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1.0 INTRODUCTION 

1.1 ENERGY NEEDS 

The production and utilization of energy on a significant scale is a relatively recent occurrence in 

human history. It began with the industrial revolution. Industry utilizes energy and employs 

machines to increase human productivity. The advent of industrialization demarcates an economic 

condition of scarcity from one of plenty. Today we use the terms .. industrialized" and .. non-indus­

trialized" almost synonymously with rich and poor. 

The development of industry has been fueled by the rapid consumption of fossil fuds that were 

formed over tirr.e periods of geologic extent. (In 1976, the world consumed approximately 17< of 

its total remaining proven reserves of fossil resources.) Within the past generation the finiteness of 

these resources has become of more than philosophical interest: within the past five years it has 

become a pressing problem popularly dubbed the .. energy crisis." If mankind is to continue to 

enjoy the benefits of industrialization, alternative sources must be developed. There are several 

potential options: singly or in some combination. These future energy systems should satisfy the 

following ten requirements: 

(I) The source of the energy should be non-depletahle over time scaks of at least hund n.>ds of 

years. 

I 21 The system should not be capacity-limited. i.e .. it should be possible to install a~ much l."apa· 

dty as i'i desired. 

13) The system should pennit installation of generating capacity at a rate sufficient to meet the 

combined demand for new capacity and for replacement of obsoleted capacity. 

(4) The system should be usable for baseload. i.e .. continuous service. 

( 5) The system should produce much more energy over its lifetime than is invested to l·reate and 

operate the system. 

(6) The system should have acceptable economics. In the simplest tenns. it should produce 

electric power that consumers and industry can afford to buy. 

C 7) The system should be environmentally an:eptable in all respects. including air pollution. water 

pollution. thennal pollution. hazards. land use. ;ind any other unique factors associated with 

the particular nature of the system. 

(8 l The system should not require excessive consumption of critical resources ewn to install the 

greatest plausible total capacity. 
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(9) The system should have the potential for compatibility with power grid:; as regards reliability, 

availability, power characteristics, plant size, and ability to serve all regions of the world. 

( 10) The system should admit to an orderly, mangeable development program without excessive 

risk, cost or calendar time required to reach initial commercial status. 

Most of these requirements are self-evident but elaboration of potential capacity requirements is 

important because the scale of these requirements is often not appreciated. The United States in 

J975 ccnsumed a total of 71 Quads, or 2370 Gw-years (see Table 1-1). Of this. 668 Gwy equiva­

lent thermal energy was used to generate 217 Gwy of electric power (some electric power comes 

from hydroelectric sources. so that the actual thermal energy consumption is kss than 668 Gwy I. 

The conversions from thennal to electric power in Table 1-1 used the national average heat rate 

(thermalielectrical equivalence) of 3.04 kwht11/kwhe ( 10.389 Btu/kwh). This applies to conversion 

of thenn:d energy to electric energy but not necessarily to the reverse. Conversion of electric 

energy to low grade heat energy for space heating can approach this figure. but conversion of elec­

tric energy to high-grade heat is likely .to occur at the energy equivalence of 3413 Btuikwh. A more 

probable overall average electrical equivalence is about ~ kwhth/kwhe C 7000 Btu/k wh I. 

Thed~tribution of energy consumption by use in 1975 is shown in Figure l-1. The figure also 

illustrates the degree to which the nation could electrify if primary ~nergy sources were basically 

electrical ir. nature. The distribution of energy supplies by source for the year 1976. is shown in 

figure I-~. The fraction nf our total energy suprlics that is imported is large a1iJ increasing. 

The development of new energy soun:es to fill this need will be a massive umk·rtJking. Rclatiwly 

few alternatives now known offer any hope of meeting the requirement!. summarized above. One of 

the more promising is the solar power satellite. 

1.2 THE SPS CONCEPT 

An SPS system for utility electric power would include a number of satellites in geosynchronous 

orbit. eact. with on..: or two associated power receiving stations on the ground. Recl.'iving stations 

can be located near load centers (weather is not a significant factor). Each will provide at least 

IOOO megawatcs and possibly up to I0,000 megawatts of haseload electrical output. A ~1tdlitc 

sy~tem is pictorialized in Figure 1-.3. Power is transferred from the satdlites to thr grounc1 .;;tations 

by high·precision electromagnetic beams. The transmissions would •;rcsumably use the industrial 

microwave band at ~.45 GHz: an altl'mativc industrial alhK·ation available at 5.8 GHz c011ld be used 

but has received -:omparatively little attention. 

2 
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Table 1·1 Eneqyf.q...._ .. 

1 quad thermal is equal to: 

3342 Gwyth 

10.8 Gwy electrtc 

1.8 x 108 Bbl oil 

45 x 106 metric tons coal 

HOWU.S. 
USES ITS 
ENERGY 

PROCESS HEAT 

INDUSTRIAL POWER 7.t 

CHEM.FEED &~ 
LIGHTING 2.0 

1DK 

U.S. consumption in 1975 was 
equivalent to: 

2370 Gwyth' or 

766 Gwy electric, or , 

12.5 x 109 Bbl oil, or 

3.2 x 109 metric tons coal 

(1968 USE DATAI 
~ ELECTRIC ENERGY 

I:: : I DIRECT FOSSIL FUEL ENERGY 

NOW ONLY 
18.ft IS 
FROM ELECTRICITY 

I.I 

0.1 

0.7 

6.5 

2.9 
0 

2.0 

18.1" 

70.7% COULD 
BE FROM ELECTRICITY 
(EVEN WITHOUT ELECTRIC CARS) 

26.2 

1.1 

19.9 

13.6 

7.9 
0 

t'h'fl 2.0 

70.7X 

Figure l·I Applicability: The U.S. Can Effectively Electrify 
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A complete SPS operational system is symbolized in Fipre 1-4. In addition to the \atdlites and 

their ground systems it will inducle: 

A space transportation system capable of delivery of the SPS's to ~ronous orbil and 

capable of supporting all requ:mt space operalions needed to~ and maintaic the SPS 

S""Stem. 

One or mott construction ba'.o.es. located either in ~ronous orbit or iow Emb orbit. 

caoable of constructing the satellites. SateUite hardware delivered to the construction bases 

will be prefabricated to the ntent pra:ticable. 

Maintenance and seivice bases capable of supporting the mainta:ance cperations required to 

keep lhe srs·s operating. 

One or more Earth-based space lr.lnSpOrtation ports tlaumil sites) capable of supporting 

spa..~ transportation operations. 

One or mon: space-based srace !ransporbtion orerations support bases. capable of supportinr; 

space transportation operations. This function could con"-eivably be "-ombined •·ith that oi 

either a construction base or a maintenance base. 

Earth-based manufa.:turing facilities capable of produdng the hardware and consumables 

necessary to transport. construct and maintain the SPS system. 

1.3 SPS .-YATUS 

The concept of the space-based power station is now about a decade old. the first publication~ b)· 

Peter Glaser having appeared in 1968. The early years of 1;oncept evaluation and d'!n~lopment were 

marked by the \·irtually single-handed dedication of Glaser :mJ the almost universal ridicule which 

greeted his relatively sober quantitative analyses of potentialiti~ and fundamental feasibility. P;i­

marilv •!:rough his efforts. the concept slowly gained first the rec~'"lit!on ar.d e\·entually the con­

currence and support of a porti->n of the aerospa.:e profession. as repre~nted by its inclusion in the 

AIAA ·s Assessment of Solar Energy for Earth. several CongressiClnal hearings. and the NASA 

.. Outlook for Space .. in which it was identified as one of the major potential future space activit~s. 

During this period a number of different :echnical approaches were suggested. including modifica­

tions of Glaser· s original photovoltaic scheme: an active solar-thennal-electric concept ar.d a passive 

satellite relay concept to transmit Earth-genera! ~d power O\'er iritercontinental distancl>s. All these 

schemes utilized a common mode of power transmission: microwaves. A primary limiting factor 

on all of them was identified very early as the cost of transportation into geosyn~hronous orbit. 

s 





The early studies •""" identified the feasibility of efficient lon1-Rnge transmission of power by 

microW3Ye~ as the most t'rorninent issue affecting eventual feasi"bility of the concept. Accordingly. 

rroof-of-pri .ciple tests ~re rl.inlh.'d by NASA aold conducted at JPL in 197S. The test results con­

finned the physical principles inVt.!ved. demonstrating that efficient transfer of energy is physically 

achievabte. 

At about this same time ( 1975-76). spa~-e rranspu:1ation system srudies funded by ~ASA were indi­

cating that unit transportation costs. e.g.. in dollars per kg. ,."Ould reduce to surprisingly low values 

through the benefits of scale and through complete ~-ehick reusability. if a job of the magnitude of 

SPS were undertaken. Thus one of the chief cost barriers to SPS began to appear ~.mnountable. 

These events Jed to furtt.er !\ASA and industry studies. Two contracted --sPS S~sums Delinitior­

Studies .. were conducted in 1977 under NASA sponsorship; this report summan..::·s n.-sults of the 

JSC-managed Boeing efforr. These effo•ts ha\·e more thorouP11y ddined and evaluak~ the SPS 

con..--ept.c. including support systems. Sf5 advocates are now arguing that this conc..-rr has ~·11ential 

as a nor iepletabk en..-rgy soul".:e. ~good as OJ' beW.'.'1' than ground-ba~d solaJ" pow1:.·r or thermo.:•1c­

lear futlon. SASA and OOE are dewloping a plan to continue explol'"3tion and e\aluation of the 

concept owr the next thl'ee )·ears. The plan pnmarily includes parer stuJies of SPS systems and 

their potential emironmental and 5<X:ial impacts. 

1.4 STUDY DESCRlmON 

1.4.1 Division of Effort 

The study was divided into Part I and Part II efforts. The first part wa-. conducted from Oe-:.:mher 

JQ76 through April 1977 and the second rart from May 1977 through December J<l77. 

1.4.2 Study Objtttives 

The obJecti\·es of the study were as follows: 

Putl 

.. Issues- To derive specific. comprehensin~ supporting data neCl'ssa11· for ~ASA l'\·aluation of the 

following two major SPS system issues: 

(a~ What is the overnll most effective means ci accomplishing solar em·rgy-to-dectrical energy 

conversion on an SPS in geosynchronous orbit'? 

Chi At what location Cor locations I in space could thl.' variou-. pha-.,·, 1)f SPS comtm.:tion and 

assembly he Jone'? 

Transportation --To increase the scope ;1ml Jcpth of underst;md;ng of th·: "pace transportation 

systems neccs~ry to support an SPS pro~ram. ·· 

7 



....... 
··The objn'tive of Part II of this study is to define the overall SPS system in more detail in order to 

~ilieve. as a goal. somewhere on the orJer of a fo.:t'-u of two reJudions in the un.:ertainty of the 

weight and cost estimate rangt>s resuhing from the JSC study.·· 

1.4.J Guidelines ..S Asaamptions 

Guiddines and assumrtio1os used during the coul'SC' of the study are summarized in Table 1.::. It is 

emphasized that the app:oach taken to this stud)· \\·as to maximize confidence in r~ults. rather 

than to minimize mass and cost projections hy usinr optimistic or far-future technol~ extr.ipola­

tions. This is relkcted in th"· ~1i: ... ·tio!1 of energy .:onv..:rsion systems. an the ~lection of transporta­

tion systems. in the mass and ·:ost ~timating te..:hniques. and in the un.:ertainty analyses approa.:h. 

A significant tactor in overall c~t chara.:teristks is the maximum ionosphere beam intensity stah.·J. 

This intensity limit slrongl)" inlluenct's the cost .:hara.:teristks of the ground receiving sy,tem by 

esubhshing maximum total power that can illuminate a gin~n rect'iver area. The ground recei\·er r. 
estimated to rerresent :!5'1 oflotal ... -'-~ts. 

..... Table 1 ·2 Guidelines 4: Assumptions 

GUIDELINES 

• JSC mHOUSE STUOY USC· 11568. THE ""GREEN aC>OK"1 SHOULD BE USED AS 
A POlrH OF DEPARTURE. 

• SPS SYSTEM DESIGNED AND ANALYZED SHOULD REPRESENT THE EARL V 
PA.'U Of A MATURE OPERATIONAL PROGRAM. 

• SPS SYSTEM DESIGNS SHOULD MAXIMIZE CONFIDENCE IN RESULTS RATHER 
THAN Mll~IMIZlf~ MASS AND COST THROUGH MAJOR TECHNOLOGY 
EXTRAPOLATIONS. 

ASSUMPTIONS 

• INITIAL SPS'S DEPLOYED IN 1990"$ 

• 11nDOLLARS THROUGHOUT 

• SPACE TRANSPORTATION OPERATIONS KSC-BASEO 

• SPS'S OPtRATE AT GEO 

• NOMINAL DESIGN OUTPUT 10,000 MEGAWATTS THROUGH 1WO MICROWAVl 
LINKS AT 2.45 GHz 

• MAXIMUM INOSPHERE BEAM INTENSITY 23 MW1Qt2 

8 
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2.0 SYNOPSIS OF SltJDY RESULTS 

2.1 FINDIN~ 

The most significant study results are summarized in Table 2- ! . The study concentrated on maxi­

mum confidence system designs with the n=sult that the SPS, rather than being a mid-21st-century 

system, should be achievable by the year :ooo. The base technology is in .,and. After a modest 

technology verification effort of 3 tu S years duration. full scale development could begin and 

would provide a mainstream energy system of great potential. 

2.2 DESIGN EVOLUTIONS 

2.2. l Configurations 

Figure 2-1 illustrates the design evolutions in the two principal types of SPS systems and space 

support systems. 

The photovoltaic SPS began with the JSC truss configuration, employing a geometric concentration 

ratio 2 as defined by JSC-11568. This configuration was designed on the basis of beginning-of-life 

output capability. The initial step was to resize the configuration to allow maintenance of output 

capability throughout its thirty-year design life. The resulting configuration (shown next in the 

figure) employed periodic array addition to maintain output. 

At the completion of Part I of the study, a total of 10 photovoltaic configurations had been defined 

as shown. These included silicon and gallium arsenide energy conversion at concentration ratios I 

and 2. using various power mair.tenance methods. Significant risks associated with gallium avail­

ability were identified for the gallium system. therefore. the lowest cost silicon system was selected 

for continuance into Part II. This configuration employed concentration ratio I and in situ anneal­

ing of the solar cells for power maintenance. 

Further analyses of the interactions of the various sizing limitations and of array performance 

allowed a slight reduction in system size for the final configuration. Division of the satellite into 8 

modules is also indicated in the figure. The system output. with the optimum rectenna size. was 

reduced to 9 .3 GW as a result of final definitions of the efficiency chain. (For convenience in 

finalizing the point design data. the configuration was frozen with a given amount of electrical 

power crossing the rotary joint. When the efficiency chain analyses were completed. including a 

95% power interception efficiency for the optimum rectenna size. the resulting output was 9.3 GW 

total.) 

9 
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The thelmal ename analyses began with the 10 GW Brayton system as defined under an earlier con­

tract Early in this study. an analysis of available (but old) data on plastic falm reflector degradation 

in the spaoe environment suggested th~t a 30% degradation might occur. Consequently, the concen­

trators were enlarged. The configuration was also geometrically chanaed to improve the efficiency 

slightly. As the Part I study proceeded, significant difficulties were encountered with development 

of a construction concept for the large 4-module Brayton SPS. The configuration was divided into 

16 modules of trough-shaped concentrators as shown under .. constructionized Brayton ... 

