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FOREWORD 

The SPS System D e f i n i t i o n  Study was i n i t i a t e d  i n  June o f  1978. Phase I o f  t h i s  e f f o r t  was completed 

i n  December o f  1978 and i s  herewith reported. This study i s  a f o l  low-on e f f o r t  t o  an e a r l i e r  study of 

the same t i t l e  completed i n  March o f  1978. These studies are  a p a r t  o f  an ove ra l l  SPS evaluat ion e f fo r t  

sponsored by the U. S. Department of Energy (DOE) and the National Aeronautics and Space Administrat ion. 

This study i s  being managed by the Lyndon B. Johnson Space Center, The Contract ing Off icer i s  Thomas 

Hancuso. The Contract ing O f f i c e r '  s representat ive and Study Technical Manager i s  Harold Benson. The 

study i s  being conducted by The Boeing Company w i th  Arthur 0. L i t t l e ,  General E lec t r i c ,  Grumnan, and 

TRW as subcontractors. The study nanager f o r  Boeing i s  Gordon Woodcock. Subcontractor managers are  

Dr. P h i l i p  Chapmai7 (ADL), Roman Andryczyk (GE), Ronald McCaffrey (Grumnan), and Ronal Crisman (TRW). 

This repo r t  includes a t o t a l  of seven volumes: 

1 - Executive Sumnary 

I 1  - Phase I Systems Analyses and Tradeoffs 

I11  - Reference System Descr ipt ion 

I V  - S i l i c o n  Solar Cel l  Annealing Tests 

V  - Phase I Final  B r i e f i n g  Executive Sumnary 

V I  - Phase I Fina l  S r ie f i ng :  Space Construction and Transpor:ation 

V I I  - Phase I  Final  Br ie f ing :  SPS and Rectenna Systems Analyses 

I n  addi t ion,  General E l e c t r i c  w i l l  supply a supplemental b r i e f i n g  on rectenna construction. 
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REFERENCE PHOTOVOLTAIC SYSTEM DESCRIPTION 

Shown here i s  t he  re ference SPS system s i z e  and con f i gu ra t i on  f rom t h e  e a r l i e r  study, t he  p o i n t  o f  

depar ture f o r  t he  cu r ren t  study. D e t a i l ?  a re  shown o f  a t y p i c a l  bay and t he  a r ray  support  w i t h i n  

t he  bay. 

The ar ray segment w id th  i s  14.9 meters. Th is  prov ided b e t t e r  packaging f o r  t r anspo r t  bu t  made i t  
necessary t o  p rov ide  15-meter catenary attachment po in t s  on the  s t r u c t u r a l  beams. A 10-cm spacing 

was provided between a r m y  segments f o r  c learance du r i ng  a r ray  deployment. 



D 180.25037-5 

TOTAL SOLAR CELL AREA : 100.2 kh2 
TOTAL ARRAY AREA : 107.4 km2 
TOTAL SATELLITE AREA : 114.6 km2 
MINIMUM POWER TO SLIPRINGS :16.68 Gw 

1NTERMEDlATE SEGMENT 

44-1Sm SEGMENTSfBAY 
598 STR INGSIBAY 
611 PANELSfBAY STRING LENGTH 

5 ST RINGSIlSm END SEGMENT 



STUDY CONTRACT TEAM ORGANIZATION 

The Study Contrac.t Team includes Boeing as prime cont rac tor  and General E l e c t r i c ,  Grunman, 
Arthur D. L i t t l e ,  and TRW as subcontractors. Pr inc ipa l  task areas f o r  the  subcontractors a r e  shown 

and t h e  study team leaders f o r  each contl-actor a r e  ind ica ted .  
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Study Contract Team Organization 
(Phase I Tasks Shown) 

I U ' # " '  - 

PHASE CONTROL SPACE CONSTRUCT ION EFFECTSOF MISSION CONTROL 
INSTALLATION OPTIONS POWER BEAM ON CONCEPTS 

SPACECRAFT 
RECTENNA ALUMINUM SPS AVIONICS 81 
CONSTRUCT1ON STRUCTURE INDUSTRIAL DATA SYSTEM 
& MAINTENANCE COMPLEX 

. 
BOE ING 

G. R. WOODCOCK 

f 

RECTENNA-GRID 
POWER PROCESSING 

GENERAL 
ELECTRIC 

R. ANDRYCZY K 
d 

I 

GRUMMAN 

R. McCAFFREY 

A. 0, LITTLE 

P. 3HAPMAN 

TRW 

R. CRISMAN . 



EXECUTIVE SUMMARY 

The executive sumary i s  subdivided i n t o  three major parts: ( I )  high7 ights  o f  trades and analyses, 

(2 )  the study base1 ine  update and recomnendation and ( 3 )  a discussion o f  development planning. 
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Executive Summary 

HIGHLIGHTS OF TRADES AND ANALYSES 

ANNEALING 81 BLANKET DESIGN 

ALUMINUM STRUCTURE 

SOLID STATE POWER AMPLIFIER 

FAILURE ANALYSES 

SMALLER SPS'S 

IEOTV AND CONSTRUCTION LOCATION 

CONSTRUCTION BASE OPTIONS 

LAUNCH SITES AND TRAJECTORIES 

MISSION CONTROL 

INDUSTRIAL INFRASTRUCTURE 

STUDY BASELINE UPDATE AND RECOMMENDATIONS 

DEVELOPMENT PLANNING 



THIRTY YEAR FLUENCE COMPARISON 

As a p a r t  o f  t he  independent e l e c t r i c  OTV analys is ,  a ca re fu l  comparative study o f  t h e  a v a i l a b l e  data 

f o r  s i l i c o n  and ga l l i um  arsenide so la r  c e l l s  was conducted. Th is  ana lys is  revealed a  s i g n i f i c a n t  

d i f f e r e n c e  i n  t he  environment model used f o r  the Boeing and Rockwell s o l a r  b lanke t  degradat ion 

analyses. The d i f f e r e n c e  represents approximately one order o f  magnitude i n  equ iva len t  e l ec t ron  

f l  uence. 
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30 Year Fluence Comparison 
I O i I . 0  - 

SPS-2474 

BOElNG MODEL WOULD PREDICT APPROX. 6 x 1 0 ' ~  I-MeV ELECTRON E Q U I V . / C ~ ~  

b 

t 

ITEM 
v 

CELL THICKNESS (mils) 

FRONT SHIELD (COVER) 

THICKNESS (mils) 

MAWAREA (g/m2) 

BACK SHIELD (SUBSTRATE) 

THICKNESS (milt) 

MASS/AREA/(~/~*) 

30 YEAR FLUENCE 

(I-M~V ELECTRON EQUIV. /cni2) 

BOE ING 

2.0 

BOROSILICATE GLASS 

3.0 

167.6 - 
BOROSI LICATE GLASS 

2.0 
111.8 + 

2 x  1016 

ROCKWELL 

0.2 

A1203 (SAPPHIRE) 

0.8 
79.6 - 

F EP/KAPTON 

1.6 

72.0 - 
p 4.9. 1015 c 



DEGRADATION COMPARISON FOR PROTON IRRADIATION 

* 

Boeing t e s t  data on s i l i c o n  so la r  c e l l s  a r e  compared here w i t h  the  Rockwell p ro j ec t i ons  f o r  t h e  

ga l l i um  arsenide so la r  c ~ l l .  It i s  c l e a r  t h a t  t he re  i s  no s i g n i f i c a r ~ t  d i f f e r e n c e  i n  these r e s u l t s .  

Test data on ga l l i um  arsenide c e l l s  might, o f  course, change t he  r e s u l t s  s i g n i f i c a n t l y .  Note t he  

d i f fe rence  i n  proton e l ec t ron  equivalences between s i l i c o n  and ga l l i um  arsenide. This d i f f e r e n c e  

a r i se?  because of t he  d i f f e r e n c e  i n  mass o f  the  atoms o f  the  two so la r  c e l l  cons t i tuen ts .  Our 

ana lys is  would p r e d i c t  no s i g n i f i c a n t  d i f f e r e n c e  i n  degradat ion between the  two systems f o r  t he  

same fluence. Since t he  ga l l i um  arsenide s o l a r  b lanket  design has s i g n i f i c a n t l y  l ess  sh ie ld ing ,  we 

would p r e d i c t  more degradat ion i n  the equ iva len t  environment compared t o  t he  Boeing s i l i c o n  b lanket  

design. 

Recent r e s u l t s  rc7or ted by Hughes show the  r a d i a t i o n  degradat ion o f  g a l l  ium arsenide t o  be a 
D 

s t rong  f unc t i on  o f  j u n c t i o n  depth. $hal low- junct ion c e l l s  show less  degradation. The p o s s i 6 i l i t y  

t h a t  g a l l i u n  arsenide c e l l s  may anneal a t  r e l a t i v e l y  low temperatures needs t o  be f u r t h e r  explored 

by t es t i ng .  
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Degradation Comparison For 
Proton Irradiation - I @ * ' W ,  - 

BOElNO 60 pm SlLlCON SOLAR CELLO 

0.9 {lalo MeV PROTON - 3760 1 MoV ELECTPONS) 

0.7 ROCKWELL OaAlAdGrAa SOLAR CELL 
(1.10 MeV PROTON * 8000 1 MeV ELECTRONS) 

I I I.( - 

10'0 1011 1012 1013 

10 MeV PROTON FLUENCE 



THERMAL ANNEALING OF PROTON DAMAGE I N  S I L I C O N  BOEING TEST DATA 

I l l u s t r a t e d  here are the r e s u l t s  o f  oven annealing tes ts  of bare 50 micron s i l i c o n  so la r  c e l l s .  

Several c e l l s  were tested w i t h  two I r r a d i a t i o n s  and two anneals. There were s i g n i f i c a n t  

differences i n  recovery from one c e l l  t o  the next. Some of these data sca t te r  were a t t r i b u t e d  

t o  differences i n  so la r  c e l l  response characteristic measuring equipment. A1 1 gel 1s tested 

showed recovery on both anneals. 
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SPS Thermal Annealing of Proton Damage 

In Silicon: Boeing Test Data 
'7# 70 

0 -5 

0.4 
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T I M E  TO TEMPERATURE FOR VAR IOIJS ANNKAL I N G  ENERGY DENS I T 1  ES 

I n i t i a l  t z s t s  under ECP 001 f o r  l a s e r  anneal ing o f  t h i n  s o l a r  c e l l s  w i t h  g lass covers were 

d i r e c t e d  t o  measuring thermal response so la r  c e l l s  t o  l a s e r  energy dens i ty .  The r e s u l t s  

a re  shown here. These energy dens1 t y  requirements a re  l e s s  than e a r l  l e r  est imates by about 

a f a c t o r  o f  5 and have been r e f l e c t e d  i n  reduct ic~ns i n  numbers o f  l ase rs  and power requ i re -  

ments f o r  t he  re ference l a s e r  anneal ing system. 
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Time-t o-Temperature for Various Annealing ' 
Energy Densities 

TIME REQUIRED TO 
RAISE SPECIMEN TO 
600% (SECONDS) 

1.0 

CURVE ASSUMES STEADY-STATE HEAT LOSSES 
AT EACH TEMP, 

MATERIAL TEMPERATURE GRADIENTS NOT INCLUDED 

MATERIAL THICKNESSES OF SPECIMEN 
GLASS - 6Opm 
St1 ICON - wm 
TITANIUM - 3pm 
PALLADIUM - 3 ~ m  
SILVER - 3rm 

AMBIENT TEMP - 2OoC (AIR) 

ENERGY DENSITY TO 
SPECIMEN (WATTSICM~) 



ALUMINUM SOLAR ARRAY STRUCTURE - CONCLUSIONS 

One o f  t h e  basel ine  eva lua t ion  tasks was d i r e c t e d  t o  t h e  use o f  an aluminum s o l a r  array support 
s t ruc ture .  Grumman performed t h i s  task under subcontract. The i r  conclusions a r e  s u m ~ a r i z a d  here .  



