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FOREWORD 

The SPS System Def in i t i on  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 of 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 ea 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 par t  o f  an overal l  SPS evaluation ef for t  
sponsored by the U. S. Department o f  Energy (DOE) and the National Aeronautics and Space Administration. 

This study i s  being managed by the Lyndon 8. Johnson Space Center. The Contracting Of f i ce r  i s  Thomas 
Mancuso. The Contract i ng Of f icer  ' s representative and Study Technical Manager i s  Harold Benson. The 
study i s  being conducted by The Boeing Company wi th Arthur 0. L i t t l e ,  General E lec t r ic ,  Grumnan, and 
TRW as subcontractors. The study manager f o r  Boei ng i s  Gordon Woodcock. Subcontractor managers are 
Dr. Phi l  i p  Chapman (ADL)  , Roman Andryczyk (GE) , Ronald McCaffrey (Grumnan) , and Ronal Crisman (TRW) . 
This report  includes a t o ta l  of seven volumes: 

I - Executive Sumnary 
I 1  - Phase I Systems Analyses and Tradeoffs 

I11 - Reference System Description 
IV - S i l  icon Solar Cell Annealing Tests 
V - Phase I Final B r ie f ing  Executive Sumnary 

V I  - Phase I Final Br ief ing:  Space Construction and Transportation 

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

In addition, General E lec t r i c  w i l l  supply a supplemental b r i e f i ng  on rectenna construction. 
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GEO C O N S T R U C T I O N  CONCEPT 

E L E C T R I C  ORBIT TRANSFER VEHICLES 

The major system elements and operations associated with the GEO construction concept using electric 
orbit transfer vehicles for SPS cargo delivery are indicated. This concept is to be compared with a LEO 
construction concept which uses self-power transportation of the modules to get them to GEO. The compari- 
son between these two concepts will involve all aspects of transportation, construction and impacts on 
satellite design. 
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PHASE I MID-TERM SUMMARY 

The Phase I mid-term e f f o r t  was conf ined t o  analyzing an e l e c t r i c  o r b i t  t rans fe r  veh i c l e  (EOTV) us ing  s i l i -  

con so la r  c e l l s .  The payload had been estab l ished as equal t o  10 HLL,V payloads o r  4,000 me t r i c  tons. The 

r e t u r n  payload requirement was r e l a t e d  t o  t he  payload racks. Cost op t im i za t i on  was obtained w i t h  a  speci-  

f i c  impulse o f  8000 sec and an up t r i p  t ime o f  180 days. Se lec t ion  o f  a  10 round t r i p  l i f e  f o r  t he  EOTVts 
which corresponded t o  seven years o f  operat ion,  was the  r e s u l t  of cos t  op t im i za t i on  as we1 1 as r i s k  con- 

s ide ra t ions .  A f l e e t  s i z e  of 23 EOTV1s i nc l ud ing  one spare was requ i r ed  t o  perform the  28 f l i g h t s  

r equ i r ed  per yedr. Mission operat ions concentrated on es tab l i sh i ng  where the  so la r  ar ray was t o  be 

annealed w i t h  GEO being the se lected l o c a t i o n  because o f  the cont inous power a v a i l a b i l i t y  and the deter -  

m ina t ion  o f  where t he  t h r u s t e r  should be re fu rb ished  w i t h  LEO being t he  se lected l o c a t i o n  due t o  minimiz- 

i n g  t r anspo r t a t i on  cost.  A t o t a l  o f  16 days o f  t ime was requ i red  t o  perform the  maintenance operat ions as 

we l l  as the  operat ions associated w i t h  load ing and unloading payload elements. Const ruct ion o f  t he  

EOTV1s occurred a t  a  low ea r t h  o r b i t  base t h a t  w i l l  have the add i t i ona l  r o l e  of se rv ing  as a  s tag ing  depot 

du r i ng  the cons t ruc t ion  o f  the  s a t e l l i t e s .  Cost a t  the t ime o f  the  mid-term was es tab l i shed  by us ing sca l -  

i n g  r e l a t i o n s h i p s  associated w i t h  the  s a t e l l i t e  and self-power systems r a t h e r  than an independent cost  

estimate. Using t h i s  approach and w i t h  the  ava i l ab l e  techn ica l  d e f i n i t i o n ,  the  GEO cons t ruc t ion  concept 
was cheaper than LEO cons t ruc t ion  a t  the mid-term. 



Part 1 Midterm Summary 
hicle 

IOI#kr1P - 
ANALYZED AN E O N  USING SILICON SOLAR CELLS 

PAYLOAD - - UP 4000 MT 
DOWN 200 MT 

COST OPTlMlZAT ION - - - Is 8000 SEC 
TRIP TlME UP = 180 DAYS 
TRIP TlME DOWN 1 39 DAYS 

NUMBER OF ROUND T RIPS - - - 10 

FLEET SIZE - - - 23 
CONFIGURATION - - - - CR 1 

A R - 1  
START BURN MASS - 1200 MT 

0 MISSION OPERATIONS 

ANNEAL ARRAY AT  GEO 

REFURB THRUSTERS AT  LEO 

16 DAYS TOTAL TURNAROUND 
CONSTRUCTION - - - AT LEO BASE 

23 DAYWEON - - - CREW: 200 
18 YEARS FOR FLEET 

COST - - - SCALED TO SATELLITE AND SELF POWER SYSTEMS 



CONSTRUCTION LOCATION ANALYSIS 

Task Remaining a t  Mid-Term 

Several tasks concerning GEO cons t ruc t i on  remained a f t e r  the  mid-term as we l l  as add i t i ona l  ana lys is  

concerning improvements f o r  the  LEO cons t ruc t ion /se l  f-power op t ion .  I n  t he  case o f  the  s i  1  i con  EOTV, 

several  con f igu ra t ions  and cover glass s e n s i t i v i t i e s  were t o  be analyzed. An EOTV us ing  g a l l i u m  

arsenide c e l l s  was a lso  t o  be analyzed t o  assess i t s  performance and cos t  c h a r a c t e r i s t i c s .  These two 

EOTV's were t o  be compared and se lected w i t h  the  most des i r - , b l e  concept be ing used i n  e s t a b l i s h i n g  more 

accurate cos t  f o r  the EOTV. Several p o t e n t i a l  improvements had a l s o  been def ined f o r  the  LEO con- 

s t r u c t i o n  opt ion.  These b a s i c a l l y  inc luded the  improvement o f  the moment o f  i n e r t i a  c h a r a c t e r i s t i c s  

t o  reduce the  g r a v i t y  g rad ien t  torque associated w i t h  the t r a n s f e r  o f  the  sel f -power module and a lso  t o  

i n v e s t i g a t e  the cos t  bene f i t s  o f  recovering the expensive o r b i t  t r a n s f e r  system propu ls ion  elements. 

F i ~ a l l y ,  the  GEO cons t ruc t i on  and LEO cons t ruc t ion  op t i on  would be compared on a  t o t a l  programmatic 

bas is  w i t h  a  recommendation suggested. 
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EOTV CONFIGURATION OPTIONS 

The s i l i c o n  EOTV con f igu ra t ion  suggested a t  the mid-term invo lved  a  concent ra t ion r a t i o  of 1 and an aspect 

r a t i o  o f  approximately 1. This con f i gu ra t i on  i s  i l l u s t r a t e d  by op t i on  1 on the ad jacent  char t .  The key 

c h a r a c t e r i s t i c s  o f  t h i s  con f i gu ra t i on  are t h a t  the re  a re  f o u r  t h r u s t e r  module l oca t i ons  and the  EOTV i s  

approximately square (prov ides the most des i reable  moment o f  the  i n e r t i a  c h a r a c t e r i s t i c s ) .  Several 

va r i ab l es  e x i s t  however t h a t  cou ld  present d i  f f e r e n t  con f i gu ra t i on  opt ions . These var iab les  inc lude  the  

c e l l  s i z e  t o  be used i n  the b lanket  and a lso  the  t h r u s t e r  module l o c a t i o n .  The f i r s t  t h ree  opt ions 

ind ica ted ,  a l l  use a  5 x  10 cent imeter c e l l  which d i f f e r s  from the bas ic  s a t e l l i t e  c e l l  dimension which 

i s  approximately 6 . 5  by 7.4 cent imeters.  The reason f o r  dev ia t i ng  from the  s a t e l l i t e  c e l l  shape was t h a t  

an a r ray  as near l y  square as poss ib le  a r ray  was des i red t o  p rov ide  t h e  most favorab le  MOI  and w i t h  the  

requ i red  vo l tage and power requirements t h i s  cou ld  best  be obta ined by changing the  ce: 1 dimension. 

Opt ion 4 shows t he  con f i gu ra t i on  t h a t  r e s u l t s  i f  t he  bas ic  s a t e l l i t e  c e l l  i s  used. I n  e i t h e r  case, a 

small pena l t y  i n  cos t  per  m2 would occur due t o  p rov is ions  necessary t o  operate i n  the more severe opera- 

t i n g  environment; t h r u s t  p rov is ions  a re  provided a t  two loca t ions .  Opt ion 3 a lso  uses two t h r u s t e r  

module l oca t i ons  bu t  changes the  aspect r a t i o  o f  the  s a t e l l i t e  t o  approximately 5 t o  1 i n  an at tempt 

t o  decrease the con t ro l  requirements f o r  the Y ax i s .  
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EOTV Configuration \3p tions 
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EOTV CONFIGURATION COMPARISON 

The EOTV c o n f i  g u r a t i ~ n  opt ions were compared us ing the mid-term con f i gu ra t i on  as the re ference case. 
The parameters t o  be compared i nc l ude  the  t o t a l  amount o f  t h r u s t  requ i red  by the con f i gu ra t i on  t o  
perform the  miss ion and the d i f f e r e n c e  i n  I ~ R  losses as r e s u l t  o f  changes i n  dimensions i n  the EOTV. 
These parameters w i l l  combine t o  r e f l e c t  i n  the  d i f f e rence  i n  the  t o t a l  a r r ay  area requirements f i n a l l y  
r e s u l t i n g  i n  comparison o f  +he mass, which r e f l e c t s  both the  d i f f e r e n c e  i n  the power bus mass as w e l l  
as s o l a r  a r ray  mass. F i na l  ~ y ,  the  concepts a re  t o  be evaluated f o r  the d i f ferences i n  c o n s t r u c t a b i l i t y .  

The f i r s t  items t o  be compared under t h r u s t  p rov is ions  i s  t h a t  associated w j t h  t h r u s t  vec to r  p o i n t i n g  
e f f i c i e n c y  which i s  e s s e n t i a l l y  the  percent o f  a v a i l a b l e  t ime t h a t  the  t h r u s t e r  modules can be used a t  
t h e i r  f u l l  t h r u s t .  O r b i t  geometry and the  need t o  cont inue t o  p o i n t  the  a r ray  a t  the  sun wh i l e  the 
e a r t h  i s  being o rb i ted ,  r e s u l t s  i n  co r l f i gu ra t ions  having 4 t h r u s t e r  m o d u l ~ ~  t o  have small per iods of 
t ime whe11 one o r  two o f  the  modules must be vectored away from t h e i r  des i red d i r e c t i o n  otherwise t he  
h i gh  v e l o c i t y  plume would h i t  the  veh i c l e  and cause cons iderab le  damage. Options w i t h  on l y  two t h r u s t e r  
module l oca t i ons  such as 2 and 3, do n o t  hate t h i s  c o n s t r a i n t  and can operate a t  f u l l  power whenever the  
veh i c l e  i s  i n  sun l ~ g h t .  I n  terms o f  g r a v i t y  g rad ien t  torque con t ro l  requirement, the second op t ion  
requ i res  a  t h r u s t  l e v e l  o f  approximately tw i ce  t h a t  requ i red  t o  con t ro l  the  torque around the X ax is  i s  
t h a t  requ i red  f o r  the  reference con f i gu ra t i on .  Control  around t he  Y ax i s  i s  about one- th i rd ,  wh i l e  
con t ro l  around the  Z ax i s  requ i res  a  torque l e v e l  s i x  times g rea te r  than the  reference. This same 
approach i s  used i n  tomparing o p t i o n  number 3. Opt ion 4 was n o t  analyzed i n  d e t a i l ,  bu t  due t o  i t s  
elongated con f i gu ra t i on  i t  w i l l  be worse than t he  re ference case. Another f a c t o r  t o  be considered 
however i s t h c f a c t  t h a t  a l though Options 2 and 3 r e q u i r e  f a r  l e ss  torque c o n t r o l  f o r  the  Y ax is ,  some 
c o n t r o l  i s  requ i red  and consequently t h rus te r s  i n  a d d i t i o n  t o  those of the  two modules must be provided. 
The ne t  e f f e c t  o f  comparing t he  amount of t h r u s t  requ i red  I n  teiTi!cOt t he  th rus t  vector  p o i n t i n q  e f f i c iency  
compared t o  t h a t  o f  g r a v i t y  g rad ien t  torque and f u l l  3 a x i s  c o n t r o l  i s  such t h a t  l i t t l e  d i f f e rence  i s  
evider i t  a t  t h i s  t ime between f o u r  and two t h r u s t  module con f igu ra t ions .  I n  terms o f  12R losses the ex t r a  
l evg th  of the power buses requ i red  t o  reach the  two t h r u s t e r  module l oca t i ons  o r  the  l eng th  o f  the FOTV 
i t s e l f  r e s u l t  i n  a  small pena l t y  f o r  Options 2 and 3  over the  re ference case. The 12R losses i s  r e f l e c t e d  
i n  terms o f  add i t i ona l  s o l a r  a r ray  area requirement and the associated mass p lus  the a d d i t i o n a l  bus bar 
lengths r e s u l t s  i n  a  small mass pena l t y  f o r  o p t i o n  2 and 3. I n  terms o f  c o n s t r u c t a b i l i t y ,  the on ly  
s i q n i f i c a n t  d i f fe rence  would be t h a t  associated w i t h  the  s i z e  o f  the cons t ruc t ion  base as in f luenced by 
the  s i z e  o f  the bays making up the EOTV o r  the l o c a t i o n  o f  the  t h r u s t e r  modules. I n  summary, there i s  no t  
too  much d i f f e rence  between t he  opt ions inves t iga ted .  A f i r m  r e s o l u t i o n  as t o  which i s  b e t t e r  w i l l  r equ i r e  
an add i t i ona l  l e v e l  o f  d e t a i l  regard ing the  amount o f  t h r u s t  necessary t o  s a t i s f y  a l l  requirements. 
Consequently, t he  con f i gu ra t i on  us ing 5 x 10 c e l l s  and f ou r  t h r u s t e r  m d u l e s  w i l l  be used f o r  the  remainder 
o f  the analys is .  



EOTV Cbnfigura tion Comparison 

@ OPTION 
THRUST PROVISIONS 

T.V. POINTINO EFF. 
QQT CONT RE97  

X AXlS 
Y AXlS 
Z AXlS 

OTHER FACTORS 

NET EFFECT: 

12n LOSSES (MW) 

ARRAY AREA (KM*) 

MASS (MT) 
CONSTRUCTA31LlTY 

REF. +6% 40% SAME AS REF 

REF > 2X > 6X WORSE TMM@ 

REF C 3X < 100X WORS€ 

REF > 6X >vex WORe - SUPPLEMENTAL THRUSTERS - 
REQ'D FOR Y AXlS CONt OPT 2 & 3 

THRUST VECTOR f e N ~  INT I'o%fP&f N %fiI'XX&WENT 
REF +0. 1 +7.2 NOT EVAL 

REF +0,036 +0.067 NOT €VAL 

REF +61 +73 NOT EVAL 

REF TM INSTALLATION SMALLER BASE LARGER BASE 
MORE DIFFICULT 



SILICON EOTV BLANKET CHARACTERISTICS 

6 vs. 3 Hi1  Coverglass 

The nex t  p o i n t  of ref inement i n  the s i l i c o n  EOTV ana lys is  was t h a t  i n v o l v i n g  the bene f i t s  o f  us ing 

a t h i c ke r  coverglass than the bas ic  s a t e l l i t e  b lanke t  as a  means t o  decrease the  amount o f  degrada- 

t i o n  t o  the s o l a r  a r ray .  On the l e f t  hand p o r t f o n  o f  the char t ,  the power ou tpu t  i s  shown as a  

f ~ n c t i o n  o f  the number o f  t r i p s  flown by the E O N  and i nd i ca tes  a  5-6% Improvement f o r  the use o f  a  

6 m i l  cover. The G mi1 coverglass b lanke t  however does have a pena l t y  i n  terms o f  the b lanke t  mass 

per  square meter and the cos t  per  square meter. Mass per  square meter i s  r e f l e c t l n g  the f a c t  t h a t  

the b lanke t  has gone from 7 m i l s  t o  12 m i l s  i n  thickness, whereas the  cos t  per square meter i s  

p r i m a r i l y  r e f l e c t i n g  j u s t  the cos t  o f  the add i t i ona l  5  m i l s  o f  g lass which i n  the  bas ic  b lanket  

was on l y  $5 per sq,:re meter o f  5 m i l s  o f  g lass ty:e ma te r i a l .  



Silicon EOTV Blanket Characteristics 
6 vs 3 Mil Cover 
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SILICOrl EOTV COST OPTIMIZATION 

Transportat ion cos t  opt imizat ion i s  ind icated for  the EOTV using 6 m i l  cover i n  terms o f  the s p e c i f i c  
impulse and the u p t r i p  time. Downtrip times are approximately 1/4 o f  the u p t r i p  time. This 
comparison ind icates t h a t  ov f a s t  t r i p  times, such as 120 days, an IS o f  5,000 s t  mds I s  more desi rable 

since the t r i p  time i t s e l f  requires large amounts o f  power and consequently i t  i s  no t  des i rable t o  

a lso a t  the same time requ i re  an IS t h a t  requires la rge  amounts of power, such as w i t h  9,000 sec. 

The optimum IS and t r i p  time combination i s  Is = 8,000 seconds and a t r i p  t ime up of 240 days. The 

opt imizat ion curves for  both blanket designs i s  shown i n  the r l g h t  hiind p l o t  and ind icates the EOTV 

using a  3 m i l  b lanket t o  provide approximately $2 per ki logram o f  SPS savings a t  the optimum IS and 

t r i p  time. Further d e t a i l  and the reason f o r  the 3 m i l  b lanket EQTV prov id ing  lower cost  I s  discussed 

on the next char t .  
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S I L I CON EOTV COMPARISON 

On the  l e f t  i s  presented t he  mass comparison of a ?  EOTV us ing e i t h e r  a 3 m i l  o r  6 m l l  b lanke t .  

This comparison as we l l  as the  cos t  i s  done f o r  a s p e c i f i c  impulse o f  8,000 seconds and an u p t r i p  

t ime o f  210 days. The mass comparison shows a s i g n i f i c a n t  penal ty  f o r  the power generat ion and 

d i s t r i b u t i o n  system o f  the 6 m i l  b lanke t  con f i gu ra t i on  p r i m a r i l y  because of  t he  heavier s o l a r  ar ray.  

The p ropu ls ion  and p rope l l an t  requirements a re  approximately equal, a l though the 6 m i l  case has 

s l  i g h t l y  g rea te r  requirements because o f  the heavier PGDS. The cos t  conlparison r e f l e c t s  amort ized 

c a p i t a l  cos t  and i s  expressed i n  terms o f  EOTV do1 l a r s  per k i logram o f  SPS. A1 though the  u n i t  c o s t  

of the  6 m.il b lanket  EOTV would be considerably g rea te r  than t h a t  f o r  the 3 m i l  EOTV, when amortized 

over  the 1 i f e  of the system, l i t t l e  d i f f e rence  occurs between the two concepts. Again, the  p rope l l an t  

requirements were approximately equal so t he  d i r e c t  costs i n  terms o f  r e fue l i ng  the EOTV's a re  

approximately the  same. Since both concepts use the same t r i p  t ime, the cons t ruc t ion  delay cos t  i s  

a l so  t he  same. The ne t  r e s u l t  i s  t h a t  t he  3 m i l  b lanke t  EQTV provides a $2 per k i logram o f  SPS 

bene f i t  over t h a t  o f  the 6 m i l  case and w i l l  be used i n  the comparison w i t h  a GaAs b lanke t  EOTV. 



Silicon EOTV Comparison 

8ps.1411 
IUiV!#U - 

• MASS lrp 8000 SEC COST 

PROPELLANT 

GENERATION 

DlSTRl6UTlON 

$2-2 62-4 

BLANKET 



GALLIUM ARSENIDE EOTV 

An a1 t e r n a t i v e  t o  the s i l i c o n  EOTV i s  t he  use of  g a l l  fum arsenide s o l a r  c e l l  b lankets .  Several 

reasons a re  i nd i ca ted  f o r  i t s  cons iderat ion.  The key f a c t o r  i n  es tab l i sh i ng  the  b e n e f i t  o f  t h i s  

type o f  s o l a r  b lanke t  i s  t he  cos t  per square meter t h a t  w i l l  occur.  This i s  s i g n i f i c a n t  s ince i t  

w i l l  be done so i n  a  program t h a t  uses s i l i c o n  s o l a r  c e l l s  f o r  the s a t e l l i t e  thereby r e s u l t i n g  i n  a  

r e l a t i v e  small product ion r a t e  f o r  the ga l l i um  arsenide b lanket .  The key assumptions a re  ind ica ted  

and p a r t i c u l a r  emphasis i s  given t o  se l ec t i ng  an EOTV w i t h  a  con f i gu ra t i on  concent ra t ion r a t i o  o f  

1  r a t h e r  than some h igher  concent ra t ion r a t i o .  This i s  done i n  o rder  t o  el im ina te  t he  problems 

associated w i t h  uneven i l l u m i n a t i o n  r e s u l t i n g  from h igher  concent ra t ion r a t i o s  and e l i m i n a t i o n  of the  

concern f o r  t he  r a d i a t i o n  degradat ion of the r e f  l e c t o r .  



GaAs EOTV 

Reasons for consideration 

Higher cell performance 
a Lower ma9s/m2 
a Better resistance to radiation 

Key factor in evaluation 

cost/& 

Key assumptions 

Payload 
Up = 4,000 MT 
Down = 200 MT 

Configuration concentration ratio * 1 



BLANKET DESIGN CHARACTERISTICS 

The makeup of the  s i l i c o n  b lanke t  and ga l l i um  arsenide b lankets  a r e  i nd i ca ted  w i t h  the ga l l i um  

arsenide b lanke t  being t h a t  as def ined by Rockwell I n t e rna t i ona l  f o r  Marshal 1  Space F l  i g h t  Center. 

As ind icated,  the ga l l i um  arsenide b lanket  provides an improvement i n  terms o f  t he  e f f i c i e n c y  and 

power output  (before r a d i a t i o n  i s  app l ied  t o  the b lanke t )  and f o r  the  bas ic  b lanke t  as def ined by 

Rockwell, a  considerable mass per square meter improvemrnt over the s i l i c o n  b lanket .  A second 

mass per  square meter value i s  i nd i ca ted  f o r  the qa l l i um  arsenide b lanke t  t h a t  uses a 40 micron 

covergalss r a the r  than a 20 micron coverglass. This o p t i o n  has been inc luded  i n  an at tempt t o  

p rov ide  b e t t e r  r ? d i a t i o n  c h a r a c t e r i s t i c s  f o r  t he  ga l l i um  arsenide b lanket .  
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Blanket Design Characteristics 

SILICON BLANKET G a b  BLANKE'F (RI BASELINE) 

75-pm FUSED SI LICA 
2o.firn SAPPNI RE 

6pm GaAs CELL 
5O-pm SILICON CELL a m  FEP 

S-gm KAPTON 
M)-fim FUSED SILICA . 

* Efficiency: 17.3% 
Power output: 197 w/mZ 
MDI (without growth: 0.427 kdrn2) 



SOLAR CELL RADIATION SENSITIVITY 

The comparison o f  the power output of these two blankets as a funct ion o f  f luence they w i l l  

experience i s  indicated. The ga l l ium arsenide pred ic t ion  i s  taken d i r e c t l y  from the Rock,tell/MSFC 

study whereas the s i l i c o n  c e l l  data re la tes  t o  tha t  used by Boeing i n  the d e f i n i t i o n  o f  the s a t e l l i t e .  

As would be expected, the gal l ium arsenide c e l l  f o r  a given amount o f  fluence provides a small power 

output bene f i t  over the s i l i c o n  c e l l .  However, what i s  important i s  how the complete blanket performs 

when exposed t o  the o r b i t  t rans fer  environment. I n  the lower righthand po r t i on  of t h i s  char t  are 

ind icated the fluence leve ls  expected t o  be experienced by the two blankets f o r  180 days u p t r i p  and a 

40 day downtrip. I n  the case o f  the s i l i c o n  blanket, one round t r i p  w i l l  provide about 10 17 

equivaients o f  1 MeV electrons, which resu l t s  i n  a power output o f  approximately 60%. Should the 

basic gal 1 i urn arsenide blanket (20 micron coverglass) be used, a f luence l eve l  o f  approximately 
17 4.4 x 10 w i l l  be experienced resu l t i ng  i n  a 52% power output value. This explains the ra t i ona le  

f o r  inves t iga t ing  a th i cke r  coverglass. The blanket considered was one using a 40 micrcn coverglass 

(Option 2) which experienced 2.2 x 1017 o f  f luence, resu l t i ng  i n  a 58% power output, bu t  s t i l l  lower 

than the 60% provided by the s i l i c o n  blanket. This a lso suggests tha t  add i t iona l  sh ie ld ing  around the 

ga l l ium arsenide c e l l  may be benef ic ia l  f o r  the o r b i t  t rans fer  operations. 



Solar Cell Radiation Sensitivity 

0.4 1 a> Silicon blmkot 'IICSO.60 (Boeing barslim) 
@ GaAs blmkot 40513-25 

&As blsnkmt 26S.1328 I R I  b l h l  

FLUENCE OF 1-MeV ELECTRON EQUIVALENTS 



GALLIUM ARSENIDE BLANKET COST 

As suggested e a r l i e r ,  a key factor  i n  assessing t he  bene f i t s  o f  the  ga l l i um  arsenide EOTV as compared 

t o  s i l i c o n  i s  the  cos t  t h a t  must be pa id  per square meter. The method used t o  achieve t h i s  value 

i s  i l l u s t r a t e d  and inc ludes a p l o t  o f  product ion c o s t  per square meter as a function o f  the  annual 

product ion ra te .  The s i l i c o n  c e l l  b lanket  curve i s  ind icated and again i t  i s  the same as what 

has been used i n  the pas t  ana lys is  of t he  Boeing s i l i c o n  s a t e l l i t e .  This curve i s  estab l ished by 

beginning w i t h  50 k i l o w a t t s  of so:ar a r ray  being produced i n  1977 and f o l l ow ing  a 70% learn ing  curve 

down t o  t he  p o i n t  where t he  cos t  I S  approximately tvdo times the mater ia l  cos t  o f  the so la r  ar ray 

a t  which p o i n t  no f u r t h e r  l e - r n i n g  i s  poss ib le  and t he rea f t e r  the  cos t  per square meter w i l l  be 

t h e  same regardless o f  the  product ion ra te .  I n  the case o f  the  10 gigawatt  s i l i c o n  s a t e l l i t e  

i nd i ca ted  by Po in t  2, the  basic cos t  i s  about $44 per square meter. The data p o i n t  (#3)  used t o  

e s t a b l i s h  the  ga l l i um  arseniae b lanket  cos t  was t h a t  pred ic ted hy Rockwell i n  t h e i r  study f o r  

MSFC where approximately 52 m i l l i o n  square meters of ga l l i um  arsenide so la r  a r ray  was produced per 

year  a t  a cos t  o f  $71 per  square meter. I t  was a lso  assumed t h a t  t he  product ion r a t e  r e s u l t i n g  

in mature i ndus t r y  cos t  would be the  same as t h a t  f o r  the s i l i c o n  blanket.  The quan t i t y  o f  the  

c e l l  requ i red  f o r  the  ga l l i um  arsenide EOTV was estab l ished by t ak i ng  the  t o t a l  f l e e t  requirements 

and d i v i d i n g  equa l l y  over the seven years o f  operat ing l i f e  and adding a 20% marqin per year. As a 

r e s u l t ,  ap2roximately 3 .8  m i l l i o n  square meters o f  the ga l l i um  arsenide b lanket  were produced per 

year, r e s u l t i n g  i n  a cos t  o f  approximately $200 per square meter. That combined w i t h  the $10 per 

square meter associated w i t h  t he  s t r u c t u r e  and power d i s t r i b u t i o n  o f  the ga l l i um  arsenide EOTV 

resu l t ed  i n  a t o t a l  of $210 per square meter versus approximately $60 per  square meter f o r  a s i l i c o n  

b lanke t  EO1V t h a t  uscd a - . 10 cent imeter c e l l .  



