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PART 3 HIGHLIGHTS 

'The principal design clii~ngc mi~ile in thc reti.rcnce syhtcni was tu rtlodify tlie tri~nsnlitlcr design for tnaintainubility and crew access. 

At tlie con~plction O! Part 11, t l ~ c  cornpirrlson hctwceti I ~ i ~ l l i s t i ~  and winged launcl.r vcliicles itidicatetl difficulties with the winged 

vehicle: inaclcqi~at~ payloi~d bay volurtle i~ntl rcclrtirenlcnt for downri~tigc recovery oftlie booster. A witlgetl veliicle has now beeti 

co~ifigured with larger payload volunie and with iI  llybilck boclstcr. Its cost per Ilight is competitive witli thc ballistic seu landing 

vehicle. 

A preliminary ~ i ~ a i t i t ~ n i ~ n c e  i~nalysis Wits completerl. 'TI1c estimated cost for tiianncd SI'S ~iiaintenirnce Icvery six months) is about 

3'1; of the power cost attributable to  initial systcrn cirpital cost: approxittii~tely 1 niill per kilowatt hour. 

The far sidelobes study for SPS transmitters sliowcd that the prating lobcs ;Ire widely separated points rather than rings. This 

m i n i n l ~ ~ e s  concern with overlirp of grating lobes. The levels of grating lobcs can he rctluccd by improved mechi111ical pointing. The 

ilorliiriant contributor to grating lobe magnitutle is the saw-toothing of the wavc front from the sitbarray that results from mechan- 

ical aiming errors. 

Kcquiren~ents for SI'S det~ionstration are not clcar at tlw pressnt t i~ne.  I t  is possible th;~t developnient t~iiglit include a technical 

dsmonstration of economic viability. This woultl be likcly in  scc~inrios includitiy ij conimrrciul funding contribution to the devcl- 

opnient program. Technical denionstration options were evaluated ;and a preferred dctriunstrstion approach selected. 



Part I11 Highlights 

TRANSMITTER DE8lQN MODlPlED FOR MAINTAINMILIW 

TWOSTME WINGED LAUNCH VEHICLE COMOatTtTlVE WITH 
BALLISTIC OPTION 

MAINTENANCE COSTS ADD m TO m e R  con, 

TRANSMITTER GRATING LOBE8 ARE WIDELY SWAMTBD POINTI 
-LEVELS CAN BE REDUCED BY IMPROVED MEtCHANlCAL POINTINQ 

8PS DEMONWRATION OPTIONS EVALUATED 



SYSTEM SELECTION RATIONALE 

A summary of the rationale for system selection is presented on the facing page. This rationale has been aimed at maximizing 

credibility of the SPS concept and at improving confidence in mass cost and technology estimates. If the resulting system had been 

too massive or too costly then it would have been necessary t o  step forward to  more advanced technology as a reference design. 

However, the results we have found indicate that the system selected is adequate in terms of mass, performance, and cost. 



System Selection Rati~nale 

* 
CREDIBILITY OF THE SPS SYSTEM CONCEPT IS MAXIMIZED BY 
MINIMIZING TECHNOLOGY EXTRAPOLATIONS 

SYSTEM DEFINITION UNCERTAINTY IS MINIMIZED BY MINIMIZING 
TECHNOLOGY EXTRAPOLATION 

THE RESULT IS AN ADEQUATE SYSTEM 

MORE ADVANCED TECHNOLOGY WILL EVENTUALLY YIELD BETTER 
SYSTEMS. 



SELECTION EXAMPLE 

Three exan~ples of the selections among various options are indicated Ilerr. Single crystal silicon was selected over thin film 

gallium arsenide because of its greater technology and production base and hetter overall understanding. The transmitter selection 

of klystroils over anlplitrons was comparatively arbitrary and principally motivated in order to  develop design detail on the 

klystron option. The launch system was a comparatively conservative technology twa-stage reusable rocket similar in many 

respects to  the fully reusable shuttle concepts examined in 1970 dnd 1971 except for its larger size. 



Selection Exam yles 

SOLAR CELL OPTIONS: 

TRARSW ITTER OPTIONS: 

LAUNCH SYSTEM OPTIONS: 

SINGLE-CRYSTAL SILICON 

THIN-FILM GALLIUM ARSENIDE 

OTHER THIN FILMS 

AMPLITRON 

S@ L I D-STAT E 

SSTO ROCKET 

AI RBREATHER/ROCKET MIXES 

LASER AND OTHER ADVANCED PROPULSION 





Single-Cr ys tal Silicon 

SlNGLECRYSTAL SILICON IS OFTEN VIEWED AS A "LOW TECHNOLOGY" 
APPROACH TO SPS . . . . . 

/ DEVELOP CELL INTEGRATED CELL/ IMPLcMcNT 
BLANKET PRODUCTION kES1RED )-*( ON AC,,,, , 
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C E L U  BLANKET 

.TC.. - BEGIN 
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BUT THIS APPEARS TO BE THE SCHEDULE TENT POLE FOR AN WS PROGRAM. 



THERMALLY ANNEALED SILICON SOLAR CELLS 

The directed energy annealing effort was continued into Part 111 and the principal result was a succeesful anneal o f  solar cell using a 

laser. Illustration of  the tecl:nique and the performance achieved are shown on the chart. 



s 
Thermally Annealed Silicon Solar Cells 
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ROUTES TO HIGH EFFICIENCY IN SILICON SOLAR CELLS 

An approach to acliieving the tlesircd cell pcrl'om~illrce is rcesonubly clear i~lthot~gh tlrc clenrcnts of thc tcchnalogy hvvc never been 

combined in a single device, and olio of' thc elcmsntu has not bccn dcnionstri~ted uxpurit~rcntully. Current 50 mie~wm:tcr single 

crystill silicon cells are nearing 12% efficiency. Ttlickcr cells arc in thc 14-1 5V'a rrrnye. A con~binetion of the ('OMSAT nan- 
reflective scttlpturing technique with the hi-lo j~~nct ion rtnittcr tcdinicp~o luncl jlorrribly back ai~rfrrcr field? comblncd with diffrac- 

tive saw-tooth gliluu covers, is predicted to yield (1 17% efficient 50 microtl~cter aolar cell, 
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Routes to High Efficiency in Silicon Solar Cells 



SPS WORK BREAK1)OWN STRUCTURE 

'I tic SI'S sy\ tCl i l  dc \c r ip t ion  fo l low\  t l l is w o r k  h r c i ~ k d o w ~ i  stn lctur l* .  'I'lii* struclurc is h i ls lc i~ l ly  s i n l i l i ~ i  t o  that  used in Part 2 wit l r  

t l lc  exccptrot i  of ;~Jd i t i g  ~ ~ i i r i t i l c ~ ~ ; t t l c t .  i t ' t~ls t l t l r lc*~ t J 1 ~  SJ'S Sfr i~cc ( 'o t ls t~ . i~c t io t i  frlock. 'I'llis briefing ullows ot l ly  siptlil'ici~nt i * ~ l ~ I l p b  

t o  t l lc  systetil t le \c*~ .~p i ion  inclut l i*t l  111 thr* f i l ia l  Irr lcf i t ip ; l t i t l  f i l ia l  I~OCIIIIIC~~I~IIIOII of P;trf 2.  '1'11~ \ ) 's tc~i i  d c s c r i l ~ t i ~ n  ~OL'LIIIISI~~. t o  

hc  p rov ld~ - t l  iI\ a part  o f  t l lc  1';lrl 3 ~ l o c u r ~ l c * n t ; ~ t ~ f - t ~ ,  w i l l  prcscnt a foni\;l l s y s t c ~ ~ i  description in i ts  c t l t i rc~ ty .  



SPS Work Breakdown Structure 

SPS 
PROGRAM 
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REFERENCE SYSTEM POWER BUDGET AND SIZING CRITERIA 

These are the factors t~sctl in :alcul;lting tlie solar array power output. We start with solar cells 11ilving 15.75 percent efficiency. To 
this we add a 10 percent improvcrncnt, which coi~ld be i~cliicvcd by any o t ~ c  ol'scvcral tncuns. I:or exvniple, A. Meulenbcrm of 
COMSAT Laboratories cstimatcs that thc sawtooth cover that Iic invctited will ititprove the efficienc) of solar cells by 8 to  12 
percent. 

The blanket factors of0 .9453  account for the powcr losses shown. The individual clemctits of the blanket factors will chortgc, but 
the product will probably rrrnuin sroitnd 0.11453. 

The summer solstice loss nccounts for the 23.5 degrces niis-orientation with respect 'o  the Sun's rays. This loss could be nvoidcd 
by having the satellite oriented perpendicular t o  the ecliptic plane, but the cost in thrusters and propellants required for attitude 
control in that mode shows t o  no real advantage. 

Thc aphelion intensity factor accounts for the reduced solar intensity when t l ~ c  Earth 1s at ils aphelion, around the first part of 
July. 

The temperature losses result frorri thc solar cclls operating between 36.5OC and 4O0(7, rather tlii~n a1 the 25°C at which cell ~ f f i -  
ciency is commonly tested. 

The output is further retluccd by 3 percent t o  accoilnt for radiation tla~riagc t l i i r t  ci~tinot he ret~iovctl by thcrtnul annealing. In past 
tests, 95 percent ol'tho rediation da~ili~gt. in  ~01i1r cclls hiis bucti i~ntlcalcd out,  cvcti tIic?icpli the ctnlls Ii01tl not hccn designed for 
thermal annealing. Tlierr is no thcorcticol reason why oil of the riitliation d ;~n~agc  in solar cclls cannot be al~ticalcd out, annealing 
temperatilres of arountl SOOO(' heirip well helow the XOO"(' rcyiotl where dift'i~sio~i of impi~ritics starts. On tlie otlicr hand, the 
operating plan f o ~  the solar power satellite involves rcpcatctl annealings, wliich tiavc not hccn i~ttemntcd by anyotic, as far as we 
know. 

Those sections of the solar ilrray blanket that iirc usctl tbr the orbit trii~isfcr power s ~ ~ p p l y ,  arc ~ i r l ~ j ~ c t c ( I  t o  ;I significantly higher 
ri~diation dcgrirdatioti than the stowctl solar array. I f .  after itnncalinp, the. higlily t l~y r i~c l~~ t l  portiolls ofsol ;~r  ;irrily can o~i ly  be 
restored to  0 5  pcrccnt of thew initlal ou tp i~ t .  il penalty rcs,;lts. Tliis is c o ~ ~ ~ p c ~ l \ i ~ t c i l  ti)r by an orbit transfer power cotnpensatioli 
I;~ctor and by increasirlg tlie sol;~r cell \!ring Icngtlis. 

The array power rcquircnicnt ol' 18.3 I s 10') watts is bascd on providing a ground output of 10.0 x 10') watts using thu current 
el'l'icie~~cy chain frorn the array to the grid interface. 

l'he array powcr rr.quircniCnt ant1 the el'fcctivc hl;~nket o ~ ~ t p t ~ t  deter~iiitlc tlic .;ol;~r t-dl arcn rcilt~ircmenl. 'I'lit* irlcrease shown fix 
the array area compctlsates for the lost arcas in the solnr array bl;inkct. Anotlicr are:) incrciisc, to  cotl1pcns:ltc for noti-array lost 
area, is necessary t o  establish the total projected satellite area. 
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Reference System Power 
Budget and Sizing Criteria 

EFFECTIVE BLANKET OUTPUT-180.6 w/m2 (E.O.L.) 

BASIC CELL PERFORMANCE (0.1676 clD AMO=2S0~) 

1096 IMPROVED PERFORMANCE-DUE TO TEXTURED COVERS 

BLANKET FACTORS-STRikU 1 2 ~ ,  UV LOSSES, & MISMATCH (0.W3) 

TEMPERATURE LOSSES-36.S°C O SUMMER SOLSTICE (0.9640) 

SUMMER SOLSTICE COSINE, LOSSES (0.9190) 

APHELION INTENSITY FACTOR (0.9676) 

30YEAR NON-ANNEALABLE RADIATION DEGRADATION (0.970) 

ORBIT TRANSFER COMPENSATION (.9906) 

ARRAY POWER REQUIREMENT-18.31 ( 1 0 ) ~  WATTS 

GROUND OUTPUT - 10.0 ( 1019 WAIT$ 

SLIP RING TO GROUND OUTPUT EFFICIENCY LINK (1.693) - 16.93 (lo)9 WAITS 

SATELLITE BUS I ~ R  LOSSES (1.071) - 18.13 ( ~ O ) ~ W A ~ T S  

OVERSIZE-REGULATION, AUX. PWR., ANNEALING (1.01) - 18.31 (10 )~  WATTS 

SOLAR CELL AREA REQUIREMENT-101.4 km2 

ARRAY AREA REQUIREMENT (INCLUDES LOST AREAS ON ARRAY)-110.2 km2 

TOTAL SATELLITE AREA (EXCLUDING ANTENNAS)-114.6 km2 



REFERENCE PHOTOVOLTAIC SYSTEM DESCRIPTION 

The Part I 1  silicon photovoltaic system provided an output of 4650 megawatts per antenna. T o  normalize this output t o  5000 

megawatts it was necessary t o  increase the satellite bay size to  667.5 meters which was more tllan adequate to satisfy the increased 

area requirement. 

Shown here is the final reference system size and conf'iguration. Uctails are s l~own of a typical bay and the array support within 

the bay. 

The array segment width was changed t o  14.9 meters. This change provided better packaging for transport but made it necessary 

to provide 15 meter catenary attachrrlcnt points 1111 the str~tctural bcams. A 10 cm spacing was provided between array segments 

for clearance during array deployment. 



Reference Pho tovoltaic System Description 

1 

TOTAL SOLAR CELL AREA :101.8 km2 
TOTAL ARRAY AREA :110,2 km2 
TOTAL SATELLITE AREA : 1 14.6 km2 
MINIMUM POWER TO SLIPRINGS :I683 Gw 

14 STRINGSI16rn 

INTERMEDIATE SEGMENT 

44-1Sm SEGMENTS/BAY 
S96 STRINGSIBAY 
61 1 PANELS/BAY STRING LENGTH 

Q 
4 STRINGS/ lh  END SEGMENT 

c3 E$ 
3s 



REFERENCE PHOTOVOLTAIC SYSTEM DESCRIPTION 

This is the basic panel adopted for design studies. It has a matrix of  224 solar cells, each 6.55 by 7.44 cm in size, connected ir. 

groups of 14 cells in parallel by 16 cells in series. The cells are electrostatically bonded between two sheets of borosilicatc glass. 

Spacing between cell and edge spacings are as shown. Tabs are brought out at two edges of the panel for electrically connecting 

panels in series. Cells within the panel are interconnected by conducting elements printed on the glass substrate. 

Important panel requirements were these: 

o The panel components and processes should be compatible with thermal annealing at 500'~. 

o Presence of charge-exchange plasma during ion-engine operation may necessitate insulating the electrical conductors on the 

panel. 

o The ,,anel design shoi~ld be appropriittc for the high-speed automatic assembly reqi~iretl for making the some 93 million 

panels reiluireil for each satellite. 

o Low weight and law cost iirc important. 

Also shown ! ~ c i c  is the way panels woultl be assembled to forrn larger elements of the solar array. The interconnecting tabs of  one 

pane1 arc weldcd to the tubs of the next panel i n  the string, and then the intcrcorinections are covered with a tape that also carries 

stri~ctural tc*, \~on bctwcen p:lncls. At'tcr joining, thc pnncls are accortlion-folded into a compact package for transport to  the low- 

Earth-orbit a>\t.mbly stiltion. 

The 0.5 cm spacing between panels provides room for the welding electrodes, and also permits reasoriable tolerances in tlie large 

sheet of 75 pm glass that covers the cells and tlie 50 pni sheets of'substr,~te g l m .  



Reference Photovol taic System Description 

I 

IOI'UO 
SPS-1'W9 14 CELLS IN PARALLEL WILL TOLERATE 

4 CELL FAILURES IN ANY ROW t TAPE 1.5 crn x 40 pm 
d 

10% AREA FACTOR 

m 
INTERCONNECT 
PATTERN 

.6 cm 
ELECTRICAL LONGITUDINAL TAPE 

INTERCONNECT 1.5 cm x 40 pm 

t / /WELDED TABS .5 cm 

(13/PANEL) , 

SECT A-A 

1.069 m 

(BACKSIDE) #CELLS/PANEL :224 
PANE LS/BAY : 364,156 
PANE LS/SATE L L ITE : 93,223,936 .5 cm 



REFERENCE ARRAY BLANKET SUPPORT 

This illustration shows the method of  providing tension to  thc solar array blanket segments. This method of support w ~ l l  provide a 

uniform tension t o  the end of each array segment by the use of constant-force compression springs at each blanket support tape. 

A uniaxial blanket sitpport was selected over the biaxial support shown in Part 11 of this study. This change was the result of analy- 

sis of construction techniques and associated blanket ~ ~ n i f o r m i t y  problerns. It will be necessary t o  provide batten tapes between 

blanket segalents. at  a few intervals along the segment length. t o  provide correct segment-segment orientation. 
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Reference Array Blanket Support 



CONTINUOUS CHORD/BA'TTEN CONFIGURATION 

Shown here is the basic configuration and dimensions of the cont ini~ous chord beam elemevts. The load carrying capability of the 

continuoils chord beam is very sensit~ve t o  EIx of both the chord and batten. The analysis suggested that the chord and batten 

configuration should be the same for  optimum performance. This is also t,eneficial frorn thc fabr~cation standpoint since the same 

type of equipment can be used to  make the chord and batten. The major differences between the chords and battens are that the 

battens have an additional 2.5 cm of material on each side of the open face for bonding t o  tbe chord and the battens are terini- 

nated a t  beam widths. 



Continuous Chord/Ba tten Configuration 

-1 :; + 
BATTEN ONLY 

MATERIAL: P-1700 GRAPHITE (POLYSULPONE IMPREO) 
E.181 GLASS COVER 

BEAM: WIDTH-7.6m 
BATTEN SPACING-7.6m 
MASS,'LENOTH-6.64 kdm 



CONTINUOUS CHORII BEAM APPROACH 

A con~per i son  wils ~ n i ~ d e  hc twcun the  con t i n r~ous  c l lo r t l  bc;1111 i ~ p p r o i ~ c l i  i ~ n t l  lllr t i ~pc rc t l  t r ~ b e  bel1111 uacil i n  t l lc  P i ~ r t  I1 refcrcncc 

systum. S o l ~ ~ t i o n s  wcre fount l  t l l i ~ t  t i i c l  the lo;d r cqu i r c~ i l cn tu  of Ill&@ ti l l~crccl  t i r lw l ~ t ~ i ~ t ~ r  ;111rl r ca i~ l t c t l  in ;I re l i~ t ive ly  stiiull muss 

increase fo r  tilt* overal l  syatenl. 

Shown Iicrc* ~b a c o ~ i t ~ r i u r ~ r ~ s  c l l o r i l  kc.;rtii elq>roitcli t l i i ~ t  s i~ t ic l '~cs  l o i ~ t l / ~ t i l f n c \ s  r c c l ~ ~ i r e ~ l ~ c n l \  fcrr ths rcfcrcncc ~?ho lovo l l : ~ i c  syutetn. 

I ap l ) roac i~  Io;rilr~ip p o ~ n t \  1 Ii;11 arc con\ l \ tcnt  w i t h  the c i ~ f a r c t i l  5oli1r I r l i ~ ~ l k t - l  ylc*onIctry a t ~ d  i ~ l a o  l?rovidc*s fclr cct i troidir l  I>r*;~m- 

tc~hc;1111 loai l  t r ; ~ n \ r i ~ ~  ttal. 



Continuous Chord Beam Approach 

BEAM 

KOYLAR TENSION TIE8 

LOADINQ POINT8 

BATTEN END-CAPS 



CONTlNUOUS CHORD BEAM-BEAM JNTERSECf'JON 

Shown here is a typical sittellite module edge joint. This type ol'joint permits centroidal beam-to-beam load transmittal. 

This structi~ral approach, with centroidal entl-fittings, is consistent with current construction techniques and construction facility 

sizing. 



Continuous Chord Beam-Beam Intersections 



REFERENCE MPTS STRUCTURAL CONCEPT 

Shown here is an illustration of the new orthogonal approach used for thc M U 5  reference system. This change was the result of 

construction/n~aintenanct' trades and involves the incorporation of a klystron module as the system LRU. 

The mechanical and electrical rotary joints arc the same as that shown at the Part I 1  final review. However, the interface between 

the satellite primary structure and the mechanical rotary joint has been changed to provide for Ijetter load transmittal. 

Other changes have occurred that art. rctlcc-ted in the antenna ,geometry and in the yoke on which it is mounted. These changes are 

reflected down t o  the si~barray level whcre a square matrix (10.43 m on a side) was used to  provide the three point subarray 

support. 



s 
Reference MPTS Structural Approach 



REFERENCE MPTS STRUCTURE INTERFACES 

'ne rcidtivc s,*e and configuration of thc MPTS sl-item is shown in perspective. Tlie prin~ary structure gives the depth necessary 

for platfor~n stif1.-es\ and provides support points for thc cubic secondi~ry structure. The secondary acts as an interface between 

the suba~ray a~itl  the , pimary structure. liach qubarray is provided with thrcc support points on the secondary structure to  allow 

the necessary a~ l ju s t rn~~ i t s  1'1r array tlatness and pointing ability. 

Power converters will be loci~tc~i  otl thc back of the primary structure. 'l'hc electrical busing will run along the primary beams and 

be ~iistributcd at thc \ccon~l;try lcvcl to provide power t o  the st~barrays/klystrons. Power converter thermal control equipment will 

also be locatctl o ~ i  the back ot' thC pri~nary strilcturc. 
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Reference MPTS Structure Interfaces 

IUIIAlU - 
SPS-1846 

D 
SUBARRAYS-3 POINT SUPPORT 

MAINTENANCE 

STRUCTURE 

4 
i 

[P4 
J 

PRIMARY STRUCTURE 



POWER TAPER INTEGRATION 

The new MPTS baieline uses a sqi1ai.c subarray instead of the rectangular suhic.i.iy s h ~ w n  in Part IJ. I t  was necessary to iterate this 

into the integration of the power taper on thc MPTS array. The acti1i11 irr;,:i. ',on of power density rings is illustrated on this view 

of one-fourth of the racliatifig Frtc: of the antenna. The integration sil;ill:~t:s a gnussian power taper of 9.5 dB using t l ~  quantized 

power levels available. Note the changc in lli~rnbcrs of sub ;~~rays  and kly$trons over the Part I 1  reference system. 



MPTS Reference Power Taper Integration 

NUMBER 
NUMBER KLYSTRONS/ NUMBER 

STEP SUBARRAYS SUBARRAYS KLYSTRONS - 
1 276 36 @flM 

- 
Totals 



INTEGRATED SUBARRAY 

The  bame basic layout o f  subarray components,  used in thc Part 11 final review, is used in the current reference. The  only changes 

that  have occtirred are in the  basic sub,.-ray geolnetry (square instead o f  rectangular) and in the  method o f  klystron support  within 

the module. 

The square subarray was the result of going to i.11 orthogonal support structure for an iniproved maintenance approach over the 

triangular support  shown previously. 

The  new rr,ethod o f  klystron support within the subarray reflects the new niodule L R U  approacl~.  T o  facilitate klystron rnodule 

removal (excli~ding the  radiating waveguide) it was nectbssary t o  shorten the klystron support  C'-beam and provide a support block 

for load transmittal in to  the  waveguide. In this wzy the klystron, ou tpu t  waveguide, thermal control, control circuitrv. and sup- 

port  mechanism can be renioved as an integral unit. This provides for an improvetl ~naintenancc sctierne over that  shown previously. 
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Reference MPTS-In tegra ted Subarray 
S 

THERMAL CONTROL 
/ r b v i w m b  I L n  I - - -  

RADIATOR 

LATERAL I-BEAM 

DISTRIBUTION 
WAVEGUIDE -1 

'- KLYSTRON 

RADIATING ?-e& 
WAVEGUIDE 
(BACKS1 DE) 

MAIN POWER 
DISTRIBUTION 
PIG-TAI L 

4MODULE SUBARRAY 

39 



FEATURES OF BASELINE RETRODIRECTIVE PHASE CONTROL 

The phase control system utilizes a 3 node ptrase distribution network similar in  some resFects t o  the distribution network earlier 

suggesfed by Dickinson of JPL. To ~lrinirnizt. phase error bu~ldup, only three nodes are used. This network feeds phase control t o  

a total of cjb14 subsrrays. 

At the lower left is shown the frequency plan for the pilot hem system. The pilot h e m  is a dollble sideband. suppiessed carrier, 

AM modul;~teci system. The supprebscd carrier is dighrly offset from the power beam, and the pilot beam sidebands are either side 

of the pcmer bcam. This frequency plan i~voids certain type! of errors that would arise with only a single frequency pilot beam. 

At the lower right is shown the 3 pilot transmitter system l o c a t ~ d  at the rectenna. The use of a 3 pilot trarismitter allows the c r ea  

tion of :I virtual phaw center, at the center of the rcctenna. that can be moved to  correct for pointing errors. This adds another 

degree of tlex15ility to  the phase control system that rnay be necessary to compensate for inosphere disturbances. 
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Features of Baseline 

IWI I4 SUBARRAYS 

THREE NODE PHASE DISTRIBUTION SYSTEM FOR ERROR CONTROL 

POWER BEAM 

I SUPPRESSED 
I I CARRIER 

DOUBLE SlOEBAND SUPPRESSED CARRIER 
AM MODULATE0 PILOT BEAM 

h / /  L, 
* 

I 
3.PILOT ANTENNA TRANSMITTER 

PILOT BEAM 
OSBSC 



PHOTOVOLTAIC REFERENCE CONFIGURATION NOMINAL MASS SUMMARY 

'The ~ t r ~ c t ~ ~ t i i l  iiiiirs d ~ ~ t i . r ~ n c c  front previous ;inalysis r c t l~c t s  a cliirnge III thc structurtrl hciim concept r~nd intcyristion of new sizing 

criterib to normali~e tlre t 7 . 0 . L .  grourtcl otttput to 10.0 (;W. 7'11~ ~ti;!iority o f  thc structirrnl niitss iticrcusc is due to the lower load- 

to-moss cap;rbility of continuor~u ellord eleti~ctttu. A sni;rll increase ciln illso kc ;~tfrihirtctl to tl)e slight increi~sc in srrtcllite hay size 

t o  i~ccon~modutt  thr* increase in solar ;may necesuirry for nortn;rli/ing power. 

An increase in sol;~r ilrrily i1te;l. to nor~iii~li/.e thc powvr to 10.0 (;W, is  reflecteil in tlie incrriise of ~ o l i ~ r  cell hlankct mass. 

The sniall incrcirse in  power distribution tiiiiss cilII bc i~ t t r ik i i t~d  to tlic incrci~sccl le~iytlr of' ~ n i ~ i n  buscs allrsed by increuscd buy size. 

MPrS tirass i~~crc;~seO to  rc tlect 012 I I I ~ ~ C ; I S L ' C ~  itivent ory ot kl j'st roll J i~nd power conversion ctluiptnctit to tiortnulizc grc)und olrtprlt 

powcr to 10.0 G W ,  using tlie currcnt el'ficicncy clrilin. 

Approximately two tlririls ol' thc suhtoti~l nrass incrc;~\c fro111 P i ~ r t  I 1  c;rn he i~ttriht~tctl  to  nornl;~lizinp t l ~ c  powcr output to 10.0 

(;W. Thc rcm;iindcr of the tn;rss increast. was ci~uscd by rctlcctinp tlic cotitinuous ctioril hcirnr i~pproacli. It is intcrcsting to note 

that the new structtrral i~pl>roi)ch ditl riot siytlil'iciiti tly clii~t~gu thc rrvcri~ll systctil m;~ss, 



s 
Pho tovoltaic Reference Configuration 

Ncminal Mass Summary 
Weight in Metric Tons I 

- 
COMPONENT 

I 

1.0 SOLAR ENERGY COLLECTION SYST EM 
1.1 PRIMARY STRUCTURE 

1.2 SECONDARY STRUCTURE 
1.3 MECHANICAL SYSTEMS 
1.4 MAINTENANCE STATION 
1.6 CONTROL 
1.6 INSTRUMENTATION/ 

COMMUNICATIONS 
1.7 SOLARGELL BLANKETS 

1.8 SOLAR CONCENTRATORS 
1s POWER DISTRIBUTION 

2.0 MPTs 

SUBTOTAL 
GROWTH 

TOTAL 

FlFlAL 

(61,782) 
6,386 

- 
07 - 

178 
4 

43,760 

- 
2 9 8  

25,212 

76,BM 
20,400 

97,474 

CURRENT 

(68,602) 
7,166 

- 
67 - 

178 
4 

4 6 , m  

- 
2,426 

am 
8 1,9911 
17,690 

Q@e6@@ 

f 

RIMARK8 
I 

CONTINUOU8 CHORD BEAM8 AND 
NORMALIZING W L R  

NO CHANQI 

NO CHANGE 
NO CHANQI 

lNCREA8liiD ARRAY ARQA fO 
NORMALIZE POWER TO 10 QW 

lLlGH .' INCRMSE IN tRANk 
MllslON LENOTH 

NORMALIZtD POWER AND 
80UkRe WBARRAY 

NORMALIZBD M I R  ON 
OROWTH CURVE 



M ASS!SIZE UNCERTAINTY U PDA'TE 

Shown hcrc is the current ant1 Part I 1  rcfcrencc poinl designs comparcd to llie t l~rce  sig~ila mrrsslsr~c unccrtuinty elipse. The 

increase in size ant1 mass of the ci~rrcnt rcl'crencc point tlcsign is i~ttributcd only to riormiulizing t l~t*  systcrn output to  10.0 C;W. 



Mass/Size Uncertainty Update 

ARRAY PLANFORM AREA (km2) 



COST UPDKFE 

The P ~ r t  I1 capital cost estimate was updated t o  reflect Part 111 changes. The principal new items were the addition of a grid interface 

system and an ullotmant of initiiil spares. Also, the power capability was renormalized to  10 gigiwatts. Because the power renormali- 

zation was less expensive than predicted by the uncertainty analysis, the Part 111 ci~pital costlkwe chiinged little from Part 11. 



Capital Cost Update Summary: 
1 SPS Per/Year 

(In Millions of 1977 $) 

ITEM 

SUPPORT SUBSYSTEMS 
ENERGY CONVERSION 
(SOLAR BLANKETS) 
POWER DISTRIBUTION 
MICROWAVE POWER 
TRANSMISSION 
GROUND RECEIVING 
STATION (2) 
GRID INTERFACE 
CONSTRUCTION & SPACE 
SUPPORT 
SPACE TRANSPORTATION 

INITIAL SPARES 
PACKAGING & OTHER 

INTEREST DURING 
CONSTRUCTION 
GROYJTH 

TOTAL 

i 

PART I I FINAL 
(9.3 GW) 

697 
3,750 

133 
2,622 

4,442 

- 
1,109 

6.446 

- 
314 

1,864 

3,450 

24,766 
(82,663IkWa) 

PART Ill UPDATE 
(10 GW) 

637 
4,023 

142 
2,724 

4,520 

1,348 
1,109 

C1,387 

240 
602 

2,082 

3.1 15 

26,929 
($2,693/lc\'1a) 

REASON FOR CHANGE 
I 

LARGER ARRAY FOR 10 OW 

HIGHER POWER 
HIGHEH POWER 

RE-ESTIMATE 

NOT INCLUDED IN PART II - 
INCREASED EARTH I,AUNCH 
COST BUT SAVINGS BY ORBIT 
TRANSFER SYSTEM RECOVERY 
NEGLECTED IN PART I 
INCREASED TO b% OF 
APPLICABLE ITEMS 
HIGHER BASE COST 

SOME OF PART I! GROWTH 
INCLUDED PO\;IEFI DEFICIENCY 



LEO CONSTRUCTION CONCEPT 
PHOTOVOLTAIC SATELLITE 

t.~plrt rnodulc\ ancl two a n t t  nnas arc constructcil ;It the L.I.0 I ~ a w .  All m o d u l o  iirc transported t o  CiEO using scif-power electric 

~~ropu l \ lo t i .  I'wo ol' the nloclulc\ will tr ;~n\port  ,111 antctlna w h ~ l c  tlic r c~ i i a~n inp  six niotlul '~ will hc transnorted alone. 'The C;EO 

operation rcclutrc\ hertliing ( c l ack~ng)  t l i ~  ~ ~ i o d i ~ l c \  t o  tor111 the :,;~tcl!itc i11111 tlcploytncnr of thc solar arrays not  uscd for the  trans- 

fer, lollowt.d hy the rot;ition of the  i ~ l i t c l ~ n ; ~  into its dcsircd opcratlny pos~tiotl .  



LEO Construction Concept 
Pho tovol taic Satellite 

GEO - 
, 

LEO - 

':$-/:\ 
I .... . ............... .. r GEO FINAL ASSEMBL 

INTO 
POSITION 
(MODULES 
4 AND 8) 

-MI. I c1.rrn 

CARRIED 

2 SELF POWERED O TRANSPORT 
TO GE0 (180 DAYS) 

BELOW 
1 CONSTRUCT 8 MODULES O AND 2 ANTENNAS 

(MODULES 

PORTION OF 
4 AND 8) 

SOLAR 
ARRAY 



LEO CONSTRUCTION BASE 
PHOTOVOLTAIC SATELLITE 

The constr~tction base for the photovoltaic satellite conjists of two connecting facil~ties with onc used to  build th:: modules and 

the other to  build thc antenna. The module construction facility is  an open ended strttctulc: which allow5 the four bay wide 

module t o  be constructed with only longitudinal i~~tlexing. T11c.e irre two internal working bays. '[he aft bay ys used for structural 

assenihly using bcani machines and joint asscrnbly ~nachinrrs attachcd to both the upper iino lower surfaces of the facility. Solar 

array and powcr distribution arc primarily ins.allet1 from equipment attachcrl to the lower hcility surface in the forward bay. The 

satellite niodulc is supported by mc~vsblc. towcrs located on the ilppor surl'ace of the facility. These towers arc also used t o  index 

the nlocli~le as it is being fabricated. 

The antenna facility is conl~gurcd t o  enclose five bays of antenna in width and one row of bays in length. Tlie antenna fdcility 

shown reflects tho new antenna configuratiot~. 7'hc upper ~ u r h c c  of the facility is used to  support beam machines, joint assembiy 

machines, support indexing niachines and bits deploynient equipment. The lower surface is used t o  support beam machines, joint 

assembly machines and a deployment platform that is used to  deploy thc secondary structures and antenna subarrays. 

rod d.r 
tom a@ 



LEO Construction Base 
Pho tovoltaic Satellite 

SPS-1011 

PRODUCTION DIRECTION 
AND FLIGHT DIRECTION 

VEHICLE ARRAY 
OPS CENTER 

ACSIORBIT KEEPING 
THRUSTER MODULE 



CONSTRUCTION BASE EQUIPMENT AND OPERATION 

One of the principal changes in the construction base since Part i l  was t o  "invert" the sateilite module with respect t o  the con- 

struction base to hring the solar blanket installation area closer to t!ie payload arrival area. Most of the tonnage moved by the 

logistics network is solar blankets. It was felt important t o  minimize the distance over which these blankets are transported. 

The other significant change was t o  modif'y the arltenna construction facility t o  niinimizc the indexing and movement problems 

associated with installing tlie antenna in its yoke, also providing better crew act-css t o  the joint area where the antenna connects t o  

the yoke. 



Construction Base Equipment /Operations 

I I , . I I ' l i r  - 
SP6-1926 

PART II MODULE FACILITY 

SOLAR ARRAY 
OEPLOYER 

\ ,' I /'/' r './/'/,/ 
CARGO 
DELIVERY 

PART Ill MODULE FACILITY 

FRAME WLAR ARRAY 
AesEMLY OEPLOYMENT 

"V, BAY , 
t \ /--INDIXIR 

I ? ~ / / / / / / L c / ' / ' / . ? /  - D LEVEL 

' ~ R C I O  \--BEAM L CMNW LWUR ARMY 
DELIVERY MACMINI MANIPULATOR DEPLOYER 

PART Ill ANTENNA FACILITY MWER 

FRAME DISTRIBUTION FRAME 
ASSEMBLY INSTALLATION AILOEWLY 

N 

ASSEMBLY CRANE STRUCfURE ALSIM0I.Y DEPLOYLR BAY M ANDOUMRRAY M Y  
BAY DEPLOY BAY 



LOGISTICS NETWORK LEVEL AT LEO CONSTRUflION BASE 

One of the significant requirements identified during Part I1 but not characterized was the need for a logistics network t o  move 

SPS hardware and construction equipment and crews around on the facility t o  bring them t o  the location $/here the work is 

actually being donc. During Part I11 a logistic network was characterized. A part of the network is shown here. The tracks allow 

movement of construction equipment, crews, and satellite parts, and also provide for movement of the satellite module under con- 

struction by moving the indexing fixtures that tie the module t o  the facility. 



Logistic Network Level A 
LEO Construction Base 

CREW MODULES 

(FULL WIDTH OF FACILITY 
HLLV DOCKING PORTS 

CENTRAL CARGO RECElVlkG AND 



CEO FINAL ASSEMBLY BASE AN11 OPERATIONS 

'The nlaintcnatice analysis i~ldici~tctl ;I significi~tlt ricctl for crcws in gcosynchrotious orbit to cari3 o u t  r:t#+intcnancc operations. The 

niost straightforwarcl way of providing Ibr thcse crcws appears to be to includc thcir ilrovision in tlie gcosyiichronous final assem- 

bly base and milkc this base olso un operations base. 'l'lie adtlitions recli~iretl inclutlc a klystron tube refitrbi~hnietit facility, a dock- 

ing location for tlie li~obile niiiinteniu~ce habitiit, ant1 crew modulus for tlic nieintcnonce crews 111 i~ddition to those for the final 

assetnbly base crews. 
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GEO Final Assembly Ba'se/O pera tions 

~UIIAYU~- 

KLYSTRON TUBE ASE CREW MODULES 
REFURB FAClLlT 

FINAL ASSEMBLY 

/ 
DEPLOYMENT 
MACHINE - 

r OEO FINAL ASSEMBLY 

-- - 2 ROTATE a DOCK MODULES O ANTENNA 
INTO POSIT 
(MODULES 
4.AND 8) 

A- A 

@ FINAL CHECKOUT 

'ION 



CONSTRUCTION SYSTEMS CHARACTERISTICS 

Ilighlights ot' the construction base arc given on tL.3 table. 



Construction System Characteristics 

SATELLITE MAINTENANCE CREW NOT INCLUDED. 

DCREW 
CONSTRUCTION 
CONSTRUCTION SUPPORT 
OPERATIONS 

,MASS (MILLIONS OF ~ g )  

@FACILITY 
@CONSTRUCTION EQUIPMENT 

DDDTLE COST 
FACl LlTY 

@CONSTRUCTION EQUIPMENT 

#UNIT COST (BILLIONS) 
FACILITY 

.CONSTRUCTION EQUIPMENT 
*WRAP-AROUND 

b 

LEO 
CONSTRUCTION 
BASE 

(480) 
200 
140 
140 

(5.0) 
5.2 
0.4 

( 1 

(4.8) 
3.6 
1.3 
2.2 

GEO 
FINAL ASSEMBLY 
BASE 

I 

(66) 
26 
10 
30 

(0.0) 
0.7 
0.2 

( 1 

(1.2) 
0.4 
0.4 
0.4 



TWO-STAGE WINGED SPS LAUNCH VEHICLE 

(FULLY REUSABLE CARGO CARRLER) 

The launch configuration of the SPS cargo vehicle is shown on the adjacent chart with the overall geometry noted. This series 

burn concept uses 16 LCH4/L07 .. engines on the booster and 14 standard SSME's on the orbiter. The LCH4/L02 booster engines 
6 a n  a gas generator cycle providing a vacuum thrust of 9.79 x 10 newtons each, The SSME's on tlle orbiter provide a vacuum 

thrust of 2.09 x lo6 newtons ( 1  00% power level). The nominal IOO';:, power level for the SSME's was selected based on engine life 

considerations which indicated about n 3 factor reduction in life if the 109% power level is us&. 

