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GUIDELINES AND ASSUMPTIONS 

Guidelines and assumptions used during the courw of the study arc sunhmari~ed Ircrr. I t  i s  emphasized that the approach taken to 

this study w;~s to maxlmize con tidrncr in rcsults, rather that1 to ~nr~~irn~f ie mass and cost projections by usin# optimistic or far- 

future technology extrapolatior~s. This is reflrctcd in the sclcction ot'cnrrgy c:onversion sv\tems, in the selection of transportation 

systerns, in the mass and cost estimating tccliniqucs and in tlic uricertainty analysis approach. 

A significant factor in overall cost characteristic!, i s  the maximum ionosphere beam intensity stated. This intensity limit strongJy 

influences the cost characteristics of the ground receiving system, which mprrsents approximately 25% o f  total costs. 



Guidelines & Assumptions 

I U ~ I U S  - 
GUIDELINES 

JSC INHOUSE STUDY (JSC.11568, THE "GREEN BOOK") SHOULD BE USED AS 
A POINT OF DEPARTURE. 

SPS SYSTEM DtSlGNED AND ANALYZED SHOULD REPRESENT THE EARLY 
PART OF A MATURE OPERATIONAL PROGRAM. 

SPS SYSTEM DESIGNS SHOULD MAXIMIZE CONFIDEIJCE I N  RESULTS RATHER 
THAN MINIMIZING MASS AND COST THROUGH MAJOR TECHNOLOGY 
EXTRAPOLATIONS. 

ASSUMPTIONS 

INITIAL SPS'S DEPLOYED I N  1990's 

1977 DOLLARS THROUGHOUT 

SPACE TRANSPORTATION OPERATIONS KSC-BASED 

SPSS OPERATE AT GEO 

NOMINAL DESIGN OUTPUl 10,000 MEGAWATTS THROUGH TWO MICROWAVE 
LINKS A T  2.45 GHz 

MAXIMUM INOSPHERE BEAM INTENSITY 23 MW/CM* 



SPS SYSTEM L)EFINITH)N STCIOY DESIGN EVOLUTIONS 

hstgn evolution* of the principal t y p s  o f  SPS systenlr and space s u p v r t  sy\trms arc d towr~  

'rllr phntovollitic SPS hewn wi th the JSC truss configuriitiotr at r ~ o r n c t r i c  r.uncc~atr;~tion ratic~ of 2. Thin r.onlimtrution was rzrd 
for kg tnn ingd- l i fe  output capability 'Ihe co~il ipuration was rrci/.rtl t o  allow maistrnuice of output cirpuhility t l t r o ~ ~ p l ~ o u l  t k r  
th~rty-year design life system, hy  periodic. Jrray addition. At the c o n t p l r t i o ~ ~  of part 1 o t  the ctudy . a total ol 10 ptlurovoltati 
options had k e n  defined as shown. Thew included sillcon and gallium arwnidc c.rrcr$y cntivcntntt at conc~~nlr;lttotl n t i m  2 and I 
and voriatts power maintrnlncc methods The loweit co3l silicon systrlii war v l r c t r d  fur ctnttintc*nr.c i t t lo  part 2 .  ' b t s  sy\tem 
rmploycd n o  concentmt~nn and u a d  i n  u t r i  artnealing of the solar crlls for powcer ~n.ri~itrnrrnuc.. ' l l ic conI'tg18r;ition was furt l trr 
defined d u r ~ t ~ y  part 2.  The systeitl output. wi th thc optlmum rrcteltn.~ \i/c. was retlt~cctl 141 '1.3 (;W 3s 3 rcwlt of final dcl'ittil~ons 
o f  the rft icic ncy r,hain. 

The thermal engine analyses hewn with the 10 C W  Broyton systcns dcfiacd uitdrr .III rar l i r r  r antract. I.nrly 111 tl\c uihjecl study. 
an ;rtiitlyQu ofarail;iblc. data o n  phstlc film rcllector drgradation i n  tllc spacc. cnvimttntcnl s u ~ s t e d  tliat a 30'; clcgrird~tiotl rt)r(rlrl 
u~.c'itr Consequently. the concentrators were cnlargcd to  sompenutc. nit. cunl~ytbraltolt war next clivitlrtl tnlo ((I motlutr.s cvifir 
t n ~ l l ~ l l * l l i i p t d  concrntrittors as shown under "constn~ctionizrd Brayton." Durrtty ( y ~ r t  I Hankitw a t ~ d  ~ 1 t r n ) ) r o n i ~ ~  systcltrs wvrr 
also evaluated. l n i t ~ a l  evultlrtions indicated the Ronkinr systrnr to hrr 1ilr)rr nialr5lvr than t l ~ r  Brayton \ystt*m. tlowc t1.r. 4 cycle. 
temperature ratio ~ p t i m i ~ a t ~ o n  resulted i n  a lower ovrrritll rnass. Addittonal d w g n  r'hangc\ introtlucrzl e l  i l l is p ~ u l  c l i t r~ in r t rd  
steerable l i c r t s  from the concentrator by f l y i i ~g  the system rlwoycrxectly factny the r rn .  

Toward lhr r n d  o f  the stltdy, new infonnatron k u a m r  availoblr on  plustic. f i lm rc l l cc tor~  indicatmy that degrdotlon r i ~ p w t  wc~ttld 
not  occur and the f i n d  system configuration was, therefore. resizcd to  wf ier t  nondegrad;ltion o l  l l tc ctancentrrtt~r. 

Tht* princrpal rvolution tn spacc tranufcwtatlun cystcti~s was in thc (auncI\ vrhicle. Tlir study k g a n  vvttl~ t l ~ c  13I) IINI payload 
heavy l i f t  launch vchicte r t  a projected cor l  for t r a n r p ~ ~ t a t i o n  to  orhit 01' 13.7 ~ w r  k ~ l o y r n ~  P x k a g n y  ir~cltcdcJ 0111 l~tg l tcr  pal 
load Jensittes could makc possihle a rctrsahl~. shrorrd. Slaying opt imr~at ion  studies led to  ;r 400 tun Itcavy li('l I i t ~ ~ n r l ~  vrktclr. II,.I~ 
went through the rvolutton shown. Aim. a t w o - s t i t ~  w inwd  vul~rclc option. I3ard ow1 err l i r r  3%. ..uJLs, was dJr\l. 

Studies of c h m ~ t r a l  orb,:.!. trdnsfet veh~clrs ~ n ~ l i ~ d e d  space huwd and t:;~rth launcltrtl clptrc~n- Thc o r l t ~ t  t ra~ir l r r  nptcorr trLt*t\ 
front thi. Future Space 1rirnsportation Syste~n Atlalyws study was found t o  In. lcast L.O*I .ttrcl WJ* rc.taittr*d. Inv~*aryr t~a j t  111 t l l r  
means ot' moving th r  SPS hardware itself from low r a r t l ~  orb11 t u  g~~ t~ynch ron tu rs  o r l ~ ~ t  c t ) n t ~ ~ t i i ~ t l  to ~ndtcatc .I signrr~~,ar L V J ~  

advantage In Ihr self-power concept. 

The evolution of constructton concepts hegdn wi th rt(ulpntrnt concispts ' I I t t *  lrotiitl c 'o~islr i tcl io~\ h;l% conc\qSt (01 thr. LIHIL\.II 
tration ratlo 2 satellite and rncludrd l i t t lc Jetall ot l lcr ~ t l an  overall sirt* and diulw. 'r11t.r ccr~~slrrrclic~ri boar ~t~rr~.c.pt r.~r*l\.*:..J to  IIII. 
illuutr,it~c~n shown at the lower right hirild comer o f  t l i ~ .  chart Most of' tllc slrucltlrc6 1s s l towi~ h1t1~lic.d i n  w ~ t l t  stru~.tirr.tt t l t . t ~ ~ I  
only on clnc srnall port ion o l  lire ~.onstruction buw. This cotistructtnt~  bit^ ~rt~.)udr.s r.;rl);rl\rl~l~~.s to  c~u~ i * t r i ~c t  u t ~ * l l i l c  III~UI~I~L.~ 3114 
tmnstntttrr ;tnlcnn;n Analogous construction bast c.oncr)~ls wcrv r l r \ r . l r ~pd  li,r tlic tl~enri,il e t l~ t i ie  wsltmrn .~lw,. I>rrl .)rr. i ~ o l  J ~ s ~ H  I\ 

o n  this chart. 
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PRINCIPAL FINDINGS 

Principal findings o f  the study are summarized on this chart. The remainder of  thu excci~tivc summary section of this hricpng fol. 

lows this genfrdl outline and provides substantiation of  thc statements. 



POWER TRANSMlSSlOlY - - 

8 

ENERGY CONVERSION - - 

Principal Findings 

SPACE CONSTRUCTION - 
OPERATIONS - 

- 

SPACE TR4NSPORTAT ION - 
OPERATIONS - 

SPS SYSTEM COSTS - 

CONSTRAINTS DICTA1 E THE DESIGN 
DFTAICED MICROWAVE LINK ERROR A#Al.V1118001V~lauah 

ATTAltbABlLlTY OF ACCEPTABLE LMUK EFFIC- 

SILICON PNOTOVOLT AlC BEST OVERALL CHOW 
POTASSIUM RANKINE BACKUP W E E  

ASSEMBLY LINE FACILITY KEY T 0 HIGH PRODUCTIVITY 
LEO CONSTRUCTION LOWEST COST 

LOW COST DUE TO TRAFFIC LEVEL, CJOT IIIW T L C W 4 Q L m  
PAYLOAD VOLUME IS LAUNCH VEHICLE OWION O R l M n  

POWER COST IF4 4 CENTWkwh RANGE, COMPETITIVE 
BY YEAR aOOO 

SYSTEM DESIGN FLEXIBILITY KEY TO COST #mrFlr#mo 



CONSTRAINTS DICTATE POWER TRANSMITTER DESIGN 

A systems analysis of power transmitter design considerations was conducted. The design process illustrated here controls the 

determination of  transmitter design. The desired power distribution vol!age of 40 kv is a compromise between distribution effi- 

ciency and mass, and problems and risk associated with high voltage distribution. Power distribution is matched to klystron oper- 

ating conditions to  minimize the amount of power processing required. Experience in developing and operating klystrons has 

indicated that tube maximum efficiency occurs in a relatively narrow range of pervcance. Perveance and distribution voltage 

dictate beam current and the voltage and beam current dictate klystron power. Tube efficiency and thermal dissipation limits in 

terms of heat rejection capability then establish the maximum klystron installation density. The current value for this parameter is 

approximately 23 kw RF per square meter. 

Ionosphere heating limits determine the tr.ensmitter aperture lin.its (larger aperture results in a smaller be-am. to  increase the 

ionosphere power density above whatever heating limit is established). Sidelobe limits are quite uncertain at present but will prob- 

ably establish a transmitter power taper of at  least 10: 1 .  Power taper. aperture limit. dnd maximum klystron installation density 

combined to determine the total transmitter power. This power and the subarray design limits. together with power taper. rstab- 

lish the overall trilnsmitter design. 
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Constraints Dictate Power Transmitter Design 

v 
KLYSTRON 

m m P I ' '  - 
9 s  1670 

LENGTH 
MUST BE 
itJTEGRAL 
NUMBER OF 

DISSIPATION 
LIMITS 

u 
MAXIMUM 
KLYSTRON 
INSTALLATION 

HEATING I 10NoSPHERE I 
[LIMIT: I 

TRANSMITTER 
APERTURE 
LIMIT-1KM 

SIDE LOBE I LIMITS I 

DENSITY rRANSMlTTER 
23 K W / M ~  POWER 

TAPER-10: 1 
(10 dB) 

TOTAL 
T RAMSMITTER 
POWER 
(6,000 MEGAWATTS) 

SUBARRAY I\) DESIGNS \ k A u .  TRANSMITTER 
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MICROWAVE POWER TR ANSMIITER DESIGN 

The m a i n  features o f  tlrc power tran\nl i t t~.r  dcs1g.1 is ~ l l u r t r a t e d  o n  tile h c i ~ r g  p a p .  lire b.14~ power aaiplil'icr c lemrn t  is a 70 kw 

heat-pipecooled klystron. h c h  tra11smittc.r element includes one klystron. i t \  con t ro l  a ~ i t l  support circuitry.  i t s  t l i r n i i a l  con t ro l  

cqulpment. d ~ s t r i h u t ~ o n  wavegu~d'.; ,111il i t \  w c t ~ o ~ i  of radi; l t~l ig wavcguidc. The, :a~l);~rray is the hasir. Gr t l t -~~l ; lnuf ; rdursd unit .  

I t  1s approximately 10  nleters square and w i l l  cont.ti11 f rom 4 to 30 k lyct ron cIcrrrcnt\. rltr scrharrays. in lunr.  are irttegratrd in the 

overall transn11t:er. t a c h  tr ;~nsmlttcr includes 6.'-)32 \ubarray\ stlpl'ol.ted otr a t w o - t ~ e r  strtrc tttrc A t  the hack of the s t r t~ctura l  

assembly arc. the power processon tlrat provide 111t. IICL.L*\\;I~~ volt;~g~. C ~ I ~ I I ~ C ~ S  ,111d v ~ l t ; i p ~  regtll;~tioli rc(1uirc:f t l i r  KF systenis. 

Approx~rna te ly  15% o t ' t l l r  to ta l  power I\ proceswd. the ot l l t - r  RS r Oe~rig IIWJ C111.~c.tIy b y  t11c klystrot is wi thout  l ~ r w c s s i ~ i g  or 

regulat~on.  Power interrupters ;111d switch gear are p r o v ~ d c d  for  all power supplied t o  t l rr  transniittsr. so that the sector supplied 

b y  arty power procrssor a , w m l ~ l y  can hc  isolated o r  shutof f  I. 111,: cve~r t  o f  failures o r  r ~ ~ : ~ l l ' t i ~ i c t ~ o ~ i s .  

The powcr  transmitter design illus:r.~ tcd is ari i n  teprated design III~C~IIIK tlre s t r t~c t~ r ra l .  I l l r n i r i ~ l .  clcctrical. and RI: wqu i r rmen ls  of 

the SPS power transmisston systeln. 



Microwave Power Transmitter 
Design Conapt 



POWER TRANSMISSION SYSTEM HEHUGHtS 

The principal fcatunr of the power l r inmiswn 5yntern un. tntlicvtrl OII the h c i n y  pvpr. TIh* rclcrrmuc ryrfcm crnplqy- ic 10 11 
taper in ten slcps wrth an option being a fwrlrrn4ep. 1740 taper providing un oddilmaal 10 dB of rirlrlohe utppmwn. 



Power Transmission System Hmlights 
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MICROWAVE RBWER TRANSMISSION SYSTEM REFERENCE 10 d8 TAR8 

The kit-hand plot illustrrtrs the 10  step. 10 dB t r p r  for the rcfcrencr system. Thc ri&lStund plot show9 1hr sclwl power 
dcnoty dclrvered lo the yound by thu taper prttrrn ~nclud~ny the first 4 ~ c l ~ s .  The rrfcrence Uper is &awn in wid I- md 
optrond ways of prorldrng ~ h c  same dmount of taprr ore chnwr, a$ dottcd liner Ar can )..t wm. JiTCr.crnr.er bctwcnn the refmiwe 

and the opttons are d~ght. The ridclok supprcrs~m prw~ded hy thc rckrencr system 1% 24 dB nrulling in a firl sidrkk o1O.I 

h4/Wcm2. The deal beam c f f ~ ~ n c . y  8s ')(~.57; (With no (erron rn tltc prducf im of tlrr ham. 96.5'4 of Ihc energy is in !he w i n  
lobe with the tcmr~nder In the 3idclobes. t 



MPTS - Reference 10 dB Taper 
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MICROWAVE POWER TRANSMISSION SYSTEM 7 DB POWER DENSITY TAPER 

It n1.t) br t lc\~ral)le t o  probrdc .trldrllorl.d \ ~ d ' l ~ t i c  rupprv\\iorl 1111. p.ttlcrrl \ I I ( I H I I  1 1 c . r ~  p r o b r i l ~ \  ;In ~ d d l l ~ o t r a l  1 0  t l H  01 \ ~ J c l o l r r  
1 .  

\upprr \ \ ron rc\ullrnp rn a frr\t \~dt.lohc. I~.brl  01 0 1  %1W L I I \ -  I I I ~ .  I 7  ( I D  POWCI  I . I ~ L - r  I \  o ~ I . I I I I I / ~ . ( I  111 I4  \ IL .~ ) \  J I I ~  .I \l~::l~lly I lrgcr 

dntcnna I \  : equ~rcd I I I  ~ c ~ n m r r ~ o d . ~ f c  thy ~d( l~ ( ro r i ; l l  powcr  t'cper w ~ l l ~ o c r l  cSxrc.\\rsc+ flrcrrrt.rl powt.r t o  hc r l r \ \ rp~ t~* t l  i ~ t  I I U  ~ . c r ) l ~ * r  nt 

ttic array. 



MPTS 17dBPowerDe11sityTaper 
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1'HE MICROWAVE BEAM-A SAFE POWER CARRIER 

T h e  customary  eng jner r lng  n l o n n r r  0 1  ,7lo!tirir Ihr brr l r i l  p d l t e n l  III d c ~ ~ h e l s  tCl1d\ 10 ICJV~ thc  imprecs to~ l  t11at the \ldelob: Ir:el IS 

r rgnrf icant ss compared t o  t he  m a i n  b*..irn Ie\el .  7111s p l o t  sllc)w\ thc  pa t te rn  on An a p p r o - ~ n l a t e l y  l lncr l r  r a l c .  flhc. h e ~ g h t  of t h e  

s ~ d e l o k s  has k e n  exaggel cd to \ome drgrcc  u> thd t  t h e y  can be w c n  ~t . I I I . )  Also  ~ n d ~ c r l t ~ d  are r cp rcwn ta t i ve  rccervlng antenna 

uzes a n d  p o w e r  levr ls  a t  d ~ f f c r e n t  loccrtronr w r t l ~ ~ n  the beam 



0 180-22876-7 

The Microivave Beam: A Safe Power Carrier 
s 

I"'. - 
(A CROSSECTION THROUGH THE BEAM) 

(rn~~:crnZ = 111 000 WATT PER WUARE CENTIMETER) 
1 - 3 



DESIGN CONSTRAINTS ILLUSI'RATION 

A graphic example of the effect of design constraints is shown in this computer plot of transmitter system performance. The 

example shown is for the 17 dB taper option to better illustrate the effect of the thennel dissipation limit and the ionosphere hwt- 
ing limit. The free design parameters accessible to the designer arc power fed to the transmitter and tmnsmitkr diameter. It is evi- 

dent that the system minimum ccst occurs at the intersection of the two constraint limit lines at 3 transmitter diameter slightly 

w a t e r  than 1.0 krn and a feed power of slightly over 6,000 mw. For the 10 dB taper reference care the tlrermal dissipation limit 

is moved down and to the left so that the minimum cost system is at one krn diameter and approximately 8.000 klw of electric 

feed power. 



Transmitter Constraints De termhe 
Minimum Cost Design Pomt 
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REFERENCE PHOb OWLTAIC SPS WNFIGU RATION 

Shown here is an artist's il lustration o f  the reference photovoltaic configuration. i t  consists o f  I lil s t ruc tu r~ l  bays. 6(4 mctrrs 

square, w i t h  each structural bay supporting a planar photovoltaic array consisting o f  50 niicrun solar cclls integrated w i th  a 75 

micron botosilicatr glass front c w e r  and 50 micron borosilicutc glass hack cover. Thc satellite structure is a two4ir.r grapl~i lc  

epoxy tubular truss structure. 

Considerable discussion has enuled over t l l r  details o f  thc slnlctural configuration. One concept calls for assembly of the d ruc -  

turcd beams. f rom parts entircly prefahricatrd on eartli. by  ah "assrnihlrr" b r a s  ;~iacl i i~ie. Anotlrcr conccpt call\ Ibr fabrication 

o f  the beams from specially prepared stock by a "thennal fonnrr"  heam .!:idchine. The cl ioicr o f  thew options bas no notkesblc 

effect on overall construction operations. T l ~ r  prefahrica1rl:~:;rmblc option providcs a t~ ion '  dea l  structural section tllat n d u c c ~  

SPS structure mass by about 1.000.000 k g  (*-fSZ o f  structure mass) as co~npawd t o  t hcmo l l y  formed bcan~s m d c  of close+ 

section members. Opensc?c.?i~ii r n c m k r s  do not  provide adequate compressive strvngth for  lliir size of structure. 



Pho tovoltaic Reference Configuration 
s 

mu'#- - 

TOTAL SOLAR CELL AREA: 97.34 ~ r n ~  
TOTAL ARRAY AREA: 102.51 ~ r n ~  
TOTAL SATELLITE AREA: 112.78 ~ r n *  
OUTPUT: 16.43 GW MINIMUM TO SLIPRINGS 



PHOTOVOLTAiC SY STFM HIGHLIGHTS 

Iabulated on the faclng pagr arc h~ghl~girt \  of tllc refcr~ncc pl~:,rovolta~r 5ystcrrt c r ~ ~ ~ t i p o r ~ t t r ~ n  



Pho tovoltaic System Highlights 

SOLAR CELL EFFICIENCY 
SOLAR CELL THICKNESS 
COVER THICKNE88 
SUBSTRATE THICKNE88 
BLANKET W I T  MA88 
CELL AREA 
BLANKET AREA 
OVERALL AREA 

SOLAR BLANKET OOST 
STRUCTURE COST 
f LlQHT MODE 
POWER DlsTRlBUTlOhl 

17.3% (lam CELL WITH 8AW-t00tH M R )  

W r m  
78 r m  

W r m  
0.427 kghna 
97.8 km2 
102.6 km2 

112.8 km2 

-/mZ 

8eoke 
POP WITH ELECTRIC THRU8T 
40 KV WITH 2W ISOLATABLE POWER 8aCtOW 
P~1VELY~COOCID~r ) l tO ICATOObLWI IW 
SHEET CONDUCTOR6 

PERIODIC ANNOALlhlO 



NWlNAL EFFICIENCY CHAIN 

The nonnal c f f~ iency  chrng for the photovoltaic system and microwave power transmission system ir compand hen with the 

J X  "gmbook" values a t  (he initiation of the study. Rewwrr for rignif~ont drrfcrcnccr arc indicated. 



Nominal Efficiency Chains 
Photovoltaic SPS 

IT  EM JSC GREEN BOOK 

I COVER W DE ORADATION 
CE LL-TO-CE LL MISMATCH 
PANEL LOST AREA I NOT INCLUDED 

SUMMER SOLSTICE FACTOR 
COSINE LOSS (POPI 
SOLAR CELL EFFICIENCY 
RADIATION DEGRADATION 
TEMPERATURE DEGRADATION 

THE8E WERE INCLUDID IN 
BNEROY INTlENslW ON 

MOT INCLUDED ,9766 
NOT INCLUDED ,919 

a109 SLIGHTLY BITTER CELL; CPI - 1 : 

- 

ROTARY JOINT 
ANTENNA POWER D18TR 
DC-RF CONVERSION 
WAVEGUIDE I ~ R  
mu B€M 

r 

INTER-SUBARRAV ERRORS 
INTRA-SUBARRAY ERRORS 
ATMOSPHERE ABWRP. 
INTERCEPT EFFICIENCY 
PIECTENNA R f  .DC 
GRID INTERFACING 

PROOUCT- 
SIZES f ~ m * )  

1 .O 
.99 
4 7  
.99 

.88 

.88 

.90 

.9@ 

,0808 

PROCE88INO B TEMPBRATURB 
WAR IAN BIT  MATE 

INTRA-SUBARRAY EFFECTS 
NOT INCLUDED IN OREEN 
W O K  

NUMERICAL INTEGRATION 
INCLUDES DC-DC P R Q C I m R 8  

1.0 
.a7 
.86 
.88b 
.sw ' 
.81(1 . 
.W1 r 
.W 
.88 
,640 
.97 

,0079 
108.8 



REFERENrE PHMOVOLTAIC SYSTEM MASS STATEMENTS 

The current rcfcnnce m a s  statement is compared here with the original JSC "greenbook" statement for the photovoltuic system. 

Reasons for significant changes arc noted. 
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Silicon Pho tovoltaic Mass Properties Summary 
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REFERENCE PHOI OVOLTAIC SPS MASS ESTIMATE HISTORY 

The mass estrmate h n t o r j  f o r  the photovoltatc SPS, throuylr the conduct of tllr sy\tern def tn i l ton \ tudy. ts shown I~c re .  ' Ihe po in t  

of departure est~mates come f r o m  the J.% grrcn book.  Encrqy ~ o n v e r - r o n  s y s t e i ~  de ta~ led  Itrar\ esllmates were avrrlablr b y  the 

Part I mrd-term. The principal reason fo r  Increase was the addrtron o f  boros i l r~ote glass covers on t h r  solar cells. increasing t l r r  u n i t  

m a s  of the solar blankets substantially. 

Some reduct ion o f  structure mass for thc cnergy cccmvrnlon rystcm resulted in 111~ v a l ~ i r \  r l l o w n  for  the Part I. final. Dur ing  thts 

Itme, an arbitrary 507 mass g rowth  al lowat~ce war carrrcd. Wrtll i n i t i ~ f ~ o r i  o f  Part I1  ol tile study. <t'fort war begun a n  Ikt power 

t ranvn iss~on  system By the mid- tenn o f  Port I I .  detailed mass rstrmates were available. T l ~ t - w  mars e c t i m a t r ~  resulted in a signifi- 

cant Increase In the power transmiss~on system p r i m ~ r t l y  due to mi.ii rcqurren,cnt\ d c l c r m l l ~ e d  lor thermal con t ro l  system%. Th is  

t ~ m e  a h .  a mass propertres rebrew suggested that w ~ t h  the a ~ ~ ~ l a b i l ~ t y  o f  comparatirr.ly dr.tailrd m l u  cstcmiitcs and t l ~ c  general 

lack o f  escalating factors rntcrnal t o  the SYS desrgn. a 257 mass growth al lowancr wou ld  br rnorc appropnalc  Dr inng the l i n r l  

pa r t  o f  the Part I1 ef fo r t .  a detailed uncertainty rnalyscs was conducted a i d  pred~c. t rd  a mass growth of 2(1.h'A T h i s  growth  

allowance was incorporated r n  the f inal mass statrmenl.  



Reference Pl~otovoltaic SPS 
Mass Estimate History 

- ! -  

n p o o m  

METRIC 
TONS 

S0,ooo 8 

ENERGY CONVERSION AND OTHER 

2%- - 
FIRST DETAILED W I T C H  FIRST DETAILED ANALVSlS 

MASSES ON TO MASSES ON RESULTS 
ENERGY CONVERSION CR-1 MPT 8 INCLUDED 

' POINT PART I PART I PART II PART II PART II 
OF MIDTERM FINAL START MIDTERM FINAL 

DEPARTURE MAR n MAY n JUNE 77 AUO n DEC n 
DEC 76 



THERMAL ENGlNt REFERENCE CONFJGURAIYON 

Thc artist's rllu\tratron shows t l~c  thetlllal c.ng111c ~ontigilr;~tlon f I ' I~c* illu\tral~on 41ow\ tilt 111odul' i~rrallgcd III .I 3 x 5 patturn. 

whereas the current configlrratron IS 3 4 x 4 p.~t~c.n~ ) I-ac.11 IIIUIIIIL. <onci\l\ o i  a t;lcctc.d plastic fill11 concentrator rupportcd hy 

a tubular t ~ s s  grdpllrtc \tnlcttlrc. J cavil) ,~lw)rlwr w ~ l l ~  2 0  U.111kin~. l u r h o ~ s i ~ ~ r ; ~ t  ;rrid prcllrp pcr ;rhwrhc.r. ~ n d  tllc nccr.rsary 

thermal ndiaton for waste heat rcwcllon. 





THERMAL ENGINE HIGHLIGHTS 

Tabulated here are the principal ieatun\ of the tlrermal engit~c. systc.m d c s ~ g ~ .  



Thermal Engine Highlights 

rnUb8AlLm - 
TUgBINE INLET TEMPERATURE 

TURBINE EXHAUST TEMPERATURE 

TURBOGENERATOR SIZE (NOMINAL) 

TURBOGENERATORS PER SPS 

MOOULES PER SPS 
RADIATOR PROJECTED AREA 

CYCLE EFFICIENCY 

REFLECTOR FACETS 

SATELLITE ORIENTATION 

REFLECTOR FACET THICKNESS 

TOTAL F ACE1 AREA 

POWER DISTRIBUTION 

MAINTENANCE 

1242K (1776OF) 

932K (12180F) 

31.4 rJw 
676 (6 ARE "RESERVE") 

16 

1.15 KM~ISPS 

0.180 

116,000 

PERPENDICULAR TO ECLIPTIC, ELECTRIC THRUST 

2.5 rM (ALUMINIZED KAPTON) 

I 10 KM* 

40 KV, PASSIVELY COOLED DEDICATED ALURIINUM 
SHEET CONDUCTORS, ANTENNA JOINTS INCORPORATE 
DIURNAL AXlS WlTH SLIP RINGS AND ANNUAL AXlS WITH 
WIND-UNWIND CABLES. 

MALFUNCTION DETECTION SYSTEM FOR SHUTOOWN OF 
INDIVIDUAL TURBOGENERATORS AS REQUIRED. 
PERIODIC MAINTENANCE. 



THERMAL ENGINE MASS PROPERTIES SUMMARY 

A mass statement for the therm:?l engine reference system is presented here. There was no ~ o r ~ ) p a r a b l c  "greenbook" reference at 

the beginning of the study. With growth included. the two  mass statements are essentially equivalent. Tlic growth allowances 

resulted from the detailed uncertdinty analys~s. Bercdu~e of the somewllat greater maturity of  the thennal engine technology tllc 

predicted growth was slightly less 



SPS Thermal Engine 
Mass Properties ~usrnary  

MULTlPLE/COMMON 
USE EQUIPMENT 

PRIMARY STRUCTURE 

SATELLITE CONTROL 

COMM. & DATA 

MECH SYS & OTHER 

ANTENNA YOKE 

ENERGY COLLECTlON 

SUPPORT STRUCTURE 

REFLECTOR FACETS 

ENERGY CONVERSION 

CPC & LIGHT DOORS 

CAVITY ABSORBER 

THERMAL ENGINES 

RADIATORS 

FLUIDS 

POWER DlSTRlBUilON 

MICROWAVE POWER TRANSMISSION 

TOTAL 

RANKINE 
THERMAL ENGINE 



REFERENCE THERMAL ENGINE SPS MASS ESTIMATE HISTORY 

The therma: t-np~ne niass cst i~n i r tc  I l lstory goes b;rck t o  Boelng IR&D w o r k  co11d11ct~'d kg11111i1ig ill 1072. The s p c c ~ i i c  vvlucs 

shc wrl f o r  !973 a.rd 1975 came froni papers published ill the technical l iterature. These papers d i d  no. address the niass o f  ni icro- 

wave power tranwn~ssiori systems and early cst ir l~i i tes availablt~ from tile I i t ~ ' r a t ~ ~ r e  were q t ~ i t v  o~t11111stic as can he seen. 

The p o l n t  o f  dcpar t t~re mass c s t l m ~ t t .  represc~itcd the first co~l lp le t* . ly  i~ i tegratcd tlier*i.il cngil le design w i t h  al l  interrelat ionsl~ips 

rn this complex system properly reprcwnted. T l l c  pow'r t ra~ i~n i ihs ion  systenl In,l\s at that t ime was takcrl fro111 Raytheon puhlica- 

trolls. Brayton systrni  cycle. opt1mi7at lo1i I ~ r o u g l i l  t11c nias\ dow:i  \ i islrt ly by  t l ic k l r t  I ~nid-tcr111. wl lcrc also t l ie JX' ~ i i i c r o w a v r  

power transmitter mass was adoplcd. By tl ie Part I final. add i t~ona l  liiass reduc t~ons  resulted fro111 t l ic adopt ion o l ' t he  I 6  module 

configuration as compared t o  the 4 m o d ~ r l e  c u n f i g u r ; ~ i ~ o ~ i .  

The c o n t i n ~ ~ i n g  r e u u c t ~ o n  I n  cnergy conversion systcnls mass was due t o  tirct. t l ie switc.11 l o  tl ie Ranki l ie systc.111 and secondly. el im- 

rnat lnn o f  thc. ov r rs l r rd  c.on~,c?trator o r~g~ l i ; i l l y  thoupl i t  Iiecess.lr) l o  co~ i ipc~ lsa te  for  t11~. deyradat io~i  o f  pl,r\tic f i l ~ i i  reflectors. 

The power tra~isnllsslon \},\ten1 maw!\ for  the t l icnn;~ l  el igl l i r  ; ~ n d  p l i o t o \ o l ~ a ~ ~  4) \tc!ns arc c q ~ ~ i v ; ~ I e ~ i t  T l i c  ~ ~ ~ i c c r t ; ~ i ~ i t y  ;III;I~YI~C 

predicted a 20% Inass grc3wtll fo r  the t l icrmil l  eligln<n by\tta -1. \o~newl ia t  I1:ss tlrart Ibl 111e p l i u l o ~ o l t n i c  systelii. as 1111gIit he CXPCLI*:~ 

~I IL .  t o  the sonlt whdt grcatrr  matur i ty  o f  t l lc tccht:ology 



Keference Thermal Engine SPS 
hlass Estimate  ist tory 

ENERGY CONVERSION QI OTHER 
UMCO RTA IMTV W I T C H  FIRST ANALVSIS 

TO DETAILED RESULTS 
RANKINE MASSES INCLUDED 

ON MPTI 
1 

1973 1075 POINT N PART II A 
IR&D IR&D OF MlDT ERM FINAL MIDTERM FINAL 

DEPARTURE MAR 77 MAY n AUG 77 DEC n 
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PHOTOVOLTAIC vs THERMAL ENGINE ASS€ SSHENT 

Highlrghts of the over%ll assessment s~ summar~xed. 



gy - - 
S 

Pho tovoltaic vs Thermal Engine Assessment 
"s 

mu"#'- - 
ws-96M 

a NO SIGNIFICANT OIFFERLNCES I N  SATELLITE MASSES OR COSTS 

- Photwdulk ia rhnpkr but lhrd ongh tschdogy k mon ~ O l n  

COMPLEXITY OF THERMAL ENGINE SPS INCRLAOeS OPERATINO COItTS 

- Luguconcmrctlor,~wndttdliy 

- L-vIcloOlnadrrrs)tr 

OVERALL 5% TO 10% SYSTEM COST AOVAMTAOE FOR PHOTOVOLTAlC 

- B u t r d v n ~ k ~ t i v o ? a o d r # n k r t p o d w t b n ~  



PHOTOVOLTAIC PREFERENCE I S  S E N S l l l V E  TO SOLAR BLANKET COST 

&cause of the I ncertarnty and controversy regarding w!ar blanket cost projectrunr. the wnsitivity o f  the photovoltaic system t o  

s d ~ r  blanket cost 1s important Shown here arc the study median project~ons for onc SPS p r  y r u  and four !PSI per year com- 

partd t o  the Department of  t n e r g y  I985 goal and Dcpartrnent o f  Energy port-1990 projections. Influence -n SPS t o t d  t y s t m  

cost IS shown for earh caw.  Also d o w n  are 'he cornparatwe thermal enwne system costs w h ~ h  indicate a t  what point m increase 

In solar blanket cost would motivate r change t o  the thermal engine rystern This rhange occurs long before an unacceptable c w t  

level IS reached 



Pho tovol taic Preference is Sensitive 
to Solar Blanket Costs 

, - o m - -  fi - THERMAL ENGINE 8VSTEIIII COST (1 W R )  I 

1 
PER PER 

e 
009 OOAL 

YEAR YEAR I 
DOE 
POST.1990 BOLAR BLANKET COSTS, DOLLARS PER W A I T  
PROJECTION 



PHOTOVOLTAIC SPS CONSTRUCTION FACILITY ARRANGEMENT 

Illustrated here is the construction facility arrariyernent that arose from Illc construction basc definition effort. It is a combined 

power transmitter antenna and photovoltaic cnergy conversion constn~ction facility. Thc facility is colnpriwd of a C'clamp-rhaprd 

truss structure. Thc structure is shown boxed in for most of the facility to clarify t l ~ c  illustration bttl would sctually appear as 

indicated by thc "actual structure" callout. Overall facilily dimensions are 1.4 x 2.8 km. Crcw modulcs and launcl~ vehicle dock- 

ing stations are shown approximately to  scale. Tlre crew ~lrodulcs arc sized for 100 people (17 nreters diatnrter by 23 meters 

le.~gth). Thc facility includes 4 bays dedicated to structure matrufacture a t ~ d  4 hays dedicated to solar blanket and cqi~iplnet~t  

installation. Addttional details of the various construction concepts. op ra t io~rs  and tiarclincb arc Jescr ikd in mow dctail later in 

this briefing book. 



Photovoltaic Construction 
Facility Arrangement 



CONSTRUCTION HIGHLIGHTS 

The most significant comparative constructioti factors for the princillal opt~ons arc con~parcd. 



CREW SIZE 

AT  LEO 
AT GEO 

TOTAL 

CONSTRUCTION TIME 
FOR 1 SPS 

CREW WORK SCHEDULE 

CREW STAVTIME 

MAIN BASE SIZE 

BASE MASS (METRIC 
TONS) 

AT LEO 
AT GEO 

BASE COST (LEO 81 GEO) 

HLLV LAUNCHES TO 
DELIVER 

Construction Highlights 
mD#I#'B - 

PIIOTOVOLTAIC THERMAL 

LEO GEO LEG GEO 
CONSTRUCTION CONSTRUCT ION CONSTRUCTION CONSTRUCTION 

1 YEAR 1 YEAR 1 YEAR 1 YEAR 

I 10 HOURS/DAY, 6 DAYS/WEEK, 2 SHIFTS I 
90 DAYS 90 DAYS 00 OAVS 90 DAYS 

* 
2.8 x 1.8 x 1.0 km I 

I 8.2 BILLION I 12.4 BILLION 1 



CONSTRUCI'ION RE6ULTS 

Principal results of thc construction analysis are summarized here. 



REQUIRED CONSTRUCTION RATE DETERMINES BASE SIZE AND QUANTITY 

- Bases analyzed were sized for 1 SPS per year 

BASE AND EQUIPMENT COSTS ARE SIGNIFICANT 

- Effective Ut i l i~a t ion  is E ssent~al 

LARGE PAYLOAD VOLUME AIDS CONSTRUCTION BASE TRANSPORTATION 

- Packaging density is about 40% that for SPS Hardware 

FACILITY DESIGN HAS EVOLVED TO ASSEMBLY LfNE CONCEPT 

- frlaximizes crew and machrne productivity; minimizes satellip design impact problem 

CHEW ARE PRJMARILY MACHINE SUPERVISORS 

- Litt le or no spacesuit w ~ r k  

O N W A R D  LOGISTICS IMPORTANT DESIGN FACTOR 

- Hardware throughput is 15 tons per hour 



REFERENCE HEAVY LIFT CARGO LAUNCH VEHICLE 

This artist's ~llustration sh3ws the  reference llravy l ~ f t  launcl~ vt.111clc at t l ~ e  time of sccond stagc wparcltion. The hooster is  an 

oxygen/hydrocarbon system equipped for down-range powered soft land111g at =a. Ttlc upper stage ernploys oxygrn/l~ydrogt'n 

propellants and includes a retractable telescoping puyload s h r o ~ d  to provide Iargc-voli~nlc. acconui~odatio~i for the lowdensity SPS 

payload. The payload bay size is 17 nirtcrs diameter by 23 nleters cylindrical length. Tllr upper stage is also  cquippcd tor down- 

range sea landing. 





LAUFlCH SYSTEM OPTIONS 

T w o  pnmary  launch systern optrons were c l i a r a c t r r i ~ r d .  a ha l l~ f t ic .  two-stage I ~ ~ . a v y  l i f t  vehicle illustrated o n  o previoiis page.  and 

a wlnged two-stage heavy l i f t  vehrcle The d!tferences rn perfoni iancc betwecti these t w o  optrons werz *:!I1 w;;;rrn the unccrtalnty 

o f  performance estimation. 

The ident i f ied advantages of each are indicated o n  tltr chart. The wrngrd v rh r~ . l r  i t1drc~ted x~tii1-wI1at J i r g I ~ ~ r  devclopnlrnt arid i l l l i t  

cost The ~ r i n c r p ~ l  rssur hetwreri  the t w o  syrtcriir 1s w a  landirip verws law1 Iatldiny. -171~ W;I I.rridrng ri~cnlc rccluircr rS:start of 

w r n r  o f  the rocket engine5 (ur start ot spccrill l a r i i l r ~ ~ ~  engrries) for  the l~owcre i l  It*tdowri i l l t o  t l lc water .rncl tlre liarclware IS 

exposed t o  !he sea sa l lwatr r  er lv i ronme~i t .  Ti lere is also sonic ~~n l . r r t r r i n ty  a s w c l ~ t c t l  wit11 I a t ~ d ~ r i g  loads t o  lx ~.rpprienccd upon  

water contact. The winged i r n d  landrrlg v~. t~ ic Ie avord5 t l lew ic\itc*s Bt*cattsc of t l lc w n t c  h(mn1 p ro f i l r s  for ~ x r t ~ t  and  rer t l t ry  o f  

the vehicles. and becauw the h(u>\tcr re(1iirrc\ dowri  rdrige land Iandrrig. t l ic w i n g c ~ l  ~ y s t c r i ~  l n f -  )cluccs srgnificant I a u n c l ~  and 

recovery s ~ t t n g  Issue\ No surtablc tloS~,n rirnp~. land landing sitr.\ ;rrc a v . ~ ~ l a h l ~ -  for K g '  I;rur~t.li. Potrntl. l l ly attr;rctivc sites. wr t l i  

rcgtons o f  brgnificant sonlc boon: ovrrpre\\urc helriy urldcr gov~-n l r i l rn t  c:~ritrol. cxr\t it) 111~. wcrtliwcs:t.m Un i ted  Statcc n l e w  

sites are fur ther  nor th  than KS<' arid in t rod t~cc  a i l t l ~ t ~ o r i a l  pCrtctnr~aricc pc.11;rltics .~\\ociatt-i l w ~ t l i  tibe p1.111e ~.li;l~l~v rc(l~rrre(1 t o  

ach~eve a zero-~ncl inat jon aeosynchronou\ orhrt .  Other  a l tcrnat~ve \ i t rs  k,ave n o t  h e n  icicritified. 



Launch System Opt ions 

BALLISTIC VTOVL 

a LARGE PAY LOAD VOLUME 
READILY PROVIOEO 

SEA LANDING AVOIDS 
RECOVERY 8ITlNQ l88UlES 

SLIOHTLV LOWER C08t PER 
P LlOnT 

WINGED VTOHL 

CAN0 LANOlNO AVOI08 
SEA LANOINO Q RECOVERY 
188UES 

ENGINE aTAFIT/RE$TART NOT 
RQQUlRQO PO19 LAWDINQ 



PAY tOAD DENSKY IS DESIGN DRIVER 

The payload densities achieved for the photovoltaic and thcrmul enyirle confiyorvtionc arc compared here. Except for the power 

transmission system, the difference in photovoltaic and thern~rl engine systems would be far mon striking. 

The ballistir. launch vehicle systcm has a theonticel payload density of 75 kg per cubic meter bard on the avail~blc! cylindrical 

volume within the payload shroud. However, actual payloads ate more rectangular or irregular in shape and the payload density 

required for payload ~rrckaps to reach a mass limitcd condition In tlr~s shroud i s  approximu;ely 92 kg per cubic mctzr. As indi- 

cated, Ihe photovoltaic system slightly exceeded this value whereas the thermal engine system does not reach it, As di~ussed in 

more detail in the transportation section of the bricfinp, the least cost solution to thc thermal enline vol~me problem was to use 

expendable shrouds c f  considerably incrcaxd volumetric crrprhility. 



D 180.22876.7 

Payload Density is Design Driver 

PAYLOAD DENSITY ACTUALLY 
R r  W I R E D  TO BE MAS$ LIMITED 

- BALL1STIC HLLV 
IDEALIZED 
FAYLO80 D%N#tV 

REFERENCE COMPLETED DISASSEMBLED 

PHOTOVOLTA lC SUBARRAYS 8UMRRAYS 

(COMPLETED 
SUBARRAYS) 

THERMAL BNOlNQ 



TRANSPORTATION SYSTEM HIGHLIGHTS 

Tabulated on the facing puyr arc tllc principal katt~rcs of the SPS trvnsportution rrystcnjs. 



Transportation Highlights 

CARGO LAUNCH VEHICLE (REFERENCE) 

2.STAGE BALLISTIC FULLY REUSABLE 
VERTICAL TAKEOFF, POWERED VERTICAL SEA LANDING 
GROSS MASS 10,000 TONS WITH 390 TONS NET PAYLOAD 
PAY LOAD VOLUME 17 x 23 hll(13.3 tdl3/T0~; 76 kg/M3) 
LO21KEROSENE BOOSTER; LOZILH~SECOMD STAGE 

ALTERNATE OPT ION IS 2.STAGE WINGED VERTICAL TAKEOFF, 
UNPOWERED HORIZONTAL LAND LANDING 

PERSONNEL LAUNCH VEHICLE-MODIFIED SHUTTLE, 76 P M N Q E R S  

PERSONNEL ORBIT TRANSFER VEHICLE 

2-STAGEFULLYREUSABLELO~ILH2OTV 
75 TO 1GO PASSENGERS DEPENDING ON CONSTRUCTION LOCATION 

AND SPS TYPE 

CARGO ORBIT TRANSFER-ELECTRIC-PROPELLED SELF*TRANSK)RT OF 
SPS MODULES; 180-DAY TRIP 

OPTION IS FULLY REUSABLE L O ~ / L W ~  OTV FOR oeo cohlnRucrlm 



HLLV ASCENT OVERPRESSURES 

This figure shows the sonic boom overprcswrc gencruted by the Heavy Li f t  b u n c l r  Vehicle (HLLV I during ascent as a function o f  

ground location. This figure is applicable t o  either the wingcd vehicle or  t o  the ballistic vrhklc.. since thc plumes and trajectories 

of these two  vehicles are nearly the some. and i t  is the ptumt* rother than vchiclc size wlliclr controls the moyritude o f  the boom. 