CaAs Blanket Cost 

DATA POINTS 

a> 1977: 60 kW of 1296 silicon cdls  
@ BAC estimate for 10-GW silicon SPS - 
@ RI estimate for 6-OW GaAs SPS 

@ BAC estimate for GaAs EOTV'r to 
wpport 10OW silicon SPS 

- 

- SILICON CELL 
BLANKET 

Cost model input - Blanket = $200/m2 
Structure and 
power distribution $10/m2 

I 

ANNUAL PRODUCTION RATE (m2) 



COST OPTIMIZATlON 

Gal 1 ium Arsenide EOTV 

The transportation cost optimization of the two gallium arsenide blanket EOTV designs i s  indicated. In 
both cases, an ISP of 7,000 seconds and up trip time u f  240 days is optimum with the modified blanket 
using a 40 micron coverglass providing an ad tantage of approximately $2 per kilogram of SPS. Further 

design and cost characteristics associated with these optimizations are presented in the two following 
charts. 
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k O I I r Y 0  - 
BASELINE BLANKET MODlFlEO BLANKET 
(2O=bl526) (40.b 1 3-26) 

leOr 80. 
1, (-1 

1, (UC) 

TOTAL 72 72 - 
TRANS - 
PORTATION 

6,000 

COST 68 - 68 - 
($/kg OF S W  

64-  64 - 
I 1 1 I I I i I 1 I I I 

20 166 180 210 240 '120 160 180 210 240 
UP TRIP TIME (DAYS) UP TRIP TIME (DAYS) 



EOTV DESIGN CHARACTERISTICS 

Key charac ter is t i cs  which r e s u l t  from the  opt imizat ion shown on the previous char t  are Indicated f o r  
both the  gal l ium arsenide EOTV and the s i l i c o n  EOTV, I n  terms o f  opt imizat ion, the key features are 
t h a t  o f  the spec i f l c  impulse and t r i p  time. As ind?cated, the base1 i ne  s i l  lcon EOTV uses a higher 

spec i f i c  impulse and shor ter  t r i p  tlme which w i l l  in f luence both e l e c t r i c  power requirements, the 

degradation and eventual ly  the prope l lan t  requirements f o r  the EOTV* A1 so included i n  order t o  provlde 
a d i r e c t  comparison i n  terms of these parameters i s  an EOTV w i t h  the same t r i p  times and spec i f l c  
impulses as the GaAs EOTV, I n  terms o f  deslgn charac ter ls t l cs ,  the basel lne EOTV has e l e c t r i c  s fz fng  

power requirements considerably greater p r i m a r i l y  because o f  i t s  hiqher ISP and fas te r  t r l p  time. 
Power remafning a f t e r  one round t r i p ,  however, i s  the hiqhest f o r  the o i l  lcon base1 i ne  f o r  the reasons 

indicated on a preceding char t  discussing rad la t i on  s e n s l t l v l t y .  The design power requlred f o r  the 
2 concepts ref:ect the basic e l e c t r l c  power requlrement t o  d r i v e  the e l e c t r i c  thrusters,  1 R losses and 

a1 so oversiz i n g  t o  cover the I n i  t l a l  degrada t ion .  Array area requirements r e f l e c t  the design power 
required as we l l  as the power output o f  each square meter 04 the array. Empty mass characteristics 
includes the power generation d i s t r i b u t i o n  system and the e l e c t r i c  propulsion system elements bu t  

excludes propel lant .  
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EOTV Design Characteristics 
# m a # ! ! '  - 

L 

.Optimization 
a& (WC) 

.Trip time up (days) 
*Trip time down (days) 

@Design characteristics 
a Electric sizing power (MW) 
oP/Po after one round trip (%I) 

a Design power (MW) 
. h y  area (km2) 
.Empty mass (M T) 

Ga As EOTV 
Basic blanket 
20-5-1 3-25 

7,000 
240 
37 

125 
48 

230 
0.97 

767 

I 

Silicon EOTV 
75-50-50 blanket 

1 

Modified blanket 
40-5-1 3-25 

7,000 
240 
37 

118 
52 

203 
0.85 

718 

Baseline 

.8,000 
180 
47 

182 
58 

296 
1 .5 

1,457 

~ k t  Cornpariron 
I 

7,000 
240 
49 

115 
56 

187 
0.95 

957 



EOTV COMPARISON 
S i l i c o n  vs. Gallium Arsenide 

Comparison of the two EOTV's i s  examined i n  more d e t a i l  through use o f  mass, u n i t  cost  and t o t a l  
t ransportat ion cost. I n  the case o f  mass, the s i l i c o n  EOTV solar array i s  heavier per square meter and 
there i s  less power per square meter resul  t l n g  i n  a  much heavier vehicle. Propel lant  requirements 

a re  a lso l a rge r  due t o  the greater empty mass o f  the vehicle, Un i t  cost o f  the three candidates, 
however, show a  bene f i t  t o  the s i l i c o n  EOTV p r imar i l y  as a r e s u l t  o f  the cost  per square meter o f  the 

ar ray  being approximately 1/4 t h a t  o f  the gal l ium arsenide blanket. The e l e c t r i c  propulsion system, 
however, on the s i l i c o n  system i s  greater because of the greater s t a r t  burn mass o f  the system which 
a l so  explains the higher launch cost,  The t o t a l  t ransportat ion cost amortizes the cap i ta l  investment 

( u n i t  cost p l u s  launch o f  the EOTV's), and resu l t s  i n  the s i l i c o n  EOTV prov id ing a  savings o f  approximately 
$7 per ki logram o f  SPS over the basel i ne  gal 1  ium arsenide and about a  $6 per ki logram improvement over 

ga l l ium arsenide w i t h  a th icker  coverglass. 
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EOTV SOLAR ARRAY SUMMARY 

With t he  l e v e l  o f  d e f i n i t i o n  conducted t o  date, the s i l  icon c e l l  b lanke t  w i t h  3 m i l  coverg lars  i s  

recomnended as the p re fe r red  so la r  a r ray  f o r  t he  EOTV. Should f u t u r e  analys is  i n d i c a t e  l ess  optimism 

regard ing r a d i a t i o n  damage t o  the  so la r  a r ray  and i t s  recovery w i t h  the  annealing, the  6 m i l  coverglass 

may r e q u i r e  reassessment. The ga l l i um  arsenide c e l l  w i t h  minimum coverglass does no t  appear t o  be 

worthwhi le f o r  o r b i t  t r a n s f e r  operat ions. Again f u t u r e  ana lys is  concerning r a d i a t i o n  e f f e c t s  on the 

b lanket  may prov ide the  r a t i o n a l e  f o r  i nves t i ga t i ng  GaAs blankets w i t h  t h i c k e r  covergl  asses. Consequently, 

t he  EOTV t o  be f u r t h e r  def ined and updated f o r  eventual comparison w i t h  the  LEO cons t ruc t ion  op t i on  

w i l l  be t h a t  employing a s i l i c o n  3 m i l  coverglass blanket.  

This analys is  considered the p o s s i b i l i t y  o f  using a ga l l i um  arsenide EOTV t o  support a  s i l i c o n  

s a t e l l i t e .  C lear l y ,  i f  ga l l i um  arsenide were se lected f o r  the s a t e l l i t e ,  i t  would a lso  be the 

l o b i c a l  choice f o r  the EOTV. 



EOTV Solar Array Summary 

SILICON CELL WlTH 3 MIL COVER 18 PREFERRED 

SILICON WITH 6 MIL COVER TO BE REASSESSED IF  RADIATION RECOVERY 

IS LESS THAN ANT IClPATED 

a 0- CELL COVER AS DEFINED FOR OEO SATELLITE NOT ADEQUATE 

a OaAs CELL WlTH THICKER COVER ALSO TO BE REASSESSED IF  RADIATION 
RECOVERY IS LESS THAN ANTICIPATED 



E l  ECTRIC OTV CONFIGURATION UPDF,TE 

The selected e l e c t r i c  OTV conf igurat ion consists o f  four independent so la r  array bays, each prov id ing 
power t o  a th rus ter  module. The ove ra l l  dimensions o f  t h i s  conf igura t ion  have been increased since mid- 

term as a r e s u l t  o f  the increases i n  the  i n i t i a l  power requirements t o  perform the mission. Most notably 

t h i s  means the increase o f  power from 230 megawatts a t  mid-term up t o  296 megawatts f o r  the f l n a l  

configuration. This factor has increased the area from 1.2 up t o  1.5 square ki lometers and accordingly 
has changed the l a rge  dimension o f  the conf igurat ion from 1.2 ki lometers t o  1.5 k i lomt te rs .  The width 

o f  the conf igurat ion has remained a t  approximately 1.044 ki lometers since the dimension o f  each bay i s  

determined by the c e l l  s ize  and the voltage requirements o f  the th rus ters  w i th  the optimum voltage 
2 being 2765 when considering I R and plasma losses. Accordingly, the empty mass o f  the vehicle has gone 

from 1200 metr ic  tons t o  1462 metr ic  tons resu l t i ng  i n  an increase i n  e l e c t r f c  t h r u s t  from approxi- 
mately 3000 Newtons t o t a l  t o  3345 Newtons. Propel lant  requirements have changed very l i t t l e  from the 

mid-term. 



Electric OTV Configuration Update 

M ~ o T T O S C A C E  

INITIAL POWER = 296 MW @ PAYLOAD 

UP - 4000 MT 
ARRAY AREA = 1.5 h2 DOWN - 200 MT 

ELEC THRUST - 3345 N 
TRIP TIME: 

EMPTY MASS = 1462 MT UP 6 180 DAYS 
DOWN = 40 DAYS 

ARGON = 469 MT 
@ Is-8,oOOm 

L02/LH2 = 46 MT 

/- PAY LOAD AND \THRUSTER MODULE (4) 
PROPELLANT 



EOTV MASS SUMMARY UFDATE 

The empty mass for  the conf igurat ion i s  shown f o r  both mid-term and f i n a l  values. The most s i g n i f i c a n t  

change has been t h a t  associated w i t h  the solar  array mass, which has been increased f o r  the reasons 

indicated w i t h  the mosc notably being the more accurate model r e f l e c t  ;ng the power requirements f o r  
2 I R losses, storage provisions, changing power condi t ion ing e f f i c ienc ies  as a r e s u l t  o f  using s o l i d  

s ta te  equipment rather  than motor generator equipment and a lso a rev i s ion  i n  the rad ia t i on  degradation 

analysis.  These changes t o  the solar  array, i n  turn, have re f l ec ted  o r  resul ted i n  changes ir !  a l l  

o ther  elements o f  the vehic le r e s u l t i n g  i n  approximately a 300 metr ic  ton increase over the  mid-term 

values. Accordingly, the s ta r tburn  mass a lso r e f l e c t s  a 300 metr ic  ton increase over the mid-term 

value. 



EOTV Mass Summary Update 
I 

I ' I I ' C ; ,  - 
SPS 2495 

ITEM EMPTY MASS (M.T.) STARTBURN MASS (M.T.1 

MIDTERM FINAL - 
POWER GEN & DlSTRlB (736) (951) PAY LOAD '4000 

SOLAR ARRAY 608 780 D EMPTY 1462 
STRUCTURE 95 122 PROPELLANT 

DISTRIBUTION 33 42 ARGON ,468 
ENERGY STORAGE - 7 

ELECTRIC PROPULSION (447) (496) 

THRUSTERS 71 79 . 
POWER CONDlTlONiNG , 195 219 

THERMAL CONT 55 88 

PROPELLANT FEED SYS 48 49 1 MORE ACCURATE MODEL 
AUXILIARY SYSTEMS (12) (15) POWER REQ'T ADDITIONS ' 

I - 1 2 ~  &STORAGE 
TOTAL 1195 1462 PPU EFF 

REVISED RADIATION DATA 

ARRAY AREA 

B#EKD ON DESIGN POWER 
NOT ELEC 

OTHER CHANGES ARE REWLT O r  



EOTV COSTING GUIDELINES 

The guide l ines used t o  es tab l i sh  mere dccurate EOTV costs than t h a t  shown a t  the  mid-term are  ind icated.  

The f l e e t  s i ze  and amort izat ion per iod are the  same as was used f o r  mia-term. The z h i e f  d i f f e rence  i n  

cost ing, however, deals w i t h  the  method i n  which the  cos t ing  was done. A t  t he  mid-term, a  sca l ing  

r e l a t i o n s h i p  w ~ s  used where the power generat ion and d i s t r i b u t i o n  system cos t  was scaled t o  s i m i l a r  

systems o f  the  s a t e l l i t e  and the e l e c t r i c  propuls ion syste~n cos t  f o r  the  EOTV was scaled t o  costs 

associated w i t h  t he  selfpower o r b i t  t r a n s f s r  systems. As such, t h i s  sca l i ng  method presented an 

o p t i m i s i t c  cos t  p r i m a r i l y  because o f  using a component product ion r a t e  much h igher  than t h a t  poss ib le  

when amort iz ing the hardware over a numbsr of years.  The f i n a l  cos t ing  o f  the EOTV, inc luded 

es tab l i sh ing  d e t a i l e d  f i r s t  u n i t  costs  using component mass and q u a n t i t i e s  d i r e c t l y  associated w i t h  a  

s i nq le  EOTV. These TFU costs were then used i n  conjunct ion w i t h  t he  annual product ion r a t e  o f  the 

components f o r  the  e n t i r e  EOTV f l e e t  t o  e s t a b l i s h  the  average cos t  o f  an EOTV. 



EOTV Costing Guidelines 

MIOTERM FINAL 

AMORTIZATION PERIOD (YR) 7 7 

SCALING DETAILED MODELING 
OETAIL TPU 

MA88 QUANTITY 
AVO. TO RLCLECT COM~NCSNT 

ANNUAL PRODUCTION RATE 

POWER OEN & DlsTRlB SCALE TO SATE LLITE 

($aWKG) 
ARRAY CONTRIB $44/M2 $63/M2 W E  TO 

6 XI0 CM CELL 

ELECTRIC PROPULSION SCALE TO SELF 
POWER OTS 

($1 l7lKG) 

PROGRAMMATIC NOT CONSIDERED CONSIDER 



CCMPONENT ANNUAL PRODUCT ION RATE 

This char t  shows the in f luence o f  amort iz ing o r  spreading out  the t o t a l  hardware requirements over the 

operat ing l i f e  of' the system. I n  the case o f  the GEO construct ion concept, the t o t a l  components f o r  

the 23 vehicles has been spread out equdl ly  over 7 years o f  I t s  operat lng l i f e  w i t h  an add i t iona l  201 

added t o  the annual requiremerlt t o  cover manufacturing problems, etc. As Indicated, near ly  a l l  components 

f o r  the GEO/EOTV case r e f l e c t  a s i g n i f i c a n t  decrease i n  the annual production rate, whjch w i l l  eventual ly 

r e f l e c t  i n  the average u n i t  cost o f  the EOTV's. 
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SILICON EOTV COST UPDATE 

The € 0 2  hardware and cost per f l i g h t  numbers are presented. I n  thti case o f  the hardware costs, both mld- 
term and f i n a l  costs are presented, The f i n a l  f l f g h t  u n i t  cost have almost doubled from tha t  o f  the mid- 

term, r e f  1 cc t  i ng the i n f  l u e ~ c e  o f  the lower product-ion rate. The power generat I on and d l  s t r i b u t  ion  sys- 
tem has not increased as much as e l e c t r l c  propulsion system pr lmar l  l y  because the solar array, whlch I s  
the largest cont r ibu tor ,  was and s t i l l  i s  being costed on a mature jndustry bas is  wl t h  the increase over 

preceding mid-term values p r i m a r i l y  the r e s u l t  o f  the 20% penal ty  pa ld  f o r  using the 5 x 10 centimeter 

cell  and also the 21% cost growth fac tor .  E l e c t r i c  propulsion costs, are greater by almost a f ac to r  of 3 
and r e f l e c t  a s i gn i f i can t  d l f ference I n  the cost f o r  i nd i v idua l  e lmen ts  as a r e s u l t  o f  lower production 

rate.  As indfcated ea r l i e r ,  programnatlc costs were not Indicated I n  the mid-term. On a cost per f l i g h t  

basis, inc luding m ~ o r t l z a t i o n  o f  the cap i ta l ,  the change from the mld-term has been approxlrnately $30 
m i l l i o n  per f l i g h t .  
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Silicon EOTV cost Update 

' COST INMICLIONS 

EOTV HARDWARE 

PART 1 
MIDTERM 

FLIGHT UNIT (124) 
POWER GEN & DlsTRlB (69.9) 

SOLAR ARRAY 

STRUCTURE 
DISTRIBUTION 

ENERGY STORAGE 

ELECTRIC PROPULSION (62.7) 
THRUSTERS 
POWER COND. 
THERMAL CONTROL 
STRUCT/MECH 

PART 1 
FINAL 

CAPITAL 

E O N  HRDW 
EOTV LAUNCH 

@ CONST BA8L 
DIRECT . RLfUf L 

REPURB 

CONST TIME DELAY 
PAY LOAD LAUNCH 

TOTAL 

PROPELLANT SYS 6.0 
AVIONICS (1.0) (6.51 

• PROOPAMMATIC (woe) 



LEO CONSTRUCTION CONCEPT 
SELF-POWER MODULES 

Th is  ccncept has been discussed ex tens ive ly  i n  docun~entation associated w i t h  JSC/Boeing con t rac t  NAS9- 
15196 The char t  i l l u s t r a t e s  t he  o v e r a l l  cons t ruc t ion  and opera t ion  scenar io associated w i t h  t he  LEO 
cons t ruc t ion  concept. I n  terms of t r anspo r t i ng  the s a t e l l i t e ,  e i g h t  separate modules are const ructed i n  
low Ear th  o r b i t  w i t h  po r t i ons  o f  the  so la r  a r ray  deployed t o  p rov lde  power necessary t o  d r i v e  the  e l e c t r i c  
t h rus te r s  t h a t  propel  the veh ic le  t o  GEO where the modules are j o l ned  together t o  form the t o t a l  
sate1 1 i te .  

Several improvements have been considered f o r  t h i s  concept. The f l r s t  deals w i t h  improving the o v e r a l l  
module con f igu ra t ion  f o r  the t r ans fe r  operat ion.  The second considers t h e  cos t  bene f i t s  t h a t  might  occur 
through recovery of the e l e c t r i c  propuls ion components and t h e i r  subsequent reuse. Both o f  these 
improvements w i l l  be discussed on subsequent char ts .  



LEO Construction Concept 
Self Power Modules 

Of LIVER C R E W  
AND SUPPLIES 
TO GEO USING , 

COMMISSIONING 
MAINTENANCE BAS€ 

MODULES FLY 
TO GEO USING 
SELF POWER. #4 & #8 
TRANSPORT ANTENNAS 

CREW & BUILD 2 RETURN CREWS 
CARGO TO ANTENNAS , . 
LEO USING 
2 STAGE EARTH 
WINGED HLLV 



SELF-POWER CONFIGURATION 
Photovol t a i c  Sate1 li t e  

I n  an attempt t o  reduce the g rav i t y  gradient  torque requirements and thereby reduce the prbpe l lan t  
requirements several conf igurat ion changes have been incorporated. The f i r s t  o f  these dea 1s w i th  the 

l oca t i on  o f  the deployed so la r  array. P r i o r  self-power module conf igurat ions had the so la r  array 

deployed a t  both ends o f  the module and p a r a l l e l  w i th  the x-axis. The new conf igurat ion however has 

the arrays deployed along the y-axis o f  the conf igurat ion and along both sides. This no t  only  

improves the moment o f  i n e r t i a  charac ter is t i cs  o f  the conf igurat ion,  but  a lso  el iminates the mismatch 

between c e l l s  t ha t  occurred w i t h  the previous deployment since some c e l l s  i n  the s t r i n g  had been 

exposed t o  rad ia t ion  and others were not. The other change r e s u l t i n g  i n  b e t t e r  moment o f ' i n e r t i a  

charac ter is t i cs  and eventual ly lower g rav i t y  gradient  torque penalty was t h a t  o f  pos i t ion ing  the 

th rus ter  modules out  along the X ax is  ra ther  than the Y ax is  f o r  the o r b i t  t ransfer .  Once GEO i s  

reached, the thruster  modules are ro ta ted  i n t o  a pos i t i on  where they are along the Y ax is  so no 

in ter ference occurs during docking o f  one module t o  the other .  The ove ra l l  impact of the improved 

moment o f  i n e r t i a  charac ter is t i cs  i s  tha t  the propel l a n t  requirements decreased from about 34 m i  11 i on  

kilograms per sate1 1 i t e  down t o  29 kilograms per sate1 1 i te. 



Self-Po wer Configuration 
Photovoltaic Satellite 

SPS-24 16 
0.6 km 
DOCKING 
POSl TlON 
(ALL TM ROTATE) 

L 

GENERAL CHARACTERISTICS 
3 % omir ing (radiation) 
Trip timo - 140 6 y s  
Isp - 7,000 .wo 

MODULE NO WITH 
CHARACTERISTICS ANTENNA ANTENNA 

Numbor of modulos 8 2 
Modulo mas (106 k ) d 8.7 23.7 
P o w  nquirod (1 kW) 0.3 0.81 
Arrw (96) 13 36 
OTS dry ( 106 kg) 1.1 2.9 
Argon (108 k 1 .o 6.1 

1.4 2.2 
N) 4.6 122 

Chomicrl thrust (103 N) 120 8.0 

D 20% additional thrun waihbla C OGT nd 
thrust vector control 

Panel siza: 
Thrusten: 

NO 
ANTENNA 
24x38m 
$00 

ANTENNA 
48xS7m , 
1,600 

MODULE WlTH ANTENNA 

SECTION \-- 
A- A 



OTS HECOVERY MOTIVATION 

The chief reason for considering recovery of the electric orbit transfer system components is the fact  
that there are approximately 1.3 billion dollars of components for each 10 6We sa te l l i te .  Consequently, 
each component has been investigated for i t s  cost in terms of do1 1 ar per kilogram of va:ue and f o r  the 
ease i n  which i t  could be removed. Those components judged to be good candidates include the thrusters, 
processing units, gimbals, avionics and propel 1 ant tanks. Recovery of these components would result i n  
87% of the unit cost and 56% of the mass of the electric transfer system. 



OTS components 

I 

Thruster panel 
thrusters, PPU, 
switchgear, yoke, 
in-r~pten 

Gimbal 
: Avionics' 
Tanks 
Standoff structure 
Propellant feed system 

Thermal con trot 

Power distribution 

Total 

Recovery % 

Cost($M) 

81 5 

133 
46 

149 
35 
16 
98 

22 

1,314 

87 . 

One satellite 
Mass (lo6 kg) 

6.14 

0.09 
0.003 
0.4 
0.6 
0.58 
1 .O 

3.0 

11.8 

56 

per year 
$/kg Recovery 

132 

1,477 
15,300 

370 
58 
28 
98 

7 

I 

Yes 

Yes 
Yes 
Yea 
No, low valw 
No, integral 
No, attach to 
standoff 
No, integral 



RECOVERY SYSTEM OPTIONS 

Several methods have been considered i n  tne past f o r  the recovery o f  e l e c t r i c  o r b i t  ~ ~ a n s f e r  systems. 

P r i o r  analysis by Boeing has considered the use o f  L02/LH2 o r b i t  t rans fer  vehicles f o r  the re tu rn  or 
the components. The operating mode was to transfer Irp the OTV's piggyback on the self-power modules. 

Once GEO i s  reached, the e l e c t r i c  propulsion elements would be attached t o  the chemical OTVts which 

would re turn  the systems back t o  the LEO base where they would be refurbed and used on a subsequent 

self-power module. Chief disadvantage i n  t h i s  concept has been the long storage requirements fo r  

the L02/LH2 requirements and the large propel l a n t  requirements for  t h i s  type o f  sys tern resul t i n g  i n  

excessive launch cost.  Another method o f  recovery i s  the use of small e l e c t r i c  o r b i t  t ransfer vehicles. 

Three d i f f e r e n t  methods i n  employing t h i s  concept have been analyzed. The f i r s t  o f  these i s  ca l l ed  

the independent EOTV and consists simply of sending up a small E O N  independent o f  the self-power 

module. The second opt ion has the EOTV sent up piggyback on the self-power module. Once GEO i s  

reached, the components are placed on the EOTV and t ransferred back to  LEO f o r  re fu rb  and reuse. 

The t h i r d  method employs an FOTV concept t h a t  i s  more t i g h t l y  in tegrated i n t o  the self-power module. 

I n  the case i l l u s t r a t ~ d ,  the th rus ter  modules o f  the EOTV would a c t u a l l y  be used t o  propel the 

module t o  GEO. The thruster  modules would be l a rge r  than tha t  normally required f o r  the EOTV 

operations by i t s e l f .  The array of the EOTV would be used as we1 1 as a por t ion  o f  the array o f  the 

self-power modules. Once GEO i s  reached, the four  separate sectors o f  the EOTV must be reassembled to  

form an EOTV t h a t  can be transferred back down to  LEO. The method selected f o r  the recovery i s  

t ha t  of the independent e l e c t r i c  OTV, since i t  provides the most s t ra ight forward concept and the most 

f l e x i b i l i t y  a t  t h i s  p o i n t  i n  time. 



Recovery System Options 

CONCERNS/ 
COMPLEXITIES 

CONSIDERATIO 1 
PROP STORAGE 
DURING UP TRIP 

LARGE PROP 
REQIT 
l LOW OTS PROD. 

RATE-H IGH 
UNIT COST 

MINIMUM 

l LOWEST 

* SELECTED 
MOST STRAIGHT 

FORWARD 
MOST FLEXIBLE 

r- I r THRUSTER MODULE 
FOR 1 RANSFER 

ATTACHMENT OF 
EOTV TO SPM 
l LONGER ROUND 

TRIP FUH E O N  

MORE OTS 
UNITS REQ'D 

FOUR BAYS AlTACH / TO FORM RETURN 

I 
E O N  

ASSY OF RETURN E O N  
POWER-BUS INTERFACE 
l STRUCTURE INTERFACE 

l HIGHEST OF 
1 THE EON'S 



EOTV SIZlNG OPTIONS 

Several opt ions e x i s t  i n  terms o f  t he  s i z e  of the EOTV. These opt ions a re  brought about by several 

d i f f e r e n t  payload requirements associated w i t h  the modules. As noted, s i x  o f  t he  e i g h t  modules have 

a recovery payload mass o f  approximately 550 me t r i c  tons, w h i l e  two o f  t h e  e i g h t  modules have OTS 

components t h a t  t o t a l  1650 me t r i c  tons. A d e t a i l e d  ana lys is  has no t  been conducted on the th ree  

opt ions i nd i ca ted  b u t  Opt ion 2 which s izes t he  EOTV t o  r e t u r n  the  l a r g e s t  payload appears t o  

a reasonable choice and w i l l  be used i n  the remai ider o f  the  OTS recovery analysi,. 



EOTV Sizing Options 

@ REQUIREMENTS OPTIONS 

Module OTS mass (1 06kg) 1. Sizefor0.55x106kg 
to be recovered 1.65 x 106 kg payload required 

three EOTV's 
Large number of €OW8$ 

d 2. Size for 1 .65~  106 kg 
a Can brin down three b 0.55 x 10 kg pay loads 

3. Have two sizes of EOTV: 
One for 0.55 x 106 kg 
One for 1.65 x 106 kg 

d SELECTED 



F L  1 GHT OPERATIO f lS  

OTS Recovery 

The f l  i g h t  o m r a t  ions sched,le a;;t;ciu ted w i  t . r~ 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  v e h i c l e s  f o r  

recovery  o f  OTS systems i s  i l l u s t r a t e d .  T h i s  s c h t d u l  e irbcl udes t h a t  assoc ia ted  w i  t h  t he  c o n s t r u c t i o n  

o f  t h e  modules, t h e  t r a n s f e r  o f  t h e  modules a r d  then a t  c e r t a i n  t imes  t h e  s to rage  o f  t he  OTS r e q u i r e -  

ments t h a t  a r e  t o  be recovered.  Far  exarnple, componertts f o r  the  f i r s t  t h r e e  rnod~l les o f  t h e  f i r s t  
s a t e l l i t e  a r e  ternoved f rom t h e i r  nodu les  and s t o r e d  a t  t h e  GEO base. P r i o r  t o  t h e  a r r i v a l  o f  t h e  

t h i r d  m o d ~ l e  a t  GEO, t h e  f i r s t  e l e c t r i c  o r b i t  t r a n s f c r  v e h l c l c  I s  s e n t  t o  f';EO. Once t h e  EOTV reaches 

GEO, tne comprJrlents a r e  loaded t o  form t h e  f u l l  1650 n ~ e t r i c  tern payload.  That  EOTV. then r e t u r n s  t h e  

components back t o  LEO where they  a r e  rerioved and taken t o  t h e  LEO base f o r  r e f u r b i s h m e n t  and subse- 

quent  reuse. The f o u r t h  module o f  each s a t e l l i t e  a l so  t r a n s f e r s  an antenna and consequent ly  i s  a 
1650 m e t r i c  t o n  pay load i n  i t s e l f .  Th is  r e q u i r e s  a ded i ca ted  EOTV such as 4 2  t o  per form t h e  recovery  

operaTions.  The 07's u n i t s  o f  satel 1 i t e  modules 5, 6 and 7 a r e  a l s ?  c o l l e c t e d  a t  GEO t o  form one 

payload package and a r e  r e t l ~ r n e d  uc,ing the  t h i i d  e l e c t r i c  o r b i t  t r a n s r e r  v e h i c l e .  The 07's components 

o f  t h e  e i g h t h  s a t e l l i t e  r r ~ c d ~ l t l  which 3 1 5 0  takes up arc antenria i s  b rough t  back th rough the  use o f  t h e  

f i r s t  EOTv'. 13s can be seen from t h i s  schedule,  Inod l~ le  1, 2,  3 ,  and 4 o f  t he  second s a t e l l i t e  cannot  use 

any o f  t h e  pcopl.rl s<orl syc,terfiV. riser3 or, the f i r s t  5 a  t e l l  i t e  modl~ l  es.  Consr: (~~~ent ly ,  t hey  m l ~ s  t a1 so be 

s rov ided  w i t h  t h e i r  wrl separa te  Ifedir.ated 7r t ) i  t t r ans fe r -  ',jc,t.erns. Ac, d res31 1, the  LEO c o n s t r u c t i o n  

ronceu t  s i n g  s e l f  Dower and recr,very r ~ f  ?.he FIT; corqpQnents rerduires 12 wudl.le. o f  OTC, equipment and 

t r ~ r e e  indeperrden t e l e r - t r i c  c,rt,i t t.rar15fer l e h i c  l e s .  
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INDEPENDENT EOTV FOR SELF-POWER O T S  RECOVERY 

The conf igurat ion f o r  the small independent e l e c t r i c  o r b i t  t rans fer  vehic le i s  indicated. Thjs con- 

f i g u r a t i o n  l s  general ly the same as tha t  f o r  the EOTV used 'rn the GEO construct ion concept. The 

primary di f ference has been tha t  the payload requirements are  smaller resul  t l n g  i n  about 1/3 the 

power requirements and about 1/2 the so la r  array requirements r e s u l t i n g  i n  a dry mass of 760 metr ic  
. \ 

tons. 



