
1111.IFIND 

IENEIAL 
ELECTRIC 

Part Ill 

NASt 15196 
DAL T·1346 
OROMA,665T 
UNE rnM-t 

Final Briefina 
March 7. 1978 

118- iE4 

r~neltH'Jl 

~ 11 2 

lite 
~TEM DEFINITION STUDY 

PART Ill 



D 180-2407 t ·3 

Solar Power Satellite 
SYSTEM DEFINITION STUDY 

PART Ill 

Part Ill 
Final Briefing 
March 7, 1978 

Boeing Aerospace C'ompMlY 
Missiles and Space Group 
Space Division 
P.O. Box 3999 
Scuttle. Washinllton 98114 

Approved: 

G. R. Woodcock 
Study Manager 



AGENDA 

Solar Power Satellite 
Systems Definition Study 

Part III 

Final Briefing 

INTRODUCTION ANO HIGHLIGHTS ------- Q, WOODCOCK 

SYSTEM DESCRIPTION Q, WOODCOCK 

SllE SENSITIVITY Q, WOODCOCK 

TRANSPORTATION H. DIRAMIO 

EMPHASIS AREAS 

OPERATIONS ANO MAINTENANCE ----- E. DAVll 

MPTS STUDIES I. NALOS 

POWER GRID INTERFACE --------- BJORN KAUPANO 

DEVELOPMENT REQUIREMENTS FOR D. GRIGORV 
INITIAL SPS COMMERCIALIZATION 

Ii 



D 180-24071·3 



0180.24071 ·3 

PART 3 HIGHLIGHTS 

The prindpal design change rm1de in the reference syMelll was to modify the trnnsmit lcr design for maintainability and crew access. 

Al the completion of Part II. lhl.! comparison between hallistk .ind winged laum.·h vd1icles indicated difficulties with the win(led 

vehicle: inad"~quak payload bay volume and requirement for downran!(I.' recovery of the booster. A winged vehicle has now been 

configurl.'d with larger paylo:1d volume and with a llyback booster. Its ~:ost pl.'r !light is competitive with the ballistic sea landing 

vehicle. 

A preliminary maintl'nance analysis was completed. The estimated cost for 1m111ned SPS maintenunce (every six months) is about 

3'A of lhc power cost attributable to initial system capital ~:ost: approxinrntely I mill per kilowatt hour. 

The far sidclobcs study for SPS transmitters showed that the 11rating lobes arc widely separated points rather than rings. This 

minimizes concern wilh overlap of grating lobes. The levels of grating lobes can he reduced by improved meclrnnical pointing. The 

dominant contributor to grating lobe magnitude is the saw-toothing of the wave front from the suharray that results from mechan· 

ical aiming errors. 

Requirements for SPS demonstration arc not cleiir at tl11: present time. It is possible th:1t development might include a technical 

<lcmonstration of economic viability. This would be likely in scenarios including u commercial funding contribution to the devel· 

opmcnt program. Technical demonstration options were cvahwtcd and a preferred demonstration approach selected. 

2 
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Part III Highlights. _________ ._...._ ..... ________________________ ..,, .. --... ,. 
I 

. 
• TRANatlTTER DESIGN MODIFIED FOR MAINTAINABILITY 

• TWO-STAGE WINGED LAUNCH VEHICLE COMPITITIVI WITH 
BALLISTIC OPTION 

• MAINTENANCE COSTS ADD -a TO POWER COIT 

• TRANSMITTER ORATING LOBEi ARE WIDELY llPARATID POINTI 
-LEVELS CAN IE REDUCED IV IMPROVED MECHANICAL POINTING 

• •s DEMONITRATION OPTIONS EVALUATED 
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SYSTEM SELECTION RATIONALE 

A summary of the rationale for system selec:tion is presented on the facing fiage. 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 to 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. 

4 
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System Selection Rationale 

------------------------------------------------------------------------------~""''"'" .... SPs.1999 

• 
• 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. 

5 
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SELECTION EXAMPLE 

Three examples of the selections among various options are indicated here. Single crystal silicon was selected over thin film 

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

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

klystron option. The launch system was a comparatively conservative tcd11101ogy two-stage reusable rocket similar in many 

respects to the fully reusable shuttle concepts examined in 1970 and J 971 exctpt for its larger size. 

6 
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Selection Examples 

----------------------w-----------------------------------------------------11.0EIND----SPS-1998 

• SOLAR CELL OPTIONS: 

• TRA~Si"v11TTER OPTIONS: 

•LAUNCH SYSTEM OPTIONS: 

I SINGLE-CRYSTAL SILICON I 
THIN-FILM GALLIUM ARSENIDE 

OTHER THIN FILMS 

KLYSTRON I 
AMPLITRON 

SOLID-STATE 

" I TWO-STAGE ROCKET 

SSTO ROCKET 

AIRBREATHER/ROCKET MIXES 

LASER AND OTHER ADVANCED PROPULSION 
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SINGLE CRYSTAL SILICON 

Although single crystal silicon has been regarded as a low technology selection, a serious examination oi technology advancement 

requirements indicate that several difficult tasks arc involved in attaining t!1c needed performance and production levels. It is quite 

likely that these tasks represent the schedule tent pole for an SPS program. 

8 
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Single-Crystal Silicon 

----------------------.... -------------------------------------------------------,111111~11-----SPS.1887 

SINGLE-CRYSTAL SILICON IS OFTEN VIEWED AS A "LOW TECHNOLOGY" 
APPROACH TO SPS ••••• 

DEVELOP 
CELU BLANKET 

INTEGRATED 
SYSTEM 

DEVELOP 
ANNEALING 
TECHNIQUES 

DEVELOP 
ANNEALING 
EQUIPMENT 

IMPLEMENT 
ON ADEQUATE 

SCALE 

BUT THIS APPEARS TO BE THE SCHEDULE TENT POLE FOR AN SPS PROGRAM. 

9 
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THERMALLY ANNEALED SILICON SOLAR CELLS 

The directed energy annealing effort was continued into Part III and the principal result was a succe~sful anneal of solar cell using a 

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

10 
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Thermally Annealed Silicon Solar Cells 
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ROUTES TO HIGH EFFICIENCY JN SILICON SOLAR CELLS 

An approach lo achieving the desired cell pc1forma11ce is reusonubly clear nlthouah the clements of th.: technoloaY have never been 

combined in a single device, and one of the elements has not been demonstrated experhnentally. Current SO mlcrot'1;~ter single 

crystal silicon cells are nearing 12% efnciency. Thicker cells are in the 14·1SVi ran1e. A c<>mblnution of the COMSAT non· 

reflective sculpturing technique with the hi·lo junction emitter technique tund poHibly back 11urfacc field). combined with diffroc· 

live saw-tooth tduss covers, is predicted to yield a 17% efficient 50 micrometer solar cell. 

12 
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Routes to High Efficiency in Silicon Solar Cells 
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-, PRODUCTION - 11.6 

GOAL. PRODUCTION - 12 
LAB - 12.6 
761o1m 

J:._~-~ 
10011m COMIATCNR T ..._ ___ .,,,.. 

f? • ,.,, 
•• i ,, ••••••• 

·.,: ...... :I J .... ,. ~:i-

.. : ·. : /4;$£fr11 
SPECTROLAB, 811' 
WAAP•AROUND, 10 Oam 
'1. 11.1" 

SAW·TOOTH COVER HIGH·LOW JUNCTION V
00 EMITTER ITRUCTUFU'i I 1Nr---..--.--,__,..__.__,_ • 0.196V 

• 41.71 mAJam2 1eo,..._,'-f'-l,...._. ___ -

i 140 

VIOLIT Cll.L 
WITH 'UllD 
111.ICA COVIR ILIDI 

M VIOLIT Cll.L WITH 
IAWTOOTH COVlft 
II.IOI 

o.__.._..-_......__..._~--~ 

0 100 :100 - 40D IOO IOO 
VOLTAGI hnVI 

IC 

CJUNCTION FF 

sQCSN+f NL ' ]-v a'cm2 
""' Voe FF 11 --

• 0.83 

TODAY 0.028 O.UO 0.817 14.&" 
HLE 0.031 0.821 0.104 11.1" 

(PER SAH, LINDHOLDM, POISUM} 
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SPS WORK BREAKDOWN STRUCTURE 

The SPS sysll'm tks~·ription follows this work hre:ikdown stnu:tur''· Th1..· strudur1..• is hasically !>imilm· to that used in Part : with 

!ht.• exception of adding 11winh.·1ianl'l' ilt.•Jlls lllHll'r till' SPS Spac1..~ C'onstn11:tion block. This bricfin)l shows only si~nific11nt drnnjlcs 

to the system dl·s~-riplion inclutkd in tlw finul hri1..·fi11~ and final docum1..•ntalion of Part 1. Th1..• system description document. to 

he provitkd as <1 p;1rt of th1.• Part 3 docunwntatinn, will pres1:11t a fom1al sysll'lll lkscrirtion in its cntirl'ty. 

\ 
~ 

\ 
)6 
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SPS Work Breakdown Structure 

------~.=.~1911=-----------..... ---------------------------------------------------•lllllltl#/I .... --

SPS 
PROGRAM 

SOLAR POWER GROUND SPSSPACE a SPACE 
SATELLITE RECEIVING CONSTRUCTION AND TRANSPORTATION 

STATION MAINTENANCE 

• SUPPORT SUBSYSTEMS • REAL ESTATE • LOW ORBIT BASES • CAROO 1.AUNCH 
•ENERGY COLLECTION • CONTROL AND •GEOSYNCHRONOUS VEHICLE 

• ENERGY CONVERSION COMMUNICATION BASES •PERSONNEL 

• POWER DISTRIBUTION • PRIMARY STRUCTURE • MOBILE MAINTENANCE LAUNCH VEHICLE 

• MICROWAVE POWER • ENERGY COLLECTION BASES • ORBIT TRANll"ER 

TRANSMISSION • POWER DISTRIBUTION • SATELLITE·BASED VEHICLE 

AND PROCESSING MAINTENANCE • SPS-INSTALLED 
EQUIPMENT ORBIT TRANSFER 

•OPERATIONS ANO SYSTEMS 
SUPPORT 

17 
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REFERENCE SYSTEM POWER BUDGET AND SIZfNG CRITERIA 

These are the factors used in ;;akulating the solar array power output. We start with solar cells having 15. 75 percent efficiency. To 
this we add a 10 percent improvement, which could be achieved by any one ofscvernl means. For ex;imple, A. Meulenbcrg of 
COMSAT Laborntories l'stinrntcs that the sawtooth cover that he invented will improve the effic:icnc} of solar cells by 8 to 12 
percent. 

The blanket fac.:tors of 0.9453 account for the power losses shown. The individual clements of the blanket factms will change, but 
the product will probably n:main around 0.9453. 

The summer solstice loss accounts for the 23.S degrees mis-orientation with respect •o the Sun's rays. This loss could be avoided 
by having the satellite oriented perpendicular to the ecliptic plane, but the cost in thrusters and propellants required for attitude 
control in that mode shows to no real advant•1ge. 

The aphelion intensity factor accounts for the reduced solar intensity when the Earth is at Us ;iphclion, around tht• first part of 
July. 

The temperature losses result from the solar cells operating between 36.5°C ;ind 46°C, rather than at the 25°C at which ceti i.;ffi· 
ciency is commonly tested. 

The output is further reduced by 3 percent to <iccount for radiation damage that 1.:annot he removed by thermal annealing. In past 
tests, 95 percent of the rndiation d;inrngc in solar cells has be~·n imnculcd our. even though the cdls h:1d 1wt hecn designed for 
thennal annealing. There b no theoretical reason why all of the radiation damage in solar cells cannot be annealed out, annealing 
temperatures of around ~mo0c being wdl below the 8000(' region whl'l't.' Jiffusion of impurities stiirts. On the other hand. the 
operating plan for the solar power sutcllite involves repeated unne;ilings, which have not been attenmtcd by anyone, as far as we 
know. 

Those sections of the sol;ir array blanket that ;ire used for the orbit trnnsfer power supply, arc subjected to a significantly higher 
radiation degradation than the stowed sol<tr array. If. ;ifter annl•aling. thl' hiJ,!hly <kgraded portions of solar army can only be 
restored to 95 per1.:ent of their initial output." pem1lty rcs.:lts. This is COlllPl'llsati.:d for by an orbit transfer power compensation 
foctor ;ind by incn.•asing the sol;ir cell string kngths. 

The array power requirement of 18.31 x I 09 w;itls is based on providing a ground output of I 0.0 x I o9 watts using the current 
efficiency chain from the ;irrny to thl' grid interface. 

Tht.· army pOWl'r fl'quircn11.•nt ;ind the effective hl:mket output determine the 'iolar l'dl area requirement. Tht.~ increase shown for 
the array area c.:ompcnsutes for the lost <irl'as in the solar array blHnket. /\noth1.•r :,arl'a increase. to compens:1tc for non-array lost 
area, is necessary to establish the total projected satellite area. 

18 
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Reference System Power 
Budget and Sizing Criteria ____________________ _. ____________________________________________________ •llllNll----• 

SPS-1847 

• EFFECTIVE BLANKET OUTPUT-180.8 w/m2 (E.O.L.) 

• BASIC CELL PERFORMANCE (0.1676 0 AM0·26°C) - 213.1 w/m2 

• 10% IMPROVED PERFORMANCE-DUE TO TEXTURED COVER=» -234.4w/m2 

• BLANKET FACTOAS-STRiMJ 12R, UV LOSSES, 6 MISMATCH (0.9463) -221.8w/m2 

• TEMPERATURE LOSSES-38.5°c. SUMMER SOLSTICE (0.9540) -211.4w/m2 

• SUMMER SOLSTICE COSINE, LOSSES (0.9190) -194.3w/m2 

• APHELION INTENSITY FACTOR (0.9675) -188 w/m2 

• 30.YEAR NON·ANNEALABLE RADIATION DEGRADATION (0.970) -182.3w/m2 

• ORBIT TRANSFER COMPENSATION (.9906) -180.8w/m2 

• ARRAY POWER REQUIREMENT-18.31 (10)9 WATTS 

• GROUND OUTPUT - 10.0 (10)9 WATTS 

• SLIP RING TO GROUND OUTPUT EFFICIENCY LINK (1.893) - 18.93 (10)9 WATTS 

• SATELLITE BUS 12R LOSSES (1.071) - 18.13 (10)9 WATTS 

• OVERSIZE-REGULATION, AUX. PWR., ANNEALING (1.01) - 18.31 (10)9 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 

19 
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REFERENCE PHOTOVOLTAIC SYSTEM DESCRIPTION 

The Part II silicon photovoltaic system provided an output of 4650 megawatts per antenna. To normalize this output to 5000 

megawatts it was necessary to increase the satellite bay size to 667.S meters which was more than adequate to satisfy the increased 

area requirement. 

Shown here is the final reference system size and configuration. lktails arc shown of a typical bay and the array support within 

the bay. 

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

to provide 15 ml'ter catcnary attachment points on the strw.:tural beams. A I 0 cm spacing was provided between array segments 

for dearanct.: during array deployment. 

20 
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Reference Photovoltaic System Description 
------s"--·'848 ____________ .... __________________________________________________ •1111111111-----

256 BAYS 1 r 867.&m 

5348m 

' 

~h~5m -1&m __ ..... r-· 
:101.8 km= 
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2 :114.5 km 
:18.93 Gw 

470m TPN/l:SJZN?fS!Z=t4SPh ~&m BEAM CHORD ! "ATENARV 

~~- . - .. '-. . . . . .. .. - --· .. 
I t 

I' 

667.5m 

ir'sm r 1..1 I 

"'Iii..! 
.... 

..... 
........ 

... 
..... .. 

4 STRINGS/15m ' ..._ 
NTERMEDIATE SEGMEN 1 

1 
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EGMENT 
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0
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REFERENCE PHOTOVOLTAIC SYSTEM DESCRIPTION 

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

groups of I 4 cells in parallel by 16 cells in series. The cells are elcctrostatically bonded between two sheets of borosilicate glass. 

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

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

Important panel requin:ments were these: 

o The panel components and processes should be compatible with thermal anneali11g at 500°C. 

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

panel. 

o The .,anel design should be i.tppropriatc for the high-speed automatic assembly required for making the some 93 million 

panels required for each satellite. 

o Low weight an<l low cost arc important. 

Also shown hne is the way panels would be assembled to form larger clements of the solar array. The interconnecting tabs of one 

panel arc welded to the tabs of the next panel in the string, and then the interconnections arc covered with a t::;>e that also carries 

structural k"ision between p:mels. After joining, th1..· panels arc accordion-folded into a compact package for transport to the low­

Earth-orbit a~-;embly station. 

The 0.5 cm spacing between panels provides room for the welding electrodes, and also permits rcaso.rnblc tolerances in the large 

sheet of 75 µm glass that covers the cells and the 50 µm sheets of substrate gbss. 

22 
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Reference Photovoltaic System Description 
__ S_PS __ -,a-~9 ________________ _. _______________________________________________________ •0ll,NO-.---
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REFERENCE ARRAY BLANKET SUPPORT 

This illustration shows the mdhod of providing tension to the solar array blanket segments. This method of support will provide a 

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

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

sis of construction techniques and associated blanket uniformity problems. It will be necessary to provide batten tapes between 

blanket segments. at a few intervals along the segment length. to provide correct segment-segment orientation. 

24 
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Reference Anay Blanket Support 
_____ ..::;_ ___ .__ _____________________ •lllJJFINll --

IP$-1143 

BEAM 
/CHORD 

TENSIONING 
SPRINGS 

---1 ~ 10.0 Cf' , 

680m 

16m ARRAY SEGMENT 

25 



D 180-24071-3 

CONTINUOUS CHORD/BA TIEN CONFIGURATION 

Shown here is the basic configuration and dimensions of the continuous chord beam clements. The load carrying capability of the 

continuous chord beam is very sensitive to Elx of both the chord and batten. The analysis suggested that the chord and batten 

r.onfiguration should be the ~ame for optimum performance. This is also beneficial from th<! fabrication standpoint since the same 

type of equipment can be used to make the churd 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 to t1'e chord and the battens are tenni­

nated at beam widths. 

26 
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Continuous Chord/Batten· Configuration 

--------------------... ---------------------------------------------•111111111---SPS.1Hl 

+ 

R•4.7cm 

--~ 
_,2.&1_ 

om liAnEN ONLY 

MATERIAL: P·17CO GRAPHITE (POLVIULFONI IMPAEQ) 
1·181 GLASS COVER 

BEAM: WIDTH-7.Bm 
BATTEN IPACING-7.&m 
MASS,'LENGTH-&.64 kg/m 

27 
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CONTINUOUS CHORD BEAM APPROACH 

A comparison w:1s rm1de hctwcen tlw continuous chonl beam npprrn1ch und thl' tapc.•1·cd tube beam used in the.• Part II reference 

s~stem. Solutions were found tlrnt met thl• load rl~quircmcnts of tlw taf)l'rcd tuhc lwum and resulted in a relatively small rnuH 

incrc;isc for thl' overnll system. 

Shown her1.· is <i 1.·ontinuous chord h1:a111 apprm11:h that suti'ifics load/stiffness rl·q11ir1.•1i1cnls for lhl' reference photovollak sy!ltclll. 

This apprm1d1 has loadinJ.1 points that ;m· consisknt with the cL11'rl'lll solar hlankd )!l'Olllclt·y and also providl•s for 1.~cntroidal lwam· 

to·hc:un lo;1d transmitt;il. 

28 
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Continuous Chord Beam Approach 

------------------..... --------------------------------------------•1111111•----

BEAM 
ENO. 
FITTING 

"'----- KIYLAA TENSION Tiii 

"'---- LOAD•NO POINTI 
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CONTINUOUS CHORD BEAM·BEAM INTERSECTION 

Shown here; is a typical satellite module edge joint. Thi11 type of joint permits centroidal beam·to·beam load transmittal. 

This structural approach, with centroidal end-fillings, is consistent with current construction techniques and construction facility 

sizing. 

30 
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Continuous Chord Beam-Beam Intersections 
__________________ _. _____________________________________________ •llllNll----
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REFERENCE MPTS STRUCTURAL CONCEPT 

Shown here is an illustration of the new orthogonal approach used for the MPTS reference system. This change was the result of 

construction/maintenance trades and involves the incorporation of a klystron module as the system LRU. 

Tht" mechanical and electrical rotary joints arc the same as that shown at the Part II final review. However, the interface between 

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

Other changes have occurred that arc refl(•f'ted in the antenna geometry and in the yokt: on which it is mounted. These changes are 

reflected down to the sub;may levd where a square matrix (I 0.43 m on a sidd was used to provide the three point subarray 

support. 
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Reference MPTS Structural Approach 
________________________ .._ ________________________________________________________ llllllTlllllJI ____ __ 
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I 
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REFERENCE MPTS STRUCTURE INTERFACES 

..,. ne n.:i;:itive s. 'e and configuration of the MPTS s) stcm is shown in pt•rspective. The primary structure gives the depth necessary 

for platform stif1.·ess and provides support points for the cllbic secondary structure. The secondary acts as an interface between 

the subarray and the 1 ·imary structure. Each subarray b provided with three support points on the secondary structure to allow 

the necessary adjustments ,·,r array flatness and pointing ability. 

Power converters will be locakd on the back of the primary strw.:ture. The elci.:trkal busing will run along the primary beams and 

be distributed at th .. · so.·1.:ondary kvel to provide power to the subarrays/klystrons. Power converter thermal rnntrol equipment will 

also be located 011 the back of the primary structure. 

34 
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Reference MPTS Structure Interfaces 

----------a.-----------------------•OllNO--SPS·1846 

PRIMARY STRUCTURE 
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POWER TAPER INTEGRATION 

The new MPTS ra.>eline uses a squaie subarray instead of the rectangular sulw. r;iy shawn in Part IJ. It was necessary to iterate this 

into the inteeration of the power taper on the MPTS array. The adual in;q. ·'.ion of power density rings is illustrated on this view 

of one-fourth of the radiatir.g foe~ of the antenna. The integration sinw:~tts a gaussian power taper of 9.5 dB using the quantized 

power levels available. Note the changl' in numbers uf sub:mays and klystrons over the Part II reference system. 
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MPTS Reference Power Taper Integration 

SPS-1842 

____________ .....;;.... ______ ..._ ________________________________________________ •11111t1•-----

I 
Q. 

NUMBER 
NUMBER KLYSTRONS/ NUMBER 

T STEP SUBARRAYS SUBARRAYS KLYSTRONS 

' ' ' l --,-- 276 36 9,936 
~ I 

'I 

' : t I I T I 
[ 

'' ·• ' I 

•I I 

• 
'I .1 I I 

• . J 

-, . I . 1 T fl o 
I ', 2 632 30 18,980 
[ '. 

J 'I 

-Y , I -1 , , , , 1 , 

3 644 24 16,468 

4 828 20 12,&eO 
• ' l l l 

I ! ; l ' 

6 784 16 12,644 

6 900 12 10,800 

7 884 9 6,978 
8 812 8 4,898 

l ·I· I 

.......,. __ ..,_.._ .... ·~ .. 9 1,052 6 8,312 

l I , 10 1,028 4 4,112 

Totals 7,220 101,&62 

37 



0180-24071-3 

INTEGRATED SUBARRAY 

The same basic layout of subarray components, used in th;.: Part II final review, is used in the current reference. The only changes 

that have occurred are in the basic sub,::-ray geometry (square imtead of rectangular) and in the method of klystron support within 

the module. 

The square subarray was the result of going to <.n orthogonal support structure for an improved maintenance approach over the 

triangular support shown prtviously. 

The new rr.ethod of klystron support within the subarray reflects the new module LRU approach. To facilitate klystron module 

removal (excluding the radiating waveguide) it was nect•ssary to shorten the klystron support C-beam and provide a support block 

for load transmittal into the waveguide. In this W<;Y the klystron, output waveguide, thermal control, control circuitry. and sup­

port mechanism can be removed as an integral unit. This provides for an improved maintenarn..:e scheme over that shown previously. 
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Reference MPTS-Integrated Subarray # 

------------.....;~------.L.-----------------------------------------------------~lllllVO ____ _ 
SPS-1211 

THERMAL CONTROL 
RADIATOR 

LATERAL I-BEAM 

DICTRIBUTION 
WAVEGUIDE -

RADIATING 
WAVEGUIDE 
(BACKSIDE) 

MAIN POWER 
DISTRIBUTION 
PIG-TAIL--""' 

4-MODULESUBARRAY 
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FEATURES OF BASELINE RETRODIRECTIVE PHASE CONTROL 

The phase control sy<;tcm utilizes a 3 node phase distribution network similar 111 some resreds to the distribution network earlier 

suggested by Dickinson of JPL. To minimize phase error buildup, only three nodes arc used. This network feeds phase control to 

a total of l.,,6 J 4 sub:irrays. 

At the lower left is shown the frequency plan for the pilot beam system. The pilot heam is a do•tble sideband. supp1essed carrier, 

AM modul;ikd system. The suppressed carrier is slightly offset from the power beam. and the pilot beam sidebands are either side 

of the power bt am. This frequency plan avoids 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 located at the rectenna. The use of a 3 pilot transmitter allows the crea­

tion of a virtual phase center, at the center of the rcctenna. that can be moved to correct for pointing errors. Thi.> adds another 

degree of flex;:.ility to the phase control ..;ystcm that may be necessary to compensate for inosphere disturbances. 
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Features of Baseline 
Retrodirective Phase Control __________________ ._ ____________________________________________ ...,,, .. __ 

SflS.1111 

111•19 

THREE NOOE PHASE DISTRIBUTION SYSTEM FOR ERROR CONTROL 

POWER BEAM 

~--.....,.PILOT BEAM 
OSISC 

II 14 SUIARRAVI 

I 

A ', ,'' ',.,...., , ...... .,,, '.-, 
I ,,,,,, "'f, ' 

,..,. " I ,,, 
A- -- - --~ I 

I 
SUPPRESSED 
CARA I ER 

3·PILOT ANTENNA TRANSMITI"ER __________ ..._. _______ _._ __ 
DOUBLE. StOEBAND SUPPRESSED CARRIER 
AM MODULATED PILOT BEAM 

41' 



D 180. 24071 ·3 

PHOTOVOLTAIC REFERENCE CONFIGURATION NOMINAL MASS SUMMARY 

The stn11.:tur<0I mass dtffcrcn<.:c from previous analysis rctlt•ds a clrnngc in the structural beam l:oncept and integration of new sizing 

critcri<: to normali1.c the E.O.L. ground outpul to 10.0 <iW. The ma.iority of thi: structurul mass increase is due to the lower load­

to-nrnss c:1p.ability of continuous chord clements. A small increase <:an also'"~ atrrilrntcd to the sJishr inL·rcasc in satellite bay size 

to <1ccommod:1tl tlw incri:asc in soh1r army r11:cl·ssary for normali1ing power. 

An incn:<1se in solar army area. to normali1.c the pow~·r to 10.0 ( iW, is rctlectcd in thl.' incrl•asc of solar cell blanket maH. 

The small inncase in power distribution mass can be attribut~·d to the increuscd length of nwin buses caused hy increased bay size. 

MPTS mass ini.:n:ascd to rdlect tlw increased inventory of klystrons and pow1:r conversion equipment to normaliie ground output 

power to 10.0 GW. using the rnrrcnt effic.:il·r11:y chain. 

Approximately two thirds of the subtotal mass ini:rease from Part II c;1n be attrihutcd to normali1.inll the rower output to 10.0 

GW. Tht• n.·maindcr of !he m:iss im-rcast~ w;1s ~·aused by rctlectin~ the continuous 1:h1ml bc;11n "l'Proa~·h. It is interesting to note 

that the new structural approuch did not significantly chunitc the nvcrull system mass. 
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Photovoltaic Reference Configuration 
Nr111inal Mass Summary 
Weight in Metric Tons 

------.-~-,------------... -----------------------------------------------•llllNlll---
COMPONENT PART II CURR INT RIMAR Kl Flt!AL 

1.0 SOLAR ENERGY COLLECTION SYSTEM (51,782) (51,IOZ) 

1.1 PRIMARY STRUCTURE 8,388 7,111 CONTINUOUI CHORD llAMI AND 
NORMALIZING ftOWIR 

1.2 SECONDARY STRUCTURE - -
1.3 MECHANICAL SYSTEMS 17 17 NOCHANGI 
1A MAINTENANCE STATION - -
1.8 CONTROL 178 178 NO CHANGE 
1.1 INSTRUMENTATION/ 4 4 NOCHANGI 

COMMUNICATIONS 
1.7 SOLAR-CELL BLANKETS 43,710 41,773 INCREASED ARRAY ARIA TO 

NORMALIZI POWIR TO 10 QW 
1.8 SOLAR CONCENTRATORS - -
1.9 POWER DISTRIBUTION 2,398 2,421 ILIGH •. INCRIAll IN TRANI-

MIUION L.INQTH 

2.0 MPTS 26,212 21/171 NORMALIZED POWIR AND 
IOUARllUIARRAY 

SUBTOTAL 78,984 11,988 
GROWTH 20,400 17,HO NORMALIZED POWIR ON 

GROWTH CURVE 

TOTAL 97,474 ··-
43 
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MASS/SIZE UNCERTAINTY UPDATE 

Shown hi:-rc is the curri:-nt and Part II reference point designs compared to the three sigma mass/sit.c uncertainty elipse. The 

increase in size and mass of the current rcfcrcm:c point design is attributed only to normalizing th~· system output to 10.0 GW. 
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Mass/Size Uncertai.nty Update 

--------------------.... --------------------------------------------------•llllNO--­SPS-1994 
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COST UPDA"fE 

The Part II capital cost estimate was updated to reflect Part Ill changes. The principal new items were the addition of a grid interface 

system and an allotment of initial spares. Also, the power capability was renormalized to 10 gigawatts. Because the power renormali­

zation was less expensive than predicted by the um:crtainty analysis, the Part Ill capital cost/kwc changed little from Part JI. 
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Capital Cost Update S11mmary: 
1 SPS Per/Year 

(In Millions of 1977 $) 

------------------------------------------------------------------------•1111No-------SPS·19a1 

ITEM PART 11 FINAL PART Ill UPDATE REASON FOR CHANGE (9.3 GW) (10 GW) 

• SUPPORT SUBSYSTEMS 697 637 

•ENERGY CONVERSION 3,750 4,023 LARGER ARRAY FOR 10 GW 
(SOLAR BLANKETS) 

• POWER DISTRIBUTIOl'J 133 142 HIGHER POWER 

• MICROWAVE POWER 2,622 2,724 HIGHER POWER 
TRANSMISSION 

•GROUND RECEIVING 4,442 4,520 F:E·ESTIMATE 
STATION (2) 

•GRID INTERFACE - 1,348 NOT ll'JCLUDED IN PART II 

• CONSTRUCTION tJ SPACE 1,109 1,109 -
SUPPORT 

•SPACE TRANSPORTATION 6,441i 6,387 INCREASED EARTH 1.AUNCH 
COST BUT SAVINGS BY ORBIT 
TRANSFER SYSTEM RECOVERY 

•INITIAL SPARES - 240 NEGLECTED IN PART I 
•PACKAGING t.i OTHER 314 602 INCREASED TO&% OF 

APPLICABLE ITEMS 
•INTEREST DURING 1,864 2,082 HIGHER eASE COST 

CONSTRUCTION 

• GRO\"JTH 3,450 3.115 SOME OP PART U GROWTH 
INCLUDED POWER DEFICIEN'.:V 

TOTAL 24,766 26,929 
($2,663/k We) ($2,693/k\'Je) 
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LEO CONSTRUCTION CONCEPT 

PHOTOVOLTAIC SATELLITE 

Fight modules anti two antrnnas an.· constrw.:kd at the Ll'.O base. All modules arc transported to GEO using scif·power electric 

propulsion. Two of th,· modules will transport an anll'nna whik the remaining six moduks will be trans!lorted alone. The GEO 

operation requin:s berthing ttlockingl th,• modules to form the :;atl.'l!itc and deployment of the solar arrays not used for the trans· 

fer, followed hy the rotation of the antenna into its desired operating positi<m. 
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LEO Construction Concept 
Photovoltaic Satellite ____________________ _. __________________________________________________ .. ,,,,,.,. __ __ 

SPS-1383 

GEO -

LEO -

LEO---­
CONSTRUCTION 
BASE 

0 CONSTRUCT 8 MODULES 
AND 2 ANTENNAS . DEPLOY 

PORTION OF 
SOLAR 
ARRAY 
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LEO CONSTRUCTION BASE 

PHOTOVOLTAIC SATELLITE 

The construction base for the photovoltaic satellite comists of two conneding faciltties with one used to build the modules and 

the other to build the antenna. The module constnu:tion facility i:; an open ended structu1c which allow'> the four bay wide 

module to be constructed with only longitudinal indexing. The;e arc two internal working bays. The aft bay is used for structural 

assemhly using beam machines and joint assembly ma..:hines attached to both the upper uno lower surfaces of the facility. Solar 

array and powt·r distribution art· primarily ins:aJJcd from equipment attached to the lower facility surfa~:e in the forward bay. The 

satellite module is supported by nHJV:tblc towers lo..:atcd on the upper surface of the facility. These towers arc also used to lndex 

the module as it is being fabricated. 

The antenna facility is configured to enclose five bays of antenna in width and one row of bays in length. The antenna facility 

~hown rdleds the new antenna configuration. The upper <iurfa1:c of the facility is used to support beam machines, joint assembly 

machines, support indexing machines and bus deployment equipment. . The lower surface is used to support beam machines, joint 

assembly machines and a deployment platform that is used to deploy the secondary structures and antenna subarrays. 
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LEO Construction Base 
Photovoltaic Satellite 

------~.=~~,~=,:------------.._--------------------------------------------------•llllNO___. 

ACS 
THRUSTER 
MODULE 

ORBIT 
KEEPING 
THRUSTER 
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VEHICLE 
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CREW__) 
VEHICLE 
OPS CENTER 
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CONSTRUCTION BASE EQUIPMENT AND OPERATION 

One of the principal changes in the construction base since Part II was to "invert" the satellite module with respect to the con­

struction base to hring the solar blanket installation area closer to tlie payload arriv:il area. Most of the tonnage moved by the 

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

The other significant change was to modify the antenna construction facility to minimize the indexing and movement problems 

associated with installing the antenna in it5 yoke, als0 providing better crew access to the joint area where the antenna connects to 

the yoke. 
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Construction Base Equipment/Operations 

--------------------------.... --------------------------------------------------------------------61111'1~1(;--------SPS-1921 

CA"GO 
DELIVHV 

PART II MODULE FACILITY PART Ill MODULE FACILITY 

F"AMI 
ASIEMBl.Y 

~ 

IOI.A" A""AY 
DEPLOYMENT 

~ 

PART Ill ANTENNA FACILITY 
POWER 

FRAME DISTRIBUTION FRAME 
ASSEMBLY INITALl.ATION ASSEMBLY 

CRANE/~ ~ ~ 
MANIPUL;:.::;A;:.;T..:O;;.,:R'--7"....,_....,.-....,....._.,...-,_.......,......,__,.-. 

~-...-~ ......... '-"'-....... --""flll'-~71///J 

FRAME MAINT SECONDARY 
ASIEMBL Y CRANI STRUCTURE 
BAY ASSY AND SUBAR .. AY 

BAY DEPLOY BAY 
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LOGISTICS NETWORK LEVEL AT LEO CONSTRUCTION BASE 

One of the significant requirements identified during Part II but not characterized was the need for a logistics network to move 

SPS hardware and construction equipment and crews around on the facility to bring them to the location where the work is 

actually being done. During Part Ill a logistic network was characterized. A part of the network is shown here. The tracki; allow 

movement uf construction equipment, crews. and satellite parts, and also provide fo!" movement of the satel1ite module under con­

struction by moving the indexing fixtures that tie the module to the facility. 
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Logistic Network Level A 
LEO Construction Base 

------:.:.~,,=~:------~~=~~.~L~E~V~E~L~D-------------------------..-----------------111111N11----­

~ ;; LEVEL C LEVEL B 

1,7 

-· ILEVELAI 
5,070m 

---- 4,040m -------------~--·""""! SOLAR ARRAY DEPLOY ENT 
\~ACHINE (4 PLACES) 

M fALLTRACK 
(10m GAGE) 

r \ 

876m 
I l . . 

86m 

I . 
~ • 7 ... . .. . .. 

I ) 
- , / I 

! I I -I . 

Z.'fd i EAM MACHINE TRACK 
(FULL WIDTH OF FACILITY CARGO DELIVERY 

T~KER DOCKING PORTS , TRACKS 
, 

PROPELLANT STORAGE (OTV S) TURNTABLE (155PLACES) 
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GEO FINAL ASSEMBLY BASE AND OPERATIONS 

The mainknancc :inalysis indic;ilt.:d ;i significant need for crews in geosynchronous orbit to C<Hl')' nut/\ ·:•intcnance 011erntions. The 

most straightforward w:1y of provi<ling for these crews appears to be to indude their provision in the geosy11chronous final assern· 

bly base and make this busc ulso an orcnitions base. The udditions required indude a klystron tube refurbi.,hment facility, a dock· 

ing loi.:ation for the mobile maintenance habitat. and crew modules for the maintenance crews 111 addition to those for the final 

assembly base crews. 
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GEO Final Assembly Base/Operations 

--------------------..... -------------------------------------------------••1111111·---
KLYSTRON TUBE 
REFURB FACILITY 

f INAL ASSEMBLY 
BASE 

SATELLITE 
STRUCTURE 

0 DOCK MODULES 

~:~~J!~ANCE SORTIE ~ASE CREW MODULES 
DEPLOYMENT 
PLATFORM ©DEPLOY--

SOLAR 
ARRAY 
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CONSTRUCTION SYSTEMS CHARACTERISTICS 

Highlights of the construction base arc given on ti ... ~ table. 
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Construction System Characteristics 

--------------------...,---------------------------------------------------•llllNll ____ _ SPS-19.32 

LEO GEO 
CONSTRUCTION FINAL ASSEMBLY 
BASE BASE 

•CREW (i> (480) (86) 

•CONSTRUCTION 200 26 
•CONSTRUCTION SUPPORT 140 10 
•OPERATIONS 140 30 

llMASS (MILLIONS OF Kg) (5.8) (0.8) 

•FACILITY 5.2 0.7 
•CONSTRUCTION EQUIPMENT 0.4 0.2 

•DDTS.E COST ( ) ( ) 

•FACILITY 
•CONSTRUCTION EQUIPMENT 

19UNIT COST (BILLIONS) (4.8) (1.2) 
•FACILITY 3.6 0.4 
•CONSTRUCTION EQUIPMENT 1.3 0.4 
•WRAP·AROUND 2.2 0.4 

[i::> SATELLITE MAINTENANCE CREW NOT INCLUDED. 
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TWO-STAGE WINGED SPS LAUNCH VEHICLE 

(FULLY REUSABLE CARGO CARRlER) 

The Jaum:h configuracion of the SPS cargo vehicle is shown on the adjacent chart with the overall geometry noted. This series 

burn concept uses 16 LCH4/ L02 engines on the booster <ind 14 standard SSME's on the orbiter. The LCH4/L02 booster engines 

an a gas generator cycle providing a vacuum thrust of 9. 79 x I 06 newtons each. The SSME's on the orbiter provide a vacuum 

thrust of 2.09 x I 06 newtons (I 00% power level). The nominal I 00% power level for the SSME's was selected based on engine life 

considerations which indicated about a J factor :eduction in life if the l 09% power level is useu. 