During Part I, Rankine and Thermoinic systems were also evaluated. Thermoinic systems were soon 

dropped because of excessive mass and consumption of scarce resources. The Rankine systems eval­

uated many potential working fluids and finally selected potassium ll'i the most practical. Initial 

evaluations indicated the potasskm system to be mo;e massive than the Brayton system. However, 

a cycle temperature ratio optimization indicated that the Rankine system could operate at consider­

ably lower temperatures than the Brayton system while still exhibitin1 a lower overall mass. The 

penalty paid for this operating characteristic is a somewhat lower end-to-end system efficiency, 

resulting in a larger concentrator. Since the concentrator unit mass is relatively small. even though 
• 

the system is larger, it is less massive overall than the equivalent Brayton system. Additional design 

changes introduced at this point involved the elimination of steerable facets from the concentrator. 

By flying the system perpendicular to the ecliptic plane, i.e., always exactly facing the sun. it is pos­

sible to use reflector facets that are aligned on initial installation without further adjustment or 

active :::teering. 

Toward the end of the study, new infonnation became available on plastic film reflectors indicating 

that degradation would not occur and the final system configuration was, therefore. resized to 

reflect nondegradation of the concentrator. 

The principal evolution of spcace transportation systems concepts was in th~ launch vehicle element. 

The study bega? -Nith the 230-ton payload heavy lift launch vehicle at a projected cost for transpor­

tation to orbit of $33 per kilogr.un. This cost included an expendable shroud. Packaging studies 

conducted during the study indicated that payload densities of approximately 75 kilograms per 

cubic meter could be achieved, making possible a reusable shroud. Staging optimization studies also 

led to a larger booster for the upper stage resulting in a 400-ton heavy lift launch vehicle that went 

through the evolution shown: Initially, a conical vehicle, later a more cylindrical vehide, with the 

addWon of a two-stage winged vehicle option based on earlier JSC studies of a very similar 

configurat:on. 

Studies of chemical orbit transfer vehicles included space-based and Earth-launched options. but the 

orbit transfer option taken from the Future Space Transportation System Analyses study. a two­

stage fully reusable space-based option. was indicated to be least cost and was rdained. Resizing 

from the FSTSA stu..:y was accomplished to match the payload capability of the OTV to the Hll \'. 

11 
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Considerable investiption of the means of moving the SPS hardware itself from low Earth orbit to 

geosynchronous orbit continued to indicate a significant cost advantage to the self-power concept. 

Shown at the end of the space transportation configuration evolution is a I /8 size photovoltaic 

module with 25% of the solar cells deployed for power generation, and equ!pped with propellant 

tanks and electric thruster systems to allow this module to transport itself from low t:arth orbit to 

geosynchronous orbit in approximately 6 months. 

The evolution of construction concepts began with equipment concepts for struciure construction, 

installation of solar cells, and insta:Jation of power conductors. The initial construction base con­
cept was for construction of a concentration ratio 2 satellite and includtd rather little detail other 

than overall size and shape. As a result of the configuration selection for Part II of the study. the 

construction base was altered for construction of concentration ratio l satellites. This construction 

base concept went through further evolution to the arrangement shown at the lower right hand cor­

ner of the fagure. In this iUustration. most of the structure is shown blocked in with structural 

detail shown only on one small portion of the construction base. This construction base includes 

capabilities to construct satellite modules and transmitter antennas. Analogous construction base 

concepts were developed for the thennal engine system also, but a~ not shown . 
• 

2.2.2 ~ Histories 

The mass estimate history for the photovoltaic SPS, through the conduct of the system ddinition 

study. is shown in Figure ~-2. (SPS-1399) The point of departure estimates came from the JSC 

"green book". USC- l 1568 ). Energy conversion system detailed mass estimates were available by 

the Part I mid-tenn. The principal reason for increase wa~ the addition of borosilicate glass covers 

on the solar cells. increasing the unit mass of the solar blankets substantially. 

Some reduction of stru..-:tur · mass for the energy conversion system resulted in the values shown for 

the Part I final. During this time, an arbitrary SW mass growth allowance was carried. With initia­

tion ol Part II of the study. effort was begun on the power transmission system. By the mid-term 

of Part II. detailed mass estimates were available. These mass estimates resulted in a significant 

increase in the power transmission system mass primarily due to requirements detcnnined for ther­

mal control systems. At this time also. a mass properties review suggested that with the availability 

of comparatively detailed mass estimates and the general lack of escalating factors internal to the 

SPS design. a 25% mass growth allowance would be more appropriate. During the filial part of the 

Part II effort. a detailed uncertainty analyses was conducted and prcdicte(' us~ growth of 26.6r:t-. 

This growth allowance was incorporated in the final mass statement. 

12 
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The thermal engine mass estimate history shown '.n Figure .:-3 (f:PS- I 398 l t!""lt'" bad. to 8:.kin~ 

IR&D work conducted beginning in 197~. The specifi, values shown for l'li.~ and Jt)"75 c 11w from 

Boeing pape13 published in the technical literJture. Th\.~ papers did not address the mass of 1111,To· 

wave powa trans'llission systems and early \.-stimates a\ail;tbk from th.- likrallm.' \h'r,· quih' 

ortimi~tk. 

The point-ohfeparture mass '-''timate represented !!i, tir ... t 1..·ompktd~ inll.'gratl'd rlwrmJi ,·11~i1w 

lksign with all interrelationship., in this complex s\sh:ln rroperl~ n:pre~·ned. The pow.:r trans­

mission system mass at that time \\.ts taken from Ra} thecm puh!kation:-;. Br.1yton sy-,t,·m l..'yde 

optimization brought the mass down :-.lightly by the Part I mid-tenn. \\ h,·r. ;1lso thl.' JSC m ii..' row a\.: 

powa transmittt.'r m;b.'i was adopted. By the Part I final. additional ma" r...-.1111.:tions r.::-ulled from 

the adoption of tht.' I b· module .:on figuration as compared to the -t-moJuk ...:on figuration. 

The continuing reduction in energy conversion mass was dut' to first. the switdt to thl' Rankitk' 

system and secondly. elimination of the o•ersiied l..'oncentrator originally thought neces:.ary to 

compensau for the degradation of pla-.tic film reflectors. The powl'r transmission ... ystcm mass1..'" 

for tht.' them1al engine anJ photovoltaic systems are equivalent. ThL' Ull\:ertamty analy-.is prt•di1..'lt'll 

a ~O'; mass growth ior the thennal enginl' system. less than for the ph•)lovoltai..: system. as mi;;hi 

be expected Jue to the somewhat greater maturity of the tt.'chnology. 
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J.O STUDY ACCOMPLISHMENTS AND RESULTS 

3.1 PART llSSUES 

3.1. l Energy Conversion 

The evaluation dfort included al! energy conversion options known to be of potential interest for 

the SPS applications: 

( l) Silicon single crystal photovoltaics; 

( .::) G<tllium arsenide single crystal and thin-film photovoltaics: 

(3) Other thin-film photovoltaics; 

(4) Them1a1 engine Rankine dosed-cycle vapor turbines. with several working fluids under 

consideration; 

(5) Them1al engine Brayton dosed cycle gas turbines; 

(6) Thennionic direct thennal conversion. 

Certain known options were not included: 

( l) Thennoelectrks- rejected on elementary considerations of effo:iency. materials consumption. 

and waste heat rejection. 

C2) Magnetoplasmadynamics rejected on grounds of problems in attaining the necessary working 

fluid temperatures by solar heating. 

(3) Dirt>ct themMI conver;ion by dectrostatics--insufficient data available for this rect>ntly­

proposed thennal engine. 

(4) Thennophotoltaics rejcckd on c0nsideration of mwall dfidency and problems of waste heat 

rejection. 

The principal energy conversion condusions at the ,;ompletion of Part I were as follows: 

( l) Conversion efficiency and resulting SPS size (at fixed output I tended to favor the Brayton gas 

turbine and galliuan arsenide photovoltaic options. A si1.e comparison of the options irm:sti­

gated is shown in Figure 3.1-1 (Part I. Vol. I.. Fig. 1-9). Size. however. was not seen as a 

primary decision factor. 

(2) Much more important Wit:. mass. Jt is a signifo:ant cost factor. especially for hardw:.it~ that 

must be delivered to srace. Here again. gallium arsenide looked good. with all of the options 

l'Xccpt thermionics in an ac~·eptable range. as shown in Figure J.1-2 (Part I. Vol. I. Fig. 1-10). 

Of the various Rankine c~ ·le working fluids. only the alkali metals Wl'Te compatible with the 

high cyde temperatures essential to .1eat rejection system mass in the accl.'ptable range. (Water. 

i.e .. steam Rankine. is compatible from !he fluid lhl'mial stability standpoint. but a steam sys­

tem operated in the minimum-mass temperature range is essentially a Brayton gas cydc.) 

15 
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(3) Radi::tion degradation of solar cells. espedally silicon. was known to Pe a ~rious pro~lem. 

The amount of degradation depends on the amount of shielding provided. e.g .. by cm·erglJsscs. 

(Attempts to provide lightl.'r weight plastic cowrghi, ... , haw to date bt:en unsu1..·cessfl;I he1..·ause 

the plastics becontL· op:aque in the geosynchronous ,,m1bini.'d radiation anli uv emironment.) 

lt has long been known that radiation damage in sili1..·on solar cd!s can be largely annealed out 

by h1..iting to .... soo0 c. This nonnally w .. htld be Jone by bulk heatinl;!. Rt'l.:ent dt•\ elopments 

had indicateJ. howen~r. that directed er.ergy pulse heating Cl'"'~ ~, , :·:·,,:; . .:iy used. As a oarr 

of tflis study. under subcontract. Simulatio!l Physics (ilO\\ SPIRE. lnc.) ClmJucrd exploratory 

laser and ek.:tron beam annealing tests on se\'ady irradiakd :.olar ""lb pro\idt:d by lJoi:ing. 

Approximately 50':C of the cdls' IJst perfonNn~·e wa:. rei.:o\'ered in these tests. It is bdie\ed 

that further de\elorment and optimization of the prOl.'ess 1..·oulu approadi 90 ; ft'l.°O\t'fy. 

Accordingly. an annealable blanket design lcompatibk with annt>aJing tempt.>r a tu re) was 

selei.:ted as the refl.'renct• Jesign for Part II. 

(4) The morl.' .:omplex thermal engine syskms were founJ fl> be ni<>fe Jiffkult to ~·onstru..-t. but at 

this point in the study. Jiff.:ren~·l'S in cor~st ructal:-ility Wl'ft: not \'iew1.·J ;;s pa rl id1lar!:: 

significant all ..:onfiguration~ were collstrul'taMe. Thes.: differen~·es \Wre later to emerge :.is a 

strong 1.k..:ision factor. 

(5 l If SPS's are to be installed on a large s.:ak. J\"ailahility of r .iw mat·:rijls ..:ould l'e .1 signiti.-ant 

issue. \faterials J\Jilahility wa~ :.1 strong negatiw fador fl.>r the thamioi.i~·s optit'I1. Con,•d­

ered together with 1.''\cessive mass. the negati\I.' fad\lrs Wl.'rt· juJgeJ 10 bl· .1 ~-(,n~·1t1sive rt"ason to 

Jis..:ard them1ionks. Makri:tls a\'ail:ibilit} als·' impl.hl.'J signifi~·;rnt design ''''~str.iints on the 

other thermal l.'ngine options. which benefit from the llsl.' nf e\otk llll.'ta'. at tu~n tl.'mpera­

t1ires. Tungsten. lantalufll. anJ nwlybdenurn \\'\'rt· diminated. \iolybdenum itsl'lf is 1wt 

i:11ly scar1..·e. nut must 1'1.' allo}ed With rhenium l°or du~·tilil). rhenium is \lTY Sl.".lr~·e . 

.-iab 1s~ues \Vl'r1· prilllal) in thl.' ultimak sd1'1."[tllfl of f'1lt.1s~1um Rankin,· as the prdared 

tnennal engine. ·n1is sde..:ri,,n, iw,wwr. did n,1t o~·..:. untii brt II. 

The J\ailahility of gallium al-.o 1..'lllt'r~ed .1~ ;1major1s-.lll' T!11-. _.,,ntrnvcrs). <°l'lltinucs to tht• 

pn:scnt da~, with g:1llium ar~: :nitk advo,·att':-> i1is1sting that the rt' j.; .. no pwl,k111" .rnd s!-q,ti.-s 

arguing th.it the prnbkm is 111sl1mwun1.1bk. Our"' Jlu.1titm is :1s foJl,n\-. fr' thm til111 _!!.illium 

arsenide ,·dis. ,·.g .. on a sapphirl' suhstr.11e. arc' us,•d with ·1101krak sunlight 'l'!k'<'n:- litin. anJ 

if nwderatdy optimisti• g:1llium a\a1lahil1t~ l."stimah's ar1· use,I. till' p1«1bkm is at 11.'Jst \\11rk­

ahk. :1s illustratt•d in h)!lll'1' 3.1-3. t rile' ,·db 11111,1 hl· :1b,iut ~ µrn thi.-1' 1'11 .1 -.ub,tr,111: ,,f Sl'llh' 

otha malai.11. ni1.· phy,ks llf )!.tllium .ir,c1111k plhl{\l\\lltai.--. . ,., '1\l( pr,,·lud,· -.11, h ,-,·lls 

being t•r'fi.-1t'llf. (;;tlllllfll :trst'!lld<' 1·l'1Js f'l"<''t'lllly 111 l'\J't'l'lllh'lllJI J'I .lll'lll'l1 .Ill' ,·,111\ 1'11111'!1.tl 

in thickrh·,,. l'.)! .• I no µIll \ll' 111\ll"l'. l 111 \ ll'W ,1r this '"UC Jlld rll,, ;b, .. lk<I 1,·,·l11ltllt').!~ 

adYJllcl'llh'llt fl'lJllll"l'llll'llls. 1111, 'tu.I} h.1,·k,·d .1w.1\ f1,i1:1 r.illi11:n ;1'"'<'1111k ,1, .1 pnn1ar~ .-.1ndr­

dah'. It j, 'till''' rt•gard,·d. lw\\<'\<'L by '"llll.' 1t1\l·,11µ.1h'"'-· In ,um111.1:·~. fr11rn tlw Il',1\l11\·,·, 
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standpoint, the silicon system was most favored, thermal engines were readily workable with 

appropriate design constraints. and gallium arsenide was probably workable with advanced 

technology. Some of the other thin-film photovoltaic approaches (e.g., copper indium 

selenide) were rejected due to resources consid· .:.ations as was the: thennionk--s thennal engine. 

(6) TcchnoloeY advancement requirements fJ&Wed !mponantly in the eventual selectioa of pre­

ferred sys1ems as well as in the Part I screening st<tge. A major increase in th'-" scale of space 

operations must be brought at.out to install SPS's at a rate of practical interest. Although the 

ted1nical advancements required in systems and subsystuns are quite modest. the required 

advances in operations technology may be compared to the advances in aircraft operations 

technology that 01.:curred with the introduction and expansion of the jet age. It is prudent to 

restrict areas of major technology advance to as few as possible to :naximize .:'.1ances of pro­

gram Slk:CCSS. There was. therefore. a strong motivation to minimize the techn'-'logical advance 

required in energy conversion. Silii:on photO\'oltai~"!' and the turbogenerator o~lions fitted this 

prescription; the other options did not. 

(7) Cost is the overriding factor in d.:sign selc.: ..ion for any system intended for commen:i ti aopli­

cation. with financial risk a do~ second. AJI other parrneten; are of little signifi.:ance (Most 

of the foregoing factors appear or the •. o~t ·risk balance sheets.) At the conclusion of the Part 

I effort. the silicon ph('ttovoltaic and Brayton thermal engine were jadged to be essentially 

equal in cost cFigure 3.l-4l and. as noted above. quite comparable in ri:.k. 111'-" l!allium 

arsenide option exhibited appreciable potential cost advantages. mainly resulting from mass 

and size reductions. but th\!Sc potentials were heavily overshadowed by the materials availa­

bility and technological risk 1.·oncems already discussed. 