The combination o f  vehicle trajectory and acceleration results in the pnora t ion  o f  a caustic o r  "focal zone" redon in which the 

sonic boom overprcsiures are much larger than they would be for  steady flight. Overpreuures i n  this very localized region wil l  be 

about 25 psf. The beginning o f  the "focal zone" is located 3 1 nm i  downran* from the launch site. 7he overpressure decreases 

rapidly t o  10 p f  at a point 34 nmi  downrange from the launch site. I t  has dropped t o  2 psf 65 n m i  d o w n r a n r  from the launch 

site. These overpnssucs are about three timcs n l a r p  as those generated b y  the Suturn V. 



LATERAL RANGE 
-MI 

HLLV Ascent Sonic Boom Overpressures 



SENSITIVITY OF HLLV ASCENT SONIC BOOM OVERPRESSURES TO VEHICLE SIZE 

T h i s  figurc shows the sensitivity of the sonic boom ovrrpressurcs under the w e n t  fl~gllt track to the rizc of the HLLV. HLLV size 

was varied by varying the number of engines and, thereby, the plumc size. The overpreuurr in the "focal zone" dectraus from 

25 psf to I S  psf when the number of engines is reduced from 16 to 10 and from ,$S prf to 3 psf when the numher of engines is 

reduced frou 1 5 to 5.  



Sensitivity of HLLV Ascent 
s Sonic Boom' Overpressures to Vehicle Size 
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LEO/GEO DIFFERENCES 

O n e  o f  the pr incipal issues addressed b y  this s t ~ t d y  was relative eva lu ;~ t io~ i  ol' ~ . o ~ i s t r u c t i o ~ ~  ill low r a r t l l  o rh i t  versus construct ion i n  

the geosynchronous operational o rb i t .  The surnm;lry table presentrd here provides a11 evalu.~t io~ l  o f  the differences i n  terms o f  

qual i tat ive factors and projected cost dil'fewnces associated w i t h  these factors. 111 tennc of recurrtng costs. b y  far the rnost siynifi- 

cant difference is associated wit11 thin I a i ~ n c h  rate. A slight i ~ d v a ~ ~ t ; ~ g e  t o  LEO c o n \ t r u c t ~ o l l  is see11 i n  c o ~ ~ s t r ~ ~ c t i o n  requirrments. 

This  difference is associated pr imar i ly  w ~ t h  d i f f c rc~ ice  i n  the t r a ~ l s p o r t a t i o ~ i  co.its fo r  1I1e construct ion facil it ies a~rcl crews at LEO 

as compared t o  CEO. 

Principal des~gn  impacts o n  the SPS include oversizing o f  the solar arrays t o  compensate fo r  radiatioti degradation and mismatch in 

solar cel l  performance associated wit11 this clcgrad;~tion. I t  is es t i~ i i a tcd  th :~t  mo\ t  ol' t l ic degradation w i l l  he recove red hy annealing. 

Solar cells dcgradrd b y  the o r b i t  trarlst'er ; ~ l t ~ r  ;111111*;1111ig WOLIILJ I ~ a v c  al>011t 9574 01' t l lc OL I~PL I~  01 tlios' 1101 degraded. A l t l l o u g l ~  

on ly  25% o f  the solar cclls are SO degraded. thc ~ n i c i n i ~ t c l i  loss is atlcl~tive t o  t l l r  dcspradi~t~on loss and r rsu l t \  111 a 5% ovcarsi/e 

requirement. In addit ion, there is a difference ill s t r ~ ~ c t ~ t r ; ~ l  mass duC t o  the r rdur i~ lancy  i n  structure rcclurred t o  nlodularize the 

satellite. Satell ite modifications a\soc~atcd wit11 power J i s t r i h u t i o ~ i  t o  t l lc cleclric thru\ters are included i n  o rb i t  transfer system 

costs. 

A to ta l  d i f fe rcn t~a l  o f  S I 0  m i l l i on  per SPS 11as I ~ e c l i  ;~ssociatcO wit11 o ~ ~ ~ ~ . a t i o ~ i d l  L.OIII~I~XI~~C\ 01' 111~- w!f-l lowereil t r a ~ ~ s f e r  apr;l- 

t ion. Addi t ional  significant f;~ctor\ are thc differetlcc\ In  interest ( lur ing construct ion associated w i t l ~  l o t ~ g c r  okcrall constrt lct ion 

t ime requi1r.d for LEO construct ion and d i f f t ~ r e ~ l c c s  i n  1l1c cost g r o w t l ~  resulting t'rom ~ t s  appl icat ion as :1  o on st ant t';lctor orr ovrra l l  

costs. 



LEO versus GEO Construction 
Summary of Differences 

OELTA COST IN MISSIOP1S 
PER -01 

RECURRING INlTlAI. FdOlYI- 
(4 Sm/YR) RFCURRINO 

RTATION 
A' ~~%RMENTS HLLV LAUNCH RATE, 1400fYR VS =/VR @ 4 YR, HLLV I 2,648 

3SOtYR VS 768NR 8 11YR 
(INCLUDES CREW) O W  = 206 

B) COfUTRUCrloN FACILITY DELTA COSTS 
REOUlREMENfS STATIONKEEPING PROPELLANT 800 KO/DAV 

C R E W W ~ T  

C) SPS DE ON 
R E Q ~ I ~ ~ M E N T S  

OVERSIZING FOR RADIATION DEGRADATIOW 
DELTA STRUCTURAL MASS 684 tO(Y8 L E I  FOR GEO 

0) 0 GRADATION 
~ T E N T I A L  

INCLUDED IN  SPS DESIGN RLOUIREMEWl8 IOVERSIZINO 
COMPENSATES f OR OUTPUT AND MISMATCH LOW) 

HIGHER LAUNCH RATE FOR GEO - 1,71SLAUlWl 
FAClLlfV COSTS 

F) STARTUP 

G) OPERATIONS 
CONSIDERATIONS 

ORBIT T RAUSFIR HARDWARE I N  0 1 8  COST 
DELTA INTEREST DURING CONITRUCtlON 

NO DIFFERENCE IN NUMBERS OF VEHICLES IN  FLIGHT. 
MORE COMP X MONITORING FOR O n .  
aERTHING &lPwmT tNcLuoED IN  =go F A a L m  
FOR LEO CONSTRUCTION 

H) COLLISION COLLISION AVOIDANCE PROPELLANT 
OBJECT AllONlTORlNQ COST 

I COST 
DIFFERENTIALS 

O f  HER FACTORS ITEMIZED I N  T HIS TABLE 
DELTA GROWTH (FACTOR ON DELTA C0STl 

J) ORBIT TRANSFER 

TOTAL COST DIFFERENTIALS 1- 2,612 



SPS COST FACM)RS 

Although the SP3's are big. they are relatively simple designs employing bighly repetitive elemcrrts. Tlic combination o f  size end 

simplicity achieved in an SPS is probably only attainable in a space systra:. It allows the economies o f  sale to be comhined with 

the economies of  mass product~on to minimize the hardware costs. An additional factor in minimizing the hadwore cost is that 

the design loads and other design conditions in spore o n  of minimal effect on t l~e system. Consequently. thew systems are com- 

prised ptedominantly of directly useful elements. i.e., solar blankets, with the invrst~nent in support systems such es etructure md 

. controls being a very sniall part of the total cost. A f i~r t l~cr  attractive feature of  tlu space location is that the very mall differen- 

tial gravity loads allow easy movement of SPS's under construction wit11 n'spcct to t f~c constructiun facility. allowing an assembly 

line approach to construction. 
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SPS Cost Factors 
mu"- -0 

SPS1881 

SPSS ARE BIG BUT SIMPLE OESlGMS EMPLOYING REPETlTlVE ELEMENTS 

- Economics of scale combine with acrimnkr of mrrr productkn 

DESIGN LOADS IN SPACE ARE MINIMAL 

- Overhead costs associated with support systems rn a d l  put of 01, totd 

- Assembly operations use production mino approach 

SUNLICHT MORE THAN 99% OF THE TOME 

- Sdar collecton "work hard" for maximum cost e~~ 

- Little or no storam required 

TRAFFIC LEVELS ALLOW REALIZATION OF LOW-COST POTENTIALS 
FOR SPACE TRANSPORTATION 

- Fully reuoab(e vehicles economically justified 

- Frequent fiig;rts l o w  cost*ffectkn oQwaiona 



PROGRAM ASSUMPTIONS FOR mST ANALYSES 

In order t o  develop cost data for the SPS syst~.ms, several program a~sumptions were necessary. These assumptions correspond to 

a direct development of the SPS systems studied ernder this contract. They d o  not represent recommendations as to  a most des i r  

able o r  most practicabk SPS program. The last t~s~rmpt ion  relates to the fact that most of  the mass growth seen in thew systems 

(as a result of the uncertainty analyses) came from the efficiency chain. with the reference design efficiency being somewi:at more 

optimistic than the median value resulting from the assignment of uncertainty ranges to the chain. (Under the bi rariatc 

n o n n d  distribution assumption used in the uncertailrty analyses, the most probable value for any item is the mean of  the 

extremes. This is believed to  be realistic model for this kind of uncertainty analysis. ) It is expected that the losses in eflirien :y 

in the early systems will be recorerable through a nonnal process of product improtem-nt. Therefore. the growth aitowanccs 

applied to  the I -SPSper-y ear case were reduced for the CSPS-peryear caw. 
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Program Assumptions for Cost Analyses 

IO'IWH - 
AFTER k TECHNOLOW WERIFICATIUN PROORAM, INVOLVING GROUND AND PLIGHT 
PROORP,MS BUT P I 0  NEW SPACE VCNICLES, DEVELOPMENT OF THE 10,000 MEOAWATT 8P8, 
AND IT'S A8X)CIATED 8V8TEM9, BEGINS, 

THE PRODUCTION CAPACITY INITIALLY OEVECOPEO ISSIZED FOR A PROOUCTlOM RATE OF 
ONE SPS PER VEAR, OHIT DOES NOT IMlTlALLV ACHIEVE THAT RATE. 

THO EARLY BPS'S INCUR THE MAS8 GROWTH PREDICTED BY THE UNCERTAINTV AMALYIIIQ 

BY THE TIME A PROOUCTION RATE OF FOUR PER VEAR HAS BEEN REACHED, MA8B 
GROWTH HAS BEEM REDUCED BV PRODUW IMPROVEMENT. 



COST ANALYSIS METHOUOWGY 

]TIC overall cost ;III~IIYSI\ ~ ~ ~ ~ t l ~ ( n l v l o ~ ~  1s i l ~ a g r ; ~ t l i ~ ~ ~ e ~ l  OII ~IIL* I;IL-III~ ljitgLB. I t  IIC~III> wit11 11ii15s ~s.1 i111;11eh ,AII(I S~S~L*I I I  t l c s c r ~ ~ ~ t ~ o ~ ~ \  l o r  

the rvlervnce syctcnls. 'Tl~c systerti i l c ~ ~ r i p t ~ c , ~ ~ ~  i ~ l l o w  st!lcctiot~ of ~ .o \ t  c s t t ~ i ~ i ~ t i ~ ~ g  wl ;~ l .o t i r l~ i l~ \ .  I ' l i rw ;IN ust.il l o  cxcrciw 1I1c 

Boclng parallwt rlc cost lnodr l lo  yclicra tc ~III ;1ero\p;lr~e c in t  1-st itliat:. for l)l)'r& t :111tl I '~rsl unit L~I\I. Tllc ilCrOSpilcC I'irst t r l i  11 costs 

;IrtB t l l rn run t l ~ r o u p l ~  iI a l i~ turc  111t1u~~lr) a ~ ~ ; l l y s ~ r  tI1i11 ;~lbpli~@a p ro t l u~ . l l o t~  r;lIc I;IL t o n  ;IL...IIII~III~ to  I l ~ c  ~ ~ r o t l u ~ l ~ o l l  r:llr rcclutr.~tl l o r  

cac l~  system elcnlcnt. 1 IIC totidc~tl rnittl1rtm 111tIt1\try c\t111t.11*~\ ;lrLt t l i c ~ ~  ~ I~ IJ~IS~L*~ i.ur IIIIL,I'L*\I ~III~III~ ~ . o ~ l \ l r t , ~ ~ t ~ o l i  ~IIJ lo r  L,II\~ g r t ~ w t l ~  

c o r r c \ p c ~ ~ t l ~ ~ ~ y  to ~i iass p r o w t l ~  as p r ~ - d ~ r . t ~ c l  hy tlic UI~LL-I t;~ility i t ~ i .~ l yw \ .  'I~IL~X* ~rrovltlr. 1 1 1 ~  I'III~I~ pro t l i ~c . t~c~ l~  1111it co\t\ I'or I SPS 

pcr yrar i111tl 4 SPS's per ycilr. 



Cost Analysis Methodology 



MATURE INDUSTRY METHO1)OLOCY CONFIRMATION 

he ma lu rc  ~ n d u s t r )  cost ing approach was d r ~ ~ l n p c t l  by D r .  JCK' (;;1111(cr h;lv:tI 0 1 1  i n f i ) r ~ n d t i o ~ i  developed d u r i n ~  IR&D analyses of 

des~gn-to+ost.  exper l rnccd c m l s  f o r  con l~nc rc ia l  ~ t r c r a l t  a ~ i d  o l l 1 ~ 1  by\ lrnls,  a r ~ d  \ ta t~st ica l  c o r r c l ~ t ~ c n s  l o r  5naacial  and produc- 

tlon factors l o r  3 w ~ d c  variety of c o m m r r c ~ a l  ~n t lu \ l r r c \  I t  war judged lo hr d r \ ~ r ~ h l r  lo qmt-c l leck t ! ~ ~  ma lu rc  i ~ i d u s l r y  pmd ic -  

l ions. A to ta l  ol f ~ v e  spot chrcks wrn .  rnaclc .I\ 1nd1c.alr.d or1 t l ~ c  I;rc~rly p a w .  'Illcsc irlclutlctl solar hlankctr.  grapl i i tc structures. 

klystrons, poto\srurn vapor ~ u r h ~ n c s .  and c l c c l r o n ~ a g n r l ~ c  I111uid ~~I~;~\\ ILII I I  f w d  p i tn ip \  111 all ~o\r.b. t l lc ti,o!urr indr t r t ry  prv jecr lon 

was wel l  w i t h i n  the uncer la l~ r l l c \  l l ~ a l  wonl t l  IN z ' l cp r~ lv t l  l o r  lllr C I ~ I ~  01 c o \ l  r s t ~ ~ ~ l l r l c \  b r i n g  III;I~C. B a w d  o n  t l~ese crtonlplec. we 

bel~evc the n ja lure indust ry  mc l l~c~c lo logy  t o  I>r ,111 appropr la l r  co\t r s l ~ m . ~ l i n g  p ~ o ~ c d u r c  l o r  SPS $y\ te~ns.  



s Mnture Industry Methodology Confirmation 

MATURE INDUSTRY 
PROJECTION 

SOLAR BLANKETS 822 to 8371m2 $26 to $6O/m2 
(RCA,TI,OE,hlOTOROLA) 

GRAPHITE EPOXY STRUCTURE 860lkg (BOE lNO) 

KLYSTRONS 

TURBINES 

PUMPS 87s to 8 1 Wkg (OE) 



Illustrated here i s  an example of system design flexibility adjustment to  reduce system cost sensitivity to a particukr cost problcrn. 

Until late in the study effort it was assumed that the rccciving tennar would be full main-beam diameter. (This is  the optimum 

if receivin~ antennas are low in cost.) Howcvcr. receiving antenna cost rstimrtes w e n  surprisingly high. resulting in a significant 

cost problem. The nature of the transmitted beam is that very little of tlle totul power is in the o ~ t e r  regions of the main beam. 
Consequently, a cost optimization of rectcnna size reduced its ittea by vpproximatcly half, reduced the received power by about 

5% and reduced the cost per kw by 20 percent. (Cost values shown here do not include interest during construction or growth.) 



Rectenna Size Op tirnization 

0.8 0.7 0.8 0.9 1 .O 

RECTENNA DINBEAM DIA 

(Note: Beam dbmcter t the entire insin lobe to the fin1 null.) 



PRODUCI'ION COST RESULT SUMMARY 

Total production costs arc summurizr.d in t1rr.w bar cl~i~rts for ciylll conlhi~~alions ol'c~ieryy conversion systcnr. prducliolr rate. 

and coristruction location. The silicon photovolta~c systeln llas u tnodrsl cost advi~~~tayc over the t l~enl~al cnyinc and low Earth 

orbit construction has a significant cost advantage over gcorynclrronous construction. Tlrc nrcst i n~p r t a~ r t  cost chonp wcum with 

the prod?~ction rate increaw from I SPS per ycar early it1 the program. to 4 SPS's pcr ycar in a Inore mi~tarc rrpcration. Principal 

cost reductions with system maturity occur ia SPS hordwrrr. production. spacca transj~orti~tion. and projccle~l product iniprovr- 

ment. The lowest capital cost is achievrtl wit11 tllu silkon photovolti~ic systcnr ;I\ 4 SPS's prr ycur with LEO cot~rir~ction. Thr lip- 

ure i s  approximately S 1.700 per kilowatt clrclric includ~ny intercst d i~r i r~g constri~r.tion a ~ ~ t l  projrbclrlcl growtli. Still lower figures 

rntghl be projected for advanced systems. such as thin filni g i~ l l i u~ i~  i~rmnide. 

Achievement of the projected silicon pliotovolluic costs is criticillly dr.pe~~denl on thc devrlop~i~c~rt of  u c;~ti\factory n i ro  pr411c- 

tion technology for sin~le crystal silicon bolur cel l \  and bl;~nkcts. This mass product inn tccl~nology nray rccluin. continuous ptowtll 

processes but recent indicat~ons of improvemr.~~ts in the trrch~lololly prcwrrtly usrd for s o l . l r  ccll ~i~ilnuf;lctnre, indicate tliot auto- 

mation of  thrs technology may provide yreotrr cost reduction thutr conlnionly \uppov:d. 



s Produclion Cost Results Summary 

LEO GEO LEO GEO LEO OEO LEO aE0 

1 SPS/VR 1 I- 4SPslVR --( t 1 W ~  + I- 4 WSNR -+ 
C------ SlLlCONPHOTOVOLTAlC ------I + RANKINE THERMAL EhlOlWE ----I 





..' , - 1x2 LEO Transportatiol~ Costs for 14 Year Program 
s ps b - b  at 4 Satellites/Year 

INDIRECT M/P 
4- fEOPLE/bEH. 
IN ACTIVE FLEET PRODUCTION 

AND SPARES 
40.8% 

313 1st STAGE AIRFRAMES 
8160 1st STAGE ENGINES 

313 2nd STAGE AIRFRAMES 
7238 2nd STAGE ENGINES 

LH, - $1.19/lb 
LO2 = $0.043/l b 

RP-I $0.10/lb 

TOTAL COST - 
$142.5 BILLION 

(36 VEHICLES IN ACTIVE 
FLEET AT ALL TIMES) 

UNITED AIRLINES HAS 
12s PEOPLE/AIRPLANE 
WITH 22 PF OPLE/AIRPLANE 
FOR MAINTENANCE 

r • 

L 
IN ACTIVE FEET 

TOTAL COSTbLIGHT = $7.934M 

COST/LB OF PAYLOAD = $9.20 
79 



COST PER FLIGHT WORK BREAKDOWN STRUCTURE 

Cost per flight analyses u x d  ?he work breakdown structure t;~bulatcd here. Tlirs structure is patterned after the shuttle user 

charge cost analyses but includes two principal differences. ( I  ) Beca~lsc the large traffic model will wear out many vuhicles, thc 

production of  vehicles and their spares is amortized in tlre cost per flight. ( 2 )  Production rates required will demand several ship- 

sets of tooling. The tooling required to ach~eve the required rates is also amortized against cost per flight. 



Cos t/Fligh t W BS 

WBS ELEMENT 

OPE RATIONS COST 
PROGRAM DIRECT 

PROGRAM SUPPORT 
PRODUCTION AND WARES 

STAGE 1 
AIRFRAME 
ENGINES 

STAGE 2 
Al R FRAME 
ENGINES 

TOOLING 
STAGE 1 
STAGE 2 

GROUND OPSISYS 
GROUNDOPS 
GROUND SYS 
GSE SUSTAINING ENOR 
GSE SPARES 
PROPELLANT 
OTHER 

DIRECT MANPOWER 
ClVlL SERVICE 
SUPPORT CONTRACTOR 

INDIRECT MANPOWER 
ClVlL SERVICE 
SUPPORT CONTRACTOR 



FLlt  ?lT VEH1CI.E PRODUCTION HARDWARE COSTS 

Sin1.e rzhrcle producl lun i s  t l ic rnbst i rnportanl col l lponent ol'spact* I r a ~ ~ s p o r t a t i o n  c.osts. 11 14 l111port.1111 t o  c o l l ~ p a r r  the est imatrs 

t o  otner  similar systems Shown hen. are co5ts 111 tcnns o f  dollars p r :  p o t ~ n d  for wvcral .Icrc.space vehicles including com~nerc ia l  

a ~ r c r i f t  and !aunch vrhiclcs. as wel l  as the c a l c ~ ~ l a t o d  costs I'or the. w ~ o ~ i t l  stirgo 311~1 I'lrsl st;lpc ot' Illc winged 1au1lcl1 vehiclr  systems. 

All costs he.? are t-xpresxd J\ the average co4ts over J'hO uni ts  w i t h  I c ~ r ~ i ~ n g  ctlrvcs a p p i ~ c d  JS 1))1>ropr1;1te. Tl ie commercial  

craft  an' s ~ m ~ l a r  in cornplexrty t o  t l ~ r  Ia i r l lc l~  vcl1rc1t.c. but a c ~ g n i l r ~ a ~ ~ t l g  s r ~ ~ d l l t - r  r ' r~c t lo l r  01 t l ~ c  ovcbraIl i ~ ~ v r s l n l c t ~ t  is in propulsion. 

T h e  S- IC  Saturn booster stage 1s cornparahl~* r r i  c o n ~ p l r x ~ r y  t o  t l ~ c  f ~ r s t  \t.~gc tol 't l~t- H ~ I ~ ~ - H ' I I I ~  VI~III~I~. S h t ~ t t I ~  costs an' we11 10 l w  

somewhat h ~ g h e r  than w o i ~ l d  bc exn'cted Iron1 t l i r  cost ~ s t i m a t r s  hc r~ , .  I lowcvcr .  IIic;-c ,Ire W~L*I.I~ 1ci1so114 l o r  111a1 as cxpresxd  o n  

the fo:low~ng page. 



Fligll t Vehicle Production Hardware Costs 
S 

(NORMAl.ILED TO 300 UNITS) 

wl#amlruQ 
PlRET 8T-I 

COMMERCIAL AIRCRAFT 
(SALES PRICES) 



DIFFERENCES BETWEEN SHUTTLE ORBITER AND SPS LAUNCH VEHICLE SECOND STACE 

"ost driver d~ffr.rr.nce\ hcfwre l~  the shuttle orhitrr ;ind 1I1e SYS vrl~lclcb arc summarirod here. T l rcx  Jilt'errncer r n  sufficient to 

ationalrze the d1ffcrenc.e In * i n ~ t  ~ o \ t  exprcsxd on the prrvlous p a s .  tiowcvcr. CVCII if SI~uttlc unit costs were *tuJ. the cost of 

p8,~lord transportallon would be ~ncreaud very Iiitlc. 



Differences Between Shuttle Orbiter 
s and WingIWing 2nd Stage 

WINO/WINO HAS LESS STRUCTURAL COt 'PLEXlTY (INCLUDES PROPELLANT TANK%] 

HIGH W A S 8  COMPONENTS {ENGINES 6 AVIONICS) LESSER I09 WINGIWIN~ UW'W 

PROOUCTION RATHER THAN PROTOTYP8 TOOLING RATE8 

IF WE USED SHUTTLE ORBITER $/La FOR WINO/WIRIG 2ND STAGE I T  WOULD IIIICRI- 
PAY LOAD TRAN8PORTATlON COST LESS THAN W L B  



MAJOR MANPOWER COST DATA AND COMPARISONS 

Manpower cost estimates I'or conduct ing the SPS transportrrl ion operations wvrc ~ l l r rd r  o n  a dctrriled trrsk/li~neline/I~radco~~nt basis 

inc lud ing a l l  indirect and  direct tasks. The estim;lter arc su rnmur i~ed  o n  I l l is  clrurt. T h y  were derived fro111 analogies and cxten-  

sions o f  the cost est imat inr  buu. u r d  t o  d c r ~ v r  space shutt lc user cllrrryrrs. 111 I l l is  i l lustrrrtion t l icy  arc c o r ~ p a t e r l  wit11 tile man- 

power requirements and fleet sizes Tor major  domestic rrirlincs. The lcvel o f  ovrr lr l l  operations is we l l  n o t  t o  he k y o n d  t l lc cxpe- 

rience o f  commercial  aerospace vehicle operators today ant1 t l lc f l c r t  s i l t*  i ~ c t i v c  at any one t in is  is very snrall h y  conlpar iso~i  t o  

commercial  airl ine operations. The vel~iclcs. o f  sourw.  ilre larger. hu t  even if t i le I c ~ f ~ - l ~ a n d  har is scelri l according to vr l r i r lc  s i l t .  

thc comparison of rnanr)ower and fleet size bclween tile SPS opvr i~ t ions  and s o ~ i ~ ~ ! i e r c i i ~ l  airlines inilic;~tcs lht* n lanpowr r  elloca- 

t ions for SPS t ransportat ion to be qui te  generous. 
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PROPELLANT COST BASIS 

P r o w l l a n t  co5ts arc energy costs und. t l~ercforu.  :lrc of c.ons~dl.riihlc \ig~iil'ic;~nr 111 S P ,  t r ; ~ n s p o r t ; ~ t ~ o ~ i  cost>. At  tlrc !eft ol' this 

cl iart  arc shown the propvl lant mas% ilncl cost d i s t r r h l ~ t ~ o n s  for  t11u SPS vclr ic l~- Ot i  IIIC rigl i f  Ir;rnd side. tltc. SPS propel lant cost 

estlrnrte5 uwcl isre comparr r l  w i t h  more recent d,ri.i ar r~vv t l  Iron1 Bociny ant1 IS<' \ t u d r ~ ~ s  01' Ilcrgc-scirlc p r o p c l l i ~ ~ i l  cost f r r o d ~ c t t o n .  

S ign i fsant ly ,  the propellant co\ t  estimates used werr  h~ylrr.r t l ~ i l n  t l l r  nrorc rcac.clrt c s t ~ ~ i ~ ; ~ t r s .  except ill t l i r  caw o f  RP-1. whrlw the 

cclt was cornrwnsurate w ~ t h  p r o d u c t ~ o n  o f  KP-I  f r o m  (,I:. 11) tIt11 t i t ~ i e f r i l ~ i i ~ .  c o l l ~ ~ d c r c ' d .  11 ~ r i ; ~ y  Iw nccesi iry 10 IISC syn t f~c t i c  

hydrocarbons p:oduccd f r o m  coal TIIIS n i t y l ~ t  I t iLrc im Oic~ HP-I ~ o \ t  lyn~f ic; lnt ly.  h ~ ~ t  thv RI '- I  c.ost ~ o n t r i h c c t t o ~ i  t o  ovcrall p ro -  

pcllants was relatively small and this low w' il i l tc I\ I i iorc tl1i111 con ipcnwtu i l  h y  111s Itiglicr ~*\l lni;rlt*s I'or llir ot l ier t w o  propcll itnts. 

F u r t t ~ e r ,  i f  synthet ic p r o p l l a n t s  are clnployed. u synthet ic I t y d r o c n r l ) ~ ~ ~  such its n i r l l r s ~ i r  o r  propatie can he proc luc r~ l  at l ower  cost 

thar: a synthet lc heavy hydrocarbon, such as KP- I. 
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COST PER FLIGHT PARAMETRICS 

Thc .;;a[ pcr flight for the heavy lift launch vehicle is dependent upon annual launch rate, being lower at  high launch rates. Actual 

cust for the SPS systems de$,nbed in t h ~ s  briefing used the parametric cost per flight data shown on this chart. Vali~er ranged 

from about 1 3 million dollars per flight for the one SPS per year case with LEO construction to aboul 7% million dollars per flight 

for the four SPS per year case with CEO constroctlon. 
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UNCERTAlPlTY ANALYSES METHODOUNY 

:\n ~rnpor tan t  ohjtct ive o f  the SPS systems study was t o  tilake thc best possiblc estimates o f  uncertainty in size. mass and costs, for 

the SPS systems chara i te r~ r r l l .  ?'he nrethotloloyy employed was newly developed for  the study and included the pr incipal steps 

~ r i t r c r t e d  o n  the chart. The basis for  the uncertainty analyses was itemized estimates i n  the uncertainties o fcomponent  perfonn- 

ancc. masses. :~nd  cost. A typtcal example w o i ~ l d  be the uncertainty i n  solar cell efficiency and degradation. This is an example of 

the case where correlation exists between the t w o  factors: i.e., more efficient cells tend t o  experience somewhat greater dewadd- 

t l on  becausc the greater c f f ic~cncy tends t o  bc associated w i t h  greater thickness and experimental data indicate thicker cells 

degrade ;nore.. I n  developing the sta!istics i n  s i x ,  mass and cost, these kinds o f  correlations wcre taken i n t o  account through use 

o f  a bivariahe normal  d i s t r ~ b i r t ~ o n  probabi l i ty model. 

Also providing input  data t o  the uncrrtainty analyses was a conventronal mass property alralyws for the systems w i t h  estimated 

unuer ta i~ i t iw  in such factors as struutur;~l cr ippl ing criteria. solar cell tllickness. and turbomachinery uni t  masses. Addit ional 

uncertainties were develb,.rd in systcm costs. such as uncertainty i n  solar cell cost p v r  un i t  area and unccfiaintics in mucltinery 

costs. T h e w  uncertainties were coupled w i t h  the cost analyses d i x u s w d  I:~ter t o  preparc. t h r  cost statistics. S i ie  stat ir t i rr  ol id Inass 

statistics were conlbined t o  develop a jo in t  mass/sizr uncertainty est in~atc and mass statistics and cost statistics wcre comhinetl t o  

generate combined cost/mass uncertainties. The bivariate normal  distr ibut ion model was used t o  cltatistically combine the uncer- 

t i~int ies, w i t h  recognition o f  correli lt ic i s  betwcen component uncer t i~ in t  cs where signilicant cotltbl;rt io~i* wcrc drrtt-n~linccl to exist. 
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COMPARISON OF EFFICIENCY CHAINS 

' n ~ c  rcfcrc.ncc system c f f ~ c ~ c n c y  chain\ arc ~t1111p;lrcd o n  111'. f a c ~ n g  ~ u g c .  ' l l lc power trvnstnission \yalc111 efficiency chain is thc 

same for cach energy converrlon colicepl 311d I\ 1101 rcpciitcd A\  ic~dicatcd. tile projcctrd c)vcrall efficiency of the silicon system is 

vcry slightly Ii!yhcr than t11i1t o f  thc Kvnklnc t h c r ~ ~ i a l  cligltlr systc.ril. 
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PHOTOVOLTAIC SPS RELATIVE UNCERTAINTY CONTRIBUTIONS 

'Jnc brta~nt) analyses ( t o  hc descr~becl 1llo.r fully later) resulted In tile relative uncertainty contributi c illustrated here. Also 

:iiowri art. thr s t a t ~ s t ~ c d l  , .on~blnatlons of all rnrrgy convcrs~on cffttcts and all power transrniss~on effects. The energy conversion 

effect 13 \I~pIltly lrss thari tk powcr t ransmlssio~~ effect because a signrficant correlation between solar cell efficiency and radiation 

degradat~un reduces the c o n ~ b ~ n e d  t-fft.c.1 I)!' 1::esc two pardmcten conslderaoly hclow what a simple root sum square would indi- 

cate. Tht. uncertdlnty In powcr t r~r i sn i~mion  IIPL e f f ~ c i e n ~ y  IS a principal d r ~ v c r  on overall sFstenl mas, and cost uncerlalnty 

becausr it influences morc o f  the systeni than does so!ar blanket performance. 
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PHOTOVOLTAIC SYSTEM M ASSBIZE UNCERTAINTY ANALYSIS MESULTS 

This chart compares the stalisticcllly.Jerivrd resl~l t  wi th t lrr worst.on-wont usd ksl-oli-best rcsulla d~*l;lted by corirhinin8 ull Ilw 

most optirnistic component uncertuinties und al l  tlre most pcssimislic cornponetit pcr lb r~ i r i tn~rs .  I t  is t lz~~ronrtr i lb ly  true that or 
increased detail is developed i n  this k ind ofilnalysis, tl lc worat-on-worst drd Ibrutsnhr8st extrrtncs w i l l  continuc 19 k u o n l r  fi lrther 

aport. while the statistical unccrlainlirs wil l  tenrl t o  change l i l t l c  i ~ n d  w i l l  n l~p rouc l~  ;I rrpwrrr l ; t t ion o f  t rur  unc.ertainlirs. !#filnifi- 

cantly, t h r  reference point tlesig~r was or~tside tlre pro j rc l rd  3 siynto runye for  rlusa and si/e. Tllir nsu l t rd  prilnurily k c u u r r  tl lc 

efficiency chiinn assigned to the nfcwncr-  druign wit+ rtron* npti~rr isi tc tlr;rn tlrr tnort pmh;thlr cl'l'icirnr.y callitin tlelirletl by Ilrr* st;rtir 

tical analyses. An example i s  its rollowh: 111 dc1KE' c.onvcrcio~r. t l ~ t -  11ot11illi1l t-l't'~cic~rcy urayrc(l l o  I l lc C T ~ ~ C T I ~ S C  d~sigrr was RS'A 

wi th  extremes o f  BO% and 8b%. I t  1s a conwcluencu o f  ths hiv;rri;~lc nominl tlistrihrttion tnc~ l c l  III;II Iltc n lo r l  prohuble vu lw  nrusl 

be the rncdian bctwectr tlle cxtrrmes. .l'lris rcsullrd i n  thr  t t lorl  p r o b a h l ~ ~  sikc bcinp siyail'icsnlly ~ r r u t e r  tltatr the mrc.n.ncc drsim 

size. 

Tlre reference drsipn poit i t  is slightly below tIw t~un~t t ra l  litre hcci~rtw IIIC II~IIIIII~I~ litre is u ~ o c ' r i ~ t ~ ~ t l  wtt l l  10.000 MW oulpul, 

~ h e r e o s  t l ~ e  refcrrnce desiy~r, w i th  I l r r  I'it,;ll L -~I I~L-~IL.~ ~ ~ I ~ i r t n  ; ~ + ~ \ r r ~ ~ c n l ,  pn~vidrltl v.300 MW olrtprrt. fItv projrcnlr*d ttt,:ci growllr i s  

the differcncr between tkc 111o\t prohlh lc p o ~ n t  itnd tI1v r~ - l i n .nc~ .  p r w t  and 1% r*yuivulc~rl to  ? 0 . ( r 1 ; .  'I lr~r growt11 is %cry claw to  

th r  ,'5!:; pr0 j t 8~ l c t l  by Iri\toriclrl correlations ol' cotr~par;blrle hyhtrrrr*. 





THERMAL ENGINE MASS SIZE UNCERTAINTY ANALYSES RESULTS 

Presented here i s  an uncertainty estimate lor llie themlirl engine comper;tble 10 Iliv prcvioilb one )'or tliv photovolt~ic system. 

Because the technology of the thermal enginr systcln i s  somcwlii~t aiorc t i ~ a l ~ t r ~ ~ .  it woilld h~ expcctud to rslimate xomcwl~at 

less mass growth and that tuned out to  be the cow. Arr addittoticll kc lor  in tke rrrdnced mass $rowti\ projrctiun is that a 

significant part of the sire escalation i s  auwiatud wit11 the size of the con~.r.nlrator which is a lowmas% c o n l p t n n t  of the 

thennal engine system. 
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MASSICOST UNCERTAINTY ANALYSES RESULTS 

With costs included in the uncertainty analyses. i t  is necessary to  discriminate between t l l f  I SPS per yeor case md the 4 SPS per 

year case. As d~xussed  under cost analyses. for the 4 SYS per year caw. an estimirte was mode that about C i i  o f  the predicted 

mass growth could be removed by pr tduc t  ~mprovemenl. Similarly t o  t11e size and mass cstiniatcs. the reference design trended 

towards the opt~mis t ic  side of the n~edian o f  the co,t uncertainties. Consr.quently. one w r s  first ;r cost escalation at the reference 

des~gn point  and then a further cost growth associated w i th  the mass ~ r o w l h  projection. Note tllc very I~igh corrr.lotion bcrwccn 

cost and Inass uncertaint1r.s. 711is corresponds In t11u I l istoricd indications tlrot coct growth i s  frequc~rt ly associated wi th mass 

growth. and rspecrally w1t11 thc conipenwtlon for l o r  rcmoval o f )  mass growth i n  a systcm wl l rn  perfom~ancr. rcquircmcnts dictate 

that ma-s growth bc l imited t o  predetermined values. 
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mTAL COSTS THROUGH NO. 1 SPS PHOTOVOLTAIC SYSTEM 

The actual hardware development costs for SPS hardware represent a small portion of thc ovrrall nonrecurring cost required to  

initrate the program. This is because the SPS hardware is highly repetitive: individ~ral elements arc. not extrc.nlely Iorp  and the 

development of the basic hardware can be primarily carried out on tlie ground. Tlie total nonrecurring cost includes o technology 

verification effort including ground-based and flight-based test activities. the development of SPS ewrgy conversion and power 

transmission/reception hardware, and a significant investment in tleveloptricnt of rpace opc.r;rtio~~s capahilit, including spo~v tnns-  

portation and space constniction systems. 

The largest slice of  the total nonrecurring costs is for installation of a production copability .iufficient for production of I SPS per 

year. i.e., 10,000 MW a year. and for the productiorl of the first SPS. n i e  prduct ion cost estimate for the first SPS does not 

include the production capability amortization factors included in SPS costs on prior cllarts It d o ~ s  include a 50SC prototype 

factor penalty cost. The overall total is sl~glltly niore than SXO billion in 1077 Jollors. A similar estimate Tor the thermal engine 

.SPS was about $8 billion greater. primarily due to the addi'ioni~l cost of the more complex constrilction haw system. 
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PREDICTED BUSBAR POWER COSTS AND UMCERTAlNTtES 

The bot tom line fo r  an SPS systrni is i ts capability t o  produce powtr .11 a11 i~c~t!pta\>lr* cost. Thc rczult s l~own  on this chart repre- 

sents the final result of the costing and uncertainty an;~lyse\. Uncert;~l l~t ics for husbar power costs includr t l l r  uncrrtainties in unit 

costs as well as uncertainties In  thc appropriattm c;lpital cllarge 1'11ctor t o  hc applied ancl the p l i ~ n l  factor at w l ~ i c l ~  the SPScan r~pc.1- 

ate. Capital charge factors f rom 12-1 8 percent were considrrcd and t l ~ c  plant f i~cror  unc~r ta in ty  was taken as 7(r,C-9w at one SPS 

per year and 85%-95';; l o r  four SPS's por year. T l ~ c r c  uncertaintic\ were st;iti\t~r.iill;. conlhincd  wit'^ ;Ile cost u~iccriaint ics derived 

b y  the cost uncertainty analyses. 
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PROJECTIONS INDICATE SPS COST COMPETITIVENESS BY THE YEAR 2000 

A sfudy of energy and power cost conductcd on IR&D indicated an approximate projection of increase in electrical power costs 

illustrated in the left hand band on this chart. Results from this study are plotted in the right hand band. As indicated these two 

projections cross over in the general v i c ~ n ~ t y  of the year 2000. T h ~ s  indicates that even with a relatively vigorous program to 

develop the solar power satellite. by the time production installations could bcgin the system would be cost co~npetitive with 

alternative energy sources. 
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MPTS ROAD MAP 

The study road map indicates the approach taken in establishing a baseline design for the spilcebome element of the WPTZ:. High- 
lights of this approach include a klystron transmittur selection study, an end-totnd system efficiency evrluation, rpacaten,?a pat- 

tern analysis and structural integration. These combine to produce inputs and constraints to tlle overall SPS cost model which 

makes possible the SPS system evaluation. Follow-on topics arc defmed which will result in the next level of refinement of an 

improved SPS. 

The klystron trade study encompasses klystron design, thermal andyris, manufacturing and reliability assessments, power distdlu- 

tion and X-ray assessment. Spacetcnna integration is influenced by structural concepts, design valida?ion. m a r  cu#rment, md 

finally end-tocnd efficiency calculations which require a reference spacetenno design whore radiation pattern and impdance char- 

acteristics are known. Alternate cvndidates for the spacetenno radiating ekment have also been asscrcrsd \ ) assist ln s final antenna 

design selection. 
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Array Analysis 



SPACETENNA SIZE AND POWER DENSITY 

Collection eificiency and radiated power were calculated for o fixed rectenno size and power output. n i c  spuceterna aperture dir- 

tributions used in the study were: 

o Unifonn 
o I0 db Gaussian 

o 20 db Gaussian 

o Inflected &srwl 

The inflected &sscl produced a system w1t11 the highest efficiency ilnd lowurt power required at tlic spucctcnna. Howcver. it 

required a spacetenna with a rad~us In excess 01'900 meters. The 10 Jb Guussian was wlrctcd as tllc hcst r ~ o ~ i i p r o ~ ~ i i ~  for further 

analysis. 
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Spacetenna Size and Power Density 
Required For Fixed Rectenna Size and Power Output 
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SIDELOBE DISTRIHLJTIONS FOR FIXED RECTENNA CONSTRAINTS 

1 his qtritl) % . c $  J.ondr~Ltcd t o  ..x.lrillnc \pa~ebf,rlv: f r . ~ n \ ~ l r ~ t t c r  .Ipcrrurc. pow1.r t.ipcr\ .rlt< rrl.11~- l o  l l ~ c  10 tlh (,;lc~ss~;rfl uwcl  as ~ J W -  

l r r ~ r  I l l c  d~, t r thu l lon\  I I I~c ' \ I I~~~ccI  w c r t  

I h e  r e u ~ l t r n g  \:.conddry a ~ i ( c n n ~  p;cttcrli\ w,.rr ~ o t l ~ p ~ r ~ c l  l o r  I~C.IIIIHILI~I~ ~IICI \ICICIOI)C II.VCI B Z ~ J U X  o f  p o w ~ ~ r  (1~.1nt i7;~t1on tech- 

nlclue, p r c w r l t l j  111 u x  t l i r  ' J  5 dl, (,,II,\M 11) tdr,,.: w.15 ,.ttlctl OII .!.. III~ 11t.u I).I\VI:I~L+ ~ I v l n N  ;ln obcr;~l l  ~ - 1 l l ~ r c n c y  of ')f1.0 percent 



Sidelobe Distributions For Fixed 
Rectenna Constraints 
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APERTURE FIELD DISTRIBUTION AND SPACETENNA PAITERN 

TI11s frgure deprcts the apcrturc power d is t r ihu l lon p r o d u ~ e t l  by b o t h  thc I 0  d b  Gaussian t a p i r  and t l ~ c  inf lected &=I taper. The 

nex t  figure graphs the secondary r a d ~ a t i o n  pat lcrns p roducrd  by thest: Jperturc distributions. T l l c  inf lected &wl distrrbut ion can 

be wr i t ten  as 

Thls exptcr\rol i  I\ the strr l~ CJI t u o  d ~ s t r l h t r l ~ o ~ ~ \  .I IIIIJ~O~II~ J ~ r t r r h t ~ t ~ o l i  f t p )  = I . ~ n t l  .I k s w l  r l i \ t r r l ~ u l ~ o ~ i  l i p )  = JOIU ) p  ). 1'11~' 

value of the const.int L'I control, t l ~ r  srdclohc level arid edge i l l i ~ r n r n ; ~ t r o ~ i  Tltrs L O I ) \ ~ ~ [  I\ a : l j t ~ * t ~ d  t o  o p t i r ~ l u e  the d i s t r i b ~ ~ t i o ~  . 
The usefu lneu of thrs type of drs t r rh i~ l ron w i l l  hc furtlrer ~~ivsstrg.~tc.d r r i~ lu t l l np  tlrc s t lcc t  011 r c - c t r t ' ~ ~ a t i o ~ i  ~I ' l ic iency.  
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Spacetenna Pattern 



ARRAY PATTERN ROLLOFF CHARACTERISTICS 

A r ~ u ~ i ~ c r ~ c a l  intt 'gration tcc l ln iyur  was used t o  ol>t;r~r~ the r . ~ d i . ~ t i o ~ ~  p;lttcrl i ol' 111c 10 d b  C,;lussia~l t i~pered distr ibut ion. I t  was 

establ~shed that the sidclubcs rol led o f f  JI a 30 db/dec.;~dc ol'anylc r.rts. The chart sllows the first l ive sidelobrs and the average 

power l l r l r  3 d b  l>elow t l l r  pe;~ks. Tt lc er ror  plateairs were computed fro111 t l l r  ;~sslrlnr*d error  t i~;~gnitudes and r l lc number of sub- 

arrays associ;~tcd w i t h  tl iree d ~ f f e r e n t  subarray si;rrs. .l'llt' aperture ef l ic iency w;~s also o h t a ~ l l e d  by  ~ lu~ i ,e r i ca l  integration. The sub- 

array roll-off c.h;~racterist~cs were o h t a ~ n e d  b y  nunic.rically integrat ing the \qu;~rc ;~)>crturc d i t l r i b u t i o t ~  for each o f  It) d i f f e w n t  cuts  

over a 45 degree sector o f  0. ' lbesC c.ilts were t l ~ e t i  :~ver;rgctl a t  vach 0 t o  g lvr  tl ie pattcra sliowrl. The r ~ ~ s t t l t a e t  subarray sidclohes 

also r o l l  o f f  ; ~ t  a 30 dh/drcade o f  angle. 
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Array Pat tern Roll-Off Characteristics 

ANGLE, DEGREES 



TOTAL RADIATED POWER VS ANGLE 

T o  ~ J b t a l n  a clearer vlcw of 11ow 111' total cnrrgy I \  d1crr11)irtcci t l lc avcr.ryc p;~t tcr l l  Icvcl .IS ;I IIIIIC~I#)II 01 ;~l:gIc car1 hi' 111tc~ratcJ 

graphri.,rlly U) wcrghtrng a rrn 0 t C m ~  ~ l l 1 1  at1 ~ d d ~ t ~ o r l , . l  ~ l ~ u l t l y l l t . r  p lopor1 II,II.I~ l o  0 .  ~t is pov,il11c l o  fake OLI: IJIC ~ r e a  hl;~'i pro-  

duced by the l o g t r ~ t l ~ m r ~  p lo t  Hcpe;~l iny t l ~ r \  1 1 1  ten i l \  01 powtb l  r a l l l c ~  t11.11b dl). JS s11ow11 in 111s r.~,.lrig c11;lrt. prb~-s  a curve. 1 1 1 ~ ~  

area under  whrch rr:prewnt\ the rad~a t rc j  p o s e r  



D 1 d0-22876-7 

Total Radiated Power vs. Angle 

SCATT f RING DUE TO SCATTERING DUE TO 
ItJTER SUBARRAY RAMOOM SUBARRAY 
ERRORS 1108 2100 OFFSETS : 18 CM 



COMPARISON OF I 0  DB GAUSSIAN I)ISTRIBUTION FUNCTIONS 

A"I THEIR FAR FIF.LI) POWER DISTRIBL'TIONS 

Power quantlzatlon from subarray to subarray i s  used to approxlnlJ11. l l l c  desired continuoirs I O  db Gaussian aperlure distribution. 