An airbreather propulsion system ( 12 installations of an SST type engine) has been provided on the b( oster for flyback capability 

to simplify the booster operational mode. The reference wing for both stages is 

Sw (Orbiter) 

Sw <Booster) 

= 
= 

1446 m2 ( 15,560 ft2) 

2330 m2 (:!5,080 ft2) 

Heat sink thermal protection system is provided on the booster and the Shuttle's Reusable Surface Insulation (RSI) is used on the 

orbiter. 
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Two-Stage Winged s·ps Launch Vehicle 
(Fully Reusable Cargo Carrier) ---------..... ----------------------•1111w11--

PAYLOAD BAY 

ORBITER so.em 
~--(284ft) 

TURBOJETS 

BOOSTER 73.8 m (242ft __ ....,. 
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CREW ROTATION AND RESUPPLY SYSTEM LEO/GEO APPLICATION 

Shown hcrt• is lhl' oxygl'll:hydrogl'll orbit transfrr vchiL'll' and tlw payload niridull'. This sysl.'111 provides the l·apahility to transfer 

75 t.:rl'w. u1 1 ;ind rl'!L1rn. Pl'r nig;ll with tlidr supplks. 'I IH' orhit transfer Vl•hil:k' is a two stagl'. oxygen/hydrol(ell fueled. conven-

t ion al r01:kl'l \'\.'h icle. The total propdl;111 I loading for thl' two s!agcs is 4<10,000 kilograms. 
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Crew Rotation/Resupply System 
LEO/GEO Application ____________________ ._ ______________________________________________ ,..,,"',,, ____ _ .. ,. 

•FLIGHT 
CONTROL 
MODULE 

--t 4m J-

T w-· 4Am -
1 

j_ . 

CREW_.2 
MASS• 4,000 kg 

L~/LH2 TANK] 
f4 PLACES) 

e GEO PASSENGER MODULE 

CREW •76 
MASS • 20,000 kl 

MAIN ENGINE (2) 
200 KN (41 K LBF) 

DOCKING 6 SERVICE 
SECTION 

e SUPPLY MODULE 

t:::1.1m-f 
PAESS- l UN· T 
URIZED I PRESS I.Om 

I : ~ 
CARGO • 300 MAN MO. 

30,000 kg 
MODULE• 10,000 kg 

STAOE2 
INTERFACE 

MAIN ENGINE (4) 
·200 KN (41 K Lip) 

21M -----·• •PAYLOAD 

42M 
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UP86,000 kg 
DOWN 40,000 kg 

•STAGE 
PROP 230,000 kg 
INERT 16,000 kg 
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SELF-POWER CONFIGURATION 

PHOTOVOLTAIC SATELLITE 

The transfer of the satellite modules from LEO to GEO imolvcs the use of electric propulsion using power provided by the module 

(thus the name self-power). The char~11.:teristks asso.:iated with self-power of a photovolt:1k module arc shown for both those 

modules trans: :rring ar.t1..•nnas and those that do not. The general charactcristks include a 5',:; oversizing of the satellite to compen­

sate for the radiation lkgradation occurrini,? lil.:ing ,,.1ssagc through the Van Allen hdt and till' inability to anneal out all of the 

damage after reaching GEO. II should also be emphasized at this point. only the arrays needed to provide the required power for 

transfer arc lkploy1..•tl. Tlw n:mai1ukr of arrays an: stowed within radiation proof co.1tainns. Cost optimum trip times and lsp 

values ar1..· r1..·spedivl'ly 180 d<iys and ~.JOO •:e<.:onds. Flight control of tl11..' module when !lying a PEP attitlllle during transfer results 

in large J!r:.IVity gradient torq111..·s at sl'vcral positions in each revolution. Rather than provide till' entire control capability with elec­

tric thrusters which an.: quite c.xpt•11~ih'. till' ek·L'lric system is sized only for the optimum transfer time with the additional thrust 

provided by L02/LJJ 2 rhrusll'rs. This Pl'twlty actually is lJllik small since by tht.' time 2.500 kilometer altitude is reached the 

gravity graJient torque is no longl'T :1 dominatinl! factor. 

62 



D 180-24071·1 

Self Power· Configuration 
Photovoltaic Satellite ______________________ ._ __________________________________________________ .. ,,_. ____ __ 

SPS-1819 

[0.5Km 

5.4Km 

• 
_... 
-.-

,2.7Km I 
DEPLOYED 
ARRAY 

PROP. 
TANKS 

THRUSTER 
MODULE 
(4 PLACES) 

NO ·w1TH 
ANTENNA ANTENNA 

PANEL SIZE: 24x38m 48x67m 
NO. THRUSTERS: 560 1680 
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GENERAL CHARACTERISTICS 

• 5% OVERSIZING (RADIATION) 
• TR IP TIME • 180 DA VS 
• ISP • 7000 SEC 

MODULE NO WITH 
CHARACTERISTICS ANTENNA ANTENNA 

' NO. MODULES 8 2 

• MODULE MASS (1o6KG) 8.7 23.7 

• POWER REO'D Uo6Kw) 0.3 0.81 

• ARRAY% 13 36 

• OTS ORY (1o6KG) 1.1 2.9 

• ARGON (1o8KG) 2.0 6.8 

• L02/LH2 (108KG) 1.0 2.8 

• ELEC THRUST (1o3N) 4.5 12.2 

• CHEM THRUST (1o3N) 12.0 5.0 
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RECOVERY CONCEPT FOR ELECTRIC OTS 

The sys km analyzed for the return of the electric components tu LEO is a single-stare L02/Ut 2 OTV. Return of 210,000 kilo­

grams of payload requires a propellant loading of approximately 530.000 kilograms. This size of stage is slightly larger than that 

used for the cn:w rotation in the LEO construction option. When combined with a second stage, the combination vehicle serves to 

provide propulsion capability for rcsu,,ply !lights to GEO. Delivery of the L02/LH 2 stage to GEO involves mounting the stages 

below the satellite module. The resulting impact on the electric propulsion system of transporting an additional 1.6 million kilo­

grams of L02/LH2 stages is relatively minor. 

Rcuseability of the electric components used on the first module is not possible before transfer of the seventh module due to 

delivery times of 180 to 200 days. 
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Electric OTS Recovery 
______________________ _. _____________________________________________________ .. ,,~·-----

SPS-1225 

RECOVERY SYSTEM 

• P/L • 210,000 kg 
•WP • 530,000 kg 

J_ "--!•-- 21m 

8.0m 

T 

B> ONEOFTWOSTAGES 

COST SUMMARY 

e RECOV VALUE 

e RECOVCOST 

SAVINGS 
PER SAT 

1 SAT/YR 4 SAT/YR 

$1 ,280M $690M 
$ 720M $635M 
$ 560M S166M 

THRUSTER 
PANEL 
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A "CONSERVATIVE PACE" SPS SCENARIO 

This s<.·enario represents a low-risk approach ro SPS implementation. Major funding for the full size SPS system is not committed 

until successful on-orbit operation of a precursor satellite !1as been acrnmplished. This major funding includes not only that for 

the first fuil SPS but also that for development and implementation or the heavy lift launch vehicle tleet. Derivation of this sce­

nario included allowam:es for the time period inherent in new vehide development ("ive years for new stages, six years for new 

engines) and the time necessary for certain in-space operations . • :or example. the precursor program requires four and one ha!! 

y1:ars from the first launch of equipment from which its construction b<1se is assembled until the end of the test operations in geo­

synchronous orbit. SPS construction bases require two years of assembly and checkout operations prior to beginning SPS <'ssem­

bly. The self-power transfer of SPS moduies to geosynchronous orbit takes 180 days. 
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A "Conservative Pace" SPS Scenario 

--------------------..... ------·----------------------------------------------••111t111----SPS 1183 

SPS TECHNOLOGY 
VERIFICATION 

L~UNCH 
VEHICLES 

a:-1 .. JTRUCTION 
BASES 

SPSON·LINE 

I 

• SHUTTLE 
DERIVATIVE 
CJ4·LINE 

• PRECURSOR 
BASE ON·LINE 

PRECURSOR 

• ~ ~ (10 OW EACH, EXCEPT PRECURSOR) 

I I:) 78 79 80 81 82 83 84 86 " 87 88 " 90 91 •2 83 

~ 

~
!;NOTE: 1) THE PRECURSOR SPS SERIVES AS A "COMMITMENT PRODUCER" 
t"l 2) BY 2000, THE INSTALLED Ul~ITS ARE PRODUCING ABOUT 11% 
!n OF n:e ELECTRICAL ENERGw' CONSUMED IN THE U.S. IN 1978. 

OF THE ELECTRICAL ENERGY CONSUMED IN THE U.S. IN 1978. 
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• HEAVY 
LIFT 
ON·LINE 

HLLV 
414 FL TS/YEAR 

• BASE 1 
ON·LINE 

• BASE 2 
Otl·LINE 

1/2 1 2 • • • 3 • 

94 96 98 97 98 
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AN "APOLLO PACE" SPS SCENARIO 

The pro~rnm l'l'Prl'Sl'•lls a pacl' inll'l'llll'diak between tlwt of the "conscrvatiw" scenario J.liv1·11 on the previous chart and a "crash. 

1\-t lrnttan 1•:··>ject". 111 this scem1rio d1:vl'lopment of the shuttle·llerivatiw laundt whick· 111\lt the precursor SPS constructi<>n hasc 

arl' bc)!un 111 1979. Development of lhl' hl·avy :ift laund1 whiclc and <llhl•r l'lenwnts involved wilh lh"~ full si1.c SPS starts heforc 

comrlction of .hl· test opl•rations with the precur-;or SPS. 
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An "Apollo Pace'' SPS Scenario 
----~s"~.,.~2 ____________ ._ __________________________________________________ •llllNll ____ __ 

SPS TECHNOLOGY 
VERIFICATION 

• • 
LAUNCH 
VEHICLES 

• SHUTTLE • HEAVY HLLV HLLV 
DERIVATIVE 
ON·LINE 

LIFT 
ON·LINE 

414-FLTS/VEAR 1243 FL TS/VEAR 

CONSTRUCTION 
BASES 

SPSON·LINE 
(10 GW EACH, EXCEPT PRECURSOR) 

• PRECURSOR 
BASE ON·LINE 

PRECURSOR • 

• BASE 1 
ON·LINE 

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

2) BY 2000, THE INSTALLED UNITS CAN BE PRODUCING 
APPROXIMATELY 80% OF THE ELECT~ICAL ENERGY 
CONSUMED IN THE U.S. IN 1976. 
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• 
BASE2 
ON·LINE 

• • BASE 3 BASE 4 
ON·LINE ON·LINE 

1/2 1 2 3 & 7 10 13 17 

• • • • • • • • • 
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GROUND BASEi> TECHNOLOGY Al>VAN~EMENT PLAN 

Sl•own lwn· ;ire th~· prindp:1I tc··hnology adv:1111.:c111ent ureas and a prelimi1rnry csrimatc of the annual funding required to pursue 

these :ire:1s. No signifkant diffcrc111.:es in the kduwlogy advanc.:m~·nt phin haw ~.:en identified since the completion of Part II. 

The tedrnology advanccm~nt plan is des1:rihed in additional detail in Volume~ of the Part fl Final Report. 
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Ground-Based Technology Advancement Plan 
__________ .._ _________________________ lllllNll --

., .. , .. 
TECHNOLOGY AREA YEARS 1 2 3 4 I TOTAL 

SOLAR CELLS 2.6 3.1 3.81 3.7 2.1 11.21 

THERMAL ENGINES• THERMAL SYSTEMS 2.& 3.& 3.7& 3.1 2.1 11.71 

MICROWAVE POWER TRANSMISSION SYSTEM e.o 7.& 8.76 8.1 1.1 37.21 

SPACE STRUCTURES 0.76 2.0 2.2 2.0 1.1 8.71 

MATERIALS 1.6 2.0 2.1 2.0 2.0 10.0 

FLIGHT CONTROL SYSTEMS 0.6 0.8 1.0 0.1 0.1 4.0 

CONSTRUCTION SVSTF.MS 3.0 4.0 4.1 I.I I.I 22.1 

TRANSPORTATION SYSTEMS 4.'5 7.1 8.7& 7.1 7.1 31.71 

POWER Dl~TRIBUTION AND CONTROLS 1.15 2.0 2.1 3.1 2.1 12.0 

SPACE ENVIRONMENT FACTORS 2.0 2.1 2.41 2.2 2.0 11.21 

TOTALS 24.7& 3&.IO 40.21 31.3 33.7 173.1 
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OVERALLTECHNOLUGYADVANCEMENTPROGRAM 

The overnll tcdmology advmll:cmcnt program indudc~. in .iddition to the ground h<1sed progrnrn. shuttle spucclah sortie tests and a 

... olar power tcdinology adv.inceml·nt test artidc. The shuttli: spuct•h1b sortie test would indude tests of bca.m fabricator machine 

and RF cquipmen~ and .ilso tests of prototype m;inipull1tor ~ystems and other construction aids. The solar power tcchnolo9' 

advancement test •irticle would he a soll1r array in th~· I 00 · 500 kilowatt runge const ructcd and supported using the shuttle as an 

operating base. This test article would ll"e soh1r am1ys similar in 1rnturc to those plmmed for SPS. It would also use similar struc· 

turnl kchniques ;md would provide a test h;1sc for testing c1f high~·r power RF equipment. elcctrk thrusters and tests operating the 

solar arrny, at high gcneratin~ voltuges, to develop inform11tion on ph1srnu interactions. 
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Overall Technology Advancement Program 

------------------.... ------------------------------------------------•••11t111-----IPS·1111 
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SIZE SENSITIVITY RESULTS POWER TRANSMISSION OPTIMIZATION 

A si11.· Sl'nsitivity lkSi!!n modd was l·o11s1nH:kd and l'Xcn:isl'll. Thl· first run of thl' model optimized power transmitter and 

fl'i:lt:nna sill's at thl· nominal poWl'r k·vl'I of approxi111atdy 5.000 nwµaw:itts Pl'r link. Thi.' lll'W results, <ilthough executed in s,rn1e­

\\<hat mort: dl'lail than l·arlit:r rl.'sulh. l·onfirml·d till: l'arlil'I" l'stimaks that thl' optimum rcdl'IHHI sit.c is .1/4 of the transmitted h1::1m 

diarm:kr and that the: op1inH1111 lransrnitkr sill' is in thl· vil'inity of 1.4 kiloml'lcrs. lh>Wl'Vl'r, transmitter sit.cs larger than one 

kilomdt:r violak thl' Pl'ak hl'alll inknsit~' limit or 23 millowatts Jll'f l"Clltillll'kf Sl)lWl\'ll. Thcrcforc the best systcm uses (I I kilo­

meter tr•111smitkr and :1 rl.'dcnna dianwtn 3/4 of thl' hl·am dianll'h'r. 
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Size Sensitivity Results Power Transmission 
Optimization ____________________ ._ _______________________________________________ .. ,, .. __ 

SP&-11180 

.,..,_ 

3,000 

$/kWE 

2,000 

1,000 

•TWO 1-km TRANSMITTERS 
e ELECTRIC POWER• 8,278 MW1 

PER TRANSMITTER 

)(........__)(·--- )( -->e·----

0'------'------'-------'-------------0.5 0.8 o. 7 0.8 0.1 1.0 

RECTENNA NORMALIZED RADIUS 
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3,000 

S/kWE 
2,000 

1,000 

(23) 

1.0 

• RECTENNA NORMALIZED 
RADIUS• 0.76 

• ELECTRIC POWER• 8,271 MW1 
PER TRANSMITTER 

(38) (49) (69) (71) 
;-.-:..._ x--x--x·---x 

VALUES IN PARENTHESES 
ARE PEAK BEAM INTEN411TY 
IN MW/cm2 . 

1.2 1.4 1.8 

TRANSMITTER DIAMETER 
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SIZE SENSITIVITY ANALYSIS MODELING DETAIL 

The siL~' sl..'nsitivity mmkl was implcml..'ntcd on the ISAIAH modeling system. The model consisted of 37 <lei.igner selected vari· 

ables and 95 computed variables. The values generated by the model for the nominal design point of a I kilometer diameter trans-

mitter are shown on the drnrt. A complete design point was gl ·itcd for each sensitivity point analyzed. 
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Size Sensitivity Model Details 
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SIZE SENSITIVITY ANALYSIS POWER LEVEL AND TRANSMITTER DIAMETER 

This chait shows a joint optimization of tr:msmittcr diameter a.id power level holding the rcctcnna size constant at the optimum 

value. As the system power level is reduced it is possible to employ somewhat larger transmitting antennas without violating the ., 
23 mw/cm- limit. Transmitter diameters larger than 1.4 kilometers do not p;iy off; tht> minimum system cost ln dollars per kilo-, 
watt follows along the 23 mw /cm- limit to about 2500 megawatts and then follows up the 1.4 kilometer diameter transmitter 

curve. Note that comparatively littk cost penalty is incurred going down as low as 3000 megawatts 0f grid power. Below 3,000 

megawatts the system cost in dollars per kilowatt begins to turn up rapidly. 
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Size Sensitivity Analysis Power Level and 
Transmitter Diameter 

------~~~-,~~,-------------------------------------------------------------•1111wo--­, 

5,000 

4,000 

SYSTEM COST I 
($JkWE) 

3,000 

2,000 

1,000 

1.0 km TRANSMITTER ANTENNA 

•OPTIMIZED RECTENNA SIZE 

•1 SPSIYEAR 

\_23 mW/cm2 LIMIT 

o.__~~~~~~~~~~~~~_._~~--~~~~~~~-' 
2,000 4,ooo e.ooo e,ooo 

DC POWER ACROSS ROTARY JOINT, (MEGAWATTS) 

1.000 2,000 3,000 4,000 6,000 
DELIVERED GRID POWER PER LINK, (MEGAWATTS) 
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LFO TRANSPORTATION 

The Earth to LEO transportation effort. during this portion of the study, concentrated on definition of 1) a 2-stage fully reusable 

wingt•d SPS cargo vehil.:k and 2 la 2-stage reusable ballistic recoverable concept. A number of significant changes have been 

im:orporated into the SPS cargo vd1ick since thl' completion or thl' Part II study effort. These changes on the cargo vehicle 

indudl': 

o A metham:/liquid oxygen fueh'd i'ooster with 11y hack capability 

o Ddta winged stages with a crew manning the orbiter and also the capability ill the orbitt'r to transport personnel 

o lm.:orporation of a mid-body cargu b,1:/ ;n the orbiter ca:'able of handling a payload density of 75 kg/m 3 

ThL· 2-stagt• ballistil: r\.'cmerahle vehick has a payload in thl' 90 mci. ;c ton class that could possibly support the SPS precursor 

program. 
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Leo Transportation 

____________________ _. ____________ --------------------------------------•llllM•----.,.,Ill 

• TWO·STAGE FULLV REUSABLE WINGED FREIGHTER 

• TWO-STAGE BALLISTIC RECOVERABLE CANDIDATE CONClt'T 
FOF\ THE PRECURSOR PROGRAM 

• SUMMARV 
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roTENTIAL LAlJNCH VEHICLE 

Thl' two vcilil.:k ~·0111.'l'Pt~ '' 1di1-·d. i1k11tilkd hy llH· ~twding 011 rhc opposite chal't. arc hil(hlighll~d in lhc potcntiul laund1 vchkk 

c<11Hlid<1ll' family. Th1.• net payload i..·apahility to :ow l'Mlh orbit is 

~ 400 000 kg for th1.· ~-slagl' winged SPS cnr ~o vchit.:lc 

"" t)() 000 kg for th1.• ~-stage hallisti.: n•covcniblc vehicle 
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Potential Launch Vehicles 

------------------..... ------------------------------------------------•1111w•-----
2.3P 
8 METERS 

t 

"==::------------·----~~ 
2.8P 
8 METERS 
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TWO-STAGE WINGED SPS LAllNCH VEHICLE 

(FULLY REUSABLE CARGO CARRIER> 

The launch cont'iguraticn of the SPS c;1r110 vehicle is shown on the adja1.·1.·nt drnrt with the ovcrnll 11co111ctry noted. This series 

burn cunc1..·pt t:s1.·s I<> LCll4; LO 2 engim•s on the booster and 14 standard SSM E's on lh1.• orhiter. The L<ll4/L<>1 booster enitincs 

are-. gas gcncrntor cyde providing :1 v<1cuurn thrust of<>. 79 x 106 newtons each. Thi.' SSME's on the orbiter provide a vacuun• 

1 hrust of :? .09 x I 06 newton~ ( I 00':~ pow1..•r lcvd). Th1..· nom i1rnl I 00';1 pow1.~r level for the SSM E's was selected based on cnainc lif c 

1.·onsidcratif)ns which indil..':111:d uhOlll u J f:11.:tor rcdudion in lii'c if the l09'A power level is used. 

An airhre<ithcr propulsion system I I:? inst;ilh1tions of an SST type engine) has been provided on the booster for flyback capahility 

to simplify ~h1.• hoostcr r'"'crntio1rnl mmk. The rdcrcnc1..• win!( foi" holh sta111.•s is 

Sw IOrhitcr) 

Sw I Hoostc rl 

= 
:: 

, ., 
144<> 111- 115.%0 u-1 ., ., 
:?JJO 111" 1::5.0IW n-1 

! !cal sink tlwrmal protn·t ion sy stcm is provilkd on t hi.' booster :md 11·1.· Sl111 ttl1.· 's W.cus:ibk Surfan• Insulation f RSI) is us1.•d on the 

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

------------------..... --------------------------------------------llllllNll----.,.,,53 

I 
I 
I 

18.5m 
(80.7 ft) 

l 
I 

PAYLOAD BAY 

....,_ __ ao.em 
(284 ft) 

ORBITER 

·I· 

TURBOJETS 

BOOSTER 73.8 m (242ft __ __. 
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71.lm 
(212 ft) 

J_ 
CH4/'02 C. 0. ENGINES (18) 
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2-~, \GE WINGED VEHICLE UESIGN CHARACTERISTICS 

The vchidc d1arach:ristil.:s arc nokd on rhc ;ulj;i1.·1.·nr diarl. Thl~ nd dcliwn·d payloud is 4:.?4 000 k,11. A return payload of 15'1, 

163 500 kg) of thc uclivcrcd p<1ykwd w.:s <1ssu111cd for the orbiter cntr' <1rHI hndinf!, conditions TIH' resulting muss !'ruction is 

0.875 for the booster :ind 0.841 for the orbiter. 
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Two-Stage Winged Vehicle 
Design Characteristics 

--------------------.... -------------------------------------------------•1111A1111-----
ORBITER BOOITER 

GLOW 10,178,400 

BLOW - 7,113,700 

BOOSTER FUEL (LCtf.i) - 1,708.tOO 

BOOSTER OXIDIZER (L02) - 15,1Zt,700 

BOOSTER INERTS -· 178,100 

OLOW-LESS PAYLOAD 2,740,700 -
ORBl'!IER FUEL (LH2) 329,400}. -
ORIBITER OXIDIZER (L02) 1,978,200 -
ORBITER INERTS 436,100 -
ASCENT PAYLOAD o424,000 -
RETURN PAYLOAD- 15% 83,600 -
MASS FRACTION 0.841 0.171 

ENTRY WEl\.1HT-NO PAYLOAD :l:J:,:oo 138.IOO 

-WITH RETURN P/L .468,000 -
START CRUISE WEIGHT-NO P/L - 132,IOO 

-WITH RETURN P/L - -
LANDING WEIOHT-NO PAYLOAD 391,800 841,700 

-WITH RETURN P/L .462,800 -
(ALL MAii DATA IN kg) 

*MAINSTAGE +FLIGHT PERFORMANCE RESERVE 
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ASCENT PERFORMANCE CHARACTERISTICS 

The SP:.; la11nd1 v1.:hidc ascent d1;1radcristks arc noted on the adjaccnl c.:hart. A 'Jg' maximum i.lccclcration thrust profile was 

.1~d th;l" tu lhl' lllilllm:d c;1pability and ;1fso to minimize thl.' load conc.Jitions on the orbiter. The booster staging velocity of 2170 

m/~>1:.: h wdl within the "heat sink" c<1p;1bility of the alumir111m/titanium airframe. 
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Ascent.Performance Characteristics 

--------..-.----------------------------------------------------------------•OllNll ____ _ SPS-1951 

FIRST STAGE 

T/W AT IGNITION 

MAXIMUM DYNAMIC PRESSURE 

MAXIMUM ACCELERATION 

STAGE BURN TIME 

RELATIVE STAGING VELOCITY 

DYNAMIC PRESSURE AT STAGING 

SECOND STAGE 

INITIAL T/W 

MAXIMUM ACCELERATION 

STAGE BURN TIME 

93 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1.30 

36.91 kP1 

3.0g 

166.24HC 

· 2170m/w; 

1.18 kP1 

O.M 

3.0 I 

360.24 MC 

(760 .. f) 

(7, 120 , ... 

(24 pst: 
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Sa·S WINGED VEHICLE 

REENTRY CHARACTERISTICS 

Thl' reentry charackristks for the booster and orbiter art.' noted on the opposite chart. Tl1 e maximum deceleration for the booster 

is ·L27 g's and thl.' subsonic transition altitude is 17.86 km. The orbiter reentry has been limited to a normal load factor of 1.41 

g's until th1.· subsonic transition which occurs at an .iltitudc of 13.62 km. 
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SPS Winged Vehicle Reentry Characteristics 

BOOSTER 

APOGEE CONl" ~ 

h •80.82 km 

v,.1•1965 m/sec 

MAXIMUM DECELERATION CONDITION 

q • 10.77 kPa 
h •32.81 km 
v,. • 1327 m/llJIC 

NORMAL LOAD FACTOR • 4.27 g's 

MAXIMUM DYNAMIC PRESSURE CONDITION 

q • 13.29kPa 

h• 22.96km 

V rel • 686 m/llJIC 
NORMAL LOAD FACTOR • 1.49 g's 

SUBSONIC TRANSITION CONDITION 

h • 17.88 km 
Cl• 15deg 

95 

ORBITER 

MAXIMUM DYNAMIC PRESSURE CONDITION 

q • 13.17 ks-
h • 16.65 km v,.. • 381 m/sec 

NORMAL LOAD FACTOR• 1.41 

SUBSONIC TRANSITION CONDITION 

h • 13.82 km 
ci• 6Adeg 
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SPS BOOSTER MASS STATEMENT 

The llyb;ick hoostt'r mass diaradcristil's are shown on the opposite chart. The structure, induced environment protection, ascent 

and auxiliary propulsion. and landing suLsystems account for 89'/I of the dry mass. The induced environmental protection sub­

syskm mass includt•s the additional structural thickness required for "heat :;ink capability" and the base heat shield. 
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Booster Mass Statement 

------------....;.--------"'-----------------------------------------------------•1111/VO~ SPS-t956 

ASCENT 
PROPULSION 

20% 

LANDING ANO 
AUXILIARY SYSTEMS 

4.X. 

STRUCTURE 
45% 

INDUCED 
ENVIRONMENTAL 
PROTECTION 

6% 

ORV MASS BREAKDOWN 

97 

MASS (kg) 

STRUCTURE 360 800 

INDUCED ENVIRONMENTAL PROTECTION 48 400 

LANDING AND AUXILIARY SYSTEMS 34 600 

ASCENT PROPULSION 204 800 

AU'CILIARV PROPULSION 80 800 

PRIME POWER 4 300 

ELECTRICAL CONVERSION AND DISTRIBUTION 4 200 
HYDRAULIC CONVERSION AND DISTfl,BUTION 10 900 
SURFACE CONTROLS 
AVIONICS 

ENVIRONMENTAL CONTROL 
GROWTH 

10300 

1600 

200 

68800 
ORV MASS• 788 900 

RESIDUALS AND RESERVES 48 800 

LANDING MASS • 848 700 
LOSSES DURING FL VBACK 86 200 

START FL VBACK MASS • 932 900 
ENTRY IN-FLIGHT LOSSES 3 700 

START ENTRY MASS• 936 600 
IN-FLIGHT LOSSES PRIOR TO ENTRY 27 000 

STAGING MASS• 963 600 
THRUST DECAY PROPELLANT 14 600 

INERT MASS• 978 100 



DI f)0-24071-3 

SPS ORBITER MASS STATEMENT 

Tht' orbitc. mass d1aradcristi~'s arl' shown o,, tht' oppositl' chart. Structure accou11ts for approxim· cly SQ~.; of the stage dry mass. 

The as..:cnt propulsion and thermal protl'1.:tion st•b\ystems arl' an ;idditional ::!9'ir of the dry mass. l 11~ dry mass is 86'/r of the inl.ft 

mass with th,: r 'lllainder including rL·siduals and fL'SLTVcs, J1L'rso1111cl and p<t"•oad accommodations, and int1ight loSSL'S. 
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Orbiter Mass Statement 

------------~------.A.-------------------------------------------------•llllNO_. __ __ 

LANDING AND 
AUX SYSTEMS 

'" 

STRUCTURE 
•K 

INDUCED 
ENVIRONMENTAL 
PROTECTION 

13" 

DRY MASS BREAKDOWN 

STRUCTURE 
INDUCED ENVIRONMENTAL 'ROTICTION 
LANDING AND AUX SYSTEMS 
ASCENT PROPULSION 
AUXILIARY PROPULSION 
PRIME POWER 
ELECTRICAL CONVERSION AND DllTRllUTION 
HYDRAULIC CONVERSION AND DllTRllUTION 
SURFACE CONTROLS 
AVIONICS 
ECLSS AND PERSONNEL PROV 
GROWTH 

DRYMAll• 
PERSONNEL AND 'AYLOAD ACCOMMODATIONI 
RESIDUAL AND REllRVU 

LANDING MAii • 
ENTRY IN·FLIOHT LOllll 

ST ART ENTRY MAU• 
IN·f LIOHT LOSSES PRIOR TO ENTRY 

INERT MAIS• 

99 

MAI· Clea) 

112900 
48300 
11800 
IOIOO 
1600 
2IOO' 
4IOO 
3IOO 
llOO 
2400 
2900 

32900 
373200 

4100 
14IOO 

•1100 
3400 --31900 

431100 
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BOOSTER PROCESSING TIMELINES 

Tlw booster timd;nc from laund1 lo ib move to lhl~ integration position is shown on the 1.:harl. These timclines rl•tlcct the average 

turnaround limes for thc maturc system. A tot:il of 6.::! hours b estinrntl·d for ihi~ portion of thc turnaround with the sd1eduled 

and unsd1cdul.:d 111aintcna111:c ii..1ivi1y rl·quiring 36 hours. On·bo;ird rnndition monitoring equipment will enhance the operations 

by 

I) Providing perforrna111:e monitoring of the subsystems 

.::! ) Aiding in fault isol;i ti on ;ind lkll'l:I ion 

H.01.:ht enginc maintcnan1:e i~ antkipakd to he the major portion of the booster opl·rntions. 
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Booster Processing Timelines 
____________________ ._ _________________________________________________ ••11A11t1----

SPS-1861 

1 
FLY BACK Cl 

3 
LANDING OPERATIONS c::::::J 

2 
MOVE TO MAINTENANCE FACILITY Cl 

2 
TRANSFER TO FACILITY POWER CJ 

DUMP AND REDUCE CM DATA 

INSTALL ACCESS EQUIPMENT 

PERFORM SCHEDULED AND 
UNSCHEDULED MAINTENANCE 

SYSTEM VERIFICATION TEST 

MOVE TO INTEGRATION POSITION 

8 

8 

31 

• 
2 

c:::J 

...... ----------12 HOURI----------~ 

I 01 
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ORBITER PROCESSING TIMELINES 

The orbiter tim,·lirw from lauru:h toils move to till' inll.'gr:1tio11 position is shown on the clwrt. A total time of97 hours for orbiter 

prm;essin!! induding the 24 hour-on-orbit stuytimc is estimatell for the mature sV'll'nl. The mainll.•nancl~ activity is estimated to he 

48 hours. dLH.' to the thl·rrnal proll.'dion system and the additiorwl sysll.:ms/equip111enl r1:quircd for tl11: manned stage. A total of I::! 

hours has been allrn.:atcd for paylo;1d installation in a parnllel operation with the orbitl'f 111ainl1:nancc. 
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Orbiter Processing Timelines 

SPl-1SMIO 

24 ON-ORBIT STAY TIME 
AND DEORBIT 

ezzzzz1zz4 

LANDING OPERATIONS 

MOVE TO MAINTENANCE FACILITY 

TRANSFER TO FACILITY POWER 

DUMP AND REDUCE CM DATA 

INSTALL ACCESS EQUIPMENT 

PERFORM SCHEDULED AND 
UNSCHEDULED MAINTENANCE 

INSTALL PAYLOAD 

SYSTEM VERIFICATION TEST 

MOVE TO INTEGRATION POSITION 

8 

12 

I 

2 
CJ 

....,.-------------------e7HOURa---------------------•~I 
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INTERGRATED VEHICLE OPERATIONS TIMELINES 

Thi.' intq.iralt~d vchkk ti1111.'1i11t's for opl·rations lwgi1111ing with booskr positioninlo! throuvh launch arl' shown on the adjacent chart. 

This portion of the l:111111:h operations rt•quircs 34 hours for the boostl'r and 30 hours for lht.• orbiter. 
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Integrated Vehicle Operations Timelines 
____________________ ..._ _________________________________________________ lllllllNll----

INSTALL 1ST STAGE 
ON LAUNCHER/ERECTOR 

INSTALL 2ND STAGE 
ON LAUNCHER/ERECTOR 

INST ALL ORDNANCE AND 
CLOSE OUT 

4 
c::::J 

PERFORM VEHICLE INTEGRATION TEST 

ROTATE TO VERTICAL 

RETRACT INTERMEDIATE 
SUPPORTS 

MAKE INTERFACE CONNECTIONS 
AND CONDUCT PRE LAUNCH 
VERIFICATION 

FUEL LCH4, L02, LH2 

COUNTDOWN AND LAUNCH 

3 
CJ 

4 
c:::::::J 

2 
CJ 

2 3.6 2.5 
I I 

1 
0 

....., ____ 34 HOURS ____ .....,, 
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VEHICLE TURNAROUND ANALYSIS SUMMARY 

The tot<il turnaround times for the SI'S win'.!~.:d launch vchidc arc shown on the 1:hart. The total booster turnaround time is 97 

hours and the t·orre-.ponding orbih.'1' time is 127 hours. The estimated :!-stagl' ballistic recoverable turnaround times arc shown for 

rdcrcm:.:. Th·: l~yba1:k capability on the booster, wit!; its inherent return to launch site ability, provides for a minimum turn· 

around time. 
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Vehicle Turnaround· Analysis Summary 

------------------.... ----------------------------------------------•llllN~-----.,.., . ., 

VEHICLE CONCEPT STAGE OPS INTEGRATION TOTAL 
ONLY AND LAUNCH OPI TURNAROUND 

WING/WING 

BOOSTER 83 HOURS 34 HOURI 97 HOURI 

ORBITER 97 HOURS 30 HOURS 127 HOURI 

---------·----------------------
BALLISTIC/BALLISTIC 

BOOSTER 93 HOURS 34 HOURI 127 HOURI 

UPPER STAGE 102 HOURS 30 HOURI 132 HOURI 
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SPS LAUNCH VEHICLE DDT&E COST 

Th1..' DDT&E cost PL'r tll1: llight hardware and its associated ground support equipment is shown on the adjacent chart for both the 

booster and orbiter stages. The total development cost for both stages is $11.::!B. Systems test. which includes all the ground and 

tlight kst hardware in addition to the test labor. accounts for in excess of 50'/,, of the total development cost. The booster DDT&E 

cost includes a new rocht engim: and airbrcather engine development. The orbiter L>DT&E reflects use of the Space Shuttle's 

SSME's and some of the other subsystems which were modified rather than new developments. 
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SPS Vehicle DDT&E Cost 
____________________ .._ ____________________________________________________ ..,.,,..,. ____ __ 

SPS-1959 

SYSTEMS TEST 
60% 

PROGRAM 
INT&MGMT 

2" 

DESIGN AND 
DEVELOPMENT 

30% 

BOOSTER DDT•E • 81,628M 

OTHER 
2% 

SYSTEMS TEST 
56% 

--PROGRAM 
INT Ir MGMT 

3% 

DESIGN AND 
DEVELOPMENT 

24% 

ORBITER DDTlrE • $4,874M 

e TOTAL VEHICLE OOT&E • $11.2B (LESS FACILITIES) 
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SPS LAUNCH VEHICLE PRODUCTION COST 

The initial unit production cost for both the SPS cargo vehidc booster and orbiter is shown on the adjacent chart. The theoretical 

first unit cost ITFU) for the booster of S82 I .41\I and S638.5M for thl.' orbiter were developed using the Boeing Parametric Cost 

Model (PCM). The following is a breakdown of thl' TFU cost by major subsyskm: 

SUBSYSTEM BOOSTER ORBITER 
-·---- ---·----- - - - -- - - ---

Structure 21 11: l6'i 

TPS N/A I O~lr 

Main Propulsion 24'X 28'} 

Landing and Aux. Sys. I J'..; 9'..( 

Flyback Propulsion I J '; N/A 

Other Subsystems I 9',; 26 ;; 

The ground support equipment n:u cost is l'Stimall'd to be SI 62.8M and SJ 2(l.OM for thl' booster and orhikr respectively. 
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SPS Launch Vehicle Production Cost 
____________ .;... ______ _,,,_ ___________________________________________________ .,,,,,,,. ____ _ 

SP&-1968 

1,000 

800 

INITIAL 
UNIT 600 
COST 
($M) 

400 

200 

BOOSTER 

OTHER 

MAIN---.i 
PROPULSION 

STRUCTURE 

BOOSTER 
STAGE 

PROG INT 8t MGMT 

ASSEMBLY 
ANDC/0 

BOOSTER 
SUBSYSTEMS 

BOOSTER 
G$e 

11 1 

ORBITER 

PROG INT 8t MGMT 

1--.;....c~ ASSEMBLY 
OTHER 

MAIN---1 
PROPULSION 

TPS---+.. 

STRUCTURE 

ORBITER 
STAGE 

ANDC/0 

ORBITER 
SUBSYSTEMS 

ORBITER 
GSE 
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SPS LAUNCH VEHICLE AVERAGE COST/FLIGHT 

11 SATELLITE/YEAR> 

The 1.·ost/llight hn:akdown shown 011 th1.· opposite page is the average for tlw 400 p1.•r year h1und1 rate and 14 years of operation. 

The i.'OSl/llighl ikrns folk'W the Shuttle u~er ('h;irg1.· Polky guideli111.~S with the followinv additions 

1 ) Amortization of the tlcd production costs 

2) lndusion of the r:itc tooling cost due to the h:1rdwm1.· quantities r1.•11uired. 