D180-26037-6 

ALUMINUM SOLAR ARRAY STRUCTURE - CONCLUSIONS 

ROLL FORMED CLOSED SECTION ALUMINUM STRUCTURES CAN BE AUTOMATICALLY 
FABRICATED IN ORBIT 

DESIGN LOAD REQMTS FOR LEO CONSTRUCTED SPS MODULE ARE SATISFIED - 
ALUMINUM 23% (2.82 x lo5 Kg) HEAVIER THAN COMPOSITE BUT MAY BE LOWER 
IN COST 

10 GW SPS NATURAL FREQUENCY WITH ALUMINUM (AR = 4) IS 66 TIMES ORBITAL 
FREQUENCY - INSTEAD OF 100 TIMES 

ESTIMATED NATURAL FREQUENCY IS ADEQUATE FOR SATELLITE CONTROL 
SYSTEM STABILITY, FURTHER ANALYSIS REQD TO VERIFY. 

BASED ON INITIAL STUDIES, THERMAL STRESSES ARE WITHIN CAPABILITY OF 
ALUMINUM DESIGN 

SATELLITE DEFLECTIONS ARE WITHIN ACCEPTABLE LIMITS (- 2") 



SOLID STATE POWER AMPLIFIER 

P r i nc i pa l  f i nd ings  and p r i n c i p a l  issues i d e n t i f i e d  a re  summarized on the fa.cing page. The s o l i d  
s t a t e  power a m p l i f i e r  con f i gu ra t i on  f o r  a  microwave power t ransmission t r ansm i t t e r  seems w e l l  
su i t ed  t o  low power SPS's. We found the p o t e n t i a l  f o r  accompl ish. i~g d e f i n i t i o n  o f  a  s u i t a b l e  
so l  i d  s t a t e  system t o  be considerably more encouraging than we had expected. Cer ta in  key issues 
remain. 

Primary i s  the  need t o  f i n d  a way t o  e l im ina te  o r  r n i n i ~ i z e  power processing. 

Secondly, experimental v e r i f i c a t i o n  o f  acceptable e f f i c i e n c i e s  f o r  in tegra ted  assemblies o f  
a m p l i f i e r  devices, coup l ing  c i r c u i t s ,  and RF r a d i a t o r s  i s  needed. 

F i n a l l y ,  the re  i s  the  issue o f  dev i r e  cos t .  Gal l ium arsenfde FET's today cos t  on the order  o f  
$100 per watt .  This i s  obv ious ly  p r o h i b i t i v e .  A product ion r a t e  curve ex t rapo lb t i on  t o  quant i  t i c s  
appropr ia te  t o  SPS leads t o  cos t  p red i c t i ons  i n  the acceptable range. These, however, w i l l  r e q u i r e  
f u r t h e r  con f i rmat ion  through experience i n  l a r g e r  sca le  product ion.  
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Solid State Power Amplifier 

FINDINGS 

IDEhTIFIED A PRACTICAL ELEMENT/SUBARRAY DESIGN APPROACH 

SOLID STATE TRANSMITTER IS A MASS/AREA SYSTEM RATHER THAN 
A MASStPOWER SYSTEM 

G ~ A s  FEf'S HAVE ADEQUATE PERFORMANCE-80% EFFICIENCY IS A 
REASONABLE EXPECTATION 

EFFICIENCY AND THERMAL CAPABILITY YIELD A MAXIMUM TRANSMITTER 
RATING OF ROUGHLY 2.5 GW GROUND OUTPUT AT 1.4 km DIA. 

EXPECT SIGN1 FlCANT RELIABILITY ADVANTAGE 

ISSUES 

ELIMINATION OF POWER PROCESSING 

EXPERIMENTAL MEASUREMENT OF IPJTEGRATED DEVICE/CIRCUIT/ 
RADIATOR PERFORMANCE: EFFICIENCY, GAIN, NOISE, HARMONICS 

r DEVICE COST (NOW * $100/WATT IN LOTS OF 100) 



SOLID STATE DEVICE LIFETIMES 

The f a i l u r e  s t a t i s t i c s  ind ica ted  i n  the  at tached cha r t  show t h a t  a t  a channel temperature 0.f 13!j0c, 

98% of the  devices w i l l  s t i l l  be opera t ing  a f t e r  30 years.  This suggests t h a t  a no-maintenance 

mode of operat ion may be feas ib le .  Even if a s i n g l e  FET f a i l u r e  i n  a power module cons i s t i ng  
of 8 output FET's (say 4 watts each) cons t i t u ted  a t o t a l  l oss  o f  the  e n t i r e  module (no graceful 

degradat ion),  the  operat ion o f  such modules @ 1 2 5 ' ~  would result i n  2% l o s s  a f t e r  30 years, compat- 

i b l e  w i t h  SPS f a i l u r e  r a t e  budget. 
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Solid State Device Lietime 
mm'.'.I#.II - 

GaAs FET 
30 YEAR MAINTENANCE 
LOG NORMAL FAILURE DISTRIBUTION 

0 - 1  

1978 RELIAB. PHYSICS 
SY MP. 



S O L I D  STATE D E V I C E  MAT'JRE INDUSTRY COSTING 

With a 7 0 %  production r a t e  improvement curve ( i  . e .  u n i t s  produced a t  the  r a t e  o f  2n per year  

cost  7 0 %  as much as u n i t s  produced a t  t h e  r a t e  of n per y e a r ) ,  cos t  per u n i t  power f o r  GaAs 

FETS i s  about the  same as t h e  projected cost  per u n i t  power f o r  k lystrons.  
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Solid State Device Mature Industry Costing 

*m#/Na - 

NUMBER OF DEVlCES PER YEAR 

2 5 



REPRESENTATIVE S O L I D  STATE SPS COSTS AND S I Z I N G  

The s o l i d  s t a t e  t r ansm i t t e r  i s  l i m i t e d  by maximum a l lowab le  device temperature t o  a thermal 

d i s s i p a t i o n  o f  roughly  1.5 k i l o w a t t s  per  square meter. A t  a conversion e f f i c i e n c y  o f  80% @ 

w i t h  a 10 dB Gaussian taper  the thermal cons t ra in ts  a rd  ionosphere power dens i ty  cons t ra i n t s  

f o i l o w  charsacter is t ic  curves as i l l u s t r a t e d  on t h i s  map of SPS power cos t  i n d i c a t o r s  versus 

t r ansm i t t e r  diameter and power l e v e l .  As can be seen, t he  s o l i d  s t a t e  system i s  const ra ined 

t o  a t o t a l  power l e v e l  of approximately 2% gigawatts w i t h  a t r ansm i t t e r  aper ture of 1.4 

k i lometers .  Thus, t h i s  system i s  we j l - su i t ed  t o  the smal ler s i z e  lower power sPS applFr-a- 

t i o n  and i n  f a c t  may be l i m i t e d  t o  such lower power t r a n s m i t t e r  l i n k s .  



D 180-25037-5 

Representative Solid State SPS Costs and Sizing 
S 

COST OF 
SPS 
ELECTRICITY 
(mildkwh) 

40 . 

ASSUMPTIONS: 

TOC.R F ' *8 

.I POWER PROCESSING 

TRANSMlT7lNO ANTENNA DIAMETER (km) 



SOLID STATE POWER SUPPLY OPTIONS 

Sol i d  s t a t e  devices s u i t a b l e  f o r  microwave power ampl i f i c a t i o n  operates a t  vol tages on the  order  of  
25 v o l t s .  D i s t t * i bu t i on  vol tages s u i t a b l e  f o r  SPS a p p l i c a t i o n  range from 20,000 t o  40,000 v o l t s .  
I f  i t  were necessary t o  process a l l  t h i  power down t o  a vo l tage  o f  25 v o l t s ,  the  cos t  and e f f i c i e n c y  1 o f  power processing combined w i t h  the I R losses and conductor mass f o r  such operat ions might be 
p r o h i b i t i v e .  Therefore, an approach t o  e l im ina t i on  of  power processing i s  h i g h l y  des i rab le .  Two 
approaches have  bee^ i d e n t i f i e d  t h a t  may prove workable. One i s  belng explored by Rockwell based 
on e a r l i e r  suggestions by Aero.;pace Corporat ion. This i s  the  idea o f  d i s t r i b u t i n g  the microwave 
power conversion over tho  so la r  a r ray  and us ing a microwive waveguide systern f o r  power d i s t r f b u t i o n .  
I n  t h i s  way, the need f o r  e l e c t r i c a l  power d i s t r i b u t i o n  i s  e l im ina ted  and the so la r  a r ray  can 
supply power t o  l o c a l  microwave generators a t  : , w  vol tage.  This op t i on  ra i ses  ser jous concerns 
regard ing the degree t o  which phase con t ro l  p rec i s i on  can be maintained. The second approach i s  t o  
employ a ser ies-para1 1 e l  connection o f  the  microwave power ampl i f i ers (as regards DC power supply) 
s i m i l a r  t o  t h a t  used f o r  so la r  c e l l s  i n  gcnera t io r~  o f  the DC power, Aggregate se ts  o f  m'icrowave 
power generators can then be suppl i e d  a t  comparat ively h igh d i s t r i b u t i o n  vol tages . This o p t i o n  
ra i ses  concerns regard ing s t a b i l i t j ,  matching, and balance o f  the  power supply and con t ro l  network. 

The minimum r i s k  op t i on  i s  use o f  dc/dc converters bu t  t h i s  w l l l  resu ' l t  i n  s l g n l f i c a n t l y  g rea te r  
SPS mass and c o s t .  

AC power d i s t r i b u t i o n  may prov ide a means o f  minimizing d i s t r i b u t i o n  losses and reducing s o l a r  
a r ray  vol tage. Mass and cos t  penal t i e s  w i l l  be s i m i l a r  t o  those f o r  f u l l  dc/dc processing. 
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Solid State Power Supply Options 

DIRECT HlGH VOLTAGE DC 

REQUIRES SUBARRAYS IN SERIES 
CONNECTION TOPOLOGY A PROOLEM 

HlGH E-FIELDS NEAR ADJACENT SUBARRAY8 
MAY CAUSE ARCS, WILL SUSTAIN THEM 

DC-DC CONVERSION ON MPTS 

PERFORMANCE PENALTIES 
DC-DC CONVERTERS Z lkg/kw 
POWER LOSSES IN CONVERTERS 

SERIEStPARALLEL CONNECTIONS WITHIN 
SUBARRAYS STILL REQUIRE0 

ARRAY F l  
AC POWER DISTRIBUTION 

CONVERT 
DC/AC ON SOLAR ARRAY 
AC/DC AT SUBARRAY 

REQUIRES S/P TO SOME EXTENT ON SUBAHRAY 
Fl 1 ARRAY 



SPS SATELLITE FAILURE SUMMARY 10 GIGAWATT SPS 

Results o f  the updated f a i l u r e  analysis are  recorded here. The numbers o f  f a i l u r e s  per year f o r  
these systems represents the maintenance work l o a d  f o r  sate1 1 1  t e  maintenance, 
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SPS Satellite Failure Summary- 10 GW SPS 
IUIIrYU - 

SPS.2476 

QUANTITYIIPPS 

337,920 
337,820 

18,072 

203,104 
912 
4MI 
912 

FAILURESNR. 
I 

328 
668 

7 

7,934 
8 

24 
3 
4 

4 
2 

29 
4 

33 
26 

b 

WBS 

1.1 
1.1,1.1.4 
1.1.1.3.2 
1.1.1.4,5 
1.1.2 
1.1.2.2.1 
1.1.2,3,2 
1.1.2.3.3 
1.1.2.3.4 

J 

NOMENCLATURE 

ENERGY CONVERSION 
BLANKET TENSIONINO DEVICES 
BLANKET MECHANICAL ATTACHMENT 
CELL STRING BLOCKING DIODES 
POWER TRANSMISSION 
RF/DC CONVERTER MODULE 
SWITCHGEAR 
DC/DC CONVERTER 
DISCONNECT SWITCHES 

1.1.2.4.2 

1 .I .2.5,4 
1.1.2.5.5 

DC/OC CONVERTER THERMAL CONTROL 456 
PHASE CONTROL 
RECEIVERS 
DIPLEXERS 
PHASE TRANSMIUERS 
PHASE RECEIVERS 
CONJUQATORS 
CABLING 

203,666 
203,860 
203,668 
220,408 
220,408 
203,688 
2 18,088 



ANNUAL POWER LOSS DUE TO FAILURES 

The annua*, power loss due t o  these f a i l u r e s  i s  a funct ion o f  the number o f  f a i l u re5  and the power 

loss  per f a i l u r e .  As indicated, the p r i nc ipa l  power loss problem i s  the DC-to-DC converters 

fol lowed by k lyst rons and switchgear. Invest igat ions have indicated t h a t  p a r t i a l  redundancy can 

be S u i l t  i n t o  the DC-to-DC converters w i t h  small mass penalty t o  reduce t h i s  proklem. 
1 
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A V A I L A B I L I T Y  V S .  PROBABIL ITY OF OVERALL SPS POWER TRANSMISSION SYSTEM FROM 
OUTPUT OF F L E X I B I L E  J O I N T  ON SPACE ANTENNA TO POWER G R I D  INTERFACE 

The c h a r t  shows t he  v a r i a t i o n  o f  equipment a v a i l a b i l i t y  i n  t he  o v e r a l l  SPS power t r a n s f e r  system. 