Silicon systems at concentration ratio I (i.e., n('t concentration) and 2 were evaluated. Because 

concentration is relatively ineffective with silicon due to temperature efkcts the s~mpler no­

concentration configuration was found to be least cost. Higher olar cell costs improv~ the 

benefits of concentration. but these benefits are net positive only when solar cell wsts are hig.'1 

enough to make the thennal engine option a relatively uncontested winner. This conclusion 

does r •. t necessarily apply to advanced-technology gallium Jrsenide options. 

The net result of these considerations was a decision to carry the silicon CR=l and Brayl.>n 

energy conversion opticns into Part II as primary candidates. General Electric. our major sub­

contractor in this study. expressed the strong opinion that the Brayton-versus-potassium­

Rankine tradeoff had not been adequately worked. It was therefore agreed that this matter 

would be re~xarnined in greater depth as a priority item early in Part II. 

19 
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3.1.2 Construction Location 

The prindpal construction location conclusions at the end of Part I were as follow!): 

( l) The primary component of the issue was transportation related. The payoff for low Earth 

orbit (lEOl construction is the enabling of the self-powered mode for LfO to gcosynchron .. 1us 

E-arth Ofbit (GEO) tranSp!;'rtation at the very high specific impulse available through cl~trk 

propulsion. The propellant requirement for LEo-GEO transportation shrinks from the pre­

dominant requirement to a relatively inddental requitt1nent. from !. I tons rer ton delivered 

to GEO to about 0.25 tons per ton. 

(2) The essence of the tradeoff was a factor of:? reduction in launches to low Larth orbit for LEO 

constf\l\.tion as "-ompared to GEO "-onstruction. ,·ersus an array of Jiff11:ult-to-quantify opc.-ra­

tional complexities and co~ems. 

(3) Most important of the problematical operational f:K"tors ;issociated with the ek.:tric prorulsion 

mode are: 

(a) Trip times on the order of six months. compared with less than ont• da)· for the high­

thrust L02tLH2 systems assod;ated widi GEO .:onstnk:hon. 

(bl Radiation Jegrudatron of the SPS from exposure to rhe van Allen t-elts during the .;low 

trJnsfor. 

(~) MoJularizahon (lf lhc SPS. nc.:essary for attitude .:ontrol authorit} m the rrl.'St.'rh:e of the 

strong grJvity gradients at LEO. 

(dl Conversion of the SPS mo..tuks into P'-''Wf'-'d spa .. ·c!'l:raft .:apabk of t"Xl·l·uting the transkr. 

(1d Th~· risks of .:ollisions with nun-madt' orliiling 1.lb_k.:ts during thl· tt'O .:tmsrru.:ti,,n ''rer­

ahons and during the slow spir-.lling trJnskr from LEO to GFO. 

(0 Urper atmosphere dr.:g affc.:ting the LEO .:1.'nstru.:fa,n Ol'l'fJllons. 

tgl Operational hardware and software Ct'mrlexities ensuing from h'w·thnist orbit transt\.·r 

opc:rations. 

At the .:ondusion of the Part I effort. the redu.:tion in L.tO transp,,rt;1ti''" .. -,,st was juJgl·d tt> ,,wr· 

whelm all other fa.:tors. The <''.t'r•1ll rt'du.:ti,,n in s\·srcm .:ust. ht'\h'Wr. was •'11 thl· ''flkr of 10'~" 

The predominant penalty on LEO .. ·onstru .. ·tion was the addt•d interest .:osl .:har~w.1bk ''' h'lal ,·api­

tal .:ost as a result of the six month transit times. Tilt" inws1i~;1titlns ,,f .:ollisi••n h.1.·.mh was in,·,,m­

plcte at this point. 
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J. I .J Part II findings Relative to Part 11~ 

The issues addressed during Part I of the study are fundamental and ptnneate all a~\·ts of syslCltl 

desien and selection. 

As a resuJr. although narrowing of ortions. darifi.:ation of sub-issue.;. and focusing of attention was 

achieved . ..:omplete ilnswers were nut obtained during Part I. As an ex3ntple, .:omrlcte ddiniti~n of 

h:udv.are pa..:uging densities and tr.msportatiun,\:onstru..:tion oper.itions ortions was not a-.:hkved 

unli! the power u-.insmitter (exdudeJ from Part () was taken into account. 

During Part II. the fo!!~~win~ nuj.,r .:ondu~i .. ~ns werl!' ohtained relating to the Part I questions. 

(I) Continuin.it comparative evaluatillO of potassium-vapor Rankine cy1.:le systems wrsus inert gas 

Brayton sy~tems kd to a prererenct' fi}r the Rankine sysh·m bcc:mse: 

(al Th1.· Rankin .. • synem ma-ss·optimihs at somewhat lower mass and mu .. ·h-redm.:ed radiator 

area. 

(~ l The Rankine system is practi.:al. e.g .. in tenns of hardwan.· mass. af .. ·yde temperature 

limits gl.'nl.'r;;ily in the ~uperalk1y range. whereas the Bray ton sys terns were Jerendent on 

rcfra;;rory met;ils llT 1,.'l'r.imi..:-s. Strong unplications are present hl'rt' tl.1r h:i:hnology 

a .. h.in.:t'llll.'nl re,tuirl.'nll·nts anJ resour ... ·e ... ·onsurnrtion. 

kl Thi.' Rankine systl.'m c'\hibite,t g\)o,t pcrt\,m1an ... ·,· at r!!lat1\·dy low kir ... ·.J .lO 11\L"gawatts) 

pl.'r·cngt:-i•' po\\"l'r rJlmg,. By w.iy of .-,>ntrJst. ti1e Braytl'n L"ngincs ar,· ~nsitive Jui.: to 

Mow-by tnkr;lll\t':!> .. m turbom..i..:hmcry and nl..'ed\.·d to bl!' sued greatt'r thaa 300 mega­

watts l''-'r t'nplll' nie hif,hl.'r t...-mpaaturcs 3nJ pt>Wa 11..'wb rc:quirt•J for the Brayton 

t'ngint'!'i ha\<· ~ignili.:;rnt .-osl 1mp1i,·ations regarding Jl..'\dopmental tc:st fa.:ilities. 

As a r"·sult. :md dul' in no small wa~ c,> the f;t'llt'r.ll Ekdn.- Subi:ontra,·t effort. the RJr.kine 

potassium vapt'f ..:~ ... ·k wa' ~ck.:tt·J ;is the prcfrrrcJ engine. 

( .:!) Furthn analysis ol rransp,,rt;tli~)n .rn,J ... ·onstrudion OJ'l'rations diffcreni;,·s bl't\h'l'll the 1hennal 

l'Oginc ;11ut phohJ\'''ltaK options began to reveal s1gnifi.:ant differl'ni:es in opt'rations .-ost. 

Although diffrreth: .. ·s in ~tclliti: mass and ..:osl ,,,nrinu .. ·d t•' tic unimpllrt;mt. Jiffrren.:es m 

..:onstrndi1m a .. ·\\ liih". fa.-ility 1,.'llSt. and payload pa,·kagin1-t densities em .. ·r1-tl'd JS de..:ision 

driwrs as synppsi1ed in T:.iflk .l. I· I. Consequently. an o\crall preforen..:c.· for the silkon rhot\,_ 

'oltai..: systl'm !!f .1du.11ly b,·~·;mw quanriliabk. 
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Table 3.l·I 
Operations Cost Dmers Favor Pbotovoltaics 

Construction 
Crew Size 

Space Construction 
Base Cost 

Net Packaging 
Density 

SILICON 
PHOTOVOLTAIC 

540 

8.2 Billion 

95 k&fm3 

RANKINE 
THERMAL ENGINE 

SIS 

12.4 Billion 

6S kgtm3 

This preference is small. however, with respect to possible unccrtainti~ in solar cell costs. as 

shown in Figure J.1-5. Therefore, although we re-.\.lmmend the silicon photovoltaic system for 

preferred concept selection. the Rankine thermal engine should be carried as a backup to 

hedge against sclar cell cost uncertainties. 

(3) Construction in low Earth orbit continued to show a ten percent cost advantage. Practical 

measures were found to avoid collision with any observable man-made objects for which 

epemerides are predictable. A refined analysis of system degradation during one 180-day 

transfer through the van Allen belts revealed no substantive differences from the earlier more 

parametric analyses. All operational md other LEOJGEO differem.:es were at least roughly 

quantified as summarized in Table J.1-::!. LEO coastruction offers recurring and nonrecurring 

cost advantages and is recommended as the preferred concept sdection. 

3.2 MAIN PART II RESULTS 

The primary objective of Part II was to accomplish as much system definition as possible within 

the available study resources. As much reduction as possible in mass and cost uncertainty was the 

desired outcome of the effort. Dr. George Hazelrigg of ECON has observed that reduction <'f u11cer­

tainty can be economically more important than the projections of low mass and cost that can be 

derived by adoption of advanced-technology assumptions. An economic determination of next pro­

gram steps can best be m1de when uncertainties are minimized. 

J.2.1 Microwave Power Transmission 

The interface requirements and perfonnance of the microwave power transmission system are the 

keys to an integrated system ddinition. The performance of the power transmission system estab­

lishes overall system sizing and output: the electric power condition re4uiremcnts of the RF power 

amplifiers determine the voltages and currents to be produced by the energy .:onversion system. 
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Al TRANSPORTATION • HLLV LAUNCH r.ATE, 140GfYR VS 30lil/YR • 4 YJI, HLLV • 2,548 2.223 IFlHT 

REQUIREMENTS 350/YR VS "*f'i,R • 1/VR INVESTMENT) 
(INCLUDES CREW) OTV • -205 -1,431 IOTSI 

8) CONSTRUCTION • FACILITY DELTA COSTS 24 530 
REQUIREMENTS • STATK)NKEEPING PROf'lL:.ANT- KG/DAY -9 

• CREW Sl.IPl'ORT 9 

Cl SPSDESIGN • OVERSIZING FOR RADIATION DEGRADATION -139 -350 
REQUIREMENTS • DEL TA STRUCTURAL M~S$ · 1154 TONS U.SS FOR GEO -70 -175 

Ot DEGRADATION • INCLUDED IN SI'S DESIGN REQUIREMENTS !OVERSIZING 
POTENTIAL COMPENSATES FOR OUTPUT ANO MISMATCH Lout 

Et LAUNCH SITE • HIGHER LAUNCH RATE FOR GEO 1.715 LAUf'JCH 
OIFHflENTIAL FACILITY COSTS 
EFHCTS 

Ft STARTUP • ORBIT TRANSF~ R HARDWARE IN OTS COST 

• DELTA INTI REST DURING CONSTRUCTION -303 

Gt OPERATIOfJS • NO DIFFERENCE IN NUMBERS Of vtHICU.S IN FLIGHT • -10 
CONSIDERATIONS MOllE COMl'lEX MPNITORING FOR OTS. 

• BERHllNG COUIPl\.ILNT INCLUDED IN GEO FACILITY 
FOR LEO CONSTRUCTION 

H) COLLISIOl'I • COLLISION AVOIDANCE PROPELLANT -1 
• OBJLCT MOllllTORING COST -5 

I) COST • OTHf R FACTORS ITEMIZED IN THIS TABLE 
OIFFEREf<1TIALS • DELTA GROWTH IFACTOR ON DELTACOSTI 156 

J) ORBIT TRANSFER • HARDWARE/SOFTWARE COSTS REFLECTED AS ors COSTS 

TOTAL COST DIFFERENTIALS 1,995 2,512 
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3.2. l .1 Power TnnsmisUon: Principles of Operation 

The long-range transfer of power from the SPS at geosynchronous orbit to a receiving statio:l on 

Earth employs the principles of free-space propagation of electromagnetic waves. Narrow beams are 
more familiar in tenns of light sources than in terms of radio-wavelength soun·es. With large ape;· 

ture RF sourc~. however. narrow beams can be created. 

Effective production of a narrow beam requires production of coherent planar wavefrants at the 

transmitter aperture. If this can be done. the properties of the resulting bc!am are r.uitable for effi­

cient energy transfer. The field produced by such a transmitter includes a near-field region where 

no appreciable beam divergence occurs. and a far-field region with beam divergence. For SPS trans­

mitters of practical interest, the beam wiJI have far-field characteristics at Earth. The applicable 

aperture theory shows that for an ideal antenna (no errors in produ.:ing the desired wavefront). the 

product of areas of the transmitting and receiving apertures is a ..:onstant: 

(See Figun. 3.2.1-1 ) 

H is range. i.e .. 37 X 106 m 

~ is waveiength. i.e., 0.1224 m at ::450 Mhz 

K is a ..:onstant depending on the transmitter illumination pattern as di~ussed below: it varies from 
b .... .... 

1.2 to 1.8 for typkal SPS transmitters. With K;:;.. i .5. and a transmitter area of I 0 m- ( I km- t the 

expression above yields AR= 114 X 106 m2. Thus the sizes of transmitter and re..:eiver required to 

effrct an effi..:itont eneq?y transfer from geosynchronous orbit to Earth arc large. but not beyond 

engineering techniques now realizable. One can. of course . .-onsider making the transmitter larger 

and the receiver smaller or vice versa. The ..:orrect ~izing is a constrained cost optimization problem 

as disccssed below in Section .3.2.1.5. 

The simplest illumination pattern for a transmilkr is constant RF powa density across the entire 

aperture. One m!~ht imagine this also to be the best. but it is not. Some of the energy transmitted 

does not fall within the main beam. but is s..:attered into rings of "'sidelobl'S. ·• The intensity of these 

sidelobes and the total energ~· so lost is a function of the illumination pattern. For a constant illu­

mination pattern. 16'1- of the energy is lost and the first sidelobe (the ring nearest the main beam) 

has a peak intensity I /50 of the maximum beam inll'nsity at the center of the beam. 

3.2. l .2 Ch3racteristics of Power Transmission Beams 

This discussion of beam patterns requires familiarity with the tem1 "decibd. ·· The <.kcibel is a rela­

tive log:irithmic measure su.:h that 0 dh is a unit factor. I 0 db is~• factor of I. 20 db is a factor of 

100. 30 db is a factor of IOOO. and so forth. Thus. a stat~ment that a sidelob1: is "34 db down" 
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means the sidelobe intensity is 10·34/10 = lffJ . .; = l/2SI 2 of the main beam maximum intensity. 

A "10 db taper" means that the transmitter RF intensity at the edge of the transmitter is l t I 0 that 

at the center. 

As noted. ihe uniform illumination pattern is not the ~st. l~lumination patterns which maximize 

intensity at the center of the antenna. tapering off to lower intensities at the outside. reduce scat· 

tered energy and reduce siddobe intensity levels. (Taper patterns varyin~ both inlensity and phase 

are possible.) The investigations in this study considered mainly intensity (amplitude) variation. 

Many pattern and shapes haw bee·' investigated and proposed for illumin<!tion tapers. Wi~hin lhe 

design con.~traints that exist for the SPS power transmission system. a tnmcated gaussian taper is 

about as good as any of !he alternatives. The taper i~ ordinarily des~·ri~d by expressing the ratio of 

power intensity at the center of the antenna to that at the edge. in tenns of decibds. Figure 3. ~. l ·~ 

illustrates several power in• ;'li;ity tapers with all cases adjusted for constant beam diameter on the 

ground. The ideal beam efh~ :.:r..:ies for these tapers are also shown. This is the fraction of total 

radiated power in the central h·:~n•:. figure 3.::!. J-3 shows the degree of sidelobc intensity suppres· 

sion as a function of transmitla intensity taper. 