In order to check t l i e  pvttcrn 5cns1tlvlty to quanl l~~t ion .trp si/c. cluvl~t~zation \ ,~ lu~* \  wsrc vvrlcd as shown on the figure, I l l c  

secondary radiation pattern!, wcrc calci~lated and cxam~~icd for culn(uriit1vr. hcamwidth and \idr. l o k  lcvcl. As cm he wen. tile 

variations arc negligible. 



I MPTS - Reference 10 dB Taper 
s 



OUANTIZEI) LNHANCEI) SPACETENNA CONFIGURATION 



s 
1 

Quantized Enhanced Space tenna Configuration 

&"m.rYm - 
5PS 1690 



ALTERNATE CONCEPTS 

1're.nrslng al ternatr cdndldates l o r  the r .~ t l r .~ t lng clement\ ol' l l l c  sp.~co borlrc tr ; l l l r l l l~t l r*r  

o C y l i n d r ~ c a l  Lens H o r n  Arru) 

n Travel ing Wave End k ~ r e  A r r i ~ y  

o Enhanced Slot Elemerrt 

Thc lensed h o n i  e n l \ ~ b ~ t s  c x t r e ~ i ~ e l y  111gl1 e l ' l i t ~ e ~ i ~ ~ y  ;, rcb t~ l t  01 IIIC Icl i \  111 t l ~ c  110111 .~pcrt t I rc.  

The traveling wave end f i re array p rov~c l~ . \  .in ope11 t l r t ~ c t u r c  w l i ~ c l ~  IS t l ~ c r ~ ~ r ; ~ l l y  t r,~ll\parr.llt 

U u n g  enhancing c lc~r \en ls  o n  eitch 01 t l ie r d t l ~ ; ~ t ~ l r g  \ lots Ilr ;I p l ;~n ;~ r  .rrr.ly ~r.J~lr.r\ ~rru lu ; l l  ~ t > r t p l l ~ l g  i1110 c o ~ i s c t ~ r ~ ~ ' n t I )  l o w s  JLIC to 

edge e f k c t s .  A l though  prolnlstng. s t ru t  tur i l l  LOIIIJ>IL.XII y o r  I I IL~~~X'J  I~I;I\\ I~~IvI' r ~ ~ r ~ l l o r c ~ ~ ~ l  111~' ~ I c c t ~ o ~ i  01 1111' \ lo l tcd wilvcguidc 

for the reference Jrs iyr l  f o r  t h ~ s  p11;lre ol' I11r r t i d y .  



Alter~~ate Array Candidates 
s 

- * 1 ) b I B Y B  - 
DEPLOYABLE PARABOLIC ARRAV UNFURLABLE GORE TYPE 

PARABOLIC ARRAY 
HORN ARRAY 

SLOT.DIPOLE ELEMENT 
CYLINDRICAL LENS TRAVELING WAVE END FIRE ARRAV 



INPUT IMPEDANCE OF STANDING WAVE STICKS WITH S RESONANT SERIES SLOTS 

The ef fcc t  of w c k  I c n g t l ~  and r l o t  r p i l ~ l l i p  v; l r i ;~t lo~i w.14 ; ~ l ' l > r o . ~ ~ l ~ c t l  t'roln 111~' r t , l~ i t l l?o in I  (11' 1111\111;1tcl1 101 1I1r hrnatlsiOc rtwtia111 

array. I'hls IF p r c d o m ~ n a n t l y  an ~ m p c d ; l n ~ ~ s  ~.l ' lcct. t l i r  t l cv i ;~ t l~ in  ol \ lo t  rpacitlg I r o l i ~  X y 1 2  tlrlc t o  I c ~ i p t l r c ~ i i ~ ~ g  o f  Ihr r n t i r c  sl ick o r  

change o f  g u ~ t l c  wavelength arc p r i l n a r ~ l y  t o  h t l ~ l t l  u p  t l l r  VSWR .11 I l l s  Uccd 11oinl ol' Illc stick. 1111s ir i l lu\ l ratst l  fbr II vtr111g of' fivr 

series slot5 each d e v ~ u t ~ r l g  by 0.OIXg II~III 111~- rtnsolI;lllt S ~ J C I I I ~  oI'Xg12. kro111 t l ie S ~ i i i t l l  cli;~t! i t  L.;III IW w e n  t11;1t th is  1l~viat1011 is  

equivalent t o  the ~ n t r o d u c t i o ~ ~  o t  .I n o r ~ i i . ~ l ~ z r d  c u r c c p l a n ~ c  ol B' =.0(>. 7'11~ r i ~ t l o  of powtSr  r lc l~vt* rsd t o  Ilri11 wi l l1  the In;ld n1a1cl1c.J 

can he wr t t t c l i  ;IS a ~ ~ i ~ s n ~ a t c l ~  101s LM 

wllerc B' = t l ~ r  to td l  normal i red suweptance introduced hy al l  t l ic slots. 
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Input Impedance of Standing Wave 
with 5 Resonant Series Slots 

Stick 



SPS SURARRAY UISSES DUE TO DlMENS1ONAL TGLERANCES 

Because ol r n ; ~ r i i ~ f i ~ c t t ~ r ~ ~ l g  to le r i~~ lccs  i l : l c l  t l l c n l ~ a l  t l~stor t r r~ l t \ .  w;~vrguid' s i ~ '  ;IS w~. l l  as slot shol?c 2nd posi t ion wit; be displaced 

f ron i  theoretical Thcbc d i ~ i i e ~ i s ~ o n i r l  cllanges w ~ l l  product* u ~ i w o ~ i t e d  sca t l c r i~ i y  irrrd i11llwc1;rncc ~ i t i s ~ n ; ~ t c l t  r c a r l t i ~ l y  in ;I ret luct ion it1 

eff ic iency. Factors a f k c t i ~ i g  tlir l o s e s  i n  the Sp;~c.'tcn~ra wcre s t i ~ d i c d  for ;l w t  .~1'yivcn m a ~ i u h c t u r i n p  a ~ i d  con t ro l  to l r r ; r~~~.cs.  

These were found  to produce ~ i o ~ ~ - d ~ s s i p a t i v c  power losses o f  1 .X7'/1 i lnt l  di\sip;ltivc powcr  losses o f  I.S'.C f b r  A l u r ~ i i ~ l u m  p l a t r d  

waveguide 9.0') x 6 c m  I .D. T l i cnna l  r fl'ects were f o u ~ i d  to Ijc t ~ ~ ~ g l i ~ b l r  it' co1111,o\it~ wavcgi~ide W~IS used. A t i i ~ ~ i i h c r  o f '  h c t o r s  

i n c l . ~ d i ~ i p  tolerance i n  t l l r  I'cetlcr guide fro111 thv k l y 4 r o n s  i l l id heilni squint due t o  stick errors w c w  l'oittid t o  producc arpl iy ihle 

power  losses. 



SPS Subarray Losses Due 
To Dimensional Tolerances 

w I@BJ'pr - 
SFS1843 

MAIN B E A M ~ E R  
DIMENSION TOLE RANCE EFFECT DEGRADATlON 

SUBARRAY SURFACE 

TILT OF SUBARRAY 

iW MILS RMS SCATTERING FROM 
PHASE VARIANCE 

0.1" AVERAGE SUBARRAY PATTERN 
GAIN REDUCTION 

GAP BETWEEN SUBARhAYS t.2S"AVERAGE ARRAY FILLING LOSS 
1- AREA LOSS) 

STICK LENGTH t30  MILS MISMATCH LOSS 0.02% (2) 

WIDTH i3 MILS MISMATCH LOSS 0.12 

CROSS GUIDE LENGTH 230 MILS MISMATCH LOSS 0.02% (2) 

WIDTH 23 MIL! MISMATCH LOSS 0.03% 

SLOT OFFSET i0.5 MILS SCATTERING FROM 
AMPLITUDE VARIANCE 

TOTAL 1.8796 

LEGEND: ALL LOSSES ARE ADDITIVE. 
f 1) lNDEPENOENT OF SUBARRAY SIZE. 
(2) INDEPENDENT OF STICK LENGTH. 
(3) REFERREDT 

(31 REFERRED TO AVERAGE STICK LENGTH O f  le.7 Agl 2.76 METERS 
(41 ASSUMES MEAN SLOT OFFSET ERROR IS ZERO. 



EFFECT OF DC-DC CONVERTER FAlLU RE 

TIIC "BI~~I~ I I I "  ~ o l n p u t c r  plogr'un N.I \  L - A C ~ ~ C I ~ * ~ I  to ~IO. ILJL-  ~ . \ l l l n  I IL . \  ot ~ L ~ ~ ~ ~ I I ~ ~ ; I I I L . ,  ~ l ~ - g r ; t ~ I , ~ l ~ o ~ i  d111, t o  tllc I:II~u~L- of OIIC IN'-M' 

~onber tc r  ~ ~ I I L ~ I  \11ppllr\ proce\wd p o u ~ . ~  t o  420 K l > \ t r o ~ ~ \ .  C.IL~I 7 : )  lib K f  'I l~r. rc.\ul~c il~ctic.;~ts a11 aiilcniia e l l i c ~ c ~ i c y  dsyrads- 

t l o ~ i  ot ro i~ghl)  0 4 t o  0.5 percclit ant1 .in i l l r  rc .w III I ~ r \ t  \rdclollc IL*\L,I 0 1  . i l )o~it 0. I l o  0 . 3  dl) dcp~*i lJ lng ~ I I  t l ~ c  loc;~tioii of tllc 

tl~.ablcd converter. The lot.11 powsr lo\\ t l ~ ~ r . .  ;~pl>r~b.~cl~t*\ 0 9 p~-rcc i i t .  \IIILL .1C1~111io11.11 d ~ \ r o i ~ ~ i c c t c t l  Kt' 1wwr.r is ;itldctJ t o  tlic 

reduced array el ' f ic~e~icy 



Spacetenna Section 
With One DC -DC Converter Failure 

@OfINE - 
SPS-13aa I 

- - -  

NTENNA EFFICIENCY REDUCTION 

0.6 dB FIRST SIDELOB2 LEVEL INCREASE 
0.4 dB FIRST SlOELOBE LEVEL INCREASE 

I 
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RF Transmitter 
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Methods of Focusing Klystron Beam 
S 

E LECTROMAG. 
NET lC 

SOLENOID 

t-9 -. 

MULTIPLE 
POL€ 

EM 

77 
PPM 



BASELINE KLYSTRON DESIGN I 70 KW 1 

The b ~ w l l n c  durlgn was ~ r r ~ v c d  at o t ~  tile t o l l o w r ~ ~ p  c r~ t c r i ; ~  

o Powcr I c w l  of 70 kw C ~ I I I ~ J I I ~ , ~ ~  wit11 il nii~x1111ti111 voltilpv 01 42 (rb .III~I it ~~,IYC.IIILC IIO/VO'I/~I 01 0 5 x lo4'(). rCsl l l t i i lg 111 

l i lgh efficienc.~. 

o H F  Drs~gn.  S ~ r ~ y l c  x c o n d  I ~ u n i ~ c ~ r i ~ c  ~ ~ I I ~ C ~ I I I I ~  cilv11y ~V~II~(III): III bhort i t i f ~ ~ r ; ~ r I ~ o t ~  I c * r~y t l ~ .  (I c . t v r : y  cl'~\rgtr lo g ~ v c  411 ill) ~ I I I  

I e., iea\iI>ll lty of solid s I i 1 1 ~ ~  drivcr ti111c. 

o F~CLI~III~ B v d y - w t ~ i l j d  I t g l ~ t w c ~ g l ~ I  ~)IL-IIOI~ l o r  low r14, III~~I C ~ ! I L I ~ I I L ~  i i p j ) r o i ~ ~ t ~ .  

o C'athodc: Coated powdcr  o r  mcrltl 11l:ltrrx n l c d i u n ~  ~ o n v c r y ~ l l c r  i i ~ f l ~ f w l r  t o  o l ~ ~ ; r i n  ;In cr l i twarr o l  < I I J  n)ir/L.I)i2 l o r  30 Ysitr 

l i fe t o  rnlrssion wcuroul 

o Thcnnal  k t r p n  Hi* i l t  ptpc wtt11 ~. I \ \ IVC r.id~ittor* to ~IIII;III\ ~IIC 11cblr~xI ( 'W IL-vL-I WII~I co i l nun  .I~IVL* IIL.,I~ i l t \ \ i p , ~ t ~ o ~ ~  ~;I~III~. 

o At~xr l la ry  Protcc Iron Mot lu l ,~ t r~ iy  . ~ i l t w l c ~  to proc.~tlc ri111d l,rc~t~-c trot, r l t t t t  011 ~ ; ~ p . r l > r l r t ~  ill Il jr.  ~I~III~IIIII;~~ ~IIOL+ IL'\L*I. I ~ o p c l i ~ l I y  

obv~l r t l l ig  thc neod l o r  c r o w - h ~ r  type ol t i r r~ i -o l l  



70  Kw Klystron 

IUIa?#&? - - 
INTERNAL COLLECTOR 
HEATPIP€/EVAPOUAfO~s- - REFOCUSlFlG SOLEMOIO 

I MAIN K)LEHOID 

1 
CAVITY/X)CLNOtD HEATPIPE 

/ -RF INPYIFROM 

EVAPORATORS 
' SOLID mATE 

COLLECTOR 

OUTPUT VlAVLGUlDE 
.-, + ---h-r-l=- un 
0 



ESTIMATED EFFECT OF COLLECTOR DEPRESSION 

The re l ; r t~onsh~ps b e t w r c ~ i  kl)  \ I ron  pJrarl l ' t~r4 r c q ~ o r e d  tc) OP~IIIII/C L - ~ ~ I L I L . I I C ~  .trc \IIC~WII N~I)OII~II 11 i\ r ~ * I i t l ~ \ ~ * I y  c;$sy to i~tcrciise 

the obrral! r f f i c w n c y  [.om \;I} 5 0  to 65'; ur lny a ?*~J$C t lcpri*swd ~ o l l ~ . ~  l o r  w 1111 J c.otlcctor cncryy rc iovcry of ~ h o i c t  70'1. 1111. 

task 0foht ; r rn lng an 85',; e l l r c ~ r n t  k lyst ro l l  wrl l  Irklmly rcclctlrc thc IIW ol ,I T- \ t~yc  ~ o l l ~ * b t a r .  W ~ t l l  .lo t~t~dr.l*n.\u.il iafl'ti.rcncy or 74% 

and a col lector recovery of 50"  il nct c t l ~ ~ r c ~ ~ ~  y nf R'..; worrlcl hc r z a l ~ / r ~ i l  'Illr. i l c \ l y~ r  ~ ~ ~ r , l r ~ ~ c t c r \  l o r  ;, 70 Lw k lyd ron .  h . twJ  011 

E q u a t ~ o n  (I ). *upport t l ~ s  C'S~III)JIC 
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Estirna ted Effect of Collector Depression 
I 

Y'S l W 1  

.8 -85 .9 -95 CIRCUIT EFFICIENCY. r) 

.6 .7 .8 ELECTRONIC EFcIc IENK) ,  
25 

20 
3,STAGE COLLECTOR 

10.STAGE COLLC,CTOR 

15 

10 

5 OLLECTOR RECOVERY 

I 

LEGEND; 

l DESIGN VALUES -0 ON EXPERIENCE 

@ INFEREO VALUES PROJECTEO 
FROM LOW EFFICIENCY TUBES 

@ KLYSTRON EFFICIENCY 
(EXCL. SOLENOIO) 

1 INFERED 1  CALCULATE^ 

"0 60 70 80 90 1 
KLYSTRON EFFICIENCY, PERCENT 

(NO DEPRESSION) 
14' 



*ROJECTED LIFE OF THERMlONlC CATHODES 

Assurance o f  3 0  year r.1'. transmitter l i fe win wquirv cont in r~rd  tcstiny ant1 iIswnullent l o  1rrovic)c u cwdihle t lotr huw from which 

t o  select c i t lwr  a cold callroclrt o r  ;I thermionic s i ~ t h o r l ~  oprrntion. ti i l l\ wcondury u~irission cold ua~llrinlcr ( k r y l l i u t r t  Oxirlr) huve 

best known l i fe o f  18.000 ho i~ rs  and n-quirt oxysrn rvpCnis11111cnt. k s t  pli1tin11111 u i ~ t l ~ d s  t lu t i~  is cunu~ t t l y  1 0 . 0 0  h o i ~ n r t  J 
GHz. &st t h e n i o n i c  cathode l i fe rloto o n  tlre lntclaut tralrsnritter TWT* ;lnJ BMKWa is ovsr 50.000 l iours and cuthide wcurur~l  

due t o  enrission sun be designecl t o  he 30 years wi th conwrv;~tivr. currvlrt dr~~rai ty.  Titc cu~~d i i l u l e  t l~cnr r ionk  ~ i l I I l c W l ~ b  anB proven 

oxide cathode o p r r a t i n ~  below W C  and Tunycten rnlltrix cuthodcs at sliyhtly ovcr 1 0 0 0 ~ ~ .  k t u u l  c u t k d e  tenting houW hr. 

conducted i n  v rculistis s i~t l~ot lc- tobe e n v i r o ~ ~ n c n t .  not just ;I d i d c .  Tlrc SPS tuhc Irilriillletsrs ;IN son~putihlr* wi th c o ~ ~ w ~ w o -  

tive cathode ratings wi th  u cuthodc t o  h c i m  converwncc of Icsr t l ~ u n  SO. 

T o  avoid excessive infant mortitl ity. u burn-in period is recomn~endetl. whiclr may hr. posrihk i n  Vuw. Tlrc c(ncntion of o w n  cnvc- 

lope operation requires f i~r t l rer  aswssnlent of space contan~inu~rta u~rcl con orfer a ig~~i l icunt  r ~ s t  reductk~n if wuli/.aMc. 
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Cathode Emission Data 

RANGE OF EMlSSlOM 
LOADING FOR 30 
YEAR LIFE 



KLYSTRON PROTECflVE DEVICES 

To assure reliable operation. hopefi~lly in nbsrt11c.r of a crowhitr circilit, scvt.*r;ll f'i~turcs itre proposed Tor insorpowtion into tlir 

klystron design and external circuit monitoring. Thcs include: 

o Modulating anode which provides rill)itl sl~itt-oft' fei~turr. ~ l ~ ~ i ~ l d  r.1'. drivc hil. or tuhe h1111t down in cilw of hody or c i~thdc- 

to-modulating anodc i~rcing. 

o Arc detector in thc ontput w;~vcguidc to sliut ofl' r.f. drivc. 

o Botly current ~~ionitors to asses% t';ltl,cxlc p ~ ~ r l ' o r ~ ~ ~ i ~ ~ i ~ c  3s ;I I'IIIIC~IOII 01' I~II~L*. 

o Collector current ~nonitors as possible indici~tors of i~~tt.-r~ial awi~ig. 
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Klystron Protective Devices 
1 

SPS 15 78 
H ' ' r Y 6  

PROTECTIVE FEATURES 
t RF DRIVE SHUT OFF WITH 

OUTPUT WAVEGUIDE ARCING 
2 THRESHOLD CURRENT OET ECTORS 

Dl RECTlOkAL DISCONNECT I F  INTERNAL ARCING 
3 HIGH RESISTANCE ARC OUENCHlNO 

IF INTERNAL ARCING 
4 6 0 0 Y  CURRENT METER 

MONITORS CATHODE EMISSION 
5 VISUAL ARC DETECTOR 

DlSCONNECTS TUBE IF EXTERNAL 

6 TUBE DISCONNECT 
DRIVE MOD ANODE VOLTAGE 
TO CATHODE-REMOVES 
BEAMCURRENT 

, . ' AN00 

BEAM REFERENCE 
STABLE REFERENCE & PILOT 

a - A 

REGULATED BUS / 
- 



SPECIFIC WEIGHT OF WCROWAVE TRANSUIIIERS 

Specific weights of commercially available C W. transmitters vary over a large ran* of puametero. Crossed f d  omices nrh 8s 

the amplitron. due to their compact interaction region arc clearly superior in the r e m c  below 100 kw CW. Broadband deices, 

such as the helix and coupkd cavity 'IWT have never been optimized for low specific weight and arc not directly applicable to SPS 

where the advantage of narrow bandwidth can be utilized. Amplitrons, utilizing relatively recent Samarium Cobrlt improvements 

In permanent magnet technology are projected to have specific weights of k l o w  1 Ib. per Kw. klystrons at the 100 Kw kvel 

w ~ t h  conventional solenoid focusing are typically 5-10 Ib/Kw but with a solenoid wound d k c t l y  on the tube can approach 2 Ib per 

Kw and probably below that at higher powers. At the 50 Kw CW level, a klystron design can be conceived using combined 

PM/PPM focusing with a specific weight of about 1.5 Iblkw. The choice between an arnplitron and klystron wia have to be b a d  

on realizing the above values and on other system considerations such aa efficiency. gain, antenna integration and rrliabitity. 
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RF TRANSMITTER ACQUISITION COST 

The attached chart points 0111 the importance o f  proper power level sclect~on to  o p t i ~ ~ l i t '  r.1'. transriiittcr acquisition and rcp l~cc-  

ment cost. The indicated cost is b;~srd o n  tlie lbl lowing cstinlatcd tube costs and MTBF's. 

T u b c _ T y ~ .  Pc~wer Cost M XI' (.Years) 
( 1 )  ( 2 )  

An] p l i  I ron SKW S 100 30 I S  

Klystroti  50 2 700 '8 14 

2 SO 0000 24 1 

so0 7500  '0 10 

Cost o f  trailsportation t o  spacc is S(10Ikg. Pawivc cooling is a s s t ~ ~ i i ~ d .  0tllc.r sy\tcm I'c~ctors \ucli ;IS cflicicncy . p i n  differential. 

maintenance cost and x-ray environment an* not i~~cluclct l .  TIiv a~i;~lysis intlic.;~ter tll;rt tile Ii iglicr power level k1yst:ons arc com- 

petitive wi th amplitrons o n  this basis and o t l i r r  \ystrni par;laletcrs w i l l  in Iluencc tlic i t l t in~atc  transtiiittcr wlr~ction. 



RF Transmitter Acquisition Cost 
for 6 Gigawatt System 

1 .o 

.6 

TRANSMITTER ACQUISITION 

& 10 YEAR REPLACEMENT 
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MPTS POWER UlSTRlBUTlON SYSTLM BLOCK DIAGRAM 

The MPTS power disfr ihtt t iott  syslrnn) provide! jrowvr tr;rr~snira\iotr. ~ . o r ~ i l t t i o ~ ~ ~ r r p .  control.  irnrl \ to raw l i ~ r  a l l  MYTS ~ I m l c n l b .  Tlis 

antenna is divided i ~ t o  228 powvr c o ~ ~ l r o l  qcvfon. c i r c l ~  wctor prov i r l~ng  power to ; r~~ l~ rox t t~ t ; t t c l y  420 klyslrons. Tllr t w u  k lyst ron 

depressed col lrctors wlrivlr r rqt r i r r  ~ h r  ~n;,jt,rity ol nrppl\ttl power ;lrc p r t ~ v l d c ~ '  w11h pc>wtr t l i rcct ly front the power wnerat ion 

systt.m to ovoitl the dc/dc c r ~ r i v t r s i o ~ ~  lorscs. A l l  o t l tcr  k lyst ro~,  ~ ~ l c r i r c n l  power r c i ~ u i ~ r n t ~ ~ t i f ~  itrc provit lc i l  11y t lw  I)('/IK' converter. 

Systcrn d~sconnccts are rrovidecl l o r  isolirtion ol ~ * c l ~ r i ~ t r r e ~ r l  l i)r rrpir i r  i ~ t i ~ l  ~ ~ t i r i t ~ t ~ t ~ a ~ ) ~ ~ ~ .  



MPTS Power Distribution System 
Block Diagram 

- 
ROTARV 
JOINT 



MPTS CONDUCTOR -€SIGN PROCEDURE 

Aluminum shr r t  c o n d ~ ~ r t o r s  wrrrl wlrctcd for routing power fro111 tliv rotilry joint t o  power stBclor rotrtrol dncr tlrcy rrba~lt i n  ;I 

rnit~irnunl mass cotldrrclor systcn~. ~c;r tl ls concluctor wplirc~rt \l lown i ~ r  tlrc I'igurcr ;I co~rt luctor operating t rmpcr i~tnre car I w  

selected wt r i r )~  wi l l  minimi7c t 1 1 ~  ~ i ~ t ~ l l ~ t ~  nlilss. A gc11cri11 C;ISL. for ~-1ect101i nl' t11e op t i~~ run r  condur.tor tcnrprr i~tr~n.  is sllown in 

the fipllre. Thc conductor III;I\~ for tl ic shcvt uo~i t lu~. tors fro111 tlrc rot;lry i o ~ t l t  to  tho power control \uhct;~tiorrs wits cor lputc i l  t o  

he 270.577 k ~ l o g a ~ i l b  wit11 an I:H loss 01'  145.5 I l \cgi~w;~t t \  for t l ~ r  vntlrc ;Illlcnlr;l. 'Ilrc tot ;~ l  II~;IS~ wl~iclr i\;1ltril911t;lhlv t o  1111' 

MPTS conductor system is tlre ni;ls\ ol' tlrr, oontluctors plus tlrv niilss ol' tlrc ilrrily rctluin'tl t o  cotnpcnwtc for  r l r ~  I ~ K  Ions at' thc 

concluctar systetir. 



LOCATION b ROVllNO 

s 

THERMAL ANALVSll 

MPTS Conductor Design Procedure 

PLAT ALUMlNlM CONDUCTOR 01MENSION8 TrW 

--- 
SPS. 1w 



COMPARISON OF POWER DI!WRIIIUTION CONUUCTOR MASS 

For r given d.c. p w c r  lcvol 111 tho r.l'. trans11tittr.r. wr iour r~ot ts ic l r~r ;~ l~ot~ ttlusl Iw piv'lt to  tl lc r l~s t r ih i t t io t~  VO~~PJP'. 1101 only o n  t l ~ r  

basis of LEO/GEO plasma r f fects or ~ i c i ~ r h y  X-ray Icvclh. 11111 o l t  tllr* l u \ i s  01. t2t( lclrv's svitltitt IIIL* ~ i t l c l l i l r ~  c t i s t r i l ~ ~ l i o r ~  w l w o r k .  :I* 

they arc impacted by rhr s o ~ ~ d u r f a r  s i ~ ~ / r t t i ~ s s  st*lcr.tiot~. TIIC I ~ H  loris rt~ctrt hr r s ~ t l t p v ~ ~ r ; ~ t c ~ l  hy  ;JdiIiorr;tl lpltotcwolluis) p w v r  

grnerr t iat~ capacity 3. I S  kylkw). i ~ r ~ c l  i l ' pn~r .~* rwc l  pr)wr.r ra t ~ . ~ l r r i r ~ r l .  will1 rcrl\~titl;~trt i ~ r~ t i vc  t l~r ' r~rra l  control (fu 14.5 ky/kw of' 

thermal Ileal dissipalrd. wi th c)h'/F eflic1011t L J T - ~ T  coltVci.tcrsI. 

Thr attucltrd c l l i ~ r t  sltows lltr, rcrtl1t (11. ill) t ) ~ ~ l i ~ t t i / i ~ t i o ~ ~  l'ijr two 1) 1 ~ s  01 i l ~ s t r ~ I I t ~ l i i j ~ i  s y s t ~ ~ t ~ t s  lahill# I1;1t ;I~II~II~~~IIIII r*o t t i l~~c t t~rs .  11 

clearly Bows that hiylr current r ~ n p r o c c s ~ d  powcr rcclt~irr.~~tr~ttts corl rssnlt ill ;I Iitr#ra ~ ~ ~ n t l u c t o r  ~ i i u r s  (wnally. 'rhin fur tor  is of' 

s u f f w k n l  imp;lct t o  wurrdlit inclusion i n  any mc i~ t r i ny l i ~ l  r.f'. t r i~nun i f fc r  ~.carftoriw>n. 



Comparison of Power Distribution Conductor 
s Mass for 20 KV & 40 KV System 

UNPROCESSED POWER aaw 
~- 

FLAT CONDUCTOR 
(CONSTANT THICKNESS) 

DROP BETWEEN ROTARY 
JOINT 81 TUBE = .8KV 

2 

EXAMPLE 

AMPLITRON 6 20 KV-UNPROCESSED POWER 
OPTIM'ZED CONDUCTOR MASS = 6.3 x 1 0 % ~  
I*R LOSS - tax - 3.76 x l@kg 

(e3.15 kg/kW 9.06 x 1@ kg 

KLYSTRON O 40 kV-15% PROCESSED POWER 
OPTIMIZED CONDUCTOR MASS = 2.7 x l@kg 
WST OF PROCESSED POWER 

15% OF 4% THERMAL LOSS 
OF CONVERTER O 14.6 kg/kW = .71 r 1@ 

COST OF CONDUCTOR I ~ R  LOSS 
7.3% O 3.16 kg/kW - 1 . 8 9 ~  10@ 

6.3 x l@kg 
DIFFERENTIAL I S  b 76  x 1@kg - 0.66 kg/lrW RF 

CONDUCTOR TEMPERATURE 



DC/DC CONVERTER 0PTIMIZATH)N 

The results of r K/M'  converter oni~l).qis. p r r l o r ~ i r c d  h y  tlic. ( i c ~ l ~ r i ~ l  t l e c ~ t r ~ r  ('olapany an' ?JII~WII i n  the figure. Tl~r to ta l  nl;lrs i* 

composed o i  the DC!M co~ ivc r te r  mas., plus tlre al i~cs o l  t l ic r;~J~;ltor sy\tVm rrcluirr.(l t o  c.cn)l tlre converter plu* t l ie additiocl;~l sat- 

el l i te ,lass required t o  g c l l e r ~ t r  t l iv powcr  t o  ~OIII~L,IIVI~C tor colrvcrtcr c.le*ctrical lo\\. r l i e  t r ~ i n i n r ~ ~ n r  to ta l  nraw cxc~trm at  a con- 

verter switching I'reclr~ency ol 'approxi ln;~tt* ly 20 k i lo l~c-r t /  w l r ~ c l i  correglont l \  t o  ;I c.onseartcr cpcbcil~c nrass ol' I .O kg/kw. r!ld 311 

c f f i c ~ e n c y  of 9 f p  percent. I l l c w  vall lc\ 'wcmr~ IISC~ I'or I l l c -  I l ; ~ u ~ l ~ ~ i c  MPTS 1,owr.r J i r t r ~ l r u l ~ o l i  s y * t c ~ r ~  rle-sigci. 



DC-DC Convertor Optimization 
- I##'#& - 

Y - r  I C ' I  

RADIATOR MASS - 14.9 KG/KW (LOSSES) 

SOLAR CELL MASS - 3.15 KW/KW 

CONVERTER CHARACTERISTICS 

150 200 CONVERTER LOSS, KW 
0 I I 

1 10 30 SWITCHING FREO., KHZ 

1 0 3  



INTEGRATED KLYSTRON MODULE 

A n  integrated klystron nlodulr. sited t'or inntc~llrtion nvitr thc cc l l l r r  of tl lc untclrn;~. is shown. T l ~ c  nlajor 111otlr1k conilr<mcntn and 

their placement a a  noted. 

This m o d u k  configurulion r e u ~ l t c d  i n  u very tit in. 33 ciBn t i ~ ~ ~ c t r r .  a ~ b i r r r i ~ y  ;lnd i\ Illore c o ~ i d ~ i ~ i v c  t o  cart11 fahric8timl. tc%linp and 

t r insport  t o  tl\c antenna u s s r ~ ~ ~ h l y  locr~tion. 

For  this study. the u~h;lrr;ly wils the s y s t c ~ ~ ~  LHU hut wit11 I l l is t y p  01' rlrtlcturc. tl lc III~HIIIIC ~ . o t ~ l d  Itc III;NIC 1l1t0 LHU wit11 only 

slight modifications. 



Integrated Klystron Module 
1IBI I .Yrn 

POWER MONITOR 

THERMAL CONTROL RADIATOR 

THERMAL CONTROL HEATPIPES 

KLYSTRON 
SUPPORT BEAM 

SOLID STATE 
CONTROL DEVICE 

RAOlATtMQ WAVEGUIDE 

LATE RA t *€AM - POWER DlSTRtBC. &ON CABLING 



INTEGRATED SUBARRAY 

A n  i n t e p i t e d  subarray fo r  tl ie Lowest power dcnsity near t l i r  spocctenn;~ periphery i s  s l iow~i .  I l l i s  stntctural ronfigt lmtion sliovn 

where the module components an. lw:l tcd and l iow tbr  integral structure w i ~ \  a~.hicvctl. 

The structure supportllig tlie k l ys t ro~ i  is dcsiyncd t o  acccpt t l ~ c  variable ni11ii1rt.r ol'modulcs per st~harray nccrswry for o i ~ t p u t  

tapering. Tl lc same basic approacli was iiscd t o  lay out sulr;irr;~y structurrs ;t~id coliiponclit locatio~r\ for  tlie otlrcr powcr densities. 



Dlw-' '6-7 

Integrated Subarray 

+MODULE SUBARRAY 

1 67 



POWER TAPER INTEGRATION 

Tile actual integration ol powcr d ' ~ l \ ~ t y  rlllg\ i\ illt~str;~tcd 011 t111\ VICW o I ' o t ~ ~ * - l i ) ~ ~ r t l ~  01' tI1c r;ltl~;~ti~lg I;ICC 01 111~. aritcn113. Listcd 

for each stcl, art' tlic nu~nht'r o f  modulcs pcr \uh;~rr;~). Illc 11i11l1i)t'r 01' u ~ I ~ . ~ r r . i y \  01 :11;11 t y p ~ .  3 1 1 ~ 1  ~ l i c  1111111I>cr 01'kIystr011\ in Il1;1t 

step for one antenna. 



I 23lml77m NO. 
SUBAR RAYS 

1 836 272 

S 

STRUCTURE 

D 180-228767 

Power Taper Integration 

10 8 4  lo00 
.- - 

TOTALS 6.932 

lmP'm.E 
sPS1188 

500m 422m 366m n 4 m  SUBARRAY 7 

POWER OUTPUT: (ANTENNA) 
(GROUND) 

NO. 
KLYSTRONS 



SPACETENh . STRUCTURAL CONCEPT 

Prin ;iry Strt~ctr~rc 

.I 11e artcnna prtntaql striictrlrc IS ,I lctr;~l~cilr;~l pI;tii;~r truw ii~itl giv~*s ilc1?tl~ to lltc i~tttcti~i;~ l'or bttfl'~ie%\ :111d stul?ility. mie priliiav 

struuturo supporl\ tho scco~iclnry slnicture, powc~ il~strilrulio~i huws. (rowtbr conlit io~~iny ci(i~ipmct,t. Ilicniiul cotilml coliipBncnts 

an0 prwidc.\ 11)r antenna ynkr attilchtii~:nl. 





SLCONDARY TRUSS-MODULE 

T h e  antvnna secondary \truiturt.. supporlltlg thr c ~ ~ l l . ~ r r ; ~ y \ .  I \  .I tctrallecfri~l plitt~itr tr11\5. I ~ ~ J i v l t l ~ t i ~ l  ~ ,~rnl~l l r . \  ttli~y Iw h111l1 1!p in .i 

planar Cashion lo  form 111s p l ~ n a r  rudwttny I ~ c r  c ~ l  tllr J I I ~ L ~ I I I ~ ~  Stxly.c~~lr.  ol ~ l l c  11vx;tgoaal III,IC~LI~L.\ arc r r t i111~t l  In Tcvc ring\ to 

complctr t l ir  sc~ondary \trt~cturr 



Secondary Truss-Module 
(Subarrays Shown) 

-I- 



MPTS MASS AN0 COST ESTIMATE 

I n  o d c r  t u  obtain thc desiwd p o r r r  tapvr ;rt.ro\\ t l ~ r  r;rtJr;~t~ri)r apvrturc o f  t l i r  y1accttbnnir. tlrs \ul~arr;~y\ o f  w l i i c l ~  it  is cocnpriwtl 

must conlain varying nu rnk r c  o f  klystron rn tw l~ r le~  .I'III\ cliar! ~IC~ILI\ tllc t a \ t i ~ i ~ i r t C \  oI'nia\\ i r l i i l  <.mt for tl ic ind iv~dual  t y p o  o f  

suhanays. thc strt~cture controls. power distrrhutrtrri 5yatcrtt .~rrd C(IIIIIII IIIII i111tI ~ . (~t i t ro I  ~ t r l ~ \ y * t c r~ t .  

Thc antenna n i a v  summirry s l iow~ i  is s iyn i f ic i~r~t ly  I;lrgrr t l ~ i r ~ i  prct lou\  maw c\tr~i~;rlcs. I l l c  I;~rgc\t yrowtlr ;Irca\ a.u pow'r J i \ t r ~hu -  

t ion (K-DC convcr tcq ~ ~ i c l t ~ t l i n g  f l ~ c n ~ i a l  c o ~ i l r o i  D i~rr i t  RF ( i t  1i~ri1ti~111 t k l y * t r t ~ ~ ~ \  ~IIL,III<III~~ t l l t - r ~ ~ ~ i ~ l  ~~or i t ro i ) .  
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Nominal MYTS Weight and Cost 

b IUS t:dlket h MAS8 (M.T.1 Cost 410s 81 

1.0 i .01.04 MPTS 

1 .01.01.04.00 COMMQN 

1.01.01.04.00.00 STRUCTURE 

1.01.01.04.00.01 CONTROLS 

1.01.01.04.00.02 POWER DlSTR. 
1.01.01.04.00.03 CWM/ DATA 

1.01.01.04.01 TYPE 1 SUBARRAY 
1.01.01.04.02 TYPE 2 SUBARRAY 

1.01.01.04.03 TYPE 3 SUBARRAV 

1.01.01.04.04 TYPE 4 SUBARRAY 

1.01.01.04.06 TYPE 5 SUBARRAY 
1.01.01.04.08 TYPE 6 SUBARRAY 
1.01.01.04.07 TYPE 7 SUBARRAY 

1.01.01.04.08 TYPE 8 SUBARRAY 

1.01.01.04.09 TYPE 9 SUBARRAV 
i.oi.01.04.io TYPE 10 SUbARftAV 

FOR 10 OW, 2 ANTENNAS, 261a MT AND $18611 5 ld 



Pho tovoltaic 
Conversion 



PHO'I'OVOLTAIC REFERENCE CONFIGURATION 

This rcti.rr.~~ce configuratinn rcprcsents t l ~ r  stutly startilip po~nt. I t s  size was Iresctl o11 ,11tb 1 1 i 1  I~>~III;IIIC~ cladill ra~ahlirllcd rll~ri~ig 

tlir JS(' study and a ground output rocluironenls of 1W;W BOL. 



Initial Pho t~vo l ta ic  Reference Configuration 
S 

Silicon at CR = 2 
Nominal tm confl~urotion with r) .060 
Orientation P.O.P. 

SOLAR ARRAY 
im K M ~  

1-KM DIAMETER 



PART I -PHOTOVOLTAIC STUDY REQUIREMENTS 

The major objectives of  Part I o f  this study arc. sunlmarizcd Itcr I llcsc f;~c.tors wcrv uwd to a~islyrr the various candidates for 

energy conversion and establish a systrrn that could he dc.lincd to iI grwtcr depth ill P;rrt II. 
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Part 1 - Photovoltaic Study Requirements 

1. WHAT IS THE MOSf OVERALL EFFECTIVE MEANS OF SPS ENERGY COMVFFISIOM? 

2 WHAT IS THE MOST DESIRABLE CONSTRlJCTlON/ASSEMBLV LOCATION(Sl? 

CANDIDATES COMPARITORS 

SINGLE CRYSTAL PHOTWOLTAICS 

SILICON 

a QALLIUIIII ARSENIDE 

ADVANCED THIN FILM PHOTOVOLTAICS 

a lLlCOIY 

a OALLIW ARSENIO€ 

a CADMIUM SULFIDE 

COPPER INDIUM SELENIDE 

SPS PERFORMANCE 

PERFORMANCE MGRADATIUU 

8PS SIZE 
mMAss 
8YSTEM COMPIEXITY 

SYWEM MAINTAINABILITY 

CON8TRUCTIUU REOUIREMENTS 

TRANSPORTATION REWIREMENTS 

TECHIUOLOOY ADVANCEMENT IPEOUIREI#ENTS 

8YSTlM COST DIFFERENTIAL FACTORS 

ENVlROlllMENTAL EFFECTS DIFFERENTIAL FACTOR 

MATERIALS DIFFERENTIAL FMlORS 



PHOTOVOLTAIC OPTIONS 

tligl~lights of the Photovoltaic Study and its hitsic options illid subopl~ons arc s l~ow~i  tagcthcr with t l~c primary issi~cs wlitch 

required resolution during the first study pllasc. Effort was directed towards ildtlrcbsinp tllrw issucs withi11 tllr constraints of tllr 

satellite automated fabrication and assembl) concept. 
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Part I - Photovoltaic Options 

RYWaaw- 
8PbJo 

"CELL" 
ARRAY TVPE 
CONCENTRATION 

TYPE RATIO COAlFlOURAflON lssUeg 

I SILICON COSWPERF 
SILICON MGRAOATlOhl 
& PER- IIIIAIhKENBACCE 

THIN FILM REF LECTOR 
PER FORMAIUC~ORAOAT K)W 

OAA6 COSTS 8 M.4TERtAL 

WNCOWIOUOUbP ARRAY A V A I M L I T Y  
MAS DEGRADATWU 6 
PERFORMANCE WAIW'tEWEfWE 
CPC PERFORMANCE 
CELL TWtRATWIE  

P E R F O R M A N C E K O S T ~ W  
DEORAOATION 
POWER DISTaIWTI0hl 

LEO VS GEO TRADE 

183 



SOLAR CELL DEVELOPMENT-DECE.MBER, 1976 STATUS 

The "hest ach~cveJ" c r l l  cn ' ic i rn~res drc t l ~ o w  rrl)orlcJ ;I' ilic 1076 P l ~ o t o v o l t a ~ c  Spccraltrt\ ( o ~ ~ l r r v n * : ~  and tltr. Aupust. I1)7f8 

kl:i)A National Photnvoltalc <'onvcrs~on I'rograr~i Kev~ew nlcct~lrg. 0111y $ , l l i ~on  u d x r  c ~ l r c  are l a  production. with 14.0 pervent 

rft'lcrency reported b y  Spe~r ro lah  for a 11n11tr.J ~ttrarltrty o l  "sculpticn.tl" cc:ll\. 

