several t rajectory s trategies  were investigated. There did not appear t o  be much 

advantage t o  turn initiation at speeds grea te r  than about Mach 5. 

Figure 1.3.1-17 shows the  command sequence (angles of a t t ack  and bank) found most 

effect ive.  Figure 1.3.1-18 shows the  resulting al t i tude and dynamic pressure as 

a function of Mach number. Figure 1.3.1- 19 shows a map of t h e  180' turn superimposed 

on Florida. Figure 1.3.1-20 shows altitude as a function of g rea t  c ircle  range. 

The vehicle response in te rms  of alti tude, and particularly dynamic pressure, to  t h e  

command angle-of-attach changes is  clear. The vehicle crosses t he  coastline a t  

* Note tha t  the  ra t io  of change of momentum vector direction t o  loss of momentur,i 
due t o  drag (at  constant  alti tude) is dml /dml  I = (LID sin fl) where 4 i s  bank 
angle. One can readily snow tha t  V Z / V l  = e x p  (WL/D sin fl) if a l t i tude and LID 
a r e  constant. 



Mach 4 and 120,000 feet .  A t  this point t he  predicted sonic overpressure is under 

2 psf. Further slight improvenlents in ihis t rajectory could be  made by maintaining 

t h e  angle of a t t ach  at 20' until speed drops t o  about 0.8 Mach number. I t  may also 

be noted t h a t  if t he  vehicle approaches Florida on a southerly azimuth, a turn of 

only slightly over 90' is required. 
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1-12 CARGO OTV: CONSTRUCTION iCCA'IK)N/ORBIT TRANSFER 

1.3.2.1 INTRODUCTION AND SUMMARY 

As p r t  of a previous NA!,A J.W cont rac t  NASY-15196, &wing  analyzed solar power 

satel l i te  (SF'S) concepts  u here  the satel l i te  would be constructed in e i ther  low e a r t h  

orbit (LEO) or 6~0s )  nchr~lnous ear th  orbit  (GEO). The LEO c o n s t r ~ c t i o n  concept 

corisists of building portions of the  satel l i te  (cdlled n~odules)  in LEO and using e lec t r ic  

power generated by the  rliodufe t o  drive electric propuision systems tha t  propel t h e  

llrodult?j up t o  CEi) where they a e odoched together t o  torn) the  c o r n ~ l e t e  satellite.  

Th i  original GEL' construc tlon concept utilized large L02/LH,  OTV's t o  transport SPS 
L 

corriponenrs fro111 LEO t o  LEO where 3 r i \ ono l~ th~c  type satel l i te  could be constructed. 

The conlparison of tiiese ttw 0 coilcepts rnaic.ited a p p r o a ~ ~ ~ > a i e i y  a $2 b~l l ion  savings per  

10 G U e satcllit tb unen ilsing rhe LEQ ccnstructron/self-wwer concept. This signif i- 

cslrit ddbdnrdge was p r i i l i ~ i l ?  a t t r lbu tea  t~ the  use of electric propulsion rather  rhan 

LO ,/LH- propuislc~) for orbit  trdnster. 
& L 

.-\nc.t/icr or blt rrdnsfer optror! ilsirig i?tgtl prr tor r?unce  e l e i t r ~ c  propul.iion has been 

m i t l y ~ e a  in perforriiance o t  t he  current  cant rac t  N.AS9-15636. This concept  also has 
' 

the  satel l i te  cotistt ucted LEO b ~ t  C S ~ S  independent electr ic  propulsion orbit  

trdnsfer v e t ~ ~ c l e >  (EeTV) 10 rliove the SPZ components iroril LEc7 ro GEO. The EOTV's 

are acsigned to  be  reusable so they dre  returned t o  LEa and deliver nlan; loads of SYS 

coliiponents over t h e ~ r  !if et1:ne. 

The Phase I e f for t  colicerniag t h e  construction l~d t1o r i / 0 rb i t  t r a i s f e r  options is 

illustrared In Figure 1.3.1-1 and cons~s t ed  of 1)  defining the GEO construction concept 

u a n g  COTV's t o  a cori ipdr~ble level cis that  previot~sly &ne for ether  optlons, 2 )  analyzing 

potential i r~~provc r~ ien t s  t o  the LEd collstructrorilself-p7uer option, arld 3) conducting 

a corilparison of these two uptrons, c-onsldering a11 a5pecrs of trar!>~.~t.tstion, construction 

and 1rrlpac.t or1 sarel l i te  desisn. 

The results of the cornpalson indicdtc that  the  LEO construct lor1 concept using self- 

p w e r  transfer of the modules and no recovery should be u t i l~zed  for t he  rriitlal s tages 
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of the operational SPS program. The main reason for this recommendation is tha t  it 

has significantly lover front end cost with recurring cost being competitive out to at 

least 150 gigawatts of installed power. In addition, rnis concept does not require reuse 

of the  power generation system which may be quite sensitive to the  environment 

between LEO and CEO. Finally, this concept allows natural evolution t o  the  recovery 

of the electric propulsion system, which would result in the  lowest recurring costs of 
any of the concepts evaluated, 

13.2.2 CEO CCWSTRW3fKMI W I T H  EOTVS 

The major system elements and operations associated with t h e  CEO canstruction 

concept u t i r i  electric orbit transfer vehicles are illustrated in Figure 1.3.2-2. In 

summary, the  LEO base serves as a staging depot and construction base for the  

EOTV's. SPS cargo and personnel are delivered to the  LEO base using two stage 

winged HLLV's, A fleet  of EOTV's transfer cargo from the  LEO base t o  t h e  GEO 

construction base where the  satellite is constructed. Personnel a r e  transferred 

between LEO and CEO using LOZ/LH2 OTV's. 

The following material will concentrate on the EOTV definition in terms of perform- 

ance, design, operaticns, construction and costing. 

1,3.2..21 EOW Perf- and Caat Opthizatiar 

The size, performance and cost characteristics of an electric propulsion vehicle are 

sensiiive t o  the selected specific impulse and trip time. Accordingly, these two 

parameten are the  chief variables t o  be investigated for giver, type of EOTV. 

1.32.21.1 Guicklhks 

The key guidelines used in conductirtg the performance and cost optimization of the 

EOTV's are  shown in Table 1.3.2-1. The annual mass t o  be delivered relates to  

satellite(s) capabie of producing 10 CWe ground output. Delivery of all cargo 

associated with the  satellite in 330 days allows sufficient time for final installation 

and checkout so that  a satellite can come on line at the end of one year. Satellite 

mass includes a growth factor of 21%. The total cargr. delivery mass includes not only 

components but the containers for the components and the rack t o  support the 

containers. Five percent cf the  component mass has been allocated t o  both the  

containers and the  payload rack. The majority of the containers such as those 

associated with the  solar arrays will be used in the  actual installation process. Other 
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containers are judged not  t o  b e  wort? the value of recovery so consequently the  down 

requirement is only t h e  5% associated with t h e  payload rack. 

Payload delivery capability for  each  EOTV was somewhat arbitrarily established at 

4,000 metr ic  tons af t c r  considering such fac tors  as t h e  size of the  vehicle and the  

number of  vehicles i n  flight for different payload capabilities. Payload returr, 

requirements again ref lect  t h e  5% associated with t h e  payload rack itself. The 120 c m  

argon ion thrusters a r e  the s a m e  as used in t h e  self-power LEO construction concept. 

133.2.1.2 Analysts Models and Methuhlqgy 

Performance ad cost optimization is done through t h e  use of an "integrated 

sensi?ivity and interrelationship analysis" (ISAIA) mock1 tha t  includes 90 dependent 

variables and 28 independent variables organized into three  submodels. 

A performance submodel shown in  simplified form in Figure 1.3.2-3 has as i t s  principa: 

output the ~ r o p e l l a n t  and e lec t r ic  power requirements for  t h e  EOTV. Another model 

called "TRE.NSIM1' is used t o  provide. an Isp adjustment factor. The "TRANSIM" model 

provides an orbit by orbit simulation of t he  transfer from LEO to GEG taking into 

consideration occulations and expenditure of LO /LH2 propellant for  supplemental 2 
a t t i tude  control. The net  restilt is an ef fec t ive  !sp which allows propellant es t imates  

t o  be made. 

A mass estimating sirbmodel i s  shown in  Figure 1.3.2-4. This model takes  the  

propellant quantities and power requirements and through the use of various specific 

masses and mass fractions calculates the  mass for all major system elements. 

The final subnodel  is t ha t  associated with cost. A simplified version of this submodel 

is shown in Figure 1.3.2-5. Key inputs t o  this model come fron-c the  performance and 

mass rnodels as well as the  independent variables. Three major elements  make up t h e  

EOTV cost per flight. The capital  cost factors  a r e  one-time expenditures amortized 

over t he  life or number of flights flown by the  vehicle. Direct cost  d e d s  with t h e  

fueling and refurbishment of the  vehicle for  each flight. Trip delay cost  relates  t o  t he  

t ime required t o  make the  last  EOTV flight which is effectively delaying the  

construction. Added to  these three  factors is t ha t  of the launching of the payload 

itself which in combination gives t h e  total  transportation cost for  each EOTV flight. 

I t  should be notea that  capital costs  and t r ip  delay costs  a r e  included in these models 
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in order t o  obtain global optima for speciic impulse and t r ip  time. In the  system 

descriptions, capital  and interest  csts a r e  accounted separately from transportation 

costs. 

A typical result of t he  performance and cost model is shown in Table 1.3.2-2 for  t he  

case of an up tr ip t ime of 180 days and specific impulse of 8,000 sec. The independent 

variables associated with the  indicated results a r e  presented in Table 1.3.2-3. Cost 

sensitivity t o  any of t h e  independent variables can also be  obtained. Cost  sensitivities 

a r e  also obtained through use of various combinations of t r ip t ime  and specific 

impulses. The results of t h e  various combinations a r e  presented in t h e  next section. 

1.3.2.2.1.3 Silicon EOTVS 

The key factors  influencing the  EOTV performance and cost  optimization a r e  (1) the  

performance of t h e  solar array particularly when subjected to the  radiation environ- 

ment berween LEO and GEO and (2) argon ion thruster performance. 

Solar Array Performance 

The solar array blanket initially considered for t he  EOTV was the  same  as tha t  used in 

t h e  satel l i te  which had a 3 mil coverglass, 2 mil textured surface cel l  and 2 mil 

substrate. The power output of this blanket as a function of radiation fluence is shown 

in Figure 1.3.2-6. I t  should be  noted tha t  30 years of satel l i te  operation at GEO with ' 

this blanket results in  a cumulative fluence of approximately 2.5 x loL6 of 1 MeV 

electron equivalent while t h e  EOTV experiences in one LEO-GEO roundtrip, a to ta l  of 
17 1.06 x 10 of 1 MeV equivalent. The roundtrip transfer value is based on the  trapped 

proton and electron spec t ra  shown respectively in Figure 1.3.2-7 and 1.3.2-8. 

Solar array performance for EOTV application is also sensitive t o  t he  duration of t he  

transfer between LEO and GEO as  shown in Figure 1.3.2-9. Longer t r ip t imes mean 

more t ime  in the  Van Allen belts resulting in a degree of degradation and l e v  power 

output. 

Another important hspect of solar array performance is t he  use of anneaiing t o  

improve power output a f t e r  radiation damage. Prier t o  discussing t h e  value of 

annealing solar arrays t o  remove radiation damage, i t  is necessary to  consider what 

happens as a result of  t he  annealing operation in terms of t he  method used t o  establistl 

tile resulting array output. The approach is illustrated in Figure 1.3.2-10 using a 60 



T& 1.3.2-2 Arfarm- and Cart Mod.) RBBU~X T& T d  190 hyt SioraYriC: lmp~ks ms 

S O L U T I Q N  R E S U L T S  

1 O N E - W A Y  M A S S  R A T I O  
2  G R O S S  P A Y L O A D  R A T I O  
3 P A Y L O A D  E Q U A T I O N  B R A C K E T  
4 P A Y L O A D  E Q U A T I O N  B R A C K E T  
5 Z E T A * U P ,  P E R F O R M A N C E  P A R  
6 P H I - 2 r  DOWN D E G R A D A T I O N  
7  P H I - 3 r  U P  D E G R A D A T I O N  
8 R E T U R N  T R I P  F L U E N C E  
9  U P  T R I P  F L U E N C E  

1 0  R E T U R N  T R I P  L O G  F L U E N C E  
11 U P  T R I P  L O G  F L U E N C E  
1 2  F L U E N C E  F O R  1 8 0 - D A Y  T R I P  
1 3  A R R A Y  M A S S / A R E  4 
1 4  T O T A L  U P + R E T U R N  D E G R A D A T  
15  T H R U S T E R - P P U  E F F I C I E N C Y  
1 6  Z E T A * - U P - B R A C K E T  T E R M  
1 7  T H R U S T E R  S P E C I F I C  M A S S  
18 Z E T A *  DOWN 
1 9  Z E T A * - D O W N  B R A C K E T  T E R M  
2 0  POWER P R O C  S P E C I F I C  M A S S  
2 1  A U X  S Y S  S P E C  M A S S  
2 2  A R R A Y  S P E C  M A S S  
2 3  D 2 1 I P H I - 2  
2 4  D 2 2 I P H I - 2  
2 5  I E O T V  F I X E D  M A S S  
2 6  R E l U R N  P A Y L O A D  
2 7  J E T  POWER DOWN 
2 8  A V G  i E T  POWER U P  
2 9  E L E C  S I Z I N G  P O N E R  
3 0  A R R A Y  D E S I G N  POWER 
3 1  R E T U R N  T R I P  T I M E  
3 2  I E O T V  M A S S  A T  GEO 
3 3  R E T U R N  T R I P  T I M E  T E R M  
3 4  U P  P R O P E L L A N T  
3 5  R E T U R K  P R O P E L L A N T  
3 6  P R O P E L L A N T  S Y S T E M  M A S S  
3 7  PWR G E N  & D I S T R  M A S S  
3 3  P P U  S Y S T E M  M A S S  
3 9  T H R U S T E R  8 I N S T L  PIASS 
GO AUX S Y S T E M  M P S S  
4 1  I E O r V  E M P T Y  MASS 
4 2  T O T A L  P R O P E L L A N T  M A S S  
4 3  O T V  S T A R T S U R N  M A S S  N O  P L  
4 4  B L A N K E T  M A S S  
4 5  B L A N K E T  S T R U C  
4 6  B U S S i N G  & M I S C  
4 7  POWER P R O C E S S O R S  M A S S  
4 8  F P U  T H E R M A L  C O N T R O L  M A S S  
4 9  I N S T R U M E N T A T I O N  M A S S  
50 T H R U S T E R S  M A S S  

K G J W A T T  
K G / K W E  
K G / W A T T  
K G I W A T T  
KG/KWE 
KG/KWE 
KG/KWE 
KG/KWE 
KGfKL IE  
M E T R I C  T  
M E T R I C  T  
M E G A W A T T  
M E G A W A T T  
M E G A W A T T  
M E G A W A T T  
D A Y S  
M E T R I C  T  

M E T R I C  T  
M E T E I C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T 
M E T R I C  T  . 
M E T R I C  T  
M E T R J C  T  
M E T R I C  T  
M E T R I C  T  
M E T R I C  T  



5 1  PROPELLANT SYS F R A C T I O N  = 9 .543E-02  
5 2  ARGON TAP'KS MASS 3 9 .375E+00  V F T R I C  T  
5 3  L O Z I L H 2  TANKS MASS - - 1 . 3 9 1 E t O r  .":TRIG T 
54  FEED SYS MASS I 1.030E+O, T R I C  C 
5 5  L I O  & GAS R E S I D  MASS z ? . 0 3 0 E + 0 1  h E T R I C  7- 
56 AUX PPOP SYS MASS = 1 . 2 8 8 E + 0 1  METRIC T  
5 7  EPS STRUCTURE PASS - - i . O 5 8 E + 0 1  METRIC T  
5 8  L O t I L H 2  FRACTION = 9.OI\OE-02 
5 9  L G 2 I L H 2  PROP MASS L 4 . 6 3 6 E + 0 1  METRIC T 
6 0  ARGON PROP MASS - - 4 . 6 8 8 E + 0 2  METRIC T 
6 1  ARRAY AREA - - 1 .502E+06  M2 
6 2  THRUST PER THRUSTER - - 2 .854E+00  N 
6 3  THRUSTER BEAM CURRENT = 7 . 7 7 7 E t 0 1  AMPS 
6 4  TOTAL THRUST - - 3 .34SE+03  N 
6 5  THRUST PER CORNER - - 8 .363E+02  - 6 6  TOTAL NG OF THRUSTERS . - l a 2 7 2 E + 0 3  
67 NO. OF THRUSTERS/CORNER I 2.930E+02.  
6 8  SUPPLY VOLTAGE = 1 . 5 1 9 E + 0 3  VOLTS 
6 9  ZETA*-UP TERM - - 9 . 2 2 2 E - 0 1  ! 

7 0  THRUST I N S T L  SPEC MASS - - 5 . 1 1 0 E - 0 1  KG/KWE 
7 1  HLLV  F L T S  TO L I F T  OTV - - 3.831E+C1 
7 2  HLLV  FLTS  TO REFUEL - - 1 .355E+O 
7 3  EPS TOTAL MASS - - 5 . 1 2 7 E + 0 2  METRIC T  
7 4  P  GEN & D SYS COST - - 9 . 4 1 0 E + O l  M I L L I O N  
75 EPS COST = 5 . 9 9 8 E + 0 1  M I L L I O N  
7 6  T R I P  T IME  COST - - 1 . 7 6 9 E + 0 1  M I L L I O N  
7 7  HLLV  COST ' 3  L I F T  OTV - - 5.402E+S; M I L L I O N  
7 8  K i L V  COST TO REFUEL - - 1 . 9 1 0 E + 0 1  M I L L I O N  
7 9  HLLV COST TO L I F T  PL - - 1 .483E+O2 M I L L I O N  
8 0  EOTV CAP RECOV COST/FLT = 3 . i 5 2 E + 0 1  H I L L I O N  
8 1  AMORTIZATION T IME  PERIOD = 7 . 0 4 6 E + 0 0  YEARS 
8 2  TYTAL ROUND T R I P  TIM; - - 2 .574E+O2 DAYS 
8 3  EOTV TOTAL CAP COST - - 2 . 3 8 1 E + 0 2  M I L L I O N  
8 4  PAYLOAD COST = 3 . 2 0 0 € + 0 '  I I L L I O N  
85 DLREZT COST/FLT - - 2.910E+O: M I L L I O N  
8 6  EOTV TOTAL C O S T I F L T  t 7 . 8 3 0 E + 0 1  M I L L I O N  
8 7  TOTAL TRANSP COST - - 2 . 2 6 5 E + 0 2  M I L L I O N  
8 6  TPTAL TRANSP COSTYKG - - 6 . 2 9 5 E t O l  $ / K G  
8 9  AVERAGE/lST T R I P  T I M E  RA = 1 . 1 5 0 E + 0 0  
9 0  ARRAY COSTfARFA - - 6 . 2 6 4 E + 0 1  DOLLARS 



'NOMINAL VALUES, INDEPENDENT VARIABLES 
1 I S P  ADJUSTMENT FACTOR - - 9 . 1 0 0 ~ - 0 1  
2 I-WAY DELTA V I N C L  GG LO = 6 .000E+03 M I S  
3 ELECTRIC S P E C I F I C  IMPULS = 5 .000E+03 SEC 
4 OCCULTATION ADJUST FACT0 = 1 .100E+00 
5 FROPELLANT SYSTEM FRACTI  = 1 .000E-01  
C UP T R I P  TIME - - 1.200E+02 DAYS 
7 RETURNlUP PAYLOAD RATIO = 5.000E-02 
8 U? PbYLOAD - - G.000:+0? METRIC T 
9 DEGRAD. TIME FACTOR TAU = 5 .500E-Gl  

1 0  ARRAY OVERSIZE FACTOR - - 1.000E+00 
11 CCJFRGLASS THICKNESS - - 7.530E+01 NICRONS 
12 YHRUSFER REDUND FACTOR - - i .2OOE+00 
1 3  PPU SYSTEM SPEC FlASS - - 1.908E+OC KG/KME 
1 4  AUX SYS F I X E D  MASS - - 5 .000E+30 HETRIC T 
1 5  ARR&i  AREA EFF'Y - - 9.000E-01 
1 6  NUMBER OF THR I N S T L  - - 4 .000E+00 .  
1 7  THRUSTER DJA - - 1.200E+OZ CU 
' 8  ACCUMULATED DEGR4DATION = 1.000E+00 
1 9  SOLAR CELL OPERATaNG EFF = 1 .620E-01  
2 0  TNTEEEST RATE = 7 .500E-02 
2 1  EOTV NO. OF FLTS - .- 1. n00E+OI  
2 2  PAiLOAD COST - - 8 .000E+01  $/KG 
23  EOTV SE2VICE TIME - - 3.000E+O1 DAYS 
24 DUMMY = l.OOCE+OO 
2 5  EOTV CONSTC COST 3 .000E+01  M I L L I O N  
2 6  EOTV SERVICE & SPARES CO = 1 . 0 0 0 € + 3 1  M I L L I O N  
i ' HL 1" COST/FLT - - 1 .410E+01  M I L L I O N  
2 8  I-SQ-R & STORAGE PENALTY = 1 .500E-01  
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day up t-ansfer time. During the transfer from LEO to GEO, the power o u t p t  will 

degrade to approximately 7G% of t h e  initial output as indicated by point 2 on t h e  

chart. Previous analysis has assumed recovery a f t e r  annealing to be 95% of the 

degradation based on annealing tests performed by SPIRE. I t  should be  neted, 

however, that  the  recovery value has a degree of uncertainty since the test cells had 

1/15 as much fluence as a cell exposed during an orbit transfer and, in addition, a 6 mil 

cell was used rather than a 2 mil cell. Using this approach, the  power output would be 

approximately 97% as indicated by point 6. The current belief, however, is tha t  t h e  

annealing operation actually removes damage (effects of a quantity of fiuence) with 

the  resulting power output being a function of the remaining damage. The SPIRE test 

removed 98% of the damage, but since t h e  EOTV damage is much more severe, a 

damage removal value of 95% is used which results in t h e  use of points 2, 3, 4 and an 

output of 90%. In the  case of the  self-power transfer, the  difference betwen these 

two approaches is not significant since t h e  solar array is only used one time. However, 

in the case of t h e  EOTV operation where multiple trips will be  made, considerable 

differences will resul. ,'.en the vehicle is flown, 5, 1C or 15 timcs. Consequent;y, t h p  

zpproach used in this study was t o  assume removal of a percent of t h e  damage from 

t h e  array rather than recovering a percent degradation. The percent of damage 

removal, however, r e  3~ -ns u n c e r t a i ~  due t o  t h e  large disparity between test experi- 

ence and pi edicted flb 3nce expected during transfer. This uncertainty can only be 

reduced by terforming adciitional raAiatior! and annealing tests specifically designed 

for tOTV opeiu:ions. 

The p?jii=- -3nge before anilealing and ai .er annealing 2s a function of the  number of 

trips is shown in Figure 1.3.2-: 1 along with t h e  average power expected during t h e  

trip. It should also be noted that  as the average power decreases within a given t r ip  as 

well as each s h s e q u e n t  trip, the  voltage will alsc- b e  decreasing at about hdlf t h e  r a t e  

as '-he power output (should power go d o ~ n  30%, voltage will go dowr. 15%). The 

benefit of annealing car, be iliustrated by using t h e  case of 10 roundtrips. With 

annealing, the  average power output during the  tenth t r ip  w;:. be approximately 53% 

of the  initial power output. Should d n e a l i n g  not be used, power output for the  tenth  

trip would be approximarely 45% of the initial output. 

!.nother parameter tha t  can be varied in the  silicon solar array EO, 1 is t h e  amount of 

shieldirg placed around the cell and i ts  i n f l ~ e n c e  rzgzrding radiati ,n damage. An 

option to  the  basic 3-2-2 mil blanket that  has been investigated is a 6 mil cover, 2 mil 
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cell and 4 mil  substrate. The power output of the 6-2-4 blanket is 8- 10% greater 

than for the basic blanket when exposed to the LEO-GEO environment. The 6 mil 

coverglass blanket, however, has greater blanket mass per square meter and the 

cost per square meter. Mass per square meter for the 6-2-4 blanket is 1.06 Kg/m 2 

2 vs 0.628 Kg/m for the 3-2-2 blanket.* These figures include the support structure 

and a 21% mass growth/contingency dlowance. The cost of the 6-2-4 blanket is 
2 2 estimated at  $68/m and the 3-2-2 blanket $62.6/m . The mass shows a much greater 

percent increase since the cost is expected to be mainly dependent on area. 

120 Centimeter Argon Ion Thruster Performance 

The principal ion thruster performance characteristics as 2 function of specific 

impulse are presented in  Figure 1.3.2-12. The influence o i  each of these parameters 
2 are as follows: Beam voltage wil l have an impact on the I R losses and the amount 

of plasma iosses involved in the power distribution system; efficiency influences 

the amount of propellant required for the operstion; thrust level wil l establish the 

number cf  engines required; and finally, the input power wi l l  determine the amount 

of solar array which must be deployed for the traqsfer operation. These characteristics 

along with trip time options and solar array performance were incorporated into 

the optimization performance/cost model. 

Vehide Optimization 

The first trip flown by the vehicle is used to obtain the optimum velricle in terms 

of performance and cost as influenced by trip time and specific impulse. These characteristics 

are shown in Figure 1.3.2- 13. Total vehicle start-burn mass is showrl as a function 

of specific impulse and up trip time, and indicates the minimum mass has not been 

reached at  220 days, however, the optimum specific impulse appears t3  be 8,000 

seconds. Cost data reflect the amortized hardware cost, the cost of refueling and 

refurb and trip t h e  interest cost. The cost i s  minimum with a combination of a 

specific impulse of 3,OCJO seconds and trip time of 240 days. 