For gaussian illumination patterns the power beam intensity distribution al the re.:eiving point is 

also approximalely gaussian in shape. Intensity is maximum at the center of thl' beam and t3pers off 

rapidly to the first null with successively lower sidclobe levels as distance from Utt' ht·am center 

increases. Note that the scale uSc.'d in Figure 3.::!. 1-3 was logarithmit: and that most tlf the main 

beam is at relatively low intensities. Th;s is helter illustrated in Figure 3.~. l-4. using. a linear scale. 

linear scak. 

Patterns which va;-y bolh in intensity and phase at the transmitting anknna '"·an provide bl'am 

patterns at the ground that ha\c a mor.: i:onstant intensity distribulion in tht.' main ht·am while 

retaining desirable lew!s of siddobe suppression. The si:.1plest sui:h pattern is one th.it pro\idl'S a 

reversed phase ring around the main part of thl.' anknn.i. This and the rdah·d kdrniques n·quire 

that the transmitling antenna be .:onsider.i!:lly larger for a g.iwn 1'eam diameter at the re.:t•iving 

point. Figure J.~. l-5 shows a typical pattern a.:hin~Ne with a rewr~ phase ring :uound tht• 

antenna. Further slight improwmcnts in beam '-'hara.:teristii:s can be provided by t:sing a continu­

ous phaSt.' distribulion. rather than a simple phase reversal. 

The issue of whi.:h pattern to use. or how 111ud1 taper. may be a \..tlSt opt imitation or it may 1'e 

dictated by Jesign constraints, as discussed hdow in st·.:tion J.2.1.5. 
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• DELIVERED GROUNO POWER • SGW 
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COLLECTION 

DISTRIBUTION EFFICIENCY RAD!-\ TED 
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CENTRA~AM SFRENGTH 
112.J.W 

10 mW/t:lfl2 
(U.S. EXPOSURE sr ANDARO) 

STt\ENGTH HERE IS5mW/cm2 
(MICROWAVE OVEN STANDARD) 

SIGNAL LEVEL AT 
RECEIVER EDGE: 1 rnW/t:m2 

\ ·= -

3rd "l'.IULL.. 2nd '"NULL.. lat '"NULL ·e:-__ _ . . '-- FENCE. 8/10 MIU FROM 
--- --- RECEIVER EDGE: SIGNAL 

- • - • - tS 11100 OF U.S. ST ANOARD 
SIDE LOBE REGION 5.9 MILES EAST·~IEST--~ (0.1 mW/cm2) 
(SURROUNDS ANTENNA) (7.3 MIU$ NORTH-SOUTH) 

tmW1cm2 • 1/1000 WA n PER SQUARE CENTIMETER» 

Fipre l.2.1-4 1be MilNftllle -.: A Safe Power Curler 
d8 
o,.... .. _..~~--.....-~~~~~~~~~~~~~~~~~~-., 

1ooaA II 
GAUSSIAN \I 

·20 \ 

i\ -'\ 

.co 

0 1 

I \/ . 
I ' 
I 
I 
I 

111/• 
I 

I 
3 

3.2.1 ·S Spacetemu Pattern 

19 



0180-22876-2 

3.2.1.3 Transmitter Design Concept 

Overview 

The main features of the power transmitter design are illustrated in Figurr 3.2.1-6. The basic power 

amplifier element is a 70 kw heat-pipe-rnoled klystron. E<!ch transmitter element includes one 

klystron, its control and support circuitry. its thennal control equipment, its distribution wave­

guides and its sectior. of radiating waveguuk The subarra} is the basic Earth-manufactured unit. h 

is approximately 10 meters sqt:ne and will contain from 4 to 36 klystron elements. The subarrays. 

in turn. are integrated into the overall transmitter. Each transmitter includes 6.932 subarmys sup­

ported on a two-ti~r structure. At the back of the structunl assembly are the power processors that 

provide the necessary voltage changes and voltage regulation required by the RF systems. Approx­

imately l S':f of the total power is processed. the other 85% being used directly by the klystrons 

without pT<x-ei:sing vr reg.llation. Power interrupters and switch gear are provided for all power sup­

plied to the transmitter. so that the Sl.'Ctor supplied by any power processor assembly can be 

isolated or shut off in tire event of failures or m:ilfunctions. 

The power transmitter dl.'sign illustrat.·d i~ an integrated design meeting the strui.:tural. thennal. 

dei.:trical. and RF requirements of the SPS power trJnsmission system. 

The prin..:ipal features of thl.' power transmission system are indicated in Table 3.2.1-1. The rt•fer­

encr system t>mploys a 10 dB ta~r ii• ten steps with an option being a fourh!en-stcp. 17-dB taper 

providing an additional I 0 dB of sidelohe suppression. 

Klystron RF ~nerators 

The klystron design was Sl'k·~·kd u~m:; th1.' following crikria: 

• Power levd of 70 kw .:omp;itibk with a maximum voltage of 42 kv and a pcm .. ·a111:e 
~'~ 

(lo/Vo· i - ) of 0.2 S x t0·6 . n:sulting in high l.'flldency. 

• RF Dl.'sign: Singk second harm,,ni<; bunchin!! cavity rt·sulting in short interaction length; b 

..:;1vity design to giw 40 db gain i.e .. fc:isihility of solid state dri\'er. 

• Focusing: Body-wound light•wighl soknoid for low risk and high efficiency. 

• Cathode: Coated powder or metal matrix. medmm convcrgl'nce i:athode to obtain an l.'mission 
~ 

of'°" 200 111a/cm- for 30 year life to l'lllission wl.'arout., 
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70-KW 
HEAT.PIPE· 

COOi.ED KLYSTRON 

KLYSTRON MODULE 

MAIN STRUCTURE 

p INTEGRATED r TRANSMITTER 

,,:f.,-¥ 
POWER PROCESSING 
Ii DISTRIBUTION 

flaure 3.2.1·6 Mlaowwww PoftrT._•'lat•• Delip Coacept 

JSC I CURRE'U 
GREEN BOOK f'EFERENCE REASON FOR CHANGE 

OUTPUT POWER TO GRID FRO-.. 6GW 4.£6GW FFFICIENCY CHAIN VARIANCE 
EACti RECTENNA 

ARRAY APERTURE 10.S rEP SAME 
iL'.'JMiNATION TRUNCATED 

1C>db GAUSSIAN 

IA:_TERNATl ILLUMINATION) (14-STEP) PROVIDES ADDITIONAL 10db Of 
(17-4()) SIOELOBE SUPPRESSION 

SUBARRAV Sl:ZE 1'Kn12 113.a....2 GEOMETRIC CONSTRAINTS 

NdMBER OF SIJBARRAYS 7850 6932 LARGER AREA PER SUBARRAV 

ER•~OR BUDGET -
PrtASE CONl ~OL t100 SAME 
AMPllT• '.JE t1db SAME 
ftJBA;<1t1AY MECHANICAL tlARCMlN t1 ARC MIN REDUCE LOSSES 
Rt- DISTRIBUTION NONE ~TOTAllOSS DETi\ILED SUBARRAY 

Afl:ALYSIS 

PHASE CONTROL ACTIVE RETRO. SAME 
DIRECTIVE 

RECTENNA SIZE 10x 14km 11.41113 km HIGHER RECTENNA llNIT COSTS 
YIELD SMALLER OPTIMUM SIZE 

M.'\XIMUM BEAM POWER 23mw/m2 SAME 
DENSITY 
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• Thermal Design: Heat pipe with passive radiators to obtain the desired CW level with conserva­

tive heat dissipation ratin~. 

• Auxiliary Protection: Mcltfolatin3 anode to pro\'ide rapid protection shut off capability at the 

individual .ube level. expected to obviate the need for crow-bar type of tum-off. 

The tube design con~"-'Pt is shown in Figure 3.:!.1-7. 

The use of a klystron appears to require a heated thermionic cathode. Assurance of 30 year r.f. 

transmitter life will require continued h..-sting and assessment to provide a credible data base from 

which to select either a cold cathode or a thennionic cathode oreration. High secondary emission 

cold cathodes tBeryllium Oxide) have best known life of 1 JS.000 hours and require oxygen replen­

ishment. lkst platinum cathode data ts currently I0.000 hours :it 5 t;Hz. Best thenmomc cathode 

life data. for the Intelsat transmitter TWTs and BMEWS. is over 50.000 hours and cathode wearout 

due to emission can be designed to be 30 years with conservath".: current dt"nsity as sho,.TI in Figure 

3.:!.1-8. The :andidate thennionic cathodes are a proven oxide cathode operating below 9()()0(" and 

a tungsten ma!rix cathodes at slightly over IOOOoC. Actual cathode testing should !Je condui:ted 

in a realistic c,:;thode-tube environment. not just a test diode. The SPS tube parameters au.• com­

patible with conservative cathode ratings with a cathode-to-beam convergence of less than SO. 

To avoid exces.~ive infant mortality. a bum-in period is recommended. which may be possible in 

space. The 'luestion of open envelope operation requi~ further assessment of space contaminants 

and can offer significant cost reduction if realizable. 

Design Integration 

An adual antenna dt.-sign for SPS requires that the selt>cted taper pattern be 4uantized in intensity 

level ~teps. Each step rl'presenh a s~cific subarray configuration in tem1s of numllcrs of klystrons 

on the sutiarray and arr.mgement of RF power distribution to the radiating w:iveguide .. sticks.·· It 

is clear that t'ach sutiarrav must haw an integral n!i'lthc-r ('f radiating wawguidl." slicks. and an intt'· 

gral number of kiystrons. 

Also each r.idiating wawguide must be an integral num~·r of wawlengths long in order for thl' 

standin!! w:m~ configuraticn to function at maximum efficiency. Thus. there are only certain ~r­

mittcd solutions to suh:nr:iy size. numbers of klystrons per subarray. and wavcruidl· st id arrange­

ments. Fortunately. rnme of th" permitted solutions fall closely within the hounds of our earlier 

notions as to what :i sutiarray silt' should be and what a typical klystron power level should be. 
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A suban-.iy c.>nsisting of 1 :!O radiating waveguide sticks. each 60 wawkngths 1->ng. is approximately 

I 0 mt'ters square. and can h..- Ji\ided tnt(l N by M eknt<nts. each fed by one klystron. where N and 

M can e<kh be any integer from I tot>. Therefor,·. a m:iximum power density subarray would he 

o x 6 ekmems with .\o klystrons and a minimum 1'1-'wer subarray would be one laf"g.l' element fed by 

one kl>·stron. With th<' 70 kilowatt klystron. St>kcted for its compatihility with the Jesirt."d hus \'lllt­

a~ of 40 kilovolts. the maximum power density subarr.iy has the power density needed at the 

center of the antenna ~;ith 10 dB tarer. and its thermal dissipation kl the heat rejection temrera­

tures sekcteJ is just within t~ limitations of thermal t3diating area availabk. A minimum power 

density suti:ur.ty with 4 kl)'Strons then prmides approximately 10 dB of taper and this was adopted 

as the reference dl."Sign. 

The waw~uide '-·onfi~rat1on is shown in cross-section in Figure -1 . .::.1-9. This configuration was 

sdedt.•J on tht' pr~·t'l~ th;>! W<!"'t'g''.ld~S Wn·.:!J !:!;: :l~mbkd in orbit; it prm ;Jes :aipi &\""i.agira~ 
tknsities. Ground-based ;i5S\.·mhly has sinl"t' het·n sckded. This and the roler.mces n·qum~J to mina­

miu losses indk:ate that a n'\:tangular slid: configuration should be used. 

The actual ,;onfiguration ol power J,·nsity rings is illustratt-J in figure J.~.1-10. a \it~ of on~fourth 

of tlw r.JJ1ating fal"c ,,f lht• antcnn:i. Li·-t"•J for ea.:h step are the numher of llltlduks 1x·r suh:irray. 

the number 1)i suharra~·s •'i th··t tnx· and th'-' numher of i..1, 'tnms in that slcp for ,m .. · anll"nna. 

T,) ml"ct all of the 1,ksi!!n ..-,)thtr:.tints sh.:,wn rrcvi..-msly. a po\Wr taper was ;ichil'\l'd using th,· ten 

quanti1cJ stq~ J\ailal.lh.· tlut w .. mlJ pr\w1,k a ground \lUlput of 5.U GW f1.)r a l .00 k1iomc;-tt·r ttiam­

der tran,mittt·r anknna ·.•.1th :1 05 JB pt1w;.•r ,i.-nsi<y tapa. 

The \lrTS p,1,n·r .!1.;tn~utwn ... ~.,i.·m ... tH•wn in hgur.: 3.2.1-11 pnw1,ks power tr;llhllli:>'>h'll . .-011J1-

hl1nin)! . .:nntr .. 11. and ,h1r.1g .. • for all \IPTS l'll·menls. The antt•nn.J ts 1,h\ akJ 111h1 2 21' l'''Wl'r .-,111tr.1l 

Sl'.-hlf'-. l·~.-h 'l"(h•r ;'~tl\i;.lin).'. J'f'Wa h• .IJ'l'IW\inlatl'Jy -CO l.;lystrons. rhl' IWll lly "lrl\11 .iq'fl'SS~.'d 

... ·,llk.:h1p;. whi.:11 rl.'lll!lf\' till· m.ij .. ,nty ''!"mrrhl·,l po\Wr Jre rro\itkd with r•'Wl'r .. ltrl·~·tly iwm thl· 

J'O\h'r ~l'1k·r.11io11 sy..;k·m "' ;1-.,1id till' .. k .. k ~·..-m\·l.'rsion loss1..·s. All ,1thl.'r llystron ekm .. ·nt l'''Wl'T 

r'-'lJlllrl'llh.'rlls all' pnwi .. k..t hy tlw l)(' l)(' '''11\l'rl\."r. Syst,·m tfoil"\lll!ll'Cls ;If\.' rro\td1..•tl for j.,,,:.11i,1n 

,,f ,·qrnp1.wnt for rq'air .111..I 111.1inh'11;11i.:.·. 

Pn•nmin)! ;1ltanah· ~·;111d1..tati:s for the r.hl1Jtt11)! l'l~·m,nts of rh,· spal.'l'horn1.· tr.111sn111la ;m: 'ihown 

in Figurl· -~ .2. I· 11. 

• <\h1hlrK;1l 1 .. ·1i... 1f,1rn Array 

• hawlinf W.1w Fn.t Fir'-' Array 

• hlh.Jll(l'd s1,11 l·km,·nl 
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Using enhancing elements on each of the radiating slots in a planar array reduC\.'S mutual coupling. 

and consequently losses due to edge eflects. Although some of the other options are promising. 

structural complexity or increased mass have reinforced the selection of the slotted wav~uide for 

the ref erer.c.: design for this phase of the study. 

Actual Transmilled Bram Patterns 
The left-hand plot in Figure 3.2.1-13 illustrates the 10 step. 9.5 dB taper fort~ referent:\" system. 

The right-hand plot shows the actual power density delivered to the ground by this taper rattem 

including the first 4 sidelobes. The reference taper is shown in solid lines and optional ways of pro­

viding the same amount of taper are shown as dotted lines. As can be seen. differences between the 

referen\.-e and the options are slight. The performance closely appr'>aches the ideal continuous tapt.•r. 

The sidelobe suprression provided by the reference system is :!4 JB r~ulting in a first sidelobe at 

0. I MW /cm:!. The ideal beam effidency is 96.5<£. (If therl! an~ no arors in th\.' production of th\.' 

beam. <J6.5'f- of the \"nergy is in tht" main lobe: with the remaind\.'r in th\.' siddobes. l 

It may be desirabk to provide additional siddooe suppression. The pattern shown in Figure 

3.:!. l-14 prO\·ides an additional 10 JB of siddab.- suppression resulting in a first siddobe lewl of .0 I 

MW!cm 2. The 17 dB power taper is quantiud in :..i steps and a slightly largt•r antt"nna is n•quired 

to accommodate the additional power taper withot.t exces..-.ive tht•m1al ro,wr dissipation at the 

"enter of the arr.ty. 