Lf f icrenciezexpsc~ed i n  1978 arc bawd or1 ,)13mlons I ly tile ~nves,'uators. b a r  r x a ~ n p l o .  J. M. Woodell ot' IBM predicted that k c  

would have 20 percent arr-rnas\-?cru g i l l l i u ~ l ~ - ~ i w n ~ d c  cell\ w ~ t l r l n  .I y ,  .)I. Many wnihcr \  p r c d ~ s t  1k- l1er~c1 t \ilrcori L.cI!\. 

The probable 1987 efficrcnc~es a r t  o u r  o w n  ~F~~ IC~ IO I IF .  haw4 01, p.t\t ~TDPC 'TT  and thcorc t~cat  1111lits. 



0 1 M).2287C,-7 

s 
Solar-Cell Developmen t--Au ust, 1 977 Status Q Cell Types Pertinent to Solar ower Satellites 

-- - -- 
AIR M A S f m O  CON-CY. PERCENT 

PRoDUCtloN 
CELL8 

CELL -- Tvpa - Am 
GALLIUM ACUIENIOE 8INQLE CRYSTAL 17 

W I N  PILM 

SINGLE CRYSTAL 14.8 
POLYCRVSTAL 
THlN FILM 
METALLURQICAL 
VBRTKAL 

JU(YCtl0N 

81NOl.E CRYSTAL 
THIN BlUU 
T n l  F l u  
TAIUOBRI) 

JwCTlW 

5muwuwu 
east P R ~ A B L E  THEORETICAL 

ACHIEVED _1081 - LIMIT - MOT61 
18.6 21 n 20 HUGHES UHIEVBO l 7 m  
12 18 17 28 IN ~ S P A C r B C I L L S .  

Blt INQ DEVILOPBD BY 
dPL* WARIM* 8#0* Wlrr 
LINCOLN LA08 POPI ERDA 



SPECTRUM OF PROTONS INCIDENT ON S O U R  CELLS 

t '\,np Prof H'cbhcr'.. .,i,Lar u~t ib~ty  prrdict~o~rs. wc c;tlcitl.~t~ tIr:tt 111 30 ycarr ill ycosynslrrotioi~r orhit J silir-o~l solar cell U I I ~ C ~  s 

150 pni 16  m ~ l )  fuscd sit~ra covcr will hc expored to t l ~ r  rcluiv;ilerl~ of 2 . 2 5  x 10' ! prololls ;r;lrinp grvutrr tllon 10 I%! 'I' energy. 

The spcc~rutn ot thc protoll\ i s  plottrtl Irrn.. will1 tluetict~ or ;l Ibnctlon of' proton cncrpy. Notr how rcpiouh arc lllu lov c~vryy 

protnns. when compand wttl~ thr l~iglbcnuryy oni*\ 



Spectmm of Rotons Incident on Sokr Celb 
UI8IYU - 

10s - 

N O ~ I ~ L ~ ~  tc s x lo9 protons (> 10 M*V) 

FLUENCE 

100 I I I 

0 2 0  100 200 280 

PROTON ENERGY (WV) 



DAMAGE EQUIVALENT OF PROTONS 

'I he prcvlou,ly derived p ro ton  fluence wit\ COIIVC~I~~I 1111r> i t \  c q ~ ~ v i l l e ~ ~ t  o ~ i c - M c V  clec1ro1i f l i ~ e ~ i u c  b y  ~ppIy111p t111, (/I- e( l t~ i v i l I e~ i~ ( :  

p1r)ttc.d Ilerc. i n  layer b y  laycr of tltv solar cell. A n  i l l tc r~ iu lc .  but nlorc grorh. conver~ ion  could have hcen t~ iadc wit11 file curve 

f rom the w l a r  cell Hzd~a t ton  Handbook, p lo t tcd ;I\ a dot ted l i ~ r c  for  refcrcnur. 

I h e  one-MeV electron dd~nage coc t f~c icn t .  w h e ~ i  p l o t t r d  i n  the un i ts  sllown, would bc arouncl 10.'~. ind~uat inp t l ~ a t  p t o t o ~ i s  an' 

come I 0 0  tlrnes as damaging ~s electrons. 



I 
! Damage Equivalent of Rotons 
I 

.l@ 

PROTON 
DAMAGE 
COEFFICIENT 

1 r 7  

r f l ~  

b 

'\ 
, 

\ - IIE 
\ 

'\ ---- COMSA'i KL 

- 

- 
\ 

'L ,,,a,- 
I 

I I I I I I I I I  I I I 1 1 1 1 1 1  I I I I r 1 1 1 1  I I I I I I ~  

0 1 10 loa 10s 
PROTON ENERGY (IllhV) 



PART I ANNEALING SUIIWARY 

Allhouph the data was somewhat limited, i l ~ r , t r r  ditti~ wils rrce~vrd I'or cvcry nanc;~llny issilc a~itl i s  s~~t i~ t~ inr i~c t l  Iicrc. 

A jar81 r data base is  needed on all onecitliny iuucs ruccially tllr t s ~ r p r . ~ t u ~ / t i a i r  rrlittionr. pcrccnl wcovcry ol' radiation dumagc. 

and the r~fccts or rcpcitted annealing. 



Annealing Summary 
-a@-- 

PROTON w ELECTRON DAMAGE 
0 TEMPERATURERIME RELATIONSHIPS 

SUBSTRATE COMPATIBILITY 
%RECOVERY 

DATA BASE: 
SIMULATION PHYSICS: RESEARCH & TEST 
HUGHES: RESEARCH. 

INPUT: 
ANNEALING IS FLUENCE DEPENDENT-PROTON DAMAGE REQUIRES HIGH 
TEMPERATURES (6000C+) 
TEMPERATURE IS PREDOMINANT PARAMETER 
DIRECTED ENERGY APPROACH PROMISING FOR BOTH EFFICIENCY & 
SUBSTRATE COMPATIBILITY 
RECOVERY WILL APPROACH 10096 WITH PROPER DESIGN 
LOW TEMPERATURE OAAS ANNEALING PROBABLY NOT APPLICABLE TO 
PROTON DAMAGE 

*HUGHES CURRENTLY INVOLVED IN RADIATION DEGRADATION TEIT 
PROORAM FOR USAF 



GaAs INPUT SUMMARY-HUGHES 

The Hughes input on GaAs is srnnmurized llcre in key i~rcos. 01' signil'ica~rcc was 1 1 1 ~  luck or duto baa. in anon critical to SPS 

applications. The resolution of t;~cse issias could rcsult in ;I GuAs SPS will1 significunt cost and mau advontupr.~. 



&As Input Summary Hughes 

SlN3LE CRYSTAL EFFICIENCY AMO = 20% 

W MUCH MORE RESISTANT THAN 81 TO HIGH ENERGY PROTON 

DIVdAGE 

8 ELECTRON DAMAGE TO O M  ANNEALS "OUT" @ 200-3WC 

GaAs $$ NOT EXPECTED TO EXCEED $110 

DATA BASE LACKING FOR: THIN FILM; RADIATION DEGRADATION; 

ANNEALING 



THIN FILM REFLEClORS 

A summary o f  the Part I reflector data used t o  evaluate the performance o f  a CR2 system is shown. Using the Project Ahle 

radiation degradation data and the "coupon data." nn initial ideal rctlccttlnce o f  0.85 wi l l  have degraded t o  0.59 i n  30 yenrs. This 

resulted in a geometric concentration ratio o f  2.0 (CRI = 11, having an eftkclive CR o f  1.3 1 wli rn compensated for d a r  cell 

thermal degradation. 

Also shown arc some o f  the problenis that must be taken into account if a reflcu'tor in u w d  to  concentrate wnlight on dur  cells. 



Thin Film Reflectors 

"COUPON DATA" 
- REFLECTANCE VS BEAM SPREAD - REFLECTANCE VS STRESS LEVEL - REFLECTANCE VS WAVE LENGTH 
- REFLECTANCE VS INCIDENCE ANGLE - REFLECTANCE VS RADIATIOMKIME 
- REFLECTANCE VS ALUMINIZATION CHARACTERISTICS 

a "REFLECTOR'' PROBLEM/PERFORMANCE DEFINITION 
- EDGE MARGIN FOR EVEN ILLUMINATION 
- STRESS LEVEL VS "FLATNESS" 

@ MEMBRANE ANALYSIS 
JOINTS EDGES ' TOLERANCES a TEMP &s 

- REFLECTOR CREEP 
- MECHANICAL PROPERTIES' DEGRADATION 



SHADOWING AFFECTS !STRING PERFORMANCE 

This illustration shows the effect o f  sl~adowing 011 solar cel l  strtng output. Tllc Iwrcrnt d1;rtlowing cat1 hc intcrprrlcd as citl~er tlti. 

percent of the array that i s  completely slladowed. t i le  pcrccttl of rcfi.re11c.c illitn~it~;tlion provided to a rtriilg cosipawd to otllcr 

strings in the array or a combination ol tllc two. 

Uneven illumination may be caused by support tr~cmhcrs sliadowi~ig porltons 01' llrc array. edge ~lrarpltls on tlliri I'ilm wflcctors. or 

objects passing in front of and shadowing tlte solar array. 
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Shadowing Affects String Output 

1.0 - 

0.76 - 
RELATIVE 
STRING 
OUTPUT 

Ob0- 

0 s  - 

U 

MAX. POWER POINT 
OF SOLAR CELL 

~b I I 
20 30 rb 

0 96 ILLUMINATION 



DART I SILICON SYSTEM COMPARISONS 

k v r r a l  silicon systems were devr lopt-J 111 Pdrt I t o  cl low t11r rt ' lect of tl ie ('K I vs. CR2. Lt-.O vs. GkO construction. and p o w r r  

malntenancc wenarlos. AJI i l l us t ra t~on  of sornr of t h r  rvstern\ d r v c l o p ~ ~ t l  f o r  GEO ions t r i tc t lo t l  is s l i o w l ~ .  

ThC main ~onclu,ron t l ~ ~ t  cat, hc  I I I ~ ~ L .  troll1 IIII\ col i ip.mwl1 15 th.11 ;I ('R I \ystcnl 14 t i lorc I i j .orahl< an11 tli;tt ~ t i n c a l i n p  p r r sun ts  a 

I ~ r g e  advantage I n  power  n i a i n t c n a n ~ ~ .  I t  anncr1111g 1s n o t  av;l~lal>lc. array i ~ d d ~ t i o n  wou ld  !I( l l l c  next logical choice. 
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Part -I - Silicon Configuration Summary 

so VR. OVORS~Z~ ARRAY A~OITIW 
10 Wtl MIN. POR YRS. 

A#- 

TOTAL AREA: a 1  Km? 
ACTIVE ARRAV ARBA: 120.6 K& 9OA "'9 Km (1188 EOL) 
 MA^: im,m MT mamnnt ~ i o o m n o ~ )  
~ I O N C O S ~ W @  -0 6171.8 (66424 BOL) 

nmm 
5m.b 

TOTAL ~ 0 8 ~  $-I@ 1 ~ ~ 6 . 0  raiws (ire1 IA eou 1tll~l.a 

I 
4.. 

1-1 



CR l SIUmN SATELUTE SENSITIVITY TO CELL PERFOWAWCO: 

Silicon perfonanre sensitivities. starting from u nfercncr f i#r~n of 18X und droppiny ?A pzr nlcp, un shown here. Even rt 142 

efliciency there is not a dramatic chunw in either mass or coll. Thin indkules tllrf uchievin# low cell confn Is much mow 
important than maximizing eficiancy. 



Silicon Satellite @ CR-1 Sensitivity 
s To Cell:Perfomlance 



PART I-Gab S Y S I W  COMPARISONS 

A similar trade was made on GaAs systems with major conulurions J~own here. Tlw CR.1 vr. CR-? l rdc  is not as ckar with CaAs 

systems. from a mau comparison. The lower gallium usage but hld~er systrm complexity and Illuminatian probkm~ with thc 

CR-2 system must be taken into account for a fair comparison. The udvanlvge of LEO construction is appumnt in the caw# 

shown. 



Part I - GaAs Configuration Summary 
s 

TOTAL AREA: 1 0 4 ~ d  71.7 K& 
ACTIVE ARRAV AREA: 6UJKn? 71.7 1(m2 
W: 4682OMT 461 13 l#T 
PRQWCTIOCYCOST: el# $027.4 6197.9 
TOTALCOSk $4@ 8117.0 Balm 



PHOTOVOLTAIC ENERGY CONVERSION COMPARISONS 

A matr ix  o f  the photovoltaic energy conversion condidrtcs and tl lc m Jor systcm con,paraton. shown pn-ioudy. wus dcveloycd. 

The viable candidates become apparent when compared i n  tl l is fad l io t~ .  

Single crystal silicon systems. CRI and CR2, appear t o  br. t l ~ c  h o t  candidatct for the Icast amount o f  cxtrapolution. Th in  ccl l  

GaAs systems have the best overall ch;rracteristics but  tile qucr l ion o f p l l i u m  avililubility is curmnt ly  unnrolved. 



Photovoltaic Energy Conversion Comparisons 
S 



PHOTOVOLTAIC SUMMARY 

These are the conclusions with respect to  pl~otovoltaics at the end o f  Part I. 

With respect t o  the cost o f  silicon solar cells. we found that tl ic 20.5 bill ion 5 by 10 c111 cells required for cnch solar power nstcllitc 
would be manufactured in  new automated factories which would be entirely diflPrcnt froni today's solar-cell p rduc t i on  facilities. 
and the cell cost would be more l ike tlie cost o f  today's high-volun~e semiconductor products. Tlre "mature industry" approach t o  
pricing indicated that the cost o f  tlie satellite would indecd be reasonable. 

The weight and cost o f  the satellite was not too sensitive t o  solar cell perfonnancc. Practicol wtellitcs could be dcsigned utound 
solar cells having efficiencies even as low as 16.5 percent. which is achievable today. 

I n  concentration ratio trades. the nonconcentrating array alwuys came out k s t  from cost and wciglrt stundpoints. 711s key hc to r  
was the radiation degradation in  reflectance o f  aluminized Kapton films. Project Able tests indicated t l ~ a t  tltc 85 percent ~ f l c u t -  
ance o f  the aluminized Kapton films would degrade to  63 percent. wit11 lnost o f  tlrc drpradotion occurring witbin the l i n t  tcw 
years o f  the 30-year projected satellite life. 

Work done by  Simulation Physics. Inc., showed that i n  solar cells the radiation damow cauwd by uolarflrrc protons can bc 
annealed out. avoiding the loss o f  some $16 bill ion o f  powcr si~lcs revenue. h w r  Jiglit. electron beurns and infriln'd radiation arc 
possible heating methods. Thermal annealing is wort11 developinu. 

Low+arthorbit turned out t o  be tlie #nost practical place to  assembly to the solar power satellites. prc;viJd ckctr is  tl~rusters 
could be used t o  transfer the completed satellite t o  geosynchronous crrhil. Geosyncl~ronous~rhi t  aosrrn~bly requin'd shipping hugc 
quan'ities o f  propellants t o  low-earth orbit. Essential to  the low-earthqrbit asscmbly approach is tlrc t hcmo l  annealing of t i i a -  
t ion damage occurring during transit through the Van Allen radiation brl Is. 

Gallium arsenide solar cells were found to  be advantageous bccuuse o f  tlreir probublc 2 I p r c c n t  conversion cfticicncy and their 
moderate loss in performance as they became wormer. However, gallium availability turned out t o  bc questionuhlc. Gallium was 
not  concentrated sufficiently in wa-watcr to  be worth recovering. Gallium is at presrbnt a by-product o f  a lu~r inum and zinc refin- 
ing, wi th coal fly-ash being a potential source. 7he projected United States cool consumption and al i~minum production wil l  not 
be great enough t o  support the construction o f  several solar power satcllitcs per ycar unlcss tlrc galliuni anctiide layer in the solar 
cells is made thin. say under IOpnl. ERDA has funded Bi~tc l l r  Northwcs~ to carefl~lly ~nvrstigate p l l i u ~ ~ ~  av.~ilalrility. 

Some work has suggested that radiation daniagc i n  I l l in  layers o f  gallium arsrnidc cull bc anncalcd out at Ibirly low tcmwraturcs - 
perhaps at only 1250C. Also, gallium aranide cells arc morc resistant tllan silicon solar cclls to  radiation dan l i~p .  making the111 
more applicable t o  powering the transfer 01' a complctcrl solilr powcr r;~tcllitc frotlr low+urtli o ~ h i t  to  gcosync l~ro~~ats  orhit. 

Thin film solar cells, many types o f  which arc hciny developed by ERDA. arc c l iamctcr i r~d by grcat hut unprovcn potcntiul. r lrcir 
low wcights and thin cross-sections make possihlr ideal satcllitc dcsipi. Somc o f l i r  tlic potcntinl o f  good ~ f f i c i c n ~ y .  for example. 
15 percent in  singlecrystal indium-pl~ospI~idc/cad~iiiut~i hulfidc. I~OW~VI*I. 111c 'gcncrafion o f  rizc;~blc crysti~ls on thin l i l ~ n s  has not 
yet been realized. The best achieved eff~cicncy in  othcr than singlc-crystal cclls h;~s bee11 i~rouncl 8 pcricnt for cdnr iun i  sullitlr 
which has not  yet been proven to  be stable in  performance. 



Part- I - Pho tovoltaic Summary 

a 81LIOON COSTS NOT HMH" . (DLWMJ SYSTEM SENSITIVE m CELL PERC~RUNCE 

CR1 PREFERABLE TO CRZ 

ANNEALlNO CRITICAL TO SILICON SYSTEM 

.O LEO ASSY & SELF QOWER SHOW TO ADVANTOE WITH AWEALIW 

OALLIW SUPPLY & W IN QUEWION 

OA48 THW FILM CRITICAL TECHNOLOt3Y 

IF QAAS 8UPPLY & THIN FILM OK-OAAS ATTRACTIVE 81 NOT AS 
. SENSITIVE TO ANNEALING OR LEOPOEO TRADE 

OTHER THIN FILMS LOOK COMPETITIVE BUT NEED IMPROVED DATA 6ASE 



PART I RECOMMENDATIONS 

The conclusion of Part I of the study was tile recornmcndation of o systct~i to define to o grcatcr d;ptIl for the reduction of unucr- 

tainties in sue. mass and cost in Part II. The main recommendations wcre the result of tradcsconductcd on tile various candidates 

and the comparative factors discussed previously. 



Part -1 - Recommendations 

IOi Im' '  - 
RECOMMEND SILICON, CR1, ANNEALABLE SYSTEM 

BEST DATA BASE - LEAST AMOUNT OF EXTRAPOLATION 

LOWEST SYSTEM COMPLEXITY 
BEST CANDIDATE FOR REDUCTION OF UNCERTAINTIES 

CR-2 ONLY PROVIDES A CRrff LI 1.31 

REFLECTORNNEVEN ILLUMINATION PROBLEMS 

CARRY GALLIUM ARSENIDE AS ADVANCED TECHNOLOGY SYSTEM 

HIGHER EFF ICIENCY - LOWER OEORAOATION 
MATERIAL AVAILABILITY 

WINNER CELLS REDUCE W E  

DISCONTINUE THIN FILM CANDIDATES 

INSUFFICIENT DATA BASE 



PHOIY)VOLTAIC SATELWTE-INITIAL PART II OLJECflVES 

These program objectives pertain t o  the solar array fo r  thc ini t ial  Part I 1  effort .  A11 additional level o f  dept l l  we* needed for rlre 

solar array, array pr imary structure. and power distribution. T o  pcnerate baseline designs. we adopted a cell size and type. a cover 

and substrate material, and an interconnecting technique. An important consideration was appropriateness t o  automatctl manofac- 

ture. With the blanket designed we cottld then prozccd w i th  preliminary designs o f  primary stnlclure. and huws and contro l  tor 

canying the power from the solar array t o  the rotary joint.  M in imum manhours i n  orhital  aswnihly was rn i~ i ipu r tan t  r q u i n m c n t  

o f  the structure. 

Other areas requiring def ini t ion included nlicrowavr power transmission system. i ~ t t i t u d c  control. secondary structuw. and rotary 

j o ~ n t .  The rotary jo in t  turned out  t o  he wnsitive to  brush voltage drop. which reprewnts heat that niust he reradiated away. 

We investigated gallium arwnide solar cells Curtlier. particularly w i th  respect t o  l l ic i r  use i n  conccntratetl sunligllt. considering the 

ref lecton. supporting strut,turc. and pcr fomancc during anticipated nrisurieiitations. 

A n  important key issue i n  this IIW of silicon solar cells is anncalohility. Maay ycars ago ttrc U.S. Naval R e w i ~ r c h  Laboratory 

denionstrated that radiatron damage can br annedt-d out o f  silicoll w la r  cells. I lowcvcr:  to  on^* II~S artt~c.;~lctl cells rcpcatedly. so 

we tlo n *  n '  know wliat is the u~~annealahl r  fraction ol' r a d ~ a t ~ o n  claniag~, More work ill t!iis l ic l i l  i.; rc.cc~c~~tlic~n~)t.tl. 



Pho tovoltaic Satellite 
Initial Part 11 Objectives 

D IMPROVE REFERENCE SATELLITE DEFINITION 

PURSUE THOSE AC .AS ALREADY DEFINED TO AN ADDITIONAL LEVEL OF DEPTH: 

SOLARARRAY 

PRIMARY STRUCTURES 

POWER DISTRIBUTION 

DEFINE THOSE SIGNIFICANT AREAS PREVIOUSLY ACCEPTED FROM JSC GREEN BOOK 

MPTS 

ATTITUDE CONTROL 

SiCONDARV STRUCTURE 

ROTARY JOINT 

= PURSUE GAAS ISSUES OF SUPPLY AND HIGHER CR's 

PURSUE KEY ISSUES 

SILICON ANNEALING 

COST OATA BASE 



Obviously a fu l l  p r c l ~ m i n r r y  dcuqn o f  the solar p o w r t  . ra t r~ l i tc  is no t  possible wit11 Ilrc ;rv;ril;rhle l u t r d i ~ ~ y .  b lowcv~~r .  I lrc avd i l~b lc  

resources d o  permit  i n d e p t h  exp lo ra l i o~ i r  o f  tliosc porl loi ls 0 1  I l ic dcsigll t l lu l  slyriil'ic.;~ntly c o n t r i h i ~ t r  t o  tlrc u ~ ~ c c r t a i n l i c r  o f  i:.rr\ 

and cost 

As an example. previous work was h m p e r c d  b y  lack o f  a Jula haw l o r  11r1n-till11 solar ccllc. Add i l i o r~a l  rnvcr l igut iot~ r 'vc~lcd tirat 

at t l i ~ s  t ime a data b o w  011 t l ~ ~ n - l ~ l m  cell\ is 1101 p o s \ ~ b l r  hecoii\c tlrc iicccswr). i l i vc~ i I to i is  olit l  dcv~'I0~1ed p rwcsws  ; ~ r ~ ~ \ ' t  II~*I' ) . :. 
tlowevcr. I n  ot l rer developmcnl work, tlrc c ing lc i ryc t ;~ l  r i l ~ c o ~ i  * l i ~ r -cc~ l  l ~ ~ c l i ~ i o l o ~  Ilud IIJVIIIITC~I t o  t l ie 1)o11il wllen' 12.5 I)eh.enl 

eflicicncies are being obtained w ~ t l t  SOpni ~ h l c k  c.r.ll\. ;~ncl tlrc ( 'OMSAT-invcn~ct l  tccli i i ic~ric o f  Icx lur iny wlar+cl l  cur l '~ccs tun led 

ou't t o  improve hardness t o  rodlotion. 

Othcr  sourcvs o f  unccr ta~t i ty .  w l i ~ c l i  rcsi~ll 'd fro111 dcsiyn co t i~p lvx i t y  .11iJ .11iolyI1~;11 t l i l l ' i r ~ ~ ~ l t y .  I. I~~L-UI\L- I)CL*II r~ . \o l t rd .  l l r c  

rcsultlng array ~ o n c u p t  IS ,nc whic.11 rc ~ c l ~ t c v a h l r  wtt l i  r ra \or r~ l ) lc  c x t r ~ p o l a t r o ~ i  o f  tltc prcstvrt s to l~ -a l - t l i c - i t r t .  r.ithsr IIIJII rt-yuir- 

Inp new Invrn l ion.  



Decision Criteria 

DESIGN SELECTION RATIONALE 

- TIED TO STUDY PHASE OBJECTIVES 

- LIMITED BY RESOURCES 

REDUCTION IN THE UNCERTAlNtV OF 
SYSTEM MASS & COST REQUIRES: 

.a REDUCTION OF TECHNICAL UNCERTAINTIES 
INTRODUCED BY; 

LACK OF DATA BASE 
a DESIGN COMPLEXITY 
a ANALYTICAL DIFFICULTY 

WITHIN REASONABLE PERFORMANCE BOUNDS 



PART I1 INFORMATWN UPDA fES 

In an advanc~ng technologiclral ~ c l e t y  there 15 a conttnuou% lncreaw In te~l~nology tlrms Showti he& arc vmc of thc areJq th;lt 

needed update5 for the reference system ulect~on. f h c  chart% follow~ng Ihts w~ l l  druuss thc ~ n f o m o t ~ o n  up)atc# In each area ~ n d  

show what effec:. ~f an,. that they have on the wkcted system. 
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Part I1 Information Updates 

THIN FILM REFLECTOR DEORADATIW 

LOWER RADIATION DEQRADATION FOR 2 MIL SILICON CELLS 

ANNEALING UQOATE 



THIN FILM REFLECTOR DEGRADATION UPDATES 

Recent data. from tests at JPL. show t l~a l  tlrere tr an 1nugr1rfic;rnr omc~unt of th~n ftlm reflector dcyridolion in a rodtittion unviron- 

ment umilar to that rn gcusynchronous orbit Thlr IS J s~gnrficant cllsr~gc from t l ~ r  309 dC#radstion of rcflcctancc that war uwd In 

the CK.1 us CR-2 trade 

The effect of th~s update on thr CR-I vs CR-2 trade IS also lns~gn~f i r~nt  bcci~uu: the major portton of tltc pvrformancc Jcgradution 

on the CR-2 system was due to the h~&er  opcrdtrng tcmpcraturc not rcllcctor drpradstror~. Thc rctlctctor Jcpsdatioo l t u  a 

secondary c f f e ~ t  

'Ihe lower degradalron ot rc.flcct;lncc result\ in a It~glicr F.OL opcrsttny tci~~pcr;rturc lor tllc s o l ~ r  ~ ~ 1 1 %  TIII$ rcwltcd it1 an c . I Ic~(~r r  

roncentratron ratro of 1.36 ~nrtesd of 1.3 1 Jtown ~t the cnd of Pdrt I. 
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Thin Film Reflector Degradation 

LOWER DEGRADATION ON W I N  FILM REFLECTOR8 

0% vr. 30% PROJECTED FROM PROJECT ABLE DATA 

EFFECT ON C R 1 4 R ' r '  TRADE 

PART I CRm m 1.31 lNCREABEST0 CRd 

CRI  STILL APPEARS TO BE BEST CHOICE FOR 81LICON 



THlN CELLS EXHlBlT' LOWER RADIATION DEGRADATION 

A signif icant update was received in the area of radiat ion degradatron o f  si l icon solar cells. I t  had bccn sta:cd rreviously t l lat  

th inner  solar cells exh ib i ted l ower  radiat ion degradation bu t  no i n f o r m a t ~ o n  was availablt t o  dcn~ons t ra t c  t l l c  rfl'ect of Polar cel l  

thickness on degradation. 

Since we had  gone t o  th inner  solar cells (50pn1) t o  r r d ~ l c c  system moss. i t  became n c u c w r y  to r c i ~ l v c s l i p t e  the area ol' solar cc l l  

fadlat ion degradat~on. A p l o t  was made o f  r a d ~ a t i o ~ i  d r g r ~ d a t l o n  u t  various flctrnccs 1 s  a tu~ tc t i o t t  ol' solsr c.cll th~ckncss. 71j1.i data 

was obta ined from JPL's "Solar Array Design Handbook." Tl~r  curvcs that  wcrc dcvclopcil. wI1c.11 c x t r a p ~ l d t e d  t o  a I n l ~ l  cel l  

thickness, showed a cignif icant reduct ion in r a d ~ a t i o n  degradation. I n f o r r n a t ~ o n  was also ptiblisl iurl by Solarcx on t l r r  radiat ion 

degradation characteristics o f  "ULTRA-THIN"  2 m i l  cells. also shown on t l ~ i \  chart .  

T h e  effect  o f  this data is that  annca l~ l lg .  ~ l t h o u g l ~  st111 very advantagrous. is  n o t  JS critrc;ll dn iwue p r r t l o u \ l y  rcpor t rd .  



Thin Cells Exhibit Lower Radiation Degradation 
s 

CELL THICKNESS ,t (MIL8) 

ELECTRON FLUENCE 
(EQUIV. IlllkV) 
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7 MAXI:dUM POWER AFTER RADIATION 

MAXIMUM POWER BEFORE RADIATION 1'0 l4 rbr6 lot6 
OAO- PEAK POWER DEGRADATION a ELECTRON FLUENCE 

(1 MoV ELECTRONS) 



SOLAR a L L  UPDATES 

Other solar cell updates were rrcognited in the oreas of cell efficiencies and in large pain growtlr on thin polycrystulline @Ilium 

arsenide films. 

In silicon solar cells, an update was the achievement of 12.5 percent efficiency in 50 pm I 2  mil) cvllr. Even dough in our refer- 

ence system, we used a 2 mil cell with 15.75 percent eMciency, an efficiency of 18 percent is probable by I985 for this edar cell. 

In gallium arsenide solar cells, John C. Fan of MI'T's Lincoln Labs l~ns  ;~chievod u 20.5 percent rfficicnt I~o~irvjunctian solar cell in 
AM1 sunlight. He projects a 22 percent efficiency by optimizing the cell contacts. 

A 16.2 percent efficiency has been reported in JPL's AMOS (polycryatallinr) solar cell by Stirn and Yclr. Lincoln Labs has also 

grown 25 pm diameter crystallites on films 2 pm thick by heating wit11 a laser beam. 



Solar Cell Updates 

SOLAR CELL EFFICIENCIES 

SILICON 

126% ACHIEVED FOR 2 MIL CELLS 

GALLIUM ARSENIO€ 

20.696 ACHIEVED IN HOMOJUNCTION CELL8 

22% PROJECTED WITH OPTIMIZED CONTACTS 

16.2% ACHIEVED IN  SLICED POLYCRVSTALINE CELLS 

THIN FILM GALLIUM ARSENIDE 

LARGE GRAIN GROWTH FROM LASER RECRYSTALIZED POLYCRVSTALINE OrCb FILM 

26 urn GRAIN DlAMET ER ON 2 Vrn THICK FILMS 



ANNEALING UPDATES 

A technical effort is being accomplisl~ed by k ~ n g  and Slmulittion Physics. Inc. .lndcr Ihtng subcontract to ac111cvc il bctter 

annealing data base. Thrs effort is In work at this t~tne and the rewlts wrll hr. made availablr. oftcr Illore work Ii;ls k e n  

accomplished. 



TECHNICAL EFFORT-ANNEALABILITY OF RADIATIW D M E  W lllLKXMl & O M  CEL&S0 

s 

LASER WIVEALlCYO 

COCVVENTtUUAL SOLAFI CELLS WITH ELECTROSTATICALLV BONMO 7070 G U S 8  COVERS 

TITANIUM ULVER CONTACTS 

O f  €P XIlYCTlOCY SOLAR CELLS WfTH ELECTROSTATICALLY BOIY- COVERS 

U) ptn 80t.AR CELLS WlTl loul  COVERS 

*ELECTROCS BEAM ANNEALIW 

SOLAR CELLS WITH 76 rm COVERS 

Annealing Updates 

WMULAf K)N PHYSICS, INCORPORATED (SPJRE), UNDER WEINO 8U&COIYrC(LICI 

l U I I ! O  - 



REDUffION IN GALLIUM REQUIRED FOR CR>2 PHOTOVOLTAIC SYSTEM 

Shown here is h e  possible reduction i n  the gal l~unt rcq l l l r rd  for a pllotovoltaic SPS by  ittcrcasing tl lc CKK A CKg = (1.0 galliunl 

requirement wa\ calculatel' for a GaAs. C Y L I N D R I C A L  ('PC JYT~TIII. For  this CJW epproxinlatcly 450 MT/wtc l l i tc  ol'gallium is 

required, so for a productton of 4 satrl l~tcs/ycar. 1800 MTlyear of gial1iu111 would bc nccdcd. 

PoPsible annual U.S gallium production quant~t ics  are front "Availabil ity o f  (;allium and Arsenic" by Ur. R. N. Andcroon. A 

recovery of 3m of thc ga l l~um available l ro l t l  h a u x ~ t v  und coal fly-as11 would supply tllc ncccswry an~oun t  o f p l l i u n t  l o r  1ot11. 

SPS's per year. 



ANNUALLY AVAILABLE 
GALLIUM FROM US. PROWCtlON 
OF ALUMINUM AND COAL 
FLY-ASH 

s 

GALLIUM 
MASS R W T .  GALLIUM USAGE BASED ON 
(MT) 10 r M  GAAS S O U R  CELLS 

1000 
800 
600 -- -- -- - 10% RECOVERY 

Reduction in Gallium Required 
for CR > 2 System 

loor - 
0 1 .O 2 .O 3.0 4.0 6.0 6.0 

CONCENTRnTlON RATIO, GEOMETRIC 



Thew are !hr hc ton  used in calculating the solar ilrray powrr output. Wc stilrt witli jolur crlls Ilaviny 15.75 petr'cnl rn'kicnry. 
To th,, wc add a 10 percent impro+cmcnt. wlriclr cnu\d hc aul~~cvci~ by any onr of rclveral Inuulis. For rx ;~~i~plc.  A. Mrulrnlwm of 
COMSAT Laboratories estimates tl~at t l~c  s u w ~ ~ o t l ~  covrr t l~at Ilc invrntrtl will inrprovc the rf'licic~icy oSaolar culls hy Y to I? 
percent. 

The blanket factors o f  0.9453 account for tlir powsr Imws slrow~~. 'Flic individuul elonrnts of tlic hlarkrt I'uctors will s l imy.  but 
the product will probably remain around 0.9453. 

Tne summer solstice loss accounts for the 23.5 drgrrrs mis-o:icntatio~r with rcspscl to tlic Sun's rays. Tliis losr could hr. uvoided 
by having *he satellite oriented perpendicular to tlrc scliptic planc. 1~1t  tllc cost ill lhnirtcr\ :rid propcllunts n'tluircd for ul l l l tdr 
control in tnat mode shows to no real advantvgr. 

The aphelion intensity factor accounts Ibr the rociucrd solar intr~rsity w l~rn  l l~r  t u r t l ~  i s  ut its alrlislio~~, orou~id lllc l in t  purl of' 
July. 

The temperature l o w s  result from thr solar cells oprratrny brtwsrn 36.50<' ant1 4ftW. rattler t l i i ~ ~ i  ;II t l~c  250<'ul w l ~ i c l ~  crll rM- 
cicncy i s  commonly tested. 

The output is furtlirr reduced by 3 pcrcc~rt to account for rod~at~on dil1110~b' t l i i ~ t  ~i1111rot IV r r ~ ~ i o v ~ t l  hy t~~rrn ia l  anncaliny. In puut 
tests. 95 percent of t l ~ e  radiation darnow in solar c r l l s  I l o \  brrn unnvi~lvd o i~ t ,  even t l io~~yl i  t l i r  cclls had not k u n  Jssignrd Sot 
themlal anneal~ng. Them is no theorefical rrason why a l l  01' t11c radiation dunii~yc itr solvr ccl1.c cunnol br rrnnealrd out. annealing 
temperatures of around SOOOC being well below tllc 8000(' rvgion whcre Oif'furion ol' intpl~ri l~rs starts. 011 t l ~c  olllrr Iiund. thr 
operating plan for the solar power wtrllitr involvrs rrprotrd a1r1~rii1i1~gs. wl11~1i Iri~sr trot Iwct, i~t tc~i ip l rd hy unyonu. us kt un wc 
know. 

The p w e r  rcquitcmtnt of 17.55 X lo9 w ~ t t s  wus huwtl on rr~pplyinp l1,,43 X loq watts to tlrr slip rings und c.ompnr;ltiny Ihr 
bus I -R lours. Another one percent w ~ s  i~ddcd to this powcr in flir c.~lci~l;~t io~i ol'rol;~r c ~ l l  ;Ircu to provide powrr nyululian. 
auxiliary power, attitude ..on trol and energy slorayu. 

The other items include tlre lost area factors co~rcitlc~:d Tor eacl~ L'iIW. '~II\  inforniatiot~ Wits uwd ill IIIC Soni~~~lation OS tinal wl'rr- 
ence system siting. 
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Part I1 Reference 
System Energy Co nversion/Sizing 

BASIC CELL PERFORMANCE 0 AMO-~Pc (.lklB) 

10% IMPROVED PERFORMANCE DUE TO TEXTURED COVERS (.1733) 

BLANKET FACTORS (.-I 
(STRINQ I~R, uv LOSSES, & MISMATCH) 

SUMMER SOLSTICE COSINE LOSS (.@190) 

APHELION INTENSITV FACTOR (.9876) 

TEMPERATURE LOSSES 1%- 8 SUMMER SOLSTICE - Qgb40) 

30 YEAR NON-ANNEALABLE RADIATION DEQRAOATION (0.970) 

SOLAR CELL AREA (1% OVERSIZE FOR ENERQV STORAGE, AlTlTUDE CONTROL 
REGULATION, AUX PWR & ANNEALINQ CAPABILIT V) 

ARRAV AREA (CELL, PANEL, STRING AND SEGMENT LOST AREAS) 

SATELLITE AREA (BEAM, CATENARY & ATI'ACHMENT LOST AREA FACTOR) 

OUTPUT - wm* 
213.1 

2%lA 

2216 



PNOTOVOLTAIC REFERENCE CONFIGURATION 

This illustration shows the oucrol ditncns~ons of the Plrotovoltoic Reletencc SPS, It is made up of 8 mduks eaclr 5300 ntrlm by 

2680 meters. Each of the mociuks are made up of 34-660 meter quore bays. Wllrn uwnrblcd. the ryrtvnl wilt ltovr on aspect 

ratio of four. 

The basic bay size has decreased from a 680 meter squarc to il6fiO mrtcr square lo compensate For the rclvlrd solar cell area 
reguinments and lost m a  lacton. 

ORHinUAL PAGE Ib 
OF POOB QUALiTY 



Photovoltaic Reference Configuration 
U I H '  - 

TOTAL SOLAR CELL AREA: 87.34 ~ r n ~  
TOTAL ARRAY AREA: 102.61 urn2 
TOTAL SATELLITE AREA: 712.78 ~ r n ~  
OUTPUT: 16.43 OW MINIMUM TO SUPRlNOS 



LOW-COST A N N E A L A B L E  B L A N K E T  STRUCTURE 

A silicon solar cell must be provided w ~ t h  ii cover t o  iticreas' fro~it-surfacc cci~ittancc f rom around 0.25 t o  a rourd  0.85. and t o  pro- 
tect the cell froni l owtnergy  proton i r rad i i~ t io~ i .  ( 'criu~n-doped borosilicate glass is ;I good cover material k c i ~ u s e  i t  costs only a 
f rac t~on  o f  the best alternate. 7940 fused SIIIC~. n~;~ lc Iws  111' coeflicivnt 01' t l~urn i i l l  exl~.trrslos o f  silicon. and yet resists darkening 
by  ultraviolet l ight. Borosilicate glass can be c.lectrostatically bonded t o  silicon to  form a \ trol l8 .111tl permanent adhesivelrss joint.  
I n  A T S h  fl ight tests the cells having integral 7070 borosilicate glass covers lost only 0.8 I .  I p c ~ e ~ i t  o f  t l ieir output  because o f  
ultraviolet dtgradation. Thcw cells l iad n o  cover adl~es~\.c. Otl ter cclls having ce l l - twover  ;*I111 dvcs deyradcd twice as mucb. Jena 
Glaswerk Schott & Gen Inc.. i n  West Germany expects t o  be able t o  manufiicture 75 p n i  horosi l~cate glass sheetsone meter wide 
by  several meters long. 

The cell cover is embossed during bonding w i th  grooves wnicl i  refract sunlight away f rom the grid l ine% and buscs o n  the cull sur- 
face. COMSAT Labs expects an 8 t o  I I percent inc rear  i n  cell output I'roni t l i is kcturr !  in cull covers. 

Solar cells o ~ i l y  50 p m  thick recently ~ n a d c  by  Solan'x l iad an air-~iiass-zero r t f ic icncy o f  1 . 5  percent wi t l lout  ;I buckrurface field 
o r  anti-reflection treatnwnt. Texturing the sun-facing surface makes the incoming liglit arrive at the back surfucc o f  tl ie cell at m 
angle o f  over 310. so the l i d i t  rays tl iat liave not  bevn absorbed arc rellccted o f f  111s back sur1'acc w i th  virtually n o  loss, the crit ical 
angle in a silicon-air junct ion being 15.3 degrees. This feature no t  on ly  i~nproves p l io ton collection efl icicacy. wl lcn compared 
w i th  thicker cells, by  lengthening the light path i n  silicon for infrared pllotons. hut also iniproves radiation redstuncc. Since al l  
charge carriers are generated wi th in  50 p n l  01' t l lc P-N j u n ~ t i o n  wl i ic l i  is 0.2 pm undur the run- f i~c ing surhce. the cell can absorb 
radiation damage un t i l  the di f fusion length ir thc bulk  silicon is reduced t o  50 p m  by  rad ia t ion -pncr l t rd  recornhination centern. 

The cells are desigred w i t h  bo th  P and N terminals brought t o  tl ie backso f  tl ie cells. This feature makes i t  possible t o  use s impk  
50 p m  silver-plated copper interconnections wl i ic l i  an! formed o n  tlie substrate $lass. Colnplctc p u ~ i r l s  an. aswmhled r lcctr icol ly 
b y  weld ing together the module-tomodule interconnections. . 

Glass was chosen for  the substrate because i t  makes possible annealing out radiation damage by  heating. Wit11 u l l  glass-to-silicon 
bonds made b y  the electrostatic process there are n o  c le~i icnts  i n  the blanket which cannot witl istand tl iv 5000<' anneal i l~g t e m p r -  
ature which at  prrsenl seems t o  be required. One rewarcher suggests that 500W may n o t  be needed fo r  anneuling ou t  tlrc radio- 
t i on  damage f rom solar-flax protons. However. his theory lias no t  yet been co~ i f i n l i e t l  by  experiment. 

ORICmAL PAGE Ib 
O ~ ~ Q u A L l T Y  



I D 1 80022876-7 

' Low Cost Annealable Blanket Structure 

L- Qm COVERINQ ON BACK O f  CELL% (10 f l  THICK, 
EI.EcTIOITATICALLY BONDED 

L l~lcolq SOLAR CELL, 6 CM BY 10 a, SO f l  THICK, TEXTURED TO 
~ ~ O W C E  OBLIWE LjOHTqATH. 2 t24M FOR HIOH EFFICIE*Y# 
N AND P CONNECTIONS ON W K  

L CELL COVER OF 76 pM IOROSILICATE G U Y ,  ELECTIOIIATtCALV( WNDEO IN MIPH-VOLWE 
EOUIPMLNT. CERIUM WPEO TO GIVE ULTRAVIOLET W A ~ ~ L I W  

INTERCONNECTOW: 1 2  COWER. WITH I N I L U I E  8TRES REUEf, WEUIEO TO CELL C O W S -  



P H O T O V O L T A I C  REFERENCE C O N F I G U R A T l O h .  SOLAR ARRAY FUNDAMENTAL ELEMLNT. "BLANKET PANEL" 

Th is  is the basic panel  adopted f o r  design r tudles I t  t a\ a n ia t r lx  o f  253  solar cell\. each 0 4 b y  7 7 c n i  ~n size. c.onnected ~n 

b:--.ps of 14 cells in paral le l  b y  18 cells i n  wr ies  I l r c  cells are c l c c l r c n l a t i c ~ l l y  bonded between t w o  sheet\ ot h r o r i l i c a l r  glass. 

Spacing between cel l  and edge spacings are a\ s l ~ o w n  ?'ah\ are broccpht ocil at  t w o  cdgcs ol l l ~ e  pul le l  f o r  e l cc t r~ca l l y  connect ing 

panels in series. Cells wrthrn the panel are rn te rcon r~ rc t cd  b y  c o n d u c t ~ n g  elements p r i n ted  o n  t l l c  glass urhctrattr. 

l m p o r i a n t  panel  requirements were t l i c u  

T h e  panel  components  and  processes should be cornpiltrble w ~ t l i  thenna l  onneelrng a t  SOOW'. 

Presence of charyet.xchanp plasma du r i ng  l onv i l g i nc  o p c r ~ t i o n  IIIJY ~ i r ~ c s \ ~ t a t e  i t ~ ~ l a t ~ i i g  t l i c  electrical c o n d u ~ r o r s  on the 

panzl. 