I f  Dower recovery methods a re  used i n  the  space antennd, then the output  power a t  the  power g r i d  

i n t e r f a c e  i s  determined by t he  equipment a v a i l a b i l i t y .  Without power recovery ( r e d i r e c t f n g  the  

a v a i l a b l e  DC power f o r  DC t o  RF conversion t o  t he  s t i l l  a v a i l a b l e  p a r t  o f  the  space antenna 

r a d i a t i n g  components) the  a v a i l a b l e  power a t  the  u t i l i t y  i n t e r f ace  i s  lower because a l o s t  

r a d i a t i n g  component i n  the  space antenna represents l oss  o f  power as we l l  as l oss  o f  antenna area. 

The mean a v a i l a b i l i t y  f o r  t he  two cases i s  approximately 90% and 86% respec t i ve ly .  
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SMALL SPS 'S 

Smal ler  SPS con f i gu ra t i ons  were compared t o  the  o r i g i n a l  10 g igawat t  base l ine.  The f i r s t  was the  

present  NASA 5 g igawat t  base l lne  w i t h  one t r a n s m i t t i n g  antenna. Analys is  o f  t h e  c o n t r o l  r equ i r e -  

ments f o r  t h i s  asymmetric con f i gu ra t i on  determined t h a t  because o f  t ! l s  o v e r r i d i n g  importance o f  

s o l a r  pressure compensation i n  the  c o n t r o l  t h r u s t  scheme, no prcipe!i. tnt pena l t i e s  were incur red  by 

the  l a c k  o f  symmetry. Also, no p a ~ k a g i n g  d i f fe rences  have  bee^ , i d m t i f i e d  t h a t  would a r i s e  f rom 

d i v i d i n g  t h e  o r i g i n a l  con f i gu ra t i on  int:, two equa l ha1 ves . Therefore, t he  o r ~ l y  consequence of 

t h i s  a l t e r n a t i v e  t o  t he  o r i g i n a l  base l ine  i s  t he  requirement f o r  more p o s i t i o n s  i n  geosynchronous 

o r b i t  t o  e f f e c t  a  g iven t o t a l  i n s t a l l e d  generat ing capac i t y .  

The nex t  a l t e r n a t i v e  was a l so  a  f i v e  g igawat t  system, bu t  t he  power was d i v i ded  i n t o  two power 

t ransmiss ion l i n k s  each ra ted  a t  235 gigawatts.  I n  o rder  t o  minimize l and  use and rectenna costs ,  

i t  i s  des i r ab le  when reduc ing t h e  l i n k  power t o  increase t he  t r a n s m i t t e r  aperture,  i n  t u r n  

reduc ing t he  r e c e i v i n g  s t a t i o n  area. Th is  design op t ion ,  however, has approximately 4 t imes as 

many t r a n s m i t t e r  subarrays as t he  s i ng le - t r ansm i t t e r  5 g igawat t  s a t e l l i t e .  As a r e s u l t ,  i t  

incurs  a  s i g n i f i c a n t  payload packaging problem because o f  the  low packaging dens i t y  o f  completely 

assembled t r ansm i t t e r  subarrays. The packaging dens i t y  s i t u a t i o n  appears t o  be much improved 

through use o f  a  so l  i d  s t a t e  t r ansm i t t e r .  I n  t h e  s o l i d  s t a t e  o p t i o n  a l l  o f  t h e  a c t i v e  funct ions 

a re  inc luded i n  a  p lanar  sheet on l y  about 2 cent imeters  t h i c k  ( i n c l u d i n g  t h e  resonant c a v i t i e s ) .  

Thus, a  much h igher  packaging dens i t y  per u n i t  o f  aper tu re  area can be achieved. 

The f i n a l  opt ion,  l i k e  the  second opt ion,  r e s u l t s  f rom e f f e c t i v e l y  d i v i d i n g  a  symmetric c o n f i g -  

u r a t i o n  i n  h a l f .  As f o r  t h e  o the r  case, no pena l t i e s  were determined f o r  t h i s  design o p t i o n  

except ing t h e  use o f  more geosynchronous o r b i t  space. 

3 6 
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Small SPS's 

0 
10 GW BASELINE 

0 
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TRANSMITTERS 
EXCEPT USE OF 
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SPACE AT OEO 

TRANSMITTERS 

FJO IMPACT 82% VOLUME 
EXCEPT USE OF LIMITED LAUNCH 
SPACE AT GEO PENALTY UNLESS 

TRANSMITTER IS 
SOLlO STA fE 



LEO CONSTRUCTION CONCEFT SELF POWER MODULES 

The p re fe r red  o r b i t  t o  o r b i t  t r anspo r t a t i on  concept i d e n t i f i e d  i n  t he  prev ious study was t he  use o f  

e l e c t r i c  p ropu ls ion  systems t o  convert  SPS modules i n t o  powered spacecraf t  t h a t  cou ld  t r a n s f e r  them- 

selves t o  geosync~~ronous o r b i t  w i t h  a  t r i p  t ime o f  approximately 150 days. A t r a d e o f f  study 

comparing t h i s  t o  cons t ruc t i on  o f  SPS a t  geosynchronous o r b i t  w i t h  chemica l ly - fue led (L02/LH2) 

o r b i t  t r a n s f e r  veh ic les  showed a cos t  saving o f  roughly  $2 b i l l i o n  per 10,000 megawatt SPS. 

Va r i a t i ons  on t h e  bas ic  sel f -power concept i l l u s t r a t e d  on t h i s  s l i d e  i nc l ude  r e t u r n  o f  t he  o r b i t  

t r ans fe r  hardware f o r  reuse by e i t h e r  chemical o r  e l e c t r i c  o r b i t  t r a n s f e r  v e h i c l e  means. 
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LEO Construction Concept 
Self Power Modules 
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GEO CObiSTRUCTION CONCEPT E L E C T R I C  O R B I T  TRANSFER V E H I C L E S  

During t he  present Phase I study, an ana lys is  wds conducted t o  eva luate t he  use o f  independent 

e l e c t r i c  o r b i t  t r a n s f e r  l eh i c l es  t o  a1 low the  benef i ts  o f  e l e c t r i c  propuls ion t o  be combined w i t h  

t h e  b e n e f i t s  o f  geosynchronous o r b i t  cons t ruc t ion .  The operat ional  concept i s  i l l ~ s t r a t e d  on the  

f a c i n g  rage, E l e c t r i c  o r b i t  t r a n s f e r  vehic les a r e  constructed i n  low ea r th  o r b i t  a t  a low ea r th  

o r b i t  base which a l so  provides s tag ing  depot func t ions .  A f l e e t  o f  approximately 20 e l e c t r i c  

o r b i t  t r a n s f e r  vehic les conveys SPS payloads t o  geosynchronous o r b i  t where SPS cons t ruc t ion  takes 

place. I n  o rder  t o  prov ide expedi t ious t r ans fe r s  of crews and suppl ies,  h igh  t h r u s t  chemical ly-  

propel  l e d  o r b i t  t r a n s f e r  veh ic les  a r e  used t o  p rov ide  t h i s  serv ice.  The e l e c t r i c  o r b i t  t r a n s f e r  

vehic les a r e  reused 10 times over a  l i f e t i m e  o f  several  years. 
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GEO Construction Concept 
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SELF-POWER CONFIGURATION PHOTOVOLTAIC SATELLITE 

Several changes were made i n  the self-power conf igurat ion.  The p r i nc ipa l  change w ~ s  i n  the means 
o f  deploying the   or ti on o f  the so la r  array t o  be used f o r  o r b i t  t rans fer .  Deployment as i l l u s -  
t ra ted  makes three imp! ovements over the ea r l  i e r  conf igura t ion :  '1) I n e r t i a l  balancing o f  the 
self-powered module i s  improved s l i g h t l y ;  ( 2 )  Solar blanket s t re tch ing  load; are e l  iminated from 
the s t ruc tu ra l  beams tha t  incur  the highest load due t o  o r b i t  t rans fer  t h r u s t  forces; and 
( 3 )  The problen~ o f  matching degraded solar  c e l l  arrays t o  undegraded arrays it1 a ser ies connection 
i s  el iminated. This i s  q u i t e  important since cur rc , l t  degradation due t o  r a d i a t i o n  i s  more s i g n i -  
f i c a n t  than vol tage degradation. 

A second change involves a re loca t i on  o f  the th rus ter  modules t o  improve I n e r t i a  balancing and 
t h r u s t  moment capab i l i t y .  Sevsral p rope l lan t  tank locat ions were t r i e d  t o  improve i n e r t i a  
balancing, w i t h  the f i n a l  r e s u l t  being tha t  l oca t i on  a t  the center o f  the module provides the 
best ove ra l l  t r ans fe r  performance. The r e s u l t  o f  these changes was an improvement i n  the e f fec t i ve  
a.Jerage in tegrated spec i f i c  impulse f o r  self-power t rans fe r  from approximately 2100 seconds t o  
approximately 3000 seconds. The e l e c t r i c  s p e c i f i c  impulse used i s  7,500 seconds, but t h i s  i s  
s i g n i f i c a n t l y  degraded by the use o f  chemical t h r u s t  dur ing occu l ta t ions  periods and t o  cont ro l  
high g r a v i t y  gradience dur ing the ea r l y  pa r t  o f  the t rpns fer .  ( I n  comparison the ne t  in tegrated 
average spec i f i c  impulse f o r  the independent e l e c t r i c  OTV i s  approximately 6,000 seconds. This 
higher performance r e s u l t s  because the e l e c t r i c  OTV i s  considerably smal ler than the self-power 
module and does not  s u f f e r  very much from g r a v i t y  gradience performance degradation.) 
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Self-Power Configuration 
Photovoltaic Satellite 

GENERAL CHARACTERlSTlCII 
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EOTV CONFIGURATION 

The independent e l e c t r i c  OTV conf igur-at ion shown here i s  updated from ea r l  i e r  mid-term data. 