Similar optimization curves have been developed for the 6 mil coverglass blanket 

with an Isp of 8,000 sec also providing the least cost. The cost curves for the 6-2-4 

blanket are shown in Figure 1.3.2-14 and indicates the 3-2-2 blankei io  provide a 

savings of approximately $2 per kg of SPS at the optimum Isp and trip time. Further 

detaii concc~ning the comparison ot t3e two silicon blanket opti 5 is presented 

in Figure 1.3.2- 15 using a specific impulse of 8,000 sec and an up trip time of 210 dzys. 

; These figures include the support st r~~cture and a 2 i%  P , growth/contingency ailowance. 
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The mass comparison shows a significant denalty for  the  power generation and distribution 

system of t h e  6-2- 4 blanket configuration primarily because of t he  heavier solar 

array. The  propulsion and propellant requirements &re approxin~ately equal, although 

t h e  6-2-4 case has slightly greater  requirements because of t he  heavier K D S .  The 

cost  comparison ref lects  amort ized capital cos t  and  i s  expressed in te rms of EOTV 

doiiars per  kilogram of SPS. Although the unit cost  of the 6-2-4 blanket EOTV would 

be considerably greater  than tha t  for  t he  3-2-2 EOTV, when amortized over :he 

l i fe  of the system, l i t t le  difference occurs between the  two concepts. Again, t he  

propellant requirements were approximately equal so the  direct  cos ts  in te rms of 

refueling the  EOTV's are approximately t h e  same. Since both concepts use the  same  

trip time, t he  construction delay cost is also the  same. The ne t  result is tha t  t he  

3-2-2 blanket EOTV provides a $2 per kilogram of SPS benefit over t ha t  of t h e  6-2-4 

case and will b e  used in t h e  comparison with a CaAs blanket EOTV. 

1.3.22.1.4 Gallium Arsenfde EOTV 
An al ternat ive t o  t he  silicon EOTV is t he  use of gallium arsenide (GaAs) sojar cel l  

biankets. Several factors  indicated in Table 1.3.2-4 a r e  pertinent t o  the  consideration 

of the GaAs EOTV. The reasons indicated for  i t s  consideration a r e  discussed in the  

following paragraphs. The key fac tor  in establishing the  benefit of a GaAs blanket 

is the  cost  per square me te r  t ha t  will occur. (The analysis assumes a program tha t  

uses silicon solar cells for  t he  satel l i te  thereby resulting in a relat ive small production 

r a t e  for t he  gallium arsenide blanket.) Emphasis was given t o  an  EOTV with a configuration 

concentration rat io of 1 rather  than some higher concentration ratio. This eliminates 

t he  problems associated with uneven illumination resulting from higher concentration 

ratios. 

Performance and Cost C :racteristics 

Blanket charar-eristics. The makeup of the s i l i c ~ n  blanket and gallium arsenide 

blankets a r e  indicated in Figure 1.3.2-16 with the  galiium arsenide blanket being 

tha t  as defined by Rockwell International for Marshall Space Flight Center.  T+e 

gallium arsenide blanket provides an improirement in terms of the  efficiency and 

power output (before radiation is applied to  t he  blanket) and for  the  basic blanket 

a s  defined by Roci~well,  a considerable mass per square meter  irnprovelnent over 

the  silicon blanket. A second mass value is indicated for the  gallium arsenide blanket 

that  uses a 40 m i ~ r o n  coverglass rather  than a 20 micron coverglass. This optiot~ 

has been included in an  a t t empt  t o  reduce radiation degradation for t he  galiium arsenide 

olanket. 
,776 



Tabb 1.3.2-4 GeAs EOTV 

Reasons for consideration 

Higher cell performance 
Lowr m s ~ ~  
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~ost/mZ 

e Key assumptions 
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Figurn 1..?.2- 16 Blanket D e n  Wwacteristics 



Radiatian sensitivity. The power output  of the GaAs as weil as siliccn blankets is 

jhown as a function of radiation fluence in Figure 1.3.2-17. The gsiliurn arsenide 

prediction is taken directly from the  Rockwell/MSFC stady whereas the  silicon cel l  

predictions a r e  from Boeing tes t  data. f s would b e  expected, t h e  gallium arsenide cel l  

for a given amount of fluence provides a power output benefit  over t he  silicon cell. 

However, what is important is hcw the  complete blanket performs when exposed to t h e  

orbit t ransfer  environment. In t he  lower righthand portion of this char t  a r e  indicated 

the  fluence levels expected to  b e  experienced by t h e  two blankets for  186 days uptrip 

and a 40 day downtrip. In t he  case of t he  siliccn blanket, one round t r ip  will provide 

about 1017 equivalents of 1 MeV electrons, which results in a power output of 

approximateiy 60%. Should the  basic gallium arsenid: blanket (20 micron c -1verg1ass) 

be used, a fluence level of approximately 4.4 x loL7 will b e  experienced resulting in a 
52% power output  value. This explains t he  rationale for investigating a thicker 

coverglass. The blanket considered was one using a 40 micron coverglass (Option 2) 

which experiences 2.2 x 1017 of fluence, resulting in a 58% power output,  but  still  

lowei t11an t h e  60% provided by the  silicon blanket. This suggests t h a t  additional 

shielding around the  gallium -rsenide cel l  may be  beneficial for the  orbit transfer 

operations. 

Blanket cost. As suggestea earlier,  a key factor  in assessing the  benefits of the 

gallium arsenide EOTV as compared t o  silicon is t he  cost t h a t  must be  paid per square 

meter. The method used to  achieve this value is illustrated in Figure 1.3.2-18. The 

silicon cell blanket curve IS t h e  same  as used in the  past ~ n a l y s i s  of t h e  Bwing silicon 

satellite.  This cur:le was establisted by beginning with 50 ki1ow;ltts of solar array 

produced in 1977, following a 70% production r a t e  curve down t o  the  point where t h e  

cost is approxi~nately two t imes the  material cost of the s d a r  erray at which point no 

furtP,er imp~.ovemenx is expected. Thereafter  t h e  cost  per square meter  will be the  

same regardless of the production rate. in t he  case of the  10 gigawatt silicon satel l i te  

indicated by Point 2, t he  basic cost is about $44 per square meter. The da ta  point ('13) 

used t o  establish the gal!ium arsenide blanket cost was tha t  predicted by K o c k w ~ l l  in 

their study for  MSFC where approximately 52  million square ineters  of gallium 

arsenide solar array was produced per year at a cost of $71 per square meter. It  h a s  

assumed tha t  this production r a t e  is in t h e  "mature industry cost" region a s  for  t he  

silicon blanket. The a r r a y  production required for the  ga'lium arsenide EOTV das 

established by taking the  to ta l  f leet  reql-lirements and dividing equally over t h e  sever, 

years o f  operating life and adding a 2C% inargin per year. As a r2sult, approximately 
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3.8 million sqwire meters of the gallium arsenide blanket were produced per year, 

resulting ifi a cost of approximately $200 per square meter. That combined with t h e  

$10 per square meter associated with the structure and power distribution of the  

gallium arsenide EOTV resulted in a to2al of $210 per square meter versus approxi- 

mately $60 per square meter for a silicon blanket EOTV that used a 5 x 10 centimeter 

cell. 

It should be  recognized that  the  results of this analysis are strongly inflflm-mxl by 

these cost projections. 

h t  0pt.imizat.m 

The transportation cost optimizatiorr of the two gallium arsenide blanket EOTV designs 

is indicated in Figure 1.3.2-19. In both cases, an ISP of 7,000 seconds and uptrip t ime 

of 240 days is optimum with the  40 micron coverglass blanket providing an advantage 

o: approximately $2 per kilogram of SPS. 

i 3.22-15 EOTV Comparison and Selection 

The key performance and design characteristics of the  silicon and GaAs EOTV's are 

show.; in Table 1.3.2-5. In terms of optimization, the key features are that  of the 

specific impulsz and trip time. The baseline silicon EOTV uses a higher specific 

impulse and shorter tr ip t ime which will influence both electric power requirements, - 
the degradation and eventua!ly the  propellant requirements for the  EOTV. Also 

included in cvrder t o  provide a direct comparison in terms of these parameters is an 

EOTV (reference case) with the same trip times and specific impulses as the  GaAs 

EOTV. In terms of design characteristics, the baseline EOTV has electric sizing power 

requirements considerably greater primarily because of i t s  higher ISp and faster trip 

time. Power remain~ng after  one round trip, however, is the highest for the  silicon 

baseline for the  reasons indicated on a preceding chart discussing radiation sensitivity. 

The desigr, power required for the  concepts reflect the basic electric power require- 
2 ments to  drive tk electric thrusters, I R losses and also oversizing t o  cover the  initial 

degradation. Array area requirements reflect the  design powcr required as well as the  

power output of each square meter of the array. Empty mass characteristics includes 

the power generation distribution system and the  electric propulsion system elements 

but excludes propellant. 
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Further comparison of t he  EOTV1s is provided in Figure 1.3.2-20 through use of mass, 

unit cost and total transportatiw, cost. In the case of mass, the baseline silicon EOTV 

has  a solar array which is heavier per square meter  and there  is less power per square 

mete r  resulting in a much heavier vehicle. Propellant requirements are also larger due  

t o  t he  greater  empty  mass of the  vehicle. Unit cost of t he  th ree  candidates, however, 

show a benefit  to the silicon EOTV p r i m ~ i l y  as a result of the cost per  square me te r  

of the  array being approximately 25% that of the  gallium arsenide blanket. The 

e lec t r ic  propulsion system on t h e  silicon system is grea ter  because of t h e  heavier start 

burn mass of the system which also explairs the  higher launch cost. The t o t a i  

transportation cost amort izes t h e  capital  i n v e d a e n t  (unit cost  plus launch of t h e  

EOTV's), and results in  the silicon EOTV providing a savings of approximately $7 per 

kilogram of SPS over t h e  baseline gallium arsenide and about a $6 per kilogram 

improvement over gallium arsenide with a thicker coverglass. 

I t  ntay be seen  from this cost comparison rha t  t h e  result is driven by t h e  assumption 

tha t  a GaAs EOTV was used with a silicon SPS. I t  is clear tha t  the EOTV and SPS 

should share  a common solar array technology. 

With the  level of definition conducted t o  date,  the  silicon cel l  blanket with 3 mil 

coverglass is recommended as the preferred solar array for  t h e  EOTV. Should fu ture  

analysis indicate less optimism regarding solar a r ray  performance and i t s  recovery - 

with the  annealing, t h e  6 mil c ~ v e r g l a s s  may require reassessment. The gallium 

arsenide cell with mirtimum coverglass does not appear t o  b e  worthwhile for  orbit 

transfer operations. Again fu ture  analysis concerning radiation e f f ec t s  on t h e  blanket 

rrtay provide the rationale for investigating CaAs blankets with thicker coverglasses. 

The EOTV defined and updated for  comparison with t h e  LEO construction option 

employed a silicon (3 mil coverglass) blanker. 

1.32.2.2 EOTV Design Life 

In addition Zo establishing the first t r ip  optimum performance characteris t ics  associ- 

a ted  with an  EOTV, i t  is also necessary t o  decide the design l j ie  or establish how many 

tr ips should b e  made by a given EOTV. This decision should b e  based on cost  data,  as 

well as considerations related t o  uncertainty i c  performance characteristics and 

hardware kmitations. Data ~ e r t a i n i n g  t o  these topics is presented in Figure 1.3.2-21. 

The le f t  hand portion of this char t  shows t h e  total  transportation cost per  EOTV trip 

as a function of the number of round trips tha t  a EOTV may make. Several cost i tems 
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such as t h e  launching of t he  payload as well as the  d i rec t  cos t  are for  t h e  most par t  

constant. Construction delay (trip time) cos t  increases with additional number of 

round tr ips since the  average power is less with each subsequent trip, thus increasing 

t h e  total  round tr ip time. Capital cos t  is decreasing since t h e  initial cost is amort ized 

ou t  over more flights. One cost increment not included in this da t a  is tha t  associated 

with a larger  refurbishment cost with each  ten trips because t h e  complete thruster  is 

replacea rather  than just t h e  grids and cathodes. A cost  of $56 per kg of SPS 

component is indicated when assuming 20-25 round trips per EOTV which would 

correspond t o  approximately 17 o r  18 years of operating iife. 

Before making t h e  selection of t h e  number of round trips for  each  EOTV, one must 

also consider the  limitation tha t  may occur in te rms of component lifetime. No 

significant problem appears  t o  exist for  t h e  structure, power distribution and power 

processing components although each of these i tems must be examined t o  verify this 

opinion. Thrusters can be  refurbished a f t e r  each trip and as previously indicated 

complete units are replaced at the  end of ten trips. There is grea t  uncertainty, 

however, relative to  t h e  life of the  solar array and i t s  performance. Several points 

shobld 1 e considered. In the  case of degradationlrecovery characteristics, there  is the  

f a c t  t ha t  each leg of an EOTV trip will experience a fluence level ten t imes grea ter  

than tha t  ro  be experienced by the satel l i te  in 30 years of CEO operation. There is no 

test  experience relative to  t h e  recovery capabilities from this amount of radiation o r -  

t he  number o: tir,,es tha t  recovery can b e  performed. Cell-to-cell mismatch arises 

because each cell would not be  affected exactly alike in terms of i t s  radiation 

characteristics, thereby resulting in additional contribution t o  overall power output 

loss. The thermal cycle impact must consider both the  case of occultations tha t  occur 

during the  orbit transfers as well a s  the annealing of the  solar array. In the  case of 

t he  occultations, one round trip transfer has as many occultations as f if teen years of 

operational l i fe  of the SPS system. Another fac tor  t o  be  considered is t he  10-15% 

variation in voltage tha t  occurs throughout a trip. 

The selection of the  number of trips tha t  should b e  flown by an EOTV is a difficult 

issue. On one hand, cost optimization would suggest 20 to  30 round trips per vehicle. 

However, in terms of expected component limitations, a system providing ten flights 

(7 years of operating life) appears t o  have significantly less risk. Consequently this 

more conservative EOTV design approach was used in the  comparison with the LEO 

construction concept. 



1.3.2.2.3 EOTV Fleet Size 
The analysis thus  fa r  discussed addressed t h e  performance and cos t  optimizations 

associated with a single EOTV. A number of EOTV's will b e  required however, to 

deliver al l  the  components necessary for a complete 10 C W  SPS in  the  required t i m e  

interval. The fac tors  establishing t h e  required number of EOTV's (f leet  size) include 

the  to ta l  round t r ip  t ime (transfer, refurb, cargo handling) and payload capability of 

ihc EOTV. The f lee t  sizing results a r e  shown in Figure 1.3.2-22. The initial e s t ima te  

of the  f lee t  s i ze  consiaers only first t r ip  performance of t he  EOTV and is called 'Ibasic 

f lee t  size" as illustrated on t h e  le f t  hand portion of t h e  chart. The satel l i te  cargo 

n u s t  b e  delivered in 330 days t o  satisfy the  one  year  construction t ime and with 3600 

MT net cargo per  EOTV a total  of 28 flights a r e  required. 

The selected first t r ip performance characteris t ics  include an uptrip t ime  of 180 days 

rather than 240 days because the  cost  of fewer  EOTV's would offset  t h e  cost penalty 

for a given EOTV. The resulting basic f lee t  s i ze  is 20 vehicles based on f i r s t  t r ip  

performance. Since each successive t r ip t o  be flown by an EOTV will take  longer (due 

t o  array degradation), t he  20 vehicles which initially fly 28 flights per year, will only 

fly 24 flights on their ten th  trip as shown on t h e  right hand portion of t he  chart.  

Consequently, t o  maintain an average of 28 deliveries per year a to ta l  of 22 vehicles 

will be required in t h e  fleet. One additional vehicle is added t o  t h e  f leet  for  a spare 

giving a total  of 23 vehicles. 

1.3.2.2.4 EOTV Design Characteris t ics  

The EOTV design characteris t ics  discuss t he  selection of the  preferred configuration, 

general characteristics of t h e  power generation system, t h e  method employed t o  

collect and distribute t he  power, and the  e lec t r ic  propulsion systems. 

1.3.2.2.4.1 Configuration 

Options 

k i t h  the  performance optimization da ta  available a t  t he  midterm (power and voltage 

requirements) a nearly square solar array resulted. This configuration is shown in 

Figure 1.3.2-23 a s  Option 1. The key characteris t ics  of this configuration a r e  t ha t  

there  a re  four thruster module locations and tne EOTV is approximately square 

(prov~des  the  most deskable moment of inert ia  characteristics). Several variables 

exlst however, t ha t  could present different configuration options also shown in Figure 

1.3.2-23. These variables include the  cel l  s ize t o  be used in the blanket and also the  
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thruster  module location. The f irs t  three  options indicated all  used a 5 x 10 

centimeter  cell  which differs  from t h e  basic satel l i te  cel l  dimension of 6.5 by 7.4 

centimeters. The reason for  deviating from the  satel l i te  cell shape was t h e  desire t o  

have a solar array as nearly square as possible t o  provide t h e  most  favorable rmment  

of inert ia  and with the  required voltage and power requirements this could best be  

obtained by changing t h e  cel l  dimension. Option 4 shows t h e  configuration t h a t  results 
2 if t he  basic satellite cel l  i s  used. In ei ther  case, a small penalty in cost  per m would 

occur due t o  provisions necessary t o  opera te  in t h e  more severe operating environ- 

ment. Option 3 uses two thruster moaule locations but  changes the  aspect  ra t io  of t h e  

sa te l l i te  t o  approximately 5 t o  1 in an a t t empt  t o  decrease t h e  control requirements 

for t he  Y axis. The options were assessed for  t he  to ta l  amount of thrust required t o  

perform the  mission, a i t fe rencr  in solar array a rea  as brought about  by different  
2 thrust requirements and I R losses, variation in vehicle rnass a- ld finally any 

differences in constructability. 

I he  comparison of these configuration options is presented in Figure 1.3.2-24. The 

f irs t  itenr under thrust provisions is associated with thrust vector pointing effi- 

ciency: the percent of available t ime tha t  t he  thrilster modules can be  used a t  their  

full thrust. Orbit geometry anti t he  need to  continue t o  point t h e  array a t  t h e  Sun 

~ h i l e  the Earth is being orbited, causes configurations having 4 thruster modules t o  

encour.ter periods &hen one or two of t h e  niodules must be vectored away from their  

aesired direction. Otherwise the  high velocity plume woula hit t he  vehicle and cause 

considerable damage. Options 2 and 3 with oniy two thruster  module Iccations, do not 

have this coristraint and can operate at full power whenever the  vehicle is in sunlight. 

In terms of gravity graaient  tcrque control requirement, t he  seconu option requires a 

thrust level of approximately twice that  required t o  control the  torque around the X 

axis for the  reterence configuration. Control around the  Y axis is about one-third, 

~ h i l e  control arciuno the i axis requires a torque level six t imes greater  than the 

reference. This same dpproach is used in comparing Option number 3. Option 4 was 

not analyzea in detail, but due t o  i t s  elongated cofifiguration i t  will be worse than the  

reference case. Another factor  t o  be considered however, is t he  f ac t  t ha t  although 

Gptions 2 d ~ i o  3 require far less torque control for the  Y axis, some control is required 

anu conseqciently thrusters in addition to those of t he  two main nlodules rnust be 

provided. 1 tie net e i f e c t  of cornparing the a n ~ o u n t  of thrust r e q ~ i r e d  in terms of the  

thrust vector po~nting efficiency con~pdred to  that  of g r ~ v l t y  graaient torque and full 
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3 axis control is such tha t  l i t t le  difference is evident at this t ime between two and 
2 four thruster  module configurations. In te rms of I R losses, t he  ex t r a  length of t h e  

power buses required t o  reach the  two thruster module locations resuits in a small 
2 penalty t o r  Options 2 and 3 over t he  reference case. The I R losses a r e  ref lected in 

te rms of additional solar array a r e a  requirement and the  associated mass plus t he  

additional bus bar lengths results in a small mass penalty for  Options 2 and 3. In te rms 

of constructability, t he  only significant difference would be tha t  associated with t h e  

s ize of t he  construction base as influenced by the  s ize  of the  bays making up the  EOTV 

or t he  location of the  thruster modules. In summary, there  is not too  much difference 

between the  options investigated. A f i rm resolution as t o  which i s  be t t e r  will require 

an  additional level of detail  regarding the  amount of thrust necessary t o  satisfy all  

requirements. Consequently, t he  configuration using 5 x 10  cells and four thruster 

modules will be  used for the  remainder of t he  analysis. 

Selected Configuration 

The selected EOTV configuration is shown in Figures 1.3.2-25 ano 1.3.2-26 and consists 

of four solar array bays, with each bay formed by a pentahedron. The apices of the  

pentahedrons a r e  tied together t o  serve as a mounting location for  t he  payload and 

propellant tanks. This location provides a good moment of inertia balance to minimize 

gravity gradient torque control requirements and simplifies t he  docking of t he  payload5 

as well as propellant tankers. Thruster modules a r e  at tached t o  beams protruding 

from the  four corners of the  configuration. Power for  t he  thrusters is drawn from 

solar arrays in the bay adjacent t o  t he  thruster module. The vehicle is sized t o  deliver 

4,000 metr ic  tcns and return 200 metr ic  tons with a n  uptrip t ime of 180 days and 

down t ime of 40 days, with a specific impulse of 8,000 seconds. The to ta l  dry mass 

of t he  vehicle is 1462 metr ic  tons while the  total  propellant loading is approximately 

500 metr ic  tons. The 1510 m dimension of the  configuration ref lects  the  change 

in power requirements tha t  occurred a f t e r  the  Phase I midterm. The I044 m dimension 

is the  same as tha t  used a t  t he  midterm and is a function cel l  s ize  and voltage requirements. 

1.3.2.2.4.2 Power Generation System 

In terms of power generation and distribution systems, the  EOTV is divided into four 

separate bays with each  bay providing power t o  a thruster module as shown in Figure 

1.3.2-27. Each bay is divided into fifty-four 14.5 meter  segments and produces 

approximately 74 megawatts. The optimum voltage was found t o  be 2685 volts a s  
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shown in Figure 1.3.2-28. Each segment consists of 20 strings, with each  str ing i n  turn 

consis?inq of 498 panels. Each of t he  panels include (140) 5 x 10 cent imeter  cells. The  

cell shape change is the result of compromise between a desired square satellite shape 

and t h e  power and voltage requirements dictated by the propulsion system. 

1-3-2243 Puwcr C d l w  and Distrihrtin 

Power busses are located on th ree  ;id .s of each  ba: of t h e  EOTV as i l lustrated in 

Figure 1.3.2-29. Each bay is divided ir.20 7 secton in  order to minimize the  impact  an 

the  switch gear complexity should 3 fault occur. Five sec tors  each collect  power from 

8 segments while two sectors collect power from 7 segments. A bus from each sector 

runs to the  associated thrlister module where t h e  power is processed. Each of tk 

busses is one milimeter thi& by 80 centimeters  deep. The optimum bus t e m p c a t u r e  

was found to be 5iI0c as shown in Figure 1.3.2-30. 

1.3.2.2.4.4 Electric Roprlsiar System 

Electric propulsion modules are located at four corners of the  EOTV. The key 

characteristics of each module are shown in Figure 1.3.2-31. Each module consists of 

a gimbal, yoke, thruster panel containing thrusters and power processing units and a 

thermal control system. For t h e  reference design, 289 thrusters  are used at each of 

the four corners. The principal components of the l..Zn: diameter  ion thruster and 

performance characteristics associated with a specific impulse of SOGO sec are shown - 
respectively in Figure 1.3.2-32 and Table 1.3.2-6. 

Several methods were considered for  supplying pou, e r  t o  t h e  thrusters. One of these 

options involves obtaining power directly from the  arrays with no processing or  no 

regulation. The chief disadvantage in this option is t ha t  t h e  voltage is decreasing at 

the  same t ime the  power is degrading. As the  flight proceeds, the lower voltage will 

result in a loss of approximately 1,COO seconds of specific impulse. A second option 

regulates and sec:ionalizes the  array so t ha t  a s  acrditional power is required, additional 

sectors  can be  switched into operation. The main disadvantage of this concept is the 

extremely complicated switch gear system. The final power supply method c ~ n s i d e r e d  

involves processing all  t h e  power. The array voltage generated in this concept is t h e  
2 optimum voltage from the  s t a d p o i n t  of I R and plasma losses. The resulting voltage 

is 26& tV as compared t o  1700V required by t h e  thrusters. A complete comparison was 

not done on these concepts, however, the  all-processirg, method appears t o  be the most 

straightforward arid since some of the power needs to be processed anyhow this 
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method was selected for the reference. The type  of processing equipment selected 

was solid state due to its longer MTBF. Thermal control of the processing equipment 

is reqloired and is accomplished using a n  ac t ive  radiator. 

1.33.2.5 Moss Sunmary 

The mass characteris t ics  of t he  EOTV are summarized in  Figure 1.3.2-33. The empty 

rnass for t h e  configuration 1s shown for  both mid-term and final values. The most  

significant change was tha t  associated a i t h  t he  solar array mass, which increased as a 
2 result of using a more accura te  model reflecting t h e  power requirements for  I R 

losses, s torage provisions, changing power conditioning efficiencies as a result of wing 

solid state equipment rather  than motor generator equipment and also a revision in t h e  

radiation degradation analysis. These changes t o  the  solar array, in turn, have 

refiected or  resulted in changes in a l l  other  elements  of t h e  vehicle resulting in 

approximately a 300 metr ic  ton increase over the m i d t e r m  values. Accordingly, the  

startburn mass also reflects  a 300 metr ic  ton increase over t h e  mid-term value. 