Flight Hardware produdion and sp;1rcs is the l;irgcst single item with the hoostcr und orbiter <u . .:counling \'or SS';; and 45'1L respec­

tively. Propellant cost <11nou11ts to I:'; of the tot11l p1.·r flight 1.·ost. 
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SPS Launch Vehicle Average Cost/Flight 
(One Satellite/Year) 

PROGR~ SUPPORT 3% 

FLIGHT HARDWARE 
PRODUCTION 

• TWO·ITAGE WINGED VIHICLI 

• 'LACEMENT OF 1 SATELLITE 
'ER VIAR (400 FLIGHTS) 

• 14 VIAR PROGRAM 

• NO ATTRITION 

GROUND OPS/SYS / I 
21"9 

/ I 

AND SPARES 
48"9 

// I 
/ I 

/ 
/ PRODUCTION I 

TOOLING I 
10% I 

AVERAGE COST/FLIGHT• S13.4'7M 
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EFFECT OF LAUNCH RATE ON COST PER FLIGHT 

The chart on thi: oppositc page ilh1strates the dli.'d of launch rail' rn1 the average crn.t/llight <tnJ lhl' transport l.'O!'>t to low Earth 

orbit for thi: SPS cargo vchidc. The ,·..:quired launch rail' of approxinrntdy 400 tlights Pl'I' s<•ll'llites r .. :sult~. in thl' following: 

Annual Launch Rati: ('ost/Flight Tr;111..,port Cos! 

S/kg 1S./lh111l 

400 flighls SIJ.447M JI. 7: 114 .. Hll 

I 600 fl igh Is SI0.754M ~5.JC1 11 I .SCH 

A 40 launch per year rari:. comparabll' to 1111.' plannl·d rate for Shullk from KSC. would r1.•sult in ;111 ;ivl..'ragc \.'Ost of S1JM p1.·r 

flight for th\.' SPS 1.:argo l;iund1 vd1ide. Also notl·d on the d1art. art' the 1'\.i\SA/.IS(' i11·hm1sl' 1.·o!'lt csti111atcs as of fanuary 1978. 

114 



D 180.24071 ·3 

Effect of Launch. Rate on Cost Per Flight 

.. ,,,.,. 
30 

Cit j • TWO.ST AGE WINGED VEHICLE ~ ~ • 14 YEAR PROGRAM 
eo SHUTTLE • NO ATTRITION 

26 
0 RATE FROM KSC e 300 FLIGHT DESIGN.LIFE 

' • REFURBISHMENT CYCLE ', 
60 ' • AIRFRAME EACH 100 FLIGHTS - • ROCKET ENGINES EACH 60 FLIGHTS i 20 - 20 ... 1 IATELLITl/VIAR :z: 

~'° 0 0 
:::; 
u. u 

= 
... 
a: 

16 8 g30 4 SATELLITES/VEAR 

""' ~ RANGE OF 0 ~ a: NASA/JSC ESTIMATE e ~-a: 10 ... JAN 1978 -... ... .._ l&I 

~ 
10 --20 

10 6 

10 80 100 200 .00 800 800 ,000 2,000 
ANNUAL LAUNCH RATI 

JI S 
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EFFECT OF DESIGN LIFE AND ATTRITION RATE 

A sensitivity analysis was condw.:kd to determine the impact of various design liti.• :md attrition rute criteria. The results of this 

analysis arc shown on the adjacent chart. Attrition r•1tes of between 0.1 '11r and Vi!· wcre evaluated along with a design life criteria of 

300 and 500 nights. The ••ttrition rnte intluencc for the range of valm~s investigated resulted in u J:?'A variation in the average cost 

per flight. Design lifr has .a decreasing i1.llucn~·c as the attrition rate increases. A recommended crit1.•ria for the :?·sta1i1e winged 

vehicle is a 500 tlight design life und 0. l'•i· attriti()n rate which should be achievable within the time Sllan available. 
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Effect of Design Life and Attrition Rate 
__________________ _. ______________________________________________ .. 111t1•---

... 1 ... 
11---------------------

11 

11 

•TWO-sTAOE WINGED VEHICLE 
•400 PLIGHTllVEAR 

AVERAGE 
COST/FLIGHT 
tM 

13 

12 

, _________ , _____________ _ 
0.11' 0.2" OA" o.n o.n '·°" 

ATTRITION RATE 
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VEHICLE SIZE COMPARISON 

A comparison of the physk;1l size I plan form ar1.•a > fur the SPS h111nch vehidl• orhill.•r I .:?nd !ltuiz1.~ only I. ;1 sinizle staize tu orbit 

(SSTO) vehicle. and ;1 747 Frcigl1t1.•r arc shown on th1.• opposit1.• chart. For the two space lr:rnsportulion con1.·cpts. the gross liftoff 

weight IGLOW) to p;1yload rntio ••re nut1.·d. The IW(Mt;1ge srs Vt.•hide lrns a liftoff weight to payloml rnlio of.:?~.'> which uses the 

benefits of st.1ging. whcrc<1s the SSTO has a mtio of I 9. I. The i111.•rt and dry mass th1 l•• ure noted on I he chart. The "Advanced 

SSTO" mass data retlects the maximum to ;ichievc the desired perfornrnnce level. The n:quircd maximum SSTO ma•s is about 33'/, 

greater than the dry wdght of a 747 Freighter or 47'A of the St>S Orhitcr ( ::?nd St:igl') inert 11Hl!IS. 

'J 8 



DI 80-24071·3 

Vehicle Size Comparison. 

------------------.... -------------------------------------------------••111t1•------

80.47m 
284ft 

PAYLOAD 
GLOW/PAYLOAD 

424 000 kg 
26.9 

W1NERT • 431100 kt , 

MASS I WDRY. 373 200 ... DATA 

94.49m 
310ft 

WLIFTOFF • 3184 700 kt 

ASCENT 
PROPUL• 14-s&ME'S SION 
SYSTEM 

ff ADVANCED SST<r 

90 700 kg 
19.1 

WINERT • 204110 kt 

WDRV • 181 460 kt 

WTAKEOFF • 1732 740 kl 

11 AIRBREATHERS/ 
RAMJETS+ 3 SSME'S 

-
119 

'747 FREIGHTER" 

90,700 kg 
4.0 

WDRV • 152 MO kl 

woRou • • 160 k1 

4 JT·ID'I OR CP-t*I 
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POTENTIAL LAUNCH VEHICLES 

The other vehkle concc""t investig.ited in this portion of the SPS study is thl· :?-stage ballistic rewvcrnhlc vehicle in the 90 metric 

ton payload class. Titt' potenth1I cvolutio1: of this vehicle is noted on the <1djuccnt clwrt of launch vehicle family concepts. The 

vehicle evaluation would begin with a booster (including•• new g:;1s g\~ncrntor engine I lo support an inl·rca!led performuiice Srm.:e 

Shuttle. and then proceed to a fully reusabh: upper st<1ge for cargo missions. The following churls will describe the :!-stage reusable 

ballistic concept. 

120 



D l 80-24071·3 

Potential Launch Vehicles 
________________ .... ______________________________________ ,._ .............. , .. ____ _ 

2.3P 
I METERS ..... 

t 

2.IP 
I METERS .... 
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TWO-STAGE BALLISTIC SPS LAUNCH VEHICLE 

(FULLY REUSABLE, 

The ballistic launch vehicle configuration is shown on the adj.iccnt chart. This is a series burn configuration in which both stag"'S 

re-enter ballistically and soft-land on the water. Ascent propulsion for the booster consists of 4 LCH4/L02 gas g1mcrator cycle 

engines providing 8.90 x 106 m:wtons vacuum thrust each. Four standard SSME's open;ting at I00'1t power level C2.09 x 106 

newtons vacuum thrust each) provide ascent propulsion for the second stage. 

Both stages arc equipped with pressure fed landing engines to provide terminal decclerntion after ballistic re-entry. Thcrnrnl pro­

tection for both ascent and re-entry is accomplished by water cooled base heat shields in both st.11•cs. 
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Two-Stage Ballistic V ~hicle Concept 
(Precursor) ____________ .;;...;... ____ .._ ___________________________________________________ .. ,,~·----... ,. 

STAGE II 
RE-ENTRY 
CONFIGURATION 

~...,...."':i,.f._ '";~:ft.~~: : T 
/ : ·• ", 8.12 :' i ". . 

: 1 "\..,. -~·· ..... \ . _L 
. 
! 

/ 
·: 

.·~·· ....... . . ; . ..; .•... 

123 

llMI (4) 
z.mx1olNCVAC) 

LANDING 
ENtilNEI (4) 
1.17x10IN 

LOzlLC ... C4) 
ENGINU 
1.IO x 1ol N CVAC) 

.LANDING 
ENGIND•> 
1.17x 1GIN 

ALL DIMINllONI IN METERS 
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TWO-ST AGED BALLISTIC LAUNCH VEHICLE 

DESIGN CHARACTERISTICS 

The two-stage ballistic launch vehicle characteristics are specified on the adjacent chart. The vehjcle delivers a net payload of 

93, 700 kg. The booster and orbiter stages have mass fractions of .903 and .8 \ ~ rcspcctivdy. 
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2 Stage Ballistic Vehicle (Precursor) 
Design Characteristics · __________________ .... _______________________________________________ .. ,, .. __ ... 

SPS-1972 

ORBITER IOQSTER 

GLOW 2.-.480 
BLOW 1,921,110 
BOOSTER FUEL (LCH4) 434,000 
BOOSTER OXIDIZER (L~) 1,301,MO 
BOOSTER INERTS 1•,870 
OLOW-LESSPAYLOAD 573,1711 }· 
ORBITER FUEL (LH2) 88,llO 
ORBITER OXIDIZER (L~) 399,390 
ORBITER INERTS 1oa,mo 
ASCENT PAYLOAD 93,JIO 
MASS FRACTtON .812 )3 

ENTRY WEIGHT 99,800 180,190 

LANDING WEIGHT •.110 113;180 

•MAINST~GE + FL•GHT PERFORMANCE (ALL MASS DATA IN kg) 
RESERVE 
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ASCENT PERFORMANCE CHARACTERISTICS 

The ascent performance characteristics of the two-stage ballistic v"hicle arc noted on the: adjacent churt. The booster staaina 

velocity is 2477 m/sec (8125 fps) and the maximum acceleration experienced Is 4.23 i's at booster burnout. 
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SPS Ballistic Vehicle (Precursor) 
Ascent Performance Characteristics . __________ _.. ______ .._ ____________________________________________ llNNl'IAllll---

rtBITUAGE 
T /W e IGNITION 
MAXIMUM DYNAMIC PREllURE 
MAXIMUM ACCILIRATION 
STAGE BURN TIME 
RELATIVI STAGING VELOCITY 
DYNAMIC PRISIURE AT STAGING 

SECQNDUAGI 
INITIAL T/W 
MAXIMUM ACCELERATION 
ST AGI IURN TIMI 

127 

• 1.21 
• 21.31 kPa (113 PIF) • 4.23,. 
• , ... uc 
• 2477 MlllC (1121 PPS) 
• 1.41 kP1 (31 PIPI 

• 1.21 
• 4.111'• 
• 241.MllC 
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SPS BALLISTIC LAUNCH VEHICLE 

MASS STATEMENT 

The mass characteristics of the ballistic launch whicle are 11hown on the adjacl!'nt chart. Structure accounts for 4<''ft' and 59'R· of 

the dry masses of the booster and orbiter respectively. Ascent propulsion is the other major fraction of boo11ter and orbiter m;,~ses 

accounting for 39'fr, and 2 I% respectively. 
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SPS Ballistic Launch Vehicle (Precursor) 
Mass Statement __________________ _. _______________________________________________ .,,,.. __ __ 

Sl'S-1971 

BOOSTER ORBITER 

(1o3 KG) (1Q3 KG) 

STRUCTURE 80.38 48.80 
LANDING • AUX. SYSTEMS 4.73 2.70 
ASCENT PROPULSION 50.89 17.13 
AUX. PROPULSION 1.12 2.eo 
PRIME POWER 1.00 .11 
HYO. CONV./DIST. .9& .73 
ELECTRIC CONV./DIST. 1.31 1.00 
AVIONICS .88 .17 
ECS .N ... 
GROWTH 8.70 ,11 

DRY MASS 130.73 a.• 
RESERVES• RESIDUALS 32.46 _IL~ 

LANDING MASS 113.11 •• 17 
INFLIGHT LOSSES 22.70 11.11 

INERT MASS 186.81 108.02 

• 
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SPS BALLISTIC LAUNCH VEHICLE DDTAE COST 

The DDT&E cost tor flight hardware and associated ground support e<1uipm~nt for both stages is shown on the opposite chart. 

The total vehicle DDT&E cost is $3.8 I B. The booster DDT&E includes the cost of a new engine developnu:nt. The costs of both 

stageci reflect the use of some modified space shuttle subsystems. 
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SPS Ballistic Launch Vehicle (Precursor) 
DDT&E Cost ______________ ..... .._ __________________________________________ ..,,"". ____ _ 

TOOLING B 

GSE B 

PROGRAM 
INT. 
6MGMT. 
a 

SYSTEMS TEST 38% 

', 
' DESIGN A DEVEL~NT IB 

' ' 
ENGINE •" '' ., 

IOOITER DDTaE • •1.a.M 

DESIGN• 
DEVELOPMENT 
37'1 

PROGRAM 
i------'iiii!~==E:f" INT.• MGMT 

a 
IVITIMI TllT 4"' 

TOOLING ft 

ORllTIR DDT•& • •1,121M 

TOTAL VEHICLE DDTaE • 13.118 

13 l 
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SPS BALLISTIC LAUNCH VEHICLE PRODUCl'ION COST 

The theoretical first unit costs (TFU) of the booster and orbiter are shown on the adjacent chart. These were developed usin1 the 

Boeing Parametrk Cost Model (PCM). The booster and orbiter TFU costs are SI 76.7M and S202.7M respectively. The break· 

downs by subsystem are: 

SUBSYSTEM 

Stnu:tlare 

Main Propulsion 

Avionics 

Landing & Aux. Systems 

Other 

BOOSTER 

25% 

34% 

9% 

4% 

28~' 

ORBITER 

30% 

301'.'t. 

9% 

~% 

29% 

The estimated ground support equipment TFU costs are $4 I .6M nnd S44.8M for the booster and orbiter respectively. 
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SPS Ballistic Launch Vehicle (Precursor) 
Production Cost 

•llllM• 

BOOSTER ORBITER 

200 . "-PROO. INT.• MGMT. 
•ASSEMBLY •CIO 

--PROO. INT.• MGMT. 
-ASSEMBL V • C/O -OTHER 

160 .. 
-OTHER LANDING • AUX. SYS. 

-AVIONICS 
i-LANDINO •AUX. SYS. 
-AVIONICS 

100 .. •MAIN 
PROPULSION 

-MAIN PROPULSION 

60 ... 

"'-STRUCTURE 
-STRUCTURE 

o.__ ____ ,__ __ _,_ ________ _.... __ ......, ______ ...._ __ ........... _______ ....... __ ...,.,__ 
BOOSTER 
STAGE 

BOOSTER 
GSE 
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SPS BALLISTIC LAUNCH VEHICLE 

AVERAGE COST /FLIGHT 

The cost/flight breakdown shown on the opposite chart is the average for u 14 year program at 60 nights per year. The a.iajor 

single ekments are the Oight hardware and ground operations costs accounting for 11'/r· and 30'.* respectively. 
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Average Cost/Flight 
(Precursor 2-Stage Ballistic Recoverable) 

•'· 

________________ .... ______________________________________________ ,,_. ____ _ 
SPS-1113 

• 2·ST AGE BALLISTIC VEHICLE 
•. 14 YEAR PROGRAM AT 

f IO fLIGHTllYEAR 
~ I • NOATTRITION 

// 
II 
t1 

FLIGHT HARDWARE 
/ PRODUCTION AND 

SPARES 27" 

GROUND OPERATIONS 
~D SYSTEMS 30% 

• AVERAGE COST/FLIGHT• •• lllM 
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LEO TRANSPORTATION SUMMARY 

The highlights of the results from the LEO transportation activity are noted on the adjacent chart. The revised SPS two-stage 

winged vehicle concept has incorporated a number of desirable features such as booster Oyback propulsion to enhance its opera­

tional characteristics. The economics of the winged vehicle appear attractive, and the additional be.me fit of a manned orbi ~r capa­

bility provides a single vehiclt! ior both the cargo and crew transportation requirements. 

The precursor 2-stage ballis~1c vehicle illustrates the results 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 a11y 

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

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

development item. 
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LEO Transportation .Summary 

------------------------------------------------------------------------•1111w11-----­SPS-1111 

• 2-STAGE WINGED VEHICLE OFFERS: 
- AN AVERAGE COST/FLIGHT ()F BETWEEN •13ASM AND •10.7&M 

DEPENDENT ON SATELLITE INSTALLATION RATE (4/YEAR VS. 1/YEAR) 

- A 75 kg/m3 PAYLOAD DENSITY 

- MINIMUM TURNAROUND TIME 

- MANNED CAPABILITY FOR CREW ROTATION/RESUPPLY 

• PRECURSOR 2-STAGE BALLISTIC VEHICLE OFFERS 
- AN AVERAGE COST/FLIGHT FOR CARGO DELIVERY OF 

$10M FOR 60 FLIGHTS PER YEAIJI 

- A MODEST DDT&E INVESTMENT OF $3.88 

- A BOOSTER STAGE FOR A SHUTTLE GROWTH CONCEPT 
(IMPROVED PERFORMANCE AND LOWER COST/FLIGHT) 

• A NUMBER OF OPTIONS EXIST FOR LAUNCH VEHICLE EVOLUTION 
LARGE THRUST BOOSTER ENGINE DEVELOPMENT PERIOD OF 
6-8 YEARS WILL BE THE LONG LEAD ITEM 
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MAINTENANCE AND OPERATIONS ANALYSIS 

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

sate!lite power output loss will be identified. Thes~ items will be analyzed to determine the most desirable level of replacement at 

the satellite. The actual method of making the replacement will then be analyzed including the design impact on the • .mtenna. 

Several aspect~ of the maintenance schedule will then be wnsidered. The selected method 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 

n1aintenance system description fo~lowed by a summary of the maintenance operations identifying plant factor and annual mainte­

nance ..:ost per sateUite. 
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Maintenance and Operations Analysis 
______________________ ... ____________________________________________________ ,.llllA'll----

SPS-1904 

• ITEMS REOUIRINQ MAINTENANCE 

• LEVEL OF REPLACEMENT 

• REPLACEMENT CONCEPT 
• EQUIP REO'D 
• ANTENNA DESIGN IMPACT 

• MAINTENANCE SCHEDULE 
• HOWOFTEN 
• HOW RAPIDLY 
•WHEN 

• MAINTENANCE MISSION 
• HABITAT LOCATION 
• REFURB LOCATION 
• TRANSPORTATION 

• REFERENCE SYSTEM DESCRIPTION 

• SATELLITE MAr:~TENANCE OPERATIONS SUMMARY 
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ITEMS REQUIRING MAINTENANCE 

A number of nrnjor components of the sutl.'llire hnve been umllyzed for their nnture of fuilurcs. m.:an time between failure. J)(.'Wt.!r 

loss per failure. and finally th1.• power Joss per yc:ir. Th~· results of this 11nalysis in terms of the power loH is prcscntcd. 

As indicated. th1.~ 1.·omponcnt lrnvintl the grl.'akst impact in terms of power loss and in the time required to .·ix the fuilurH is the 

klystron tube modules. DC/IX' rnnwrtcrs present u signific;rnt power loss although the number of failurc11 is quite low and, conse· 

quently, require less repair time. The remuindcr of thi!I um1lysi11 therefore will focus on the rep11ir of the klystron tube modules. 
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LEVEL OF REPLACEMENT OPTIONS AT SATELLITE 

Several options exist for the replacement of a klystron tube module. 'fhl' first of these options involves replctcement of a complete 

subarray which may contain as many us 36 klystron tubes. The next level of rcpluccm.ml considered is that of a complete klystron 

tube module including the wave guide section a'lsociatcd with the module. P<>hmhul difficulty in scgmcnti111 the wave auide 

resulted in cons:.dering the third option which is tht' removal of the cube module and its thermal control system. The final option 

deals with removal of individual components which required the radialor to be sectionalized and huve gimbaled panels. These 

options are compared in the following charts. 
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Level of Replacement Options at Satellite 
________________ ..... .._ _____________________________________________ ... ,,,,. __ ... 

.. ,.11 

@ KLYSTRON TUil PLUI THIRMAL CONTROL 

@ COMPLITI KLYSTRON MODULI 
INCLUDING WAVIGUIDI 

CATHODI 

@ COMPONINTI 
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LEVEL. OF REPLACEMENT SELECTION 

The level of replacement selected is that of the klystron tube moc.Jule plus its thermal 1.:ontrol system. The rationale for selection of 

this option is indicated. Actual removal of the tube module involves acce!.s through holes in the radiator to reach the distribution 

wave guide attachment bracket which secures the moduh.• to the distrihution wavt• guide. Once this attachment is released the 

module is frc:e to be removed. 
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Level of Replacement Selection 
' 

------~ ..... ~1.~12 __________ ... _______________________________________________ ..,,""".----

RADIATOR 

e SELECTION: TUBE PLUS RADIATOR 

ACCEIS HOLE IN RADIATOR 
TO REACH OUTPUT WAVEGUIDE 
ATTACHMENT Al 

WAVIGUIDI 
/ATTACHMENT 

HANDLING POIT 

; IRACKIT 
__ __.-...illllL.----....,jlm. ..... _ 

e RATIONALE 

• SUBARRAV - REQUIRES REMOVAL OF 3°" (2400) OP UNITI POR 4" 
(7800) OP TUBES 

- MAINTENANCE TIMI AND MASI PINAL TY 

e COMPLETE MODULE - MASS PENAL TV AND INCRIAllD ALIGNMINT 
DIPFICULTV 

e COMPONENTS - RADIATOR DESIGN COMPLEXITY, TllTVIRIFICATION 
PROBLEM 
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TUBE MODULE REPLACEMENT OPTIONS 

Using the klystron tube module as the level of replm.:emenl. it is now possible to analyze various options relative to the method of 

replacing the module. fn all cases. it is assumed the satellite is shut down while maintenance is pt'rformed. 

Two options involve servicing the antenna from the ba1:k side Cnon·rudiating). One of these has the repair vehicle moving hori· 

zontaJJy throush the secondary structure until the failed tube is reat.:hed. Another option has the repair vehicle moving hori· 

zontally through the primary structure and then vcrtit.:ally through the secondary structure to reach the failed tube. The last 

option has the servicing done from the front side through use of moveable overhead platform. 

Each of these options arc discussed in more d1:tail in suhsequcnt t.:harts. 

148 



DI S0.24071-3 

Tube Module Replacement 

•OPTIONI 
• BACKSIDE SERVICING 

• HORIZONTAL ACCEa THROUGH 
SECONDARY ITRUC'NRI 

IUBARRAV 
SECONDARY '~~~~~:;a:I:: 
ITRUCTURI ' 
PRIMARY~ 

ITRUCTURI " 

• VIRTICAL ACCI• THROUGH 
•CONDARY ITRUCTURI 

• FRONTllDI SERVICING ,,,,...,. ..... ...-...... -.-....-...... -... .... / OVIRHIAD PLATFORM 

e KEY CONSIDERATIONS 

•ACCla 
• IOUIPMENT RIOUIRID 
• ANTENNA DESIGN IMPACT 

IUIARRAY 
IECONDMIY ITRUCTURI 

~ PRIMARY ITRUCTURI 
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HORIZONTAL ACCESS FOR TUBE MAINTE"'•~ NCE 

The next three charts deal with reaching the failed k ystron tube module by horizontal tr;·vel through the secondary structure. Jn 

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

formed by the secondary structure. Across the antenna a total of I 00 channels exist. each requiring a built-in track system. Early 

estimates indicate as many as I 0 maintenance vehicles to be required within the I 00 channels. 
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Horizontal Access For Tube Maintenance 
-----------------------------------------------------------------------•••1lfllll---SPS.1187 

TRACK 
(3 PLACES PER 
CHANNEL) 

/ 
100 CHANNELS 
PER ANTENNA 

·(PRIMARY STRUCTURE) 

·-SUBARHAY KLYSTRON TUBE 

I ,,. 
END VIEW 

PRIMARY STRUCTURE 

JSJ 

(PENTAHEOAON 
SECONDARY STRUCTURE) 

SUBARRAYS 
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HORIZONTAL ACCESS FOR TUBE MAINTENANCE - SIDE VIEW 

A side view of the maintenam:e vehicle in the horizontal access concept is shown. A gimbal system between the carriage and the 

maintenance vehicle allows positioning of the maintenance vehicle rel~tive to the tube above. The platform also provides an area 

for storing klystron tube modules. 
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Horizontal Access For Tube Maintenance 

------------------------------------------------------------------- .. 11111111---­SPS..1188 

(SECONDARY 
STRUCTURE) 

SUBARRAV ENVELOPE 

(PRIMARY STRUCTURE) 

SIDE VllW 
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HORIZONTAL ACCESS - SECONDARY STRUCTURE OPTIONS 

Several secondary structure options wer~ analyzed for £he horizontal access option. The tetrahedron structure was used througout 

part 2. Part 3 of the study considered a pentahedron type structure. Both structures are deployable. Comparison of the structures 

show that the penta'1edron only has one diagonal between the maintenance vehicle and the klystron tube. The tetrahedron struc­

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

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

and the track installation would be somewhat easier. 
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Horizontal Access 
Secondary s·tructure Options· 

________ _.. __________ .._ _______________________________________________ ,/lllllllNll~ 

SPs.178F 
TETRAHEDRON 

SUBARRAY 

TRACK INSTALLATION~ 
POINTS . 

-....-----TWO DIAGONALS IN 

DIRECTION OF 
MAINT. VEHICLE 

UPPER SURFACE 

HiS 

PENTAH!_DflO~ 

SINGLE DIAGONAL 
IN UPPER SURFACE 

DIRECTION OF 
MAINT. VEHICLE 

SUBARRAY 
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VERTICAL ACCESS FOR T\JBE MAINTENANCE 

For the vertical access approach, lhe antenna has a total of 10 channels in which maintenance 1antrit11i can be mounted. Attached 

to each of the gantries is the maintenance vehicle which rea.:hes up thrnu1h the secondary structure to reach the failed klystron 

tubes. In this option. a cubic (hexahedron) structure has been found to ofter the area test clearance for the maintenance vehicle. 
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Vertical Access For Tube Maintenance. 
•a.1190 

SUIARRAYI 

"A., FRAME PRIMARY STRUCTURE 
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VERTICAL ACCESS FOR TUBE MAINTENANCE 

The next three •:harts deal with the b;u.:k side servicing concept involving vertical access for klystron tube maintenance. The overall 

concept is illustrakd in this 1.:hart. The prinrnry structure is a frame design forming ridges that allows free unobstructed movement 

of th1.· fllaintemmce gantry moving horizontally across the antenm1. Stability of the primary structure in one direction is provided 

by the cubic secondary structure ;above the primury structure while stability in the opposite direction is provided through guy-wire 

c:1hlinJ?. 
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Vertical Access For· Tu be Maintenance 
---------.... -----------------------•••1••---

~-------------- 104.0m ,..., --------, 

t.JoAm.,i 

SUBARRAY 

"A" FRAME 
PRIMARY STRUCTURE 

• 10 CHANNELi 
PER ANTENNA 

JS9 

j~ /CUBIC 
m SECONDARY 
. , STRUCTURE 
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VERTICAL ACCESS MAINTENANCE VEHICLE 

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

moving along in the direction of the channel. The 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 manipulators. A small 

klystron rack is also attached to the boom to eliminate the need for the manipulator11 to reach back down to the gantry for a new 

tube. In the case of a 36 tube subarray, as many as 3 tubes may require replacement. 

The cubic secondary structure is deployable and to satisfy packaging constraints has i's vertical and diagonal members telescoping 

approximately 25%, while horizontal members have knee joints. A packaging der.:iity comparable to the part 2 tetrahedron struc· 

ture is anticipated and is estimated at 70 kilograms a cubic meter. 

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

(one in lower and upper surface of secondary structure). removal and replacement of one klystron tube module, and movement to 

the next failed "Jystron tube estimated at a distance of 2 subarrays away or 20 meters. 
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Vertical Access Maintenance Vehicle 
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ANTENNA FRONT SIDE MAINTENANCE CONCEPT 

The ncxr rwo 1.:harrs deal wirh lhc front sidl· scrvil:in!-1 conc1..~p1. T.1is \.·oncept 1:011sisls of an overhead m11intcnance gantry that is 

supported from rwo lr<11:ks running across the antenna. Supported from th1..· platforms are the .actual repair vehides. The antenna 

design for this option has bel.'n ;1ltercd to form an odugon slH1)ll'. Tiu: a\.'.tual primary structure for the unterma is oversized to 

allow the nrnintcnanc1..• ~•mll)1 to be moved out of tlw way when the ;u11e111rn ;, in the <lperatinl!t ~·onditiun. 
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Antenna Frontside Maintenance Concept ________________________ .... ________________________________________________________ "'"'6'1~11---

MAINTENANCE 
GANTRY 
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MAINTENANCE VEHICLE CONCEPT-FRONT SIDE ACCESS 

The actual replacement of the klystron tubes in this option requires the subarrays to be removed as shown. Once removed. the 

maintenance vehicles can then remove the failed klystron tubes. When all failed tubes of a given subarr.1y are repaired the subarray 

is replac~d. 
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Maintenan.ce Vehicle Concept 
Frontside Access __________ ....;;.... ____ ..... _____________________________________________ .. ,,.. __ __ .. , . 
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REPLACEMENT CONCEPT SELECTION 

The selected klystron tube module replacement concept uses vertical access through the cubic secondary structure which is 

attached to the 0 A"·framc primary structure. The advantages of this option over the other options arc indicated. The chief advan· 

tage over the horizontal access option was that only I 0 track systems wen: rcq•1ircd while less rcp;1ir time and less mass were the 

chief advantages over the front side repair concept. 
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Replacement Coneept Selection 

-----------------•••1•• -
•SELECTION: VERTICAL ACCESS 

• CUBIC SECONDARY 
• STRUCTURE (DEPLOY ABLE) 
e ''A" FRAME PRIMARY 1-.:.--~~"'X""'"""'"-x-~ .... ~..;.,.;~ 

STRUCT 

e RATIONALE: ADVANTAGES OVER 

•HORIZONTAL ACCESS 
• 10 TRACK SYSTEMS VERSUS 100 
• EASE IN INSTALLING TRACK SYSTEM 
• ABILITY TO POSITION REPAIR VEHICLE DIRECTLY UNDER 

ALL TUBES 

•EASIER REMOVAL OF COMPLETE SUBARRAY IF NECESSARY 

• FRONTSIDE ACCESS 
• LES'l DOWNTIME (LOST REVENUE) 

• REPAIR VEHICLES ARE DECOUPLED 
•SMALLER ANTENNA PRIMARY STRUCTURE AND YOKE 

• NO ANTENNA PERFORMANCE PENAL TV 

167 



0180-24071-3 

MAINTENANCE SCHEDULE-HOW OFTEN TO REPAIR 

The maintenance schedule employed for servicing the antenna deals with (I) how often to repair. ( 2) how rapidly to repair once 

the antenna is reached. a!ld ( 3) when (time of day <tn<l year) the antenna should be repaired. 

In this chart the effect of how often illustrates the average power output factor and the associated lost re\'enue. As the antenna is 

repaired more frequently. the average power m1tput is higher and accordingly tlw lost revenue is Jt>ss. h should be noted. however. 

that for frequencies more often tlwn (l months the benefit gets proportionately less. Further maintenance analy;;.is will utilize thi: 6 

month repair frequency concept. 
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Maintenance Schedule 

How Often To Repair ______________________ .._ ________________________________________________ •llllNll----

SflS.1903 

• KEY PARAMETER: POWER OUTPUT FACTOR 

• 1% TUBE FAILURE GIVES 2% POWER LOSS 

• 4% TUBE FAILURE PER YEAR 

• ANNUAL REVENUE - $3.5 BILLION 0 100% OUTPUT FACTOR 
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:~AINTENANCE SCHEDULE-HOW RAPIDLY TO REPAIR 

Once the s~hellite is 1c~1ched. a key issue lhen hecomes how quickly lhe repair should be ix~rformed. The key factor in this issue 

then is how many repair crews and associated equipment arc provided. The factors tu be considered in this iu1stssment are indi· 

c;.itcd and arc discu!IScd in tnc subsequent · .11rts. 
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Maintenance Schedule 
How Rapidly To Repair __ _._._._._:;. ______ .._ ____________________________________________ •llllAlll ____ _ 

IPl·1IOI 

KF.Y PARAMETER: CREW llZI 

FACTORS: 

• DOWNTIME-LOST REVENUE 

• CREW LOQISTICICOST 

• MAINTENANCE PROVISIONS COST 

HABITATS 

REPAIR EQUIP 

• PRACTICALITY 
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DOWN TIME COST 

l>own time cost dt•als with the :11.:tm1l time the s;itcllitc is shul down mul nol transmitting power. U!1il1¥ lhe semi·annual maintc· 

nance ;ipproach a lot al J800 lubes per sate Iii le involvintz 2850 hours of work are involved. C'haracleristics for each repair crew arc 

indicated and result in ;i down lime of 14 d11ys per scmi·unnual n.•p;iir whL'll usin¥ 0111" repair new per satellite. Larger numbers of 

L'rcws rcdm:c the down tillll.' and lhi• rcsultin11 down linw cost. 
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Downtime Cost 
____________________ .... ________________________________________________ .,,,,,,,,,, ___ 

,,..,. 

,. 
a 
~ 12 
e 
"" . I 

• SINGLE TUii REPLACEMENT TIMI!: •MIN 

TOTAL TUBE A!PLACEMENT TIMI: •o HRI 
• SIMl·ANf4UAL REPAUt 
• 3800TUBEI 

• REPAIA IVSTIMI AND OPIRATIONI PIA CREW 
• 10 A&l'AIRVIHICLES/ANTINNA (FIXED IQUIP) 
• 2 SHIFTS (TOTAL OP 80 PIOPLI, 
• 10 HOURS/SHIPT 

• RESULTS PIA IA':'iLLITI 
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LOGISTICS COST 

Logistics cost, meaning the transportation of crew and their supplies. 1~s lll' with the numb\lr of crews as indicated. It must be 

noted however that although the higher number of crews ml.'ans morl.' cost. that .:01111,lement of people also has a greater potential 

in terms of how many satellites can be repain~d in a i?iw11 incrl.'ment ol' tim"" Performing an l.'qual amount of work (repair of satel· 

lites) therefore JS necessary in order to haw a legitimate "'omparison. 
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Logistics Cost 
____________ .... ______ _. ________________________________________________ ••111W1'---

IPl·110l 

• ONE SATELLITE IN ORBIT 

• A CRIW II IO PEOPLE 

• 2 RIPA1R K»RTllS/IATILLITl/VIAR 

• SHUTTLE GROWTH TO LEO 

• CHIM OTV TO GEO 

fllPAIR poTINTIAL 

1 2 .. • 8 1 2 4 I I 

NO. OF CREWS AT SATELLITE NO. OF CRIWI AT SATELLITE 
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MAINTENANCE PROVISIONS 

The third key factor in the issue of repair specJ is the amount of maintcnanc"' provisions. The two kc.•y provisions In this cose ar~ 

the movable crew habitats and the actual repair equipment (mainhmance 1antry and uehlcle) that is fixed to the satellite. Major 

characteristics of each of these systems are provided including mass and cost estimates. A I S'P capital char1e factor (same .n used 

in costin~ the satellite) is used for the write·off. 

176 



D 180.2407 J ·3 

Maintenance Provisions 

-------.. ~,~-~--------... ------------------------------------------------•1111••----
• CREW HABITAT 

T .. _R_E_c_,,_H_v_. _,,_T/S_u._v_• ... 
PERIOTRS 

11.0m RAD SHEL TER/ITORAGI 

l PEASOTRS ,____,____. 
'GALLEY/DINI/CONT 
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• ONE iiAllTAT PIR IO PIOPLE 

• MODlfllD CREW OUARTIRI MODULE 
• 2•0.000k1 
• '240 MILLION INVllTMENT 

• 11" CAPITAL CHARGI 

• GANTRY/REPAIAVIHICLI (EA) 
• 1,000 kl 

• 120 MILLION TPU 

• 11" CAPITAL CHARGE 

• TRAN.ORTATION COST 
EARTH TO GEO SELF POWER • '48Jk1 
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CREW SIZE COST 

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

terms of annual 1.v:>t. For the case of only one satellite in orbit, two crews pe. satellite gives the least cost. For the I 0 sat1.'.:::tes in 

orbit case, two and four crews give about the same annual cost. It may be noted that in the 10 satellite case the down time 111d the 

permanently installed repair equipment at the satellite have a much greater impa.:t on total cost. From this trend it woulJ appear 

that with a greater number of sarellites in orbit. a larger number of crews may be more cost optimum. Selection of the number of 

crews at the satellite, however, requires a final consideration in terms of the pradicality discussed on the next chart. 
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Crew Size Cost 

SPS·190I 6llllllNll-

ONE SATELLITE TEN SATELLITES 
COST CODE 

800 -·SATXPORT 4000 

-REPAIR EQUIP 
-'HABITAT 

mi1 -CREW LOGISTICS 

600 -DOWNTIME en 3000 - ~ Cl) 

z 
2 _, _, .... i .... 
i -

§ 
~ ~ 

- 400 2000 t; 
8 _, 

c( .... :::> <C z :::> 
~ z 

~ 200 1000 

0'--_...._ __ ~.1-..-""---~,___...._ __ 
2 4 8 

NO. OF CREWS AT SATELLITE NO. OF CREWS AT SATELLITE 

179 



0180-24071-3 

CREW /EQUIPMENT UTILIZATION-PRACTICALITY 

This chart attempts to illustrate the relative complexity of actually integrating into an antenna various numbers of repair equip· 

ment. It may be remembered that each crew utilizes 10 rep;:ir vehicles. 20 hours a day (two shifts). For the case of one crew, 10 

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

pletes the repair of antenna number I they move to anlt>nna number 2 for its repair. 

Use of two crews at the satellite allows one crew to work on t>ach antenn;i i11 parallel. Consideration of four crews requires addi· 

tional repair vehicles to be installed as indicated. When 6 or more L·rews are considered several repair vehicles must be put on each 

gantry which results in potential dynamics problems and/or multiple gantries installed per channel. 

From the standpoint of cost. four crews appear rcusonable. and from a crew equipment utilization viewpoint the same number of 

crews may be the pra..:tical limit. Four r;rews per satellite are wnsequently selected for the remainder of the maintenarcc analysis. 
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Crew /Equipment Utilization 
Practicality ____________________ .._ _____________________________________________ .. ,,,,.,. __ __ 

SPS·1901 

I 

CHANNEL NO. 

~ 

~GANTRY 
REPAIR VEHICLE 

ANTENNA NO. 2 
~ 

1 CREW~-_ S,!R!,!S_ - j 

t PA;ALLEL t 
2CREWS 

ANTENNA NO. 2 ...........___. 
I 

SCREWS 

t 
3 
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MAINTENANCE SCHEDULE-\,HEN TO REPAIR 

A third key issue regarding the maintcmmi.:e schedule is when the repair is to be performed. Two subissues are involved in this 

primary issue. The first of these deals with the time of day maintenance is to be performed, while the other concerns itself with 

the time of year. Both will be discussed in subsequent i.:harts. Kl'Y i.:onsiderations in these issues are similar to past issues with the 

additional consideration of the impact on the ground power grid. 
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Maintenance Schedule 
When to Repair 

------------------------------------=-------------------------------------•1111.N•----fPS.t9t4 
I 

e KEY ISSUES: 

• TtME OF DAY-DOES IT PAY TO LIMIT REPAIR TO A FEW HOURS AROUND THE 
DAILY OCCltLTATION DURING EQUINOX? 