Mass ard s i z e  increases resu l ted  from incorporat ion o f  bussing losses i n  the Dower budqet and 

cor rec t ion  o f  other analysis approximations used i n  the e a r l i e r  e f f o r t .  This o r b i t  t rans fer  

veh ic le  i s  sized t o  d e l i v e r  4,000 metr ic  tons t o  geosynchronous o r b i t  and returrr w i t h  200 met r ic  

tons. The re tu rn  payload c a p a b i l i t y  provides f o r  re tu rn  o f  packaqing equipment and other  Items 

from the geosynchronous o r b i t  cqnstruct ion s i t e .  Because the e l e c t r i c  orb1 t t rans fer  vehlc l  e  

i s  smaller than the SPS modules discussed on the previous page, d t  su f fe rs  comparatively l i t t l e  

from performance losses induced by g r a v i t y  gradients. 
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Electric OTV Configuration 
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ORBIT TRANSFER SYSTEM COST COMPARISONS 

A comprehensive cost comparison was developed i n  order t o  show the contrast  between the s e l f -  

powered e l e c t r i c  propulsion op t ion  and the independent e l e c t r i c  o r b i t  t ransfer  vehic le.  Included 

i n  t h i s  comparison are the d i f ferences i n  costs o f  construct lon operations. Three systems are  

compared: (1) the use o f  e l e c t r i c  propel l ed  SPS sel f - t ranspor t  modules w i  t h o 4 ~ t  recovery o f  the 
e l e c t r i c  propulsion equipment; ( 2 )  the se l f -p rope l led  op t ion  w i t h  the use o f  small e l e c t r i c  OTV's 

t o  recover the o r b i t  t rans fer  hardware; ( 3 )  the use o f  independent e l e c t r i c  o r b i t  t rans fer  vehicles 

f o r  a1 1 o r b i  t - t o -o rb i  t cargo t ranspor ta t ion  w i t h  construct ion of SPS Is  a t  geosynchronous o r b i t .  

The bars on the l e f t  show the t o t a l  cost o f  preparing t o  car ry  ou t  the construct ion operations 

inc lud ing  the  u n i t  cost of the construct ion bases and o f  t h e i r  t ransportat ion.  The second se t  o f  

bars shows the t ransportat ion system f l e e t  investment required t o  es tab l ish  a production r a t e  o f  

10,000 megawatts per year. The t h i r d  se t  o f  bars shows the  cost  o f  t ranspor ta t ion  operations f o r  

the f i r s t  year 's  opzrations, i .e . ,  construct ion o f  two 5,000 megawatt SPS1s. The f o u r t h  set  o f  

bars i s  simply the sum o f  the f i r s t  three sets showing the t o t a l  t ranspor ta t ion  and cons t ru i t i on  

system cost  t ha t  must be invested through the f i r s t  year 's  product ion operat ion. The f i f t h  se t  

o f  bars shows f u l l y  amertized costs f o r  the three systems inc lud ing  amort izat ion o f  a l l  c a p i t a l  

investments a t  an i n t e r e s t  r a t e  o f  7 g i % .  

The greater  cap i ta l  cost  o f  the independent e l e c t r i c  o r b i t  t ransfer  veh ic le  system i s  o f f s e t  by 

i t s  reduced fue l  consumption on a f u l l y  amortized basis.  However, the d i f fe rence i n  f r o n t  end cost  

t o  es tab l ish  a production r a t e  o f  10,000 megawatts per year i s  q u i t e  s i g n i f i c a n t ,  approximately $7 

b i l l i o n .  
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CUMULATIVE COST COMPARISON 

Cost t r ~ n d s  w i t h  time f o r  the  th ree  o r b i t  t ransfer /construct ion l o c a t i o n  options a r e  shown here.  
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CONSTRUCTION L O C 4 T I O N  SUMMARY 

Sumnarized hers a r e  the important comparison factors f o r  low earth p r b i t  constr~lct ion with s e l f -  

power o f  the SPS modules t o  geosynchronous o r b i t  and construction a t  geosynchronous o r b l t  using 

independent e l e c t r i c  o r b i t  t ransfer  vehicles f o r  t ransfer  operations. A q u a l i t a t i v e  preference 

i s  indicated f o r  construction i n  low earth o r b i t .  
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ORBIT TO ORBIT TRANSPORTATION CONCLUSIONS 

Self-power from low ear th o r b i t  construct ion bases f o r  establishment o f  SPS's a t  geosynchronous o r b i t  

i s  recornended as the preferred approach. This preference ar ises p r i m a r i l y  because o f  the s i g n i -  

f i c a n t  d i f fe rence i n  f r o n t  end cost. The independent e l e c t r i c  o r b i t  t r ans fe r  vehic le may show a 

s l i g h t  cost  advantage amortized over a l a rge  product ion run. This cost  advantage i s  sens i t i ve  t o  

rad ia t i on  degradation e f fec ts .  I f  the independent e l e c t r i c  o r b i t  t r ans fe r  veh ic le  can be reused 

many times by successful annealing o f  i t s  so la r  blankets, i t  can provide low cost. I f  annealing 

recovery i s  less complete, the se1.-power operations which expose solar arrays t o  the o r b i t  t r ans fe r  

r a d i a t i o n  degradation on ly  once, w i  11 e x h i b i t  lower cost. 

A f u r t h e r  s e n s i t i v i t y  issue i s  hardware cost  uncer ta in t ies .  The independent e l e c t r i c  o r b i t  t r ans fe r  

veh ic le  (w i th  the nominal reuse scenario developed under t h i s  study) shows r e l a t i v e l y  l i t t l e  

s e n s i t i v i t y  t o  hardware cos t  because the  cost  o f  the o r b i t  t r ans fe r  hardware i s  amortized over 

several SPS 's .  

Gal l ium arsenide so la r  blankets f o r  the independent e l e c t r i c  OTV were a1 so examined. No advantage 

was found for  the use o f  ga l l ium arsenide i n  the o r b i t  t r zns fe r  vehicles under the assumption t h a t  

s i l i c o n  was t o  be used fo r  the s a t e l l i t e  systems. Clear ly ,  i f  ga l l ium arsenide i s  t o  be used f o r  the 

SPS then i t  makes sense t o  a lso use i t  f o r  the o r b i t  t r ans fe r  system. 
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Orbit-to-Orbi t Transportation Conclusions 
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ALTERNATE CONSTRUCTION BASE CONCEPTS 

During the Phase I a c t i v i t y ,  a  va r i e t y  o f  construct ion base concepts were developed and narrowed 

t o  two p r i n c i p a l  contenders by the mid-term. These were (1) a platform o r  single-deck construc- 

t i o n  system, and (2)  an end bui ld f i r .  The two are shown on the fac ing  page. I n  the case of the 

p la t fo rm f a c i l i t y ,  construct ion o f  s t ruc ture  and i n s t a l l a t i o n  o f  so la r  arrays and subsystems 

takes place on separate pa r t s  o f  the f a c i l i t y  w i t h  a maximum o f  uncoupling o f  operations. The 

end bu i l de r  i n s t a l l s  so la r  arrays simultaneously w i t h  construct ion o f  s t ruc tu re  and the SPS moves 

away from the construct ion f a c f l f t y  I n  a contfnuous manner as construct ion takes p l l c e .  The 

systems were compared and evaluated f o r  geosynchronous o r b i t  construct ion. The construct ion r a t e  

was se t  t o  b u i l d  a 5,000 megawatt monol i th ic  SPS i n  a 180-day period. The antenna construct ion 

f a c i l i t y  was not  a var iab le  i n  t h i s  analysis.  



0 180-25037-5 

ALTERNATE CONSTRUCTION BASE CONCEPTS 

SINGLE DECK 
(WITH CONSTRUCT ION GANTRY) 

QEO CONSTfWCTION 

6 0 W  krlONOLOTHlC WS 

* 180 DAY CONSTRUCTION TIME 

END BUILOEFI 
2 BAY $ 

SPWE ANTENNA CONSTRUCTION FACILITY 



ALTERNATIVE CONSTRUCTION CONLEPT S 

MASS AND COST COMPARISON 

As can be seen i n  t h i s  f i g u r e ,  the  mass and cost est imates for the th ree  candidates t u r n  o u t  to be 

very c lose,  subsequently, the  se i  ec t fon  o f  the  p r e f e r r e d  approach will be determl ned by o ther  

c r i  t e r l  a .  
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Alternative Construction Concepts 
- 

Mass & Cost Comparison 

l@n 
k BILLION8 

COST 

MASS 
1m Kfi 

MASS 



ALTERNPTE CONSTRUCTION CONCEPTS SUMMARY 

This t a b l e  sumnarizes the d i f f e rences  between the  th ree  concpets. The essence o f  t h i s  comparison 

!s t h a t  the  S ing le  Deck f a c i l i t y  incolrporates l e s s  complex cons t ruc t i on  operat ions and i s  more 

adaptable t o  SPS design changes a f t e r  t he  base i s  const ructed and t he  End Bu i l de r s  have an fnherent  

capab i l  i t y  f o r  h igher  product ion ra tes .  



D 180-25037-5 

Alternate Construction Concepts Summary 

CRITERIA I SINGLE DECK I 2-BAY END BUILDER I 4 4 A Y  END BUILDER 

BASE COST 

BASE MASS 

CREW SlZE 

OPERATIONS 
COMPLEXITY 

FLEXIBILITY 
(AFTER BASE BUILT) 

HIGHER RATES 

FRAME DESIGN 
CHANGES 

BAY SlZE CHANGE 

DEVELOPMENT RISK 

STRUCTURE ASSY/ 
COUPLED COUPLED 

SOLAR ARRAY 
STRUCTURAL ASSYI STRUCTURAL ASSY/ 
SOLAR ARRAY SOLAR ARRAY 
DEPLOY OEPLOY 

CAPABILITY 
INHERENT 

I NO SIGNIFICANT DIFFERENCE 

CAPABILITY 
INHERENT 



CONCLL'S I O N S  FROM COiJSTR l lCT ION METHODOLOGY E V A L U A T I O N  

Pr inc ipa l  conc I- ions from t h i s  e v a l u a t i o n  are presented on the f a c i n g  page. 



BEST APPROACH IS TO EVOLVE FROM PLATFORM TO END-BUILDER WHEN WARRANTED 
BY PROGRAM MATURITY AND PRODUCTION RATE 

s 

6 PLATFORM IS MORE FLEXIBLE 
ADAPTS EASIER TO SPS CONFIGURATION CHANGES 
MORE TOLERANT OF EQUIPMENT BREAKDOWrJ & SCHEDULE ANOMALIES 

D 180-25037-5 

Conclusions from Construction 
Methodology Evaluation 

~ ~ # ' ' # ~  - 

PLATFORM IS BEST FOR PROTOTYPE PHASE 

-153 7 

END-BUILDER AND PLATFORM (SINGLE-DECK) BASES ARE SIMILAR IN  CONFJOURATION 
AND FEATURES 

END-BUILDER HAS EVErJTUAL HIGHER PRODUCTIVITY AND SLIGHTLY LOWER COST 
AT MODERATE TO HIOH PRODUCTION RATES 

COMPARISON IS NOT AFFECTED BY LEO/OEO ISSUE 



LAUNCH S I T E  SELECTION 

The launch s i t e  analysis task was motivated by the premise t h a t  se lec t ion  of a  l ow- la t i t ude  

s i t e  would o f f e r  s i g n i f i c a n t  cost  advantages w i t h  respect t o  operations from the Kennedy 

Space Center, where ear th- to- low-orb i t  space t ranspor ta t ion  a r r i ves  a t  a  30' i n c l i n a t i o n  

o r b i t .  With a  30' i n c l i n a t i o n  o r b i t  f o r  staging o r  cor istruct ion operations, a 30' plane 

change i s  required t o  reach a  geosynchronous equator ia l  o r b i t .  It was presumed t h a t  t h i s  

pSane change would incur  s i g n i f i c a n t  performance penal t i e s  r e l a t i v e  t o  a zero-degree o r  

l ow- inc l i na t i on  low ear th o r b i t .  However, w i t h  e l e c t r i c  propulsion t h i s  performancc 

d i f fe rence i n  terms of cost  i s  minimal. Therefore, the p r i nc ipa l  mot ivat ion f o r  leaving 

KSC fo: remote s i t e  w i l l  stem from the eventudl i t y  o f  SPS operations outgrowina KSC. 
Our estimates t o  date i nd i ca te  tha t  KSC can handle approximately 10 gigawatts per year o f  

SPS construct ion. 

Remote s i t e  options include land-based s i t e s  such as the mouth of the Amazon i n  B raz i l  

and ocean-based s i t e s  employing la rge  f l o a t i n g  st ructures such as the western Pac i f i c  low 

l a t i t u d e  s i t es  i d e n t i f i e d  by Jim Akkerman i n  studies a t  the Johnson Space Center. Larae 
uncerta int ies present ly e x i s t  as t o  the cost o f  l a rge  f l o a t i n y  s t r t c tu res .  The two orders 

of magnitude range i s  ind ica ted  on the fac ing page. 