T h e  panel  d e s i p  shou ld  be appropr iate for the h igh-spr rd  a u l o n i ~ t ~ c  aswmhly  required for t r ~ a k i n y  the  some 78 million 

panels r rqur red for each satell i te 

L o w  weight and l o w  cost arc i m p o ~ l a n t  

-rhc gl.isrcncap\uldtion r c ~ h n o l o g y .  w l ~ d e  1101 Ir i  usc IOddy. .u.elli\ l o  hc ~ ~ I i ~ e v a h l ~  by  I 0 8 5  S1rii111a11~1i I J t i y \~c \  ha\  n iad r  excel- 

len t  elec t r o \ t a t ~ c  bond\  o f  cover\ t o  cell.. Scllrrtt 111 W e s ~  (;ernian y I\ 11iak111g tl1111 1111~ r o \ ~ o ( ~ ~ -    lid^"( I to111 boro\i I~~ .IIC g law The 

a l l e rn r l e  panel  dr'\ ip~>. uslnp adhes~bes '9r h o n d ~ r i g  cell\. cobrrs ~11d ~uh,tr;~te. mdy a l w  I)c Icv\ ih lc I,y l ' jU5 ToJay  p o l ~ p h t ~ n y l ~ ~ n c  

\u l l i dc  atlhesrves car, ope rd l r  at 32W'C . ~ n d  p o l y p l ~ r n y l  r l r~crox ; l l~ t~c .  . ~ d l ~ r \ i r v \  J r r  good l o r  37(10C Al\c, \ r~ r~ i c .  ol o ~ r r  rcwarclr  

\upyest\ tha t  a t c r n p e r ~ t u r c  of SINo( n1.i) not ht. tlvcded l o r  . ~ n r i e . ~ l ~ ~ l g  o c ~ t  Ilir c lu \ l c r  t1clr.r I\ ~ ' r ~ ~ . l r ~ ~ c t l  111 u ~ l a ;  ~ r . l l \  hb c o l ~ r - I l ~ r c  

p ro tons  



L h 1 =  
14 CELLS IN PARALLEL WILL TOLER4TE 

4 CELL FAILURES !N ANY ROW 

I 14 CELLS IN PARALLEL 
NO SCALE 

233 



PHOTOVOLTAIC REFERENCE CONFIGURATION-PANEL TO ARRAY ASSEMBLY 

Shown here is the way panels would be assembled to f o m  larger elements ot' tllr so1;lr array. Vie intzrconnrcting tohs of one 

panel are welded to the tabs of the next panel in the string. and then tlie intercontiections ore covered with a tope that also carries 

structural tension between panels. After joining. tllr panels are accordion-foldccl into a compact package for trinsport to the low- 

Earth-orbit assembly station. 

The 0.5 cm spacing between panels provides room for the welding electrodes. and also ppern~its masonable tolerdnccs in tllc largc 

sheet of 75 pm glass that covers the cells and the 50 pni sheets of wbstrote glass. 

0EtK;INAC PAGE Tb 
OF' POOR QU- 



- /--- LONGITUDINAL 

Pho tovoltaic Reference 
Panel to Array Assembly 

- WELDED 
(13IPANE 

TABS 
IL) 

TAPE 
cmX4orm 

SECT A-A 



PHOTOVOLTAIC REFERENCE-SOLAR ARRAY ARRANGEMENT AND ATTACHMENT 

This i l lustration shows a typical 660 metcr  bu: and the method by  which tl ie solar ccl l  blankcts are supported w i th in  thr bay. 

The solar array panels are supported by a main web support system wli ich attaches t o  tlre satellite structure at $0 metcr intervals 

around the perimeter o f  the 660 meter bay. Further wcb support is provided by thc. catenary. 

Thermal expansion and contraction arr  accommddtcd  by  uce o f  a spring loaded pision cyl indcr that provides a constant forcc to 

the solar array support system. T h ~ s  arrangement also provides for a lnovemenf o f  u p  to  2 meten. ~n both x and y directions, 

which may occur due to LEOGEO transfer acceleration o f  lo4& 



Pho tovoltaic Reference 
Solar Array Arrangement and Attachment 

/ I 

S S  'am 

18 STRlhK3slZO M 
INTERMEDIATE SEGME 

TYPICAL PANEL - E?JD SEGMENT 
13 STRINGS/20 M END SEGMENT 

'- INTERMEDIATE SEGMENT 

32 - 20rn SEGMErJTS/BAY 
..- I - TYPIsmBAY 4' 5tB S T R I N W A Y  

541 PN4ELbll)AY STRING LENGTH 



PHOTOVOLTAIC BLANKET WUGHT BUILDUP 

The top of the chart shows the weights for the solar array blanket as reported at the timc of the Part I linal presentation. nlesc! 

weights were based on a blanket having Kapton as a substrate. 

Our latest blanket design is compatible with tltennul anttealing of radiation damage. n.-ultinq in a signiticant reduction in array 

area and consequently array weight and cost. The onnealable blanket has a 50 pm glass substratr. electrostatically bondcd to the 

solar cells to avoid adhesives and plastics that can be degraded by thcnnal annealing. Tlie silicon solar cells are 50 pm thick. md 

the cell covers are 75*m thick borosilicate glass. electrostatically bonded to the cells. Intrrconnwtions are printed on the suh- 

strate glass prior to  bonding. 

ORIGINAL PAGE Eb 
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I Photdvoltaic Blanket Weight Buildups 

SILICON S O U 7  CELL EL6NBET W E l W  0 PART I FINAL 

ITEM DENSITY 

- t&G.l(o 1 m2/MILl 

COVERS--FUSED SILIG\ Y 20 55.88 
C E L ~ I L I C O N  238 69.94 
INTE .SCONNEC?S-COPPE R 8.94 227.00 
#IQPORTINQ FILM-KAPTON* 1.42 30.07 
ADHESIVE. CELL8 TO FILM 1.40 a68 
ADHESIV~ MON TO WON 1.40 35.68 

THICKNESS 

(MI U) 
AREA FACTOR WEIGHT 

- cdmZl 

THEORETICAL WEIGHT 424.W478.01 

TOLERANCES & IIYSTALLATION 0 6  %) 63.74/ 71.68 

2 MI L8 BLANKET & - INIERCONNECT ESTIMA CED ACTUAL WEIGHT 4S0.715648 

AVAILABLE BLANKET O PAfiT II MIDTERM 

COMRS-F USED SlLlCA 220 66.88 Z O  1.0 16764 
CELLb--SILI mfu 236 58.94 20  0-7 116.17 

' I R T E R C O N N E W R  8.94 227.08 .I 0.100 1136 
SUBSTRATE-FCWED SILICA 220 66.W 20  1.0 111.76 

7'HEORETICAL PANEL WElGHl a 
TOLERANCES ALLOWANCE 6%) 20.30 

L INTERCONNECTS ESTIMATED PANEL WEIGHT 426.22 
PANEL AREA FACTOR (.@a131 42251 
SEGMENTS AREA FACTOR (.9972) 42133 

CELL AREA - 3 a o m  m z m ~  JOlNTlSUPWRT TAPES 2.93 
PANEL AREA - =,w m2my CATENARY SYSTEM 242 OHIGNAi, 1b 
ARRAY ARE A - 409,434 rn2m v 

01q' f - ' - ' ~ . h ' h J i  L, ' LlTY 
NO.OFBAYS - 266 ESTIMATED ARRAY WEIGHT 426.78 



PHOTOVOLTAIC REFERENCE CONFIGURATION-POWER COLLECTION 

Long solar cell strings were adopted for tlrc reference configuration to pornlit pencratlliy t l ie  required voltvgc. aroilnd 40 kV. 

directly from the solar array wrthout inter~eli~ny power elcctron~cs Ttlr rlrltig I~*~iy:l i IS around 5 1 k n ~  

Current generated by the rolar cel ls  can he carried by conductors or by t l ~ e  u ) l ~ r  ~ ~ ~ l l *  tl~cn~x.lvc\. T l ie  c.o~iliylrr,~tion &own here 

UKS the solar cells to the rnvxlmum posslhle I xtent for carrying the ~Lrrrcnl I t  will tw noted l l i r t  no conductors are needed lor 

bnng~ng In the current from the edge5 of 15, array. tllr solar-ccll rtrlnys h c ~ l ~ y  .rrr~ngcd In loops wli~cli s t~r f  lroni one center bur. 

loop around the edp of the arra). ~ n d  return to the oll~r-r bus at tlrr ccnter 01 the array. 

Solar array power IS controlled by vacuum clrcult breakers near tlie h u w  Voltage I< confrc 'led hy lurnltig groups ol strlnlp on or 

cff. dependmg on Idad nqulremento 

Two oectlons of the array prov~de the requlred voltage at the sl~p-rings usrlly the J l r e t  condtictor voltayc drop to acliicvc the 

required voltage at the sltp-r~nys. All solar cell strllrgs are of tlie wrnc dcs~gn. 

Power source 'A' provldcs power d1rec.11) to t l ~ c  111th r t~gc  of t l ~ c  Kl)s~rclli tlcprc\wd ~ o l l c ~ t o r  Powet sour~.i* 'I' 17rovldr.s power 

directly to the fourth stay of tlre Klystron drprcwd cc~llc~tor ~ n r j  1 0  111~-  WPtS d ~ , i t l ~  bot~\crtcr. WIIICII rujrrly a l l  otllr*r Klystron 

element power requirements. 



~ h o  tovol taic Reference Power Collection 
I1Dff### 

STRUCTURAL BAY 

SOURCE 
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ANTENNA SUPPORT AND MECHANICAL JOINT AND WEIGHTS 

The Antenna Support s t r i~cture antl ~ l lcc l lar i~ca l  rotary joint arc tllc \ t ruclural  i l l l ~ ~ r l i ~ c c s  h v t w c c ~ i  t l ~ c  Ijas~c w t e l l ~ t c  r tn l c lu rc  and 

the antenna yoku s tn lc tur r  wl11l~- provldinu for Ille 300° rotat lol l  ot ~ l i c  ;~nlctl l l i l . 

The t l r c t r i c a l  S l ~ p  R111g.s are ~ i l o u n l e t l  J I  th' centcr o l  t l lc ~ ~ ~ c c l ~ , ~ n ~ c ~ u l  rotary joint ;111tl ~ j ~ o v ~ t l c  tor o l c rgy  Iri111sli.r across t l i r  rotat-  

Ing connccllon. Flexible conductors provide for  rncrgy transfer ;lcrws tl lc c l ~ ~ v u t i o n  j o ~ n t  011 tl ic alltennil yokc. 
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Antenna Support 
and Mechanical Joint Weights 

IUI0AlU - 
-1018 

MECHANICAL / / 1 1 , A  ROTARY JOINT 

ANTENNA SUP#)RT mRUCTUR€ - 63,000 kg \ 
\ 

MECHANICAL JOINT - 33,400 kp \ 

YOKE 
- - 41,200 kg 

TOTAL - 127,840kg 

. - .,, STRUCTURE 

/ '\, - ANTENNA /REF) 



ROTARY JOINT AND MASS 

The dramcter o f  the rotary jo in t  which was first designed w i n  350 ~ l ~ c l c r s .  Subsequent analysis o f  tlie ~ i l v c t  wi luired for the corn 

silver o ~ p  ring showed that over 5% o f  the silvcr resvrvc\ (known and projected) was rec1uln.d for Iaryc dip r i np .  TI lc smalkr 

design shown was dcvelopcd t o  I) reduce t l ~ e  rcqulrcd n la l c r l~ l s ,  a t ~ d  2 )  to l i t  l n l o  tl ic l a u n c l ~  vc l~ lu lc  payload c ~ ~ v s l o p c .  T h i s  will 

enable earth fabncatinn and c l ~ e c k o u t  of tlre el'ctr~cal s l ~ p  r lny pr lor  t o  Iauncr. 
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Electrical Rotary Joint and Mass 

- ~@mS - 

SLIP RING , 

EACH BRCISH ASSV/SLIP RING 
INTERFACC LOCATIW 
STAGGERED ON ISLE DETAIL 

AND TABLE 1 
245 



REFERENCE PHOTOVOLTAIC INSTRUMENTATION AND CONTROL SYSTEMS 

A preliminary Instn~mentation and Control list war con~pilcd for tl~c power yrtirriitlotl. tlistrihulion. ant1 trununirsiot~ systems. A 

summary of the number of items in each major calcgory for the powor gCncration i ~ t r t l  distrihc~tio~i sys to l i c  is d~ow~i .  

mINffi PAGE I& 
OP r n R  Qv- 
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Reference Pho tovoltaic 
Instrumentation and Controls 

0lllr;INAL PAGE IS 
08 QljALny, 

*DOES NOT INCLUDE STATIONKEEPINO, HOVSEKEEPINO, OR ENVIRONMENTAL CONTROL AND 
MONITORING SYSTEMS. 

b 

P W E R  OENERATION 

POWER SECTORS 

SOLAR ARRAY STRINGS 

POWER OISTR IBUTION 

SWITCH GEAR 

MAIN BUS 

ROTARY JOINT 

DC-DC CONVERTERS 

tOTALSe 
4 

CONTROLS 

420 

104 

624 

IN8TRUMtlllTATlON 

1,162 

1,- 

4 

149 

to 

I 

a- 



PHOTOVOLTAIC REFERENCE-ATTITUDE CONTROL 

For an orientation perpendicular to the orbital plane the photovoltaic SPS attitude control equipment and propellunt mrucs are 

listed along with the assumptions used In the calculations. A control authority margin of  20 percent was used in thcsecrlculations. 

I t  was noted that the chemical propulsion requirement during uquinoctal occultations rrmtltcd in a small mass penalty. 
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Pho tovol taic Reference 
Attitude Control 

THRUSt PRODUCTION EQUIPMENT 

POWER PROCESSORS 

INSTALLATION HAROWARE 

NON REOCCURINO TOTAL 

ANNUAL PROPELLANT (ARGON) 

1-YEAR TOTAL 

ASSUMPTIONS: 

OPTIMIZED lW - 20.000 8EC 

SINWOIDAL DUTY CYCLE (60 MW PEAK, 32 MW AVO) 

PERFECT CONTROL LAWS (NO WASTE0 PROPELCANT) 

CHEMICAL PROPULSION FOR CONTROL IN EWINOCTAL OCCULTATIONS 
lisp - WJ SEC REaulREs 1.0 TO 1.6 MTNEAR PROPELLANT) 



ANNUAL POWER VARIATION 

T h e  power  ou tpu t  o f  a solar array d e ~ e n d s  o n  the ~ n t c n s l t y  o f  ~ l l u m ~ n a l r o n  at  t l lc  cells a r ~ i l  t l ~ e  t c l l l p r a t i l r c  of t l lc  cells. t ire 

maximum-power p o l n t  o f  cells d ~ m l n l s h ~ n g  as the cells bccorne I ~ o t l e r  In geosync.l~ronous orhr t  the  tcrnpcraturc o f  the solar cc l l  is 

related t o  the Intensi ty of w n l l g h t  f o r  any g w n  panel  configuration 

T h e  sun IS brightest a t  ~ t s  penhel lon,  wh i ch  occurs dround w ln te r  w l s t r c r  when the o r l v n t a t ~ o n  of t l ~ r  array IS SICII that  the  sun's 

rays arrive at 23.5 degrecs of1 o f  r ~ o r m a l  ~nc ldcncc .  The w o r 5 t - r ~ ~  illurn111;ltion I\ a t  cunlnlcr  u ~ l s t r c r  wl lcre l l l c  3 .5 l lcpr r . r .  mison-  

enta t lon  1s accompanied by aphelton where the inten5i ty o t  sunl~glht 1s fJ.907 ol average. I l o w r v c r .  t l ie solar array t~*n lpera ture  1s 

also down ,  b a n g  36.S0c rather than 46.O0C' as at t l ~ e  \prrng and au tumn  equlaoxcs. 
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Annual Power Variation 

1.10 1 
UNOCCULTEO OUTPUT 

1.06 - 
1% OVERSIZED FOR REGULATION 
AND AUXILIARY M R  POWER REQUIRED 

16.43 GW TO SLlPR WOS 

INCLUDES: 
1. DISTANCE FROM SUN 
2. POP ORIENTATION CORRECTION 
3. SOLAR CELL THERMAL CORRECTION 

DAYS FROM SPRING EQUINOX 



PHOTOVOLTAIC REFERENCE CONFIGURATION NOMINAL MASS SUMMARY 

The structural mass difference from previous analysis reflects a change in tlie s tn~ctural  ccncept and integration of the new sizing 

cnteria for the Photovoltaic reference SPS. An all tubular beam section is now being used instead of a flat-tape. diagonally- 

stabilized, beam section used prcviously. The secondary structure has been incorporated into the primary structure. The bay size 

and member dimensions have been changed to be co~npa!ible with the new reference system. 

The mechanical systems mass is composed of the mechanical rotary joint. 

Investigation of  the gravity-gradient torques and optimization of thrust Isp led to  a decrease in control system mass. 

The mass of the solar cell blankets decreased due t o  a new blanket design consisting of  3.0 niil coverglass, 3.0 mil silicon solar 

cells. and 2.0 m ~ l  silica substrate. Solar cell blanket decrease also resulted from lower radiation degradation of the 2.C mil silicon 

solar cells. 

The increase in power distribution system mass reflects a change fronl the n o  longitudinal bits bar configuration t c  n o  lateral bus 

bars and includes energy storage equipment. 

The increase in MPTS mass reflects the inclusion of energy storage for ilntenn.a ystenis.  ORIGINAL PAGE Ib 
OF POOR QUAWTY 

The growth uscd was 26.6% on the final contiguration. T h ~ s  growth wi~s  thc rebult of the uncertainty a~jalysis lll;tt was per lbmed.  



I Pho tovoltaic Reference Configu 
Nominal Mass Summary 

I Weight in Metric Tons, 

COMPONENT 

1.0 SnlAR ENERGY COLLECTION SYSTEM 

1.: PRIMARY STRUCTURE 

1.2 SECONDARY S f  RUCTURE 

1.3 MECHANICAL SYSTEMS 

1.4 MAINTENANCE STATION 

1.6 CONTROL 

1.6 INSTRUMENTATION/ 
COMMUNICATIONS 

1.7 SOURCELL BLANKETS 

I 1.8 S O U P  CONCENTRATORS 

I SUBTOTAL 

c 
7 

ORIENTAT ION 

I nu, I 34,; 11 

I 

ratio 

PART I t  
FINAL 

61,782 - 



MASSISIZE UNCERTAINTY ANALYSIS 

An imponant part of this section of the study was lo prrwidc the nwrtts of the unccttaitrty rnrlysrs tt\ut was perfomred on rlrc 

rcfenncc photovoltaic SPS. A p' r cf the rowlti of the uncertainty wrtysin on doe and rnsu is  rlmwn. 

I t  should be noted that thc rcE:mncc pornt dcs~gn hod a rectenria output of 0.1 G w  instead at' t lw  10.0 (;w that the rtncerlatrkty 

eUipscs use. Thrr was caused by a freeze in the energy tnnm~uion power rcywrentrrrts ot tlie Pjrt 11 mid t..m. fu allow ;r crrorc 
indcprh slzrng analysts of tire energy  onv vent on f+%irnls. Afxcr tlur w ~ i  rknc. b . l rnryr . s  cwicrriw trr tltr Iranurt#**inn syitcnt that 
iowerzd t h ~  kctenna ouiput to 9.2 Gw.  

T?it m a s  growth uaed in final m a s  summary war the mas growth shown on th: uncertainty plot between the wfcwncc parnt 

design and the unctrtainty mJyr is  most probable mass point. 
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MassISize Uncertainty Analysis Results 
s~ 



REFERENCE PHOTOVOLTAIC FINAL COW SUMMARY 

The c a t  analysis on the photovoltaic SPS used a parametric cost modcl (WM) to projcct the tlteorcticrl first mil TTFU) cost. A 

mature industry projection was applied to the TFU along lcarni~ty curves to cstimalc tllc system costs for thc vurious schemes 

shown. 

The LEO construction advantage is readily seen along with the odvantugrs of incrourcd production rulcs. 
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s Reference Pho tovol taic Final Cost Summary 

*INTEREST NOT INCLUDED 

WBS 

~1.01.01.m 

~1.01.01.01 

8 SPS's PER 
LEO CO' 'ST. 

760 

- 

~ l d l a 1 . m  

~ 1 ~ ~ ~ 1 , ~  

- 
A1*01'1*04 

NAME 

MULTlPLE/COMMON 
PROO. COST (8 x 106) . 

ENERGY COLLECTION 
N/A 

9 

YEAR 
OEO CONST. , 

861 

- 

ENERQY CONVERSI N 
PROD. COST (8 r 1 08 1 

POWER DlmRleUTl N J PROO. COST (8 x 1 ) 

MPts 
PROD. COST (8 x 146) 

- 

1 SPS PER 
LEO CONST. 

897 

- 

SUB TOTAL (8 x 16 

INSTALLATION COST (S x 108) 
- -  - 

TOTAL COST *($ i 1W@) 

i 

1 YEAR 
GEO CONST. 

793 

- 

3731 

138 , 

21178 

7442 

768) 

14,986 

2680 

78 

1962 

3S88 I 2m3 

6378 

7640 

13,020 

133 

' 2678 

7 180 

10906 

18,098 

62 

IS62 

6687 

B297 

10,884 





SUMMARY 

Of the thermal engine systems strrdicd, the potassium rankint is the lightest war-ierm technology SPS option. Our etudy nwlts 
show i i  to be Jig1 ter. with this technology. than steam Rankine, helium Bnyton or themionic SPS systctns, Is the am8 of d u r  

concuntrators. we had previct~~dy anticipated npproxitr~ately 30% deradatton in the barlined 30 yrer life of' thc SPS. Mow recent 

data has however. ~ndicoted tltot l ittle at. no Jcbr.rdation sl~ould b* expoctcd. 'Th.,rcfore, none h,rr Iwrlr busclincd. An inveytiuu. 

liar. ot'potentia! ~n~teri i l ls  for thermal enpisre SPS uhirpr has indicated that m e  of thc k s t  tniiten;~lr un* ict short supply. HOW- 
aver. suitable optionsexifit ant1 these have brcn bnsclhcd Wr have selected a turbine sisinp of 32 megawatts. At this size, 378 tur= 

trines ace required for a 10 GW output SPS. 'n~is turhinc sixc i s  approximately that of ~ h c  $ST rnyinc 1;urtiolly developed by 

Genera) Electric for the American SST program. and iu appropriate to lhc ~ ~ a t k n a l  fabrication cc~puhility. By the use of mlativelp 

small heatpipes it has been possible t? configure a radiator system which is wffrcirntly inlmunr to metrrokl m n e t n t b n .  At the 
md of this study phase we indicate that the mass at' the thennal engine SYS is rpproximnlcly 00,000 metric tans and that the 

average cost for one SPS at il rate of four per year is approxirnate)y 18 btllion dollan or  1,800 dollars p r  kilowatt produced on the 

ground. 



1 Summary 

THE POTASS3UM RANKINE OFFERS THE LlGHTEST NEAR TERM 
T HERMAL ENGINE Sf's 

A PASSIVE SOLAR CONCENTRATOR WITHOUT ANTICIPATE0 
OEGRADATION HAS BEEN BASELINED 

PROVEN, AVAILABLE MATERIALS ARE USED. 

A TURBINE SlZlNQ OF 32 MW OUTPUT PERMITS MANUFACTURE 
BY ONLY A MODESTLY EXPANDED INDUSTRY. 

A HEAT PIPE RADIATOR SY8TEM HAS ADEQUATE METEOROID 
RESISTANCE 

THE SATELLITE MASS IS APPROXIMATELY 80,000 METRIC TONS 

THE SATELLITE COST FOR112 UNITS IS ABOUT S 186 EACH 



A RANGE OF THERMAL CONVERSION SYSTEMS WAS INVESTIGATED 

T h e  steam ranklne SPS wou ld  I)** an extrenic ly l i ravy optlor1 'l'111\ 1s p r t l t ~ ; ~ r ~ l y  hcc;~u\c the 1 1 i i 1 ~ 1 1 i i i 1 1 i r  turI,111~ 111 l~ t  tcI i i I )Crat~Irr  is  

I n  the ne ighborhood o f  1 .000 l o  1.100 degrees F a r r l i l ~ e ~ t  itrid t11c heat r e j c c ( l o ~ ~  tc~ i iper i r tu rc  rr rtc;rr t l le c o ~ i d r ~ i w t ~ o n  p o i ~ ~ l  o f  

water.  Consequent ly.  t l ie carno1 e f f i c l e t~cy  is l o w  ant l  thc re;lllsahlC c l ' l ' ~ c ~ e ~ ~ c y  tr rvc.11 l owc r  ~ ' I~L~~II I~I~IL.  sy.:te1111; arc ;~l*,o very 

heavy Thts  is bccau..- t l i cmi lon ic  dloi le\  a1161 tlic. ~ ~ i t c r c l c c l r o d c  I>u\lritr\ r c c l ~ ~ ~ r i * r l  t o  c o l l i l t i t  tlii-111 ;IIC 14r;lvy ill\(! l l ~ c  r;tdiator 

\ystern r e q u l w d  forexcc.s\ l i ra!  r r j c c l i o l i  I'ronl t l w  t l i cnn ion ic  J i o d r s  i g  ; ~ l \ o  i l i t i t c  I ~ ~ i l v y  'll\r Br i l y ton  SYS I.&-. a Irclii1111 c . l w d  

cycle system. is o near c o t ~ . p ~ t i t o r  t o  t l i c  p o t ; ~ \ \ ~ u ~ i i  K~III~IIIC \y$tc.111 l i ow~sv~ , r .  II I\ (>li ly ~ ~ 1 1 1 i i p ~ ~ t  IIIV,, 111 I:~.I\\ w ~ t l t  very l \ ~ g l i  tur-  

b l ne  In le t  temperatures. 111 " i t .  v lc ln l ty  ot' 1.000 K i:: .500('1.  1Ii1\ t t ~ r h ~ ~ i i *  IIIILL~ t~~t l ip i*r ; I tL l re I\ o ~ i l y  ~CIII~:\;IIIIL* wit11 cc.raltilL 

materials such as s i l lcon carbide. Thts ~ i i o t e r i ; ~ l  I\ ~ i o w  111 d r v e l o l ) r i i ~ - ~ i t  hut I\ Itot ~ o ~ i \ ~ i l e r ~ i I  t o  hc ;lpl>ropria11. I'or hsw l i ne  SPS use. 

We,have emphasized the potasslum H a n k i ~ i ~ ~  SPS 111 P;~r l  I I  ot' tl11c stut ly ;111tl JL tai l \  o l  tl1rb rc\ul ts ;IIC c o ~ i i l u i l c d  111 t l ~ r  rc t i \ l r i~ idcr  ot' 

th is  presentation. 



A Range of 
Thermal Conversion Systems Was Investigated 

mm*HHe - 

STEAM RANKINE 

THERMlONlCS 

BRAYTON 

POTASSIUM RAN KINE 

EXTREMELYHEAVY 

VERY HEAVY 

BEST WITH ADVANCED TECHNOLOGY 

EMPHASIZED 



I I '  I t I 1 w e  u I I I I  I I I ( J \ < ' ~  L ~ C I V  I I V ~ I ~ I I I I  H r . ~ ) ~ r l ~ l  \\.st: 1 1 1  W I I I ,  Y C I ~  1i1vt1 ~ ( I I ~ I I ~ C  I I ~ I C I  t~ I t 1p ' r ; i -  

t u rck  , L C ~ ~ C V C ~  by thc u\t. of c c r a r l l l L  111rli111ci ,\I,o d t1 r111p  f',11t I w v  w t m r t +  \ I I I ( I ) , I I I ~  F I O ~ . I , \ I I ~ I I I  r* t t ik1111* \ ~ C , J I I I  ~ . I I I ~ I I I L ~  , I I I L ~  l11er1n-  

I : ~ I L  \y \ te111\  1!1c ~ ~ I ~ \ \ I L I I T I  R . I I I ~ I I W  \y,rt*t11 W * I \  \ L ~ V I I  !IIc. ~ l o \ t * \ t  L O I I I ~ ) ~ * I I I I ) I  I f )  1116, k 3 1 ~ 1 y l i 1 1 1  l i i ~ v . t % ~ + r .  11 W.I\ I I O ~  L I I I ! ~  11cd r  

I i i c  c r l d  111 t l i i .  f'.rrt 1 \1\1t1) t l ~ ~ t  t 11v  I ~ . r l l l l t - r . ~ t c ~ r c  O ~ I I ~ I I I , I / . I ~ I ~ I I  0 1  t l t t .  ~ ) O ~ . I \ \ I I J I I I  ~ . I I I C . I I ; ~ ~  \ \ \ I \  W I I \  I ~ I I I I J ) I C I L . ~ I  WIICII t11r o p t :  

mun i  L ~ L I C '  t ~ 1 1 1 p e r a : i l r c  ratio  W;I\ I ( I C . I \ I I I I ~ I I  ~t ,.v.I\ f o c ~ ~ i t l  I I I J I  I I I C  P O ~ , I \ \ I ~ I I ! I  ~ , I I I ~ , I I I C '  \ ~ \ I C ~ I I  W.I\ 11p11tt.r t11a11 t I1c  H r ~ y l o n  SIIS cvcn 

I r e i t v l  n 1 1  I I I I ~ I  I I I I I ~ I I  S I I I \ I . ' ~ ~ I L ' . I I I O I I  (11 , I O ~ > I - O ~ + I I : I ~ ~  111 I I L . ~ I I I \  l o r  It1i6 ~ I I ~ ; I \ \ I L I I I I  

r J n r ; l n e  SI'S Icd to t h e  \ c l c . ~ ~ ~ o r i  t r l  .I t u r l u l ~ c  1n1r.t t t . ~ l l l ) c r . l l c l r ~ .  ol 1.243 K I 177t;"I ) 



Technology Trends 
I U I I N . .  - 

STUDY PART I 

SYSTEMS WlTH HIGH TECHNOLOGY: 

TURBINE INLET TEMPERATURES TO 16WK (2510°F) 

SILICON CARBIDE TURBINE ASSEMBLIES 

STUDY PART 2 

SYSTEMS WlTH LESS ADVANCED TECHNOLOGY: 

TURBINE INLET TEMPERATURES TO 1242K (17780~ )  

NIOBIUM/MOLYBDENUM TURBINE ASSEMBLIES 

DUE TO INCORPORATION OF POTASSIUM RANKINE SYSTEM 
WlTH PROPER CYCLE TEMPERATURE RATIO, PART 2 
SYSTEMS ARE LIGHTER THAN PART 1 



REFERENCE RANKINE SPS DESIGN 

A plan view o f  the thermal engme SPS I S  ~ I ~ o w n .  T h ~ s  s;ttell~tc lias two 5 GW output rcctcnnas located on tlic nortli-sot~tli 3x1s 01' 

:he satell~tc. The satellite I \  d~vtded into 16 ~ n o d i ~ l e s  e.1cl1 ol'wliich has 36 ti~rhogcnerators. for i t  total o f  576 per SYS. The satcl- 

l ~ r e  flies In a perpendicular-toecl~pt~c plane orlentation at ,111 t~mes.  



GROUND OUTPUT: MINIMUM 
OF 10 GW (TWO ANTENNAS) 

POTSSIUM RANKINE 
TURBINES (576BPS) 

8 "P.E.P." ORIFNTATlDN 

CONCENTRATOR AREA: 119 krn2 

a SYSTEM MASS 





-Rankine Cycle Schema tic 



DATA BASE DRAWS HEAVILY ON DEMONSfRATED TECHNOlDGY 

The General Electric Corpor;rtion. our wbc,ontri~tor for Rvnkinr turbines. prdlrccd rllr clotu down t-n this uliort. Ws have haw* 

lined a turbine efficiuncy of 8Wk. 7 h i s  was clrrnonctralrd In Irsts in I l l e  I;ltc 191d'u o l  thv ~cwin:  Hewarc11 C'unrcr. Tllc MU'h f i ~u r r  

is probably quilc conscrvrtivr ['or large potassrilln turbihcs. In lllc an.;, ol'enosion control tl~n'r promiriny rnetllwlw wr-rc. dcnron. 
strated in r.4e Lrwrs tcst. A total of ncurly 800.000 l ~ o l i n  of Icqtiny was O~~~IIIIIUIYI~J IL'I~IIIVC. IQ I)(~I;,HS~~IIII syltcnl*. Nolu that tlrh 

includes a total of more than I 0 . m  hours of running tucts on turhincr u~wl more Ihun 10.000 hour# of rlrrtrnmuy)rtic feed pump 

resting. 



Data Base Draws Heavily 
. on Demonstrated Technology 

(General Electric Data) 

t ROIIlON CONTROL: THRW MtTHOOI DEMONCTCIATCO 

urk. rut vrtwr 
rui.r 
41- l lq lu  
~PUJL t r o t  W O ~ Y ,  kllty 
b r e d  )rurr)sant yrtw 
Dm. 
l i u r ,  

,a? id -01 
I lrarmmqwrk . 
WblM d t l m  . , 

I? -8 - 
I.Uet0 
,a 

trrrr 

Cerltm 
(a23e000 
hut. 

tar r k i )  
6 



MATE RIAL AVAlLABlLrf'Y 

The abund~nce data given on this ch rt were tlrown from Dcpurt~llrnt of Interior p~~hlicoliotis for 11173. Tile first of the gcncrul 

rules shown states lhat since solur power sutellitrs will not be uvuiluhle ill luryv rlr~;~rititira uritil ul'lcr tlic ycvr 2000 i t  uplvropriatc 
I 

that we baseline materials that will still br sufficiently ilbunclunt in that t i~r ir  ~~r*ri(nl. Our huwlirir SPS quantity fbr tlris slidy wan 

112 units, probably sufficient for U.S. eleulricul nerds in thin curly purl ot' tlir I cblnliiry, tiowVvcr, nlo~,: urrrts 111uy ultimutely hr 
required for the United States, and up to u 1000 unitrpr more for the world. Vicrcl'orc. i t  is  prohi~bly upproprii~tr tliat wc tlo not 

hasiline for SPS use a muleri;~l sucli tliut I I:! solcllitcs wo~lld uw over 5'4 of i111y world ~ti;~lcriul rcsoilrcr. Wi~ le  3 tends to mini- 

mize the impact of SPS incorporalion and t l~c  concomitunl industrioliz;rlion rcquiretl. Turhitio wltr.rlp vrrd blodas for ~*otoolium 

Rankine turbines un baselined a5 using molybdenum. u wrought mutcrlul. gilicon uurhidr could iilu~ h. used. however. this 

maler~ai i s  in its very eurly devrlopment stdgc and Itr probubly too udvuncrd to huwlint~ Ti~rhitir Iioir~iny nietcriuls nlurt be ductol 

and weldable. Tantalum alloys would he idci~l. liowcver world rcsourccs ow tiol odcquutc. Thercl'orr. wc I~ave wlected niohiutn. 

also called columbium, for the buscline muhrial. Cbiuillnr woi,ld he i t I i  ideol ru~~kinc cycle working Iluid. I t  wcwld nnult In tltc 

turbines hovinl fewer stages and a smaller disc (diumctrr. Howcvcr. thC ri~pplies ol' ccrii~tir urc clrarly not ,~Jcquutc for lnrw wulr 

SPS usage. Pota~sium, on abundunt materinl tiwu been burlined. 



.Material Availability 

GENERAL RULES: 1) MATtRIAL TO 3E PREDICTED TO Be "SUFFICltNTLV AWNDANTn IN 1020, 
2) 8PS TO NOT USE OVER 6% OF WORLD RESOURCES OF ANY MATaRlAL 
31 CURRENT WORLD PRODUCTlON RAT€ AOEOUATE FOR ONE W E A R  

0 TURBINE WHEELhLADE MATERIP.& (NEED *10000 MTBPS) 
(WROUCIHT MATERIAL1 c 

MATERlAL sTAtf.-- 
MOLYBDONUM ITZM) DEVELOPED ~ , ~ o o , ~ o o  ei,m 
SILICON CARBIDE: EARLY TEST VERY ABUNDANT VIRY SMALL 

TUR81NE HOUSINO MATLRIAUBOILER TUBE8 (NEED 1OOO TO 7- MtllPI) 
(WQLOUILIE w c t I L e  MATERIAL) 

MATeRlAL mrumnI - 
YANTALLW (?Ill) DEVELOPED 100,OOO PERHAPS 1,000 
NIOsiUM (C103) DLVELWED 17,000,000 A80W 30,000 
SILICON CARBIkI! EARLY TEST VERY ABUNDANT VERY WALL 

RANKINE CYCLE WORKING FLUID 

MATtRIAL au Iuum -- 
C~SIUM DPVELOPED t00,oocr 
COTAIUIlUM Df VELWf 0 > l o a  1 0,000,000 

.MT - METRIC T O N m  



MODULES CONSIST OF CONCENTRATOR AND FOCAL POINT ASSEMBLIES 

Thr solar cttnccntriltor i s  made up of it ~tructur;ll rystcrrl arplxtrting :I Iargc nrt1nhr.r ofpluttic nltrl rcfleclor fbr.ots imd is  r mgrlenl 

ot- a sphere. The reflected light IS concentrated info tlic Pwrrl point aswrnhly whic.l~ ~nwrcttr la ihc conccnlrator try four cavity 

support nrnts. Thrw arms are m d c  up of yraph~te cpo& lube wctknli I'ornriay ;r 20 n~ctrr k r t ~ ~ .  Tl~r lltrurter fystsrtts rccluiwd 

for scll power trznqurt to yuosynclrronot~\ urbit tn thr Lk.0 cor~\tn~c*t~otr opt1c1r1 ;trr lw;ltcd at tlre .? poinrr hllown. 



Modules Consist of Concei~trator 
& Focal Point Asse~nblies . 

LOCATION OF ORBIT TRANSFER SYSTEM FOR SELF W*ER 
(LOAO CONDITION IS 1 x 1 0 ~  g ORBIT TRANSFER) 

275 



CONCENTRATOR FRAME ELEMENT 

The concentrator struclibre which supports tllr rrllccror f;~c~b?r 1% 1n;ltlc up ol'ir I;lrgib 1i11111l)~~r 01' t'trio~c~lral eletiirnt~ wI1ic.11 ;Ire ill 

turn composed of a 11unibc.r of tap\-rctl gr;lpl~itc epoxy 111b~s. joil~tctl ;IS F~I~WII .  'l'lw gr;~pl\itc cpoxy tt~hcc can he ~~cstctl to provitle 

a h i ~ h  clclisity p;~yloutl for tra~lsporlofio~i. 



concentra to; Frame Element 

WALL THfCKNEISS 0.2 
t 1.0' 

I 

TAPEAE I> GRAPHITE 
EPOXY TUBE 

1 
DIAMETER O.Zm 

STACK 1 



CONCENTRATOR FRAME 

This i s  o pltoto of a "Toothpick Model" of ;I porlioll 01' tile co~lce~itl.i~tor I'I.~II~Ic. I t  i s  WCII Illat this strilcltire is  COIIIP(NCLI of 

rerwtitive tetrahedrons. A ct~wed SLIT~~ICI: i s  rc.(l~~ir~'d. This is Or~iicO 11. t l ) ~  lower nic.ntlic.r~ or ;rny tc.tr;rl~rtlron larger tlirn 

the ilppcr members of the adjilccnt trlr;~hctlro~l so M;II ;I bidirection;~: .irv;iturc. is produced. 



Facet Supl~ort Structure 
- - -- - 

(TOOTHPICK MODEL) 

REFLECTOR FACETS A 

/ 
LOWER LEVEL MEMBER 

(BETWEEN 
LEVELS) 



REFLECTOR FACET 

The reflector facets are hexagons of thin aluniinized Kapton. Tile Katpon i s  3 niicro~iirters thick. I t  is te~rlvioncd hy 3 rigid 

end members. pulled outward by bridlus. This tensioning system causes tlie three edge members to hr copl;lnar. no that a flat 

reflector is produced. The rocker arm and spring canister systcms which pull outwartl on tllc bridle arc ~riotlnted to tile concen- 

trator frame. A "scallop" at the three h e  edges of the f i ~ ~ c t  controls wri~ikliny ;~t tlie facet edges. 
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Reflector Facet 
S 

- 

BRIDLES 2 \ 
PLAST lC FILM, 
3.0 pm THICK, 

ALUMINIZED FAR SIDE 

PIVOT AXIS 

MEMBER 

BRIDLES 
ROCKER 

/ ARM 
L TO SPRING 

CANISTER 



rtkFLECTOR FACET MOUNTING 

The  three b r~ t l l es  of thc  ref lector tacet are a t t . ~c l~c t l  t o  t l ic  rocker  arm\  \ \ l~~r. l i  I l ~ o u r i t  t o  l l i e  ~ i ~ i t l p o i n t  nt t I ~ t +  concent ra tor  tube 

stnrctural  e le r l~ rn ts .  The spring\. c o l ~ t a ~ l l r d  it1 canister<. p rov idc  tI1e p u l l  t l iat  c;~usec t l l c  r ozkc r  ;Inn t o  tcnsion tlrc plastic I'ilrt! 

N o t e  t hen  that  the facet rs n r o u n t t d  dlrect ly t o  11ic concentrator support  b t ruc tur r  ;rsd tloc.\ n o t  ~ n c l u d e  r u d i i ~ l  an11 and I r ~ r l ~  

sys!ti;i 3s s l lown I n  Part I ot' th ls  s t t~ t l y .  



Reflector Facet Mounting 
s 
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PLASTIC FILM FOR FACET 

' ' P C  plastic film matrrinl IS  slumrni/~d Kol~ton. I)t~Pont ('orl~oruliolr. t l ~ c  ~nsnr~l ' i~ct t~r~~r ol' Ki~ptolr, hclicvrri tI1i1t .I tliick~icsm 

c 3 micrometers is produciblr b) ~learlg ctalld~rd roll m~tkods i l l r t l  will ilcn~o~iclr;t~* this in lest% ill l;~tc 197 7. Di11i1 I'roni project 

.8:.E b.~s stlown a polcl~tisl drgraclutlon of reflectcir rill11 ~ ~ ~ ~ ' l l l i l r  p~~rlorIl l i l Irc~ oI' ap~r r~x i ln ;~ I~ ly  3054 dr~c to tlrr I, I),~I~IOII 

r~ncountt~:r.iI, first 111 u self-powcr t r i ~~ i \ l t ~ r  I'roll~ low arhit lo l i~yh orlt~t. ;III~ tltu~i 3 0  ysars ol'o(rcr;llicllr i ~ t  ~cosy~bilrrol~ou* orhit. 

Tests perfommed for thc solilr s i l i l  program itt thc. Je l  Propulsiolr Laboratory have indicotcrl llowcvcr I l l o l  l l l ~ r  Jryradi~l io~~  nod^: 

WIII probohly not occur, ;atit! t l i i~t t l~c tlcgr:~(iutio~~ prcvio\~sly ssc~i is ill\ arflk~ct 01' t l i e  ts$t 11ict11od itsclr, We ~ , o ~ ~ w q t ~ c ~ ~ t i y  do 1\01 

forecast rrdiatlon debrudation. Wc do ; l l i l i c 1 1 9 ~ I ~  ~ I~)~)~oxI I \~~~sIY f.SY; ddgrnda1101\ ~IIII' lo i i~cte~roid i f t ~ ~ ~ u c l t  III 30 years al' 
b 

reflector film operation. Our reflectivity bumcline i c  .'I0 for 3 rvlleclor cottr i111y1c al' .2? dryrr.cn. This in relutivrly conwn;irivr~,~ 

yleclcd since even higher rellectivilics orc probuhly schicvithlc*. 



Plastic Film For Facet 

BASE LINE MAT ERlAL IS ALUMINIZED KAWON, 
L M  10.00012") THICK. 

a DuPONT BELIEVES &M IS ROLUBLE, 

BASFD OL,d PROJECT ABLE TEST DATA, 
30% DOCLRADAT ION OF WECUUR REFLECTIVITY 
HAD BEEN PREDICTED. 

PROIECT ABLE TEST WAS WITH MONO. 
ENERGETIC PROTONS AT VERY HlOH 
OOS€ RATES. 

S O U R  SAIL WORK AT C L  INOICATES THAT THE 
THRLLIIOLD OF MECHANICAL AND REFLEfTANCE 
OEORAOATION FOR KAPTON IS AT - br lO 0 RAOIR 

THE SPS DOSE INCLUDINCL SELF P W € R  TRANSFER, 
WILL BE 4 I~QIRADS. 
HENCE NO RADIATION OEORADATION IS NOW FORICA8T. 

0.W R€$LECTlVlTV IS BASELINE0 BASED ON DOEIN0 NO, 4 CONC?. 

OVERCOAT ON ALUMINUM. 
1 DIV. TESTS. 0.84 IS PROBABLY ACHIEVABLE wltn roo SILVER 



CAVITY & COMPOUNU PARABOLIC CONCENTRATOR 

1:ach of the I 0  rnod~rles of t:le thermal engine SPS i s  equippcd with the asvcn~bly sl~own 11 its local point. Hcflcctcd sun!iyht 

from the rc.fic.ctor facets ctilers the ('PC at its aperture and by rcflectionr reaches the cnvity ub~orber wl~ich uonluirrn the hoilcr 

tubes for the thermal engine. The ('PC rs made up of r I'rumcwork supporting u single layer of molybdenum foil. A rcflcclivity 

of .U i s  hascl~nsd for this foil due to the use of o rhenium rtfleutivr coating. Thc walls of the cnvity absorber are compord ol'u 

framework system supporting 5 luycrs of moly bdcnuni mullifoil. Selection of thr number of luyrrrs war bawd on u mars opti. 

n~~ta t ion  trade. Hcuvy cavity walls leak *elatively little cneqy to space and thcrclorc require somewhat muller cortr.cntrotors. 