1.3.22.6 EOTV Cost 

A preliminary cost for  t he  EOTV was e s t a b l i s k d  at the mid-term of Phase I. I t  was 

indicated at tha t  t ime tha t  t h e  es t imate  was probably optimistic. The guidelines used 

t o  establish more accs ra t e  EOTV costs than tha t  shown at the  mia-term are indicated 

in Table 1.3.2-7. The f lee t  size ana amortization period are t h e  same  as was used for  - 
mid-term. The chief difference in costing, however, deals with the  method in which 

the costing was aone. At t he  mid-term, a scaling relationship was used where t h e  

pouer generation and distribution system cost was scaled t o  similar systems of t he  

satel l i te  and the  e lec t r ic  propulsion system cost for  t h e  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 production r a t e  

much higher than tha t  possible when amortizing the  hardware over a number of years. 

The final costing of t h e  EOTV, included establishing detailed first unit costs  using 

component mass a d  quantities directly associated with a single EOTV. These TFU 

costs were then used in conjunction with t h e  annual production r a t e  of t h e  components 

for the ent i re  EOTV fleet  t o  establish the  average cost of  an EOTV. 

As indicated earlier, amortizing or spreading out  t h e  total  hardware requirements over 

the operating l i fe  of the  system greatly influences the  unit cost of the EOTV and 

subsequently the  cost per flight. A comparison of t he  annual production r a t e  for  some 
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of the  EOTV and self-power components is presented in Table 1.3.2-8. In the  case of 

t he  CEO construction concept, t h e  to ta l  components for  t he  23 vehicles has been 

spread out  equally over 7 years of i rs  operating l i fe  with an additional 20% added t o  

the  annual requirement t o  cover manufacturing problems, etc. As indicated, nearly a l l  

components for  t he  CEOIEOTV case reflect  a significant decrease in t he  annuai 

production ra te ,  which will eventually ref lect  in t h e  average unit cos t  of t h e  EOTV's. 

The final Phase I EOTV hardware and cost per flight numbers a r e  presented in Table 

1.3.2-9. In the  case of t he  hardware costs, both mid-term and final costs a r e  

presented. The final flight unit costs have almost doubled from tha t  of t he  m i 6  

term, reflecting t h e  influence of the  more detailed cost  analysis. The power generation 

and distribution system has not increased as much as e lec t r ic  propulsion system primarily 

because the  solar array, which is t he  largest zontributor, was and still  is beirlg costed 

on mature  industry basis with the  increase over precedicg mid-term values primarily 

the  result of t h e  20% penalty paid fo r  using t h e  > x 10 cent imeter  ce l l  and a!so t h e  

21% cost  growth factor. Electric propulsion costs,  are greater  by 3!m~?st 2. fac tor  

of 3 and ref lect  a significant difference in the  cos t  for  individual c!ements a s  a result 

of lower production rate. As indicated earlier, programmatic costs  were not indicated 

in t h e  mid-term. On a cos t  per flight basis, including amortization of t he  capital, 

the change from the  mid-term has been approximately $30 million per flight. 

Cost  for  the  complete CEO construction concept is presented in Section 1.3.2.4 which 

compares this concept with a LEO construction concept. 

1.3.2.2.7 Mission Operations 

1.3.2.2.7.1 Key Mission Events 

Mission events  t ha t  occur whle using a n  EOTV for CEO construction a r e  indicated 

in Table 1.3.2-10. A total  of 16 days of on-orbit t ime has been indicated for  t he  

turnaround of the  vehicle, in addition t o  the  219 days of t ime required for  the  up 

and down transfers. 

Once the  vehicle reaches CEO, i t  will be placed in a standby condition approximately 

1 kilometer from the  base. At tha t  t ime small L021LH2 tug(s) will be used t o  move 

the  cargo from the EOTV t o  the  CEO construction base. Annealing of t he  solar arrays 

will occur a t  CEO and will be discussed in more detail in a subsequent chart.  Once the  
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vehicle has returned to low ea r th  orbit, i t  will again be placed in a stationkeeping 

standby condition approximately 1 kilometer from t h e  LEO base. Again, small tugs 

will fly out  from the  LEO base t o  the  EOTV t o  perform refurbishment operations on 

t h e  thrusters, unload and load cargo propellant and deliver propeilant. The propellant 

resupply will be  done by tankers rather  than removal of t he  propellant tanks. 

1.3.2.2.7.2 EOW Amealing Operati- 

The method of annealing the  EOTV solar array is essentially the  same  as tha t  

employed by t h e  operational satellite.  The major operations associated with t h e  EOTV 

annealing operations a r e  shown in Figure 1.3.2-34. In general, t he  method consists of 

C 0 2  laser systems a t tached t o  a gantry tha t  can move across each bay. Each gantry 

system anneals a 15m s t r ip  the ent ire  width af the  bay. For EOTV application, 2.5 

hours is required per  s tr ip (segment) with a continuous power requirement of 8.7 MW. 

The total  t ime required t o  do the  annealing is of course a function of total  a r ea  

involved and the  number of gantries employed. The phase I midterm EOTV had a total  

of 1.2 million sqbare meters  of solar array. Use of only one gantry would result in 

approximately 20 days of annealing time which is judged t o  be too excessive. Although 

no optimization has been done at this point, the reference system will use four 

annealing gantries, thus resulting in an annealing t ime of approximately four days. 

When using four gantries, however, two a r e  placed in each of two bays so tha t  power 

can be drawn from t h e  other  two bays t o  opera te  t h e  annealing systems. When a given. 

bay has been completely annealed, the gantries will move to  a bay tha t  has not been 

annealed and repeat  t he  annealing operation. Annealing can b e  performed at ei ther  

LEO or CEO, however, such factors  a s  continuous sunlight t o  generate power and 

minimum orbit keeping propellant suggest ancealing a t  CEO will b e  slightly be t t e r  

than if the  operation was performed a t  LEO. 

1.3.2.2.73 Thruster Refurbishment 

The other  key mission event t o  b e  discussed is tha t  of refurbishment of the EOTV 

thrusters. The first point t o  establish is the  frequency of t he  refurbishment. In this 

case, the life of the  grids cf the thruster a r e  the  major concern, although there  is 

some indication tha t  t h e  cathodes will also have a life problem. Figure 1.3.2-35 

presents a plot of the thruster  grid life as a function of beam current.  T h ~ s  da ta  is ; 

result of combining t h e  results of a model t ha t  predicts the  double ion production r a t e  

(which is the  major factor  in erosion) as a function of beam current with another 

model t ha t  predicts erosion. Using this da ta  to check the  erosion r a t e s  of a 30 cm 
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mercury thruster whose erosion characteris t ics  me known has  resulted in a very good 

correlation, providing confidence in t h e  methodology. Thruster l i fe  requirements a r e  

indicated for the  first and f if th trips of an EOTV and reflect  the  actual  burn t ime plus 

a 50% margin. These burn t imes icdicate t h a t  80 amps is about t h e  most t h a t  can  b e  

expected and corresponds t o  the  thruster design and performance characteris t ics  t ha t  

have been used in t h e  Boeing SPS studies t o  date. The second point t o  establish is t h e  

amount of t ime r e q ~ i r e d  for  t he  refurbishment a d  t h e  amount of equipment required, 

Figure 1.3.2-35 also indicates t ha t  four refurb vehicles would b e  required In ~ r d e r  to 

result in a reasonable refurb time. The reference system assumes tha t  each thruster is 

r e p i r e d  in ten minutes resulting in a repair t ime of four days and four refurb vehicles. 

Kefurb cculd be  done at either LEO or CEO, with LEO providing the  lower 

transportation cost while t h e  chief advantage of t h e  CEO being a reductio 1 in t h e  

turnaround t ime since i t  can be  done in parallel with annealing of the  s o l a  array. A t  

this point in time i t  is judged tha t  t he  reduced transportation cost  would be  more 

beneficial, consequently, t he  refurb of the thrusters a r e  done at LEO. As ir~dicated 

earlier, t he  vehicle would be placed approximately 1 kilometer awhy from ?he base. 

Reiurb on the thrdsters can be  done in place at the  EOTV which eliminates fluid and 

electr ical  disconnections or t h e  complete thruster  paiiel could b e  removed and ilown 

back to the base where i t  would be  refurbed with another panel immediately installed 

to allow the  next trip. The l a t t e r  approach would reduce the  turnarouna t ime but 

would present the  problem of disconnecting fluid lines and electr ical  wiring. Conse- - 
quently, t h e  in-place concept is selected for  t h e  reference case. 

1.3.2.2.8 LEO Support Base Design and Operations 

This section will discuss t he  overall configuration and operations of t h e  LEO support 

base used in the GEO construction concent. 

1.3.2.2.8.1 Configuration 

The primary functions of the base a r e  t o  support construction operations associated 

with t h e  EOTV1s and t o  perform depot type opf?ratians during t h e  o r ~ g c ~ n g  satel l i te  

construction operations. The overall base concept and key characteristics a r e  shown 

in Figure 1.3.2-36 and i t s  dimensions in Figure 1.3.2-37. The base is sized t o  cons t r i c t  

one bay of an EOTV at a time. 0utr:ggers a r e  used to  support th: bays as they are 

being constructed. Opposite of t he  construction platform is t:;e location used for  t h e  

docking of the  OTV's and HLLV1s. Crew modules are located at one corner of the 

facility and consist of two crew modules for  the  primay crew, one module for  
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personnel involved in rotation operations and a maintenance and operations module. 

Total mass of base is estimated at 1.3 million kilograms and cost estimated at $2.2 

billion. The average crew size is 200 during the construction operations. 

1.3.2.2.JK EOTV casmmial 
The overall construction sequence associated with an EOTV is shown in Figure 

1.3.2-38. In the overall sequence, a simple diagram is used t o  illustrate each bay. 

Five days a re  required to construct each bay of the EOTV. indexing occurs following 

the  construction of each bay. Construction of the  EOTV is completed at t h e  end of 20 

days. The final operations iravolve installation of propellant tanks, payload and the 

final vehicle checkout so that  the  vehicle is ready f a  flight at the  end of 23 days. 

With 23 vehicles required in the fleet approximately 1-1/2 years is required to 

c o n s t r ~ t  the  entire EOTV fleet. 

Details of the construction operation associated with each bay of the EOTV are 

il1ustra;ed in Figure 1.3.2-39. Again it should be emphasized tha t  the base has been 

sized to  carstruct  one bay at a time, rather than a complete EOW. The construction 

operation requires a ccnstruction platfarm, beam machines, cherry pickers, solar array 

deployers, indexers and a cwstruction gantry which is us& t o  support several 

machines amj cherry pickers. The sequent-. which is rlsed to form t h e  s t rmture  of 

each bay is illustrated in the lower left hand portion of the chart. Both the gantry - 
beam machine and t b  platform beam machine work in parallel forming the  beams. In 

this particilar operation, the platform beam machine is relocated one t ime in order t o  

complete the formation of i ts  designated beams and the gantry must be moved to  the  

side to  allow the last beam of the pentahedral b e  t o  be installed. Total construction 

time to  complete a single bay of t h e  EOTV including checkout and its indexing so the  

next bay can be  made is 5 days with the provision that  two solar array machines are 

used. Should only one solar array machine be used, then the construction time per bay 

will be increased to  seven days. 

1.3-22.83 Depot Opratiars 

Another function t o  be performed by the base is t o  provide support t o  the transporta- 

tion operations or flights which interface with the  base. The flight schedule is 

presented in Figure 1.3.2-40. Ir, summary, crew rotation/resupply flights occur a t  four 

week intervals. Further discussion concerning crew rotation/resupply is presented in 

Section 1.3.2.2.9. EOTV fiights wi:l occur at approximately 11 dav intervals. HLLV's 
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will &liver payloads t o  t he  LEO base on an  average of 7 t imes  per week. Personnel 

launch vehicles deliver new crewmen to orbit approximately every two weeks. Double 

flights are indicated for the CEO base PLV flights because each crew OTV transports 

160 people while t h e  PLV transports only 80 per  flight. 

1.3.2.2.8.4 LEO Basc Cnu Sizt 

The crew s ize  to maintain t h e  base is presented in Table 1.3.2-11 for  three  different 

t ime periods. The EOTV construction period requires approximately 200 peopie, t h e  

on-going operation period when EOTV flights a r e  delivering SPS components to GEO 

requires 134 people and the t ime period which has on-going operations as well as t h e  

construction of t he  second set of EOTV's requires a to ta l  of 220. To accommodate this 

crew size, a to ta l  of two large crew modules will b e  provided. The characteris t ics  of 

these mooules are t h e  same  as described for t h e  crew modules used with the  LEO base 

of t h e  LEO construction concept described in  Part 111 of Cont rac t  NAS9-15196, 

1.3.22.85 LEO Base Mas and Cast 

Mass and cos t  are presented in Table 1.3.2-12 and indicate t ha t  both characteristics 

are dominated by the  crew/wwk modules. Again, t he re  are two module$ tha t  serve  as 

full t ime crew quarters, om module for Zransient crews (and as back-up primary 

module) and a fourth module which serves as a combination maintenanceloperation 

center.  Base subsystems include a solar array for  primary power, nickel hydrogen - 
battery for secondary power and a LO$LH2 flight control subsystem. Vehicle and 

cargo handling elements  include or-base transportatiori systems for  moving cargo and 

personnel, as well as the  docking ports  required in support of t he  various transporta- 

tion systems. Since the  base wili also be  serving as an  OTV support base, a propellant 

s torage and distribution system is provided. The construction equipment includes t h e  

capability of building each EOTV in approximately 23 days and t h e  to ta l  f lee t  of 23 

vehicles in 1.5 years. This concludes t h e  basic definition of t h e  silicon EOTV, i t s  

operations and suppot systems for CEO construction concept. 

1.3.2.2.9 CEO Gnstructior~ Crew Rotatim/Resqply 

Prior Boeing SPS CEO construction analysis had been done using LoZ/LH2 OTV'S t o  

deliver SPS cargo. This s ame  vehicle was also used for LEO/GEO crew rotation and 

resupply. The concept employing e lec t r ic  OTV's for  SPS cargo delivery t o  GEO 

therefore necessitated a review of the s ize  of t he  two s tage  LOZ/LHi OTV tha t  should 

be used for  crew rotation/resupply. Several sizing options exist Basically these 
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options are 1) t o  combine the two functions in one  flight and 2) have separa te  flights 

for  each function. Transportation requirements fo r  these  two options along with t h e  

propellant requirements per flight and annual propellant requirements a r e  shown in 

Figure 1.3.2-41. On a per  flight basis, t h e  option consisting of t h e  combined crew 

rotation/resupply requires approximately 800,000 kilograms per flight, while t h e  

propellant loading for  t h e  option having separa te  c rew and supply delivery has an  

average of approximately 500,000 kilograms which is approximately t he  OTV s ize  for  

t h e  LhO construction concept. On an annual basis, t h e  combined crew rotation/ 

resupply flight reduces t he  t o t a l  propellant requirement by 2 million kilograms 

resulting in approximately 100 million dollars savings per  year. Consequently, t h e  

combinea c rew rotation/resupply option has been selected for t h e  CEO construction/ 

EOT V option. 

This concluaes the  basic definition of t he  GEO construction concept  using EOTV1s. 

The comparison of t h e  concept with LEO construction is  done in Section 1.3.2.k. 

1,3.23 LEO CONSTRUCTION WITH SELF P O W E R  TRANSFER 

This concept has been discussed extensively in documentation associated with NASA 

JSCIBoeing cont rac t  NAS9-15196. Figure 1.3.2-42 illustrates t h e  overall construction 

ana operation scenario associated with t h e  LEO construction concept. In te rms  of 

transporting the  satellite,  e ight  separate  modules a r e  constructed in low Earth orbit  

with portions of t h e  solar array deployed t o  provide power necessary t o  drive t h e  

e lec t r ic  thrusters t ha t  propel the  vehicle t o  CEO where t h e  moaules are joined 

together t o  form t h e  total  satellite.  

Several inlprovements have been considered for this concept. The first  deals  with 

irnproving the  overall module configuration for  t h e  transfer operation. The second 

considers t h e  cost benefits tha t  might occur through recovery of t he  e lec t r ic  

propulsion components and their subsequent reuse. Both of these  improvements will be  

discussed in subsequent paragraphs. 

13.2.3.1 Catfigurat ion 

The self power module orbit transfer configuration including key character is t ics  

associatea with transferring with and without an antenna a r e  shown in Figure 1.3.2-43. 

The optimum trip t ime is 140 aays and ISp = 7000 sec although the  t ime averaged I 
SP 

including occultations and L 0 2 / L H 2  contribution fo r  gravity gradient torque (CGT) is 
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only 2500 sec. In an  a t t empt  t o  reduce the  gravity gradient torque requirements and 

thereby reduce t h e  propellant requirements, several  configuration changes have been 

incorporated. The first of these deals with the  location of t he  deployed solar array. 

Prior self-power module configurations had t h e  solar array deployed a t  both ends of 

t he  module and paralle! with t h e  X-axis. The new configuration however has the  

arrays deployed along t h e  Y-axis of t h e  configuration and along both sides. This not 

only improves t h e  moment of inert ia  characteris t ics  of the  configuration, but  also 

ellminates tlre mismatch between cells t ha t  occurred with t h e  previous deployment 

since some cells in the  string had been exposed t o  radiation and othes  were not. The 

other  change resulting in be t t e r  moment of inert ia  characteristics and eventually 

lower gravity gradient torque penalty was that  of positioning the  thruster  modules ou t  

along t h e  X axis  rather than t h e  Y axis for t h e  orbi t  transfer. Once CEO is reached, 

the  thrus?e. ~ o d u ! e s  a r e  ro ta ted  into a position where they are along t h e  Y axis so  no 

interference .,cccrs during docking of o r e  module t o  t h e  other. The overall impact  of 

the improve5 mrrlciy~ent of inert ia  characteristics is t ha t  t he  propellant requirements 

aecreased f rorri about 34 million kilograms per  satel l i te  down t o  29 kilograms per  

satellite. 

1.3.2.3.2 Self Power Orbit Transfer System Reusability 

The chief reason for  considering recovery and subsequent reuse of t h e  e lec t r ic  orbit 

transfer system (OTS) components is t h e  f a c t  t ha t  t he re  a r e  approximately 1.3 biilion 

aollars of components for  each  10 CWe sateilite. Consequently, each  component has 

been investigated for i t s  cost in  te rms of dollar per kilogram of value and for t he  ease 

in which i t  could be removed. The results a r e  presented in Table 1.3.2-13. Those 

components judged t o  be  gooc candidates ificlude t h e  tlirusters, processing units, 

gimbals, avionics and prapellant tanks. Recovery of these components would result in 

87% of the unit cost and 56% of the  mass of the  e lec t r ic  transfer system. 

1.3.2.3.2.1 Recovery System Optiors and Sizing 

The methods considered for  t h e  recovery of e lec t r ic  orbit transfer systems a r e  shown 

in Figure 1.3.2-44. Use of L02/LH2 orbit transfer vehicles for t he  return of the  

components incllides the  delivery of t h e  OTV1s piggyback on the  self-power modules. 

Once GEO is reached, the e lec t r ic  propulsion elements would be at tached t o  the  

chemical OTV1s which would return t h e  systems back t o  t h e  LEO base where they 

would be  refurbishea and used on a subsequent self-power module. Chief disadvantage 

in this concept has been the  iong storage requirements for the  L02/LH2 and the  large 
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propellant requirements for  this type  of system resulting in excessive launch cost. 
Another method of recovery is t h e  use of small e lec t r ic  orbit transfer vehicles. Three 

different methods employing this concept have been analyzed. The f irs t  of these is 

called t h e  independent EOTV dnd consists simply of sending up a small EOTV 

independent o f  the  self-power module. The second option has the  EOTV sent up 

piggyback on t h e  self-power module. Once GEO is reached, t h e  components a r e  placed 

on the EOTV and transferred back to LEO for refurb and reuse. The third method 

employs an EOTV concept t h a t  is more tightly integrated into t h e  self-power module. 

In the  case illustrated, the  thruster modules of the  EOTV would actually b e  used t o  

propel t h e  module to CEO. The thruster  modules would be larger than t h a t  normally 

required for  t he  EOTV operations by itself. The array of t h e  EOTV would be usea a s  

well as a portion of t h e  array of t h e  self-power modules. Once CEO is  reached, t he  

four separa te  sectors  of  t he  EOTV must be reassembled t o  form an ECTV tha t  can be  

transferred back down t o  LEO. The method selected for  t h e  recovery is tha t  of t he  

indep~ildent  e lec t r ic  OTV, since i t  provides the  most straightforward concept  and the  

most flexibility at this point in time. 

Several options exist in te rms of the  s ize  of the EOTV. These options are brought 

about by several different payload requirements associated with t h e  modules. As 

noted in Table 1.3.2-14, six of t he  eight  modules have a recovery payload mass of 

approximately 550 m e ~ r i c  tons, while two of t he  eight  modules have OTS components 

tha t  to ta l  1650 metr ic  tons. A detailed analysis has not been conducted on the three 

options indicated, but Option 2 which sizes t h e  EOTV t o  return the  largest payload 

appears t o  be  E! rezsonable choice and was used in the  remainder of the  OTS recovery 

analysis. 

1.3.2.3.2.2 Recovery EOTV Design d Operations 

The configuration for  t h e  independent electr ic  orbit transfer vehicles used t o  recover 

t h e  self-power module OTS corn.-onents is shown in Figure 1.3.2-45. This configura- 

tion is generally t h e  same  as tha t  for  t h e  EOTV used in t h e  GEO construction concept. 

The prirnary difference has been tha t  t he  payload requirements a r e  smaller resulting in 

about 1/3 t h e  power requirerrents and about 1 /2  t h e  solar array requirements resulting 

in a dry mass of 760 metr ic  tons. 

The flight operations schedule associated with use of independent e lec t r ic  orbit 

transfer vehicles for  recovery of OTS systems is illustrated in Figure 1.3.2-46. This 
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schedule includes tha t  associated with the construction of t he  modules, the transfer  of  

t h e  modules and then at certain t imes t h e  s torage of t h e  OTS requirements t ha t  a n  to 

b e  recovered. For example, components for the  first t h ree  modules of t he  f i rs t  

satel l i te  are r e m o v d  from their modules and stored at t h e  CEO base. Prior to t h e  

arrival of the third module at CEO, the first e lec t r ic  orbit transfer vehicle is sent  to 

CEO. Once the  EOTV reaches CEO, t he  components a r e  loaded to form t h e  full 1650 

metr ic  ton payload. Thar EOTV then returns the  components back to iEO where they 

are removed and taken to the  LEO base for  refurbishment and subsequent reuse. The 

fourth module of each satellite also transfers an antenna and consequently the 

recovered e lec t r ic  proptdsion components constitute a 1650 metric  ton payload in  

itself. This requires a dedicated EOTV such as 92 to perform the recovery operations. 

The OTS units of satel l i te  n?odules 5, 6, and 7 a r e  also collected at CEO to form one 

payload package and are returned using the  third e lec t r ic  orbit t ransfer  vehicle. The 

OTS components of the e ~ g h t h  satel l i te  module which also takes up an antenna is 

brought back through the use of t h e  first EOTk. As can  be seen from this schedule, 

mcdule 1, 2, 3 and 4 of t he  second satel l i te  cannot use any of the propulsion systems 

used on the first satellite modules. Consequently, they must also be grovided with 

their own separate dedicated orbit transfer systems. As a result, t h e  LEO construc- 

tion concept wing self power and recobery of the OTS components requires 12 modules 

of OTS equipment and three  independent electr ic  orbit transfer vehicles. 

The primary operations associated with the  recovery of t he  orbit transfer system 

elements a t  CEO a r e  shown in Figure 1.3.2-47. Following the docking of t he  module 

k i th  the already present modules, component recovery vehicles are flown out  from the 

CEO base to  t he  thruster module of the  self-power module. The complete thruster 

modules including gimbals are removed and flown back to CEO final assembly base 

where an OTS pallet vehicle is stationed. Propellant tanks and avionics a r e  also 

removed, loadea on the transfer orbit pallet venicle and flown t o  the  EOTV which has 

been stationkeeping at a location near t he  CEO base. 

The recover) ar8d refurb operations performed a t  LEO are shown in Figure 1.3.2-48. 

The EOTV returns t o  LEO a t  a location near t he  LEO construction base. The OTS 

pallet vehicle is the11 flown from EOTV over the  LEO base where components a r e  

removed and taken ro the  ref!irbishment facility. The empty 07s pallet is flown back 

to t h e  EOTV for a subsequent t r ip to CEO. Meanwhile, maintenance vehicles from the  

LEO base a r e  flown to the  EOTV t o  perform maintenance on t he  thruster  modules of 

that  vehlcle. 
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132.4 ~ ~ ~ ~ c r u p ~  

The parameters t o  be used comparing CEO constructicm using electric orbit transfer 

vehicles far  SPS cargo delivery with LEO construction that uses elf-power transfer of 

satellite modules will use t h e  paramcren shown in Table 1.3.2-15. 

133A.1 Caatructian F q a a t i a n  

Initially i t  was thought that  GEO construction usim EOTV's far  cargo delivery w u l d  

require a longer preparation time in terms of when t h e  first  SPS could be put on line. 

Data presented in Figure 1.3.2-49, however, indicates this method can have i t s  system 

elements arranged in a manner that  results in t h e  first satellite coming on lint at the  

same t ime as the LEO constructim method. The only difference b e t a r e n  these! two 

options at this point in time appears to be t h e  time when the chemical orbit transfer 

vehicle must be available. For the case of the LEO construction concept, the cbem 

(102/LH2) OTV is not required until approximately 16 y e a s  a f t e r  the first system 

element payload is launched and is used to uppat the constructior. of the CEO final 

assenrbly base. 

In the case of CEO c a t r u c t i m ,  the &em OTV must be available at the end of the 

first half year in order to provide the  capability to deliver components of t h e  satellite 

construction b w  which will be assembled at CEO. In addition to the difference in the 

availability date for the chem OTV, the  CEO consZuction chem OTV will also be about 

twice as large in terms of propeliant capacity. 