A n  airbreather propulsion systenl ( 1  2 installations of an SST type en8ine) has been provided on the bcostrr for flyback capabilit) 

to simplify the booster operatiorla1 rnodc. The relerence wing for both stages is 

Sw (Orbiter) = 1446 rn2 ( 15,500 ft2) 

SW (Booster) = 2330 m2 (25,080 ft2) 

Hear sink thermal protection system is providecl on the booster and the Sl~uttle's Reusable Surface Insulation (RSI) is used on the 

orbiter. 



Two-Stage Winged SPS Launch Vehicle 
(Fully Reusable Cargo Carrier) 

L ~ ~ 4 / 0 2  C. Q. ENGINES 116) ' 



CREW KUJ'A7'10N AN 1) RESUPPLY SYSTEM LEO/C;EO APPLICA'TION 

S l i o w ~ i  1i t . r~~ i \  I l lc osygc~i ' l i y i l~ .ogcn o r l i t  t r ; ~ ~ i s f i ~ r  vcliicllb alitl tlic payloilrl ~ i i o i l u l ~ .  'I'liis ~ y s l . ~ ~ i i  prot i t lC+ tlic ca l~;~h i l i ty  to tr;tnsfcr 

75 crew. uii auk1 rcturri. pvr Ilipill wit11 t k i r  wpplich. 'I Ills orhi t  t r i l~ lsrcr vc l~ ic l l *  i s  ;I t w o  ~ I i t j i ~ .  oxyyc~l/ l~; . t l ropc~i lirclctl. convc.ri- 

tional rockct vcliiclc. '1 IIC tr.)till propcII;111 t I ~ i l i l i ~ ~ g  for t l ~ c  two  s!agcs is 400.000 kilogratrls. 
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mm#'#u - 
FLIGHT GEO PASSENGER MODULE SUPPLY MODULE 
CONTROL 
MODULE 

CREW 1'2 
MASS = 4,000 kg 

APS THRUSTERS 7 

CREW - 76 
MASS a 20,000 kg 

MAIN ENGINE (2) 
200 KN (48 K LBF) 

CARGO 300 MAN MO. 
=,a00 kg 

MODULE - 10,000 kg 

\ r DOCKING & SERVICE MAIN ENGINE 14) 
PAY LOAD INTERFACE SECTION '200 KN (4S K LBp) 

L%/LH2 TANK J I I4PLACEOI 

I- 42 M DOWN 40,060 kg 
I I *STAGE 

I - 
STAGE 2 ,-+- STAGE I PROP 230,000 kg 

INERT 16,000 kg 



SELF-POWER CONFIGURAT'ION 

PHOTOVOLTAIC SATELLITE 

The  transfer of  the satellite ~notlules from LEO t o  GEO involvcs the use of electric propulsion ~ n i n g  power provided by the module 

( t h u s  the  nanie self-power). l 'hc  characteristics asso~ia ts t l  with self-powcr of  a photovoltaic ~iioilule arc show11 for both those 

 nodules trans: :rring ur.tcnnas ant1 tllosc that tlo no t .  'The general characteristics includc a 51; oversizing o f  thc  satellite t o  compcn- 

satc for the r:~diation cIcgrail;~tio~i occurring ~ i t ~ r i n p  p.lssagc tl\roi~gli the Van Allc~i hclt and thc inability t o  anneal o u t  all o f  the 

ti~rnlagc aCtcr reaching ( ;F;0 .  I t  shot~lcl also bc e ~ ~ ~ p h a s i ~ e d  i ~ t  this poittt, O I I I V  thc arrays riccdcd t o  provide tllc required power for 

transtkr arc tlcployctl. The rc~n;~intl t ' r  o t ' a r r i~ys  arc stowcd within radiation p r o o l ' c ~ ~ l t a i n ~ r r s .  Cost optinlum trip timcs arid I sp 
values arc rt'spcctivcly I XO tlays iiiltl :,300 sccot~cls. t..lidlt cotitrol of  t l l~ '  r~lotfulc wllen f ying a 1'1'1' attitttdc during transfer rcsi~lts  

in large gravity gritclient tctrclitc5 :rt ~c-vc>r:tl positions in each revolution. Hather Illan provitlc thc cntirc coritrol capability with clcc- 

tric thntstcrs which arc cliritc c s p c ~ r s i ~ r ~ .  t11c clcctric sys tc~l i  is sizccl only for tile optinium transfer timc with tllc aclditio~:a! thrust 

provitfcd by LO,iLJI, - t h r ~ r s t ~ ~ r s .  This pr-n;~lty acti~ully is quite srliall siticc by the timc 2.500 kilonictsr altitutlc is rcaclicd the - 
gravity gradient torque is nc; longer :I tloniinatinp factor. 



Self Power' Configuration 
Pho tovoltaic Satellite 

GENERAL CHARACTERISTICS 

5% OVERSIZING (RADIATION) 
TRIP TIME = 180 DAYS 
ISP = 7000 SEC 

MODULE NO 
CHARACTER ISTICS ANTENNA 

r, NO. MODULES 6 
MODULE MASS (106~0) 8.7 
POWER REQ'D (l@Kw) 0.3 
ARRAY % 13 
OTSDRY ( 1 0 6 ~ ~ 1  1.1 
ARGON (106~0)  2.0 
LOz/LH2 (106~0) 1 .o 
ELEC THRUST (103~)  4.5 
CHEM THRUST (1s~) 12.0 

NO 'WITH 

WITH 
ANTENNA 

2 
23.7 
0.81 
36 
29 
5.6 
2 8  

122 
5.0 

ANTENNA ANTENNA 

PANEL SIZE: 24x381~1 48x57m 
NO. THRUSTERS: 560 1680 



RECOVERY CONCEPT FOR ELECTRIC OTS 

The system analyzed for the return ot the electric components. to L t . 0  is a single-stak'c LO2/LtI3 - OTV. Keturn of  2 10,000 kilo- 

grams of payload requires a propellant loading o f  approximately 530.000 kilcgriu~s.  This size of  stage is slightly larger than that 

irsed tor the crew rotation in thc LEO con\truction option. When conlbincd with a second \tage, the colnbinatioti vehicle serves t o  

provide p rop~~ls ion  capab~lity for resu,)ply t l~ghts  t o  <;EO. Delivcry of the LO?/LH, stagc t o  GEO involves niounting the stages - .. 
below tllc \atcllite module. The rcsultinp iwpact on the electric p rop~~ls ion  systcni of transporting an additional 1.6 million kilo- 

granis of LO,/LHI stages is relatively nllnor. - - 

Reuseability o f  the electric conlponents ~ ~ s e d  on the first motlulc is not possible before t r anskr  of the seventh module due t o  

delivery times of  180 t o  200 days. 



Electric OTS Recovery 

RECOVERY SYSTEM DELIVERY SYSTEM 

TANKS N 

THRUSTER 
PANEL 

ONE OF l W 0  STAGES 

COST SUMMARY 

1 SAT/YR 

RECOV VALUE $1,28OM 
RECOV COST $ 72OM 
SAVINGS $ !%OM 
PER SAT 

YOKE 
CONST. 

MOD. 

(NOT TO SCALE) 

PIGGYBACK ON SATELLITE 
A PIL - 1.6 MILLION KG 
ELEC OTS MODIF 
A POWER -2% 
A Wp - 0.4m Kg 

OPE RATIONS 

DAYS 
0 80 160 240 320 

AVAIL. FOR 
7th MOD 



A "CONSERVATIVE PACE" SPS SCENARIO 

This scenario represents a low-risk approach to SPS implernentatioti. Major funding for the fill1 s i ~ c  SPS system is not committed 

until s~~ccessfill on-orbit operation of  a precursor satellite !>as been accornplishecl. This major funding iucludes not only that for 

the f~ r s t  full SPS but also that 1.or development ancl in~plementation ol the lleavy lift launc~i vchicle tlcet. Dcrlvation of this sce- 

nario included allowances for the t ~ m e  perloci inherent in new vehicle development ("ive years for new stages, six years for new 

engines) aiid the tlrne necessary for certlrlli in-space operations. r;or e ~ ; ~ t i ~ p l e ,  tlie precursor progranl rcqtlires !'our and one half 

years from the first launch of cqurpmcnt fro111 whlch its construction hitse is assembled until the cnd of the test operations in geo- 

synchronous o r b ~ t .  SPS construction bases ~equi re  two years o f  assembly and cl~eckoiit operations prior to  beginning SPS s sem-  

bly. The selt~power tran5li.r of SPS moduies t o  geosynchronous orbit takes 180 days. 



A "Conservative Pace" SPS Scenario 

LAUNCH 
VEHICLES 

v 
SHUTTLE 
DERIVATIVE 
CN-LINE 

'I 'I 
HEAVY HLLV 
LIFT 414 PLTS/YEAR 
ON-LINE 

C'?t\GTRUCTION 
BASES 

'I 
PRECURSOR 
BASE ON-LINE 

v 'I 
BASE 1 BASE 2 
ON-LINE OtJ-Llhi E 

0 O 

PRECURSOR 1 / 2 1  2 3 

SPS ON-LINE 'I v 'I v 
(10 OW EACH, EXCEPT PRECURSOR) 

" I  ?rr 78 79 , 

0 
NOTE: 1) THE PRECURSOR SPS SERIVES AS A "COMMITMENT PRODUCER" 

2) BY 2000, THE INSTALLED urws ARE PRODUCING ABOUT 11% 
OF TbIE ELECTRICAL ENERW CONSUMED IN THE U.S. IN 1978. 
OF THE ELECTRICAL ENERGY CONSlJMED IN THE U.S. IN 1976. 



AN "AYOLLO PACE" SPS SCENARIO 

I'llc progrill11 r ~ ~ ~ ~ r ~ ~ c ~ t i t s  il ViIcC i ~ i t c ~ r ~ i l ' ~ l i ; ~ t ~  h c t ~ c c ~ i  t l l r ~ t  01, t l l ~  "co~r\crv;~tivc'(' scc~ i ;~ r i o  givr'11 ij11 t l ic  j3rcvioi1s chart a ~ i d  3 " c r ~ ~ t i ,  

M: I i i ~ t t i r n  [~:.'~ject", l a  t l i is scenario i levr*lopnrcnt ol' the q l iu t t l c - t l c r iv ;~ l i v~  I;IIII~CI~ vclriclc ; ~ n d  l l i c  precursor SIBS c o n s t r u c t i ~ n  lrasc 

iIrLs hcpun Irr 1070. L l cvc lop t i~c~ l t  ol' the I i ~ * ; ~ v y  ;ill Iirrlnch vchiclc al i t l  otlic'r c l c ~ ~ i r ~ ~ i t s  i~ ivolvccl  ~ v i t l ~  I I i c  1'1111 s i ~ e  SOS starts hc lhrc  

c o n i y l c t ~ o n  of ,llc tcst opcr;rtions wi l l1 t l lc  I?rccur\or SI'S. 



An "Apollo Pace" SPS Scenario 

7 'I 'I 'I 

LAUNCH SHUTTLE HEAVY HLLV HLLV 

VEHICLES DERIVATIVE LIFT 414=FLTS/YEAR 1243 FLTSNEAR 
ON-LINE ON-LINE 

v  v  'I 'I ? 
CONSTRUCTION PRECURSOR BASE 1 BASE 2 BASE 3 BASE 4 
BASES BASE ON-LINE ON-LINE ON-LINE ON-LINE ON*LINE 

SPS ON-LINE 
(10 OW EACH, EXCEPT PRECURSOR) PRECURSOR 112 1 2 3 6 7 10 13 17 

'I ' I  V V ?  

NOTE: 1) THE PRECURS3R SPS SERVES AS A DEVELOPMENTAL 
TOOL RATHER THAN AS A "COMMITMENT PRODUCER." 

2) BY 2000, THE INSTALLED UNITS CAN BE PRODUCING 
APPROXIMATELY 60% OF THE ELECTRICAL ENERGY 
CONSUMED IN  THE U.S. 1N 1976, 



GROUNO BASE11 TECHNOLOGY AIIVANCEMENT PLAN 

Sllown hr-rr. ;Ire thv princip;~l te*-l~nology ;~tlv;~nccnicrit ;Irc;ls ilntl ;I prclil~rinary cs~imatc  o l ' t l ~ c  ;I~IIIU;I~ funding required to pursue 

these ;Irc:l.;. No signil'ic;1111 tlil'ti.rcticcs in  tlic tVchnology i~t lv;rnc~tl~cnt plan h;lvc tccn idctrtif'istl siticc the completion of Part I I .  
The tcc.hnolugy .~rlvanc.r.tncnt plan IS tlcscl.ibctl in addit ioni~l  tlvti~il in Volr~nie  2 of tlrv Part I1  f:inal Report. 



Ground-Based Technology Advancement Plan 

TECHNOLOQY AREA YEARS 

SOLAR CELLS 
THERMAL ENGINES & THERMAL SYSTEMS 

MICROWAVE POWER TRANSMISSION SYSTEM 
SPACE STRUCTURES 
MATERIALS 
FLIGHT CONTROL SYSTEMS 
CONSTRUCT ION SYSTEMS 
TRANSPORTATION SYSTEMS 
POWER OlSTRlBUTlON AN0 CONTROLS 
SPACE ENVIRONMENT FACTORS 

TOTALS 

TOTAL 



OVERALL TECHNOL?)CY ADVANCEMENT PROGRAM 

'The overall tcc.hnoloyy ; j t l ~ i ~ ~ l ~ ~ t l l e ~ l t  progri lnl inclutlcs, i n  ut l ( l i t io l l  t o  t l lc  p r o i ~ n t l  h a d  progl.am, s l ~ i ~ t t l c  spucelah sort ie tests and ;I 

bo l i~ r  p o w c r  tcctlnolopy a t l v i~nccn i i ~n t  tcst i ~ r t i c l c .  'I'llc s t ~ t ~ t t l ~ :  spaculab sort ie tcst wou ld  inclut lc tests o f  bear11 fabricator machine 

and KP cquipmen! and also tcsts o f  p r o l o t y  pc ni;~rl ipul;~tor !ys tc l~ ls  irnd o t l l c r  c o t ~ s t r t ~ c t i o n  aids. 'The solar power  techno lo^ 
atlvancement tcst irrt iclc wou l t l  he ;I solar i l rr i ly ill t l ~ u  100 - 500 k i l o w i ~ t t  rilngc co t ls t r i~c ted ati l l  supportcd using tire s l iu l t lc  as an 

1)perating base. Th i s  tcst ar l ic lc  worl l t l  L I ~ C  solar ilrrdys simiiirr ill naturc t o  ttlosc p lanncd li)r SIBS. I t  wou ld  also use similar struc- 

tu ra l  technique\ ;lnd wou l t l  provide ii tc\ t  hasc fo r  testing o f  l i iy l ler  p o w c r  HI: c q u i p ~ i i c n t ,  electr ic t l~ rus ters  arid tests operat ing the 

solar array, at h igh  ycncr i i t iny voltapcs, t o  t l cve lo l~  i n l b r ~ n i ~ t i o n  o t l  pl;lsnli~ in tc r i~c t ions .  



D 1 80.2407 1 -3 

Overall Technology Advancement Program 

ESTIMATED 
ANNUAL 400 
FUNDING SM 
(1977$) 

- 
- DECISION TO 

PF RFORM SPACE 
TESTS 

SYSTEMS 

/ 
SOLAR POWER 

ANALYSIS AND TECHNOLOQY 
ENVIRONMENTAL ADVANCEMENT 

bMEP\LlNATloN 
TEST ARTICLE 

m 

SHUTTLE/SPACELA 
C 

0-BASED PROGRAM - - . o ~ ~ . . ) m  

r 



SIZE SENSIT1VI'I"Y RESULTS POWl<R 'TRANSMISSION OPTIMIZA'TION 

i\ s i te  sensit ivi ty t l cs ip~ i  ~ i i o i l ~ ~ l  w i ~ s  c o ~ i s l r ~ ~ c t ~ ~ i l  ;11i i1 e ~ ~ ~ r c i ~ ~ ~ i I .  'I'I~L* l'irsf 1.1111 of' t l i ~  ~ i i o d c l  ~ p t i i i i i ~ c i l  p ~ w c r  tr;i1isiilittcr ;~ild 

rcctcnni l  ~ i / ~ s  at the n o ~ l i i n i ~ l  powcl. Icvcl ol '  ; ~ p l ~ l . o s i ~ l ~ ; ~ t c I y  5 .000  ~ i icpaw;~t ts  per l ink .  ' l ' l ic iicbw rcsults. i t l t ho t~g l i  cxccutcd  in S~~IIIC- 

wtiat n iorc detai l  t l i i ~ n  ~* ;~r I i c l .  rc*suItr. ~ ~ i ) ~ l I ' i r r ~ i ~ ~ c l  tIic ~ a r l i c r  cs t i ~ l i ; ~ t cs  OI;II ~IIC o l > t i ~ ~ i ~ ~ r i i  r c ~ t c ~ l ~ i i ~  si/.c is 314 t l ic  t ransnl i t ted I>C:~III 

t l i ; ~ t i i ~ t c r  ;~liil tl iat ttic o l ) ~ i i i i ; ~ ~ ~ i  ~ r ; ~ ~ i s i ~ i i t t ~ * ~ .  r i / c  i s  ill t l ic  v ic i r i i ty  01' 1.4 k i l o ~ i i l ~ t c r s .  I Iowcvcr.  11';ttlstliittcr s i1.c~ Iiirgcr lliiin one 

kiloliic.tcr violatc t l ic  I>C; I~ I>c;i~li i l i t c ~ i s i l y  l i l i l i t  01' 2 2  ~ i l i l l o t v ;~ t t s  per cc r i t i ~ l i c t c r  SC~~I;I~L*~I. 'I ' l icreforc t l l c  hcst systcrii u w s  a 1 k i lo -  

n ic tc r  t r a ~ i s l i i i t t ~ * r  ant1 a r c ~ ~ l c ~ i r i ; ~  i l i ; ~ ~ ~ i ~ * t c ~ r  3/4 01' t11c hc;1111 i l i i ~ ~ i i i * t ~ r .  



mi- 

s 

@ TWO l4cm TRANSMltrERS 
ELECTRIC POWER - 8,276 MWe 
PER TRANSMITTER 

Size Sensitivity Results Power Transmission 
Optimization 

RECTENNA NORMALIZED 
RADIUS - 0.76 
ELECTRIC POWER - 8,276 MWe 
PER TRANSMITTER 

t VALUES IN PARENTHESES 
ARE PEAK BEAM INTEt49ITV 

1 ,ooo IN MWIcm2 

RECTENNA NORMALIZED RADIUS TRANSMITTER DIAMETER 



SIZE SENSITIVITY ANALYSIS MODELING DETAIL 

The s i ~ c  scn\rtivity modcl was iniplcmcntcd on the ISAIAH n~otlcling system. The niodel consisted of 37 designer selected vari- 

ables and 95 computed variables. The values gcncratt.il by the 111odc1 for the norl~ilial design point of a I kilometer diarneter trans- 

mitter are shown o n  the chart. A conipletc tiesign poin! wiis gt erted for each sensitivity point analyzed. 



Size Sensitivity Model Details 
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SIZE SENSITIVITY ANALYSIS POWER LEVEL AND TRANSMITTER DIAMETER 

This c l ~ a r t  stlows a joint op t in i i~a t ion  of t r a n s i ~ ~ i t t e r  diameter a , ~ d  powcr level holding the rectenna size constant a t  the optimum 

value. .4s the systern powcr level is reduccd it is possible to e r ~ ~ p l o y  somewhat larger transmitting antennas without violating the 

23 mw/crnL limit. Transmitter cliameters larger than 1.4 kilonieters d o  not pay off;  tlir niiriimum system cost in dollars per kilo- 

watt  follows along the 23 mwlcni2 lirnit t o  about 2500 megawatts and then follows u p  the  1.4 kilometer diameter transmitter 

curve. Note thiit comparatively little cost penalty is incurred going down as low as  3000  megawatts of grid power. Below 3,000 

megawatts the system cost in dollars per kilowatt begins t o  turn up rapidly. 



Size Sensitivity Analysis Power Level and 
Transmitter Diameter 

SYSTEM COST, 
(SlkWEI 

I\ .OPTIMIZED RECTENNA SIZE I 

\ 23 mWIcm2 LIMIT 

I 

2,000 4,000 6,000 ~,ooO 
DC POWER ACROSS ROTARY JOINT, (MEGAWATTS) 

C I I I I 
1 .m 2,000 3,O 00 4 , m  ~,oOO 

DELIVERED GRID POWER PER LINK, (MEGAWATTS) 



LFO TRANSPORTATION 

Ttlc Earth t o  LEO transportation effort. d~triiig this 1>ortioti ot' the  stirdy, c o ~ i c e ~ i t r a t e d  011 ilcfillition o f  l ) a :-stage ~'LIIIY reusable 

winged SPS cargo vcliicl~. :rnd 2 )  :I :-stage rcus;rhlc i>allistic recoverable concept. A number  of  significant changes have brcn 

incorporated into the SPS c:rrgo vehicle since thc conlpletiou o i  tllc Part I I  s t ~ r d y  eftort .  These changes on  t l~c  cargo veliiclc 

includc: 

o .A n~ethanclliq~ric! oxygen t'i~c,lvd i~oos tc r  wit11 tly back capability 

o Delta winged st ;~pcs with crew 11i;rnning the  orhitcr  and also tllc capability i l l  the orbiter  t o  transport personnel 

u Incorporation of ;I mid-body cargo b,r:r in the orbiter  ca:.al>lc o f  handling a payload density o f  75 kp!ni3 

*l'hc '7-stage ballistic rccclvcrahlc. vt.liiclt. llah a payload in tlic 00 mci.;c. ton  class that  could possibly supl)ort the  SPS precursor 

program. 
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Leo Transportation 

TWO-STAGE FULLY REUSABLE WlNOEb FREIOWTER 

TWO-STAGE BALLISTIC RECOVERABLE CANDIDATL CONCLW 
FOK THE PRECURSOR PROGRAM 

SUMMARY 



POTENTIAL LAUNCH VEHICLE 

a 400 000 kg for t l ~ c  2-91i1gc wiligctl SI'S car :o vclliclc 

')O 000 kg  for the 2-\1;1gc !rall iati~ t c c o ~ c r i ~ b l ~  vehiclc. 



01 80.2407 1-3 

Potential Launch Vehicles 

2.3P 
8 METERS 

4.2P 
8 METE 

r3* 

METERS 

r, 

3,bP 
8 METERS 

r, 

TERS 

r, 



TWO-STAGE WINGEI) SPS LAllNCH VEHICLE 

(FULLY REUSABLE CARGO CARRIER 1 

The  launch conl'iguratic,~i ol' t l lc  SPS ci lrpo vc l~ i c l c  i s  s l iown o n  t l ie  a J j i 1 ~ ~ 1 1 t  chart w i t h  t l ic  ovcr;~ll gconrt l try notct l .  "h is  scrics 

bu rn  concept t:sc\ I0 L('Il4/LO? - c ~ i g i ~ i t * ~  011 I l i c  hoosfcr  i111c1 14 ~ t i ~ t l l l t ~ r t l  SSMt 's  (111 the ~ r l j i t c r .  T i le  L(')l4/LO2 booster engines 

are a gas generator cycle provi t l ing a vacuum tl irust o f  0.70 x loC' ~ i c w t o r i s  cilch. 'I*lie SSME's on t l lu  o rh i t c r  provide ;I vucuun* 

thrust o f  2.09 x lo6 newtona ( 100',; powor  Icvcl). *The ~ i o t n i n i ~ l  100% power  lovcl I'or t l ic  SSMh'a Wits selected hilrcd on enylinc l i f e  

~.onsiiIcr;rtic,ns wh ich  int l icatct l  ;rbor~t iI 3 I';rctor r c t l u u t i o ~ i  i n  lilac i t '  t l lc  100% powor  Icvel is used. 

A n  a ~ r h r e i ~ t h c r  p r o p i r l ~ i o n  \y \ tcn i  ( I.! i ~ i s t i ~ I l i ~ ! ~ o ~ i \  ol un SS'T t ype engine) l ~ n a  hccn provided o n  t l ic  lroostcr f o r  flyhack capuhi l i ty  

to s i ~ l l p l i f y  ' l ie hoo\ tc r  c - c ra t~onu l  n iot lc .  'I'tic rcfcrct icc w ing for  I )oth citi~pc\ is  

!lea1 s ~ n k  tht.r111;11 pro tcc t lon  sy\tctr l  is providct l  011 l l i c  hoo \ t c r  ;~n(l t l * ~ -  S l i l~ l t l t * 'a  K ~ L I M I ~ I ~  S i ~ r f i ~ c e  I ~ i ~ i ~ l i ~ t i o n  ( H S l )  is L I S ~ ~  o t l  f l ie 

orhr tcr .  



Two-Stage Winged SBS haunch Vehicle 
(Fully Reusable Cargo Carrier) 

ICHJO~ C. G. ENGINES (16) 

PAY LOAD BAY 



2-S 4 \GE WINGEI) VEHICLE DESIGN CHARACTERISTICS 

.l'tlr. vet~iclc cl~aractc.ristrc.s itrc rtotctl on Illc :ttl~itccnt ~ . t ~ i t r t .  7 '11~ nt-t clclivcrc*cl pi~yload is 424 000 kg. A return payload of I S'j! 

(03 500 kg) o f  the dclivercil payloiril w.:s assuli~etl for tllc orbiter cntr! aritl I ~ndi l ip  cond~tions 'I Iic resi~ltiny msss friiction is 

0.875 for thc booster antl 0.84 I for tlic orbiter. 



Two-Stage Winged Vehicle 
Design Characteristics 

(ALL, MAS8 DATA IN kg) 

'MAINSTAGE + FLIGHT PERFORMANCE RESERVE 

b 

ORBITER 

- - - 
-. 

2,740,700 

31DAw1 l 1,876,200 
436,100 
424,000 
83,800 
0.64 1 

33f ,20(! 
466,000 

- - 
38 1,800 
462,600 

I 

GLOW 
BLOW 
BOOSTER FUEL (LC%) 
8WS'lER OXlOlZER (LO2) 
BOOSTER INERTS 
OLOW- LESS PAY LOAD 
ORBlTlER FUEL (LH2) 
ORlBlTER OXIDIZER (Lop) 
ORBITER INERTS 
ASCENT PAY LOAD 
RETURN PAY LOAD - 15% 
MASS FRACTION 

EN1 RY WElr,l.IT-NO PAYLOAD 
-WITH RETURN P/L 

START CRUISE WEIGHT-NO P/L 
-WITH RETURN P/L 

LANDING WEIGHT-NO PAYLOAD 
-WITH RETURN P/L 

. 

10,978,400 

BOOSTER 

7,813,700 
1 ,7a.900 
6,126,700 

978,100 - - - - - - 
0.878 

936.600 - 
032,000 - 
840,700 - 



ASCENT PERFORbIANCE CHARACTERISTICS 

*Tllc SP;':, la11nc.11 vchiilc asccnt illaractcl.istics i~rc  tiotctl o n  tllc ;~tljirccl~f cll;rrt. A '.3p9 11,aximi11?1 acceleration thrust profile was 

.twd clcc to the ~nanncil capiibility alitl also t o  tnini~nizc the loi~cl conditions on the orhitcr. 'I'he booster staging velocity 01'2 170 

ni!sec is well withiti thc "llcat sink" capability of  tllc n l i ~ ~ ~ ~ i ~ ~ c ~ t i ~ / t i t ; ~ t i i i ~ t ~ i  irirl'r;rnlc. 



Ascent. Performance Characteristics 

FIRST STAGE 

TMI AT IGNITION I 1.30 

MAXIMUM DYNAMIC PRESSURE I 36.91 kP8 (760 pf) 

MAXIMUM ACCELERATION I 3.M 

STAGE BURN TIME I 166.24 

RELATIVE STAGING VELOCITY I ' 2170 m / ~  (7,120 fpr) 

DYNAMIC PRESSURE AT STAGING I 1.16 kP8 (24 p ~ f :  

SECOND STAGE 

INITIAL T I '  

MAXIMUM ACCELERATION 

STAGE BURN TlME 



Si'S WINGED VEHICLE 

REENTRY CHARACTERISTICS 

The reentry charactcristic~ for the booster ancl orbiter are notctl on tile opposite chart. l'tx maxirnu~n deceleration for the booster 

is.1.27 g's and tllc sui)wnic tr;111sition altitude is 17.80 k ~ n .  The orbiter rccntry has been limited to  iI normal load factor of 1.41 

g's until the subbonie transition which occurs ;it ill1 altitude of 13.02 km. 



BOOSTER 

. 

S 

APOGEE CONL" :IONS - 
h = 80.82 km 
VmI = 1956 mfsec 

! 

SPS Winged Vehicle Reentry Characteristics 

MAXIMUM DECELERATION CONDITION 

ams3"e - 
6rS-1964 

q = 1o.n k b  
h - 32.61 km 
Vnl0 1327 mfsw 

NORMAL LOAD FACTOR = 4.27 g'r 

MAXIMUM DYNAMIC PRESSURE CONDITION 

q - 13.29 kPa 
h - 22.96 km 
V,d - 686 m/#c 

NORMAL LOAD FACTOR - 1.49 0's 

SUBSONIC TRANSITION CONDITION 

ORBITER 

MAXIMUM DYNAMIC PRESSURE CONDITION 

q - 13.17 kpa 
h - 16.66 km 
V d  - 361 m f w  

NORMAL LOAD FACTOR = 1.41 

SUBSONIC TRANSITION CONOITION 



SPS BOOSTER MASS STATEMENT 

Ttic t l yh~ck  1)oostc.r I)I;ISS c~I1;1r;1cteristi~~ are SJIOWII 011 t l ~ e  opposite cliart. Tlie structure, intlucccl environment protection, ascent 

ant1 auxiliary propulsion, and lanciinp sul,systems account for 89'J of the dry mass. The induced environme~ital protection sub- 

system Inass incli~tic:, the additional s t r~~ctura l  thickness required for  "heat ;.ink capability" and the base heat sl~ield. 
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Booster Mass Statement 

PROPULSION 

STRUCTURE 

PROPULSION 

LANDING AND 
AUXILIARY SYSTEMS ENVIRDNMENTAL 

4% PROTECTION 
6% 

DRY MASS BREAKDOWN - 

MASS (kg) 

STRUCTURE 360800 
INDUCED ENVIRONMENTAL PROTECTION 46 400 
LANDING AND AUXILIARY SYSTEMS 34 600 
ASCENT PROPULSION 204600 
AUY l LlARY PROPULSION 60 600 
PRIME POWER 4 300 
ELECTRICAL CONVERSION AND DISTRIBUTION 4 200 
HYDRAULIC CONVERSlON AND DISTF;,BUTION 10 800 
SURFACE CONTROLS 10 300 
AVIONICS 1 600 
ENVIRONMENTAL CONTROL 200 
GROWTH 68 600 

DRYMASS- 798800 
RESIDUALS AND RESERVES 4Q 800 

LANDINGMASS- 848700 
LOSSES DURING FLYBACK 86 200 

START FLYBACK MASS = 032 800 
ENTRY IN-FLIGHT LOSSES 3 700 

START ENTRY MASS - 036 600 
IN-FLIGHT LOSSES PRIOR TO ENTRY n ooo -- 

STAGING M A S  - 983 600 
THRUST DECAY PROPELLANT 14 500 

INERT MASS - 878 100 



SPS GRBITER MASS STATEMENT 

*The ort3itt.t r:l;rss ch:~ractc.risti:s arc. shown oh, thc opposite chart .  Structure acco~lrt ts  Sor a p p r o x i n ~ ,  cly 505 of  thc  stage dry mass. 

Thc ascent propulsion ant1 thcrr~ial protection ? ; ~ ~ b ~ : i s t e m s  arc an  arltlitional 70:,; o f  the dry  mass. 111, dry mass is 86% of  the  incrt 

mass with t h ~  ;-•nli~indcr incl~~cling rc~idtliils and rcscrves. pcrsoriliel and pa:rloatl vcconlniodations. ant1 inflight losses. 
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Orbiter Mass Statement 

ENVIRONMENTAL 
PROTECTION 

1396 

STRUCTURE 
INDUCED ENVIRONMENTAL PROTECTION 
LANDING AND AUX 8YStEM8 
ASCENT PROPULSION 
AUXILIARY PROPULSION 
PRIME POWER 
ELECTRICAL CONVERSION AND Dl8l'RlBUTlON 
HYDRAULIC CONVLRSION AND DUTRIDUTION 
SURFACE CONTROLS 
AVIONICS 
ECLSS AND PERSONNEL PROV 
GROWTH 

DRY MA$# - 
PERSONNEL AND PAYLOAD ACCOMMODATIONII 
RESIDUAL AND RESERVE8 

LANOINQ MAS8 - 
ENTRY IN-FLIGHT LOIS818 

START ENTRY MA# - 
INOFLIGHT LOSSES PRIOR TO ENTRY 

INERT MA88 

DRY MASS BREAKDOWN 



BOOSTER I'ROCESSING TIMELINES 

Tl ic  hoo\ tc r  t i ~ ~ i c l * n c  f r o ~ n  l a u n c l ~  1 0  ~ t h  111ovc t o  Illc in tcpr ;~ t ion  ~ ~ o s i l i o n  is shown o n  t l ic  chart. 'l'ticsc t i ~nc l i t i c s  r r l l ec t  t l ~ c  irveragc 

turnarount l  t1mc5 for  t l lc  mature q \ t c n i .  A tot;ll o f  0 2  t iour \  is cstiniat i3t l  f o r  I ~ I \  por t i on  o f  I hc  tu rnaround with thr sclledulcd 

anif i ~ n s c h c t l u l ~ i l  ~naintenar icc ;I, l lv i ly  rsquir inp 30 I ~ o u r s .  On-board cont l i t io t i  mon i to r i ng  equipment w i l l  c~rhat icc t l l c  operations 

b Y 

I I'roviding per forn i i~ncc  moni to r ing  o f  t l ic  subsystems 

2 Aid ing  i n  f; i i~lt  i s o l a t ~ o n  antl i l ~ t ~ c t i o n  

Kockc t  enplnc nia intenat~cc i h  ant ic ipatct l  t o  hc thc 111;ijor po r t i on  o f  t l lc  boostor opcri l t iot is. 



D 1 80-2407 1 -3 

Booster Processing Timelines 

sps.1901 
m m N ' ! a  - 

1 
FLY BACK 0 

3 
LANDING OPERATIONS 0 

2 
MOVE TO MAINTENANCE FACILITY 0 

2 
TRANSFER TO FACILITY POWER 0 

8 
DUMP AND REDUCE CM DATA 0 

8 
INSTALL ACCESS EQUIPMENT 0 

PERFORM SCHEDULED AND 
UNSCHEDULED MAINTENANCE 

SYSTEM VERIFICATION TEST 

MOVE TO INTEGRATION POSITION 



OHHITER PROCESSING TIMELINES 

'T'hc o rb l t c r  t~ ln r l l nc *  Iron1 lauticl i  t o  I [ \  111ovc t o  the ~ l i t c g r ; ~ t ~ o l ~  i ~ o \ ~ t ~ o r ~  1s \Iiow11 011 t l lc  cl1~11.t A tot;rI t i t i le o f 0 7  l i o i i r ~  f o r  0r01trr  

proccsstrip i n c l t i i i ~ n p  t l w  24 I iour-on-orht t  \ tayt i l i i r '  1s c \ t i ~ i i a t e ~ l  to r  t l lc  I i iaturo 3~.t i*ni.  '1'11~ t l i i l l l l tcl lanci* i ~ ~ t i v l t ~  is  ~ ~ t i i t d  t o  br 

48 l ~ c ~ u r s ,  dut. t o  thc  tlicnn;ll ~ ) ro t cc t i o l i  \ystCrn antl  t l lc  adt l i t io l la l  \ y \ t c m \ / c t l u l p ~ ~ i c l t  recltrircd 1i)r t l ic  n i i lnncd stogc. A to ta l  of I2  

hours 11;~s bee11 .~l locatet l  I'or paylo;ril inst ; l l la t~on in il paral lcl  opcrut ion w i t l i  t l i r  o r l ~ i t c r  nia~ntrn;rncc. 



Orbiter Processing Timelines 

I;P!I#U - 

QN-ORBIT STAY TIME 
AND DEORBIT 

LANDING OPERATIONS 
MOVE TO MAINTENANCE FACILITY 
T RANSFER TO FACILITY POWER 
DUMP AND REDUCE CM DATA 

INSTALL ACCESS EQUIPMENT 

PERFORM SCHEDULED AND 
UNSCHEDULED MAINTENANCE 

INSTALL PAY LOAD 

SYSTEM VERIFICATION TEST 
MOVE TO INTEGRATION POSITION 

OT HOURI rrd 



INTERGRA'TEI) VEHICLE OPERATIONS TIMELINES 

I hc ~ntcvgr;~tcd v u l ~ i ~ l c .  t t r i ~ c ' l ~ ~ i c ' \  f o r  olwr;Itlotis hc.pi~t~iing w ~ t l i  boo\tcbr positioning t l l ro i~p l l  I i ~ r ~ ~ i c l i  ilrc 41own on Ihc adjaccnt clrart. 

'I'his p o r t i o ~ i  of thc la~ lnc l l  opcr i~t i ( ,~~s rcquirc4 34 11oi1r\ for t l lc booqtcr and 30 I ~ o r l n  Ihr l l l c  orbiter. 
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s 
Integrated Vehicle Operations Timelines 

INSTALL 1ST STAGE 
ON LAUNCHERIERECTOR &I 

INSTALL 2ND STAGE 
ON LAUNCHER/ERECTOR 

INSTALL ORDNANCE AND 
CLOSE OUT 

ROTATE TO VERTICAL 

RETRACT INTERMEDIATE 
SUPPORTS 

MAKE INTERFACE CONNECTIONS 
AND CONDUCT PRELAUNCH 
VERIFICATION 

FUEL LCH4, LO2, LH2 

COUNTDOWN AND LAUNCH o 
I- 34 HOURS -1 



VEHIC1.E TURNAROUND ANALYSIS SUMMARY 

'The total t i ~ r n i i r o ~ ~ n i i  tinics tor t t ~ c  S f 5  wiri!:c.tl launch vchiclc arc shown 011 the chart. '1-lie total boostcr turtiaroirnd time is 0 7  

hoitrs and the corrcsponrling orhitcr t i ~ i w  is 127 hours. Thc estirnatcd 2-stagt. I)iillistic rccovcruble turnarouncl tirl~cs arc shown f o r  

refcrcncc. Tht: I:yhack capuhility on the hr)oster, wit!; its inhsrcnt rcturn to lairncll site ability, provides for a minimunl turn- 

around time. 



Vehicle Turnaround Analysis Summary 

L 

VEHICLE CONCEPT 

WING/WING 

BOOSTER 

ORBITER 

- - - - I . - -  

BALLISTICJBALLISTIC 

BOOSTER 

UPPER STAGE 

STAGE OPS 
ONLY 

63 HOURS 

97 HOURS 

93 HOURS 

102 HOURS 

INTEGRATION 
AND LAUNCH OPS 

34 HOURS 

30 HOURS 

- - - - - -  
34 HOURS 

30 HOURS 

TOTAL 
TURNAROUND 

~n HOURS 

in HOURS 

132 HOURS 



SPS LAUNCH VEHICLE I)DT&E COST 

1 Iic DI) I&k cost pcr tllC Illght hardwarc alitl it\ a \ soc~ ,~ ted  ground \uppol t c q u ~ ~ m e n t  is shown on the  adjacent char1 for  both  the  

booster arid o r b ~ t e r  \tape\ The  total dcvelopn~ent  cost for both stage\ is $ 1  1.28. Systcrns test, which include\ all the  ground and 

tllpht tcst Iirrrdwarc In aclrlltion to the test Idl,or, accounts for in cxccss of  50% o f  the total development cost. The booster DDT&E 

cost ~ n c l u d e \  .I new rocket engine anti alrbrc,~thcr engine tleveloplncnt. T h e  orblter DDT&t reflects L I \ ~  of the Space Shuttle's 

SSMt.'s dnd \ome o f t h e  o ther  subsystems whlch wete modlfrcd rather tiran new tievelopmcnts. 