Thin wulls are liyhler but require larger solar concentrators. Five layers i s  spproximutrly optimum. The purpose 01' fllc CP<' is  

to allow a relatively large reflector facet rmage to fit wrthin the operoturn; also the large ugrrture of the CPC uGc.ommodu~r.s 

satelhtc pointing errors and some tlistortion in thc framework in the solar conccntrnto~~. 



Cavity and Compound 
Parabolic Concentrator (CPC) 

1 
llIIII(Y0 - 

S1S11110 

CPC GEOMETRIC CONCENTRATION CK: ACCEPTS LARGER 
RATIO IS 3.08 IMAGE FROM FACETS: 

CPC LlQHT ACCEPTANCE 
ANGLE - 300. 

C A V l N  WALLS ARE 
6 LAYERS OF MOLYBDENUM 
MULTIFOIL. 

, . 

ALL BOILER TUBES MOUNT 
ON CAVITY INTERIOR WALLS , '  

CPC WALLS ARE 
MOLYBDENUM FOIL 
WITH RHENIUM 
lNT ERlOR COATINQ. i 

-ALLOWS FEWER, 
U R G E R  FACETS 

-ACCEPTS POINTIHO 
ERRORS C DISTORtlON& 



CW APERTURE 000(1 

This door assembly allows a vuriotion in rirrbinr orrtput re)wcr whilc rlruintuini~ry a constant orie~rtution witti n r p c t  to the run. 

The door it composed of molybdenun! foil punelr tnountcd on cublrn driven by ~ c , ~ k y  uwmhlien ottuclwd to tlrc cuvlty wrpport 

arm horne. The doors are shown in thc open positin~r. ' I l r r  rchenii~n relluutive scuting or1 t lrr doors i s  uwd to nruintuin u low 

tcmpeinturs for the door punclr when tlrsy urc fr~lly clorcd u~id rx(roscd to lhc lull ortlyul of tlrc volur conccntrutor asrclnhly. 



CPC Aperture "Door" Maintains Correct Cavity 
s Temperature 'Despite Varying Power Output 

DOOR MATERIAL IS MOLYBDENUM 
FOIL WITH RHENIUM RlEPLECTlVE COAT 



FOCAL POINT ASSEMBLY 

The primary equ~pment of the focal point assembly is showti. The cavity ahsorhrr cssc.mlrly atrd ('PC ore xupporlcd lty u s l r r l  

tiB;ing framework system. A ver tcill steel ttlbillg framework systeni. A vcrt ici~l stccl tubilly Ifumcwork 1nu111kr or1 coc l~  side ol' 

the cavity supports the turbogenerator uwmhlics. 18 turhogr~irrotors ;Ire not ln lcd on c i~c l l  side 01' tlic cavity. Olrr rotlirtor 

assembly is provided per turht~generi~tor and cxtcritls dircc.tly otttwi~rtl. ci l l icr l o  Irl't or riyllt. I'rolli t l ~ i ~ t  t t~rhogc~~crit tor. Tire 

radiator a w m b l y  which cools the generator i s  moulited nhovr Ille c i~vi ty .  



Focal Point Assembly 

LOCATION FOR SELF-POWER 
ORBIT TRANSFER SYSTEM 

DOOR PANEL 



SYSTEM FUI) ' SCHEMATIC 

L~quid  potassrum from the c.lt'clrom;~gnetic pump r n t c n  the boiler tuhcs wl l~ch  are located witl i i l~ tlw high lemprruture cavity 

asst.mbly. V a p ~ r  lrom thc  I,oilcr rptcrs thc  doitblc. clidetl turblne and i s  er;h;ti~sted i l l to  ;I slnylr tapering radiator vapor d t ~ c t .  

Some ? r r t ~ ~ i c n t  pararnct-l\ ;ar various p o ~ n t s  . I ~ O L I I ~ ~  (lie r lnw loop arc g1tr11 at t l ~ c  bottori~ ot t l ~ c  cliart. Note t l t ; ~ r  wlr~lr tllr vapor 

d u c t  15 relatively large ~ r l  diarnctcr. tirc p r v ~ s o r c ~  drc cltrrtc low.  
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System Flow Schema tic 
(Not to Scale) 

1)6#"'U 
SPS.1511 

LATION VALVE 

LOCATION 

A 
B 
C 
D 
E 

PRESSURE 
kPa PSI 

37.9 AS0 
16.8 2.43 
37.9 5.50 
676 98.0 
631 n .o  

OUCT DIA ' 
M FT 

1 . 0  6.25 
0.28 0.92 
0.10 0.33 
0.145 0.48 
0.6s 1.80 

FLOW RATE 
kds lbmh 

74.67 164.0 
74.67 164.6 

9.23 20.3 
83.90 186.0 
83.90 186.0 

'TEMPERATURE ' 
K OF 

832 1218 
932 1218 
928 1210 
929 1212 

1242 i n 6  



ZERO "G" %-PHASE PLOW 

WHlLE THERE ARE CtRTAIN ADVANTAGES Tn RECIRCULATION TYPE BOILERS OPEBATING UNDER GRAVITY CONDITIOUS, 

ZEKO GRAVITY CONDITIONS FAVOR THE USE OF ONCE-THROUGH BOILING AND DELIVERY OF DRY, SLICtlTLY SUPER- 

HEATED VAPOR. 

THE CONDENSATION OF LIQUID I N  THE TURBINE DURING EXTRACTION OF HEAT PROn THE VAPOR I S  A SPECIAL CASE 

INVOLVIW NEED FOR LIQUlD EXTRACTION DEVICES TO CONTROL DROPLET EROSION DAMAGE. I T  I S  CONSIDERED 

SEPUUTELY , ELSEWHERE. 

I N  THE CONDENSER, LIQUID I S  SWEPT AIBNG THE I N S I D E  LENGTH OP THE TUBES BY THE MUCH HIGHER VELOCITY OF 

THE VAPOR. THE TUBE MIGHT BE TAPERED ALONG I T S  LENGTH TO MAINTAIN HIGH VAPOR VELOCITY, BUT T H I S  I S  WMT 

NECESSARY. S .  SAWDCHKA, NEAR THE 1965 TIME PERIOD, CONDUCTED EXPERIMENTS ON UPWARD PLOW CONDENSATION 

OF POTASSIUM I N  VERTICAL, CONSTANT 1)IAMETEZt TUBES; THE PERFORMANCE OF THESE CONDENSER TUBES WAS NOT 

MVERSELY EFFECTED BY A 1 "G" FORCE ACTING TO RESTRICT SWEEPING OF LIQUID CONDENSATE BY THE HIGH 

VELOCITY VAPOR. 

POSSIBLE THERMAL F A T I W E  CRACKING I N  CONUENSERS UNDER 2-PHASE FLOW HAS BEEN CONSIDERED. I N  AIR-COOLED 

METAL VAPOR CONDENSERS FOR LAND BASED APPLICATIONS, THE POOR AIR-SIDE HEAT TRANSFER COEFFICIENTS CON- 

TROLLED HEAT TRANSFER; 'LHUS THE ALTERNATE PRESENCE OF EITHER A LIQUID OR A VAPOA PHASE AT A CIVEN POINT 

ON THE CONDENSER TENDED TO CAUSE THEW FLUCTUATIONS AND POSSIBLE THERMAL FATIGUE. THIS P o s s I B I L I n  

OCCURRED SINCE THE HOT S I D E  PEAT TRANSFER FILM COEFFICIENTS VARlED APPRECIABLY I N  THE PRESENCE OF A LIQUID 

OR A VAPOR PHASE. 1N THE S P S  A HIGH FEAT TRANSFER FILM COEFFICIENT ON THE COLD S I D E  OF THE CONDENSER 

TUBE WILL CONTROL THE MEXAL TEMPeRATURE AND PREVENT SUCH ABRUPT THERMAL FLUCTUATIONS. 

I 
DURING PRIOR RANKINE CYCLE SPACE POWER SYSTEM STUDIES, THE PROBLEMS OF 2-PHASE FLOW WERE RECOGNIZED 

AND PLAUSIBLE SOLUTIONS AND REASONABLE APPROACHES TO THESE SOLUTIONS WERE PROPOSCD. 
* A 
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ZERO "C" 2-PHASE FLOW 

BOILER 

ONCE-THROUGK BOILING HEAT W S P E R  DIMONSTRATED 

BOILER VAPOR 9UTPUT I S  I N  THE SUPERHEAT REGIME 

NO LIQUID PHASE EXPECTED FROM BOILER 

TURBINE 

L I Q U I D  EXTRACTION METHODS USED: 

-- TO R a O V E  L I Q U I D  

-- TO CONTROL DROPLET EROSION 

CONDENSER 

HIGH VAPOR VELOCITY SWEEPS L I Q U I D  P i U S E  

1 "G" UPWARD CONDENSER FLOW AND L I Q U I D  REMOVAL DEMONSTRATED EXPERIMENTALLY 

TAPERED CONDENSER TUBES OPTIONAL 

-- TO MAlNTAIN VAPOR VELOCITY 

-- NOT NEEDED FOR L I Q U I D  SWEEPING 

PUMPS 

SUBCFOJ.ING O F  LIUUID TO PUMP 

-- ASSURES L I Q U I D  PHASE 

- - PVE'r'i5NYS PUMP CAVITATION 
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ELECTF.OMAGNETIC B'r ITaER k LED PUMPS 

E L E C T R W N E T I C  (a) PUMPS HAV!E BEEN USE1 EXTENSIVELY I N  THE PlJMPING OF LIQUID METALS. THEY HAVE THE 
ADVANTAGES OF ABSENCE OF SEALS AND BFARXNGS, OPWCTING RELIABILITY AND REDUCED MAINTENANCE REQU1RP)IENTS. 

FOR THE RANKINE CYCLE SPACE POWER PROGRAY, A LIGHT WEIGHT ( 4 2 5  LBS.)  3LPCTRO!4AGNETLC BOILER PEED PUMP, 
Cr\PABLZ OF OPERATING AT A LIQUID HETAL T W E R A T U R E  UP TO 1 4 0 0 ° F ,  WAS DESIGNED, B J I L T  AND TESTED FOR 
1 C . 0 0 3  HOURS. I T  P L W E D  1 0 0 0 ° F  POTASSIUM AT FLOW RATES UP M 3 . 2 5  LBISEC AT A DEVELOPED H E M  OF 240 P S I ,  
A NPSH O f  7 P S I  AND AN EFFICIENCY OF 16.5%. THE PUMP FEATUKED A T-12.1 ALLOY HELICAL PUNP DUCT AND A 
hIGH W E h A T U X E  STATOR W I T H  A 1 0 0 0 n F  lAXIMUM OPERATING TPIPERATURE; THE STATOR .\IATEUIALS CD.ISISTH) OF 
HIPERCO 27 MAGNETIC LAMINATIOKS. 99% ALUMIh.4 SLOT INSULATORS, TYPE "So' GLASS TAPE INTERWIND'NC INSULA- 
TION AND NICKEL-CLAD SILVER COND'JCTORS J G I N L  SY BRAZING I N  THE END TURNS. PUMr W;ND1NGS - 7  COOLeD 
BY LIQUIO NaK AT 6 0 0 - 9 0 0 8 P .  

LErRGT. S I Z E  Ah'NULAR LINEAR EH P W S  ARE UNDER DEVELOPMENT FOR THE LIQUID METAL FAST BREEI)ER REACTOR. 
A l L , 5 0 0  GPM ( 1 5 0 2  LBISEC) PUMP HAS BEEN BUILT AND I S  AWAITING TEST; PUMPS OF LARGER S I Z E S  HAVE BEEN 
CONSISERED I N  THt RANGE OF 3 0 , 0 0 0 ;  7 0 . 0 9 0 ;  90.000 AHD 130,000 CPH ( 3 1 0 8 ; 7 5 7 3 ;  8 2 8 9  AND 1 3 , 4 7 0  !,E/SEC). 
UEI;HT AND COST ESTIMATES FOR C W E R C L A L  LAND RISEI, VERSIONS OF THESE F W S  HAVE BEEN INITIATED.  WHILE 
THLiE PUllPS WERE DESIGNED FOR HA-!LING SODIUM AT ABOUT 8 5 8 O F ,  THEIR DEVELOPMENT INDICATES PUMP SCALE-UP 
ZXYERIWCE WELL AB3VE THAT GI: THE EARLIER HIGHER TEMPERATURE BOILER FEED PUMPS FOR RANKIYE SPACE POWER 
SYSTEMS. 

SINCE TIiE DES ICN TECHNOLOGY FOP. EH PLWPS I S  WEL1,-DEVELOPED AND RELATIVELY LARGE P W P S  HAVE BEEN BUILT, 
T E F  DESIGN AND PRODUCTION C F  PLMYS OF THE REQUIRED SJ.ZE AND OPERATING CHARACTERISTLCS FOR THE S P S  SHOULD 
YE A STRAIGHTFORWARD ZNGINEERLNG PROBLM. TliE USE OF HIGHER PUMP VOLTAGES AND TYFROVED HIGH TEMPERALURE 
ELECTRICAL INSULATION. MAGXETIC Id 'D CONDUCTOR W T E R I A L S  WILL BE REQUIRED UTILIZING C-!PEP.ZENCE GAINED I N  
THE CESIGh AND TEST OF THE 1 4 0 0 ° 1  BOILER =EFG EX PUMP. 

P W I h G  AT LOW NPSH HAS BXEN DEMONSTRATED ANC AVOIDANCE OF CAVITATION I N  THESE PUMPS CAN BE CZhCUMVENTEV 
BY (i) SUBCOOLING OF THE CJNDEHSED POTASSIUM TrJ MINIMIZE P O S S I B I L l T Y  OF CAVITATION (ONLY VERY T.OW WERGY 
LOSSES AitE INVOLVED), ( 2 )  MINIMIZING CONC2NSATE RETURN LINE PRESSURE LOSSES AND ( 3 )  RELIANCE UPON THE 
DYWMIC FRESSCKE d W  3 F  TKE HIGH VELOCITY COiOENSLNG POTASSIUM VAPOR TO HELP SUPPORT THE HINIHiM NPSH 
PEQUISED TO kREV SNT CP.':ITATION. 





S K U 1  METAL VAPOR TURBINE 

THE CONCEPTUAL DESIGN OF THE 31.7 MWaB FIVE STAGE, DOUBLE FLOW ALKALI HETAL VAPOR TURBINE 

IS BASED ON TECHNOLOGY DEVELOPED FOR S W L E R  SCALE SPACE POWER 'NRBXNES. 

IT FEATURES HYDRODYNAMIC LUBRICATED LIQUID METAL PZVOTEDPAD JOURNAL AND THRUST I AW'rSS. IN 

ADDITION, THE TURBINE SHAFT LEMING TO THE CENERATOa !:OI'LD FEATURE AN ESSENTIALLt .ERO Z W E  

POTASSIUM SEAL OF A TYPE ON WHICH EXPERIMENTAL TESTING HAS BtEN fiCCOMPLlSHED; IN SMALLER SCALE 

SEAL TESTS OVER 100 HOURS IN DURATIONB IT WAS ESTIMATED THAT THE LEAKAGE CF POTASSIUM WOULD 

NOT BE UF ENGINEERING SIGNIFICANCE XN OVER 10BOOO HOURS OPERATION, 

LIQUID EXTRACTION DEVICESB AS SHOWN IN DETAIL ON OTHER PAGlbS, CAN BE InCORPOMTllD LW THE DESIGN 

USING VANE TRAILING EDGE DROPLET EXTRACTION OR TRAILING EDGE TURBINE ROTOR DROPLET EXTRACTION, 

THE SELECTION OF THE SUGGESTED M O D U M  SIZt PROVIDES A NOMINAL POINT IN THE DESICN(PIODUCT1OU 
AND TEST OF THE ALKALI HETAL VAPOR TURBINES NEEDED FOR RANKINE CYCLE SOLAR POWER SATELLITES. 
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GENERATORS 



Genera tors 

mu#.#m - 
SPI1613 OUTPUT 31.43 MW VOLTAGES: EITHER 41000 OR 39000 VDC, NOMINAL 

ROTOR SPEED 7860 RPM COPPER TEMP: 470K (400°F) 
• COOLANT 01 L (DC.2W DUTY CYCLE: CONTINUOUS 

EFFICIENCY 0.984 SPECIFIC MASS: 0.14 kg/kW 

COOLANT CONNECT IONS 

PRIMARY DATA BASE: AIRESEARCH MFO. CO. OF CA. STUDY FOR AIR FORCE, CONTRACT F3361575C.2071 

301 



TURBOGENERATOR PALLETS 

'I'hese pallets nlount one t i trh~tie,  one <**rlrr"lor a11c1 cIcctrotr~.~g~letrc piiu\p i~ntl ;In ;~sw)~i.tl:ii ac~x~lt;rr io.  'Tl~c ~ l r u c t u r e  ot l l i iz  

pallet 19 dcs~lgned t o  allow launchtny ut thi '  trnrt ~ I C ~ I \ U ~ I I I ~ ~ C ~  tltat tr at least ;, 5 g ;rccclr-rat~on r*opal)ilily I\ rccluirctl. 



Turbogenerator Pallet 

TURBINE OUTLETS OUTPUT PLENA 
( 1 . h  DIA) 

SUPPORT FRAME 

GENERATOR OUTPUT 
TERMINALS 

GENERATOR VAPOR DUCT 
TO TURBINE 

CONTROL PACKAGE 

HEAT PIPE RADIATOR 
PANEL FOR ELECTROMAGNE 

ELECTROMAGNETIC PUMP 



PRIMARY RADIATOR SYSTEM 

Shown here is a segriient o f  thc. r.tdrirttrr lo1 one gt'rrcr.rlor A k,q)or dtt: 1 I\ .tt t11r l o l l  ,111tl t h r  lr(lt111J rc t t l rn  ~IIIL t I\ ;I! t l le hot1~>111. 

' h e  heat rspe panelr wrth therr throtryl iprpcr pa\s he lwccn I I ic duc t \  Also d t o w r ~  ;rrr. t l ~ r *  trrplc I;tycrb 01 n ~ ~ t c o r o r t l  I~ ir l lbpvr 

installed o n  the ductrng A: t l lc  l ower  l c t t  I\ a Jctar l  o t  t l tc throcrpliprl~v\ ;lnd t l t r  wr.~p,~rct~~rtd \otlrirni l1~;11 p1pc5. 7lr~*u* r i o t l i c r ~ i i  

trcat prpe5 are spaced apart u r ~ h  t h ~ t  thvtr ~~n tc r l l 11c . r  arc I .(I t l t a t i ~c t~ . r \  trorlr cacli ot1il.r. i I b r r  \ILIL.III~ I\ .I OJ~~IIII~III! L.OI~I~)IOIII~SI* 

between greater spac:ng. wh ic l l  wou ld  rr l iprotc I rrat  radlatrorr. .rnd r~.r l t lc t- t l  5par.rtlp w l ~ r c l ~  wotrld rctl!rc.c ni.tttrlokl rrlrtsb by 

requrring tewcr througlr p ~ p c s .  011 t l i r  rtgJlt i s  4 ~ , ro \ s  rcctrori t l ~ r o u p t ~  t w o  rtlj.tc~crit r.rJlator ry \ lc l l t \  \ I i o ~ ~ r ~ p  I ,ow t l ic  vapor. t l u c ~ \  

share c o m m o n  meteorord p ro tcc t l on  systclii, t o r  .I r r d u c l i o ~ i  rri 1~tr11ll)c.r III;IS, 
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Primary Radiator System 



RADIATOR MASS 

A breakdown IS glven here o f  the radiator mass e l e t ~ ~ z n t ~  per etigrtir and for the entire SPS Note t l ~ t  the heat pipes and tlic 

potassrum for the fill of' the radlrrtor \),\tern\ dorl~ltiates this nli~ss statcLment. The heat pipe sliecl thickness is driven by rnelroroid 

protect~on requrrcments a %d is such .I\ to allow .tpproxtn~;~tely 10'~: ol' tile heat pipes to he penetrated anti tl~crehy n~adr  inoper- 

able in 30  years ofgeo~yncl~ronou~ oper,~t~on. Bcc,;~trw tlir Ilcat plpcb\ wrap t i l e  tl~roupl~pipu\ they ~ ~ r o v i d r  signil'rcalit tl~roupl~pipc 

protection. however, approximately 3:; o l  the tl~ro~~pliprpes citn he exl~cc,tcd t.3 be liolcd in 30 ycars of operatioti. Tltc raid~tor is 

consequently ovcrsrzed hy 13 pvrcen t. 



Radiator Mass 
IOIIAIm - 

PER ENGINE PER SPS 

KG l@ K~ 

VAPOR DUCT 

LIQUID DUCT 

METEOROID PROTECTION 

THROUGHPIPES (33WEfJGINE) 

ISOLATION VALVES 

NEAT PIPES 

SHELL 

WICK 

SODIUM 

POTASSIUM 

TOTAL 



POWER BUDGET 

This 15 a breakdown o f  the  systerlr powcr rcqu~renrents  :~hoarrf the SPS .llrc g e n c m t o r ~  reclulrc Ih  43 I;W AJdition;ll ulili/;rtions 

w ~ t h l n  the ry\tern bringing the bushar total to 17.01 3 (sW ' Ihc power t l r r t r ~ h u t ~ o t ~  lo \wr  are  t \ ~ o x .  : ~ s u ~ ~ a t e t l  with rr%i'itancc 

a l t e i t s  wl th l r~  the  d~strihtt t lo*i b ~ ~ s h a r \  hc puinprtlg power ( \  01;tt recltrlr'tl I t r  r,per;~tc the elertrotn;tgnvtrc pot;r\zlurn pc1111p5. The  

.i'trturlt* contrc~l  powcr I \  ;I maxlrllum v ~ l u u  J I I C I  ~ o r r ~ s p o ~ , t J s  10 t l ~ c  I I I I I C  pcri<uI W I I C I I  I ~ I J X I I I I ~ I I I I  tt1rt1\1 I\ re(1itrrrcJ t o  I I ) ~ I I ) ( J ~ ~ I  t l ~ r  

pe rpendrcu l r r - to41p t1c  plane o r rcn ta t~on .  . f l ~ t .  tot.11 o u , r  1 1  can t)c prcxluccd by 5 7 0  of tllc pc~ \v r ,~ to rc  5 7 0  gc~ i r r a to r \  r rc  

~n\tallctl  alic~winp, appr~)xirt i ;~tely ,I I ' d  rnirrpln I t  I ,  a t ~ ~ t t c ~ ( ) ; ~ t c d  1l1al tlrc I I I I L . I O W ; I V L ' ~  trI.tI1\I11t11cr*. W I I I  IIL.CT.I(IC 111 011111111 J I I ~ I  

rrqurretl power Input by ayproxlnlalcly 2% I I I  t l ~ c  i o u r w  ot . I  y car ~o115eil1icnfly I I I  one  \ c J r  . r f l o t t t  3 ' ;  ol t l ~ t ,  tlrrhogcrl~.r;~trrl 

syrt?m\ ~ ~ u l d  be a u t o r n ~ t ~ c a l l y  shutcfowr hy ~ n r l l u n c t ~ o n  tlctrctlon \yrte111\ w ~ t l ~ o u l  11lip~clln)r ttic power O I I ~ ~ L I I  of rhc micro- 

wave transmltler 



Power Budget 

ImI I IYm - 
TRANSMITTERS 

POWER DISTRIBUTION 0.898 

PUMPING 

A n  ITUDE CONT, MAX 

K O  GENERATORS AT 31.426 MW, EACH 

(576 INSTALLED) 



SYSTEM EFFKIENCY CHAIN 

'The 17 9 13 C;W requ~rcd tor busbar power .Is IIIJILJI~J hy tllc prrviour c l l r r l  11, tllc h g r ~ i n ~ ~ i y  pollit lor t l l ~ r  rystsn~ cTliu~r~it,y 

cham. 7 he generator; have an cffiulcncy o f  08 4'; '111ts retluircc tl1;1t file r ~ i r t ~ ~ n v \  tiilvc r Jl;lf! ou tp i~ t  ill In  204 CIW. Sinc,r* thc 

turbrncb and thr rust of the rbrturn I~.avt. an ovrr;rll ~ . y ~ l s  effir~'nc.y or 0. INr) .I powal I r rc l  oI'00~.11 '1 <;IC' 11iu$1 i 4 s  ,ldrluJ to tliv 

Potrsvrum 11ow u ~ t h l n  the ho~lcr, of l l lc ~ . ~ r ~ t y  , ~ t w l t h ~ * r  A l i r~ ,dkJow~~ 01' IIIC Imw, , ~ ~ . r > c i r t ~ ~ l  ~ 1 1 1 1  tllc L , ~ V I ~ )  at)\ ,rlwr 1% ultr) 

given For example. 5 %  o f  the ensrgy cnfcrlny t t~c  r,tvl(y I$ rrllrc(ut1 buckoc~t JY.III~. r " t i ~ \  I* baulil on test% ai "'~IICII m d c t "  

absorbers for ground 5ol.u powcr 11royr.111ir Ilit. I ~ v c  1.1)c.rc 01 ~ n r r ~ l , ~ t ~ o ~ i  lliaking up tllr ~ .sv~ ty  v. r l ls  ,~ l lo*  ,I Itc.~t l o ~ o l  ,tpproxl- 

matrly I ? GW. 'The 1101 wallr, of the c;ar~l) rvtadl.ltv o1crg) ~ J L L  out throuyl~ Ilic ;~pr~rltrrc. Sot~rr- ;)I t l l ~s  17.1sw's L~,~:utly lo rp, t~c 

and some o f  i t  15 ref lect~d to \pact! l rom ttlc u~l;rr ~oncrvlttator. 0tJ1er lo\*c\. wlt.11 ,I\ III...II Itnw throlrpll t l ~ e  wnllt 01 ';tc mani. 

folds, ronnectlng the bollrrc to rtlc :trrblnc*. ~ t n o r l t ~ t  to .~p l ' rc l rc~n~f~- l )  I I ( ,W.  'l"11t. ( I'i .~lwb Ir.r\ I ~ l \ u n c  tltrro ! r ~  clirrgy ;~hu~rhcd 

rrfhcr than rcflrcted by Itr wdll\. .l l ic end o l  I ~ f e  r r t l c ~ t ~ \ ~ t y  I,! ttis p l ; ~ ~ t ~ r ,  1'11111 t,tcr6f\ 1% 0 8 7 7 .  ~ ' I I I~  I \  t l l r  rs f lcu t~r~ty  ar t r t  ., 
reduction o f  2.25'7. due l o  ~netcorold scouring, ~n 30 y c;lr\ of opcrirflorl 



BUSBAR (GENERATOR OUTPUT) 
WEN. EFFICIENCV - 0.984) 

TURBINE W A F T  OUTPUT 
(CYCLE EFFICIEFICV 0.1m 

POWER ADDED TO POTASSIUM 

S O U R  ENERGY INTO CAVITY 

System Efficiency Chain 

(REf LECTION LOSS, 6%) 
(LOSS THROUGH INSULATION) 
(RERADIATION THROUOH APERTURE) 
(MISC, I.E., MANIFOLD HEAT LOSS) 

!uTO SECOND STAGE CONCENTRATOR 
(CPC REFLECTIVITY 11 0.866) 

IMPINGING UPON PLASTIC FILM 
(FILM END-OF-LIFE REFLECTIVITY 0.877) 



"PERPENDICULAR TO ORBIT PLANE" ORIENT ATKIN 

Some ;Idvanloges and diwdvanluycr of ;I PEP o n c n t ; ~ t ~ o ~ i  are given. PkP Ii;rs k c t i  w l s c ~ s d  p r~ lnur i l y  Ix*cuc~w movitig I j c r t n  an. not  

required. However. other benefits accrue as showli. The diwdvant;rpc of tl~c. additionul. rcwonul  unlcnno axin uru utmuwhut o l f w ~  

by t w o  odvantagcs relative t o  micrtlw;lvc powcr trirnst~rirsiot~, Thr I'irrt ol '  Ilrcru: IS t l l r ~ l  r~ , -s ts~~t i .~n u;ln hc switcllctl w i thout  ywblvri/;r. 

t lon loss evcn i f  the antrnnas arc at d ~ f f c r c n t  longltttttc*z w ~ t l ~ c b r ~ t  r i~ i~v r~ i l r .  ~IIC utr . l l t t~ .  ;tlottp the. g r t ) s y n z t ~ r o n o ~ t ~  (r:~tli. AdJitkt~i;rl ly. 

the seasonal anlenna axis can be u w d  t o  p rovdc  antenna I1It  1 0  ~~olnpcnualc  lor FsruJvy rot i l l ion c u o r d  hy tltv ionosphcrc. 



s ' " Perpendicular-to-Ecliptic Plane" Orientation 

* 300 Mill PEAK M R  REWIRED 
70 WERATE TMRWER,S  

m P A C S I I  MELD kWf POL- CeUCOI.IAL tUlYi MOflW 

m FACETS HEEL) MOT ME SPACED MAPIT 70 ALCW 
MOTION 



ANTENNA lOfNT STRUCTURE FOR PEP SrS 

I he addlt~ondl. ~ r a k o n ~ l  axlb and d o p . k ~  ~ ~ t r u ~ r c r r c  rcqu~rcd lor  PbP r>pcral~ons IS ilrrrwn. SI ipmn~s nt,c-J nut h. IIUYJ .,t t l ~ c  wa- 

anal axrs pivot. Flat cdhirs which die w r ~ ~ n d  rl~~nnpt nnc year of opctalton anti tknwolrflt! Jurrng an .~nnnrl th~rtdr~wn pcr l td  arc 

lnslrad bawllned. 



I Antenna Joint for "P.E.P." SPS 
s 

NOTE: TRANSMITTER C. O. REMAINS 
IN CONSTANT POSITION 
RELATIVE TO THE SPS 

TURNTABLE 
(WITH SLIPRINGS) 

"DOGLEG" STRUCTURE 



KJT ASSlliM RANKlNt  W S  YASS ST.&?tMkNI 



STRUCTURE 

S 

FACETS 
RADIATOR (W/O POT ASSlUM) 
POV DlST 
SW. GEAR 
GENERATORS, ACCESSORY PACK 
O f  NERAT OR RADIATORS 
TURBINES 
PUMPS, PUMP RADIATORS 
BOILERS 81 MANIFOLDS 
CAVl N ASSYS 
Wcs 
LIGHT DOORS 
MONITOR, COMMAND 6 CON1 ROL 
ATTITUDE CONTROL 
START LOOPS, CONTROLS 
ANTENNA SUPPORT 
MISC, INCLUDING STORAGE 
POT ASSlUM INVENTORY 

POWER QENERATlON 
ANTENNAS 

SPS 

Potassium Rankine SPS Mass Statement 
A l O I ' M I  - 

PI.9633 



SUMMARY-THERMAL ENGINE !WS 

Final  conclusions o f  the thermal engine work o f  this stud/ are given herc. I t  was detrmi incd tirat l lrc ~:ot;~ssiu~l i  H;~nkinr cycle 

thermal engine is the lightest o f  the potenti;rl approaches investigated. A t  tlic hegi1111ing o f  this str~r ly ti le d ; ~ r  uoticcntrators 

involved stearable facets w i th  individual power st~pplics. sensors i l l id * n o  I~~CI~~I~~SIII\. Ttrcw II;IVC hscn cl i~ir inatatcd h y  using a 

perpendicular-to<cIiptic orrentat io~ i  i ~ n d  a concentrator dish o f  t l ic reqt~isit' cu rv ;~ tu r~~ .  Instead ill' clrctrc~niscltafrical pt1118ps. 

composed o f  an electric drive n io tor  and a pump w i th  t l ~ e  rci l i l ts l t r  seal hctwt*cn tkol,  (wlt ich could hc n ~ h j e c t  t o  Isakalbt:), we n o w  

ut i l ize electromagnetic pumps. A l t l i o~ rph  sonirwhat Ilr.;~vy. the low pn~r ip iny  power ;;ssoci;~tctl wit11 potassiurtt H i ~ n k i w  rrtakr.~ 

these potent ial ly low-hi lure-rate pumps practical. AIt I~ottgl i  c e r t a i ~ ~  n i a t c r i ~ l s  suulr os sil icon carbidc atld tan la lur i  may ot'lkr 

advantages for thennal engine SPS they an' either too  adva~iced o r  insufl'icicntly abundant to allow Illen1 tct It(: h~wl incc l .  rile 

materials selected are in common use and resource data itidiciites t l ~ a t  t l ~ t ~ f ~ '  is c r i o ~ ~ g l i  t o  allow a signil'ica~it thcrn i r l  e~agine program 

t o  be accomplished. The perpendicular-twcl ipt ic pli lnc o r i c ~ i t ; ~ t i o ~ i  is crit ical i n  allowing tl ie fixed rellccror Ihcets. This wqirirer 

somewhat more thruster power. b u t  is a proper or i r 'n ta t io~ l  for  t l l r  t l i e r ~ ~ ~ ; ~ l  ~.11gi11r SPS. Tlic turhii ic* rllenrwlves. at l l ie ir  size of' 

apprn\ imateiy 32 megawatts. use forgings wlrich can be prcwlucetl h y  cxisti~ly. U.S. i ~ ~ d u s t r y .  ( i en~ra l l y  l o w  industr i l i ral ion is  

therefore required fbr the thermal engine SPS. T l ~ e  tlation's citrroat prodi rc t~on capnbility is pmbably  atlcqualc. t o  IIIM~U~C' OI~C 

SPS per year. 



D 1 80-228767 

Summary - Thermal Engine SPS 

RANKINE CYCLE IS LIGHTEST AND SIMPLEST 

SYSTEM IS LARGELY PASSIVE 

FIXED CONCENTRATOR 

ELECTROMAONETIC WMPS 

PROVEN MATERIALS WITH NECESSAnV A M D A N C E  ARE USED 

THE SATELLITE SHOULD FLY P.E.P. 

TURBINES SIZED FOR EXISTING INDUSTRY; OENECIALLV 
LOW "INDUSTRIALIZATION 



Construction 
and 

Transportation 



CON!3TRUCTION/TRANSPORTATlON AGENDA 

I n  this stLctrnn o f  the brrcling,the construction and tran\portatron systems arc dixussed together fro111 t l lc stantlpobt o f  l iow they 

rcl;ctc to  tlic t u o  n u i n  icc11i.r of rhc 41udy wl~ic l r  arc tht*  o om par is on of 1 J thc I iowcr pcncration systcms and 21 tl ic I (xal ion for  

I ~ICI .  : u > r l \ r  r u c t l o ~ ~ .  l l l c  power gcniratron \l;\ttLrn corilll.irraon wi l l  bc pn.\cr~t~.t l  l l r lng t11c LEO coristruction option. Tlie GEO cou- 

\ t r l ~ ~  t1o11 opt lor^ h,~s  a l ~  I.L.L.-I \ ~ l l t l l i - i !  and 11 could h ~ ,  prc rn ted  tlirs t i ~ i i e  as wcll  as ho l l i  construction opt ion at the ,ante time. 

Hut ru ordb-r :,)I II\ rilo\t Ic;rrl~ or1 t l i r  clilkrc~lL~c.s In tile constrtrcllon and trarisportation characteristic's lbr tlrc two power gen- 

errrtion clptiorrs t111, ~ + o l  Iron 01' tlte hriefing wi l l  bc conlrr l t~d l o  the LEO construction approacl~. I n  sumniary . l l ic  outcome o f  tlrc 

power gcneratrorl Lornp2rlsr)n is no t  influcnccd h> tl ic construction locatjon. Rea~l t ing f rom the power gcrieratior~ comparison 

w ~ i l  IN. 3 judgcmc*nt ;IS lo which is tl ic prcferred system Irorrl the constr i~ctton and trilrrsportiltion standpoint. I l l i s  concept w i l l  

then be used ill thc cornp~r i \on  of the construction I c ~ a t i o n  options. Again, both powcr gcneralion sy slcms travc been investigated 

fo r  both construction locations. 

The construct~on splinter mtbeting w i l l  focus on nrore detaikd definit ion o f  construction bases and the staging dcpot including such 

t'iictors .IS sizing, configuration, crew modules. dnd mass and cost data. Addit ional data w i l l  be provided o n  the construction equip- 

mcnt arid requirements imposed by this cquipniCnt. I'inally,scvcral kc: trades w i l l  he prcxn led  relative t o  the antenna construc- 

t i on  locairnn and satellite installittion as w r l l  as structural assembly o f  the satellite itself. 

The trart-mrtation splinter n~eet ing  w i l l  be held at a wparatc time and wi l l  includr data o n  x l l p o w c r  flight control.  



POWER GENERA7 ION SYSTEM COl'8Pf.AISON 
(USING LEO CONSTRUCTION) 

CONSTRUCTlON LOCATION COMPARISON 
(USlNG BEST POWER GENERATION SYSJ 

a CONSTRUCTION BASE AND STAGING DEPOT OEFlNlTlON 

CONSTRUCTiON EQUIPMENT DETAIL 

TRADES 

ANTENNA CONST. LOCATION AND SATELLITE INSTALL, 

!STRUCTURE ASSEMBLY 

CONSTRUCTION BASE SIZING 

SELF POWER FLIGHT CONTROL 



ASSUMnrONS AND FMIU)ILDIHY 
C O S Y ~ R W I O N  AND TRANBEPORTATKlIV 

'Ihc kzy afmrnpclcrfl% arr~d philcnapby t r w d  rlr the r r~~$tnJ~lrz,tr arid trrn+pwrt;~tkn ~nalyriir an incl lc~tcd. Mrmr nf thm* ftcrnl ;rrg 

self explrnrl.ory h'ut r few require a bncf cxpl;rnatvrn,, llcrn I w;rs lylccrfkd In  the Strtcmc-*ti ol Work. Ikrn I drolr wi th t,he 

actual rrnotlat of uwfu l  trmc wtaikbk: for ~csrrrtrucl~c>tl tvkrng into aucuurrt t51a1 pcrw~nn~icl ilrl lrrjt work, liftrally on entirr J~it'f 

(coflec hmnkn ctc, !, and r r l l ~ w r n ~ c r  alnrr firrclu~lcd for rnxhrcc Jawrt Irrnc ltcra .S iw yrccrlkd ra jrtdrc,rt.i rcrt r .rctrtrmudlun t Imnr 

were rnvextlgirted which t f .  :d thc ra tc l l~  t,e ~ t w l l  ttr suppot t ~.onrtruclron rqrt~prnenf. if err^ 5 rcl;rtr, In tlrc c a w  wficm ;1 gtvcl. . y p  

raf maehmc rupcrat~on w;h a% o solar m a y  nlc*plcsyvr wdni ;lrr~ly/c.tJ ltr c.lc.tumrrnc rb ruqirircd ~ o n r l r t l ~ f i m  r ; r k  ln 1.k.O cfunutructim 

a d  thnrl thls rrmr value war uwd  Cer thc 1.;1:0 conutnrctfon ;ly'~ftrrntch. l ltm b clrirlli wtth Ilre I l ro t~~kt t  t l ~ l  whrnrur  praufkal. par- 

allel cmrtructian operatiom were pcrfrrrmr*d in rjrdur to rcducr ftrr: t.mnrtru+:ficm mfcr aP thc cqt.,pnenf ,mrl at  all timer m 
attempt ww mule  to eljrnirule the c a w  whcre ~ v e r r l  qwrm1iona'C;rud t r ~  wccor u i m u l t r m w l y  to finisvr :i given U. Item 151 

primarily de rh  w ~ t h  the twk a f  indexing the ua;ltrll~tc ur the terminal pllaru: af bringing toytSlrr lrryyr i t rms wch u cowllitc 

nodule% rJr mtmnz9 using propulsive devicrll ttcn~ IFJ ;4rntificr tbc strp brllisticJbrrllirtic syrtem uu the refewnce c a r p  

i.runch rchickx rlthougJ: !wu s l a p  wrnlyuJJwcngrd ryc t rml  were rlw invrsl iptcd. 



Assumptions and Philosophy 
Construction and Transportation 

1. ONE YEAR CONIT TIME (INCL 30 DAYS TEST AN0 C/O1 

2. PRODUCT lVlTY FACTOR OF 0.78 

3. FACILITIZED CONSTRUCTION WITH ASSEMBLY LlN@ TYPO OPERATIONI 

4. COMPONENTS MANUFACTURED ON EARTH, ASSkMBLt3 IN  SPACE 

15. SIMILAR CONST EQUIP USE SAME RATES FOR ALL CONST OPT l O M  

6. PARALLEL AND OECOUPLED COAiSTRUCTION WHERIVER PRACTICAL 

7. CONST. ACCOMPLISHED USINQ CRRW OPERATED OR MONlTORaD IWI I IMACMI IY IS~  NO 
"HAND9 ON" OPIRATIONS 

8. CREW WORK SCHEDULO 
10 HOURS PER DAY 
6 DAYS PER WEEK 

90 DAY ST AVTIMES 

Q. NO FREE FLYING INOEXINO OR DOCKINO OF U R G I  8YSTIMIOCI MOVIMlNT 
OF CAROO AROUND FACILITY 

10. REFEREYCE CAROO LAUNCH VEHICLE-TWO STAGE IIIALLlSTlC/bALLl#Tl% 

11. SHUTTLE GROWTH (LIQUID BOOST~R) U I I O  FOR LBO CREW DELIVERY 

12. ORBIT TRANSFER 8YST E MS USID ION ELECTRIC OR L02/LHZ PROPULSION 



PHOTOVOLTAlC SMELLI1 E CONFIGURATION 

The next two chartr itlustr;rte ftie refcreri6.r pt~n:oc.nlt~~u ;~ntl tltrrrnvl cnginc wlcllifir trt h ~onsfnrcfr.cl m3 tri~nowrlcd, The ref- 

erericrd I 0  CiW photclvtrlt~~c wirtetlitu cf~ns~,t% ol h wtrllltr nrodulrr. wl~icli whr~ i  uurmhlrd l~ivvc sri orcrull lenplli ar 2 l .b kik-  

meters. Approxin~~tely 13(%1 kiloriielrrr, IIT 213 mclor h r m  1s urwi~rhlcri, I I %qu;rrc kilarlrctcrr o l ' d a r  vrrvy i% ~nvtallrd utony 

with 65 kitonleten of ptrwcrt)rrr ( 'on$tn~ctro~~ t r l  t w o  ;~ntcnnvu i~trolvi~s Cohric;rt~on ;.,f ctnlrtnrc and llrc ploscn~cnl ol' 1.t1 ywlr 

kilomrten of radiating wrlace. 



Photovoltaic Satellite Configuration 
I I I W e -  



THERMAL ENCINE SATELLITE CONFKURATION 

The thermal engine satellite consists o f  16 modules which when auetnblcd have a plunfomn dimension of 12.8 ki lometen on r Jldc 

resulting in pn area 29% greater than the photovoltaic scltrllite. A key diolinlprishiny frature of this configuration nlative to the 

photovoltaic satellite is that the depth of the satellite is considerably yrurtcr. Key component c.hrruflrrirtic.s are also i nd i c~ tcd  

wrth the only one directly c~ornp;rr,tbte to thr pl1otovolt;ric \~rtsl l~tr: bce~~rg tllat of' t l ~ v  +.truclrlrrm wlltrall ilc approx i~~~o lc ly  2.5 linrsn 

greater rn length although in  t l ~ i v  caw thr rnajorlty tr l '  this hcatlr 1% 10 r n ~ ~ t c r  MIC rat l~cr than 2O tlwlcr. 





POWER GENERATION SYSTEM COMPARISON 

The principal arcas which will be uw t l  t o  conifarc t l ~ v  two  powcr gcft~r;lt lon syqtst~rs ;lrc intIic;~trO. 'rlrasc ;,mu!, I t i~vc k c 1 1  wlcctcd 

to emphasize the c l i f f e r r~~c r r  bctwcen ~ h c  two  s:~trltitcu, l ' l t s  upproaclt UWJ it1 ~ I I C  hrlvfittp ?will IN. t o  COIII~~I~C Irct l l  powsr gcncra. 

t ion system options for  ;l given itel11 ol'~,omp;rriso~l sr tllc r;lmv t i ~ n c  ar i n  t w o  conweutivr* clrvrts r;@thcr t h ~ ~ i  w i t t y  all tllc way 

through thc pliotovoltaic .wtc l l~ te ;tntl IIICI, :itc t l t c r t~ ) :~ l  r~ty i t )c  s t c l l i ~ r .  I'ollowcrl Ivy u c r ~ f i i l ) i ~ r i ~ t ~ l  ot t l rr  slttl. 



I Power Generation System Comparison 

AREAS OF COMPARISON - 
CONST RUCTl ON BASE CONFIGURATION 

SATELLITE AND ANTENNA CONSTRUCTION OPERATIONS 

FINAL ASSEMBLY OPERATIONS 

CONSTRUCTION EQUIPMENT 

CREW REQUIREMENTS 

CONSTRUCTION SYSTEM MASS AND COSl 

LAUNCH SYSTEM 

ORBfT TRANSFER SYSTEM 

TRANSPORTATION COST 



LEO CONSTRUCI'WN CONCEPT 
PHOTOVOLTAJC SATELLITE 

The first cornpartson to be made i s  that of the overall r4onstntctio~tltr~~t~pr)rtilt~on concept for eaclt wlcllitr. Am inrlicatcrl earlier. 

the LEO construction approach will be used In making l l i e  powcr pcncmtiori systcln contparison. In tlic u;tu of thc plrotovoltric 

satellite, right modules and two antennas ;Ire constfucted at the LEO haw. All mcwlulrs ;lrc trrnyortud to Gb.0 uJilrg rlf-powcr 

electrtc propulsion. Two  of the rnwl ulrs will t ralrC,port itrr ontrnna wkilc Il lu rcnluining six iitotlulcs will tw trit~irjr?rtrcl dmtc. 