• TIME OF YEAR-DOES IT PAY T·~ REPAIR JUST DURING THE EOUINOXcS1 

• KEY cor~SIDERATIONS: 

• DOWNTIME COST 

• LOGISTICS COST 

• GROUND POWER GRID IMPACT 

e KEY VARIABLE: 

• NUMBER OF SATELLITES 

• 
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WHEN TO REF'.\IR--ORBITGEO\fETRY 

A hy fodor in analy,:1n!l lh1.• "wh1..·11 to repair" issUl' is the orbit itcomdry imolvcd sitwc down lime is a rn11.ior fm:tor. The tim1..~ of 

day issue lkals with utili1ing the daily m:rnllulion tiilw 0..:1.·urrinµ during the l'q 11i11ox when an ;1vcral!(c of SO minutes p1.·r day of 

mand;1tory ..,atcllit,· down tin.1.· twi.:urs. 

I"' tinw of y1.•ar issue lkals "ith i.:011fi11i11iz the r1..·pair to tlw 1..•quinox wl11d1 lasts 44 days. In tht.~ 1..•xtr1..•mc cas1.'. l>tlt.! can also con­

sider th1..• i:as1..· of doing the repair work h1.·g;1111ing at lhc ht.~!linninit of 01h ..:q11inox and l11stin1t until th1..~ hcginnina of lhi.~ s1.·cund 

equine; whid1 1111..·;ms I XO days availi1bk• to rcp;iir tlw satclliks. 
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When to Repair 
.Orbit Geometry ________________ ..... __________________________________________ ..,.,.. __ __ .. ,.,. 
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UAILY REPAIK SCHEDULE OPTIONS 

Two primary <lptions w1.~n: 1:onsidcred rcl;atiw to the c.Jaily repair schedull.'. Thc first of thl.'iw c11llt~c.J "('011tint1ous" involves shuttinii 

down the s·1tdlit.: ;and then workintt on it until finished usin.i four crl.'ws per satl.'llill.'. Using four crews per satellite reimlts in a 

n:p·1ir tinll' of 3b days. A rrnnsp,>rtation tllnc of% day to llw next satellih.• and '!l day to aclivatc the repair e<1uipment al lhc salcl· 

lite results in this 011e group of four 1:rcws rep<1iri1111 10 s;1tellilcs durin1t <1n 1.•q11inox period. 

A:1 •1ltern:ile daily repuir sd11.·duk would he un inkrmith·n111pproad1 whkh centers the n.'f1<1ir around the 50 minuh~ occultation 

period p1:r d;ay. In th1.' 1:;asc inwsti1rntcd. about 4.5 hou~s ;m.· added on 1.•ith1.·r side ot' the m·cull;ition pcl'iod makinlJ it a 10 hour 

work day as has ht•cn used tll' :H1~ho111 th1.· study. Si111.·1.• only one l<J hour shifl is worked. cm:h 1.·rcw ..:onsists of only 30 people. 

This 1:ornhination results in n:quirin)l 7 d;iy'i tn n:pair 1.•ach s.itellite illld cunsequ1.·ntly a group of 4 crews can only repair S satellites 

during an .:quin'" period. Th1:refon:. in ord"·r to repair I 0 'lall.':lites ;is was ;in·o1111,lished in option one. another group of 4 crews is 

required for the repair d the othi:r 5 ~rntdlitcs. 
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Daily Repair Schedule Options 

e CONDITIONS 

• 2,llO hr OF REPAIR PER SATILLITI 

• MAXIMUM OP' CRIWI PIR IHIPT 

• 10 REPAIR VIHICa..11 PIR CRIW 

•OPTIONS 

• ,INTIRMITTANT-CINTER AROUND OCCUL TATION 
-oNI 10 hr SHIPT 

GROUP1 
•CRIWI 
ao PIOPLI IACH 

GROUP2 
4CRIWI 
30 PIOPl.l IACH 

•CONTINUOUS-UNTIL DONE-TWO SHIPTI 

GROUP 1 
•CRIWI 
IO PIOPL.1 IACH 

3.1 DAVl/IAT 
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DAILY REPAIR SCHEDULE COMPARISON 

Comparison of the two dally n.:pair scheduh: optiol\s with 10 sutcllitcs in orbit indicates no appreciable difference in cost. The 

ground grid im!)a<.'t, howev=r. shows that •:u: "continuous·· repair case only has one :imtellite shutdown at a timll! while the "inter 

mittt•nt" approach requiring two groups working in purnllcl has two s<1h:llitcs shutdown per unit of time. The effeoct of the satellite 

shutdown during a low power period of tht• duy v-:rsus continuuusly shut down dming a 3\12 d<iy period has not ht'en unulyzed at 

this time. 

further analysis therefore will mak"· use of the "continuous" reruir approach. 
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Daily Repair Schedule Selection 

e DOWNTIME 

•LOGISTICS 

e GROUND POWER GRID 
SATELLITES DOWN 
PER UNIT OF TIME 

e 10 SATELLITES 

e ONE EQUINOX 

~'!JOUf 

24 hr/DAY 
2.1 DAY/SAT 
(1310M) 

4 FLIGHTS 
Cl100M) 

ONE 

SELECTION: CONTINUOUS UNTIL DONE 
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11 hr/DAV 
7DAY/IAT 
(IDOM) 
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TIME OF YEAR REPAIR OPTIONS 

·i he tirn: of ye:1r comparison is nrndi.: at a tim1.· well into the SPS program where I 00 satellites arc in orbt. The first of 1 .• •1.• options 

called "only during equinox" means all \00 "atcllites arc repaired during the 44-day equinox period. This of course .,1110 occun 

during the second equinox period when using a semi-annual maintenance 1.:or11.:cpt. As indicated in the time of day a .. ah is, orr•: 

group of 4 crews c.111 repair \fl datelliks in 44 days. Th1.·refore to repair I 00 satellites, I 0 groups of crews arc rcquin .' t1. r•7•: , ;r 

~he s;•tl.'llitcs in the designated time. 

Thi.' s1:rnnd r1:pair option calll'd "1:quinox to 1.·quinox" has tfac crew beginning to wo1 k on the satellite at the start of one equin<'X 

and continuing until the start of the next t•quinox, at which time the cyck• is repeated again to satisfy the semi·annual maintenance 

c<lntract. Working in :his nrnrm•r. a total of 180 days is available to repair the satellites. If each group can repair 20 satellites, a 

total of 5 groups arc required to service the I 00 satellites. 
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Time of Year Repair Options 

• CONDITIONS 

• 100 SATELLITES IN ORBIT 

• 4 CRIWS/2 SHIFTS 

•TRANSFER TIME BETWEEN SATELLITES AND EQUIPMENT ACTIVATION• 1 DA\' 

•OPTIONS 

• ONLY DURING EQUINOXES . 
GROUP1 
•4CRIWS 

GROUP10 
•4CRIWI 

• EQUINOX TO EQUINOX 

GROUP1 
•4CRIWS 

I 

GROUP I 
•4CRIWI 

---

---

---

- .... -
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TIME OF YEAR MAINTENANCE SCHEDULE 

The sd1ed1 e used by the news in these two options is shown. Fol' the "only during equinoit" options. the I 0 groups are working 

in: uallel on 10 different satellites ·ind hy definition finish the repair work in 44 days. When crew orhital stay times of 90 days 

are used, the remaining 46 d;1ys arc spent back ;1t the GEO final assembly b;1se doing klystron tube refurbishment. The second set 

of 10 groups repeats this operation hl'tw1·cn days 180 and ::!70. 

The "equinox to l'quinox" option involvt•s five groups of 1.·rews to accomplish the required work. The implemq1tation of this 

option h:•<; thrct groups rt·p<1iring satellites the first 90 days in conjunction with two groups stationed at the GEO final assembly 

base doing kl;·stron tube rcfurbishnwnt. Thl· Sl'L·ond 90 day period has two groups repairing satdlitcs I for a total of five groups in 

180 days) along with three groups n:furbishi11g klystron tuhL·s. 
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Time of Year Maintenance Schedule 

--------------------.... ------------------------------------------------•1111111•-­... ,.,. 
e OPTION 1-0NLY DUPING EQUINOXES 

0 90 180 270 380 DAYS 

,--·-----------------------------
1-----

MAINTENANCE 
GROUPS 
(4 CREWS EACH) 6 ---t--

,, _____ _ 
1&----

10- 20----

REPAIRJGEFURBllH TUBEI 
SATELLITES AT GEO BAii 

(1,800 CREW DAVI) 

e OPTION 2-EQUINOX TO EQUINOX [j> CREW ROTATION 

0 90 180 270 380 DAYS 

REPAIR 

..-------c~~-[l>--1----c-~---:-~-C-R ______ CR 

GROUPS 3 
(4CREWS EA) 2 2 

3 

REFURB 
2 GROUPS 

(4 CREWS EA) .· 2 
3 3 
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TIME OF YEAR MAINTENANCE SCHEDULE SELECTION 

Comparison of the two ..,,aintenance schedules indicates a small cost advantage for the .. only during equinox" option for those 

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

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

the "equinox-to-equinox" option. Another factor highly in favor of the "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-to-equinox" maintenance should be utilized. 
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Time of Year 
Mai~tena11ce Schedule Selection -------.,..--,12" ____________ .._ ___________________________________________________ •• ,,"'.--

•DOWNTIME 
(ANNUAL 

•LOGISTICS 
(ANNUAL) 

e MAINTENANCE 
HABITATS 
(AMORTIZED) 

• REFURB FACILITY 
AT GEO BASE 
(AMORTIZED) 

e TOTAL COST DELTA 

•GROUND GRID IMPACT 
(SATELLITES DOWN PER 
UNIT OF TIME) 

ONLY DURING 
EACH EQUINOX 

• 3.38 DAYS/100 SAT 

• $6720M 

•40CREWS 
• 2 TIMES/VEAR 
•$2,000M 

•40UNITS 
•$1,440M 

•20 UNITS 
•$960M 

$11120M 

10% 

SELECTION: EQUINOX TO EQUINOX 
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EQUINOX TO 
EQUINOX 

• 3.38 DAV/30SAT 
• 3.5 DAYnOSAT 
•$6,900M 

•20CAEW8 
• 4 TIMES/VEAR 
•$2,000M 

•20 UNITS 
•'720M 

• 8 UNITS 
•$270M 

$9890M (11% SAVINGS) 
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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 tlu~se 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 OJlly a "ew 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 perfonned. Each sortie to GEO has a payload con­

sisting of maintenance habitat plus completely refurbished klystron tube modules. 

Option :! consists of installing as permanent equipment at each satellite the required maintenance habitat and refurbishment facil­

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

to go klystron tuLe modules. 

Option .3 ~as the maink.1anc1.· elements all based at the GEO final assembly base. All maintenance crews and klystron tube 

module components come to t:1e GEO final assembly base. Maintenance sorties to the satellite are made from the GEO final 

assembly base and include crew habitats and completely refurbished klystron tube modules. After the satellite is repaired. tr.c 

sortie returns to the GEO final assembly base with the failed klystron tubes where they will be refurbished with components that 

have previou~ly been brought up. 
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Maintenance Mission Options 
______________________ _. __________________________ ..... _________________________ "'"''Afll-

e KEV ISSUES 
• MAINTENANCE HABITAT LOCATION 
• MAINTENANCE FACILITY (REFURB) LOCATlt. ' . 
• TRANSPORTATION . 

OPTION 1-LEO BASED 

© 
•CREW 
•NEW KT 
• M.H. 

@REP.PJR 

-- ..... 'SAT) \ ... ...... ______ ~,,,,_ 
, 

@ ,,. 
•CREW 
• OLDKTM 
• M.H. 

© 
• REFURB 

LCB COMPONENTS 
M.F. 
M.H. 

• LCB • LEO CONST BASE 
• GFAB • GEO FINAL ASSEMBL V BASE 

OPTION 2-SA T BASED 

MH 
MF 

<D 
•CREW 
•COMPO 

NENTS 

@REPAIR 

~ REFURB 
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OPTION 3-GEO BASED 

<D 
•CREW 
• CO:APO 

NENTS 

2
e CREW 
•NEWKTM 

@ •M.H. 

•CREW 

• M.H. •MAINTENANCE HABITAT 
• M.F. • MAiNTENANCE FACILITY 
• KTM • KL VSTRON TUBE MODULES 
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TRANSPORTATION REQUIREMENTS-MISSION OPTIONS 

Comparison of lh.: mission options for th1.•lr 1r:u1s1,ortoition Mtuir.:mcnts in tl.'rms <>f J'1tylo11d nmH 11nd dcltu V lndh:ates Option J 

using GEO based syslcms the mtl!ll dcsirnhk. 

Option I with the muinh.•11an1.·1.• sysh·m b<l!ICll nt LEO has both hi»h mas!I sine\' huhilat11 and com11lctl.' kly"1ron 111odulc11111u1t he 

transporh•d and hia,th d.:ICa V sin•:.: lh~·sc two l.'11.'menl!I nrn11l he broua,tht buck lo the Lf.0 h1111e. 

Option ~ with lh.: nu1in1.:nanc"' syst.:m rcrmanl.'nlly uum.:hed ll> 11utelllt.:11 only r.:,1uir.:11 contf'<>m•nt!I whh:h h.iw 11 n111H .l8'A ua 

much as complete kl)'!Uron tube mo,lul.:s lo he d.:liv1:r.:d lo cam. Al1hou1i1h I his Ol'I ion i111i1ood frc.lltl th1.• trnl1!1J'Orlalion stand· 

poinr. insl11llaiion of the habitats ;uul rdurhishnwnt focilitics al .:uch satellih• l'fl.'!l\'llt!I an U1\a..:c1.•1,tuhk invcstmcnl cost. 

Option 3 also only delivers klystron comrlin.:nt!l lO GEO (ufter the habit.ii!! und rl.'l'urh facilities urc initially d.:llwri:dl and them 

transli.'rs thl.' h•1hilat and rl.'l'urbishl.'d klysuon lulw moduks from onl.' sutl.'llite to unothcr which involws wry sm:1ll dl.'llu V r1.•,1uirl.'· 

men ts. 

198 



DI 80-24071 ·3 

Transportation Requirements 

Mission Options ------.... ~, .. ~--------.._ _________________________________________ ..,,,,,,. ___ 
(J> LI0/010 IXCI" Al NOTID 

(J> QI0/010 

llOO 
300 

llOO 

I 
I 

RQUNQ TIUP AVIM4) ~ 

11 • 

01 ..... ----~~--~--~';o...-...K;A---....;.--..K.&...--.K.ill~....l~--
MA I NT KTM I COMPC). COMPO- !WIAliP'T KTM 
HABITAT NINTI NINTI HAllTAT 

O"ION 1 O"IONI onlONI 

KTM • KL VITRON TUii MODULI 
• 
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SELECTED MAINTENANCE MISSION CONCEPTS 

The fimtl operations associated with 11 typic11190·d11y 1~ri<>d 11re illustrated. After the 20th 11tellite h11 been repaired, the crew and 

habit;1t return to the GEO t"inal assembly base whrn.~ the lu1bit11t is left for the nexr repuir cr"'w. The Initial crew then returns back 

to the LEO construction base and ev"·ntually back to Earth. The refurbl!1h1111mt crew h111111110 compkted their 90 day stay time 

and also return!! back to Earth. 

Four 11(.'W repair 4.'r(.'W!I and four new refurb1shnu:n1 "'rcws are then trnm1fcrrell to the Gl!O final assembly base. Thi: complete cycle 

is n:peatcd ugain. The crcw size at the GEO final ;issemhly hmu.! will haw 11 m11ximmn operutina 1ize of 310 (240 1111ociated with 

refurbishment and 70 wit:1 sntellill.~ assembly> unll ut tlw timc the four r"'l'••ir crews Nlurn nt the end of their tour of duty the crew 

size will be S ~O. 

The annual number of orbit transfer whicles 1111d launch whh:les ni1thh whkh occur in the maintenance of I 00 satellites t1re also 

indicated. During I his lirnl.' reriod, 1m1intcnunc.: op..:ralions will compll.ltcly dominul«.' the GEO tran1port11tion op.:ratlons rather 

than assembly of saldlih.•s at GEO. 
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Selected Maintenance Mission Concept 

---~~~----.... ------------------------... 1111•--

B> 
OTVNO. 1-4 

•REPAIR 
CREW 

•SUPPLIES 

• PLIGHT OPIRATIONI POR ONI RIPAIR AND ONI RlfUR8 
MAINT GROUP IACH CONlllTING OP 4 CRIWI 

T~4.IDAYI • 

GEO FINAL 
ASSIMIL Y - - -
BAii 

OTV NO. 
•RE FURi 

CREW 
•SUPP LI El 

LEO 
CONST 
BASE 

QTVNO.t (J> 
•KTM 
·COMPON&NTI 

KTM • KLYSTRON TUBE MODULI 

OTV#I 

OTV#1:f 
eCRliW 
•HABITAT 

OIV«1RB> 
eKTM 

COM PON INTI 

LEO 
CONST 
IAIE 

ALL OTV'S HAVE Wp • 4eok kg. NO PROP TRANIPER REQUIRED AT GEO 
1 .. SEPARATION BITWllN SATELLITES 
COMPONENTS COULD IE DELIVERED VIA SELF POWER MODULE 
CAN II DILIVIRID BEFORE OTV NO. I RITURNI 
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SELECTED MAINTENANCE MISSION CONCEPT 

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

these charts will be those associate<. with one GEO final usembly base and the operations associated with one repair aroup and 

one refurbishment aroup. Other final assemblv bas~• would have comparable operations. 

Once maintenance operations are begun, the GEO construction base serves 11 a major stagina depot for the maintenance crews and 

their hardware in addition to its role <'f constructina the satellites. Typically, the followina operations occur. Four repair crews 

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

At approximately the same time another omit transfer vehicle delivers klystron tube module components to be used in the refur· 

bishment of failed tubes. 

Refurbishment crews remain at the GEO final assembly base, repairina the failed klystron tube modules that have previously been 

delivered by other repair crews. Repair crews transfer to the satellite desianated for repair takina with them their habitat. The 

second stage of the orbit transfer vehicle which brouaht the crew to GEO is l'lled for the transfer to the satellite. 1 he second stap 

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 the first satellite to be repaired. 

At the completion of repain on the fint satellite. the crew and habitat transfer to the next satellite to be repaired. The other 

orbit transfer vehicle transport the failed klystron tube modules back to the GEO final assembly base where they will be refur· 

bished. The OTV then returns back to the LEO construction base. Prior to this time, however, another orbit transfer vehicle has 

come from the LEO construction base to the GEO final assembly base delivering additional klystron tube components and 11 then 

dispatched with completely refurbished klystron tube modulesto the se,·.,nd satellite that is to be repaired. 

This cycle is repeated for each sateJlite to be repaired. 
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Sel~cted Maintenance Mission Concept 

----------------------..a.--------------------------------------------------11111111t1111--.,., ... 

OIV#1=4 
eCREW 

T•IODAVI 

- ~ITAT OTY#1:4 
eLEAVE 

HABITAT 

---
ory12z 
eLEAVE 

OLD KTM 

GEO 
FINAL 
ASSVBASE 

, J 

OIV#28 
OTV#27 eKTM 

COMPONENTS ,, \ 
LEO 
CONST 
BASE 

ANNUAL FLT SUMMARY (100 SATELLITES) 

• 280 OTV FL TS TO GEO 
e400 OTV FL TS GEO TO GEO 
e360 HLLV FLTS TO LEO 
e80 SHUTTLE GROWTH FL TS TO LEO 
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SATELLITE MAINTENANCE SYSTEMS 

The satellite maintenance systems and their location on an antenna are shown on the next two charts. The systems are shown as 
they relate to one side of one antenna. Since four crews work on each satellite, those same systems are pr~:;ent 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 to incorporate a cargo distribution system and has structural additions to allow maintenance pntries to be posi· 
tioned so they can be maintained and supplied with new klystron tube modules. 

The 60 person crew is delivered to the satellite in the crew habitat usin@. the second stage of the OTV that initially brouaht the 
crew from the LEO construction base to the GEO final assembly base. Once at the satellite (antenna), a crew bus is used to trans· 
fer persons between the l1abitat and the maintenance repair vehicles. 

Cargo, primarily in the form of klystron tube modules is also delivered to the satellite using u dedicated OTV (stage 2) that had 
initiaJJy brought klystron components to the GEO final assembly base for refurbishment of "failed" klystron tubes. The opera· 

tions associated with an OTV include docking and release of one klystron tube rallet on one side of the antenna and then free· 

flying to the other side of the antenna leaving another rallet followed by flying to the other antenna and leaving two pallets in a 

similar manner. At the completion of the repair operation, the rallets are loaded with ••failed" klystron tubes. The OTV then 

moves to the four docking locations collecting the pallets and then returns them back to the GEO final assembly base where they 

will be refurbished. FoUowing the release or the '."'allets, the OTV returns to the LEO construction base where it is made ready to 
deliver another load of klystron components. 

The actual distribution of the cargo around the antenna is accomplished through use of cargo transporters operating on the track 

system on two sides of each antenna. The cargo transporter system consists of three separate units attached together to form a 

"train". The middle unit is a control 1.1nit that has a crew cabin. power systems and crane/manipulator that moves the cargo 

between the train and the maintenance gantries. Units on either side of the control unit are essential!~ trailers that carry either 

new klystron tube modules or those that have failed and have been removed. The train system moves ~lown to each gantry and 

delivers to it the number of klystron tubes required in that particular antenna channel during one shift or one day of operation 

depending on the channel. 
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Satellite Maintenance Systems 

------~s=ftS.~1~940::---------.... -------------------------------------------------•••,~•-----
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Satellite ~aintenance Systems 
____________ ...; ______ _. ________________________________________________ .,.,, .... 
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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 function pf the estimated number 

of tube failures. This value is l:irger 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 tub~s per subarray. Consequently 

it will be noted that the middle channel has three maintenance systems consisting of a gantry and repair vehicle. 

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

identified for repair-3 l /2 day~ per satellite. The addition of I /2 day to the schedule, however. will not appreciably alter the 

prior analysis. 

It should also be noted. the outside channels require far less time to repair and less equipment due to fewer failed tubes. Con· 

sequently when the crews assigned to this particular equipment arc finished. they can then be used to repair other components 

on the satellite such as the de-de converters mentioned earlier in the discussion. 
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Antenna Maintenance System Installation 

____________ ..;;. ______ -'------------------------------------------------···,~·---... ,m 
• ESTIMATED TUBE 

FAILURES PER 
IMO 

• CHANN~L NO. 

GIMBAL--.. 
• NO. OF MACHINES 

• DAYS TO REPAIR 

24 hr - 3.4 3.2 3.3 
DAY 

1A --20hr/DAY 
3.6 DAY ALLOWABLE 
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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. Dow11time luss is the 3-1 /2 to 4 day 

repair time per satellit~ occuring twice a year. A 3'/,. allowance for such thir.gs as unexpected failures and unknowns is also 

included. 

The total cost to maintain I 00 satellites per year is over $I I billion or approximately $I 18 million per satellitt!. It should be 

noted that some of these costs are annual costs such as transportation (ddiwry) while others are amortization 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 $0.0015 per kilowatt hour. 
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Annual Operating Characteristics 

-------------------------------------------------------------------------••llA'll---SPS-1833 

PLANT FACTOR LOSSES 

e OCCULTATIO~~ 
•OUTPUT DEGRADATION 

DUE TO FAILURES 
e PLANNED MAINTENANCE 

DOWNTIME 
e ALLOWANCE FOR OTHER 

FACTORS 

ESTIMATED FACTOR 0.92 

•MAINTENANCE COST 
($/kWh) • 

• 

MAINTENANCE COIT/YEAR (100 IA TELLITEI) 

• CREW DELIVERY 
e KTM DELIVERY 
e KTMCOST 
e MAINTENANCE HABITAT (J::> 
e FCEFUA8 FACILITY{.!;::> 
• REPAIR EQUIPMENT (J::> 
• REPAIR EQUIPMENT DELIVERY 

TOTAL 
AVG/SAT 

ANNUAL MAINT COIT/SAT 
8,788 HR x PL T FACTOR x 107 kW 

$118 x 106 
• 0.0016 • 8,788 x 0.92 x 107 

12,GOOM 
S3,386M 

•1.120M 
'720M 
IZ70M 

12,400M 
•1,4IOM 

$11,78&M 

S111M 

(3" OF YEARLY REVENUE) 

(!:> .AMORTIZED (15% CAPITAL CHARGE) 
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MAINTENANCE ANI> OPERATIONS SUMMARY 

An overall summary of the 5ckctcd nrninhmanci.:• :111Jlfoai:h for i:ach of the key i11ulil1 nMUioncd 111 thi.! b1:1innin1 of the 11nalysl1 

is presented. Althoutth these sclectioni1 should 1101 be consldeMI 111 th.: 111011t ortlnrnm they do rresent a re111onabh: ;approach 

from the standpoint of both cos I and Nm:~ kality. In i1ummary. maintalninl( 11olur f'OWcr 11uh:llit~11 doc~ not l''''!!l('lll an ovi.:rwhchn· 

inll obstacle: as 1ome h11d initially 'mvis1oned. 
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Maintenance and Operations Summary 

----------.... -- ·----------------------INllNll'NIMI-
e KEV CONCERN ••••••••••••••••••••••••••••• -·~················KLVIT'RON 'NIU 

e LEVEL OF REPLACEMENT.·-·-··························· TUii MODULI 
e REPAIR CONCEPT····--·················--················ VERTICAL ACCI• · 

CUBIC llCONDARV ITRUCTURI 
"A" PRAMi PRIMARVITRUCTURI 

• FREQUENCY 011 MAINTENANCE •••••••••••••••••••••• ~ ••• UMl•ANNUA&. 
e MAINTENANCE SCHEDULE ••••••••••••••••••••••••••••••• EQUINOX TO EQUINOX 

DAIL.V UNTIL. DONI 

e CRIWlllATILLITI ······-···································"°"" 
e MAINTENANCE HAllTAT •••••• _ •••••••••••••••••••••••••••• IAll AT Gl'AI 

MOVI TO IATIL.l.ITI 

e REFUIRllH LOCATION········-··· .. ••••••••••••••••••••••• AT Ol'AI 
e LEO.QEO TRANSPORTATION --···························CRIW---CHIM OTV 

••• COMPONINTl--CHIM OR MT MODULI 

e -CllO.QIO TRAN.ORTATION ••••••·•-•••••••••• .. ••• .. •••ALL ITIMI VIA CHIM OTV 
e COITllATILLITE .•• - ••••••••••••••••••••••••••••••••••••••• LED THAN 1120 MILLION 

••• LE• THAN 2 MILL/KWHR 
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MPTS Studies 
___________________ ._ __________________________________________ _. .. ,, .. __ __ ... ,.,. 

• ARRAY ERROR ANAL VIII 

• ALTERNATE PRIQUENCV ITUDlll 

\ 
• PHASE CONTROL 

• RECTINNA 

l 

' l E. Nalos 

i 
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ARRAVERRORANALY~S 

GRATING LODE STUDIES 

The grating lobe Jlositions ;1long th1.~ prindpal pla111,.•s an: dekrmim•<l hy the followin1tt equation: X"' R t;rnhin· 1 1-~~-·-) where R is 
• lUIP 

the orthnginal rangl.'. 11 is the 1mler of the 11ralin11 lob1.'. l. is lh1,.• suh.irray lcn~lh. and )WP is tlh.' .;pudnq b1.•lwecn i1ub.irrays. In this 

study only the lohl..'s along thl' prindp;il planes l1;1ve heen studied. Tlw 1.·0111puh:r pru~ram is rmiscntl)' heinJ modified to study 

grating loh• hclrnvior at •lllY ¢> 1.·ut de!-.ir ... ·11. Sys11:11w1k tilt h<1s 1h1.· m;1jor et'f1.~,:1 on th1: 1m1ti111,l Joh1: k•vcls cover rnndom subarray 

tilt. powl'r t;1pcr. q11ointiz:1tion. suh:irray sp;idn1L <1llll other errors) due to lh1.· shiflinl,l of lhe 11.rnting lobe pe11ks out of the nulls of 

the subarray pattern. 
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Grating Lobe Positions 
____________ ._ ______ .._ ____________________________________ _. ............ .-•• llN•----

• • • • • 
• 10 x 10m MllARRAVI HAVI GRATING 

LOlll llPARAT•D IV440 km AT UI GHz 

• . • • • • • WIDTH 01' UN.LIT GRATING LOlll 
CORRE90ND TO• 13 km, IAMI Al 
MAIN llAM. 

• IVITIMATIC TILT HAI MAJOR 111PICT 

• • • • • ON GRATING LOii LIVILI. 

• • • . • • 

• • • • • 
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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. Ai a simple rule-ol'·thumb for each 

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

lobe levels may be larger than the first sidelobc <==23.S 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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Grating Lobe Peaks Produced by. 
Systematic Spacetenna Tilt __________________ .... .._ ___________________________________________ """,,,,.,. ___ 
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EFFECT OF RANDOM TILT ON GRATING LOBE LEVEL 

Two cases of random tilt are shown, one and four arc minutes. for three of the nine grating lobes studied. The random tilt is 

incorporated in the phased array computer program by adding a randotr angle to theta, utilizinr the Gaussian random number 

generator and the specified standard deviations of one or four arc minutes. 

220 



0180-24071·3 

Effect .of ~ndom Tilt on Grating Lobe Level 
____________________ .._ _____________________________________________ •lllllWI---

.,.,. 
0 1,000 

• . ..1- I 
(''"" 2 

40 

IO 

dB 
BELOW MAIN 
BEAMPEAK IO 

70 

80 

.e 0 +ekm 
I I I I I I I 

' ' '/\ 
v " 

3 

RANDOM TILT 
- 11rcmin ___ 4 arc min 

NO ERRORS 

4 

2,000 1,000 

I 7 8 

-· 0 
+ekm 

I I I I I I I 

I 
I 

' 

4,000 .DllTANCI, km 

I 

GRATING LOii 
NO. 

km 
I I I 

E)(pMDID 
PATTI RN 

·-----------------------------------------------------------..... 

221 



DIS0.24071·3 

SPACETENNA PAITERN ROLL-OFF CHARACTERISTICS 

The grating lobe levels are shown for both systematic and random tilt. For the case of systerniltic tilt, che gratins lobe peaks are 

moved out of the nulls of the subarray pattern. For random tilt. the grating Jobes are split because statistic1>1Jy the peaks lie in the 

nulls of the subarray pattern. 
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Array Pattern ~oil-Off Characteristics 
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Grating Lobe Effects 

----------------------.... ---------------------------------------------------•••1~•-Sf'S..1814 

' I 
i 
\ 
l 

' 

SUBARRAY TILT 

QUANTIZATION 

ILLUMINATION TAPER 

SUBARRAY SPACING 

OTHER ERRORS 

SYSTEMATIC TILT IS THE MAJOR FACTOR AND 
NEEDS TO BE MINIMIZED. RANDOM TILT HAS 
LITTLE EFFECT FOR NOMINAL VALUES. 

THERE IS NO DIFFERENCE ON THE.GRATING 
· LOBE AMPLITUDES BETWEEN THE CONTINUOUS 

GAUSSIAN DISTRIBUTION AND THE 10 STEP 
QUANTIZED DISTRIBUTION. 

AS TAPER DOUBLES FROM 10 TO 20 DB THE 
GRATING LOBE AMPLITUDES INCREASE BY 
0.1 DB 

FOR A UNIFORM OR RANDOM%" SUBARRAY 
GAP SPACING (1 •• ARCSEC), THERE IS NO SIQ. 
NIFICANT CHANGE IN GRATING ~OBE LEVEL. 

INCORPORATING THE NOMINAL ERRORS OF: 
100 RANDOM PHASE ERROR, 1DB RANDOM 
AMPLITUDE ERROR, AND 2% FAILURES PRO­
DUCE:D NO CHANGE IN GRATING LOBE AMPLI· 
TUDES. INTRA SUBARRAY ERRORS NEED 
FURTHER STUDY. 
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KLYSTRON DESIGN FOR S.8 GHZ 

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

to be further assessed. The assumptions made are: the same rf power level of 70 kw. same voltage limit of 42 kv. 5 segment 

depressed collector, output gap thermal stress of .5 kw/cm2, 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 frequency factor of :?.37. ·n1e 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 300°c operatioil, cavity Q's 

are reduced by I /12.37, resulting in an estimated rf efficiency reduction of 1.62% with a total efficiency re\luction of 3.59% 

including the increased solenoid power. 

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

weight were selected, the solenoid power could be reduced and the efficiency reduction would drop from 3.59'1?· to 2.61'1?·. 
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Alternate Frequency Asse~ment 

---------------------------------------------------------------------•••1••--

•KLYSTRON EFFICIENCY ANALYSIS 

•PARAMETRIC ACQUISITION COST ANALYSIS 

•FREQUENCY OPTIMIZATION 
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Klystron Design Parameters Versus Frequency 
__________________ .... ____________________________________________ "'""""""---

IPPICllNCV PARAMETIR 2AIGH1 l.IGH1 IAIGHI LIGH1 

CIRCUIT ,,_ O.lf7 O.MI '" ftOWIR 70kW 70kW 

ELECTRONIC ,,. 0.7. 0.7• 
llAMPOWIR AllkW M.11kW 
VOLTAGI 41kV 41kV 

COLLECTOR "• 0.14 0.14 CURR INT U4AMN &aAMN 

TOTAL ..... .• o .134 
PIRVIANCI • 1cr' O.llO o.• 
COLLICTOR RICOVIRV 11.lkW 12.ZO kW 

UNDIPREllED tJ 0.7• 0.721 NIT HAM POWIR IUkW D•kW - RP IPPICllNCV ... II.Ill 
IOLINOID POWIR 1AkW LI kW 
NIT IPPICllNCV ..... ..... 

228 



..... , 
Approximate S~ling Considerations 

for High Power SPS Klystron 

l.8GH1 
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Klystron·Mass Estimate 
____________________ .._ ___________________________ ~ __________________ ..,,"".--... ,. 

2AI GH1 (I"'· 2) UGH& 
ITIM ICALI 

WllGHT Ck1) · POWER (kW) 'ACTOR WllGHT ClctJ POWIR (lcWJ 

\ 
IOLENOID (JOOOC) 

1000GAU81 20 1.4-1.1 
3-ln ID, 4-1' In OD 
1Uln LONG . 
2,370GAU• 1.2 I.It 
1-31• In ID, 3-'6 In OD 1.1 3.1 

I.II In LONG 
IODY 

11.1-lnLONG 10 

:&II-In LONG ... 
COLLECTOR 7 ... 
RADIATOR . 

IODY AT 3QOOc ••• 1.Z 11A 

COLLECTOR AT IOO°C , .. 1.2 ... 
TOTAL 11.4kg 17.lkt 
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END-END EFFICIENCY DEGRADATION FACTORS 

To arrive at r dollar revenue from the arid, it is necessary to obtain a parametric expression with frequenc:y of the various effl· 

ciency dearadation factors. The attached table shows this variation, combinins in the best aluminum all the frequency inde­

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

A cursory analysis was also made of the difference of inte.srated attenuation fuctors for 2 different sites within U.S .• Seattle and 

El Paso. With unverified assumptions of how often an SPS beam would actually be in a cloud or rain path on a cloudy and rainy 

day, it was surprising to see the relatively small difference betwtien the 2 sites; even at S.8 GHz it was only I. 7%. These calcula· 

tions require further refinement. 
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Frequency Variation of End-End 
Efficiency Factors __________________ .... ____________________________________________ .. ,, .... ... ,. 

KLYSTRON ATMOIPHIRIC RP.DC ANTINNA AVIRAGID Poe OUTPUT ' llAM FREQUENCY EFFICIENCY LOaFACTOR RICTIFICATION RICTINNA 
'IK '1A PACTOR R EFFICIENCY 

"" 
TO GRID 

"• 
• 2.0 •.a" 0.111· 10ft ... .,.. o•• 0.1117,, 

2AI ··°" o.- 1005 .. 0 0.112 0.11.,, 

I.I 82A" 0.87 17.1" M.1 0.-1 0.-00Pp 
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MPTS ACQUISITION COST 

The parametric analysis is based on the assumption that about 5 GW of useful power output is desired. that Ionospheric heating 

effects scale as 1 /f2, that a 10 dB taper will provide adequately low sldelobes, and that the thermal dissipation at the spaceteMa 

center will remain the same. This means that the spacetenna remains at a I km diameter and the rectenna area is reduced by J/f2, 

and beamwidth by l/f. The number of subarrays for equivalent dimem1ional errors must scale with r2. The rf power level. to first 

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 taken@ 3¢ 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 2 and 2.5 GHz. The main value of the more intense ( 130 mw/cm2 on axis density) 5.8 GHz design 

is a reduced rectenna size, at an increased technical risk, and greater environmental impact. 
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MPTS Acquisition Cost Parameters 
____________________ _. ________________________________________________ .. ,, .•. ---

• RECTENNA COST AND DIMENSIONAL PARAMITIRI 

OPTIMIZED "OF DIPOLE AND L.ANDAND TOTAL FREQUENCY DIPOLES IU"°RT COSTPIR RICTINNA 
GHz PERM2 RECTENN~ AREA TO DIODICOIT • 111.07 COST M2,I RADIUS, km AAEAx 1 1STNULL eo.m, • M NRM2 •• 

2.0 124 114 IO 424 1,334 M 1.111 14.74 1.1:14 

2.41 ,. 80 82 444 •• 1.380 11.G l.Ol2 

1.8 1,038 11.2 • I03 180 o.en 42.11 2.271 

• SPACETENNA COST FACTORS 

FREQUENCY KLYSTRON ARM"f Y COST KLYSTRON KLYSTRON NO.OP •ACITINNA 
GHz COST POWER kW EFFICIENCY ... COITll •M Cl) '") ARRA YI 

2.0 630 1303 100 ... 4,440 1.241 

2.41 121 1IOI '70 • .... 1.312 

I.I 111 2078 • 11.NZ.I ·- 2.174 
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RETRODIRECTIVE PHASE CONTROL SYSTEM 

The basic central phasing system shown coherently receives the uplink and derives from it a signal to drive the transmitters in the 

central subarray (A0 ) shown at left. This same phast reference signal ((/)0 ) 1s used to conjugate (phase for retrodirection) the signal 

which has been received at the Kth subarray and sent down the connecting transmission line. Tht: conjugated signal returns over 

the same Jin~ rt:stdting in cancdlation of line length effects. By the use of an N-node reference proliferation system, it is possible to 

avoid having to run all the transmission lines back to the central array. It is nect:ssary however to re1enerate the phase reference 00 . 

A number of different circuits have been identified that can perform the receiving, conjugatin1. and phase reference regeneration 

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

antennas are proposed to permit the shifting of the apparent pilot phase center or position and hence compensate for beam motion 

due to propagation effects. 

236 



0180.24071·3 . 

Features of Baseline 
Retrodirective Phase Control _____ .. ___ ..... ._ ______________________ ,..,,"'. --
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Retrodirective Phase Control System 
--------.:...--..;_ ______ .._ ______________________________________________ ,.llllNO----
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SPS Phase System Comparisons 
____________ .;;;.. ______ .._ ________________________________________________ __. ... ,,,,,. __ __ 
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Phase Control Studies 
____________________ ._ ________________________________________________ ..,·~··------

... ,.1. 

e ALTERNATE APPROACHES 

• RETRODIRECTIVE IYSTEM 

• GROUND COMMANDED SYSTEM 

e ERROR _,DOET ESTIMATION 

• COMPONENT EFFECTS 
• PROPAGATION MEDIUM 

• ERROR MINIMIZATION 
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.... 