Launch Site Selection 

PERFORMANCE AOVAPdTAGE FOR LOW LATITUOE 

IS SMALL (<lo%) FOR ELECTRIC PROPULSIOEJ 

PRINCIPAL MOTIVATION FOR REMOTE SlTE WILL 

OCCUR IF  SPS OPERATIONS OUTGROW KSC 

KSC APPEARS SUITED FOR ABOUT 10GWIYEAR 

OCEAN SlTE POTENTIALLY ATTRACTIVE DEPENDING 

ON COST OF LARGE FLOATING STRUCTURES 

AIRCRAFT CARRIERS -S60 000/h12 

DRYDOCKS 81 BARGES - $6 OOO/M* 

CONCRETE FLOATS < SOO/M~ 
(HOUSEBOATS) 



REFERENCE HLLV LAUNCH TRAJECTORY 

One o f  the  environmental issues ra ised  w i th  respect t o  SPS operat ions i s  the p o s s i b i l i t y  o f  

in f luences on the upper atmosphere from launch operat ions.  This f i g u r e  shows the  r e l a t i o n -  

ship of the cur ren t  basel ine  t r a j e c t o r y  t o  the  key regions of  the  upper atmosphere. 
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Reference HLLV Launch Trajectory 

OSPHERE F- 
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LAUNCH TRAJECTORY SUPPP' SION RESULTS 

A number of ascent t r a j e c t o r i e s  were simulated using various s t ra teg ies  t o  minimize t r a j e c t o r y  

a l t i t u d e .  Results a re  sumnarized on the fac ing  page. It was found tha t  t he  best t r a j e c t o r i e s  

had a  peak ascent a l t i t u d e  o f  about 110 ki lometers. Tra jec tor ies  could be suppressed t o  keep 

the path below 100 ki lometers w i t h  a  sl i g h t  performance penalty . 
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Launch Trajectory Suppression Results 
dr01&-/'G - 

SPS- 2539 

PEAK ASCENT TRAJECTORY ALTITUDE IN KM 
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GEOMAGNETIC FIELD CAPACITY TO CONFINE SPS ION 

THRUSTER P!.ASMA 

Ion  th rus ters  used f o r  e l e c t r i c  o r b i t  t r ans fe r  w i l l  emit l a rge  numbers o f  p o s i t i v e l y  charged 

argon ions and negat ive ly  charged e lect rons.  As these beams o f  p a r t i c l e s  leave the  v i c i n i t y  
* 

of the SPS o r  o r b i t  t r ans fe r  veh ic le  and d i f f u s o  t o  lower dens i t ies  they w i l l  become geomagnetically 

trapped i n  the ear th 's  magnetic f i e l d .  Shown on the fac ing page i s  the  c a p a b i l i t y  o f  the  

magnetic f i e l d  t o  conf ine plasma from the i o n  th rus ters  based on i o n  energies o f  about 1500 

e lec t ron  vo l t s .  



GEOMAGNETIC FIELD C A P A C I T Y  TO CONFINE SPS ION THRUSTER #PLASMA 

ENERGY DENSITY L I M I T  

L (EARTH R A D I I )  

69 



COMMAND CONTROL CENTER RELATIONSHIPS TO MAJOR SYSTEM 
ELEMENTS AND TO EACH OTHER 

As a par t  o f  the phase I act iv!  t y  i t  was desi red to develop a concept f o r  mission control opera- 

t ions t o  enable studies o f  mission operatlons i n  the phase I 1  a c t i v i t y .  Several concepts were 

co~zidered and the organizatfon shown on the facing page selected f o r  the  phase X I  analysis.  



C&C CENTER RELATIONSHI PS TO MAJOR SYSTEM ELEMENTS AND 13 EACH OTHER 



INDUSTRIAL INFRASTRUCTURE 

A preliminary analysis o f  the industrial In f ras t ruc ture  was conducted wi th  resu l ts  as indicated 

on the facfng page. Of the ~ e v e r a l  components that  requlre productlon rates stgnf ffcantly hfgher 

than those i n  present indbst r ia l  experience,only the solar blankets represent a s ign l f t can t  

problem. Production rates o f  SPS hardware are, i n  general, not hlgh when compared t o  production 

rates i n  major U.S. industr ies. The solar  blankets represent a s ign i f icant  problem because 

major technological advances I n  production techniques must be accomp1lshed i n  order t o  meet the 

production demands o f  an SPS system. 
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Industrial Infrastructure 
I O I H I Y O  - 

a SEVERAL COMPONENTS REWIRE PRODUCTION RATES GREATER THAN 
PRESENT CAPABILITY 

SOLAR BLANKETS 

GRAPHITE STRUCTURE 

KLYSTRONS 

ELECTRIC THRUSTERS 

LIQUID HYDROGEN 

ONLY SOLAR BLANKETS REPRESENT A PROBLEM 



TERRESTRIAL AND SPS PHOTOVOLTAIC MARKET 
GROWTH SCENARIO 

Arthur 0. L i t t l e ' s  analysis o f  the photovol ta ic  market growth shows t h a t  the product ion ra tes  of 

so la r  c e l l s  t o  enable an SPS prototype program are w i t h i n  the range expected f o r  the Department 

o f  Energy T e r r e s t r i a l  S i  1 icon Program. Differences between t e r r e s t r i a l  and space so la r  eel 1s 

may be s ign i f i can t ,  but  much of the product ion technology f o r  the t e r r e s t r i a l  program w i l l  be 

app l icab le  t o  SPS. Further i n  the future,the bui ldup o f  product ion c a p a b i l i t y  t o  support an SPS 

product ion program o f  10,000 megawatts per year w i l l  requ i re  product ion ra tes  much higher than 

those fo r  the prototype system. Solar blankets f o r  the prototype can be accumulated over several 

years t o  minimize the ~ r o d u c t i o n  capacity required, whereas the product ion c a p a b f l i t y  f o r  a 

comnercial SPS program must match the installation ra te .  
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Terrestrial and SPS 
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l a ! ! H # 1 7  - 

10,000 

r" 
f 
.e 

+ 
UJ l,oool Y 

2 / 
E 
J 2.5 GW SPS PROTOTYPE 
4 
W 
0 100, 
s a 

DOE PROJESTION 
TERRESTRIAL SILICON 

0 
0 

/ ' G &  WITH CONCENTRATION 
/ 

1986 1990 16r86 



NEW SOLAR POWER S A T E L L I T E  PROGRAM WORK BREAKDOWN STRUCTURE 

I l lus t ra ted  on the facing page i s  the work breakdown for the SPS as selected by NASA. This work 
breakdown structure was used fo r  the system descriptions t o  be prepared a t  the conclusion of the 
Phase I contract ac t iv i ty .  
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New Solar Power Satellite Program WBS 
117I8rY40 - 
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STUDY BASELINE CHANGES 

The list of changes on the fac ing  page a r e  discussed on the following pages. 
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Study Baseline Changes 

IMPLEMENTED 

ITEM - REASON 

STRUCTURE-ADDED MEMBERS PROVIDE STABILITY AND REDUNDANCY 

SOLAR ARRAY-ADDED SHUNTING DIODES SHADOWING PROTECT ION 

POWER DISTR IBUTION-MULTIPLE BUSSES LIMIT FAULT CURRENTS 

POWER PROCESSING-LIQUID-COOLED 
TRANSFORMERS 

RF GENERATION-LIQUIDGQOCED 
KLYSTRONS 

ITEM - 
=We SPS 

PLATFORM (SINGLE-DECK) 
CONSTRUCTION BASE 

LESS MASS & LONGER LIFE 

LESS MASS & AVOIDS ARCING IN LOSS 
OF-COOLANT INCIDENT 

RECOMMENDED 

REASON 

DOEINAS4 BASELINE 

SIMPLER & LESS COSTLY THAN 
"CCLAMP" 

PENTAHEDRAL TRUSS STRUCTURE SIMPLER & LESS MASS 

ADD 2.5 GWe SPS OPTION MORE APPROPRIATE TO PROTOTYPE 
AND TO SOLID-STATE POWER 
AMPLIFIER 



UPDATED EFFICIENCY AND S I Z I N G  

The e f f i c i ency  chain was updated t o  r e f l e c t  a s l i g h t  improvement i n  in tersubarray losses. This 
comes about because the e a r l i e r  e f f i c iency  chain included a penalty f o r  outages i n  the k l ys t ron  

power t ransmit ter .  These outages a re  a lso  accounted f o r  i n  the p red i c t i on  o f  SPS p lan t  f ac to r  

i n  the  maintenance and serv ice analysis.  This amounts t o  double bookeeping and the e f f i c i e n c y  

chain shown here r e f l e c t s  the beginning-of-operation capab i l i t y .  The so la r  b lanket  includes 

penalty fac tors  f o r  r a d i a t i o n  degradation and o ther  degradation fac tors  such t h a t  the  so la r  

blanket i s  capable o f  supplying the required output over the l i f e  o f  the s a t e l l i t e  w i t h  no 

serv ic ing  except ameal ing. One would then expect t he  SPS output t o  be recovered back t o  the  

beginning value a t  the conclusion o f  each maintenance and serv ice period. 
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Updated Efficiency and Sizing 

SPS-2435 

EFFICIENCY MEGAWATS 
PER LINK 

ROTARY JOINT 1.0 

ANTENNA POWER 0.97 
DISTRIBUTION AND 
PROCI- SSlNG 

DC-RF CONVERSION 0.85 

WAVEGUIDE 1% 0.985 

IDEAL BEAM 0.965 

INTER-SUBARRAY 
LOSSES 

INTRA-SUBARRAY 0.981 
LOSSES 

ATMOSPHERE LOSSES 0.98 

INTERCEPT EFFICIENCY .0.95 

RECTENNA RF-DC 0.89 

GRID INTERFACING 0.97 - 
0.563 

8,290 TOTAL INPU THERMAL DEGRADATION (0.964) 
TO ANTENNA 1 ORIENTATION LOSS (0.919) 

8,876 SOLAR 
ARRAY 
OUTPUT 

8,290 

8,041 

6,836 TOTAL RF 
POWER 

68733 X%?kTED 
POWER 

6,497 

SOLAR INPUT: 1,353 w/m2 
SOLAR-CELL CONVERSION EF FlClENCY (0.173) 234.1 

BLANKET FACTORS (0.9463) 221 .3 

APHELION INTENSITY (0.9676) 187.7 

NONANNEALABLE RADIATION DEGRATION (0.97) 1821 

ORBIT TRANSFER COMPENSATION (0.99) 180.2 
REGULATION, AUXILIARY POWER, 177.2 

AND ANNEALING (0.m) 

1 EOL BLANKET OUTPUT: 
6,341 

177.2 w/m2 I 
TOTAL SOLARCELL; AREA: 

SOLAR ARRAY OUTPUT: 

6,792 INCIDENT 
ON RECTENN 



SOLAR POWER S A T E L L I T E  STRUCTURAL BAY CONFIGURATION 

The s t ruc tu ra l  bay design was updated based on new loads analys is  t o  r e f l e c t  the load requi re-  

ments for self-power o r b i t  t r ans fe r  and so la r  blanket s t re t ch ing  loads. For the case o f  geo- 
* 

s:rnchronous o r b i t  construct ion, the type 6 beams shown on the cha r t  can be changed t o  type C s ince 

o r b i t  t r ans fe r  'oads w i l l  no t  be a consideration. 
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Solar Power Satel1,ite 

: TYPE "A" BEAMS - 12.7M 

: TYPE "8" BEAMS - 7.6M 
7.W BATTENS 

@ : TYPE "C'* BEAMS - 7 . H  
MODULE STRUCTURE 12.7M BATTENS 

. , 
8 3 



SOLAR POWER SATELLITE STRUCTURAL UPDATE BEAM CONFIGURATIONS 

The th ree  types o f  beams i l l u s t r a t e d  on the  previous c h a r t  a r e  characterrzed i n  additional d e t a i l  

here .  
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Solar Power Satellite ~truchral 
Update Beam Configurations 