SPS Vehicle DDT&E Cost 

BOOSTER DDTZLE = 88,628M 

PROGRAM I-' 1.1 &J$MT 

OTHER 
2% 

DESIGN AND 
DEVELOPMENT 

SYSTEMS TEST 

ORBITER DDT&E = $4.6741111 

TOTAL VEHICLE DDT&E = $11.28 (LESS FACILITIES) 



SPS LAUNCH VEHICLE PRODUCTION COST 

The  initia! unit production cost for both  ttlc SI'S cirrgo vchiclc hoostcr :tnd orbiter is shown on tllc ;rtl~accnt chart. The theoretical 

first unit cost (TFU) for the booster of $8' 1.4hl ant1 Sh38.5M tbr  thc orbiter wcrc dcvclopcd using the Boeing Parametric Cost 

Model (PCM). 'The tbllowing is a breakdown of the T17U cost by 11i ior  subsysteln: 

S U ~ S Y S T b M  - - BOOSTER ORBITER 

Str i lc t i~re  2 17; 

TPS  NIA 

Main Propulsion 24'4 

Landing and Aux. Sy5. 13'1 

Fly back Propulsion 1 1 ' ;  

O the r  Si~bsysternr 1 0' , 

The ground silpport equipment TI:U cost is ~~s t i r~ la t cc l  to he S 102.8M arltl S1 0 . O M  t'ur thc booster and o r h i t ~ r  rc!spectively. 



SPS Launch Vehicle Production Cost 

INITIAL 
UNIT 
COST 600 

BOOSTER BOOSTER 
STAGE GSE 

ORBITER ORBITER 
STAGE GSE 

ORBITER 

PROG JNT & MGMT 

-- -- 
MAIN \ ORBITER 
PROPU LSION SUBSYSTEMS 

Tf's 

STRUCTURE -7.- 
J .- -'. 

BOOSTER - 

/-- PROG INT & MGMT 
J V  

OTHER /- ASSEMBLY 
AND C/O 

FLYBACK 
PROPULSION - , \  

LANDING 
&AUXSYS - ---- SUBSYSTEMS 

STRUCTURE 

\ 
---- 
\ ----- 
\ BOOSTER 



'I'l~r c.os t ] t l~g l~ t  hro;~ki Iown s l l o w ~ l  OII illc O ~ ~ ) O \ I ~ C  13iIgc is tho ;IVC'I.;IKC' 1.01. 1111% 400 pe r  ye;~t. I~ILIIIC~I r;ttc and I 4  years o f  operat ion 

Tl-rc ~ o s t / l l i p h t  i tonls f o l l ow  t h ~  S l l l ~ t t l c  I h e r  ( ' l i , ~ rp~ -  I'olicy g u i i l c l ~ ~ l r ~ s  w i t h  tllc fo l lowinp adt l i l ions 

1 Anior t i za t ion  o f  the l l cc t  p ro t l i l c t ion  co \ ls  

2 )  IIIC'IIISIL)II 01 t t ~ c  rate too l ing  cost i l t ~ c  t o  tlrc l~ ; r r t lw i~rc  i iu i rn l  i t  ics r u ~ u l r c d .  

t:l~pht kl;trtlw,~rc p r o t l u c t ~ o n  i ~ n t l  q ~ i ~ t ~ \  ic, the Iirrpcst \ ~ n p l c  1tc11i w t t l l  t l ic  h o o \ t r r  i ~ n t l  o rh i t c r  accoun l~ t l p  !or S5'h and 455:. respec- 

t ~ v c l y .  Propellant co\t . ~ n i o ~ ~ n t s  t o  12'; ol t l lo to t i l l  per I l i g l l l  ~ -o \ f .  



SPS Launch Vehicle Average Cost /Flight 
(One Sa tellite/Y ear) 

NVO-8TAOE WINOEO VEHICLE 

PLACEMENT oe 1 eATELLnr 
PER YEAR (100 FLIGHTS) 

14 YEAR PROORAM 

El@ AVERAGE COST/FLIOHT 813M7M 



EFFECT OF LAUNCH RATE O N  COST PER FLIGI.43' 

'The chart 011 the opposite p;~gc i l l t~ctrates [lie ~ t ' ~ c t  01' launc l~ r;ltc 0 1 ,  t l ic ;rvcr;lpc c~ost / l l ip l~ t  a ~ l d  t l ic trallsport co$t to  low I.art11 

orh i t  for  ~IIC SPS cargo vel~iclc. Tile ~vqu i r cd  Iaunc l~ r;ltc of ;~ppronilnutr I) 400 11ipllth pc-I. s;~tellitcs rdsi~It!, ill tlic l i ) l lowi~ lg :  

A 40 launch pcr year rate. comparahlr. t o  tllc p ia~ i~ ic* t l  r;rlc 1'01. Sliirttlc l ' i . r ) l i l  KS('. wotllit restllt i n  ;Ilr avcrtrpc cost  ol'S1.1M pcr 

f l ight for the SPS cargo launc*h vc l~~c l e .  A l \ o  n o t ~ * ~ I  on 11,c c.Ii;rrt. ;IIY t l ~ c  h.ASA!JS(' in-lrouw co\t e\tili i;~rcs ;I\ ol' January 1078. 
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Effect of Launch. Rate an Cost Per Flight 

SHUTTLE O RATE KSC 

TWO-STAOE WINOED VEHICLE 
14 YEAR PROGRAM 
NO ATTRITION 
300 FLIGHT DESIGN. LIFE 
REFURBISHMENT CYCLE 

a AIRFRAME EACH 100 FLIGHTS 
a ROCKET ENGINES EACH 60 FLlOHTS 

RANGE OFJL. 0 
NASANSC ESTIMATE 
JAN 1978 \- ----_ 

ANNUAL LAUNCH RATE 



EFFECT OF DESIGN LIFE AND ATTRITION RATE 

A sensit ivi ty analy\is was conducted t o  dc terminc  tlre i m p i ~ c t  o f v i i r i o i ~ s  clcsipll l i f v  ; ~ n d  a t t r i t i on  rsltc cri teria. The  resirlts o f  th is 

analysis an. shown o n  the i l t l j i lcvnt chart. A t t r i t i o ~ i  ratcs o f  between 0. I'h and i rk  were evo lu i~ ted along w i t h  a dcsiylr l i f e  cr i ter ia of 

300 and 500 fl ights. I'he ; ~ t t r i t i on  rirte int lucncc fo r  t l ic  range o f  v a l ~ ~ c s  invcstiyatct l  resaltetl i n  a 3 2 2  var iat ion ill thc avcrayc cost 

pc r  f l ight .  Design l i fe has ii ilccrcasirig i t , l l i ~ e ~ r . x  as tlre a t t r i t i on  rate incrruscs. A recom~nendcd  c r i t r r i i ~  I b r  the 2-rtaye winged 

vehicle is a 500 f l ight  desigt~ l i fe and 0.1 ' ;. i ~ t  t r i t i on  rate w l l i c l l  shoult l  br acllievablc w i th i t i  thc t i n w  spun avlrilable. 
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Effect of Design Lie and Attrition Rate 

.UpIWU - 
17 1 1 

I @MlO-STAOE WINGED VEHICLE 1 
0400 FLIGHTWEAR 

16 

16 

AVERAGE 
C W / F  LIGHT 
w 

--- 
(300 FLlOHT L ~ W  " 
NO ATTRlT ION) 

t 2 
DEMON LIFE AN0 
AnRlTlON CRITERIA 

o . 1 ~  0.2% 0.4% om o m  1.0% 
ATTRITION RATE 



VEHICLE SIZE COMPARISON 

A comparison ot' t l ic pl1ysic;rl s i ~ c  (plant 'or~i i  are;~) l i ~ r  the SPS li11111cl1 vc l~ ic l i *  orb i tw (2nd sl i~gc ol i ly) ,  a single stupe lo  orbi t  

(SSTO) vehicle. ;rnd il 747 1:reiyliter ilre s11ow11 ~ I I  tl lc opposite cliurt. For t Ilc two  space t ~. ic~ is l~or t ;~  t ion colicepts, tlie gross l iftoff 

weight (GLOW) t o  payloud ritt io arc nutcd. 7'11~ two-~t i lgc SPS vclliclc l i i ~ s  iI lit'tol'l'wuiylit t o  pi ty loi~t l  ratio of 75.9 wll ic l i  L I ~ S  t l ~  

benefits o f  sti~ginp, wliorci~s the SSI'O I~;Is il ratio ol' 19. I. -l'lic inert ;111d dry  I l l i l S S  d i ~ t i ~  ilrc noted 011 IIIC cI~;~r t .  'l'lie "Atlvaticcd 

SSTO" muss data reflects the ~ ~ ~ a x i m u r n  t o  ucliievc t l i r  desired pcrl'oniiance Iovcl. Tlrc rcquirud n i ax imnn~  SS'TO ma%% iis about 33/1 

greater than tho tlry weight ot'u 747 Frcightcr or  47% ol't l lc SPS Orbitel* (21it l  St;rge) inert Inass. 



Vehicle Size Comparison. 

"SPS ORBITER" "ADVANCED SSTO" 

PAY LOAD 424 000 kg 90 700 kg 90,700 kg 
OLOWlPAY LOAD 26.9 19.1 4.0 

WINERT - a 100 kg , WINERT 201 110 ke 

I ASCENT I 

MASS 
DATA 

?? AIRBREATHERSI 
RAMJETS + 3 SSME'S 

WLIFTOFF 3 164 700 kg 



POTENTIAL LAUNCH VEHICLES 

The other vehicle concent investigated in this portion of tlw SPS stutly is tlls '-stage bi~llistic recoveruhlc vehicle in tlrc 90 tiictric 

ton payload class. The potentiill cvoiutio~: ol' this vehiclc is ~lotcd on tlic adjacent clii~rt of lairticli vcliiclc family cot~cepts. Tlie 

vehicle evaluation woirld begin with n booster (inclildiny it new gas generator cnginc) l o  support an incrcused pcrfortnunce Space 

Shuttle. and then proceed t o  a fully rsusablt. uppcr stogc f o r  cargo ~ni\sions. The following charts will dcscribe the M a p  re~csable 

ballistic concept. 





TWO-STAGE BALLISTIC SPS LAUNCH VEHICLE 

(FULLY REUSABLE) 

The ballistic launch vehicle cont'iguration is shown on the i ld j i~ce~~t  chart. This is a series burti configuration in which both stag&! 

re-enter bollistically and soft-land on tlic water. Ascent proprllsion I'or tlic booster cotlsists o f 4  LC'H4/LO~ gas generator cyclc - 
engines providing 8.90 x 10" ncwtons vilcutim thrust each. Four stilndartl SSMEgs opcr;;ting at 1005: powcr lcvcl (2.0') x 10'' 

newtons vacuum thrust cach) provide ascent propulsion I'or tho second stage. 

Both stages are equipped with pressurc fed landing enpincs to provitlc terminal tlecclcra tion after ballistic re-oitry . 'Thermal pro- 

tection for both ascent and re-cntry is acco~nplishcd by water cooled base heat sliicltls in botli stapes. 



Two-Stage Ballistic Vehicle Concept 
- 

(Precursor) 

- I ALL DIMENSIONS IN METPRS 



TWO-STAGED BALLISTIC LAUNCH VEHICLE 

DESIGN CHARACTERISTICS 

The twostage ballistic launch vehicle characteristics are specified on the adjacent chart. TJIC vellicle delivers a net payload of 
93,700 kg. The booster and orbiter stages have mass fractions of  .903 and .812 rcspcctively. 



2 Stage Ballistic Vehicle (Precursor) 
I Design Characteristics ' 

GLOW 
BLOW 
BOOSTER FUEL (LCH4) 
BOOSTER OXIDIZER (L*) 
BOOSTER INERTS 
OLOW-LESS PAY LOAD 
ORBITER FUEL (LH2) 
ORBITER OXIDIZER (L*) 
ORBITER INEHTS 
ASCENT PAYLOAD 
MASS FRACTION 

ENTRY WEIGHT 

LANDING WEIGHT 

*MAINSTWE + FLlGHT PERFORMANCE (ALL MASS DATA IN kg) 
RESERVE 



ASCENT PERFORMANCE CHARAmERISTICS 

The ascent performance characteristics ol'the twaatuyc balliatiu vehicle are noted on the ~dj%ct?tIt chart. The booster staling 
velocity is 2477 m/sec (8125 fpsl and the rnaxi~nuni acceleration experienced Is 4.23 g't u t  booster burnout, 
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SPS Ballistic Vehicle (Precursor) 

Ascent Perf orrnance Characteristics 
I R I H A Y '  - 

!!mmIAa 
T M  Q IQNITlON 
MAXIMUM OYNAMIC PRESSURE 
MAXIMUM ACCELERATION 
S T A M  BURN TIME 
RELATIVE STAGING VeLOClTY 
DYNAMIC ?AE8gUR# AT STAGING 

aEauunw 
INITIAL T M  



SPS BALLISTIC LAUNCH VEHICLE 

MASS STATEMENT 

The mass characteristics of the ballistic lai~nch vehicle ure shown on the adjacent chiirt. Structurr accounts for 46'3 and 59% of  

the dry niasses of the hooster and orbiter rcspectivcly. Ascunt propulsion is the other mcljor fraction of  booster and orbiter nlirdses 
accounting for 39%' and 2 1% resprctively. 



SPS Ballistic Launch Vehicle (Precursor) 
Mass Statement 4 

ORBITER 

STRUCTURE 
LANDING 81 AUX. SYSTEMS 
ASCENT PROPULSION 
AUX. PROPULSION 
PRIME POWER 
HYD. COIYV.IDIST. 
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SPS BALLISTIC LAUNCH VEHICLE DDT&E COST 

Tho DDT&E cost lor flight hardware i111d associaturl ground support equipntcint Ibr both stops is shown on the opposite chart. 

The total vehicle DDT&E cost is $3.81 8. Tile booster DDT&E includes tlie coat ol'a new engine devclopmrnt, The costs of both 

stages reflect the use ofsort~e modifiecl spice shuttle uubsystoms. 
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SPS BALLISTIC LAUNCH VEHICLE PRODUCl'ION COW 

The theoretical first unit costs (TFU) of tl-re booster arid orbiter are &own on the adjacent chart. These w e n  dewlopad usina the 

Boeing Parametric Cost Model (PCM). The booster and orbiter TFU costs on 6176.7M and S202.7M respectively. The bmak- 
downs by subsystem are: 

SUBSYSTEM BOOSTER ORBITER 
Structure 25% 30% 

Main Propulsion 3 4%) 30% 

Avionics 9% 9% 

Landing & Aux. Systenis 4V 24 
Otlter 28% 29% 

The estimated ground support equipment TFU costs are $4 1 ,OM i~nd $44,8M for the booster and orbiter respectively. 
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SPS BALLISTIC LAUNCH VEHICLE 
AVERAGE COSTlFLIGHT 

The cost/flight breakdown shown on the opposite chart is the average for a 14 year program at 60 flights p r  year. The 1.1ajor 

single elements are the flight hardware and ground operations costs acco\tntiny for 27%' und 30f;6 respectively. 



' Average Co st/Flight 

I ' I 'A lP  - 
2.8TAOE BALLISTIC VEHICLE 

0. 14YEARPROORAMAT 
60 P L IOHfWEAR 
NO ATTRITION 

GROUND OPERATIONS PRODUCTION TOOLIN@ 4% 
AND SYSlEMS 30% 

# 

AVERAGE COSt/FLIOHT - $@.- 



LEO TRANSPORTATION SUMMARY 

The highlights of the results t'ron~ the LEO transportation activity are noted on the adjacent chart. The revised SPS twostage 

winged vehicle concept has i~~corporated a number of desirable features such as booster flyback propi~lsion to  enhance its opera- 

tional characterist~cs. The econonlics of the winged vehicle appear attractive, and the additional benefit ot'a manned orbi :r capa- 

bility provides a single vehicle lor both the cargo and crew transportation requirements. 

The precursor 2-stage ballir . :~~ vehicle illustratcs the rrsi~lts of one potential vehicle evolution path that begins with the SPACE 

SHUTTLE and progresses to a fully reusable vehicle in the 90,000 kg payload range. A key element in the development for any 

of these proposed 2-stage vehicles is the booster engine. Traditicnally. a new engine development requires about eight years of 

development time compared t o  about five years for the airframe. As a result, s new booster engine will be the long lead time 

development item. 



LEO Transportation .Summary 

2-STAGE WINGED VEHICLE OFFERS: - AN AVERAGE COST/FLIGHT OF I#ETWEEN $tS.liiM AND $tO.lfSM 
DEPENDENT ON SATELLITE INSTALLATION RATE (4NEAR VS. INEAR) 

- A 75 kdm3 PAY LOAD DENSITY 

- MINIMUM TURNAROUND TIME 

- MANNED CAPABILITY FOR CREW ROTATIONIRESUPPLY 

PRECUHGOR PSTAGE BALLISTIC VEHICLE OFFERS - AN AVERAGE COSTIFLIGHT FOR CARGO DELIVERY OF 
S10M FOR 60 FLIGHTS PER YEAlrli 

- A MODEST DDT&E INVESTMENT OF $3.88 

- A BOOSTER STAGE FOR A SHUTTLE GROWTH CONCEPT 
(IMPROVED PERFORMANCE AND LOWER COSTJFLIGHT) 

A NUMBER OF OPTIONS EXIST FOR LAUNCH VEHICLE EVOLUTION - LARGE THRUST BOOSTER ENGINE DEVELOQMENT PERIOD OF 
6-8 YEARS WILL BE THE LONG LEAD ITEM 



MAlNTENANCE AND OPERATIONS ANALYSIS 

The topics to  be covered in the maintenance and operations analysis are indicated. Initially, those items resulting in the greatest 

szte!lite power output loss will be identified. Thes,: items will be ana ly~ed to  determine the most desirable level of replacement at 

the satellite. The actual method of making the replacement ; ~ v i l l  then be analyzed including the design impact on the dntenna. 

Several aspect: of the nlaintenancc schedule will then be .onsidered. The selected niethod will then be utilized in defining the 

maintenance mission characteristics. The selected approach in each of the above areas will then be incorporated into an overall 

nuintenance systenl description followed by a summary of the maintenance operations identifying plant factor and annual mainte- 

nance cost per satellite. 
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ITEMS REQUIRING MAINTENANCE 

A numbcr of major components of thr si~tcllitr hnvc \wrn ani~lyr,cd I'or tlrcir nature at' Ihilurcu, mean tirtrc bctwcerr failure. lrcwcr 

toss per failurc, iu~d finally tlw power loss put ycer. '1'11s rostllts of' this i~~ialytds in tcr~iim of thc power loss is prewnted. 

As i~~dicatcd.  the component Ilaving thc prculcst i~llpiict in tcrlirs of powsr loss iltid in the time required t o  ,'ix the Itilures is tlru 

klystron tube moctirlea. IX'jIX cotlvcrtrrs present i t  si8nific;lnt power loss although ttir n t~~i iber  of fuiluron ir quite low and, conm- 

quently, require less repair tinic. 'l'hc rsmuit~drr of tlria unnlyaia therd'oro will focus on tlic repair of thr  klystron tubc modules. 





LEVEL OF REPLACEMENT OPTIONS AT SATELLlTE 

Several options exist for the replaccmetrt of rr klystron tube module. 'Thc first of tllcsr options involvcs replacement of a complete 

subarray which may contain as many as 36 klystron tubes. The next level of repluccm~nt considered is that of a cotnplete klystron 

tube module including the wave guide scction ussociatrd witlt the rtlodule. 120tc.nttul difficulty in scy~i~cntit~gl the wave guide 

resulted in constdering the third option which i s  the removal of  tlic tubc nlodule and its tliermal control system. 'The final option 

deals with removal of individual compone~its which rrquircd tlte radiator to br sectioniilixed arid huve gimbaled panels. These 

options are compared in the following charts. 



Level of Replacement Options at Satellite 
s 

@ KLYSTRON N B r  FLU8 THERMAL CONTROL 



LEVEL OF REPLACEMENT SELECTION 

The level of replucernent sclrcted is that of' the klystrotl tube ~nodule plus its fllermal eorttrol system. The rutionale for selection of' 

this option is indicated. Actr~al removal of the tube modi~lc. itrvolvcr tlcccss through holes in the radiator to reach the distribution 

wave guide attachment bracket which scctlrrs tile modulc to tllv distrihutiori wavr gtridc. Once this attilchtnent i s  released the 

module is fret. to be removed. 
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~evel  of Replacement Selection 
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TUBE MODULE REPLACEMENT OJTIONS 

Using the klystron tube module as the level ol' replace~nenl. i t  is now possible t o  unulyze various optioris relative t o  the method o f  

replacing the module. I n  all cases. i t  is assumed t t ~ c  satellite is s l ~ i ~ t  down  while maintenance is performed. 

T w o  options involve servicing the antenna from tlie buck side (non-rudiuting). One o f  thcse lras the repair vcllicle trioving hori- 

zontally throu@ the secondary structure i ~ n t i l  the fuilcd tube is reached. Another opt ion has the repair vehicle nioving hori- 

zontally through the primary strocture and then vertically tlrrough the secondary strilctilrrt t o  reach the failed tube. Tlie last 

op t ion  has the servicing done f rom the front side through use ot' nloveable overhead platform. 

Each o f  these options are discussed i n  nlore tlctail i n  si~bsecluent cliurts. 
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HORIZONTAL ACCESS FOR TUBE MAINTEhr,bNCE 

The next three charts deal with reaching the failed k ystron tube module by liorizontal trrvel through the secondary structure. 111 

this concept a two-man maintenance vehicle is mounted to  a carriage that in turn is si~pported from three tracks within a channel 

formed by the secondary structure. Across the antenna a total of 100 cl~antiels exist. each requiring a built-in track system. Early 

estimates indicate as many as 10 maintenance vehicles to be required within tlre 100 channels. 
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HORIZONTAL ACCESS FOR TUBE MAINTENANCE - SIDE VIEW 

A side view of  the maintenance vehicle in the horizontal access concept is shown. A gimbal system between the carriage and tlre 

maintenance vehicle allows positioning of  the maintenance vehicle rehtive to  the tube abovc. The platform also provides an arca 

for storing klystron tube modules. 
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HORIZONTAL ACCESS - SECONDARY STRUCTURE OPTIONS 

Several secondary structure options were analyzed for rhe horizontal accrss option. Thc tetrahedron structure was used througout 

part 2. Part 3 of tne ~ t u d y  considered a pentahedron type structure. Both structures are deployable. Comparison of the structures 

show that the pentahedron only has one diagonal between the maintenance vehicle and the klystron tube. The tetrahedron struc- 

ture would have 2 diagonals, potentially resulting in a longer repair time due to  diagonal removal and replacement. Other tac- 

tors favoring the pentahedron structure was that a little more space is available for the maintenance equiptilent within the channel 

and the track installation would be somewhat easier. 
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VERTICAL ACCESS FOR TUBE MAINTENANCE 

For the vertical access approach, the antenna has a total of 10 channels in which nlait~tcnonce salrtrieb can be mounted. Attached 

to each of the gantries is the nisintenance vehicle which rea:hes u p  through the secondary structure to  reach the failed klystron 

tubes. In this option. a cubic (hexahedron) strticture has been found to ofter the areatest clcarunce for the muintcnance vehicle. 



s Vertical Access For Tube Maintenance. 



VERTICAL ACCESS FOR TUBE MAlNTENANCE 

The next three charts deal with the bi~ck side servicing concept involving vertical access for klystron tithe maintenance. The overall 

concept is illustrated in this chilrt. Tlic primury strilcturc is a frame tlssiyn forming ridges that allows frcc unobstructed rnovernent 

of the nlainteniince gantry nroving horizontally across the antcnnir. Sti~hility of lhc prirnary structure in one direction is provided 

by the cubic secondary strilcture ~ I ~ O V L '  the prinlury structure whils stability in the opposite direction is provitled through guy-wire 

uahlinp. 
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VERTICAL ACCESS MAINTENANCE VEHICLE 

Additional detail of the cubic secondary structure and the maintenance vehicle is presented with tlie maintenance gantry shown 

moving along in the direction of the channel. Thu gantry itself will be designed to  transport all of the spare klystron tubes neces- 

sary for a given shift. The maintenance vehicle consists of a hinged boom and a 2-man crew cabin with manipulaton. A small 

klystron rack is also attached to  the boom t o  eliminate the need for the manipulators to  reach back down t o  the p n t r y  for a new 

tube. In tlie case of a 36 tubu subarray, as many as 3 tubes lnay require replacement. 

The cubic secondary structure is deployable and to srtisfy packaging constraints has iis vertical and diagonal niembers telescoljing 

approximately 25'L. while horizontal members have knee joints. A packaging decsity comparable to  the part 2 tetrahedron struc- 

ture is anticipated and is estili~uted at 70 kilograms a cubic nieter. 

Using this concept, a tube replacement time of 45 min. is cxpectetl, which includes renroval and replacement of two diagonals 

(one in lower and upper surface of secondary structure), rcn~oval arid replacerrlent of one klystron tube module, and movement t o  

thc next failed ltlystron tube estimated at a distance of 2 subarrays away or 20 meters. 
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AN I'ENNA FRONT SIDE MAINTENANCE CONCEPT 

The next two charts (leal with the F~.olit sidr. servicing coticcpt. 'I'.~is c o ~ i c ~ p t  co~iristr of  an ovsrhrud mi~intenaticr pn t ry  that is 

strpported froni two tracks running across tho  antenna. Supported fnmi thil plutti>rms urc tllc scti~al rcpltir vehicSles. Tl:e rntunna 

design for this option I las been altcrcil to I'or~ir an octugon slli~p~l. I'tic i l ~ t ~ i ~ l  prittiary structure for thc i~ntrnt\u is  oversized to 

itllow thc n~irintenanc~ pantry lo be rtiovetl out ol' Ilic way wl~eli thc i ~ n ~ r t ~ ~ i i ~  ir it1 tllc operating condition. 





MAINTENANCE VEHICLE CONCEPT-FRONT SIDE ACCESS 

The actual rcplaccn~ent of the klystron tubcs in this option requires thc subarrays to be removed as shown. Once rcmovrd, tlrc 

maintenance vehicles can then remove the failed klystron tubes. Wlict~ all failed tubes of a givetr subarriy arc: repaired tlrc subarray 

is replaced. 



Maintenance Vehicle Concept 
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REPLACEMENT CONCEPT SELECTION 

The selected klystron tube niodulc replacement concept uses vertical access through the cubic seco~idary structure which is 

attadied to  the "Ayframe primary s tr \~ct i~re.  The advantages of this option over the other options arc indicated. Tlie chief advan- 

tage over the horizontal access option was that only 10 track systems werc i'equircd wliilc less repair tinie and less niass were the 

chief advantages over the front side repair concept. 



Replacement Concept Selection 

SEL ,ECTION: VERTICAL ACCESS 
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NO ANTENNA PERFORMANCE PENALTY 



MAINTENANCE SCHEDULE-HOW OFTEN TO REPAIR 

The maintenance schedule employetl for sclvicing the antenna deals with ( I )  how often to  repair, ( 2 )  how rapidly to repair once 

the antenna is reached. and ( 3 )  when (tinle of day and year) the antenna should be repatred. 

In this chart the effect of  how often illustrates thc average power output factor ant1 tlle associated lost revenue. As the antenna is  

repaired more frequently, the average power output is I~igher and accordingly the lost revenue is Irss. It shoi~ld he noted. however. 

that for frequencies more oftcn than 0 nio~itlis the henefit gets proportiorlately Icss. Further maintenance analysis will utilize the (1 

m o n t h  repair frequency concept. 
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MAINTENANCE SCHEDULE-HOW RAPIDLY TO REPAIR 

Once the sarellite is rcached, o key issuc then hecor~ies how rluickly file rcpair rhould be performed. 'The key fact01 in this issue 

then is how many rcpair crews and associatsd equipment are ~?rovidctl. 'rhr factors to he considered in this asscsslnent are indi- 

c.~tcd and are discused in tne subsuyuunt ' .urtu.  



Maintenance Schedule 
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DOWN TIME COST 

!)own t ime cost de;ils w l t h  t l ic  ;~ct!lal tirtrt. t l ie s i t t t l l i t c  is shut d o w n  i~ntl n o t  t runani i t t iny power. Usill$ thc  semi-annual mainte- 

nance approach a to ta l  3800 t i ~ b c s  per satellite i ~ i v o l v i n g  2850 l i o i ~ r s  of w o r k  u r r  involved. C'lrarncterisliss For each rupoir c rew arc 

i trdic. i~tetl  i~nd r c s i ~ l f  in a t l o w n  l i tne  of I4 tl i lyh per SOI~~-~I#) I~~I ; I~ r e p i ~ i r  whc*n trsilly onc  rcpuir cruw per sotcllite. Larger numbers of 

crcws rctluce t i le  d o w n  ti111c and t l ie  rcs i l l t inp t l own  t i n i r  coat. 



Downtime Cost 

ImIJ!1P - 
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10 HOURS/BHlFT 

RESULTS PER M7ELLITE 

NO, 09  CRlEWS A t  8AtlELLITe NO. OF CRfW AT 8ATlliLLltE 



UIGISTICS COST 

Logistics cost, meaning the transportulion of crcw and their suppliss. yws 11)) with the n u t n h r  of crews or indicated. It must be 

noted howcver that although the higher number of crews nicans nrorc cost. that cotii~~lc~iictrt  of people also has a greater potential 

in terms of how many satellites can be repaired in a give11 incrstiis~it of timr. Perfor~iring an cclt~al iImount of work (repair of satel- 

lites) therefore JS necessary in order to  hove a Irgitimatc cornpariron. 
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MAINTENANCE PROVlSlONS 

The third key factor in the issue of repair s)x.cJ is thc anwunt of cnaintsnancc provisions. Thc two kcy provisions In this case are 

the movable crew habitats and the actual repair equipment (maintenance gulrtry ond vehicle) that is t'ixed t o  the satellite. Major 

characteristics of each of these systems ure provided including muss ulrd cost cstimotcr. A IS9  copitill cliurge factor (wme ar 11scd 

in costing the satellite) is used for the write-off. 
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CREW SIZE COST 

Combining the factors of down time cost, logistics cost, and niuintenance provision cost allows tlie selection of the crew size in 

terms of annual &us:. I'or the case of only one satellite in orbit, two crews pel satellite gives tlre least cost. For the 10 8otc:::tes in 

orbit case, two and four crews give ahout thv same anliiial cost. 11 miry be rioted that in the 10 satellite case the down time oitd the 

permanently installed repair equipment il t the satellite l ~ a v e  a milch grrutcr inipact on total cost, Froni this trend i t  would appear 

that with a greater number of satellites in orbit. a larger ntlmber of crews may bc niore cost optimum. Selcctior~ of the nuniber of 

crews at the satellite, however, requires a filial considerition in tcr~iis of tlic practicality discilssed on tlie liext chart. 



Crew Size Cost 
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CREW/EQ'JIFMENT UTILIZATION-PRACTICALITY 

This chart at tempts t o  illustrate the  relative complexity o f  actirally integrating into an antenna various numbers of repair equip- 

ment. I t  may be remembered that  each crew utilizes I0 repair vehicles, 20 hours a day ( t w o  shifts). For  the case o f  one  crew, 10 

repair vehicles are installed in each antenna during the antctlna construction at the  LEO construction base. Once the crew com- 

pletes the repair of antenna number 1 they move to antenna number 2 for i ts  repair. 

Use of  two  crews at  the satellite allows one crew t o  work on e a c l ~  antenna i l l  parallel. Consideration o f  four  crews requires addi- 

tional repair vehicles t o  be installed as indicated. When h or  more crews are considered several repair vehicles must be put  o n  each 
gantry which results in potential dynamics problems anrf/or multiple gantries installed per channel. 

From the standpoint of cost, four crews appear reasonable, arld from a crew equipment utilization viewpoint the  sanie number of  

crews may be the practical limit. F O L I ~  <:rews per \alellrtc arc co~isecli~ently selcctecl for the remainder of  the rnaintenarce analysis. 
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MAINTENANCE SCHEDULE-\ r HEN TO REPAlR 

A third key issue regarding the niaintcnitnce scl~edule is wl1t.11 the repair is to be performed. Two subissues are involved in this 

primary issue. The first of these deals with the time of day niitintenance is to  be perfornied. while the other concerns itself with 

the time of year. Both will be discussed in  subsequent charts. Kcy considerations in these issues are similar to  past issires with the 

additional consideration of the impact on thc ground power grid. 



Maintenance Schedule 
When to Repair 

KEY ISSUES: 

TIME OF DAY-DOES IT PAY TO LIMIT REPAIR TO A FEW HOURS AROUND THE 
DAILY OCCttLTATlON OURlNG EQUINOX? 

* TIME OF YEAR-DOES IT  PAY 13 REPAIR JUST OURING THE EQUINOXZS? 

KEY COI.SIDERATlONS: 

DOWNTIME COST 

LOGISTICS COST 

GROUND POWER GRID IMPACT 

KEY VARIABLE: 

NUMBER OF SATELLITES 



WHEN TO REc.\lR --ORBIT GEOHETRY 

it kcy t':~c.tor ill anuly,  nu, l l l c  "w l~en  lo r c l~a i r "  isauc* i s  flrc orhit pco lnct~ y inrolvct l  \iticqe down t imc is  ii ~ns i cv  l'i~ctot. 'l hc ti~nce of 

<lay ISSII~ CI~~IIS wi th  t ~ t i l i ~ i ~ l g  tlio tlaily occ.ull i~tion t i i i ic occurring i l i ~ r i t l g  tlio ~bc l l~ i t~ox  wlrc~r ;ln ilvsruyc. ol' 50 ~t:~nutcs p r r  (lay ol' 

rn;lntlatory s;~tcllit,. d o w t ~  tin,c o~.c.ur\. 

I lrr t1111c ot' yc;rr I\\LIC ileal\ ~ ~ t l r  COIII'IIIII~~ tlic rcp;~ir t o  t l i i* c ~ ) ~ ~ t u o ~  WIIICII Ii~\t\ 44 ~I;IYI. 111 I l ~ e  cxtrcblnc* c o w .  onre can also con- 

wi11.r thc* caw of i lo~ny,  tlrc r c p ; ~ i ~  H ork hcp;n~iinp i ~ t  1 1 1 ~  hcg i~ in ing ol' olrc ~ \ l i r i t i ox  illid I;t\t~l ip untrl thc I?sginnr~ryl of' Ihc accond 

uqu~nc, ; wl~ ic l r  111c;lns 1 XO i l i ~ ya  i i v i ~ i l i ~ h l ~  to rc.l~;~ir t l ~ c  \;~tcllitv%. 



When to Repair 
,Orbit Geometry 

IaICITt: 

QOUINOX OCCULTATION 
AUTLMN @WINOX ---7XCI-MRIOD U4 DAW) 



IIAJLY REPAIR SCHEDULE OPTIONS 

Two prlniary options wcbrc co~~sitlcretl rclirtivo to the daily repair schctlirlc. The first of thew cvlic*d "<'ontin~lous" involver sliuttiny 

down the \ .~ te l l i t c  ant1 tllen working on it icntlt I'inislietl using four crews pcr sutrllitc. Uaitrg four crcwn per wtcllite rerults in u 

rcp*rir tlnic of .Z?r dirys. A trtr~iapi>rr;~tion ttrtiu (I( '/2 day to the next aa tc l l i l e  lrlitf K day to activatc the npair eclclipment at the ratcl- 

litc 1.cs11lts In this ollc groirp of four crews rcpi~irilig I 0  s;~tellitch t l~~r inp  a11 'tlllinox psriotl. 

A.1 .rlterni~tc tlarly rcptrir ~chcdi~ lo woultl he an intcntl~tttvi t approdch wlriCll cslitcrs l l r e  rrpirlr arorrnd tlie 50 niini~tc occultation 

periotl per clay. In thc caw IIIVC\II)~~IICII, i ~ t ) o ~ ~ t  4.5 11oi1;ri ;Ire adilcd 011  citller s~dc ( t i  t l ~e  occi~lti~tion pel-iod mukine it u I 0  hour 

work tlay us hds hec~i usetl t l t ~ , ~ r ~ g l ~ o i ~ l  t t rc  stutly. S111cc only one 10 Ilour sliift i s  wc~rked, crrch c .1 .c~  consists of only 30 pcople. 
. . 
this cornhinirtron rt.sult\ in rccluir~ng 7 d;tys t o  rcparr c ~ c l ~  s.~teII~te i111tl C'I~II~COII~*II~I~ a group 0 1  4 L-~CWI c i l l l  otlly rcpair 5 sulcllires 

dur~np an :quint)\ pcrlotl. 'Tllurcforc., in order to repirlr I 0  si~t i~; l~tc\  il\ wits ;~cconil~lished in option one, unotlier ~ r o l l p  of 4 crcwe i s  

rcqr~irrd for the rcpalr c?f tllc othcr S s i ~ t v l l i t c s .  



Daily Repair Schedule Options 

2,880 hr OF REPAIR PER SATELLITE 

a MA)CIMUM OIL 4 CREW8 PER 8 H l n  

10 RICPAIR VIOHICCIS PER CRtW 

OPTION8 
,INTERM ITTANT-CENTER AROUND OCCULTATION 

r 1 DAY TRAIY8lT/ACTIVATION 

QROUP 1 
4 CREW8 
a0 PIOPLE ICACH NO, 2 

a PEWLO B a n  

CONTINUOUSUNTIL DONE-TWO SHIFT8 
r 1 DAY T CIANl?Oll/ACTIVATtON 



DAt LY REPAIR SCHEDULE COMPARISON 

Comparisori of the two daily repair schedule options with \ O  sutcllitcs in orbit indiccltea no ilppreciuble difference in cost. Tlic 

groi~ncl grid impact, howevsr. shows that *l ie "continuous" rcpair cast only llas one rutellite sliuttlown at a time while the "inter 

mittent" approacli recluiritiy two yroilps working in pi1rallc.l llas two si~tellites shutdown per unit of time. The effect of tlie satellite 

shuttlown during a low power period of tl'rv day versus cu~~ti~ruoccsly slii~t down during a 3% dily periotl lrus not hcen enulyzed st 

this time. 

Further anillysis therefore will nieke use of tkc "continuous" ruyuir i~pprooch. 



Daily Repair Schedule Selection 

10 SATELLITES 

ONE EQUINOX 

DOWNTIME 

GROUND POWER GRID ONE 
SATELLITES DOWN 
PER UNIT 3 F  TIME 

SELECTION: CONTINUOUS UNT lL DONE 



TIME OF YEAR REPAIR OWIONS 

.i he tir!-t' of year comparison IS n ~ i ~ d c  at a timc well into thc SPS program where 100 sutellitcs arc in orbt. The first of r.!c options 

callccl "only tlilring equinox" lnealls all 100 ~iitullites ilro rewired d u r i i i ~  the 44-day ecluinox period. This of course also occurs 

d~iring the second equinox pcriod when using a semi-annual mairilcnaticc concept, As indicated in the tirllc of day a~,dl\  1%. orle 

group of 4 crcws cilll repair I 0  tlotcllitcs in 44 ilays. 'I tiorefore t o  repair 100 oatellitcs, I0 groups of crcws arc require.' t i .  r1.t ~r 

the s;ltcll~tes in the tlcsignatcd t~rne. 

The \ccontl repiilr option callcil "ccluinox to ccluinox" Ilils tile crew bcginning to w o ~ h  011 tlw sittcllite ot the start of one equinox 

and continuing until thc start of the next cquino\,  ;it which timc the cycle is  repeatetl again to satisfy the semi-annual maintenance 

contract H'ork~np in !hi\ riiarticr. ;I total o f  180 (lays is avai1;ible to rcp;rlr the +atcllitrs. It'circh groun can repair 10 satellites, 

total ot' 5 groups arc rccluireil to wrvicc the 100 satellite\. 