Independent EOTV for Self-power 
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Initial powor 122 MW 

E l m i u l  thrust - l,76W 

Argon 230 MT 
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GEO OTS RECOVERY OPERATIONS 

The pr imary operat ions associated w i t h  the recovery o f  t he  o r t i  t t r a n s f e r  system elements a t  GEO 

a re  i l l u s t r a t e d .  Fo l lowing the docking o f  the module w l  t h  the al ready present  modules, component 

recovery veh ic les  a re  flown ou t  from the GE'3 base t o  the  t h r u s t e r  modules o f  the  sel f -power 

module. The complete t h rus te r  modules 4ncll;ding gimbals a r e  removed and f lown back t o  GEO f l n a l  

assembly base where an OTS p a l l e t  veh i c l e  i s  s ta t ioned .  Prope l lan t  tanks a re  a l s o  removed as w e l l  

as av ion ics .  loaded on the t r a n s f e r  o r b i t  p a l l e t  veh i c l e  and f lown t o  the EOTV which has been s t a t i o n  

keeping a t  a l o c a t i o n  near the GEO base. 



GEO OTS Recovery Operations 
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LEO OTS RECOVERY OPERATIONS 

The EOTV re'il~rns t o  LEO a t  a l oca t i on  near the LEO construct ion base. The OTS p a l l e t  vehic le i s  then flown 
from EOTV over t o  the LEO base where components are removed and taken to  the refurbishment f a c i l i t y .  The 

empty OTS p a l l e t  i s  f lown back t o  the EOTV f o r  a subsequent t r i p  t o  GEO. Meanwhile, maintenance vehicles 

from the LEO base are flown t o  the EOTV t o  perform maintenance on the th rus ter  modules o f  t ha t  vehicle. 

This concludes the d e f i n i t i o n  o f  the improvements f o r  the s e l f  power module concept, Cost f o r  the concept 

w i l l  be presented as p a r t  o f  the overa l l  comparison o f  the LEO versus GEO construct ion concepts which w i l l  
occur i n  the fo l low ing charts. 



LEO OTS Recovery Operations 
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CONSTRUCTION L O C A T I O N  COMPARISON PARAMETERS 

The parameters t o  be used comparing GEO construct ion using e l e c t r i c  o r b i t  t r a n s f e r  vehic les  f o r  SPS cargo 

d e l i v e r y  w i t h  LEO construct ion t h a t  uses s e l f  power t r a n s f e r  o f  s a t e l l i t e  modules w i l l  use the parameters 

ind ica ted .  



** 

I - 
I Construction Location Comparison Parameters 

S 

PARAMETER 

CONSTRUCTION PREPARATION TIME 
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CONSTRUCTION PREPARATION 

I n i t i a l l y  i t  was thought t h a t  GEO cons t ruc t ion  us ing EOTV's f o r  cargo d e l i v e r y  would requ i re  a  longer  

preparat ion t ime i n  terms o f  when the f i r s t  SPS can be p u t  on l i n e .  Analysis i nd i ca tes  however t h a t  t h i s  

method can have i t s  system elements arranged i n  a  manner t h a t  r e s u l t s  i n  the  f i r s t  s a t e l l i t e  coming on ' i ne  

a t  the same as the LEO cons t ruc t ion  method. The on ly  d i f f e rence  between these two opt ions a t  t h i s  p o i n t  

i n  t ime appears t o  be the t ime when the chemical o r b i t  t r a n s f e r  veh ic le  must be ava i lab le .  For the case 

o f  the LEO cons t ruc t ion  concept, the chem (L02 /~H2)  OTV i s  n o t  requi red u n t i l  approximately 1% years a f t e r  

the  f i r s t  system element payload i s  launched and i s  used t o  support  the cons t ruc t ion  of the  GEO f i n a l  

assembly base. 

I n  the  case o f  GEO const ruct ion,  the chem OTV must be ava i l ab le  a t  the end o f  the  f i r s t  h a l f  year  i n  order  

t o  prov ide the c a p a b i l i t y  t o  d e l i v e r  components of the s a t e l l i t e  cons t ruc t ion  base which w i l l  be assembled 

a t  GEO. I n  a d d i t i o n  t o  the d i f f e rence  i n  the a v a i l a b i l i t y  date f o r  the chem OTV, the GEO cons t ruc t ion  

chem OTV w i l l  a l so  be about tw ice  as la rge  i n  terms o f  p rope l l an t  capaci ty .  
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SATELLITE DESIGK IMPACT SUMMARY 

Leo Construction 

This char t  ind icates the key d i f ferences between a s a t e l l i t e  t ha t  would be constructed i n  LEO using a 
modular approach w i t h  one t h a t  would be constructed a t  GEO and be monoi i th ic .  For the LEO construct ion 

case, an addi t ional  mass p tna l tb  w i l l  r e s u l t  i n  terms o f  the solar  array due t o  the ove rs i z i r~g  for the 

r a d i a t i o n  degradation on tha t  so la r  array which i s  deployed f o r  the self-power t rans fer .  The mass 

indicated r e f l e c t s  about a 3% overs iz ing penalty. The s t ruc tu ra l  penalty r e f l e c t s  both the f a c t  tha t  the 

ar ray  w i l l  be oversized because t h :  rad ia t i on  degradation as we l l  as the modular i ty which means redundant 

add i t iona l  members i n  addi t ional  strength i n  the s t ruc ture .  F ina l l y ,  because o f  the overs iz ing o f  the 

so la r  array there w i l l  be a small power d i s t r i b u t i o n  penalty f o r  a t o t a l  mass penalty o f  approximately 

3 m i l l i o n  kilograms f o r  a 10 GWe s a t e l l i t e  b u i l  t a t  LEO versus GEO. This mass penalty hds been included 

i n  a l l  t ransportat ion cost analysis.  
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ORBITAL BASES 

LEO Corbs t r u c t i o n  Concept 

Primdry cha rac te r i s t i c s  of the o r b i t a l  bases associated w i t h  LEO cons t ruc t ion  a re  ind icated.  The LEO 

base i s  used far  the cons t ruc t ion  of  the self-power module. I t has a mass o f  approxfmately 5,550 me t r i c  
tons and requi res a cons t ruc t ion  crew o f  407. The o v e r a l l  dimensions o f  the base a re  approximately 5.9 

k i lometers  by 1.8 k i lometers .  A GEO f i n a l  assembly base i s  a l so  requ i red  and has a mass o f  approximately 

850 me t r i c  tons and a crew s i ze  of 65. 



Orbital Bases 
LEO Construction Concept 

GEO FINAL ASSEMBLY BASE 

MASS = 866 MT' 
CREW = 66 8A't'ELLITE 

MODULE 

LEO CONSTRUCTION BASE 

MASS = 6560 MT 
CREW = 407 



ORBITAL BASES 

GEO Construction 

The GEO construct ion concept requires a LEO staging base t h a t  has a mass o f  approximately 1390 netrfc 
tons and requires a crew s i t e  of around 200 dur lng the construct ion phase o f  the EOTV. Once the program 
i s  ureierway, the crew s ize  can be reduce t o  130 people since only  depot type operations are performed. 

The GEO construct ion base has the task o f  construct ing a mono1 i t h i c  5 gigawatt or 13 gigawatt s a t e l l  i te. 
The mass a t  t h i s  base i s  6,250 metr ic  tons w i th  the Increase over the LEO s a t e l l i t e  construct ion base 

being p r imar i l y  t h a t  re la ted  t o  ad& t i ona l  radJat ion she1 te rs  f o r  the crew. 



Orbital Bases 
GEO Construction 

CONST 

MASS - 6250 MT 
CREW = 407 

ANTENNA CONST PLATFORM 

CQNSTRUCTION 

MASS = 1320 MT 
*CREW= 220 CONSTPH- 

130 OP8 PHASE 

STAGING DEPOT 
OPERATIONS UNDERNEATH ' 



CONSTRUCTION OPERATIONS 

As indicated e a r l i e r ,  the GEC construct ion concept has been associated w!th the construct ion o f  a 
mono1 i t h i c  sate1 1 i te.  LEO construct ion, however, uses a modular sate1 1 i t e  desi gn which means modules 

a re  constructed a t  LEO and use self-power e l e c t r i c  propulsion t ransfer  t o  GEO. Consequently, the LEO 
construct ion opt ion has several add i t iona l  construct ion requirements. The f i r s t  o f  thece i s  the docking 
o f  the modules once GEO i s  reached. Another requirement i s  t ha t  on both Lhe 4 th  and 8 th  modules the 

antenna i s  transfered i n  a pos i t i on  underneath the module i n  order t o  improve the moment of i n e r t i a  

charac ter is t i cs  and as a resu l t ,  once the modules are  docked the antenna must be ro ta ted  up i n t o  I t s  
operat ing posi t ion.  The f i n a l  d i f fe rence i n  the LEO construct ion approach i s  t h a t  those so la r  arrays 

n o t  deployed f o r  the self-power t rans fer  nust  be deployed through the use o f  deployment machines a t  the 
f i n a l  assembly base. 



Construction Operations 

OEO CONSTRUCTlON ALLOWS MONOLITHIC SATELLITE 
FINAL ASSEMBLY 
BASE \ 

0 LEO CONSTRUCTION UTILIZES A MOOULAR OESlON 
AND REQUIRES THE FOLLOWiNO OEO OPERATIONS: 

SATELLITE 
STRUCTURE , 

lNAL ASSEMBLY 
(1600m X l4OOm X 1-1 

INTO POSITION 
(MOOUL€S 4 AND 8) 



ENVIRONMENTAL FACTORS SUMMARY 

The indicated factors p r imar i l y  are those tha t  in f luence the construct ion o f  the s a t e l l i t e .  I n  the 

case o f  radiat ion,  a l l  crew module5 located a t  GEO w i  11 have a  substant ia l  penalty i n  terms o f  p ro tec t ion  

agatnst solar f la res .  A sh ie ld i rg  density o f  2 0  t o  25 grams per square centimeter i s  required i n  the 

rad ia t i on  shelters. EVA operat'ions would be worse a t  GEO a1 though f o r  LEO construct ion should any EVA 

be required i t  should be r e s t r i c t e d  time periods when the construct ion base i s  not passing through the 

South A t l an t i c  anomoly. Occultat ion o f  the construct ion bases has several impacts w i t h  one being i n  

terms of the base power generation system. The GEO construct ion base requires the same amount of 

operational power but requi re less  Lotal power because o f  nearly continuous sun l igh t  on the solar  

array tha t  i s  used t o  generate power f o r  the base. L igh t ing  w i l l  be required a t  both locat ions e i t he r  

due t o  the base being occulted by the ear th o r  the construct ion base i t s e l f  w i l l  cast  shadows so tha t  

l i g h t i n g  w i l l  be required. Should graphite type s t ruc ture  be used, the thermal e f fec ts  on the s t ruc ture  

should be minimum i n  both cases. Gravity gradient and drag penal t i e s  associated w i t h  LEO construct ion 

are la rger  although the d i f ference o f  6 0 0 - 7 0 0  kilograms a  day i s  less than one HLLV f l i g h t  per year. 

C o l l i s i o n  w i th  manmade objects i s  judged to  be greater f o r  the LEO construct ion concept dur ing the 

s a t e l l  i t e  (module) construct icn phdse . However, the t o t a l  co l1  i s i o n  pruobabil i t y  must a lso  inc lude 

c e l l i s i o n s  tha t  may occur during the t rans fer  between LEO and GEO; t h i s  comparison i s  presented on the 

next chart .  
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J Environmen r id  Factors Summary 

SPS1611 

FACTOR !&QAM muA&E 

RADIATION 

* SOLAR FLARE 2-3 GM/CM~ 20.26 GM/CM~ (1 16 000 KG/100 PEOPLE) 
EVA SO. ATLANTIC STEADY STATE IS WORSE 

ANOMALY RESTRICTION 

* OCCULTATION 

BASE POWER REQ'TS: , 3600 KW 2600 KW 

LIGHTING: REQ'D AT BOTH LOCAT IONS (3 OF 100160 KW) 
THERMAL EFFECTS: NO SIGNIFICANT DIFFERENCE IF GRAPHITE TYPE STRUCTURE 

IS USED 

GRAVITY GRADIENT & GRAVITY GRADIENT CONST MODE USED FOR CIOTH LOCATIONS 

DRAG: a LEO CONST PROPELLANT IS GREATER BY 800.700 KG/DAY 

COLLISION WITH MAN- 
MADE OBJECTS 

POTENTIAL GREATER FOR LEO CONST 
(SEE ORBIT TRANSFER FLIGHT OPERATIONS) 
BUT AVOIDANCE MANEUVERS CP.N REDUCE PROBABILITY 
TO NEAR ZERO 



ORBIT TRANSFER OPERA'I'IONS 

F l i g h t  mechanics associated w i t h  the self-power module method and the e l e c t r i c  o r b i t  t rans fer  vehic le are 

essen t i a l l y  the same. There are  some factors,  however, which w i l l  d i f f e r  between the two approaches; one 

being the c o l l i s i o n  w i th  manmade debris,  another being t '  po ten t i a l  of i n te rup t i ng  the power beams coming 

down from operating sate1 1 i t e s .  The key inputs i n t o  thc,e two factors are the s ize  of the modules being 

transfered and the amount o f  time tha t  they are exposed t o  the environment. I n  the case o f  the po tent ia l  

c b l l i s i o n s  per year ( w i t h  no avoidance maneuvers), the LEO construct ion concept i s  predicted t o  have 18 

c o l l i s i o n s  whi le  the GEO construct ion approach would have only  one. However, i n  terns o f  the transfer o f  

vehicles from low o r b i t  t o  high o r b i t ,  the GEO construct ion approach w i t h  the la rge  f l e e t  of 23 vehicles 

has a (area) ( t ime) exposure value approximately 3 times t h a t  o f  the self-power module concept, resu l t i ng  

i n  approximately3 t imesas many po ten t i a l  co l l i s i ons .  As a  resu l t ,  the GEO construct ion concept has 

approximately 50% more po ten t i a l  c o l l i s i o n s  i f  no avoidance i s  done. I t  should be emphasized, however, 

t h a t  p r i o r  analysis i n  the so la r  power s a t e l l i t e  study has indicated t h a t  s u f f i c i e n t  av?ida~r*.tt  ,~ianeuvers 

a re  possible t o  prevent any c o l l  i s i  ons w i th  manmade debris . 

The second i tem t o  be compared i s  t ha t  deal ing w i th  po ten t i a l  in te rup t ions  o f  power beams o r ig ina t i ng  

from operating power sate1 1  i tes. The potent ia l  problem occurs since the modul es o r  vehicles t ransport ing 

cargo depart from a  30 degree i n c l i n a t i o n  o r b i t  and have a  des t ina t ion  o f  0 degrees a t  GEO. The exact 

number o f  in te r rup t ions  i s  not  known a t  t h i s  time, however, i t  i s  known tha t  these in te r rup t ions  w i l l  be 

propor t ional  t o  the number o f  revolut ions tha t  the vehicles make i n  the t rans fer  from low o r b i t  t o  h igh 

o r b i t .  Again, the t o t a l  number o f  f l i q h t s  plays a  key p a r t  i n  t h i s  estimate. The LEO construct ion 

concept using self-power modules i s  estimated to  requi re a  t o t a l  o f  6,400 revolut ions t o  ge t  one 10 

gigawatt s a t e l l i t e  t o  GEO. In the case of GEO construct ion using 23 EOTV's f l y i n g  28 f l i g h t s  per year, 

a  t o t a l  o f  28,000 revolut ions i s  required o r  approximately 4 times revolut ions per year, which should 

i nd i ca te  approximately 4 times as many in te r rup t ions  o f  beams coming down as f o r  the LEO construct ion 

opt ion. 
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Orbit Transfer Operations 
I O I J W "  - 

a FACTORS 

COLLISION WITH MAN-MADE DEBRIS 

SATELLITE POWER BEAM INTERRUPTIONS 

a KEY DATA 

SELF POWER MODULES ,,,,,,,,,,, 8 FLIGHT PER YEAR 

2.76 K M ~  PER MOOULE 

0.5 YR EXPOSURE ?ER MODULE 

GEO EOTV'S -,,,,,,,,,-, ,,,,,,,, 22 VEHICLES 

1.5 K M ~  PER VEHICLE 

1.0 YR EXPOSURE PER VEH, 

POTENTIAL COLLISIONS PER YEAR (WITH NO AVOIDANCE MANEUVERS) 

LEOISPM G EOIETOV 

CONST 18 1 

TRANSIT 22 - 66 - 
TOTAL 40 67 

a POTENTIAL POWER BEAM INTERRUPTIONS PER YEAR 
( QUANTITY NOT AVAILABLE BUT WILL BE PROPORTIONAL TO NO. OF REV'S )- 

LEOISPM - - 8 FLIGHTS 6 800 REV/FLT 6400 REV 

LEO/EOTV - EQUlV TO 21 FLTS UP Q) 1200 REV 

16 FLTS DOWN 8 200 REV I = 28400 REV 



Orbi t Transfer Sys ten  

As s ta ted  prev ious ly ,  the LEO cons t ruc t ion  concept uses sel f -power and as such the o r b i t  t r a n s f e r  system 
i s  used on ly  once al though recovery and reuse i s  poss ib le  as discussed p rev ious ly .  The cons t ruc t ion  
concept us ing EOTV's, however, requ i res  m u l t i p l e  use f o r  each EOTV. Components present ing a  concern 
f o r  the  m u l t i p l e  use EOTV's a re  ind ica ted .  I n  the case o f  the so la r  ar rays,  the  cos t  optimum t r a n s f e r  
t ime f o r  each f l i g h t  w i l l  r e s a l t  i n  degradations as low as 40 t o  454 as compared w i t h  30 years o f  
s a t e l l i t e  opera t ion  which w i l l  degrade approximately 10%. The impact o f  t h i s  deep deqredat ion i s  no t  
known i n  terms o f  o v e r a l l  power generat ion c a p a b i l i t y  nor i n  terms o f  the  number o f  anneal ings which 
can be made nor the l e v e l  of recovery.  Ce l l  t o  c e l l  mismatch occurs even though anneal in? has been 
performed s ince each c e l l  has i t s  own unique c h a r a c t e r i s t i c s .  With excessive c e l l  t o  c e l l  mismatch 
there  would be non-optiumum power c h a r a c t e r i s t i c s  from the  s o l a r  ar ray.  The impact of the l a rge  number 
o f  thermal cyc les the s o l a r  a r ray  w i l l  be exposed t o  i s  unknown bo th  i n  terms of occu l t a t i ons  and 
c e r t a i n l y  i n  terms o f  the anneal ing cyc les  suggested f o r  t h e  system. F i n a l l y ,  as the power ou tpu t  
degrades dur ing the missions, so w i l l  vo l tage  degrade which w i l l  present some compl icat ion i n  terms 
o f  power cond i t i on ing  equipment. The o the r  components i nd i ca ted  a l so  o f f e r  some concern, however they 
a re  judged t o  be 'ess s i g q i f i c a n t .  I n  the case o f  av ion ics ,  one t y p i c a l  180 day t rans fe r  presents a 
dose o f  approximately 10 rads. 5This r a d i a t i o n  l e v e l  w i l l  r e q u i r e  use o f  r a d i a t i o n  hardened e l ec t r on i cs  
p a r t i c u l a r l y  when 10 f l i g h t s  ( 10  rads) a re  planned. The impact o f  r a d i a t i o n  hardened e l ec t r on i cs  
i s  twofo ld .  One, the system w i l l  be s l i g h t l y  more expensive then standard av ion ics ,  and two, the  
number o t  design so lu t ions  w i l l  be r e s t r i c t e d .  The f ina4  i t em  t o  be considered i s  t h a t  o f  t he  s t r uc tu re .  
For a  t y p i c a l  t r a n s f e r  o f  180 days, approximate1.y 5 x 10 rads w i l l  be experienced a t  the  sur face 
o f  the graphi&e type s t r uc tu re .  Previous data has i nd i ca ted  t h a t  decomposition w i l l  occur beginning 
w i t h  about 10' rads.  Th is  decomposition r e s u l t s  from the outgassin? and c o n s t i t u t e s  a  form o f  contami- 
na t i on  which may have an impact on tht? s o l a r  c e l l s  performance. The ex ten t  o f  t h i s  impact i s  no t  
known a.t t h i s  t ime. 
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LEO CONSTRUCTION 

SELF POWER SYSTEM IS USE0 ONLY ONCE 

GEO CONSTRUCTION , 

EOTV IS A MULTl USE SYSTElh IN A HOSTILE LEO-GEO ENVIRONMENT 

KEY FACTORS OF ONE LEO-GEO-LEO TRIP 

RADIATION IS MORE SEVERE 

10 TIMES THAT OF 30 YRS AT GEO FOR SOLAR ARRAY 

NUMBER OF THERMAL CYCLES (OCCULTATIONS) IS THE SAME AS 18 YRS GEO OPS 

COMPONENT CONCERNS 

SOLAR ARRAY 
DEEP DEGRADATION 

RECOVERY 

CELL TO CELL MISMATCH 

THERMALfANNEALING CYCLES 

VOLTAGE FLUCTUATIONS 
AVIONICS 
STRUCTURE 



CONSTRUCTION/TRANSPORTATION COST COMPARISON 

The f i n a l  parameter t o  be comparcd i n  the  LEO vs. CEO cons t ruc t i on  t rade  i s  t h a t  o f  cos t  associated 

w i t h  a l l  elements of the  cons t ruc t ion  and t r anspo r t a t i on  systems. Th is  c h a r t  i nd i ca tes  several cos t  

d i v i s i o n s ,  w i t h  each d i v i s i o n  i nc l ud ing  cos t  f o r  three cons t ruc t ion  opt ions:  1) LEO cons t ruc t ion  w i t h  

se l  f-power modules and no recovery 2 )  LEO cons t ruc t ion  w i t h  se l  f-power modules i n  con junc t ion  w i t h  

recovery o f  t he  e l e c t r i c  t r anspo r t a t i on  system elements and 3 )  the  GEO cons t ruc t ion  concept us ing 

e l e c t r i c  o r b i t  t rans fe r  veh ic les .  A l l  costs  a re  p l o t t e d  as a  func t ion  o f  t o t a l  t r anspo r t a t i on  and 

cons t ruc t i on  cost .  D t t a i l s  o f  each o f  these d i v i s i c ~ s  and each bar  i s  prov ided on the next  char t .  

I n  summary, f o r  the cocs t ruc t i on  p repara t ion  p o r t i o n  o f  the program vdhich inc ludes placement o f  the 

cons t ruc t ion  bases and buying any necessary ground F a c i l i t i e s  f o r  the  o r b i t  t o  o r b i t  t r anspo r t a t i on  

eleme3ts, the  LEO cons:ruction concept u s i r j  recovery OF the  e l e c t r i c  components provides the l e a s t  

cost .  The procurenlent o f  the f i r s t  s e t  o f  o r b i t  t r a n s f e r  '.ardware, however, f l ives a  considerable 

advantage t o  t he  LEO cons t ruc t i on  concept w i t h  sel f -power arb4 no recovery.  F l i g h t  operat ions 

associated w i t h  the f i r s t  s a t e l l i t e ,  namely t h a t  o f  launching o f  the p rope l l an t  t o  perform the  

d e l i v e r y  o f  the  f i r s t  s a t e l l i t e  i s  approximately equal. When a l l  th ree  o f  these increments a re  added 

together,  one gets the  cdmulat ive cos t  t t ~ rough  the f i r s t  s a t e l l i t e .  A t  t h i s  po in t ,  the  LEO cons t rdc t ion  

cept w i t h  sel f -power t r ans fe r  provides approximately a  93 b i l l i o n  savinqs over the LEO concept 

w i t , .  recovery o f  the  e l e c t r i c  system and approximately a  $7 b i l l i o n  savings over t h a t  o f  the GEO 

cons t r ,~c t ion  concept. Wnen the cap. b cos ts  a re  a m ~ r t i z e d  t -. :otal opera t ing  cos t  o f  a l l  tb ree  

ccncepts i s  q u i t e  comparable w i t h  the LEO cons t ruc t ion  us ing recovery o f  thc  e l e c t r i c  p ropu ls ion  

syctems p rov id ing  a  s l i g h t  margin. 



0 380.2130376 

s Cons true tion/Transpor ta tion Cost Comparison 

CONSTRUCTION 
PREPARATION 

CUMULATlVE 
COST THROUOH 
Fl RSt SATELLITE 
(HARDWARE 
AND OPERATIOW1 

AVERAGE PER 
SAT ELLIT E 
(AMORTIZ(SD 
CAPITAL COW1 

FIRST SET ORBIT 
TRANSFER 
HARDWARE 

FLIGHT 
OPEd AT IONS 
FI R8T 

ELLlTE 



DETAILED COST COf1PAR I SOII 

Cost presented on the preceding cha r t  a re  presented i n  g rea te r  d e t a i l .  Dur ing the cons t ruc t i on  p repara t ion  
per iod,  the  ch ie f  d i f f e rence  between the opt ions i s  t h a t  a s s o c ~ a t e d  w i t h  the p laceren t  o f  the o r b i t a l  
bases i nc l ud ing  the  u n i t  co;; o f  the La: :s. The second d i f f e r e n c e  i s  t h a t  o f  the amount of ground 
prod ? t i o n  f a c i l i t i e s  f o r  the o r b i t  t r a n s f e r  hardware. The c s s t  pena l t y  r e f l e c t s  S1 f o r  each $1 o f  
r e c u r r i n g  costs  t h ;~ t  shows up under the average per  s a t e l l i t e  column. I n  terms o f  d i r e c t  cos t  du r ina  
the cons t ruc t i on  p repara t ion  per iod,  the numbers r e f l e c t  approximately h a l f  the  crew s i z e  used i n  the 
m m a l  cons t ruc t i o r~  opera t ion  b u t  spread ou t  over a  two year t ime per iod .  The GEl'? construc,t ion case 
 as the r ~ j o r i t y  o f  Ihe o r b i t a l  crew a t  GEO thus r e s u l t i n g  i n  the  h i ~ h e s t  cost .  '1~:al cos t  f o r  the 
. c . l s t ruc t ion  p repara t ion  pe r i od  ind ica tes  t h a t  the LEO cons t ruc t i on  approach w i t h  rccovery o f  the 
e l e c t r i c  t r anspo r t a t i on  system t o  be the lowest  cos t .  

ri le second major cost  rornpzrison covers the t ranspor ta t i r rn  cos t  assoc ia ted w i  t h  placement o f  the 
f i r s t  s a t e l l i t e .  I n  t e n s  o f  c a p i t a l  costs,  the LEG cons t ruc t i on  approach w i t h  no recovery o f  
the  - 1 c c t r i c  t r anspo r i a t i on  system provides the l e a s t  cos t  p r i m a r i l y  because i t  has a very small f l e e t  
investnent .  A LEO c o n s t r u ~ t i o n  case w i t h  recovery r e f l e c t s  a somewhat h iqher  cos t  p r i m a r i l y  as a  r e s u l t  
o f  low product ion r a t e  on the  e l e c t r i c  p ropu ls ion  corrlponents. The GEO const r t rc t ion case, w i t h  a  f l e e t  
of 23 veh ic les  r e s u l t s  i n  the h ighest  cap i ta?  cost .  I n  terms o f  t he  d l r e c t  c o s t  f o r  t h i s  per iod,  the  
l i O  cons t ruc t i on  case w i t h  no recovery has s l i g h t l y  h igher  costs  a l thouqh no t  s i a n i f i c a n t .  The p rope l l an t  
requ i red  f o r  the t r a n s f e r  o f  each s a t e l l i t e  i n  the  LEO case i s  approximately tw ic?  t h a t  o f  the CEO 
c ~ n s t r u c t i o n  concept, however, such f ac to r s  as lower costs  assoc ia ted crew r o t a t i o n  and r e s u p ~ l y  and 
no refurbishment dur ing  the f i r s t  year, o f f s e t  t h i s  t o  some degree r e s u l t i n q  i n  the  small d i f f e rence  
Cetwsen the concept i n  terms o f  d i r e c t  cos t .  Const ruct ion de lay t ime p r i m a r i l y  r e f l e c t s  t h e  f a c t  t h a t  
f o r  LEO cons t ruc t ion ,  the t r i p  i r  opt imized a t  around In0 days o f  t r a n s f e r  wh i l e  the GEO cons t ruc t ion  
i s  more optimum a t  189 days of t r ans fe r  r e s u l t i n g  i n  s l f g h t l y  l a r g e r  i n t e r e e l  payment. The t o t a l  cos t  
du r ing  t h i s  phase shows t h a t  LEO cons t ruc t ion  w i t hou t  recovery being near l y  $3 b i l l i o n  cheaper than 
the  L E O  cons t ruc t i on  w i t h  recovery and dpproximately $ 5 . 5  b i l l i o n  cheaper t h a ~  the GEO cons t ruc t i o r~  
concept . 
The f i n a l  comparison of these conceots deals w i t h  the averaq? per sa te l  1 i t e  cos t  which amortizes a l l  
~ a p i t a l  costs .  I n  the case b f  LEO c t n s t r u c t f o n  w i t h  no recovery, the  cos t  i nd i ca ted  i s  the same as 
t h a t  for*  the  f i r s t  s a t e l l i t e  s ince a complete set. o f  o r b i t  t r a n s f e r  systems 4s needed f o r  each s a t e l l i t e .  
The LEO c o n s t r u c t i o r ~  >t i  h  recovery cor:cept and GEO cons t ruc t i on  u s i n f ~  EOTV's bo th  amort ize the u n i t  
cost  a f  the e l e c t r i c  pr.opulsion equipment and i t s  placement. The t o t a l  averaqe per s a t e l l i t e  cos t  shows 
t h a t  approximately 5130 m i l l i o n  savings per s a t e l l i t e  f o r  the L.EO c o n s t r ~ ~ c t i o n  w i t h  revovery of OTS 
over the GEO c ~ n s t r u c t i o n  case ar?d approximately 5700 m i l l i o n  over the cons t ruc t ion  ~ i t h  no recovery. 
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CUMULATIVE COST COMPARISON 

The t o t a l  t ransportat ion and construction cost can be p l o t t e d  as a funct ion o f  the number o f  10 gigawatts 

s a t e l l i t e s  placed on-1 ine.  I n  the case indicated, one 10 gipawatt sate1 1 i t e  Os added per year. l'he 
i n i t i a l  po in t  on the cost curves r e f l e c t  the procurementof theconst ruc t ion  baies fol lowed by the pro- 

curemetit of the f i r s t  se t  o f  o r b i t  t rans fer  hardware to  d e l i v e r  the f i r s t  10 gigawatt SPS. Cost there- 
a f t e r  essent ia l l y  r e f l e c t s  recur r ing  cost  per s a t e l l i t e  f o r  each of the construct ion options except i n  

those cases where the o r b i t  t rans fer  f l e e t  must be replenished. From t h i s  p l o t  i t  can be seen tha t  

there i s  a  re la,L ive ly  harrow band o f  cost f o r  a l l  three construct ion opt ions and possib ly  i t  i s  no t  

u n t i l  approximately 1 5 0  gigawatts o f  capacity has been prccured tha t  the LEO construct ion concept using 

self-power t rans fer  o f  the modules w i t h  recovery o f  the e l e c t r i r  q.f-tems s t a r t s  t o  provide an advantage. 
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COST S E N S I T I V I T Y  

No Recovery from Radiation Damage 

Another cost  comparison tha t  can be showr~ deals w i th  the uncer ta inty  associated w l  t h  the e l e c t r i c  OTV 
concept and p a r t i c u l a r l y  t o  the cost  s e n s i t i v i t y  t o  the amount o f  rad ia t i on  damacle tha t  can be removed 
w i t h  annealing. Previous analysis has assu~ned 9 5 m f  the d1lmage i s  reroved w i t h  edch annealdng. A 

l i m i t  case occurs if one assumes tha t  no recovery i s  possible i n  terms o f  annealing. I n  the case of 

the LE3 construct ion concept, t h i s  w i l l  r e s u l t  i n  a cost penalty of approximately $740 m i l l i o n  per 

s a t e l l i t e  which i s  a r e s u l t  o f  having t o  oversize by approximately 8%. For the GEO construct ion ccncept 

usi l lg EOTV's, there must be an assumption rrlgarding tho number o f  uses f o r  each EOTV before i t i s  

discarded. I n  t h i s  analysis i t  i s  assumed tha t  once the power output f a l l s  t o  50% o f  i n i  t i s l  power 

output, su f f i c i en t  damage has been done t o  the array and probably t o  supplemental systems tha t  fu r ther  

use i s  not  possible. The 50% leve l  i s  reached a f t e r  4 EOTV t r i p s  i f  no recovery i s  possib:e. The 

average t r i p  time during these four t r i p s  w i l l  be 280 days r e s u l t i n g  i n  hn amort izat ion perWiod of 

3.5 years ra ther  than 7.1 years i n  the baseline EOTV case t h a t  uses rad fa t i on  damape recovery. As 

a resu l t ,  the cost penalty per s a t e l l  i t e  w i l l  be 1230 m i l l i o n  whjcb i s  approximately 70% qreater 

than the LEO construct ion concept using self-power. Consequently, i t  i s  judped t h a t  the GEO construct ion 

7OTV concept i s  mu,'; more sens i t i ve  t o  the dnderstanding o f  r a d i a t i o n  and i t s  damage removal throucrh 

t?e  use o f  annealing. 