Atmospheric Attenuation Factors 
__________________ ..._ ____________________________________________ •llllAll/I ____ _ 

SPs-1888 

' GHz SEATTLE EL PASO 

INTEGRATED 2Ao 0.985 0.985 

ATMOSPHERIC I 

FACTOR 6.8 0.969 0.878 

... 

241 



... 1892 

I 
0 -... ... -CD 

• 

DI S0-24071 ~3 

Acquisition Cost and aevenue Variation 
With Frequency .. ,,,,,,, . 
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PHASE ERROR BUILDUP IN THREE LAYER REFERENCE DISTRIBUTION ~YSTEM 

The proposed phase ..:ontrol system utililcs thrt1.• layers as illuslrated. 95'/t· or lhe subarrays ant at lit.: third lnel. Errors due to 

conju5alors. trnnsmission line rd11.~dions. dipl\.'x1.·r <llHI lrnnsmitlt•r ndd in th1.~ dislrihution system as i11dic11ted hy the RSS formulu. 

Using lhc following estimated values or' ..:ompon1.•nt pha~c .:rrors 

The ..:umulativc RSS total is 7 .oo 

Con.i111mtor lttc • 0.60) 

Transmission Lin1.• (gj • 2.SO) 

Oiplcxer l8tf • I.SO) 

Transmitter (~p • 1.60) 
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Phase Error Buildup in Three Layer Reference 
Distribution System ____________ ..;.. ______ .._ ______________________________________________ ..,., .. __ _ 
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REDUCTION OF POINTING ERRORS BY THREE PILOT STATION SYSTEM 

The pointing errors listed are not correctable by the phuse control system. They cun prodLH'C power beam displacement from the 

rectenna. A ground system of 3 pilot stations is proposed to correct for these beam position errors should they develop to be of 

sufficient magnitude. This system utilizes monitor antennas placed about the rectenna. Displacement of the beam results in a 

corrective counter displa1.:emcnt of the pilot phase 1.:enter I or effective position), .,..he latter is accomplished by relative amplitude 

and phase control of the radiation from the 3 separated pilot antennas. 
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Reduction of Pointing Errors·· 
by Three Pilot Station System __________________ _. ______________________________________________ •lllllN•---

' POINTING IRRORI (dll) 

SOURCE 1 PIL.OT ITATION I PILOT ITATION 

DOPPLER Cl~ 2.2dee.~m•13.1m/1,2tb.,p•112 Hz) 1Aa!I& 10-I 7.11x 10-I 
• 

ABERRATION Czlm • 100 m/1) 11.3x10-I • ••• 1crl 

IONOSPHERIC DIFFERENTIAL (0.1 d1t 1 WAY RIPRACTION) Ulx 10-3 1.17x10'"" 

ATMOSPHERIC DIPFERENTIAL (0.3 dll 1 WAY REPRACTION, LOOx 1o-3 3.00x1,g-4 
2% IRREGULARITY) 

POINTING ERROR 'IAK •••• 1o-3 4.171• 1r' 
(dll) 

IM x 1o-I 1.221x1r' RIS 
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Random Errors for 3 Layers Phase Distribution 

--------------~----..... ---------------------------------------------•1111A111---... ,.72 

PHAll IRRORI (dll) 

IOURCI DIG 

PHASI JITTER 1.11 

TRANSMITTER NOISE (o/n • 30 di) o.• 
CONJUOATORS ca, • o.e d11) 1.04 

LINES ca, • Z.14 .. , 1.22 

DIPLEXERS cad • 1.11 .. , Z.11 

TRANSMITTERS (Ip• 1.1 dig) , .. 
DIFFERENTIAL DOPPLER (Vd • 1.21 m/1) 0.18 

PEAK:11.G8 Rll: 7.0I 

PHASE ERROR CAUSED &.OSI: 1.ln 
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GROUND COMMANDED PHASE CONTROL SYSTEM 

It is possible to transfer much of the phase control S)'stem ..:omplcxity to the ground. The ~round commanded alternate system 

shown here utiJizes a unique identifying tone that is modulated on the output of each subarray. From this low level sianal. the 

relative phase of a subarray's contribution to the total field is derivecJ. Phase shifter acJjustnurnts of the radiatell carrier phase are 

then commanded from the ground. To hold the number of channels required to a reasom1ble vah1e a 100 slot time division multi· 

plex scheme is proposl.'d. With under J 00 tones. the sampling period of this system would be _, :?S sec unless an interlaced tech· 

nique were used which could possibly reduce it to 0.:?5 sec. Convergence of this type of phase control system need1> to be studied 

with an appropriate strucrural dynamk model. 
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Ground Commanded Phase Control System 
__________________ ....,..._ _______________________________________________ •llllNll---
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PROJECTED CONVERSION EFFICIENCY OF OPTIMIZED RECTENNA 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: 

f1 = 9 I • 4.1 e·-4 1 S pd, and 

f1=0 for Pd< 10·3 . where 

., 
11 is in percent and Pd is incident power density in mW/cm-. 

The conversion efficiency equation was incorporated into the modified "Bigmain" rrogram in order to calculate the average 

rectenna conversion efficiency as a fundion of rcctenna area. 
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Projected Conversion Efficiency 
of Optimized Rectenna Element __________ .;... ____ __. ____________________________________________ ..,,MN/I __ __ 

'~----------------------------------------------------------------z--
#1' .,,.. """ ..----- PllOIEc:TED IXPlllMllNTAL DATA 

""' CNASA-JIC, RAYTHEON, .IPL) ,,""' 
~// '-NIJMERICAL APPllD>CIMATIDN 

/' UTILIZED IN COIT MODEL 
/ f7•91-4.1 e·AB pd 

~ '18 0 FOR Pd < 1ct3 

01------------L.-----------'-----------'-------------------' 1o-3 10·2 10·1 1 10 IO 
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.Rectenna Analysis Tasks 
____________ ....; ______ __..._ _______________________________________________ lllllNO----

IPl-1177 

• IMPROVED RECTENNA EFFICIENCY MODEL 

• RECTENNA SIZE OPTIMIZATION 

• EDGE DIFFRACTION EFFECTS 

• HARMONIC GENERATION 

• MECHANICAL DESIGN 

• AL TERNA TE APPROACHES 
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PROJECTED AVERAGE RECTENNA CONVERSION EFFICIENCY 

AS A FUNCTION OF RECTENNA AREA AND ON AXIS PO\t'ER DENSITY 

The family of curws 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 the baseline 10 dB gaussian taper. the spacetenna beam effi­

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

nominal ring se::tions of the rectenna, derives an average conversion efficiency 

R 
I fl PdA 

11 R = o=-R--­
I pd A 
0 

for any desired rectenna radius R. 

\ 
" 
' 
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Projected Average Rectenna . . 

Conversion Efficiency Versus Rectenna Area 
--------------------------------------------------------------------11111N11----.,.., .. 
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RECTENNA OYflMIZATION 

The optimum rectt:nna size is selected on the basis of matching 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 GHz. for various values of revenue. For the 

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

The values of the various efficiency degradation factors con tributing to the net de power to the ground network are treated 

parametricalJy with frequency as follows: 

Pde= lTld TJ i 'lg 11w I li1k 118 11R 11A IP= .8692 K(f)P de 

t · ~· t L space photovoltaic power 

distribution ---------- - atmospheric 

inter & intra averaged rectification 

subarray effic --------- antenna-beam efficiency 

grid distribution Klystro., efficie111:y 

waveguide loss -----------

The freque11cy varying portion is given in the attached table. from which the useful de power output c.:an be plotted as a function 
..., 

of rec..·tenna radius. From !his plot. the revenue perm- can be obtained and equated to the rcctenna cost per square meter. 
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Optimum Rectenna Dimension for 
Given Rectenna Cost 
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Power Output Versus Rectenna Size 

-·---------.... ------------------------···'"""' --RIECTINNA AREA (METIR2 x 1ol) ... , .. 
0 0.2 0.4 0.1 0.1 1.0 1.2 ON AXID 

10---------------~,__ __ .......,. ____ .....____ POWER 

I 

! 
I 2 
g 

1 

a:: 

I o.• 
8 

0.2 

DINllTY .. 
---------------1 20 mw/ttn2 

_______ .... _____ _, lmw/n2 

10 dB GAUl81AN TAPER 0.1 ..... _____________ ....._ __ ,._ _ ___. _ __. 

.-000 IOOO MOO IOOO t 
RECTINNA RADIUS (MITIRI) :~~~ 

260 



Dl 80.24071·3 

HOGLINE RECTENNA CONFIGURATION 

A suggested hogline rc~tcnna configuration is shown. An offset cylindrkal parabola is fed by a trough o; !ii~,. hor'l. A dipole/ 

diode panel of 12 rows is locuted in this example where the incident power density has been increased by a factor of 8.7. Spilla1e. 

bk ckage and taper losses can all be made negligible with this configuratio11. The greater power de11sity permit.., hiaher rc.:tification 

efficiency. or lower power demonstrations al the same efficiency. The di poll..' and diodt•s arc protected from weather and EMP and 

there arc significantly fewer of them. Size is a compromise between the degrct• of concentration dci1ired. edaie diffraction losses 

and the latitude stability of the SPS satellite. 
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Hoglin~ Rectenna Configuration for SPS 

w 
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HOGLINE ANTENNA POINTING CONSIDERATIONS 

Due to the vertical plane pattern dircl'tivity. v;1ri;1tions in s;itelfitc latitmk will induce pointing losses. These losses are estimated 

by consiucring tltt.• fradion or the converging beam that misst.•s lhe diode/dipole pand. The losses arc a function of the relative 

panel size ( f/h). The g-:umctry shown in the previous figure would require a stability of 0.05° to hold losses to 1.5%. 

Lookt.•d at from tl11..• simple pattern of the 50:\ aperture loss point of vit.•w. it is estimated that an error of0.08° could be tolerated 

for a t .s~:( pow1..·r loss. 
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MPTS Follow-On Topics 
______________________ _,_ ____________________________________________________ •OllNll---

IPl-1111 

e ARRAY ANALYSIS 
e PHASE CONTROL SYSTEM DEFINITltJN 
• SPS PRECURSOR SPACETENNA CONFIGURATION AND PATTERN ANAL VIII 
• ORATING LOBE MAGNITUDE ASSESSMENT 
• DYNAMICS OF GROUND CONTROLLED PHASE COMPENSATION 
• SPACETENNA BACK RADIATION ANALYSIS 
e FAR SIDELOBE ROLL.OFF 

e COMPUTER PROGRAM EXTENSION 
• MODEL AhkAY AT KLYSTRON LEVEL 
• EFFECT OF SUBARRAY OFFSET AND INTRA-SUBARRAY ERRORI 
• SYSTEMATIC AMPLITUDE AND PHASE ERROR EPFECTI 
• EXTEND CAPABILITY TO OTHER THAN PRINCIPAL. PLANll 

e RF TRANSMITTER 
• KLYSTRON FAILURE MODE ANALYSIS AND PROTECTION 
e DETAILED TUBE SPECIFICATION TO MANUFACTURER 
e TEST PLAN FOR GROUND AND SPS PRECURSOR TESTI 
e HARMONIC SUPPRESSION FEASIBILITY 

e COMPONENT TEST PROGRAM 
• COMPOSITE WAVEGUIDE MICROWAVE POWER TEST 
• CROSSGUIDE DESIGN AND ANALYSIS, DIPLEXER DlllGN 

e RECTENNA COLLECTION EFFICIENCY OPTIMIZATION 
• MULTIPLE DIPOLE PER DIODE CONFIGURATION 
e HOOLINE ANTENNA 
• ELEMENT IMPEDANCE GAIN VERSUS SPACING 

e SYSTEM STUDIES 
e AC GENERATION AND DITHER FEASIBILITY 
e TURN ON/OFF PROCEDURES 
e FLOPPY REFLECTOR LEO TEST 
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Development Requirements 
for 

Initial SPS Commercialization 

D. L. Gregory 
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PAST AND FUTURE ELECTRIC POWER ALTERNATIVES USE PILOT PLANTS 

Today'..; nudcar pow1.'r .~·adors arl' till' L'lllmination of a Sl'ril''> of dl'Vl'lopmental reaL'tors which pre~L'lkd them. In the ground 

solar power program the ther111al l'llginc "toWl'I' top" sysll'm:-. arL' to be preL'eded by thL' five nw~~awatt tlwrmal lL'St fadlity at 

Alhurqul'Hllll'. New MexiL'o and hy a kn magwatt (ekL'triL') output pilot plant at Barstow. California. Thesl' wi.I lead to a com· 

merL'ial unit lll be rall'd at 100 llll'gawath. Thus th1.• pilot pla11t is I /10 of till' sih' of the l'Ventual commerdal unit. (;round solar 

powl.'r plants of lhl· tmwr top typl' have hl'l'll im1.·stigall'd as h1rge as 1.000 meg•1wa\ls. The future of thl.' liquid metal fast breeder 

r1.·at.:tor i-. lllll"l'rlain. hownl'r. for that program a 'il.'ril'S or lkVl'IOpllll.'lltal systems is envisioned. The tot;il fusion pOWl'r devdop· 

1111.·111 program i;.; a-. YL'I 11mll'fi1wd. lww1.·v1.·r. a Sl'rks of 1.'XIR'rimental rl·actors and a lkmonstrntion reactor an: envisioned. 
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Past and Future Electric Power Alternatives 
Use ''Pilot" Plants __________________ .._ _________________________________________________ ,..,,~·------

SPS-1851 

(1976 DATA) 

?AST: PROGRESSION TO THE COMMERCIAL LIGHT WATER REACTOR 

FUTURE: 

• EXPERIMENTAL REACTORS, 
• DEMO REACTOR, 
•PROTOTYPE PLANT, 

GROUND SOLAR POWER (TOWER TOP TYPE) 

•TEST FACILITY 
• Pl LOT 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 MW1) 

• EXPERIMENTAL POWER REACTOR 2 {> 100 MW1) 

• DEMONSTRATION REACTOR {> 600 MW1 ) 
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PRECURSOR SOLAR POWER SATELLITE 

Many scenarios 1·an bL' po:-.tulated for the development sequence leading to full size solar power satellites. The most agrcssivc of 

tht>sc would auvan~:e Jire1:tly from small scale tests with the shuttk to :.1 full size unit in a very rapid development program. At the 

other extreme is a "long thain" development bl'ginning with sftuttle and ground tests. then small scale pOWl'r modules. then pilot 

plants, then commeri:ial •lcmonstrators and finally full size pou;cr satellites. Some lkvl'lopmcnt scenarios for SPS include partic­

ipation in SPS funding by utility firms. In order to achieve this participation it may he necl.:'ssary to demonstrate commercial via­

bility of SPS to thesl.:' utility firms. To do so a prL·cursor satellitl' may be required. A precursor satellite would be a subscalc unit 

pat on line in gcosyncrhonous orbit before the full size satell:te. It would operak in the fashion of the full size satellite. that is 

direct an energy beam to earth to a ground reet,.nna. The demonstration/operational pl!riod might be six months to~ years and 

during this time the majority of the major ekments of a full sized solar power satellite would bl' exercized. From this operation, 

analyses could bt• performed which would in<lil'ah: 1.·ventual "ull commL·rcial viability :·or the SPS. It is also possible to construct 

scenarios in which the full siz~ satellite is preceded by •• pre~·l.rsor which sl.:'rvcs only as part of the development leading to the full 

sized unit. Otht>r scenarios go directly to the full size SPS without the use of the precursor. 
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Precursor Solar Power Satellite 

----------------•lllTl/11111 ---

•MANY SPS DEVELOPMENT SCENARIOS CAN BE IDENTIFIED. 

•SOME OF THESE INCLUDE FUNDING PARTICIPATION BY UTILITY FIRMS. 

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

• IN OTHER SCENARIOS, A PRECURSOR SPS WOULD SERVE PRIMARILY AS A 
DEVELOPMENT ITEM. 

• SOME SPS SCENARIOS WOULD NOT INVOLVE A PRECURSOR. 

273 



D 180-24071-3 

PF.LCURSOR SPS LIMITATIONS 

Due to its small size and the s1.:aling effects related to microwave transmission a precursor or subscak satellite cannot develop more 

than perhaps I or 2 milliwatts per square centimeter in its central beam. This is well below the quJntity proahly required to excite 

ionospheric heating. Also because of its small size and the associated development costs it is prnbabk that a precursor unit cannot 

be procurred for less than approximately SI 00.000 per milowatt: as a consequence the electric energy produced during the short 

term of operation would be quite expensive. 
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Precursor SPS Limitations 
\ 

--------------------......... --------------------------------------------------11111NO-----SPS-1831 

THE PRECURSOR SPS CANNnT: 

e PRODUCT CENTRAL BEAM STRENGTHS WHICH EXCITE 

IONOSPHERIC HEATING 

e PRODUCE "ECONOMIC" ELECTRIC ENERGY (FORTUNATE 
TO OBTAIN $100,000/kW) 
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sruov ASSUMPTION: PRECURSOR SPS 

For this study we h.ivc assumed th.11 u dcmonslrulion of ~·wnhrnl commcrciul vi11bilil)' will be the sroul of the 1m~curll0r solar power 

satellite. 111 addition to 11 demom1trution of •:vcntuu. c\lmmcrciul viability thc or1:ruliu11of111mb .. cule unit wi1111ccomplh1h th: sec­

ondary goals idl.:'nlificd here. 
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Study Assumptions: Precursor SPS 

--.................................... .._ __________ ._ __ . ..., ............................ ---. .................... ______ ••llllNll------
IPS-1121 

•SUCH A DEMONSTRATION WILL ACCOMPLISH SECONDARY GOALS: 

•SHOW THAT THE SPS CONCEPT UWORKS'' 

•VERIFY DESIGN ASSUMPTIONS 

•REFINE DATA ON ENVIRONMENTAL EFFECTS ON IPI 

• IONOSPHERIC EFFECTS ON BEAM 

•PLASMA PHENOMENA 

• SPACECRA" CHARGING 

• ESfABLISH OPERATIONAL EXPERIENCE 

•HIGH LAUNCH RATES 

• ON·ORBIT CONSTRUCTION (HIGH "THROUGHPUT") 

•OPERATION AND MAINTENANCE 

•COLLISION AVOIDANCE 
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COMMERCIAL VIABILITY OF SPS 

In order to develop the concept for a precursor solar power satellite which will dcmon11trate eventual commercial viability for an 

SPS program it is necessary to first define commercial viability. The definition here is literally that the product of the SPS be in 

sufiicient demand. Jn order to bc in sufficient Jemund its price:, expressed as dollars per kilowatt hours. must be equal or below 

some crih:rion. Generally for SPS this criterion may be viewed as 11pprcKim .• tely 10 cent per kilowatt hour. However. our studies 

have identified satellite programs wherein the cost is pr<>bably no more than 5 ccnl l'~·r kilowall hour. The price per kilowatt hour 

of cm·rgy produced by any power ph111t is made up of the annual rnst for that plant divided hy the kilowatt hours produced by 

that plant in,. year. Hence, good availabilily. lhat is lhe capabilily of produl.'ing a large fraction of the total phmt capacity in 

kilowatt hours per year. is as important as tlw ~~ost smortization per year. 
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Commercial Viability of SPS 
__________ ....; ________ .._ ___________________________________________________ •••111111------

.,.,.21 

• COMMERCIAi. VIASIUTV: A COMMODITY, IN DEMAND AT OR llLOW A GIVIN 
PRICE, IS PRODUCIBLE AT OR BELOW THAT PRICE 

• COMMODITY PRICE FOR ELECTRICAL ENERGY: EXPREISID Al DOLLARI PIR 
KILOWATI HOUR OF DELIVERED ENERGY• $/kWh 

• PRICE• COST, PLUS FACTORS SUCH AS PROFITS 

• COSTS FOR SPS ARE PRIMARILY INITIAL OUTLAYS: SATELLITI + RICTINNA + 
LAUNCH +CONSTRUCTION 

•THE ANNUAL AMOUNT PAID IS (FOR ELcCTAIC UTILITlll) IXPREAID M INITIAL 1 
COSTS TIMES A "CAPITAL CHARGE FACTOR" 

•• /kWh
• (INITIAL COSTS) x WAPITAL CHARGE FACTOR) 

kWh PROD CED IN YEAR 

•THUS AVAILABILITY IS AS IMPORTANT AS INITIAL COSTS IN DETIRMININQ 
COMM OD ITV PR ICE 

AVAILABILITY. (PLAJ.P~D'fc~¥;r~ ::.,utiuRS) 
• HENCE A DEMONSTRATION OF THE ACHIEVEMENT OP REOUIR&D AVAILABILITY II 

AS IMPORTANT AS THE DEMONSTRATION OF ACHIEVEMENT OF RIQUIFtED COITI 
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SPS <.:OST FACTORS 

The projcdions of cost from ;i prc1:ursor sutcllik to a full sizl'd unit ure rclutiwly straight forward. L:arnina factors can be used to 

relate initial •mit costs to the cost of himlw:irc arlll muss prClduction. 
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SPS Cost Factors 
____________________ ._ __________________________________________________ .. ,, .. ____ __ 

.,.1831 

ACQUISITION COSTS 

• RECTENNA 

e SATELLITE HARDWARE 

•ORBITAL PLACEMENT 

•ORBITAL CONSTRUCTION 

OPERATIONS COSTS 

• OPERATIONS AND 
MAINTENANCE 

DEVELOPMENT 

SITE, SITE PREP., MATIRIALI PABRICATION 
INSTALLATION 

MATERIAL, FABRICATION 

SITES, FACILITIES, FLEET, PROPILLANTI, 
OPERATIONS 

CONSTRUCTION BASE, OPIRATIONI 

LOGISTICS, SPARES, OPERATIONI 

•SIGNIFICANT IN INVERSE PROPORTION TO THE PROGRAM SIZE 
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DEMONSTRATION OF COMMERCIAL VIABILITY 

In order to show that full :.i1.c solar power s;alcllites c<111 ;id1icvc: ••high plant factor. tlrnt is high percentage of potential use. it will 

lw ncccss,;ry 10 lkmonstratc good ;iv.1ilahility for the precursor unit. To do this the precursor unit c•1n be operated for a pc:ri0J of 

time ;111J th•: availability c•in he rci.:onlcd. From this de111onstra11.•d availability slati"itical :111alyscs can he us1:d to compute lli' 

probabk .iv;1ilability or' ;i full sill' unit Wlwne\'l'T av;1ih1hility or r\.'liahility an: 1.·akulalr.:J ii is nec1.•ss;n·y to 1.•xprcss an associated levd 

of confitknce. If•• stakment is madl' rlwl th"· cxpcckd rdi;•hility is 0.95. for 1.•xa111pk. and th1.· confol1.•1Ke in this factor is O.<J. 

what we ~m: saying is that lh1.•rc is only one 1.:h:ince in h.•n that the cv1.'lllllal reliability will be less than 0.95. Even a relatively si•tail 

prernrsor satcllik will h.iw suftkicnt components to .illow a test of pl!rhiips of one year duration to have sutfo.:ent statistical sig 

nitkart('t.'. Evt•n with cxlreml.'ly gooJ rdh1liility for such ::omponents as klystrom transmitter tubes a SPS program would not haw 

commercial viubility unkss dT\.'clivc 111:1in1cn;111ce mdhod .. :oin bc dl.'wlopt•d. Mainll'll:lllce of the prcl.'ursor satellite should there· 

fon: b1.• <le111onslrnkll. 
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Demonstration of Commercial Viability 

------... --,.-,.------------... -------------------------------------------------•••1••----
AVAILABILITY 

•DEMONSTRATE NECESSARY AVAILABILITY (RELIABILITY) 

1) OPERATE A PRECURSOR 8P8 UNIT FOR A PERIOD AND MIAIURI THI AVAIL.AllLITY 

2) USE STATISTICAL ANALYSES TO COMPUTE THE PROBABLE AVAILABILITY OP A PULL 
SIZE UNIT 

•THE LEVEL OF CONFIPENCE IN THIS AVAILABILITY 11 INFLUINCED BY: 

•DURATION 

HAS STATISTICAL SIGNIFICANCE: ALSO PROVIDll OP'°RTUNITY FOR 
UNEXPECTED EVENTS 

•SIZE OF UNIT 

THE NUMBER OF COMPONENTS HAS STATISTICAL llQNIPICANCI: A 
UNIT WITH 100 KLYSTRONS WOULD REQUIRE A LONGER TllT THAN 
ONE WITH 1,000 KLYSTRONS (FOR THE SAME CONPIDENCE) 

•DEMONSTRATION OF MAINTAINABILl1Y IS OF OBVIOUS NICI.ITV IN IHOWINQ 
AVAILABILITY 

MAINTAINABILITY INVOLVES: FAULT DETECTION, SPARES, LOGllTICI, 
REPLACEMENT, CHECKOUT, ETC. 
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PERFORMANCE ASSURANCE: SATELLITE POWER GENERATION 

Critical paramekr'i for the power generation portion of the SPS are listed here. aJ,,11g with the demonstrations which is prob;ibly 

re<1uired for tho'ie parameters. For example. solar array efficiency can probably be completely verified on small solar blanket 

panels. The cxar.:t gcosym.:hronous r:idiation 1.:nvironment, i11duding ek·ctrons and protons with broad energy spedra, is probably 

quite diffo:ult to quantify and even morl' <liffkult to exactly s::.n1late. lleru:e. long term exposure of solar array panels to this 

environment is probably required in order to have full assurance of eventual SPS operational factors. If a self power transfer from 

a low assembly '1rbit to gcosym:hronous orbit is baselinc<l. :ind it currently appears that this is the mo:;t .:conomic approach, then 

the precursor dl.'monstr:1tion should include exposure of solar army panels in a self power transit. If annealling is to be part of the 

operational satellite program then it -;hould also be demonstrated in the pren1rsor program using solar array panels which had been 

degrad.:d a.> a result of exposure to the actual self power trnnsfcr and geosynchronous environment. 
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Performance Assurance 
Satellite Power Generation ____________________ .... ________________________________________________ .. ,, ........ 

SPs-1838 

PERFORMANCE 

1. SOLAR ARRAY EFFICl 11.:NCY 

--·-----" 
2. SOLAR ARRAY RADIATION 

RESISTANCE 

3. SOLAR ARRAY ANNEALABILITY 

4. POWER DISTRIBUTION: CELL 
STRINGS 
----12R 
----DAMAGE 

SUSCEPTABILITY 

DEMONSTRATION 

Pt' 3UREMENT8 ON IMA&.L PANILI (M)2. 

EXPOSURE TO THE GEOSYNCHRONOUS 
tAND ORBIT TRANSFER, IP LEO 
ASSEMBLY) ENVIRONMENT FOR AN 
APPROPRIATE PERIOD (TO INCLUDE 
SUB-STORMS AND FLAREI). 
POSSIBLE ADDITIONAL CHAMBER 
TESTS. 

THE FULL 
ENVIRONMENT 
IS DIFFICULT TO 
MIAIURI/ 
SIMULATE. 

MEASURE ARRAY PERFORMANCE BEFORE AND AFTER 
ANNEALING (BY THE "OPERATIONAL" METHOD). 
DAMAGE TO HAVE BEIN CARUIED IV ACTtt \L GEO. 
SYNCHRONOUS ENVIRONMENT (P:.ua TRANSFER PROM 
LEO IF SELF POWER II TO IE UIED) 

FULL HIGH VOLTAGE 
SERIES-PARALLEL 
STRINGS-PLASMA INTERACTIONI, CHARGING 
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PERFORMA!\JCE ASSURANCE: SATELLITE POWER GENERATION (CONTINUED) 

This chart continues the list of critkal power generation p:m11nctcrs along with the rrobable required demonstiation fur each. 

Satellite dynamics are probably most critu.:al ••s regarJs pointing of the microwave power transmitter. A preliminary pointing 

tolerance for this transmitter is one minute of arc. me1.:hankal. The eventual full size transmitting antenna will probably incorpor­

ate its own attitude control system including control mon1ent gyros and yoke drives. These critical clements should be demon­

strated on the precursor unit. sin1.:e this rl'laks not only to commercial viability of the solar power system but also to environ­

mental aspects related to the pointing of the mkrowave b~:am. 
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Performance Assurance Satellite 
Power Generation (Contd) -----... --,la ____________ .... ______ .... _________________________________________ ...,,, •• ____ __ 

~RFORMMCE 

&. POWER DISTRIBUTION: 
BUSSES 

12R LOSS< TBD% 

8. ROTARY JOINT 
SLIP RING WEAR 

7. SYSTEM DYNAMICS 
(INCLUDING POINTING, 
SMOOTHNESS OF MOTION, 
INTERACTION WITH REST 
OF SPS) 

8. STRUCTURAL PROPERTIES 

PEMONUBATION 

DESIGN ANAL VIII 
ELEMENT TEST 

ELEMENT TEST 

PLASMA INTERACTIONS 
CHARGING 

OPERATION OF SUB·SCALE 8PS IYITEM. SYSTEM 
TO INCLUDE POSITION SENIORS ON BOTH TRANS­
MITTER AND POWER GENERATION IYSTEM, YOKE 
DRIVES, THRUSTERS ON POWER OEN SYSTEM, 
CMOS (AND/OR OTHER CONTROLLERS) ON ANTENNA, 
CONTROL COMPUTER, ETC •• MAINTAIN REQUIRED 
POINT (±1 MINUTE, PRE LIM) OVER A PERIOD OP 
TIME WHICH ALLOWS SIGNIFICANT ACCUMULATION 
OF METEOROID INDUCED MOMENTUM. 

ACCELERATED ENVIRONMENTAL EXPOSURE 
PROPERTIES TEST 
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PERFORMANCE ASSURANCE: TRANSMITTER 

The transmitter waveguides require high dimensional accuracy and stability. The waveguides for the precursor unit should be pro­

duced by the methods expPcted for tht' full size satellite and should be transported and assembled by similar methods, to demon­

strate that the ewntual mechanical llatness of the antenna can be achieved. Continuous high accuracy oper..ttion of th~ microwave 

power transmission phase loop control system should also be accomplished. Critical elements here are the su1.:cessful conjugation 

of the reference frequency and the transmitter frequency by the antenna electronics. distribution of the reference frequency from 

the central ~-''nerator to all parts of 1he anknna with compensation for changes in length of this distribution path. the frequency 

offset of the pilot beam from the power beam, the n:ception l)f the pilot beam by the distrihuted receivers of the spacctenna. the 

reliability of these receivers and the ground transmitter and phase control system. A long tcnn demonstration of successful opera­

tion should include various weather conditions including rain. Faraday rotation of the ionosphere and other ionospheric variations. 

A critical reliability element for the transmitter is of course the klystron tubl'~. Currl'nt klystron reliability would be inadequate 

for the SPS. During the SPS development program this reliability must be increased. The demonstrator programs would operate a 

sufficient quantity of tuhl's for a c;amplc period long enough to get through their "infant mortalitv'" period and provide. with the 

required confidence. a test of till' l'Vl'ntu.11 reliability. Of coursl' full rcliabili1) may not lwve hl'l'n achieved by the time of pre­

cursor program. However. the achil'ved rl'liab1lity could bl' correlated with historical trends of increase in reliability to indicate 

eventual operation with thl' required reliability in thl' full sizl' program. 
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Performance Assurance Transmitter 

' 

-------.,..--,131------------.... --------------------------------------------------••llTIMll-----

1. WAVEGUIDE 

2. STRUCTURAL STABILITY 

3. PHASE LOOP OPERATION 

4. THERMAL INTEGRITY 

5. KLYSTRON PERFORMANCE 
INCLUDING RELIABILITY 

DIMENSIONAL ACCURACY AND STABILITY OF SIGNIFICANT 
SAMPLES OF WAVEGUIDE PANELS, MAN~FACTURED AND 
ASSEMBLED IN THE "OPERATIONAL" METHOD. 

SUBARRAY DEPLOYMENT PRECISION AND STABILITY WITH 
FULL THERMAL LOAr 

CONJUGATION, DISTRIBUTION 
PILOT BEAM OFFSET-RECEIVE PILOT VIA SPACETENNA 
RECEIVER RELIABILITY, GROUND TRANSMITTER 
LONG TERM DEMONS'TRATION, VARIOUS WEATHER CONDITIONS, 
IONOSPHERIC CONDITIONS (BEAM "WIDTH EFFECTS''?) 

Ot.~10NSTRATION OF MULTIPLE PANEL SYSTEM AT VARIOUS 
POWf R LEVELS 

1. OPERATE A SAMPLE FOR A PERIOD OF TIME SUFFICIENTLY 
LONG TO: 
L GET THROUGH INFANT MORTALITY 
b. PROVIDE DESIRED CONFIDENCE 

2. CORRELATE WITH PRODUCTION RATE AND INDUS1 •. 
MATURITY AND HISTORICAL IMPROVEMENT TRENl.i3 

3. Ml ".OuRE EFFICIENCY-SMALL SAMPLi 
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ESTABLISHING A MTBF INTERVAL 

This i:hart show" how various h:vds of m1.·;rntimc hdwccn fo:lun: inll'rvals 1.'all h1.· demonstratC'd bilscd on a variahlC' pC'riod of 

operation ;md the ohscrvcd f;:ihm· rah.'. For l'Xamplc. if . llll'antim1.• h1:twccn f:iilurC' of :?O y1.~ars or lll<ll'1.' i!i required tlw upper of 

th~ two i:rikrion lines appli1.~!\. If a plot of h'st results. that i' fra..:lional faih1r1.·s vs tillh'. falls .ihove this line it 1.·an he said that the 

m·~a'11irm· h1.·1wee11 foiluri.·s is 1.•itl:1.·r I K.4X y1.·;irs with .11.·onl'id1.•11l.'1.' kwl 01 0 9lJ or. for 1.•x:.11nple. ~O yl.'ar'.1 with ii confi<lc111:1.· tewl of 

0.8. Th1: iower of tlw two lin1.·s indi.:all's low1.·r MTUF i11k1Ylls. hH 1.·~;;11npk• if the adual test results fall alontt this li1w a MTBF 

ol only S.Pi years with" 1.·onfi1.11.'111.'1.' ll·v~·I ol'O.X would he i11dkafl'd. Tlw• i' prnh:ibly th1.• low"·st MTBI-' for comrncrdal al.'ccpt­

ahilit~ nf th1.· SPS. s111cc this i:oull' kad to plant fal.'lor' as low :is 0.h. 
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Establishing a MTBF Interval 

5.0 INTEB~ab. VAi CON fl PENCE 
18.48, 00 0.99 
19.15, 00 0.95 
20.00, 00 0.80 
20.31, 00 0.60 

! 
4.0 

-... c c:c 
LU 

. CONFIDENCE ~ 3.0 INTERVAL1 YRS 
Ii&. 4.84, 00 o.99 
0 5.00, 00 0.96 
en 5.07, 00 0.80 c:c c 5.16, 00 .>.&O 
LU 
> 2.0 

(FOR SAMPLES ~ 500) 

NUMBER OF FAILURES 
NUMBER OF ELEMENT ..... S"""'IN.,.,..v"""'o.,...,Lv""""'e"""'o 
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PERFORMANCE ASSURANCE: RECTENNA 

C'ritkal n:l'lc:rn;1 :•l.'rformarh:I.' pararnl'tt.'r., arc li-.tcd ;dong with thi: demonstrati•1n probably required to assure that the required 

ll~Vcl., will he pr1.·~l·nt in thl.' 1:111 \ltl.'d .,y.,tcrn. f.'or exa111pk. thl.' ·:onve1-.1ion ct the HF l'lll.'rgy to dircl'I cum:nt is probably dcrnnn· 

\lratahk on a few produd1on panl.'h I pcrllap-. only 'l'\'cral hundrl·d ,qua re n1dcr.,L Tlic 89'; fivurc hl·re !liVl.'ll is probahly the 

conh·r-;i1.11· .. lt'ic11:ncy alhtl.'Vahk at the l'l'llli:r ol ll1l' ·ni1.·rowwe hl.'am: thi: ~Q'; number i' do'l1.' to that 11d1ii:v;1blc at approx· 

imatdy ; rnilliw;itt per 'quari: 1.·l.'nt~rnelcr at thi: edg1.· ol !111.· rninov.aVl' hl.'am. Atti:nuation hl.'rl· rdu• •. , to the value of micro· 

wav .. · i:ncr11y which j, pn: .. 1.'lll hi:nc;ith the rl.'1.·tcnna p;111l'ls. ·1 hi' probuhly ;., criti1:<1I if lllllltiplc la:u.J uw i" lll\isiom•d. for example 

;1grkulture pl·rllHnh:d bl.'111.·ath the r .. l.'lenn11. Full lon11·tcr111 i:nvironment;tl r1.·siqa11cc is prolrnbly the most difficult of the rec· 

tcnna 1.·h;iradcri'111.·, to dl.'lllOIP.trate Rel'l1.'tlfla panel., could he 1c .. ted 111 a larµc w1.·alhe1 ch;1mher. for l'Xampk. the type available 

al l·i.:lm :\ir f·or1.·e Ba,1.·. Tt11 ... 1.oupkd with ;1 l1l'ld 1~·,1, would pruhal.ty he ,uffkicnt to dcmo1l'itr;1l1.' atkquatc cnvironmcntul 

n:'i.,tam.:e lo pro1.ecd with at h:·1,1 I or 2 lulhill·d r1.•1.·t1:1111<1'i. 
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Performance Assurance Rectenna 

------.,..-,~M0~----------... ------------------------------------------------•1111w111-----

PERFORMANCE 

1. GQNVEBS!ON EFflCIENCY 
8"' AT 23 mW/cm"2 
80% AT 1 mW/cm2 

2. ATTENUATION 
(BEAM STRENGTH BELOW 
ANTENNA) TBD dB 

3. ENVIRONMENTAL RESISTANCE 
RAIN 
SNOW 
WIND 
HAIL 
SEISMIC ----

4. POWER PISIRIBUTION 
t2°""R LOSS< T80% 

6. POWER CONVERSION 
DC-AC 08 DC-DC 
EFFICIENCY>" 

8. m1TCHING, CROWBAR 
OPEN CIRCUIT, TRANSIENT 
PROTECTION 

293 

DEMONSTRATION 

MEASUREMENTS ON 'ANILI OF 
APPROXIMATELY 100M2 

MEASUREMENTS ON PANELi 011 
APPROXIMATELY 100M2 

WEATHER CHAMBER TllT 

(FIELD TEST?) 