A numerical intt"gration tei..·hnique was useJ to .:akulu.te th,· radiation patterns. It was establisiwd 

that the siJelollt"s for the quantized I 0 JB Gaussian tapert~d \fistribution rolled \lff at a 30 dB/ 

decade of angle rate. Figure 3.2.1-15 shClws the iirst fiH~ siddoh"•s and the JWrag"· PlHWr lin"· 3 dB 

below th\" peaks. Tht• error platt"aus were .:'l'lllputed from th<' :.tss.1med c-rror magnitulks and the 

.mmher Jf subarrays associated with tl rec different suharray sizes. The- aperture dfiden.:y was also 

obtained by numerical integration. The· subarray roll-off d1ara..:teristt.·s werl' obtained by numer­

i<.ally integrating the square aperture distribution for l.'ad1 ,lf IQ diffrr\.'til .:uts O\'l.'r :t -i5 lkgree 

sector. These .:uts were thl.'n awraged tl1 gin.• the patl\.'m shtlWll. Till· res1.!tant suharray siddoh"·s 

also roll off at a JO dB/decade of angle. 

Failures ha'.: .in in1luen.:e on tr:msmitta pt•rfomlan~-l'. lndi,idual klystron faihm·s will result in a 

random thinning of the array and have little eff..-i:t on the beam pattern if the numba of kiystron 

failures is act:eptable from the pt•wer loss standpoinl. Failun.· of a ,k 'J"· 1.·01wat\.'r. howcn·r. w,,uld 

shut down 4~0 klystrons all in one 101.'alion. C'onsequenc ... ·s of a de 1dc converter failure are shown 

in Figure 3.:!.1-16. 
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The ''Bigmain" computer program (obtained from JSC) was exercised to provide estimates of per­

fonnance degradation due to the failure of one DC/DC converter which supplies processed power to 

420 klystrons. The results indicate an antenna efficiency degradation of roughly 0.4 to 0.5 pen.:ent 

and an increase in first sidelotc= level of about 0.1 to 0.3 dB depending on the location of the dis­

abled converter. TI1c total power loss thus approaches 0.9 percent. since the loss dut.> to discon­

nected RF power is added to the reduced array efficiency. 

3.2.1.4 Power Transmission Link Efficiency 

The end-to~nd efficil!n..:y of tne power transmissions system is a critical parameter in the overall 

feasibility and cost-effectiveness of the SPS. In the present study. priority was given to a careful 

evaluation of transmission efficiency. The n:sulting end-to-end figures (including power conversion) 

arc summarized in Table 3.2.l-2, and compared to estimates given in the JSC ·•green book" 

(JSC-11568). ISC-11568 was tht.> point of departure for the study. 

Transmitter power distribution losSi:s were ddennined from a mass and efficiency optimization of 

conductors and pro..:essors. and included consideration of the transmitter self-induced thennal 

environment. 

Klystron conversion efficiency estimates from various sources have ranged from 80"; to 8717~. 

Optimization of efficiency r..:quires a joint optimization of electronic effi..:iency. circuit efficiency. 

and collertor energy recovery. Although it is relativelv easy to increase the overall efficiency from 

50 to 65'-;. using a 3-stage depressed collector with a collecto; energy recowry of about 70r(. the 

task of obtaining an 85'r efficient klystr~111 will likely require the use of a 5-stage collector. With an 

undeprcsscd efficiency of 74r; and colkctor re..:owry of sor-;. a net effic.:iency of g5r; would be 

realized. The design parameters for the 70 kw klystron support this estimate. 

Waveguidt· l~R losses wen: computed on thi: basis of an "average" waveguide kngth and power level. 

Ideal beam dTiciencies and inh:r-subarray effects. including phase errors. amplitude errors. and 

klystron failures. were evaluati:d using the JSC "Bigmain'' computer program. This program numer­

ically integrates contributions from all sub;.;.rrays to get bl.'am patterns. total power. and efficiencies. 

The principal new area of analysis was intra-subarray effects: mechanical errors within the sub­

arrays that produce losses. 

Because of manufacturing tolerances and thennal distortions. waveguide size as well as slot shape 

and position will be displaced from the ideal. These dirni:nsional changes will produce unwanted 

scattering and impedance mismatch rcsuiting in a reduction in efficiency. Factors affecting the 

loSSl'S in the <iuh<1rrays were studied for a set of given manufaduring and control tokrances. These 

were found to produce non-dissipative power losses of 1.87"; and dissipative power losses of 1.5 ; 

for aluminum plated waveguide 9.09 x 6 cm l.D. (The dissipative loss is carried in the efficiency 

chain as "waveguide I2R"). Thermal effects wen~ found to be negligible if a composik waveguide 

was used. A number of factors induding tolerance in the freder guide from the klystrons and beam 

squint due to stick errors were found tn produn· negligible power losses. 
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T8ble 3.2.1-2 

ITEM JSC GREEN BOOK CURRENT REASON FOR DIFFERENCE 
NOMINAL 

SUMr.tER SOLSTICE FACTOR NOT INCLUDED .97&5 } THESE WERE INCLUDED IN 
COSINE LOSS (POP) NOT INCLUDED .919 ENERGY INTENSITY ON SPS 
SOLAR CELL EFFICIENCY .173 
RADIATION DEGRADATION .97 
TEMPERATURE DEGRADATION 0.103 .954 0.151 SLIGHn Y BETTER CELL; CR • 1 

COVER W DEGRADATION .956 
CELL-TO.CELL MISMATCH .99 • 
PANEL LOST AREA NOT INCLUDED .911 
STRlt4G 12R .92 .... } .m DISTRIBUTION OPTIMIZATION 
BUSl2R .934 

ROTARY JOINT 1.0 1.0 
ANTEN,,;A POWER OISTR .98 .97 PROCESSING & TEMPERA iURE 
DC·RF CONVERSION SI .85 VARIAN ESTIMATE 
WAVEuUIDE !2R .. 
IDEAL BEAM .915 l 

INTER·SUBARRAY ERRORS .88 .958 I .. INTRA·SUBARRAY EFFECTS 
trJTRA-SUBARRAY ERRORS .981~ NOT INCLUDED IN GREEN 
ATMOSPHERE ABSORP. .98 .98 OOOK 
INTERCEPT EFFICIENCY .95 
RECTENNA RF-DC .90 .848 NUMERICAL INTEGRATION 
GRID 1rnERFACING ... .97 INCLUDES OC·OC PROCESSORS 

PRODUCTS/SUMS .0808 .0679 
SIZES 1Km2J 108.1 
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Atmosphere losses were unchanged from the JSC estimate. The efficiency chain up to this point 

includes all power in the main beam. The cost-optional receiver intercepts only about 9S'ff of the 

main beam power, as discussed in Section 3 . .:!.o.3 . .:! of this report. 

RF-to-OC conwrsion efficiency at the receiver was derived by numerical integration 3\'eraging with 

receiwr ek•mcnt dficiency varying as a fundion of incident intensity. The 1.:urrcnt r\'11.•rence value 

is prohaMy slightly pcssimbtk for two reasons: (I) the average was based on a receiwr filling th1.· 

entire main beam. The cost-optimized receiver dO\!s not intercept the low-intensity outer part of 

the beam and its a\'erage intensity stwuld be slightly greater:(.:!) recent data re..:eived from Raytheon 

and JPL indicate slightly higher dement efficiencies. 

OC-to-grid corwersion dficiendes were adjusted to in.lude an allowance for power proct·ssing. 

3.2.1.5 Power Transmis.~on Sys•em Sizing 

System siting was iO\estigated by use of a parametric model constructed for the purpose. The para· 

metri1.· modd examined dtaracll'ristics of the system over a range of transmitter sizes and total 

input dectric pow1.·r with specific constraints applied to the ~·nergy density in sideloht•s. hKorpora· 

tion of the sidelohe limitations necessitated an iteration loop within the modd to sele~·t the trans­

mitter ant·~tma power illumination ta~er. The loop is diagrammed in Figure J . .:!.1-17. It may he 

s':en that this iteration loop includes two other parameters that may be limiting fac:ors: p(lwer 

beaH1 maximum iniensity at the center of the beam and the maximum thermal p..:>wa that must be 

dissipated on the transmiller antenna. 

Operation of this iteration loop is illustrated by Figs. 3-2.1-18 thru 3.2.1-23 Figs. J.2.1·I8A and 

·I XB show transmitter and r.:1.:eiver averagt··to-peak power intensity ratios. These were detennined by 

numerical integration of ant.:nna patters for a rang.I.' of power tapers. Average beam intensity can bt' 

dctem1ined from total power in the beam and bt•am diameter ;.md the peak values then deh'nnined 

from these .:urves. Figun: J.2.1-19 shows thl' \'ariation in heam s~·read factor with power tart:r. 

The beam spread fador. in turn. affrcls the beam diameter at the recei\'er and therefor\!' the peak 

heam strength. Figures 3.2.1·20 and 3.2.1·.:! I show themtal power dissip:aion and beam intensity 

at the receiver owr the rang.: of antenna diameters and beam intensity at the receiver over the range 

of antenna diameters and input power considered. These 1.:urves are used to cross plot the design 

constraint line on final resulb ·m..:h as the cost rt"sults shown in Figure 3.2. l ·22. lt may be seen 

from Figure 3.2.1 ·22 that the minimum cost SPS design is essentially bounded by constraints. As 

would he expected. the minimum unit cost system 1~ the highest power system that can he designed 

within the constraints. The power level is set by the lhermal dissipation and ionosphcrt• beam inten· 

sity limits. Sidelohe suppressi•.m limits t'Xt'rl ..:onsiderablc influence on thl.' lksign point sdection. 

Reducing the siddohe limits results in a greatt·r degree of power taper ar.d. there fort·. a peakier 

antenna pattern. This. in turn. causes the thermal dissipation limit and pt'ak beam strength limit to 

converge at a larger transmitter diamder and lower power as shown in Figurt' 3.2. l-23. 
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~ system design poin! selection also has a significant intluen<.."e on transportation and construction 

oper.ttions. For the reference design (photovoltaic SPS and I kilometer transmitter) and for the rd­

en:nce launch vehicle with its available payload volume. it was just possible to package the entire 

SPS and its tr.msmitter with the subarrays preasscmbled on the ground. The packagint? density oi 

assembled subarrays is quite low. on the ord.:r of .:!5 kgjm3 .tverage. Howewr. lht· packaging den­

sity of the photovoltaic blankets is ,·ery high. ;obouf I .:!00 kg.l;n3 . Dt-tailed packaging studies show 

thal mixing subarrays with high density components allows all of the flights to low brth orbit to 

be mass limited. 'iowever. if a) tr:msmitter diameter is increased re!Jtive to 1:-usbar power. or M the 

th.:rm.d engine e1 ergy conwrsion "}stem is selected. or c) an alternate vehicle with a kss volumi­

nous shroud is sdecteJ. it will be necessary to perform final subarr;oy assembly on orbit in order 10 

avoid hi~h tr.msportation costs associated with ,·otume limit.:J launches. This in tum increases the 

on-orbit assembly crew and requires a subarray as.'Cmbly fodlity. Th~ items are dis1.:ussed under 

construct:on. 

A'~hough it is quite possible that ea1t~· SPS's will be consid\.'rably smaller than th.: 10.000 megawatt 

rdaen..:e desi!!Jl. we arc ldt with the un .. :omfortabk result that one of the pcnaltil's a .. st'k:iah:d with 

selection of a sm;iller SPS may be the n\.'ed for final :issembly of subarra~·s in the orbital construc­

tion fa..:ility. 

3 . .2 . .2 Photornlt3ic SPS Designs 

3.2 . .2.l T«h11ical Factor. lnOuencill! S)"stem Design 

lnsobtion 

The power 0•1tput of ;i 'obr array dqi..-nds on the intensity of illumination at t:K .-~·ns :ind !ht• 

ll•mpe;-2•t.rc of the ..:dk <ht' ma\.imum-power romt of ..:ells diminishir.g .. s the cdls be..:ome holt.:r. 

Th~· h.·r..p.:raum· ot th.· .. t•lar .:di is rdatcd !o thl." intc11sity of sunlight for any gi,·en p:-ncl 

..:~mfiguratio1 .. 

Su,h~t j, most ink·n .. ~· wlwn Earth is a: pcrihl'lion. which "·can. z.:-ot.nd winter solsti .. :e when th..­

oricntatinn of the array j, such that the sun ·s rays arri,·e at .:!3.5 Je;rees off nomlJI incidence. Tht> 

worsh:ase ilh.n~ination 1s ;it sunmh.'f sohtin.· whl'n: the .:3.5-degree mis,,ricntati~'n occurs at apitl."1-

ion wher.: the inh:nsi•y of sunlight is 0.9b 7 of average. Howewr. ti1.: solar array tt•mperaturc is also 

down. t-~ing 36.5°C rathr th·m 4'1.0l'(" as at tht' spnrtg and au:umn equ•noxes. Net seasonal out­

put \·ariations are shown in Figure 3 . .:: . .::-1. 

Solar Cell Perfonna1Jee 

Solar ..:di improvements occurred in 1977 in the areas of cell dficiencics and in large gram growth 

on thin poly..:rystalline gallium a1~·niJe film-.. 

so 
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For silkon sola·. cells, a significant item was the achievement of 12.5 pen:ent efficiency in 50 µm 

( .2 mil) ceUs. Even though in our reference system. we used a :! mil cell with 15. 75 perl.·ent effi­

cien..:y. an efficiency of 18 percent is quite possible by 1985 for this solar cell. 

In gallium arsenide solar cells. John C Fan of Mil's Lincoln Labs has achieved at :!0.5 percent effi­

cient homojunction solar cell in AMI sunlig.'1t. He projects a :!.2 percent efficiency by optimizing 

the cell contacts. 

A 16.:! percent efficiency has been reported in JPl's gallium arsenide AMOS (polycrystallinl') solar 

l.'ell by Stirn and 'frh. Linwln labs has als'' grown .25 pm thick by heating with a laser beam. 

Sobr Cell Degradation 

Solar cells are degraded by thl' ionizing radiations in space. Radiation damage rl'Sults from Jdl'cts 

produced in th~ cell material by the passage of the ionizing particles. Solar cells in space :?pplica­

tions are protel.·ted by a thin cover glass d '·J~d silica or borosilicate glass from 50 to 300 µm thick. 

This glass greatly reduces the radiation absorbed by the cell by stopping the low-energy particles. 

Using Prof. Webber's solar activity predictions. we calculated that in 30 years in geosynchronous 

orbit a silicon solar cell under a 150 µm 16 mil) fused sili.:a cowr will ~ exposed to the equivalent 

of ~.~5 x 1011 protons per cm~ having greater than JO MeV energy. The spectru:n of the protons 

is plorted in Figure 3.:!.2-2 with tluence 3S a function of proton energy. ~ote ho.w .::opious are the 

low energy proton~. when .::ompared with the high~nergy ones. 

A trade-off exists ftir .1•n.·rglass thi..:kness. TI.inner covers admit more r;1diation but are les~ 

massive. as illustrated in Figure 3.2.1-3. 

The optimum turns out to be n:latively flat as shown in Figure 3.2.2-4. Any coH·r thickness in the 

50 pm to I 00 µm \ 2 f(' 4 mil) rangl' is Jesir<abk. At kast 75 µm is required to use the diffractiw 

sawtooth cover treacmcnt described nelow. 