Time of Year Repair Options 

CONDITIONS 
100 SATELLITES IN ORBIT 

4 CReWSIZ w1m 
TRANSFER TIME BETWEEN SATELLITES AND EOUIPMENT ACTIVATION - 1 DA\r 

OPTIONS 
ONLY DURlNO EOUlNOXES 

1 CREWS 

I . 
OROUP 10 , 

4 CREW NO. 100 
, 

\ 

EQUINOX TO EQUINOX 

I 
n 

GROUP 6 
o4CREWS 

_j 

TOTAL ELAPSED ' 
NO. $1 TIME - 180 DAYS 



TIME OF YEAR MAINTENANCE SCHEDULE 

The  sclicdl e used by the crews in these two o p t i o ~ i s  is s l i o w ~ ~ .  For  the "only during equinox" options. the I0 groups are working 

in : 3rallel on 1 0  different satellites ,rnd by detinition f~nisli the repair work in 44 days. When crew orbital stay t i ~ ~ i e s  of 90 days  

are used, the reniaining 40 days arc spent hack at thc G E 0  final assrrti~bly h;~sc d o i ~ i g  klystroti tube reft~rbislinient. The secotid set 

of 10 groups repeats this operirtio~i htltwc-cn days 180 and 270. 

.The "equinox t o  caqtiinox" option involve\ I'ive groups o f  crews t o  accon~pl is l~  tllc rccluiretl work. Tlic implemc,:tation of this 

option h:"; thrct groups repairi~ig wtcllitrs tlic first 90 tlays in conju~ic t ion with two groups stationed ;it the  GEO final asscmbly 

base doing kl:,stron tube rcfilrbisliment. TIIL* sccond 00 day period has two groups repairitig satcllitos ( fo r  a total of five groups in 

180 ciays) along wi!h three groups rct 't~rbisl~inp klystron 1uht.s. 



Time of Year Maintenance Schedule 

OPTION 1-ONLY DUPING EQUINOXES 

0 90 180 270 
r l  

380 DAYS 
I I I I I I 1 

MAINTENANCE 
1- 1 1 -  

GROUPS I 
(4CREWSEACH) 
I 

1 
IS, 

10 - 20 
I 

REPA1 R T X E w m I w  wws 
SATELLITES AT GEO BAS@ 

(1,800 CREW DAYS) 

OPTION 2-EQUINOX TO EQUINOX CREW ROTATION 

o 90 180 n o  310 DAYS 
I I r - 

REPAIR 
CR CR 

I 

GROUPS 3 
(4 CREWS EA) 2 

3 
2 

I 
REFURB 
UROUPS 2 
(4 CREWS €A) .a 

I 

3 I 2 
3 



TIME OF YEAR MAINTENANCE SCHEDULE SELECTION 

Comparison of  the two ~ a i n t e n a n c e  schedules indicates a small cost advantage for the "only during equinox" option for those 

items have a direct annuai cost. Consideration of amortized items, however. give a considerable advantage t o  the "equinox-to- 

equinox" option due to fewer crews being in orbit at a given time. This results in a total cost saving of S 1230 million (1  1%) for 

the "equinox-toequinox" option. Another factor highly in favor of  tile "equinox-to-equinox" maintenance option is the number 

of satellites shut down per unit of time. Again this advantage is the result of spreading the repair activities out over a longer period 

of time. The recommendation at this time concerning time of year is that "equinox-totquinox" maintenance should be utilized. 



Time of Year 
Maintenance Schedule Selection . 

DOWNTIME 
(ANNUAL 

LOGISTICS 
(ANNUAL) 

ONLY DURING EQUINOX TO 
EACH EQUINOX EQUINOX 

336 DAYS/100 SAT 3.38 DAY/30 SAT 
3.5 DAY00 SAT 

$67201111 $6,800M 

40 CREWS 20 CREW8 
2 TIMEWYEAR 4 TIMEWEAR 
$2,oooM u,OOOM 

MAINTENANCE 40 UNITS 
HABITATS S 1 W M  
(AMORTIZED) 

0 REF URB FACILITY 20 UNITS 
AT GEO BASE $860M 
(AMORTIZED) 

TOTAL COST DELTA $1 112OM 

GROUND ORID IMPACT 10% 
(SATELLITES DOWN PER 
UNIT OF TIME) 

SQ890M (1 1% SAVINGS) 

SELECTION: EQUINOX TO EQUINOX 



MAINTENANCE MISSION OPTIONS 

Several options exist relative to  the orbital location of the maintenance system elements and the associated transportation opera- 

tions. A simplified version of each of thzse options is presented in this chart, with a transportation comparison following on the 

next chart. 

Option 1 is primarily considered for the case where there arc. o ~ l y  a %w satellites in orbit and consequently a mission approach 

consisting of maintenance sorties to a satellite similar from a LEO base may be advantageous. In this option. all maintenance ele- 

ments are iocated at the LEO construction base except when a repair sortie is performed. Each sortie t o  CEO has a payload con- 

sisting of maintenance habitat plus completely refurbished klystron tube modules. 

Option 2 consists of  installing as pernianent equipment at each satellite the required maintenance habitat and refurbishment facil- 

ity and equipment. Flights from ;1 LEO base include crews and components to repair the klystron tube modules rather than ready 

t o  go klystron tu t e  modules. 

Option 3 %as the maintt.iancr elements all based at the CEO final assenlbly base. All maintenance crews and klystron tube 

module cornponer,ts c3me to t!~e GEO final assembly base. Maintenance sortics t o  the satellite are made from the CEO final 

assembly base and include crcw habitats and con~pletely rcfurbished klystron tube modules. Al'ter the satellite is repaired. the 

sortie returns t o  the CEO final assen~hly base with the failed klystron tubes where they will be refurbished with components that 

have previously been brought up. 



Maintenance Mission Options 

KEY ISSUES 
MAINTENANCE HABITAT LOCATION 
MAIN7 ENANCE FAClLlTV (REFURB) LOCATI( ' ' 

0 TRANSPORTATION 

OPTION 1-LEO BASED OPTION 2-SAT BASED OPTION 3-OEO BASED 

CREW 
NEW KT 
M.H. C 

a REFURB 
COMPONENTS t M.F. 

M.H. 

LC0 = LEO CONST BASE 
a GFAB = GEO FINAL ASSEMBLY BASE 

REPAIR 

REFURB 

CREW 
COMPO 

0 M.H. = MAINTENANCE HABITAT 
M.F. - MAiNTENANCE FACILITY 

@ KTM - KLYSTRON TUBE MODULES 



TRANSPORTATION REQUI REMENTS-MISSION OWIONS 

Comparison of tlrc tiiiosion options I'or their tr;rnsl*ortirtion rcquirc~ncntr in trrtrir ol' lvnylarrtl lliianr nnd drllu V irrdicater Option 3 

using CEO basetl uystenis tlie most clesirirhle. 

Option 1 with the ~n;~intr*noncc syslc~~l biiaerl ;it LEO hor botlr Irigh 11i;iss sinci* Ir;~kitotr :lntl co~iipletc klyrtrorr ~irodules riirrrt hr 

transparttstl clntl hiyli rlclto V since tlirse two clcmctita must he brouylit huck l o  t l ie LEO hrrsc. 

Option 2 wi  t l i  t l ic  nii~iritt*nance syatttn pcr~iioriently et ti~clisd to sutclli tea only rcclktirrm c o m ~ ~ o ~ ~ r n t r  wltislt lirlvz u ntuw 38'k us 

much as completc klystron tube modules to he tlelivcnretl to <;l:O. Altliorr~lr I l i i a  opt is11 i~ yootl from the triiiirpr.rrlrlian ntolrtl* 

point, instellfciion o f  the Iiuhitats vntl rcl'urhislin~enI I'i~cilitics ot cnch rutcllilt.b prcsrntr an unucccpt;~lrlr: invcsl~llutit cost. 

Option 3 also or~ly dclivers klystrori coriry~jnrntlr; to <;t i0  (irl'ter the Iti~bilirlr rtr icl  r i4 t~r l~ lircililius urr initi;~lly ilcIivrrcd) i ~ t ~ d  then 
transkrs the li;~hitr\t ;1ni1 rcl'~trhis1ittI klystro~r tuhc ~iiniIulc*u froni onu rirtcllilc to i~~iot l ic r  wliivlt involvt.#s very snt;~ll t lcl l i~ V rcrluirc- 

nlcnts. 



Transportation Requirements 

LEO/QIO IXCIPT M NOTED 

OPTION 1 OPTION 2 

KTM - KLYl;tRON TUb I  MOOULI 



SELECTED MAINTENANCE MISSION CONCEPTS 

The final opetitions associated with u typical 90.tlay ywriotl urc illustrated, Arler the 20th nwtellitr hun been repaired, the crew and 

habitat return to the GEO final a~cmhly hasc where the Rnhitut in left for the next rcpuir crrw, The initial crew then returns back 

to the LEO construction hasc ontl rvcn tuully buck to Ewrth. 'The rc t'urbial~mr~rl crew l ~ a r  ulna con~plctcd lheir 90 day strry time 

and also returns buck to Earth. 

):our new repair crews ant1 four ncw rcli~rbtshnrrnt crcws arc thcn tri~nnfcrred lo l l ~ c  G l O  final ~ ~ e n r b l y  huar. The complelr cycle 

i s  repeated ugi~in. I'lte crew size ; ~ t  l l ~ c  GI:0 final i~rwmhly tti~sr will lluve a ~iruximunr opcruli~~g rixe of 310 (240 unsocioted with 

refurbishment and 70 with siltcllitc usscmbly) iintl i ~ t  the tinic ttrc four rolrilir crews relrlrn i ~ t  tlrc end of tlieir tour of duty the crew 

size will be 550. 

The annual nrtn~bcr of orbit triltlrti'r vcliiclra i~nd 1iliinc.h vehicles fliplit$ which occur in the malnlcnancc of la0 satellites drr also 

indicated. During thiu tirnc periotl, t l ~ i i i ~ ~ t ~ n i ~ n ~ ~  opcri~tioris will catttplutely clotttinute the Gt"O tranrportrttinrr operations ruther 

than usscmbly ol'salcllitss at (iF,O. 
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Selected Maintenance Mission Concept 

-8#O 
FLIGHT OPERATION8 FOR ONE REPAIR AN0 ON6 R U U R l  
MAlNT QROUP EACH CON8l8TlNQ OF 1 CROW8 

HABITAT BASE 
QnWA. 
eCRbiW 

HABITAT 

KTM - KLYSTRON TUBE MODULE 
ALL O T W  HAVE Wp 4 d  kg. NO PROP TRANSC ER REOUIRED AT QEO 
1 dog SEPARATION BETWEEN SATELLITES 
COMPONENTS COULD BE DELIVEREO VIA SELF POWER MODULE 
CAN BE DELIVQRED @@?ORE O W  NO. 9 RaTURNlr 



SELEC7'ED MAINTENANCE MISSION CONCEPT 

The selected maintenance mission concept is now presented in greater detail in the next two charts. The operations discussed in 

these charts will be those associated with one CEO final assembly base and the operations associated with one repair group and 

one refurbishment group. Other final awmblv bases would have comparable operations. 

Once maintenance operations ere begun, the GEO construction base serves as a major staging depot for the maintenance crews and 

their hardware in addition to its role of constructing the satellites. Typically, the following operations occur. Four repair crews 

and four refurb crews are transported to the CEO final assembly base. Each crew is provided with its own orbit transfer vehicle. 

At approximately the same time another orvit transfer vehicle delivers klystron tube ~nodulc components to  be used in the refur- 

bishment of failed tubes. 

Refurbishment crews remain at the CEO final assembly bare, repairing thc failed klystron tube modules that have previously been 

delivered by other repair crews. Repair crews transfer to the satellite desi~nated for repair taking with them their habitat. The 

second stage of the orbit transfer vehicle which brought the crew to  CEO is wed for the transfer to  the satellite. 1 he second stage 

of the orbit transfer vehicle used to  deliver the klystron tube components to the GEO final assembly base is then loaded with 

refurbished klystron tube modules and transferred to  thc fint satellite to be repaired. 

At the completion of repairs on the first satellite. t11e crew and habitat transfer to the next satellite to  be repaired. The other 

orbit transfer vehicle transport the failed klystron tube modulcs beck to the GEO final assembly base when they will be refur- 

bished. The OTV then returns back to  the LEO construction base. Prior to this timc, however, another orbit transfer vehick hrr 

come from the LEO construction base to  the CEO final assembly base delivering additional klystron tube components and is then 

dispatched with completely refurbished klystron tube modulesto the w c w d  satellite that is to  be repaired. 

This cycle is repeated for each satellite to be repaired. 



Selected Maintenance Mission Concept 
s 

CRSW SIZE - 310 

REFURB + RlEPAlR 

OEO --- FINAL 

COMPONENTS 

LEO 
CONST 
BASE 

4NNUAL FLT SUMMARY (100 SATELLITES) 

a 280 OTV FLTS TO OEO 
a400 OTV FLTS OEO TO OEO 
e360 HLLV FLTS TO LEO 
a80 SHUTTLE GROWTH f LTS TO LEO 

203 



SATELLITE MAINTENANCE SY!JTEMS 

The satellite maintenance systems and their location on an antenna are shown on the next two charts. The systems are shown as 
they relate t o  one side of one antenna. Sincc four crews work on each satellite, those same systems are present on both sides of 
both antennas. 

To enable the docking of  the various maintenance system elements and to  transfer cargo around the antenna, the antenna structure 
has been designed t o  incorporate a cargo distribution system and has structural additions to allow maintenance gantries to be posi- 
tioned so they can be maintained and supplied with new klystron tube modules. 

The 60 person crew is delivered t o  the satellite in the crew habitat using the second steye of the OTV that initially brought the 
crew from the LEO construction base to  the CEO final assembly base. Once at the satellite (antsirnu), o crew bus is used to trans- 
fer persons between the habitat and the maintenance repair vehicles. 

Cargo, primarily in the form of klystron titbr nlodi~les is also delivered to the satellite t~sing 8 dcdicatsd OTV (stage 2)  thut had 
initially brought klystron components t o  the GEO final assembly base for refurbishment of "failed" klystron t u b s .  The opw- 
tions associated with an OTV include docking anti release of one klystron tube pallet on one side of the antenna and then f w -  
flying to  the other side of the antenna leaving another pallet followed by flying to the other antennu and leaving two pallets in a 
similar manner. At the completion of the repair operation, the pallets are loaded with "failed" klystron tubes. The O W  thcn 
moves t o  the four docking locations collecting the pallets and thcn returns them back to ths GEO final assembly base where they 
will be refurbished. Following the release of the ?allets, the OTV returns to the LEO constri~ction base where it is made ready to  
deliver another load of klystron components. 

The actual distribution of the cargo around the antenna is acconlplishrd through rlsc of  cargo trunsportets operating on ths trick 
system on two sides of each antenna. The cargo transporter systenl consists of tllree separate units attached to$etlicr t o  for111 a 
"train". The middle unit is a control unit that has n crew cabin. power systems and crane/manipulator that moves the cirpo 
between the train and the maintenance gantries. Units on either sidc ol' the colitrol unit itre essentiull: iroilsrs that carry either . 
new klystron tube modules o r  those that have failed and have bccn rcmovetl. Ths train systcm nlovcs Jown to  each e;lrrtry and 
delivers to it the number of  klystron titbes required in that particulur antenna channel during one shift or  one day of operation 
depending on the channel. 
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Satellite Maintenance Systems 

sPs.1910 

SAME EQUIPMENT 
ON BOTH SIDES 
OF ANTiNNA 

TRANSPORTER 

REW HABITAT 

KLYSTRON TUBE PALLETS (4) 

(mo 21 



r SECONDARY STRUCTURE 

S 

MAINTENANCE 

MAINTENANCE GANTRY 
IN LOADING POSlTlON 

KLYSTRON TUBE 
PALLETS (4BAT.J 
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Satellite Maintenance Systems 

SPS-1841 
I L 7 ' I A Y '  - 

I 



ANTENNA MAINTENANCE SYSTEM INSTALLATION 

The installation of the maintenance equipment on an antenna being repaired by two crews is shown. 

The number of  maintenance vehicles (machines) installed in each channel of the antenna is a fi~nction of the estimated number 

of tube failures. This value is larger in the middle channels of the antenna since the center of the antenna has subarrays containing 

36 and 30 klystron tube modules while near the edge of the antenna, the subarrays have 4 or 6 tubes per subarray. Consequently 

it will be noted that the middle channel has three maintenance systems co~lsisting of a [gantry and repair vehicle. 

With this equipment distribution and working 20 hours per day, the middle channels require slightly more tirile than previously 

identified for repair-3 111 days per satellite. The addition of I12 day to  the schedule, however, will not appreciably alter the 

prior analysis. 

It should also be noted, the outsidc channels require far less time t o  repair and less equipment due t o  fewer failed tubes. Con- 

sequently when the crews assigned to  this particular equipment are finished. they can then be trsed t o  repair other components 

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



I 

I 
Antenna Maintenance System Installation 



ANNUAL OPERATING CHARACTERISTICS 

The plant factor resulting from the selected maintenance approach is 0.92. The occultation loss cannot be prevented. The output 

degradation loss is the average which results from using a semi-annual maintenance approach. Dowlitime loss is the 3-1 12 t o  4 day 

repair time per satellite occuring twice a year. A 3'2 allowance for such t h i ~ g s  as unexpected failures and unknowns is also 

included. 

The total cost t o  maintain 100 satellites per year is over $1 1 billion or approximately $1 18 niillion per satellite. It should be 

noted that some of these costs are anni~al costs such as transportation (delivtBry) while others are anlortizittion of the maintenance 

equipment. Although the maintenance cost may appear high it still is less than 3% of the yearly revenue per satellite and can be 

expressed as $O.GC)I 5 per kilowatt hour. 



Annual Operating Characteristics 

PLANT FACTOR LOSSES 

OCCULTAT lo?, 
OUTPUT DEGRADATION 
W E  TO FAILURES 
PLANNED MAINTENANCE 
DOWNTIME 
ALLOWANCE FOR OTHER 
FACTORS 

ESTIMATED FACTOR 

MAINTENANCE COSTNEAR (100 IUTELLITLI) 

1% CREW DELIVERY $2- 
29b a KTM DELIVERY $3- 

a KTM COsf 
m $1- 

MAINTENANCE HABITAT 

3% 
REFURB FMILITY L?) WOM 
REPAIR EQUIPMENT - S a M  
REPAIR EQUIPMENT DELIVERY 

0.92 
81 

TOTAL $1 1,7W 
AVOBAT $ l l W  

(3% OF YEARLY REVENUE) 

MAINTENANCE COST' - ANNUAL MAlNT C-T 
(S/kWh) 8.766 HR x PLT FACTOR x 107 kW 



MAINTENANCE AND OPERATIONS SUMMARY 

An ovcrull summarv ol' the ~clcctcd ttriii~itert~nc~ ; ~ p p r ~ ~ c h  (i)r CUC'II ol' Ihr kuy issue8 ~auntionrd nr thr* hcb$inninyl ol' the ~lnlalyals 

is presented. Althot~gh thcse srlectiona shorrltl not be cot~riderctl us the ~iroat optin~t~tii thry do prewlil iI reuranahlc rpproach 

Tram the stondpoirit ol'k,th coat ;rntl prirc!ic;~lity. In rtrntlnury. nre i~r tu i~~ in~ solor powcr nutcl1itr.s doc4 1101 prr?wnt un avrrwhrlnr. 

inp obstacle as soriir hild initially c!nvis~onctl. 



Maintenance and Operations Summary 
S 

KEY CONCERN.. ............ ..... ..... ......I...................KLY~RON TU6U 
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ARRAY ERROR ANALYSIS 

GRATING LOIIE STUIJIES 

*rlic grating Io l~c  pc>wtiot~\ ;I!OII~ tlic i>r~t~~- ip . t l  ~ I , I I I C \  arc c1etcr111111cd l>y tlic f a l l o w i ~ ~ g  cqui~tiot\  X a R f.iltibinml -!l3- 1 wtlerc R ib [.+#up 
tllc orthopinill r:~~ipc*. 11 is tllc ortlcr of tlic ~ I , I I I I I ~  loh~..  1 i \  tIlc \tlll;~rriiy I c I I ~ ~ I \ .  illrrl pap is  t l ~ c  .vpil~it~q butwzcn uuharrays, In this 

stildy only the lohe$ ;dong t l ~ c  l>rinc.il~;~l plir~rc\ Iiuvc hccn sti~ilistl.  I'lir* ~-oIiipiItcr prctgrii1-)r is prewi~ t ly  being nrodified to study 

gmlinp lobe heIi;~vivr a t  dliy 4 '111 ~ l c ~ ~ r c ~ t l .  S) \ I ~ I I ~ J I I L '  t i l t  l i i ~ \  tltc 111.1j0r effect OII ttic pr;~tin# 1 0 1 ) ~  IcvcI\ (over ri111dom ruhurriy 

tilt. powc'r tirpcr, rl\~anti;l;~tlon. ruk;trruy \ I ~ . I C I I ~ ~  ,111d otller e r r o n )  iluc to tlic slril'ting of t l u  grit tin^( lohe pcilka o u t  of the nulls of 

the  subarray puttcrn. 



Grating Lobe Positions 
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GRATING LOBE PEAKS PRODUCED BY SYSTEMATIC SPACETENNA TILT 

Nine grating lobe peaks are shown for each of four cases of systematic spacetenna tilt. As a simple rule-01'-thumb for each 

doubling of systematic tilt the grating lobe amplitudes increase approximately six decibels. It is important t o  note that the grating 

lobe levels may be larger than the first sidelobc (e23.5 dB down) as shown for the first grating lobe for the four arc-minute tilt 

case. The grating lobes roll off at approximately 22 dB per decade. 
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EFFECT OF RANDOM TILT ON GRATlNG LOBE LEVEL 

Two cases o f  random t i l t  are shown, one and four arc minutes, for three of the nine grating lobes studied. Thc random tilt is 

incorporated in the phased array computer program by adding a randorr angle to  theta, utilizi~ig the Gai~ssian rand0111 number 

generator and the specified standard deviations of one or four arc minutes. 
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Effect of Random Tilt on Grating Lobe Level 
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SPACETENN A PATTERN ROLJAFF CHARACTERlSTICS 

The grating lobe !evels are shown for both systematic and random tilt. For the case of  systematic tilt, the  rating lobe peaks are 
moved out o f  the nulls o f  the subarray pattern. For random tilt, the grating lobes are split because statistic~lly the peaks lie in the 
nulls of the subarray pattern. 

6 



Array Pattern Roll-Off Characteristics 
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Grating Lobe Effects 

SUBARRAY TILT 

QUANTIZATION 

ILLUMINATION TAPER 

SUBARRAY SPACING 

OTHER ERRORS 

SVW'EMATIC T lLT IS THE MAJOR FACTOR AND 
NEEDS TO BE MINIMIZED. RANDOM TILT HAS 
LITTLE EFFECT FOR NOMINAL VALUES. 
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INCORPORATINO THE NOMINAL ERRORS OF: 
10° RANOOM PHASE ERROR, 1DB RANDOM 
AMPLITUDE ERROR, AND 2% FAILURES PRO- 
DUCED NO CHANGE IN GRAT lNO COB€ AMPLI- 
TUDES. INTRA SUBARRAY ERRORS NEE0 
FURTHER STUDY. 



KLYSTRON DESIGN FOR 5.8 GHZ 

The klystron scaling to higher frequencies is relatively straightforward; however, a conservative power level for 30 year life needs 

to  be further asstssed. The assumptions made are: the same rf power level of 70 kw, same voltage l im~t  of 42 kv, 5 segment 
3 depressed collector, output gap thermal stress of .5 kw/cm-, solenoid focusing and estimated collector recovery of 54%. The vari- 

ous beam and efficiency parameters are listed in the following table. 

The scaling relationships are illustrated in the attached figure and reflect a freqilency factor of 2.37. 'flie length of the rf section is 

reduced by 2.37 for the same transit time, the solenoid power increases by 2.37 to a 3.5 kw design for 3 0 0 ' ~  operatioa, cavity Q's 

are reduced by l / F ,  resulting in an estimated rf efficiency reduction of 1.62% with a total efficiency reduction of 3.5% 

including the increased solenoid power. 

The mass reduction, indicated in the following table, is estimated at 27%. primarily due to the shorter. lighter solenoid. If an equal 

weight were selected, the solenoid power could be reduced and thc efficiency reduction would drop from 3.59% to 2.61% 
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Approximate Sc,aling Considerations 
for High Power SPS Klystron 
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ENDEND EFFICIENCY DEGRADATION FACTORS 

To amve at r dollar revenue from the grid, it is necessary to obtain a parametric expression with frequency of  the various effi- 

ciency degradation factors. The attached table shows this variation, combininu in the best aluminum oll the frequency inde- 

pendent factors as well. These are listed in detail in the rectenna optinlizatio~~ section. 

A cursory analysis was also made of the difference of inteyrrited attenuation fiictoru for 2 different sites within U.S.. Seattle and 

El Paso. With unverified assuniptions of how often an SPS beam woi~ld actuwlly be in il cloud or rain path on e cloudy and rainy 

day, it was surprising to see the relatively stnall difference between the 2 sites; even at 5,8 GHz it was only 1.7%. These celcula- 

tions require further refinement. 
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MPTS ACQUlSlTlON COST 

The parametric analysis is based on the assutnption that about 5 GW of useful power output is desired, that ionospheric heating 

effects scale as l/f2, that a 10 dB taper will provide adequately low sidelobes, and that the thermal dissipation a t  the spacetenna 
2 center will remain the same. This means that the spacetenna remains a t  a 1 km diameter and the rectenna area is reduced by l /f  , 

and beamwidth by I/f. The number of subarrays for equivalent dimensional errors must scale with f2. The rf power level, to  fint 
order, remains constant. 

The spacetenna costs, based on modified NASA-JSC numbers, with $60 kg transportation cost, are derived as in the attached 

table. 

The rectenna costs are based on a fixed number of dipoles per wavelength and the optimized rectenna area derived previously. 

Dipole and diode costs are takcn Ca! 34 independent of frequency. 

The results indicate that, although total acquisition cosf is minimum at just below 4 GHz, the net return based on the stated 

assumptions optimizes between ? and 2.5 GHz. The main valuc ot' the more intense (130 mw/cm2 on axis density) 5.8 GHz design 

is a reduced rectenna size, at an increased technical risk, and greatcr environmental impact. 
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MPTS Acquisition Cost Parameters 
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RECTENNA COST AND DIMENSIONAL lARAMeTlDR8 
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RETRODIRECI'IVE PHASE CONTROL SYSTEM 

The basic central phasing system shown coherently receives the uplink and derives from it u signal t o  drive the transmitters in the 

central subarray (Ao) shown at left. This same phase reference signal (8,) IS used t o  conjugate (phase for retrodirection) the signal 

which has been received at the K~~ subarray and sent down the connecting transmission line. The conjugated signal returns over 

the same l i n ~  rewilting in cancellation of line length effects. By the use of an N-node reference proliferation system, it is possible t o  

avoid having to  run all the transmission lines back to the central array. It is necessary however t o  regenerate the phase reference (Po. 

A number of different circuits have been identified that can pert'or~n the receiving, conjugating, and phew reference regeneration 

functions. The preferred concept is to use 2 pilot frequencies separated by 200 MHz wllich avoids phase ambiguity. Three pilot 

antennas are proposed t o  pennit the shifting of the apparent pilot phase center or  position and hence compensate for beam motion 

due t o  propagation effects. 
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THREE NODE PHASE DISTRIBUTION SYSTEM FOR ERROR CONTROL 
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Re trodirective Phase Control System 
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SPS Phase System Comparisons 
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Phase Control Studies 
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~tmos~heric Attenuation Factors 
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Acquisition Cost and Revenue Variation 
With Frequency 
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PHASE ERROR BUILDUP IN THREE LAYER REFERENCE LIISTRIBUTION SYSTEM 

" h e  proposed phase control sys1rl111 utili~es tlircv layers as illuutrutzd, BS'iC> of the muburrays uw ut tlir tliird Icvel. Errors due to 

c~njb~ators.  tr;lnsnlission li~lc. t*t*t'lc.ctions. tlil,lrlscr' i ~ t r t l  tr;~nstnit tcr ;~lld in ths distrihulion ryvtcllr us iriclicuted Iry tllc RSS rarmulu. 

Using the following esti~iii~tetl values ol'collrl)olrcnt pliuhe errors 
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Phase Emor Buildup in Three Layer Reference 
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REDUCTION OF POINTING ERRORS BY THREE PILOT STATION SYSTEM 

The pointing rrrors listed are not correctable by tlic phase control system. Tlrcy can produc-c power beam displvcetnent from the 

rectenna. A ground system of 3 pilot stations is proposcd to  corrcct for these bear11 position errors sl~ould they develop to  bc of 

sufficient magnitude. This system utilizes tnonitor alltellnus placed about the rcctcnna. Dirplacetnetit of the bcam rcsillts in v 
corrective counter displacenrcnt of the pilot phase center (or  effective position). ''"lie lntter is accomplished by relative amplitude 

and phase control of the radiation froni the 3 separated pilot antennas. 
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Random Errors for 3 Layers Phase Distribution 
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GROUND COMMANDED PHASE CONTROL SYSTEM 

It is possible t o  transfer miicli of the phase cor~trol system somplcxity to tlie grotrnd. 'Tlie ground comn\anded alternate system 

shown here utilizes a unique identifying tone that is modulated on tlic o i ~ t p i ~ t  of cacl~ subatray. From this low level signal. the 

relative phase of a subarray's contribution to the total field is derived. Phase shi1'tc.r udjuutmrnts of tile ritdisted canier phase sw 
then commanded from the grot~nd. To hold the number of chmnels required to a reasonirble valrlr a 100 slot titlie division multi- 

plex scheme is proposed. With under 100 tones, the sampling period of this system would be * 25 soc unless an interlaced tech- 

nique were used which cot~ld possibly reduce it t o  0.35 sec. Convergence of this type  of phrrsc control system needs t o  k studied 
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s Ground Commanded Phase Control System 
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PROJECTED CONVERSION EFFICIENCY OF OPTIMIZED RECFENNA ELEMENT 

The data for modeling the rf-dc conversion efficiency is based on experimental work by Raytheon and JPL with projections of 

improved diode and circuit performance made by NASA-JSC. The resulting equation is: 

p = 9 l  -4.1e-.415 'd, and 

p - 0 for Pd < 1 0 . ~ .  v l ~ e r e  

1 
Q is  in percent and Pd is incident power density in tnW/cm-. 

The conversion efficiency equation was incorporated into tllc modified "Bigmain" progrulii in order t o  calculate tile averagc 

rectenna conversion efficiency as a function of rectenna area. 



Dl 80.2107 1 -3 

Projected Conversion Efficiency 
of Optimized Rectenna Element 

100. 

80- 
2 
f 

s' 
P m- 
E u u 
W 

0' -e----e-g PROJlCTEO RXPRRIMLLYTAL OATA 1NA&A..#CC, RAYTHEON, JPL) 

0' 

,( 
NUMER lCAL APPROX IMATlON 

8 0 UTILIZED IN CO@T MOOaL 
in' / q - 91 - 4.1 aoAs Pd 
a 

/ r OF OR?^<^^ 1 
0 I I 1 I - - -- 

lo4 1v2 lrl 1 10 60 
POWER DENSITV,Pd (mrv/on2) 



Rectenna Analysis Tasks 

IMPROVED RECTENNA EFFICIENCY MODEL 

RECTENNA SIZE OPTIMIZATION 

E W E  DIFFRACTION EFFECTS 

HARMONIC GENERATION 

MECHANICAL DESIGN 
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PROJECTED AVERAGE RECTENNA CONVERSION EFFlCIENCY 

AS A FUNCTION OF RECTENNA AREA AND ON A X E  POWER DENSITY 

The family of curves shows the average conversion efficiency as a function of rectenna area for the five different values of  on axis 

power densities and their associated spacetenna radiated power. For thc baseline I0 dB gaussian taper, the spocetenna bean1 effi- 

ciency has a one-toone correspondence to the rectenna area as is indicated by the top scale. The averaging process. carried over 50 

nominal ring sections of the rectenna, derives an average conversion efficiency 

0 
'IR= R for any desired rectenna radius R. 

x P d A  



Projected Average Rectenna 
Conversion Efficiency Versus Rectenna Area * 
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RECTENN A OPTIMIZATION 

The optimum rectenna size is selected on the basis of niatching the present value of 30 year revenue per spare meter with the 

acquisition cost per square meter. This process is shown for 2.45 GHz and 5.8 CHz. for various values of  revenue. For the 

selected parameters, the rectenna area is only 62% of the area out t o  the first null. 

The values of the various efficiency degradation factors contributing to the net dc  power to  the ground network are treated 

parametricallv with frequency as follows: 

waveguide loss I 

Pdc = ['ld T )  i qg qw 1 [ qk T)B ' l ~  qA 1 P = .8b92 K(f)Pdc 

i s t r i b ~ ~ t i o n  2 1 1 ' ( 1 L space p i l ~ t o v o l t a i ~  power 

The freqiie~icy varying portion is given in the ;lttached tahlc. tronl which the usefill dc power otitpitt can be plotted as a function 

inter & intra 

si~barray effic 

grid distribution 

of rectenna radius. From ihis plot. the revenue per m2 can be obtained and equated to  the recten~ia cost per square meter. 

atmospheric 

averaged rectification 

antenna-beain efficiency 

Klystro,l efficiency 



Optimum Rectenna Dimension for 
Given Rectenna Cost 

W-AXIS POWER 

--- 6 m ~ t a n *  - 20 mW/m 2 
FREQUENCY = 2.46 

RECTENNA RADIUS (METERS) 



Power Output Versus Rectenna Size 
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HOGLINE RECTENNA CONFIGURATION 

A si~ggestcd hogline ractenna conf'igilration is shown. An ot'f'sct cylindrical parabola is fed by a troi~yllr u: lit., Irorcl. A dipole1 

diode panel of 12 rows is located in this example where tlie incident power density hus been increased by a I';lclor of 8.7. Spillap, 

blc ckage and taper losses can all be rt~odc nepliyiblc with this conl'iyurstiou~. Tile yruatcr power deltsity pcr~nits l~ iy l~ r r  rectification 

efficiency, or lower power ilen~onstrations at the sallle cfficiotcy. Tllr dipole and diodzr urc protected fro111 weather and EMP and 

there are significantly fewer of thctn. Sizc is a conlproniisc between the degrce of concentration desired, edge diffr~ction losses 

and the latitirde stability of' the SPS si~tcllilc. 



s 
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Hogline Rectenna Configuration for SPS 
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Rectenna Size Optimization 



HOGLINE ANTENNA POINTING; CONSIUERATIONS 

Llue t o  the verttcal pl;r~ic pat tern d i r ~ ~ t i v r f  y .  v;~r~;rt io~ls it1 sutellitc l i l t  i t i ~ d c  w i l l  it ldircc p ~ i t i t i t l g  losses. T l ~ e s c  losses are cstimated 

by consioering the f rnct ion 0 1 '  the converging hcanl t l ~ c ~ t  nlisscs l l i c  d iot lc /d ipolc punel. 'Tho losses are a func t ion  o f  t l l c  relative 

panel size (f/h). 'I'lle geometry r l l o w ~ i  in the previous figure wou ld  require i t  s tabi l i ty  o l ' 0 . 0 5 ~  t o  l l o l d  losses t o  1.5X. 

L o o k c d  at l'rorn the simple pat tern ol' the 5 0 X  i~pe r t t l r c  loss ~ ~ o i t i t  of view. i t  is c s t i ~ ~ i a t r d  t l l i ~ t  a11 er ror  0 ~ 0 . 0 8 ~  coir ld be tolerated 

fo r  a I .55i power loss. 



Pointing Power Loss Versus Rectenna 
Panel Size 



MPTS Follow-On Topics 
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w8-1w 
-1--.111 

ARRAY ANALYSIS 
PHASE CONTROL SYSTEM DEFINITION 
SPS PRECURSOR SPACETENNA CONFIQURATION AND PATTBRN ANALYSl8 
ORATING LOBE MAGNITUDE ASSESSMENT 
DYNAMICS OF GROUND CONTROLLED PHASE COMPENSATION 
SPACETENNA BACK RADIATION ANALYSIS 
FAR SIDELOBE ROLLQFF 

COMPUTER PROGRAM EXTENSION 
MODEL Ahr;iAY AT KLYSTRON LEVEL 
EFFECT OF SUBARRAY OFFSET AND lNTRA4UBARRAY IRRORI) 
SYSTEMATIC AMPLITUDE AND PHASE ERROR EFFECTS 
EXTEND CAPABILITY TO OTHER THAN PRINCIPAL P U N € @  

RF TRANSMITTER 
KLYSTRON FAILURE MODE ANALYSIS AND PROTECTION 

0 DETAILED TUBE SPECIFICATION TO MANUFACTURf R 
TEST PLAN FOR GROUND AND 8PS PRECURSOR TE8T8 
HARMONIC SUPPRESSION FEASIBILITY 

COMPONENT TEST PROGRAM 
COMPOSITE WAVEGUIDE MICROWAVE POWER TEST 
CROSSGUIDE DESIGN AND ANALYSIS, DIPLEXER DlEEllON 

RECTENNA COLLECTION EFFICIENCY OPTIMIZATION 
MULTIPLE DIPOLE PER DIODE CONFIGURATION 
HOGLINE ANTENNA 

r, ELEMENT IMPEDANCE GAIN VERSUS SPACINQ 

SYSTEM STUOIES 
a AC GENERATION AND OITHER FEASIBILITY 

TURN ON/OFF PROCEDURES 
a FLOPPY REFLECTOR LEO TEST 



Development Requirements 
for 

Initial SPS Commercialization 

D. L. Gregory 



PAST AN11 VUTlJRL1 ELECTRIC WWER ALTERNATIVES USE PILOT PLANTS 

'I'otli~y'.; nuclc;rr power ..,actors arc t l l tb  ctrl111i11a:ion ot' ;J scricl\ ol' t l ~ ~ v c l o l ~ ~ ~ ~ c n t ; ~ l  reactors wllicl~ ~ ~ r c ~ c t l c ~ t l  t l~cnl .  I11 the ground 

solar p~bvcr  progr;II11 t llc t hcr111;11 c-llgill~- " towc~.  tol)" ~ y s t ~ 1 1 1 \  ;Ire l o  Oc ~~rcccdci! Oy t litb I'ivc ~iic!:;~wat 1 t lit*t.~l~al tcst li~cilit y at 

t\II~iirc~ucrc~nc'. New Mexico ;111cl b y  a tcn ni;~gw;rtt (clcctric) otrlpul pilot pIi111t i1t 13arstow. ('alif'ornia. 'I-licsc wi.1 lead t o  I com- 

~ncrciul unit 10 t ~ c  r i t f~* t I  ; ~ t  I00  I I ~ L ~ ~ ; I H ' ; I ~ ~ \ .  '!'htrx 1\11> pilot 1:l;llit is I / I 0  ol'thc silkb 01' tlic ~vc1itt1;11 C O I I I I I I ~ ~ C ~ L I ~  1111it. (;ro~ltid soli~r 

I'oitrcr plants of tllc* ~OH'L,I. t o p  t ypc I~avc I ~ ~ s c n  inbcxtip;~tctl I;rrpc as 1 .(I00 11~cga~;r t Is .  I'Oe fu t t~rc  of t l ~ c  Iitjilid ~~ic ' t a l  thst hrcctlcr 

rC;lctor i \  ~i11ccrtai11, Ilowcccr. I'or tllal prograrli a ccrics 01' ~ l~~vcIo l )~ i icn ta l  systcnls is crivisioncd. l 'hc to1;rl f'usio~i power dcvclop- 

I I I L * I I ~  proprirlll is ;I\ ~ ' ~ t  ~~ntlcl ' i~ictl .  I ~ o w L ~ ~ L ' I . .  ;I 4cri~'s 01' ~ x I ~ c I ~ ~ I I ~ ~ I I ~ ; ~ ~  rc;icto~.s i111tI ;I d c ~ ~ ~ o ~ ~ s t r i ~ t i o n  rcuctor are cnvisionctl. 