~ESION ANAL VIII, 
ELEM&N i TEST 

C\lM~ NE~T TEST 
(CON"IERTER OR MOTOR GiNERATOR) 

COMPONENT TEST AND TEIT 
WITH RECTENNA PANEL 
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PHOTOVOLTAIC REFERENCE CONFIGURATION 

T'his 1.·hart s.how'i a plan and side vk·w of a full size SPS having a 5,000 meguwatt output at each of the two rectennas. The rower 

gcw • .ttion portion of the s.itcllite is divided into 8 b.iys whil:h are transferred individually from the low assembly orbit to aeo­

sym:hronous orbit usin11 the sclf·power method. Thl•sc 8 modules arc l'ach composed of 32 idenlic.11 buys. It is possible to invision 

a prl·1.·urser SJ>S .is ~,eing rnadc up of I. :? or more h;1ys up to•• full 3:?, thal is I module. Thus the precurscr desian would be 

Jirc..:lly reluh1ble lo the full size system. The lransmiller would be a subscule unit with a power transmis:iion capability appro­

priak to the numhcr of hays provided. The trnrwnitter cun he made up of full size anh:nna components. The precurser SPS 

rccl·ivin,ll major allention in this study w;1~; ont.' wmposl•d of 4 bays. This will be given on subsequent charts. Such a precurser 

allows the w;c of full. l~xacl s1:;1le. sohr army panels which 11cncra1e the full required voltage over the same path link with the 

smnc physi1:al arran,llcmt•nl. 
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Photovoltaic Reference Configuration 
(S ,000 MW Output Each Transmitter)· __________________ .._ ____________________________________________ •11111t1•-----

.... , .. , 
218 BAYS 
117 .5 x d87.lm 

t ·mr 
m 

, .• .. 

Lii. I 

TOTAL SOLAR CE LL AREA: 
TOTAL ARRAV AREA: 
TOTAL SAl ~LLITE AREA: 
OUTPUT: 

! - -
---
·->-·-

I 

21420m 

24820m 

101.8 km2 
110.2 km2 
114.6 km2 

I r•7&mTYP 

US.93 OW MINIMUM TO SLIPRINGS 
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SUITABILITY Of A SMALL PRECURSOR 

A precursor unit composed of 4 bays will have I. 56'/t of the .irea of the full size SPS. Hence. the power t~cncratcd by c;ur:il a pre­

cursor would he •1pproxim.itcly I .5'i; of that of the full si1.e satellite. This chart addresses the question of whether or 1 ol such a 

satellite is <idequatc to dcmcnstrnlt~ commercial vh1bility. Some of tlw critical dewlopmental parameters of the satclhtc ... 1• list.:.: 

along with th1.•ir relationship to tlw full size satellite. For cxampl.:. the soh1r c•:lls can he of the same basi: lype and sao1t :h: "' 

nc .• s. i.c .. 50micromders.t1 rnils) although the cells may not have achieved the full efficiency <'f thou• !" be used in thee· .:r .u :t 

satdlit~. The so1Jr '-'1.'11 blankets c•m have the s:1mc physical parmncl'.~rs as those for the l!vcntuul full size SPS as regards cover') pc, 

thkkm:ss. suh'itrate. cell interconnects. etc. The structural clements of the precursor can hL' exactly those to be used on the full 

siud system. if the launch vehkk• has the c:1pucity to carry up either the required beam machines. the structural components, or 

hoth. Solar '-'ell costs un.· of coursl' critical to thL' ewntual commercial viability of this system. The numb1~r of solar cells required 

for u 4 hay prL•cursor is sufficiently largl' to warrant development of the full production capacity to be used in the SPS system. 

Thul is. perhaps I or more proJuction linl'S. to ad1k•ve a capadty of approximately :?0.000 cells rer hour. the rate required to 

make~:::.: :.-:.s for the 1HeL·urscr in a (IL'riod of two years For the full site satellite, more of these production lines would be used 

to obtairi th~· produdion mil' of 2 million cells per hour which goes with a si1kllite addition mtc of I per year. For the transmitter 

th~· subarrays ca11 he of the typl' and size to be used in the full sized system. The klystron tubes can be full power tubes, that is, 

7 ~ kilow:1Hs. 11owevcr. in thL' pr~·l.'ursor the tube mass •111d e IT1cil:ncy may not meet lhe target llOals requi rL·d for the full size sys­

tem. OthL·r tra.1smitkr L'kmcnts c•1n dosl.'ly paralkl thosL' to bL' used in the full size SI'S. Rcctennas cun be smaller are.t versions 

uf the full size syskm und lN' pu;1cls. mounting methods. switl.'!1 gear, etc. of the final design. A self-powcr1:d transport to geosyn­

chronous orbit can hL' USL'd with pOWl'f procL·ssors :rnd thrusters of tht' type to be employed on the full size SPS. Their cfficicn4:y 

might tw slightly ioWl'r th:111 that for tlw evl·ntual system. 
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Suitability of a ''Small" Precursor 

----------------------... -------------------------------------------------------•11•1~•----­SPS-1837 

DEVELOPMENT 

POWER GENEf!ATION 
CELL 
BLANKET 
VOLTAGE, CURRENT 
STRUCTURE 
ATTITUDE CONTROL 
PRODUCTION EQUIPMENT 
ROTARY JOINT 
SWITCHGEAR 
RELIABILITY DEMONSTRATION 

POWER TRANSMISSION 
TUBE 
WAVEGUIDE 
STRUCTURE 
PHASE CONTROL 
PRODUCTION EQUIPMENT 
SWITCHGEAR 
ATTITUDE CONTROL 
RELIABILITY DEMONSTRATION 

POWER RECEf'TION 
RECTENtJA 

LEO TRANSPORT 

GSO TRANSPORT 
THRUSTER 
POWER PROCESSOR 

RELATIONSHIP TO FULL SIZE 

SAME THICKNESS, SOMEWHAT LOWER EFFICIENCY 
SAME 
SAME 
SAME (15M WIDTH, JOINTS, MATERIAL) 
SAME (PERHAPS LOWER EFFICIENCY) 
SAME (16,000 CELLS PER HOUR, TWO YEARS) 
SMALLER DIAMETER, SAME CONTACT SYSTEM 
SAME (PERHAPS SUBSCALE) 
YES, ENOUGH COMPONENTS 

SAME (70Y.W)(PERHAPS HEAVIER, LOWER MTBF) 
SAME 
SAME (FULL DEPTH) 
SAME (EXCEPT 1/5 DISTANCE FOR REF. PHASE DIST) 
SAME (NE ED ABOUT 5000 TUBES) 
SAME 
SAME (PERHAPS SUBSCALE CME'1) 
YES, ENOUGH COMPONENTS 

SAME (AT LOWER EFFICIENCY, PERHAPS 60% NOT 85%) 

GOOD (WITH FLYBACK BOOSTER) 

SAME OR SUBSCALE 
SAME OR SUBSCALE 
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SUITABILITY OF A SMALL PRECURSER CONSTRUCTION BASE 

Analys.:s of potcnlial construdion methods for a I hay to 31 bay size pn:curser satellite have indicated that a one-eighth scale con· 

strw.:tion base would be :1ppropriate. This one-eighth scale construction base would closely approximate a segment of a full size 

c1 1struction base. It would have the capability to produ1.:e the full depth bays to be used in the full sized satellite. The chart 

shows that .:ach or tht.> 1.:ritil'al l'Olhtruction b.isc p.iramt.'h.~rs arc dcmonstratablc on this on-eighth scale unit. As in the full size 

l'onstruction process. the •1ntcnna is' built separ;1tely and mated to the yoke and the power generation rnodul~. The four power 

gencfation bays would bl' built in two grours of two. forming two modules which individually self-power to the operational orbit. 

One ol these modules would 4.'.arry the transmitter. In the opcrntional orbit the two modules would be berthed together in a pro­

ccs'\ '\i•nilar to that to he used in the full sized system. 
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Suitability of "Small" Precursor 

(Construction Base) 
--------------------.... ----------------------------------------------------•1111A'•------SPS-1813 

DEVELOPMENT 

CONSTRUCTION 

BEAM MACHINE 
BEAM INTERCONNECTS 
SOLAR ARRAY DEPLOYMENT 
BUSBAR DEPLOYMENT 
MODULE "INDEXING" 
ASSEMBLE ANT. STRUC. 
DEPLOY ANT. SUBARRAYS 
MATE ANT. TO YO ·-: 

' MODULE BERTHING 
ANTENNA XPORT LOCATION 

RELATIONSHIP TO FULL SIZE 

SAME (tXCLFT rRANSPORT PACKAGING) 
SAME 

WITH "12% BASE" 

2X7.5m=1f>M ("CANISTER BOOSTER")21X3.7S-15M(ORBITER) 
SAME, BUT SUBSCALE 
SAME 
SAME 
SAME 
SAME 
SAME 
SAME 
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PRECURSOR SPS 

Th;s d1.irt shows till' four b~ ·,recursor SPS including its transmitter system. Euch of the four buys is identical to that 10 be used 

in the full SPS. The 470 meter depth of this unit is exactly that, for example. of the full siz~ system. The left-hand two bays form 

one module which is construckd first and dispatched to geosynchronous orbit. then tlw right-hand two modules and the trans­

mitter arc constructed and di~patchcd. Each of the two modules mounts sclf-powi:r transfer dedric thrusters at its four corners 

on cxkns1ons of the l 5 meter stru1:tural beams. The antenna is displaced from the edge of its power module by a structural sys­

tem whic;1 allows the antenna to be rotated to a position beneath the ci:nter of that module. This method is used in the full size 

sysccm, whcr~ the transmitter antenna is rotated to a position beneath the center of the module. The 190 meter diameter tr.ms­

mitter is composed of full sized suburrays arranged so as to provide the requisite power taper. In the center of the transmitter, 

nine subarra}'S of tht• full power type urc grouped so .is to duplicate the m;.iximum thermal environment of the full size transmitter. 

Flat "heet aluminum busb;.ir condudors route the power from the solar arrays to the rotary joint and yoke system. 
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Sl'S-1812 

690M~ .. 

1 
470M 
(FULL DEPTH) 

1--------
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SOLAR ARRAYS: 

78,000 CELL STRING LENGTH (FULL) 
VOLTAGE (FULL) 
(TWO 7.5 M STRIPS JOINED TO OBTAIN 15M) 

2715M 

SELF POWER 
THRUSTERS 
(SUBSCALE) 

ROTARY JOINT 
uses FULL SIZE 
ELEMENTS 

190M TRANSMITTER 
USES FULL SIZE 
SUBARRA YS, HAS 
FULL CENTRAL 
HEAT DISSIPATION 
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POWER TRANSMITTED 

If a precurser satellite is to bt• operated in the latet part 01· the f 980's the solar cells for that satellite must undergo a design 

freeze in approxiinately 1983. The ..:hart sho--.'ls how the natural progression from today's solar cells to the high efficiem:y solar 

cells of the full size SPS will result in an efriciency of appro :imatdy 16~:; for the prccurser cells. With this efficiency and with the 

probable transmitter parameters a1:hievable ~1t tht: timt: of the precursi.:r satci''te, approximately 185 megawatts will be !aunched 

from the face of the transmitter. This is approximately 3'/, of the power of the full size transmitter. 
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I 
P·:>wer Transmitted 

----------------------.... ----------------------------·--------------------------•1111,wo-----­sPS-1826 

• SOLAR ARRAY PERFORMANCE: (50 µM CELLS) 

1977 
OCLI 11.2 TC 12.3% 
->PECTROLAB 10.3 TO 11.3% 
SOLAREX 11.2% 
ASSUMPTION: 75 µM VEE-GROOVE 

COVERS WILL ALLOW 
A 12% CELL TO 
OBTAIN 13% 

• TRANSMITTER OUTPUT 

1983 
ESTIMATES OF 
HELIOTEK & H. OMAN 
14.5% BARE CELL 
YIELDS 16% WITH 
TEXTURING & VEE-GROOVES 

1990 
15.75% CELL 
17.33% WITH 
TEXTURING & 
VEE-GROOVES 

OUTPUT OF FOUR FULL SIZE SPS "BAYS," WORST ILLUMINATION 289 MW 
WITH 1983 :ELLS: (16%/17.33% x 289) ---------- 267 MW 
BUSBAR 12R. 0.98 (SliOATER THAN FULL SIZE) 261 MW 

A"'TENNA POWER DISTRIBUTION 
DC-RF CONVERSION 
WAVEGUIDE 12R 
IDEAL BEAM · 
INTER SUBARRAY 
INTRA SUBARRAV 

HENCE 185 MW ARE "LAUNCHED" 

0.98 
0.82 
0.985 
0.965 
t.946 
0.981 
0.71-

(SHORTER THAN FULL SIZE' 
(0.85, ULTIMATE) 
FULL SPS 
FULL SPS 
FULL SPS 
FULL SPS 

FULL SIZE SPS IS 6220 MW LAUNCHED (PER TRANSMITTER) 185/6220. 0.03 
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BEAM PA'ITERN 

This dHirl rdoill's atknu;ition ol' !Ill' 111i1.·rowah· h1.•a111 ro lh1.• rndial distallcl' from thl' C\:llfl'f of tlull hc;im. lite ce1Hrnl beam 

strl'lll!Hh of llw full sill' poWl'r 'aldlill' is approximakly ~J milliwalls or ~.3.000 mh:rowuth. The churl shows 11 l'lim1,k relation· 

ship for lkkrmininl!! llll' 1.·cn!r;1I hl·am sm•n!(lh lkwlopahk hy lhl' pr1.•1.·ursor unit. Thl' 4-h;iy l'H'1.'ur1111.•r with a 190 1111.'h:r di:1ttll.'kr 

trnnsmith·r ;id1il'H's <11.'.l'lllral hi.•:im <1tn•111.tlh of '>litihtly owr 13 mkrowalts per 'iljllatl' ;.:cntimell't or I/ I .UOO of the h1.~am str.:n11h 

of lhl' full sill' sys km. At a radius of approximatdy I 0 mi ks. clw h1.•am slrl'llJZlh diminishl•s lo ;ipprnximukly I 0 microwath per 

squar1.· 1.·1.·ntimd1.•r whkh is lh1.· Sovid 1.·onlinuou' 1.•xpo,lltl' stamlurd. Thui1. llw bcum diaml'lcr of ~O mill's is n:lut;ihll• to lh1.~ 

li!!!hlcsl cxpo<1m1.· <1land;ml in lhl' world. 

304 



D 180-24071 ·3 

Beam Pattern 

--------------------.... ---------------------------------------------------•111111t1•-----SN·1127 

REFERENCE PRECURSOR 
• PT• 0.03 (OF FULL SIZI') 

10 

i8 20 

~ 
~ 30 
z 
w 

5 40 
-' 
C( 
z 

" en so 

• AT• 0.036 (OF FULL SIZE) 
PMAX • (23,000)(0.03)(0.036) • 24.6 µW/CM2 60 

0 10 

PMAX •CENTRAL BEAM STRENGTH 
POWER LAUNCHED BY TRANS 

Pr• FULL SIZE TRANS. POW. LAUNCHED 

Ar• AREA OF PRECURSOR XMTB 
ARt:A OF FULL SIZE XMTA 

20 30 34.1 40 60 60 70 
RADIAL DISTANCE FROM BORESIQHT, KM 
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RECTENNA OPTIONS 

It is probably not ;appropriate to rnnstn11:t a full arl.':1 rl.'dcnna for thl.' prl.'curscr SPS. With the full rechmna area 11 power output 

of approximately 85 mc!lawatts would be dl.'vclopcd hy the 4·bay prccurscr SPS studied. This power level is of little commercial 

signifkance rek1tive to the ~·ost of thl' nrl.'curser protzr:11n. A partial redcnn:1. as shown, with an area of 7 square kilometers would 

probably produn· about I nll.'g:1watl with till' pn:cursl.'r's ~·entrnl beam strcnllth. Thi!! I megawatt is probably quite adcquatc to 

demonstrate SllCCl'ssful intcgnition of spaCl' generntcd power into a commercial utility network. The beam area around the rec· 

temrn ~ection would be instrumented in order to determine the charactcristil:s of the transmitted beum. 
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Rectenna Options 

(For "1.56 % PSPS'') 
SPS·1811 

• • • 
• "FULL BEAM AREA" 

• DIA.• 20 km (12 mi) 
• OUTPUT 111s 86 MW 

• 

• 

• 

• 
" • • • • • 

• • • 
"PARTIAL" 

• 2.6 km x 2.6 km (1.7x1.7m0 
• • • • • OUTPt;T 111s 1 MW 

• 
• .• 

• ,,, 
• 

• • 
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RE :TENNA CONSIDERATIONS 

It is probably appropriate to direct thc mit.:rowuvc h~·:un from tlw rrccursor satdlitc to .i government reservation. It' the most 

stringent current microwave exposure stamhmls is used. and sud1 a standard may be levied upon the solar power project before it 

has ckmonstratcd long term successful microwave hl·am rointing. thl'll we will he workin1 with :i standard of 10 microwatts per 

square ccntimch:r: at and abow this power level the precursor be;un diameter is ::?O miles. This will n• conveniently within a gov­

ernment reservation such as White S:11H.ls Proving Ground. New Mexico und would be conveniently near the power distribution net· 

work at Alamagordo, New Mt•xico. D1:spitc the low n•ntral beam strength and the lower efficiency of rectennas at these levels a 

pn·cursor rectenna of approximatdy 7 st1uarc kilomeh:rs, that is. I. 7 miles by I. 7 miles. would be adequate to develop one m .. ga. 

watt and would cost approximah:ly 5';1 of the cost associatcd with the total precursor program. 
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Rectenna Considerations 
-----.,.--,m-3 ____________ ._ __________________________________________________ •llllAIO ____ __ 

•GOVERNMENT RESERVATION DESIRED 

•CONTAIN APPROXIMATELY 20 MILE DIAMETER BEAM SECTION WHICH 
IS ABOVE SOVIET STANDARD (10 µW/cm2) 

•SIGNAL LEVEL (- 23 µW/cm2) MAXIMUM WOULD PERMIT PERSONNEL 
EXPOSURE 

e LOCATE NEAR EXISTING TRANSMISSION LINE 

•INSERT ONE MEGAWATT 

e RECTENNA COULD USE "FINAL SPS" COMPONENTS 

e EVEN AT ONLY 60% EFFICIENCY, 7 km2 (1.7 MILE x 1.7 MILi!) PRODUCES 1 MW 

eAT $100/m2, RECTENNA FOR 1 MW IS "ONLY" I0.7B 
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PRECURSOR SPS CONSTRUCTION BASE 

This chart shows the rnnfiguration or the precursor SPS LEO constrnction b;isc. Comr<1rison or this facility to that shown for the 

full-size SPS LEO base reve<1ls that the precursor facility is a one-hay corner of the full size facility. 

The module~ and the yoke would bt• constn11.:ted in the larger part of th1.• base using the full-size construction equipment that 

would be used to construct the full size SPS modules. The significant opcrntional difforencc would he that after the frame for 

one of the module bays is constrm:h:d tlw frnme assembly equipment would be mon•d out of the way so that the solar array 

1.kployment machine could be moved into the same construction hay. After the <irray is deployed. the completely assembled bay 

i'i indexed m:t onto thl' outriggers so that the second h<iy 1.:m1ld ht• assembled. 

The yoke and thruster sysh.'rns would also be constructl.'d in this b<iy. 

fhe antenna would be construded in the antenna construction fadlity which is loc;ikd in such a w<iy th<it the yoke and antenna 

could be mated without <iny Vl'rtical moveml'lll of the antenn<i. 
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Precursor SPS Construction Base 

----------------------.... ----------------------------------------------------•1111A111------
TO GEO 

MODULE 
CONSTRUCTION 
FACILITY--

CARGO__ ./ 
OOCKI~ 
PORTS 

CREW 
MODULES 
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NOTE: 
• YOKE CONSTRUCTED 

WITHIN MODULE 
CONST FACILITY 
AFTER BAY 4 IS 
INDEXED OUT ONTO 
OUTRIGGERS 

• BEAM MACHINE AND 
SOLAR ARRAY MACHINES 
USE SAME BAY 
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PRECURSOR SATELLITE 

LEO BASE CREW SIZE/CONSTRUCTION TIME 

This chart shows the results of a preliminary compiirison of three concepts for constrw.:ting the precursor satellite. 

Alternative A is a very optimiztil: approach wherein it was ;1ssumcd that the operational rates designed into the baseline full·size 

SPS construction com:ept could be achieved when making the rrecursor. The other major assumption was that the modules and 

antennas are constrw.:tcd simultaneously. This results in a large c1ew hut achieves a very short construction time. 

Alternative Bis the same as Alternative A c~.cept that a machine rate 25'/r as high as tilt' operational satellih.' was ussumcd since 

in the early days of construction a karning pro1.:t•ss will be in effrl·t in addition to more mad1ine down time. 

Altcrnatiw C is the concept selected as the refcn.·nce approach. In this concept. it was assumed that it would he necessary to 

minimize the crew size. This is achieved hy having a smaller number of people perform all of the constrw..:tic;n tasks in a series 

approach; I) assembk subassl·mblil.'s. 2) assemble thl· two module\. J 1 assl.'mb!c the yoke. and thL'n 4) assL'mhle the antenna. 

Again. 25'i( of thl.' designed operational rates were assumed. Thi~ approach will obviously take longer than the other concepts hut 

will result in a lower capital investment cost. 
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Precursor Satellite 
LEO Base Crew Siz.e/~onstruction Time 

---------s~---,a-10 ____________ ..., __ ·------------------------------------------------------.-1111~1:1------

CONCEPT BASELINE SYSTEM @ © © 
• ANT ANO MODULE • ANT AND MODULE • ANT AND MODULE 

CONSTRUCTED IN CONSTRUCTED IN CONSTRUCTEIJIN 
PARALLEL PARALLEL SERIES 

• 100% OPERATIONAL • 25% OPERATIONAL • 25% OPERATIONAL 
MACHINE RATES MACHINE RATES MACHINE RATES 

CREW SIZE 
BASE MGMT 10 10 10 6 
CONSTRUCTION 

MGMT 22 16 16 10 
MODULE CONST 68 40 40 40 
ANT CONST 82 76 76 0 
SUBASSY 49 16 16 0 
MAINT 49 12 12 12 
LOGISTICS 42 4 4 4 
TEST/QL 40 10 10 5 

BASE OPS 39 12 12 5 
BASE SUPPORT 77 17 17 17 - - -

TOTAL (4781 !213 I I 213J [!!] 
CONSTRUCTION TIME (340 DAYSI I sg DAYS I 1242 DAYS} l404 DAYSI 

• ALL OF THE NEW CONCEPTS UTILIZE IDENTICAL FACILITY 
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PRECURSOR SPS OPERATIONS SCENARIO 

ll1e precursor program invisioned requires approximately 4-1/2 years of in-space operations. The in-space operations hegif' with 

the cargo and crew launches a:;sociatt:d with the placement. assembly, and checkout of the l·onstruction base. These launches con­

tinue for approximatdy 2 years at which point additional launches hcgin to bring up the mass of the prc~ursor satellite itself. 

The first and second hays of the satcllik arc assembled into one module which is dispatched. using the self-power method. to geo­

synchronous orbit. At the timt' of dispatch, assembly and checkout of the third and fourth hays arc started in ordl•r to form the 

second module. This moduk carries tht• antenna with it to geosynchronous orbit. The self-power transfer tii:1e is 180 days. Before 

tht: first moduk arriws in geosynduonm1s orbit a manned geosynchronous orbit support station is made operaL:c. This support 

station is the bas.: of operations for the lwrthing operation ;whid1 joins the two 1•1odulcs together). final checkout and make-oper­

able operations. and for the one year operational period basdined for this precursor sacellite. It is from this support station that 

maintenance operations will be accomplished. Prior to the beginning of powt•r transmission from spal.'.e the test rectcnna and its 

asso1:ia tcd i nstrume n tat ion made ope rah le. 
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Precursor SPS Operations Scenario 

lllllNll 
SPS·18!i8 

\I YEAR1 I YEAR2 YEARS I YEAR4 I YiARI 

(I) (21) '41t C41' 
CARGO 
LAUNCHES V v v v v v v v v v v v wwwvvvwvwwwwwwv v v v v v v 
CREW 
LAUNCHES fl V V v vvvvvvvvv v v V .V vvvvvvvv v v v v v v 

CONST 
8ASE ASSEMBLE AND CHECKOUT CONST BASE 

LEO 
CONST 

CHEM 
OTV 
lAUHCHES 

RECTENNA 

OPERATIONS 

ASSEM SELF POWER 
BAYS 1AND2 BAYS 1 ANO 2 

ASSEMBLE ·D 
BAVS3AND• 

..----t 
ASSEMBLE ANT 

v v v v v v v v 9 

MANNED GEOSYNCHRONOUS SUPPORT 
STATION OPERATIONS 

I INSTALL REr:TENNAAND INSTR'UMENT.6TION I 

[ 
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PRECURSOR SPS MASS 

The mass is given for a prcn.rsor SPS which is 1.56~1, of the full system size. Because the full size SPS development will not be 

complete at the time of t11c prccurs.or, "novelty" multiplying factors arc used. with the largest factor applied to the transmitter 

eh:mcnts (~uch as the klystron). To the mass of the pn.:cursor SPS in geosynchronous orbit lllll'>t be added the mass of the systems 

necessary to accomplish self-powt:r transfer to geosynchronous orbit. including the argon propellant. electric thrusters, power pro­

cessors. etc. The total mass to be plact:d in low orbit for accomplishment of the precursor program is thus approximately 3600 

mdril..'. ton'i. If a ~eosynchronnus orbit assembly site was selected. with tran!'fcr of the !>:ttdlite l'quipml'nt to that orbit by ch·~mi­

cal orbit transfer vehicle!:, tlw initial mass in !ow orbit would be approximatl'ly 6200 metric tons. 
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Precursor SPS Mau 
(Metric Tons) _________ ..... ..._ ________________________ .. ,,,,,. --

IN-112'1 

ELEMENT 

POWER GENERATION 

POWER TRANSMISSION 
(ONE TRANSMITTER) 

PRECURSOR SPS IN GEO ORBIT 

FULL8P8 
MASI 
'W/GROWTH) 

11,000 

12,IOO 

FRACTION OP "NOVI&. TY/ 
FULLILIMINT IUllCALI" 

"ACTO" 

0.0111 1.10 

0.0312 1.21 

INITIAL MASS IN LOW ORBIT FOR SELi' POWIR WITH 15% SPARES (1 • .40 f'ACTOR) 

ALLOWANCE FOR PALLETS, ETC. IN LOW ORBIT LAUNCH IA (1. 10) INCl.UDID 

LOW ORBIT CONSTRUCTION BASE 

TOTAL MASS LAUNCHED IN PRECURSOR IPI PROGRAM 
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PR ICU RIO" 
MAii 

'·'· 
4IO 

1,120 

2,l20 

2,171 

llO 

1,120 
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POTENTIAL LAUNCH VEHICLES 

On thl~ lCllkr l•:ft is 'hown the 'pan· shuttll- whkh is lll'<trinll the l'IHI of ils dl.'wlortnl'llt plrnse. On thl· riaithl itrc shown two lll':1vy 

lift l;1u111:h vchh:ll' l'Ofh.:l'ph .vhid1 lwvc tw,·11 lkvclorc,t for ad1kwllll'llf of a solar power sall'llit1.• pro1lralll. The up1l1.•r <'f the two 

is 41 two·sta1l1.' halli'>li.: vl'11kk cmplny111~ on·an landin)I for l'ad1 of till• stalll.'S. llll! low1.·r is u two·sluv,cd win)led vchi..:k which us1.•s 

runw;1y h1ndill1l'> t'or r1.·1.·1wl·ry. Both of th1.•,1· haVl! ll;iyloads in CXl'ess of 400 111dl'il: Ions. They an: h1rMcr th11n would 1-·~ r••t1uircd 

for a prcrnrs1•r pro~:r.1111 ;111d it is prohahly inappropriak to hasclilll' I heir use in a 1m'l'llrSl'r pro1nu111. Ii: 1i11.·t one of lhc major 

:1dva11t;1g1.•s of a JH1.·l·urs1.·r a" a dl.'monstra:cr is that it allows ~lll.'.l'essful <ll'l'Otnplishmetll of 11 small i;ill' "llilWl'r f1om sracc Jlru1m11t1" 

hdorl~ 1.·ornrnit1111.•111 to ma.ximurn fundinµ for 1.•ifh1.·r of lhl.'se vehkks. Thi.' other vl.'l1i1:k· 1.·onfi111rntions shown on the 1:h:1rt un• 

dcrivatin•s of till' !'>p111:l' ,1111ttlc. Ahovc thl· span• shuttll· is ~hown a vd1kle l'lllployi11tt an H meter diallll'tcr p.1yloud shroud with u 

SSMI'. rccov1.•ry l'<1psuk·. This vchkk ll!'>l'S th1.• sland:ml l'Xkrnal lank and 'iolid ro1:kl'I hoostcr!I. The payloml j, approxi111alcly 

~.3 timcs that ol lill' standard shulllc. lklow it is ;1 s1111ilar vl'11kll.' whkh instl.'ud of the imlid ro~kct hom1tcr~ employs liquid ro1.·kct 

sta,!:l''> whh:h ;ir1.· l\'l'Oh'l'l'd at s1.·;1. Tht• SJlill'l' shuttle orhitl'f and tlw H·nwtcr diamclcr paylootd shro11d/SSMI· 1.·ombination ilfl' also 

shown with two typ1.·, DI hall1,tkally rt•l·on·rl·d liquid r01:kct sla)l1.~'· and with a wi1111ed turbojet llyhacl: bno,ll'r. The h1rMer of the 

0~·1.•an·rl't'O\l'I) halli~lk rol·kl'I 'la!ll'S •~also ~hown with a hallistk orhitl'I": th1.• s111allcr i~ 'lhown with ;111 i11t1.•rnally tunkcd liquid 

hydrogl·n/liquid o\yi:1.·11 urhrll'r v. hkk 1.·111ploy11tj.'. SSMl·'s. This infl•rnally t;111k1.·d orhi11. r is also shnwn in comhilrntion with till' 

win,111.·d hoo'ill'r. hir 1.".1d1 of thl· ... 1iu11k dnivalivr Vl'llidl·s 1h1.· 111ultipl1.· of thl.' shuttle payloud. th1.• dia111ct1.•r of th1.• payload, thl.' 

ulsl per kilo1lr;11n lo low orbit. 1h1.· n>'I per tliµhl. a1H~ llt1.· total 1kvdop111c111 of ih:ti vl'11kle im~ ~ivcn. h1d1 ol' these dcvl·lopmcnt 

costs .1ssurn1.•s that "1t:1.·1.•"ful cornpk1ion of lh1.· l'lltin· .. 111111k 1kvdop11wnt prn)lram lrns 01.:1:11rr''{I. 1111d that lhc full SSML, rcusahlc 

insulalion, l'll'. is ava1lahk. 
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SPS·\808 

$280/kg 

S19M 

$0.85 

$667/Kg 

S20M 

SOB 

$221/Kg 

S16M 

12.28 

t 

2.3P 

8 METERS 

2.8P 

1114/Kg 

11W 

S2.3B 

8 METERS 

$190/Kg 

S14M 

$3.38 

Dl 80·24071 ·l 

Potential Launch Vehicles 

4 METERS .. 4.2P 

I MITl.l"I .. 
1112/Kg 

110M 

13.78 

(\ 1.IP - ----

3.0P 

12 METERS .. 
rJ I IME,_T_E_Rs ___ _ 

3.&P 1~-, LEGEND: 

8 METERS I J - I/Kg 
_,. ,::A - I/FLIGHT 

$138/Kg 

$14M 

$4.0B 
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f .·"- - I/DDT•~ 
$225/Kg u·-~ P • "SHUTTLE 

. 
PAV LOAD" 

S19M 
$4.31 ·---

3.IP 
8 METERS .. 

1180/Kg 

19M 

16.38 

1.IP 

r= IMETERS 

f-1 
:~~ ... 
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LOW ORBIT PLACEMENT COSTS 

Thi' d1;irt slW\\' tlw tolal l·o,t rl·quirl·d to plan· an al'l'llllllilall'd nia's l1µ1m· into low orbit. The ..:osts ind11dc not only tlw Pl'r 

!light ..:osl but al,o llw dl·h:lopnwntal ..:ml as ... ol·ialion wilh thal wh1i.:k. Till' ma'' n:quirl·d to a..:..:ompli'h thc 1.5<1'.: sill~ prl·..:ursm 

proi:ra111 i'i shown aloni: with a 111;1'' 1'1!.!lll't' for llial pl'l'l·ur,or ;111d lhl' 111;1,s ;11xu111ulall'd hy 15 }"l'aro; ol vehkk opernlion at a 

bun..:h rah' of 40 llighh pn Yl';1r. I hl' hill' a"oi.:iah'. with lhl' 'P"'l' o;hullk bq1ith al 0 sillCl' it ts a!'ls11mcd hl•rc that its develop· 

mcnl ha, hl'l'n a..:..:ompli ... hl•d. llowl'Vl'I'. 1h rl·lativl'ly hi)!b pn·lli)!ltl ..:o'I i.:all'>l'' ii to bl· ahow tlw lher 'Y'-ll'lll'i bdorc eight yc;1ro; 

or operation h~l\l' lakl'll pla..:l'. lhl' olhl'l 'hllllk dnl\allVl'' ha\l' hiµhl'I' Dl>l&I· Vl,1 but loWl'r l'O'il Pl'r lligltl. The lowl.'sl l'O'il 

vchkk for pl;il·,·ml'ill of tin.' prl0 l·11r ... or SI'S sl1m\11 hl'l'l' j, till' shullk 1krivativl' l'lllPloying thl· H 11wkr dianWtl'I' shroud and a 

SSML rl'l·owry ..:.qisulc with lhl· ... 1andard l'Xll'rnal t~u1k and ... olid ro..:kl'l boosters. 
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Low Orbit Placement Costs 
(No Discounting) ____________ .;,.. ______ .._ _________________________________________________ •llllNll ____ __ 

SPS-1853 f"'! 16 

14 

13 

12 

11 

10 

LAUNCH 9 
VEHICLE 
DDTl&E + 8 
LAUNCH 
COSTS 7 

6 

5 

4 

3 

2 

1 

0 2 3 

"1.58%" PRECURSOR 
SPS (SELF POWER) 

10 
ACCUMULATED PAYLOAD, 
THOUSANDS OF METRIC TONS 
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THE SRB AND STRATOSPHERIC OZONE 

This scnten(e is an l'X(l'rpt from the draft environmental impact stah:mcnt for the spil(C shuttle orbiter and is indicative of the 

environmental (Oll(crns asso(aatcci with large S(alc opcrntions of the solid ro1:kct boosters for an extended period of time. 
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The SRB and Stratospheric Ozone 

--------------------.... ---------------------------------------------------•llllNll------SPS-1825 

"THE DECAY TIME OF THE SPACE SHUTTLE EXHAUST EFFECT IS 

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." 

ENVIRONMENTALIMPACTSTATEMENT, SPACESHUTTLEPROGRAM 

(DRAFT) JULY, 1977 
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LOW VERSUS HIGH ORBIT ASSEMBLY FOR PRECURSOR SPS 

In this chart it is assurm•d that 1 /4 of the development cost associated with shuttle dl'rivativc laund1 vehicles is chargeable to the 

precursor SPS program. Costs for thl' transportation l'lcrnents of low and high orhit assl.'mbly operations arc given for the shuttle 

and two shuttle dl'rivatiw vehicle~. With thl' shuttle. low orbit asst'mbly is far lower in cost than with high orbit. With one deriva­

tive. low orbit assl'mbly is slightly rnorl' expcnsivt:. w~· nwy condudl' that sd I-power ;1ssem bly for the precursl·r program will 

approximately pay for itst.>lf and that tht.>rcforl' it should hi.' assumed to bl' part of the program. since it demonstrates and develops 

the eventual sdf-rowcr transfer syskrn. 
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Low Versus High Orbit Assembly 
for Precursor SPS 

-------------------------------------------------------------------------•llllNo----SPS-1861 

(WITH% OF LAUNCH VEHICLE OOTaE) ($8, 19n) 

SHUTTLE 
SRB/ET FLYBACK/ET 
SIME CAPSULE SSME CAPSULE 

LOW ORBIT (SELF POWER) 
t 

LAUNCH 3,790 MT 2.52 1.27 1.52 

DEVELOP SELF POWER 0.60 0.80 0.80 

SELF POWER EQUIPMENT 0.25 0.26 0.26 

OEV40MTOTV 0.20 0.20 0.20 

NINE OTV FLIGHTS 0.04 0.04 0.04 --
3.61 2.36 2.61 

HIGH ORBIT 

LAUNCH 6,240 MT 4.16 1.96 use 
OEV40MTOTV 0.20 0.20 0.20 

51 OTV FLIGHTS 0.21 0.21 0.21 

4.57 2.37 2.26 I 
CONCLUSION: SELF POWER ABOUT PAYS FOR ITSELF .'\NO DEMONSTRATES/DEVELOPS FINAL SYSTEM. 
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TOTAL COST THROUGH NUMBER 1 SPS PHOTOVOLTAIC SYSTEM 

This chart shows development. facilitization and unit rnsts foi· the SPS program through the first full size unit. Note that the 

development cost for the SPS itself are relatively small in comparison with the total. This indicates that a good precurscr program 

may accomplish nearly all of the Jin~d lkvcloprncnt associakd with the SPS. This will oc shown on the: 11ext chart. 
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Total Costs Through #1 SPS 
Photovoltaic System ____________ ....;:;.... ______ .1.. ____________________________________________________ •• ,,~.-----

SPS-1549 

SPS FREIGHTER ~ 
PROD. 
FACILITIES 
0.9% 

-- SPS ORBIT TRANSFER SYS. 1.6% 

#1 SPS 
34.3% 

TOTAL• 83.6 BILLION 
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--- CREW ORBIT TRANSFER 
VEHICLE 1.2% 

SPACE OPERATIONS DEVEL. 