A signifo:ant new d~vdopment occurred in radiation degration of <'.i..:on solar cdls. Since the refrr­

ence design was changed to thinnl'r solar cdls (50 pm) to reJ1.u.:e system mass. it became n1?cessary 

to reinvestigate the are1 of !»Olar cell radiation degradation. A plot was made of radiation Jegrada­

tion at various tlucnces as a function of solar cell thickness. Data were obtained from JPL "s .. Solar 

Array Design Handhook. ·· The wrves that were developed. when extrapolated to a 50 µm t2 mil) 

cell thickness. showl'J a iignificant reduction in radiatil degradation. Information w;ts also pt10-

lished by Solarex on the radiation degradation characteristics of 50 µm cells. also shown in 

Figure 3.2.2-5 
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The effect of this is that annealing, although still very advantageous, is not as critical an issue as 

previously reported. 

Annealability of Solar Cells 
During the part I study effort, a subcontract activity with SPIRE Incorporated investigated anneal­

ing of radiation-damaged solar cells by the use of directed energy. Laser and dectron beam 

methods were tried. Both methods yielded about 50 per cent recovery of ndiation damage which 

has been induced by prcton irradiation in the Boeing test facility. The cells tested at that time were 

annealed without cowr gla~s. The results were reported in detail in Volume II of the part I report. 

A continuation of the effort was accomplished during part II. Principal objectives were to extend 

the previous exploratory results to cells with covers and to test the thinner (50 micron) cell:> now 

a\·ailable in experimental quantities. Final results were not available for inclusion in this report. 

The following is a status report. 

Conventional adhesive-bonded covers cannot be used on cells whkh are to be anneakd bccause the 

annealing temperature can be over SOOoC. 

SPIRE attempted to fasten cover glasses to Solarex 50 pm cells by adhesiveless electrostatic bonding. 

Howe\·er. the cell surface was not smooth. apparently as a result of the potassium hydroxide etch 

which had been used to reduce the cell thickness to 50 pm. As a result. the SO pm cells broke when 

electrostatic-bonding pressure was applied. 

SPIRE sent to Boeing four thicke.- cells with electrostatic-bonded covers for irradiation with one 

MeV electrons. Attempts to anneal the radiation damage with a neodymium -YAG laser were not 

particularly successful. probably because the covers absorbed the laser light and heated excessively 

during the laser pulse. Better annealing was obtained with a longer laser pulse (about I second) 

from a C02 laser. Four more cells have been irradiated with one-MeV electrons and a refined C02 

laser irradiating technique will be used in annealing them. 

Covered 1.ells cannot be effectively irradiated with protons having 1.9 MeV. the limiting energy 

of the Boeing Dynamitron. Therefore. four uncovered 50 µm So!arex .:ells were irradiatt:d with 

1.9 MeV prot0ns. degrading in their maximum power output as follows: 

Cell Number Before Irradiation Fluence of 1.9 After Irradiation 

Max. Puwer. Efficiency. MeV Protons Max. Power. Efficiency. 

Milliwatts Percent Milliwatts Percent 

8 51.9 9.59 Ix 1011 48 8.87 
9 53.3 9.85 I x :ol l 47.4 8.76 

JOA 52.2 9.65 Ix 1012 .7 8.S 7.41 

108 52.2 9.65 Ix IOI:! 40.0 7.39 
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Figure 3.2.2·6 compares the radiation degradation of these thin cells with that of conventional cells. 

A proton having an energy of 1.9 MeV is l·quivalent to about 3 x 1o4 ont'·MeV electrons 

These four irradiated SO µm cells will be sent to SPIRE Corporation for annealing out the radiation 

damage. 

Array Sizing 

Factors used in calculating the solar array power output are summarized in Tahle 3.2.2-1 

with solarcdls having 15.75 percent efficiency. To this we add a 10 percent improvement. which 

could be achieved by any one of several means. For ex.ample. A. Meulenberg of COM SAT Labora­

tories estimales lhat his sawtooth cover will improve the efficiency of solar cells by 8 to I~ percent. 

The blanket factors of 0.9453 account for the power losses shown in the table. The individual 

elements of the blanket factors will change. but the product will probably remain around 0.9453. 

The! sununer solstice loss ac1..·ounts for the 23.5 degrees misorie1:tati0n with respcct to the Sun ·s 

rays. This kiss could he arnided by having the satellite! orit•nted perpendicular to the ecliptic plane. 

but the cost in thrusters and propdlants rl!quired for attitude control in that mode results in no real 

advantage. 

The aphdion intensity fador accounts for the reJuc.:ed solar intensity wht•n the Earth is at its aphd­

ion. around the first part of July. 

The temperature losses result from the solar cells operating between 36.SOC and 46<~c rather than 

at the 250(' at whkh cell effi.:iency is commonly expressed. 

The output is further redl11.:ed by 3 pen:ent to acl.'.ount for radiation damage that cannot be removi:d 

by thermal .illlh:Jling. In past tests. 95 pern:nt of the radiation damage in solar cl'lls has been 

annealed ~mt. even though the cells had not het•n designed for thermal annealing. There is no :heo­

retical rt·ason why all of the radiation Jam age in solar l..'ells car.not be annealed out. :.111nealing tem­

pl'raturl.'s of around soooc being well below the 8000C region whert• diffusion of impurities starts. 

On the otha hand. the operating plan for the solar power satellite involves repeated annealing. 

which has not twen attempted by anyor.e. as far as we know. 

The power requirement or 17.5 5 x I Oq watB \.as bast>d on supplying I ti.·B x I Oq watt-; to the slip 

rings and compensating for bus 12 R losses. Anothl'r one percent was added to this power in the c.:al­

cuiation or solar cdl area to provide power rl·gulati<ln. auxiliary pOWl'r, attitud~ i:ontwl and energy 

storage. 

The other items include the lost area factors considered for ead1 case. This mformation was llSl'd in 

the formulation of final referenl..'e system si1.ing. 
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Figure 3.2.2-6 Compuative Radiation Chua(temtics 

Table 3.~.2-1 Part II Refettnce System Energy Comenion/Sizialg 

e BASIC CELL PERFORMANCE 0 AM0·25°C t ,')75) 

• 10% IMPROVEO PERFORMANCE DUE TO TEXTURED COVERS (.1733) 

• BLANKET FACTORS (.9453) 
(STRING 12R, UV LOSSES, 6 MISMATCH) 

• SUMMER SOLSTICE COSINE LOSS (.9190) 

• APHELION INTENSITY FACTOR (.96751 

• TEMPERATURE LOSSES (36.S0 c 0 SUMMER SOLSTICE • 0.9540) 

• 30 YEAR NON-ANNEALASLE RADIATION DEGRADATION (0.970) 

e POWER REQUIRED TO BUS (INCLUDES 12R LOSS) 

• SOLAR CELL AREA (1% OVERSIZE FOR ENERGY STORAGE, ATTITUDE CONTROL 
REGULATION, AUX. PWR 6 ANNEALING CAPABILITY) 

e ARRAY AREA (CELL, PANEL, STRING AND SEGMENT LOST AREAS) 

• SATELLITE AREA (BEAM, CATENARY 6 ATTACHMENT LOST AREA FACTOR) 
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Control Requirements 
Attitude control requirements are at GEO dominated by gravity gradient effects. Orbit trim 

requirements are dominated by solar pressure. A good flight control strategy combines the correc­

tions. usi:lg unbalanced couples to provide translation corrections for solar pressur~ whik applying 

torque to counter gravity gradients. 

Solar pressure for an absorptive surface is readily calculated as: 

p 
F - = c 

, 
1353 watts/m"" 

3 x l 08 m/sec 
= 4.51 x to-6n.1m:! 

The reference photovoltail: system has a projected area of 11 :2 km 2; the solar pressure is 4.51 x I o·6 

x 119 x 106 = 505~. 

Gravity gradirnt torques can Oi.:cur around a:J tluee SPS axes as a result of the sun-facing attitude 

requirement. 

Signitkant torques occur only ahout tht: y axis when !lying perpendicular to the orbit plane (POP). 

The peak thrust r~·quired is Jf)On. I IOOn. each -t places). Thi.' duty cycle is that for a sinusoid. 

O.M. 

The mass penalty for gravity gradient control inclndes: I l thrnst produ.:tion hardware: thrusters 

plus power processing: 2, generating ..::.ipa.:ity required to power the thrustc:rs; 3) propellant 

r<!quired. T' correct propdlant quantity penalty reflects the time va!ul.' of rhe '-·ost of propellant 

resupply; the penalty should be the 11t'/ prcsenr ralue (in economic terms) of the lifetime propdlant 

requirement. The penalty \alue ranges from I 0 years' annual suppl .. (I OC:'c discount for 30 years) to 

14 years· :.innual suppl\· n 1 ;t( dis.:ounL in :'lnite life>. 

Propulsion syskm lsp is a variable. assuming elc.:tric propulsion. As lsp is in..:reased. propellant 

mass penalty Lle..:reas.·s hut hardware pt·nalty increases. Accordingly. a11 optimum occurs as shown 

in Figure 3.2.2-7. 20.000 sl'cond~ lsp is sl'l··~·ted as a reprt·~entative value. Fnr POP 01x·ration. 

assumin~ pafrd controi laws I no control authority margin. no wask<.I propl'llant I arout 250 

ton~ of hardwan:. induding J!l'lll.'rating '-·apacity. anJ 41 tons\'ear argon propl'llant is re4uircd. 

Electric propulsion characteristics were" takl.'11 from the Part I te.:hnical report. Volume S. About 50 

rnegawat<s peak. 3 2 megawatts average. power is required to drive the thruster system. Chem:cal 

propulsion will be needed to provide control during equinoctal occultations. Despite the low lsp 

<400 sec>. only I to l 1: tons of propellant i~ needl!d annually dul! to the sm• 11 duty cycle. Com­

plete reliance on clwmkal propulsion would res,1lt in a propt'llant requirement of about 2 I 00 tons 

per year. Thus electric prupulsion is nearly mandatory for Hight .:untrol at GEO. 

All 3 tor4u1. term~ arc opl.'rative when t1~·mg pnpe111lii.:ular to the ecliptic plane (POP). </>varies 

± 231,2°. 0 varies frc'"~l 0 to 360°. An approxitn<ltl' numerical mtl'gration gives pl·ak thrust (total~ 
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+1.5 TONS CHEMICAL FOR OCCUL TATIONS 

30-YEAit PROPELLANT (NET PRESENT VALUE:• 10.5 YRS ACTUAL) 

ELECTRIC PROPULSION SPECIFIC IMPULSE, SEC 

Figutt 3.2.2-7 Attitude Control Propellant- Photovoltaic POP 
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COl'lk'~ ..s 2230 newtons with an avenge dul) cyck of 0.4. Therefore. the hardwah: penalty is S.6 

x that for tlyin: POP (1390 tons) and the propeUant penalty is 3.S x th~t for tlying POP f 144 tons/ 

yr). This is a 1.4~ bardv1are mass penalty (for a -3~ pin i" .>utput due town orientation) and a 

propellant ptnalt)' roughly equivalent to one .:hemical OTV fliPtt to GEO ~ery ::=. 75 yc:m. The 

hardware plus n~' present value propellant penalty is a00ut J':< comp::r.-d to oulpul ~ain of also 

about 3~. Tnus tlying PEP is :ibout a break-even and should be adopted only ii it pro\id~-s design 

advantage< fas it does for the the~ ~ngine ). 

If the orhit were to remain Precisely trimmed •ith respect to sdv pressure pertwbation~. a con­

tinuous solar pr~re balancing rhrust oi 5051\ wo•dd be required. If the orbit is allowed h> 

become perturbed. ~ impulse is required. It is likely that the gravity 11',ndient control ir.1pulit! will 

be sufficient for orbit maintenance. 

Loads Arising fro:n Ga•-;ty Gndient Control Autlaority 

. \ requirement h3S be~n i&ntified that an operational s.ns should be .able to recover i'rom any atti­

tude to the nonnal ~Dtional attitude. Ii the SPS is in an anomalous attitude as a result of some 

sort of a.:cident or problem. it may n•>t be able to generate power. Acco:dingly. chemical thrust 

will be used to recover to normal anitud.:. The W<'rst asc is p~umably a gr.nity padient stable 

attitude (90° around Y-axis from POPt 

'4· example ca<e was exami~ed with fJ = 0 and•= 45c (worst cue gr.1\ill gradient torque about 

the X-axis). The force diagram\ I-dim~ ;iooal approximatioot is shown below: 

Antei.'la 

Thrust 

L-102co. _.f 
f Blankets Antenna 

Thrust 

Sufficient thrust was as!:umed to b.ilar.ce the gravity p-adier.t lO""iJes. For example cakuiations. 

antenna mass was taken as 7686 x to3 kg each (the g.--een book value). The blanket mass was taken 
. .., 

as 0.55 kgfM-. 

The thrust force required to balance thl! gravity gradient is 15 :=s newtons. The sh..!ar and moment 

diagrams are sho'An be'ow: 
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Moment 

The moment from point I to 2 is 681/ and is equal to s;S.815 r.-m at point 2. The moment from 2 

to X peaks at 1.25 x I 06 D-f'll at y = SOOO (halfway betweer. the center and end of the blanket 1. 

t • .1der a gra~ity gnidien! upset condition. the SPS would prob;bly not ~ generating power. There­

fore. chemical thrust would !:>e needed to n:establish attitude conlrol. Prop.:llant consumption 

would be minunized by using high thrust to impart an angular momentum !t1st sufficient to cause 

the SPS to coast to the desired attitude. In practice. a thrust about 4 times the maximum gra,·ity 

,..adient torque equivalent C3lculated above should be sufficient. The anular work dont" by gra\ily 

gradic!n~ in rotating the satellite is IS .o I x I 01 n-m radians. 

If a tr.rust levc:I of 6000 n. is used, this amount of work is done in 0 . ..!54 r-.1dians •otat1on. The 

aCl."Cleration is 3.14 x io-8 rad/sec2. At t!tis angubr acceleration. 4000 St'.: are requir~J to rota!e 

through 0.254 radians. The total propell:mt required is 12.000 kg ior the total SPS at an lsr of .ioo 

se<: (ll::e4000). Moments du-: to this thrust le\·el wili be 4X the ,·alues quoted atiow. 2.2 " 106 ;1t 

the rotary joir.t and 5 x I06 n-r.. maximum at the blanket structure mij poin!. With a sm•ctural 

depth of 500 m .• the top and bottom loads arc :.::I04 n (~2200 lhl di\·ided m .. m: Jr kss l!v..:nly 

among all the beams. Tnis load i~ considerabi; less than the blanket m :tching imemal loads. 

Structunl Criteria and Structural Sizina 
System structural .. Titeria ha\·e bet>n updated as ir.dic<ated in Table .3.:.~-~- Th.: "t1lar hlank.:t 

stret.:hing load is the primary design load on the structure. 

3.2.::?.2 Reference Photovoltaic System lksign 

Thl· r~fa.:ncc design that resulted from the Part II acti~it} 1s shown in F1e,'1m.: .= . .:: . .::-8. It ,:nn .. ists 

of eight n:odules each containing 3: hays for a total of 25h bays. plus the two pmh·r transmitters 

Till' Plodulari:ation \\a' to t:ld!.tat.: low Earth orbit ( LH1 I constnidion ;.111.I till· b.1~ sul.' was 

sektkd 'otnewhat arhilrarily. Suh"tquent parametric analyv·s indicaft'd lhat strudur;1I mass wa .. 

insen,itn ... to hay siz.:. 

The final re~ult for the LEO construction "·ase indicated that .• "lightly la:-gl r arr J} ar1.-.1 wa.; 111.· .. :d.:d. 

resulti!l!? 111 a h80·111eter bay size requirement. This o.:curre<l :·:n solar ~·'-'II mi~.mak; : : :,·~. \\ ,·r,· 

ir.duded i:; tr:insti:r dt:gradJtio: considerations. 