Past and Future Electric Power Alternatives 
Use "Pilot" Plants 

41976 DATA) 

PAST: PROGRESSION TO THE COMMERCIAL LIGHT WATER REACTOR 

EXPERIMENTAL REACTORS, 
DEMO REACTOR, 
PROTOTYPE PLANT, 

FUTURE: GROUND SOLAR POWER (TOWER TOP TYPE) 

TEST FACILITY 
PILOT PLANT 
COMMERCIAL DEMONSTRATOR 

BREEDER REACTOR (LIQUID METAL FAST BREEDER) 
FAST FLUX TEST FACILITY 
CL!NCH RIVER BREEDER 
PROTOTYPE COMMERCIAL BREEDER 

FUSION (MAGNETIC) 
EXPERIMENTAL POWER REACTOR 1 (20-60 MWJ 
EXPERIMENTAL POWER REACTOR 2 Q 100 MW,) 
DEMONSTRATION REACTOR P 600 MW,) 

SHIPPINOPORT, PA 
OYSTER CREEK, NJ 

(6 MWt) ALBUQUERWE, NM 
(10 MW,) BARISTOW, CA 
(100 MW,) 

400 MWt 
380 MW, 
1,200 MW, 



PRECURSOR SOLAR POWER SATELLITE 

Many scenarios t.;u\ be po3ti1lated tor tlie Jevelopnient scqucnce leading t o  full size solar power satellites. The nlost irgressivr of  

these would advance directly from small scale tests with the shuttle t o  a l'i11l size anit  in a very rapid devclopnicnt program. At the  

o the r  extreme is a "long chain" developn~cnt  beginning with s ~ l u t t l c  and grottnd tesis. t11en s~llall scale powcr rllodulcs. theti pilot 

plants, then conimcrcial dlenlonstrators ancl I'in;llly St111 size polvcr satellites. Some t lcvelop~ncnt scenarios lor  SI'S include partic- 

ip:ltion in SPS fiinding h y  i~ t i l i t  y firnis. In  oriler t o  achieve this parlicipatiorr it !nay be necessary t o  dc~nons t ra t c  colnti~crcial via- 

bility of  SPS t o  thesc utility firnis. To d o  so ;I prcciirsor satellite may be recluiretl. A precursor satellitc woiild be a subscale unit 

p:lt o n  11ne in geosyncrliooous orbit hcfore the full size satellite. It would operate in tile Eashion of  the  full size satellite. that  is 

direct an  energy bean1 t o  earth to a grountl recttvna.  The demonstrution/operational pcriod niight be six nioriths t o  2 years and 

during this time the majority of  the major clcmcnts of  a fi111 sized solar power satellite would be exercizcd. From this operation. 

analyses could br pert'c-Jrrncd which woirld indic;~tc eventtral +'ull c o m ~ ) i ~ r c i a l  viability for the  SPS. It is also possible t o  construct 

scenarios in which the full s i x  satellite is prccedecl hy a p r e c ~ ~ r s o r  which serves or~ly as part of  tlie dcvelopnicnt kading t o  the full 

sized unit. Other  scenario:; go directly t o  the  full si7.e SI'S without the use of thc  precursor. 



Precursor. Solar Power Satellite 

a MANY SPS DEVELOPMENT SCENARIOS CAN BE IDENTIFIED. 

a SOME OF THESE INCLUDE FUNDING PARTlClPAT ION BY UTlLlTV FIRMS. 

FOR THESE SCENARIOS, A PRECURSOR SPS COULD BE USED TO ESTABLISH 
EVENTUAL SPS COMMERCIAL VIABILITY. 

a IN OTHER SCENARIOS, A PRECURSOR SPS WOULD SERVE PRIMARILY A§ A 
DEVELOPMENT ITEM. 

SOME SPS SCENARIOS WOULD NOT INVOLVE A PRECURSOR. 



PF.LCURSOR SPS LIMITATIONS 

Due t o  its small size and the scaling effects related to  microwave tra~lsnlission a precursor or subscalc satellite cannot develop more 

than perhaps 1 or  2 milliwatts per square centimeter in its celltri~l beam. This is well below the q u ~ n t i t y  proahly required t o  excite 

ionospheric heating. Also because of its sniall size a~;tl the associated developmellt costs it is p r~bablc  that a prcciIrsor unit cannot 

be procurred for less than approximately $100,000 per nlilowatt: as a consequence the electric energy produced during the short 

term of operation would be quite expensive. 



Precursor SPS Limitations 

THE PRECURSOR SfS CANNOT: 

PRODUCT CENTRAL BEAM STRENGTHS WHICH EXCITE 

IONOSPHERIC HEATING 

PRODUCE "ECONOMIC' ELECTRIC ENERGY (FORTUNATE 
TO OBTAlN $100,M)OkW) 



SI'UDY ASSUMPTION : PRECURSOR SPS 

For this study we have clssunred th.~t cr dcmonslration of svcntu;~l colnnlerci;~l viilhility will he t l~c poul ol'thc prrcurwr solar powclr 

satellite. 111 addition to u dcmonntriltion of tvc~ttt~ir~ crjmlrrcrciul viability thc oycr;ition ol' u snhrcalc unit will uccomplish t t  e scc- 

ondary goals identilietl here. 
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Study Assumptions: Precursor SPS 

a &DEMONSTRATION OF EVENTUAL COMMERCIAL VIABILITY 18 THE PRIMARJ 
GOAL OF A PRWRSOR SPS (PSPS) 

0 SUCH A DEMONSTRATION WILL ACCOMPLISH SECONDARY GOAL$: 
%?A 
;%B WOW THAT THE SPS CONCEPT "WORKS" 

*?? VERIFY DESIGN ASSUMPTIONS 

tc3 
REFINE DATA ON ENVIRONMENTAL BFF ECTB ON $P$ 

IONOWHERIC EFFECTS ON BEAM 

PLASMA PHENOMENA 

SPACECRAFT CHARGING 

ESrABLlSH OPERATIONAL EXPERIENCE 

HIGH LAUNCH RATES 

ON-ORB1 T CONSTRUCTION (H IGH "THROUGHPUT") 

OPERATION AND MAINTENANCE 

COLLlStON AVOIDANCE 



COMMERCIAL VIABILITY OF SPS 

In order t o  develop thc concept for il precirrsor solar power satellite which will tlenionstrate eventuul conimerciul viability for an 

SPS program it is necessary to first tlcfine comntcrcial viability. The definition here is litcrlrlly that the product ol' the SPS be in 

sul'iicient demantl. In order to bc in sufficient Jcnii~ntl its pricc, cxprc~sctl as dollan per kilowatt hours, nrurt be equal o r  below 

some criterion. (icnerally for SPS this criterion niay he viewed as i~pyroxi~i~. , tc ly I0 cent per kilowutt hour. However. our studies 

have identified sitellitc progrinis whcrcin the cost is probohly no rnorc than 5 cent jrcr kilowatt hour, Tlle price per kilowatt hour 

of energy produced by any power pli~nt is tnadc up of the annual cost for that plunr divided hy tllu kilowatt hours produced by 

that plant in a yeor. I-lcncc. gootl availability. that is the capability of produciny o large fraction of the total plar~t cupacity in 

kilowatt hours per ycar. is as i~nportant as thr' cost smortization per year. 
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Commercial Viability of SPS 

COMMERCIAI. VIABILITY: A COMMODITY, IN DEMAND AT On $BLOW A GIVEN 
PRICE, IS PRODUCIBLE AT OR BELOW THAT PRICE 

COMMOOITY PRICE FOR ELECTRICAL ENEROY: EXPRElldfBD AS DOLLAR8 PaR 
KILOWATT HOUR OF DELIVERED ENERGY - $/kwh 

PRICE - COST, PLUS FACTORS SUCH AS PROFITS 

COSTS FOR sPS ARE PRIMARILY INITIAL OUTLAYS: SATELLIT B + RBCTBNNA + 
LAUNCH + CONSTRUCT ION 

THE ANNUAL AMOUNT PAID IS (FOR ELcCTRlC UTlLlT lO8) BXPRBQllRD A8 INITIAL, 
COSTS TIMES A "CAPITAL CHARGE FACTOR" 

a SlkWh 
SlNlTlAL COSTS) X {CAPITAL CHARGE FACTOR1 

kwh PRODUCED IN YEAR 

THUS AVAILABILITY IS AS IMPORTANT AS INITIAL COSTS IN OCDT&RMlNlNO 
COMMODITY PRICE 

a HENCE A DEMONSTRATION OF THE ACHIEVEMENT OF ROWIRED AVAILABILITY I8 
AS IMPORTANT AS THE DEMONSTRATION OF ACHIEVEMENT OF REQUIRED COST8 



SPS COST FACI'ORS 

The projections of  cost frotii iI precursor sirtcllitc to u l't111 sizcd unit ;Ire rulativcly rtraiyhf lbrwartl. Learning factors can bu used to 

relate initial 81nit costs to the cost of hari1w;rrc wrtl n,iasa production. 



SPS Cost Factors 

ACQU ISITION COSTS 

a RECTENNA SITE, SITE PREP,, MATLRIALS ?ABRICATION 
INST ALLATION 

a SATELLITE HARDWARE MATERIAL, F U R  ICATION 

ORBITAL PLACEMENT SITES, FACILITIE8, PLtET, PROPELLANn, 
OPERATIONS 

O R B I T A L  CONSTRUCTION CONSTRUCTION M E ,  OPERATION8 

€RATIONS COSTS 

OPERATIONS AN0 LOG ISTICS, SPARE$, OPERATION8 
MAINTENANCE 

0EVELOPMJ;;bLJ: 

SIGNIFICANT IN INVERSE PROPORTION TO THE PROGRAM SIZE 



DEMONSTRATION OF COMMERCIAL VIABILITY 

In order t o  s l low t l lat t ' t t l l  h i ~ c  solar power  sutcllites C i I l l  actlicvc a I l i g l ~  13lant f';~ctor. t l tat is Ir iph pcrcutlti lgc !c')ll' potcr l t i i l l  use, i t  w i l l  

ht* IICC~SS.~:~. i O  d C ~ ~ i o n s t r a t r  gvo i l  ;~vit i l i ihi l i ty t'or the prcctlrsor un i t .  T o  t lo  this 1l1c 1)rzctIrsor ~ ~ r t i t  ci ln bc o p e t i ~ t r d  far il p e r i ~ d  of 

t ime and Ill&: availabi l i ty c i l l I  I>c rccor i lcd.  I:roli~ t l i is t l cn ions t r ;~ t~~ t j  i i v i~ i lah i l i t y  st;~t i$t ical ani~lyscs cirlt he uscd t o  cor i lputc t t ~ r  

)voh;~blc availabi l i ty or' a fu l l  side trli it W l l ~ - n c v ~ r  avi~il;rhility o r  re l i o l~ i l i t y  arc c;~lcul;rtcd i t  is Iltccssirry lo express as  associatrd IcvcI 

ot 'confidenuc. I f  i\ statenrent is nt;ccIc* that t l l C  cxpcctc t l  rcl ial>i l i ty is 0.05. for cxaritple. i111tl t i le  conl ' iJcncc i n  th is factor is 0.0. 

what we :ire sayitig is t11;1t t l lcrc is (>illy one c h a ~ i c r  i n  tcrt tl1;lt t l lc  c v r ~ l t ~ ~ a l  re l iabi l i ty  w i l l  be less than 0.95. l v z n  a rc la t iv r ly  sw;ril 

precursor satr l l i tc  w i l l  II;IVL. sut'ticient contporlcl i ts t o  i l l low i1 tzst o f  pcrh;lyrs o l ' one  year du ra t i on  t o  have s u f l i t r n t  stat ist ical sig 

n i f inu ice .  Even w i t h  cx t r c r~ ie l y  good reliability I'm such ~ . o m l ~ o ~ ~ e ~ i t s  as k lys t ro t i i  t r ; \nsmit t r r  tubes a SPS progranl w o u l d  [rot llavc 

c o n ~ n ~ c r c i u l  viability unlc'ss ct'l;cctivc ni;iinlcn;~ncc n,ctliocl k+.~ti he Jcvclopctl .  M;III~~CI~;II~C~ 01' t l ~ c  prccitrsor satellite s t ~ o t l l d  t l ~ c r e -  

fore hc dcr~iunstr;rtciI. 
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Demonstration of Commercial Viability 

AVAILABILITY 

DEMONSTRATE NECESSARY AVAILABILITY (RELIABILITY) 

1) OPERATE A PRECURSOR SPS UNlT FOR A PERIOD AND MLAQURI T H I  AVAILA0ILITV 

2) USE STATISTICAL ANALYSES TO COMPUTE THE PROBABLE AVAlLAlllLlTY OF A FULL 
SIZE UNlT 

THE LEVEL OF CONFIDENU IN THIS AVAILABILITY 18 INPLULNCEO BY: 

DURATION 

HAS STATISTICAL SIONIFICANCE: AL80 CROVIDBIC OPPORTUNITY ?OR 
UNEXPECTED EVENT$ 

@SIZE OF UNlT 

THE NUMBER OF COMPONENTS HAS 8TATIBTICAL IOIONIPICANCO: A 
UNlT WlTH 100 KLYSTRONS WOULD REWIRE A LONOER TLST THAN 
ONE WlTH 1,000 KLYSTRONS (FOR THE SAME CONFIDBiNCE) 

DEMONSTRATION OF MAINTAINABILIW 18 OF OBVIOUS NBCO#@ITV IN WOWINQ 
AVAILABILITY 

MAINTAINABILITY INVOLVES: FAULT DET6CTlON, SPARE4 L0018TIC8, 
REPLACEMENT, CHECKOUT, ETC. 



PERFORMANCE ASSURANCE: SATELLITE POWER GENERATION 

Critical par;rnietcr\ tin tlic powcr ge~ieratioli portion of the SPS ;Ire listed here. alvtig with the denionstrations which is probebly 

required for thosc parameters. For cxcrniplc. solar array efficiency can probiibly be completely verified on sniall solar blanket 

panels. The exact geosy~~chronous radiation cnvironment, itrclucliny electrons and protons with broad energy spectra, is probably 

quite difficult t o  q t ~ a n t ~ f y  and cvcrl more difficult to exactly si:,iulate. tleticc. long term exposure of solar array panels to  this 

environnient is probably required in ortlcr to have full assurance o f  eventual SPS operatiotial factors. I f  a self power transfer froni 

a low assembly rtrbit to  geosynchronous orbit is bcrselined, and i t  currently appears thut this is thc 1no:it economic approach. then 

the precur.;or dcnlonstr;~tiot~ shottld includc expuslire o f  solar array panels in a self power transit. I f  anneallitig is to  be part of the 

operational satellite progrcrlil then i t  shoultl also bc dcnioristrated in thc precursor progrim using solar array panels which lrad been 

degraded a; a result of exposure to  the actual self powcr tr;~nsfer and gcosyticlrronoi~s environment. 



Performance Assurance 
Satellite Power Generation 

PERFORMANCE DEMONSTRATION 

1. 80LAR ARRAY EFFICISNCY M 3UREMENTS ON WALL PANCU ( M ) ~ .  - -% 

2. SOUR ARRAY RADIATION 
RESISTANCE 

3. SOLAR ARRAY ANNEALABILIN 

4. POWER DISTRIBUTION: CELL 
STRINGS 

I2R - DAMAGE 
SUSCEPTABI L ITY 

EXPOSURE TO THE OIEOSYNCHRONOUS 
(AND ORBIT TRANSFER, lP LEO 
ASSEMBLY) ENVIRONMENT FOR AN 
APPROPRIATE PERIOD (TO INCLUDsE 
SUB-STORMS AND FUREIO). 
POSSIBLE ADDITIONAL CHAMBER 
TESTS. 

THE PULL 
ENVIRONMENT 
18 Dl FF1CUl.T TO 
MEASURE/ 
SIMULATE. 

MEASURE ARRAY PERFORMANCa BEFORE AND AFTER 
ANNEALING (BY THE "OPERATIONAL't METHOD). 
DAMAGE TO HAVE BEEN CAR0800 BY ACnl2L GhQ 
SYNCHRONOUS ENVIRONMENT (PL!J$ TRANSPER FROM 
LEO IF SELF POWER I$ TO BE U8ED) 

FULL HIGH VOLTAOE 
SERIES-PARALLEL 
STR INGS-PLASMA INTERACTIONS, EHAROINO 



PERFORMAYCE ASSURANCE: SATELLITE POWER GENERATION (CONTINUED) 

This chart continues the list of critical power peneratio~i par;r~ileters along with the probable required drnionstiatioti fur each. 

Satellite dynamic-, are probably most crit~cal iIs regards pointing of the microwavc powcr transmitter. A preliminary pointing 

tolerance for this transmitter is one ~iiiniitc of arc. mechanical. 'flie rvcnt~~il l  full size transmitting antenna will probably incorpor- 

ate its own attitude control system inclutling control riiolilcnt gyros and yoke drives. These critical elenients should be demon- 

strated on the precursor unit. sir~cc this relates no t  only to  coninirrcial viability of the solar powcr system but also t o  rnviron- 

mcntal aspects related to  the pointing of the r1ircrow;lve bcani. 



Performance Assurance Satellite 
Power Generation (Contd) 

6. POWER DISTRIBUTION: DESIGN ANALYSIS 
BUSSES ELEMENT T EST 

l2R LOSS C TBCm PLASMA INTERACTIONS 
CHAROlNO 

6. ROTARYJOINT 
SLIP RING WEAR ELEMENT TEST 

7. SYSTEM DYNAMICS OPE RATION OF SUB-SCALE $Ps 8Y6llEM. 8Y8TIEM 
(INCLUDING POINTING, TO INCLUDE POSITION SENGORS ON BOTH TRANS- 
SMO~THNESS OF MOTION, MITTER AND POWER GENERATION SYSTEM, YOKE 
INTERACTION WITH REST DRIVES, THRUSTERS ON POWER GEN SYSTEM, 
OF SPS) CMGS (AND/OR OTHER CONTROLLERS) ON ANTENNA, 

CONTROL COMPUTER, ETC.. MAINTAIN REQUlRhO 
POINT ($1 MINUTE, PRELIM) OVER A PERIOD OF 
TIME WHICH ALLOWS 8lGNlP'lCANT ACCUMULATION 
OF MET EOROlD INDUCED MOMENTUM. 

8. STRUCTURAL PROPERTIES ACCELERATED ENVIRONMENTAL EXPOSURE 
PROPERTIES TEST 



PERFORMANCE ASSURANCE: TRANSMITTER 

The transniittor waveguides require high ditnensional accuracy and stability. The waveguides for the precursor unit should be pro- 

duced by the methods e x p ~ c t z d  for tht. full size sitcllite and should be transported and assen~bled by similar methods, t o  denion- 

strate that the evcntual mechanical flatness of the antenna can be achieved. Continuous lligli accuracy operation of the microwave 

power transmission phase loop control system should also be acconiplished. Critical eletnerits here are the successf'irl coni~igation 

of the reference frequency and the trans~nitter frequency by the antenna electronics. distribution of tlie reference frequency from 

:he central ;.crierator t o  all parts of the antcnna with compensation for changes in length of this distribution path, the frequency 

offset of the pilot beam from the power beam, the reception of the pilot beam by tlie distributed receivers of the spacetenna. the 

reliability of these receivers and the ground transmitter ant1 phase control system. A long tern1 demonstration of successful opera- 

tion should include varioi~s weather conditions inclutling rain. Faraday rotation of the io~iospliero and other ionospheric variations. 

A critical reliability elenlent for the transnlitter is of course tlie klystron tube.. Current klystron reliability would he inadequate 

fcr the SPS. During the SPS development program this reliability niust be increased. The denionstrator programs would operate a 

sufficient quantity of t i~hcs  for a sample period long rnottgh to  pet through their "infant mortalitv" period and provide. with the 

reqitired confidence. a test of the eventual reliability. Of coursc l'u11 rcliabilic)' may not Ilave hccn acl~ieved by tlirr titnc ot'pre- 

cursor program. However, the achieved rrliabllity could be correlated with historical trends of increase in reliability t o  indicate 

eventiial operation w ~ t h  tht' required reliability in tlie full size program. 
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Performance Assurance Transmitter 

1. WAVEGUIDE DIMENSIONAL ACCURACY AND STABILITY OF SlONlf !CANT 
SAMPLES OF WAVEGUIDE PANELS, MANUFACTURED AND 
ASSEMBLED IN THE "OPERATIONALgg METHOD. 

2. STRUCTURAL STABILITY SUBARRAY DEPLOYMENT PRECISION AND 8TABILIN WITH 
FULL THERMAL LOAC 

3. PHASE LOOP OPERATION CONJUGATION, DIGTR IBUTION 
PILOT BEAM OFFSET-RECEIVE PILOT VIA SPACETENNA 
RECEIVER RELiABILtlY, GROUND TRANSMITTER 
LONG TERM DEMONITRATION, VARIOUS WEATHER CONDITIONS, 
IONOSPHERIC CONDITIONS (BEAM 'WIDTH EFFECTSg?) 

4. THERMAL INTEGRJN 

5. KLYSTRON PERFORMANCE 
INCLUDING RELIABILITY 

Ot?10N6TRATION OF MULT!PLE PANEL SYSTEM AT VARIOUS 
POWCR LEVELS 

1. OPERATE A SAMPLE FOR A PERIOD OF 1 IME SUFFICIENTLY 
LONG TO: 
a. GET THROUGH INFANT MORTALIN 
b. PROVIDE DESIRED CONFIDENCE 

2. CORRELATE WITH PRODUCT ION RATE AND INDUST * 
MATURITY AND HISTORICAL IMPROVEMENT TRENLiS 

3. Mk I ~ R E  EFFICIENCY-SMALL SAMPLE 



ESTAULISHINC A MTBF INTERVAL 

T h i s  ctlart show.; h o w  v;rrioils Icvt-Is ot' ~ n z a ~ i t i t n c  h e t w c c ~ i  f ' i~i lurc i ~ l t r ~ t v a l s  C~III Ilr. t l c t l io t~s l ra t r t l  hasctl on a v i t r i a h l ~  p c r i c ~ l  of 

operat ion ;rntl the ohscrvctl f i ~ i l u r ~  r;~tc. !.'or vsa~ l i l? lc .  ii' . ~n'anti t irc I ~ c t w c u ~ l  f:lilitrc o f  2 0  ysars o r  n l o r ~ ~  i s  rcytlirscl t l ie  upper oi' 

t i t :  t w o  cri !cr ion lit!cs ;~l)pl i~s.  I t ' i r   dot 01'1~-st results, t l i i ~ t  i\ t'raclioti;rl t ' i ~ i l r~ rc r  vs titlir*. 1';iIIs ~II>OVC I l l i s  l ine i t  coil 11c satcl t l iot t l lc  

~ ~ i ~ : i ~ a t i t ? i c  h c l w c c ~ i  t ' i~ i l~ l rvs  IS cit1:c;. I X.4X ycilrs \v i l l i  $1 c o ~ ~ l ' i l l c ~ i c c  lr-vrll 01 0 '1') or ,  f u r  r * x i ~ ~ ~ i p l c ,  2 0  yciir:; wt t t t  ;I c o ~ i f i d u ~ i c t ~  level of' 

O.X. ' l 'llc ~ o w c r  ot' the t w o  lints i l l t l i c i~ tc~s  Iow~ar M 1'131: i ~ i t r - r vds .  l;c>r cx;111ip1c i t s t l i e  ;1cti1;11 test r cs t~ l t s  l'all a l o t ~ g  t l l is l i t ~ l *  ;I M'l'btl 
0 1  ortl) 5.P' yuors w i t l i  a c o ~ i f i t ~ c ~ ~ c r .  IL+v:*I o l '0 .X wou l t l  I;c i ~ i ~ l i ~ ; l t ~ ~ c l .  'l'Ii~\ is j?r'ol>;~l~ly t l i cb  lowest M' IHI :  t'or co t t~~ r l c r c ia l  accept- 

; t l l i l i l )  o t '  t l lc  Sf's. s11ice I l l i s  co11IC Ic;11[ t o  ~)l; l t i t  I ' i~ctor \  ;IS IOW ;IS 0.0. 
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Establishing a MTBF Interval 

IaII(Ya - 

{FOR SAMPLES 5 500) 

N ~ M B E R  OF FAILURES 
NUMBER OF ELEMENTS INVOLVED 



PERFORMANCE ASSURANCE: RECTENNA 

( r ~ t ~ c , ~ !  rcctcQili;r ;,crlortn.~ncc p;rr,ltnctcr\ i lrc I ~ \ t c r l  . ~ l o ~ i p  ~ ~ t h  t l ic  dcn ion\ t r ,~ t~#,n  orohably rcclurrcd t o  ;l\\urc that  tho ruclirired 

Icvcl\ \+III he p r v w n t  111 the 1:rII \ ~ / c t I  systc111. I o r  c~ . r r i ~p le ,  the .I)IIVC~~I~II (:I t l ic  Hi' cticrgy t o  d ~ r c c t  current IS probably dclncln- 

\tr;~t,rt~lc or1 4 t c ~  protl trctron p,rr~cl\ ~pc.r I~,rp\  on l y  \ c ~ c r i ~ l  Iiuntlri.tl ,cltr,lrc r r~c tc r \ r  1 he %' ) ' I  trpurc I icrc glben i s  probab ly  the  

c o r l ~ c r \ ~ o ~ -  c l l ~ ~ ~ c n c y  rrctirct,~t~lc ,I[ t l ic  crotltcr 01 t l ic  111c1ou ~ v c  hcdrii l l i c  80'1 nuniber 14 claw t o  th ;~ t  I i i ~ l ~ ~ c v , ~ h l c  i ~ t  approx- 

~ m a t c l )  ; ~ n ~ l l ~ ~ , r t t  per \quirrc ccnt* tnetcr  .it IIIC r i lgc  01 flit tTllirot+,1\i1 I>C~IIII. A t t c ~ ? ~ ~ i ~ t ~ o ~ 1  Iizrt. rl:la*.~\ i o  ttlc villue o f 'm lc ro-  

H J ~ C  energy wt11t.11 I\ prr:\erit hctlc,~tIi t l ~ c  rcc~t ibr i l i ,~ P,II~L-~\. 1 l i 1 ~  ~ r r o b a l ~ l y  $ 9  c r ~ t ~ c , r l  I! n ~ ~ r l t ~ p l u  1.1.id IIW Ir 111i r\loncd. l o r  cxanlple 

. ~ g r ~ ~ i ~ I t t ~ r c  p c r t o r t l ~ ~ i l  hcrl ib,~tl~ ttle r CI~III~,I. I ,  ti l l l o n g - t c r ~ i l  cnv~ront l icnt , t l  r~~\ lq tar icc  I\ ~ j ro I~ , i h l y  the 111o\t d~l ' l ic i r l t  of I h c  rcc. 

trnl1.1 char .~et r r r \ t r i r  t o  ~ I c ~ ~ i o ~ i \ t r , ~ t e  K t ~ l ~ r l r l , ~  II,IIICI\ coi1I~1 he lc\ tcr l  111 a I,lr)rc ~ c - ; ~ t t l e ~  cli,imhcr, f o r  c u a ~ ~ i p l c .  the t ypc  uvuilablr 

I I 1 1  f r e  , t C  I III\ LOLIIIIC~~I w ~ f l i  ,I t1~*1i1 tga\t. wo11I(1 proh;rl l y  he \ ~ r l I ~ c ~ c t i t  t o  i le t i io~ i \ t r ;~ lc~  . ~ d i ~ j u d t c  cnv~ ronmc t i t a l  

r c \~ \ t .~ncc  t o  ~ ~ r o ~ c c t f  u l t t l  ~t Ic 191 I o r  2 t c ~ l l - \ ~ / u i l  rc*~tvnti,ls. 



~ Performance Assurance Rectenna 

PERFORMANCE 

2. ATV'ENUATIOY 
(BEAM STRENGTH BELOW 
ANTENNA) TBD dB 

3- * 
RAIN - 
SNOW - 
WIND 
HA1 L 
SEISMIC 

s. -0ty 
D C d  AC OR DC-DC 
EFFICIENCY > % 

6. WITCHINQ CR WBA 
OPEN CIRCUIT. --39 RANSIENT 

DEMONSTRATION 

MEASUREMENT8 ON PANILS O f  
APPROXIMATELY lOOM2 

MEASUREMENTS ON PANELS OF 
APPROX MATE LY 100M2 

WEATHER CHAMBER TEST 

(FIELD TIST?) 

PESION ANALYSIS, 
ELEMEN ; TEST 

CUM! FJENT TEST 
(CONLERTER OR MOTOR GENERATOR) 

COMPONENT TEST AND TEST 
WITH RECTENNA PANEL 

PROTECTION 



PHOTOVOLTAIC REFERENCE CONFIGURATION 

This chart d i ~ w ' i  ;I pI.rri and sitle vicw ot'ir ti111 size SPS liuving a 5,000 megilwatt output at eaclr of the two rertennas. The power 

gon4 .lition portion of the si~tellite is  divided into 8 hays which are trwnskrred individually from the low assembly orbit to geo- 

synchronous orbit irsinp thc sell-power nlctliotl. 'I'licse 8 rtiodulcs ;Ire t.itcll coniposed of 32 idenlic.ll buys. I t  i s  possible to invision 

a pl.ccurscr SI'S .IS being rnailc up of' 1 ,  2 or niorr b;~ys up to ;I 1'i111 32, that is I mod~tlc. Thus t l~u  prcctrrwr design would bo 

dircctly reliltable to tl ie 1'tiII size system. Tlie tri~nslnittcr woultl be a subsc;rle unit with a power transmission cilpability appro- 

priate to the ni~mher of hays prov~tled. 'I'lrc tri~nrti~itter can be lnade up of ltlll s i ~ c  antetinu coltiponcnts. 'The precurwr SPS 
rccciviri~ mirjor attention in this sttldy orie composctl of 4 bays. This will bc yivcn on suhscquent charts. Such s precurser 

;illows the u\c of  full, cxac t  scale, solelr irrray p;rncls wliicli pancratc tlrc l t t l l  required vo!tu#e over the sorne path link with the 

s;~nlc. phy\lcal ;rrrangement. 



abd BAYS 
067 ,6 x dO7.6m 6076m TYP 

I 

TOTAL SOLAR CELL AREA: 101.8 km2 
TOTAL ARRAY AREA: 1 10.2 km2 
TOTAL SAt ELLITE AREA: 114.6 km2 
OUTPUT: 16.83 OW MINIMUM 70 SLIPRINOS 



SUITABILITY OF A SMALL PRECURSOR 

A precur\or i rn~t  cor~iposctl o f 4  hays will have 1,5(>'/1 of the area ol'tlic full s i ~ c  SPS. Hence, the power pencrated by qucn a pre- 

cursor would he al3proxrlnately 1 . S t ;  of that ol' the full size satellite. This chart addresses the question of whether or  I or such a 

4atcllite is adccluatc. t o  tfcnlcn\tratt* commercial viability. Sonic of tlic* crit~cal dcvelop~r~cntal paranicters of' the satcllitc Ibtt.: 

along with t h c ~ r  relat~o~>rhip to  tiltg frdl s ~ z c  satellite. For exanlplc., tllc solar cr:lls can be of the sarlle basic type and sailre :hi t+ 

~ic .~s ,  i.c.. 50 rnicromctcrs. ( 2  tnils) althougli the cells nlay not have acliitlvcd the fill1 etl'iciency of those !J  be used in the re crtu :l 
a,~tcl l i t~ 'The solJr ccll b l i~n t i~ t s  ciln have the same physical parameters as tliose for the L ' V C ~ ~ L I ~ I I  f't1I1 size SPS as regards cover t jpc ,  

tli~cknes\. suh\trate, cell ~ntcrconnccts. ctc. Tlic structural clcinents of the precursor can be exactly thoac t o  he used on the Full 

sided systc111. t f  the I a t ~ ~ ~ c t i  veliiclc has thc capacity to carry up either the required bean1 machines, the structural components, or 
both. Solar ccll cost\ arc o f  course critical t o  the eventual co~ii~nercial viabrlity ol' this systcni. Thc n u ~ i l b ~ ~ r  of solar cells required 

for a 4 hay precursor is suff~ciently large to  warrant development of t l ic  full production copacity to  be i~scd in t l u  SPSsystem. 

'I'hat is. perhap\ I or  morc product~ol~  lincs. t o  achieve a cirpacity ol'approxitiiatcly 20.000 cells per Iiour, the rate required to 

niakc :::c .-::,s lor tllc prccurscr 111 ;I pCrrod ot two year\ For tlic fti1I liirc \otcllitc, more of thrsc production lincs would be used 

to ohtaltl tlic protluc.t~on rate ol 2 millrun cc11\ per hour which goes with a ~ i i l ~ l l i t ~  additinn rate of I pcr year. For the transmitter 

tlw \tlharrays can bc of the type anil S I / C  to be \~\ccl III the full s i ~ c d  s y s t e ~ ~ i .  7.119 klystron tubes can he full power tubes, that is, 

71 kilow;rtts, Ilowcwr. rn thC prccur\or the tube i111tl cflic~ency may not meet (lie targst goals r c q t ~ ~ r r d  1'0r the fill1 s i ~ c  sys- 

tcni. Ottir~r trot~srnlttcr elcnicnts c;~n closely j>irr;~Ilc*l those to he usell i n  tlic full side SI'S. Kcctcnnas cat1 I>c snlallcr area versions 

t:f ttic Still ~ I I V  s y ~ t ~ ~ i i  a i d  u\cs pa,icls, nlount~ng iiictl~otls, switch pcar, ctc. of the final dcsign. A self-powerc<l transport t o  geosyn- 

c)ironou\ o r b ~ t  c.;rti hc t~+cd w1tl1 power I1roccssor\ ; ~ n t l  thrustcrc 01' the type t o  be cmployccl on the full s i ~ c  SPS. Their cl'ficlcncy 

1111gllt hc* slightly iowcr than t l i i ~ t  for thc cve~itual systcn,. 
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Suitability of a "Small" Precursor 
S 

DEVELOPMENT RELATIONSHIP TO FULL SIZE 
1.56% SP6 
ADEQUATE 

POWER GENEFiATION 
CELL 
BLANKET 
VOLTAGE, CURRENT 
STRUCTURE 
ATTITUDE CONTROL 
PRODUCTION EQUIPMENT 
ROTARY JOINT 
SW ITCHGEAR 
RELIABILITY DEMONSTRATION 

SAME THICKNESS, SOMEWHAT LOWER EFFICIENCY J 
SAME d 
SAME r' 
SAME (ISM WIDTH, JOINTS, MATERIAL) J 
SAME (PERHAPS LOWER EFFICIENCY) i 
SAME (16,000 CELLS PER HOUR, TWO YEARS) I 
SMALLER DIAMETER, SAME CONTACT SYSTEM v 
SAME (PERHAPS SUBSCALE) 
YES, ENOUGH COMPONENTS 

POWER TRANSMISSION 
TUBE 
WAVEGUIDE 
STRUCTURE 
PHASE CONTROL 

SAME (7OKW)(PERHAPS HEAVIER, LOWER MTBF) 
SAME 
SAME (FULL DEPTH) 
SAME (EXCEPT 1/5 DISTANCE FOR REF. PHASE DIST) 

PRODUCTION EQUIPMENT SAME (NEED ABOUT 5000 TUBES) 
SWITCHGEAR SAME 
ATTITUDE CONTROL SAME (PERHAPS SUBSCALE CME's) 
RE LIABILITY DEMONSTRATION YES, ENOUGH COMPONENTS 

POWER RECEPTION 
RECTENrlA SAME (AT LOWER EFFICIENCY, PERHAPS 60% NOT 8S%) r' 

LEO TRANSPORT GOOD (WITH FLYBACK BOOSTER) J 

GSO TRANSPORT 
THRUSTER 
POWER PROCESSOR 

SAME OR SUBSCALE 
SAME OR SUBSCALE 



SUITABILITY OF A SMALL PRECURSER CONSTRUCTION BASE 

.4nhlysts of potential constr~~ction niethods for a I Iuy to 32 bay sizc pr1:citrser satellite llave indicated that a onet ighth scale con- 

\truction base woi~ld tic appropriate. This one-eighth sci~lc construction base would closely approxitnate a segment of  a full size 

c( ~stritction base. It wollld h;~vc the capability to  produce the full depth bays to  he used in the ILII sizcd satellite. The chart 

shows that :acli o! the crit~cal construction base paratrietrrs are dcmonstratablc on this on-eighth scale unit. As in the full size 

construction process. thc atitcnna is'huilt separately and tiiated to the yokc and the power generation module. The four power 

gent.~+ation bays would he built in two groups of' two. t'orniing two triodules which individiially self-power to  the operational orbit. 

One ot tlir\r modules woultl carry thc tri~~istilittcr. 111 tllc operational orbit tlrc two modules would be berthed togcther in a pro- 

cesr, si*nilar to that to  hc 11:;cd in the I'i111 stzed system. 



Suitability of "Small" Precursor 

SPS-1813 

DEVELOPMENT 

CONSTR UCTlON 

BEAM MACHINE 
BEAM INTERCONNECTS 
SCLAR ARRAY DEPLOYMENT 
BUSBAR DEPLOYMENT 
MODULE "INDEXING" 
ASSEMBLE ANT. STRUC. 
DEPLOY ANT. SUBARRAYS 
MATE ANT. TO YO ' 5  
MODULE BERTHING 
ANTENNA XPORT LOCATION 

RELATIONSHIP TO FULL SIZE - WITH "12% BASE" 

SAME ( t X C L F T  rRANSPORT PACKAGING) 
SAME 
2X7.5mm15M ("CANISTER BOOSTER")21X3.75.15M(ORBITER) 
SAME, BUT SUBSCALE 
SAME 
SAME 
SAME 
SAME 
SAME 
SAME 



PRECURSOR SPS 

This chart show\ tllc four b~ ~~rccursor  SPS including its tr;~nsnlittcr systcnl. t-.ach of the I'our bays is identical t o  that t o  be used 

in the full SPS. The 470 meter depth o f t h i s  unit is cxactly that, for cxample. of tlic full s i z ~  system. The left-hand two bays form 

one module which is constructcd first and dispatched t o  geosynchronous orbit. then tilt8 right-hand two modules and the trans- 

rntttcr are constructed and dispiitchcd. Each of the two modules niounts belt-powcr transfer elrctric thrusters at  its four corners 

on t'xtenslons of the 15 meter struc.tural beams. The antenna is displaced from the cclge of' its power module by a structural sys- 

tem whic ;~  allows the antenna to be rotated to a po~i t ion  beneath the center of thut nlodule. This method is used in the full size 

system, where the transnlltter antenna is rotated t o  a position beneath the center of the nlodule. The  190 nieter diameter trdns- 

rxltter is coinposed c;f full sized subarrays arranged so as to  provide the requisite powcr taper. In the center of tlie transmitter, 

nrne subarrays of the f ~ ~ l l  power type arc grouped \o as to  duplicate the maximum thermal environtlient of the full size transmitter. 

Flat zhect ;~luminum busbar contluctors rc~ute the power I'ront the solar arrays t o  the rotary join! and yoke system. 
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PRECURSOR SPS 

/- SOLAR ARRAYS: 

ALUMINUM f 
BUS BAR SYSTEM 
(SUBSCALE, SAME 
TEMPERATURE) 

USES FULL SIZE 
SUBARRAYS, HAS 
FULL CENTRAL 
HEAT DISSIPATION 



POWER TRANSMITTED 

I f  a precurser satellite is t o  be operated in the late1 part o ~ ' t h c  Ic)80's the solar cells lor  that satellite must  undergo a design 

freeze in approxitnately 1953. The  chart  s h o a s  how the  natural progression from today's solar cells t o  the  high efficiency solar 

cells of  the  full size SPS will result in an efriciency o f  appro  :im;itely 1 6 5  for the prccurser cells. W i t h  thisef'ticiency and with the  

probable transmitter parameters irchievabir at  tlle time of [tic precurscr satci"te, approximateiy I85  megawatts will be !aunchtxJ 

from the face of tlic transmitter. This is approximately 3% of the power of  the fi111 size transmitter. 