Cost Sensitivity 
No Recovery From Radiation Damage: 

LEO CONSTRUCTION/SELF POWER /NO RECOVERY) 
22% OF SATELLITE SOLAR ARRAY DEPLOYED FOR TRANSFER 

RADIATION LOSS IS 40% 

RESULTS IN 8,896 OVERSIZING 
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CONSTRUCTIOII LOCATIOrl SUMMARY 

Th is  c h a r t  conta ins a summary o f  a l l  t he  comparison parameters used i n  t he  cons t ruc t i on  l o c a t i o n  

comparison. Some o f  these parameters have i nd i ca ted  1 i ttl e o r  no d i f f e rence  between t he  cons t ruc t ion  

op t ion .  The GEO c ~ n s t r u c t i o n  op t i on  using EOTV's has been dec lared t o  have an advantage i n  terms o f  

impact on t h e  s a t e l l i t e  design and a l so  i n  terms o f  the  cons t ruc t i cn  operat ion.  LEO cons t ruc t i on  w i t h  

no recovery o f  the  e l e c t r i c  t r anspo r t a t i on  system i s  judged t o  be b e t t e r  i n  terms o f  o r b i t  t r a n s f e r  

operat ions and unce r t a i n t i es  associated w i t h  o r b i t  t r a n s f e r  hardware design. I n  terms of cons t ruc t ion  
cost,  t he  LEO cons t ruc t ion  approach has En a d v a n t y e  w h i l e  t he  LEO c o n s t r ~ c t f o n  coccept w i t h  no 

recovery has a c o s t  advantage through placement of the f i r s t  s a t e l l i t e .  On a r e c u r r i n g  cos t  basis,  
LEO cons t ruc t ion  w i t h  recovery of the  o r b i t  t r anspo r t a t i on  system and the  GEO cons t ruc t i on  concepts 

a re  appr.oximately equal i n  cost .  
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CONCLUSIONS TO DATE 

Construction Location 

The LEO construct ion concept using self-power t rans fer  o f  the modules and no recovery i s  recommended 

f o r  the i n i t i a l  stages o f  the operational program. The most dominating reasons f o r  t h i s  recommendation 

are  tha t  i t  has s i g n i f i c a n t l y  lower f ron tendcos t  w i th  recur r ing  cost  being competi t ive ou t  t o  a t  
l e a s t  150 gigawatts o f  in5 2 1 l e d  power. I n  addi t ion,  t h i s  concept does not  requi re reuse of the 
power generation system which may be q u i t e  sens i t i ve  t o  the environment between LEO and GEO. 

F ina l l y ,  t h i s  concept allqws natura l  evolut ion to  the recovery of the e l e c t r i c  propulsion system, 

which would r e s u l t  i n  the lowest recur r ing  costs o f  any o f  the concepts evaluated. 
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Construction Location Conclusions To Date 

LEO CONSTRUCTION WlTH SELF POWER TRANSFER IS RECOMMENDED. 

- FRONT-END COSTS ARE $2 AND $7 BILLION (13% & 29%) CHEAPER 

CUMULATIVE COST REMAINS COMPETITIVE OUT TO 160 GWE OF INSTALLED 

SATELLITE POWER 

OPERATIONS NOT DEPENDENT ON MULTIPLE REUSE OF HARDWARE 

EXPOSED TO SEVERE LEO-GEO ENVIRONMENT 

ALLOWS EVOLUTION TO ThE LOWEST RECURRING COST CONCEPT WHICH IS 

LEO CONSTRUCTION WlTH SELF POWER AND RECOVERY OF THE 

PROPULSION SYSTEMS THROUGH USE OF EOTV'S 



ALTERNATIVE CONSTRUCTION CONCEPTS 

This f i gu re  i l l u s t r a t e s  the spectrum of f a c i l i t y  concepts t h a t  were explored during Phase I o f  t h i s  

study. The LEO Single Deck construct ion base i s  the one tha t  i s  recommended t o  be used as the 

baseline i n  Phase 11. 

The Single Deck base was selected based on a comparison study whfch considered the s i x  opt ions 

shown w i t h i n  the dashed 1 ines. The GEO Single Deck and the 2-Bay and 4-Bay End BuSlders were the 

most v iab le  candidates and t h e i r  character 's t ics w i l l  be described I n  ensuring charts.  
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ALTE:tNATlVE CONSTRUCTION CONCEPTS 

EVALUATION GROUNDRULES 

I n  order  t~ make a f a i r  comparison between the  competing cons t ruc t ion  base concepts, i t  was 

necessary t o  l e g i s l a t e  some common groundrules. The most s i g n i f i c a n t  groundrules are summai.ized 

i n  the  i'igure. Th is  i s  a summary o f  over 100 d e t a i l e d  groundrules. The th ree  v i ab le  cons t ruc t ion  

base opt ions are cons is ten t  w i t h  a l l  o f  the groundrules. 
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Alternative Construction Concepts 
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5 GW SPS REFERENCE CONFIGURATION 

( S I L I C O N  CELLS) 

This f i g u r e  shows the SPS conf igurat ion t h a t  I s  t o  be constructed by each o f  the construct lon base 
concepts. Thfs i s  constructed as a mono1 i t h l c  (non-modular) system a t  GEO. This SPS and the GEO 
construct ion l oca t i on  were l eg i s la ted  by NASA as the basis f o r  the a l t e rna t l ve  construct lon concept 
analysis.  This arose because GEO construct ion had not  been analyzed t o  the same leve l  of d e t a l l  
as LEO construct ion and golng i n t o  t h i s  study GEO construct lon was the NASA preferred concept. It 

was acknowledged tha t  the preferred construct ion approach was most 1 i ke ly  insens i t i ve  t o  where the 
s a t e l l i t e  was b u i l t ,  as has been substantiated by t h i s  study. 
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6EO SINGLE DECK CONSTRUCTION BASE 

This base concept i s  depicted i n  the f igure. Thl. most notable feature i s  the mobile construct ion 
gantry. This gantry has replaced the "back wa l l "  and " roof"  o f  the C-shaped construct ion base 
described i n  e a r l i e r  studies. The antenna construct ion p la t fo rm and f a c i l i t y  I s  an updated con- 
f i g u r a t i o n  tha t  resu l ted  from another construct ion analysis task ( r e f e r  t o  Tasks 42117 & 42118 i n  
MPR #5). 
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GEO SI2GLE DECK CONSTRUCTION BASE 

The conf igurat ion o f  the GEO S ing le  Deck Construction Base i n  Indicated by t h e  f igure.  
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CONSTRUCTION GANTRY CONFIGURATION 

This f igure  shows the configuration o f  the construction gantry. Note that  the gantry i s  capable of 
t ranslat ion along the f a c i l i t y  tracks and can pivot  about i t s  carriage. The gantry Incorporates a 
track system that  a1 lows the attached constructlon equipment to  maneuver about during the construc- 

t i o n  operations. 
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CONSTRUCTION GANTRY 

This figure shows the ;ocatians o f  the construction equipment upon the gantry. There i s  one beam 
machine, two cherrypickers, and a crew bus attached to the gantry track system. 
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GEO SINGLE DECK TRACK SYSTEY 

The track network on the base provides the pathways upon which the construction equipment, the SPS 

indexers, the cargo transporters, and the crew transporters maneuver around the base. The base 

structural  ccnfiguration i s  created by the track network configuration. 
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SINGLE DECK FRAME ASSEMBLY/SOLAR 

ARRAY DEPLOYMENT 

The Single Deck and the End Bu i lder  concepts are d is t inguished by the  approach used t o  construct  
the  SPS frame and t o  deploy the so la r  array. I n  the Single Deck base, the frame assembly operations 

are independent o f  the  so la r  a r ray  deployment and operations (de-coupled operat ions).  

When making the frame, each o f  the beam machines operate independently o f  each other.  Each o f  the 

so la r  a r ray  deployers are independent. The on ly  coup1 i ng  o f  operations i s  t h a t  a l l  o f  the machines 

must complete t h e i r  appointed jobs before the s a t e l l i t e  can be indexed so t h a t  the construction 
operations can begin on the next two bays. 



Single- Deck Frame Assembly / 
Solar Array Deployment 

m I lrnII IYrn - 
-11111 SOLAR 

FRAME ARRAY 

FABRICATE AND INSTALL EACH BEAM sEPARATELV 
DEPLOY EACH SOLAR ARdAY BLANKET SPARAT ELY 

(DE-COUPLED OPERATIONS) ... 



POWER COLLECTION SYSTEM CONSTRUCTION 

SEQUENCE (GEO CONSTRUCTION) 

This f lgure  shows the frame assembly, s o l a r  a r r a y  deployment, and I ndexlng operat ional  sequence. 
I t  should be noted t h a t  the  constructlon gantry  i s  required t o  move l a t e r a l l y  along the base and 
t o  p i v o t  90' during various steps I n  the  constructlon sequence. 
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YOKE ASSEMBLY AND MATING OPERAT I O N S  

The construct ion gan t ry  i s  employed i n  the  assembly o f  the  antenna yoke as  I s  shown i n  the flgure. 
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Yoke Assembly and Mating Operations 
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GEO SINGLE DECK CONSTRUCTION BASE CREW S I Z E  



. 
D 1 80-25037-6 

G E O  S I N G L E  D E C K  F A C I L I T Y  - C R E W  S I Z E  

1IIOI'IVS - 
SPS-1586 

BASE MANAGEMENT ( l0) 

CONSTRUCT l ON (297) 

MANAGEMENT 
MODULE CONSTRUCT ION 
ANTENNA CONSTRUCT1 ON 
SUBASSEMBLY 
MAINTENANCE 
LOGISTICS 
TESTIQC 

BASE OPERATIONS (4 1) 

BASE SUPPORT 

TOTAL 



A m A m  GEO CONSTRUCTION CONCEPT DEVELOPMENT 

During Phaae I, G r m n  invest igated severa l  d i f f e r e n t  methods f o r  constructiry: t h e  basel ine 

SPS 5CW s a t e l l i t e  i n  geosynchronous o r b i t .  These concepts were t o  be developed f o r  d i r e c t  comparison 

w i t h  Boelng's baseline s ing le  deck construct ion concept. Three d i r f e r e n t  approaches were examined 

a t  t h e  outse t  o r  t he  study, which included t h e  end builder, i n t e r n a l  baee and bootstrap concepts. 

The bootstrap iaca  was dropped, as no p r a c t i c a l  concepts could be idcn t i r i ed .  Feasible  design 

so lu t ions  were ~ound,  however, Tor both t h e  end bui lder  end Intermil. base concepts, which were 

compared a t  zhe !&a-Term. The i n t e r n a l  base was eubsequently dropped becauee it offered no clear 

cut advantage over t n e  end builder approach. In  additior., t h e  I n t e r n a l  base was l imi ted  t o  bui lding 

c e r t a i n  types or  s t ruc tu re ,  such as those using hexahedral bracing. Since t h e  Mid-Term Briefing, 

f u r t h e r  work was done on both t h e  2 bay and 4 b&y end bui lder  construct ion bases. 



ALTERNATE GEO CONSTRUCTION CONCEPTS DEVELOPMENT 
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ALTERHATE SPS CONSTRUCTION METHODS 

The method of canstruction selected for building the Arll rize Solar Power SateUlita (5 to 
10 W) w i l l  directly impact the size of the construction work area and the minimum equiplsnts 

needed for space fabrication and assembly. The method of construction crrn also impose constrainte 

on the design of SPS subeystems. nJo alternate construction methods, using segannted beams and 

contlnuoue longitudinal beans are shown for a typical SPS solar module. 

The baseline method, for example, fol&ws a two step process which a l l o w  miaimsl equipment 

to be used for structural assembly, while other time consuming subsystem Aractionb, such as instal- 

ling solar amqf blankets, are perfomed on fully assembled structural bays. The solar arrcyr 

structuralbe~rs are constructed with space fabricated beam elements Joined at the corners. 

Accordqgly the construction work zone need8 a two bw facility depth to accomodate both structural 

and non-sth-+,ural construction operations. 

The alternate approach, however, is keyed to the continuous fabrication of longitudinal 

structural elements which allows the buildup of other subsystems to be more closely coupled. 

While this method of construction m w  require more automatic construction equipllent than the 

segmented build-up concert, it also needs less construction work area, hence, a 8maller base to 

implement. Providing more automated equipment8 can be used to increase overall crew productivity 

and hence cost effectiveness . The use of continuous longitudinal. elements of course requires a 
different joint deteign for assembling the structural framework. OveraU production efficiency could 

be improved further by aligning the solar blanket instslZation with the longitudinal structure to 

facilitate multiple blanket deployment operations. 



ALTERNATE SPS CONSTRUCTION METHODS 

SEGMENTED BEAMS 
(BASELINE) 

CONTINUOUS LONGITUDINAL BEAMS 
(OPTION) 



SPS SPACE CONSTRlJC!FION REQUIREMENTS AND ISSUES 

The alternate G E O C O I I S ~ ~ U C ~ ~ O ~  concepts are developed t o  assemble the baseline 5GW sa te l l i te  
in 6 months. !Che baseline sa t e l l i t e  has a d,ngLeantenna located at one end of large power collection 
module. This 8 X 16 bay power collection module features a hexaheldmal braced structure, a cen te rme  

power bus and l a t e ra l  solar arrw blanket installation. Major emphasis was focused on the conetrmction 
of this sa t e l l i t e  power collection module. The Boeing antenna construction a;lrproach was used on BU 

cmstruction concepts. The end builder concept received the greatest emphasle and was deweloped by 

analyzing the major constmction issues related t o  the s a t e U t e  construction approach, structural 
assembly sequence, joints, automatic beam fabrication, s a t e l l i t e  support, solar arrv/structure 

assembly, antenna construction s i t e  and installation and base indexing. 



SPS SPACE CONSTRUCTION REQUIREMENTS & ISSUES 

ASSEMBLE BASELINE 5 OW SATELLITE IN 0 MONTHS 

- S.A JUMPERS 

8 x  18 Q BUS 
BAYS 0 

S.A. JUMPERS 

USE CONTINUOUS LONGITUDINAL MEMBERS 

* USE BOEINO ANTENNA CONSTRUCTION AWROACH 

MAJOR END BUILDER ISSUES 

- SATELL 'TE CONSTRUCTION APPROACH - STRUCTURAL ASSEMBLY SEQUENCE - STRUCTURAL JOINTS - AUTOMATIC BEAM FABRICATION REQUIREMENTS - SATELLITE STRUCTURAL SUPPORT - SOLAR ARRAY/STRUCTURE ASSEMBLY METHODS - ANTEhNe CdNSTRUCTION SITE & INSTALLATION - BASE IRS*t,'ING 



END BUILDER SATELUTE Cat48TRUCTION OPTIONS 

Several optlolls fo r  building the SPS with continuous atmctural  Mupr am shown on the facing 

page. The end builder construction base has been rrllowad t o  may in  size frm 8 bqys wlda (maximurn) 
t o  2 bsfrs wide (minimum) t o  permit illantiflcation of c r i t i c a l  aspects in the production but- of 

the bsaeUme SPS, In adClltion, other SPS configurations were examina&,(ierltenrrste SP8 aspect ra t io  
= 8 and the 8maller LEO con8tructed module)ln order t o  assers the Interaction of base-alze and 8P8 
configurstlon. 

The baseline 8 x 16 bsy SPS can be constructed by using either 8 bay w J ? 6 ,  4 wide, or 2 bay 
w i 3 e  conetruction bases. The large 8 bay wide end builder constructs the ra to l l l te  on a single pass. 
It can insttrll the antenna a t  the beginning or the end of power coUection module construction. ahe 
other ba.98 require 2 or  more paosee t o  complete the ea te l l i te  and can phaae the antema lnstrrllstion 
t o  coincide with ei ther  the mid point or completion of power collection module construction, The 8 
b a ~ ~  wide a d  2 bay wide options encmpaee the lowest and highest levelr of production 8ctixLty t o  
meet the 6 month build cycle, 

The two remaining options address aiternate SPS design8 which favor single pass production 
2 .. -r?up for  the 4 bay wide option. The LEO constructed modules also require tha t  the ~ t e n n r  be 

inetalled normal t o  the direction of construction, 



END BUILDER SATELLITE CONSTRUCTION OPTIONS 

GEO BASELINE SPS (AR = 2) 

I 

I I 

BASE IS: 8 BAY WIDE 4BAYWlDE 2BAYWIOE 

ALTERNATE SPS 

- - - - - . . - - - - - - - - - - -  
LEO SPS MODULE (AR = 2) 

2 BAY WIDE 



TYPICAL ETlD BUILDER STRUCTURAL ASS-LY SEQUENCE 

The end builder conetruction ayetrm i s  tai lored t o  the structural  crosr rec t ia r  of the r r t e l l l t e  
and user, dedicated beam machines t o  a tazwticslly fabricate continww longitudinal msmbers, A d d i -  

tional beam machines are needed t o  fabricate the other required l a t e r r l  uld dicy;cmal msmbere w d  in 

the etructursl  aesembly. A typical  aasembu sequence i e  shown fo r  the f i r r t  conrtruction pus of a 
2 bay end bui1-r. It i e  sleo typical  for  a 4 bay and 8 bw end builder. 

As shown the assembly procees beginen when the f i r e t  frame is  bui l t  up on the longitudinal mamborr. 
The etlvctural  armbere of the frame can be fabricated by aepur t e  bem w h i n e ;  l o c r k d  next t o  each 
largitudiaal  member or with mobile bean machines tha3 travel  from one portt ian t o  the next. The upper and 

lower horizontal bsme am fabricated l n p s r s l l e l  yld then poeiticmed for  urrambly. As there 
member8 are being joined, the beam machinee -, pivottad aad .the other members of the i r m e  rrs iabficated 
keeded t o  canplate the assembly. Step 2 Indexce the frame fo r  one b w  length by fabricating i;he con- 
tinuous longitudinal bems ?ran dedicated beam machfner. In Step 3, the nex+, frame is  bui l t  w in 

Step 1. During theee t h e  stope, power burrer aad solar arrry blaalrrrtr c m  be i n r t r l b d  I n  plrrrrllal. 
If solar array Llrurkets am t o  be &played In the directian of build, they are fed out a r  the structurs 
indexes. If they are l a te ra l ly  strung, then the rtructure i r  indclmd incrementally and blanket8 strun8 
across the structure, ?ran the base, a t  each increment, L a ~ ~ i t u d i n a l  burrs8 are installed "on the fly'' 

as the structure i s  indexed; Irtem3. busses are installed before 4 bay i s  indexed. 
Step 4 f i l l s  i n  the bay etructuro with disgonal  heunr t o  canplete that  utructure, This bay i r  

then indexed, as in  Step 2, and the whole procese repeated un t i l  the 8ol.r army structure i r  bu i l t ,  



TYPICAL END BUILDER STRUCTURAL ASSEMBLY SEQUENCE 

REPEAT STEP8 2,3 6 4 TO @ COMPLCTI STRUCTURE 

CAI) & JOIN OAIOONAt.8 TO 
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BEAM CAB. 

/ 

/ 
/ 

, INSTALL POWER BUS& SOLAR 
ARRAV BLANKETS I N  PARALLEL 



am C ~ I T E  BEAM FABRfCATTrn 

Ebl:ly in  the rtudy a detailed production rate rnalyrir w u  perforwd on the comporitr, beam 
builder (beam machine) rince related dorign data were readily available md becwae th i r  equigumnt 
is  com~on t o  all BPS ee@uented and continuour conrtmction conceptr, Automatic beam fabrication 
ra te r  were eetimated for  SPS by invurtigcrting potential area8 of growth for  the current beam buil&r 
technology contracts at Gnammrn (NAS8-32472) a d  Oamral Dynemica (~~89-15310) Thir preliminuy 
study ehared that romewhat higher rater  q be rchiewd in  fabricating the larw SPS rtructural 
beam8 than the 5 meterg per minute ground rule ured for  aperationr.tihalines. 

ProJected beam builder output rater  were &termlned for  a rmge of gos@ible.SPB apace fabricated 
beam sizes. For example a production rate of 5.7 meters/bin. for  the 7.9 m beam, and 10.5 metarr/min. 
for  the 12.7 m beam (both campouiter) can be reasonably e m o t e d  f rom a rtudy of grarth potential8 
available i n  the current technology. 

Growth potential m a r  include: higher cap fonning raterr, permirrable becaure larger h p t h  
beams are lees senaitive t o  beam geometery (bow effect)  probleme than beam8 of rhallouer depth; 
and, largar batten lPpaclngr permit the! beam mwchine (which operate8 on a run/etap cyolia bar ir)  
t o  operate i n  the rmn mob a proportionately groater amount of time for  the 8cMe unit byr conrtructioar. 
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LONGITUDINAL BEAM FAERICATfON REQUIRPIEENTS 

Beam fa3rlcation arid s a t e l l i t e  indexing are closely related in the end-builder constntction operations. 
The longitudinal bean builders provide the driving force t o  i n b x  the s a t e l l i t e  structure, while p e r f o m  
t h e i r  basic Avlction 02 bean-element fabrication. This end builder ch.racterist ic leads t o  the necessity 
for  certedn requirements regardfig beam builder performance, Those requirements identif ied t o  date are: 

(a) Limit startup and s h ~ t d m  acceleretiona t o  insure that  beam builder subsystem 
machinery w i l l  safely swta in  force8 induced during Indexing. Include the 
affect  of mass differences jn the 2, 4, and 8-bay end-builder configurations 
as  well  as  the progressive mass increase i n  the s a t e l l i t e  under construction. 

(b) M d e  for  synchronized indexing. 'ialerances i n  the simultaneously 
gperating beam builders prodrrce variation8 in beam builder forces durfng 
indexing. These variations sha l l  be limited t o  safe levels  as detexmined 
by aUowable forces not only on subsystem machinery but on the bane structure 
and satellite structure as  well. 

(c)  Desiepl fo r  construction continuity in  the event of' a beam builder fai lure.  
Emphasis sha l l  be placed on r e l i ab i l i t y  of subsystem machinery incluaing 
mdundant operating modes, where possible, t o  avoid beambuilder shutdown. 
I n  addition, consideration sha l l  be given t o  aubeystem designs that l i m i t  

repair  time t o  approximately 60 minutes, while the shutdown beam builder 
tracks along at the same ra te  as the indexing structure. Holding fixtures t o  

f ac i l i t a t e  on-line/off-line rnaintalnmce & repair  sha l l  also be considered. 

It should be noted that  the above requirements for  limitation of accelerations and for  synchronization 
apply t o  aqy base assembly function where simultaneity of operation is critical,includlngthe use of multi- 
indexers driving simultaneously t o  propel e i ther  the base ('in the end-builder construct i on approach) 

o r  t o  propel the s a t e l l i t e  ( in  the single-deck construction approach). For aL1 RUQ, functions, c e n t a i z e d  

control is necessary t o  l i m i t  locomotion forces t o  acceptable values. 



LONGITUDINAL BEAM FABRICATION REQUIREMENTS 

LIMIT STARTUP & SHUTDOWN ACCELERATIONS 
(SIMILAR TO SINOLE.DECK SATELLITE INDEXING) 

ISSUES FOR STUDY: 
LOADING CONDS. (C.O. OFFSET, 
S/A TENSION, ETC) 
IMPACT OF LOADS ON: - BASE 6 SATELLITE STRUCTURE - BEAM-BUILDER S/S OPERAT ION * CENTRALIZED CONTROL 

PROVIDE FOR SYNCHRONIZED INOEXINCI 

5 (SIMILAR TO SINGLE-OECK SATELLITE INDEXING) 
\ 0 CONTROL TOLERANCES 
\ GENERATE BASE/SATELLITE 
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I \ CENTRALIZED CONTROL 
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FIXTURE RELI ABILITY/REDUNDANCY 

60 MIN REPAIR TIME 

_j ON LINE/OFF LINE MAINTENANCE 81 REPAIR 

1 4  
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Do 
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Control tolemnces in the simulteneouly operating longitudinrl beam machines generate inter- 
face loada between the base and sa t e l l l t e  as a function of the sa te l l i te ' s  structural stifiherrs, 
If it is a e m e d  that one of the beam machines haa a slightly hi@her output rate than the rest ,  
t h i s  rate difference can be seen aa a difference in beam length and can be treated as a &fleetion 
induced on the sa t e l l i t e  structure. 

A preliminary study of beam synchronization requirsments suggest8 that the control technique 
~ r e s e n t l y  used within the beam machine i t s e l f  t o  synchronize the 3 cap rates can also be used t o  
control multiple machines by increasinq the number of feedback control looge t o  include caps 
in those machines operating simultaneously. Assuming tolerance levels achieved t o  Uate In the 
GAC/MSFC (NAS 8-32472) beam builder, estimates of beam length diff'ersnces between machines are de- 

rived. The induced loads shown are based on deflections imposed on an e las t ic  structure idealized 
2 

in the cum also included i n  the chrrrt. (~eam prcrperties used were E120,000,000 PSI a d  A 3.75 In  ). 
Preliminary load values computed are given parametrically based on the frequency (7.5m, 5 . b ,  aad 2,5m) 

with which recalibration checks in the control eystem are performed, For example, a slotted hole 
spacing of 7.5 m along the caps l i m i t s  the accummulation of error in the encoder devlce t o  .533 cm 

max. t h i s  deflection produces a maximum load of 2670 newtone which, for  the present, is  well under 
the l3000 N allowable. 

It should be noted that  the affects of the& gradients in the construction barre, which are 8 

necessary consideration in  th i s  kind of analyses, have not been included. 