Each bay supports a solar blanket in trampoline fashion. Blankd~ are mad.: up of ind:\'idual pJnds 

;;:;~ut 1 m'!tl!1· '-'-JUare. The blanket and panel design are compatit+: with p..:riodic array ann..:a!ing. 
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Figure 3.2.2-8 PhotOYoltaic Rd'ttellCe Conf1gUralion 
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Bbnkn Desiga 
A silkoo solar .-ell must be pro\·ided ,.;th a cover to increase front-surface emittance from around 

0.~5 to around 0.85. and to rrote.:t the cell from low-<ne©· proton irradiation. Cerium-doped 

borosillcah~ gfass is a good c0\·e1 material becauS4! it costs only a fr.action of the best altern.-te ( ~'40 

!"used .iili\'.'a). matches the coefficienr of thermal expansion of ~licor.. and }et resists ~arkeni11g by 

~!t~violet light. Borosilicate glass can he ele\'.'trostatically bonded 10 silicon tc. form a strong and 

permanent adhesi\·d~ joint. In AT5-6 flight t~ts the cells ha\·ing integral 7070 borosilkate glass 

cov;:rs lost only 0.8 ± I. I percent of their o;.itput becauSc! of ultra,·iolet degradation. r.1e:>t cdls 

had no cO\·er adhesiw. Other cells ha\ing t.'1:!11-to-cover adhesi,·c-s degr.tdcd twice as mu .. -h. Jena 

lila~werk &:hon & Gen In"··· in \\'est Germ.toy expects to be able to manufacture 75 µm b<.m.>s1l:­

cate gt.ass sheets one meter wide by several meters long. 

The cell covert'\ embo>.~d during bonding ,.;th groo\·es which rdract sunligl:t away from the Frid 

lin~ and bUSr'S on the ;:ell surface. CO\ISAT labs expe.:ts an 8 to I~ percent in.:re;1se in .. :ell out­

put from this feature in .:e!I .:overs. 

Solar .:ells onl)· "O pm thi.:k recently made by Solarex. had an air m·iss-zcro c:ffi.:ier.q \ll l ~5 rcr­

ctnt •'ithout a back-surface field or anti-retlc.:tion treatment. Texn.aring the sun-fa..:ing surfa.:e 

makes the :n..:oming light arri\·e at the ba;;k surfa.:e of the .. : . ii at an angle of ow:- 31°. so 1:1 ... light 

rays that have not b<en a~rhed are reflected off the ba..:k surface with \trtuall~ no loss. th::- .:ritkal 

angle in a siti.;on-Jir jun.:tion b<ing 1 53 degrees. This feature not only improws photon ..:ol!.:.:[ion 

effide!K'y. when .:omrared "ith thi..:ker .:ells. by lengthening the light path in silicon for infrJttd 

pholons. but also imprv,·es raJiatior. r~·s1stm.;e. Sin.;.: all .:harge .:arriers ar..- generat.:J within 50 

pm of the P-~ junction whicn i"' O.: pm under !he sun f;King surfa..:e. the ..:di .::10 :.11'-sorl- raJiation 

dam~ until the diffusion ler.~th in the hulk sih,·on is reJu,·cJ to 50 pm !>~ raJi.;nion-gt_"ner;1teJ 

r.-.:ombination ..:enters. 

The ..:ells are ,ksigncd with bot. P .md ~ termm;ils tnmi:ht It• thl.'.' b .. :ks uf lhL" ,:dk Thi:< f.-.1H1rt." 

makes it possible to use simple 50 :1m siher-plateJ .;(•rrcr intl"r..-oim~·.:tions whkh an: f\lmt.:J on 

the substrate ~as-.. C ompkk• pand" ~m.: .1,x·mbkd ,·kclri~·~111~ i'~ wddm~ tog~·th\."r :he nw<luk·to· 

module inter.:onnc .. ·tions. The solar cd! ''-·o\ ,·r ,·t1n;"in:1ti1•n is she\\ n in Figure .'- 2. ~-9. 

Glas..; wa!' ..-ho~n for the substrate ~.:;1u~ it enaM~s annealin!! t'f radiation J;1nuge by heatin~. 

With all glass-to-silico'1 bond.- made h) the ek,:tnJstati.: rro..:t.'-'S thae are no dt."ment~. ir. the hl;1nket 

whi.:l• :annot withsta.1~1 th!.'.' 500°C annealing temper;1ture whi.:h at rrest."nt ~ems to 1-e requirt.'d. 

One resear..-her sUJ?l!ests tha' 500°C may not '1...- nct·J::d f'"n a!lrh.·aling out thL" radiativn Jamagl.'.' from 

solar-flare protons. Howewr. his the~lry lus not \ .. ·t :·~·.:•1 ~·onf1rn1L·J by cxpaiment. 



CElL·To.cElL 
INTERODle•::R>R 

-GLASS COVERING ON 8AClt OF CELU. SO,_ THICt(. 
El.ECTROSTATICALLY IOllDEO 

SILICON SOlAR au .. 5 CL av 10 CM. 50,. THICK. T£XTUR£1) TO 
PROOUCE 08UOUELIGHT.PATH. 2Q.QlfORHIGHEFFICIENCY. 
N AtC> P CONNECTIONS ON llACK 

CELL COVER Of 15,.M BOROStLICATE GLASS. ELECTAOSTATiCAU. Y ~Ill HIGH-VDU• 
ECUPMBIT. CERWll DOPED 10 GIVE ULTRAVIOLET STMIUTY 

Fit"Jre .U..2-IOshows the basi.: pand aJop&eJ for design studies. It has a matnx of ~5~ wl:u .:1..'lls . 

.:ach o.4 by 7 ! .:m in siu . .:onne•·ted in gruurs ,--.f i4 ~·dJs in par..tUd fly IS !.:ells in series. The 

.:ells are ekcirostahcaHy bond(.·d betw<..'cn two sh\.'C'ts of borosilkate glass. S.,ai:in~ hdwt"en cdl 

and edge spa.:in~ are as shO\"n. Tabs .ire brought out at two edges of the panel for ekctrically con­

necting panels in series. Cells witnin ~he 1•31\el are int\.'rconnected by conducting elements printed 

on the glass substrate. 

%mporta11t panel ri.:quin:ments were: Ute~: 

• 'ihe p • .md ;;omronents and rr0\:..:sst$ should tte compatible with thenn.il annealing at soo0c. 

• Presc:nce of .:harge-ex1:hange plasma Jurin~ ion-engine operation m~y necessitate insulatin~ the 

electrical conductors on the panel. 

• The pand dcsigr1 should be .approrriak for the high-speed au!omatic a~mbly rt:quired for 

making the sumc 78 nullion pands required for each satellite. 

• Low weight and low .:ost are important. 
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#CELLS/PANEL : 252 
• 14 CELLS IN PARALLEL WILL TOLERATE 

4 CELL FAILURES IN ANY ROW 
WGTIPANEL : '26 GRAMS 

. 1 PANELSIBAV : 306.20& 
c=:=::::11111:====:11!1111-=ii _____ ===[_ PANELS/SATELLITE : 78.381.13& 

.. -1 · 110.3 Clll ~ 115.- _l 
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Figure 3.2.2-10 PllotOYolllic Refettatt Coafipration 

Solar Arny Fu...-..r..1 Element 
"Blanket Panel" 
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The glaswncapsulation technology, while not in use today, seems to 1'e achievable by 1985. 

Simulation Physics has made excellent electrostatic bonds of covers to cells. Schott in West 

Germany is making thin microscope slides from borosilicate glass. The alternate panel design. using 

adhesives for bc-nding cells. covers and substr-.tte. may also be feasible by 1985. Toda)' polypheny­

lene sulfide adhesives c;n operate at 3:?00C. and polyphenyl queroxaline adheii•a are good for 

3700C Also. svme oi our research suggests that a temper.tture of SOO°C may not ~ needed for 

annealing out the cluster defe ... -ts. produced in solar cells by solar-tlare protons. 

S'1own in Figure 3.'.:.:?-11 is the way panels would be assembled to form larger elements of the solar 

array. The inten:onnecling tabs of one panel are welded to the tabs of the next panel ir the string 

and 1:1en thf' interconrtecrions are cowrt:d with a tape that also carries structural lension ~lween 

panels. 

Blanket Installation 

figure 3.:?.~·12 shows a typkal 660 meter bay and the method by which the solar cdl blankets are 

supponed within the bay. 

The solar array panels are supported by a main web support system which attaches to the satellite 

structure at ~O meter intervals around the perimeter of the 660 meter bay. Further web support is 

pl'O\·ided by the catenary. 

Thennal expansion and contr.1ction are accommodaled by use of a s:>ring-loaded pislOn cydinder 

that provides a constant force to the solar am1} support system. This arrangement also provides for 

a mo,·ement of up to 2 meters. in bolh x and y directions. which may occur due to LEO-GEO 

tr:msfer acceleration of 10....ig. 

Blanket Mass 

The top of Tatile 3.2.~-3 shows the m:.1s~s for the solar array blanket as n.·ported at the tinll· of lhe 

Part I final preX"ntation. These wen~ ba~d on a blanket ha\·ing l\apton as a substrJh.'. 

The current blanket design is compatible with them1al annealing of radiation dan1age. resulting in a 

significant redt:ction in array area and consequently array weight and cost. The annealabk blanket 

has a 50 µm glass substrah:. dectrostatically bonded to the solar cells lO a\'oid adhesives and plaslICS 

that can be degraded by thermal annealing. The silicon solar cells are 50 µm thick. and the cell 

covers are 75 µm thick borosilicall! glass. electrostatically bonded to lhe cells. lnterconnecti<.'ns ··r•: 

printed on the substrate glass prior to bonding. The current blanket mass h1ildup is shown ;, the 

lower half of the table. 

Power Collection :ind Distribution 

Long solar cell strings were adopted for the reference configuration to pem1it generating the 

required voltage. around 4UkV. directly from the solar array without iillervening power electronics. 

The string leng!h is around 5.1 km. 
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Current generated by the solar cells can be carried by conductors or by the solar cells themselws. 

The configuration shown in Figure 3.2.2·13 uses the solar cells to the maximum possible extent for 

carrying the current. It will be noted that no conductors are needed ft r ~ringing in the current 

from the edges of the array. tht' solar-cell strings being arranged in loors which start from one 

center bus, loop around the edge of the array, and return to the other l•us at the center of the array. 

Solar array power is controlled by vacuum circuit breakers near the buses. Voltage is controlled by 

turning groups of strings on or off. depending on load requirements. 

Two sections of the array provide the required voltage at the slip-rings using the shed conductor 

voltage drop to achieve the required voltage at the slip-rings. All solar cell strings are of the same 

design. 

Power source 'A' rrovides power directly to the fifth stage of the Klystron depressed collector. 

Power source '8' provides power directly to the fourth stage of the Klystron depressed colb:tor a!1d 

to the MPTS dcidc converters wh' ·I supply all other Klystron element power requirements. 

SPS Structures 

The SPS structure mus. support a wry large solar array anti should be as light as possible. Only 

open trusswork s1ructures can fulfill l~is :-equirement. The study began with a thrl'e·tier structure. 

Basic members on the order of t () cm in width madl' up beams 1 to 2 meters in se.:tion: thl'se beams 

in tum made up 20-meter beams that tormed the satellite trusswork. The number of piece parts in 

this structure was enormous. but the estimated mass was attractive: 2500 metric tor.s. f arty in the 

effort a simplification was introduced by rt:placing the built-up I-meter beams wit~1 structural ele­

ments. The 20-meter beam was a triangular design using thermally-formed car sections quasi­

triangular in section with hat section cross members and tension :;traps for diagonals. The primary 

loading condition at this time was tensioning of the plastic film rdll'ctors in the I then) concentra· 

tion ratio 2 ..:on figuration. A structur.il sizing analysis was conducted and led to a structural mass of 

about 15.000 metric tons for the energy conversion system. ..>ignificant in this mass incrl'ase was 

the relatively poor .;:apab:lity of the cap section to carry the compression IJads that resu•ted from 

reflector stretching. 

A strong motivation was present to employ an idl'al member section: i.<: .. a tube. This afforded a 

mas.o; reduction to about 8000 tons. An effort was made to develop design details for the tubular­

section bedm. Great difficulty was encountered in finding a way to introduce loads into the con· 

tinuous thin-walled tubes; no satisfactory design solution was found An approach employing seg­

mented tubes to form the 20-meter beams was dcwlopcJ as illustrated in Figurl· -'-~-~·14. The 

tapered tube sections ..:ould be nested for shipment to orbit to a1:hieve a satisfactory packaging den· 

s1ty. Concurrent with the development of this approach. the ded!'ion wa~ made to d1ange the sate!· 

lite design to one with no sunlight ::oncentrators. The major load;ng 1.:ondition ther~·fon: was dimi­

nated. The remaining loading condition was stretching of the S\1lar hlankl."ts as discussed above. ln:t 
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Figure 3.2.2-14 Photovoltaic Reference 20 Meter Beam Structure 
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the l01d was much smaller. about 4.5 newtons per :neter of beam length. Only the upper plane of 

the two-tier structure was so loaded; in tenns of actual loaded members only about I 0'; of the total 

structure was loaded enough to be greater than minir>1um·gage •11ember thil:kness. The mass ad\;lll· 

tage of employing the ideal tubular section was no longer a de'-·isive factor and thl· .-0111 inuousl} · 

fonned beam .:ould again be brought into .:onsirleration. 

Both structure types haw their .idvantages and disadvantages as summarized in Table 3.~.~-4. 

Probably the most important consideration is the relative practkality of the beam machint" types. 

This question .:an only be answered by constructing prototypes of each and condti..:ting .:omparati\c 

tests. The primary issues are the problem of beam straightness for the thermal forming machint and 

the problem of maintaining adequak alignment with the assernbh:r ma.:hine to avoid jamming. The 

latter problem arises because joint assembly will require alignment to within a few millimcte~ in 

handling the 20-mt:ter long struts. Tht• thermally-fonncd beam 1.·onfi;!itratinn is shown in Fiµtm· 

3.2.2-IS. Open and dosed sel.'tion beams were analyzt'd. The dost'J sedion beam pt'rformt'd bt·ttt'r 

than tht' open section. hu! not by as much as was t.•xpeded. l ;1bk 3.2.2-5 n.J1npart·s rt'sults for thesc 

two sel.'tions with the tapert'J-tube srn11.·turc. TI1e diffen:rh.'t'~ 111 ma:\:\ for t'qual )0;1d l'arrying ~·:!pability 

are not suffi..:it'nl to be a primal)' de.:ision factor in final selt'dion of the SPS strn.-tur;il tk:.ign. 

Dt•tails of joining the ..:0!1tinuous-chord beam designs were tlllt dt•\l.'luped. :\ tlwrough de·\ dopl!lt'•l! 

of this detail will he ne.:essary before final selection l'an he· made. 

Antenna Support :snd ~lechanical Turntable 

Tne anrenna support structurt' and me.:hanical tumtablc are the structural intcrta.:es between thc 

bask satellite stru.:ture and tht' antenna yoke structure. and provide for the 3ti0° rotation of rhc 

antenna. 

The elt:.:trical ~lip rings are mountt'd at the c::nter of the me..:hanical turntable and providt' for 

energ} transfer a.:ross the rotating connection. Flexible .-ondultors provide for enerµy transfcr 

acro~s tht' t•h:vation joint Oil the antenna yoke. Figure• 3.2.~·16 illustrates tht.' yoke and ih .1tt.1.-h­

ment to th: SPS. 