CEO operation rcqu~rcs berthing (docking) the mtduk% :o form t l ~c  srrtellitc and dcploymrnt ol' the wlar arnys not uWd for tllr 

transfer, followed by the rotation ol the vntcnnii into i t s  dcsircd opcratirilg position, 



LEO Construction Concept 
Pho tovol taic Satellite 

GEO - 

LEO - 
. OIELOIV 

1 CONSTRUCT 8 MODULES (rAOOULES O AND I ANTENNAS 
PQRT ION 

4 AND $1 

SOLAR 
ARRAY 



LEO CONSMI UCTION CONCEPT 
THERMAL ENGINE SATELUi E 

The thermal engine LEO construction concept is similar to the photovoltaic satellite with the exivption that 16 modules arc con- 

stmcted in LEO with 14 of  these beiny transported alone and iigain 2 modules  rod^ taking up m antenna. Berthing is again 

required at CEO, however, no reflector facets require depIoyment since tlrry nn not affcrtcd by radiation when pullsing through 

the Van Allen belt so consequently arc deployed whik in LEO in order to  simplify the conswuution operations at CEO. 



LEO Construction Concept 
Thermal Engine Satellite 

GEO - 

MODULES - L -% _L-\, \ - :y.--e 
0 MAKE 

-- 
1 . -  
"TRUC? & @ ROTATE AMTENMA - ELEC CONNECTfOhlS INTO P0SITK)FJ 

AND 2 ANTENNAS 

BENEATHMODULES 8 AND 16 



LEO BASE C0NnRUCTK)h TAWS 

The construction operations to be performed at thv L?<) constrt~c-tion haw arc I ) asunlhlc: hie structure to 1'01111 e ~i~oJulv I/X t1\1' 

sue of the total satellite. L! I install solar arrays. 3 1 install powcr bus systcnl. 4 I ictstoli orbit transfer systenr. 5 i inlitall suh~y%tem% 

and 6)construct two antennas with their yoke and rotary joints. 



FABRICATE 
2 ANTENP!A AND 

YOKE ASSYS 
* AT TACH TO I,:OrJULE 

4 0 8 (UNDERSIDE! 

s 

CONSTRUCT 8 SATELLITE 
MODULES WlTH THE 
IND1CATED CHARACTER ISITCS 
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LEO BASE CONSTRUCTWN TASKS 
THERMAL ENGINE SATELLITE 

The construction tasks associated with tllerlnal enginc sclc 'litr nlodulrts arc i ~ ~ d i c ~ t c i t .  The key d i f f ~ ' ~ ~ W ~ t !  conlpred to tiv photo- 

voltaic construction task primarily relates to the differelice I I I  the powixr gct~criltian tl~viors (i.~.. rcllcctors and thenrt;rl cngincsl 

radiators instead of solar arrays). 
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LEO Base Construction T~sks 
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LEO CONSTRUCT ION BASE 
PHOTOVOLTAlC SATELLITE 

The construction bar  Ibr the pliotovoltaic aatcllitc conristr ol two onnccltny I;rcililtcr wit11 onc uwil to Iruild the rriintitles and 

the other to build the alltcnna. Tlrc rnoduk constn~ctio~r Ibuility i s  a11 opcti ctrrletl stroclurs wliiclr allown tlir lbur hay wiJi* 

module to be constructed witli only longitudinul indi*xi~,y. 7'11rrc iirrh two i ~ ~ t ~ n i u l  workiny hays. 'l'lic ;tl't Iriiy is rlwtl Ibr mtructural 

assembly using bean1 niacl~ines and joint ;~wrnhly rnircl~irtr~ ;rft;rr~ltr.cf to I~otlt t!tr itl)lwr ; l t ~ l  lower .uurlbccs 01' t11c Ikil iry. Solar 

array and power distribution are primarily ~trstrllcd fronr eqi~ipnicnt ettuc.l~cd to tlrc uppcr hcilily wrracc in llie f o r w d  hily. Vie 
satellite module is supported by movable towers locatetl on tlrr lowr*r ntrl;rcc ol' tits futility. Tlww tlowcrr urv i~lu) uwd lo index 

the module as it is being fabricated. 

The antenna facility i s  configured lo rnclow foirr bays ol'antvnnu i ~ r  witltli i11rd four rows of buy% ill IcII~III. Ihc rnininium plan- 

view shape of the facility i s  obtained !hrot~gli use of a 60 deyrcc pirri~llzlogra~~l. Tliis nlrapc in tlls rc'nrrlt or tllv bvric unit of the 

primary structurr being triangular in shape and the resulting atigz~lar intlcxi~iy. Tlrc lowcr surT;lus or tllc f~cility i m  iiwd to rupport 

beam mrchines, joint assembly machines. support index~ny nracliinrs irnd htrn dcploymctit cquipncnt. The upper wrfrcc in ciwd to 

support beam machines. join1 vwmbly rllachincs and u dcploytiic~it pl;ttl'orrlr th;~t is uwd to deploy llic wr.onil;~ry structures untl 

antenna urbarrays. 
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LEO CONSTRUCTION BAS€ 
TlIEWAL ENGINE SATELLITE 

7 h e  thermal  c n p n e  satell i te ~ o n s i r u ~  ttort ~ J I C  tias IXCII JC'SI~IIC~ ~n c l l e ~ t  uirrcnttrd the t l t c r n > ~ I  cnpnc cr;ltrllile m d u k  and  as a 

result conststr of some rather large dlr,lrnston\ 'P't,r ~ r ~ n s l r u c l t o t t  opcrst ion\ JIL* p v r l o n ~ ~ r - c l  111 tlrrec zrparrtc ,,vrlr or rrcvr 01 thr. 

basc A t  the lower  le%eI !s l o ~ i t r e d  t l ~ e  dt i tent~a ~ u n ~ t t t r ~ l ~ r n t  I;)EIIIIIFS ,.I~LI t l ~ o r e  provr\lc,ns nsccsu ry  t o  conr1ruc.l the antenna 

yoke lmrncd~a le l y  abotc th is vteJ t l ~ r  rs f lcc tor  ~ o n \ l r t l r l i o n  Irctc~r) .  u l l tc l t  tncludc\ ~c)urptr\'nl ncccsurry t o  r.on-Ir~cc( r c f k c ( o r  

structure and tnslall reflecting lacel, U c p l o y m e ~ ~ r  of tibe c o n s t r u ~ t r d  r e f k r t o r s  IS a ~ ~ o r n p I t J ~ r J  u u n g  tndlrxlng CVICCS moving 

d o w n  t w o  ude ratlr Thew r a l k  arc also uwd t o  urppor t  I>u.~rrt tn .~c l t rnr~  u u d  t o  cc\n\truct tlti. lo t t r  u tppor t tng Icp h c t w r c n  tlw 

r e l k c r o t  urrfw.r and the focal  point A t  the upper I r b r l  of IIIC ~ o n s l r u c l r o n  bar  Is l o ~ . i t c d  tltc lad p r n t  lac,lory w11tc.b ltrr t l tc 

tad of constmct ing tht C X .  I avity. lnstalltng the t h c m ~ a l  enyltlcc. constnbc l~ny Mdra lor r  a d  t l ~ c  v l n c  whtih mr-8  as thc p w e r  

d i r t r i bu t ton  rystem A fou r th  area. al lhuugh o n l y  uwd In tlbc ~onr . i ruc t ra t r  i d  t w o  modulo  IS tttr. assembly p l a t f o r m  u , ~ d  to fom 

the antenna structure supporl p o ~ n t  for  I l l c  antennu 
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LEO Construction Base 
Thermal Engine Satellite 
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MODULE CONSTRUCIION SEQUENCE 
PHOTOVOLtAIC SATELLITE 

The const~ction sequence a m v t t d  with thc structure. solar ilrray ant1 power b ~ ~ w s  coc#istr or inillally building t ln fiml end 

frame of the structure. Th~s end frame IS irldcxcd forward one ctruct~~ral hay lcngth at which time machincr can form II# wnain- 

der of the structure In cacti nf the hay\. Thc fint row or four hay\ IS thcn indcxcd t'oruv;rd to ollow construction of' tllc fin11 

structural bay in parallel with installation of w~lar arrays in h.~y I t l~ rn t~g l~  4 Snlar ;may ~nstallaf~on urn1 conrlrrrcllon of slnlcturc 

occurs simultancrously across the w~dlh of the module. altl~ougtl nclll~er oprrtion drpcltds on the other. At thc conlpletion of 16 

bays or four rows of hays In lengtlr. the powrr buses and propcll~nt tanks ;lrc i11rtallr.d. ('onstn~ction of tIw slnlctcln and installa- 

tion of solar arrays of the remainrng four bay Icrnytlr~ ol the ntodulc arc done ill u s~milur laannrr to tl~at prcriaorly rlewribcd. 

fhruster modules Tor the self-power systenl are attached to cach of [he lour corners of thc mmlck. 



Module Construction Sequence 
Pho tovoltaic Satellite 

COIYST END FRAME CONST BAY 1 - 4  STRUCTURE OEPLOY SOLAR AfZnAV UJO C O I N  
WOEX 1 BAY LENGTH INSTALL THRUSTER NEXT ROW OF STRUCTURE 

t(100ULES INSTALL BUSES AT E NO OF 4th ROW AND W. T M #  
INDEX1 BAY LENQlW INDEX 1 BAY LEN 'TC( 

@ ItbSlALL 80LAA AkdAV COCJTAINEW 
& FAB STRUCT 



REFLECrOR CONSf&UCI'lON 0PEWATK)NS 
THERMAL EPIGME SATELUTE 

The construction sequence for the power generation portion of the thermal engine satellite module is done using two charts. Thlhe 

first of these construction opentiqns deals w ~ t h  the formation of the reflector surface. The principal elements rnvolved in this 

opention are the factory itself and the struc.tural machines, reflector deployment machines and indexing devices. The compkxity 

of this operation and the mach1nr5 themselves is better apprcciated by the fact that the shape of thc reflector surface is a portion 

of a sphere and in addition the structure fonning the shape consists of interconnecting tetrahedrms. To accomplish this task, the 

StNCtUte and reflector machines are attached to  the underside of the reflector factory and run on tracks. The spherical r cbc to r  

shape is  obtained by havtng the reflector factory move up and down in elevation and rotate about its longitude axis. Movement of 

the factory occurs after the machines make each transit across the factory length. Five structural and reflector machines arc 

required in order to satisfy the trmeline requirements. 
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Reflector Construction Operations 
Thermal Engine Satellite 
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FOCAL POINT ASSEMBLY OPERATIOMS 
THERMAL ENGINE SATELLITE 

The other  major operation in constructing the thermal engine aatellitc w~iirs at thc top  of tllr construction haw where the focal 

point equipment is constructed and installed.  show^^ here are tltc nlnjor indiviclual opcr;itions t o  occur r p i r t s t  r kckground  of' 

the focal point assembly factory. The point to be kept in mind is Illat all of tliew operations arc going on sin~ullrncoualy. At 

several points in tlme. major subassen~blies an. brorrphf together and fin;~lly ell clctncnts an. then connected t o  ton11 the somplctc 

unit. At that polnt, the factory is moved away and tllc f w d  point cun bc attached t o  the support legs c o ~ n i ~ l p  up from the reller- 

to r  surface. 



Focal Poi11 t Assel~lbly Operations 
Thermal Engine Satellite 
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ANTENNA/YOKE/MODULE A!WMBLY 

PHOTOVOLTAIC SATELLITE 

Construction of  antenna and yoke for each satellite is rssentiolly tlie wrie. and for tliat reason specific olwrations associated wit11 

this task are not covered a t  this time. In both cases. each antcnlia requires six montlis of  c o n s t n ~ c t i o ~ i  tinie. A point ~ f d i f l e r c n c e  

however, is where and when these elements are constructed a i d  how tlic JSSC'I~I~IC'J ; L I ~ I C I \ I \ ~ / Y O ~ C  i+a attachcd to the wtcllitc for 

transportation. 

In the case ol' the pliotovoltu~c sutcllitc us showi. Iere. t l ~ e  yokc l'or tlic ;lnlclini~ I \  constr~~clzcl in lllc ~ i i o d u l ~ ~  co~is tn~c t ion  facility 

because of  its large diniensio~ls. When using this approacli Iiowzver. it requires Illc yoke t o  Iw 111adc in bcIwec~\ 1111. tliird and 

fourth module and between the seventh and eighth modules. Following yoke construction, it ir moved t o  the sick of' the module 

facility. At that time either the fourth o r  the eighth module will bc constructed. During tlie construction o f  these modules. the 

antenna is completed so that it can then be attached t o  the yoke. After five bays of  either tlie fourth o r  eighth module have bcen 

completed, the antennalyoke combination can then be attached t o  the modulc in its required location. Constn~ct ion o f  two more 

rows of  bays puts the antenna outsidc the facility where i t  then can be hinged under the modille for its transfer t o  CEO. 



An tenna/Y oke/Module Assembly 
Photovoltaic Satellite 

@O ASSEMBLE YOKE & @a CONST 3 ROWS @* COMPLETE 5 ROWS @ CONST ROW 6 & 7 
ROTARY JOINT OF BAYS OF bAYS ROTATE ANTENNA 
(BETWEEN MODULE COMPLETE ANTENNA ATTACH ANTENNA UNDER MODULE 
3 & 4 A N D 7 & 8 )  ATTACI-! ANTENNA SYS. TO MODULE ' CONST ROW 8 
MOVE YOKE TO SIDE TO YOKE 
OF FACILITY 



ANTENNA/YOKE/MODULE ASSEMBLY 

THERMAL EMGlNE SATELLITE 

Constniction of the antenna elements o f  tl lc thermal cnylnc ~ r t s l l i t c  occur at tllc lawcr Icv~.l  of IIlc constn~ct ion haw. The support 

structure fo r  the yoke and the ll ingc linkagc u.wcl t o  ~ m s i t ~ o n  the antenna arc c l~ fScrc~~t  t 'ron~ t l l r  pltolovoltarc. %~tcl l i te. In t l t r  caw 

of *he suppnrt structure. there is an oMwt whiclt .~llows I)IL ljruprj porntlnp ot'tlrr. JII~L*~IIIJ wlrrlc* tltc s ~ t ~ l l ~ t i ~  I11e P t P  riltlrcr titan 

POP as in the case of the photovol ta~c wtr l l r tc.  'rlw 1:lttgt I i~tkagc \ I X ~  t o  p o \ r t ~ o r ~  tlrc ~ t ~ n l l ~ t t .  I\ II);I~C IOIIOWIII~ ~IIL* yokc. 

Assembly of the antenna. yoke and hmgC bnkilgc tn lo  o1:c t r n ~ t  i s  followed by llrc .~t l ;rcl~r irc~t~t oI (111s unit l o  the unclrrsidr of t l i r  

reflector surface for  the transfer t o  <;to. 



An tej~~la/Y oke/Module Assembly 
Thern~al Engine Satellite 

1 CONST YOKE, OFFSET @ REPOSITION YORE, @ ATrACH ANTENNAIVOKI (3 AND ANTENNA OFFSET AND ANT EMMA & HINGE LINKACIB 

- - YOKE/ANTEMNA PLATFORM 

SIDE VIEW-COWER CONST AREA 



CEO BASE CONSTRUCTION TASKS 

PHOTOVOLTAIC SATELLITE 

SuvcraI kcy ant1 dist ing~~rsl l in$ corlrlrrtcltol, titsks ;Irk1 rciluirctl by C~ICII * a l ~ ~ l l i l c  once (ib.0 i s  rc;lcllctl. in l l l c  caw ul' lbc  pbolovol- 

laic satcll~to, ill1 ;IdJitionill t i ~ s k  irr rvc~rtired i n  l h d l  I l losc nolor ilrrilyh 1101 JcpIoyctI for tranbkr r o w  require J r p l o y l r c l ~ t .  Tliir o la r -  

ittoon requires ;I finill ;~wml, ly p l ; l t lbrn~ ~ I I~ I  call support h l r  m l i l r  arrily d c l t l o y ~ ~ l c a t  ~~t;lclri~rr.u ;I* r l luwn. Tl~r other lvrkx t o  h 

p r f o r l l ~ c d  at (;LO arc shown OII s r ~ h ? * - q r ~ c ~ ~ l  r.ll;~rt\. 
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GPO BERTHING CONCEPT 

PHOTOVOLTAIC SATELLITE 

The first operation t o  occur once l l le  n l o d ~ l l c s  rcuc l~  GL.0 i* tI1i11 ol t l lc h r r l l ~ ~ ~ ~ y  ( o r  d n c k l t ~ y )  ol' t l l r  ~ l ~ o t l i l l c %  111 tl lv cuw ol tl lc 

photovoltaic satell~tc. the nrodulcs are h c r t l ~ c d  along o r ~ n y l e  'dgc as IIILII\.~IICJ .I IIC 1li;Ilor ~~III;>IIICII~ I I W ~  lo pvr lorn l  1114 w Iwr t l l -  

In# operations arc showa. Thc coni.ept rmp loys  tllc use 01 l o u r  ~I(K'~III~ cyl tcm\  wit11 c a ~ , l ~  111volv111p ;I crillts ;IIILI t l ~ r r c  c o r t r o l  

cablcx. Variations I n  I l le  upp1ic.l: t rnsiol i  t o  tl lc cohlt-r ;rllow\ tllr, III~I~IIIIC\ t o  IBL* JJIIIICJ in.  ~Brosltlc \lol~l9111p ~ t b l l l r o l  ;111tl ,~rov~i l r . \  

at t i tude cont ro l  capabil ity. Also r r q w r e d  i n  t l ~ n  r.011ccyt IS on i t t l ~ t u t l t  < o l ~ l r c ~ l  \y\tclrt ~ , ivo lv~t rg  tlrri l \tsr\ w l l i c l ~  arc trot &own. 
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CEO BERTHING CONCEPT 
THERMAL ENGINE SATELLITE 

Berthing operationr assoc~atcd w ~ t h  tlte tl~rrmal engjtls ratrll~tr. tnotlulcr rrc(ulrc.\ b t I ,  \inplc edge otltl two rsdp (corner) bcrtlring 

a3 tndicated. To oaccomplrsh the bcrtl~inpr operatton. two la r~ l i t l ' r ,  .rrv cmployrcl. I . i t~11 r t  yrovidcd with ;r crvnc cystrm utn~lar to 

those doscribed for rhe photovoltv~c. uo~lcrpt. One of t l w  h o l ~ t l ~ s  1s Icxi~~stl  at ~IIL~ trppcr porltan o l  tlto ~ t ~ d u l c ,  wl~ i l r  tltc wuond 

rs near the plane of the reflector so tll;lt torccs c.tn I>r ;tpp~ccd nrorct\cl \l\c cv o l  tllc. ~ r ~ o t l u l ~  MIWIIICIII of t ~ r v  of 111cw I'ac.111tivs 

fmm module to module occurs by relcas~ng onr attarl~ment polnt ~ n d  pivolrng itround tlbc olllur until tltr clcsin'd location 1s 

reached. 
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CEO Berthing Concept 
Thermal Engine Satellite 
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ANTENNA FINAL INSI'ALLATION 
PHOTOVOLTAlC SATELLITE 

Comparison of thu antenna final nsscmbly i~istallatio~i opcrilio~is associated with tlic satellite r l w  illustrates sottic differences in 

terms of  complex;ty of the required mechanisms. In tlic case of tlic pliotovoltaic~ utsllitc.  tlie ;Intornu ir rttuchccl b l o w  tlic 

moduk and uses a single hinge line. Once CEO is reaclicd, tlic ilntrnnr is roti~lcd into position followed hy tlic final structural rtid 

electrical connections. 



Antenna Final Installation 
Photovoltaic Satellite 
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ANTENNA FINAL INSTALLATION 
THERMAL ENGINE SATELLITE 

Placement o f  the thermal engine satellite antenna requires sili!ilor operations rxccpt that 3 11ingc lines an. wquiwd as s l~own rather 

than one. This  condition is a resull o f  thc long d~stance between thr transfer posiiion of the antenna and rhe final posirion for tlte 

operational phase. 
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Antenna Final Installa tion 
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MAJOR CONSTRUCIION EQUIPMENT 

PHMOVOLTAlC SATELLmE 

The  m a j o r  c o n s t m c t ~ o n  cqulprnel l t  ~ s s o c ~ a t c d  w ~ t h  t i le p h o l o v o l l ~ ~ r  \ ; ~ t c l l ~ t c  ;Ire ~ l \ u \ t r . ~ t c d  . ~ l o ~ ~ p  wit11 sonic ol' 111~ key c l~ r r .~c t c r -  

i,tlc\ such as quant i t )  . marc and dlniensions. Again. hccausc tlrc anc.:lIn;l l t w l t  .\ Ll)nln\on lo  I '\)Ill w t c l l i t r  py\lcrrlr i t s  yrcc.~al 

equrprnent 1s n o t  shown a l thoug l l  1111s mater ia l  liar h1.c11 p r c w ~ l t ~ x t  III tl ic P.lrt II b I ~ c l t ~ * r l l l  ;IIICI 15 ~ l l c l u d c d  ill t l l r  t ina l  c loc~tnlcnta- 

t l on  Thc  bean, rnac l l r~ lc  s l~owrr  I\ ~ n c l ~ c ; ~ t l v c  o l  t l ~ c  \ t r i r ~ t ~ t r a l  L O I I L C ~ ~  WIIILII IIWS I w o  hc.1111 II~;IL.~IIIIC\ 10 lo r rn  a11 111~- 111rin r l n l c -  

ture.  Acco rd~ng l y .  11 11.1s b o t h  t r a n s l a t r o ~ ~  a5 wel l  a\ r o t . ~ t ~ o ~ ~ a I  c;qlahi l~ty I l l c  ~IIIIIC~I\IOII\ w i d  III;ICS 111d i~at rd  ~ n d ~ ~ ; l t i v c  01 ttle 

segmented beam approacll a l though rnach~ncs I a b r ~ c a t ~ n g  t l l r n l ~ a l l q  lorti!.:d c o l l t ~ ~ l i ~ o r ~ c  Lo rd  \ t ruc turc  cou ld  ;tl.o be ; ~ t t r c . l ~cd  to 

the same frame. 

C I Inr malupu la tor  systenl\ arc pr ln la r l l y  u\c.rl t o  lor111 t l ~ c  strt~clrcr.r l  hc:r111 l o l n t \  A l t l ~ o i ~ g l ~  t l ic  ~ n c l ~ c ; ~ t c d  i s  111o\t con lmon.  

bsvrral 251) mete r  u111t\ are also rcqulrct l  111 t l lc  co l l \ t ruc t ro l l  ol t l l c  .IIIIL.II~I.I yokc  .I\ ~ 1 . 1 1  .I\ \ c \ c ' r ~ I  10 t l lCtcr  I:ranc\. T w o  n1a11 ~ 0 1 1 -  

t r o l  cablnc w r t t ~  manipu la tors  arc locatct l  at  t l lc  c n d  ot t l l c  crallc. WIIILII I\ IIWII att.1~111~eI t o  .I 1110~11ig p l ,~ t t on l i  
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Major Construction Equipment 
Pho tovol taic Satellite 

ICIPI'* 
wslr00 

BEAM MACHINE CRANE/MANIPULATOR POWER BUS INSTALL 
(2) 20M - 20 om kfj 8 UNITS a 1 UNIT 

* (2)5M-75Wkg + 8OC)Okg 7 9 0 k g  

# .  
f 

,' . * t 

@ SOLAR ARRAY OEPLOYMtNf 
+ 4 UNITS 
* 12 440 kg(Ea1 

2 D ~ ~ l  ~&!/Afffl 5Mll 
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MAJOR CONSTRUCTION EQUIPMENT 

THERMAL ENGINE SATELLITE 

Thc  thermal engine sa tc l l ~ te  requires wvcral  r n a c l ~ ~ n c \  511n1lor t o  t l ~ c  p l ~ , ) ~ ( ~ v c ~ l t . t ~ ~  cqi111~11tt1t I~ut 1t1 : ~ l l d i f ~ o n  r rqu i rcs  r u . v ~ * r ~ I  di1'li.r- 

ent  unrts Bean) rndchlnn are also reqtclrrd w ~ t h  thc t c y  d~t ' fcrrnc.~. IICIII~ 111~. t l t l ~ r l t ~ t y  . ~ n d  also 111 nced of ;I I0 t l ~ c l c r  hc.;lt~r 

,nachlnc Cran~.i'manrpulator unr ls  a t  ~ p p r r ~ r ~ r n i t t c l y  t h r  WIIIC I 1)rII1atloll of t l ic  r~.(l~.ctor ~ I JL~ I \  ~ i r ! ; ~ c r  , ~ q i ~ i r c ~  .I \PCL.IJI 

structure r n a ~ h ~ n e  and J l ~ c r t  dt.ployn1~11t r i i ; ~ c l ~ ~ n r .  



Major Construction Equipment 
Thermal Engine Satellite 

BEAM MACHINE CRANEIMANIPULATOR 
(3)m -20000 kg 21 UNITS 
(8) 1OM - 11 000 kg 7 000 Kg (%A) 
(7) BM - 3 000 kg 

FACET STRUCT MACHINO 
6 IJNITS 
30 000 kg (QAI 



MAJOR CONSTRUCTION EQUIPMENT 
THERMAL ENGINE SATELLITE 

In  addition to ~ndiv~dual machrncs the tliennal cngilic satellite conrtrucllon opcrutloti iscltllrt8s rv r rv l  mini.f;lrlorics involving 

numerous pieces of equ~pmellt. txamples of thew ~n i l l l  I;~ctorics arc as 1'0lI0wr: tlrc tbniiat~on of illc CP<' a d  cavity wlicrc 

cranes. manipulators, welden, conveyors and control ~ a l ~ i ~ i r  arc rccluirtrd: a r;ldi;~tor 1'at.tor) t1:.11 wslcls the 20 nlclcr Icogth xc- 

Irons of pipe into 350 mctcr lengths .rnd tlicti attaclic\ t l~c  r;ldlaton tlrC;lt p~ps)  ~ ~ i l l i r l s  11. t i le  ~iiain pipe*; i n  addition. cnginc ~nrtal- 

lat~on IS required including a connectloti of power burro  b*twr.cn tlic cngilicr and  rally. Ilrr. sl)inc .~sw~iihIy tliat coti%111~ 01' 

machines to brl~ld rtnlcture nrnning between ~i~oclulc l w a l  polntc :IIIJ rn.~cli~trt . to ar<~-~nhlc ilnd ott.1~11 tlrc m;~jor power husrcr to 

that structure. 



Major Construction Equipment 
ThcrrnaI Engine Satellite 

I 

CAVITY AND CPC 
ASSf EOUKMENT 

1 E A m  
28aooks 

- -r ---- 
WiNf ASSY MACHlkL 
TWO W I T S  
28000kg 



CREW SIZE AND DISTIUBUTKBN 

LEO CONSTRUCT ION 

T h c  drfference In crew sue and drstrrbutron of t r r w  r \  r n d ~ c u t c d  for t11c t w o  ~ r t c l l ~ l c  c o n ~ t , p t \  I l l c  Lrcw \I/'. f r ~ r  . r l l  o rb l t d l  per- 

w n n c l  rndrcart \  the phOt f~v0 l t r b t  n t c i l r l e  rci l tr lrcr rrp(~ronrrn.Jtcly 3lW) tcwcr  pcoldr w i l h  al l  (Ill\ d l t l c r c r l ~ c  c k c u n i n g  I n  111~ low 

k.artt~ rjrhtt cr,nstrurtron haw T h e  p r r n c ~ p v l  rc.iv)tl for  t h r  Idrycr L rcw rciltlrrcr1ienl\ l o r  IIIC t l ~ c r r l ~ ~ l  criglnc * ~ t ' l l l l c  I\ tluc to tnorc 

con\ t ruc l ron opc ra t l r~n \  requtrvd ~ n d  ol Co(lrW tI11\ l t l r r i  c o r l t r l I ~ c ~ l c \  to  1111, r r ) r i r l r t r~ t l o r i  I l n d r r c i f  I l tc rwrnnr l  JI I~ t l l r  u tppo r t  per- 

wnnrl  r n a n l o a d ~ n y  



Crew Size and Distribution 
LEO Construction 

OPS, SUPPORT 
B MGT 

- CONSTRUCTION 
(INDIRECT) 

400 

200 CONSTRUCTION 

10 HOUR DAY 

TWO SHl FTS/DAY 

8 DAYS ON/ 
1 DAV OFF 

90 DAY STAVTIME 

PHOT OVOLTAIC THERMAL 
SATELLITE ENGINE 

SATELLITE 



CONSTRUCTION ROM MASS SUMMARY 

ROM mass estimates an presented for t!lc conrtruct ioa h i ~ x s  a\ well  es crew r o t o ~ ~ o t ~ l r r o u p p l y .  III tllc cam ol t l lc Lk.0 COIIS~~IC- 

t ion bases. the photovoltaic satellite i s  Itghter h y  opprox~rnatcty 3 r r~ i l l i on  k ~ l o > g t i r ~ ~ ~ r .  7l1r ttl.rjor c o r ~ l r i h u t o n  t o  thc Iltcnnat cnqnc 

mass is the large focindat;c,n (stn1cture1 o l m g  w ~ t l l  I h rc r  r x t r e  cr'w 111odt11vs cluc t o  t l l ~ .  300 i ~ d t l i t i o ~ i e l  ~ w o p l ~ .  a11d of c o t ~ r w  ;IS prc- 

v~ously  dcscrtbcd ;rJdit~on:;l const ruct~on sqctiprnc~it. W.0 l i ~ w l  i ~ t ~ m h l y  hit%\ arc i ~ p p r o x ~ t ~ ~ ; ~ t c l y  ~ t l ~ i l l .  D i S ~ c r ~ n c c s  III t I ~ c  

annual crew rota l lon resupply requirr.mrnls rellccls t l l r  d i f f~~rcaue lllr 300 111.111 r.rtw h l L ~ '  
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Construction Mass Summary 

1 - CONSUMABLES 

CREW ROTAT lON/R €SUPPLY 

ANNUAL 

CARGO, CREW, VEHICLES 
AND MODULES 

INCLUDES OEO SUPPLIES 

' ENGINE 

LEO CONSTRUCTION 

CONSTRUCTION BASES 

BASE LOCATION ~ k r ?  LEO GEO 
CYOT OVOLTAIC 

ENGINE 



~ N S T R U C T I O N  BASE KOM corn 
FIRST SET 

Comparison of the unit cost of the 11rst set of construction biws indicates over a 4  billion dollor savings for the photovoltaic satel- 

lite. These values reflect a 90% learning factor applied to each major end item. Troesporration costs are not includrd in this par- 

ticular chart. In the case of the thermal engine satellite. the principul differrnc~ in the facility cost is the t l lnr  extra crew 

modules and of course the large difference in construution equipment quantity ortd rttrss contributes thc difference in cost. T ~ I C  
wrap-around Factor is applied to the sum of thc facility construct~on equipment cost. 



Construction Base ROM Cost 
First Set 

1 SATELLITE PER YEAR 
80% LEARNIFJG 

WRAP-AROUND 
SPARES 
IA ti C/O 
S E & I  
PROJ AlGT 
SYS TEST 

CONST EQUIP 

FOUNDATION 
CREW MODULES 
3ASE SUSSYS 
CARGO HANDLINOI 

DISTRIB. 



TRANSPORTATION SYSTEM DIFFEREW' iS 

Several key transportatioi~ differences occur wlien compi~riliy the two s;~tcllitcs as sl~own ill this chart. E;~r.h of thce differences 

are further described in subsequent charts. 
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Tra~~sporta tion System Differences 

SATELLITE LAUNCH SYSTEM 

TWO STAGE BALLISTIC 

CREW LAUNCH SYSTEM 

SHUTTLE GROWTH 

SATELLITE LEOGEO SYSTEM 

SELF POWER 

CREW/SUPPLIES LEOGEO 
TWO STAGE LOZ/LH2 OTV 

PAYLOAD SHROUD 

P N  - REUSAELE 

T/E - EXPENDABLE 

SATELLITE COMPONENT 
DENSITY 

NUMBER OF FLTS MORE PEOPLE IN ORBIT 

T/E HAS LESS SATELLITE NO OVERSIZING 

DESIGN IMPACT AND USE OPER. VOLT. 

LESS GRAVITY GRADIENT LOWER INERTIAS 
TORQUE 

NONE 



COMPONENT PACKAGING DENSITY IMPACT 

A mos t  signif icant factor in the launch aspect o f  power  s;itcll~tcs is the con1pollent p;lc.kagi~~g d c i i s ~ t y  anti i ts  i t i ~ p a c t  011 ti le 1iu111ber 

of launches required and/or  the type of paylo;~d shroud t11at is used. I n  ternls o f  the r.onlponcnt dcnsi ty o f  tile photovol taic s;ltCl- 

l i te.  an  average d e n s ~ t y  of approximately 95 k~ logran is  per cubic meter  IS indicated. I l l c  ~ .u r r cn t  23 aicter by 17.5 n le tc r  payload 

envelope w i t h  a volume u t i l ~ z a t i o n  factor o f  0.7 requires ;I d e n s ~ t y  o f  93 kilogri lnls pCr  ~xr l> ic  n lc ter  in order  t o  r t i l ch  ;I niass l im i ted  

condition. 

The  them.al engine satell i te density i s  approx i~nate ly  66 k i l og ra~nr  per cubic: 111eter p r~ tna r i l y  due t o  radiators. ref lect ing facets and 

antenna subarrays. Should the antenna subarrays S t  div ided i n t o  a waveguidc/stnccture w c t i o n  and k l ys t ron  tube section. the 

d c n s ~ t y  wou ld  g o  u p  t o  76 kilograins per  cubic meter. TIII\ approach 11owevt.r. rcqulres a\\t*rllhly 01' tile stihi~rr;~ys in o rh i t  w l ~ i c l ~  is 

n o t  deemed desirable a t  this t ime. Conwquent ly .  the thcm1i11 c i~g i t i e  conccpt p r t - r n t s  a d ~ l ' t i ~ u l t  c a w  f o r  ;~chlcving ni;lss 11111itetl 

launch condit ions. The number  o f  f l ~ g h t s  to r  t l ie p l i ~ t o v o l t a ~ ~  satellite rct lcct  II~;IS\ I ~ t ~ i i t i ~ ~ I  I ;~ l~nc I l  co~ id i t i ons .  The t I ~ ~ - r n ~ a l  engine 

system is shown fo r  b o t h  an  expendable shroud large c n o l ~ p l ~  t o  r e a c l ~  u 111:lss l11111t~d c o n d i t ~ o n  arid :I ~C'II\C;IOIC SII~OLI~I opt1011. 

Launch cost f o r  these opt ions are compared i n  the th i rd  o f  Iu rc .  F o r  t l ic  t l~cr l i r ,~ l  c ~ i g i ~ i c  systelii. t l ie expcnd;~hlc sliroud sllnws 

app rox~mate l y  a 300 m l l l ~ o n  do l la r  savi~lgs per  satellite a4 co~ i i pa red  wit11 ;I reruscdhle s l ~ r o u d  ~ l u c  tc: the l o w  LIIII~ co\ t  ( 2  n11llio11 

dollars) for the exprndahle shroud when Iarg~. c lu ;~n t~ t~c \  are procurci l .  11 \ I i o~ r l i l  I)c 11ic11trolicd I i o u ~ v ~ * r .  tI i ;~t tl1c t l i cn i ia l  cligiric 

satellite w i l l  also u t l ! ~zc  w ~ ~ s e a h l e  s l~roudh fo r  t l ic  dclr tcry o t  L IYW ;111d \ ~ ~ p p l i ~ s  ~III(I ~ I c l i i c r y  o l ' c o n s t r ~ ~ c t i o t ~  r c q u ~ r ~ ~ ~ ~ ~ e n ~ s .  





SATELLITE LAUNCH VEHICLE 

A cnn?panson o f  the launcl. and r r cn t r y  ~ o n f t p u r a l ~ o n  fo r  r l i c  two \atellttcr 14 p ~ ~ w t i t t d .  TIIC 2 5  tiir'ter ~ - x p c ~ i d a l ~ l e  s l i rnud 

requrred f o r  the  tf.erm31 e n u n r  FVS~CIII\ 15 jtltigcd t o  111% Iie.lrII1e t l ~ e  upper  I r ' t ip t l~  l l r l i ~ t  w l t l l o ~ l  g v t n g  cxcc\r lvr  bcnd ing lo;tds dur- 

i ng  the launch. I t  should ~ l s o  be n i c t l l ~ t ) n r d  t1131 a l i h o l ~ g l l  t l i c  exl1ctidablc. \! iroi l t l  14 Ilc>.~r:cr tli;tt~ t l i c  rct~\s;~hlc u n i t  t l w  systrn) is  

j t l t t ~ b o n r d  after t i le d y ~ : ~ n l l c  prcr\urc Icbcl 11.14 \,111~-11 10 / ~ - r o  ( ' o n \ c * c l ~ ~ c t i t l ~ .  ~~.l) ' lo;l i l  c ; ~ p . ~ h ~ l ~ l t c \  ol t l ic  two I;IUIIC~IL~S ;IIT ludgt*tl t o  

b e  nearly cqu.11 As a r c w l t  o f  using 1/11. exl?cn~,l.le \ I ~ roud .  t l ~ c  cltrc.k~. .' \) rtc111 I ~ I L I \ ~  hi* a t l a c l ~ ~ t l  t l t rccl ly to t l lc  p a y l o ~ d  r ~ c k  and 

then return o n  subwquen! reustlal~lc s l ~ r o c ~ d  l11gI1's. 



PHCTOVOLT AlC SATELLITE 
APPLICATIOF! 

LAUNCH 

THERMAL 
ENGINE 
SATELLITE 

LAUNCH APPLICATION 

2 STAGE BALLISTIC!3ALLISTlC 
GLOW - 10.4 n 10~iCg 
PAY LOAD - 0.m r l0kg 

RLENT RY 



SELF-POWER CONFIGURATION 
PHOTOVOLTAIC SATELLrl'E 

!I. transfer o f  the satellite module* fro111 LEO t o  <;KO i ~ l vo lv rq  tllc uw o f  clcctris propul r ior  using power proviclsc1 ;)) qc~c  

n iodul r  ( thus the name u l l -power) .  TIIL. chaructrristics i ~ s m i a t r d  w i th  w l l ~ p o w c r  o l ' ; ~  p l~otovol ta ic  ~ l ~ o d u l e  ;Ire J l o w ~ i  ; lr hot11 

.I.,,, ,.. .. r i ~ o r l i l l ~ s  t ranr f t . r r~~ly  antsnn;lr ;lad thow 111at i l o  1101. Tllr # rnc r i~ l  cl~;~r;~ctcristics i~rt l icntc ;I 5 ' ;  ovrrsi/inm ol' 111~ u ~ t r l l i t r  t o  

conipenultr  for the r;idlatio~l dc#rat l i~l ion wc i l r r l l t g  tluring pilss;Iw t l l ro t~y l l  the V~III A l l r ~ r  hrll i11rtl 111~ ~ ~ r a l ~ i l i l y  t o  i ~ n ~ l r ; ~ l  out al l  

of  111 J;lrn;~l(r' a t t r r  rc*rrchi~~g (;EO. I t  s l i ~ t ~ l d  ;11s0 he CII~~II;ISII.C~I ~t t l i i ~  ~ o i l \ t .  011ly 111s ilrraY\ ~iceclr t l  t o  provide I l ls  r rqu i rcd 

p o w r r  I'or transfer an' dcployctl. Tltc r~111i111ld~r of;1rr.1).5 ~IIL- \tibwctl wi l l l i l l  r ; ldi i l l io~l pr(n)I'colllalllsr!~. ( 'osl ol)ti l l l t l l l l  t r ip  tinlcs 

r n d  Isp v;~lt~cc are rcspcct~vcl;~ 180 tl i~y. i~nc l  7.000 \cConds. I;l~pltt ~ . o ~ i t r a l  01' l l ic  ~ ~ ~ o d u l c  WII~II l ly ing J I'EP i ~ t t i t t ~ d ~  d i ~ r i ~ l l j  trans- 

fcr results i n  large gravity yradicnt !orclurr ;I[ w v c r i ~ l  i ~ o s i t i o ~ ~ s  i n  cucll rsvolul ion. Kuther 1l1:11i pro\  i d r  111~~ ellt ire cantrtbl c;~pability 

)v101 ~.kc;ric. th rus te r~  whiCl i  i l r r  qintc rxprnslvc, tllc clcc.lr~c systcnl ir s ~ t e d  only l o r  tllc o ) r t i ~ i l i ~ ~ l t  tra11sfr.r t i n l ~  wit11 tllc i1t1d1- 

I ional thnrsl p r o v ~ d r d  by  LO,/LH, thr i~stcr \ .  Tlii\ p r n i ~ l t  y n ~ t t ~ i ~ l l y  is qu i ts  s1110ll sillcc hy  tllc ~~IIIL* 2,500 k i l o ~ l l r t e r  altit l ldc is - - 
reavhscr tht gravity gradlent torque is IIO lonflr a domin i~ t iny  f;~c.tor. 



Self Power Configuration 
Pho tovoltaic Satellite 

6% OVERSIZIiJQ (RADIATION) 
TRIP TIME - 180 DAVS 
IsP-7oOo8EC 

MODULE 
CHARACTERISTICS 

' NO. MODULES 
~IODULE MASS (I~BKO) 
POWER REO'D (I@KW) 
ARRAY% 
OTS DRY ( 1 0 6 ~ ~ )  
ARQON (1flKO) 
LOa/LHz (1081(0) 
ELEC THRUST ( l f l  1 
CHEM THRUST (1 &I 

NON 
ANTENNA 
MODULE 

8 
8.7 
0.3 
13 
1.1 
2.0 
1 .o 
4.6 

12.0 

ANTENNA 
MODULE 

2 
23.7 
0.81 
36 
2.8 
A6 
2 9  

12.2 
WO 

APJTENNA ANTENNA 
SIZE: 24% 38m 48% 7- 
THRUSTERS: 800 1800 



SELF-POWER CONFIGURATION 
THERMAL ENGINE SATELUTE 

Self-power of the thcnnal engine ratellitr modrllcs ore for tlic lirost part similar l o  tlre photovoltric nrcdulos fro111 a pcrfbnnance 

standpoint although there are sollie distinguishing differences ill Icnns of sutcllilc Jcsiyn impact. One cxamplc of this i s  tl1;11 no 

ovcnir ln~ of Ihc thermal ensine nrodulc~ i s  reqrlirrd siace tlrc rcllector facrtr ilnil e~~gincs arc ~ i o t  w~isitivc to radiatiot~ as JW ~IIS 

mlar arrays. A second point IS that the voltas gencrirtocl by t t~c s;ltclIifr curl hr t11c c;rti~r~ as tllc nprri~tiny w~vll ite voltagv ((sil~r-c 

no plasma losocs occur us in the C ~ K  of solar arrays) vncl t l i ~ ~ s  ;I ~rrininiu~ii powcr tlislrihutioli p~~tr;llly occurs. Fronr u proliulsion 

standpoint. three tlin~rter modr~lrs are rlsed ri~tlrer tliari four al r t l  altlroupl~ a l l  l'uccts ;IIC rlrl3l(ryctl ill LFO. orly u  torti ion ol' t l l c r  

are required for the transfer. Gr.rvity yrodirnl torqrlc urwciotctl w~tlr l l r i s  confiyurirtio.~ arc cona~tlcnhly lower due to Ilrc inertia 

charactcrislic.~ of the mudulc and coasequently tbc cl~r~nicul Il~rc~st rcquiwd and tllc ullrorllil of LOqILH? propellanl are consider- 

ably leu than in the crsc of the photovoltaic satellite 111oJi1lr. . 
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Self Power Configuration 
Tllennal Engine SP tellite 

CHARACTERISTICS 

GENERAL CHARACTERISTICS 
NO OVERSIZING 
TRIP TItdE - 180 DAYS 
1- 7Q00 SEC 

MODULES 
MODULE MASS 

POWER REQ'D (lo6 Kw) 
FACETS REQ'D % D 
OTS DRY 1106 Kg) 

AROON (lo8 Kg) 

LOzlLH2 ( l @  Kg) 
ELEC THRUST (103 NI 
CHEM f HRUST ( 1 6  N)  

NCN 
ANTENNA 
MODULE 

INCLUDES 18% TO COVER LOSSES 

ANTENNA 
MODULE 



CREW ROTATION/RESUPPLY TIAN-RTATION 

POWER GENERATION OOlWPAR ISON 

Tlic t n a o r  t ranspor t~ l ion  syslrm r.lcmrnts ant1 ~IIL . ~ t ~ r l l x r  ol' l l ~p l r t s  i ~ ~ \ o ~ i i ~ l r t l  w i l l )  cww rot; l t io~rlrcs~~p(r ly IS ~ * r c ~ ~ ~ l c c l .  A d i u l -  

t lc growth vchrule ustng a laluid hoostsr dvllvrurs up  t o  75 urrwIiI.:Il per f l ~ y l ~ t  to  LEO ('ilrvo ill Icrlns o l ' c n w  ;111tl basn SII~IO~IC\ ah 

well as propcl l i~nt  a ~ i d  0 I V hardwart is dcllvercd hy  Il~i. \ ; t t c l l i l ~~  I ;~ i~t ic l l  v i ~ l ~ i c l ~  '111~ OTV t~st-d l i ) r  crcw r o t i ~ t i o ~ i / r ~ ~ ~ ~ l i p l y  ~b i~ 

two-st*gc L O  ' ryslctlr wil l1 car,li cl;l#e I l av i~ ig  itlt.ti11 11 p r o p r l l . ~ n l  t, tp;~city 

Crew Lb.0  c l~ l~v ' ry  f l lyhls and sr l l~p ly  l l ig l l l \  OIIC J~ l ' l i r v r~ t  v s  ;I r ~ ~ s r l l t  ol' 1 1 1 ~ ~  t l ~ l l b r c ~ l b . ~ ~  01' .100 ~ r * o p l c  rrclu~rct l  l o  L.l)llhll'~I~'1 IIIC 

t w o  sat*' l l~trs -lhr (;kO h a x u  ;Ire ticirrly tlrs sanic. No tl~t'l'crr.~icr~ or.cilrs III t l lc O f  V o p r r i ~ l i o ~ i .  