~1; P;,'- p49?1-3 

Power Transmitted 

SOLAR ARRAY PEHFORMANCE: (50 pM CELLS) 

SPECTROLAB 10.3 TO 1 1.3% HELIOTEK & H. OMAN 17.3396 WITH 
SOLAREX 11.2% 14.5% BARE CELL TEXTURING & 
ASSUMPTION: 75 pM VEE-GROOVE YIELDS 16% WITH VEE-GROOVES 

COVERS WILL ALLOW TEXTURING 81 VEE-GROOVES 
A 12% CELL TO 
OBTAIN 13% 

TRANSMITTER OUTPUT 

OUTPUT OF FOUR FULL SlZE SPS "BAYS," WORST ILLUMINATION 289 MW 
WITH 1983 2ELLS: (16%/17.33% x 289) 267 MW 
BUSBAR I*R, 0.98 (S:iOHTER THAN FULL SIZE) 261 MW 

AhTENNA POWER CISTHIB'JTION 0.98 (SHORTER THAN FULL SIZE1 
DC- RF CONVERSION 0.82 (0.85, ULTIMATE) 
WAVEGUIDE I ~ R  0.985 FULLSPS 
IDEAL BEAM 0.965 FULLSPS 
INTER SUBARRAY G.946 FULL SPS 
INTRA SUBARRAY 0.981 FULLSPS 

E l -  
HENCE 185 MW ARE "LAUNCHED" 

I. 

FULL SIZE SPS IS 6220 MW LAUNCHED (PER TRAKSMITTER) 18516220 = 0.03 



BEAM PATTERN 

' l ' i l is  clr;~rl  rt~l;lIch ;III~~II~I;I~ to11 01 '  1 1 1 ~  l i l i c row;~v t~  I~C~IIII 10 1 1 1 ~  r i l d i i l ~  i I l% t i~ l lC~*  ~'rOl11 t l iv  CclllCr Or IIlilI I 9 ~ i l l l l .  ' I ' l l< ~ ~ l \ t r i l l  I W ~ t t l  

strt .nptl~ ot' ~ h c  Vt1II s i ~ c -  power  \;~tc.llilc* is i ~ l ~ p r ~ i ~ i i t ~ l  2.3 t r i i l l i ~ i ~ t t s  o r  23,000 ~ t r i o r o w i ~ t t \ .  'I'llc c l r i ~ r t  sl lows 11 si lnlr lr  rc lut ion- 

ship t'or t l ~ - t ~ r l t i i t i i n g  t l ic  r*c~i ! r ;~I  IIL~~IIII qtrcvigt l~ ~ I L ~ v ~ ~ I ~ ~ ~ ~ I O ~ ~  0): IIIC I~ r r c t I r so r  LIIII~. '1'111~ 4.11iiy I?rcct l rwr wit11 ;I I 0 0  t i ic tcr  ~I;IIIIC~C'~ 

t r ; ~ ~ i s ~ i i i t t ~ ~ r  i ~ ~ ' l ~ l t * v ' t ' ~  ;I c t * ~ l I t ' i ~ l  b C i ~ l t ~  s l r c ~ ~ p l l i  of d i g l ~ t l y  over 23 1111~* ro~ i t I t s  I lcr  \ilLliirc cc l l t i ~ l l c t c r  o r  1 / 1 .O()() of the! hk:i1t11 ~ t r ~ t l ~ t ~ l  

(>I' I l l c  l'ull s i ~ c  liystt*ln. A t  ;I ~ i ~ i l i t ~ ~  01' a l r l ~ r o x i l r ~ i ~ l ~ l y  I0 t~ i i l cs ,  thc hciltit utrrtrptlr t l i t ~~ i t r i a l l t ~s  lo  n l ~ p r c r x i ~ i i ; ~ l r ~ l y  I0 n i ic rc~w;~ l tn  per 

sclu;lrc ecn t i~ i r c t c r  wtriclr is t l ~ e  Sovi6.t cont in i lous ~ ~ u l j o s t l r c  st;~nrlard. ' I ' t i t ~ ~ .  tlrt* h c i ~ ~ n  d i ; ~ ~ i r c l r r  id 2 0  1irilrns i s  rclut;llrlr to  t l lc  

tightest cxpouurc \l;rntli~rtl ill I l rc  wor l t l .  
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Beam Pattern 

"MAX - CENTRAL BEAM STRENOTH 
POWER LAUNCHED BY TRANS 

p T m  ELL SIZE TRANS. POW. LAUNCHED 
PMAX = 23,000 pVV/cM2 x (PT) x (AT) 0 AREA OF PRECUFIWR XMTR 

AREA OF FULL SIZE XMTR 

10 - 

a 
2 
2 

REFERENCE PRECURSOR '" 6 0 -  
PT = 0.03 (OF FULL SIZQ) 

AT 0.036 (OF FULL SIZE) 
PMAx = (23,WO)(O.O3110.036) = 24.0 PWICM~ 

8 0 -  

I I I I i I 1 1 

0 10 20 30 34.1 40 $0 60 70 

RADIAL DISTANCE FROM BORESIGHT, KM 



RECTENNA OPTIONS 

I t  is probably r iot app rop r i i ~ te  lo  cotlstrt lct ii l't111 ilrea rcctcnna Sor the prccurser SPS. Wi th  the f i~l l  rcclc l i t ia  ureil u power  ou tpu t  

o l 'appruxirnatc ly 85 rnegi~wrrtts wou l t l  be t levcloped hy t l ic  4.bay prccurser SPS studied. Th i s  p o w c r  lcvcl i s  of l i t t l e  commercia l  

sign~l'icilnce relative to the cost of lIic nrecurscr prograni. A part ia l  rectcntr i~,  as allown, w i t h  an i irsi i  of 7 sq iure  k i l o~ i i c te rs  would 

probably protlucc* i tbout  I nlelq:~wa t t wit lr  t l ic  prccurser's c e ~ i t r i i l  hc i l l i i  strength. .flris I mcfiawut t is probably qu i t e  crdequatc to 

demonstrate successful i n teg r i~ t i on  o f  space gcncr;rtctl powcr  I l l t o  u c o l n ~ i ~ e r c i i i l  u t i l i t y  nc twork .  'Tlic bcatir urea uround the rec- 

tcn11i1 rcc t ion  w o ~ ~ l t l  hc  i ns t ru~ i i cn t c t l  in order  to detcrl lr i l ie t l i r  cliaraetcristics o f  thc t ransmit ted haurn. 



Rectenna Options 
(For "1.56 % PSPS") 

"FULL BEAM AREA" 
DIA. = 20 km (12 mi) 
OUTPUT @ 86 MW 

0 

"PARTIAL" 
2.8 km x 2.6 km ( 1 . 7 ~  l.7mi) 
0UTPI;T * 1 MW 



RE ,TENNA CONSIDERATIONS 

It is probably approyriatr: t o  tlircct the Iiilcrowilve bc;~tii I'rom the prccursor satellite to  iI yovernlncnt rescrvation. If the most 

stringent rr:rrent microwave exposilrc slr~ntli~rtls is used. ant1 SIICII il ~ti~rlilard Itlay be levieil upon tllc solar power project before it 

has tlemonstratctl long tern1 si~cccssl'ul n~icrowavc hcua~ pointing. thcsn wc will be working with i I  standard 01' I0 microwatts per 

square centimcter; at and above this powcr Icvcl Ilie prccursor bee111 iliameter is 20 milcs. 'This will 1;' convcnicntly within a yov- 

ernment reservation such as White Sands I'roving (;rountl, New Mexico ancl would bc co~~veniently ncar the power distribution net- 

work at Alan~agordo, New Meuico. Dvspitc ttlc low centrill beam strcrlgtll and the lower cl'ficicncy of rectcnnas at  these levels a 

prrcilrsor rrctenns ot'approxiruatcly 7 square kilolnctcrs, that is. 1.7 ~nilcs by 1.7 miles, woultl be adequate t o  develop onr mega- 

watt and would cost approxir~~atoly 5% ol'tlle cost associutcd with the total precirrsor proprani. 



D 180-2407 1-3 

Rectenna Considerations 

GOVERNMENT RESERVATION DESIRED 

.CONTAIN APPROXIMATELY 20 MILE DIAMETER BEAM SECTION wnlcn 
IS ABOVE SOVl ET STANDARD (10 y ~ / c m Z )  

a SIGNAL LEVEL (* 23 yWIcm2) MAXIMUM WOULD PERMIT PERSONNEL 
EXPOSURE 

LOCATE NEAR EXISTING TRANSMISSION LINE 

INSERT ONE MEGAWATT 

RECTENNA COULD USE "FINAL SPS" COMPONENTS 

EVEN AT ONLY 60% EFFICIENCY, 7 km2 (1.7 MILE x 1.7 MILE) PRODUCES 1 MW 

AT $100/m2, RECTENNA FOR 1 MW IS "ONLY" $0.78 



PRECURSOR SPS CONSTRUCTION BASE 

This  chart  shows the configuration o f  the precilrsor SPS LEO collstruction base. <'onlpariso~i ot 'this fitcility t o  Illat s l ~ o w n  for the 

firll-size SPS LEO base reveills that  the precursor facility is a onc-bay corner of  the full size facility. 

T h e  niodt~le \  and the yokc woultl bc constri~ctctl  in the larger pilrt o f  tllc hilse using tllc fi~ll-size const ruct io~i  ecluipmetrt that  

woi~lt l  be used t o  constrilct the full size SPS modules. The significant ol-wrational difference would hc tlral after  the frame for 

one  o f  the  module bays is conr t r i~ctcd  thc f r a ~ n c  assc~nbly ccluipmcnt woultl bc movetl ou t  o f  tlic way so that the  solar array 

deployment machine coultl be ~noverl into thc samc construction t ~ y .  After the  array is tleployed. tile coli~pletely assellibled bay 

is indexed oi:t o n t o  the  outrigger3 so  thirt the second hay co i~ ld  br arscniblcd. 

T h e  yoke and thru\ter  \ystems woi~lt l  also hc constructctl in this bay. 

The antenna woultl be constructed in the aritc~lnir con\tructlon fucility wl~iclr i \  l o c i ~ t ~ t l  in si~cll  i\ way that  ~ I I C  yoke and antenna 

could be mated witllout any vertical nlovcrncnl of  tllc antenna.  



Precursor SPS Construction Base 
I r n I I A Y #  - 

- --A-CI NOTE: 

--. . ..---. .- 
BEAM MACHINE AND . 

I - SOLAR ARRAY MACHINES 
kh'. ! USE SAME BAY 

1 

YOKE CONSTRUCTED 
WITHIN MODULE 
CONST FACILITY 
AFTER BAY 4 IS 
INDEXED OUT ONTO 
OUTRIGGERS 

SOLAR 
ARRAY 

MODULE 
CONSTRUCTION 

MODULES \ 



PRECURSOR SATELLITE 

LEO BASE CREW SIZE/CONSTRUCTION TIME 

'This chart shows the  res~rlts of  a preliminary compurison o f  three concepts for co~ i s t ruc t i l~g  the precursor satellite 

Alternative A is a very optirniztic approach wliercin it was assurl~cd that tlic operational rates rlcsigned illto the baseline full-size 

SPS const r i~ct ion concept could be i~chicved when making the precursor. I lie o ther  nlajor assi~rnption was that the modules and 

antennas are constructed sinl~rl taneoi~sly.  7'llis results i l l  a large clew hilt ;rcllicv~s a very sliort coristruction time. 

Alternative B is the sclnie as Altcr~lative A rr-cept that  a niachinc rate ,St% as higll as the operational satellite was ussumed since 

in the early days of  c n n s t r ~ ~ c t i o n  a Icbarning process will be in efftnct in adclition t o  Inore n i a c l l i ~ ~ e  clown t ime. 

Alternative (' is the co r~ccp t  selecterl as thc referctlce approucl~.  In this concept. it was assicnied that  it woirld he necessary t o  

mininiize the crew S ~ L C .  This is ;~chicved Oy I I ; I V I I ~ ~  ;I S I I I ; I I I ~ ~  n ~ r r ~ l h e r  of ~ ) e o p l e  pcrfor1~1 ; i l l  ot' the c o ~ i s t r t ~ ~ t i ( i n  tasks in a series 

approcich; 1 )  a s s e ~ n h l ~  ~ i rbasse r~~b l i e s ,  2 )  a~scri ible thc two ~ ~ ~ o d i r l c \ ,  3 J asscmhlc the. yoke. and thtn  4 )  assemble the antenna.  

Agai~i .  250; of  the  clcsigned operational ratcs wcrc assumcd. Tliis approacl~  will obviously take longer than tllr o thcr  concepts hut 

will result in a lower capitill investme~it  cost. 



Precursor Satellite 
LEO Base Crew Size/Construction . . Time 

CONCEPT 

CREW SIZE 
BASE MGMT 
CONSTRUCTION 

MGMT 
MODULE CONST 
ANT CONST 
SUBASSY 
MAlNT 
LOG ISTICS 
TESTIQL 

BASE OPS 
BASE SUPPORT 

TOTAL 

CONSTRUCTION TIME 

BASELINE SYSTEM 

El m ANT AND MODULE 
CONSTRUCTED IN 
PARALLEL 
1009C OPERATIONAL 
MACHINE RATES 

ANT AND MODULE 
CONSTRUCT ED I N  
PARALLEL 
25% OPERATIONAL 
MACHINE RATES 

ANT AND MODULE 
CONSTRUCT EO lN 
SERIES 
25% OPERATIONAL 
MACHINE RATES 

ALL OF THE NEW CONCEPTS UTILIZE IDENTfCAL FACILITY 



PRECURSOR SYS OPERATIONS SCENARIO 

Tile precursor program invisior?ed requires approximately 4-11:! years of  in-space operations. The in-space operations hegir with 

the cargo and crew launches ; i : i ~ ~ ~ i ; l t t ' d  wit11 the placeriierit, i isse~~lbly.  and clieckout o f  the  cons t r i r c t io~~  base. These launches con- 

tinue for approxiniutely 3 years a t  which point aclditional launches begin to bring u p  the Inass of  the p r e ~ u r s o r  satellite itself. 

l'llt: first and seconil bay5 of  thc satellite arc assernbled in to  one  module which is dispatched. trsirig the st.11'-power niethod, t o  gco- 

synct~rorious orbit .  At the  time o f  dispatch, assembly ant1 checkout ol 'tlle third and fourth hays arc started in ordibr t o  for111 the 

second tnodule. This nlotlule carries the :~ntcnna with it t o  geosynchronous orhit .  'l'lie self-power tranclkr tii:le is 180 days. Before 

the first moclule arrives in geosynchrono~~s  orbit a inannet1 geosy~lchronons orbit s u p l ~ o r t  station is nlade operal;:c. This support  

station is the bas' of  operations for  thc Iwrtliiny operation ;whicll joins the two r*iodirles together). fin;~l checkout and make-oper- 

able operations, anti for the  one  year operational pcriotl b~se l ined  Ibr this precursor sarellitc. It is f r o n ~  this support  station that  

rnaintenancc operatioris will be ncconlplishcd. Prior to the beginning of power transrllrssiori from space the test rectcnna and its 

assc,ciated instrurncntation made operable. 



Precursor SPS Operations Scenario 

V U R  I I YEAR 2 I YEAR 3 I YEAR 4 I YEAR 6 

CREW 
UUNCHES v v v v v v v v v v v v v v v v v v P v v v v v v  v v v v v v 

LEO 
CONSf 

CHEM 
O N  
WIYCHES 

I m M B L E  AND CHECKOUT OONST BASE I 

ASSEMBLE . 
SELF COWER 
BAYS 3 AND 4 

ASSEMBLE ANT 

I MANNED GEOSYNCHRONOUS SUPPORT 1 - - - - - . . 

1 STATION OPERATIONS I 

I INSTALL REmENNA AND IY~~RUMENTCTION 1 

ONE MEGAWATT I 
-. 



PRECURSOR SPS MASS 

Tine mass is given for  a prec~.r-sor SPS whicl! is 1 .SO% of  the fill1 systeili size. Because tlrc full sizc SPS development will not  be 

complete a t  the time of  tlir precursor, "novelty" multiplying factors are ilscd, wit11 tile largest Sactor applied t o  the transmitter 

elcmt'nts (such as the klystron). T o  tlic mass of the  prccursor SPS in geosynchronous orbit n i~is t  bc a d ~ l e d  the mass of' the rystenls 

necessary t o  accon~plish sel1-pc)wcr transfer t o  geosynchronous orbit .  including the argon propellant. electric thrusters. power pro- 

cessors. etc.  The  total mass t o  be placed in low orhit for accomplishment of tlle precursor propran1 is thus apprnxinlately 3600 

nx t r i c  tons. If a ~eosynchronous  orbit asscmbly site was selcctcd. with transf'cr of thc s:ctcllitc equipmcnt t o  that  orbit  by ch+:mi- 

cal orbit transt2r vehicles, t h r  initial tnass in !ow orbit wo~ilt l  be approxin~ate ly  6200 metric tons.  



Precursor SPS Mass 
(Metric Tons) 

ELEMENT FULL SPS FRACTION O f  "NOVULTY/ PRICURWII 
MAS@ PULL ILIMENT 8U0llCALIH MA88 
rW/oROWH) FACTOR 

POWER GENERATION @6m 0.0166 1.10 1,190 

I POWER TRANSMISSION 12,600 
(ONE TRANSMITTER) 

- - 

PRECURSOR SPS IN OEO ORBIT 1,620 

INITIAL MASS IN LOW ORBIT FOR SELF POWER WITH 8% SPARES (1.40 FACTOR) 2,- 

ALLOWANCE FOR PALLETS, ETC, IN LOW ORBIT LAUNCHlOR (1.10) INCLUDID 3,779 

LOW ORBIT CONSTRUCTION BASE 860 

TOTAL MASS LAUNCHED IN PRECURSOR SP8 PROGRAM 3,620 



POTENTIAL LAUNCH VEHICLES 

On tllrs cel i tcr  Ic f t  is \ l i o w ~ i  I l ie  \I\;ICL* s l ~ r ~ t t l i ~  t v l i i c l ~  is ~ i ~ i ~ r i t i g  t l ~ c  ~ t i t l  o f  i t s  ( I c v r * l ~ p ~ i ~ ~ ~ i t  I)II;ISC. 0 8 1  1 1 1 ~  r ight ;Ire SIIOWI~ t w o  IIC*~IVY 

l i f t  I ;~uncli  veliiclr* co~ic.~.pt \  ~ v l i i ~ ~ l i  tl;~vc ticcrl tlcvclopetl I'cv i rc~l~ic.vr~ti icnt of ;I s o l i ~ r  power  s ; ~ t c ~ I l i t ~  progrirm. 'I'hc ~ lp l ) c r  ol' t l io  t w o  

i s  a t w o - s t ; ~ g ~  h;r l l iu t i~~ \;cl~i~,lr* c t l ~ p l o y ~ ~ ~ p  oc*c;lri I ;~t i t l i l ip  for e * ; ~ c - l ~  01' 1111- ~ t i l g c ~ .  'I'l~t* IOWC*~ is ;I I ~ o - ~ t i ~ g e t I  wi11ge11 V C I ~ I ~ ~ C  wl i ic l l  LISCS 

runway 1;tntlinps t'or rr.~.ovcry. I1otIi of t l l C \ ~ -  Il;lvc* p ;~y lo i~ t ls  ill exczss ol' 400 ~ t r c t r i c  tons. 'I'lley itrc Iirryer t l \ ~ ~ t ~  wcritlrl bc reyuircd 

fo r  ;I prccurstv propr;lni ;111tl i t  i s  p r o l ~ i ~ h l y  i t ~ ; ~ l q ? r o p r i ; ~ t ~  t o  h;~uclinc t l l c i r  rlsr i n  ;I prrc\ t rsrr  I?rogrllin. It: rhct one o f  l l ~ e  mujljor 

atlvantapcs o l ' ; ~  prCcurscr ;I\ ;I i Ie t~ io~ ia t ra :c r  is t I i ;~t  i t  i l l lows hrlcc-cssl'tll i ~ ~ - v o ~ i i p l i s h t i i c t ~ t  o f  ;I s111i11I !ii/r "r,~rwt-r Ttotti spucc propram" 

ht8forc. c o ~ n n l i t t i i c t ~ l  t o  ~ ~ i ; ~ x i t i ~ r ~ l i i  I '~rtii l it ip f o r  eitlic*r o f  tllcue vcliir*lcs. '1'11~ ol l lc 'r  vcl i iclc c o t l l l g ~ ~ r ; i t i o ~ i s  s l iown on t l i c  cli;trt u r r  

tferiv;~tivr*s o f  Illc hI>ace u l ~ t ~ t t l e .  Al>ove tlir- \pilce $h r~ t t l r -  is r l i o w ~ l  ;I v r l ~ i c l c  c t ~ l p l o y i n g  :III H ~ n c t c r  cli;l lt~t*tcr p ,~y lou t l  v l i r o t~ t l  w i t h  ;I 

SSMli recovery ci~l)sr~lc.. 'I'ltis vel i iclc ~ ls i *u  111c a t ; ~ ~ i t l i ~ r d  t*xterli;l l t ; ~ t ~ k  i ~ t ~ t l  solitl rockct  I,oo\tcrs. The yr i~y lo i~ t l  i\ i~pl>roxi~tr ; r tc ly  

2 . 3  t inles t t ~ ; ~ t  ot t l ic s t ; ~ ~ i t l ; ~ n l  s l ~ u t t l c .  L3clow i t  is ;I s t t ~ i i l i ~ r  vt~l r ic lc  w l i i ch  instcad o f  t l ic  sol i t l  rocket  hooatcrs cni l>loya l i qu id  rockc t  

st;~gc.s wh ich  ;Ire r l ~ ~ , o \ . t ~ r ~ ~ i l  ;I[ si';~. l ' l ~ t *  sj);~cc~ s l iu t l l c  o rh i l t - r  i ~ n t l  111s I ( - t~tr tcr  cli;tnrcter p;~ylo;~t l  shrorld/SSMk conrhir iut iot i  ;Jrr also 

~ t i o w r i  w i l i ~  I tvo  t). lw\ 0 1 '  I ~ ; l l l ~ s t  ic ;~ l ly  rrscovc.rvtl l itl~~iil rockct  ul;~)dr*\. i111tl wi l l1  il w i ~ ~ p c t l  tilrl?c?ict I l y l r i~c l :  I?oo\lc.r. '1'11~ Iilrgcr ol' t l ic  

ocim:1ti-re-c.o\~*ry l ~ ~ ~ t l i s ~ i ~ ~  roc*k~* t  \t;1pibs 13 i ~ l s o  \ t ioivt i  wit11 ;I l ~ i ~ l l i s t i ~ ~  o r l ~ i t ~ , r ;  the q t t ~ i ~ l l ~ r  i~ s l t o ~ t l  wit11 ;III i ~ ~ t ~ r ~ i ; ~ l l y  t ; ~ r~kc ( l  Ii(~rtic! 

t i y i l r o g ~ - r i , ~ I i ( ~ ~ ~ i ~ l  O A ~ ~ L - I ~  ort111c.r v.I~it , l~* ~ * ~ i i p I o y ~ r i ~ !  SSMl;'s, 1'111s i t i t ~ ~ r t i ; ~ I l y  1;11ikc*~I i ~ r t > i t t  r Is i ~ l s o  s l iawt l  ill ~ ~ ) t i i l ~ i ~ i i ~ l I ~ t i  w i t h  1 1 1 ~  

\vingc.tf hoo.;tcr. f.'or L~,IL~I~ (11' t l ic  \ I ~ ( ~ t t l i *  i l r - r i v ;~~ ivc  v C l ~ i c ~ l ~ ~ \  t l ic ~ i i i ~ l t i ~ ) l c *  o f  t l lc  sl111ttIc ~ ) i ~ y l o i l d .  t l i ~  t l i i t t i ~ e t ~ r  OS tlte ~ l i i y l ~ i l d ,  the 

c.ost per k i l o p r a l i ~  10 It>\ \  o t . l ) i t .  rlrc c , o s t  l icr  t l ip t i l .  ;~~ii! ~ l l v  l o t i l l  r lcvclol>~iic.t i t  ol' i l l i l t  v~ l l l i ~ . l c  itrc g ivrn.  I:;~cli ot' tlrcsc dcvcloprt i r t i l  

costs .lssulncc t t ~ ; ~ t  ~IICL*~~\\~'LII c ~ o r i l l ~ l i b t i r i l i  ol' tl ic cn t i r i *  \IIIIII~L* r l t * v i I o l ~ t ~ ~ z ~ i t  prt)prilti l llil~ o c c t ~ r r r i l ,  a ~ r t l  t l r r~ t  t l tc f u l l  SSMI:, rcu* i~ l* lc  

insu l ;~ t~or i ,  c l ~ . .  is av;~~l;~t>lt. .  



2.3P 
8 METERS 

$280/kg 

$1 9M $1 WKg 

S867iKg 
S2OM 

SOB 

S22IfKg 

SISM 

S2.2B 
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Po ten tial Launch Vehicles 

! 4 METERS I ,I !j4~zRS "1 ISMET: 
! L l l I q -.-{ 

LEGEND: 

- $/Kg 
I. $/PLIGHT 
- UDOT6Y 
P - "SHUTTLL 

PAY LOAD" 
b 



LOW ORBIT PLACEMENT COSTS 

.Stii\ ct1;lrt sII(.)\~\ IIIL* (0li11 c.o\t r ~ ~ ( 1 ~ 1 i r c l I  10 l > I i ~ i . ~ *  i111 ;I~~CLII~ILII~II~~LI 11i;i\s l , g~ i r l *  i11to l o w  or l> i l .  '1.11~ co\ t$ IIICIII~IC 11ot o111y t l ic  per 

t l igt i t  c o \ ~  1,111 i11\0 I l \ rb c l ~ * \ i ~ l o l ~ ~ ~ l c ~ i ~ t ; ~ I  cort  ;l\soc.~;ition wit11 t l l ;~t ve*Il~cIe*. 'I'hi* I 1 1 i I \ C  r c ( l ~ ~ i ~ . e ~ O  10 ilc'l '0ll i l~lihll Ill': I .5(>',: si/rb I)rcciIrsoI. 

ITropr.rlll i\ \ I iown  l lo rip \bit11 ;I III;I\\ 1'1gi11.~' t'or tIi;1I ~ > l ' c c ~ i r r o r  ;111tl I I lcu  I~I;I\\ ;ICL~IIIII~II;I~C~(I b y  I S  yC;lr\ 01' vchiclc o l lcrat ion at  i1 

I.runch ratc 01' 40 I l i $ l ~ t s  I1isr ),c';lr. I ~ L .  111lc a\\oci;lti* . \ \ . i l l 1  thc \I~;IC,L~ 411111tli~ 1k'&!111\ ;I[ 0 s i~ i cc  i t  1s ;IS,IIIII~~ tic~rc t l i i ~ t  i t \  t I cvc I t )~ -  

11leilt II;I\ I ~ c ~ ~ r i  ;~c~cor i i~~l i r l lc ' I I .  I o v  I r l ~ t i v l  I r - I l i 1 1 l  c o t  I I L  i t  t o  I I I V  I I l icr  \y \ l tb l l ls  hc iore  ciglrt years 

o t ' o ~ w r a t i o r i  I\;I\L\ takci l  pl:ri~.. 'I'li~, otl11~1 <II~I~IIL~ ~IL*I.I\;IIIVL*\ Ir;l\c Iriplrcr l > I ) ' I & I .  i o \ t  h ~ l t  l owc r  c o ~ t  I w r  t l i ~ ! l ~ t .  ' 1 ' 1 1 ~  Iowcst co\t  

~ c l i i ~ ~ l ~  i o r  ~ ~ I ; l t . i * ~ ~ l ~ ' i l l  01' t i le prcn~.1rr\or SI'S ~ I O \ \ I ~  Iwrc i\ 1 1 1 ~ ~  \IIII~IIL~ ~ l c ~ ~ i v ; ~ t i t r c  c111pIoy111g IIIC P, IIM.>~L~~ l I i ; l ~ ~ i c + l ~ * r  s I r r o ~ ~ ( l  ;11ic1 :I 

SSMI: r c ~ v v ~ r y  c .~ps i~ l c  \v i t l l  tllc. \ t ;~ri t lart l  ~ ' x t c r~ l ; r l  ~ L I L I ~  ;lntl \o l i i l  rockcbt Irt)oatcrlr. 
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Low Orbit Placement Costs 
(No Discounting) 

I O I ' A l r n  - 
i 

LAUNCH 
VEHICLE 
DOT&€ + 
LAUNCH 
COSTS 

1 ACCUMULATED PAY LOAD, PRECURSOR S P S A  
"1.58%" PRECURSOR THOUSANDS OF METRIC TONS PLUS 18 YEARS 
SPS (SELF POWER) AT 40 FLIOHTWYEAR 

32 1 



THE SRB AND STRATOSPHERIC OZONE 

This scnte~icc: is an  chccrpt from the  tlr;~ft ~ ~ ~ ~ i r ~ ~ l ~ i c n t i t l  inipact stiitcmcnt for tllc space s l ~ u t t l s  orbitcr and is indicative o f t t ~ e  

environmental concerns assoc~atccl with large hcalc opcrutions of  tllc solid rocket boosters for an extclided period o f  time. 



The SRB and Stratospheric Ozone 

"THE DECAY TIME OF THE SPACE SHUTTLE EXHAUST EFFECT 16 

CORRESPONDINGLY SHORT, SO THAT AFTER REPLACEMENT OF 

THE CURRENT BOOSTER BY A NONCHLORINE BOOSTER, THE 

OZONE LAYER WOULD RETURN TO NORMAL IN A FEW YEARS." 

ENVIRONMENTAL IMPACT STATEMENT, SPACE SHUTTLE PROGRAM 

(DRAFT) JULY, 1977 



LOW VERSUS HIGH ORBIT ASSEMBLY FOR PRECURSOR SPS 

I n  th is chart i t  is ass~~r i ied  that 114 ol' the dcveloprncnt cost associatctl w i t h  s l lut t lc  tlCriv;ttivc launch vcliicles is chargcablc t o  the 

precursor SPS program. Costs f o r  the t ransportat ion elelnerits o f  low ant1 high o rb i t  irsse~ilbly o l w r a t i o ~ i s  are given for the shi l t t le  

and t w o  shut t le dcrivutivc veh i c l c~ .  W i t h  the sh i~ t t l e ,  l o w  or l l i t  asseriihly is far lower  it1 cost than w i t h  I i igh o rb i t .  Wi!ti one deriva- 

tive, l o w  o rb i t  assembly is s l ight ly  more  expcnsiv~. .  Wc ril i iy conclurlc t l l i ~ t  self-powcr assenlhly fo r  t l l c  preciirscr prograni w i l l  

approx imate ly  pay for i tsel f  and that  thercl'orc i t  sl ioi i l t l  he i ~ s s u ~ i i c d  t o  be part o f  the program, since i t  demonstratus atld develops 

the even t i~a l  scll'power transfer systeni. 



Low Versus High Orbit Assembly 
for Precursor SPS 

CONCLUSION: SELF POWER ABOUT PAYS FOR ITSELF ,\NO DEMONSTRATES/DEVELOPS FINAL SYSTEM. 

LOW ORBIT (SELF POWER) 
t 

LAUNCH 3,790 MT 

DEVELOP SELF POWER 

SELF POWER EQUIPMENT 

DEV 40 MT OTV 

NINE OTV FLIGHTS 

SHUlTLE 

2.52 

0.80 

0.25 

0.20 

SRB/ET 
SMECAPSULE 

1.27 

0.60 

0.26 

0.20 

I 0.04 

FLY BACKJET 
SSMECAPSULE 

1.52 

0.60 

0.26 

0.20 

0.09 -- 
2.36 

1.96 

0.20 

0.21 

2.37 

HIGH ORBIT 

LAUNCH 6,240 MT 

DEV 40 M T  On/  

51 O N  FLIGHTS 

0.04 - 
2.61 

1.68 

0.20 

0.21 

3.61 

4.16 

0.20 

0.2 1 

4.57 



TOTAL COST THROUGH NUMBER 1 SPS PHOTOVOLTAIC SYSTEM 

This chart shows drvclolmcnt .  fac i l i t i~at ion and unit costs t b ;  thc SPS prograni througli i hc  first f i~ l l  s i ~ e  unit. Note that  tlie 

development cost for the SPS itself are rclativoly small in coriiparison with tile total. This indicates that  a good prccurser program 

may accomplish nearly all of  the direct dcvcloprncnt associatctl w ~ t t ~  thc SPS. 'This will oc shown on the ~ r e x t  chart. 



I 

I Total Costs Through #1 SPS 
Photovoltaic System 

SPS ORBIT TRANSFER SYS. 1.6% 

VEHICLE 1.2% 

SPACE CPERATIONS DEVEL. 
SPS FREIGHTER 
PROD. 
FACILITIES 
0.9% PWR RECEIVER 03% 

ENERGY CONV 

TOTAL = 83.6 BILLION 



PRECURSOR SPS COST ESTIMATE 

A preliminary cost estimate is made for each of the major elements of the precursor program, along with a 15%) allowance for mis- 

cellaneous items, operational costs, etc. which have not been identified. Note that not all the cost associated with theshuttlederiv- 

a t iw launch vehicle, its f.acilities, the chemical OTV, etc. are directly charged to this program, since it is quite probable that all of 

these vehicles will have other uses. In fact it is prob;~hle that onc wo~~lcl  not ii11ba:k upon a shuttle derivative launch vehicle unless 

it had significant other use than for a precursor SPS program. Many of the cost elements have direct applicability t o  the full size 

SPS so that develop~nent funds expended in the precursor program directly reduces the funding necessary to  accomplish the even- 

tual SPS. The total value of this reduction is approxiniately SO billion for the precursor program. 
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Precursor SPS Cost Estimate. ( " 1.56%") 

- 
ELEMENT 

I 

CONSTRUCTION BASE (WITH $3.08 DDT& E) 

SPS DDT&E: POWER GENERATION 
POWER TRANSMISSION 
POWER RECEPTION 

SPS HARDWARE: POWER GENERATION 
POWER TRANSMISSION 
STRUCTURE, MISCELLANEOUS 

SELF POWER TRANSFER (WITH DDT&E) 

GSO SUPPORT STATION (WITH DDT&E) 

LEO TRANSPORT (FLYBACK BOOSTER/ET/8M SHROUD/SSME CAPSULE) 
'k OF DDT&E 
47 FLIGHTS (9 SUPPORT GSO STATION) 
FLEET (% BOOSTER, Ya SSME CAPSULE) 

FACILITIES ('k PAD, PAYLOAD HANDLING, ETC.) 

CHEMICAL OTV (40 M T  CLASS, % DDT&E) 

CREW ROTATION (75 PERSON CARRIER) 
DDT&E 
25 SHUTTLE LAUNCHES (OLER 3 YEARS) 

RECTENNA (ONE MEGAWAIT OUT) 

SUBTOTAL 

WITH 15% FOR OPERATIONS, MICSCELLANEOUS 

6~ (1977) 

5.30 

0.86 
0.69 
0.12 

0.35 
0.25 
0.20 

0.86 

1.20 

1 .OO 
0.86 
0.80 

0.40 

0.40 

0.16 
0.50 

0.70 

14.43 

16.57 

I m ! ! I I Y G  

APPROXIMATE CONTRIBUTION 
TO SPS DDT& E $B (1077) 

1 

3.1 

0.8 
0.4 
0.1 

0.8 

0.4 

0.2 

0.3 

0.16 

6.06 



SIZE EFFECT ON PRECURSOR PROGRAM COST 

Tllrer sizes for precursor SPS were investigated in this stntly. The :-bay w i t  is 0.78'/5 o f  tlre !'~111 size SI'S. The 4-bay unit base- 

litled is 1.36'6 o f  the  fill1 size SPS. and n 33-bas (olle nlodule) unit which is 12.5% of  the full size SPS. Because it i s  considered 

t'undanientai that  one  o f  the  major t't~nutions a t  the ,)recursor unit is t o  develop and dcr~lortstratc the  construction base! "through- 

put" required for comrnercrial viability o f  the  SI-'S, each o f  tht'sc prec.ursor unit sixcs has rssociated with it a 118 size construction 

base segment which is literally a segment of  the  full size ~~onst r i rc t ion  base. Because of  '91s ant1 oiiicr scaling e f k c t s  there is rela- 

tively little cos! d~ft 'erence he!ween the >-bay and 4-bay unit. If it is fur!her baselined that  I niegawatt of uset'ul power is to be 

prorftrccd by the  test rectenna the smaller unit actrlzllly has a higher total program cost. Because of tire Ir *rcr ~ 'cnt ra l  beam 

strength of the  small - precursor (approximately 5 nlicrowatts per square centimeter) it requires a much !art test rrctel ira tc 

gcl;t3rate the 1 :needwatt. The 0111: module large precursor SPS rt.qulrCs only a very slnall rectcnna t o  g e n e r ~ t c  ')nc megawatt. 
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Size Effect on Precursor Program Cost 
s 

COST TO 
1ST UNIT 
SB.1977 

I COST OC 1.0 MW 
RECTENNA 

COST OF OTHER 
ELEMENTS 

ALL HAVE: - "12%" CONST BASE 
6 8 0  SUPPORT RTATlON 
8ELF POWER TRANBFER 

CHlCMlCAL O N  

%OF FULL SPS 



OTHER PRECURSOR SIZE OPTIONS 

Th is  chart s l iow\ t l i ~ l  rnajor cf'fcc.ts o l ' ~ e l c c t i n g  t l ie  ~111i1lIcr i ~ n d  Iilrgcr prectlrsor t111iIh i t~vcst ig;~led.  ' r l ic  12.5% i l l l i t  is OIIC conlplete 

SPS n i o d u l r  arid wou l t l  ;illow t l u p l i c a t i o ~ ~  of' tl i is Iargc SPS iissen~l)ly, cc r t i ~ i t i l )  iI 11;iljor c o ~ i t r i b t ~ t e r  t o  d e ~ i ~ o ~ ~ s t r a t i o t ~  o f  the full 

satcl l i tc cons t r t~c t i on  cap,~hil i ty. t lowcvcr .  i t s  larger si7c .inti tnuss w i l l  rr~cluirc il ~ i~uuc l l  n lorc i tn lh i t io\ is  iissociutcd litirnch program, 

F o r  es;rniplt., if thc 4111ttlc were t o  be 11betI c ~ c l ~ ~ ~ i v c l y ,  over ROO s l i ~ ~ t t l c  t l igt i ls wo i i ld  be rcquircd.  ;lnd cvcn w i t h  the  highrt pay- 

lo:rd c a p a b ~ l i t y  o f  the s h i ~ t t l c  derivit t ivc~ launch vc l~ ic lc ,  ovcr  $00 f l ig l l ts  a r r  re<luired. 'rota1 prccuraor program cost i s  estimated 

a t  spp rox i~na te l y  S2H b ~ l l i o ~ i .  T h i s  1:lrpc.r s l ~ c  l i t l i t  ali.,ws a c c ~ l t r ; ~ l  beam strengtl i  o f  ovcr I tni l l iwat t  pc r  scltlerc cetltirneter, m u c h  

stronger th'lri that  producib le hy the 4-bay nt~i l .  ('onseqtlcntly, u vcry s n ~ i ~ l l  rcctcnn;r wou ld  be sttf f icicnt t o  prodi1c.c the I meya- 

wa t t  o u t p u t  bitselinctl. ('onvcrscly. the 0.7Xf; ,  - I x ~ y ,  p r r c u r  o r  wo t~ l c l  i ~ l l o w  a ~ i l u c l i  I i rorc tnodest lutrrri*h progn lm iitid might  be 

accomplished hy t l ic  s l i t ~ t t l c  ;11otic. t!owcvcr, t I lc  f~11l h igh  voltage OIIIINII of t l ic  solur i l rrays wo l l l d  he acliieveblc o l l l y  w i t h  sonle 

ccl! s t r ing conf igura t ion  o ther  t l ~ i i n  thirt hitsclinetl t o r  tlit. t'i~ll s i te  SPS. T1iim Iowcr  ccti lr ir l  Ircirni rtrc11gIti requires iI 111ucli larger 

rectenna i f  the full I megawatt is t o  bc prooduccd. 
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Other Precursor Size Options 

' "12.S%": ONE SPS MODULE (32 BAYS) 

8 EXACT DUPLICATION OF EVENTUAL 8P8 CONOTRUCT ION ITEM, 

8 810 SHUllLE FLIGHTS OR 225 FLIGHTS OP LIQUID 8001TIRf 
CAPSULE SSME SHUTTLE DERIVATIVE 

8 APPROXIMATELY $288 PROGRAM, 

8 1.37 mw/an2 (1,370 1w/cm2) CENTRAL BEAM STRENOTH, 

8 WOM FOR A 1.0 mW ANTENNA 

0.78%: TWO SPS BAYS 

8 CONSTRUCT ALL SPS "ELEMENTS", 

FULL VOLTAGE ONLY BY EITHER 8UBSCALE CELL8 OR 
RE-ROUTED STRINGS. (NOT DUPLICATION OF PLABMA 
SUSCEPTIBILITY). 