SYNCHRONIZED INDEXING 
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SAIIELLIm SWPORT DURING EM) BUILDER CONSTRUCTION 

A s  presently conceived, the L shaped f a c i l i t y  fo r  building the solar array carr ies  beam machines 
on one leg  of the L and  support^ fo r  emerging structure on the other leg. As i l lus t ra ted,  dlstrubance 

# 

of the structure already buil'i w i l l  resul t  i n  moments reacted by end loads i n  the beams and bean 
mwhines and by shears reacted by the supports on the other leg. The beam machines a lso provide the 

forces fo r  indexing the structure, as  it i s  bu i l t ,  by fabricating the l ~ n g i t u d l n a l  beems. The cap- 
a b i l i t y  of the beam machines t o  provide the forces necesssry t o  react  disturbance torques and t o  
index the assembled s a t e l l i t e  structure requires further study. 

Three options are presented on t h i s  chart fo r  relieving the beam machines of t h i s  function. 

Option 1 adds on-l!.ne indexing mechanisms t o  the process of fabricating the longitudinal beams. 
These synchronized mechanisms are dedicated t o  indexing the beams and t o  reacting disturbance end 

loads similar t o  the indexers used on the single deck baseline. Shears sro s t i l l  reacted by the 

l eg  supports. Option 2 adds a leg t o  the top of the L t o  make a C section base. 'Chuo, the structure 

has supports on two opposite faces which react  all disturbance loads and index t i e  structure. Ihe 

t h i rd  option extends that  l eg  of the base wliich mounts the supports. Addltion.ol supports are pro- 

v i b d  on the extension a t  one bay distant  from the originals. These two set8 at' supports react all 

distrubance loads and index the structure. 



SATELLITE SUPPORT DURING END BUILDER CONSTRUCTION 

BASELINE 
- BASE OUTRIGGERS PROVIDE 

SHEAR SUPPOI,:TS 

INDEXING FORCE & REACT. 
- BEAM MACHINES PROVIDE 

OPTION 1 - ADD MECHANISM TO LONGL. 
END LOADS FAB. PROCESS TO REMOVE INDEXING & 

LOAD REACTION FUNCTIONS FROM 
BEAM MACHINES 

OPTION 2 - DECOUPLE BEAM MACHINES 
FROM INDEXING & SUPPORT FUNCTIONS 
BY PROVIDING ADDITIONAL SUPPORTS m~ ' " & INDEXERS 

-4 
OPTION 3 - EXTENDED OUTRIGGERS 
DECOUPLE BEAM MACHINE FROM 
INDEXING & SUPPORT FUNCTIONS 



SOLAR ARRAY/sTRucTURE ASSEMBLY MEMODS 

Four methods are shown for  coupling the installation and Ueglayment of solar arrqy b l m b t s  
w i t h  the end builder a t m M  assembly sequence. The baeeline solar srrqy segments are oriented 
normal t o  the continuous longitudinal betuns. Hence, the a r r a ~ ~  mcil;y be ei ther  installed during 

progressive stop-and-go beam fabrication operations (i.e., build 1% length~deglcry army-build 15m, 

etc.), installed i n  series with the completed structural. ba~r (ae in the ee@nented build-up approach), 

or installed during synchronized operations with continued beem fabrication. A unidirectional method 

i s  alao s h m  which slims the solar arrw segments with the direction of construction. In th i s  
method, a l l  the solac arrsye in the ba~r can be automatically deployed,as the beam fabricsticm process 

ccatinuea from one f'rame t o  the next frame. Reorienting the armqr8 in th i s  manner, however, reQuires 
the sa t e l l i t e  t o  be designed with a different power bus routing. Aecent Boeing amdysis indicates that 

the power bus can be rerouted wi th  no weight penalty. 
Tfie unidirectional solar cu~w/structure assembly method is  preferred becauee it allows shorter 

cmstraction timeo t o  beachieved while also permitting signiflcently slower rates  for  thin f i l m  solar 
arra;y blanket d e p l v e n t  . mis method requires the least  equipment to implement. m e  progmssiur? method 

of assembly is the alternate approach since it can also be implemented with l i t t l e  impact on construction 
ease design. 



SOLAR ARRAYfSTRUCTURE ASSEMBLY METHODS 
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SOLAR ARRAY BLANNJT INSTALLATION CONSIDmTfON8 

The solar array i n s t a l h t i o n  metho4 must deal with the mechanical and e lec t r ica l  re- 
quirements f o r  hooking up the opposite en& of each blanket &!* the required ra te  of deploy- 
ment. The baseline solar arrsy ins ta l la t ion cycle tcrkes 82 mindtes, wh~ch includes 55 minutes 
f o r  attaching and connecting the t ~ a i l i n g  edge (TE) ernd the leading edge (13). The t r a i l i ng  
edge connections are made i n  , c  alleJ. as  the leadlng edge deploya. With the blanket oriented 
nannal t o  the direction of construction it muet be deployed a t  a faater  ra te  than i f  it were 
aligned with the emerging longitudinal b a a s .  High rate8 of deglaymcnt are generally undesirable 
since the7 impoae increased braking requiremento during extended bLanket deceleration. !Fhe base- 
l b e  deployment ra te  of 12.5  mpm can be reduced significantly by aligning the solar w r y  segments 
with the direction of build-up. It i s  recognized that  re-orienting the arrays ale0 requires the 
panr distr ibution system t o  be designed with multi-bueees i n  l i eu  of' the baseline centerline bus. 
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SOLAR ARRAY BLANKET' INSTALLATION CONSlDERATlONS 
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SOLAR ARRAYISTRUCTURE ASSEMBLY 
COMPARISON ( 128 BAYS) 

A S Y  MET HOD PROGRESSIVE 

SVRUCTURAL FAB I 6  m STEPS 

140 OAY INDEXIOEQLOY (1. BEAM 6 SIA) 
&DAY WIDE RATES (mpm) 0.17 6 12.5 
&BAY WIDE RATES 0,311 6 12.5. 
2-BAY WIDE RATES - I $.A IM I IALL .  EQUIP. INSTALLERS6 ( OEQLOYER I 
COMJTR BASE I STRAIGMT TRACK I IMPACT 1 LEDGE 

( SATELLITE IMPACT ( STRUCI. - TBD I 

SERIES I SYWCHRONIZEO I UMDIRECTIOUAL I 
COMPlEf E DAY I FRAME -10-FRAME I I RAML.TO.FRAME 

LATERAL I LATERAL I AL IO IED 

(1, BEAM CL SIA) 
0.17 6 12.1 
0.30 6 12,s'' - 

(L, DEAM 6 $/A) 
0.00 6 5,) 
0,10 6 12.3 
0.12 8 20.1 

(1. BEAM WA) 
0.12 a 0.12 
as4 r 0.64 
1.47 a 1.47 

' INSTALLERS, DEPLOYER INSTALLEAS 6 I N 8 T A l l E  RS 
4 CR08S BAY QANTFIV OELOY ERS 

I 7  m SUPPORt ARMS CURVE0 RETURN TRACK 
OVEAHANO 



END BUILDER FRAME ASSEMBLYJSOLAR 
ARRAY DEPLOYMENT (COUPLED OPERATIONS) 
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END BUILDER ANTENNA INSTALLATION CONCEPTS 

Several options were investigated f o r  locating the antenna constructiotl s i t e .  There options 
included top deck (horizontal and canted), back side, and rear deck (forward and l a t e r a l  paes) ae 
shown, The top-deck horizontal, originsLly selected as the baseline approach because of base size 

and wei@t consideration, was l a t e r  discarded because of undeeireable off -s i te  antenna aseernhly 

procedures necessitated by t h i s  approach. The top-deck cmted concept elchibits the same problems. 
The beck side approach contained excessive antenna handling and was also  discarded. The rea r  deck - 
forward pass has the desireable feature of in-line antennal.handling,hwever the olide-through feature 
imposes c r i t i c a l  requirements for s a t e l l i t e  support end s a t e l l i t e  clearance and Arrther requires the 
construction base t o  be greater  than 2-bwe wide, The preferred approach i s  the rear  deck l a t e r a l  
pass because of i t s  in-line character is t ic  and i t s  much simpler mating procedure. Af'ter mating the 
antenna, the base i s  indexed c lear  of the antenna in  a simple, s t ra ight  forward manner. 



END-BUI LDER - ANTENNA INSTALLATION CONCEPTS 

TOP DECK 
CANTED 

REAR DECK 
FWD PASS 

REAR DECK LATERAL PASS 



2 BAY END BUILDER CONSTRUCTION SEQjtrWCE (UFDA!CE) 

!Che 2 bay base constructs the 8 x 16 b w  s a t e l l i t e  i n  4 garrees, fabricating a 2 bay s t r i p  I n  
each paes. Both longitudinal and l a t e r a l  indexlng r a i l s  ars provided for ,  After completing the 
first pass, the base i s  indexed l a t e r q ( 2  bays) md then longitu8inaJly (16 b q a )  t o  begln, 

a t  tha t  point, the second pass. Note tha t  the antenna i s  constructed i n  parallel .  This procedure 
i s  repeated u n t i l  the power generation and distribution system structure and S/S i e  completed. 

A t  the end of the 4th pass, the antenna, yoke, e t c  we ale0 completed, The base i s  then 
indexed l a t e r a l ly  t o  a position with the antenna on s a t e l l i t e  centerline. Mating operations 
are then begun t o  transfer the antenna mass from the construction base t o  the s a t e l l i t e ,  When the 
antenna i s  completely mated the base is  then indexed away from, md  clear  of,the antenna. 



D 180-25037-6 

2 BAY END-BUILDER - CONSTRUCTION SEQUENCE (UPDATE) 

COMPLETE 
2 x 16 BAYS 

L 
INDEX LAT. 

GO BACK-TO-GO 
IST PASS 

BUILD 2-8 I Y  
WlDE STRIP 

2ND PASS 

BUILD ZND 
2 BAY WlDE 
STRIP 

COMPLETE 8 x 16 BAYS 

ANTENNA COMPLETE 

INDEX LAT, 

BUILD ANT. SUPPT. 
STRUCT. 

PARALLEL LAT'L. 
ANTENNA 
BUILDUP 

"4 

MATE ANTENNA 

INDEX LAT. TO 
CLEAR ANTENNA 

INDEXER SUPPORTS 



r BAY END BUIISER CONSTRUCTION BASE 

The 2 bay end builder construction base b u i l d s  an 6 bay wide SPS, 16 bays long in four pcbsses. 

The m y  dirserence rrom the SPS bee l ine  cont'iguraclon i s  the continuous, rather thsn segmented, 

fabrication or a l l  longitudinal beams. Solar arrays are  deployed paral le l  t o  the longitudinal beams, 

and the  antenna r ac i l l t y  com'orms t o  a l l  aspects or the baseline antenna construction scenario, ex- 

cept that it includes a yoke rabrication and assembly area* 

While derined a6 a 2 bay base, Its width (2050m) encompasses a 3 bay segment of the power 

collector structure t o  provlae a one beby overlap for  la te ra l  and longitudinal indexlng operations. 

The 760m high base, built i n  the rorm of an operr true8 "L" - shaped framework, is  euff'icient t o  

house necessary equipment and mrchinery to construct the power collector module. The antenna con- 

struction site i s  located a t  the rear of the base, making its t o t a l  length 3370m although only 

approximately W)Om i s  required ror parer collection module construction. Note that a short platform 

ertends into t h e  antenna work area t o  rac i l i ta te  rotary-joint assembly. 

Fb-ther detai ls  of the 2 bay baee operation are described in  the Yellowing pages. 



2 BAY END-BUILDER - CONSTRUCTION BASE (REVISED) 

POWER COLLECTION MODULE 
FA8 & ASSY FACILITY 

ANTENNA 

- hNTRNNA PLATFORM 
(cuerc STRUCT.) 

I 



2 BAY ElOD BUILDER CONS!FRUCl?I014 SYSTEM 

:4ajor equipnent f'unctione and the i r   pacific locations in the baee are identifled. A d s  that 
a 60 m travel distance provided the longitudinal beam buildere t o  penult failure correction In 8 60 
min period (assuming a fabrication rate c lm/rnin). 

The two vlewe e h m  represent what 18 probably the moat active location I n  the brre.3. The 12.7m 
beam machine8 gimbals l8o0 t o  provide the required S/A eupport beams, while nearby a mobile (track 
mounted) 7.5 m besm machine i e  ehasn 8% i t 6  mid point of travel between one end of the base and the 

other. In addition, the 7.5 longitudinal beam machine; bus lnetal lar  and solar aam~f implacement 
equlgnents are shown. 



2 BAY END-BUILDER - CONSTRUCTION SYSTEM 

INSTALLER 

FRONT ELEVATION 

GIMBALLED 
LAT. (S/A SUPPORT) 

MOBILE 
VERT. Ck DIAG. 

\ BUS INSTALL€ S 



2 BAY END BUILDER CONSTRUCTION APPROACH (PRI S m T .  ) 

Ihe prodmtim buildup of the power collection module @tar t s  with assembly of 7.5 m 

and 12.7 m structural tri-beams. The figure opposite depicts major beam installation 

act ivi ty  a t  each Aame-statim with the forward longitudinet-diagonal (7.51~) being in- 

a w e d  before the lateral S/A support beam (12.7m) t o  fac i l i ta te  cherry-picker accessibility 

& mobillty in the end-attachment process. Note that 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 

ver t ica l  baam elements. The beam elements in the plane of each frame (verticals, lateral 

diagonals, and lower-tranverse elements) are installed last and complete the structural 

buildup of each brqy. 



2 BAY END-BUILDER 
CONSTRUCTION APPROACH (PRI STRUCT) 

INSTALL 
LONO'L DIAGONAL 
(7.6 m) 

INSTALL 
LATERAL S/A SUPPORT 
(12.7 m) 

1 
470 M 
REF 
L 

INSTALL VERTICAL 
(7.6 ml 



2 BAY m BI.lum? COrnTRmTIOEI APPRQAG! ( 0 0 ~ 1  ARRAY) 

The installstim of solar a . 6  occur6 at the mm work station irr %he bsse u tha 
asembly o f  inlplaw~ stnrctural frama e ~ ~ t s ,  dsacribed in ths pre?@dirr(l ohart, to ob- 

maxhm the-Ue bsnsfitil irWp Q W I  w t l v l t i e r .  
Subsequent t o  the iarrtaliation o f  8 12.7 m 80- .nr;y support &am, the cham pickar 

removes a S/A box f r o m  the mqtply crib h a m  and fmfQar it t o  the ptvndmaL anchor. The 

dletal-end of the blanket is then camectcld t o  the beam. U b n  thr fmm hrr; be- iadeaacl ais 

bqy ary, the blurlrats ere fUUy deployed 6x14 the box i s  ramo~d fimi i t 8  lurdam 
fitt-s and f ~ t e n e d  t o  the next 22.7 m mpprt beun to  carpgkta the oycla, 



2 BAY END-BUILDER 
CONSTRUCTION APPROACH (SOLAR ARRAY) 

CONNECT S/A 

INSTALL 
BEAM # n 

@ ASSEMBLE LAT. BEAM 
-.-.a- 

* ATTACH S/A DISTAL END h 

DEPLOY S/A 

CONNECT S/A 
PROXIMAL END 



2 BAY END BUILDER YOICE CONSTRUCTION/ANTENNA MATING ( R E V ~ ~ M ] )  

With the antenna f e c i l l t y  in i t 8  reviatrd location i n  the conetruction Dase, antenna matirg 
operatione are performed after the cmpletion of the 8 x 16 power collection module. The mtenrrrr 
i e  conetructed Fnparrrllel with the S/A eo tha t  after the 4th paee, it i e  ready f o r  inetrllsrtlon. 
A t  the end of the 4th paee, the bsee i a  indexed t o  the l e f t  3-bws t o  gut the antenna on the S/A 

centerline. The interface etructure betweei: ro tmy joint  a d  eolar array I 8  attached in incram 
mental etepe t o  permit the baee t o  @mdurclly t r ~ l l f e r  the antenna maeo w h i l e  indsxing Itaslf 

' 

awaJl from, and c lear  of, the a n t e m .  



2 BAY END-BUILDER 
YOKE CONSTRUCTIONIANTENNA MATING (REVISED) 

ANTENNA 
INDEXERS 3 

I I I I I I I I 
I I ,  I I 

- L - - + - - L  --!-- INDEX BASE 
I I I I COMMENCE 
BUILD INTERF. STRUCT, ATTACHMENT OF 
YOKE.TO.ROT. JOINT INTERF. STRUCT. 
BUILD & JURY RIG 8 x 16 BAYS COMPLETE INTERF, STRUCT 

BASE IN  POSIT ION ROT. JOINT.TOI/A 

COMPLETE 
ATTACHMENT OF 
INTERF. STRUCT. 
INOEX BASE 
CLEAR OF 
ANTENNA 

ANTENNA, YOKE, 
& ROTARY JOINT 
COMPLETE 



5GW i .a GEO CONSTRUCTION-END BUILDER GRAVITY GRADIENT CONDI!EION 

Preliminsry studies were aade t o  assess the utructural  design ~f the end builder construction 
baee i n  geosynchronous orbi t .  Thie caae ehowe the configuration evaluated fo r  gravity gradlent in- 
duced loads; the solar  array i s  4 by 16 baye, the construction baae is  i n  position at the antenna 
end and the microwave antenna fully conetructed i s  located i n  the a f t  gositlcm of the baee. Mass 

data  arid o rb i t a l  orientat ion are as shown i n  the figure. A worst caee gravity gradient torque w a s  
aesumed with 82 = 45" and 8, - 0 was assumed. 



5GW SPS GEO CONSTRUCTION - END BUILDER 
GRAVITY GRADIENT CONDITION 

SATELLITE ORlENTATlON 
DURING CONSTRUCT ION 

MASS DATA 

8 CONSTRUCT ION 
BASE 6 x lo6 kg 

MW ANTENNA 12.6 x lo6 kg 

1/2SOLAR 
ARRAY 18.75 x lo6 kg 

CONST. BASE 
LMW 
ANTENNA 

TAL MASS 

lQZM 

r - 



5 GW SPS END BUILDER CONSTRUCTION BASE GRAVITY GRADIEXT CONDITfON 

This figure s . ~ w s  the free-body diagram of the eolar array/construction baee/'antenna con- 
figuration. The control thrueters were aesumed located as shown at each end o i  the construction 
base. The mapent at  th9 section A-A would not exceed the strength of a comgoclite material beam. 



5GW SPS 
END BUILDER CONSTRUCTION BASE 

GRAVITY GRADIENT COND. 
MW 
ANTE-NNA 

I 
SOLAR ARRAY 

\ A 
CONTROL THRUSTER 
FORCES 

* ESTIMATED BENDING MOMENT AT SECTION A-A M = 1 . 4 6 ~  lo6 Nm 

ULTIMATE LOAD PER BEAM CHORD MEMBER P = 2 4857 N 

LOAD NOT CRITICAL FOR CLOSED CHORD COMPOSITE MEMBER 



5GW SPS GEO CONSTRUC!L'ION EM) BUILDER NATURAL FREQUENCY & MODE SHAPE 

The Aequency for  the selected configuration shown in  the previous flm was calculated 
using the given maea data. The stiffness data was calculated for  the Boeing selected camposite 

2 cap member wi tb  an area of 8.065 x 10 04 m2 and r modulus of e l m t i c i t y  of 2.378 r 10%/m . 
The arm was aaalrmed attached t o  the base a t  the indicated locations; the t o t a l  cuztenns msss 
w a s  located at i ts  center of gravity. 

The results show the frequency of 0.0031 Hz i e  well above the required 0.00l.24~~. 



5GW SPS 
GEO CONSTRUCTION END BUl LDER 

NATURAL FREQUENCY AND MODE SHAPE 

FREQUENCY = ,0031 Hz CONS r mu- r mwgr 

BASE \ 
NORMALIZED 
DEFLECTION 

MW ANTENNA 
6 

0 8 ----- 
SOLAR ARRAY 

LENGTH METERS x 103 

MASS DATA : 
CONSTRUCTION BASE 5 x lo6 kg 
SOLAR ARRAY 18.75 x loS kg 
MW ANTENNA 12.5 x lo8 kg 

STIFFNESS DATA : 
ElARRAy 1.48 x loq4 ~ r n *  
E I c ~ N s ~ ,  BASE 5 x 10'' ~ r n ~  

ATTACHMENT 
POINTS 
CONSTRUCTION BASE 
TO SOLAR ARRAY 



5GW SPS END BUILDER CONSTRUCTION BA53 INDEXING COM?ITIOM 

Preliminary estimates w e r e  made of' the loads acting on the end builder construction base during 

constructQsr and are presented i n  the next two figures. The sa t e l l i t e  array/antenna configuration 
are shown i n  t h e  first figure, Since the satt!llite mass is very much greater than the construction 

base, it can be assumed that  the relative motion of the sa t e l l i t e  i s  zero. 
A force-time curve i s  shown in the second figure for  an index rate of 20 m/minute. Additional 

study is required t o  e d u a t e  the effect of the? impulse on the construction7;base. 



5GW SPS 
END BUILDER CONSTRUCTION BASE 

INDEXING CONDITION 

h./ MW ANTENNA 

- 
INDEXING RATE: 
10 M/M TO 20 M/M 

MASS DATA: 
SOLAR ARRAY 28 x lo6 kg 
ANTENNA 12.5 x 106 kg 
BASE 5 x 106 kg 

I 
CONSTRUCTION / 
BASE 



5GW SPS 
END BUILDER CONSTRUCTION BASE 

INDEXING FORCE 

TIME T 3  ATTAIN INDEX RATE - SEC 

800 

600 

INDEX 
FORCE q00 
LBS 

200 

ASSUMPTIONS: 

- 
IC.:DEX RATE I FPS (20 M/MIN) - 

- 
- 

CONSTRUCTION BASE MASS IS A SMALL PERCENT OF TOTAL 
MASS; RELATIVE MOTION OF SAT'"LLITE IS NEGLECTED 



4 BAY UID BUILDER CONSTRUCTION BASE 

This concept builds an 8 bay wide SPS, 16 bays long, i n  GEo. The solar  array s t ructural  

configuration is  the SPS baseline, with the exception of the longitudinal beams which are continuous. 
It requires twc passes t o  build the solar  arre. , which approximates the construction scenario prevtously 
described fo r  the 2 bay end builder. Solar arrays ase deployed I n  thc direction of build. Ths antenna 
construction platform confoxme t o  the bascline i n  area but Includes a yoke conetruction facility. This 

base mates the antenna t o  the  solar  array in the preferred location with the antenna aligned with the 

longitudinal centerline of the solar  array. 

Construction of the solar  array takes place i n  an L-shaped faci?.ity, 2.96 Km long with 700m sad 860 m 
#ide  lege. k i s  f a c i l i t y  i s  constructed from the joining of squaro section open truos beame, proviaiontUy 
sized at 1 0 0 m  per aide. Mounted on the 700 m deep leg are such conetruction equipment8 w beam machines and 
handling devices, solar  blanket ins ta l l a t ion  f a c i l i t i e s ,  and bus ins ta l l a t ion  rnechaniamo, ae weU as habitation, 

docking, storage, etc.  Beam w h i n e  and solar  blnnket ins ta l l a t ions  are similar t o  the 2 bay end bufl&r. The 

other l eg  of the f a c i l i t y  guides and supports the 1ongitudAnal beams of the  SPS u n t i l  the bay structura is  
completed and s e l f  supporting. 

The antenna and yoke construction platform i s  mounted a t  a distance from the solar  rrrray f a c i l i t y  bo 
provide an area i n  which the rotary joint  and mating structure can be bu i l t .  It i s  a l so  located ao that  

during second pass construction, the f i r s t  pass solar  array structure does not foul  the antenna under con- 
struction.  When the antenna and yoke have been bu i l t ,  they are then assembled t o  the rotary joint.  
The mating structure t o  the solar  a r r w  i s  then build but not completed * a t  i t s  solar  arrw end. This 

en t i re  assembly i s  then indexed along the backface of the solar  array f a c i l i t y  until one s e t  of legs of 
the  mating structure i s  a t  the mating overhang for  s t ructural  cunplstion of those legs and mating t o  the 
so la r  array. The baee is  now indexed outboard so that  the center aattng legs can becompleted a d  attached 

i n  the  u t i n g  werhang. This sequence of indexing and mating i s  repeated t o  complete the mating of the 

so la r  arrw and antenna aasemblies. Indexing of the baee, h t e r a l l y  across the solar  arrqr,  10 continued 

u n t i l  the  baee i s  separated from the eatellitem 
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4 BAY END BUILDER CONSTRUCTION BASE (REVISED) 

' JOINTIS 
MAT lNG 

DEXlNO OUTRIGGERS 



P h i 6  char t  i d e n t i f i ? ~  the  major t imel inr  parameter and ground :*~les which have been upda:+:d 
s ince  thf bUd Term Brief ing* The impact of these changeo on the ov : r a l l  requirements ?or 1asag.r of 
crews and equipment a r e  a l s o  provided. 

Some of the  change^ shown a r c  i n t e r r e l a t ed .  For example, as a r e s u l t  of e rev ised  grounri rule, 

whereby the reindex r a t e  was incressefi from 1 mpm t o  10 mpm, there. was a s iqn i f l can t  saving fn  time. 
That time was applied t o  the s o l a r  a r ray  atcachment phase, which could then be accomp1ishec':rith l e s s  
cherry pickers  and crew. 

A s  a r e s u l t  of reevaluat ing the  manning requirement6 f o r  the cherry p ickers  and t he  beem mschinee, 

t he re  was a s ign i f i can t  baving i n  manpower. Original ly ,  each cherry p icker  and ea$h beam machine re- 

quired a +do man crew t o  provide sa fe ty  and r e l i a b i l i t y  through redundancy. However, the minlrn~lm 
s t a f f i n g  requirements i s  one operator f o r  a cherry p icker  o r  f o r  a mobile beam machine. I n  the end 

lu i lc ie r  concept, where s ta t ionary  beam machines a re  used, one men can operate e i t h e r  8 an-line, longitudinal 

beam machines 02 4 gimbled, segmented-beam machines o r  m y  combination thereof ,  e.g., 6 on-line and 1 

gia3led,  such a8 required f o r  the  2 bay end bu i lde r  configurat ion.  
By o r i e ~ t i n g  the  s o l a r  a r r ay  deployment longiturllrially f o r  the 4 bay end bu i lde r  ( s imi l a r  t o  the 

o r i en t a t ion  of the  2 bay end bu i lde r ) ,  it was possible  t o  (1)  de le te  the  s o l a r  a r r ay  &player,  (2 )  
l a j e r  t he  s o l a r  a r r ay  deployment r a t e  from U.5 mpm t o 1  mgm,thus minimizing the i n e r t i a  problem t h a t  
had ex ie ted  and (3)  shorten the  ove ra l l  construction time by el iminat ing t h a t  time prsvlously uaed 
for the  actual deployment of the  s o l a r  a r rays ,  eince the  deployment i n  now performed i n  parallel with  

the  longi tudina l  indexing. 
A t  the  midterm, it was corsidered t h a t  the  subeystsma assembly operat ions w.ruld be perfomed by 

sharing cherry pickers  and operators  t h a t  were assigned t o  o ther  tasks.  However, s ince the subsystems 
erssembly t a sks  have not ye t  been analytsed, four  dedicated cherry pickers  and operatore were assigned t o  

t h i e  function. Wpon f u r t h e r  ana lys is ,  t h i s  crew mw be e i t h e r  increcrued o r  reduced. 



FACTOR --- 

EVOLUTION OF TIMELINE PARAMETERS 

I.O.C. 
ON-LINE MACH. FAB. 
RATE 
SEG-BE AM MACH. FAB, 
RATE 
MATE ANTENNA 
REINDEX RATE 
STRUCT. ASSY. 
SUB SYS. ASSV. 

S/A ORIENTATION 

180 OAVS 

AS REQD. (<6 mpm) 

5 mpm 
MIDPOINT OPS 
1 mpm 
DEDlCATED CFs (4BAV) 
UNDEFINED 

REMOTE WORK 
2 MEN/CAB 

AUTO. BEAM MACHINES 2 MENIMACHINE 

6 w m  
FINAL 098 

J 
AVOIDS EARLY $TART UP 

10 m ~ m  REV. CIRND. RULE - REDUCE TIME 
MOB1 LE CfJs REOUCE C 11 E 
4 OEDICAf ED AOOS CPI & CREW 
CPs 
LONG (2 6 4 M Y )  

5 

1 MAN & CHANCIL- 
o v e R  
8 FIXED OR MIN. STAFFIN0 REQT. 
4 OIMBLIED 
OR 1 MOBILEIMAN 

0N.LINE MACH. 7.5 m FIXED 
SEG. BEAM MACH. DEDICATED 
(NDEXLRS 8 (2BAY) 
BEAM ASSY. CPs 6 CPs (2BAY) 
S/A ATTACH, CPs 6 CPs f2BAY) 

7.5 m FIXED NO CHANGE 
MOB4 LE REDUCE EQUIP. 
6 CONFIG. UPOATE 
4 CPa MIN. 8UQT. REOT. 
4 CPs USES TIME FROM 10 mpm INDEX 



2 BAY & 1: BAY END BUILDER TIMELINES 

For the  2 bay endbuilder configuration, the p w e r  col lec t ion  module i s  conetructed i n  four 
passes through the  construction base. Each pass provid.es a 2 x 16 module. The f i r s t  pass construction 

oparat,ionscontinue ,an described on the following chart.  Huwever, bays 8 a d  16 require the addition of 
l a t e r a l  busses. The second paso requires time al located f o r  ins t a l ln t ion  of the main busses, however t h i s  
i s  done during indexing operations, ao no s e r i a l  time i s  added, % t e l l i t s  th rus te r s  are a lso  ins ta l l ed  

during the f i r s t  pass. The second and t h i r d  pass timelines are  shorcer because one side of the modules 

~1 .e  common with the  s t ruc ture  previourru assembled, therefore 2 fewer beeme are b u i l t .  The h a t  paas 
e.8scmbi.y operations take the ome time as  the prsvioua two pasres,however the t o t a l  time i s  hcrcsssed t o  
accornodate the remaining th ,mster  ina~tal l .at ions,  I I l lwing #8dit ional  time beyond co l l sc to r  construction 
f o r  reindexlng the base and ~ a t i n g  the yoke t o  the col lec tor  end antenna and f o r  checkout, the  t o t a l  two 

b w  end builder  constructiorl time is  184 de.ys. 