13.242 Satellite Desigr lnpsct 

The key differences between a satellite that  would be constructed in LEO using a 

modular approach with one that would be constructed at CEO and be monoiiihic are 

indicated In Table 1.3.2-16. For t h e  LEO construction case, an additional mass 

penalty will result in terms of the solar array t o  the  oversizing for t ? ?  radiation 

degradation on that  solar array w h i d ~  IS deployed for the self-power transfer. The 

mass indicated reflects about a 3% o v e r r i t i q  penalty. The structural penalty reflects 

both the fact that  the array will be oversized because the radiation degradation as 

well as the  modularity which m e a s  redundant additional members in additional 

strength in the  structure. Finally, because of the  oversizing of the  solar array there 

will be a small power distribution penalty for a totai mass penalty of approximately 3 

million kilograms for a 10 CWe satellite built at LEO versus CEO. This mass penalty 

has been included in all transpol tation cost analysis. 
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1.3.2.43 Orbital 

Primary characteristics of the orbital bases associated with LEO construction are 

indicated in Figure 1.3.2-50. The LEO base is used for the  construction of the  self- 

power module. L* has a mass of approximately 5,550 metric tons and requires a 

construction crew of 407. The overall dimensions of the base are approximately 5.9 

kilometers by 1.8 kilometers. A CEO final assembly base is also required and has a 

mass of approximately 850 metric tons and a crew size of 65. 

The orbital bases for the CEO construction concept are shown in Figure 1.3.2-51. The 

LEO support base has a mass of approximately 1300 metric tons and requires a crew 

size of around 200 during the construction phase of the EOTV. Once the program is 

underway, the  crew size can be reduced t o  130 people since only depot type operations 

are  performed. The GEO construction base has the task of constructing a monolithic 5 

gigawatt or 10 gigawatt satellite. The mass at this base is 6,250 metric tons with t h e  

increase over the LEO satellite construction base being primarily that  related t o  

additional radiation shelters for the crew. 

1.3.2.4.4 Cmstmctian Operations 

As indicated earlier, the GEC* construction concept has been associated with the 

construction of a monolirhlc satellite. LEO construction, however, uses a modular 

satellite design uhich means modules a re  constructed at LEO and use self-power - 
electric propulsion transfer t o  CEO. Consequently, the  LEO construction option has 

several additional construction requirements and are indicated in Figure 1.3.2-52. The 

first of these is the docking of the modules once GEO is reached. Another 

requirement is +hat on both the 4th and 8th modules the antenna is transferred in  a 

position underneath the module in order to  improve the  moment of inertia characteris- 

tics and a s  a result, once the modtiles are docked the antenna must be rctated up into 

i t s  operating position. The final difference in the  LEO construction approach is that  

those solar arrays not deployed for the self-power transfer must be deployed through 

the use of deployment machines at the  final assembly base. 

1.3.2.4.5 Environmental Factors Summary 

The environmental fac:ors indicated in Table 1.3.2- 17 are those that  influence the 

const ruct i~n of the satellite. In the  case of radiation, all crew modules located a t  

CEO will have a substantial mass penalty for protection against solar flares. A 

shielding density of 20 to  25 grams per square centimeter is required in the radiation 
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GRAVITY GRADIENT & 
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shelters. EVA operations if required would be  worse at CEO. EVA operations in LEO 

shotild be  restricted to  time periods when t h e  construction base is not passing through 

the South Atlantic anomaly. Occultation of the construction bases has several impacts 

with one being in terms of the  base power generation system. The CEO construction 

base requires the same amount of operational power but requires less total  power 

because of nearly continuous sunlight on the solar array tha t  is used t o  generate power 

for the  base. Lighting will be required a t  both locations either due t o  the base being 

occulted by the  earth or the  construction base itself will cast shadows so that  lighting 

will be required. Should graphite structure b e  used, the thermal effects on the  

structure should be minimum in both cases. Gravity gradient and drag penalties 

associated with LEO construction are larger although the  difference of 600-700 

kilogt.ams a day is less than one HLLV flight per year. Collision with manmade chjects 

is judged t o  be  greater for the  LEO construction concept during the  satellite (module) 

construction phase. However, t h e  total collisioc probability must also include 

collisions that  may occur during the transfer between LEO and CEO; this comparison 

is presented as part of the orbit transfer operations discussion which follows. 

1.3.2.4.6 Orbit T m e r  Operati- 

Flight mechanics associated with the  self-power module method and the  electric orbit 

transfer vehicle are  essentially the  same. There a re  some factors, however, which will 

differ between the two approaches; one being the collision with manmade debris, 

another being the  potential of interrupting the  power beams coning down from 

operating satellites. The comparison of these factors is presented in Table 1.3.2-18. 

The key inputs into these two factors are  the size of the modules being transferred and 

the amount of time that  they are exposed t o  the  environment. in the case of the 

potential collisions per year (with no avoidance maneuvers), the  LEO construction 

concept is predicted t o  have 18 collisions while the CEO construction approach would 

have only one during satellite construction. However, in terms of the  transfer of 

vehicles from low orbit t o  high orbit, the CEO construction approach with the large 

fleet of 23 vehicles has an (area) times (time) exposure value approximately 3 times 

that of the self-power module concept, resulting in approximately 3 times as many 

potential collisions. As a result, rhe CEO construction concept has .ipproximatelp 50% 

more potential collisions if no avoidance is done. It should be emphasized, however, 

that  prior study has indicated that  practical avoidance maneuvers can prevent any 

collisions with manmade debris. 
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The second i t em to be compared i s  t ha t  dealing with potential interruptions of power 

beams originating f rorn operating power satellites. The problem occurs since t h e  

modules o r  vehicles transporting cargo  depart  from a 30 degree inclination orbit and 

have a destination of 0 degrees at CEO. These interruptions will b e  proportional t o  

t h e  number of re: olutions tha t  t he  vehicles make in t he  t ransfer  from low orbit to high 

orbit (See Section 1.1.2.7). Again, the to ta l  number of flights plays a key pa r t  in this  

estimate. The LEO construction concept  using self-power rnodules is est imated t o  

require a total  of 6,400 revolutions t o  g e t  one 10 gigawatt  satel l i te  t o  CEO. In t h e  

case of GEO construction using 23 EOTV1s flying 28 flights per year, a to ta l  of 28,000 

revciutiors i s  required or approximately 4 t imes revolutions per  year, which should 

i ~ d i c a t e  approximately 4 t imes as many interruptions of t he  power beams coming down 

as for  t h e  LEO construction option. 

132.4.7 RiskhJncertainty 

As s ta ted  previously, t he  LEO construction concept  uses self-power and as such the  

orbit transfer system may be  used only once although recovery and reuse is possible as 

discussed previously. The construction concept using EOTV's, however, requires 

multiple use for  each EOTV. Concerns for  t h e  multiple use EOTV's a r e  indicated in  

Figure 1.3.2-19. In the  case of t he  solar arrays, the  cos t  optimum transfer t ime  for  

each flight will result in degradations as low as 40 t o  45% as compared with 30 years  

of satel l i te  operation which will degrade approximately 10%. The impact  of this deep. 

degradation is not known in terms of overall power gererat ion capability nor in terms 

of t he  number of anneals which can b e  made nor the  level of recovery. Cell t o  cei l  

mismatch occurs even though annealing has been performed since each  cel l  has i t s  own 

unique characteristics. With excessive cel! to cel l  mismatch there  would be  non- 

optimum power characteristics from t h e  solar array. The impact on t h e  solar array 

resulting from the large number of thermal cycles associated with occultations and 

anneciling is unknown. Finally, as the  power output degrades during t h e  missions, so  

will the  voltage degrade which will present some complication in te rms of power 

conditioning equipment. The other components indicated also offer  some concern, 

however they a r e  judged t o  be less significant. In the case of avionics, one typical 180 
4 day transfer presents a dose of approximately 10 rads. This radiation level will 

5 require use of radiation hardened electronics particularly when 10 flights (10 rads) 

a r e  planned. The impact of radiatior! hardened electronics is twofold. One, the  

system will be slightly more expensive than standard avionics, ana  two, the number of 

design solutions will b e  restricted. The final i tem to  be  considered is t ha t  of t h e  
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9 structure. For a typical transfer of 180 days, approximately 3 x 10 rads will b e  

experienced at t h e  surface 0% t h e  graphite  type structure. Previous da t a  has indicated 

tha t  decomposition will occur beginning with ab ru t  10' rads. This decomposition 

results from t h e  outgassing and const i tutes  a form of contamination which may have 

an impact on the  solar cells performance. The extent  of this impact  is not known at 
this  time. 

1.3.2.4.8 Construe tim/Tr-tim Cost Comparison 

The final parameter  to be compared in t h e  LEO vs CEO construction t rade  is t h a t  of 

cost associated will all elements of the  construction and transportation systems. This 

comparison is presented in  Figure 1.3.2-53, Several categories of cost ..:re indicated 

with each category including cost  for  three  construction options: 1) LEO construction 

with self-power modules and no recgvery 2 )  LEO construction lvith self-power modules 

in ccnjunction with recovery of t h e  electcic  transportation system elements and 3) the  

GEO cons t r~c t ior i  concept using e lec t r ic  orbit transfer vehicles. All costs  a r e  plotted 

as a function of to ta l  transportation and construction cost. In summary, for t he  

construction preparation portion of t h e  program which includes placement of t h e  

construction bases and buying any necessary ground manufacturing facilities for  t h e  

orbit t o  orbit transportation elements, t h e  LEO construction concept using recovery of 

t h e  e lec t r ic  components provides the  least  cost. The procurement of the  f i rs t  set of 

orbit t ransfer  hardware, however, gives a considerable advantage t o  t h e  LEO construe.- 
tion concept with se!f-pawet and no  recovery. Fligtrt operations associated with the  

f i rs t  satellite,  namely tha t  of launching of the  propel!ant t o  perform t h e  delivery of 

the  first satel l i te  i s  approximately equal. When all th ree  of these increments a r e  

aaded together, one ge ts  t h e  cumulative cost through t h e  f i rs t  satellite.  A t  this point, 

the LEO construction concept with self-power t ransfer  ar,d no recovery provides 

approximately a $3 billion savings over t he  LEO concept with recovery of t h e  e lec t r ic  

system and approrimately a $7 billion savings over t ha t  of t he  CEO construction 

concept. When the  capital costs are amortized t h e  total  operating cost of all t h ree  

concepts is quite comparable with the  I.EG construction using recovery o i  t he  e lec t r ic  

propulsion systems providing a slight margin. 

Costs  presented in Figure 1.3.2-53 a r e  shown in more detai l  in  Table 1.3.2-20. During 

the  construction preparation period, t he  chief difference between the  options is t ha t  

associated with the  placement of the  orbital bases including the  unit cost  of t he  bases. 

The second difference is t ha t  of t he  amount of ground production facilities for the  
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orbit t ransfer  hardware. The cost penalty ref lects  $1 for each  $1 of recurring OTV 

hardware costs  t ha t  show up under t h e  average per satel l i te  column. In te rms of 

direct  cost during the construction preparation period, the numbers re f lec t  approxi- 

mately half t he  crew size used in the normal construction operation but spread ou t  

ove: a tu. J )car t ime period. f he CEO construction case has the majority of the 

 orb^:..:! crew a - LEO thus resulting in the highest cost. Total cost  for t h e  construction 

prepaiatiort pe-iod indicates t ha t  t he  LEO cons'iruction approach with recovery of t he  

clecrr ic  tran.y>ortation system to be t h e  lowest cost. 

Tt-ii serona major cost compar ison covers t he  transportation c a t  associated with 

placement of t h e  flrst satellite.  In terrns of capital  costs, t h e  LEO construction 

approach with no recovery of the  e lec t r ic  transportation system provides the least  

cost primarily because i t  has a very small OTV investmefit. A LEO construction case 

with recovery ref lects  a somewhat higher cost pr imar~ly  as a result of low production 

r a t e  ocl the e lec t r ic  propulsicn components. The GI50 construction case, with a f lee t  

of 23 vehicles results in the highest capital  cost. In terms of the  d i rec t  c. st for this 

period, t h e  LEO construction case with no recovery has sightly higher costs althcugh 

not signiticant. The prcpellant required for t he  transfer of each satel l i te  in the LEO 

case is approximately twice tha t  of t h e  CEO construction concept, hoaever,  such 

fac tors  as lower costs, associated crew rotation and resupply, and no refurbishmerrt 

during the  first year, of fse t  this t o  some degree resulting in t he  small difference 

between the  concept  in terms of direct  cost. Construction delay t ime primarily 

ref lects  the f ac t  t ha t  for  LEO construction, t h e  t r ip is optimized at around 140 days of 

transfer while the  CEO construction is more optimum a t  180 days of transfer resulting 

in slightly larger interest payment. The total  cost during this phase shows tha t  LEO 

c o n s t r u c t ~ m  without recovery being nearly $3 billion cheaper than the  LEO construc- 

tion with recovery and approximately $5.5 billion cheaper than the  CEO construction 

concept. 

The final comparison of these c c x e p t s  deals with the  average per satel l i te  cost which 

amort izes all  capital costs. In t he  case of LEO construction k i t h  no recovery, t he  cost  

indicated is the  same  as that  ia t he  first satel l i te  since a complete set of orbit 

transfer systems is needed for  each satellite. The LEO construction with recovery 

concept and CEO construction using EOTV's both amort ize the  unit cost  of the electr ic  

prcpulsion eqbipment and i t s  placement. The total  average per satel l i te  cost shows 

that  approximately $130 million savings per satel l i te  the LEO construction ~ i t h  



recovery of OTS over the CEO construction case and approximately $ 7 0 ~  million over 

the construction with no recovery. 

The iota1 transportation acd construction costs can be plotted as a fwct ion of the  

number of 10-gigawatt satellites placed online, as shown in Figure 1.3.2-54. In the  

case indicated, one 10-gigawatt satellite is added per year. The initial point on the  

cost curves reflect the procurement of the construction bases followed by the  

procurement of the first set of orbit transfer hardware t o  deliver the  first 10 gigawatt 

SPS. Cost thereafter essentially reflects recurring cost per satellite for each of the 

construction options except in those cases where the orbit transfer fleet must be 

replenished. From this plot i t  can be seen that  there is a relatively narrow band of 

cost for all three constructim optiors and possibly i t  is not until approximately 150 

gigawatts of capacity has been procured that the LEO construction concept using self - 
power transfer of the moduies with recovery of the electric systems s tar ts  t o  provide 

a1 advantage. 

Another cost comparison that  can be  shown deals with the uncertainty associated with 

the electric OTV concept and particularly t o  the  cost sensitivity t o  the amount of 

radiation damage that can be removed with annealing. Previous analysis has assumed 

95% of the  damage is removed with each anpealing. A limit case occun if one 

assumes that  no recovery is podsible in terms of annealing. The results of this analysis 

a re  presented in Table 1.3.2- 21. In the  case of the LEO construction concept, this 

will result in a cost penalty of approxim;tely $740 million per satellite which is a 

resuit of having to  oversize by approximately 8%. Far the  CEO construction concept 

using EOTV's, there must be an assumption regarding the wmber  of uses possible for 

each EOTV. In this arrctlysis i t  is assumed that  once the power output falls t o  50% of 

initial power output, sufficient damage has been done t o  the array and probably t o  

supplemental systems that  further use is not possible. The 50% level is reached a f te r  

4 EOTV trips if no annealing recovery is possible. The average trip time during these 

four trips will be 280 days resulting in an amortization period of 3.5 years rather than 

7.1 years in the baseline EOTV case that uses radiation damage removal. As a result, 

the cost penalty per satellite will be 1230 million which is approximately 70% greater 

than the LEO construction concept using self-power. Consequently, i t  is judged that  

the CEO construction EOTV concept is much more sensitive t o  the understanding of 

radiation and its daniage removal through the use of annealing. 
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1,3,2.4.9 F- b u t i o n  

A summary of all the  comparison parameters used in the  construction location 

comparison is presented in Table 1.3.2-22. Some of these parameters have indicated 

l i t t le  or  no difference between the construction option. The GEO construction option 

using EOTV's has a n  advantage in terms of impact on the  satellite design and also in 

terms of the  cons:ruction operation. LEO construction with no recovery of the  

electric transportation system is judged t o  be better  in terms of orbit transfer 

operat ions and uncertainties associated with orbit transfer hardware design. In terms 

of construction cost, the  LEO construction approach has a n  advantage while the  LEO 

construction concept with no recovery has a cost advantage through placement n the  

first satellite. On a recurring cost basis, LEO construction with recovery of the orbit 

transportation system and the CEO construction concepts are approximately equal in 

cost. 

1.3.2.5 C0NCLUSK)NS AND RECOMMENDATKINS 

The LEO construction concept using self-power transfer of the modules and no 

recovery is recommended for the initial stages of the  operational prograrrr for the  

reasons tabulated in Table 1.3.2-23. The dominating reason for this recommendation 

is that  it has significantly lower front end cost wirh recurring cost being competitive 

out t o  at least 150 gigawatts of installed power. In addition, this concept does not 

require repeated exposure of the power generation system t o  the  environment between 

LEO and GEO. Finally, this concept allows natural evolution t o  the recovery of the  

electric propulsion system, which would result iti the  lowest recurring costs of any of 

the concepts evaluated. 

1.3.26 EFFECTS OF ION JETS ON THE MAGNETSWERE 

This task was originally directed to  investigate effects on the  ionosphere. The investigator 

quickly concluded, however, that  these effects would be minima! and that  effects 

on the magnetosphere were of more substantive concern. The effort was redirected 

accordingly. 

Electric orbit transfer operations will consume roughly 10,000 tons of argon per 

10,000 megawatts of SPS's emplaced. Although this consumption ra te  is entirely 

negligible in terms of resource availability, 10,000 tons of argon represents more 

than lo3* ions and neutrals injected into the Earth's magnetosphere during orbit 

transfer operations. 
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A brief investigation of possible e f fec ts  on t he  magnetosphere indicated tha t  this 

is problably not  a n  environmental risk. Significant questions remain, and a n  analytical 

investigation adequate to give high assurance of no risk will require roughly two  years. 

The motion of a charged particle trapped in t h e  Earth's magnetic field follows a reflected 

helical path within a curved flux tube as illustrated in Figure 1.3.2-54. The Earth's 

field is a magnetic mirror configuration tha t  will cause t h e  particles t o  be trapped 

with long lifetimes provided cer ta in  conditions a r e  met. The particle trajectories 

migrate around t h e  Earth in longitude also, as illustrated in Figure 1.3.2-55. 

The argon ions produced by the  e lec t r ic  propulsion system will be  singly positively 

ionized and most will have energies of about 1.5 kev. corresponding to t h e  accelerat ion 

voltage of 1,500 volts. Some thermal ions will be produced as a result of charge 

exchange between accelerated ions and t h e  thermal neutrals t ha t  escape from t h e  

ion thruster without being ionized. These low energy ions will have energies less 

than 1 ev. Key characteristics of t he  1.5 kev argon ion t r ap  orbi ts  as a function of 

al t i tude a r e  given in Table 1.3.2-24 and plotted in Figure 1.3.2-56 

The trapped ions will interact  with t h e  ambient magne:ospkre  constituents, primarily 

neutral hydrogen above about 1,500 kev altitude, as shown in Figure 1.3.2-57. The 

principal interaction will be charge-exchange in which the argon ion will be neutralized 

(and hence released from magnetic confinement). The est imated charge-exchange 

lifetimes for  argon Ions a r e  shown in Figure 1.3.2-58. Note tha t  t he  lifetimes range 

from a few seconds at LEO t o  about a year a t  CEO. It  should be recognized tha t  

an argon ion released from magnetic confinement by charge exchange can  be re-trapped 

if another charge exchange reaction re-ianizes it. 

This analysis was highly exploratory and not a; all  complete, but reached certain 

preliminary conclusions. 

1. Argon beam from thrusters travel intact  for  l o ~ g  d i s t a x e s  tangential ;a orbit 

(a t  injection dngle). 

2. Transition from bean1 t o  single icn injection i ~ t o  geomagnetic field is a major 

unsolved problem in plasma physics. 
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3. Below 2.5 earth radii geocentric, all of the beam argon is temporarily captured 

by the geomagnetic field. 

4. Above 2.5 earth radii (10,000 km altitude) most of beam argon escapes in a jet 

of plasma (86.6 km/sec); a small fraction is peeled off into trapped orbits. 

5. A small fraction of the  thruster beam charge exchanges at the  thruster exit  

plane and e x a p e s  as neutral gas. 

6. inefficiencies in the present thruster systems allow 10-20% of the  fuel to escape 

from the exit plan as thermal (0.1-1.0 eV) argon ions and neutrals. 

7. At low altiudes (below 1000 km) this thermal argon diffuses back into the upper 

atmosphere. 

8. At higher altitudes this thermal argon populates the  magnetosphere. 

9. The primary interaction between resident plasma and argon from the thruster 

is charge exchange between ions and neutrals. 

Below 1000 km A: + 0 and A + o++ 
Above LOO0 km A + H and A + P 

10. The random walk diffusion of r~eutral  and charges species is a second major 

unsolved problem, complicated by the inf ulence of geomagnetic field orbit effects 

on ions. 
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VBS 1.3.7 Ground Support Facilities Launch Site M y s e s  

Problem Statement 

The construction and emplacement of SPS's in geosynchronous orbit at a nominal rate 

of 10,000 megaw;rtts per year will require launches of a large heavy lift launch vehicle 

(HLLV) at  rates approaching once per day. 

The number of launch pads that can be provided at  KSC, observing noise and pad 

separation constraints, will be limitd to 2 or 3. Figdre 1.3.7-1 illustrates a concept for 

placement of pads offshore on causeways. The design of the causewLys and 

breakwaters would have to reflect environrrtental considerations. As an exampie, it 

would probably be necessary to employ ~il ing instead of riprap so that drift currents 

parallel to the shoreline would not be intel,rupted. 

One way to relieve these concerns would be to employ remote launch sites fo 

operations. Several approaches have been discussed. 

A. Ar! inland site, such as in the desert southwest of the U.S. This would allow 

downrange landings of boosters, improving performance hv elimination of flyback 

fuel requirements. These sites are, however, further from the equator than KSC 

and incur added orbit transfer delta V penalties. Further, the environmental 

issues associated with inland sites have seemed more and more intractable as time 

goes on. Inland sites were therefore dropped frorn further analysis in this study. 

B. Seacoast sites similar to KSC but remotely located. 

C. Sea-based sites, either floating or construction on the sea bed using Texas tower 

structures. 

If a remote site is to be used, a motivation exists to go to equatorial sites. The orbit 

transfer delta V irom a zero inclination low Earth orbit to geosynchronous orbit 

is reduced from abo~i: 4200 m/sec to abogt 3800 m/sec (a reduction of 400 mlsec), 

for high-thrust transfer. In the case of low-thrust transcers, the delta V is reduced 

from about 5,800 m/sec to about 4,550 m/sec (a reduction of 1,300 mlsec). 



Figun 1.3.7-1. OverJay of HL L V && on KSC Map 
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Further, t he  radiation environment ir, low Earth orbi ts  below about  5' inclination, and 

up t o  about 600 km altitude, i s  much less severe  than for  higher inclination orbi ts  t ha t  

pass through the  South Atlantic anomaly. (The t ransfer  environment is more severe 

for  low i~c l ina t ion  star t ing o r b i t s )  

Therefore, this task was established to address the feasibility a d  desirability of 

remote  launch s i tes  for SPS with emphasis on low-latitude sites. 

Lamch Site and Vehick  Options 

The coastal launch s i tes  a r e  compatible with ei ther  the  two-stage bdl i s t ic  or two- 

s tage  winged vehicle. B e i x  a coastal  s i te ,  use of water  trailsportation provides 

flexibility t o  move large amounts of bulk materials and propellant or raw materials 

readily. The total  population required t o  support the  launch r a t e  equivalent to place 

one satel l i te  in orbit per  year  will be in the  range of 250,000 t o  500,000 pcople. This 

an larn t  is an approximation of the  tota! number oi people involved to provide all  the 

sevices for  launch s i t e  employees and includes their families. This approach will 

eliminate a nunlber of s m d l  islands which could only be operated as remote sites, with 

premium pay and a split work schedule of two  weeks a t h e  s i t e  and one  week home. 

h t e n t i a l  seacost equatorial s i tes  a r e  identified in Figure 1.3.7- 2. Distacces t o  these 

locations from primary seaports  a r e  shown in Figure 1.3.7-3. .4 t en ta t ive  ranking of 

these s i tcs  is given in Table 1.3.7- 1. 

A prime candidate location f o r  a sea-based s i t e  is in t he  western Pacific Ocean, about 

300 km north of the  Galapagos Islands. This a r ea  enjoys a mild climate, experiences 

very infrequent tropical storms, has a mild sea s t a t e  nearly all  of the  time, and t h e  sea 

bed is a t  depths that  would allow mooring of a floating launch site. 

Cost Deltas for EQuatorial Sites 

Orbit T i ~ f e r  SV- 

An initial a t t empt  at performance simulation f o r  a low latitude transfer  from 5' 

inclination t o  geosynchronous orbit actually exhibited reduced performance a s  com- 

pared t o  the  ref rence 30' case. Increased loss due  t o  gun occulations apparently 

more than offset the  reduction in del ta  V and in gravitv gradient losses. In fact ,  t he  

variations in solclreiectric orbit t ransfer  performance due to  variations in orbit 

gecmetry and .<(*ason a r e  greater  than performance differences between !ow latitude 



Figure 1.3.7-2. PotentEd Equate& L a u d  Sites 
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0 and 30 inclination star t ing orbits. Therefore, in determining the  cost benefits from 

performance improvement between low inclination and high inclination orbits an upper 

bound analysis was adopted. This analysb is summarized in Table 1.3.7-2 and shows 

tha t  cost advantages for the  low latitude transfer are minimal. 