96 SHUTTLE FLIGHTS OR 31 FLIGHTS OF LIQUID BOO6TIRf 
CAPSULE W E  SHUTTLE DERIVATIVE. 

1.40 1w/cm2 CENTRAL BEAM STRENGTH 

$3.88 FOR A 1.0 mW ANTENNA 



PHECURSER GOALS 

The goals that arcb t l ~ u s  c-tllcrging I'ro111 t l lc s l i i t ly  irrily I w  s t i i ~ ~ t ~ ~ a r i / . ~ t l  iIs fol lows. ' I ' l lc 1rr.cc.ursc.r w i l l  opcri i tc ill p~!osyi~c. l l ro~io l is  

o rb i t  ant1 dcvelop fo r  ;I tcst per iod (prc.)hahly oric yc i i r )  i ~ ~ ) l ? ~ . o ~ i ~ t t ; i t c l y  I ~IlePiIWiItt of LISCI'III powcr :  wlr i lc t loi irp so. ;in c t~v i ro l i -  

n lcntal ly  ac.c.cptal)lrb r l i i c~r~)wavc h c l i t t i l  w i l l  hc c o ~ l t i i l i ~ o l ~ s l y  i11111 ;i(.ci~riit~I!: poil1ttsd i t i t o  t l ic  ~ ~ ~ q i i i r c i l  rcccivi l lp iirca. I3y iiccorir- 

plrshing t l~ i . ;  tcst. ;ill tnajor ~ ICI I~L~~I~S 01' t11c I'u11 ~ i l . ~  SI'S w i l l  I)c ~ I c ~ ~ ~ o i ~ a t r i ~ t c i I .  i t ic5 l i id i i~p t l lc  t ~ i g l l  r e i ~ i i i r c d  ~ t ~ t i a t r i ~ c t i o ~ i  "t11roi1g11- 

p i i t "  nc'ccssary t o  i i s s c ~ ~ l t ? l ~  \ ;~ ic l l i t c \  on orh i t  at t l ~ c  rccl i i i r-c~l r i l le. 'I'lic prccitrscr hatcllitc is relatively s i ~ ~ a l l  c o ~ i ~ p i i r ~ ~ l  t o  ;1 I'iill sixc 

SI'S ;11ic1. C . O I ~ S ~ C ~ L I C ~ I ~ ~ ~ .  is C;II);II?I~ 01' I ~ i r t g  I ; i i ~ ~ i c I ~ t ~ i l  ;11otig wit11 i ts  i.oi1atr11cti011 1x1s~ 1)y 1111. S~;ICL. s l ~ i ~ t t l c  or a ~ i c r i v i i t i v c  01' t l ic 

space shuttle. 
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Precursor Goals 

ALLOWS LONG-TERM (APPROXIMATECV 1 YEAR) OEMONSTRAT ION THAT MICROWAVE 
BEAM CAN BE CONTINUOUSLY POINTED INTO REWIRED AREA 

BEAM TO FIT INTO GOVERNMENT RESERVATION (a.g., WHITE SANDS QROVlNO QROUND); 
SIGNAL STRENGTH AT EDGE TO BE BELOW SOVIET EXPOGURO GTANDARD (10 r ~ / m 2 )  

CENTRAL BEAM STRENGTH TO ALLOW WORKERS EXPOSURE (UNDER 1/10 CURRENT 
U.S. STANDARD) 

SIGNIFICANT POWER OUTPUT 0 1 MW) 

TO REPRESENT ELEMENTS OF FULLllZE SPS 

POWER GENERATION CONSTRUCTION "1 HROUQHPUT' 
TRANSMITTER POWER RECEPTION 
ROTARY JOINT MAINTENANCE 
TRANSFER TO HIGH ORBIT 

SHUTTLE DERIVATIVE ADEOUATE FOR ALL LAUNCHEG 



MAJOR ELEMENTS OF T H E  PRECURSOR PROGRAM 

Thew are thc larger c l c ~ i i c ~ ~ i s  CIS the I .SO'; P ~ C C I I ~ S O I .  pl.ogrrrlii I ~ ; ~ ~ c l i n e t I  iri Illis \ti~CIy. 111 adtl i t io~l 10 the precursor satellite itself 

with ils transmitter, the self-power orbit tra~isl'cr systcni is requireti. A low earth orbit I; .seriibly and chcckout I'rrcility Iconstruc- 

tion 13ase) is illso a 11liij0r e l c ~ r ~ c ~ i t  01' tlic progr;1111. S o ~ i i ~ ~  s11~tttlc~ d ~ r i ~ i ~ t i ~ ~  1~i11icIi vc l i i~ lc .  prcScr;~I~ly with ;III eight nieter diunieter 

cargo capability. shoulll he ~~rov i i i cd  i l l  order to  rctlucc lauliCh cost not only for tlice precursor prograrn but also strhsequcnt stiuttle 

type  openltions. A cticrnicnl orbit tran.;l.cr vctiic~lc is rctlt!irccl t o  p1;ice tlic n ~ a n n c d  ~ c o s y r i c l ~ r o n o ~ ~ s  orbit support  station whicli is 

used tluring thc opc*r;itional test p c r ~ o d  01' thC precursor satcllitc. 



I 
SPS18W 

SUBSCALE SPS 

LEO ASSEMBLY AND 
CHECKOGT F A C l L l N  

CHEMICAL 
ORBIT TRANSFER 

88 VEHICLE 

g= SF 
SHUTTLE DERIVATIVE GEOSYNCHRONOUS 
LAUNCH VEHICLE SUPPORT STATION 

s 
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Major Elements of the Precursor Program 



PHASE Ill FINAL REVIEW 

MARCH 1, 2, 1978 

P O W E R  
SATELLITE 

SPACH DIVISION 





SCOPE OF GE'S PHASE CONTROL SYSTEM STUDY 

GENERAL ELECTRIC COMPANY'S STUDY EFFORT I N  THE PHASE CONTROL CIRCUIT AREA WAS CONCENTRATED 

0s THE DEVELOPMENT OF SYSTEM ARCHITECTURE, DEFINITION OF W I N  REQUIREMENTS AKD ANALYSIS 

OF THE POWlR TRANSFER EFFICIENCY OF THE SYSTEM. 



SCOPE OF GEfS PIiASE CONTROL 
=STEM STUDY 

SUYVEY rlKD INTEGIUTE PRIOR EFFORTS 

CORlPARE ALTERNATE APPROACHES 

DEFINE hIAIN SYSTEM PARAMETERS ON THE BASIS OF TRADE-OFF ANALYSIS 

a ASALYZE OPEMTION OF SYSTEM AND DETERMINE ERRORS CAUSING POWER 

TR!-SSFER IXEFFICIENCY. 

PROVIDE DATA FOR COST MODEL. 



BASIC ASSUMPTIONS FOR SYSTEM DESIGN OF PHASE CONTROL NETWORK 

U I S T I C  k"JD RELATIVELY EASILY XAINTAIKABLE ORBIT PARAklETERS WERE ASSUMED. 0 - W I T  INCLINA- 

TI9N ANGLE LIMIT NECESSITATES A DAILY MECHANICAL OR ELECTRICAL TILT ALIGNMENT OF SUBARRAY 

PATTEW . 



I..'. \ B P A C E  k.'.; ;, orvfni=N 
BASIC ASSZjMPTIONS FOR SYSTEM DESIGN OF 

PHASE CONTROL NETWORK 

ORBIT 

EXCENTRICITY 

INC1,INATION 

LONG TERM POSITION DRIFT 



B A S I C  ASSUMPTIONS FOR SYSTEM D E S I G N  OF PHASE CONTROL NETWORK 

THE GOVEmING CFARACTERISTTCS FOR THE SPACE SEGNEYT OF THE PHASE CONTROL S Y S T M  WERE SELECTED 

ON A COXSERVATIVE B A S I S .  WITP EVOLVING CONSTRUCTION TECHNOLOGY O F  THE ANTEKNA STRUCTURE THE 

iZ'?!BER O F  SUBARRAYS YAY BE REDUCED RZSULTING I N  A S I G N I F I C A N T  REDUCTION O F  PHASE CONTROL 

EYSTEM CO!PLEXITY. 



SPACE SEG3IENT 

BASIC ASSUMPTIONS FOR SYSTEM DESION OF 
PHASE CONTROL NETWORK 

h'O.\IISAL SPrZCECMFT A N l E  NNA DIAMETER 

WJIL3ER OF SUBARRAYS 

KOMINhL SUBARRAY AREA 

ARRAY RIJSALIGNhl ENT 

POLARIZATION 

NOIlISAL TRtlNSXIIT POWER OF A R M Y  

LIAXIRIUM TMXSMIT POWER PER TUBE 

MrLY1fiILrM NOISE DENSITY FOR 125 KW TUBE 
90 AIIIz FRORI CENTER OF BAND 

RECEIVER IF BAXDWIDTII 

PIIASE DISTRIBUTION NETWORIC: ARCIIITECTURE 

2 2 
10 m 

2 2 6.33 m (max) 

. l G O  (max) 

LrnErI R 
10 10 \to 

125 kw 

-107.8 dBw/Hz 



BASIC ASSUMPTIGNS FOR SYSTEM DESIGN OF PHASE CONTROL NETWORK 

A TWO TONE PILOT SIGNAL TRANSMITTED BY A THREE ELEMENT EARTH STATION ANTENNA ARRAY WAS 

SELLCTED ALLOWING A SIMPLIFICATION OF TtlE SPACE SEr'1ENT AND COMPENSATION OF SYSTEMATIC 

POINTING ERRORS I N  THE POWER BEAM. 



EARTH SEGMENT 

BASIC ASSUMPTIONS FOR SYSTEM DESIGN OF 
PHASE CONTROL NETWORl< 

EARTH STATTON SITE 

UPLINK FREQUENCY (t) 
DOWNLINK FREQUENCY (fD) 

UPLINK MODULATION FREQUENCY (II) 

EWMBER OF PILOT ANTENNAS 

NOMINAL RECTESNA DIAMETER 

NUMBER OF MONITO!IlNG ANTENNAS 

WITHIN CONTINENTAL US 

2460 MHz 

100 MHz 



FUNCTIONS I N  PHASE COWTROL C I R C U I T  PO2 RETRODIRECTlVE SPS ANTENNA 

THE NECESSARY FUNCTIONS REQUIRED FOR A RETRODIRZCTIVE PHASE CONTROL SYSTEN WERE IDENTL- 

FrLD* THESE FUNCTIONS ARE INDEPENDENT O F  THE ACTUAL C I R C U I T  IMPLEMENTATION* 



FUSCTIONS IN PIIASE CONTROL CIRCUIT FOR 
RETRODIRECTIVE SPS ANTENNA 

PILOT SIGNAL GENERATION, CONTROL AND TRANSMISSION AT 5 FROM 

EARTII STATION. 

P ILOT PI-IASE RECEPTION ArJD 9OWN CONVERSION A T  SPACECnlZFT 

SUR-SUBARRAYS. 

REFERENCE PHASE GENERATION, DISTRIBUTION AND REGENERATION. 

P ILOT PHASE TRANSMISSION FOR PHASE REGENERATION AND CONJUGATION. 

CONJUGATED PHASE TRANSMISSION AND U P  CONVERSION T O  ID F O R  P A  SYSTEM. 

PHASE CONTROLLED POWER AMPLIFICATION AND TRANSMISSION BY 

SPACECRAFT SUBARRAYS. 

hIOS!TORIWG O F  RECEIVED SIGNAL ON GROUND. 



RETRObLRECTIVE SPS PHASE CONTROL SYSTEM - 
THE RETRODIRECTIVE PHASE CONTROL SYSTEM J S  BASED ON THE USE OF A GROUND GENERATED REFERENCE 

PHASE AGAINST WHICH THE PHASE OF THE RECEIVED SIGNALS OF THE SUBARRAYS AR& CONJUGklED PQR 

THE TIWVSWITTED SIGNALS. THE REFERENCE PHASE I S  DCSTRIBUTED ON A RETURNABLE TIME BASIS, 

WHICH I S  INDEPENDENT ON THE VARIATIONS OF ELECTRICAL LENGTH IN THE PHASE DISTRIBUTION T W S -  

MISSION LINES. THE PRACTICAL IMPLEMENTATION OF THIS PRINCIPLE REQUIRES THAT THE CONJUCATOR 

FOR A GIVEN SUBARRAY I S  LOCATED AT THE RECEIVER OF THE NEXT HIGHER LEVEL SUBARRAY IN THE 

PHASE DISTRIBUTION TREE. 



G E N E R A L  
E L E C T R I C  
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RETRODIRECTIVE SPS PHASE CONTROL SYSTEM 

I CONTROL 
GROUND 

40 
, . 

f f~ 4 f~ 

CONJUGATOR rC-C . 

. 
PI LOT 
TRAXSM. 
STATION 

I E 
L 

RE F, ' go 

MONITOR 
STATION 

J A 

REOEN* 
h 

t 

A T F 
* CONJUGATOR 

1 ,  

I a - 

2, 

MONITOR I AND d 

T 

k 

L 

RECEIVER TRANSMITTER 
; . 

I I RECEIVER 

SUBARRAY 
A - 

SPACE 

l 
I 

+ k + l  - 

i 
TRANSMXTTE R 



THREE PILOT ANTENSA CONTROL S Y S T W  

ON THE GROUND THE POSITION OF THE RECEIVED BEAM I S  MONITORED AND THE EFFZCTIVE PHASE CENTER 

OF THE TRLAh'GL'LARLY CONFIGCRED PILOT ANTENNA ARRAY I S  VARIED I N  SUCH A WAY THAT THE BEAM 

CENTER I S  KEPT AT THE CENTER OF THE RECTENNA. 



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

MONITOR 
ANT. I 
Ma 1 J r---,----- I 

1 PILOT 7 
1 ANT ST. I 1 ,  
I NO. 1 I 

- f ~  + ' 0 ,  ' 21 
TNPLEXER RECEIV. o 

I 

1 P! I 
AMPL *PILOT PILOr + 

ST, 4 fD . f D O f b  PHASE 1 ST* t 
PHAPZ 
STABLE 
SUBCA R. 

' 1 

' fu '1 CONTR. I NO* 2 NO. 3 1 C 

4 REC * - 
LOOP 

PI LOT v ,  - f I1 

b 

GEN* 

2fo' # 

I f u I u -  -u*u 
-W MOD * COUPLER -- 1- COMPUTER ECODw- ENCOD, r 

' 4 . 

d l i  
f L 2- --..--'--A 60 

4 C 

AMP . 1) 

DET 
, 

I. CI 4 
. 



PHASE COHERENT RECEIVER .4LTERNATIVE 

SEVERAL PHASE COHERENT RECEIVER TYPES ARE USABLE, AMONG WHICH THE TWO TONE RECEIVER WITH 

A FIXED LO I S  THE SIM?LEST AUD PRODUCES THE RECEIVED PIiASE AT THE SUBARRAY AT A CONVEN- 

IENTLY LOW INTEKYEDIATE FREQUENCY. 



6 E I J E R A L  
ELECT R l C  

PHASE COHERENT RECEIVER ALTERNATIVE 

SINGLE TONE PHASE LOCKED LOOP (if) 

+-det -O 

4 
* 

1 
'i 

= Mu) 
m - 

FILT. 

-+k 
'0 = "ti 

9, = n#  

"1/-% 

TWO TONE PHASE LOCKED LOOP (rf) AND PHASE CONJUGATOR r 91 = 2 r ( 2 1 ) -  - 

'4 

BP 1 

fu+fl 

, 

BP 
- 1 c 

- I (fu+fl)-fLo 
#u BP 

1 HY 2f1 - 

vco 

- 

#U 1 - wur 
+st-=-- 

1 l+n l+n c 

TWO TONE RECEIVER WITH FIXED LO. 

357 

- 
BP . 
f -f 
u 1 
- BP LIMITER 

li 

(f 11 -f 1 ) - fLo AMP. 
- 

4 



PHASE DISTRIBUTION NETWORK LAYOUT 

A THREE LAYER i-f  REFERENCE PHASE DISTRIBUTION SYSTEM WAS SELECTED TO MINIMIZE CIRCUIT 

LOSSES,  WEIGEiT ASD PRACTICAL EPJlORS -1SSOCIATED WITH THE TERMINATINC IWEDANCE VARXI'IOMS. 

T H I S  SYSTEM REQUIRES ONLY n l ( n 2  + 1) PHASE REGENERATORS ( n l  = 19, nZ = 23) AND AN i-f  

DIPLEXER AT THE EKD O F  EACH TRANSMISSION LINES,  WHICH ARE USEB AT 2 f l  AND 4fl FREQUENCIES 

FQ"n THE BACK AKD FORTH TIME RETURNING O F  THE REFERENCE SIGNALS. 



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

PHASE DISTRIBUTION NETWORK LAYOUT 
space divkim 

n 
1 1 n2 

n 3 

L1 

I 
I 

I I I ling 
I I X 

*nl I In2 A n n n  
I 1 2 3  

A1 - L1l 
- -?111 - ! 
t A 



ALTERKATIVE PHASE REGENERATORS - 

I?; THE REFERF.XCE PHASE D I S T R I B U T I O N  PROCESS A REGENERATION OF THE. ORIGINAL REFERENC? PHASE 

LC REQUIRED A T  EVERY NODE FXOM THE RECEIVED SUBARRAY SIGNAL AND FROM THE CONJUGATED SUBARRAY 

SICXAL. THIS "REGENEATOR" REQUIRES A m.ISER OF MIXERS AND FREQUENCY D I V I D E R S .  WHEX THZ 

D I V I D E R S  .LRE USED I N  A LARGER OVERALL SYSTEM CARE MUST B E  TAKEN BY T H E I R  PROPEl SYNCHRONIZATION. 



G E N E R A L  
ELECT R l C  

n 1 - 
4 

• FROM Al 

1 RECEIVER 
SINGLE TONE PHASE REGENATOR 

TWO TONE PHASE REGENATOR 

1 to - ffu - fl) 

i 
, 

to - CfU - fl) 

- - .. L 

BP 
p' ( f u + f l ) -  LO 

w 4 I 

* 
1 FROM A1 

' fJ - fLo RECEIVER 

BP .. 
-, 

L 

BP 

2fl 



ALTERNATIVE PHASE CONJUCATORS 

"E.UCT" k V D  "~'SPROXIWTE" PHASE COXlL'CATORS CAN BE USED FOR THE PRESENT Pdd"SE. THE 

FIGURE SHOWS TWO OF THE "EXACT" TYPES OF CONJUCATORS, WHEN THE YU~VP~K'~' THANSLATION 

I S  ACHIEVED WITHOUT AN ERROR IN THE CONJUGATION. CIRCUITS WHICH USE FREQUENCY D I V I D E R S  

MUST BE SYXC)iROSIZED IN ORDER TO AVOID n PHASE AklBICUITY. 



G S M E R A L  
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ACT ERNATIVE PHASE CONJUGATORS 

T\\'O TONE TYPE PllASE CONJUATOR (If) 

363 

epace diviakn, 

1 (2+*-+1) 9; - - 2 
* 

.,g VCO - 
J 

BP 
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1-; - - - - 
f~ 

' 

I = 
- f ~  

4 %  

8e t 
LOOP 
FILTER BP t 

* 

f +o , 
A ' E P  - f 

1: . 
PHASE LOCKED LOOP TYPE PHASE CONJUATOR (rf) 

r =o 
2 r 2 1  1 ( t . 1  c - 2-1 c 

1 ' " fi 'f"+ fl' 
1.0 -{ 

> 

I 



TRANSMITTER BLOCK D U G R A M  

THE T M S M I T T E R S  03ERATING INTO A SUEARRAY ARE INDEPENDENT FROM EACH OTHER, BUT RECEIVE T H E I R  

INPUT PHASE FRO?! A C O 4 m K  P H A S E  CONJUGATOR. ADDII'IONALLY ONE TRANSMITTER MODIJLE SltARES A PART 

O F  THE S U B A R L I Y  SURFACE V I T H  THE RECEIVER ESTABLISHING THE P H ' S E  FOR THE E N T I R E  SUBARRAY. 

WHEN ELECTRONIC STEERING OF THE SUBARRAY PATTERN I S  DESIRABLE FOR I N C L I N A T I O h  ANGLE COMPE:?SA'rY.ON 

THE NORTH-SOUTH XIDTH O F  A T R N i S M I T  ARRAY MODULE HAS T O  BE RESTRICTED TO ABOUT r 7  m AND THE 

INPUT PHASE TO THE PHASE DETECTORS OF THE TRANSMIT FHASINC C I R C U I T  U S  T O  BE MODULATED BY A 

SMALL, CALCULATED ERROR S I G N A L  WITH 24  HOURS P E R I O D I C I T Y .  



GEOJERAL 
E L E C T R I C  

COUPLER 

. 
I 

w 

PHASE 
ETECTO FILTER SHIFLER 

COUPLER P 
I SUBARRAY I 

U 

PHASING CIRCUIT FOR ONE HIGH 
POWER TRANSMITTER hIOLlULE 

-- 

OVEIULL TRANShffTTER SYSTEM. 



'THREE LAYERS PHASE DISTRIBUTION NETWORK PHASE ERROR BUILD UP 

RANDOM AMPLITUDE AX3 PHASE>AND SYSTEMATIC POINTING AND AMPLITUDE ERRORS ARE AFFECTfNG THE 

RESULTANT POWER TRANSFER EFFICIENCY OF ANTENNA. EFFICIENCY IS CONSIDERED BETWEEN THE OUT- 

PUT P L E r  OF THE SPACE ANTENNA AND THE INPUT PLANE OF THE RECTENNA. 



G E i S E R A L  
E L E C T R I C  

THREE LAYERS PHASE DISTRIBUTION - 
NETWORK PHASE ERROR 3UlLD UP 



ILLUMIXATION ERRORS AFFECTIHG ANTENNA EFFICIENCY 

FOR THE SELECTEE THREE LAYER PHASE DISTRIBUTION NETWORK APPROXIMATELY 99% O F  ALL SUBARRAYS 

BELONG TO THE THIRD LAYER, THUS THEIR PHASE CONJUGATION ERRORS WILL DOMINATE THE RESULTANT 

PHASE CONJUGATION ERROR. THE FIGURE SHOWS THE ERROR BUILD UP FOR SUCH AN ELEMENT. THE 

ERROR I S  A FUNCTION O F  ERRORS ASSOCIATED WITH THE CONJUGATORS, CONNECTING L I N E  MISMATCHES, 

r-f DIPLEXER DIFFERENTIALS AND ERRORS ASSOCIATED WITii THE TRANSMITTER PHASING CIRCUIT O F  

ALL THE E L m E N T S  WHICH ARE ASSOCIATED WITH THE PARTICULAR TRANSMIT SUBARMY. 



ILLUMINATION ERRORS AFFECTING AhTENNA EFFICIENCY 

PHASE 

PHASE JITTER (fu, fl) 

TRASSbIRTER NOISE 

CONJUGATOR ( 6 c) 

LINE IIATCH DIFFEREKTIALS (6d 

DIPLEXER MATCH DIFFERENTIALS ( 6 *) 

TRANSJIITTE R PlXASN i G ( 6 p )  

DIFFERENTIAL DOPPLER 

RANDOM 

AMPLITUDE 

TRANSMIT POWER 
SUBARRAY ROTATIOE 

SYSTEMATIC 

POMTTNG AMPLITUDE 

DOPPLER FREQUENCY ILLUMINATION 
SHIFT QU PLNTIZATION 

POLARIZATION 
ROTATION 

ABERRATION 

IONOSPHERIC DIFFERENTIAL 

ATMOSPHERIC DIFFERENTIAL 



RANDOM ERRORS FOR 3 LAYERS PHASE DISTRIBUTION 

THE RANDOM PHASE ERRORS ARE DOMINATED BY THE 1-f DIPLEXER IMPERFECTIONS. THE AHPLITUDE ERRORS 

ARE DGHlPATEi) BY ARRAY TILT. 



.. . E P A C E  
b : . j ,  3:V;S:3.U 

- L L /  
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R,\NDOhl ERXORS FOR 3 LAYERS PHASE DISTRIBUTION 

SOURCE 

PISISE JITTER 

TFJISSAIITTER NOISE (c/n = 30  db) 

COSJCGATORS (6 = .6') 

DIPLEXERS ( 6 = 1.81') 

PHASE ERRORS (deg) 

DIFFERENTIAL DOPPLER (Vd = 6.25 m/s) 

DEG. - 
1.13 

.36 

1.04 

.18 

PEAK: 13.09 RSS: 7.09 

PHASE ERROR CAUSED LOSS: 1.538 

AMPLITUDE ERRORS (%) 

SOURCE PEAK RMS - 
TRANSMIT POWER FLUCTUATION (1 db, ms) 10.64 2.38 

0 
ARRAY ROTATION (L < 10m,AQ = .15 ) 13.50 

s s 
1.41 

PEAK: 24 ,14 nss: 2 . 5 1  
AMPLITUDE ERROR CAUSED LOSS: 

For bes = .15* 2.51% 
h e ,  - .OSm 1.34% 

371 



SYSTEMATIC ERRORS FOR 3 rYERS PHASE DISTRIBUTION 

THE SYSTEMATIC ERRORS ARE DOMINATED BY PRGPAGATION ERRORS. ALTHOUGH THESE MAY SHOW UP IN A 

F-IALL PERCEKTAGE OF TIME ONLY THEIR VALUE CAN BE SIGNIFICANT I F  ONLY ONE PILOT mTENNA I S  USED. 



C , STEBIATIC ERRORS FOR 3 LAYERS PHASE DISTR~UTION 

POWTING ERRORS (dc@ 

SOURCE 

i D O P P L E R ( i - 2 . z 0 ,  r =L3.6m/s, 2 G o p  =112Hz) 
m 

1 PILOT STATION - 3 PILOT ST=ITIOS 

IOXOSPHERIC DIFFERENTIAL (. lo way refraction) 2.35 x loS 1-17 x 10 -4 

ATXIOSPHERIC DIFFERENTIAL (. 3' 1 way refraction, 6 .00 x 3.00 x 10 -4 

2% ircgularity) 
PEAK 6 .35  x 4.175 s 10 -4 

Pointinz error - 
(wi RSS 6.44 x lo-' 3.221 x 

Pointing loss PEAK 1.19 
:'%) RSE .92 

QUANTIZATION 

16 LEVEL DISTRIBUTION 

8 LEVEL DISTRLBUTIOX 

FAMDrlY ROTATIOK (WORST YEAR) 

AMPLITUDE ERRORS f%) 



SUMMARY OF LOSSES 

NET LOSS I N  THE ANALYZED SECTION OF THE OVERALL SYSTEM CAN BE KEPT A 3.65% RMS LEVEL. 

FARADAY ROTATION LOSS, ALTHCUGH I T  I S  SMALL, CAN BE I'URTHER REDULED BY ABOL'T A FACTOR 

OF TWO ON THZ AVERAGE. I F  THE POLfiRIZATION ANGLE GY THE SPACE ANTENNNA I S  CORRECTED 

ONCE A YEAR. 
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SUMMARY OF LO#SES 

SOURCE 

RANDOM PHASE 

RANDOM AMPLITUDE 

SYSTEhMTIC POINTING (3 FaILOT STATION) 

SYS FEN ATIC AMPLITUDE ( 8  LEVELS) 

LOSS 

RESULTANT LOSS ASSOCIATED TO SPACECRAFT ARRAY 

FAMDAY ROTATION (HOUSTON, WORST YEAR) .4e4'6, "AVE ZIAGEI* 
PEAK. 



MULTI TONE PHASE COQlPliTINC SPS PHASE CGNTROL S Y S T P i  

TtiS > N L T I T O S E  PllrISE (:O:~!PL;TISG SVSTE:! I S  B.ISED ON T I E  NEASUREMENT O F  THE PHASE OF EACH SUBARRAY 

0'1 THE GROUND BY THE USE O F  A SIGNATURE: TONE ASSOCIATED WITH THE SUBARRAY. THE REQUIRED PliASE 

CORhVCTlON FOR THE S l I B A M i  TRANSMITTER IS  RETURVED BY THE USE O F  AN UPLINK CONTROL CtlANNEL, 

BC'ili FRI:QUE:.ICY AiYD T I =  D I V I S I O N  I S  USED TO REDUCE COMPLEXITY AND REQUIRED FREQUENCY BAND FOR 

THE rOKES. APPROXIMATELY 25 MHz BANDWIDTH I S  NEEDED FOR A 1 S E C  P U S E  UPDATING P E R I O D *  
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MULTI TONE PHASE COMPUTING SPS PHASE CONTROL SYSTEM 

4 r * I 

.\lASTKR - - 
-c MODULATOR - c LINE .- 

.C TRANSNITTER * TRANY3llTTER 

SPACE 

TELEAlETRY N CHANNEL 

COKTROL 

f I STATION 1 
STATION 

llONITOR AND 
CONTROL 



SYSTEM BLOCK DIAGRhM OF SIS PHASE CONTROL CIF.CUIT I N  PHASE 
CUMi'CTIPC :?ODE OF OPERATION ( N  TONE DCW2JLENK) 

THE IMPLmENTA' f iON O F  TI12 N TOf;E PIbISE COMPUTING SYSTEM REQUIRES A S I N G L E  TELEhYETRY-COh'TROL 

A ~ T E S N A  ON T l iEGROUND CLOSE TO THE MIDDLE OF THE RECTENNA AND ON N TONE RECEIVER SYSTEM. 

TliE POkTR BE4M AT THE SPACECRAFT TRANSMITTER I S  MODULATED BY A LOW LEVEL TONE. THESE 

TONES AP2 DETECTED ON THE GROUND AND THEIR PHASE I S  COMPARED ATAINST THE PHASE OF AN 

AREITRARILY SELECTABLE AEFERENCE T.>iJE. A TYPICAL SYSTEM MAY USE 100 TONES, 100 T I M E  

DIVISIOEJ CltAN:IELS AND 1 S E C  FOR THE COMPLETE PHASE UPDATING OF THE TRANSMITTERS. 



SYSTEM BLOCK DIAGRAM OF SPS 
PHASE CONTROL CIRCUIT IN PHASE 
COitnPUTlNG MODE OF OPERATION 

(N  TONE DOWN LIRK) 

31V I.T. 

if,, - f', 
RECEIVER 

PlitiSE el ~ [ - H ~ M - ~ - ( A I O D U ~ A T O I I ~ O U P L E I I ~  I FII.TF:R L A I- ! 

'TELE METRY 
AND 
CONTItOI ANT, 

LO 

f" + fA 



A SUITABLE PHASE CONTROL SYSTEM CAN BE ESTABlaIPHED EITHER ON THE BASIS OF GROUND OR SPACE 

ORIGINATED PILOT SIGNALS. THE RESULTANT POWER TRANSFER EFFICIENCY IS A FL'NCTION OF A LARCE 

RUMBER OT PrlRK.iETERS, BUT A REALISTIC SET OF SYSTEH PAW'IETERS RESULTS IN A TYPICAL 3.65% 

EFFICIEKCY ASSOCIATED WITH THE PHASE CONTROL SYSTEM. 



o SE\'I< R4L FEASIBLE SYSTEMS ARE EfiTABLlSIIED 

Q RE'l",lOi)lRECTIVE SYSTEM-COMPLEXITY IN SPACE 

e I?E'I'!IODI!:LCTIVE SYS'rEhI Ilr\S FAST RESPONSE, ACCEPTABLE ACCUIIACY BUT 
3I:\\' ;!;.; A1011 l.; COSTLY rN I: LESS Rk; LLIDLJ?. 

e XC)!;!: '!\'O?ii< IS SI*:I3!)EJ) ON Pi.Ir\SE CO3IPUTING SYSTEM BEFORE FAIR 
CQJi I ) . \  l:!SO'< Cr\S DE fiIt\iIE, 

o 'I'Il.\S8311SSIOS LOSS IS 1~E'TI~ODlREC'I'IV~: SYSTEM CAN BE LESS T!1I\N 
3.65% \CfI'I'IIOUT F A  RAD:\Y ROTATIOX IJOSS. 

a 3i?\.:OIt 1.nSS FI\(:'I'ONS: TRANSh?IT POW13 FLUCTUATION, MISMATCI!ES, 
PROP.\ Gr'i'I'ION E JZROIIS. 

FhR.?D.\Y LOSS COULD REACH .48% DAILY PEAK IN WORST Y E A n  FOR STANDARD 
IOSOSI'I IE RE. 

ESP:::ZI;\l EN'i',\!,, WOSK IS RGCOiCIJlENDGD TC4 IMPROVE PH.I\SE EIIROI; PREDICT 10s 
OF SVJ.!SYSTEMS. 

I:SIT COUNT IS OVER lo6 IN RETRO SYSTEM. (TYPICAL UNITS: INTEGRATED CIIICUlTS, 
Pi\ 'I'L'B!:, SUBARRAY PANEL, ETC .) 

ZAPII'AL ISVESTRIEST PER WATT CAPACITY VARIES SLOWLY FOR (1-8 GW OUTPUT 
PO\\"R Ri\.C'CE. 



GEOMETRY OF SPS PROPAGATION P E  

THE PENEZRATION PATH THROUGH THE ATNOSPHERE AND THROUGH THE IONOSPHERE IS SMALL RELATIVE 

TO TEE TOT.4L PATE LE2IGT.14. TEESE YIELD M I M U M  BENDING EFFECT, DUE TO THE ERROR ANGLE 6 ,  

OF APPROXIXATELY 0.02' (WHICH CORRESPONDS TO BEAM DEVIATION OF LESS THAN 10 METERS FRO31 

THE CENTER OF THE RECTEL;NA). 
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GEOMETRY OF SPS PROPAGATION PATH 
'apace divlrpiwr 

SPS 

I 
I 

O.O1° BEAM, 5 

APPARENT PATH INCIDENCE AT 
REASOXABLE ANGLE 

1000 Km 

85 Km INCIDENCE AT J 
LARGE ANGLE 

TROPOSPHERE 

IONOSPHERIC 
BOUNDARIES 



SIN'ARY OF A m O S P l l E R I C  EFFECTS ON SPS WtDIA T i O N  PATTERN 

- AT?:C)SPlERIC REFRACTIOX EFFECIS ARE NEG:,IGIBLE. 

- ATMOSPl lERlC ABSORPTION I S  APPROXIMATELY TWO PERCENT. 

- 2 .45  GHz IS PREFERABLE THAN 5 . 8  GH7 BECAUSE OF 
DRASTIC RAIN ATTENVATInY AT 5 .8  GHz. 



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

SUMMARY OF ATMOSPHERIC EFFECTS ON 

SPS RADIATION PATTERN sspecedivision 

Cause 

Absorption 

Accumulated 
Phase Front 
Perturbations 

Scintillation 
Attenuation 
Effects 

Scat t erir~g 

Effect 

< 0.02% 

5.8 GHz 

45' 

69. 

. 0.35 dB 

0.528 dB 

Elevation 
90" 

(Zenj th) 

Elcva t ion 
20" 

Elevation 
90" 

(Zenith) 

Elevation 
20" 

-27 dB Sidelobe level relative to the 
peak of radiation 

I 

2.45 GHz 

106' 

162' 

0.785dB 

1.172 dB 



SL?E.VIXY OF IONOSPHERIC EFFECTS ON SPS RADIhTTOh' PATTERN 

IOSOSPHERIC ABSORPTION IS NEGLIGIBLY SMALL. 

PIAXIEVFI PHASE FRONT ERROR DUE TO PERTURBED IONOSPHERE 
IS 162' AT ELEVATION OF 20' AT A U T E  OF CILANCE OF 
APPROXIMATELY lSO/SECOND. 



G E Z E R A L  
ELECTRIC 

SUMMARY OF IONOSPHERIC EFFECTS ON 

SPS RADIATION PATTERN 

A 

Fa- - *.* - 
spaccs division 

f Cause 

Refrac t ion ,  
Unperturbed 
Atmosphere 

- 

Effec t  
Elevat ion 

20" 

. 
Elevat ion 

90" 
(Zcnith) 

Refract ion,  
Perturbed 
Atmosphere 
Absarp t i on ,  
W i  thout  Pdi3 

30 mm/hr. 
Rain 
kbsorpt ion 

Elevat ion e r r o r  angle  of 0.03' 2 0.006" on cloudy d a y s  

Elevat ion e r r o r  ang?e of 0.02' 2 0.002' on c l e a r  days - 4 

Elevat ion e r r o r  angle  of 2 0.006' on cloudy days 

Elevat ion e r r o r  angle  of + 0.002' on clear jays  
- + 0.0036" peak angle of a r r i v a l  f l u c t u a t i o n s  

f 10" peak phase e r r o e n  incoming phase f ron t  
2.45 CHz I 5.8 

Elevat ion 1.3% 1 --- - 
- 1.6% -- - 

a 1.5z 
2 % 
1'. .2% 

3 3 . 6 y  
- 

90" 100% 1 . 2 %  
Elevat ion 

20" 
Elevat ion 

50" - 
Elevat ion 

2C0 

0 % 
100% 
106% 

100% 

--- 
1 . 4 %  --- 
1 . 4 %  

.42X 

1.25% 



EPFECT OF PROPAGATION MEDIA ON SIDELOBE L'EVEL 
(VARIOUS POWER DISTRIBUTIONS ON SPACE ANTENNA) 

'IAXItrZM SCATTEREP RADIATION 'EVELS NEQ THE M A I N  BEAM OCCUR WHEN THE PHASE ERRORS OF THE 

WAVEFROXT REACH THE VN.JE OF ONE RADIAN. THE ENVELOPE OF THESE PEAK LEVELS I S  SHCWN 

AT APYR9XItLZTELY 27 Da SELO'n;' THE PEAK LEVEL OF RADIATION. W E F  THESE LEVELS INTERACT WITH 

THE WOKST SIDELOBE LEVELS OF CIlRVE (1) (GAUSSIAN TRANSMIT BEAM WITH 10 DB TAPER) THE WOWT 

CASE OF INTEFACTION ENVELOPE (1) APPEARS AS SHOWN BY D'?TTED LINES. 



EFFECT ON PRQPkGATlCN MEDIA ON 
SICELOBE LEVEL mpaqo divimion 

U, S, II.~IJIATION STAND,\ 111) 
10 - 

PO\VI'It UESSITI' • 5 TOTA I. \.\'OHST CASE: 
(JS I? I.: C',PI.;K N;\ k:biVf.:t,OP1.: OF 

' j  ,' SII)EIX)13T.: L,l:'V15I,S 
n~\v,'c ~ n "  

* 1  * .----.---.-- ,d- 
IIIGIIEST SCATTE:ItISD 

.05 9t\DIATION 1.EVEI.S OF 

-- . - ONOS1~I1I~IUC IIZIIEGULAIUTIES 

cSSn lL'l"AT1'N POWER DIS'I'RIBUTION ON SPACE AN5 SSA: 
,01  

(1) GAUSSIAN 
(2) QUADRATIC ON PEDESTAL 
(3) coo2 ON PEDESTAL 

I 
= 12.25 cm 

.001 PHASE EItROll: lo0 rms 
4 8 12 1 a 20 AMPLXTUDI: L I I I ~ O ~ I :  1 dl3 

3ECTENXrI IZIIDIUS (Jim) EDGE TrlPES: 10 dD 
TOTAL PO'IVER OUTPUT AT RECTEKNA: S GIV 



POLA RI Z A T f  ON R O M  TION VS , FREQUENCY DUE TO TONOS PiIFIw 
('IYPICAL VALUE FOR COWTIKKNTAL US IN WORST YEAR) 

LOSS OF PCKER DUE TO TIE F A M D A Y  ROTATION O F  17.2'  AT 
2 . 4 5  GHz (WITH RECTENSA POLARIZATION A D J U S T E D  FOR MID 
RJINCE OF ROTATION) IS 1.1 PERCENT DURING THE DAY TIME. 
(T!lE IONOSPHERIC W G N E T I C  FIELD I S  ASSUMED TO BE 0 .62 
CAUSS FOR THESE COMMITATIONS) . 