~ PWR RECEIVER 0.3" 

~~PWRTRANS 
DDT&E 1.4% 

DDT&E 

ENERGY CONV 
DDT&E 2.3% 
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PRECURSOR SPS COST ESTIMATE 

A preliminary cost estimate is made for each of the major clements of the precursor program, along with a 15% allowance for mis­

cellaneous items, operational costs. <!le. which have not been identified. Note that not all the cost associated with the shuttle deriv­

ativt.• launch vehicle. its facilities. the chemical OT\', 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;1blc that one would not imba:k upon a shuttle derivative launch vehicle unless 

it had significant other use than for a precursor SPS program. Many of the cost clements have dire,·t applicability to the full size 

SPS so that development funds expended in the precursor program directly reduces the funding necessary to accomplish the even­

tual SPS. The total value of this reduction is approximately $(> billion for the precursor program. 
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Precursor SPS Cost Estimate. ("1.56%'') 

ELEMENT SB (1977) APPROXIMATE CONTRIBUTION 
TO SPS DDT& E SB (19n) 

CONSTRUCTION BASE (WITH $3.0B DDT&E) 5.30 3.1 

SPS DDT&E: POWER GENERATION 0.9fi 0.8 
POWER TRANSMISSION 0.69 0.4 
POWER RECEPTION 0.12 0.1 

SPS HARDWARE: POWER GENERATION 0.35 
POWER TRANSMISSION 0.25 
STRUCTURE, MISCELLANEOUS 0.20 

SELF POWER TRANSFER (WITH DDT&E) 0.86 0.6 

GSO SUPPORT STATION (WITH ODT&El 1.20 0.4 

LEO TRANSPORT (FLYBACK BOOSTER/ET/SM SHROUD/SSME CAPSULE) 
% OF ODT&E 1.00 0.2 
47 FLIGHTS (9 SUPPORT GSO STATION) 0.66 
FLEET (% BOOSTER,% SSME CAPSULE) 0.80 

FACILITIES(% PAD~ PAYLOAD HANDLING, ETC.) 0.40 

CHEMICAL OTV (40 MT CLASS, Y. DOT&E) 0.40 0.3 

CREW ROTATION (75 PERSON CARRIER) 
DOT&E 0.16 0.16 
25 SHUTTLE LAUNCHES (O"ER 3 YEARS) 0.60 

RECTENNA (ONE MEAAWATT OUT) 0.70 

SUBTOTAL 14.43 6.06 
~ ·-

WITH i5% FOR OPERATIONS, MICSCELLANEOUS 16.57 
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SIZE EFFECT ON PRECURSOR PROGRAM COST 

Thn:e sizes for prenirsor SPS were inwstigated in this study. The ~-bay unit is 0. 78'/r of the full size SPS. The 4-bay unit basc­

Ji,1ed is 1.56'..1,, of the full size SPS. and a 3 2-ba.~ Cone module I unit which is 12. 5'/r of the full size SPS. Because it is con~idcrcd 

fundamentai that one of the major fundions nf the precursor unit is to develop ;.ind demo11stratc the construction base "through­

put'· required for commercial viabiliry of the SPS. each of the~c: precursor unit sizes has .'ssoci:.ited with it a I /8 sill' construction 

base segment which is literally a segment of the full sizt· •:onstrudion base. Becau!>e of •'11s and other scaling effects there is rcla­

t!vdy little cost d1ffen:nce hc~wcen the 2-bay and 4-bay unit. If it is further bascline<l that I megawatt of useful power is to be 

prodund by the test redenna tht· smaller unit actl'ally has a higher total program cost. Because of the Ir •1er ,·cntral beam 

strength of the small - precursor (approximately 5 microwatts per square centimeter) it requires u much !ar, test rectenra tl 

gvr.erate the I megawatt. The 0111.· moduli:! largt' precursor SPS requm's only a very small rectcnna to generate 'lllC megawatt. 
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Size Effect on Precursor Program Cost 

30r--~~----------------------------------

25 

20 

15 

10 

5 

0 

12.6% ONE MODULE 
(32 BAYS) 

"0.78%" (lWO BAYS) 

"1.58%" FOUR (BAYS) 

6 
% OF FULL SPS 
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OTHER PRECURSOR SIZE OPTIONS 

This chart shows thl' major effeds of sclcding the smaller :ind lurger prcl·ursor uni ls invcstignlcd. The I ::!.S'A unit is one comrlete 

SPS moduh· and would .illow duplication of this large SPS as!lcmbly. ccrtninl) a major contributer to demonstration of the full 

sah:llik constru1.:tion capability. flowevt•r. its htrgcr si7e and m:iss will fl~quirl a much more .imbitious ;issodah.•d launch program. 

For e:.;amplc. if the shuttk Wl~r1.• to b1.· used 1.•xch1sivcly, uvw 800 shuttle !lights would be rcquircll. <tnd even with the higher pay­

lo;1d capability of th1.• shuttle dcriva1iv1.· l:rnnch vl·hide, over ~00 flighls an.• required. Total pri:cursor program cost is estimated 

at approximately S~8 billion. This larger siZl' unit ;ili-iws u cent nil hcam stnmglh of OVl.'f I milliwatt per squarl.' centimeter. much 

stronger th•m that produdhlc by the 4-bay uni I. ('ons1.•qucntly. a very small rc1:tcnn:1 would be sufficient to prodlH:c the I mega· 

watt output bascli111:d. Conversely. thl.' 0. 1w;. ~-hay. pn.•curcor would allow a much more modest law1d1 program and might be 

accomplished hy the shuttle aloth.'. lfowcwr. thl' full hi11h voltage outplll of lhc solur arrays would he achievable only with some 

eel! string configur.ilion other tlrnn that liasdincd for th1.· l'ull size SPS. Tia· IOWl'r Cl.'lllntl bcum strl.'ngth requires a much larger 

rcctenna if the full I mcg;1watt is to bl.' produced. 
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Other Precursor Size Options 

w,m ••11N111 ---

• .. 12.6%•: ONE SPS MODULE (32 BAYS) 

• 0.78%: 

• EXACT DUPLICATION OF EVENTUAL BPS CONITRUCTION ITEM. 

• 810 SHUTTLE FLIGHTS OR 226 FLIGHTS OP LIQUID IOOITIR/ 
CAPSULE SSME SHUTTLI DERIVATIVE 

• APPROXIMATELY S28B PROGRAM. 

• 1.37 mW/em2 (1,370 µ.W/cm2) CENTRAL BEAM ITRINOTH. 

• $60M FOR A 1.0 mW ANTENNA 

TWOSPSBAYS 

• CONSTRUCT ALL SPS "ELEMENTS". 

• FULL VOLTAGE ONLV BY EITHER SUBSCALE CELLI OR 
RE·ROUTED STRINGS. (NOT DUPLICATION OF PLASMA 
SUSCEPTIBILITY). 

• 96 SHUTTLE FLIGHTS OR 31 FLIGHTS OF LIQUID IOOITEA/ 
CAPSULE SSME SHUTTLE DERIVATIVE. 

• 1.40 µW/cm2 CENTRAL BEAM STRENGTH 

• $3.88 FOR A 1.0 mW ANTENNA. 
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PRECURSER GOALS 

Thl' goals that an: Ihm t•1111.•rging from lht· study may hl' sum11wri1.t•d as follows. Thl' precurser will opl'r.&tl' in g.•!osynd1ronous 

orhit and tkvdop for a t1·st period lprohahly Otlt' year> approximah~ly I megawatt of useful power: while doing so. an environ­

mentally avn·ptabk mit-rowah' bt••1111 will he 1.·011tinuously and ;H·curatcly poinkd into the rt•quircd rcceivinµ an:a. By ac~:orn· 

pltshing lhis test. ;ill major l'IL'nh·nts of 1111..• full sil.l' SPS will ht• lknwnstrated. induding the high n:quired co11~lnH:tio11 "through­

put'' m•i.:L'ssary to assl'mhll' 'atcllill'~ on orbit al the r1.·qL1in•d r;lle. The prt•curser sutcllitc is reh1tively small l·ompared to a full size 

SPS ;111d. t·o11seq111:11tly. is ,;apabll' of hl·i11g laundwd along with ils \.'Ollstrudion base by thl.' span· shuttle or u derivative of the 

space sh u It ll'. 
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Precursor Goals 
____________________ .... __________________________________________________ .. ,,,,,,. ____ __ 

.,., .. 
• ALLOWS LONG-TERM (APPROXIMATELY 1 VEAR) DEMONSTRATION THAT MICROWAVE 

BEAM CAN BE CONTINUOUSLY POINTED INTO REQUIRED ARIA 

• BEAM TO FIT INTO GOVERNMENT RESERVATION (1.9., WHITE SANDI PROVING GROUND); 
SIGNAL STRENGTH AT EDGE TO BE BELOW SOVIET EXPOSURI STANDARD (10 p.W/om2) 

• CENTRAL BEAM STRENGTH TO ALLOW WORKERS EXPOSURE (UNDER 1/10 CURRENT 
U.S. STANDARD) 

• SIGNIFICANT POWER OUTPUT (> 1 MW) 

• TO REPRESENT ELEMENTS OF FULL.SIZE SPS 

•POWER GENERATION 
•TRANSMITTER 
• ROT ARV JOINT 
•TRANSFER TO HIGH ORBIT 

• CONSTRUCTION "THROUGHPUT" 
•POWER RECEPTION 
• MAINTENANCE 

• SHUTTLE DERIVATIVE ADEQUATE FOR ALL LAUNCHES 
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MAJOR ELEMENTS OF THE PRECURSOR PROGRAM 

Thc'i<.: arc th1: larger ckme111s of the 1.56'( precursor progrnm basdined in this study. In addition to the prc..:ursor satellite itself 

with its tr<rnsmitter. tht~ self-power orbit transfer sysfl'm is required. A low earth orbit" .scmhly and dh.·..:kout fadlity (construe· 

tion hasd is also a m<1jor clc:111ent of the program. Sonh' llhuttk derivativ1.· laund1 vehidc. preferably with :111 eight meter diameter 

car)!o capability. should hl· provilkd in order to reduce launch rnst not only for tlw pre..:ursor program but also subsequent shuttle 

type operations. A d1cmkal orhit tran~rer vchide i'i n:qt!in.:d to place the manned µcosy11d1rono11s orbit support station whkh is 

used during tlh: op1.·rational test period of th1.· precursor satellite. 
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Major Elements of the Precursor Program 

-----SELF POWER 

SHUTTLE DERIVATIVE 
LAUNCH VEHICLE 

ORBIT TRANSFER 
SYSTEM 

CHEMICAL 
ORBIT TRANSFER 
VEHICLE 
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LEO ASSEMBL V AND 
CHECKOUT FACILITY 

GEOSYNCHRONOUS 
SUPPORT STATION 

.. 



' i 
\ 
! 
i 

Dl80-24C7t-3 

PHASE Ill FINAL REVIEW 

MARCH 1, 2, 1978 

SOLAR 

POWER 

SATELLITE 

GENERAL. ELECTRIC 
... ac• DIVISION 
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MlCROWAVE POWER TRANS~DSSION 

I 
I 
I 
I 
I 
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SCOPE OF GE'S PHASE CONTROI, SYSTEM STIJDY 

GENERAL ELECTRIC COMPANY'S STUDY EFFORT IN THE PHASE CONTROL CIRCUIT AREA WAS CONCENTRATED 

ON THE DEVELOPMENT OF SYSTEM ARCHITECTURE, DEFINITION OF MAIN REQUIREMENTS AND ANALYSIS 

OF THE PO~iR TRANSFER EFFICIENCY OF THE SYSTEM. 
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s·coPE OF OE 1S PHASE CONTROL 
SYSTEM STUDY 

SU11VEY AND INTEGHA TE PRIOR EFFORTS 

COl\lPARE ALTERNATE APPROACHES 

DEFINE :MAIN SYSTEM PARAMETERS ON THE BASIS OF TRi\DE-OFF ANALYSIS 

A~ALYZE OPERATION OF SYSTEM AND DETERMINE ERRORS CAUSING POWER 

TRANSFER INEFFICIENCY. 

• PROVIDE DATA FOR COST MODEL. 
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BASIC ASSUMPTIONS FOR SYSTEM DESIGN OF PHASE CONTROL NETWORK 

REALISTIC AND RELATIVELY EASILY 'MAINTAINABLE ORBIT PARAMETERS WERE ASSUMED. ORBIT INCLINA­

TI~N ANGLE LIMIT NECESSITATES A DAILY MECHANICAL OR ELECTRICAL TILT ALI~NMENT OF SUBARRAY 

PATTER.~. 
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BASIC ASSUMPTIONS FOR SYSTEM DESIGN OF 
PHASE CONTROL NETWORK 

EXCENTRICJTY 

I~CLINATION 

LONG TERM POSITION DRIFT + 10 km 
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BASIC ASSUMPTIONS FOR SYSTEM nESIGN OF PHASE CONTROL N£TWORK 

:HE GOVEhNING CFARACTERISTICS FOR THE SPACE SEGMENT OF THE PHASE CONTROL SYSTEM WERE SELECTED 

ON A CONSERVATIVE BASIS. WITP EVOLVING CONSTRUCTION TECHNOLOGY OF THE ANTENNA STRUCTURE THE 

in~!BER OF SUBARRAYS ~.AY BE REDUCED RESULTING IN A SIGNIFICANT REDUCTION OF PHASE CONTROL 

~YSTEM COHPLEXITY. 
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BAS1C ASSUMPT10NS FOR SYSTEM DESIGN OF 
PHASE CONTROL NETWORK 

RPACE SEGMENT 

NO:\It~AL SPACECRAFT AN"IE NNA DIAMETER 

~""U!\IBER OF SUBARRAYS 

NOMINAL SUBARRAY AREA 

TR..\N'~MIT 

RECEIVE 

ARRAY l\tJSALIGNMENT 

POLARIZATION' 

NOMJ~ML TRA:'.l:SMIT POWER OF ARIV\Y 

MAXIMUM TRA~SMIT POWER PER TUBE 

l\tA~'<IMUM NOISE DENSITY FOR 125 KW TUBE 
DO Miiz FROl\1 CENTER OF BAND 

RECEIVER IF BANDWIDTII 

PHASE DISTRIBUTION NETWORJ< ARCHITECTURE 
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lkm 

10000 

10
2 m2 

5, 332 m2 (max) 

.u;0 (max) 

LINZ.:1\R 

1010 w 

12G kw 

-107. 8 dBw/Hz 

l MH7. 

3 LAYERS 
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BASIC ASSUMPTIONS FOR SYSTEM DESIGN OF PHASE CONTROL NtTWORK 

A TWO TONE PILOT SIGNAL TRANSMITTED BY A THREE ELEMENT EARTH STATION ANTENNA ARRAY WAS 

SELLCTED ALLOWING A SIMPLIFICATION OF THE SPACE SEC'1ENT AND COMPENSATION OF SYSTEMATIC 

POINTING ERRORS IN THE POWER BEAM. 
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BASIC ASSUMPTIONS FOR SYSTEM DESIGN OF 
PHASE CONTROL NE'fWOR1< 

EARTH SEGMENT 

EARTH STATlON SITE 

UPLINK FREQUENCY <fu> 
DOWNLINK FREQUENCY (f

0
) 

UPLINK MODULATION FREQUENCY (f
1
) 

~'UMBER OF PI.LOT ANTENNAS 

NOMINAL RECTENNA DIAMETER 

NUMBER OF MONITO!UNG ANTENNAS 
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WITHIN CONTINENTAL l:S 

2460 MHz 

2450 MHz 

100 MHz 

3 

10 km 

4 (MIN) 
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FUNCTIONS IN PHASE CONTROL CIRCUIT FOR llETRODIRECTlVE SPS ANTENNA 

THE NECESSARY FUNCTIONS REQUIRED FOR A RETRODIRECTIVE PHASE CONTROL SYSTEM WERE IDENTI­

FJ iD. THESE FUNCTIONS ARE INDEPENDENT OF THE ACTUAL CIRCUIT IMPLEMENTATION. 
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FUNCTIONS IN PHASE CONTROL CIRCUIT FOR 
RETRODinECTIVE SPS ANTENNA 

• PILOT SIGNAL GENERATIO~. CONTROL AND TRANSMISSION AT 'cJ FROM 

EARTH STATION. 

• PILOT PHASE RECEPTION A?JD T)OWN CONVERSION AT SPACECRAFT 

SUB-SUBARRAYS. 

• REFERENCE PHASE GENERATION, DISTRmUTION AND REGENERATION. 

• PILOT PHASE TRANSMISSION FOR PHASE REGENERATION AND CONJUGATION. 

• CONJUGATED PHASE TRANSMISSION AND UP CONVERSION TO f D FOR PA SYSTEM. 

• PHASE CONTROLLED POWER AMPLIFICATION ANO TRANSMISSION BY 

SPACECRAFT SUBARRAYS. 

• l\ION!TORING OF RECEIVED SIGNAL ON GROUND. 
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RETROti!RECTIVE SPS PHASE CONTROL SYSTF.M 

THE RETRODIRECTIVE PHASE CONTROL SYSTEM rs BASED ON THE USE OF A GROUND GENERATED REFERENCE 

PHASE AGAINST WHICH THE PHASE OF THE RECEIVED SIGNALS or THE SUBARRAYS ARE CONJUGAt!D !OR 

THE TRAA~SMITTEO SIGNALS. THE REFERENCE PHASE IS DtS'tRIBUTED ON A RETURNABLE TIME BASIS, 

WHICH IS INDEPENDENT ON THE VARIATIONS OF ELECTRICAL LENGTH IN THE PHASE DISTRIBUTION TRANS-

MISSION LINES. THE PRACTICAL IMPLEMENTATION OF THIS PRINCIPLE REQUIRES THAT THE CONJUGATOR 

FOR A GIVEN SUBARRAY IS LOCATED AT THE RECEIVER OF THE NEXT HlGHEl LEVEL SUBAllAY IN THE 

PHASE DISTRIBUTION TREE. 
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A 

RETRODIRECTIVE SPS PHASE CONTROL SYSTEM ~~ 
' •pace divi•ion 

4'o - UtTE REF. ~o 
~ CONJUGATOR - ~ CONJUGATOR 

REGEN. 

--- . -;-r 
I 4'x 

•k+ k ~ -- l 
1 

TRANSMITTER 
I 

TRANSMITTER 

~ I~ ..... RECEIVER -
I SUBARRAY SUBARRAY 

-

A Ak 0 

SPACE 

PILOT MONITOR 
TRANSM. STATION 
STATION J 

I MONITOR I 
AND -
CONTROL 

GROUND 
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THREE PILOT ANTENNA CONTROL SYSTEM 

ON THE GROUND THE POSITION OF THE RECEIVED BEAM IS MONITORED AND THE EFF~CTIVE PHASE CENTER 

OF THE TRIANGULARLY CONFIGl'RED PILOT ANTENNA ARRAY IS VARIED IN SUCH A WAY THAT THE BEAM 

CENTER IS KEPT AT THE CENTER OF THE RECTENNA. 
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THREE PILOT ANTENNA CONTROL SYSTEM 

MONITOR 
ANT. 

Mj 
r- ... ------, 
I PILOT I 
I ANT ST. I 
I NO. 1 I TIUPLEXER 
I f AMPL I 

PILOT I PA + I PILOT 
f o I PHASE I ST. ST. 

I f ... f 
I NO. 2 NO. 3 

I u - 1 CONTR. 
I I 

REC r. 
L-' . ' ------ __ ..J 

AMP 

- t 

• COUPLER._ .... COMPUTER i-- DE COD • ~ EN COD. ...... 

~SS 

epace division 
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PHASE COHERENT RECEIVER ALTERNATIVE 

SEVERAL PHASE COHERENT RECEIVER TYPES ARE USABLE, AMONG WHICH THE TWO TONE RECEIVER WITH 

A FIXED LO IS THE SIMPLEST A.~D PRODUCES THE RECEIVED PHASE AT THE SUBARRAY AT A CONVEN­

IENTLY LOW INTER.~EDIATE FREQUENCY. 
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PHASE COHERENT RECEIVER ALTERNATIVE 

LOOP 
FILT. 

VCO 
'1>u 1 - wur ·--·--1 l+n l+n c 

1 
• i+ii c-+u> 

xn 
1-_.,_ _______ ._.o f

1
f!.!. __ __. 

SINGLE TONE PHASE LOCKED LOOP (lf) 

LOOP 
FILT • 

<& 
det 

xn 

\(~-,,rci -+r >t +er -r >t, r. u 1 + u 1 -J 
-W"k 

1, = nf
1 

f/> = n+ D 

TWO TONE PHASE LOCKED LOOP (rf) AND PHASE CONJUGATOR 

BP 
f +f 
u 1 

BP • 
f -f 
u 1 

LO __ rLo= fu+f2 

LIMITER 
AMP. 

TWO TONE RECEIVER WITH FIXED LO. 
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PHASE DISTRIBUTION NETWORK LAYOUT 

A THREE LAYER i-f REFERENCE l'HASE DISTRIBUTION SYSTEM WAS SELECTED TO MINIMIZE CIRCUIT 

LOSSES, WEIGHT AND PRACTICAL EPJ\ORS ~SSOCIATED WITH THE TERMINATINC IMPEDANCE VARIATIONS. 

THIS SYSTEM REQUIRES ONLY ni(n2 + 1) PHASE REGENERATORS (n1 • 19, n2 • 23) AND AN i-f 

DIPLEXER AT THE END OF EACH TRANSMISSIO~ LINES, WHICH ARE USEB AT 2f1 AND 4f1 FREQUENCIES 

FOR THE BACK AND FORTH TIME RETURNING OF THE REFERENCE SIGNALS. 
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ALTERNATIVE PHASE REGENERATORS 

IN THE REFERENCE PHASE DISTRIBUTION PROCESS A REGENERATION OF TH~ ORIGINAL REFERENC3 PHASE 

I~ REQrIRED AT EVERY NODE FROM THE RECEIVED SUBARRAY SIGNAL AND FROM THE CONJUGATED SUBARRAY 

SIG~AL. THIS "REGENEATOR" REQUIRES A Nffi18ER OF MIXERS AND F!{EQUENCY DIVIDERS. WHEN THE 

DIVIDERS A...'lE USED IN A LARGER OVERALL SYSTEM CARE MUST BE TAKEN BY THEIR PROPE~ SYNCHRONIZATION. 
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ALTERNATIVE PHAS!...£.O~UGATORS 

"E.XACT" AND "APPROXIMATE" PHASE CON Jl!GATORS CAN BE USFD FOR THE PRESENT P.it\..,OSE. THE 

FIGURE SHOWS 1'WO OF THE "EXACT" TYPES OF CONJUGATORS, WHEN THE n1..1::~.'P-~\" TRANSLATION 

IS ACHIEVED WITHOUT AN ERROR IN THE CONJUGATION. CIRCUITS WHICH USE FREQUENCY DIVIDERS 

MUST BE SYNCHRO~IZED IN ORDER TO AVOID TT PHASE AMBIGUITY. 
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ALTERNATIVE PHASt CONJUGATORS 
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PHASE LOCKED LOOP TYPE PHASE CONJUATOR (rC) 

Hy 

T\\'O TONE TYPE PHASE r.ONJUATOR (10 
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TRANSMITTER BLOCK DIAGRAM 

THE TRANSMITTERS O?ERATING INTO A SUBARRAY ARE INDEPENDENT FROM EACH OTHER, BUT RECEIVE THEIR 

INPUT PHASE FRO~l A COMMON PHASE CONJUGATOR. ADDlrIONALLY ONE TRANSMITTER MODULE SHARES A PART 

OF THE SUBARR..\Y SURFA~E WITH THE RECEIVER ESTABL15HING THE PH '.SE FOR THE ENTIRE SUBARMY. 

WHEN ELECTRO~IC STEERING OF THE SUBARRAY PATTERN IS DESIRABLE FOR INCLINATIOt-1 ANGLE COMPE:•SA-rION 

THE NORTH-SO~nt WIDTH OF A T~SMIT ARRAY MODULE HAS TO BE RESTRICTED TO ABOUT ,7 m AND THE 

INPUT PHASE TO THE PHASE DETECTORS OF THE TRANSMIT FHASING CIRCUIT HAS TO BE MODULATED BY A 

SMALL, CALCULATED ERROR SIGNAL WITH 24 HOURS PERIODICITY. 
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. THREE LAYERS PHASE DISTRIBUTION NETWORK PHASE ERROR BUILD UP 

RANDOM AMPLITUDE A.t>.1> PHASEJAND SYSTEMATIC POINTING AND AMPLITUDE ERRORS ARE AFFECTING TH£ 

RESULTANT POWER TRANSFER EFFICIENCY OF ANTENNA. EFFICIENCY IS CONSIDERED BETWEEN THE OUT­

PUT PL~C'. OF THE SPACE ANTENNA AND THE INPUT PLANE OF THE RECTENNA. 
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ILLUMINATION ERRORS AFFECTING ANTENNA EFFICIENCY 

FOR THE SELECTED THREE LAYER PHASE DISTRIBUTION NETWORK APPROXIMATELY 95% OP ALL SUBAR.RAYS 

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 IS A FUNCTION OF ERRORS ASSOCIATED WITH THE CONJUGATORS,,CONNECTING LINE MISMATCHES, 

r-f DIPLEXER DIFFERENTIALS AND ERRORS ASSOCIATED WITll THE TRANSMITTER PHASING CIRCUIT OF 

ALL THE ELEMENTS WHICH ARE ASSOCIATED WITH THE PARTICULAR TRANSMIT SUBARRAY. 
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ILLUMINATION ERRORS AFFECTING A?\'TENNA EFFICIENCY 

PHASE 

PHASE JITTER (f , f.) 
u 1 

TRAXSMITTER NOISE 

CONJUGATOR ( 6 ) 
c 

RANDOM 

LINE :MATCH DIFFERENTIALS (6d) 

SYSTEMATIC 

AMPLITUDE POIN'l'ING 

TRANSMIT POWER DOPPLER F~EQUENCY 

AMPLITUDE 

ILLUMINATION 
QU !\NTIZA TION' SUBAF.RA Y ROT A TION SHIFT 

ABERRATION 

POLARIZATION 
ROTATION 

DIP LEXER MATCH DIFFERENTIALS ( 6 d) 

TRANS~UTTER PHASING ( 6 ) 
p 

I IONOSPHERIC DIFFERENTIAL 

I ATMOSPHERIC DIFFERENTIAL 

DIFFERENTIAL DOPPLER 
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RANDOM ERRORS FOR 3 LAYERS PJIASE DISTRIBUTION 

THE RANDOM PHASE ERRORS ARE DO~INATED BY THE 1-f DIPLEXER IMPERFECTIONS. THE AMPLITUDE ERRORS 

ARE DvMINATED BY ARRAY TILT. 
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\ :~ , 8 PACE 
1 ;:J:v:s:o.'\I 

".:,;..-·/ 

RANDOM ER!lORS FOR 3 LAYERS PHASE DISTRIBUTION 

SOURCE 

PH.-\SE JITTER 

TP . .A~S~IITTER NOISE (c/n = 30 db) 

CO~JUGATORS (6 = .6°) 
c 

LINES ( 6 = 2.54°) 
l 

DIPLEXERS ( 6 d = l. 81°) 

TRANSMITTERS ( 6 = 1. 6°) 
p 

PHASE ERRORS (deg) 

DIFFERENTIAL DOPPLER (V d = 6. 25 m/s) 

PEAK: 

DEG. 

1.13 

.36 

1.04 

6.22 

2.56 

1.60 

.18 

13.09 RSS: 7.09 

PHASE l~RROR CAUSED LOSS: 1.53% 

AMPLITUDE ERRORS <%) 

SOURCE 

TRANSMIT POWER FLUCTUATION (l db t rms) 

ARRAY ROTATION (L <'. lOm,~Q = .15°) 
s s 

PEAK 

10.64 

13.50 

RMS 

2.38 

1. 41 

PEAK: 24 .14 RSS: 2 .51 
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SYSTEMATIC ERRORS FOR 3 ~YERS PHASE DISTRIBUTION 

THE SYSTEMATIC ERRORS ARE DOMINATED BY PRCPAGATION ERRORS. ALTHOUGH THESE MAY SHOW UP IN A 

~:1A.LL PERCENTAGE OF TIME ONLY THEIR VALUE CAN BE SIGNIFICANT IF ONLY ONE PILOT ANTENNA IS USED. 
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f...STEMATIC ERRORS FOR 3 LAYERS PHASE DISTRIBUTION 

POfNTING ERRORS (deg) 

SOURCE 

DOPPLER (i = 2. 2°, ri = 13. 6 m/s, 2 f_i = 112 Hz) 
m lJop 

ADERRATIOX (Z i = 100 m/s) 
m 

IO~OSPHERIC DIFFERENTIAL (.1° way refraction) 

0 
AT?ttIOSPHERIC DIFFERENTIAL (. 3 l way refraction, 

2% ircgularity) 

Pointi!'lg error 
(deg) 

Pointing loss 
:'kl> 

1 PILOT STATION 

1.43x10 
-6 

19.~ixlO 
-6 

2.35x10 
-3 

6. 00 x 10 
-3 

PEAK s. 35 x 10 
-3 

RSS 
-3 

6.44xl0. 

PEAK 1.19 

RSE • 92 

AMPLITUDE ERRORS (%) 

QUANTIZATION 

16 LEVEL DISTRIBUTION 

8 LEVEL DISTRIBUTION 

FARADAY ROTATION (WORST YEAR) 

• 078 

• 312 

• 48 
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3 PILOT ST.A TION' 

7.15x10 
-8 

9. 65 x 10 -8 

1.17 x 10 
-4 

3.00x10 
-4 

4.li5x10-4 

3.221x10 
--t 

.60 

.46 
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SUMMARY OF LOSSES 

NET LOSS IN THE ANALYZED SECTION OF THE OVERALL SYSTEM CAN BE KEPT A 3.65% RMS LEVEL. 

FARADAY ROTATION LOSS, ALTHOUGH IT IS SMALL, CAN BE 11JRTHER REDULED BY ABOUT A FACTOR 

OF TWO ON THE AVERAGE, IF THE POLARIZATION ANGLE CY THE SPACE ANTENNNA IS CORRECTED 

ONCE A YEAR. 
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SUMMARY OF LOSSES 

SYSTEM.A TIC POINTING (3 J·ILOT STATION) 

SYS rEM ATIC AM!'LITUDE ( 8 LEVELS) 

RESULTANT LOSS ASSOCIATED TO SPACECRAFT ARRAY 

FARADAY ROTATION (HOUSTON, WORST Y~AR) 
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MULTI TONE PHASE COMPUTING SPS PHASE CONTROL SYSTEM 

THE ~roL'!ITO:\E PHASE C:O:·'.PU'rI!\G SVSTE:·1 IS B.\SED ON TUE XEASUREMENT OF THE PHASE OF EACH SUBARRAY 

O'i THE GROUND BY THE USE OF A SIGNATURE TUNJ:: ASSOCIATED WITH THE ~UBARRAY. THE REQUIRED PHASE 

CORh.!-'CTION FOR THE SlJBARRA'l TRANSMITTER IS RETURNED BY THE USE OF i\N UPLINK CO~TROL CHANNEL. 

BC°i'!! fRI:QUEiiCY Ai'-;0 TI~ DIVISION IS USED TO REDUCE COMPLEXITY 
0

AND REQUIRED FREQUENCY BAND FOR 

THE 'fONES. APPROXIMATELY 25 MH1. BANDWIDTH IS NEEDED FOR A l SEC PHASE UPDATING PERIOD. 
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/h.· .. ·;.~ A .... -.,;..~· , '\J ' '· , .... MUL Tl TONE PHASE COMPUTING SPS PHASE CONTROL SYSTEM ~li)' ..... ~ ... -.· .:.:;. - ... Gr"'=RAL ...... ~ 
£Li:CT&IC 

apace diviaicn 

:\lASTER 
!-. :\tODULATOR - LINE osc. -

I --
I -

DATA PHASE DATA i..... Pll:\SF. 
I RECEIVER ~ SHIFTER RECi~lVEP. smrn·:it 

' ' t 
l\IOD 

RECEIVER 
f o ~ TRANSMITTER 

l\IOJ.> 

fl< 
~ TRANS:\OTT~R 

CO:\I:\L-\ND SUDAltUAY SUDAHHAY 
ANT. A AK 0 

f + f' ,. u - 0 ,, 

t. fU :t f'K . 

TELEMETRY N CHANNEL MONITOR - AND i-.... STATION RECEIVER 
CONTROL 

' STATION l 
' 

COl\1:..LAND PHASE 
THAN SM. CAl.CULATOR 

4 :\tONITOR AND 
CONTROL 

GROUND 
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SYSTEM BLOCK DIAGRAM OF SPS PHASE CONTROL CI~CUIT IN PHASE 
COMi'l"l'WG MOOE OF OPERA1'ION (N TONE DC.WNLINK) 

THE lMPLEMENTAl.iON OF TH~ N TONE PHASE COMPUTING SYSTEM REQUIRE.) A SINGLE TELEMETRY-CONTROL 

A.~TENMA ON THE GROUND CLOSE TO THE MIDDLE OF THE R.ECTENNA AND ON N TONE RECEIVER SYSTEM. 

THE POWER BE.'\M AT THE .;PACECRAFT TRANSMITTER IS MODULATED BY A LOW LE'/EL TONE. THESE 

TONES AP..E DETECTED ON THE GROUND Al.~0 THEIR PHASE IS COMPARED A'GAINST THE PHASE OF AN 

ARBI'IRARILY SELECTABLE 1"lEFERENCE T.ii~E. A TYPICAL SY::i!EM MAY USE 100 TO.SES, 100 TIME 

DIVISION CHAN:~ELS AND 1 SEC FOR THE COMPLETE PHASE UPDATING OF THE TRANSMITTERS. 
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SYSTEM BLOCK DIAGRAM OF SPS 
PHASE CONTROL CIRCUIT IN PHASE 
COMPUTING MODE OF OPERATION 
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SUMMARY 

A SUITABLE PHASE CONTROL SYSTEM CAN BE ESTABl.IfHED EITHER ON THE BASJ:S OF GROUND OR SPACE 

ORIGINATED PILOT SIGNALS. THE RESULTANT POWER TRANSFER EFFICIENCY IS A FUNCTION OF A I.ARCE 

NlJ:-tBER 0-:? PARANETERS, BUT A REALISrIC SET OF SYSTEM PARAMETERS RF.SULTS IN A TYPICAL 3.65% 

EFFICIENCY ASSOCIATED WITH THE PHASE CONTROL SYSTEM. 
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SCMMARY 

o SE\'Ert·\L FEASIBLE SYSTEMS ARE ESTABLtRJlED 

~ nET:tODinECTIVE SYSTEM-COMPLEXITY I~ SPACF: 

• P:!.r\SE C0:\1Pt'TING SYSTE!\t-COl\1PLEXITY ON TIIE r:mnUND 

• RETHODil~L:CTIVE SYSTEM HAS FAST RESPONSB, ACCEPTABLE ACCUHACY BUT 
:\l:\Y ~.\l:: :\IOHE COSTLY A'\ C LESS IU:LL\DLf.:. 

• r.:o?::: 0\WlT'iK 18 :\EEDED ON PHASE COMPUTING SYSTEM BEFORE FAm 
COJi P.\ 1:1sn·< CA:-;' DE l\I1\DE. 

o TH.\'.':8:\llSSIO'.'\ LOSS 1'.'\ HETHODlnl~CTIVE SYSTEM CAN BE LESS THAN 
3.65~ ... WITHOUT FAHAD:\Y ROTATION' l,OSS, . 

o !\ii\.JOH LOSS FAC'L'OHS: TrtA:lfSMIT POWI:n FLUCTUATION, MISMATCHES, 
PHOP,\GATIO:-.l EHfiOHS. 

• FAR\O.\Y LOSS COULD REACH .48% DAILY PEAK IN WORST YEAH FOR STANDARD 
IO:'\ OS Pl IE RE. 

• EXP:·:m~.tE~T.\ I.. WO!U-\ IS R!:COl\I:\lENDED TC• IMPROVE PHASE EHROH PJlEDICTtO~ 
OF sensYSTEl\'IS. 

• e~rr COUNT IS OVER 10
6 

IN RETRO SYSTEM. (TYPICAL UNITS: INTEGRATED cmcurrs, 
PA '!TB!:, SUBARRAY PANEL, ETC.) 

• ~Al'IrJ\L I:\VESTf\tE:'.'\T PER WATT CAPACITY VAntES SLOWLY FOR G-8 Gw OUTPUT 
POWER RA~GE. 
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GEOMETRY OF SPS PROPAGATION PATH 

THE PENETRATION PATH THROUGH THE ATMOSPHERE AND THROUGH THE IONOSPHERE IS SMALL RELATIVE 

TO !HE TOTAL PATH l.E~lGTH. n1ESE YT.ELD :1AXIMUM BE~DING EFFECT, DUE TO THE ERROR ANGLE ~, 

OF APPROX!Xt\TELY 0.02° (WHICH CORRESPONDS TO BEAM DEVIATION OF LESS THAN 10 METERS FROM 

THE CENTER OF THE RECTEN'NA). 
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GEOMETRY OF SPS PROPAGATION PATH 

SPS 

-1 
f I I 

I 
I 
I f SFROM SPS o. 01° BEAM, 5 ows--f 

APPARENT PATH _5'i 
I 

1000 Km 

Km 
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SW.CARY OF .i\TI10SPHERlC EFFECTS ON SPS Rl1DIATIO~ PATTERN 

- ATI!()SPBERIC REFRACTIO~ EFFEC1S ARE NEGr.IGIBLE. 

.. ATMOSPHERIC ABSORPTION IS APPROXIMATELY TWO PERCENT. 

• 2.45 GHz IS PREFERABLE THAN 5.8 GH? BECAUSE OF 
DRASTIC RAIN ATTENUAttn~ AT 5.8 GHz. 
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Absorption 
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Effects 

Scattering 
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SUMMARY OF ATMOSPHERIC EFFECTS ON 

SPS RADIATION PATTERN 

Effect -
< 0.02% 

2.45 GHz 

Elevation 
90° 106° 

(ZenHh) 

Elevation 162° 
20° 

Elevation 
90° 0.785 dB 

(Zenith) 

Elevation 1.172 dB 
20° 

. 

-27 dB Sidelobe level relative 
peak of radiation 
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5.8 GHz 

45• 

69° 

0.35 dB 

0.528 dB 
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SUMi·!t\RY OF IONOSPHERIC EFFECTS ON 8PS RADiftTION PATTERN 

IO~OSPHERIC ABSORPTION IS NEGLIGIBLY SMt\LL. 

'MAXJNUM PHASE FRONT ERROR DUE TO ?!!:RTURBED IONOSPHERE 
IS 162° AT ELEVATION OF 20° AT A Rl\TE OF CHJ\NCE OF 
APPROXIMATELY 18°/SECOND. 
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SUMMARY OF IONOSPHERIC EFFECTS ON 

SPS RAOIATWN PATTERN 

Effect 
Elevation Elevation error angle of 0.03° + 0.006° on 

20° 
Elevation error ang,_e of 0.02° + 0.002° on 

Elevation Elevation error angle of .:t 0.006° on 
90° 

(Zeni th) Elevation error angle of + 0.002° on 
+ 0.0036° peak angle of arrival fluctuations 

.± io 0 peak phase error in incomin~ phase front 
Humiditv - 2.45 GHz 5.8 GHz 

Elevation 07. 1.27. 1.37. 
90° 1007. 1.2~ l. (;7. 

Elevation 07. 1. 47. 1 .-57. 
20° 1007. 1. '·7. 2 7. 

Elevation lOvi. .42% i ·~ .2% 
90° 

Elev<.1tion 1004 1.254 33.6% 
20° 
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EFFECT OF PROPAGATION MEDIA ON SIDELOBE LEVEL 
(VARIOUS POWER DISTRIBUTIONS ON SPACE ANTENNA) 

1'.AX!UUM SCATTEREI' RADIA":ION TEVELS NEAR THE MAIN BEAM OCCUR WHEN THE PHASE ERRORS OF THE 

WAVEFRO!'."T REACH THE VAJ.JE OF ONE RADIAN. THE ENVELOPE OF THESE PF.AK LEVELS IS SHOWN 

AT AP~ROXIMATELY 27 DB BELO~ THE PEAK LEVEL OF RADIATION. Wli~N THESE LEVELS INTERACT WITH 

THE WORST SIDELOBE LEVELS OF C!?RVE (1) (GAUSSIAN TRANSMIT BEAM WITH 10 DB TAPER) THE WO~T 

CASE OF INTEP.ACTION ENVELOPE (1) APPEARS AS SHOWN BY D0TTED LINES. 