SPS1468 
IU#I.WO - 

EVLAR TENSrQN 

LOADING POINTS 

, 

7 ' BATTEN ENOCAPS 

SECTION 
REF. SIDE LENGTH 
MAT'L THICKNESS 

EIx 
BEAM WlOTH 
BATT EN SPACING 
CRITICAL LOAD 
MASSILENGTH 

CLOSE0 
38 CM 

0.86 MM 
3-39 €8 NICM* 

12.7M 
1S.W 

17480N (CRIP. CHORD) 
7.48 KOrM 

I 

TYPE A 
UPPER SURFACE 

LONGITUDINAL BEAM 

OPEN 
38CM 

0.71 MM 
1-80 E8 N/CM* 

7 . m  
7.6M 

19000 N (BUCK. BEAM) 
6.12 KGIM 

OPEN 
38CM 

0.71 MM 
1.60 E8 N/CM* 

7.6M 
12.7M 

7090 N(BUCK BEAM) 
4.1 1 KGnH 

TYPE B 
UPPER AND LOWER SURFACE 

LATERAL CJEAM 

v 
TYPt C 

BEAM USED IN  ALL 
OTHER LOCATIONS 



REFERENCE PHOTOVOLV'AIC SYSTEM DESCRIPT ION 

Illustrated here i s  the u.,date o f  the photovoltaic system for the 10,000 megawatt study baseline 

SPS. The solar array has teen resized based on the e f f ic iency  change analysis and update 04 

systems performance. 
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Reference Pho tovol t,aic System Description 

b 
I rnOA4AlO - 

SPS 1648 
256 BAYS 
667.Sx667.5m 

TOTAL SOLAR CELL AREA : 100.2 krr2 
TOTAL ARRAY AREA : 107.4 krnY 
TOTAL SATELLITE AREA : 114.6 krn2 
MlNlhllJM POWER TO SLlPRlFlGS :16.58 Gw 

21420m --- 
----- 

BEAM CHORD 

14 STRINGS/lSrr 

"-- Ihr TERMEDIATE SEGMENT 

!j98 STRINGS/BAY 
(31 1 PANELSIBAY STRING LENGTH 

5 STRINGS/15m EN0 SEGMENT 



5,000 MEGAWATT REFERENCE 'l!iOTOVOLTAIC REFERENCE 

SYSTEM OESCH TI" ION 

This figure illustrates the syitem tor t h e  NI;A hasel i ne  reference case o f  5,000 megawatts 

and s i l  icon solar blanket. 
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COOO Megawatt Reference 
s ~hdtovo~taic System Description 

128 BAYS 
@67*6aeO7*6m 

TOTAL SOLAR CELL AREA ; 50 ' I-mZ 
TOTAL ARRAY AREA 1 W . 7 ~ r n Z  
TOTAL 8ATltLLltE ARCA 1 57.3 6.112 
MINIMUM POWER TO 8LIPRIN08 r 8-28 e jw  

14 ST RINGS/16rn 

INTERMEDIATE SEGMENT 

44-1Sm SEGMENTS/BAY 
698 STRINOS/BAY 
011 PANOLEIBAY BTRINO LENOTW 



REFERENCE PHOTOVOLTAIC SYSTEM DESCRIPTION 

The so la r  b lanket  design has been updated t o  inc lude  shunt ing diodes requ i red  t o  prov ide shadowing 

p ro tec t i on .  The shadowing p ro tec t i on  i s  provided a t  the b lanke t  panel l e v e l .  I n  the event o f  

shadowing or  some other  f a u l t  w i t h i n  the blanket,  each panel can be bypassed by t h e  shunt lng diodes 

t o  prevect reverse breakdown f a i l u r e .  
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Reference Pho tovol taic System Description 

14 CELLS IN PARALLEL W:LL TOLERATE 
4 CELL FAILURES IN  ANY ROW , 1 

p- 1.059 rn 1 -175 prn 

14 CELLS \wLE 
1 2 . 5  r v  COPPER I N  PARALLEL 

1096 AREA FACTOR 
\.75r 4em 

PATTERN 
It3ACKSlDE) #CELLSPANEL :222 

PANE LSIBAY :365,378 
PANELSfSATELLlTE :9,353,678 

TAPE 1.6 cm x 40 pm 

.6 cm 
ELECTRICAL LONGI'fUDINAL TAPE 
INTERCONNECT 1.5 cm x 40pm 

t 



GIMBALLED SCANNING LASER CHARACTERISTICS UPDATE 

Based on current annealing t e s t  data the laser  annealing system has been updated to  r e f l e c t  a 

s ign i f icant ly  lower power requirement. Time t o  anneal the array was held constant a t  the 

147 days value. 
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Gimbaled Scanning Laser Cltarac teristics 
Update 

ANkEALlNG ENERGY DENSITY: 

POWER DENSITY: 

TMAX (ACTIVE REGION): 

LASERSIGIMBAL: 

SCANNINGSPOTSIZE: 

SPOT SWEEP RATE: 

POWER REQUIREDILASER GIMBAL: 

POWER REQUIRED/GANTRY: 

NUMBER OF GANTRIES/SATELLITE: 

TOTAL ANNEALING POWER REQUIREMENT: 

6 W C  

0 

600 cm2 (44.0 x 11.4 cm) 

6.7 cm/s 

26.7kW 

1.17 MW 

8 (l/SATELLITE MODULE) 

9AMW 

TIME REQUIRED TO ANNEAL ARRAY: 147 DAYS 



MULTIPLE bJS SPS POWER DISTRIBUTION 

F a i l u r e  e f f e c t s  analyses i nd i ca ted  t h a t  t he  previous three-bus con f igu ra t ion  cou ld  cause very !arge 

f a u l t  cu r ren ts  i n  th2  event o f  c e r t a i n  types o f  arcs .  Because o f  t h i s  problem, the  bus con f i g -  

u r a t i o r  was changed t o  r e f l e c t  t he  use o f  10 buses independent o f  one another.  Major c h a r a c t e r i s t i c s  

o f  t h e  busing system are  i nd i ca ted  on the  f ac i ng  page. 



Multiple Bus SPS Power Distribution 
- -- - - - - - - - -- - - -- - - - - 

5.5 MEGAWATT 
A POWER SOURCE DC/DC PROCESSORS 

(228lANTENNA) 
WITH ISOLAT1ON 
SWITCH GEAR 
AND ACTIVE . 
THERMAL CONTROL 

M A l N  B BUSES 
4 SUPPLY -FLEX CABLES 

ACROSS SOFT 
CONDUCTOR YOKE JOINT 
PASSIVELY COOLED 

16 M. MAX. DIA. 
MULTIPLE 69USHES 
IOAICM~ MAX 

STR IP-TOSTR IP 
INTERBAY JUMPERS TlJRNAROUND JUMPERS 

(6 STRIPS = 3 COMPLETE 
- DC SWITCHGEAR (214OAMP) 

STRINGS PER BAY 
EACH STRIP TO 

WIDTH) MAIN BUS 



SLIPRING ASSEMaLY FOR MULTIPLE BUS POWER DISTRIBUTION SiSTEM 

S e l e c t i o n  of  10 independent  buses  r e q u i r e d  a  r e d e s i g n  of  the  s l  i p r i r g  assenibly t o  provide  a t o t a l  
o f  20 r i n g s .  The major  f e a t . u r e s  o f  t b e  d e s i g n  a r e  showr~ on t!ie f a c i n g  page. 



Slip Ring Assembly for Multiple Bus 
Power Distribution System 

I 
CONDUCTOR FEEDERS (TYP,OF 10 EACH SECTION TOTAL 80 EACH 
RING (TYP. OF 20) ,--8RUSH SUPPORT TRUSS 

INTERFACE) (DIAGRAM LOCATIONS ONLY) 
I -- 

RING BEARING SUPPORT I RING BEARlfJG -..--- - - 11.7M --- 
TRUSS (SECTION TYP. OF 8) ' I SATELLITE I 

TRUSS (SECTlOtJ, TYP. OF 10 
TYP. OF 8) 4 EACH SECTION 'FOR BRUSH 

(LOCATIONS ONLY) ASSEMBLY SEE 
DETAIL DWO A 



DCIDC CONVERTER SWITCHING FREQUENCY SELECTION 

Analyses of the l i f e t i m e  expectancy f o r  the e a r l i e r  DC-to-DC converters Indicated a s l g n l f l c a n t  problem 

wi th  d i e l e c t r i c  mater ia l  l i f e .  If tha t  converter were derated t o  r e f l e c t  ti 20-year l i f e  an Increase i n  
mass wauld be expected as i l lustrated.  However, a new transformer technology uslng 1 iquid-cooled 

transformers provides long l i f e  w i t h  less mass than the e a r l l e r  system, Shown here i s  the opt imizat ion 

o f  converter chopping frequency. 
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DC/DC Converter Switching Frequency Selection 

MASSm CONVERTER MASS + THERMAL CONTROL MASS + ARRAY MASS (REQUIRED TO MAKE UP FOR 
CONVERTER LOSSES 1 

PART ll CONVERTER 

PART 11 CONVERTER 
WITH OERATEO 
D l  ELECTRIC MATERIALS 
(TRANSFORMER 81 FILTERS) 

PART ll CONVERTER 
WITH NEW TRANSFORMER 
AND OERATED DIELECTRIC 

L 

MATERIALS 

I) 

0 j I 1 I 1 1 1  I l l  I 

1 2 3 4 6 6 7 8 9 1 0  20 
CONVERTER CHOPPING FREQUENCY - KILOHERTZ 



ANTENNA STRUCTURE OPTIONS 

Ear ly  invest igat ions of the SPS microwave power transmission systems antenna s t ruc ture  developed the 
tet rahedral  t russ primary and secondry s t ruc ture  concept, This system represents a maximum of s t ruc tu ra l  

e f f i c i ency  fo r  such an antenna. However, i t  constrains the subarrays t o  o non-square system and presented 
ce r ta in  d i f f i c u l t i e s  w i th  respect t o  maintenance access. 

The center i l l u s t r a t i o n  i n  the f a c l t y  page represents the antenna s t ruc ture  as v isual ized by the malnte- 

nance engineer, I t  provides easy access t o  subarray repa i r  or  replacement and allows square subarrays but  

s t r u c t u r a l l y  i s  not very e f f i c i e n t  and employs tension members. The use o f  tension members r e s u l t s  i n  

dubious dynamic q u a l i t i e s  f o r  the structure. Further, the secondary s t ruc ture  I s  requl red t o  provlde 
s t i b i  lei t y  o f  the primary st ructure.  Analysis o f  t h i s  combination indicated a re1 a t i v e l y  poor s t l f f  ness 

e f f i c i ency .  

The pentahedral t russ appears t o  o f f e r  a good compromise. I t  maintains good access w i t h  good e f f  iclency, 

el iminates tension members and a1 lows square subarrays. 