The 4 bay endbuilder operates iden t i ca l  t o  the 2 bw endbuilder, except that mom time i r  required 
for at taching the  solar arrays mrl f o r  fabr ica t ing  and rrtteching the  beam eeipnents, becwre  the  earre 
aalount of equipment i s  now used f o r  four bays instead of two. There is ,  of couree, only one reindexing 
phase. I f  longitudinal  indexing occurs at 0.5 mpn, the t o t a l  4 hqy endbuilder conetruction time is 
180.5 clays, However, if lcmgitudinal indexin8 I R  accellerated t o  one m p ,  then the  t o t a l  construction 

time i s  decreased t o  157.1 &ye. 



2 BAY & 4 BAY END BUILDER TIMELINES 

ASSEMBLE POWER COLLECT, MODULE 10 u 34.6 Y I  
RElNDEX BASE 

ASSEMBLE YOKE 
0 
1.3 

0 
1.3 

0 
1.3 

ASSEMI)LE ANTENNA 

m 
I 140 

MATE ANTENNA TO YOKE b 
FINAL T EST (L CO. 2 BAY 

toc IW DAVS 

ASSEMBLE POWER COLLECT, MODULE 74 (LONO, INDEX I) .6 MPM) I I 71 I 

RElNDEX BASE 

ASSIEMBLE YOKE 

ASSEMBLE ANTENNA 

MAVE ANTENNA TO YOKE 

FINAL f EST & C,O. 

- - - - - - - - - - - - o m  

&.~(LoNQ. INDEX @ IMPM)( I 60.3 -I 
C I - - - . . . . -  - - I I  0 -  

2 0 
1.6 r'l 

L-J I 3  



2 BAY END B U I L D 0  SATELLZIT MODULE AYBEMBLY OPERATIONS 

In  the 2 bay construction approach, the so lar  srrw panels a re  deployed p a r a l l e l  t o  the 

longitudinal  beams during the indexing phase. As a resu l t ,  no so la r  armr;JI &ployere are needed 

and no ex t ra  time i s  required f o r  deployment. Ifatever, t h i s  approach requires the  addition of 

l a t e r a l  bussee t h a t  connect the so la r  array8 t o  the main bus a t  the  longitudinal  centsr  of the 

col lec tor .  

The assembly operations commence with the fabricat ion of short  lengths of the longitudinal 

beams f o r  implacement of the jo in ts  t o  which the l a t e r a l  and diagonal beam eegmenta of the end 

frame will be connected. Then, the 12.7 meter upper l a t e r a l  beams f o r  the end frame are fabr i -  

cated and joined t o  the longitudinal  beams, Next, the mobile beam machines begin fabr ica t ing  the  

beam segmsnts, which comprise the remainder cf the end frame and eimultaneously 8olar  array can- 
i s t e r s  are ar.chored on the construction base and the d i s t a l  end of the  so la r  arrays are attached 

t c  the upper l a t e r a l s ,  

r2pon completion of the end frame assembly and aolar  array attachment, the  s t ruc ture  i s  

i n d e x d  longitudinal ly a t  one mym. Meanwhile, the f ixed beeun machines fabr ica te  the 667 mster 

longitudinal  beams, the main bus is  deployed (on the second pass) and the so la r  a r ray  panels 

are a l s o  being deployed. 

APtert .ns?letion of the indexing phase, t h e  uppcr l a t e r a l  beam segments of the next frame 
a r e  fabr:',c'lt,.% -34  i n s t a l l ed ,  Then, collector b u s ~ e s  and switches are  attached, Next the  so la r  

ax,-ay cblls+,ors am detached from the c o n s t r u c t i ~ n  base, mounted on the upper laterals and the 

proxima; ends a= comected t o  col lec tor  busses. Simultaneously, new so la r  array canis ters  are 

anchor t i  on the c$nstruction base and the d i s t a l  ends are attached t o  the upper la4;eral.s and 
connected to col lec tor  busses, Final ly,  p i g t a i l s  are ins ta l l ed  acroea the upper l a t e r a l s  t o  

prwitie e l e c t r i c a l  connection between the bus8es. 



2 BAY END BUILDER SATELLITE MODULE ASSEMBLY 
OPERATIONS 

FABRICATE & ASSEMBLE END FRAME 

ATTACH SOLAR ARRAYS 

m 
B 

FAB. LONG., INDEX, DEPLOY MAIN BUS & S/A 

FABRICATE AND ATTACH SEGMENTED BEAMS 

ATTACH SOLAR ARRAYS 

FAB. LONG., INDEX, DEPLOY MAIN BUS & S/A 

FABRICATE AND ATTACH SEGMENTED BEAMS 

ATTACH SOLAR ARRAYS 

SUB SYSTEM ASSEMBLY 

1, REPETITION '-1 

10 HOUR SHIFT 



EV0L"JTION OF CCiST METHODOLOGY 

The evolution of cost; oictinodology and revlson of equipment q u a n t i t i ~ d  from the midterm 
t o  the f i na l  report resulted i n  the fo l lw ing  changes. The total. length of beams and track 
was recalculated for  the final 2 bay and 4 bay end builder. The quantity of related log i s t i c  
and construction equipment w a 9  also revised. 

Beam Builder and Cherry ~icker /crane costs include Gnomnan costa and w e i a t  eetimatee 
fo r  the automated beam machines and awnnccZ work s ta t ions  and Boeing's cost and weight eetimstes 
fo r  gimbals, carriages, tnd boans. A 9% uni t  cost learning curve was used. 

The f ina l  cost methodology includes a 47% wraparound factor which represents costs  f o r  spares, 

ins ta l la t ion,  assembly, and check out, SE & I, Project Management, System Test. and PSE. Only some 

of these costs were estimated on a separate ba8iS fo r  the mid term report. Grctund rule changes 
allow f ract ional  crew modules t o  f i t  crew aizes,whereae only Pull modules of a nominal capacity 
of 100 and a maximum capacity of 115 people were used fo r  the midterm report. The f ract ional  crew 

modules are based on the nominal capacity of 100 people. 
Blue transportation costs were revised from $lb$/Q. t o  $155/~g. Crew salar ies ,  previously ex- 

cluded, ware added t o  the f i n a l  cost estimates. 
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EVOLUTION OF COST METHODOLOGY 

MIDTERM FINAL 

BASE STRUCTURE 
TRACK 
TURNTABLES 

BEAM BUILDERS 

CRANES/CHERRY 
PICKERS 

WRAPAROUND 

CREW MODULES 
BASE TRANSPORT 
CREW SALARY 

CONSTANT OF 834M 
EA 

CONSTANT COST FOR EACH 
BOOM LENGTH, BASED ON 

GRUMMAN AND BOEINO 
ESTIMATES 

SPARES NONE 
INST, ASS'Y,C/O -%OFGWT. 
SE & I NONE 
PROJ. MGMT NONE 
SYS TEST % OF WGT 
GSE 10% OF 

LAUNCH 
COST 

NO FRACTIONAL MODULES 
148 $/Kg 
NOT INCLUDED 

REVISED TOTAL BEAM LENGTH 
REVISED TOTAL LENGTH 
REVISE QUANTITY 

' ESTIMATED SEPARATE COSTS FOR 

BEAM MACHINES, GIMBALLING, 
MOVEABILITY, AND MANNED WORK 
STAT ION. 
USED 909h LEARNING CURVE. 

ESTIMATED SEPARATE COSTS 
SIMILAR TO BEAM BUILDERS. 
USED 90% LEARNING. 

47%0F BASE UNITCOST 

USED FRACTIONAL MODULES 
166 $/Kg 
INCLUDED 

b 



2 BAY END BUILDER BASE FEATURES 

me main features of th i s  base a;re l i s t ed  here. The baeeline SPS is  constructed by 
multiple passes of the end builder, which builds a 2 ba;y wide s t r ip ,  16 ba~rs long, then 
indexes aver t o  build successively, three more strips. Construction system features cover 

cost, mass and crew information. Mn;jor construction equipment f o r  the soLar arraJr module 
i s  itemized. Lastly, the impacts of t h i s  conetruction   yet em on the sa t e l l i t e  baseline are 
l isted.  
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2 BAY END BUILDER BASE FEATURES 

MULTI-PASS CONSTR. OF 8 x 16 BAY SPS 

CONSTR. SYS - UNITCOST (1977$) = $8.638 
- S l Z E L x W x H  = 3.37 x 2.06 x .76 km - MASS 
o STRUCTURE = 2 . 4 0 ~  l @ k g  
0 TOTAL BASE = 6.74 x loe kg 

- CREW TOTAL = W 

ARRAY MODULE CONSTR. EQUIP. - BEAM MACHINES = 9 - CRANE1C.P. IL 11 - INDEXERS = 5 - BUS DEPLOYERS .I 1 
- SOLAR BLANKET DEPLOYERS 0 

SATELLITE DESIGN - SOLAR ARRAY ORIENTATION LONGITUDINAL - LONGITUDINAL BEAMS .I CONTINUOUS 



4 BAY END BUILDER BASE FEATUFtES 

!this chart follow the features format of the 2 bay end builder. The baseline 8 x 16 be;y 

Si?S i s  constructed i n  two passes by the 4 be;y end builder, which bulds half the width of the 

sa te l l i t e  nn successive passes. The construction system features, major equipments and their 

impacts on the sa te i l i t e  are l i s ted.  
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4 BAY END BUILDER BASE FEATURES (UPDATE) 

MULTI-PASS CONSTR. OF 8 x 16 BAY SPS 

CONSTR. SYS - UNIT COST (197781 n 

- S I Z E L X W X H  I 

- MASS 
0 STRUCTURE = 
0 TOTAL BASE I - 7REWTOTAL .I 

ARRAY MODULE CONSTR. EQUIP. - BEAM MACHINES 31 - CRANE1C.P. 31 - INDEXERS IL - BUS DEPLOY ERS o - SOLAR BLANKET DEPLOYERS 

SATE1 ' ITE DESIGN - SC-AH ARRAY ORIENTATION LONOITUF:TAL - LONGITUDINAL Br:AMS I CONTlNV a' 



TECHNIQLZS FOR ACCWXL',TIIfG SPACE CONETRUC'TXON OPERATIONS 

Thri base l ine  c ~ n f  igura t ion  was a four  phs ;a  decoupled. assembly approach. Acccl lerat ing 

space construct ion operatjo-s can be ~ccompl ish~?d by adding equipment t o  shorten the  time re- 

qu imd  f o r  any phase (except t.he index phase) 3r by coupling operations.  
The end bu i lde r  configuration use6 a two phase coupled assembly approsch, :hose operations 

t h a t  c m  be accmpl ished  while t'ne s t ruc tu re  i s  being indexed are  grouped together  i n  the  f i r s t  

phase A? .the indexing r a t e  con;,rols the operation. A c c e U e r a t i n ~  space construct ion operations 

i n  t h i s  phase can not be acc~rnp l i~ l l ed  'by &.ding more equipment. '* can only be done by increasing 

the  indexing rate and y e t  i t  is  l imi ted  by the  maximum r a t e  f o r  f a - ~ r i c a t i o n  of' the iongi tudlna l  

tleams mi? dep1qymen.t of the  s o l a r  a r rays  and the aa in  bus. 

During t he  h,cond phase of the endbuilder construct ion approach the  cont ro l l ing  operation is  
thd f ab r i ca t ion  and attachment of the semcnted beams. The amount of crew & equipmelit required. 

f o r  the s o l a r  a r rays  i s  adjusted t o  f i n i s h  t h a t  i n s . t a l l a t i on  concurrent with the segmented beam 

operation. Accel lerat ing space construct ion operationv during t h i s  phase requires  a coorillnated 

increase of equipnenf f o r  both operatione. To be specif ic :  increarring cherry p ickers  f o r  so&r 

array attachment w i l l  no t  aoce l l e r e t e  t h i e  phaee unleae addi t iona l  beam machines are provlbsd. 



TECHNIQUES FOR ACCELERATING SPACE CONSTRUCTION 
BASELINE OPERATIONS (TYPICAL CYCLE) 
3ECOUPLED FAB. BEAMS 6 ASSEMBLE STRUCT. 
ASSEMBLY 
APPROACH 1 

I 
I 
Y 

0 
/ 

ACH & DEPL 

I 1- DEPLOY MAIN BUS 7 

EYD BUILDER 
COllPLED 
ASSEMBLY 
APPROACH 

Lp' INDEX 

- 
I 

/ 
I 

RATES 

' 

F4BRICATE LONGITUDINAL BEAMS FA8.6 ATTACH SEGMENTED BEANS 
I 

DEPLOY SOLAR ARRAYS I I ATTACH SOLAR ARRAYS 

DEPL.OY S/A AT TACH S/A I 
OEPLOY MAlN BUS 

-- - 

INDEX 



ETJD BUILDER LONGITUDINAL BEAM PRODUCTION CAPABILITY AND BENEFITS 

FIXED CREWS AM) EQUIFMEXCS 

In  order t o  3atisfy the ground rule which l imi t s  OEO sseembly of the 5GW s a t e l l i t e  t o  6 months, 
it was nececjsary t o  operate with skeleton crows, v.se mir~imal equipmsnts MC¶ slaw the operating ra tes  
of on l i ne  beam machines. The inpact on t o t a l  oa t e l l i t e  conetruction time i s  shown in the facing 
page fo r  various longitudinal beam fabrication ra tes  with the 2 bw ,  4 bajr, ~d 8 bqy end builder 
concepts. A significant  reduction ir, ~vera l lC .Q, lay t t l l~~ l~n  t ide  can be realized by slmply operating 
these an l i n e  machines a l i t t l e  Qaster,cuch a8 a t  3.5 meters per minute ra ther  t h m  the .25 t o  

1.5 meters per micute shown a t  180 d a y s .  It is  not e f f i c ien t  t o  operate these machines at. much 

higher ra tes  since other construction operations are constrained by 1.imfted crews and equlapants. 
(eg fo r  solar  array hook up) 

The benefi t  of being able t o  ehorten the time of conetruction without adding dldi t ianal  c r e w  
and equipnents can be reflected i n  reduced p w e n t s  f o r  construction in te res t ,  Using a dally 
in te res t  r a t e  of $2.7 M, the 4 bay end builder can complete construction 40 early ( a t  3.5 ail-) 

st a saving of $l'Yi'M per s a t e l l i t e ,  Equivalent savings in construction internet  are a lso  shown 

for other fabrication ra tes  and the three ecd builder concepts, 



END BUILDER LONG BEAM PRODUCTION CAPABILITY & BENEFITS 
FIXED CREWS & EQUIPMENT 

10 - 
- I I 

' I  
8 - 8 BAY WIDE 

4 BAY WIDE 

LONG 6 - 
BEAM 
FAB 

4 BAY WIDE- - 
RATE 
m/MIN ,, - -+-- 

- 
2 - 

- 
0 .  I 

100 140 180 220 0 80 120 

SPS CONSTRUCT ION TIME - DAYS 
I 1 INTEREST SAVED - $M 

I 

40 
DAYS LESS 180 7 



END EUIDER PRGDUCTION SCALE T l P  POTENTIAL - ADDED CREWS AND 30 METER CHEFJIY PLCY~ERS 

The performance improvement tha t  car1 be achieved by adding crew8 and equlpments t o  the end 

builder concept Is shown on the facing page Incressing cherry picker crews can speed up tho  

so la r  array hook-up timzs. Both the 2 bay and 4 bay end buildere are currently defined wlth 7 
cherry pirlcers f o r  solar  array hook-up ar.d s t ructura l  assembly. The 4 bay end builder, hawever, 
could have been defined with 5 cherry pickers by relying upon a greater  ohared usage between these 
v&rious solar  srrv m d  s t m c t u r s l  assembly operations. Available resources however did not allow 
t h i s  option t o  be adequtrtely explored t o  develop t h i s  multi-usage timeline further. Nevcrt;lelese, 

s ignificant  impro-;ements i n  overall construction time can be achieved by i n c r e ~ ~ l n g  the crews and 

equiments i n  selective construction act iv i%ies .  

The cost  penalty f'or adeing these crews and equipments is a l so  shown on the facing: page. 

This cost penalty re f l ec t s  the add r7 costs f o r  cherry pickers, crew modulee, crew operations, and 

re la ted  transportation coats. The Interes t  saved by adding these additional equigmenta i s  also 

shown fo r  each end builder i n  terms of the added coat lsed in te res t  saved. 
Similar data could ale0 be developed for the eingls deck baseline. 



TOTAL 
CHERRY 
PICKERS 1 

END BUILDER PRODUCTION SCALE UP POTENTIAL 
ADDED CREWS & 30 M CHERRY PICKERS 

8 BAY WIDE 

4 BAY WIDE 

S/A & STRUCT ASSY l-1 
LONG BEAM FAB 1 mpm I 1 

I 
0 1 1 

I I I I I 

0 100 140 180 220 
SPS CONSTRUCTION TIME - DAYS 

1 I 

80 40 0 
DAYS LESS 180 

ADDED COST 
LESS lNT EREST SAVED 

0 80 160 240 

COST - $M 



END BUILDEH SATELLITE CONSTRUCTIOM POTENTIAL 

The cu,m~ilat!.ve erfec+ of faster end builder production capabi l i t ies  are illustrated on the 
f ~ c i r l g  page. Ass~uoing that the SPS program requfres 10 OW t o  be added each year, then 30 years 

are needed t o  reach 300 CW by construct%ng one 5GW s a t e l l i t e  every 6 months. By operltting t h e  

4 bay erld 1, i i lder  t,~., 3.5 meters per minute the s m e  number of aal;elIltec could be completed &i; 

least 6$ years sconer. z~fklls perforrnsnce ctdvsntsge can e i t h e r  be used t o  co,aplete production 

sooner, bui ld  Inore ~ a t e l l i t e s  or Se a_nplied &s a production si?hed.ule reserve t o  cope with un- 

scaaciuled delays (ie weat.her s t r i k e s ,  e t c )  . 
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END BUILDER SATELLITE CONSTRUCTION POTENTIAL 

COMPLETE PRODUCTION SOONER 
BUILD MORE SATELLITES 
USE FOR SCHEDULE RESERVE 

90 DAYS 
/ 

/ 
/' 

/ 
0' 

4 BAY 8 3.6 m/MIN CUMMUCATIVE 
SPS POWER + 3 CHEHRY PICKERS 
OW@ 

/ 300 DAYS 

YEARS 
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ALTERNATE CONSTRUCTION BASE EVALUATION CRITERIA 

COST 

PERFORMANCE CAPABILITY 

SYSTEM COMPLEXITY 

OPERATIONS COMPLEXITY 

DEVELOPMENT RISK 

GROWTH POTENTIAL 



SPS G W  CONSThUCTION MSE COST COMPARISON (1977 $) 

Comparative costs are s h m  on the facing page f o r  the a l ternate  s a t e l l i t e  constmction approaches 

using segmented and continuous longitudinal beams. The nominal construction time end maximum construction 

capab i l i t i e s  are also shown fo r  the a l ternate  bases, Total base costs and the re la ted  annual amortization 

costs are  shown. Potential  construction in te res t  t ha t  can be saved each year 'by operating at  f a s t e r  r a tes  

are a l so  shown and the net  annual cost with t h i s  in te res t  benefit is  provirlsd. 

Al.tho*agh the t o t a l  cost difference i s  not great,  the 2 b8y end builder features the l e a s t  t o t a l  base 

cost  and a low annual amor t i za t i~n  cost with in te res t  benefi t  . 
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SPS GEO CONSTRUCTION BASE COST COMPARISON (1977 $) 

SINGLE DECK I BASELINE 
4 BAY 

END BUILDER 

LONG. BEAM DESIGN 

5GW SPS CONSTR TIME 

MAX CONSTR CAPABILITY 

TOTAL BASE COST 

ANNUAL AMORTIZATION 

ANNUAL INTEREST SAVED 
(O 3.5m/M IN LONG FAB) 

ANNUAL COST WITH INTEREST 
BENEFIT 

CONTINUOUS 

181 DAYS 

141 DAYS 

SEGMENTED 

185 DAYS 

185 DAYS 

$9278 M 

$ 845 M 

$ 845 M 

2 BAY 
END BUILDER 

CONTINUOUS 

184 DAYS 

154 DAYS 



GEX> CONSTRUCTION BASE COSTS 

The same methodology was used t o  develop comparable cost data for  Boeing'a single deck 

baseline and Grumrn~~'1's a l ternate  end builder concepts. Cost estimates were developed t o  the 
l eve l  of bas2 frame work, crew modules, construction equipment and log i s t i c  equipen% (i.e. 

tracks, turntables and vehicles ) . Common subsystem and maintenance costs were included i n  
d l  concepts, as we.re costs re la ted t o  antenna construction, yoke construction and sub- 

assembly constrwtion ac t i v i t i e s .  A 4% wraparound factor  i s  a l so  included t o  account fo r  

subject management, system engineering and integration, system t e s i ,  and the other cost elements 

noted i n  the figure. The added costs fo r  transporting base hardware to and conducting recurring 

crew operations are a l so  included. 

The estimates shown on the facing page were jo int ly  reviewed and adjusted, i Z  needed, t o  assure 

t ha t  comparable design definit ions were used across the board. Base framework costs, fo r  exercple, 

assme tha t  each configuration emplays 100 meter deep s t ructural  sections i n  l i e u  of the range of as  

drcrwn dimensions, which awalt i n i t i a l  loads and s t ress  analysis. 

The 2 b w  end bullder exhibit8 the lowest cost primarily because it features l e s s  costly coastruction 

equipnent and re la ted crew modules. The 4 bay end builder has more eqipnent but i s  s l igh t ly  lese costly 

than the single deck baseline because of i t s  smaller crew size. 
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GEO CONSTRUCTION BASE COSTS 

fi, CREW SUPPORT 

n / SUBSYSfMAINT 

/ CREW MODULES 

I 

t 1- FRAMEWORK 
2 BAY 

/ BASE TRANSPORT 

[ 
PROJ hi31 
SE& I 
SYS TEST 
I W A S S Y  &C/O 
GSE 8 SPARES 

/ LOGISTIC EQUIP 

10 CONSTR EQUIP 

SINGLE DECK END BUILDER END BUILDER 



TOTAL 9278 8634 

s 
SPS2Se'i 

' C O S T  C O M P A R I S O N  - $ l o 6  

# 

l TEM 

Structures 

Crew Mod u les 

Construction Equip. 

Logistics Equip. 

Other 

Wraparound 

Base Transport 

Crew Costs 

2-BAY 
END BUILDER 

240 

2504 

1282 

454 

25 

SINGLE DECK 

303 ( A 63) 

2582 l a  78) 

1397 ( A  115) 

535 (4 80) 

25 

2275 ( 4 138) 

968 ( A 78) 

1 192 (A 70) 

WHY THE DELTA 

. 2x4 bay vs 1-213 x 3 
Gantry included 

A 22 people 

Dedicated solar array 
deployment equip. 

151 vx 68 turntables 

I 

2117 1 . Reflects above 

890 

1122 . aZZpeople@ 
S3Mlman 



W H Y  THE C O S T  D E L T A ?  

o T h e  r e a l  d i f f e r e n c e  b e t w e e n  t h e  S i n g l e  D e c k  a n d  t h e  

r 1  E n d  B u i l d e r  c o s t  a r e  t h e  r e s ' u l t  o f  t h e  d i f f e r e n c e  i n  

f s o l a r  a r r a y  d e p l o y m e n t  t e c h n i q u e s .  
\& 

SINGLE DECK END BUILDER 

EQUIPMENT 

Beam Machines . Cherrypickers 
Solar Array Deployers 

CREW 

Structural Assembly 
- Beam Machine Op - Cherrypicker Op 

4 6 
16 8 

(should be 8) 

. Solar Array Deploy 



CEO BASE COST COMPARISON 

This chart provides a graphic cornpariaon of the major cost differences between the a l ternate  
construction bases. Total base cost,  annual amorkization and re la ted  in te res t  benefits due t o  
f a s t e r  construction are shown fo r  the single deck and end builder conce~ta  Total baoe coets f o r  
the 8 bay end builder were derived from e a r l i e r  8 bay versus 2 bayeni-builder cost comparieons. 

Accordingly, the 8 bay end builder is  projected t o  cost almost 1% more than the single deck 
baseline and have an equivalent increase i n  annual amortization costa. It i s  in teres t ing t o  

note, however, when annual in te res t  benefi ts  are  considered, the 8 bay end builder exhibits  lower 

ne t  annual costs  than the slngle deck. Never -the-lees, the 4 bay and 2 bay end builder s t i l l  show 
the lowest ne t  annual cost with the in te res t  benefit.  



GEO BASE COST COMPARlSON 

TOTAL BASE COST ANNUAL AMORTIZATION 

I ANNUAL COST WITH INTEREST BENEFIT 
ANNUAL INTEREST SAVED 

*r DUE TO FASTER CONSTR 

12 

8 

m 

4 

~1 1 rl ,z, 

SINGLE 8BAY 4BAY 2BAY 

SINGLE 8BAY 4BAY 2BAY SINGLE 8BAY 4BAY 2BAY 
DECK DECK 

- 
920 

us r--7 mo 
I 706 

780 
r--- 'I 

I I I 
I I 

I 
I 
I 

I I 
I L 

8 BAY 

- 1200 

10.11 - 9.28 r-- 
b I r 9.07 8.63 

I 
I I 
I I 
I I 
I I 
I I 
I I 

n 2 BAY 

- 
C 

- 
- 

L 

I 
I I 

I I 
I I 
I I 
I I 
I I 
I 
I I 
I I 
I I 

& 800-  

dM 

400- 



SPS GEO CONSTRUCTION BASE PERFORMANCE CCMPARISON 

Canparative performence data are provided on the facing psge fo r  the a l ternate  construction 
bases. The base characteristics re la ted t o  longitudinal beam deeign, rr&tellite conetruction approach 
and nominal construction times are shown together with t h e i r  comparative masses and maximum constructian 
capabi l i t ies .  The on l i ne  beam machines, which are  ueed fo r  continuoue fabrication of end builder - 
longitudinal beams, provide an inherent capabil i ty f o r  increaaing the overal l  r a te  of construction. 
By operating the  lmgi tud lna l  beau machines at 3.5 meters per minute it i c  possible t o  save up t o  40 
daiy~ of s a t e U t e  conetruction time. The baselfile single deck segmented beam method of conetruction 
i s  not able t o  shorten the r a t e  of conetruction without a d ~ . a d d l t i o n a l  crews and eqigmente. By building 
two 5GW s a t e U t e 8  a year, the 4 bay end builder therefore can o f fe r  a 80 day dhrantage in f a s t e r  performrrace 
over the single deck. 

Comparison of the t o t a l  baee re la t ive  masees shows that most of the weight difference f a  a t t r ibuted t o  

the difference In  base conf1i;guration framework. Aa prevlouely noted, the r lght of baee framework l i s t e d  
herein i s  nomallzed t o  the extent each baee was assumtrd t o  employ 100 rnetsr deep s t ruc tu ra l  aecticme, 

II  rl 
ra ther  than %he various deeper and e h a l l m r  as  drawn eections which have not been aaalyzed rrad eieed. 



SPS GEO CONSTRUCTION BASE PERFORMANCE COMPARISON 

I SINGLE DECK I 4BAY I 2BAY 
BASELINE END BUILDER END BUILDER I 

SATELLITE CONSTR APPROACH 

LONG BEAM DESIGN 

6GW SPS CONSTR TIME 

MASS - TOTAL BASE 

- BASE FRAMEWORK 

- CONSTR EQUIP 

MAX CONSTR CAPABILITY 

SPS CONSTR TlME SAVED 

ANNUAL CONSTR ADVANTAGE 

*3.5m/MIN LONG BEAM FAB 

MULTI INDEX 

SEGMENTED 

186 DAYS 

6247 x 19 Kg 

2792 x 19 Kg 

340 x 103 KQ 

186 DAYS 

80 DAYS eGG'"l3 

MULTl PASS 

CONTINUOUS 

181 DAYS 

I 5 7 4 0 ~  1 9 ~ g  

, 2388~ 1 S K g  

337 x 103 Kg 

154 DAYS 

30 DAYS 

60 DAYS 

MULTl PASS 

CONTINUOUS 
I 

184 DAYS 



MASS 
1000 Kg 
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GEO CONSTRUCTION BASE MASS COMPARISON 

SINGLE DECK END BUILDER END BUILDER 

203 

6000 

4000 

2000 

o w  
BASELINE 4 BAY 2 BAY 

6247 6371 LOGISTIC EQUIP * 

. 

- 

- 

- 
- 
- 

- 
- 

CONSTR EQUIP 
f 

--- 

I 

-- WBSYS/MAINT 

-CREW MODULES 

- FRAMEWORK 



SPS GEO CONSTRUC!l'ION BASE SYSTEM COMPLEIDTY COMPARISON 

The major system differences between the rrlternate construction bases are compared on the 

facing page. The single deck builds the segmented beam design and constructs the s a t e l l i t e  

by performirlg multiple l a t e r a l  and longitudinal indexing operations. llie end builder concepts, 

i n  turn, build the continuous longitudinal beam design and construct the s a t e l l i t e  by fabrf- 

eating in one direction and then re-indexing fo r  a subsequent pass. Other system differences 

are characterized i n  terms of the overall  base size (with and without the antenna construction 

f a c i l i t y ) ,  module construction work stat ion,  major module construction equipment, t o t a l  crew 

size, and l og i s t i c  track. The end builder concepts are generally smaller i n  s ize  and can be 

operated wit,h fewer people than the single deck. However, the single deck requires fewer 

automatic beam machines and cherry pickers than the two end builder concepts. It should be 

noted, however, tha t  the end builder uses some of i t s  cherry pickers t o  perform solar  arm 
ins ta l l a t ion  Rmction8,ueing simple proximal anchors from i t s  bu i l t  i n  l og i s t i c  track, in  Ueu  

of the large cross b v  gantries and re la ted installation/deployment equigment used by the eingle 

deck. 