Although it is not likely tha t  this small cost advantage can overcome t h e  cost 

increases associated with departing from an existing facility, such as K C ,  other  

reasons may exist for  set t ing up a new launch s i t e  fo r  SPS operation. These reasons 

include the  likelihood that  the  scale of SPS transportation operations will eventually 

outgrow KSC as well as potential desirability of a n  international launch s i t e  for  what  

could eventudlv  become an  internationa! project. 

Tramportation Cost 

Representative costs for  transportation of SPS hardware t o  remoe s e a  coast  s i tes  a r e  

enumerated in Table 1.3.7-3. 

Sea- Based Stes and FaaLity Requirements 

An overall concept  of a sea-based launch facility was also developed. Figures 1.3.7-4 

through 1.3.7- 7 a r e  descriptive diagrams. Figures 1.3.7-3 and 1.3.7-9 show additicnal 

details and Figure 1.3.7-10 summarizes t he  activity flow for  this s i t e  concept. 

Preliminary cost es t imates  have been developed for  the  launch complex facilities it 

K S C  and for  t he  facilities (exclusive of t he  floating strucrures themselves) for  t he  sea- 

based launch complex. These a r e  presented in Tables 1.3.7-4 and l.?.?- 5. 

Construction cos ts  for  a land-based remote  s i t e  will b e  higher than those for  KSC due 

t o  two factors: (1) the remote  construction cost  deita. W i n g  experience in this 

indicates that  remote  cost  de!ta factors  ra;-.,e from 1.5 t o  2 depending on circurn- 

stances. ( 2 )  Replication of existing KSC facilities (tracking, computing, etc.) tha t  can 

support HLLV operations. 

Thus a remote land s i t e  would probably cost roughly $8 t o  $10 billion. 

The sea-based s i t e  can h? fabricated in sections in U.S. or  otner  shipbuilding facilities. 

towed ir! sections t o  the  i ; , ~ d  location. and joined together. Thus remote s i t e  

construction deltas would be largely eliminated but a very iarge :bat ing structure 
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figure 1.3.7-8. P.y/oad Assembly mi Stom Fsci/ity 
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ITEM 

Launch Pads 

Mating & Integrat ion Hangars 

Propel 1 ant  Stcrage Faci 1 ! t ies 

Launch Control Center 

Orbi ter  Processing F a c i l i t y  

Booster Processing Faci l  i ty 

Payload Assembly Faci l  i t y  

Maint./Admin. Bui lding 

Mated VEhicl e Transporters 

GSE 

Railroads, Misc. Sup. Vehicles 
& Equip 

Un i t  
Quantity - Cost 

Total 
Cost - 

Total $2,197.25 M 

Estimated Land Prep. Cost: $2,657.41 M 

TOTAL LAUNCH COMPLEX COST: 



Tbble 1.3.7-5. SbBued SPS h n d ,  Complex Facilith Surnmwy 

Item Quant i ty  Un i t  Cost Total Cost 

Launch Pads 3 

Vehicle Transfer Ships 2 

Mating and Integrat ion Hangars 3 

Propel 1 ant Storage Faci 1 i t i e s  2 

Propellant Transfer Barges 4 

Launch Control Center 1 

Orbi ter  Processing Faci 1 i t y  1 

Booster Processing Faci 1 i t y  1 

Pay1 oad Assembly Fac i l  i t y  1 

Maint./Admin. Bui lding 1 

Mated Vehicl e Transporters 3 

GSE 
Railroads, Misc. Sup. Vehicles and 
Equ i p e n t  

*Does not include platform costs 
6 2 Pla t fo~m Area = 49.88 x 10 ft 



must b e  built. The a rea  of this s t ruc ture  i s  roughly 5 million square nleters; t h e  
2 break-even cost allowable for i t s  construction is roughly $5 billion or  $IOOO/M ($100 

per square foot). Whether o r  not  this large s t ruc ture  can  b e  built for  such a figure 

remains unanswered. 

It has recently been reported t h a t  t h e  Japanese a r e  planning a floating airport  for  

Osaka. This would indicate they believe acceptable cos ts  can  be  achieved. 

The following conclusions were reached regarding remote equatorial sites: 

Terrestrial transportation costs  a r e  modest but  not negligible. 

Loss of revenues due t o  t ime in t ransi t  may be  cost  driver for  sea freight. 

Air freight t o  close s i t e  may be cheaper overall than sea freight t o  remote site. 

Freight mode fas te r  than  5ea but cheaper than air  should be used if availab!e 

(hovercraft, hydrofoil, dirigible?) 

Ecuador, Guiana/Brazil, Liberia preferable sites. 

Terrestrial transportation costs  and delays will probably not be  offset  by reduction 

in EOTV costs  and delays 

Use of international equatorial s i t e  may be  ultimately justified for  reasons other  

than cos t  

Sea-based siting meri ts  further  analysis 



1 .3 .8  TRANSPORTATION TO EQUATORIAL LAUNCH SITES 

1 . 3 . 8 . 1  Terrestrial T r a n s p o r t a t i o n  Issues 

The scale and cha rac te r i s t i c s  o f  the Solar 1 ~ e r  S a t e l l i t e  r equ i r e  

t h a t  much more a t t e n t i o n  be pai f l  t o  problems o f  1ogis:ics than i n  previous 

space pro jects .  The choices ..lade i n  connection w i t h  f a b r i c a t i o n  o f  t h t  

components of the SPS (and o f  t he  launch vehic le ,  ? d l ,  e tc . ) ,  warehwsing, 

inspectiorr, and t ranspor ta t ion  t o  the launch s i t e  can have a  s ig1; i f icant  

e f fec t ,  no t  on l y  on the cos t  o f  the system, bu t  on decjs ians which a re  - 
fundamental t o  the SPS sys tem design ( f o r  example, the ch? ice between 

LEO and GEO assembly). As t f i ~  cos t  o f  launch t o  o r b i t  i s  reduced, the 

costs ~f t e r r e s t r i a l  t ranspor ta t ion  become more irnp,.cant; as the cost 

o f  space hardware i s  reduced, means f o r  reducing hand1 ing  and inspect ion 

c o ~ t s  must be found. On the o ther  hand, t ke  t o t a l  requ i red i nv~s tn i en t  

and the necessary lead t ime before the SPS can be operat ional  a re  such 

t ha t  i t  may be cos t -e f f ec t i ve  t o  const ruct  new fac to r i es ,  launch f a c i l i t i e s ,  

etc., opt imized f o r  the SPS, r a the r  than r e l y i n g  on e x i s t i n g  i n s t i t u t i o n s .  

There are many unce r t a i n t i c s  aboct the best organizat ion of the 

i n d u s t r i a l  i n f r a s t r u c t u r e  t o  support the SPS program. I n  general , the 

questions which a r i s e  can u s e f u l l y  be d iv ided  i n t o  two categor ies :  those 

which depend c r i t i c a l l y  on the technology used f ~ r  fabr i ca t ion  of the 

SPS, and those who5e answers may remain val i d  if the technology cnatiges. 



As an example of a question o f  the first type, consider the 

manufacture of so lar  c e l l  blankets (which :s discussed i n  more d e t a i l  i n  

the i'lext Chapter). Although the baseline reference SPS design reta ins 

only two photovol t a i c  options (s ingle-crysta l  s i  1 icon and gal liun aluminum 

arsenide) , there are numerous other  con tenders (e.g . , anmrphous s i  1 icon 

o r  mu1 t i  junct ion c e i l s )  which may become more a t t r a c t i v e  as development 

cantinues. Even i f  i t  were possible t o  agree on a spec i f i c  c e l l  type, 

the techniques which might be used f o r  nass productjor, on the scale 

r-tqui, 2d f o r  bu i ld ing  one o r  more so lar  power s a t e l l i l s  per year, are 

presently qu i te  speculative. Issues re la t i ng  t o  manufacturabili t y  should 

be regarded as an important pa r t  o f  the develapment proqram f o r  various 

photovoltaic ce l l s ,  but i w  ould be premature t o  base ;i deta i led analysis 

cf rnanufactriring l o g i s t i c s  on a pa r t i cu la r  choice of c e l l  and a fabr icat ion 

technique which, i n  mor.t cases, has not y e t  been denonstrated except a t  

laboratory scale. 

On the other har,d, i t  may be possible t o  draw conclusions o f  some 

genera; vi.1 i d i  t y  aboct the transportatioi? and warehousing o f  so lar  c p l l  

blo,ikets. I f  the cost goals o f  the SPS are t o  be met, the so la r  c e l l  
2 cost mtist be o f  order $50-$ lOO/m ( i n  '977 dol lars) ,  and the substrate must 

be very t n i  n ( 1.100 Dm ). Tne inspection, transportat ioc and warehousing 

cost, must be not more than a few do l la rs  per square meter, but  i t  i s  

c lear  thdt   the;^ c e i l s  may not be easy t o  handle i n  qu-q t i t y ,  especial ly 

i f  the substrate i s  b r i t t l e .  How should the cel:s be packed f o r  shipping 

ft-@ti  the factory t o  the Taunch s i t e ?  Can t h ~  same shiopiilg container be 

used f o r  launch? I f  so, s h ~ u l d  the c e l l s  be unpacked and inspected a t  the 

1 atrnch s i  ti* to c u l l  out breakages during terres tri a; transpcrta t ion? Whore 

should .ss~:nibiy o f  c e l l s  i n t o  blankets take pldce! khat degree c x  shipping 

damage ic acceptable? 

I* i s  pospibie tha t  transportat ion problems may be i n f l ~ e n t i a l  i n  

the choice o f  substrate materials for the so la r  c e l l s  -- a ro i l  o f  f l e x i b l e  

c e l l s  n.ould be niuA eds le r  to  hand:e (duving assembly i n  space as v e l l  as 

during t ranspor ta t ioc~ than wvuld t h l  n glass sheetc. The type o f  partaging 



used f o r  transportat ion may have a s ign i f i can t  impact on launch costs. 

For example, if c e l l s  of thickness y are separated by l ightweight  packiny 

material  o f  thickness x, the density of the package w i l l  be less than tha t  

o f  the c e l l  mater ial  by a factor (1 + x/y). Although sc la r  arrays are 

or ! i n a r i l y  regarded as high-density, packaging considerations could reduce 

t h i s  density substant ia l ly .  

It s h o t l l ~  !~e noted that,  packed for  launch, so la r  c e l l  panels w i l l  

be a I-elat ively high-value cargo. Packed as crvove, a cubic meter wculd 

contain about 900 square r e t e r s  o f  so lar  ce l l s ,  w i th  a value o f  order 

$100,000 and a inass of about 250 kg. Since the cargo volums would dlso 

be high (tens of thousands o f  cubic neters for each SPS), i t  i s  probably 

economically feasible t o  design special t e r r e s t r i a l  t ransportat ion systems 

fot- del ivery o f  so lar  c e i l s  t o  the launch s i t e  -- f o r  example, trucks i n  

~ h i c h  launch containers are mounted i n  f a i r l y  elaborate shock i s o l a t i o n  

systems . 

I n  order t o  discuss t e r r e s t r i a l  t ransportat ion problems, i t  i s  o f  

course necessary t o  make an assumptior about where the launch s i t e  i s  

located. I t  i s  not obvious tha t  the best s i t e  i s  Kennedy Space Center (KSC): 

apart from problems such as the ncise i n  the v i c i n i t y  fran frequent - 

launches o f  the heavy L i f t  Launch Vehicle (HLLV!, the magnitude o f  the 

5PS program and the changes which would be needed i n  LSC f a c i l i t i e s  are 

such +hdt the penalty t o  be incurred by moving to  another s i t e ,  may be 

acceptab:?, if one wi th  preferable character is t ics could be found. 

I n  i'hase I o f  the ? r e s e ~ t  study, a prel iminary analysis was 

under taken o f  the costs o f  t ransportat ion to po ten t ia l  launch  sit^; a t  

low lat i tudes.  Tire object ive was t o  determine whether the benef i ts to  

be obtained fro:n low- la t i  tude launch (disccssed i n  Section 3.4) wot~ld 

be s u f f i c i e n t  t o  o f f se t  the adr i t iona l  costs and d i f f i c u l t i e s  which would 

be incurred by launch from a s ~ t e  remote from the areas where most SFS 

components wo:tld most probably be manufactuxd. 



1 . 3 . 8 . 2  Potential Equatorial Lauhch S l  t e s  

There have been several studiss t o  date of possible l w - l a t i t u d e  

launch s i tes1  ". Launch f a c i l i t i e s  e x i s t  a t  the  Kouru range i n  Frsnch 

Guiana, the San Marco p lat form ( I t a l i a n )  o f f  the coast of Kenya, the Thumba 

sounding rocket s i t e  i n  India, and the range i a  Zai re belonqing t o  the 

West German company CT4.4G. Wone o f  these f a c i l i t i e s  are i n  any way su f f i c ien t  

t o  support a program o f  the magnitude o f  the SPS. 

The search for  po ten t ia l  low- lat i tude s i t es  may be great ly  

simp1 i f i e d  by imposing the fo l lowing simple condit ions: ( i )  The s i t e  should 

be 3s close t o  the equator as possible, c e r t a i n l y  w i t h i n  10" l a t i t u d e  ( the  

penalty in ?aunch vehic le performance due t o  l a t i t u d e  i s  discussed below). 

( i i )  There shculd be an extensive region t o  the east which is  essent ia l l y  

uninhabited, where the sonic f o o t p r i n t  o f  the booster and perhaps spent 

stages nay f a l l .  (ii i \ The s i t e  should be on o r  near a seacoast w i t h  good 

harbor f a c i l i t i e s .  AC shown by the map Fig. 1.3.8-1, there are bas ica l l y  

s i x  areds meeting these requirements: 

1. East Coast, South Amwica : Venezuela, Guyana, Surinam, French Guiana 

o r  B raz i l  . 
2. West Afr ica:  A vehicle launched due east f r o 3  Cape Palrnas, Liberia, 

would be over water f o r  about 1803 bm, before reaching the Cameroon 

coast; and Cape Three Points i n  Ghana a f fo rds  about 750 km over water 

t o  the Nigerian coast. A l l  ather s i t e s  i n  West A f r i ca  requi re overland 

launches. 

3. East Afr ica:  Somali Republic, Kenya o r  Tanzania. 

4. India, on the coast south o f  Madras, o r  on the eastern coast of S r i  Lanka. 

5. Far East: Malaysia, Indonesia, Phi 1 ippines (Mindanao) , Papua New Guinea, 

or perhaps Austral i a  (Cape Ycrk). 

6. West Coast, South America: Colombia, Ecuador o r  Peru. A l l  s i t es  i n  t h i s  

arFa requi re launch over the Andes and the Amazon basin, which i s  very 

sparsely inhdbi ted. 





In addition t o  these s i t e s ,  there are  a number of oceanic islands 

which might be considered: 

7. Indian Ocean: Seychelles, Chagos Archipelago (Diego Garcia), and the 

Maldives. 

8. Pacific Ocean: Bismarck Archipelago (New Ireland), Solcnnons, Carol ines, 

Marshall s, Gilberts,  Nauru, Christnlas Island, Galapagos Islands, and 

many others, mostly small. 

There a re  no suitable islands in the Atlantic Ocean. 

Finally, a floating launch Fac i l i ty  could be bu i l t  and located 

wherever is convenient, i n  international waters. 

A1 though most equatoria: nations may be classed as l e ss  developed 

or emerging countries, there are of course substantial differences between 

them, i n  the poli t ical  climate, industrial base, gross national product, 

population, level of education, culture,  etc.,  a1 1 of which should be taken 

into account i n  choosing a potential launch s i t e .  In the present study, 
however, the focus of in teres t  was launch s i t e  logis t ics  {in particular, 

t e r res t r i a l  transportatior: costs): the objective is not t o  recomnend an 

equatorial launch s i t e ,  b u t  t o  find out whetner the probable costs incurred 

by operations a t  such s i t e s  exceed the benefits. For these purposes, i t  

is sufficient  to  choose, more o r  less  a rb i t ra r i ly ,  a particular nation i n  

each of the restr icted geographic-' areas l i s ted  above. To make the 

canparisori defini te,  the to1 lowing nationc were therefore considered: 

1.  French Guiana, because of the existing French range. 
2. Liberia, which has a longer overwater range than Ghana, and which has 

expressed interest3 i n  set t ing aside an area as  a possible spacepo~t.  

3.  Kenya, because cf the existing San Marco fac i l i ty .  

4.  Sri  Lanka, which has a la t i tude advantage over India. 

5. Indonesia, which has been investigating the feas ib i l i ty  of a launch s i t e  
3 on Sulawesi 'Cef ebes) . 

6. Ecuador. 



1.3.8.2.1 Sea Route Di r t rnces  and Transportation Costs 

In order  t o  compare t r anspo r t a t i on  costs, sea rou te  distances t o  

major p, - i n  the  above w t i o n s  were ca lcu la ted  from New York City, 

Los Angercs, London and Tokyo. These p o r t s  were taken as representat ive 

t ranssh ipr r in t  po i n t s  f o r  SPS conponents from f a c t o r i e s  i n  the  eastern and 

western Uni ted States, Europe and Japan, respec t i ve ly .  The Suez and 

Panama Canals were used t o  minimize distances, wherever appropr iate.  

The r e s u l t s  a re  shown i n  Fig. 1.3.8-2. F m  the present point o f  
view, the S o ~ t h  Aqerican s i t e s  appear t o  be p re fe rab le  if the SPS f a c t o r i e s  

a re  i n  the Onited States o r  Restern Europe, w i t h  Ecuador p rov id ing  t he  best 

cmiprcniise i f  a subs tan t ia l  f r ac t i on  cf  the  f r e i g h t  t o  the  launch s i t e  

cmes  from J z n ~ .  

It i s  n c t  easy t o  z b t a j n  a rei , ~ b l e  est imate o f  shippina cos ts  

ever these d is tznces k i t k a u t  a de ta i l ed  breakdown o f  the  cargo. F re i gh t  

costs aepend on the zass and ;lolume o f  the  cargo, spec ia l  hacd l ing procedures 

which ::ay be ne-.led, the  vdiire o f  and p r o b a b i l i t y  of damaqe t a  the i tems 

shipped, and s - v e r a l  otipler factors.  Even though, f o r  the  SPS, a dedicated 

t r anspo r t  f l e e t  m y  be assunec, the  cost \ t i i l l  c o t  be accurate ly  p rcpor t iona l  

t o  the  distance, i n  p a r t  be~ause  of r ' ixe? t*:r:,around costs.  For p re l  iminary  

cornparirons, however. t he  foi lowing simple cost  codel was :;sed: 

where C i s  the  cos t  o f  sh ipp ing f o r  a s i ng l e  5 GW 

SPS, k, is the d i r e c t  cost/kn, v i s  the average speed ( i n  kn/h) o f  the 

t r a n s p ~ r t ,  k2  i s  the rcvefiue which wocld be obtained f r o n  one hour of 

operat ion of the SPS, and x i s  the shipp ing d i s t an re  i n  k i l ~ m e t e r _ .  The 

second term i n  t h i s  equation represents t-evenue:. l o s t  because the  t ime spent 

i n  t r a n s i t  from the factory  t o  the ladnch s i t e  delays i n i t i s 1  operat ion of 

the SPS -- i n  o thz r  words, i t  assumes t h a t  t e r r e s t r i a l  t ranspor ta t ion  1 i e s  

on the  c r i t i c a l  path i n  the PERT cha r t  governing l ? l ~ n c h  and assembly of the 

system. T h i i  assumption w i l l  probably be t r u e  f o r  an e t i c i e n t  operat ion,  

wi:h minimum rnoverrients i n  and zu t  c f  warc-houses. 
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F i g u r e  1 .3 .8 -2:  SEA ROUTE DISTANCES 



Estimates o f  the costs o f  shipment by sea and by a i r  are given i n  

Table 1.3.8-1, and the cost as a funct ion o f  distance i s  shown i n  Fig. 1.3.8-3. 

I t  i s  i n te res t i og  t o  note tha t ,  for  shipment by sea, l o s t  revenues due 

t o  the t ime i n  t r a n s i t  are the dominant cost, and tha t  i t  m3y be cheaper 

t o  sh ip by a i r  t o  c loser  s i t es  than by sea t o  d i s tan t  onss. 

T a b l e  1.3.8-1: S h i p p i n g  C o s t s  

Sea Ai r 

The shippins costs 3btained from t h i s  simple model are only  o f  

or-der SlO/kw, a small component o f  the overa l l  SPS cost.  A more accurate 

model wuuid thus be o f  doubtful  u t i l i t y  a t  the present stage o f  development 

o f  the system. The absolute costs f o r  shiprrient o f  edcn SPS t o  a low- 

l a t i i u d e  s i t e  are nowever of order $109 m i l l i o n ,  so tha t  c p t i m i z a t i o ~ ~  

o f  shipping may be absolutely worth while, even i f  i t  i s  r e l a t i v e l y  

unimportant. 

Mass t o  be shipped 

Average density of cargo 

Shipping cost 

Average speed 

It i s  possible t h a t  the t o t a l  cost  o f  shipnent n i g h t  be minirbiized 

by using a f r e i g h t  c~ode which i s  fas te r  than a ship but slower than an 

a i r c r a f t .  I f  i t  were decided t o  use a low- la t i tude  launch s i t e  f o r  the 

SPS, the p o s s i t i l ;  t i e s  o f  e ~ p l o y i n g  hovercraft ,  hyd rs io i l s  o r  d i r i g i b l e s  

f o r  shipment should be investigated. 

*This f i gu re  i s  an average of auotes from shippers for  long-haul sea f re igh t  
o f  machinery i n  quant i ty .  If the cargo has a density much less than tha t  o f  
water, the cost  t y p i c a l l y  depends on the voluvo ra ther  than ths mass. 

**This f i gu re  Ira, ~ b t a i n c d  from quoted price: ~r b3lk a i r  f r e i g h t  from 

New York C i ty  t o  Rio de Janeiro. 470 

SPS revenues 

( 5  x l aG  kwh/hr @ 3Clkwh) $1 50,00O/hr , $1 50,00O/hr 

kl $2670/ km $13,50O/km 

k2/v $5360/ km $18l/km 

(kl + k 2 / 4  $8030/ km $1 3,700/ kin 
- ! 

1 
50,000 met r i c  tons 

0.3 gmlcm 3 

$0.01 6/m3/km* 

28 kn/hr 

50,000 met r i c  tons 

N/ A 

$0.27/ ton/km** 

830 km/hr 
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1.3.8.2.2 Advantages o f  L o w - L l t f t u d e  S i  t e s  

Even if the SPS i s  assembled i n  geosynchronous o r b i t  (GEO), there 

w i l l  be a requirement fo r  a manned f a c i l i t y  i n  low o r b i t  (LEO), providing 

wareh~using and transshipment t o  the e l e c t r i c  o r b i t a l  t rans fer  vehic le 

(EOTV) o f  cargo from Earth, r e f u e l l i n g  of the EOTV and other OTV's, etc.  

It i s  h ighly  desirable tha t  t h i s  f a c i l i t y  be i n  equator ial  o r b i t ,  i n  

order t o  avoid the rad ia t ion  shie ld ing required i f  the o r b i t  penetrates 

the South A t l an t i c  Ancmaly. Moreover, from c giv2n launch s i t e  the 

launch windcw t o  an inc l ined LEO openstwice per day, a t  most. Launch t o  

equator ial  LEO from a s i t e  a t  l a t i t u d e  L requires a plane change through 

an angle L a t  the equator, and general ly a phasing maneuver as wel l  for  

rendezvous w i th  t5e SPS f a c i l i t y  (so as t o  avoid launch window r e s t r i c t i o n s ) .  

The AV required f o r  the plane change i s  e a = i l y  seen t o  be 

where L i s  i n  radians. The approximation given i s  

accurate w i th in  about one per cent f o r  L < 3Co. The expression i s  v a l i d  f o r  

o r b i t s  a t  avy a1 t i tude,  w i th  c i r c u l a r  ve loc i t y  

I f  the plane change i s  required, the upper stage o f  the launch 

vehic ls  must carry  addi t ional  propel lants. Fcr a givsn booster, the burnout 

mass i s  red~ced  by the plane-change mass r a t i o  

Assumitig the upper stdge uses LOX/LH2 (w i th  a vacuum spec i f i c  

impulse IS, = 420 seconds), tbe expression [ 3 . 3 ]  i s  p:otced i n  F ig .  1.3.8-4 

as a function o f  the launch s i t e  12t i tude. The o r b i t  a1 t i t ude  i s  taken to  

be 500 km, so tha t  v, = 7.62 kmlsec. The mass r a t i o  penalty fo r  launch t o  

equatcr ial  LEO can be qu i te  substant ial ,  amounting t o  a factor  of 2.5 a t  

L = 28.5" ( K S C ) .  



Launch S i t e  L a t i t u d e  

F i g u r e  1.3.8-4: LEO PLANE-CHANGE PENALTY 



The e f f ec t  on launch costs per  u n i t  mass w i l l  a c t u a l l y  be l a r g e r  

than i s  shown i n  the  f igure,  because o f  the  cos t  o f  add i t i ona l  p rope l lan ts  

and, more impor tant ly ,  because p a r t  of the burnout mass must be used fo r  

adui  t i o n a l  s t ructure,  espec ia l l y  tankage Furthermore, if the upper stage 

i s  reuseable, i t  must deo rb i t  t o  an equato r ia l  recovery arza, o r  e l se  have 

the c a p a b i l i t y  o f  changing planes again when empty, so as t o  pass over the  

launch s i t e .  I n  pract ice,  i t  may be necessary t o  use d separate k i c k  stage 

f o r  the  plane change maneuvers, f u r t h e r  increasing costs  and compl i c a t i n g  

reuseabi 1 i ty .  