DUE T O  IONOSPHERE 

D 180-2407 1 -3 

P O L A R I Z A T I O N  ROTATION VS FREQUENCY 



VARIATIO;; OF !<LECTi!O:J DENSITY IN TllE IONOSPlIERE N I T H  H S I E  -- -, 

.;E;LiLlL ELECTRIC: :.I.\'THE!.'ATICAL KODCL OF THE IONOSPtiERIC ELECTRON DENSITY AS A FUNCTION OF HEIGHT. 



C E I : E L ! A L  
ELECTRIC 

VARIATION OF ELECTRON DENSITY IN THE 

tOi\lOSPHERE WITH HEIGHT 



ATTENUA? .ON V S .  FREqUENCY CN THE IONOSPHERE -- . .- 

I O S O S P H E R I C  A T S ~ . . W I ~ T I O N  IS  I h i F R S E L Y  PROPORTION T O  THE SQUARE O F  TI.1E FREQUENCY. 

T K l S  rV:3!1NTS TO L E S S  T % l x  0.02:. AT ALL FREQUENCIES O F  I N T E R E S T  AND AT KORST CONDITIOKS OF 

PROPACAT ION. 

SCATTE'IED WtDIATIOW DUE TO TNE CROSS S E C T I O N  O F  THE ELTXTRONS IS QUITE SMALL RELATED TO 

THE S I D E L O B E  LEVELS O F  'lHE U C T i . N N A .  iHEFE LEVELS MIGHT, HOWEVER, B E  H A R I T i r I .  7OR INTER- 

FERENCE WITH OTHER C0Ml.X.. . . IICATI ON SYSTEMS.  
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RTTEF!UATION VS FREQUE.NCY IN THE IONOSPHERE 



WCTENNA/GROUND POWER COLLECTION & TRAXSMISSION 



RECTSWA TECHNOLOGY BASIC ASSLWPTIONS 
( S G W  SYSTEM) 

THE I:.IPJRTANf i)ESIC;N COKSIDERATIOKS OF TllE RECTEIWA ARE DETERMINED FKOM: 

1 .  THE C A P A B I L I T Y  OF T I E  RF/DC CONVEKTE2S TO WORK I N  HARiiONY AT THE 
PRDJECTGD LEVELS O F  E F F I C I E N C Y  AT DTFFERENT LEVELS OF RF DEN- 
S I T I S S  O F  THE REC'IEXSA STRUCTURE. 

2 .  T t E  STRCCTURAL C A P A a I L I T Y  TO M I N I M I Z E  THE DIFFKACTIOK SHADOWIKG 
FACTOR K ,  AS FUNCTION OF TIIL: LATITUDE I O C A T I O N ,  i~ ORDER TO 
h l I N I M l Z E  THE FTELD LEVEL VARIATIONS AChOSS THE COLLECTING PANELS.  
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RECTENXA TECEINOLOGY BASIC ASYU hWTIONS 

DETECTION E FFICIENCY (RF/DC) 

IUXGE OF POWER DEKSITIES 

a QUALITS PERFECTED DIODES 

PRIhlARY UNIT CAPACITY 

PIUh,MliY UNIT D. C. VOI,TAGE 

a CONVEXTER UNlT CAPACITY 

PANEL WIDTH (W) IS A FUNCTION OF LATmUDE 
LOCATIOh AS DETERblINED BY DIFRACTION SHADOWING 
FACTOR (K) Ah% PANEL SZFARATION (Id) 

speca division 

(5000 UNITS) 
+ - 2 K V  

(2 x 20) 40 A N V  
(125 UNITS) 

a SUPPRESSION OF HARMONIC .IMDIATIOK TO ~LCCEPTABLE 
LEVELS 



ClMPdCTERISTICS OF POWER PI.OW 

- X4DIXJA FLOW OF TOWER AillONG THE PRTY'RY UXTTS MINIMIZES DISSIPATION 
LOvp7' .l.>l:b, I N  CONTUST TO TiiE CIRCUUTODY FLOW OF POUER. THE FORMER 
' - t ! -3S UESIG>: CARE FOR THE EQUAL PRIYARY UNITS AT DIFFERENT FIELD 
L'J:'"LS. 

- SLiG;!TLY DIFFERENT GROUPING OF ELDlENTS OR SLIGHTLY DIFFERZNT 
ELE;.ICi\:TS ARE XEEDED A N Y  WAY FOR PROPER POlZER FLOW I N  THE 
4ECTES:;A. 
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CHARACTERISTICS 01: POWER FLOW 

e E GUAL POWER LEVELS ARE COXCENTRIC SLLIPTIC W G S  

TIIE A I E A  OF COLLECTISG RYSGS FOR A SPECIFIC AMOUNT OF POWER INCREASES 

EXPOXESTYZLLY TO THE EDGE OF THE RECTENNA 

POWER FLOW IS RADIAL FROM OR TO THE CENTER OF THE RECTEXN/x 

XOSOSPIIERIC DISTUPLBANCES ZNCUCE SLOW OSCILLATORY FORM TO TIiE POWER 

FLOW. TIIS EFFECT IS RECTIFIED BY RADIAL FLOW OF POWER 

8 CRO\VBARS AND D.C. BIIEAKERS ARE U E 1 )  FOR EACH PRIMARY UNIT OF 1 .WV 

FAULTY SECTIONS &LAY BE ELECTRICALLY BYPASSED BY LARGE CAPACITY 

DIODES PRIOR TO D. C. BIcEAKER ISOLATION 



RF POWER DISTRIBUTIOS OF RECTENNA 

TiIIS CHART SHOWS THE r-f POWE3 DlSTRIBUTION OF THE RECTENNA FOR A 5 GIJ DC OUTPUT POWER. 

A GAUSSIAN POWER DISTRIEUTION WITH 10 DB EDGE TAPER IS ASSUMED ON SPACE ANTENNA. ALSO 

42 LSSS DUE TO MEDIA I S  ASSUXED. 



RF POWER DISTRIBU rlON OF RECTENNA 

TOTA-L F F IIECEI\'):I) PO\iEII  
- 5885.6 an\. 

space division 



TERCENTACE -- - OF ACCUMUWTED_POOmR ON 10 KM DIAMETER RECTEN:iA 

TllIS FIGURE SflOlr'S TI16 TOTAL COLt4ECTED POWER FOR A GIVEN DOWNLINK BEAM ( 1 KH DIAMETER SPACE 

AFTENNA, GAUSSIA!; i I I S T R I B U T I O N ,  10 DB TAFER) AS A FUNCTION OF TIIE RADIUS OF RECTENNA. 



GEiiERbL 
E L E C T R I C  

PERCENTAGE OF ACCUMULATED POWER 
ON lOKM DIAMETER RECTENNA 



RECTENNA COLLECTING R I N G  ARFA AND NUMBER OF RADIATING 
ELEMEXTS AS A ?UNCTION OF RADIUS 

THF POVER O F  TYE RECTEhVA I S  COLLECTED IF SEGMENTS CORRESPONDING TO CONCENTRIC RINGS. THE 

AREA O F  THESE RINGS INCREASES WITH THE R I N G  RADIUS LN ORDER TO KEEP THE POWER OUTPUT FROM 

THE SEQENTS CONSTANT. 



G E G E i i A t  
E L E C T R I C  

RECTENNA COLLECTING RING AREA AND NUMBER OF 

RADIATING ELEMENTS AS FUNCTION OF RADIUS 



ELEVATION ANGLES FOR SPS AT DIFFERENT LATITUDES -- 

IT IS ;VOT RECO1.MENDED USING ELEVAIZON '.NCLES BELOW 2 0 ° ,  WHICH CORRESPOND TO LATITIJDE 

LOCATICNS ABOVE 62' .  . 
LOW ELEVATION ANGLES ARE SUSCEPTIBLE TO DUCT EFFECTS AND MORE DEGRADATION FOR THE MAIN 

B E M  AND THE SIDELOBE ENVELOPE. 



ELEVATION ANGLES FOR SPS AT DlFFERENT LATITUDES 

C: 

i: 'YSOoU Knr - 
i: 

I nrnx : 8 .  PI;" 
Pn~rrx 81.75' 

epsco division 



POWER DENSITY OVER RECTENh'4 

THE FORKUU SHOWS X F ~ U T I O N S H I P S  BETWEEN GEOMETRY AND POWER D I S T R I B U T I O N  



P - *  n Gc,:tflbi 
E L E C T R I C  

%"2 

ha, 
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POWER DENS ITY OVER RECTENNA 

RADJt'.L DISTANCE RM ( IN KM ) AT ANGLE @ 

a = ELEVATION BEAM ANGLE 
B = SEMI XIINOR AXIS DISTANCE 

0 POWER DENSITY 
2 

- k x S K  x RN2 - 
.PhY - . P o  

RN = ANY RADIAL DISTANCE OF RECTENNA 



RECTENNA LAYOUT 

THE INCLINATION ANGLE OF THE MAJOR AXIS OF THE RECTENNA I S  DETERMIFED BY THE LONGITUDE 

LOCATION OF THE RECEIVING SITE. 

ALL THE PkWELS OF THE RECTENNA, OF ELLIPTIC KIHGS, OF EQUAL POWER LEVELS, ARE ARRAYED I N  

PARALLEL. 

PRESENT DIVISION OF POWER USES 100 RINGS, EACH DELIVERS 50 MW OF D.C. POh'ER. EACH RING 

I S  DIVIDED INTO 50 1 MW PRIMARY UNITS. 

THE XL'E?BER OF RADIATION DETECTION ELEMENTS I S  15.7 BILLION. 

POWER now IS RADIAL FROM THE CEXTER OF THE RECTESNA. 
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RECTENNA LAYOUT 
rpeco division 

C-!iO1:Pr'D PO\VER OUTPUT = 5GiV 
JL'SOIt AXiS (2B) = 10 KAI 
SL:.\Il5El< OF IUNGS (M)  -- 100 
B - = A S I X a  

50 Arb\' ARRAY PANEL LAYOUT 
(PRIJIA R'l' WITS OF 1 3nV 
AT 2 2 KV) 

ELLIPTIC RIXGS O F  EQ 
POWER LEVELS 



UiYOU'i: OF RJICTENSA PANELS 

o TKE =CTEEUTA STRUCTURE I S  DETERMINED BY THE TERRAIN C O N F I G U M T I O N ,  
T I E  DIFrTLtCTION L I M I T A T I O K S  OF Tl iE PANELS AKD THE LATITUDE-LOKG- 
ITVDE LOCATIOK . 

o THE CHOICE OF THE h'ONBER O F  RADIATING E L m N T S  ON EACH PANEL IS  A 
FUhCTION OF THE D I R E C T I V I T Y  OF THE M D I A T I N G  ELEMENTS, TIE ADDITIONAL 
AIJCLE{~~MZCII IS NEEDED TO YIELD A REESCNABLE VALUE FOR K A N D  TIIE 
LOSSES O F  POWER CARRYING W X E S  BETWEEX U R G E  SEPARATED ELERENTS A T  
HIGl l  LATITUDES O F  RECTENNA LOCATIONS. 

o THE RELATION BETJEb? THE ELEVATION BEAY ANGLE AND THE SATITUDE OF 
RECTEXXA LOCATION ( O F  S P S  LONGITUDE) I S  SHOWN I N  THE F O L L O J I N C  
CP? RT . 
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LAYOUT OF RECTENNA PANELS 
space division 

ELEVATION 
BEAM 
.\KZLE 

D1RE;CTIOS OF DIRECTION O F  
P!iC i':IG=\TIOK PROPAGATIOS 

LOCX L 
VERTICAL 

/ / / / / / / / I  

ITS LEVELED RECTEXNA LEVELED RECTENKA 



PXEFETaED POLARIZATION ATTITUDE 

TEE DIFiTACPIOli LIMI'IATIOKS OF THE RECTEKXA PANELS PROHIBIT USING A GR09ND PLAXE ORTHO- 

CXIX.!yL TO THE b!AVi' FSOXT AT HIGH LATITUDES. T H I S  NECESSITATES USING ADDITION.ZL REFLEGTOP. 

IO TB3 DIPOLE RP-DIATORS. THIS FUNCTIONS ?P.OPERLY hXEX TEE POLAKIZATIOB IS PARALLEL TO 

THE ?WJOR AXIS OF THE ?.EXTENSA. 



P R E F F E R E D  POLARIZATION ATTITUDE 

#I!A PEL3 G ltClLT 1) PLANK 
'r11F: :~:f,t<\ll~;s*y 

.XSULcZTION 
:TI I< 2 I< j. 
/ 

(.4T I3LE: lli.:STS :; 11t\1\ 1IlC;II ItLlTCII. CIIICT, 
i'OLT.\C1:1:; ilS,) 01: .\ STIQSG) Ah'D $IAlZ>IC)Bff: D. 6, 

bl I,TE I1 nuss m n  



POVER COLLECTION EFFICLEXCY INCREASES BY IKCREASED ELEVATION DUE TO 
1:'"RCfJEXZ:: IS 7:; S'cQUEYTTh 1, C I M 3 G I S C  IXCREAS ED CURRENTS IN PAMLIXL 
i\R:l;'iS Oi' Ei!:>GSTS AKi! L4I:Cl?R Pi<Ebll\RY UNITS. 

0 .C. TR:l'?'SblTSS r ON EFFICIENCY FCC:! PRIMARY UNXTS ELEVATION b@~:RtlSES 
WITI! TA'I'ITUDE AND INCREASE3 A;iGL)'5, 



GEf!EnAL 
ELECTRIC  

I€ECTENNA E FFICIENCY (RA'/DC) 
(5 .8N OW/5 OW) 

POWER COLLECTION EFFICIENCY 08% 

D.C, TMNSMISSION EFFICIENCY 

(99.5% AT CENTER & Ir4% AT PERIPHERY) 

TUTAL D a c e  CONVERSION EFFICENCY 80% 
(D. C,  POWER OUTPUT 5 GW) 



COST OF DIPO1.E ASSEMBLY IS BASCD ON ASSUMPTION THAT $0.1 WOULD Dlr: 
REA!jI)?Ml3LE FOR MSC, PRODUCTION OF 1 5 , 7 1 0  x 106 ELEMENTS N E E I E D  FOR 
OSE SCCTENNA. PROJIICTED COST CJF SCIIOT'CKY BARRIER DIODES I#/ 1):OT)C. 
SUPPOR'i ST2I1C'I'l1HE ASD LAND IS E S T I W T E D  CN TtlE BASIS OF SYS'I'Er.1 It7 
OF BOVAY I H C R S . ,  I N C ,  REPORT OF JUNE 2 0 ,  1977 ,  (GROUND PLANE @ 
$ . 36 /L i i . )  

BUS UI;R COST IS ESTIMATED ON TlIE BASIS O F  ROCKWELL'S EVAL'JATION, 
b 



DIPOLE r\SLSE .WLY 

13il'nOVED S, B. DIODES 

POWER DISTRXBUTION BUS EARS 

SUPPORT STlZUCTUnE 

LAND (TYPICAL MIDWEST) 

TCrrAL RECTENNA 
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RECTENNA COST 



REQUIRED INVEPTICATIONS 

IFC?ROVE3 RADIATIHC: ELE?.IChTS LTiICH ?'N BE W i S S  PRODUCED ECONOMICALLY (ESPECIALLY I F  TfiE S P S  

T j  STABLE EYOLrGH TO ALLOW USi r jG  SMALLER NUMBER OF HIGHER GAIN ELEMENTS). 

ASALYSIS OF PCKKF, FLOW SC;IElES IfiIICH ACCURATELY A S S E S S  THE D a C *  COLLECTION EFFECIEIU'CY BASED 

ON THE ?W'UFACTURING TOLEZWCES OF DETECTION E L P E N T S  AND THE SLOW OSCILLATORY IONOSPHERIC 

h";D ATblOSPHERIC EFTECTS,  

EVA?.UATSON O F  RE-RADIATION O F  CROW-BARED RECTENNA O F  THE RANDOM PHASE FRONT CONCERNING 

PADXATION HAZARD. 

EVALUATION OF CRATING LOBES OF SCATTERED RADIATION OF PBRIODI 'C RECTENNA STRUCTURCS. 

EFFECT OF HEATED IOSOSPHERE ON SCINTILLATION LEVELS O F  THE RECTBNNA AND ON S C A T T E m D  

RADIATION LEVELS. 
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RE GUIRED INVESTIGATIONS 

IBlPROVED PADIATISG ELTSMElriTS WHICH MAY BE ECONOhfICALLY MASS- 

PRODUCED (ESI'ECULLY IF TIIE SPS IS STABLE ENOUGII TO ALLOW USING 

ShL41,LEIt St'~M13El< OF I!IGI!ER (;Am ELEhlEP'TS) 

a ASALSSIS OF PO\VE!I FLOW SCIIE.WS TO ACCUMTELY ASSESS THE D.C. 

COLLECTION EFFICEKCY BASED ON THE hIASUFACTURIKG TOLEIUNCES OF 

DETECTIOX ELEMENTS AND TI113 SIIOkV OSCILLATOIIY IONOSPIIEIXIC AKD 

ATRIOSI'IIERIC ElpFECTS 

EVALUATION OX: RnElLZDLRTIOK OF CROWBARREn RECTENNA OF TIIE MNDOM 

PHASIC PIIOYT IN COKCEILU OF IUDLATION HAZARD 

ElrALUATION OF G M T I S G  LOBES OF SCATTERED RADIATION OF PERIODIC 

RECTEXSA STRUCTUIIES 

a EFFECT OF HEATED IOXOSPHERE ON SCWTILLATION LEVELS OF TISE RECTENKA 

A S D  OX SCATTl;ltEI) iL4DLATIOX LEVELS 



GROUND POWER COLLECTION 

AND 

TRANSMISSION SYSTEM 
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KEY CHARACTERISTICS OF SPS-UTILITY INTRRFACE 

?YE CHARACTERiSTICS O F  THE S P S  WITH THE MOST IMPACT ON THE UTILITY SYSTEM IN AN OPERATIONAL 
SENSE IS THE LARGE BLOCK OF POWER CONCENTRATED I N  ONE UNIT, AND THE RELATIVE INFLEXluLE 
NATURE OF A CONSTANT ENERGY SOURCE. 

THE S P S  CYARACTERISTICS I N  LIGHT OF THE ELECTRIC UTILXTY SERVICE CRITERIA OF ADeQUATE SYSTPH 
RELIABILITY AND MINIblIZINC COST TO THEIR CUSTOMERS REQUIRES SP,ECIAL ATTENTION WHEN DESIGNING 
THE GROUND POWER COLLECTION AND TRANSMISSION SYSTEM BETWEEN THE REFERENCE PRIMARY UNITS AN[, 
THE CONNECTION/ItlSERTION POI t lT  OF THE UTILITY BULK POWER GRID. 

THE UTILITY LOAD CHARACTERISTICS HAVE PARTICULAR IMPACT, S I N C E  THE S P S  GROUND S Y S T a I  HAS NO 
AUTOWITIC LOAD FOLLOWING CAPABILITY AND OTHER GENERATION CAPACITY WILL BE NEEDED AT ALL 
TIi-lES TO PROVIDE FOR UTILITY SYSTEM FREQUENCY CONTROL AND SPINNING RESERVE NEEDS. 
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KEY CHARACTERISTICS OF SPS-UTIIoTTY INTERFACE 

SPS t 

@ LARGE UNIT S I Z E  

CONSTANT ENERGY SOURCE 

UTILITY I 

SERVfCE QUALITY CRITERIA 

- RELIABILITY 

- MINIMIZING COST TO CUSTOMERS 

VARIABLE LOAD DEMAND 

- BY HOUR 

- BY SEASON 

- BY YEAR 

G E N E R A L  @ ELECTRIC 



DESIGN CONSIDERATIONS FOR RECTENNA G R Q ~ D  
POWER COLLECTION AND TRANSMISSION SYSTEM 

TO ASSURE RELIABILITY IT WAS AN OBVIOUS NEED TO USE A MODULAR CONCEPT, INCORPORATING EQUIP- 
MENT OF KNOWN TECHNOLOGY AND PERFORMANCE. THE DESIGN PRINCIPLES USED FOLLOWS CONVENTIONAL 
UTILITY DESIGN PRACTICE FOR CONTROL AND PROTECTION. 

TO MINIMIZE COST THE PLANT LAYOUT FOLLOWS A SYMMETRICAL CONCEPT AND EQUIPMENT RATINGS LIKE 
CONVERTER STATION POWER LEVELS AND SYSTEM VOLTAGE LEVELS ARE CHOSEN TO BE CCElPATIBLE WITH 
RECTENNA PRItlARY UNITS, AND MINIMIZE COST WHILE PROVIDING MAINTAINADILITY. 



G E M E R A L  @ ELECTRIC 

DESIGN CONSIDERATIONS FOR RECTENNA GROUND 
POWER COLLECTION AND TRANSMISSION SYSTEM 

RELIABILITY 

- MODULAR CHARACTER 

- EQUIPMENT PERFORMANCE 

- CONTROL AND PROTECTION 

COST 

- PLANT LAYOUT 

- EQUIPMENT, STRUCTURES ArJD MATERIAL 

- OPE!?ATIOlJ AND 3ll4ItJTENANCE 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

G E N E U L  LAYOUT 

THE PLOT PLAN I S  ASSUMED TO BE CIRCULAR WITH A TOTAL NET OUTPUT O F  5000 MU. THE RECTENNA 
AREA I S  DIVIDED INTO 5 WUAL AREAS EACH FEEDING ONE 1000 MW S'fEP-UP-SWITCHING STATION. 
EACH STEP-UP-SWITCHING STATION I S  I N  TURN FED BY F I V E  200 MW POWER SECTORS. EACH POWER 
SECTOR CONTAINS F I V E  40 MW BLOCKS. EACH CONVERTER STATION COLLECTS 40  MW DC POWER FROM 
PRIMARY RECTENNA UNITS AND INVERTS DC TO AC POWER. 
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RECTENNA POWER COLLECTION 
AND TRANSMlSSlON SYSTEM 



GROUND POWSB COILECTION AND CONVERSJON SYSTEH 

EACH 40 MU POWER BLOCK C O N S I S T S  UF FORTY 1 MW PRIMARY UNITS  WITH OUTPUT VOLTAGE OF 2 2 kV. 
THE END O F  EACH PRIMARY UNIT  I S  CONNECTED THROUGH DC C I R C U I T  BitEAKERS TO 2 kV DC CABLES 
RUNNING RAIIIALLY A S  SHOWN I N  THE DIAGRAM TO THE CONVERTER STATION.  DC SI40Ul"l'INC REACTORS 
REDUCE THE R I P P L E  CURREtlTS. 

S I N C E  TlIE RECTENNAS ARE CONSTANT POWER DEVICES AND TIIE DC/AC CONVERTER CAN f Y  NO WAY A F F t C T  
POWER FLOW, THE CONTROL O F  POWER BE A P P L I E D  ON THE DC S I D E ,  T H I S  MEANS THAT EITHER THE R F  
LEVEL MUST BE CONTROLLED AT 11's SOUKCE OR TilE NUMBER O F  RECTENNAS CONNECTED I N  PAHALLEL MUST 
LIE VARIED. C I R C U I T  BREAKERS PROVIDEI) POK RECTENNA PKOTECTtON CAN ALSO BE USED TO ADD OR 
REXOVE UNITS  I N  ORDER TO CONTROL POWER, RUT NOT ON A CONTINllOllS B A S I S ,  

I T  I S  RECOGNIZED THAT THE S P S  SYSTEM W I L L  OPERATI3 AT CONSTANT POWER BUT POWER VARIATION IS 
NEEDED TO GET ON L I N E  AND TO C E T  O r P  L I N E  FOR SUCH T l l l N C S  AS MODIPICATION OR MAINTENANCEL. IT 
MAY BE THAT THE 20 MU POWER CROUPS ARE SMALL ENOUCH TflAT THEY CAN BB PICKED UP OR DROPPED AS 
THE MINIMUM S I Z E  I NCR EhIENT, 

THE CONVERTER TIIYRISTOR BRIDGE C I R C U I T  FEEDS ALTERNATING CURRENT M THE CONVERTER TRAIiBFORMER 
WHICH S T E P S  THE VULTACE UP TO 69 kV AT 60 112. 

F I L T E R S  CONNECTED THE AC BUS ABSORB CURRENT fURMONICS GENiSRATED I N  THE CONVERTER, THE AC WAVE 
SHAPE I S  TlfEREBY KEPT WITHIN ACCEFTABLE llARMONIC CONTENT L I M I T S  FOR THE U T I L I T Y  G R I D  AND 
ASSOCIATED Y LANT EQUIPMENT, 

TI iE CONVERTER STATION OUTPUT, AT 69 kV AND A MAXIMUM CURRENT O F  400 ANPERES I S  TIRANSHITT&D BY 
UNDERCROUN3 CABLE TO T H E  TRANSFORMER STATION.  

Tt IE CONVERTER STATION,  ONCE COMMISSIONED, OPERATES AUTOMATICALLY. ALL SWITCHING, STARTUP AND 
SHUTDOWN ARE DIRECTCD AND MONITORED BY A SMALL COMPUTER SYSTEM I N  CONJUNCTION WITH OTHER CON- 
VERTER AND STATION CONTROL EQUIPMENT. 
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GROUND POWER COLLECTION AND CONVERBION BYSTlEM 

69kV 
UNOLFIOROUND 

CABLE 
(I25 TOTAL) 

G E I E R A L  @ ELECT R l C  



CONVERTER CHARACTERISTICS AND CONTROL BLOCK D I M l M H  

1. CHARACTERISTIC CURVE OF THE RECTENNA - THE VOLTAGE-CURRENT CHARACTERISTIC O F  THE RECTENNA, 
OVER THE RANGE TO BE CONSIDERED, CAN BE DESCRIBED AS A CONSTANT POWER R E C T M U U R  HYPFIRBOW. 
AT HIGH VOLTAGE AND LOW CURRENT, AN AUTOMATIC SHORT CIRCUITING DEVICE OR "CROWBAR" WILL BE 
PROVIDED AS AN INTEGRAL PART OF TliIl, RECTENNA, LIKEWISE AT THE U ) W  VOLTAGE, HIGH CtlRRENf 
END, THE CHARACTERISTICS WILL PROBABLY BE TERMINATED BY A SHORT CIRCUIT.  

2. CHARACTERISTIC CURVE OF THE POWER CONDITIONING SYSTEM - THE INVERTER OP THE POWER CON- 
DITIONING SYSTEM I S  AN ELECTRONIC DEVICE CAPABLE O F  SEVERAL MODES OF CONTROL. THE LINE- 
COMMUTATED INVERTER I S  CHOSEN FOR THE S P S  SYSTOI.1 AND THE INVERTER I S  OrERATED I# A CONSTAWT 
VOLTAGE MODE, 

3. CONTROL BLOCK DIAGRAM - THE "REGULATOR" IS  SEEN PEEDING A TRANSDUCER T WHICH CONVERTS A 
VOLTAGE INTO AN ANGLE FOR THE FIRING PULSES TO THE THYRISTORS OF THE CONVERTtR BRIDGE 
CIRCUIT.  

A DC VOLTAGE SENSOR PROVIDES A MEASURE OF THE ACTUAL VOLTAUE WHICH PROVIDE8 WE lfRROR 
SIGNAL FOR THt REGULATOR, T H I S  AUTOMATIC VOLTAGE CONTROL LOOP 19 THE PRIMARY d3NTROL OY 
THE CONVERTER. 

AC LINE CURRENT AND AC LINE VOLTAGE ARE M ~ A S U R E D  (AS SCIOWN) AND A RELATIVE TIHIM SIGMAL 
I S  DEVELOPED WHICH RESULTS I N  MEASUREMENT OF EXTINCTION ANGLE y 0 T H I S  QUAMTITY IS 
COMPARED TO THE EXTINCTXON ANGLE REFERENCE AND THE RGSULTfNG BRROR SIGNAL PASSES TO THE 
REGULATOR AND HOLDS THE CONSTANT y CURVE WHEN CONDITIONS ARE SUCH THAT CONSTANT VOLTAGE 
CANNOT BE HELD. 



CONVERTER 
CHARACTER l ST1 G 

CONSTANT 

- 
- 

REDUCED - 14 
lOflO0 AMPERES 

FONVERTER CONTROL 
BLOCK DIAGRAM 

OC CIRCUIT 
BREAKER 

VOLTAGE 
SENSOR I I I 1 

EXTI NCTlON REGULATOR 
ANGLE I 

REFERENCE I 



GROUND POWER COLLECTION AND TRANSHISBION SYST&M 

ONE LINE IIZAGRAM 

THE COLLeCTION/TRANSFORMER STATION GATHERS THE POWER OL;TPUT OF 5 CONVBRTltR STATIONS, COtNECTS 
THESE CIRCUITS INTO A RELTABLE SWITCHING ARRANGEMENT, AND TRANSFORMS THE AC POWER RlOM 69 kV 
UP TO 230 kV. THIS IS DONE BY PHYSICALLY AND ELECTRICALLY ARRANGING AND CONNECTING STANDARD 
ELECTRICAL EQUIPMENT INTO THE DESIRED CONFIGURATION. THE ELECTRICAL CONFIGURATION PROVIDES 
RELIABILITY BY A "BREAKER AND A WALP" SCHEME 69 kV SWfTCHYARD. A SINGLE CONTINGENCY OUTACE 
CAN BE SUSTAfNED IN THE 69 kV SWITCHYARD WITHOUT LOSS.OF POWER OUTRUT CAPABILITY, TO PROVIDE 
COEfPENSATIQN FOR THE INHERENT LAGGING POWER FACTOR QIARACTERISTICS OF THE CONVERTER VALVE 
AND TRANSFORMER EQUIPMENT ONE 100 bWAR SYNCHRONOUS CONDENSER IS CONNECTED ?O THE 69 kV BUS. 
THE SYNCHRONOUS CONDENSER RATING IS CHOSEN TO ALLOW SYNCtIRONOUS CONDENSER MAINTENANCE ON 
ADJACENT COLLECTION/TRANSI:OKMEP. STATIONS WlTllOUT CURTAILING POWER OUTPUT. 

THE STEP-UP SWITCHING STATION RECEIVES THE OUTPUT fROM FIVE COLLECTION/TRANSFORMER STATIONS 
AT 230 kV AND TRANSFORMS THE VOLTAGE TO 500 kV, THE "UREAKBR AND A M L P "  SCHEME EMPLOYED CAM 
SUSTAIN ANY SINGLE CONTINGENCY 500 kV SWITCHYARD FAULT WITHOUT REDUCTION IN STATION OUTPUT, 
THE SELECTION OF THE VOLTAGE LEVEL FOR THE ULTIMATE BULK POWER TRANSHI'iSION INTERFACE WITH 
THE UTILITY GRID AS WELL AS THE POSSIBII.ITY OF INTERCONNECTING TWO OR IIORE OF THE LOO0 IlW 
SWITCHIMC STATTONS TOGETHER Sl10ULD BE OPTIMIZED BASED ON DETAILED INFI'RNATION ABOUT THE 
CONNECTING uTItIm SYSTG~:. THE SOLUTION SHOWN IS ONE OF SEVERAL POSSIBLE, 



GROUND POWER COLLECTION AND TRANStlISSION SYSTEM 

tOOMW 
CC)LUECtION/ TRANSFORMER 

ST AT ION 
(25 TOTAL) 2X)kV 

OVeRHlEAO CINE8 

l OWMW 
LSTIEPmUP - SWITCHIN0 

$TAT ION 
(8 TOTAL) 

69kV CABLE --'I= 

GEWERAL @ ELECT R!C 



GROUND POWER COLLECTION AND TRANSMISSION S Y S T M  

COST ESTIMATES 

THE COST ESTIMATES ARE BASED ON THE CONCEPTUAL DESIGN SHOWN ON THE ONE-LINE DIAGRAM. ME 
COST INCLUDES MAJOR EQUIPMENT, BUILDINGS, MATERIAL AND DIRECT 'LABOR. 

NOT INCLUDED ARE: 

INDIRECT LABOR 
A/E FEES 
CDNTI NGENCY 
INTEREST DURING CONSTRUCTXON 
I N S W N C E  
TAXES 
TRANSPORTATION OF EQUIPMENT AND MATERIALS TO SITE 

ALL COSTS ARE I N  1978 U.S .  DOLLARS. 



QUANTITY 

1 

5 

39 km 

25 

25 

381 km 

12 5 

G E N E R A L  @ ELECTRIC 

GROUND POWER COLLECTION AND TRAN8MISSIOM lYSTEM 

SUMMARY OF 
COST ESTI.UTES OF MAJOR EQUIPMENT, 
BUiLDINGS, MATERIAL & DIRECT LABOR 

ITEM - 
PLANT CONTROL CENTER 

STEP-UP-SWITCHING STATION 

230 k V  TRANSMISSION LINE 

COLLECTION-TRANSFORMER STATION 

100 MVAR SYNCHRONOUS CONDENSER 

69 kV CABLE b CONDUIT 

CONVERTER STATION 

2 kV DC CABLE/BUS 

2 kV, 250 A DC CIRCUIT BREAKER 

TOTAL 



CROUND POWER COLLECTION AND TRANSMISSION SYSTEH 

OPERATION AND MAINTENANCE 

THE N O W L  MODE OF OPERATION WILL BE AS A CONSTANT ENERGY SOURCE. THE UTILITY SYSTEM HAS 
NEEDS FOR FLEXIBLE GENERATION FOR LOAD FOLLOWING, SPINNING RESERVE AND SYSTeM FREQUENCY 
CONTROL. THE SPS SYSTEM WILL NOT BE ABLE TO CONTRIBUTE TO FREQUENCY CONTROL AND SPlNNfNC 
RESERVE, BUT COULD CONCEIVABLY GIVE NEED FOR ADDED CENERATION FOR SPINNIiqC RESERVE AND 
FREQUENCY CONTROL. THE UTILITY OPERATIONAL CONSTRAIElTS MIGHT WELL BE IMPORTANT CONS'IDERA- 
TIONS IN DETERMINING THE PRACTICAL LIMITS TO THE PSNETRATION OF SPS POWER fN FUTURE UTILITY 
SYSTEMS. 

THE MODULAR DESIGN OF THE GROUND POWER COLLECTION AND TRANSMISSION SYSTEM SHOULD PR'JVIDE 
HIGH AVAILABILITY SINCE ROUTINE MAINTENANCE COULD BE PERFORMED ON A PARTIAL SHUTDOWY 
BASIS. CONSIDERABLE EFFECTIVENESS IN MAINTENANCE ROUTINES SHOULD ALSO BE EXPECTED ALTHOUGH 
A SIGNIFICANT SPARE PARTS INVENTORY WOULD APPEAR NECESSARY, 



GROUND POWER COLLECTION AND TRANSMIS$l;OW SYITEM 

OPERATION AND MAINTENANCE 

NORMAL OPERATION: 

CONSTANT ENERGY SOURCE 

- NO FREQUENCY CONTROL 
- NO LQAD FOLLOWING CAPABILITY EXCEPT BY 
SWITCHING MODULES 

MAINTENANCE BY MODULAR SHUTDOWN 

- HIGH AVAILABILITY 
- EFFECTIVE MAINTENANCE 



GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

OPERATION AND MAINTENANCE 

LOSS OF TOTAL OR P&RTIAL POWER FROM THE SATELLITE WOULD OCCUR SEVERAL TIMES A YEAR DUE TO 
SATELLITE ROUTINE :IAINTENANCE, SHADOWING EFFECT FROM THE EARTH AND FROM OTHER SPS SYSTPIS. 
WHEN THESE OUTAG5S ARE PREDICTABLE AND SCHEDULED I T  SHOULD HAVE A MINIMAL EFFECT ON THE 
UTILITY SYSTEMS INTEGRITY AND OPERATIONS SINCE THE TIMING OF SUCH OUTAGES WOULD BE DURING 
THE LOW LOAD PERIODS. 

HOWEVER, ASSUMING h SIGNIFICANT PENETRATION cF SPS POWER SYSTEMS I N  THE FUTURE, THE CENERA- 
TION RESERVE NEEDED TO MAINTAlN THE UTILITY SERVICE RELIABI1,ITY WOULD BE EXPECTED TO 
INCRGSE T3 COVER THE EMERGENCY SHUTDOWNS OF THE SATELLITE. MORE DETAILED UTILITY SYSTEM 
S T W l E S  WCULD BE NEEDED TO PREDICT THE IMPACT ON RESERVE LEVELS FROM EMERGENCY SPS POWER 
SYSTEM OUTAGES. 



GROUND POWER COLLEETION AND TRANSMISSION SYSTEM 

OPERATION AND MA1 blTENANCE 

LOSS OF POWER FROM SATELLITE: 

I, SCHEDULED MAINTENANCE 

- LOW IMPACT I N  LOW LQAD PERIODS 

EMERGENCY SHUTDOWN 

- POTENTIAL NEED FOR INCREASED GEMERATION RESERVE 

G E N E R A L  @ ELECTRIC 
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ELECTRIC U T I L I T Y  WEEKLY DEMAND P R O F I L E  

'W5 L L ~ ; C T R I C  U T I L I T Y  D W D  IS  CHANGING BY THE SECOND, MINUTE, HOUR, DAY, SEAS011 M D  
YEAR. THE FIGURE SHOWS A m P I c A t  ELECTRIC UTILITY WEEKLY DEMAND PROFILE, 

THE GENERATION CAPACITY APPLTED TO SERVE T H I S  DEMAND MUST I N  TOTAL BE CONTROLLABLE 
TO ADOPT TO THE DEMAND P R O F I L E .  WITH A S I G N I F I C A N T  AMOUNT OF I N F L E X I B L E  GENERATION 
INTRODUCED, T H I S  WILL CAUSE OPERATIONAL PROBLEMS I N  THE LOW LOAD PERIODS.  ONE RULE O F  
THIJMB IS THAT AT LEAST 50% or MINIMUM LOAD SHOULD BE CAPABLE OF CONTRIBUTING TO SYSTEM 
FREQUENCY CONTROI. mIs ASSUMPTION WOULD BE FOR A TOTALLY INTERCONNECTED SYSTEM WITH 
SEVERAL U T I L I T Y  POOLS CONNECTED TOGETHER. "SPINNING RESE3VE" I S  OPERATIONAL RESERVE 
CAPACITY PARTLY CONNECTED TO THE L I N E  AND PARTLY AVAILABLE WITHIN MINUTES. T H I S  RESERVE 
I S  DESIGNED TO BE AVAILABLE IMMEDIATELY FOLLOWING EMERGENCY SHUTDOhWS O F  OPEPATINC 
EQUIPMENT. I F  THE U N I T  S I Z E  O F  A S P S  POWER PLANT I S  LARGE AS COMPARED TO OTHER LARGE 
UNITS ON THE SYSTEM, AN INCREASE I N  THE SPINNING RESERVE REQUIREMENTS WOULD BE EXPECTED. 

THE U N I T  S I Z E  O F  S P S  POWER PLANT WOULD ALSU HAVE AN 1NC;LEASING EFFECT ON THE SYSTEM 
OVERALL GENERATION RESERVE FOR R E L I A B I L I T Y .  A FURTHER EVALUATIOC VOULD BE NEEDED 
INCLUDING U T I L I T Y  SYSTEM PARAMETERS, INDIVIDUAL U N I T  R E L I A B I L I T Y ,  AND S P S  POWER S Y S T M  
OVERALL R E L I A B I L I T Y  A S  I N P U T  DATA TO A S S E S S  THE MAGNITUDE OF THIS IMPACT. 



D 1 80-2407 1-3 
ELECTRIC 1JTILITY WEEKLY DEMAND PROFILE 

T I M E: ---- 
GE?!ERAL @ E L E C T R I C  



GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

SUMMARY AND CONCLUSIONS 

DESIGN USING COtlWNTIONAL TECHNOLOGY 

CONVENTIONAL UTILITY DESIGN PRACTICE 

HIGH RELIABILITY AND AVAILARILITY 

INSTALLED COST APPROX. 135 $/KW 

AREAS FOR FURTHER STUDY: 

SPS-UTJLITY SYSTEM OPERATIONAL INTERFACE 

- RELIABILITY AND AVAILABILITY . 
- OPERATIONAL ECONOMICS 

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