A t  the beginning o f  Phase 11, the solar array and MPTS s t ructures w i l l  be updated t o  r e f l e c t  the 
pentahedral t russ conf i sd ra t  ion. 
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Antenna Structure Options 

T ETRAHEORAL 'TRUSS 

* MAXIMUM EFFICIENCY 
NO TENSION MEMBERS 
NON-SQUARE SUBARRAY S 
MAINTENANCE ACCESS 
DIFFICULT 

A-FRAME 

GOOD ACCESS 
SQUARE SUBARRAYS 
POOR EFFICIENCY 
USES TENSION MEMBERS 
SECONDARY STRUCTURE IS 
PART OF PRIMARY'STRUCTURE 

PENTAHEDRAL TRUSS 

GOOD ACCESS 
GO00 EFFICIENCY 
NO TENSION MEMBERS 
SQUARE SUBARI3AYS 



KLYSTRON MODULE THERMAL CONTROL SYSTEM CHARACTER ISTICS 

Fa i  1 ure analyses. also indicated a problem wi th  the heat-pipe-cooled klystron. The d i f f i c u l t y  was tha t  

the 500'~ segnent would u t i l i z e  a mercury vapor heat pipe. I n  the event o f  a meteoroid puncture or  other 
leak, the l i q u i d  metal would be released i n t o  the high voltage environment o f  the t ransmit ter  system and 

lead t o  arcing and damage. P la t i ng  o f  l i q u i d  metals on insu la tors  might lead t o  a permanent damage 
s i t u a t i o n  tha t  would requi re repa i r  and rep1 acernent. Vought Corporat ion  examined a c i r c u l a t i n g  f l u i d  

cool ing opt ion and found tha t  a mass reduct ion was possible and tha t  f l u i d s  could be selected tha t  would 

minimize r i s k  o f  arcing. Their analysis indicates tha t  a c i r b ~ l a t i n g  f l u i d  system can be made as r e l i a b l e  

as the heat pipe system and c e r t a i n l y  more r e l i a b l e  than the expected l i f e t i m e  o f  the k l ys t ron  themselves. 

The facing page shows p r i nc ipa l  features o f  the c i r c u l a t i n g  f l u i d  system f o r  the k l ys t ron  cool ing 
c i r c u i t .  
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Klystron Module 
Thermal Control System Characteristics 

ID, /@@ - 
SPS-2472 m VOUGIiT 

Gg CORPORRTlOn 
30O0C 

COPPER 

DOWtHERM-A 

277% 

260% 
1.04m x 1.61m 

2.84 cm 

1.27 mm 

0.71 mm 

0.068 mm 
0.8 

0.3 
36.6O~ 

0.3 

0.920 

1.67 rn2 

6.13 ka 

r 

MATE R lAL 

FLUID 

INLET TEMP 

OUTLET TEMP 

LENGTH X WIDTH 

TUBE SPACING 
TUBE DIAMETER 

TUBE THICKNESS 

FIN THICKNESS 

EMlSSlVlTY 

ABSORTIVITY 

TSlNK 

PUMP EFFY. 

'FIN EFFECTIVENESS 

AREA 

MASS/MODULE 

CURRENT MASS/MODUCE - 13.18 kg 
?ART 111 MASS/MODULE - 18.88 kg 

500°C 

COPPER 

STEAM Q) 20 ATM 
477OC 

413OC 

O.57rn x 1.61m 

3.7 crn 

5.6 mm 

0.886 mm 

0.163 mm 

0.8 

0.3 

36.30~ 

0.3 

0.894 

0.91 m2 

7.95 kg 



COMPARISON OF LOSSES FOR METAL AND COMPOSITE WAVEGUIDE 

Included i n  the analysis o f  aluminum s t ruc tura l  opt ions was the analysis o f  use o f  aluminum f o r  

the waveguides i n  the t ransmi t t ing  antenna. Aluminum has a high c o e f f i c i e n t  o f  thermal expansion 

compared t o  the graphi t e  used i n  the ea r l  i e r  base1 i ne. As a resul  t , due t o  expected temperature 

changes, the aluminum waveguides w i l l  be s i g n i f i c a n t l y  detuned r e s u l t i n s  i n  power losses as 

tabulated on the fac ing page. 
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Comparison of Losses for 
Metal & Composite Waveguide 

SPS2511 

a AVERAGE STICK - 2.76 METERS 

AT- Sfi°C 

STICK LENGTH 

STICK'WIDTH 

CROSS GUIDE LENGTH 

CROSS GUIDE WIDTH 

PERCENT POWER LOSS 

ALUMINUM 

,67 

.42 

.I7 

.I 1 

1 37% 

COMPOSITE 

.02 

.12 

.02 

.03 

.18% 



ANTENNA WAVEGUIDE MATERIAL 

Although the p la ted  composite approach i s  probably a high r i s k  based on today's knowledge because o f  

po ten t i a l  breaks or delamination o f  the p l a t i n g  under thermal cyc l i ng  o r  h igh RF power condit ions, the  

cost advantages of  a low-coeff i cient-of- thermal -expansion mater i  a1 are su f f  i c i e f i t  t ha t  development o f  a 

su i t ab le  such approach f o r  waveguides should be i d e n t i f i e d  as a p r i o r i t y  development i tem f o r  SPS. 
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Antenna Waveguide Material 

Low CTEplated 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 low-CTE characteristics for waveguide 
performance and mass; flag development of suitable 
material as high-priorit y research item. 



MECHANICAL LAYOUT OF A TYPICAL KLYSTRON MODULE 

I N  THE OUTER RING OF THE SPACE ANTENNA 

One o f  the General E l e c t r i c  subcontract tasks wds to  further  def ine the mechanical layout o f  the 

klystrons including i n s t a l  l a t i o n  o f  phase control equipment. This chart i l l u s t r a t e s  the resu l ts  

of t h e i r  layout e f f o r t .  The appropriate redundancy leve ls  are  included i n  the layout.  



G E N E R A L  
E L E C T R I C  

0 180-25037-5 
MECHANICAL LAYOUT OF A TYPICAL 

KLYSTRON MODULE IN THE OUTER RING 
OF THE SPACE ANTENNA 

space dv idm 
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REFERENCE MPTS MASS SUMMARY 

This tab le  presents a mass update f o r  the microwave power transmfssion system including the  

mass reductions for  the DC t o  DC converters and swi tchgear and k lys t ron  thermal cont ro l .  
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Reference MPTS Mass Summary 

SPS-24 7 1 

L 1 
ITEM I MASS (MT) 

PRIMARY STRUCTURE 
SECONDARY STRUCTURE 
ATTITUDE CONTROL 
COMM/OATA 
POWER DISTRIBUTION 

DC*DC CONV. & SWITCHGEAR - 11&8.8 
f HERMAL CONTROL - 222.1 
BUSSING - 397.9 
EN€ RGY STORAGE - 313.2 
SUPPORT - 118.7 

R f  GtNERATlON AND DlStRlBUTlON 
KLYSTRONS - 4874.5 
THERMAL CONTROL - 1812.6 
WAVEGUIDE ASWS - 1795.6 
HARNESSES AN0  CONTROL CKTRY- 543.6 
SUBARRAY STRUCTURE - 067.0 

I 

62.6 
197.8 
in.@ 
20.7 

2238.4 

9493.3 

TOTAL MASS PER ANTENNA ;2130 

TOTAL MASS PER SATELLITE 24261 



PHOTOVOLTAIC REFERENCE CONF IGURATIOM NOMINAL MASS WMMNIY 

Changes i n ,  the system mass fram the previous base1 lne dezcrlptlon are smnarlzed on th ls  faclng page. r .  
Reasons for  the principal  changes are given. The structural mass f o r  prlmary structure represents s l r  
for low Earth orbl t construct ion. Geosynchronous orbl t construct!on requires about 35% 1 ess structural  

F" 
mass, 
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Pho tovol taic Reference Configuration 
Nominal Mass Summary 
Weight in Metric Tons 

COMPONENT 

1.0 SOLAR ENERGY COLLECTION SYSTEM 
1.1 PRIMARY STHUCT URE 
1.2 SECONOARY STRUCTURE 
1.3 MECHANICAL SYSTEMS 
1.4 MAINTENANCE STATION 
1.5 CONTROL 
1.6 INSTRUMENTATlON/ 

COMMUNICATIONS 
1.7 SOLAR*CELL BLANKETS 
1.8 SOLAR CONCENTRATORS 
1.Q POWER DISTRIBUTION 

2.0 MPTS I 26,379 I 
SUBTOTAL 
OROMH 

TOTAL I WZ13 I 

(29,191 
4,0W \ CHANOE OF 8TRUCTURAL - CONFIG. AND RESIZE 

34 - 
962 

24.010 ADO SHUNT DIODES 

- I AND RESIZE 
1313 

12,130 ACTIVE THERM. CONTR. 
DC/DC CONV. CHANGE 

41,321 
8,884 
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COST UPDATE 

Revisions I n  the  system have resu l ted  I n  a rev i s ion  t o  the cost  es '.lmates. Current values are  

compared t o  the value from the previous study a l l  I n  1977 do l l a rs .  Rttsons for  s lgn f f l c l rn t  

changes are given I n  the table. The pa l rs  o f  values I n  the current  colun,?s represent values for 

low ear th o r b i t  construct ion and geosynchronous construct ion. No s i g n l f  I can t  l l f f e rences  I n  

amortized costs are seen. The informatlon has been rearranged t o  r e f l e c t  the cur ren t  work 

breakdown s t ruc ture  and separatlon o f  cap1 t a l  cost  factors from d l r e c t  outlays. 



D 180-25037-6 

Cost Update- 
(Values are in Millions'of 1977 Dollars - 

ITEM 
1 

CONSTRUCTION 

1.1 SATELLITE 

1.1.1 ENERGY CONVERSiON 

1.1.2 POWER TRANSMiSSlON 

1.1.3 INFORMATION MGMT & CONTROL 
1.1.4 AlTlTUOE CONTROL & STA. KEEP 
1.1.5 COMMUNICATIONS 

1.2 SPACE CONSTRUCTION AND SUPPORT 

1.3 SPACE TRANSPORTATION 

1.4 GROUND RECEIVING STATION 

1.5 MANAGEMENT & IfJTEGRATlON 

TOTAL DIRECT OUTLAYS 

CAPITAL RECOVERY FOR SPACE 
TRANSPORTATION 81 CONSTRUCTION 

INTEREST DURING CONSTRUCTION 

CONTINGENCY/GROMH 

PROJECTED TOTAL CAPITAL COST 

+ 

SlGNl FlCANT CHANGES 

(1) SOLAR ARRAY RESEED 
(2) STRUCTURE MASS GREATER 
(1) MASS REOUCTION 
(2) PHASE CONTROL REDUNDANCY 

FEWER CREW 

ELECTRIC ON/OTIE RECOVERY 

MARCH 78( 
VALUE 

(LEO) 

7696 - 
4648 

2454 

84 
287 
222 

6 1 3  - 6387 

6868 

842 - 
21206 

596 783/1146 BETTER ACCOUNT lNG OF 
TRANSPORTATION INVESTMENT 

2082 1984/2094 992/1047 VARIATIONS I N  TRANSPORTATION 
TRIP TIMES 

3116 2489/2404 124511202 EARLIER FIGURE HAD GROWTH 
APPLIED nYlCE TO CERTAIN 
TRANSPORTATION COSTS 

26.997 ,26784/2682* 339411 3414 

DEC '78 VALUE 

10OW 

(LEO/GEO) 

7740/7580 

4621/4481 

2526 

84 
287 
222 

438 - 
6860/63 16 - 6868 

842 - 

6 ow 
(LEOIGEO) 

387 11379 1 

2311/2231 

1263 

42 
144 
111 

- 218 

293012668 - 2934 

421 



PROGUM OPTION DEFINITION 

This bubble chart i 11 ustrates the overal l  approach to  def i n i  t f o n  o f  SPS development program 

options. The two paths represent hardware and p r o g r a m t i c  paths of analysjs,  



Program Option Definition 

TECHNICAL 
ISSUES 
& ECONOMICS 

0 OPTIONS 

\ \ 
\ \ 

( PROGRAMMATIC \ 

PROGRAM 
OPTIONS 

TIMING 

FUNDING 



SPS DEVELOPMENT PHASES 

Analyses of the programnatic s t ruc ture  of an SPS program have resu l ted  i n  the mul t i -s tep  approach 

i l l u s t r a t e d  on the fac ing  page. Each step w i l l  provide knowledge and technical  confidence leadfng t o  a 
program decision t o  i n i t i a t e  the next step. I f  the appropriate technical confidence from any step i s  not 

achieved, then the appt-oach would be modif ied or possib ly  the  p r o g r m  terminated if maJor d i f f  l c u l  t i e s  

were encountered. 