I t  i s  i n t e r e s t i n g  t o  compare the AV f o r  LEO plane change, Eq.13.21, 

w i t h  t h a t  f o r  ascent t o  GEO. If the veh ic le  i s  i n i t i a l l y  i n  a c i r c u l a r  o r b i t  

o f  rad ius rl 2nd i n c l i n a t i o n  L, the v e l o c i t y  increment requi red t o  i n j e c t  t o  

a t r ans fe r  e l  1 i pse  w i t h  apoqee a t  geosynchrosous radius rs, wi thout  plane 
4 change, i s  given by the v i s  v i va  i n teg ra l  as 

The v e l o c i t y  a t  apogee i s  then 

and the v e l o c i t y  increment from the "k ick  i n  the apogee" 

t o  change plane and c i r c u l a r i z e  i n  equator ia l  GEO i s  given by 

where vS = ~ ( r ~ / r ) ' ~  i s  the BE0 c i r c u l a r  ve loc i t y .  

The t o t a l  v e l o c i t y  increment (AV1 + aVp) f o r  t h i s  maneuver i s  p l o t t e d  i n  

~ i g .  1.3.8-5,along w i t h  the LEO plane-change AV, assuming t h a t  the a l t i t u d e  

o f  the i n i t i a l  o r b i t  i s  5C0 km. The su rp r i s i ng  f a c t  i s  that ,  if L > 32', i t  

i s  cheaper t o  make a d i r e c t  ascent t o  equator ia l  GEO than i t  i s  t o  stay i n  

LEO and merely change the o r b i t a l  plane t o  equator ia l .  
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The conclusion t o  be drawn frSom t h i s  analysis i s  t ha t  launch 

from KSC t o  a staging base i n  equatorial LEO, w i th  subsequent low-thiSust 

transfer t o  GEO, i s  not  a p r ~ c t i c a l  approach t o  construction of the SPS. 

D i rec t  a:cent from KSC t o  GEO, w i th  no f a c i l i t i e s  i n  LEO, wouid provide 

performance advantages, but  a t h i r d  cheiiical stage f o r  the HLLV would be 

ne~ded 'n e i t h e r  case. I f  launch must be from KSC (o r  other  h igh- lat i tude 

s i t e ) ,  the best approach i s  probably t o  use a staging base i n  LEO a t  an 

i n c l  i na t i on  equal t o  the 1 a t i  tuc'?, acce?ting the rad ia t ion  shie ld ing penal - 
t i e s  and launch window res t r i c t i ons  which t h i s  implies. The benef i ts  o f  

equator ial  LEO are obtainable only w i th  a low-lat i t i lde launch s i t e .  

One other possible advantage o f  a sidging base i n  equatorial LEO 

i s  t h a t  the A V  requirenents (defined as the time in tegra l  o f  the acceleration 

due t o  th rus t )  f o r  low-thrust transfer t o  GEO are somewhat reduced, because 

no plane change i s  involved. The var ia t ion  o f  low-thrust del ta V wi th i n -  

c l i na t i on  o f  the i n i t i a l  o r b i t  i s  also shown i n  Figure 1.3.8-5 . For an i o n  

engine o f  given I , reduction i n  AV can lead t o  a reduced t rans fer  time 
s P 

o r  reduced power levels  as wel l  as reduced prspe!lant requirements. 

For a solar  EOTV, however, incredsed ~ c c u l  t a t i o n  o f  the sun by the 

Earth i n  equator ial  low-thrust t ransfer  may o f t s e t  the A V  reductions by 

reducirq the average avai lable power. The io ta1 nightside time i n  a sp j ra l  

low-thrust o r b i t  c l ea r l y  depends on the or ien ta t ian  o f  the o r b i t a l  plane 

to t i le e c l i p t i c ,  not the equator. The equator i s  inc l ined E = 23% degrees 

t o  the e c l i p t i c .  An o r b i t  inc l ined a t  an angle i t o  the equator can be 

inc l ined from i = E t o  abs(i=E) t o  the e c l i p t i c ,  depending on the - 2nta- 

t i o n  o f  the o r b i t  l i n e  of nodes r e l a t i v e  t o  the in tersect ion c f  the equator 

and e c l i p t i c .  Thus the shadowing ef fects vary not only w i th  i nc l i na t i on  

and season, but  also w i th  o ~ b i t  nodal regression. This prob1e.n was 3nalyzed 

i n  depth during the Boeing FSTSA study f o r  JSC. A representative var ia t ion  

i n  solar- e l e c t r i c  o r b i t  t ransfer  performance i s  shown i n  Figure 1-3.8-6. 
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Figure 1.3.8-6 Fixed vs Anytime Departure Mass Conparison Arc Jet Propulsion 



1 . 3 . 8 . 3  Rank ing  o f  P o t e n t i a l  L o w - L a t i t u a e  Launch S i t e s  

The s i x  po ten t ia l  launch s i t e s  l i s t e d  a t  the end o f  Section 3.2 

have been co~~pared so far only  on the basis o f  the se- rou te  distances 

and shipping costs t o  them from the United States, Europe and Japan. 

Although these charac ter is t i cs  are o f  primary concern i n  the pressnt 

study, i t  would no t  be apprgpriate t o  form opinions about the r e l a t i v e  

mer i ts  o f  these arzas cn the basis of these data alone. This 5ection 

therefore presents several ~ t h e r  types of data about each s i t e .  I n  the 

fo l lowing paragraphs, the numbe: i n  parent9eses tc l low ing each s i t e  i s  

a ten ta t i ve  ranking of tne s i t e  i n  compzrison t o  the others, w i t h  respect 

t o  the charac ter is t i c  under discussion, w i t h  the lowest ranking assigned 

t o  the best s i t e .  Where there are l i t t l e  grounds for  chcosing between s i tes,  

they are given the same rankinq. 

I. Exis t ing  launch f x i i i t i e s .  

1. French Guiana (1): The Kouru range i s  the best developed equator ial  

launch f a c i l i t y .  

2. L iber ia  (3) :  No ex i s t i ng  launch f a c i l i t i e q .  

3. Kenya (2) : The San Marco platform. 

4. S r i  Lanka (3): No ex i s t i ng  f a c i l i t i e s .  

5. I n d ~ n e s i a  (3):  No ex i s t i ng  f a c i l i t i e s .  

6. Ecuador (3) :  No ex i s t i ng  f a c i l i t i e s .  

11. Over water range, east. 

1. French Guiar.3 (1): 7000 kn 

2.  L iber ia  (2 ) :  1803 kn 

3. Kenya (1) :  6700 km 

4. S r i  Lanka (2 )  : 1500 km 

5 .  Indonesia (1) :  17800 km (some is lands) .  

6. Ecuador (3) :  None (Andes and Amazon basin). 

111. Avai lable launch azimuths. 

1. French Guiana (1 ) : 0' t o  135" 

2. L iber ia  (1) :  90" t o  >18!1° 

3. Kenya ( 1 ) :  45" t o  180'. 



4. Sri  Lanka (2) :  0' t o  180'. but limited overwater range t o  northeast. 

5. Indonesia (2) :  0" to  180°, but range limited by islands i n  some directions, 

and by Austral ia (but sparsely inhabited areas) t o  southeast. 

6. Ecuador ( 3 ) :  Easterly azimuths probably limited t o  narrow corridor. 

Polar orbi ts  (south) a1 so possible. 

This characterist ic  i s  not of great significance di rect ly  to  the 

SPS, b u t  i t  may affect  the u t i i  i t y  of the s i t e  fo r  other missions and hence 

limit cost-sharing poss ibi l i t ies .  

IV. Access to  Oil and Gas Fields and Refinery Faci l i t ies .  Assuming that  

petroleum-based hydrocarbons (kerosene, L!G, etc.) are  used as fuel i n  the 

first  stage of the H L L L ,  the equivalent of several mill ion barrels of o i l  

will be required annudlly to  sspport the SPS build-up scenario. If a 
deepwater port i s  available, th i s  fuel could be imported by tanker a t  

acceptable cost. However, i f  LH2 1s used as fue: i n  the upper stage of 

the HLLV,  several tens of thousands of tons af hydrogen will be required 

annually. Liquid hydrogen has a very low density (0.07 gc/cq3) and i s  requires 

special ly-designed equipment and faci 1 i t i e s  t o  handle i n  quantity. I t  would be 

possible to  manufacture i t  on s i t e  by electrolysis  of water, but a pipeline 

to  a nearby o i l  and gas f i e ld ,  where i t  can be obtained cheaply, would be 

highly desirable. 

1. French Guiana ( 5 ) :  Venezuela (c.2000 km) i s  the closest  major source. 

2 .  Liberia ( 4 ) :  Nigeria (c .  1300 k m )  i s  the closest  source. 

3. Kenya (3)  : Indigenous, bu t  limited. 

4. Sri Lanka (6 ) :  Inpcrt probably required. 

5. Indonesia ( 2 )  : Indigenous (Borneo, across Makassar S t ra i t s  from Sulawesi ) . 
6. Ecuador (1 ) : Indigenous, amp1 e reserves. 

For French Guiana and Liberia, pipelines from o i l f i e lds  *cross 

intervening nations may caGse probleiiis. 

V .  Ava i labil i t y  o f  Downrang? Tracking Sites (Boost Phase). 

1 .  French Guiana ( 4 )  : Poor; ship probably required. 

2. Liberid ( 1 ) :  ixcc!llent. 

3. Kenya ( 3 ) :  F a i r ;  s h i p  ot- Awirante Islands. 

4.  Sri Lazka ( 5 ) :  Poor; ship required. 
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T a b l e  1.3.7-2: S e l e c t e d  N a t i o n a l  S t a t i s t i c s  

Populat ion GNP C-NP 

Nat ion Ranking (m i l  l i o n s )  $u.s!' ) per  c a p i t a  Education 
( 2  

( b i l l  ions)  $U.S. 

Braz i 1 ( 3 )  1 107.1 41.9 391 5.0 

L i b e r i a  6 1.75 0.64 363 1.7 

Kenya 5 13.4 2.17 162 1.8 

S r i  Lanka 4 13.6 2 -41 177 3.8 

Indonesia (4 )  3 138.1 22.5 163 2.0 

Ecuador 2 6.7 3.5 51 6 4.6 

France 

U.S. 

Notes : 

(1 ) Converted from l o c a l  currency a t  f r e e  exchange r a t e  (1976 data) 

(2 )  This i s  the percentage of the populat ion which i s  en ro l l ed  i n  secondary 

and t e r t i a r y  education. 

(3 )  French Guiana i s  an overseas d6partement o f  France, w i t h  a populat ion 

o f  on ly  55,000. B r a z i l  i s  a more 1 i k e l y  source o f  personnel. 

( 4 )  A1 though Indonesia 's per cap i ta  GNF i s  low, the country  i s  l a rge  enough 

t o  have s i g n i f i c a n t  i n d u s t r i a l  resources. Singapore and perhaps 

Aus t ra l i a  are sources of s k i l l e d  workers. 

V.  Avai lab i  i i t y  of Downranqe Trackin:; S i  t c s  (continue:!). - 
5 -  Indonesia (1): Excel lent.  

6. Ecuador ( 2 ) :  Good, although mountain and jung le  t e r n i n  may cause 

d i f f i c u l t i e s .  

V I .  Nat ional  S t a t i 5 t i c s :  Wealth and Education. 

Table 3.2 gives some s t a t i s t i c s  which are intended t o  be representat ive 

o f  the i n d u s t r i a l  base and a v a i l a b i l i t y  o f  s k i ? l e d  labor  i n  the s i x  

equator ia l  areas. For comparison, f i ~ u r e s  f o r  France 2nd the  United States 



are included. Although the discrepancy between the  advanced and emerging 

nat ions i s  of course very pronounced, care i s  needed i n  i n t e r p r e t i n g  t he  

average values given. For example, the emerging nat ions general l y  have 

much higher b i r t h r a t e s  than the allvanced caunt r ies ,  which means t h a t  a  

h igher  percentdge of t h e i r  populat ions are of school age; if adjusted fo r  

t h i s  e f f e c t ,  the d i f f e rence  between the education l e v e l s  would be even 

more pronounced. On the other  hand, kspec ia l l y  i n  l a r g e r  nat ions,  a  low 

value of the  GNP per cap i ta  does no t  preclude t he  existence of a  subs tan t ia l  

c lass  o f  educated and r e l a t i v e l y  a f f l u e n t  people who could  prov ide sk i 1  l e d  

workers a t  a  launch s i t e .  The rankings given t o  the var ious s i t e s  thus 

i nvo l  ve a  considerabl  e  amount o f  judgment. 

V I .  - Cl irnate: A v j i l a b i l i  t y  o f  Hiqh Mountains 

Climate can have a s t rong e f f e c t  on the  d e s i r a b i l i t y  o f  a  launch 

s i t e ,  a f fec t ing  operat icns there and i n f l uenc ing  personiiel changeovers. 

Mountains i n  the area modify the c l ima te  and prov ide a t t r a c t i v e  areas 

f o r  vacat ions e tc .  I n  addi t ion,  there i s  a  p o s s i b i l i t y  t h a t  h igh mountains 

may even tua l l y  prove o f  s i gn i f i cance  t o  launch technology; i n  p a r t i c u l a r ,  

a launc'l s i t e  fo r  boosters employing l ase r  propuls ion5 must be above the  

freeziny l eve l  ( a t  l eas t ,  i f  C02 lasers  are used). 

1. Ecuador (1 ) : Ra in fa l l  30 - 60 i n / y r ,  depending on e levat ion.  Cool suhmers, 

m i l o  win ters .  Mountain e levat ions t o  GOO0 nieters. 

2. French Gcjana ( 4 ) :  R a i n f a l l  120 i n l y r ,  ho t  and r a i n y  a l l  year, near 

sealevei .  

3. L i b e r i a  ( 3 ) :  R a i n f a l l  100 i n j y r ,  most ly ho t  and ra iny ,  near sealevel .  

4. Kenya (2): Rain fa l l  50 i n l y r ,  hot  a l l  year bu t  shor t  r a i n y  season. 

M t  bknya (5200 m )  and PEt K i l  irilanjaro (5900 01) nearby. 

5. S r i  Lanka ( 3 ) :  Ra in fa l l  40 i n / y r ,  hot  a11 year bu t  f a i r l y  shor t  r a i n y  

season. Maxi~~lurn e leva t ion  2600 m. 

6. Indonesia ( 4 ) :  Ra in fa l l  120 i n / y r ,  n iost ly ho t  and ra iny ,  near sealevel .  

Nearest mountains on Borneo, t o  4C00 ill, and i n  West I r i a n ,  t o  5000 in. 
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The rankings obtained w i t h  respect t o  these var ious c h a r a c t e r i s t i c s  

a re  tabu la ted i n  Table 1.3.8-3, along w i t h  a ranking on sea route distance from 

Figure 1.3.8-2 These data o f  course do no t  prov ide an unequivocal bas is  

f o r  choosing the "best" equa to r ia l  s i t e ,  which c l e a r l y  depends on the 

weight given t o  the d i f f e r e n t  cha rac te r i s t i c s .  Moreover, the  ana lys is  

here can be regarded on ly  as a  p re l im inary  c u t  a t  the  s i t e - s e l e c t i o n  

problem, and many important fac to rs  (e.g., the  po l  i t i c a l  c l  inlate) have 

been isnored e l l t i r e l y .  Nevertheless, i t  does appear t h a t  the South 

American s i t e s  a re  genera l l y  preferab le ,  w i t h  the West Coast s i t e s  

(Ecu~dot-, Colombia, o r  Peru) p re fe r red  i f  i t  proves acceptable t o  launch 

over the Andes and the Aniazon basin. 

C o n c l u s i o n s  

The analys is  presented i n  t h i s  chapter leads t o  the  f o l l ow ing  

conclusions: 

1. Equator ia l  o r b i t  provides s i g n i f i c a n t  advantages fo r  a  LEO s tag ing base 

f g r  the SPS, bu t  t h i s  o r b i t  i s  no t  p r a c t i c a l l y  access ib le  e x c q t  from 

a  l o w - l d t i  tude launch s i t e .  

2. I f  a  l ow - l a t i t ude  s i t e  i s  desired, a t t -en t ion  should be given f i r s t  t o  

po ten t i a l  locat ions i n  South America. The West Coast may be preferab le  

i f  i t  i s  pcss ib ie  t o  launch over ( l a r g e l y  uninhabi ted) land. 

3 .  Tr21:sportstion costs t o  these s i t e s  are modest but  not  neg l i g i b l e .  

A .  Loss of revenues due t o  t ime i n  t r a n s i t  may be cost  d r i v e r  fo i -  sea f r e i g h t .  

5.  F re igh t  rilodes f as te r  than sea but  chedner than a i r  f r c i c ~ h t  (hovet-craft, 

h3dro fo i l s ,  d i  t - ig ib les ,  e tc . )  should be inves t iga ted  t o  ciininlize ove ra l l  

costs.  

6 .  Further work i s  needed to  determine \vhether poss ib le  cos t  ;avinqs i n  

space operat ions (e.q., frorn reduced EOTV t r a n s i t  tililt. t o  GEO) due t o  

equa to r ia l  launch o f f s e t  t e r r e s t r i a l  t ranspor ta t ion  costs and other  

costs a r i s i n g  froill launch opcrat ions a t  a  rerliote s i t e .  
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1.4 GROUND RECEIVING STATION 

Five tasks related t o  t h e  ground receiving stat ion were  conducted: 

Kectenna siting reported below under paragraph 1.4.1. 

Kectenna construction reported below under paragraph 1.4.2. 

Rectenna failure r a t e s  reported under system failure r a t e s  and e f f ec t s  tasks under paragraph 

1 .o. 

Kectenna power collection reported under paragraph 1.4.3 in Voilume 111. 

Rectenna grid interface reported under paragraph 1.4.5 in Volume 111. 

1.4.1 Rectenna Siting 

Approach. A siting analysis was conducted t o  develop information on siting cri ter ia  

and make a preliminary assessment of siting problems. Related t o  this  task, a n  ~ n f o r m a l  

information exchange agreement was made with the  three  utility regions shown in Figure 

1.4- 1: 

Bonneville Power Administration (BPA) (Pacific Northwest) 

Mid-Continent Area Power Pool (MAPP) (North Cent ra l  USA) 

Southern California Edison 

Additional ground rules employed in the  siting investigation a r e  as follows: Most of 

these can  be regarded as candidate s i te  selection criteria. 

Two "beam + bufier" region wideth (East-West dimension) 

13.18 km (corresponds t o  5,000 mw output) 

9.32 km (corresponds t o  2,500 mw output) 

SPS on the  longitude of the  s i te  

North-South dimension a function of latitude 

Examples: 48' latitude, 23.05 km 

35' latitude, 17.37 km 

No encroachment upon: 

Came preserves 



Figure 1.4- I .  Regions for Siting Invest@tion 
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Birdrefuges 

National monuments 

National and state parks 

Indian reservations 

Maximum and minimum elevations in site t o  b e  within 1,000 f e e t  of each  o the r  

Minimurn displacement of persons and property 

National forest  and existing farmland use 0.k. 

The siting analysis employed a manual map search employing aeronautical charts ,  contour 

plots, and road maps. 

Population counts  were derived from t h e  "Atlas of t h e  United States." 

The approach was comprised of f ive steps: 

1. Identification of promising areas  

2. Check for  agreement  with ground rules 

3. Check for  f i t  of 5,800 mw rectenna 

4. If f i t  o.k., 5,000 mw assigned 

5. If 5,000 mw did not  f i t ,  2,500 mw was t r ied 

The relat ive sizes of 5,000 megawatt  and 2,500 megawtt  s i t e s  a r e  i lustrated in Figure 

1.4- 2. 

Results. Preliminary studies of rectenna siting have indicated t h a t  t h e  number of 

potential s i tes  is  considerably grea te r  than presently-estimated requirements. Specific 

s i tes  were identified in t h e  t h r ee  a reas  indicated with to ta l  numbers of s i tes  as 

summarized in Table 1.4- 1. 

It was found beneficial t o  have available in t h e  inventory two sizes of receiving antenna. 

The two sizes utiilzed correspond to the  power transmission link capacities, 2,500 and 

5,000 megawatts. If both 2,500 and 5,000 megawatts  receiving si tes  could be  employed, 

the  total  amount of power t ha t  could be  s i ted was much grea te r  than tha t  for ei ther  s ize  

of receiving antenna alone. 
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Table 1.4- 1. Rectenna Sit@ Potentid Sites IdsnrW 

ALSO SUITABLE FOR 2500 MW 

UTILITY REGION 

BONNEVILLZ POWER 
ADMINISTRATION 

MID-CONTINENT AREA 
POWER POOL 

SOUTHERN CALIFORNIA 
ED ISON 

TOTALS 

3 10 L 
Z 

Ln 

Z L F I V E C I G A W A l l  
45-CEG LATllLiC€ 2 5 GIGAWATT 
FIVE GIGAWATT 

0 10 20 30 . 40 50 60 70 00 
EAST-WEST DIMENSION IN KH 

5DOOMW SITES 

25 

5 1 

8 

84 

Figure 1.4-2 Rectsnna Dimensions 

a 

2500 MW SITES 

27 

34 

9 

70 
1 



Specifically, if only 2,500 mw rectennas were sited, 385 gw of capacity could be installed. 

If only j,000 mw rectennas were sited, 420 gw of capacity could be installed (9% more 

than with 2,500 mw alcne). However, if both 2,500 mw and 5,000 mw rectennas are 

available, j95 gw could be sited (42% more than with 5,000 mw alone). This preliminary 

analysis indicates that potential sites exist for at  least four times the 2,000 A.D. 

requiremerrts. Siting in the energy-intensive Northeast was not investigated, but demands 

for that area might be met by modest interties from rectennas in the north central U.S. 

Alternatively, offshore rectennas may be possible. 

A number of sites in each utility region was selected at random for closer investigation of 

slope and other features which might presumably cause rejection. In general, most of the 

sites were quite f!at. That is, tiie average slopes were less than 5 parts in 100; however, 

most of sites had small regions of local slope which might be considered to be excessive 

(slopes of 30 degrees or more). 

As shown in Figure 1.4-3, the microwave beam frorn space ultimately falls on some 

ground area. It is possible in this concept to locate rectenna panels so as to receive 

all of the beam area even in regions of very extreme slope, but diffraction effects may 

cause some loss of performance for panels positioned fan downbearn from adjacent panels 

as a result of steep slopes. Consequently, it appears that rejection of cites on the basis 

of slope mut be decided individually, with economics as the criterion. 

In investigation of specific individual sites it might be decided to merely reject any 

site with localized slope. Alternatively, large scale landscaping would be used. Also 

it might be desirable, in some cases, to allow holes ill the rectenna. That is, in the area 

of either excessive slope, or some other terrain features, to merely not construct panels 

in  that area, and allow the n~icrowave beam to fall (wasted) directly on the natural or 

somewhat modified terrain. The colisequences of reflection of the microwave power 

from such unused area need closer examination. 

Conclusions. This siting effort indicated that, in the three utility areas investigated, 

"potential" sites exist to more than fill the requirements for electrical power for those 

regions in the year 2000. Due to the potential of excess sites, it might be possible to 

feed energy to the northeast from rectenna sites in the north central area, using modest 

~ntertles. The benefits of having two rectenna and SPS sizes (in this case 5,000 and 

2,500 megawatts) were obvious. Far more "energy from space" can be sited by having 

two sizes 
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Rejection on basis o f  slope will be a f-~nction o f  construction economics. 

Figure 1.43. Even Extreme Slopes Do Not Block The Beam 



rather than with ei ther  s ize  alone. Further, t he  siting of SPS rectennas will obviously 

cequire individual s i t e  investigation. Each s i t e  se!ected will be  a cornpromise. That 

is. qo s i t e  can  be expected t o  be perfectly f lat ,  with the  most aesired terrain, type of 

soil, drainage, etc. No s i t e  will be immediately adjacent t o  t he  r tquired energy use 

TII,IS. each siting will be a n  engineering and economic compromise. 

Recommendations. Tihe siting da t a  develc,wd in this study should be correlated with 

;hat prodttced in thz  e ~ c i u s i o n  area study of SPS rectennas acco~nplished at Rice boiversity. 

If possible, t ! u s  e t for t  sAould be extended t o  cover not ~ n l y  t h e  three  contributing utllity 

rcglons but the ent l r r  Linited States. As s t a t ea  under groundrules, s i tes  were not rejected 

u hich involve ei ther  nationa! torests  o r  farms currently in use. The impact of changing 

tiils grour~drule t o  preclude use of nationhi forests  or  land currently in use for  farming 

should be investigated. Tests should be conducted on rectenna panels t o  determine the  

e f i cc t  of piecipitatiorb particularly as regards t o  water  sheet  build-up dliring heavy 

rain, and the consequence of snow on the  rectenna. 

1.4.2 Kectenna Construction Analysis 

General Electric conducted an  analysis of i-ectecna s t fac ture  and construction processes. 

This sectlcl: presents a synopsis of their results. They will issue a full report on this 

subject under separate cover. 

Task Description. For purposes of analysis, the  ove;all project is divided into tasks, 

which a r e  con~ple ted  In ser !dl fashion, i.e., :asu 1 must be comp.ete before task 2 c a n  

be star ted,  ctc. Within each task, all  jobs a r e  conducted in parallel, paced by the  "slowest 

n.dchinen In the  task. This is a simple ar t i f ice t o  assure that  we do not t ry t o  place 

superstructure into f o ~ t ~ n g s  not yet dug, or  make panel assembiies without enough par t s  

yet made. Tark allocations a r e  given in Table 1.4-2. 

Figure 1.4-4 shows a preliminary concept for a 10 krn by 12 In1 rectenna site. The east- 

west road is about 7 krn, from stag!ng area  t o  the  wc i t  lateral. The eas t  and west lateral  

(riorth-south) roads a r e  taker1 to  be 6 krn long, and the  center  lateral  is 3 kni long. Based 

on these distances, wc have used, as a n  eyebali average, an  average travel d ~ s t a n c e  

for all constri!ction 'move' tasks an on-road distance of 10 urn, and off-road move distance 

of 1 kn;. This is a l r ~ ~ o s t  ie r ta~n!y  a high est imate,  and the total  hau!ing cost for the 

constructlorl T L ~ S ~  IS or11y $24 million. 