SPS GEO CONSTRUCTION BASE 
SYSTEM COMPLEXITY COMPARISON 

SATELLITE CONSTR APPROACH 

LONG BEAM DESIGN 

BASE SIZE - TOTAL 

- W!O ANT PLATFORM 

MODULE CONST FACILITY 

MODULE CONST EQUIP OELTA 
AUTO BEAM MACHINES 
CHERRY PICKERS (30 & 8Om) 
INDEXERS 
S/A INSTALL EQUIP 

CREW SIZE 

LOGISTIC TRACK 

SINGLE DECK 
BASELINE 

MULTl INDEX 

SEGMENTED 

4.58 x 2.9 x .87 
Km 

2.9 x 1.52 x -87 
Km 

FLAT DECK W 
UPPER LEVEL 
GANTRY STA 

3 MOBILE 
8 
6 
4 INSTALLER, 
DEPLOYER & 
CROSS BAY 
GANTRl ES 

407 

80800 Km 

4 BAY 
END BUILDER 

MULT l PASS 

CONTINUOUS 

3.88 x 2.96 x .70 
Km 

-88 x 2.96 x .70 
Km 

FIXED UPPER/ 
LOWER LEVEL 
WORK STA 

3 PLUS 10 SYNC 
1 I* 
8 
PROXIMAL 
ANCHORS 81 
SHARED C.P.S4 

386 

77700 Km 

2 BAV 
END BUILDER 

MULTl PASS 

CONTINUOUS 

3.37 x 2.6 x .76 
Km 

.80 x 2.06 x .76 
urn 

FIXED UPPER1 
LOWER LEVEL 
WORK STA 

3 PLUS 6 SYNC 
11" 
8 
PROXIMAL 
ANCHORS & 
SHARED C.P.Se 

383 

60800 Km 



SPS GEO CONSTRUCTION BASE OPERATIONf3 COMPLEXITY C W A R I S O N  

The major differences i n  a l ternate  GEO base construction operations are summarized on the 

facing page. A l l  of t h e  a l ternate  bases build the s a t e l l i t e  by indexing the base e i t he r  

l a t e r a w  or  longitudinally as  permitted by the longitudinal beam desiqn. The single deck eeg- 

rnented longitudinal bem assembly method allows e i the r  decoupled or coupled constructior, techniques 

t o  be employed. The b a ~ e l i n e  single deck approach uses decoupled solar  array structure assembly 

operations. On the other hand coupled solar array/structure asaembly operations are f a c i l i t a t ed  

by the end builder continuous longitudinal beam approach. This end builder approach necessi- 

t a t e s  t ha t  all automatic longitudinal beam machines be synchronized and be capable of being 

maintained and repalred both on and off  l ine .  The end builder solar  blankets c w  e i t he r  be 

deployed 1ongitudinaUy (88 or  176 s t r i p s )  or  l a t e r a l l y  (single s t r i p )  as the baseline. %h 

al ternate  base uses a similar  method fo r  t rans la t ing and mating the s a t e U t e  antenna. 



SPS GEO CONSTRUCTION BASE OPERATIONS 
COMPLEXITY COMPARISON 

2 BAY 
END BUILDER 

CONTINUOUS 

4 PASS LONG 
BUILDUP 

COUPLED 

SYNCHRO- 
NlZED 

ON/OFF LINE 

88 STRIPS 
OR SINGLE 
STRIP 

TRANS 
LATERAL 

LONG BEAM DESIGN 

SATELLITE ASSY MODE 

SOLAR ARRAY/STRUCTURE ASSY 

LONG BEAM FAB 

BEAM MACHINE MAINTENANCE 

S/A BLANKET DEPLOY 

ANTENNA MATING MODE 

SINGLE DECK 
BASELINE 

SEGMENTED 

16 ROW LATERAL 
BUILDUP 

DECOUPLED 

AS REQD 

OFF LINE 

SINGLE STRIP 
O A TIME 

TRANS LONG 

4 BAY 
END BUILDER 

CONTINUOUS 

2 PASS LONG 
BU I LOUP 

COUPLED 

SYNCHRO- 
NlZED 

ON/OFF LINE 

176 STRIPS 
OR SINGLE 
STRIP 

TRANS 
LATERAL 



SPS GEO CONSTRUCTION BASE DEVELO-T R E X s , U I ~  

The major construction elements tha t  must be developed for  e i ther  the single deck or  the 

end builder concepts are l i s t e d  on the facing page. Some of the differencee i n  system 

development requirements include single deck upper level gantry control, end builder automatic 

longitudinal beam machine synchronization, and other differences in  slngle deck/end builder 

solar  arrqr ins ta l la t ion and deployment equipments. None of the above differences are judged 

t o  be significant, hence sll concepts are cited t o  have a medium developnent risk. 



SPS GEO CONSTRUCTION BASE DEVELOPMENT 
REQUIREMENTS 

MAJOR CONSTR 
ELEMENTS 

DEVELOPMENT RISK I l MEDIUM I MED'UM I 

4 BAY 
END BUILDER 

a 4 B A Y S Y S  

MOBILE BEAM 
MACH 
l BEAM MACH SYNC 

CHERRY PICKERS 
INDEXERS 

PROXIMAL 
ANCHOR 

BUS DEPLOYERS 
LOGISTIC EQUIP 

BASELINE 
SINGLE DECK 

a FLATDECKSYS 
l UPPER LEVEL 

GANTRY CTL 
MOBILE BEAM 
MACH 

l CHERRY PICKERS 
INDEXERS 

1. SOLAR ARRAY 
INSTALLER I 
S/A DEPLOY ER 

S/A CROSS BAY 
GANTRY 
BUS DEPLOYERS 
LOGISTIC EQUIP 

2 BAY 
END BUILDER 

2 BAY SYS 

MOBILE BEAM 
MACH 
BEAM MACH SYNC 
CHERRY PICKERS 
INDEXERS 

PROXIMAL 
ANCHOR 

BUS DEPLOYERS 
LOGISTIC EQUIP 



SPS GEO CONSTRUCTION BASE GR- CAPABILITY 

The a b i l i t y  o r  t h e  a l t e rna te  construction bases t o  be adapted t o  other requirements than 

those studied f o r  GEO construction a r e  summarized on t h e  facing page. 

Growth i n  SPS production r a t e  requirements implies added crews and equipment6 f o r  the  

single deck. For t h e  end builders these added cos t s  can be deferred u n t i l  the  longitudinal 

beam rabr ica t ion r a t e  capsb i l i ty  i s  reached. ( i  .e. about 3.5 meters/nin) . 
A l l  a l t e rna te  berses can be expanded if needed t o  build t h e  t! x 16 bay s a t e l l i t e  i n  one 

pass. Each concept can a l s o  bulld pentahedral s t ructures  o r  be adapted f ?r use i n  IEO con&uc- 

t ion.  In addi t ion  they can read i ly  build smaller or la rger  s a t e l l i t e s  which require fewer o r  

more bays or t h e  same size.  Should smaller or  larger s a t e l l i t e s  be required with different  

s i ze  bays a r t e r  t h e  base has  been b u i l t ,  then t h e  single deck approach i s  probably eas ies t  t o  

adapt. 



SPS GEO CONSTRUCTION BASE GROWTH CAPABI LITY 

I SINGLE DECK 1 4BAY 2 BAY 
BASELINE END BUILDER I ENDBUILDER 

PRODUCTION RATE SCALE UP 
(FASTER PRODUCTION) 

Sl NQLE PASS 8 x 16 BAY 
SATELLITE CONSTR 

ADD EQUIP & INCREASE L BEAM 
CREWS FA0 RATES 

(0.6 TO 3.6 m/MIN) 
ADD EQUIP & 
CREWS 

EXPAND BASE EXPAND AS RE0 
TO SUIT I 

* INCREASE L BEAM 
FAB RATES 
(1.0 TO 3.6 m/MIN) 
ADO EOUlP 81 
CREWS 

SUITABLE FOR PENTAHEDRAL 
CONSTR 

ADAPTABLE TO LEO CONSTR 
ANT PLATFORM 
TO END 

SMALLER SATELLITE - FEWER BAYS 

OK OK 

OK - EITHER TURN ANT PLATFORM 
SIDEWARD OR LOCATE ON T W  

- SMALLER BAYS RESIZE BASE I 
- LARGER BAYS I :~~E;;cK "ES~ZE BASE 

LARGER SATELLITE - MORE BAYS OK OK OK 



ALTERNATE CONSTRUCTION CONCEPT SUMMARY COMPARISON 

The maor  differences ident i f ied  i n  the evaluation of a l ternate  GEO conetnrction bases are 
srrmmnrized on the facing page. Each concept i e  comprrrad i n  tonne c/f i t 8  major costs  ( t o t a l  
base cost and annual ~mort iza t ion w i t h  interest; benefi ts)  eystem character is t ics  (base maes 
and crew s ize) ,  aperations complexity, performance capability, develupmcnt r i s k  =d growth 
capabil l ty re la ted  t o  8PS size. Both the 2 bqy snd 4 bay end builders provide higher per- 
formance capability f o r  some what lawer coat than the single deck. The 2 oay end builder 

features the lawest cost 9 whereas the I( bay end builder features the highest s a t e l l i t e  construc- 
t i on  perfoxarance capabil i ty (40 days f a s t e r  at 3.5 m/min. ), Hence i f  f a s t e r  production capabil l ty 
i s  importeat then the 4 bcyr end builder i n  p r e f a m d .  

However, the single deck appears simpler t o  operate due t o  having lees  construction equip- 

ment. The single deck i s  probably a l s o  eas ier  t o  edagt t o  major chrrnges in s a t e l l i t e  design. 

Therefore, i f  simple operations are mom important than f a s t e r  production capab i l i ty then  the 
single deck is preferred. 



ALTERNATE CONSTRUCTION CONCEPT 
SUMMARY COMPARISON 

BASE COST 

ANNUAL AMORT W 
INTEREST BENEFIT 

W E  MASS 

CREW SIZE 

OPERATION8 
COMPLEXITY 

PERFORMANCE 
CAPABI LlTY 

DEVELOPMENT 
RISK 

GROWTH (898 SIZE) 

4 BAY 2 BAY I ENDBUILOER I ENDWILDER 

DECOUPLED 

ADO EQUIP FOR 
FASTER 
PRODUCTION 

I MEDIUM 

RECOMMENDATION 
SIMPLE OP8 IMPORTANT / 
FASTER PROD IMPORTANT 

COUPLED 
#A STRUCT 
ABBY 

MEDIUM 

MODIFY AS REa 

30 DAY FASTER 
INHERENT 

MEDIUM 

MODIFY AS HE0 



P O T E N T I A L  E Q U A T O R I A L  LAUNCH S I T E S  





R A N K I N G S  OF POTENTIAL EQUATORIAL LAUNCH SITES (TENTATIVE)  

L l b e r i a  Kenya 1 ndones f a  Ecuador  French Guiana 

E x i s t i n g  Launch F a c i l i t i e s  3 2 3 3 I 

O v e r w a t e r  Range, E a s t  2 1 1 - 1 

Access t o  I n c l i n e d  O r b i t s  2 1 1 7 1 

Access t o  O i l / G a s  F i e l d  3 2 2 1 3 

Downrange T r a c k i n g  S I t e s  1  3 1 2 4 

I n d u s t r i a l  Base, E n e r g y ,  e t c .  3 2 1 2 4 

L o g i s t i c s ,  P o r t  F a c i l i t i e s ,  e t c .  2 1  3 2 4 

Sea Route  D i s t a n c e  3 5 4 1 2 

Cl i m a t e  4 2 3 1 5 

H i g h  M o u n t a i n s  - 2 2 1 - 



TRANSPORTATION COSTS TO EQUATORIAL S I T E  (ONE 5GW S P S )  

D i s t a n c e  t o  Launch S i t e  

F r e i g h t  C o s t  

T i m e  i n  T r a n s i t  ( @  1 5  k n o t s )  

L o s t  Revenues 

T o t a l  C o s t  

F r e i g h t  C o s t  

T ime i n  T r a n s i t  

L o s t  Revenues 

T o t a l  C o s t  





E Q U A T O R I A L  LAUNCH S I T E S :  CONCLUSIONS 

* T E R R E S T R I A L  TRANSPORTATION COSTS ARE MODEST BUT NOT N E G L I G I B L E .  

O LOSS OF REVENUES DUE TO T I M E  I N  T R A N S I T  MAY BE COST D R I V E R  FOR 

SEA F R E I G H T .  

O A I R  F R E I G H T  TO CLOSE S I T E  MAY BE CHEAPER O V E R A L L  THAN SEA F R E I G H T  

TO REMOTE S I T E .  

O F R E I G H T  MODE FASTER THAN SEA BUT CHEAPER THAN A I R  SHOULD BE USED 

I F  A V A I L A B L E  (HOVERCRAFT,  H Y D R O F O I L ,  D I R I G I B L E ? )  

O ECUADOR, G U I A N A / B R A Z I L s  L I B E R I A  PREFERABLE S I T E S ,  

O T E R R E S T R I A L  TRANSPORTATION COSTS AND D E L A Y S  MAY BE OFFSET BY 

REDUCTION I N  EOTV COSTS AND DELAYS 

s A Arthur D Little lm 



I f  i t  is necessary  t o  have a  c e r t a i n  inventory  of a component a t  a s p e c i f i e d  time 

(e.g., f o r  prototype SPS c o n s t r u c t i o n ) ,  a balance  must be s t r u c k  between t h e  need t o  postpone 

investment a s  long as p o s s i b l e  and t h e  need t o  minimize the  c a p i t a l  c o s t  of t h e  equipment t o  

produce t h e  inventory  on time. The curves  show t h e  discounted u n i t  c o s t  of inventory  of 

components, t ak ing  i n t o  account production c o s t s  and c a p i t a l  equipment c o s t s ,  i n  a r b i t r a r y  unitr 

(because a c t u a l  c o s t s  of course  depend on t h e  component under cons ide ra t ion) .  No c o s t s  are 

included f o r  mainta ining inventory  (warehousing, e t c . ) ,  because t h e s e  e r e  a l s o  cornponent-opeclflc. 

I n  c o n s t r u c t i n g  t h e s e  p a r t i c u l a r  curves ,  i t  was assumed t h a t  t h e  r a t i o  of t h e  u n i t  production c o a t  

t o  t h e  c a p i t a l  equipment c o s t  per  u n i t  product ion r a t e  was two years .  



DISCOUNTED U N I T  COST OF INVENTORY 

I 

14 12 10 8 6 4 2 

INITlAL PRODUCTION RATE (YEARS BEFORE INVENTORY REQUIRED) 

&- A Anhur D Little In: I 
/ 



U.S. M a r k e t  ( p r e s e n t  a p p l i c a t i o n s )  

Wor ld  M a r k e t  ( p r e s e n t  a p p l i c a t i o n s )  

W o r l d  M a r k e t  ( p o t e n t i a l  t e r r e s t r i a l  a p p l i c a t i o n s )  

2 . 5  GW SPS P r o t o t y p e  ( 7  y e a r  i n v e n t o r y )  

SPS B u i l d - U p  Demand ( l a t e  ' 9 0 s )  



TERRESTRIAL A N D  SPS PHOTOVOLTAIC MARKET GROWTH SCENARIOS 

SPS Build-Up /- 

/ 2.5 GU SPS Prototype 

DOE Projection 

S i l icon 

/ 
/ GaAs with Concentration 

0 
/ 

1990 1995 

/h Arthur D Little lnc 



PHOTOVOLTAIC CELL PRODUCTION: CONCLUSION 

2.5 GW SPS PROTOTYPE SHOULD PLAN USING SINGLE-CRYSTAL 

SILICON CELLS 

* WITH OPTIMUM PRODUCTION RATE FOR INVENTORY, 2.5 GW PROTOTYPE 

IS WITHIN PROBABLE PHOT3VOLTAIC (SILICON) PRODUCTION 

CAFi CITY IN MID-EIGHTIES 

O SPS BUILD-UP WILL REQUIRE MAJOR INCREASE IN PHOTOVOLTAIC 

PRODUCTION -- IMPACT EVALUATION DIFFICULT WITHOUT 
SPECIFICATION OF CELL TYPE AND STUDY OF PRODUCTION 

ENGINEERING 

L--; A Arthur D Littlelnc I 
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INCLUDING REPLACEMENTS 

Years from Start 



ION T H R U S T E R  P R O D U C T I O N :  C O N C L U S I O N S  

O H A X I M i Z E  THRUSTER L I F E T I M E  TO M I N I M I Z E  PRODUCTION COST 

O ANNUAL PRODUCTION TO SUPPORT 8 U I L O - U P  I S  3 5 0 0  t o  4 0 , 0 0 0  

U N I T S ,  O E P E N U I N G  ON O P E R P T I N G  L I F E  

O THRUSTER PRODUCTIOt i  I S  MODEST E N T E R P R I S E  -- COMPARE WITH 

T Y P I C A L  AUTOMOBILE P L A N T ,  PRODUCING 3 0 0 , 0 0 0  U N I T S / Y E A R  

O ARGON REQUIRED FOR B U I L D - U P :  2 4 , 8 0 0  t o  2 8 , 4 0 0  TONS/YEAR 

ARGON AS BY-PRODUCT OF LOX FOR H L L V :  1 6 3 , 0 0 0  TONS/YEAR 

U . S .  ARGON PRODUCTION ( 1 9 7 5 ) :  2 3 0 , 0 0 0  TONS 

h- -- - - - - . - -  ----- --- 
A Arthur Dhttlelnc 
--d 



Siting Ground rules 

a INVESTIGATION LIMITED TO THREE UT ILITV REGIONS: 

BONNEVILLE POWER ADMlNlSfRAT ION (BPA) 
(PACIFIC NORTHWEST) 

MID-CONTINENT AREA POWER POOL (MAPP) 
(NORTH CENTRAL USA) 

@ SOUTHERN CALIFORNIA EDISON 



SITING GROUND RULES CONTINUED 

Addi t ional  ground r u l e s  employed i n  the  s i t l n g  i n v e s t l g a t l o n  a r e  tabulated on the facing 
page. Most o f  these can be regarded as  candidate s i t e  se lec t ion  c r l t e r l a .  



TWO "BEAM + BUFFER" REGION HIDTHS (EAST-WEST DIMENSION) 

13.18 km (CORRESPONDS TO 6000 MW OUTPUT) 
9.32 km (CORRESPONDS TO 2600 MW OUTPUT) 

SPS ON THE LONGITUDE OF THE SlTE 

NORTH-SOU'TH DIMENSION A FUNCTION OF CAT ITUDE 

rXAMPiES: 480 LATITUDE, 23,06 km 
360 LATITUDE, 17.37 km 

NO ENCROACHMENT UPON: 

GAME PRESERVES NATlOPJAL AND STATE PARKS 
BIRD REFUGES INDIAN RESERVATIONS 
NATIONAL MONUMENTS 

MAXIMUM & MINIMUM ELEVATIONS IN SlTE TO BE WITHIN 1000 FEET OF 
EACH OTHER 

MINIMUM DISPLACEMENT OF PERSONS AND PROPERTY 

NATIONAL FOREST & EXISTING FARMLAND USE O.K. 



SITING APPROACH 

The bas ic  s i t i n g  approach employs map searches w l  t h  the steps as indicated on the facing 

page.. 
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Siting Approach 

MAP SEARCH WITH: 

AERONAUTICAL CHARTS 
CONTOUR PLOTS 
ROAD MAPS 

POPULATION COUNTS FROM "ATLAS OF THE UNIT ED STATES" 

APPROACH: 

1. IDENTIFICATION OF PROMISING AREAS 
2. CHECK FOR AGREEMENT WITH GROUND RULES 
3, CHECK FOR FIT OF 6000 MW RECTENNA 
4. I F  FIT O.K., 5000 MW ASSIGNED 
5. IF 6000 MW DID NOT FIT, 2600 MW WAS TRIED 



RECTENNA S I T 1  NC POTENTIAL S l T E S  I DENTI F I E D  

Pre l iminary  studies o f  rectenna s i t i n g  have ind ica ted  t h a t  the number o f  p o t e n t i a l  s i t e s  
i s  considerably g rea te r  than presently-est imated requirements. Spec i f i c  s i t e s  were 

i d e n t i f i e d . i n  the  th ree  areas ind ica ted  w i t h  t o t a l  numbers o f  s i t e s  as sumnarized. 



Rectenna Siting 
s Po ten tial Sites Identified 

ALSO SUITABLE FOR 2600 MW 

1 * 

UTILITY REGION 

BONNEVILLE POWER 
ADMINISTRATION 

MID-CONTINENT AREA 
POWER POOL 

SOUTHERN CALIFORNIA 
EDISON 

TOTALS 

6000 MW SITES 

25 

51 

8 

84 

2600 MW SITES 

27 

34 

9 

70 



RECTENNA S I Z E  EFFECTS 

It was found bene f i c i a l  t o  have a v a i l a b l e  i n  t he  inven to ry  two s izes  o f  r e c e i v i n g  antenna. 

The two s izes u t i l i z e d  correspond t o  the  two power t ransmiss ion l i n k  capac i t i e s  discussed 

e a r l i e r  i n  t h i s  b r i e f i n g  under A l t e r n a t i v e  Sizes f o r  SPS. I f  both 2500 and 5000 megawatts 

r ece i v i ng  s i t e s  cou ld  be employed, the  t o t a l  amount o f  power t h a t  could be s i t e d  was much 

g rea te r  than t h a t  f o r  e i t h e r  s i ze  o f  r ece i v i ng  antenna alone. 
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Rectenna Size Effects 

IF ONLY 2500 MW RECTENNAS WERE SITED, 385 GW OF CAPACITY COULD 
BE INSTALLED 

IF ONLY 5000 mw RECTENNAS WERE SITED, 420 GW OF CAPACITY COULD 
BE INSTALLED (9% MORE THAN WlTH 2500 MW ALONE) 

IF BOTH 2500 MW AND 5000 MW RECTENNAS ARE AVAILABLE, 595 GW COULD 
BE SITED (42% MORE THAN WITH 5000 MW ALONE) 



CAPACITY VS . REQUI REFIENTS 

As notgd, the  pre l iminary  s i t i n g  inves t iga t ion  had qo d i f f i c u l t y  i n  f i n d i n a  s i t e s  equal 

t c  the power generat ion needs f o r  these u t i l i t i e s  regions a t  about the  tu rn  o f  the  century. 



Capacity Versus Requirements 
I O ' # # ~  - 

THIS PRELIMINARY ANALYSIS INDICATES THAT POTENTIAL SITES EXIST 
FOR AT LEAST FOUR TIMES THE 2000 A.D. REQUIREMENTS. 

SITING IN THE ENERGY INTENSIVE NORTHEAST WAS MOT INVESTIGATED, 
BUT DEMANDS FOR THAT AREA MIGHT BE MET BY MODEST INTERTIES FROM 
RECTENNAS IN THE NORTH CENTRAL U.S. 



R E C T E N N A  SITING - CLOSE UP LOOK 

A number o f  s i t e s  i n  each u t i  1 i ty reg ion was se lected a t  random f o r  c l ose r  i n v e s t i g a t i o n  o f  s lope and 

o ther  fea tu res  which might presumably cause r e j e c t i o n .  I n  general, most o f  t he  s i t e s  were q u i t e  f l a t .  

That i s ,  t he  average slopes were less  than 5 pa r t s  i n  iOO; however, most o f  s i t e s  had smal l  regions o f  

l o c a l  s lope which m igh t  be considered t o  be excessive (s lopes of 30 degrees o r  more). 
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Rectenna. Siting-Close-up Look 
Localized Slope 

*Previous data used only total site slope as a basis for rejection. 

@ Several sites -vere selected at random for additional analysis. 

Typical result: 
Majority of site is "flat" (slope less than 5 in 100). 

a 1% to 5% of site has slopes up to 60 in 100. 



LYE!, EXTPEt4E SLOPES DO !~(JT BLOCK THE BEN1 

As s~owrr  here ,  the  rnicforra.~l :  b e a n  frorrl c,prir.e u l t i ~ a t e l y  f a l l s  on some ground a rea .  I t  i s  possible i n  

t h i 5  concept tr~ l o c a t e  rec tenna panels  so 2 s  t o  rece ive  a I 1 o f  the  beam area even i n  regions o f  very 
extreme s lope.  Sonseqt~ently,  i t  appears t h a t  r e j e c t i o n  of  c i t e s  on the  basis o f  slope must be decided 
i n d i  , ; d u a l l y  h i  t h ,  ecorron~ics a; trre c r i  tctr ion. 



Even Extreme Slopes Do Not Block the Beam 
s 

SOUTH --CC 

@ Rejection on basis of slope will be a function of construction economia. 



RECTENNA ARTIST CONCEPT 

The concept shows here a mountain area and a "gulch" which were not  sul t a b l e  for  rectenna construction; 
the rectenna has, I n  essence, been b u i l t  around them. Also v i s i b l e  i s  a buf fer  region around the rectenna 
between I t  and the exclusion fence. 





OPT IONS 

I n  i n v e s t i g a t i o n  o f  i n d i v i d u a l  s i t e s  i t  might  be decided t o  merely r e j e c t  any s i t e  w i t h  l o c a l i z e d  

slope. A l t e r n a t i v e l y ,  l a r g e  sca le  landscaping would be used. Also I t  might  be des i rab le ,  I n  some cases, 
t o  a1 low holes i n  t he  rectenna. That i s ,  i n  the area of  e l  t he r  excessive slope, o r  some o the r  t e r r a i n  

features,  t o  merely no t  cons t ruc t  panels i n  t h a t  area, and a l l o h  the  microwave beam t o  f a l l  (wasted) 

d i r e c t l y  on the na tu ra l  o r  somewhat mod i f ied  t e r r a i n .  



1. Reject any site with localized excessive slope 

2. Large-scale landscaping 

3. "Holes" 'in rectenna 

4. Build on all slopes 

S 
Options 

#fl#'#H - 



SITING CONCLUSIONS 

This s i t i n y  e f f o r t  i nd i ca ted  t ha t ,  i n  the three u t i l i t y  areas invest igated,"potent ia l"  s i t e s  e x i s t  t o  

more than f i l l  the r tqu i rements  f o r  e l e c t r i c a l  power f o r  those regions i n  the year  2000. Due t o  t he  

p o t e n t i a l  o f  excess s i t e s ,  i t  mlght be poss ib le  t o  feed energy t o  t he  nor theas t  from rectenna s i t e s  i n  the  

no r t h  cen t ra l  area, us ing  modest i n t e r t i e s .  The bene f i t s  o f  having two rectenna and SPS s izes ( i n  t h i s  

case 5,000 and 2500 megawatts) were obvious. Far more "energy from space" can be s i t e d  by having two 

s izes r a the r  than w i t h  e i t h e r  s i ze  alone. Fur ther ,  the s i t i n g  o f  SPS rectennas w i l l  obv ious ly  r e q u i r e  

i n d i v i d u a l  s i t e  i nves t i ga t i on .  Each s i t e  se lected w i l l  be a  compromise. That i s  no s i t e  can be expected 

t o  be p e r f e c t l y  f l a t ,  w i t h  the most des i red t e r r a i n ,  type o f  s o i l ,  drainage, e tc .  No s i t e  w i l l  be i m e d i -  

a t e l y  adjacent t o  the requ i red  energy use po in t .  Thus, each s i t i n g  w i l l  be a engineer ing and economic 

compromise. 



Siting Conclusions 

ADEQUATE SITES APPEAR TO EXIST IN THE AREAS INVESTIGATED 
(ALTHOUGH MORE DETAILED ANALYSIS CAN BE EXPECTED TO RULE OUT 
MANY SITES, AS WOULD LlCENSlNG PROBLEMS) 

MODEST INTERTIES FROM THE NORTH CENTRAL AREA MIGHT EASE NORTHEAST 
SITING PROBLEMS 

VJ'TH TWO RECTENNA (& SPS) SIZES AVAILABLE, 6000 & 2500 MW, MUCH MORE 
CAPACITY CAN BE SITED THAN WITH EITHER SIZE ALONE 

SITING WlLL REQUIRE IrJDlVIDUAL INVESTIGATION OF EACH POTENTIAL SITE; 
EACH WlLL BE A COMPROMISE. 



RECOMMENDATIONS 

The s i t i n g  data developed i n  t h i s  study should be corre lated w i t h  t h a t  produced i n  the exclusion area 

study o f  SPS rectennas accomplished a t  Rice Univers i ty .  I f  possible, t h i s  e f f o r t  should be extended' 

t o  cover not only  t o  the three cont r ibu t ing  u t i l i t y  regions but  the e n t i r e  United States. As stated 

i n  the groundrules sect ion o f  the previous chart, s i t e s  were not  re jected whfch involve e i t h e r  nat ional  

fo res ts  o r  farms cur ren t ly  i n  use. The impact o f  changing t h i s  ground r u l e  t o  preclude use o f  nat ional  

forests o r  land cur ren t ly  ' in  use f o r  farming should be invest igated. Tests should be conducted on 

rectenna panels t o  determine the e f f e c t  o f  p e r c i p i t a t i o n  p a r t i c u l a r l y  a< regards t o  water sheet bui ld-up 

during heavy ra in .  
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Recommendations 
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1) INTEGRATE EXCLUSION AREA RESULTS FROM RICE UNIVERSITY. 