SPS Development Phases 

KNOWLEDGE 
GAINED 

SYSTEMS CONCEPT 
OPTIONS 

CONCEPTUAL DESIGN 
CHARACTERIZATIONS OF 
SELECTED BASELINES; 
TECHNOLOGY PERFORMANCE 
OBJECTIVES - 

ACTUAL TECHNOLOGY 
PERFORMANCE 

SUBSYSTEMS AND SYSTEMS 
ENGINEERING PERFORMANCE; 
ADEQUATE BASIS FOR 
SPEC1 FICATIONS 

SPS "WORKS" 

TECHNICAL 
CONFIDENCE 

THERE ARE NO 
FIRST ORDER TECHNICAL 
OR ECONOMIC SHOW. 
STOPPE RS 

' 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 CAN BE 
SUCCESSFULLY 
COMME RClALlZED 1 

9 
PROGRAM 
DECISION 

I 

PROCEED 
WITH SYSTEMS AND 
EVALUATION STUDIES 

INlT lAT E 
TECHNOLOGY 
RESEARCH AND 
CONTINUE EVACUATION 
STUDIES 

INITIATE ENGINEERING 
f ECHNIQUES 
DEVELOPMENT 

INITIATE FULL-SCALE 
DEVELOPMENT 

ENTER COMMERCIAL 
PRODUCTION 

* 
STEP . 

EXPLORATORY 
STUDIES 
(COMPLETE) 

SYSTEMS 
STUDIES 

TECHNOLOGY 
RESEARCH 

ENGINEERING 
TECHNIQUES 
DEVELOPMENT 

FULL SCALE 
DEVELOPMENT 



SPS TECHNOLOGY RESEARCH PRIORITY OBJECTIVES 

The purpose of the technology research phase i s  t o  develop confidence i n  the achievable technology 

performance i n  a l l  the c r i t i c a l  areas so tha t  a much f i rmer  assessment o f  SPS economics and enviroinnental 

impact can be made. L i s ted  on the fac ing  page are the p r i nc ipa l  object ives o f  a technology research 

program required t o  obta in the necessary information. 
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SPS Technology Research-Priority Objectives 
I I l r I Y w "  - 

DEVELOP SOLAR ARRAY TECHNOLOGIES 
INCLUDING ANNEALING 

DEVELOP SOLAR CELL/ARRAY 
PRODUClBl LlTY APPROACHES 

DEVELOP SWITCHGEAR 
AND POWER PROCESSOR 
TECHNOLOGY 

DEFINE PLASMA EFFECTS OF 
HIGH-VOLTAGE SOLAR ARRAY OPERATION 
AND ELECTRIC PROPULSION OPERATION; 
OEVELOP SYSTEM DESIGN APPROACHES 
ACCORDINGLY 

DEVELOP PRACTICAL, LOW-COST 
MATERIALS TECHNOLOGIES FOR 
SPS APPLICATIONS 

+ 

I 

. DEVELOP INTEGRATED STRUCTURAL/ 
ELECTRICAL POWER DlSTRlBUTtON 

' TECHNOLOGY FOR LONG-LIFE VACUUM 
OPERATION WITHOUT ELECTRICAL 
BREAKDOWN 

DEVELOP HIGH-EFFICIENCY, HIGH- 
SPECTRAL-PURIN RF GENERATION 
AND RADIATION 'TECHNIQUES 

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 POWER 
RECEPTION AND COLLECTION 
TECHNIQUES 

DEVELOP SPACE FABRICATION AND 
ASSEMBLY TECHNOLOGIES 



ENGINEERING TECHNIQUES DEVELOPMENT 

LONG LEAD ITEMS 

Many of  the technology requirements f o r  SPS are of an engineering nature, where the performance o f  the 

technology can be reasonably well  forecast, but s igni f icant  developments are s t i l l  required i n  wder t o  
be able t o  construct SPS's at some meaningful rate. These areas are termed engineering techniques 

developments. Certain of these may present calendar time problems and are l i s t e d  on the facing page, 
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Engineering Techniques Development - 
I I I i R H r D  - 

e 

DEVELOPMENT TEST ARTICLE 

SPACE VEHICLE ENGINES: BOOSTER; ORBIT TRANSFER CHEMICAL 8 ELECTRIC; 
SSME IMPROVEMENTS 

THEFT .AL SYSTEMS: VEHICLE TPS; THERMAL COATINGS; ACTIVE THERMAL CONTROL 

SOLAR ARRAY PRODUCTION SYSTEMS 

• RF AMPLIFIER 81 SUBARRAY PRODUCTlON SYSTEMS 1 

SPACE CONSTRUCTION: CREW HABITATS & CREW SUPPORT SYSTEMS; 
CONSTRUCTION EQUIPMENT; BASE LOGISTICS SYSTEMS . 



SPS DE,VELOPMENT PROGRAM STRUCTURE 

Many types of a c t i v i t i e s  are requi red t o  get from today's s ta te  of knowledge t o  a c m e r c l a l 1 y  acceptable 
SPS. The top three bars represent the technology research a c t i v i t i e s .  

The development t es t  a r t i c l e  must be i n i t  jated r e l a t i v e l y  ea r l y  i n  order -0 support design o f  tl prototype 

SPS. During the prototype design period, development o f  the productfon technology and product ion 

capabi 1 i t y  w i l l  continue. Space operations systems Inc luding launch vehicles and a prototype product ion 
space construct ion base must be developed i n  order t o  support the prototype program. Depending on the 
s i ze  of the prototype, i t  may be possjble t o  have a l a t e  s t a r t  on the heavy l i f t  launch vehic le t o  spread 
out the space vehicle systems development ccsts. Shown on the lower r lghthand po r t l on  o f  the schedule 

char t  i s  the i n i t i a t i o n  o f  a corrmerc~al production program. 
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SPS Development Program Structure 
(Early Commercialization) 

I 

Ensn I O ! I # m  - 
V BEGIN BEGIN ENGINEERING v BEGIN v BEGIN 

DECISIONS TECHNOLOOW TECHNIQUES I RESEARCH DEVELOPMENT I E v E L m E N T  I E M M r  R c U r  U r T m  
YEARSII I 2 1 3  I 4 1  s i  I I 8 1  9 1 1 0 1 1 1 1 1 2 1 1 3 1 1 4 1 1 s 1 1 e 1 1 7 1 1 ~ 1 r 9 1 m )  

- COMPONENT PRODUCTION TECHNOLOGY 

SUBSYSTEM PROOUCTION TECHNOLOGY 

PILOT PLANTS IBJ 10 MWNR - DEV TEST ARTICLE 
PREL DESIGN PROTOTYPE PROOWTION 

PLWTS r* 2 OWff R &) - DTA OESIQN 6 FA8 - OTA BUlLO 
COMSUERCIAL 
PRODUCTION 
PLANTS - - DTA TEST LEO/OEO 20 mlYR b 

CONFIG. FREEZE 

P R O T O T Y P E  SPS DESIGN L S/S TEST 

PROTO FA8 
LAUNCH & SPACE E N W V  - PROTO BUILD G TEST 

VEHlcLes & PROTO BASE DES 6 TEST -emw & TEST 

&, INCLUDES CERTAIN FLIGHT 
EXPERIMENTS PROTO BASE BUILDUP- 

&, PLANTS FOR PRODUCTION OF SPS 
HARDWARE, E.G., SOLAR ARRAYS 

COM'L PROO (SPACE) - * 
EXPAND B YO0 BAS€ - 

POSSIBLE HLLV LATE START - - - - - 



GENERAL NATURE OF NONRECURRING SPS FUNDING 

The pr incipal  a c t i v i t i e s  shown on the schedule chart are represented here I n  a prel iminary estimate of 
funding requirements. I t  i s  c lear  that  the funding requirements occur when beginning the development of 
space vehicles and space conrtruc t ion bases, 
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'General ~ a t u r e  of   on-~ecurring SPS Funding 

I 

1 

- 

- 

I 

TECHNOLOGY 
SPS DEVELOPMENT 
(INCLUDE 8 PRODUCTION SP8 

DESIGN 81 TEST) 

CALENDAR YEARS 



COST DEFERRAL OPTIONS 

There are a number of  options a v a i l a b l e  t o  smooth or  reduce the funding peak shown on the previous chart ,  
Some of the pr inc ipa l  ones are tabulated here. The cost de fer ra ls  have consequences t h a t  rn8y not be 
p a r t i c u l a r l y  desirable ,  but do o f f e r  the p o t e n t i a l  o f  reducfng funding peaks. 
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Cost Deferral Options 

? 

CONSEQUENCE 
OF DEFERRAL 
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PRODUCTION SPS PROORAM 
DL;LAYED 5 YEARS 

HLLV COST CHARACTERISTICS 
NOT DEMONSTRATED WHEN 
COMMERCIAL INVESTMENT8 
REQUIRED 

SLOWER 898 CAPACIW BUILDUP 
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COST 
OF 
DEFERRAL 

a TO $68 

, 

$2 TO $66; 
DEPENDS ON 
PROTOTYPE 
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COST 
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PROOUCTIOR 

ITEM 

D f f E A  MAIN COMMERCIALIZATION 
BUILDUP UNTIL PROTOTYPE 
TESTS COMPLETE 

DEFER HLLV TO SUPPORT ONLY 
COMMERCIAL PROGRAM; 00 
PROTOTYPE WITH SHUTTLE 
DERIVATIVE 

I 

INITIALLY COMMERCIALIZE TO 
5 G W N  R RATE 

4 

AMOUNT 
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$30$106; 
5 YEARS; 
SOME IS 
COMMERClAl 

$200; 
6 YEARS 

WlO6; 
UNTIL 
HIGHER 
RATE 
IMPLE- . 
MENTED 



DEVELOPMENT PROGRAM ANALYSIS CONCLUSIONS 

The development t es t  a r t i c l e  i s  needed ear ly  t o  provide design data f o r  the SPS prototype design. I t  
should be of the s ize t o  permit ea r l y  funding; 1 megawatt or  less. I t  i s  possible t h a t  the  development 

t e s t  a r t i c l e  w i l l  be constrained by photovol t a i c l s  production capab i l i t y ,  but i t  does not appear lmpor- 

tan t  t ha t  the development t e s t  a r t i c l e  represent a f i n a l  so lar  blanket configi!ration. 

We have i d e n t i f i e d  the need f o r  an SPS prototype, but there I s  s t i l l  a major uncer ta inty  i n  how la rge  the 
prototype should be. I t  seems c lear  t ha t  whatever s ize prototype i s  selected, i t  should provide e f f i c i e n t  
power transfer.  If i t  i s  a low power system i t  w i l l  s t i l l  have a la rge  t ransmi t te r  aperture. 

The major funding requirements ar ise  from development from space bases and heavy l i f t  launch vehicles, 

Some cost de fer ra l  options ex i s t  t o  reduce the peak funding t o  a degree, but  t h e i r  benef i ts  i n  an economic 
sense are qu i te  dubious unless i t  i s  expected t h a t  the completion o f  the prototype would r e s u l t  i n  a 

decision not t o  proceed w i th  comnerci a1 i r a t i o n  o f  SPS1s, I f  comnerscial i z a t i o n  proceeds, then the 
economic cost of these deferra ls  tends t o  exceed t h e i r  value, 
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Development Program Analysis Conclusions 
IOI##.;I - 

DEVELOPMENT TEST ARTICLE NEEDED EARLY- 

SHOULD BE SCALED TO PERMIT EARLY FUNDING 
(1 MEGAWATT OR LESS-MAY BE CONSTRAINED BY 
PHOTOVOLTAICS PRODUCTION CAPABILITY) 

PROTOTYPE SIZE PREFERENCE UNCLEAR- 

HUNDREDS OR THOUSANDS OF MEGAWATTS? 

FUNDING CRUNCH COMES WHEN DEVELOPMENT OF SPACE BASES AND HLLV'S MUST BEGIN 

SEVERAL COST DEFERRAL OPTIONS- 

BENEFITS OF THESE ARE DUBIOUS UNLESS 
THERE IS A SIGNIFICANT LIKELIHOOD THAT 
SPS WILL GO THROUGH BUT NOT BEYOND 
THE PROTOTYPE (DEVELOPMENT) PHASE 