TASK OlYE - iNiTUC SITE WIEPARATH)(V 
(3 W T H S .  239 WORKERS) 

TASK TWO - COMPLETE SITE PREPARATION 
(5 MONTHS. 306 WORKERS) 

TASK THREE - STRUCTURE CONSTRUCTION 
(8 MONTHS, 706 WORKERS) 

TASK FOUR - RECTENNA PANEL MANUFACTURE AND 
INSTALLATION 

(9 MONTHS, 327 WORKERSI 

STAGING 
AREA 

\-- GRAVEL ROADS 

Figure 1.4-4. Site Plan 



Figure 1.4-5 is a simple i l l t is trat i~n of the  "module" of a rectenna which will be repeated 

1,238,350 times. It c o ~ t a i n s  the  equivalent of six of the  3.3 by 3 meter panels 

Our concept is to do as li t t le site preparation as possible. W e  will have to cu t  down the  

trees on the site, and move the  logs back to the staging area, where they are so ld  Stumps 

will be left in place, unless :hey happen t o  be just hwere we want to make a footing hole. 

In that  case, assumed t o  happen once every fifty modules, the stump is removed with a 

bulldozet . The bulldozer also +ac!fills the cavity, and compacts it so it will permit a 

footing hole t o  be drilled there. 

Except for grading and graveling roads, a > d  removing t rees  and underbrush, nothing is  

done to  the site. W e  will be able t o  build a rectenna wherever we can drive a bulldozer. 

Figure 1.4-6 shows the main active rf configurations we considered. At the  mid-term 

briefing we talked about the  "printed honeycomb" and the  "low drag" configuration 

concepts. However, when the time came t o  s tar t  doing actual construction and manufacturing 

cost analysis, i t  was concluded that  there was too limited a design basis t o  support a 

costing exercise. W e  then briefly considered the  low drag version of t h e  baseline, until 

we noticed that  the rf shield effectively blocks the lower dipole from receiving microwave 

radiation, so we returned t o  the original baseline. 

Note that all three concepts impose substantial lifting forces on their supporting s t ructures  

Figure 1.4-7 shows our baseline superstructure. We need t o  use several metric tons 

of mass to  avoid upward loads on our footings.* Given that  we must use tons of materials, 

the cheapest choise is concrete reinforced or prestressed as necessary t o  support the 

applied loads. Using an automated factory that  is shown below, these piers can be made 

for about $26 assumed for reinforcing bar. No stress analysis has yet been done t o  support 

these estimates. 

*The mass required t o  resist lift loads appears t o  have been overestimated by as much 

as a factor of 10. This is being reviewed and will be corrected as appropriate in the 

detailed GE report. 
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Figure 1.4-7. R e - S W  Concrete in Baseline Structure 



D 180-25037-2 

Dipde Machine. Figure 1.4-8 shows the  operation of a multi-station t ransfer  machine 

simultaneously making the  baseline dipoiefdiode assembly. The machine illustrated is  pa r t  

of a complex of t h r ee  machines making foreplane assemblies. Each set of machines is  

assumed t o  cos t  1 .OM and be  capable of manufacturing 150 t en  meter  foreplane s tr ips  

every hour. The total  cos t  for  t he  120 sets of machines, not including material,  is 

$161.6M. The cos t  of material,  which we will examine more cloiiely later ,  is t h e  driving 

fac tor  in total  rectenna cost. 

Figure 1.4-9 illustrates t he  flow needed t o  assembly a rectenna panel, 3 meters  by 10 

meters,  from all of t he  component parts. lhe process is assumed t o  be highly automated,  

with only two machine tenders  for  each  panel assembly machine. The cost  of this 

assemby machine i s  3.311. 

Figure 1.4- I 0  artist 's  concept of a n  automated plant t o  produce t h e  concre te  support 

s t ruc ture  for t he  recterlna panels. The sketch shows only two conveyor belts carrying 

forms past  t h e  pouring chutes, but in our overall concent  each  machine wouid have f ive 

such belts, each  cast ing an a r ch  every z inu t e ,  for  a total  of 250 arches  produced every 

hour. Each machine costs  about $ 2 ~ ~  and has four operators. Ten such machirzs  a r e  used 

t o  p:oduce t h e  3,750,000 arches needed in nine months. The equipment amortization for  

this equipment is 3.3M. and t h e  total  cos t  t o  make all of t h e  a rches  for  one rectenna is  

$177M, of which $139M is materials,  including $100M of reinforcing bar. 

This is a good place t o  mention tha t  two kinds of arches a r e  used; "regular" and "special." 

The "regular" one was shown earlier.  It supports the  rectenna panels with t he  lower edge 

t w ~  me te r s  above t h e  ground. This is not high enough t o  permit trucks t o  pass under t h e  

i - e c t e n ~ a  on t h e  north-south roads, so  "special" arches a r e  used over north-south roads t o  

increase t h e  clearance t o  four meters. 

Several specialized construction machine concepts  were developed. These machines 

incorporate a design philosophy generally similar t o  t ha t  used for road-building equipment 

but a r e  tailored for  t he  rectenna construction task. An example is the  concept shown in 

Figure 1.4-1 1 for a machine t o  drill footings. This concept  implies tha t  we will be 

working on soils t ha t  a r e  reasonably cohesive and do  not  have much rock near t h e  surface. 

Small rocks a r e  broken by the  jack hammer action of t h e  t ip  (when needed) so t ha t  boring 

is not interrupted too  often. Another rnachine is called in t o  handle large rocks, assumed 

t o  occur once for  every hundred modules constructed. 



Fiqure 1.4-8. Dipole Machine 
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Figure 1.4-9. Retenna P a d  Fabrication Sequence 
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Figure f.4-?@ A d  &sting fact~ry 

Figure f -4- I f .  fuund'fk?n Md~nim 



The machine shown here is assumed t o  cost $250,000, and is able t o  drill ten pairs of 

holes in a n  hour. The capital cost charged t o  one rectenna for this machine is $10.4 

million. The total cost to drill all of the  footings with this machine is $23.7 million. 

Figure 1.4-12 shows the rectenna panels being delivered t o  the field and installed. 

Five GW Rectenna Cmstmctian Concept. Figure 1.3- 13 shows an artist's concept of 

the entire rectenna construction approach, using automated equipment for field erection 

of the  many rectenna modules. Each "module" has three prestressed concrete "piersn 

or  "arches" supporting two rectenna panels three meters wide and ten meters long. 

This panel size was selected as being the  largest panel that  could be conveniently moved 

over off-site roads. Our concept would build the  initial panels at a staging and manufacturing 

area at the  site, and so could be made larger. However, panels needed t o  replace any 

damaged by accident would have t o  be moved by highway t o  the  damaged rectenna. 

The six meter width of these panels was derived t y  using a double width version of the  

design described in the  final briefing. This width is adequate t o  provide a roadway between 

rectenna rows of abaf t  four meters (13.12 feet) width and a clearance of over five meters 

(16.4 feet). 

A "grass-roots" (detailed estimating) computer cost model was developed for the cost 

analysis. At the time we started it, i t  was not apparent which cost elements would 

be major and which would be minor. So i t  seemed that  the best approach would be t o  

divide the whole job irrto a number of pieces small enough t o  be amenable t o  analysis, 

and for which we could develop an opinion about the  cost of doing that  job, and then 

t o  estimate ail of the  kinds of costs involved in doing each small job thousands or m i l l i o ~ s  

of times. 

The input data is stored in several data files. It takes over 1675 pieces of input data 

t o  run the program, and they must be in order, formatted exactly, 2i1d so on. However, 

using a text editor, any piece of data can be quickly changed. 

The model flow is shown in Figure 1.4-14. The cost matrix has 12,375 cost bins to hold 

intermediate results. Most of the bins are empty, since only a few jobs a re  active at 

any time, and not every task generates every category of cost. This matrix is printed, so 

that  detail data is available t o  permit trade-offs t o  be done a t  any level of cost accumulation. 



Figure 4.1 - 12. Panel Installer 

Fhure 1.4- 13. G W Rectanna Construction Carrcspt 
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Figure 1.4- 14. Operation of the Cost Model 

Cost resuits a r e  summarized in Table 1.4-3 and Figure 1.4-15. The to ta l  SPS ground 

system cos t  is about $2 billion. This cost excludes land and development of t h e  rec tenna  

and associated special purpose equipment. 

About one-third of the  ground system cos t  is in t h e  ground power distribution and 

transmission. The o ther  two-thirds of t he  cost  a r e  in t h e  rectenna itself;  this  includes t h e  

cos t  from the  dipole elements  up t o  t he  wiring of t h e  converter  stations. 

The bulk of t h e  rectenna cos t  is in three  materials: 

(A) Diodes $298M 

(Bj Steel 449M 

( C )  Aluminum 267M -- 
$i,014M 

Labor and capital cos ts  a r e  very low by comparison. 



TabAs 1.43. SPS O m d  System Cost (Summary of Mufir Equipment, BuYdingr, M a w  m d  Labar) 

TYPE - 
- RECTENNA 
MATERIAL: 

DIODES 
STEEL IN PANELS 
ALUMINUM BUSBARS 1.02' I 0.6') 
STRUCTURE 

CONCRETE I6 r 10 METER MODULE) 
STEEL IREINFORCING) 

lA8OR 

CAPITAL COST 

SENSITIVITY -- 

4C/DIODE 
15.B L(g/mJ 
166.000 METRIC TONS 

9 METRIC TONS/MCDULE 
300 Kg/MODULE 
(1 00 Kg/ARCH; 

3 ARCHES/MODULE) 

(TYPICAL MACHINE LIFE IS 
5 YEARS. COST TO PROJECT 
ONLY DLiillNG USE) 

MISCELLANEOUS 

TOTAL RECTENNA COST 

GROUND POWER OlSTRlBUTlON AND TRANSMISSION 

(PER SPS PHASt Ill FINA'. REVIEW) 

TOTAL SPS GROUND 1x0 
SYSTEM COST - 
(EXCLUDING LAND AND 
DEVELOPMENT COST1 

~1-u- COMPLETE 
ANEOUS RECTENNA 

SITE PREP 

MATERIALS 

LABOR EQUIPMENT 

SITE PREP 

Figure 1.4- 15. Rectanna Cost Distributfon 



1 .I Management and Integration 

A comprehensive study of management and integreation was not conducted. A preliminary 

examination was made of mission operations; this item was assigned WBJ //1.5.1.1 

W a! 1.5.1 1 Mission Operations: Command and Control 

The mission operations task assigned t o  TRW was t o  develop a representative set 

of command and control options for  t h e  SPS system, together with a proposed set 

o i  evaluation cri ter ia  for  these options. In subsequent discussions i t  was decided 

tha t  t he  way t o  present t h e  options concisely a d  with the  grearest clarity was to  

present a strawman concept and the  options of interest  t o  t ha t  concept, 

In order t o  assure a common basis for  communication in this discussion of a somewhat 

complex subject, a definition of some of the  principal terms is provided in T ~ b l e  

1.5.1 1-1. Throughout this report  t h e  abbreviation "C&CI1 is used for  t h e  te rm llcommand 

and control." 

The following is a summary of t he  work accomplished and of t h e  results: 

A. A preliminary analysis was made t o  define mission operations during construction 

of t he  f i rs t  and subsequent Solar Power Satellites. 

B. The CdtC functions required for  each  major mission operation were enumerated 

and examined in some detail. 

C. Next an assessment was made ss t o  which element  of t h e  SPS system should 

have CdtC authority for the  various mission operation functions. As a result 

of this analysis and assessment f ive  t, res of C&C centers  were established as 

shcwn in Table 1.5.1 1-2. Four of these a r e  located in system segmt ~ t s  whict~ 

will have control centers  for  their internal operations and t h e  mission operaticns 

C&C will be  an  additional task for t ha t  control center.  The f i f th  center ,  t he  

Mission Control Center  (MCC), is a n  independent center  c rea ted  ::cocifically 

for control of mission operations. This center  will be  the  central  authority for 

mission operations and will coordinate t h e  ef for t s  of t he  other  centers. In t he  

case  of the  Rectenna Command and Control C e ~ t e r  there  will be  a center  for  

each rectenna (and i ts  corresponding SPS). 

D. The following ground rules were utilized in allocating C&C responsibility t o  

the  various control centers. 

503 



a MlssmN OnERATIONs - OnAATIOllJ OF ALL ORWTAL ELEMENls OF TME mmsTEN lWClUOlWO 
TME - T A W  VEHlCi.ES WlCH TRAVEL AMOM3 TWSE ELEIMWR 

MISSON OPERATW COllMANO AND CONTROL - THE COMMAND AND CONTROL Of MI- 
OPERATIONS mls INCLUDES THE RECEPTION AND INTERPRETATION OF STATUS DATA 
(PREDOMINANTLY TELEMETRY DATA) TO DETERMINE ANY NECESSARY COYYANOS AND THE 
IMPLEMENTATION OF THESE COMMANDS. ORBITAL AND TRA#ECTORY TRACKING IS ALSO IWCLU#O 
IN  THIS TASK 

COMMAND AND CONTROL CENTERS - CF NTERS WHICH HAVE BEEN DELEGATED AUTHORITY FOR 
COMMAND AND COhlTROL OF SELECTEL .dISSION OPERATIONS 

MISSION CONTROL CENTER (IICC) - THE COWMAN0 AND CONTROL CENTER WHKM HAS CENTRAL 
C - ~ D  AND CON1 ROL AUTHORITY FOR MISSION OPERATIOlYS 

TabAe 1.51 1-2. Command and Control Centm 

1. UUWCH AUD RECOVERY COWMAN0 Am) CONTROL CENTER 

2. LEO BASE CCMMAND AND CONTROL CENTER 

3. GEO BASE COMMAND AND CONTROL CENTER 

1. RECTENNA COMMAND AND CONTROL CENTER 

R MISSION CWTROL CENTER 
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I. To the  extent  practical,  c w  rol authority was delegated to provide local 

autanomy. For example, tale LEO Base Control will not only be responsible 

fo r  all  construction opeations on  t h e  base, but also for  such mission related 

tasks as docking, unlmding, and relaunch of the HLLV orbi ter  stage. The 

l a t t e r  tasks would, of course, be coordinated with the  MCC. 

2. The MCC as well as t h e  o ther  control centers  will b e  el em en*^ of a n  

organization vhich  t ie rs  down from a central  authority t ha t  controls t h e  total  

program and delegates authority t o  t h e  various elements. The MCC wi!l 

depend on the  other  elements  t o  perform their funct ims  such as provide 

payloads, crews. propellant, etc., on schedule. 

3. This central  organization will probably be a matrix type, i.e., although one 

element may be responsible for all LEO base operations, i t  may have t o  

depend on another element  for  recruiting, training a r d  scheduling the crews 

which wiii operate t he  base. 

4. The htCC will be  located on the  ground. S n c e  al l  t he  functions assigned t o  i t  

can  be performed on the  ground as well as from a n  crbital location, t h e  

expense of transporting equipment and crews t o  a n  orbital lccation i s  not 

warranted. 

E. Table 1.5.1 1-3 is a sumnlary 01 the  command and control functions defined and of 

their assignment t o  the control centers  using the  ground rules listed above. 

F. Upon completion of t he  definition and allocation of C&C responsibilities t o  t he  

control centers, a review was made of the  many diverse responsibilities (func- 

tions) assigned t o  the  MCC. The objective of this review was t o  organize and 

categorize these functions t o  make efficient use of resources. The functions were 

divided into the  six categories shown in Figure 1.5.1 1- 1 by grouping together 

those functions having similar requirements for the followi~lg resources; type of 

information required, technical expertise, equipmznt and software. 

Four of these categories (i.e., Transportation Venicle C b C ,  SMIT CJtC, Opera- 

tional SPS CSiC, aild Co~nmunication Satellite C&2) each  require the  infor rna t i~n ,  

cxpertlsc. etc .  t o  operate these space vehicles. However, the space vehicles a r e  



Table 1.5.1 1-3. Command a n d  Con t ro l  Funct ions Required During Mission Operatiotrs 

LOCAL COMMAND AND CONTROL 
SYSTEM ELEMENT C:ENTERS AND FUNCTIONS MISSION COlYTROL CENTtR C w C T I w $  

LAUNCH AN0 RECOVERY SITE bAUNCH AND RECOVERY C6C CENTER - MLLV M D  PLV - PREPARE AN0 LAUNC14 VEHICLES, 
PAYLOADS AND CREW 

- LAUNCH AND RANOE COOnDINATlON - MIOCOURSE CONTROL TO L I O  - m T E R  STAOI UPARATION AN0 CONTROL - LANDING AND/OR RECOVERV 

L I O  B S E  0 BASE C&C CENTER - MLLV; PLV; O W  - HLLV AND PLV u- BASE AND SPS MODULE CQI8TRUCTIW - RENDEIIVOU8 COORDINATION - O N  MANAQEMENT - LAUNCH COORDtNATlOlV - EOTV - HLLV; YLV; OTV - M I D C W R I  CONTROL - DOCKING AND UNLOAOlNO - O N  ROWTOR UPARATIOW AND COIYTROC - PREPARE AND LAUNCH VEWICLL8, - EOTV 
PAY LOADLI, CREWS - LAUNCH COORDINATION - E O N  - MIDCOURIN CWTROL 0 -. - LAUNCH PREPARATION AND LAUNCH - L I O  BAS@ 

'&I 
- TRACKINO, 8TAf IWKEEPINO, CCWJTINOIWCV 

o ROlOLUIION 
8 

3 
8 

OED BASE 0 BASE C&C CENTER - OTV; MAINTSNANCI VEMICLES 8 7' - O N  BASE AND M CONSTRWTlQl - RlNOllfVOUS COOllDlNATlOlV N - E O N  MANAOEMENT - LAUNCH COORDINATION 
-UI - OTV - MlDCOUR8I CONTROL - MAlNTlNANCI VLHICL I I  - DOCKIN0 AND UNLOADINO - E O N  - PREPARE AND LAUNCH VOMICLI8, - R I N O I t V O U l  C001101NATIW 

PAVLOAOS AND CREWS - V I  - E O N  - ACTIVATION AN0 COORDINATION - RENDEZVOUS AN0 BERTHINO - MAINTENANCI CWROINAT ION - WS - OEO BASE 
-0 MAIN1 ENANCE WERATIONS - TRACKING, 11At lONKICIIN0, CXmtlNOENCY - MAINTENANCE VEHICLES RESOLUTION - PREPARE AND LAUNCH VIWICLI8, 

CREWS AN0 PAY LOAD8 - DOCKING AND UNLOADING 

WERATIONAL SPS - C&C, TRACKINO, 8TAtlONKIEPINO 
PIRFOCIMANCI - MWER SUBGVSTEM CbC - ECLI?SE SCHEOtJLESIANTENNA POINTING - MAINTENANCE VLHICLI8 OOCKlNO AND LAUNCH 

COMMUNICATIONS SATELLITE8 - O1C, TRACKINQ, 8TATlONKSL?INQ 
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Figure 1.5.1 1 - 1. Categories of C&C F unctrbm M g n e d  to Mission Control Center 



so widely different (i.e., a t t i tude  control, propulsion, power, etc.) tha t  specially 

trained crews, widely different software u ~ ~ i q u e  procedures will be required. 

Hence, separate categories were established. 

Space Traffic Control has t he  responsibility to insure tha t  t h e  movements of all  

space vehicles and other  space  elements  are coordinated and controlled such tha t  

they do  not interfere with each  other  o r  with o ther  space  traff ic  and a r e  not 

impacted by space debris o r  meteors. This requires tracking information plus 

personnel and software capable of projecting this information into future t ra f f ic  

SI tuations. 

O r b ~ t a l  8ase CjrC - It  is anticipated tha t  t he  orbital bases (which may be 

considered as a type of spacecraft)  u i l l  be autonomous, however, the  Mission 

Contra1 Center  may be called upon to  perform tracking, stationkeeping, resposi- 

tionicrg, anomaly support and other  selected functions in a back-up mode. 

The size of the  circles indicates a preliminary es t imate  of t he  relative magnitude 

of the  ef for t  required for accomplishing the  tasks in each  category. Similarly 

:he thickness of the arrows indicates the magnitude of the  interface between 

each category. 

. Figure 1.5.1 1-2 summarizes t he  results of the  analyses and illustrates the  relatioriships 

within the  SPS system C&C strawman concept. The :ocal C&C a reas  which 

a r e  collocated with major system elements a r e  shown by shaded circles. For 

clarity each  of the six categories of MCC functions a r e  shown separately as 

cross-hatched circles. The clear  circles represent satellites and the  large clear  

arrows represent transportation vehicles, all  of which a r e  parts  of the SPS system. 

The annotated line arrows indicate the  principal type of interface among the  

control centers  and elements. Space Traffic Control will interface with all 

other  centers  and elements, however, these interfaces a r e  not shown in order 

t o  simpiif y the  figure. 

H. The s t r auman  C&C concept is further defined by the  following configuration 

of the MCC facilities: 

1. One facility which includes the Transportation Vehicle C&C and Space 

Traff ic  Control function categories. These a r e  the  first two facilities needed 



Figure 1.5.11-2. C&C Center Relationships to Major System Elements and to Each Other 
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during the construction of LEO, CEO and the first SPS modules. Also as 

shown in Figure 1.5.1 1-2 they have the busiest interface. 

2. A second facility which contains the other fmction categories Orbital Base 

C&C, SMIT ChC, Communication Satellite C&C and the Operational SPS 
C&C. Facilities for these functions can be constructed in sequence as needed 

by the program. 

3. As the number of operational SPS increases, capability for their control will 

also be provided a t  the first facility with the possibility that a third facility 

will be added which is dedicated to  this function. Another possibility will 

exist when all SPS have been built, i.e., the SMIT control facility may be 

converted to  this function also. 

I. Various options to the strawrnan C&C concept will be evaluated during Phase 11. 

These options are summarized as follows: 

1. Assign C&C responsibilities differently among the local control centers and 

the Mission Control Center. Examples of this are: 

HLLV and PLV midcourse trajectory control performed by Launch and 

Recovery C&C. 

SUIT midcourse trajectory control performed by the LEO Base C&C. 

Each Rectenna C&C Center have complete responsibility for C&C of its 

corresponding SPS instead of a power monitoring function with communi- 

cation to  the MCC for SPS C&C as in the strawman concept, 

2. Eliminate the Orbital Base C&C function category in the MCC and make the 

bases completely autonomous, without ground back-up. 

3. Modify the number of MCC facilities/locations. Due to the necessity for 

provision of continuous, reliable, power by the SPS system, redundant SPS 

command and control capability is provided in the present concepts. This 

includes two geographical locatio~~s as well as internal redundancy. The 
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magnitude of t h e  SPS c o n t r d  tasks, with t h e  resultant large numbers of 

crews and amounts of equipment involved were reasons for t he  recommenda- 

tion of dual locations. 

However, options t o  this  preliminary configuration are: 

More o r  less redundancy 

Single Iccation 
- Collocate with a local C&C cent r  such as Launch and Recovery C&C 

Center  o r  a Rectenna C&C Cente: 

- Separate location 

a hlul:iplc locations 
- Collocate with local C&C centers  
- Modify t h e  number of iacilities and their  locations as well as t h e  

groupings of the  six categories of hlCC functions within those facilities 

4. The ground rule in item D3 of this report  assumes tha t  a cer,tral program 

authority has delegated mission operations responsibilities as defined herein 

t o  the  MCC and local C&C centers. The definition of mission operations n.ay 

be considered t o  encompass o ther  responsibiiities related t o  orbital opera- 

tions and t o  assuring tha t  these operations will b e  performed on schedule. 

This definilion could include such responsibilities as orbital construction, as 

well a s  the  logistics associated with providing cargo, propellants and crews on 

time. Therefore, another option to be  considered is s. redefinition of the  

responsibilities which a r e  included in mission operations. 

The options enumerated in Iten? I. will be  evaluated during phase I1 using the 

following criteria: 

1. Technical suitability - assurance tha t  mission operations will be performed 

satisfactorily by the selected concept. 

2. Cost - - the  total  cost  including hardware, software, personnel, real-estate, 

e tc .  will be a factor. 

3 .  Schedule - t he  concept selected should be such tha t  i t  can be  provided in 

compliance with the total  system schedule. Other schedule considerations 

include how well the  concept lends itself t o  grouping the  functions required 
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early in the program into the same facilities, also t o  conversion of facilities 

from functions which a r e  no longer required t o  other functions (e.g., SMIT 

C&C to  operational SPS C&C). 

4. Interfaces - interfaces should be  minimized by proper grouping of functions. 

5. Redundancy/backup capabilit) - the  concept must provide assurance of 

control capability in the event catastrophic events disable a C&C facility. 

This factor should include consideration of providing back-up facilities at 

separae geographical locations. 



2 0  SPS PROGRAM PLANNING ANNYSES 

The SPS program is  present!^ in a feasibility study and evaluation phase. Many 

program s teps  and act ivi t ies  will be needed to achieve successful program function. 

One of t he  tasks in this  study was directed to identification and planning for  

t h e  potential fu ture  of a n  SPS program. The analysis followed two  converging 

paths as illustrated in Figure 2-1. 

2 1 PROGRAMMATIC STUDIES 

Analyses of t h e  programmatic s tructure of an SPS program have resulted in t he  

multi-step approach illustrated in Table 2-1. Each s t e p  will provide  nowl ledge 

and technical confidence leading r o  a program decision t o  ini t iate  t he  next step. 

If t h e  apyzd, -late technical confiderxe from any ste? is not achieved, then t h e  

approach wau!d be modified or  possibly t h e  program terminated if major difficulties 

were encountered. 

The purpose of t he  technology research phase is to'develop confidence in the  

achievable technology performance in all the  cr i t ical  a reas  so tha t  a much f irmer 

assessment of SPS economics and environmental impact  can be made. Listed 

in Table 2-2 a r e  t he  principal objectives of a technology research program designed 

t o  obtain the  necessary information. 