2) EXTEND EFFORT TO ENTIRE U.S. 

3) INVESTIGATE IMPACT OF NATIONAL FOREST AND FARM USE. 

4) CONDUCT TESTS TO DETERMINE EFFECTS OF PRECIPITATION O N  RECTENNAS. 

5) NUCLEAR INDUSTRY EXPERIENCE IS TYPICALLY 12 YEARS FROM SlTE 

SELECTION/LICENSING TO UNIT COMPLETION. I F  SPS IS TO GO ON-LINE IN 

THE LATE 1990's, SlTE SELECTION SHOULD RECEIVE EMPHASIS SOON. 



POTENTIAL SPS PERCURSORY ELEMENTS 

This chart  i 11 us t r a t e s  a  potential seqt*-nce of developmental e f f o r t s  ranging from ground t e s t  (ground 
exploratory research program) to a  very large commercial demonstrator which would be b u i l t  before an 
operational so la r  power s a t e l l i t e .  Also shown a r e  shu t t l e  s o r t i e  f l i g h t s  such a s  those discussed on the 
previous char t ,  a  large power module (which might not be d i r ec t ly  relevant. to  so la r  power s a t e l l i t e s ) ,  
a small developmental t e s t  a r t i c l e  and i t s  construction platform or  base, and a proof-of-concept/producti - 
vity s a t e l l i t e  and i t s  construction base. The commercial demonstrator is su f f i c i en t ly  large t o  have a 

ground output of a t  leas t  1 megawatt .  I f  a17 of the elements shown here were t o  take place pr ior  t o  a  
full-size SPS, the date of s igni f icant  so lar  power s a t e l l i t e  energy a v a i l a b i l i t y  might be as f a r  o f f  as 
the year 2020 o r  2030. That i s  i t  would be advantageous not t o  have t o  construct each of the precursory 
units  shown. 



BmE1mE PO ten tial SPS Precursory Elements 
S P !  

300 kW 
Not necessarily relwant 
to SPS 
One shuttlm 

LARGE POWER LOW ~ s r t h  orbit MN) kW (arOO for 2,000 kW) 
MODULE WS approach 

Microwave transmission elements 

DEVELOPMENTAL TEST 
ARTICLE (DTA) 

PROOF OF CONCEPT/ 
PRODUCT1 VI TY 

COMMERCfAL DEMONSTRATOR (CD) 



3.0 METER SUBARRAY 

This cha r t  shows a path f o r  t he  developmental t e s t  e f f o r t  r e l a t e d  t o  a s h u t t l e  s i z e  microwave power 

t r ansm i t t e r  subarray. By se lec t i ng  a s i ze  of 3.0 meters per  s ide, the subarray w i l l  f i t  the  s h u t t l e  

bayload bay i n  a p o s i t i o n  normal t o  the acce le ra t ion  vector.  The subarray would be tested i n  a microwave 

anechoic chamber and a vacuum chamber, where phenomena such as mu l t ipac to r ,  heat r e j e c t i o n ,  e tc .  could 

be invest igated.  It would be used i n  a microwave power t ransmission ground-to-ground t e s t  range, shown 

here as 30 meters on a s ide  (hence w i t h  100 subarrays) under the  con t ro l  o f  a p i l o t  t r ansm i t t e r  located 

on a rectenna panel o r ien ted  normal t o  the beam some d is tance away. The subarray would f l y  on a h i gh  

power elemelit s o r t i e  t e s t  f l i g h t  which could inc lude  t e s t  o f  e l e c t r i c  t h rus te r  panels r e q u i r i n g  approxi-  

mately the  same power l e v e l  as the  subarray. F i n a l l y ,  the subarray would be the  t r ansm i t t i ng  element o f  

a so la r  power s a t e l l i t e  developmental t e s t  a r t i c l e .  I n  the  DTA shown, f o u r  subarrays are loca ted  a t  

the  corners of the array,  mounted upon extendable/deployable secondary s t ruc tu re ,  which i s  i n  t u r n  

mounted upon a primary s t ruc tu re .  



3.0 Meter Subarrsy 

ANECHOIC CHAMBER 

VACUUM 
CHAMBER -6 - .. . ;;?R. 

2 
x-tr' ,- 

 ROUND TO GROUND TEST RANGE 

DEV, TEST ARTICLE 



GROUND-TO-GROUND MICROWAVE RANGE 

Shown here i s  i n s t d l l a t i o n  o f  a 3.0 meter subarray i n t o  the t ransmi t t ing  group o f  the microwave yrcund- 

to-ground t e s t  range. The s t ruc ture  o f  the microwave t e s t  range t ransmit ter  supports the subarray 

elements and a1 lows f o r  t i 1  t. I n  tes t ,  a t i 1  t angle might be used such tha t  the d i f fe rence f q  distance 

from the sutarray which i s  c losest  t o  the rectenna panel and tha t  whSch i s  f u r the rs t  from the rectenna 

pdnel would be the same as  t h a t  an t ic ipa ted  i n  a f u l l  scale so la r  power s a t e l l f  te .  That i s ,  the angle 

would be much la rger  than the angle i n  a f u l l  s ize s a t e l l i t e  bu t  the distance d i f fe rence would be the 

same. Trunnions are provided f o r  t h i s  t i  1 t. The framework includes power d i s t r i b u t i o n ,  phase contro l  

d i s t r i bu t i on ,  e t c .  The run o f  coaxial  cable o r  op t i ca l  f i b e r  between subarrays and t o  the cent ra l  

reference subarray, mi$ht use c o i l s  so as t o  equal the t o t a l  distance involved i n  phase d i s t r ; bu t i on  

aboard the f u l l  s i ze  s a t e l l i t e .  
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DEVELOPMENTAL SORTIES 

The lar.ge aper ture t e s t  s a t e l l i t e ,  launched by a I U S ,  serves t o  address the  major quest ions o f  the " w i i l  
SPS work?" type. That i s ,  questions r e l a t e d  to  niicrowcrve transmission, s u s c e p t a b i l i t y  o f  the SPS t o  the  

geor,ynchronous environment, and su i  t a b i  1 i t.y o f  se lected ma te r i a l s .  The second category o f  developmental 

s o r t i e  f l i g h t s  o f  the space s h u t t l e  would be those t o  ensure t h a t  a precursory  major f l i g h t  pro ject .  

succeeds. F i n a l l y ,  du r ing  actua l  design o f  the  so la r  power s a t e l l i t e  and i t s  cons t ruc t lan  base, q u a l i -  
f i c a t i o n  f l i g h t s  f o r  s p e c i f i c  SPS conipor~ents w i l l  take p ldce.  These might  invo lve,  f o r  l a r g e  components, 

the heavy l i f t  launch veh ic le .  



Developmental Sorties 

A, PROOF OF SPS CONCEPTS (ABOUT 1W3) 
(MICROWAVE T RANSMlSSlON, ENVIRONMENTAL 

SUSCEPTIBIL ITY, MATERIALS SUITABILITY) 

1. "LAROE APERTURE SATELLITE" (REQUIRES IUS) 
(SINGLE FLIGHT) 

8. ASSURE SUCCESS OF "MAJOR FLIGHT PROJECT(S)" 
(ABOUT 1984) 

1. STRUCTURAL BEAM "MACHINE" 
2, ORBITAL WORK STATION 

3, HIGH POWER ELEMENTS 

C. CJUALlF ICATION OF SPECIFIC SPS COMPONENTS 
(ABOUT 1990) 

(PERHAPS EIGHT FLIGHTS) 



GROUND-TO-SPACE MPTS I'EST SYSTEM 

This cha r t  shows two pc j tent ia l  methods o f  u t i l i z a t i o n  f o r  the l a rge  aper tu re  t e s t  s a t e l l i t e .  On the  

l e f t  a  t e s t  a r ray  such as the 30 meter square a r ray  o f  1G3 subarrays, shown p rev ioc~s ly ,  t ransmi ts  t o .  

space under con t ro l  o f  the  9 .0  meter d i s h  o f  the  l a r g e  aper ture t e s t  s a t e l l i t e .  That i s ,  the l a r g e  d i s h  

on the sate1 1 i t e  provides the p i l o t  beam f o r  phase c o ~ i t r o l  of the t e s t  a r ray .  The t e s t  array was provided 

w i t h  t runnions t o  permi t  t i  1 t t o  the requ i red  nea r - ve r t i ca l  o r i e n t a t i o n .  Oper d t i o n  cou ld  be accompl ished 

through ionospher ic s t r a t a  heated by a tranc.mi t tcw such as t h a t  Arecibo. !f frequency sca l i ng  was 

ernplr~yed, and the power l e v e l  a t  t h a t  t r ansm i t t e r  was increased, another poss ib le  u t i l i z a t i o n  i s  t o  a c t  

35 a p i l o t  t ransmit t .er  f o r  a l a rge  a r ray  o f  S3S s i m i l a r  t r a n s m i t t e r  elements placed h o r i z o n t a l l y  on the 

g r o ~ n d  ( a s  shown on thc r i s h t ) .  Here the t e s t  a r ray  i s  s u f f i c i e n t l y  l a r g e  t o  d i r e c t l y  heat the  ion isphere 

w i thou t  frequency s c a l l i n g .  



Ground-To-Space 
MPTS Test System 

'LARGE* TEST ARRAY 



LARGE APERTURE SATELLITE 

To p o s i t i o n  the f ou r  t ransmi t / recs ive  elements i nd i ca ted  on t he  previous c h a r t  a  geosynchronous s a t e l l i t e  

employing la rge  exLendable booms , s  shown. The number o f  boom5 i s  somewhdt a r b i t r a r y .  Two o r  four 

might  be prefer red.  The t ransmi t / rece ive  dishes a t  the ends o f  the arms a re  basel ined as being 2.0 

meters i n  diameter. L . 2 . 0  meter diameter t r ansm i t / r ece ip t  element i s  a l s o  loca ted  i n  the center  of 

the s a t e l l i t e  j u s t  below a 9.0 meter diameter antenna. This l a r g e r  antenna would be used f o r  p i l o t  

con t ro l  o f  a  ground t r ansm i t t e r  subarray group. The l a rge  aper ture s a t e l l i t e  would be launched t o  

geosvnchronous o r b i t  by a  s h u t t l e  and i n e r t i a l  upper stage. A f t e r  a r r i v a l  i n  geosynchronous o r b i t  t he  

cannis ters  f o r  the extendable boorr~s woa~ld be swung ou t  and then the booms extended t o  l oca te  the  t ransmi t /  

rece ive  elements. The s a t e l l i t e  rtould inc lude  s o l a r  power supply, a t t i t u d e  and s ta t ionkeeping c o n t r o l  

systems, corrmand and con t ro l  systems, e t c .  I t  would be advantageous t o  have a design l i f e t i m e  o f  several  

years fo r  t h i s  s a t e l l i t e .  The t r ansm i t t e r  tubes used f o r  the 2.0 meter dishes might  be 10 t o  20 wat ts  

t r a v e l i n g  wave tube o f  the  type c u r r e n t l y  f l y i n g  i n  many sate1 li tes and space probes. 



Large Aperture Satellite 



SAMPLE EXPOSEIRETURN SYSTEM 

The 1 arge aperture t e s t  sate1 1 i t e  could po tent ia l  l y  provide years o f  stab1 e o r i en ta t i on  i n  geosynchPonous 

o r b i t .  In the concept shown here, samples o f  po ten t ia l  SPS components would be extended and deployed 

aboard tha t  s a t e l l i t e  by an accordian pu l l -ou t  and lanyard system. These samples might inc lude so la r  

c e l l s  o f  various types, p ~ t e n t i a l  s t ruc tu ra l  elements and mater ia ls  such as composites, metals, p las t ics ,  

e t c .  Af te r  the desired exposure period the samples would be drawn w i t h i n  the reentry  body and hatches 

closed. The e n t i r e  system, inc luding the s o l i d  rocket re tu rn  motor, would be spun up upon a turntable;  

a f t e r  reaching the required sp in  rate,  springs would be used t o  k i ck  the system f ree  o f  the la rge  

apzrture transmission s a t e l l i t e  and achieve a save separation before f i r i n g  the s o l i d  rocket moter. 

Approximately 5% hours l a t e r  the reentry  body would enter the ear ths '  atmosphere. Here i t  would be 

recovered using proven space recovery techniques. The SPS candidate mater ia l  samples could then be 
tested t o  determine the resu l tan t  degradation due to  t h e i r  exposure. During the exposure period i n  

space, analyses should have been car r ied  out t o  p red i c t  degradation mechanisms, ground t e s t  inc lud ing  

rad ia t i on  exposure should have taken place, so t h a t  the space operat ion provides a co r re la t i on  and 
c a l i b r a t i o n  o f  the ground t e s t  program. 
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CHARGING TEST PROVISIONS: CONCEPT 

Charging of spacecraft elements to  high vo7 tages during operation in geosynchronous o rb i t  has been 
observed. Actual fa i lures  of some components have been observed. The solar  power s a t e l l i t e  w i t h  i ts 
large dimensions and high vo1 tage power tranmission systems may have additional problems result ing frow 
the energetic plasma occurring during geomagnetic substorms . To investigate th i s  phenomena a t e s t  
s a t e l l i t e  of large dimensions should be provided in geosynchronous o rb i t .  The large aperture t e s t  
s a t e l l i t e  could serve t h i s  purpose since i t s  extendable booms might be up t o  three hundred meters or  
more i n  length. By providing a high voltage power supply, fo r  example a t  for ty  thousand vol ts ,  and 
distr ibuting this charge t o  the t e s t  panels located a t  the end of the arms, plasma interaction phenomena 
could be observed. Test instrumentation would be used t o  search out currents induced by the external 
plasma, arc discharges (potential ly a source o f  electromagnetic interference), etc.  



Charging Test Provisions: Concept 
SPS 

Charge detectors 
High-voltage power supply (40 kV) A 
Plasma panels 
EM1 detectors PLASMA COLLECTION 

PANEL 

/ 
(TYPICAL FOUR PLACES) 



DEVELOPMENT I S S U E  ASSIGNMENT 

These issues were drawn from analyses o f  s p e c i a l i s t s  who have been invo lved  w i t h  cons t ruc t ion  concepts 

f o r  so la r  power s a t e l l i t e s .  They i d e n t i f y  these as pr imary issues. The issues have been assigned t o  

e i t h e r  analys is  ground t e s t ,  s h u t t l e  s o r t i e  f l i g h t s ,  o r  t o  ( i n  most cases) a  major f l i g h t  p ro j ec t ,  such 

as the developmental t e s t  a r t . c l e .  



DmEflmB 
SP* 

Development Issue Assignment 

(Construction) 
ISSUE 

I 

1. BEAM MACHINE 
RATE, l7ELIABlLllY 

2. JOINTS, BEAM 
14 ANDL ING L 1 3. SOLAR ARRAY 
DEPLC"NENT I- 

4. BUSBAR 
INSTALLATION 

5. MODULE 
INDEXING 

6. ANTENNA 
SECONDARY 
STRUCTURE 

7, SUBARRAV 
INSTALLATION 

L 

MAJOR FLT. PROJECT 

INTEGRATION WITH "BASE" 

INTEGRATED OPS. 

INTEGRATION WITH "BASE" 

DEPLOY BUSBAR (DUMMY) 

DEMONSTRATE 

DEPLOYMENT, MOUNT lNO 

MOUNT ON SECONDARY STRUCTURE 

i 

ANALYSIS/GND. TEST 

ONE Q UNITS 

NEUTRAL BOYANT 

(Maintenance) 
r 

r 

SHUTTLE SORTIE 

SHUTTLE SORTIE 

WORK STAT bON SORTIE 

COMBltJE WITH BEAM 
SORTIE (SMALL SCALE) 

KLYSTRON 
CHANGEOUT 

i 
GANTRY 

b 

NEUTRAL BOUYANT POSSIBLE CHANGEOUT 
ON SORTIE 

"ADVAtJCED" DTA COULD INCLUDE 



OTA GENERAL ARRANGEMENT 

The deve:opmental t e s t  a r t i c l e  conf igurat ion shown here incorporates two power c o l l e c t i o n  modules and one 

power transmission rnodulv. This system would be constructed i n  low Earth o r b i t  on a p lat form o r  base and 
then moved t o  geosynchronous o r b i t  by nedr~s c~f t l e c t r i c  thr l ls ters located a t  the f ou r  corners. During 

t h i s  t rans fer  the t ransmit ter  would be rotated on i t s  tu rn tao le  so as to  be I n  a1 lgnment w i t h  the two 

power c o l l e c t i o n  bays. The t ransmit ter  incorporates four  .ub arrays ( o f  the type shown i n  previous charts 
as beiny used f o r  ground and shu t t l e  s o r t i e  t e s t s )  a t  i t s  corners, Solar blanket area i s  provided t o  
energize these t ransmit ters and t o  a l low f o r  degradation on the way t o  geosynchronous o r b i t .  The power 

bushars and other par ts  o f  the f u l l  s ize  system concept are also i ~ c o r p o r a t e d  so as t o  thoroughly 

inves t iga te  the construct ion issues shown on the previous chart .  



DTA General Arrangement 

SUBARRAY 
(4 PLACES) 

ELECTRIC THRUSTER 
GROUP (4 PLACES) 

"TRANSMITTER" BUSBAR SYSTEM 

"POWER COLLECTION" 



RELATION OF DTA TO I T S  CONSTRUCTION PLATFORM 

Shawn i n  heavy ? ines i s  a pentrahedral construct ion p l a t f o m ~  f o r  the developmental t e s t  a r t i c l e .  I t  
would be b u i l t  by deployment and construct ion of mater ia ls  brought t o  low Earth o r b i t  by two s h u t t l e  

f l i g h t s .  It incorporates two cranes and t u r r e t s  w i t h  mobile work s ta t ions  a t  t h e i r  ends, a beam b u i l d e r  

machine and other construct ion elements t o  a l low a d e ~ a l ~ ~ ~ r n e n t a l  t e s t  a r t i c l e s  module t o  be b u i l t  

aboard the p la t fo rm and then "indexed" o r  s h i f t e d  t o  the s ide t o  a l low construst ion o f  the next module. 



BD?lH@ Relationship Of DTA To Its 
A K P S  Assembly Platform 



REAM BUILDER SCHTIE 

This is the first of three shuttle sortie flights which precesd the developmental test article. t5e 

beam builder shown extended from the payload bay .incorporates *lot only provisions for the construction 

of the triangular beam but also for the attachment of rails which, on the developmental test artfcle 

construction platform, allow modules of the DTA, a;ter construction, to be moved to the side of the 
construction platform. 



Beam Builder Sortie 

BEAM BUILDER 
(WITH RAIL ATTACHMENT) RAIL 

PRIME RESULTS: 
BEAM BUILDER WS. 
RAlL ATTACHMENT 
TIMECINES 

ADDITIONAL RESULTS: 
LARGE OBJECT CHARGING 
IN EARTH'S MAGNETIC FIELD 
BEAM DYNAMICS 
END FITTING 
lNSTALLATlON 



WORK STATION/CRANE SORTIES 

The second s h u t t l e  s o r t i e  f l i g h t  which preceeds the developmental t e s t  a r t i c l e  w i l l  t e s t  the  crane 

t u r r e t  and a  mobile work sta-t ion w i th  1 o r  2 crewmen. The work s t a t i o n  would be v a r i f i e d  by t h i s  

t e s t  f l i g h t .  That i s  t imel ines,  manipulator c a p a b i l i t y ,  e t c .  would be inves t iga ted .  



Work StationICrane Sortie 

RESULTS; 
TIMELINES/CREW 
CAPABILITY 
CRANE DYNAMICS 
E.G. END F O X E  VS. 
DEFLECTION 

WORK STATION SUBSYSTEM PERFORMANCE 



HIGH POWER ELEMEV' ?ORTIE 

On t h i s  f l i g h t  e i t h e r  a 3.0 meter microwave t r ansm i t t e r  subarray o r  an e l e c t r i c  t h r u s t e r  module used 

t o  e leva te  t i l e  developmental t e s t  a r t i c l e  t o  geosynchronous o r b i t  would be tested.  Power capabi 1 i t y  

and phys ica l  a r rangment  o f  the system would a1 low e i t h e r  o f  these t o  be tested,  b u t  no t  s imultaneously.  

An a l t e r n a t i v e  t o  the  use of a power extension package and b a t t e r y  pack, as shown, would be the use 

o f  an O r b i t a l  Service Modul'e. 
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SPS High Power Element Sortie 

BATTERY PACK 

7 
ELECTRIC THRUSTER 
MODULE 

POWER EXTENSION 
JACKAGE 

SUBARRAY PERFORMANCE 
SlOELOBES 
HEAT REJECTION 
(SAME KW/AREA AS 
FULL SCALE) 

-START-UP 
TUBE START-UP 
PLUME FORM 

(SUBARRAY AND THRUSTER MODULE ARE NOT FROM THRUSTERS 
SIMULTANEOUSLY ERECTED, AS SHOWN) 

ALTERNATIVE APPROACH; 
POWER WITH OSM. 



MAJOR FLIGHT PROJECTS PROOF OF CONCEPT/PRODUCTIVITY UNIT 

The u n i t  shown here i s  e s s e n t i a l l y  anenlargement o f  the developmental t e s t  a r t i c l e  concept. I t 

permits powel. generat ion bays o f  the "cub ica l "  form intended f o r  SPS t o  be used. I t  i s  a l so  

s u f f i c i e n t l y  l a r g e  t o  a l l ow  a  l a r g e r  number of t r ansm i t t e r  subarrays and prsovis ion o f  a  mainte- 

nance gant ry  t o  i n v e s t i g a t e  k l y s t r o n  changeout c a p a b i l i t y .  An anneal inp gant ry  i s  a l s o  prov ided 

f o r  developmenJ.il t e s t  . e f f o r t s  i n  t h i s  area. Again, ou t r iggers  and t h r u s t e r  u n i t s  a re  prov ided 

t o  e leva te  t h i s  u n i t  t o  geosyncnronous o r b i t .  This u n i t  i s  then e s s e n t i a l l y  a  arowth vers ion of 

the  developmental t e s t  a r t i c l e  concept. 



Module Indexing 
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IN WORK 7 COMPLETED 
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COMMERCIAL DEMONSTRATOR 

Th is  system was covered i n  p a r t  I11 o f  t he  prev ious JSC s tudy.  The power ou tpu t  l e v e l  f rom the mic ro -  

wave t r a n s m i t t e r  was 185 megawatts. I f  approximately 10% o f  t he  p r o j e c t  budget was involved w i t h  

ground recep t i on  ( rectenna)  abcut 1  megawatt o f  use fu l  power would be produced. The system i s  a l s o  

s u f f i c i e n t l y  l a r g e  t o  use f u l l  s i z e  SPS power 9 -nera t ion  bays, f u l l  l e n g t h  s o l a r  c e l l  s t r i n q s ,  e t c .  ; 

i t  can be made, e s s e n t i a l l y ,  o f  f u l l  s ca le  SPS co~,oonents. 



Commercial Demonstrator 
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PRECURSORY SPS COST EZTIMATE 

As shown here, t h e  est imated cost  f o r  sccomplishment o f  a commercial dernonstrator, s i z e d  to be 1.56 
perr,e,?t of a f u l l  10,000 megawatt SPS, was approximately S16.5B.  
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Precursor SPS Cost Estimate ("1.56%") 

ELEMENT 
i 

CONSTRUCTION BASE (WITH $3.08 UDTCLE) 

SPS DDT&E: POWER GENERATION 
POWER TRANSMISSION 
POWER RECEPTION 

SPS HARDWARE* POWER GENERATION 
POWER TRANSMISSION 
STRUCTURE, MISCELLANEOUS 

SELF POWER ThANSFER (WITH DDT&E) 

GSO SUPPORT STATION (WITH DDTLE) 

LEO TRANSPORT (FLYBACK BOOSTER/ET/BM SHROUDISME CAPSULE) 
!4 OF DDT&E 
47 FLIGHTS (9 SUPPORT OSO STATION) 
FLEET (?4 BOOSTER, X SSME CAPSULE) 

FACILITIES ('k PAD, PAYLOAD HANDLING, ETC.) 

CHEMICAL O N  (40 MT CLASS, 'k DOT&€) 

CREW ROTATION 175 PERSCN CARRIER) 
DDT&E 
25 SHUTTLE LAUNCHES (OVER 3 YEARS) 

RECTENNA (ONE MEGAWATT OUT) 

SUBTOTAL 

WITH 15% FOR OPERATIONS, MICSCELLANEOUS 
b 

88 (1977) 

6.30 

0.96 
0,69 
0.12 

0.36 
0.25 
0.20 

0.06 

1.20 

1.00 
0,66 
0.80 

O M )  

0.40 

0.16 
0.60 

0.70 

14.43 

16.57 

I I I I J A l L I  

APPROXIMATE CONTRIBUTION 
TO 6PS DOT& E #B ( l 0 n )  

I 

3.1 

0.0 
0.4 
0.1 

0.6 

0.4 

0.2 

0,3 

0.16 

6.06 

* 

- 



SPS OUTPUT VERSUS INVESTMENT 

This c h a r t  i s  a somewhat approx l , , ,~ te  est imate o f  SPS and SPS percur-sory costs  vs, power output .  I t  shows 
a bas ic  phenomena invo lved w i t h  microwave power transmi ssion : essen t ia l  ly no use fu l  ground power ou tpu t  

i s  obtained u n t i l  r e l a t i v e l y  l a rge  expenditures have taken p lace.  The commercial demonstrator, which migt:t 

have 1 t o  10 megawatts o f  ground output ,  i s  estimated t o  r equ i r e  approximately 17 b i l l i o n  d o l l a t s  f o r  f t s  

accomp:ishment. A 2500 niegawatt SPS constructed i n  space w l t h  s h u t t l ~  i ' ? r i v a t i v e  launch veh ic les  and 

minimum f a c i l  i t i z a t i o n  ( f o r  cons t ruc t ion  o f  so l a r  c e l l s ,  e t c . )  i s  es;. . ~a tdd  t o  cos t  43 b i l l i o n  d o l l a r s .  

If a heavy l i f t  launch veh i c l e  i s  uscd instead, i t  saves some money f o r  space t r anspo r t a t i on  bu t  requ i res  
t h a t  the h e 3 ~ y  l i f t  launch veh i c l e  devtlopment cost ,  f l e e t  costs ,  launch pads costs,  e t c ,  be expended, 

r a i s i n g  the t o t a l  approximate c o s t  t o  j u s t  over 50 b i l l i o n  d o l l a r s .  A 10,000 megawatt SPS p lus  f a c i l i -  

t i t a t i o , ~  t~ produce a s i m i l a r  u n i t  every year ( i n c l u d i n g  t he  heavy l i f t  launch veh i c l e )  has heen est imated 

a t  somewhat over $906 ( f o r  1978 d o l l a r s ) .  I f  f o u r  2500 megawatt u n i t s  were b u i l t  wl t h  s h u t t l e  der fva t i ves ,  

the  expendi ture woull: be greater ,  due t o  h igher  transportation cost ,  even thcugh no casts  fo r  the  heavy 

l i f t  launch veh i c l e  a re  included. 



SPS Output Versus Investment 
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DEVELOPMENT PROGRAM P R O V I D E S  D E C I S I O N  B A S I S  

A schedule hy which the previous developmental flight ,~roject elements could lead to a potential 

decision either to preceed with a I , : rye  (2000 to 10,000 megawatt) S P S  or to a smaller "commercial 

demonstrator" i s  shown. 



Development Program 
Provides Decision Basis 
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OVERALL DEVELOPMENT PROGRAM 

This char ts  expands on t he  o v e r a l l  developmental t e s t  program presented here. Again, i t  leads t o  a 
p o t e n t i a l  dec is ion  p o i n t  whereafter cons t ruc t ion  base and s o l a r  power sate: I i t e  phase C/O might  begin. 

Essent ia l  f o r  t h i s  dec is ion  p o i n t  a re  accomplishment of the  l a r g e  aper ture t e s t  sa te l  1 i te ,  s h u t t l e  

s o r t i e  f l i g h t s ,  developmental t e s t  a r t i c l e ,  e tc .  I P  addi t i cn ,  SYS environmental standards must be se t .  

It i s  a l so  recommended t h a t  a h igh  e f f i c i e n c y ,  70 k i l o w a t t  ( f u l l  s i ze )  k l y s t r o n  have been success fu l l y  

tes ted  on the ground, and t h a t  a proto type o f  the product ion l i n e  intended t o  produce h igh  volume, low 

cos t  c e l l s  should have been demonstrated. Near the  end o f  the  SPT and cons t ruc t i on  base phase C/D, 
q u a l i f i c a t i o n  f l i g h t  o f  ac tua l  SPS and cons t ruc t ion  base pa r t s  should take place. Two years a re  al lowed 

f o r  b ' I d  up of the  cons t ruc t ion  base before cons t ruc t ion  of SPS #1, t r a n s f e r  t o  geosynchronous o r b i t ,  a 
make-operablr per iod,  e tc .  Again, a t  t he  dec is ion  p o i n t  shown i t  might  be decided t o  proceed ins tead  w i t h  

CI l a r g e  cornrnercial demonstrator o r  some o ther  SPS percursor  u n i t .  However, i t  i s  f e l t  t h a t  a t  the  

dec is ion  p o i n t  the i n t e r n a l  SPS techno log is t  would f ee l  t h a t  preceeding w i t h  a f u l l  s i z e  u n i t  cou ld  take  

place w i t h  confidence. 



Overall Development Program 

SEARCH PROGRAM 

V SPS ENVIRONMENTAL 
STANDARDS SET 

V 70 kW, 86% DEPRESSED 
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