CRFWlCARGO TO GEO 
2 STAGE LO2/LH2 O N  
Wg-496oooxg 

0 CREW TO LEO 
SHUTTLE GROWTH 
7SIFLT 

CARGO, PROP & OTVsr 
0 2 STAGE BALLISTIC 

i5 
=i 
U. 60r CREW TO LEO 



TRANSPORTATION COST 

PHOTOVOLTAIC vs THERMAL ENGINE SATELLlTE 

The total transportation cost o f  the photovoltir~c and thennal engine satellite effort i s  presented. rile costs arc broken down to 

illustrate the clifl?rences for the thne mdor tnnsportation operutions altliouglr tlrr moynitude of the cost o f  the thne arc quitedif- 

tkrcnt. In the caw of the wfcllitt! trilnsportatlon costs. tirc pr1nr;iry reason for t l l r  tlicnni~l rngi~ir bony ywater is  ilu rlccd l o  use 

on expcndahle slirr~ud in order to achieve a Inass l i n ~ ~ t r d  I i ru~r~I l  c.ol~Jiti~)li. ('rsw rot i~l io~rlr i~a~pply t l i f l i~rcnci~~ arc rellecting 111~. 

dil'krcnce In nunlbtrs of tl~ghts to get an extri 300 puoplc to LkO 111 tlls i.;ra8 ol' tl~rrrllal olyir~c srtellitc\. ('or~struc.lrcl~i haw 

transportation diffza:nccs are primarily due to thr larger mass of the thcr~iiill rnyi~ir construction base as wrll as tllc volu~i~c 

limited condition o f  the construction cquipsicnt i;xlf ar*ll tlic Pict tliat t l ~ r  tJ~emiaI enlist! concept LIWS considrrobly more ciluip- 

ment. 11 should be reniembered howrvar. thrt this initiitl placement will most likely lust for 20 yciln in ternis o f  the facility and 

10 yean for the constnction equipment so that facility transpoctirtion costs car) be cunridrred as amortized. 
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Transports tion Cost 
Photovoltaic vs Thermal Engine 

rnrn###' - 
' W C b d  

4 SATELLITESNEAR 
LEO CONSTRUCTION 

CREW ROTATION/ CONSTRUCTION BASES 
RESUPPLY 

ANNUAL INITIAL PLACEMENT 

P/V TIE P N  T/E PN T/E 

POWER GENERATION SYSTEM 



CONSTRUCTION/I'RANSWRTATION SUMMARY 

GENERATION SYSTEM COlWPARlSON 

A summary companson of the photovoltaic and thrrnial cngnc salellitc is prcwnletl with an indication of wkicll coticcpl is Irrc- 

ferred relative to the vanous construction and transport;ltion paranteters disc.usWil on prior cltitrtg. C'ompan'd in 11th n1;tnnsr. i t  

appears that t l ie photovoltaic satellite has a clear advantage in term5 of less coniplcx I;lCilitics. constn~stion opmrations ;lnd con- 

struction equipment, a l l  leading to a lower constntctic~n cost ;~nd in i~ddition has lower Irunsportutio~~ cosls. 



Construction/Transportation Summary 
s Power Genera tion Comparison 

WS1628 V FOR MOST PROMISING CONCEPT 
PHOTO- T HERMAL 

COMPARISON PARAMETE6 VI)LTAIC WWdL RATIONALE 

1. BASE CONF IOURATION 

2. SATELLITE CONSTRUCTION . 

4. FINAL ASSEMBLY W S  9 

5. CONSTRUCTION EQUIP 4 

6. CONSTRUCTION SYSTEM 
MASS AND COST (UNIT) 

7. CREW REQUlREMEhlTS Il 

8. LAUNCH SYSTEM 4 

9. SATELLITE ORBIT TRANSFER 

10. SATELLITE TRANSPORTATION COST 

SMALLER 
LESSCOMPLEX 

LESSCOMPLEX 
FEWER OPERATIONS 

DOCKING & ANTENNA 
INSTALL LESS COMPLEX 

FEWER TYPES AND LESS 
COMPLEX 

LIGHTER (3.2M Kg; 33%) 
CHEAPER ($4.08; 33%) 

300 FEWER PEOPLE 
$llOM LESSNR (33%) 

HIGH DENSITY COMPONENTS 
ALLOW REUSABLE SHROUD 

LESS IMPACT ON 
SATELLITE DESIGN 

CHEAPER ($300NI; 6%) 



CONSTRUCTION LOCATION COMPARISON 

PHOTOVOLTAIC SATELLITE 

Co~nparison o f  the major construction and transportation par i i l l l r tcn assoc~a(cd will1 LttO ilrld G I - 0  conctruct io~ i  w i l l  bc d o r ~ r  

using the photovoltaic satellite d i ~ e  t o  i t  l ~ e i n g  judged t o  ot'fcr t l lc hcsr cha,clctcrist~c\ i n  t r m s  o f  c o ~ ~ s l r u c t i o ~ ~  a1111 transpor'rtion. 

The principle arras t o  be used i n  compar i~ lg  tl ic two constr i tc t~on locat~ons options ;irr i l id~cntcd.  As it1 t11e C;IFC o f ~ o ~ i ~ p i t r i n g  t l ~ e  

powsr  generation system optlons. the t w o  construction location col l~.epf$ w i l l  k con\p.lrcd st thc S;IIII~ ti111c o r  o n  c o n r ~ u t i v r  

charts for  a given I tem o f  comparison. 



Construction Locatioil Co~n yarison 
Pho t ovoltaic Satellite 

CONSTRUCTION EQUIPMENT 

CREW REQUIREMENTS 

ENVIRONMENTAL FACTORS 

r CONSTRUCTION MASS AND COST 

SATELLITE DESIGN IMPACT 

ORBIT TRANSFER COMPLEXITY 

LAUNCH OPERATlONS 

TRANSPORTATION COST 



LE<i ( ('NSTH11C710h t-ONC'CP7 

YHOTOVOLTAfC SATC LLI'I t 

'To c , t .~h l~$I~  3 framework Irom WIIJL~, 'o condttcf t t ~ c  < twl~p;~rr\oti yl L t 1 0  t i  (,)-.(,I t I > I ~ \ ~ I I I L  ~ I O I I .  ,ill i ~ v t - r ~ l l  wIIIIIIJry (11 e ~ c l t  t 011- 

, t r ~ c f ~ o n  L O I I E C P ~  presented 111 !'be I I C X I  twc~  clt.trt\ 111 1111 L J \ C  of th- ~ ~ l i c ' t t , \ o l t . ~ ~ ~  \ . ~ t c l l ~ t ~ *  1.1gl11 I I ) o ~ I ~ I I c ~   i id ( W C J  .~l~te~i*,;) 'r ;IIC 

,ori \ tr~r. icd ~n 111,. 1.1 0 t . t c ~ l ~ t ~ t , \  All  I I I U ~ ' . I I C ,  .ire l r . i ~ ~ q * o r l c t i  io ( ; I  0 ti\111p v l t - p o \ \ .  I 1v.o 1 1 1  1 1 1 ,  III~I:IIIIL.,, ~ 1 1 1  f r ~ t i \ ~ ~ o r t  . I I I  

3nler111a wtr~le r l ~ c  rc-r~~d,tirnp 51x n~o i lu l c \  p o  i ~ p  .tlorlr ( d t  ( o ] ) L . ~ , I I I o I ~ \  r~.qutrc I ) L . I ~ ! I I I I ~  of f l i t ,  I IIO~IIIIL.\  1 1 )  Ion11 f l ~ c  ~ o n ~ ) ~ k ! c  

, a t r ; l~ tc  . I I I I ~  thc Jrplo)nlcnt o l  rhc \nl .~r .irr.t!\ I I ~ I I  u  ..:(I f c ~ r  fhc. tr.~r~zlcr 



LEO Ccnstruction Concept 
Photovoltaic Satellite 

oeo - 

LEO - 



Thc GEO construct~on concept bcylns wit11 a 5tayng depot. w l i tc l~  liar tltv ~2;cpahtltry to  Inn%lcr  p,~ylo.~rl\ trow .I I . ~ ~ t l r . l l  ~ c l l t c k  to 

orb11 transfer vehicks and t o  howc! and mrlntuln tlie orbit fr;ln%frt v t l ~ k k  I lec~.  'I r;tl)\lur I I~  all payloictlr hdwc.r'tl L t O  ant1 (ik0 tr 

~COmpllShed usinn LO~ILH_T OTV'r. <'onstn~clton o f  the cnllh. wtvllrlr t ~ l r . l ~ r J ~ ~ ~ g  ;tlrlvnna t* tlnnr .I( ( ,kO.  )hc r ~ ~ l ~ p r c t w c ~  SutvJ- 

lite for the CEO consln~clion option 1s 4 monoltfttic dcsign ralljr r t11;ln ~ i ~ ~ n l u l i t r  a\ ttr tl~r V;JW ol 1.1 0 ~.ctr~dror.th~n Tl~v t:llrcl o f  

lhir differcccc as well as othen IS discussed on ntbrccluetrt cl~drth. 



CEO Construction Concept 

CONSTRUCT 
1WO ANTENNAS 

0 8 0  COWTRUCTIO# 

CONSTRUCT 

r STAOlNG DEPOT 
2 TRAMSF ER PAYLOA08 O TO OEO USING LQ#LHa 

OTV (<I DAY) 

LEO 

PREPARE 898 PAYLOADS 
FOR OECIVERY TO OEO 
REFUEI.IREPURBOTV'8 



ORBITAL BASES 
1.W C0NSIRUCTK)N CONCEPT 

Two principal bases are requirrd for tht. construction of racli satellite in tllr. LE.0 consrrilction option. The h r s  Tor I l le photo- 

voltaic option have been described earlier in the compuriwn of tlic two powcr gcncralio~r ry%tcn\ concept*. In uannrory. howcvcr. 

the LEO construction bur  consisls of two connecting I'i~cilitirs. with onc used Tor co~~strt~ction ol'siitellitr motlulr%. wliik thr 

other is  used to constmct the antennas. Thr CEO haw provides basing lor crutlrs ilWd in the hcrlhiny oT11w mrwlulrs a d  alpports 

rolar array deployment machines. 



Orbital Bases 
LEO Construction Concept 

GEO FINAL ASSEMBLY 8ASE 

MASS: 8S5 000 kg 

CREW SIZE: 615 

CEO CO#$TRUCTKIIII M 

MASS: 6 900 000 kg 

CROW a=: 480 



ORBITAL BASES 

CEO CONSTRUCTION CONCEPT 

The GEO construction base has been wed to constnrct a wtelltte 111 one ycar and consequently. reu~lts 111 the wme ovcrall size as 

the base for LEO construct~on. T h 1 5  approaclt doer result In moving the satellite construction focil~ty in two directions rattrer than 

one. T h ~ s  has been judged to be mcrr c ( n t  effective than Ilavlng a l i t11 wlclth facility ;rid additional constnrcllon cqutprnent and 

have 1111s equ13ment sat idle half of the time. Addit~onal d~scciss~on on chis nthjcct will occur in subseclurnf charts. Ma6s dlflcrence 

for tha construction bast compared to the haw for LLO conrtrilctton primarrly retlcctz tile additional mass required for J~ielding 

protection against solar flares Other signtficant d~fferrnces in the (;EO construction ba r  are the outriggers an the satell~te facility 

to aUow lateral direction indexrng In additton to the movement of the antenna facility from one end of the satcll~tc to the other. 

Agaln, bo?h o f  these drffercncer are the subject of subsequent chart\ 

The stag~ng depot located In LEO tn th~s constructton optton i $  511ed to support the con<truc.tion of one utcllite per ycar. and 

accordrngly requlrcs one SPS component OTV flight per day. hawd on a tne day :I week launch and fltghr sclledulc As such. the 

depot must provide accommodation\ lor three launch veh~cle payloads. one bcing thc SPS cotnpancllts ar~d thc other two belng 

propellant tankcrr used to refuel the orbit transfer vehlclC\. Since the orbit tran\ler velr~cle propellant loadtng requires slightly 

more propellant than can be provldetl h j  two tanker5 a storagr t ~ t ~ k  I\ al\o provldcd at  the stagtnp depot ant1 IS rzlueled ever) 

fourth O'FV fl~ght Otltcr docking accommodation\ :trc pro~1dc.d lor a dedicated O'TV uwil lor GEO crew rc>tat~i~n!rcwpply on 3 

once per month h a u s  f i l s  operatton al\o rcqulrn dwk~ny for u~pply modules 2nd crew transfer vehtcle\ The operational crew 

\Ire lor the \tagtng depot IS 75 whlch can be accomrncxlatrJ In onc mmlttlc sln~rlar to thc crew mcdules clwd In tllc (;kO con\tru~- 

tton haw i\ !ranv~.nt crew quarttars rnodu,: 1s ~ l s n  provided to accommcddtr the 160 pcnol~i lr l  rotalrt! w ~ t h  zaclt cr?w fl~ght 

to the G t O  haw.. A rr~alnlenance motlule 15 al\o ~ncluducl r t  t h ~ r  haw lor rcpatr work pnrnar~ly on the tr;~nrporf;:,on systems. 



Orbital Bases 
CEO Construction 

0 9 0  CONSTRUCTION BASE 
MASS: 6800000kg 
CREW: 480 

POKE ASSEMBLY 
MOT SHOWN) 

ANTENNA 
CONSTRUCTION (MTELLITE COCIISTRUCTIOM FACILITY 
FACILITY 

VEHICLES AND CARGO 

CREW MODULES 



SATELLITE C'ONSTRUCTION OPERATIONS 

LEO CONSTRUCTION CONCEPT 

The LtO construction operatlolls asswlatcd wit11 t l l r  p l ~ o t o v o l t a ~ c  c ;~t r l l~ tc  II;IVC prrvioucly ken d l o w n  and clescrikd. 111 t l l t r  

chart the operations arc. ~ l l us t ra t rd  111 rr s l ig l~ t ly  d r f f r re r~ t  r~t;rnrtcr ill ordcr to sllow ;I r ~ ~ o r t .  dirrsct T O I I ~ ~ ~ I T I W I I  ~1111 thr. (;kO r.otl- 

\tructed satellite. t .1~11 w t r l l ~ t r  nlodule is rour h.ly\ wid,. ; I I~ c i g l ~ t  Il;iy\ 1o1ig. Tl lC IIICRIIIIL- I ' a c ~ I ~ t y  i* tol i r  hav* WIJC rr~trl conw- 

qurn t l y  can construct ;I complete width o f  the a ~ o d u l c  ~IILI r c \ ~ l l t \  ill I I I~~X I I I~  1 1 1 ~  IIIO~UIC only i t1  t l ~ c  lo~ lg i tud i t~ ;~ l  d i r rc t io t i  
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Satellite Cor~struction Operations 
LEO Construction Concept 
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SATELLITE COhSTRUCTION OPERATIONS 

GEO CONSTRUCTION CONCEPT ' 

The :;tO constr i~cted \a tc l l~ tc  I\ ~ ~ ~ o r ~ o l ~ t h ~ c  In de\~gn r . ~ l t l l ( ~ ~ ~ g l ~  11 LOLII~ .II\O IIIO~II~~T. tt SO dc~1re0 I and 1\ a rcst~lt  111\ 1 CVII- 

\ lnrct lon width of e ~ p h l  bay\ In ordt,r to oht.111t t111\ w ~ d t h  w1t11 thc \.lnl~. \I& I ; l c~ l~ ty  (Icast ni;ls\ and co\ l  1 .I\ .I L I . 0  cc ln \ tn l~ t ion  

base. index~ng  of the satellite is requrred In  two  drr:r.t~ons ,is iildicaled. In gcner~ l .  four bays o f  tlie wtel l i te are under c.ondnlr.tion 

at one tlme With the11 ~ o m p l r t r o n ,  t h o x  bay, arc moved I ~ t e r i ~ l l y  and the remaining four hays of that row arc constructed. When 

a grvcn row is complctcd, i t  1s then indexed tn a lo r \g i t~ td~na l  direction and t l ~ e  construction operat~on is repeated. In order t o  

accomplish the lateral index~ng In only two steps. outriggers have brcn added t o  tl ie side of the s;ltcflrtc facdity to cnablr indexing 

o f  four bays outside the c o n s t r ~ c t ~ o n  envelope 





ANTENNA CONSTRUCTION AND INSTALLATION 

LEO CONSTRUCTION 

Antenna col15trtrcttoli and ~cistullution ;it50 prrwnts wnic \rgr~rtr~.iril d~f'l'r'nc.c\ ~n the two colistruction locatton options. Agaili. 

the p l~o to \ r~ l ta ic  1 .kO con\truc'tion .rppro.icli Ira\ hccn prescnled In Itre power gcner;rtion sy\tc111 comparison. hut rs show11 hcrc 111 

a manner t o  makc ;: morc drrcct c~ornp.rrl~~otr wrtli tlie (;t,O constrltctron ctpproaclr. In summary. the yuke'\upport structure of an 

. I J I ~ C I I I ~ ~  I\ ~ii.rd~* I I I  t l ~ e  ~ i i i ~ ~ l i r l ~ ~  1 c l ~ ~ r I 1 1 )  and 111 hc.tw:~-~i tlic t111rcl  rid totrrth nio~lule\ o r  I>ctwec~i tlie wve~ith orcigl i t l~ n i d u l c s  

clrpt.r~drng on \\trelticr 11 I \  tlle lrrst ,rnt~'tirr:~ or \c~.trrid antcnn;~ llc~ng htrilt -1'11~' antoina 1s nmdc in 11\ P ~ c ~ l i t y  which rem3in\ 

pcr rn~~t le i i t l~  attclclic~i to tltc niodt~lc h i i l ~ t y  <'<)l~\truitrorl of c ~ t h e r  tli~'  1r)irrlli o r  c ~ g l i t l ~  ~noditlc 13 thC1i partiall) coinplrted ;rrltl 

the arrtr.nil.r and yoke a t r a c l ~ ~ c l  a t  I t <  propcr locatiori. I-ollo\riiig n ~ o i l c ~ l ~ ~  c~c>rlrtriic.llori cc~ri~plct~ori.  t l ~ c  antentla is roratcd under 

the rnodulc for tran\ier to ( ; I - ( )  Oric*, (;t:O 14 reaclied. the aritcr1lI.1 i \  rotcltcd hack up to it\ oper;ltirig position. 
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ANTENNA CONSTRUCTION AND INSTALLATION 

CEO CONSfR UCTlON CONCEPT 

The GI-.O co.t\tructron concept also t ~ t i l l r e \  wp,~rate satellite and antenna facil l l~'\ tlowevc.r. 111 the rvlcrPncr 1-ow ind~otrd. the 
antenna f;rcilrty wr th antenna IS requlred t o  free-fly t o  the opporr t r  end o f  the r ; r tc l l~ tc  and back. I t  diould be noted  at th is  point, 

that 'he antenna constmct~on!installat~on approach indicated has been judged t o  be one of the bcst. i f  n o t  the bcct. o p t i o n  tot this 

p a r t r c u l r ~  task. k ~ g h t  o ther  opt ionr .  involvrnp variations o f  the antenna faci l i ty rc111;rlnrng ~ t t u c h e d .  others wi l l1 it indcpendent. 

and n l \o  t w o  separate ar~tc ; I ru  facilrtrcs w r r r  i nw l t lga ted  and arc reported rn t l w  I ~ r r . d  t loc i~mentot ion.  

In - m m a r y .  the reference approach constst\ ot thc first antenna k ~ n g  made w l ~ r l c  t i t c  l ' in t  ha l l  o f  the w le l l i t e  ~ r ~ o n r t r u s t e d  

i n c l u d ~ n g  the yoke ant1 support s l ructurr .  A t  th.rt po int .  the an l rnna  faci l i ty wit11 ;1111r1itia i q  flown 10 thC end a! the rqtellitc rld 

docked and the antenna then ,lttached lo thC yokc. The anfcnna faci l i ty i s  then flown hack to the a t e l l i i c  frd!iry lthc &or? tern 

separation of the t w o  fact l i t let  nmpt i f ics  the logistics p r o b l r m  in terms of $upplying antenna convponents as writ as l iv ing quarters 

f o r  the LK*  The rcm:lirtrric 1 i d t  of the. \ . r l ~ I l ~ t ~ .  I\ then c o n r t r u ~ t c ~ l .  ~ n c l u d i n y  .I w r r ~ n d  yokc .  w t i ~ l ~ .  t l ic antenna faci l i ty con 

stmcfs the second antenna I ~ ~ J c x r ~ i g  of the ~ ~ t c l l i l c  faci l i ty t o  t i le c.xlrcme edyr, c l l  t11c u t c l l i t c  al low\ 11; antenna f a o i l ~ t y  to be 

posit toned to ~.nahle placetr1~111 of thc a n l c l i r r ~  rr i to the yoke. 
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Antenna Cor~struction and Installation 
8 CEO Con:;truction Concept 
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CREW S l Z t  4:iD I~ISTRIYC'TION 

Thcrc 1% L .untralli no d~ffcrcn~e In ctrlttl~l c r r u  \ t / ~ .  twlwcsr~ !\IS: lur, ~c,tt\truri#ot? : -~a l rc~r *  tk~rr~cplr .  ~llhcrtrgl~ 1 1 1 ~  tl~strthul~on of 

peru,nrlel 15 crmr~dcrabl) d~ltrrcr~! ( rs.w ..lit- ! o r  thr I : IJI~ cc~n\lr~t,ltr~n h ~ u  ~ n d ~ c a l ~ - . ~ K O  purplr fn LI I) ~onccl*l w l ~ ~ l e  r111r m r  
n~rmbcr IS rcqu~rcd tn (1i.0 lrrr f l 1 ~ -  ( r i i 0  L ~ J I Q .  cpl \ I ~ y ~ r i u  drpipt J I ~  IIIIJI ~ w * f r ~ h l )  nrJrlntny rzt(c~~r~.ccl~-ol\ art. alu, IttunJ l a  h. 

nearfy the wrrie 
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Crew Size and Distribution 

- om, SUrnRT 
& MQT 

- CO#IITRucTImJ 
(INDIRECT) 

- COlYSTRUCTlON 
(DlREn) 

LEO OEO. 

PRIMARY CONSTRUCTION LOCATIW 



ENVIRONMENTAL FACTORS SUMMARY 

Several key environmrntal factors should be considered when conipariny tCe two constructlon location optioln. A wmntary of 

thdr  factors i s  prertited plus an additional chart dedicated to the topic of cullision with n~;~t~-n~;lcle object\. 

The principal difference between the two constn~ctton locution options. in term: of natural radiation. is the Iargc amount of solar 

flare shielding which must bL. prov~ded for all crew module5 located at GEO. Steady-statis ridiatlon would make k.VA at GEO con- 

siderably worw than at LEO although only a hare miriimum of cuit EVA IS anticipated in critlrcr case. 

Occulations of the construction base a t  LkO occur 15 time\ a d;ly. whtlc ;I haw at (;LO i s  o111y wcultcd 88 tltn's pur year. Wrr 

principal effects of occultation arc on the electrtcal power supply and thcniral aspects of' tllc striictt~re. In the c w  of power 

requirements. the GEO option requires less power due to tiot 11;iving to recllurgc nickel hydrogen batterku uwJ for thr wctittot~on. 

The penalty for the larger power system is  relatively small however w1rc.n one is in the era of low niass. low cost solar arrays. 

Although a GEC) base IS certainly more continuously ill~~minated. tlie construction how i t r l f  producer dwdowr. Conrcj.izntly. 

both construction Ic~ations require a large amount o f  power t'oi lighting purpows. U r  of grilphiteJrpoxy structure in both tile 

satellite as well 3s the constructlon bax structure should rninilrrirc thr impact ol' thcrmal et'tr.ctr. 

Most construction concepts will orient the construction base so i t  i s  passively stable for atttfudc control and minimize grav~ty 

gradient torqur. Although the LEO construction case required considerably more orhit keeping/attitude control propellant per 

day, i t  still rewltr in lesr than one HLLV launch per year for this propellant makeup. 

Lrge amounts of drhr~s lrom man-matle rpace systems have -c3ulted In wn~e concert1 regarding LEO coi~ctru~tic~tl. Tlic ;nalysn 

conducted has indicated thc potentla1 is greater with constniction in LEO. however, ssnplc J V O I ~ ; I I ~ ~ ~  ma~reuvcr~ ii)n rcduce thc 

probabrlity of being hit to near rcro. The next chart discus~s tliis toplc rn Illore detail. 



Environmental Factors Summary 

FACTOR UQMSE Q€ms€ 

RADIAT ION 

SOLAR FLARE 2.3 GM/CNI* mzr GM/CM~ ( I  i s  ooo ~ o / i o o  PEOPLE) 

EVA SO. ATLANTIC STEADY 8IATE IS WORK 
ANOMALY RESTRICTION 

OCCULT ATION 
BASE POWER REQ'TS: 3600 KW aeOO KW 

LIGHTING: REQ'D AT BOTH LOCATIONS LCI OF lOOlSO KW) 

THERMAL EFFECTS! NO SIGNIFICANT DIFFERENCE IF  GRAPHITE €FOXY IS USE0 

GRAVIT Y GRADIENT & GRAVITY GRADIENT CONST MODE USED FOR BOTH LOCATIONS 

DRAG: LEO PROP R E Q 7  GREATER BY 800 #G/DAV 

COLLISION WITH MAN- 
MADE OBJECTS 

POTENTIAL GREATER FOR LEO BUT AVOIDANCE MANEUVERS 

REDUCE PROWBILITY TO WEAR ZERO 



COLLfSIONS WITH WAN-MADE OBJECTS 

The coll ision analysis has been done fo r  an c t i v i r ~ n n i ~ n t  prcdictcd I'or tl ic year 2000. incluil iny an addit ion ol' 500  ol~jrrcts per ycsr 

since 1975. Results o f  thi \  analy\is ~ ~ i d ~ c a t e d  I l lat  the LI-.O constructloll a p p r u ~ c l l  a.oi11d IIBVC for ty  a t l t l~ t ro~ ia l  collisio,rs 11 n o  p w -  

ventlve actlon 1s taken. However. as rntl~carccl at the Part 2 mid-tcnrt hricling. rc*wheduled o rb i t  altitude corrections can rsscnlislly 

eliminate t11r problem ot col l~s ion w ~ t h  l ~ t t l e  o r  n o  adtlit ional penii lty. Tlirtirt i ~ i ~ t i a t i o i l  o r  t c n i l i ~ l a t i n ~ i  duriny orb i t  tlrnsl'cr can 

also be used t o  prevent col l rs~onr. I r i  rull irnary . t l ~ c r c  s l~ou ld  I,e n o  Clil'lcrCiic.~- Iw twcrn  tl ic t w o  ~.onccpts r c p ~ r d ~ ~ i g  t l ~ c  nunihrr  ol' 

collisions although the LtO constnic t ~ o ~ i  a p p r o ~ c I i d r ~ . s  rc i l~ i i r c  \ l i g l~ t l y  d i l ' l k t~n t  opcr:rtions. includinl. al~c IIW 01' tlic tracking and 

warninm systems. 



Collisions with Man Made Objects 
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SATELLITE DESIGN IMPACT SUMMARY 

LEO CONSTRUCTION 

The design Impac! o n  the w te l l r I r  f o r  the c a w  o f  1.k.O i o n \ t r u c t i o n  and w l l -power  ~ J I  h e n  t l c w r r h ~ d  r a r l ~ e r  in t k  d c x r i p t i o n  of 

the photovo l ta ic  sate l l~ tc  .4 wmrnJ ry  of t l ic  key ~mpac !  I \  p r c u l i t c d  at t h ~ \  t i ~ n c  In t l i c  arc.i of w l a r  array. an ovvni/.lng o t  

5 p e r ~ r n t  har  been lncluded fo ~ o m p e n w f r  lor the ~ n s h ~ l ~ t y  lo i o r r ~ p l c t r l )  annC.iI ocrf ~ l t  the da~ t t ; l p~  t o  l l ~ c  cclk i.srrwd hy raclia- 

tlon occurr jng d u n n y  transfer and fo r  the m i f n t ~ t c l ~  In voltage 0~11put k t w c e n  t l i z  JJIII.I~~ 31td \III~JIIIJ~~ cells. 

Thr structural  lmpdct  include5 b o t h  that 01 n i c d u l ~ r i t y  anit o v c r \ ~ ~ ~ t i y .  Mcxlttlartt) l n ~ l u d c s  ;~ddi t~oi ,al  vcrtic;rl m c m b r s  clwd 

around thc per imeter of the satr l i i te modu lc  and lateral ht..int\ at tlte ct ld ol the ~ i ~ o r l u l c \  a+ u c l l  .IS the  p n a i t u s  for the t r ans fe ro f  

the 15 r n ~ l l ~ o n  kg antcnna supported undrrnra t l ,  t11s modu le  c l r  \ h o ~ r l d  hp 11otcJ that a l l  11roJulc \ t ructurC h;ir hcrn r i r 4  to that  

d ic ta ted by the modules  u x d  t o  transfer ; l~c  ~ i l t c n n a  , 
The power d ~ s t r ~ b u t i o n  penalty IS r e l ~ l r d  t n  tl)e adJit ion.~l I r np t l i  ot hi15 c . ~ u w d  by t l ~ c  o%cr \ i / lng  01 thr- array. T1w t o ta l  ma\$ 

Penalty tor a L t . 0  c o n i t n r c t r d  s~te l l r t r .  11 a p p r o x ~ r ~ ~ ~ l ~ l y  4 t l l~l l~on kg t o r  ~ l i c  w lcc t rc l  W I I  pclHvr t r . ~ n s , ~ r ~ r t ~ t ~ c i ~ ~  syrtcm. I t  

should bc noted howewr that t l lc  m a )  o\crsit,ng .tnJ power  d~st r rh t r t ion  pvnal l )  t l r pcnd  on t h ~  p r r t ~ ~ . o I ~ r  p.:rSormancr character- 

ist1c.c relected f o r  the w l f  p o w e r  sys t rn l  
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TRANSPORTATION REQUIR &VENTS 

LEO VERSUS GEO 

Transportatron requirements auoctated w i t h  the payloads of rack construction locatron concept are J lown,  thr rc  is n o  O W  
propellant mass included. 

The d~fference In satellite mass on ly  reflects the c t r u ~ f u r a l  mars p c n ~ l t y  of the a d J ~ t i o r ) ~ I  vrrtrcal acid laterdl m r m h r r s  3 r d  k ~ d s  

C A J X ~  b y  tranrfcr o f  the antenna. Ovrrsrzlng and power d r c l r ~ h u f ~ o n  penaltrrr arr  al l  a f u n d w n  o f  o r h ~ t  t r ~ n q i e r  chomcte r i s t~~s  

and ~onwc(uenr ly  arc chargeab:e t a  t t t r  w b t t  translcr EYS~L'III t tw I I  

Differences rn crew and supply rrqurrements dclrverrd t o  Lt:O prrmar~ly  rr f lcct .tddrt~onal orh i t  k c e ~ ; l l g ' a t t i l ~ ~ l e  con'rol propel- 

lant requirements The key dtflerence. however. IS In 1I1e mars wI11~h n,ud ht delrvered to Gb-0 

Facrllty tranrportatton requirements reflect the ini t ial  placement trsk as well  as i n  the case o f  thc CEO haws (both options). that 

m a w  that must 'be moved t o  the long~tude location where the next satellite ts t c ~  h ~onstructcd.  The pnncrpal d~ f fe rencr  in thc. 

t w o  marn conr t rucbon bases is that ~IL: u x  crew m d u l c s  in thc CEO concepi each have approxtmately 1 IS CNfi kg o f  addt t~unal  

m a s  for  mhr flares shelters. 



Transport a tion Requirements 
LEO vs GEO 

SATELLITE loo c., CREW ROTATION/ 
RESUPPLY 

WSE - 
C O N S T  LEO GEO 
CONCEPT 

ANNUAL 
CARGO. CREW 
VEHICLES, MODULES 
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SELF WWER CONFIGURATION 

PHOTOVOLTA IC SATELLITE 

The self power orb i t  transfer system used i n  the LEO constructloti approacl~ has previously h e n  drown i n  the power generation 

system comparison. I n  summary. elcclrical powcr generatetl h y  the solar arrays is u u d  t . ~  power i o n  electric ihn rs tcn  ~ l t i c h  use 

argon propellant. LO?/LH? t l l rusten an. also ~ l i ~ l t c t l e d  t o  providc att i t t ldr ~ v ~ n t r o l  during al l  wcul ta t ior is  a11J d u r i ~ i g  short periods 

o f  t ime early In the tr insfer (up t o  2 500 k n i  al t~ludt: ,  w l l r t i  l l lrust rcquircd t o  counter gravity grading torilulr ir grcatcr t l~ar) that 

provided b y  electric thrusters. 

The cost op t imum t r ip  t ime and Isp itre respectively 180 days and 7.C00 seconds. Variatron i n  n u ~ n h e r  of t l~rustrrs. propellant 

tanks. etc do %cur i n  the drr ign t o  compensate for  tllc caw OF whr t l ic r  a r i i d u l e  IS k i i i g  trilnsportcd alonc or w i th  an antenna. 



Self Power Configuration 
Pho tovoltaic Satellite 
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SPACE BASW) COMMON STAGE O t V  
CEO CONSTRUCTION 

The GEO construction OTV i s  u space based colnmon rtoyr. (2-sti1yr') system witlr hollr s t a y s  llovlny idenlical prolwllant cupucity. 

The fin1 stage provides approximiltely 1 3  of tire dclta V n.clr~in.nrrnl for hwst out of low rurtlr orbit a l  wlrish poilrl it in 

jettisonrd for return to the low uarth orbit staying dcpol. The wcond stage coniplutes tlie boost from low eardl orbit as well as 

providing the remainder of the other delta V nqulmments to place the payload at CEO rnd the mn' ad delta V to return the 

stage to the LEO staging depot. Subsystr~ns for each stage are idrnticul in tenns of design approuch. 7hr basic difference includes 

the use of four engines in the fint stage due to tlrrust-to-weight requirements of rpproximately 0.1 5. The wcond 8ta)r requires 

additional auxiliary propulsion due to its maneuvering requirements in the dcckina of the payload to the construction baw r t  GEO. 
The O W  shown has been sized to deliver a prylord token directly from the liluncll vrhicle (400 000 kg). Aa a nwl t .  the OTV 

start bur.^ maas is  approximately 890 000 kg with the velricle having an overvll length of 56 meten. 



MAIN ENGINE rar 
470 KN (108 K L I F l  

APS THRUSTERS 7 
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LWHZ TANK 
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c W M  - 

PAYLOAD CAPABILITV - 400,000 KG 
O N  STARTBURN MASS 890,000 KO 
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PROPELLANT 41'6,000 KG 
INERT8 28,000 KO 

(INCLUDINQ NOIJIMQULSE PROPILLANT) 
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FLIGHT OPERAT IONS 

SVLF WWER ORBIT TRANSFER 

f-light operat,on J~ffcrrnco between th~, t w o  ortj~t transfer vrl~rclr: opttons 15 inflou~icrd b) I t~r l r  orbtt tr~nrfcr trnlc. In t l ~  caw 

t,t the u l f  power system lor I.tO ~unstru~l lot l  4% marly 2% 13OU ;rvolut~ons 2ro11nd tllr. k ~ r t l l  occur prror to reaching Gk.0 w11r.n 

uwng a I bO da) lranstcr 1hr flrgitt r l w d ~ ~ l e  ~ncld lng 3 40 JJ} crm\lru~tlocl ~IIJW tnd~c~tcr JI niJny J\ tire nicdulcc c m  hr in 

Iran511 al  any one tune for Ihc L J ~  of 8 mcxfule\ pcr wlel l~lr 



SPIRAL TRANSFER 

q s 
ps 

60 120 180 240 

TRANSFER TlME (DAYS) 

D 180-221176-7 

Flight Operations 
Self Power Orbit Transfer 
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b LIGHT OPERATIONS 

CHEMICAL ORRiT TRANSFER 

The misuon profile for the cornlnon s law LO2ILt1: OTV for GkO cutistr'lctlo11 rC~8lts i)i a40 IIOU~ miscion wqitirern~nt for 1I1e 

fust stop and 85 hwrs for a second stage whicli daltvcn Illc payload. Tllesc linics i~iclutlc ahout I 2  lloun for rcftrcliny and refur- 

bishment of each stage. With the requirement of one OTV flight per cliry wit11 Illc CikO conslruction optlon. it total of two I w r r  

stages and four upper stryes are required. Operated in this 111a1,nc.r. as many 1s sx ~ndrpndc.nlly optoliny stoyrr con bc in fli31t 

at one time. 



Flight Operations 
Cllemical Orbit Transfer 
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CREW ROTATION/RESUPPLY TRANSPORTATION 

<'rew rotation/resupply systelns consist ol' i~ shutllo grow111 vclliclc for dclivrry ol'pcrsonn~*l to LEO and tl~r standard twostap 

hallistr/ballist~c launch vcl~icle for delivery of si~p(~lics urtd propc.llant lo LkO. ('I-CW and supply dr.livcsry Ih~lwrm LkO and GEO 

use a twosrags LO?/LH: O W .  Thr OTV for tllu 1 LO conclSpt i s  ahout '/? as large as tlirt Tor tllc ( iE0 i~nd wt1uirrs one- 

third as many fliglrts because o f  the siyn~tic;~ntly 1i.wc.r peopls at GEO. Sitrcr thc total orhitill crew side Ibr tlw two concept\ i s  

about the same nr~nlber of delivery Iliyltls to L t O  arc illso tllr wrnc. C'ilrgo Ilipllts lo LEO. howsvcr. arc t l~wc titncx yrcrlcr for 

the GEO appmack primarily due to t l lc  I;~rgc OTV propcllunt rrquirrn~c~~ts. 



I Crew Rotation/Resu.pply Transportation 
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TOTAL CARGO MASS TO LEO 

Total cargo mass requirements to LEO reflect both the poyloud requirenie~its indicutc.d eorlkr 0110 the OTV propslbnt and had- 

ware requirements. For the tllrsc system elements that require tronsponation. payloud rcqi~imments ore not too different. how- 

ever. the inclusion of the orbit transfer systcrn recluirrrncnts odd signifirontly to tllc totol marr whirl1 lilunl hr Jelivewd hy tlie 

HLLV. Again. i t  should be emphosizrd that the satellite trunsportolion rrquiwnicnts ore by I'ar the ma t  dominating. 
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SPS CARGO LAUNCH VEHICLE 

As previously stated, the reference . a g o  launch vehicle is a two-stap ballistics/ballistir: device using LO,/RP - in s t a r  one and 

!B2/LH2 In stage two. CUIW for this system is  approx~rnatcly 10.5 million kg for the case of delivering 391 OIX) kg to the ban- 

s t ruc t~on  base o r  the staging depot located in LEO w ~ t h  orbit characteristic-s o f  477 km altitude and 3 1 degrees inclination. 

Vehicle operatronr include fir$! sragc wp.~r;~tion a t  ;I rrliit~vr \clcti~ty oi 2970 nwtcrs per wcond ant1 downrank! wwltcr landing 

approx~rnately 815 km The second stagc delivers the payload t o  t l ~ c  LkO haw. dockc and returns onc day later and also uses a 

water landing. 
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NUMBER OF HLLV LAUNCHES 

A most significant inipact i n  the ;]ma o f  launcli opcratlons is the cliffc.renre ill t l i r  r ~ u ~ i i k r  o f  launclies rci1uin.d t o  stlpport each 

construct~on loca t~on  option. I h e  number o f  f l i g l~ ts  i11tlicatc.d Iirr:: are o r ~ l y  t l ~ o w  relating t o  tlio dclivc'ry o f  ~ ~ t c ' l l i t c  contponcnts 

and orb i t  tracsfer provistons l o r  t lw wtc l l i tc  and are for  the c;lrc o f  constn lc t i~ ip  lou r  wtcl l i tes pcr yrar. As would k expected 

f rom the transportation recluirenients chart prcsrnlcd r;~rlii.r. t l ic LEO c i ~ ~ i s t r ~ c t i ~ ~ i  opt ion n'cluircs only  one I io l f  ;IS Inany Earth 

,dunches as thc GEO c o n s t r i ~ c t ~ o n  optiorr. 
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TRANSPORTATION COSTS 

LEO VERSUS CEO 

Tota l  transportation cost Tor t l l r  :Iirce major s y s t e ~ l ~  e l c n i r ~ ~ t s  is p rc~cn tcd .  Cost is rcld'rl t o  t11;rt 3 1 ~ ~ i i 1 t e d  w1t11 OII~~ sut r l l~ tc .  

but  retlect rates assoc~ated w ~ t h  four sutcllitcs per year. Tllr k :ur t l~-LI~O h;rr ~ ~ i c r c ~ i i c ~ ~ f ~  rc f l r c l  t11r cost c t t  gctlrny payloads t o  

LEO. Accord~nglv. tile LEO-GEO incrrrn'rrt rclores t o  cost of rr~l ' i~cl iny o r l v t  Ir;~nsrc.r vrl~ir.lcr ;11111 Il icrr u111t cost. 111 tllv CilW ol' 

~ate l l r te  delivery. the in t r rer t  increment r .Jatrs l o  ;lie r l f  powcr t r ~ p  IIIIIC- 01' 180 t l i l y l  i r ~ l d  ~IIC udtlit ional l lt leresl ac.c.n~c.d. (Note: 

Revenue is  not lost. only deleycd I80 drys  t l ~ r  s m i r  rcvenur pcriotl \ t i l l  i.xrct\. I 

The dominating lactor i n  this cornparown is I l lat  w t e l l ~ l e  t r i~nc fo r t i l l ~o t i  ~1111 LkO construction usinp wl l 'powcr provide\ 3 5 

bi l l ion (33% \avings) over the (it0 construction irpproucb. ( ' rrw r o t ~ t ~ o ~ i / r c c t ~ p p l y  tr;ln\port;~tion cost arc ;tl*o S1.20 n i~ l l ror i  

(36%) lower for the L LO construction concept i r l o~ ig  w i t l i  ;I $100 :1111tron c;rsi~iyc I'or t l ~ r  i n i l w l  p lucrmcnl  ol' t l lc conrlruct loa 

bags. 
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CC)NSTRUCTION LOCATION SUMMARY 

A summary compunron of thc LEO and G t O  construction Imuticm tr prt-\cntcd w~ th  a11 il lr l i ' i~t~o~i ot w l ~ i c l ~  approach I\ tnmc 

desirable Compared In th~s Inaaner. u nunlhcr of prr;l~rirtrrs result III 110 \~glriIic;~~lt dit'terc~~ccs k rwrc r~  t11e two corr*trcrction 

location options. tlowever. a r l r~mkr  of p;lrnmetcrr give a cle;lr intl~c.at~on tll; lt I.Ec) co~l \ t rL~ct~o~l  I\ tllort tlrcir;lhlc. M o s t  notrhlc 

among thee being transporfat~on costs. wnplilicd launctr opcri~tior~r. ;111tl r~.tluc~~tl r~otrstnrc~tion hirw r~i;tw ;rnJ emstr. One paran)- 

cter has been judged to be in favor ol t l i ~  CEO Cot)slrLlcllon approvcll IIIIL* 111ip;1~t olr wtcllilr drsiy~i, ;lltkaugl~ tllis data I\ I l ~ c ~ t  f ~ d  

Into the transportallon c.omp;lrison w l ~ ~ c h  still favor\ t l ie  Lk.0 cotlalrilcllon ;~p~rodcl~.  



Construction Location Summary 
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CONSTRUCTlONrCRANSPORTATION CONCLUSIONS 

The conclus~ons regarding thu issues of power generation system comparison and conrlruction locmtion cotnpariron us influcnced 

by conitruct~on jnd transpoi.tetion fmcton show a distinct mdvuntajp Tor .I photovolta~ ulfll ite (CR-1) constructed in low earth 

orbit a ~ l d  transported to GEO using self power. 



Construction/Transportation Conclusions 
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LESS COMPLEX~T Y IN FACILITIES AND CONSTRUCTION E W l P  

WALLER CONSTRUCTION CREYV 

LOWER CWSTRUCYION COST 

LOWER TRANSPORTATION 

LEO CONSTRUCTION OFFERS A SlGNlf ICANTLV COWER TRANQKJWTATIO(Y 

OTHER FACTORS ARE COMPARABLE: 

CONSTRUCTION OPERATlONS 

sATELLlTE8 IN  EITHER CASE REQUIRE ELECtRlCAL 
PROPULSION AND 3 &XIS ATTITUDE CONTROL 

ENVIRONMENTAL FACTORS C8N OE HANDLED 
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