Many of t he  technological advances needed for SPS are of an  engineering nature, 

where the  performance of t he  technology can  be reasonably well forecast,  but 

significant developments a r e  still  required in order t o  be able to construct SPS's 

a t  some m e a n i ~ ~ g f u l  r a t e  and at a n  economic cost. These a reas  were termed 

engineering developments and cost  verification. Certain of these, listed in Table 

2-3, may present calendar t ime  issues. 

Many types of activities will be  required t o  ge t  from today's s t a t e  of knowledge 

t o  a commercially acceptable SPS. Figure 2-2 presents a representative schedule. 

The development tes t  ar t icle  must be  initiated relatively early in order t o  support 

design of a prototype SPS. During the prototype design period, development 

of the  production technology and production capability will continue. Space opera- 

tions systems including launch vehicles and a prototype production space construction 
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Table 2- 1 SPS Development Phases 
24 18 

TECtirdlCAL 
CONFIDENCE 

THERE ARE NO 
FIRSTORDECl TECHNICAL 
OR ECONOMIC BARRIERS 
TO EVENTUAL SUCCESS 

DESIGN APPROACHES 
EXIST THAT CAN 
PROBABLY ACHIEVE 
TECHNICAL AND 
ECONOMIC OBJECTIVES 

TECHNOLOGY PERFORMANCE 
SUPPORTS SPS DESIGN 
APPROACHES 

SPS DESIGN APPROACHES 
VALIDATED; PREFERRED 
APPROACHES SELECTED: 
SPS COST CONFIDENCE 

SPS CAN BE 
SUCCESSFULLY 
COMMERCIALIZED 

KNOWLEDGE 
GAINED 

SYSTEMS CONCEPT 
OPTIONS 

CONCEPTUAL DESIGN 
' CH4RACTERIZATIONS OF 

S E i  ECTED BASELINES; 
TECf :'JOLOGY PERFOAYANCE 
OBJECTIVES . 

ACTUAL TECHNOLOGY 
PERFORMANCE 

SllBSYSf EMS AND SYSTEMS 
ENGINEERING PERFORMANCE 
AND PRODUCTION COST; 
ADEQUATE BASIS FOR 
SPECIFICATIONS 

SPS IS OPERATIONALLY 
SUITABLE AND ECONOM- 
ICALLY VIABLE 

. 
PROGRAM 
DECISION 

PROCEED 
WITH SYSTEMS AND 
EVALUATION STUDIES 

INITIATE 
TECHNOLOGY 
RESEARCH AND 
CONTINUE EVALUATION 
STUDIES 

INITIATE LNGlNEERlNG 
DEVELOPfvlENT AND 
COST VERIFICATION 

INITIATE FULL-SCALE 
DEVELOPMENT 

ENTER COMMERCIAL 
PRODUCTION 

STEP 

EXPLORATORY 
STUDIES 
(COMPLETE) 

SYSTEMS 
SfUDlES 

TECHNOLOGY 
RESEARCH 

ENGINEERING 
DEVELOPF.IENT 
AND COST 
VERIFICATION 

FULL SCALE 
DEVELOPMENT 

C 
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YS46W Table 2-2 SPS Technology Reseamh -Priority Objectives 

Table 2-3 Engineering Development and Cost Verification-Long-Lead Items 

DEVELOP SOLAR ARRAY TECHNOLOGIES 
INCLUDING ANNEALING 

DEVELOP SOLAR CELLIARRAY 
PRODUCIBILITY APPROACHES 

I 
DEVELOP SWITCHGEAR 
AND POWER PROCESSOR 
TECHNOLOGY 

DEFINE PLASMA EFFECTS OF 
HIGH.VOLTAGE SOLAR ARRAY OPERATION 
AND ELECTRIC PROPULSION OPERATION; 
DEVELOP SYSTEM DESIGN APPROACHES 
@CCORDINGLY 

DEVELOP PRACTICAL, LOWCOST 
MATERIALS TECHNOLOGIES FOR 
SPS APPLICATIONS 

DEbELOPMENT TES' ARTICLE 

DEVELOP INTEGPATED STRUCTURAL/ 
ELECTRICAL POWER DISTRIBUTION 

' TECHNOLOGY FOR LONG.LIFE VACUUM 
OPERATION WITHOUT ELECTRICAL 
BREAKDOWN 

DEVELOP HIGH-EFFICIENCY, HIGH- 
SPECTRAL.PURlTY RF GENERATION 
AND RADIATION'T ECHNIOUES 

DEVELOP PRECISION PHASE CONTROL 
TECHNOLOGIES 

DEFINE EFFECTS OF IONOSPHERE AND 
SPACE PLASMAS ON POWER TRANSMISSION 
AND PHASE CONTROL; DEVELOP.DESIGN . 
APPROACHES ACCORDINGLY 

DEVELOP HIGH-EFFICIENCY POWEa 
RECEPTION AND COLLECTION 
TECHNIQUES 

DEVELOP SPACE FABRICATION AND 
ASSEMBLY TECHNOLOGIES 

SPACE VEHICLE ENGINES: BWSTER;ORBlT TRANSFER CHEMICAL 61 ELECTRIC; 
%ME IMPROVEMENTS 

THERMAL SYSTEMS: VEHICLE TPS; THERMAL COATINGS; ACTIVE THERMAL CONTROL 

I RF AMPLlFlER & SUBARRAY PRODUCTION SYSTEMS I 

SPACE CONSTRUCTION: CREW HABITATS & CREW SUPPORT SYSTEMS; 
CONSTRUCTION EQUIPMENT; BASE LOGISTICS SYSTEMS . 
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base must be developed in order t o  support t he  prototype program. Depending 

or. t h e  size of t he  prototype, i t  may be possible t o  have a l a t e  s t a r t  on the  heavy 

l i f t  launch vehicle t o  spread out the  space vehicle systems development costs. 

Shown on the  lower righthand portion of t he  schedule is t he  initiation of a commer- 

cial production program. 

The principal activities shown on the  schedule char t  are represented in Figure 

2-3 in a prel im~nary es t imate  of funding requirements. It i s  clear  tha t  t he  major 

funding requirements occur when beginning the  development of space vehicles 

and space  construction oases. 

There a r e  a number of optiens available t o  smooth or reduce the  funding peak 

shown in the previous figures. Some of t he  principal ones a r e  tabulated ir: Table 

2-4. The cost deferrals have consequences tha t  may not be particularly desirable, 

but do  offer  the  potential of reducing funding peaks. 

The programmatics analysis reached the  following principal conclusions: 

o A development test art icle  is needed early t o  provide design data for  t h e  

SPS prototype design. It should be of the s ize  t o  permit early funding; 1 

megawatt or  less. It is possible t ha t  t he  development test  ar t icle  wil! be 

constrained by photovoltaic's production capability, but i t  does not appear 

important t ha t  t he  development test s r t ic le  represent a final solar bianket 

configuration. 

W e  have identified the  need for  an  SPS prototype, but there  is still  e major 

uncertainty in how large the  prototype should be. It seems clear tha t  what- 

ever  s ize prototype is selected, i t  should provide e f f i c ~ e n t  power transfer. 

If i t  is a low power system i t  will still  have a large transmit ter  aperture. 

The major iuncling requirements ar ise from development from space bases 

and heavy lift  launch vehicles. Some cost dcferrai  options exist t o  reduce 

'. e peak funding tci a degree, but their benefits in an  ecoromic sense a r e  

quite dubious unless i t  is expected tha t  t he  completion of the prototype 

would result in a decision not t o  proceed with cornrnercialization of SPS'. 

If commercialization proceeds, then the  economic cost of these deferrals 

tends t o  exceed their value. 
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V S M I  Table 24 Cost Deferral Options 

CONSE(IUENCE 
OF DEFERRAL 

PRODUCTION SPS PROGRAM 
DELAYED 6 YEARS 

HLLV COST CHARACTERlSlCS 
NOT DEMONSTRATED WHEN 
COMMERCIAL INVESTMENTS 
REQUIRED 

SLOWER SPS CAPACITY BUILDUP 

A 

ITEM 

OEFER MAIN CCMMERCIALIZATION 
BUILDUP UNTIL PROTOTYPE 
TESTS COMPLETE 

DEFER HLLV TO SUPPORT ONLY 
COMMERCIAL PROGRAM; DO 
PROTOTYPE WITH SMUTTLE 
DERIVATIVE 

INITIALLY COMMERCIALIZE TO 
5 GWNR RATE 

i 
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2 2  TEST-HARDWARE ANALYSlS 

A schedule by which t h e  previous developmental flight project  e l emen t s  could 

lead t o  a porential  decision e i the r  to preceed  with a large  (2000 t o  10,000 megawat t )  

SPS o r  t o  a smaller  "comtnercial demonstrator" i s  shown in F a u r e  2-4. This schedule 

is generally compat ib le  with ?he programn~aticaliy-derived schedule shown earlier.  

Figure 2-5 expands o n  t h e  overal l  developmental t e s t  program. Again, i t  leads 

t o  a potential  decision point whereaf te r  construct ion base and solar  power sa t e l l i t e  

phase C/D might begin. Essential for this  decision point are acccmplishment 

of the  large aper ture  test satel l i te ,  shut t le  w r t i e  :lights, developrnen ta: t e s t  

ar t icle ,  e tc .  In addition, SPS environrnentai s tandards must  be set.  I t  is a1.w 

recomnlended t h a t  a high erficiency, 70 ki lowatt  (full size) klystron be t e s t ed  

on t h e  ground, artd t ha t  a prototype of t h e  production line intended to produce 

high volume, low cost solar ce l l s  and ar rays  should have been demonstrated. 

Near ? '  c. end of  t h e  "SPS and construct ion base phase C/D", qualification flight 

of ac tua l  SPS and construct ion base par t s  should t a k e  place. Two years  a r e  allowed 

fo r  build up of t h e  cor~s t ruc t ion  base before  construct ion of  SF5 #I,  t ransfer  

to geosynchronous orbit,  s make-operable period, etc. Again, a t  t h e  decision 

point shown i t  might be decided :o proceed instead with a largc comrnercial demon- 

s t r a to r  or saine a t k r  SPS percursor unit. However, i t  is f e l l  t ha t  at t h e  decision 

point. insofar as technical corlfidence is concerned, a full s i ze  unit could be required 

and built. 

Figure 2-6 shows a path  for  t h e  developmental tes t  e f fo r t  related t o  a shur t le  

s i t c  microwave power t ransmi t te r  subarray. By s e l e c t ~ n g  a size of 3.0 m e t e r s  

per side, the subarray will f i t  The shut t le  b3yl-d bay in a position normal t o  

t h e  a c c e l e r a t ~ o n  vector. The s u h r r a y  would be t e s t ed  in a microwave anechoic 

chamber and a vacuurn chamber,  where phenomena such as rnultipactor, hea t  

rejection, etc .  could be investigated. It would be used in a microwave power 

transrrlission grolrnd-to-grounc? test range, shown here as 10 me te r s  on a side 

(hvncc \\.i:h 101) subarrays) under the control  of a pilot t ransmi t te r  located o n  

a rec tennc  panel oriented normal t o  t he  beam some distance away. The subarray 

uould fly on a high power e lement  sor t ie  t e s t  flight which could include t e s t  

a: clcctric thrczrer g~r.c!s requiring approxi~nate ly  t h e  same power level as t h e  

subarray. Finally, t he  subarray would be  t h e  t ransmit t ing e lement  of a so:ar 
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power satellite developmental test  article. In the DTA shown, four subarrays 

a re  located at the  corners of the array, mounted upon extendable/deployable 

secondary structure, whicri is in turn mounted upon a primary structure. 

Shown in Figure 2-7 is installation of a 3.0 meter subarray into the transmitting 

g rc ip  of the  microwave ground-to-ground test range. The structure of the  micro- 

wave test  range transmitter supports the subarray elements and allows for tilt. 

In test, a tilt  angle might be used such that  the difference in distance from the  

subarray which is closest t o  the  rectenna panel and that  which is furthest from 

the rectenna panel would be the same as that  anticipated in a full scale solar 

power satellite. That is, the angle would be much larger than the angle in a full 

size satellite but the distance difference would be the same. Trunnions a r e  provided 

fcr this tilt. The framework includes power distribution, phase control distribution, 

etc. T k  run of coaxial cable or optical fiber between subarrays and t o  the  central 

reference subarray, might use coils so  as t o  equal the total distance involved 

in phase distribution aboard the  full size satellite. 

Figure 2-8 shows two potential methods of utilization for a "large aperture test 

satellite." On the le,. a test array such as the 30 meter square array of 100 sub- 

arrays, shown previously, transmits t o  space under control of the 9.0 meter dish 

of the  large aperture test satellite. That is, the large dish on the satellite provides 

the pilot beam for phase control of the test array. The test array was provided 

with trunnions t o  permit tilt  t o  the required near-vertical orientation. Operation 

could be accomplished through ionospheric s t ra ta  heated by a transmitter such 

as that Arecibo. If frequency scaling was employed, and the power level at that 

transmitter was increased, andother possible utilization is t o  a c t  as a pilot trans- 

mitter for a large array of SPS similar transmitter elements placed horizontally 

on the ground (as shown on the right). Here the test array is sufficiently large 

t o  directly heat the ionisphere without frequency stalling. 

To position the  four transmitlreceive elements indicated on the previous chart, 

a geosynchronoi satellite employing large extendable booms is shown in Figure 

2-9. The number of booms is somewhat arbitrary. Two or four might be preferred. 

The transmitlreceive dishes at the  ends of the arms a r e  baselined as being 2.0 

meters in diameter. A 2.0 meter diameter transmitlreceipt element is also located 

in the center of the satellite just below a 9.C meter diameter antenna. This 
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larger antenna would be used for  pilot control of a ground transmit ter  subarray 

group. The large aperture sa te l l i t e  would be launched t o  geosynchronous orbi t  

by a shut t le  and inertial upper stage. After  arrival in geosynchronous orbi t  t h e  

cannisters for  t he  extendable booms would be swung out  and then t h e  Sooms extended 

t o  loca te  t h e  transmit 'receive elements. The satel l i te  would include solar power 

supply, a t t i t ude  and stationkeeping control systems, command and control systems, 

etc. It would be advantageous t o  have a design l i fet ime of serveral years for 

this satellite.  The t ransmit ter  tubes used for  t h e  2.0 meter  dishes might b e  10 

t o  20 u a t t s  traveling wave tube of the  type currently flying in many satei l i tes  

and space probes. 

The large aper ture  test satel l i te  could also provide years of s table orientation 

in geosynchronous orbit. In t he  concept shown in Figure 2-10, samples of potential 

SPS components %bould be extended and deployed aboard t h a t  satel l i te  by an  accordian 

pull-out and lanyard system. These samples might include solar cells of various 

types, potential s t ructural  e lements  and materials  such as composites, metals,  

plastics, etc. After t he  desired exposure period t h e  samples would be drawn 

within t h e  reentry body and hatches closed. The en t i re  system, including the  

solid rocket return motor woulc! be spun up upon a turntable; a f t e r  reaching t h e  

required spin rate ,  springs uou!d be used t o  kick t h e  svsterri f r e e  of the  large 

aperture transmission satei l i te  and achieve a save separation before firing the  

solid rocket motor. Approximately 5 1/2 hours l a t e r  the reentry body would en t e r  . 
the  earths '  ;t:mosphere. Here i t  would be recovered using proven space recovery 

techniqaes. The SPS candidate inaterial samples could then be tested t o  determine 

the  resultant degradation due t o  their exposure. During t h e  exposure period in 

space, analyses should have been carried out  t o  predict degradation mechanisms, 

ground test including radiation exposure should have taken place, so  t ha t  t h e  

space operation provicics 3 (:orrelation and calibration of t he  ground test program. 

Charging of spacecraft  e lements  t o  high voltages during operation in geosynchron- 

ous orbit  has been cbserved. Actual failures of some components have been observed. 

The solar power satel l i te  with i t s  large diinensions and high voltage power transmis- 

sion systems may have acidit~onal problems resulting from the  energet ic  plasma 

occurring during geomagnetic substorms. To investigate this phenomena a t e s t  

satel l i te  of large dimensions shouid be provid: in geosynchronous orbit. The 

large dperture lest satel l i te  could serve this  pclrpose since i t s  extendable boonis 
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might be up t o  t h r e e  hunared rrleters o r  more  in length. By providing a high vol tage 

power supply, fo r  example  at fo r ty  thousand volts, and  distributing this  c h a r g e  

t o  t h e  test panels loca ted  a, t h e  end of t h e  a rms ,  plasma in te rac t ion  phenomena 

could b e  observed. Tes t  in4,trumentation would be used t o  sea rch  o u t  c u r r e n t s  

ir?duced by t h e  ex te rna l  plasma, a r c  aischarges (potentially a source  of e lectromag-  

ne t ic  ~ n t e r f e r e n c e ) ,  E ~ C .  Representat ive  changing t e s t  provisions a r e  shown in 

Figure 2-1 1. 

The engineering development issues summarized in Table 2-5 were drawn f r o m  

analyses of special is ts  who have  been involved wth  construct ion concep ts  fo r  

solar Dower satell i tes.  They identify these  as primary issues. The issues have  

been assigned t o  e i the r  analysis, ground test, shu t t l e  so r t i e  fl ights,  o r  t o  (in mos t  

cases)  a major fl ight project ,  such a s  t h e  developmental test article.  

The large a p e r t u r e  t e s t  sa te l l i te ,  launched by a n  IUS, se rves  to address  t h e  major  

questions of t h e  "wiil SPS u c r ~ ? "  type. Tha t  is, q u e s t i o r . ~  re la ted  t o  microwave 

t r ~ n s n i s s i o n ,  suscep?abili ty of t h e  SPS t o  t h e  geosynchronous environment ,  and  

sujfability of se lec ted  rna te r~a i s .  The second ca tegory  of developmental  i l ights  

of t h e  space  shur t l e  uould b e  those t o  ensure  t h a t  a precursor  majcr  f l ight  project  

succeeds.  F i n d y ,  during a c t u a l  design of t h e  solar power sa te l l i t e  and i t s  construc- 

t ion base, qualii ication fl ights f o r  specif ic  SPS componeilts will t a k e  p!ace. These 

rnight involve, for  large c o m p o ~ ~ e n t s ,  t h e  heavy l i f t  launch vehicle. 

Early fl ight tests will employ s h u ~ t l e  sorties.  

S h o ~ n  in Figure 1-12 is t h e  f i rs t  of t h r e e  shu t t l e  sor t ies  fl ights which preceed 

t h e  developrn-ntal t e s t  ar t ic ie .  The beam builder sh\>wn extended f rom t h e  payload 

bay irtcorporares rlor only provisions f o r  the  construct ion of t h e  triangular Deam 

but also for  the  a t t a c h m e n t  of rails uhich,  o n  t h e  deve lopn~enta l  t e s t  a r t i c l e  

construct ion pla:f orm, allow modules of the  DTA, a f t e r  construction, t o  b e  rnoved 

t o  t h e  side of t h e  construct ion platiorm. 

On t n e  flight, d e p ~ c t e d  in Figure 2-13, e i the r  d 3.0 m e t e r  microwave t ransmi t tc r  

subarray o r  a n  e lec t r i c  thruster  rnodule used t o  e l e v a t e  t h e  developmental t e s t  

a r t i c l e  to geosynchronous orbi t  w ~ u l d  be tested. P o w r  capabili ty and physical 

arrangenient  of t h e  system uduld allow e i the r  ~f these  t o  b e  tes ted,  but  not 
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simultzrneously. An a l t e rna t ive  t o  t h e  use  of a power extension package and ba t te ry  

pack, as shown, would b e  t h e  use  of a n  Orb i ta l  Service  Module. 

Another shu t t l e  so r t i e  fl ight,  dep ic ted  in Figure  2-14, will test t h e  c r a n e  t u r r e t  

and a mobile work s ta t ion  with  I o r  2 crewmen. The  work s ta t ion  would be ver i f ied 

by this t e s t  flight. T h a t  is t imelines,  manipulator capabili ty,  etc. would b e  investigated. 

Figure  2-1 5 i l lus t ra tes  a potent ia l  sequence af developmental  e f f o r t s  ranging 

f rom ground test (ground exploratory research program) t o  a very large commerc ia l  

denlonstra tor  which would b e  built  before  a n  operat ional  solar  power satell i te.  

Also shown a r e  shu t t l e  so r t i e  f l ights  such as those discussed o n  t h e  F; .?vious c h a r t ,  

a l a rge  power module (which rnight not b e  direct ly  re levan t  to solar power satell i tes),  

a smal l  deve1opmental t e s t  a r t i c l e  and i t s  construct ion plat lorm o r  base, and 

a proof-of-concept/productivity sa te l l i t e  and  i t s  construct ion base. The commerc ia l  

demonstra tor  is sufficiently large t o  have a ground ou tpu t  of at leas t  1 megawatt .  

If a l l  of t h e  e lements  shown here  w e r e  t o  t a k e  p lace  prior t o  a full-size SPS, 

t h e  d a t e  of significant solar power sa te l l i t e  energy availabili ty might  b e  a s  f a r  

off as t h e  year  2020 o r  2030. It  would the re fore  b e  prudent  no t  to cons t ruc t  

each  of t h e  precursor units shown. 

Figure 2-16 is a rough e s t i m a t e  of SPS and SPS development a r t i c l e  cos t s  vs. 

power output.  It shows a basic phenomena involved with microwave power transmi- 

ssion: essentially no useful ground power ou tpu t  is  obtained until  relatively large 

expendi tures  have  t aken  place. The commerc ia l  demonstra tor ,  which might have  

1 t o  1 0  megaNat t s  of ground output ,  is estirrlated t o  require  approximately 17 

billion dollars for  i t s  accomplishment.  A 2500 megawat t  SPS constructed in space  

u i t h  s h u t t l e  derived launch vehicles and minimum faci l i t izat ion (for contruct ion 

of solar cells,  etc.)  is e s t imated  t o  cos t  43 biilion dollars. If a heavy l i f t  launch 

vehicle is used instead, i t  saves  s o m e  money fo r  s p a c e  t rapsporta t ion but  requires 

t h a t  t h e  heavy l i f t  launch vel-ricle development  cos t ,  f l e e t  costs ,  launch pads 

costs ,  etc. be expended, raising t h e  t o t a l  approximate  cos t  t o  just over  53 billion 

dollas. A 10,000 megawat t  SPS plus faci l i t izat ioa  t o  produce a similar unit  every  

year  (including t h e  heavy l f i t  launch vehicle) has been es t imated  a t  somewhat  
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Figure 2- 16 SPS Output Versus Investment 
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over $90B (for 1978 dollars). If four 2500 megawatt units wete built with shuttle 

derivatives, the expenditure would be greater, due to higher transportation cost, 

even though no costs for the heavy l i f t  launch vehicle are included. 

The dr.velopmenta1 test article configuration shown in Figure 2-17 incorporates 

two powel cullection modules and one power transmission module. This system 

aoulc' ' e <:onstructtd in tow Earth orbit on a platform or base and then moved 

to geosync;r,cmous orbit by means of electric thrusters located at the four corners. 

During this t.-ansfer the transmitter would be rotated on its turntable so as to 

bc iii a1ignn;ent with the two power collection bays. The transmitter incorporates 

font subarrays (of the type shown in previous charts as being used for ground 

and shuttle sortie tests) at its corners. Solar blanket area is provided to energize 

these transmitters and to allow for degradation on the way to geosynchronous 

crbit. The power busbars and other parts of the fill1 size system concept are 

also incorporated so as to thoroughly investigate the construction issues shown 

on the previods chart. 

The "commercial demonstraror" system was analyzed in part 111 of the previous 

J S C  study (Contract NAS9-15196). It is shown in  Figure 2-18. The power ~ u t p u t  

level from the microwave transmitter was 185 megawatts. I f  approximately 

10% of the project budget bas invalved with ground reception (rectenna) about 

1 megawatt of useful power would be produced. The system is also sufficientl) 

large to use fall size SPS power generation bays, id! iength solar cell strings, 

etc.; i t  can be made, essentially, of full scale SPS components. 
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In summary, the SPS program plannlng analyses have concluded that: 

A research program should first ascertain the performance that can be 

obtained from SPS technologies, emerging and alternative technologies 

as well as those represented in the DOE/NASA baselines. During this period 

SPS systems studies should provide a suitable evaluation and planning over- 

view. Environmental research should evaluate environmental effects impact 

potentials, and mitigating strategies for system design that can reduce 

or eliminate environments! concerns. Process zechnologies with potential 

o f  achieving SPS economic goals should be expiored. 

a Given a successfu! conclusion of this program phase, the next program phase 

should be devoted to engineering developments at the subsystem prorotype 

level, and system cost verification and risk management planning. Examples 

of the cost-risk activities include (a) C~nstruction and operation of prototype 

or pilot production lines for hardware with identified cost risks; (b) Updating 

af space transportation system designs and re-evaluation of transportation 

costs in light of Shtittle operating experience; (c)  Definition of an integrated 

development plan with the necessary system design, hardware option and 

schedule flexibilisv to ensure successful risk management. Successful conclu- 

sion of tkic program phase would result in high confidence in system cost 

and economics. 

I f ,  at this point, the economics assessment is favorable, SPS development 

would commence, resulting in an operations; prototype. The appropriate 

size for this prototype has yet to be determined. 

The final phase of the program is commercial production, in which SPS's 

would be built and installed at .z rate appropriate to the demand for neu 

baseload electrical generating capacity. 

These program phases can be overlapped to a greater or lesser degree; the amount 

o i  overlap n,ust be determined by a tradeoff of risk versus need. 

The next pt,ase of the present study, now underway, will include a major task 

devoted ta defining the content, schedule, and cost of the research phase in considerable 



detaii, with later phases defined in somewhat less detail. Analysis of the deve lop  

ment phase will include a cost benefit assessirlent of the appropriate s ize  for 

an SPS prorotype. 