388 



,(~ 
l.' ·~;·.<.1 . -'.t· 
~ -.,..., ~ 

Gr .... ..," L 
t~11tn1t 

ELECiRIC 

PO\\"EH DENSITY 
0N ru:cTE!\NA 

., 
mw/c1n-

D 180. 24071 ·3 
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-..1.J>,••,.._IM .. · EFFECT ON PROPAGATICN MEDIA ON 

SICELOBE lEVEL •pa-::o divi•ion 

.~o f-
L 

"' 1: t\ 

1 l \ 
• 5 t:: \ TOTAL WOHST CASE 

ENVELOPJ-; 01" 
. /\< 1) / sm1-:1.orm t.i-:vi:1.s 

t, / \ ./ 
~ """' ·-----------'---
~~ /\, (l) UJGJlEST SCATTJo;IU~I) 
\1 I • ? 'li\ DIA '!'ION l. i:; v ~:I.~ 01'' --l../- v( .. ) 

1 

• ONOSPllEIUC IIUtEGULAnITIES 

~,, ,.. 'fl\:~) t'SSH lv\DIATION POWER DIS'fJUBUTION ON SPACE AN'J NNA: 
,;. I~~ I \ST ANDA JtD , ..... \ I ' /\ (1) GAUSSIAN 

• 005 t ' \ ' \ (2) QUADRATIC ON PEDESTAL 

I 
\ f 

1 
/ ' .' (3) cos2 ON PEDESTAL • 

•,,; \' \I k / ). • 12. 25 cm 
• oo l ._ __ _._ _ _......_.:.._i ...... ..._ ..... ~.-1-.. ___J PHASF. Ennon: 10° rms 

/U.S. lt\JJIA1'JON STAND,\ HD 

• l 

• Or> 

• 01 

4 8 12 16 20 AMPLlTUDI·: I;;HHO'.ll: :t: 1 dB 
!1ECTENNA lti\DIUS (l'm) EDGE 'f,\Pl~n: 10 dD 

T01'A t, POWl~It OUTPUT AT RECTF.NNA: 5 GW 
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POLARIZATION ROTATION VS. FREQUF!l'!.,CY QUE TO tONOSPIJf!RE 
(t'YPICl\L VALUE FOR. CONT1Nl::NTAL US IN WORST YEAR) 

LOSS OF PCt.:~:R DUE TO THE FARADAY ROTATION OF 17.2° AT 
2 .45 CHz (WITH l\EC'rENNA POLARIZATION ADJUSTED FOR MID 
IV\NGE OF ROTATION) 15 1.1 PERCENT DURING THE DAY TIME. 
(THE tONOSl'HER!C Mi\GNETIC FIELD IS ASSUMED TO BE 0.62 
Cl\USS FOR THESE COMPUTATIONS), 
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POLARIZATION ROTATION VS FREQUENCY 

....... ........ ..... . 

DUE TO IONOSPHERE 

'· '· 

0 
ELEVATION:; 20 

(UA Y) 

" ~ .£]).:-.-~ ~·~ ..... 7 -· apace> divlslan 
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Vi\R£ATIO~; OF ELECTRO:~ nENSITY IN THE IONOSPHERE W!TH HEIGHT 

.;E~iERAL ELECTRIC :·!ATHE?·ti\'rlCAL MODCL OF THE IONOSPHERIC ELECTRON DENSITY AS A FUNCTION OF HEIGHT, 
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VARIATION OF ELECTRON DENSITY IN THE 

IO~JOSPHERE WITH HEIGHT 
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ATTENUA') .ON VS. FR;~~ENCY IN THE IONOSPHE~ 

IONOSPHERIC A'f'l •.:ruATION IS INVl"RSELY .PROPORT IO~ TO THE SQUARE OF THE FREQUENCY. 

TH!S .t\:-'.\::t!NTS ro LESS THA~: 0. 02;. AT ALL FREQUENCIES OF INTER.EST AND AT \.:ORST CONDITIONS OF 

PROPAGATION. 

SCATTERED RADIATION DUE TO lliE CRO~S SECTION OF THE ELECTRONS IS QUITE SMALL RELATED TO 

THE SIDELOBE LEVELS OF TifE RECTUfNA. THEf:E LEVELS MIGHT. HOWEVER, BE HAR:-f'Ful. :oa INTER-

FERENCE WITH OTHER CClM.'1 ... HCATION SYSTEMS. 

394 



... ... .... ... 

D 180-24071·3 
ATTENUATIOrJ vs FREQUE.Nr.v IN THE IONOSPHERE 
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RECTENNA/GROUND POWER COLLECTION & TRANSMlSSION 
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RECT::::XNA TECHNOLOGY BASIC ASSUMPTIONS 
(5CW SYSTEM) 

THE 1:1PvRTANf uESIGN CONSIDERATIONS OF THE RECTENNA ARE DETERMINED FROM: 

1. THE CAPABILITY OF THE RF/DC CONVERTERS TO WORK IN llA~'10NY AT THE 
PROJECTED LEVELS OF EFFICIENCY AT DIFFERENT LEVELS OF RF' DEN• 
SITISS OF THE REC:.lEi\"NA STRUCTURE. 

2. THE STRVCTIJRAL CAPABILITY TO MINIMIZE THE DIFFRACTION SHADOWING 
FACTOR K, AS FUNCTl:ON OF THE LATITUDE '10CATION, fN ORDER TO 
HINIMIZE THE FIELD LEVEL VARIATIONS ACkOSS TUE COLLECTING PANELS. 
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(\) 
~J RECTENNA TECHNOLOGY BASIC ASSUMPTIONS 

GEi: £'1AL 
ElECTillC 

• DETECTION EFFICIENCY (RF /DC) 

• RANGE OF POWER DENSmEs 

e QUAUTY PERFECTED DIODES 

• PRIMARY UNIT CAPACITY 

• PIU.MAl\Y UNIT D.C. VOI.TAGE 

• CONVERTER UNIT CAPACITY 

• PANEL WID'rH (W) IS A FUNCTION OF LATn'UDE 
LOCA TIO:-. AS DETERl\UNED BY DIFRACTION SHADOWING 
FACTOR (K) AND PANEL SEPARATION (H) 

• SUPPRESSION OF HARMONIC .~DIATION TO ACCEPTABLE 
U:VELS 
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CHARACTERISTICS OF POWER FI.OW 

- RADI.\L FLOW OF POWER AMONG THE PRU'J\RY UN1TS MINIMIZES DISSIPATION 
LOSSES' IN CONTFJ\ST TO THE CIRCULl\TO?Y FLOW OF PmmR. THE FORMER 
·;r:'.cDS l)ESIG~; <;/\RE FOR THE EQUAL PRIMARY UNITS AT DIFFERENT FIELD 
LSVt::LS. 

- SLIGHTLY DIFFERENT GROUPING OF ELEMENTS OR SLIGHTLY DIFFERENT 
ELE:«ENTS ARE NEEDED /\"NY WAY FOR PROPER POWER FLOW IN THE 
~ECTE~~~A. 
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CHARACTERISTICS OF POWER FLOW 

• E~lJAL POWER LEVELS ARE CONCENTRIC ELLIPTIC RINGS 

space cUvision 

• THE AH.EA OF COLLECTING RINGS FOR A SPECIFIC AMOUNT OF POWER INCREASES 

EXPO~C:NTIALLY TO THI-: EDGE OF THE RECTENNA 

• POWER FLOW IS RADIAL FROM OR TO THE CENTER OF THE RECTENN."~ 

e IO~OSPHERIC DISTUP..BANCES INDUCE SLOW OSC:iLLATORY FORM 'IO THE POWER 

FLOW. THIS EFFECT IS RECTIFIED BY RADIAL FLOW OF POWER 

e CROWBARS AND D.C. BllEAKERS ARE USED FOR EACH PRIMARY UNIT OF l M\V 

• FAULTY SECTIONS .MAY BE ELECTRICALLY BYPASSED BY LARGE CAPACITY 

DIODES PIUOR TO D.C. BREAKER ISOLATION 
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RF POWER DISTRIBUTION OF RECTENNA 

THIS CHART SHOWS THE r-f POWER DISTRIBUTION OF THE RECTENNA FOR A 5 GW DC OUTPUT POWER. 

A GAUSSIAN POWER DISTRIBUTION WITH 10 DB EDGE TAPER IS ASSUMED ON SPACE ANTENNA. ALSO 

4% LOSS DUE TO MEDIA IS ASSU!1ED. 

402 



€ 
~. 

'-' ..... 
:::: 

JG 

14 

~ 12 
;.. ... 
v, 
z 
"' c 
c:: 
..: JO 

~ 

DISJ-24071-3 

RF POWER DIS.,.RIBU rlON OF RECTENNA 
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?ERCENTAGF. OF ACCUMULATED POW'-R ON 10 ICM DIAMETER RECTEN~A ..;......;;..-....-.-.-- - ......................... _____ .......,.......,........,........,......,. ...... _ 
THIS FIGURE SHOWS THE TOTAL COL'.F.CTED POWER FOR A GIVl::N DOWNLINK BEAM ( 1 KM DIAMETER SPAC& 

AflTENNA. G;\USSIA?t DISTRIBUTION. 10 DB TAPER) AS A FUNCTION or THE RADIUS or UCTENNA. 
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PERCENTAGE OF ACCUMULATED POWER 
ON lOKM DIAMETER RECTENNA 
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RECTENNA COLLECTING RING ARF~ AND NUMBER OF RADIATING 
ELEMENTS AS A FtJNCTIO~ OF RADIUS 

THF POWER OF THE RECTENNA IS COLLECTED rn SEGMENTS CORRESPONDING TO CONCENTRIC RINGS. THE 

AREA OF THESE RINGS INCREASES WITII THE RING RADIUS IN ORDER TO KEEP THE POWER OUTPUT FROM 

THE SEG}lENTS CONSTANT. 
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RECTENNA COLLECTING RING AREA AND NUMBER OF 

· RADIATING ELEMENTS AS FUNCTION OF RADIUS 

50 NW OUTPUT POWER/RING 
50 CM2 AREA OF RECEIVING ELEMENT 
2.45 GH 

i. 

1 2 3 4 5 
IUNG LOCATION ON RECTI~NNA RADIUS (KM) 
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ELEVATION ANGLES FOR SPS AT DIFF'ERENT LATITUDES 

IT IS NOT RECO'.iMENDED USING ELEVA1:0N '.NGLES BELOW 20°, WHICH CORRESPOND TO LATITUDE 

LOCATICNS ABOVE 62°. 

LOW ELEVATION ANGLES ARE SUSCEPTIBLE TO DUCT EFFECTS AND MORE DEGRADATION FOR THE MAIN 

BE1~~ AND THE SIDELOBE ENVELOPE. 
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::LEVATION ANGLES FOR SPS AT DIFFERENT LATITUDES 
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POWER DENSITY OVER 'RECTENN.,! 

THE FORMULA SHOWS RELATIONSHIPS BETWEEN GEO~mTRY A..~D POWER DISTRIBUTION 
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G . ··I/ ·.:..:..,.._ .. POWER DENSITY OVER RECTENNA 
G .. ~ ... ::iAL 

.:~Jt:H 

ELECTRIC 

e RADJt.L DISTANCE i\M (IN KM) AT ANGLE 4> 

B 
RM= 

e POWER DENSITY 

cos2 
<i> srn2 a 

a= ELEVATION BEAM ANGLE 
B = SEl\ill ~UNOR AXIS DISTANCE 

. 2 2 
-k x SK x RN 

2 
mw/cm 

k = o. 10364 

RN =ANY RADIAL DISTANCE OF RECTENNA 
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RECTENNA LAYOUT 

THE INCLINATION ANGLE OF THE MAJOR AXIS OF THE RECTENNA IS DETERMINED BY THE LONGITUDE 

LOCATION OF THE RECEIVING SITE. 

ALL THE P1u~ELS OF THE RECTENNA, OF ELLIPTIC RINGS, OF EQUAL POWER LEVELS, A~E ARRAYED IN 

PARALLEL. 

PRESENT DIVIS~ON OF POWER USES 100 RINGS, EACH DELIVERS SO MW OF D.C. POWER. EACH RING 

IS DIVIDED INTO 50 1 MW PRIMARY UNITS. 

THE NL'MBER OF RADIATION DETECTION ELEMENTS IS 15.7 BILLION. 

POWER FLOW IS RADIAL FROM THE CENTER OF THE RECTE!\'NA. 
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:\U~OH AXIS (2B) =: 10 KM 
NL\lBEH OF IUNGS (M) "" 100 
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50 ~I\V ARRAY PANEL LAYOUT 
(PRE\ IA nY liNITS OF 1 MW 
AT:_ 2 KV) 

ELLIPTIC RINGS OF EQUAL ·. 
POWER LEVELS 

D 180-24071 ·3 

RECTENNA LAYOUT 
•paca division 
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LAYOUT OF RECTENXA PANELS 

o THE RF.CTENNA STRt.:CTURE IS DETERMINED BY THE TERRAIN CONFIGURATION, 
T!-IB D!FfRACTION LIMITATIONS OF THE PANELS AND THE LATITUDE-LONG­
ITUDE LOCATION. 

o THE CHOICE OF THE ~'UMBER OF RADIATING ELEMENTS ON EACH PANEL IS A 
FUNCTION OF THE DIRECTIVITY OF THE f\ADIATING F.LEMENTS, THE AODITIONAL 
ANGLEj~!.~HICll IS NEEDED TO YIELD A REASCN/\BLE VALUE FOR K AND rm: 
LOSSES OF POWER CARRYING WIRES BETWEEN IJ\RGE SEPARATED ELEMENTS AT 
HIGH LATITIJDES OF RECTENNA LOCATIONS. 

o THE RELATION BETWEEN THE ELEVATION BEA~ ANGLE AND THE LATITUDE OF 
RECTENNA LOCATION ( OF SPS LONGITUDE) IS SHOWN IN THE FOLLOWING 
GP.ART. 
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LAYOUT OF RECTENNA PANELS 

SPS 

ELEVATION 
BEA:vt 
:\NGLE 

Fi'\LEVELED HECTENNA 

2 2 
H<K N X 

\V=-NX 

414A 
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PREFERRED POLARIZATION ATTITUDE 

THE DIFFAACTION LUD.TATIONS OF THE RECTENNA PANELS PROHIBIT USING A GROUND PLANE ORTHO-

c.m;_.\L TO THE t·!AVi.: FRO~T AT HIGH LATITUDES. THIS NECESSITATES USING ADDITION.\L REFLECTOR 

:o THE DIPOLE RADIATORS. THIS FUNCTIONS PROPERLY \...HEN THE POLARIZATION IS PARALLEL TO 

THE i-tAJOR AXIS OF THE RECTENNA. 
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PRt:FFERED POLARIZATION ATTITUDE 

DIHECTION OF' ru: I;'LECTOJl 
I 
' 

DIPOU; ·~ ,1 
H:\D!:\'1'07~ ~~ 

/ 
7777)";-; ..... •7-,> ,, .... ,,-7.'"""z-7-,. .. ,.,--,r;- P 

;NSL'LATION ~ 
FOH 2 I\\' 

(AT ELE:\!i-:XTS :-a:An HIGH 
\'OL'!.".-\Gfo: E~ll OF.\ STIU~"\G) 

M1\TCH. CIRCT. 
AND HA Jt:\IO~Jr; 
1'1L1'EH 

">", o.c. 
Dl'SS D1\n 

:>iU:!•'EfrnED POtAJUZNf~ON rs PAH.\LI.r~I. '1'0 Tim :\fi\JC.)Jt 1 
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POWER COLLF.CTION EFFICIENCY tNCPEAS!S BY INCREASED ELEVATION DUE TO 
I:'"RCVE~·:;::~: rs J:~; StQCENU/\T4 CllA:\G1'.NO. rncnr.ASED CURRENTS tN PAR/\Lt.EL 
bR~~\YS or F.Ll~N'!:~TS MW L.~l~CmR PRWARY UNITS. 

n.c. TR:\'!SHTSSION F.FFICIENCY r-nc:t PRIMARY UNITS ELEVATION D~1;1\F.1\SP.S 
W!TI? L\Tl'l'UOE 1\ND INCRE/\SE!'> A;,:GLr:!. 
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IlECTENN1\ J;FFICIENCY (R~'/DC) 
(5. 8Sf> OW /5 OW) 

D.C. (;ONVEHSION EFFICIENCY OF JU,EMENTS 

PCM'ER COLLECTION EFFICIENCY 

D.C. TRANSMISSION EFFICIENCY 

(99. 5% AT CENTER & U1I% AT PEIUPHERY) 

80% 

08% 

07% 

TO'l'AL D.C. CONVERSION EFFICIENCY 8G% 
(D. C. POWER OUTPUT .. G OW) 
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RY::CTF.H~A C(lST 

COST OF DIPOJ.E ASSEMBLY IS BAS!::D ON A9SUMPTION TJLl\T $0.1 WOULD BE 
REJ\SmMBLE FOR :-tt\S') PRODUCTION OF 15,710 x to6 F.L!":MENTS NF.WtD FOR 
O~E ~t:CTF.NNA. PRO.JE(;TED COST OF SCllOl"fKY MRRtrm DIODES 1¢./ rnooc. 
SUPPOR'A' ST:lUC'M:RE AND LAND :rs ESTIMATED CN Tim BASIS OF SYSTEM ,,, 
OF BOVAY INGRS., INC, REPORT OF JUNE 20, 1977, (C:ROUND PLANE @ 
$.36/Lu.) 

BUS IU.R COST IS ESTIMATED ON THE BASIS OF ROCKWELL'S EVALUATION, 
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RECTENNA COST 

apace ciivlzion 

DIPOLE A!:SEMBLY 

I.l\ll>novF:D S.B. DIODES ~ 111 7 lOG 'i' ,, x 

POWER DISTRD3UTION BUS BARS 

St:Pl'ORT STHUCTUllE ~ 2 01'11 .... io'; ... . ,, ,, 

LAND (TYPICAL MIDWEST) $ 71 x 10° 

TOT AL RECTENNA 
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REQUIRED INVE~TICATIONS 

U:?ROVED RADIATING ELEMt~"TS WHICH MAY 'BE MASS PRODUCED ECONOMICALLY (ESPECIALl .. Y IF THE SPS 

1::; STABLE E~OUCH ro ALLOW USING SMALLER NUMBER OF HIGHER GAIN ELEMENTS). 

A.'\ALYSIS CF POt-:F.R FLOW sc:lE:·tES W!HCH ACCURATELY ASSESS THE o.c. COLLECTION EF'FECIENCY BASI::D 

ON THE MANUFACTURING TOLER.:\NCES OF OETECTIOH ELEMENTS AND THE SLOW OSCILLATORY IONOSPHERIC 

A!:D ATMOSPHERIC EF::'ECTS. 

EVA!4UATION OF RE-RADIATION OF CROW-BARED RECTENNA OF THE B.ANDOM PHASE FRONT CONCERNING 

P.ADIATION HAZARD. 

EVALUATION OF CRATING LOBES OF SCATTERED RADIATION OF PERIODIC RECTENNA STRUCTURES. 

EFFECT OF HEATED IONOSPHERE ON SCINTILLATION LEVELS OF THE RECTENNA AND ON SCATTER.ED 

RADIATION LEVELS. 
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" RE C:UIRED lNVESTIGA TIONS r. ~~ 
---··· .. ··" 

• IMPROVED RADIATING ELEMENTS WHICH MAY BE ECONO.MlCALLY MASS­

PRODUCED (ESl'ECIALLY IF Tlm SPS IS STABLE ENOUGH TO ALLOW U!:.lNG 

51\IALLEH Nt:'MDEH. OF HlGl!EH GAIN ELF.ME?''TS) 

e ANALYSIS OF POWE!! FLOW SCHEMES TO ACCURATELY ASSESS THE D.C. 

apoc:c c;;vizian 

COLLECTION EFFICIENCY BASED ON THE MANUFACTURING TOLEHANCES OF 

DETECTION ELEMENTS AND Tim SJ.OW OSCILLATOHY IONOSPIIEIUC AND 

AT l\10SI>HE RIC E l•'FECTS 

• EVALUATION OF RBIU\DIATION OF CROWBARRED RECTENNA OF THE RANDOM 

PHASE FHO:NT lN CONCER .. ~ OF RADIATION HAZARD 

• EVALUATION OF GRATING LOBES OF SCATTERED RADIATION OF .PERIODIC 

REC'f ENNA STRUCTUHES 

• EFFECT OF HEATED IONOSPHERE ON SCINTILLATION LEVELS OF THE RECTENNA 

AND O:N SCATTEhED HADIATION LEVE LS 
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TRANSMISSION SYSTEM 
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KEY CHARACTERISTICS OF SPS-UTILITY INTP.RFACE 

T:iE CHARACTERiSTICS OF THE SPS WITH THE MOST IMPACT ON THE UTILITY SYSTEM IN AN OPDATIONAL 
SENSE IS THE LARGE BLOCK OF POWER CONCENTRATED IN ONE UNIT, AND THE RELATIVE INFLEXb!.E 
NATURE OF A CONSTANT ENERGY SOURCE. 

THE SPS C!-IARACTERISTICS IN LIGHT OF THE ELECTRIC UTILITY SERVICE CRITERIA OF ADtQUATE SYSTEM 
RELIABILITY AND MINIMIZING COST TO THEIR CUSTOMERS REQUIRES SPECIAL ATTENTION WHEN DESIGNING 
THE GROUND POWER COLLECTION AND TRANSMISSION SYSTEM BE'l'WEEN THE REFERENCE PRIMARY UNITS ANI• 
THE CONNECTION/UISERTION POIUT OF THE UTILITY BULK POWER GRtD. 

THE UTILITY LOAD CHARACTERISTICS HAVE PARTICULAR IMPAC'f, S IHCE THE SPS GROUND l:iYSTEM HAS NO 
AUTOMATIC LOAD FOLLOWING CAPABILITY AND OTHER GENERATION CAPACITY WILL BE NEEDED AT ALL 
TI~ES TO PROVIDE FOR UTILITY SYSTEM FREQUENCY CONTROL AND SPINNING RESERVE NEED:. 
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SPS: 

UTILITY: 

GENERAL (i) ELECTRIC 

0180-24071·3 

KEY CHARACTERISTICS OF SPS-UTII.ITY INTERPACE 

• LARGE UNIT SIZE 

e CONSTANT ENERGY SOURCE 

e SERVICE QUALITY CRITERIA 

- RELIABILITY 

- MINIMIZING COST TO CUSTOMERS 

• VARIABLE LOAD DEMAND 

- BY HOUR 

- BY SEASON 

- BY YEAR 
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DESIGN CONSIDERATIONS FOR RECTENNA GROUND 
POWER COLLECTION AND TRANSMISSION SYSTEM 

TO ASSURE RELIABILITY IT WAS AN OBVIOUS NEED TO USF. A MODULAR CONCEPT, INCORPORATING EQUIP­
MENT OF KNOWN TECHNOLOGY AND PERFORMANCE. THE DESIGN PRINCIPLES USED FOLLOWS CONVENTIONAL 
UTILITY DESIGN PRACTl~E 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 Cc+tPATIBLE WITH 
RECTENNA PRIMARY UNITS, AND MINIMIZE COST WHILE PROVIDING MAINTAINADILITY. 
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DESIGN CONSIDERATIONS FOR RECTENNA GROUND 
POWER COLLECTION AND TRANSMISSION SYSTEM 

e RELIABILITY 

- MODULAR CHARACTER 

- EQUIPMENT PERFORMANCE 

- CONTROL AND PROTECTION 

e COST 

- PLANT LAYOUT 

- EQUIPMENT, STRUCTURES AND MATERIAL 

- OPE~TI01~ }.HD MAINTENANCE 

427 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

GENERAL LAYOUT 

THE PLOT PLAN IS ASSUMED TO BE CIRCULAR WITH A TOTAL NET OUTPUT OF 5000 MW. THE RECTENNA 
AREA IS DIVIDED INTO 5 EQUAL AREAS EACH FEEDING ONE 1000 MW STEP-UP-SWITCHING STATION. 
EACH STEP-UP-SWITCHING STATION IS IN TURN FED BY FIVE 200 MW POWER SECTORS. EACH POWER 
SECTOR CONTAINS FIVE 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 TRANSMISSION SYSTEM 

,,.--1000 MW STEP· UP·SWITCHING 
..._........_ STATION ( 8 TOTAL ) 

200 MW COLLECTION· 
TRANSFORMER STATION 

( 25 TOTAL) 
....... ~--..---40MWCCNVE~R~TE~R 
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GROUND POWER COILECTION AND CONVERS10N SYSTEH 

EACH 40 HW POWER BLOCK CONSI~TS UF FORTY 1 MW PRIMARY UNITS WITH OUTPUT VOLTA.OE OF + 2 kV. 
THE END OF EACH PRIMARY UNIT IS CONNECTED THROUGH DC CIRCUIT BREAKERS TO 2 kV DC CAiLES 
RUNNING RADIALLY AS SHOWN IN THE DIAGRAM TO THE CONVERTER STATION. UC SMOOTHING REACTORS 
REOUCE THI:.: RIPPLE CURREtlTS. 

SINCE THE ftECTENNAS ARE CONSTANT POWER DEVICES AND TIU~ DC/AC CONVERTER CAN Hf NO WAY AFFECT 
POWER FLOW, THE CONTROL OF POWER ~E APPLIED ON THE DC SIDE. TUS MF.ANS THAT EITHER THE RP 
LEVEL MUST BE CONTROLLED AT 11'S SOURCE OR THE NUMBER OF RECTENNAS CONNECTED IN PARALLEL MUST 
BE VARIED. CIRCUIT BREAKERS PROVIDED FOR RECTENNA PROTECTION CAN ALSO BE USED TO ADD OR 
REMOVE UNITS IN ORDER TO CONTROL POWER, BUT NOT ON A CONTINUOUS BASIS. 

IT IS RECOCNIZED THAT TH~ SPS SYSTEM WILL OPERATE AT CONSTANT POWER BUT POWER VARIATION IS 
NEEDED TO GET ON LINE AND TO GET orF LINE FOR SUCH THINGS AS MODIFICATION OR HAtNTF.NANCI. IT 
MAY BE THAT THE 20 MW POWER CROUPS ARE SMALL ENOUGH THAT THEY CAN BE PICKED UP OR DROPPED AS 
THE MINIMUM SIZE INCREMENT, 

THE CONVERTER THYRISTOR BRIDGE CIRCUIT FF.EDS ALTERNATING CURRENT TO THE CONVERTER TRAUSFORMER 
WHICH STEPS THE VOLTAGE UP TO 69 kV AT 60 HZ. 

FJLTERS CONNECTED THE AC BUS ABSORB CURRENT HARMONICS GENERATED lN THI CONVERTER. 111£ AC WAVE 
SHAPE IS THEREBY KEPT WIThlN ACCF.FTABLE HARMONIC CONTENT LIMITS FOR THE l!l'ILITY ORJD AND 
ASSOCIATED PLANT EQUIPMENT. -

T:IE CONVERTER STATION OUTPUT, AT 69 kV AND A MAXIMUM C.URRENT OF 400 AMPERES IS TRANSMITTID BY 
UNDERGROUND CABLE TO THE TRANSFORMEK STATION. 

THE CONVERTER STATION, ONCE COMMISSIONED, OPERATES AUTOMATICALLY. ALL SWJTCHINC, STARTUP AND 
SHUTDOWN ARE DIRECTCD AND MONITORED BY A SHALL COMPUTER SYSTEM IN CONJUNCTION WITH OTHER CON• 
VERTER AND STATION CONTROL EQUIPMENT. 
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CONVERTER CHARACTERISTICS AND CONTROL BLOCK DIAGRAM 

1. CHARACTERISTIC CURVE OF THE R!CTENNA - THE VOLTAGE-CURRENT CHARACTERISTIC or THI RICTINNA, 
OVER THE RANGE TO BE CONSIDERED, CAN BE DESCRIBED AS A CONSTANT POWER RICTANOULAR HYPIRIOLA. 
AT HIGH VOLTAGE AND LOW CURRENT, AN AUTOMATIC SHORT CIRCUITING DEVICE OR "CROWIAR" WILL Bl 
PROVIDED AS AN INTEGRAL PART OF THE RECTENNA. LIKEWISE AT THE LOW VOLTAGE, HIGH ClfRRENt' 
END, THE CHARACTERISTICS WILL PROBABl.Y BE TERMINATED DY A SHORT CIRCUIT. 

2. CHARACTERISTIC CURVE OF THE POWER CONDITIONING SYSTEM - THE INVERTER or THE POWER CON­
DITIONING SYSTEM IS AN ELECTRONIC DEVICE CAPABLE OF SEVERAL HODES OF CONTROL. THE LINl­
C®IUTATED INVERTER IS CHOSEN .-OR THE SPS SYSTEH AND THE INVERTER IS or!RAT!D IN A CONSTANT 
VOLTAGE MODE. 

3. CONTROL BLOCK DIAGRAM - THE "REGULATOR" IS SEEN FEEDlNO A TRANSDUCER T WHICH CONVERTS A 
VOLTAGE INTO AN ANGLE FOR THE FIRING PULSES TO THE THYRISTORS OF THE CONVERTER IRtDCE 
CIRCUIT. 

A DC VOLTAGE SENSOR PROVIDES A MEASURE OF THE ACTUAL VOLTAGE WHICH PROVIDES 'rfl ERROR 
SIGNAL FOR 11i~ REGULATOR. THIS AUTOMATIC VOLTACI CONTROL LOOP lS THE PRIMARY ~lNTROL or 
THE CONVERTER. 

AC LINE CURRENT AND AC LINE VOLTAGE AR! MEASURED (AS SHOWN) AND A RILA.TIV! TIMINO SlCNAL 
IS DEVELOPED WHICH RESULTS IN MEASUREMENT OF EXTINCTION ANGLE y • THIS QUANTITY 11 
COMPARED TO THE EXTINCTION ANGLE REFERENCE AND THE RESULTING ERROR SICNAL PASSES TO THI 
REGULATOR AND HOLDS THE CONSTANT y CURVE WHEN CONDITIONS AP.E SUCH THAT CONSTANT VOLTACI 
CANNOT BE HELD. 
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CROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

ONE LINE DIAGRAM 

THE COLLECTION/TRANSFORMER STATION GATHERS THE POWER O~'rPUT OF 5 COMVllT~R STATIONS, CONHICTS 
THESE CIRCUITS INTO A RELIABLE SWITCHING ARRANGEMENT, AND TRANSFORMS THE AC POWER FROM 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 HAU•" SCHEME 69 kV SWITCHYARD. A SINGLE CONTINGENCY OUTACE 
CAN BE SUSTAINED IN THE 69 kV SWITCHYARD WITHOUT LOSS·OF POWER OUTRUT CAPABILITY, TO PROVIDE 
COMPENSATIQN FOR THE INHl::Rl::NT t.ACCING POWER FAC'l'OR CHARACTERIS1'1CS OF THE CONVERTER VALVE 
AND TRANSFORMER EQUIPMENT ONE 100 MVAR SYNCHRONOUS CONDENSER tS CONNECTED "'O THE 69 kV BUS. 
THt SYNCHRONOUS CONDENSER RATING IS CHOSEN TO ALLOW SYNCHRONC\US CONDENSER MAINTENANCE ON 
ADJACENT <..OLLECT10N/TRANS110RM~P. STATIONS WITHOUT CURTAILING POWER OU'rPUT. 

THE STEP-UP SWITCHING STA'UON RECEIVES THE OUTPUT r·ROM FIVE COLLECTION/TRANSFORMER !llTATIONS 
AT 230 kV AND TRANSFORMS THE VOLTAGE TO 500 kV, THE "BREAKER AND A HALF" SCHEME EMPLOYED CAN 
SUSTAIN ANY SINGLE CONTINGENCY 500 kV SWlTCHYARD FAULT WITHOUT REDUCTIO~ IN STATION OUTPUT. 
THE SELECTION OF THE VOL1'/\GE LEVEL FOR THE ULTIMA1'E BULK POWER 'l'RANSHI·~SlON INTERFACE WITH 
THE UTILITY GRID AS WELL AS THE POSSIBU.ITY OF INTERCONNECTING TWO OR ltORE OF THE 1000 t1W 
SWITCHING STATtONS TOGETHER SHOULD BE OPTIMIZED BASED ON Dir.TAILED IHFl'RMATION ABOUT THE 
comn:cTING UTILITY S'l':i!EM. THE Sr.lLUTlON SHOWN IS ONE OF SEVERAL POSSJ &LE. 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

COST ESTIMATES 

THE COST ESTIMATES ARE BASED ON THE CONCEPTUAL DESIGN SHOWN ON THE ONE-LINE DIAGRAM. THE 
COST INCLUDES MAJOR EQUIPMENT. BUILDINGS, MATERIAL AND DIRECT i..ABOR. 

NOT INCLUDED ARE: 

INDIRECT LABOR 
A/E l"EES 
CONTINGENCY 
INTEREST DURING CONSTRUCTION 
INSURANCE 
TAXES 
TRANSPORTATION OF EQUIPMENT AND MATERIALS TO SITE 

ALL COSTS ARE IN 1978 U.S. DOLLARS. 
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GROUND POWER COLLECTION AND ~'RANSMlSSIOH SYITIM 

SUMMARY 01' 
COST ESTI~TES or MAJOR EQUIPMENT, 
BU~LDINGS, MATERIAL ' DIRECT LABOR 

ITEM -
~LANT CONTROL CENTER 

STEP-UP-SWITCHING STATION 

230 kV TRANSMISSION LINE 

COLLECTIO~·TRANSFORMER STATION 

100 MVAR ~YNCHRONOUS CONDENSER 

69 kV CABLE & CONDUIT 

CONVERTER STATION 

2 kV DC CABLE/BUS 

2 kV, 250 A DC CIRCUIT BREAKER 
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4.2 

72.0 

87.5 
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307.0 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

OPERATION AND MAINTENANCE 

THE NORMAL MODE OF OPERA1' ION WILL BE AS A CONSTANT ENERGY SOURCE. THE tn'ILITY SYSTEM HAS 
NEEDS YOR FLEXIBLE GENERATION FOR LOAD FOLLOWING, SPINNING RESERVE AND SYSTEM FREQUENCY 
CONTROL. THE SPS SYSTEM WILL NOT BE ABLE TO CONTRIBUTE TO FREQUENCY CONl'ROL AND SPINNING 
RESERVE, BUT COULD CONCEIVABLY GIVE NEED FOR ADDED GENERATION FOR SPINNI~C RESERVE AND 
FREQUENCY CONTROL. THE UTILITY OPERATIONAL CONSTRAIMTS MIGHT WELL BE IMPORTANT CONSIDERA­
TIONS IN DETERMINING THE PRACTICAL LIMITS TO THE PENETRATION OF SPS POWER IN FUTURE UTILITY 
SYSTEMS. 

THE MODULAR DESIGN OF THE GROUND POWER COLLECTION AND TRANSMISSION SYSTEM SHOULD PROVIDE 
HIGH AVAILABILITY SINCE ROUTINE MAINTENANCE COULD BE PERFORMED ON A PARTIAL SHUTDO~ 
BASIS. CONSIDERABLE EFFECTIVENESS IN MAINTENANCE ROUTINES SHOULD ALSO BE EXPECTED ALTHOUGH 
A SIGNIFICANT SPARE PARTS INVENTORY WOULD APPEAR NECESSARY. 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTIM 

OPERATION AND MAINTENANCE 

NORMAL OPERATION: 

• CONSTANT ENERGY SOURCE 

- NO FREQUENCY CONTROL 

- NO LOAD FOLLOWING CAPABILITY EXCEPT BY 
SWITCHING MODULES 

• MAINTENANCE BY MODULAR SHUTDOWN 

- HIGH AVAILABILIT~ 

- EFFECTIVE MAINTENANCE 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

OPERATION AND MAINTENANCE 

LOSS OF TOTAL OR PARTIAL POWER FROM THE SATELLITE WOGLD OCCUR SEVERAL TIMES A YEAR DUE TO 
SATELLITE ROUTINE rl.AINTENANCE, SHADOWING EFFECT FROM THE EARTH AND FROM OTHER SPS SYSTEMS. 
WHEN THESE OUTAG~~ ARE PREDICTABLE ANO SCHEDULED IT 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 .\ SIGNIFICANT PENETRATION l•F SPS POWER SYSTEMS IN THE FUTURE, THE GENERA­
TION RESERVE NEEDED TO MAINTAIN THE UTILITY SERVICE RELIABIUTY WOULD BE EXPECTED TO 
INCREASE TJ COVER THE EMERGENCY SHUTDOWNS OF THE SATELLITE. MORE DETAILED UTILITY 5YSTEM 
STUDIES WOULD BE NEEDED TO PREDICT THE IMPACT ON RESERVE LEVELS FROM EMERGENCY SPS POWER 
SYSTEM OUTAGES. 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

OPERATION AND MAINTENANCE 

LOSS OP POWER FROM SATELLITE: 

e SCHEDULED MAINTENANCE 

- LOW IMPACT IN LOW LOAD PERIODS 

e EMERGENCY SHUTDOWN 

- POTENTIAL NEED FOR INCREASED GINBRATION RESERVE 

GENERAL (i) ELECTRIC 
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ELECTRIC UTILITY WEEKLY DEMAND PROFILE 

'flJ!:: i.t..t,;CTRIC UTILITY DEMAND IS CHANGING BY THE SECOND, MINUTE, HOUR, DAY, SEASOU AND 
YEAR. THE FIGURE SHOWS A TYPICAL ELECTRIC UTILITY WEEKLY DEMAND PROFILE. 

THE GENERATION CAPACITY APPLJED TO SERVE THIS DEMAND MUST IN TOTAL BE CONTROLLABLE 
TO ADOPT TO THE DEMAND PROFILE. WITH A SIGNIFICANT AMOUNT OF INFLEXIBLE GENERATION 
INTRODUCED, THIS WILL CAUSE OPERATIONAL PROBLEMS IN THE LOW LOAD PERIODS. ONE RULE OF 
THIJMB IS THAT AT LEAST 50% o~ MINIMUM LOAD SHOULD BE CAPABLE OF CONT~IBUTING TO SYSTEM 
FREQUENCY CONTROi. THIS ASSUMPTION WOULD BE FOR A TOTALLY INTERCONNECTED SYSTEM WITH 
SEVERAL UTILITY POOLS CONNECTED TOGETHER. "SPINNING RESE"VE" IS OPERATIONAL RESERVE 
CAPACITY PARTLY CONNECTED TO THE LINE AND PARTLY AVAILABLE WITHIN MINUTES. THIS RESERVE 
IS DESIGNED TO BE AVAILABLE IMMEDIATELY FOLLOWING EMERGENCY SHUTDOWNS OF OPERATING 
EQUIPMENT. IF THE UNIT SIZE OF A SPS POWER PLANT IS LARGE AS COMPARED TO OTHER LARGE 
UNITS ON THE SYSTEM, AN INCREASE IN THE SPINNING RESERVE REQUIREMENTS WOULD BE EXPECTED. 

THE UNIT SIZE OF SPS POWER PLANT WOULD ALSO HAVE AN INC~lEASING EFFECT ON THE SYSTEM 
OVERALL GENERATION RESERVE FOR RELIABILITY. A FURTHER EVALUATI01': \."OULD BE NEEDED 
INCLUDING UTILITY SYSTEM PARAMETERS, INDIVIDUAL UNIT RELIABILITY, AND SPS POWER SYSTEM 
OVERALL RELIABILITY AS INPUT DATA TO ASSESS THE MAGNITUDE OF THIS IMPACT. 
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ELECTRIC UTILITY WEEKLY DEMAND PROFILE 
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GROUND POWER COLLECTION AND TRANSMISSION SYSTEM 

SUMMARY AND CONCLUSIONS 

e DESIGN USING CO~IVENTIONAL TECHNOLOGY 

• CONVENTIONAL UTILITY DESIGN PRACTICE 

e HIGH RELIABILITY AND AVAILABILITY 

e INSTALLED COST APPROX. 135 $/KW 

AREAS FOR FURTHER STUDY: 

e SPS-UTJLITY SYSTEM OPERATIONAL INTERFACE 

- RELIABILITY AND AVAILABILITY 

- OPERATIONAL ECONOMICS 

GENERAL (i} ELECTRIC 
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