Electrical Rotary Joint 

The electrical rotary joint is small enough to be completely fabricakd and checked out oil th-: 

ground. As illw,tr;i tnl in F igun: 3.:.: · 17 it include~ th rc1~ 1.' on.-e111ric slip rings for t hl' .. ,.\°' and · Jl · · 

bu-;sl's and tht•ir rt'lurn-. . .-\ lot;ll of 1'132 hntshcs contrad the thrc'<' rings. The dtm:nt 1kmitv at till' 

hnish l'Onlacts is I 0 amp;. \·m 2. rt'Prt'st•ntativc of today's state of the ;1rt. 

ln•frumentation and Control 

:\ prl.'ltmrnary instn11nentatiPn anJ 1.·ontrol list was cm:1pilcd for tht! power gencratilrn. distribution. 

and tran~mission s~ 'krn;.. ,.\ .. um mar} ol the numh.·r of ilL'lllS in t•ad1majpr1.·aft'gory for th .. • pmH·r 

g1.·neralion and di~1ribut1n11 ,ystcms is shown in T.1hk 3.2.2-11. 
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Table 3.2.2-4 QualitatiYe CompMilon of Stnactunl Optiom 

MASSPERSPS 

COST 

PACKAGING DENSITY 

CONSTRUCTIJN OPERATION$ 

NUMBER OF PARTS 

JOINT SLOP 

TAPERED TOBE CONTINU~ CHORD 

y' (DIFFERENCE PROBABLY <1000 TON~., 1") 

NO DIFFERENCE IDENTIFIED 

(EITHER OPTION IS ADEQUATE) 

NO SIGNIFICANT OIFFERENCES IDENTIFIED 

NO SIGNIFICANT DIFFERENCE 

(ANALYSIS INDICATES NOT A PROBLEM) 

BEAM MACHINE • ALIGNMENT PRECISION 
MAY BE AmOBLEM 

• STRAIGHTNESS OF BEAMS 
MAY BE A PROBLEM 

MACHINE COMPLEXITY 

MACHINE RATE y' 
STRUCTURAL INTEGRITY y' 

VERIFICATION 

STRUCTURE DESIGN FLEXIBILITY y' (NOT A DECiDING FACTOR) 

AVAILABILITY OF HARDPOINTS y' 
ON STRUCTURE 

CONCLUSION: EITHER OPTION WILL WORK. 
TECHNOLOGY VERIFICATION NEEDED FOR SELECTION. 
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OPEN CHORD 

IJRIGf~t-..., PAGE I& 
OF Pl ·--: i qllALinJ 

CONTINUOUS CHORD BEAM OPEN CHOROIBATTEN CONFIGURA1 •• • 

KEVLAR---­
TENSION TIES 

-... ~. 

_J l--0.252 IN 

sEr110N A·A 

CLOSEu CHORD 

CONTINUOUS CHORD BEAM 

KEVLAR 
TENSION TIF.S 

-- 1r -
R•l.851 

J 
~~0.2521'' 

CLOSED CHORD 
A~O BATTEN 
CONFIGURATIJN 

t (CHOROI • 0.028 IN 
t (BAT)• 0.010 .N 

SECTION A·A 

Figure 3.2.2-15 Continuous Beam Configurations 
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Table 3.2.2·S Continuous Beam Charactms:ics 

Ol'U-'CHORD 

, COMPONF.NTS 
CHORD - !-h - 3.5-t4 l:8 lht=-in-, 

ACHORD I .<Ml in-
THICKNESS - 0.038 in 

PATIEN - SAME AS CHORD 
-, ENSIO?ll TIES - ~tATERlAL - KEVL.\R 

DIAMETER - 0.10 I in 

BEA'.\t 
WIDTH JOO in 1 7 .6~ m I 
DISTA''('F. BETWEEN BATTENS - 4~5in1IQ80 ml 
MASS Of CHORD - 5 IGu.U lbm 
M .\SS OF BATTENS .~I'\~ 0 :hm 
MASS OF TENSION rlf5 - 75.4 lbm 
TOTAL 'IASS S77~.4 Ihm 

PcR 8730 !bf 

CLOSED CHORD 

COMPONE1'TS 
0-IVRD - Ux - Eiy = ~.398 E8 

J.00-i in t--ISI COVl:R 
- 0.03() in HMS-LST 1Gr-Ep) 

0_004 in E-1 rl I COVl:R 

~Om T APt-Rl:O Tl'Bl-_ 

.MASS TOTAL= 61(,J ll'lm 

nnn.:.NESS - 0.0~8 in - 0.004 in t:-181 COVER 

BATif'.'lj -
·XHOP n - 0.8386 :'1 

Eh: - l:ly = 1.54~ E8 

- O.O:<'in H\f~-LSTcGr-l·pi 
- 0.004 n E-1 XI COVER 

THIC~:'\ESS - 0.018 in - 0.004 in E· 1 SI 

Tl\SIOJ\ TIES -

BEAM 
WllHH .1:0in~7.87 m I 

KEVLAR 
DIAMETER·- 0.117 in 

'.ENGTt BETWEEN BATTENS 2:'l in ( 55q 1.1) 

MASS 01- CHORD - JQ10 lbm 
MA 'i nF BATTEN J55J Ihm 
M.~ss ,~F Tl ~SIOX -;!Fs - 1-4() lhn1 
TOTAL \iA'iS -- 701: Ihm 

P,.R -- Xo 70 lbf 
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ORJGnlAL PA.GE 1& 
or rooa QUALl'l'I 

lllASS 

ANTENNA S'JflORT STRUCTURE - 53JIOO Ire 
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SLIPRINGS 
&PUSH ASSEMBI Y 
iEEOERS 
STRUCTURAL SWPORT 
ASSY. a INSTL HARDWARE 
CONThtGENCY Al..LOllAHCE 

TOTAL 

-11.110"9 
- 1.9701rt 
- 3.849"9 - .... 
- ZOOlrt 
- IOO!rt 

-19.&00kJ 
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CIWINAL PAO! • 
OI roo& QUAUTY 

F".-e l.2.2-17 Eledriml......,. Joial ........ 

... - T8ble 3.2.2-6 llefaace ~ ...... , • ...._ ... c..e..ls 

COJ<ITROLS INSTRUllENTA T1CN -
POWER GENERATION 

PO'NER SECTORS 1.152 
I 

!Qt.".R ARRA'! S'!!U."t~ ' 36.22C 

POWER DISTRIBUTION 

SWITCH <'F.AR 420 1.&IC 

UAIN~ .. 
ROT A.Ii Y .IOINT 1CM , ... 
~-OC CCih~RTERS 70 

.___ 
I TOTALS• I 52t 31,219 

"DOES rlOT INCLUDE STATIONKEEPIN<.. HOUSEKEEPING. OR EHVIRCNe.CENTAI. COJ<ITROL AND 
MONITOR~ SY~ 
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Flgbt Control Stability 
This analysis considered various sensor and control actuator locations to see if there were any sub­

stantial differences in the control!ability of the SPS. 

In summary. all the single i;ensor configarations analyzed were stable. In each case gain stabilization 

•1•as achieved (see Table 3.::!.::!-7) with a simple. low cost attitude control d~gn for roughly the 

s;.me range of SPS structure flexible mode frequencies. The results shows that the tirst bending 

mode frequency of the SPS must be above 0.1 cycles per hour to ensure stable operation of the atti­

tude control system. Results for multiple control loops were inconclusive. 

Four different control station configurations were evaluated. Three sing!: sensor configurations 

with different controller l~"'ations and ont> muitiple station case with 8 ser·ors and controllers were 

modeled to detennme the controllability of each contigutation and o ~i1••I 1 rough estimate of the 

stable r:mge of SPS structural frequencies. The three single-station mode: ·ere ( I) sensor anJ con­

troller at one end.(:~) single sensor at the center a."ld a thruster at e:ich enr!. 0) single sensor at !he 

end and a thruster at each end. The eight station case had each SC!nsor and controlkr located 

together. with each spread evenl)' in the center. along the length of the satellite. 

With the differer.t ..:ontigurations thus defined the control loop model was d~igned. T "'o difle:-ent 

foedba.:k systems wett tried. The first was a position and rate feedback and th<! se.:ond a positior. 

feedback using a lead-lag Co.)mpensation for stabilization. A dampin~ r-.1lio of. 7 aud an ailowatle 

SPS attitude c.ffset angle (8) of ~.4 x I o-3 radians ...vere chosen. To find the co1nro: pin 'KC.) the 

ide11tity: 

Tdist :: 8 . KG 

was used. where T dist is the Jisturbance torque. (.;ra\·:ty-gradient torqut.s wL·re limi•t'J to torques 

about one .ixis. 

The control loop natural frequenq for this case was 1.-43 x I 0"~ rad'~.:. The rate fredback gain. 

Kgyro. is found t,y n•anipulatmg the tr.m .. fer fun.:tion of the modd (without lite tlexibk moJ.:s• to 

gi\·e K~ro:: I x 103 N-m 'rad.'sec 

The position gain Wa!'o ased in all the loop designs. Le:1J -Jag '-·ompensation in the po<;ition feedl'lack 

loor was desi&ned tc match the~ J\namic chara.:teristi.:s ·""hik diminating rate t\.•edha.:k ~nJ thec­

fore the need fo1 continuous gyro o~ration. 

flexible modes "..:re then added to the moJd. Flexible mode data were founJ usin:; the 

NASTRAl'f progr.sm. The .;,,effi..:ients 8 :m· tiic .:ontritluti,m from ca.:h motk to the anr,k of ht>nd­

ing at Jif'erent roints on the satellite. WI j, rhe uw .. !~· frcqth.·nq·. V ;1lues arc ~in.·n in the laM .. • 

3.2 .. >S. 
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Tllbliel.2.2·7 OMlbol Slllllilily ~ ....... 

COICl!IOI. LOili :l[StCll Sl'llVtTllUl IClll( U-l ~ 

l• Statle e"4 ~nsor '11""' lnl'IMI! Stlllle Stnle for w > t.S a t\l-4 

rau. #ftdl>a<& elld cont.rot w • 6.oo a 1o·l rH.isec: 

l) S1~lc eftd s~~~r ln "'* Stall1• Stal• for w > 2 .0 • 10-' 
lt.,...L•t post~ion f~bM:\ w • '·°' a io·l rati/111.C 
ttlO C:Olltrol 

z Si~gle ~ sttn<.or rate-!IJ'TO 
ftte.Kk ., ind thrvslEr cor.trol 1st~ Stnl• llwtJI SUl>le 

v • 6.0. a 1o·l rH/HC (all ~' st1~lel 

Iii Elld tm-.. s.ter control :t1lll llOdlt 
.. • i. .ts a uf2 rldJ/"VtC 

SU.1• St1111e for•>'-> a 10·4 

l S~n,le cet1tef' ~rol rite .. 
tJrO f~ll 

•l E!'d ttlnts ter cOfttro 1 1st - St.1111• Al...,.s suttle 
.. • 6.06 • 10·1 rid/sec (1'1 _., SUl>h~) 

•• tlld tlro5Uf' ~.,..:...1 ln4.90Ge 
w • 6.06 • 10·1 rM/r«. 

Sta11le SU.le for w > l .S a 1u·4 

4 l'!ll:tt,1e loop ht..,. 
• • 6.06 a io·l rld/Sll:C 

Stale Conlllttlontll1 
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DI' Poa PAGA-15 

Tllble 3.2.2-8. Coabol Stability Aulylil R_... • ta QU~ 
I st Bending Mode 
WI = 6.06 x 10-3 GM= 3.4S4 x 107 Kg 

Position 8 (rad/m) Position 

2.J53 x I04 11 
., 2.306 x 104 10 

3 1.965 x I04 9 

4 1.325 x 104 8 

5 4.685 x 10·5 7 

6 0 6 

2nd Bending Mode 
Wl = 1.95 x 10-2 GM= 1.718 x I07 t:g 

Position 8 (rad/m) Position ------
'.!.152 x 104 1' 

.., 
1.979 x 104 10 -

3 9.030 x I0-5 9 

4 -5.550 x 10·5 8 

5 -1.572 x 104 7 

6 -l.7E-.. I04 6 

For I st bending mode t!· --atdlite is bent symn:etrically. and for the ~nd bending mode the satdliti: 

is bent antisymmetrically. WI gets iarger for the higher modes. Only the first !:>ending mod.: was 

considered ir. ..,,...,,cases. 

In the single-station cJSes. all the configuroal1ons were stable. In general. the addition of a tlexibk 

mode adds a loop 111•~· · c: gain-phase plot. Without llexir" modes. all single mode modeb are 

stable. For different mode frequencies. the loop shape remains rdatiwly constant with the loop 

itself shifting up and d->wn the curve. Thus for lower frequen.:ies the loop is higher in the curw and 

tnere is a possibility of th<' "Ystem going unstable. 

Putting thrust..: rs at each end and varymg the sensor from end to center doe!!> litile to change thl'.' 

controllability of the satellite. TI1e lower limit on frequenq for stable operation is 2.0 x. 1 o-4 rad' 

sec. Applying a factor of.:! for a stability margin or. mode irequency gives the k".-:~r limit of 0.2 

cycles per hour for any single control loop configur:i:iv1L All frequen.::y ranges stJted above are fre­

quencies where the system is stable. The lower limit is not r:fces53riJy the point where the system 1s 

marginally stable. but is just a rough estimate of the stable :.ystem. 

The multiple station case (Qse 4) was inconclusive. At this point it Sc:ems conditionally •!:~~Jle for 

the first b~nding 111ode. Future work s'1ould be dire.::ted tnw;,,rds the rr.ultiple station .::as.:. Also 

stability criteria should be developed for thennal engine :.atellite d:.:signs to c-Jmr~~.nent the photo­

voltaic satellite data presented here. 
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Mass Summary 
The structural mass difference fr:··.- t'• ·viet., results is summarized in Table .l.2.2-Q and rctleds 

integration of the new sizing criteri<' for tht: photovoltaic rcfe-ren.:e SPS. The s..·c:onc.bry stm.:ture 

has been incorpor.ikd into the primary strudun.•. The bay size and member din1ensions han~ ll\.•en 

changed to be compatible with the new rderence system. 

The mechanical systems mass is the mechanical rotary joint. 

lnvestig:ition of the gravity-gradient torques and optimization anJ thrust lsp led to a deaease in 

control system mass. 

The mass of the solar cdl blankets decreased due to a new blanket design consistin~ of 75 µ1~1 .. :O\a· 

glass. 50 µm silicon solar cells. and 50 µm silica ~ubstrate. Solar cell blanket de~, re;;~ also n:sultl"d 

from lower radiation degradation of the 50 mm silicon solar cells. 

The increase in power distribution system mass refle1:ts a change from the no longitudinal bus bar 

configuration to no late~al bus bars and includes energy storage e<1uipmenr. 

The increase in MPTS mass rdlects the inclusion of ent.rgy stor.ige for antenna systems. 

The growth used was 26.6'C on the final configuration. This growth was the result of the uncer­

tainty analysis discussed in Section 3.2.5. 

3.2.2.3 LE~EO Differences 

The most important cost differences between LEO and GEO construction occur in operational fa..:­

tnrs. There are. howe\·er. significant differences in the satellite design. The referenc:e point design 

w:is i:1tended to be the: reference LEO case. It was originally believed that the atiility to anneal radi­

ation damage experienced du1ing the slow transfer would result in essentially no oversizing required. 

This is true if one makes only a parametric power 1oss analysis. An additional effect must he 

indu<le<l thi::. is the :.olar ..:di mism .. t..:h wrredior •. The configuration finally ~k..:kd for ort:it 

transfer has the solar cells closest to the thruster ;nstallations deployed for orbit transfer power. 

These are at the OUler bays of the modules as shown in figure 3.2.-l-3 I in Section 3.2.4. The power 

distribution configurntion of the satellite is such that these cells arc in series with cdls not exposed 

for the transfer. All must cart) the same current Therefore. the residual radiation damage in the 

cells used for transfer requires that all cells be operated sliglitly off their optimum power point. 

Whe'l this was taken into a..::count. a 5.-; cversizing requirement was found. Thaefore the LEO 

configurat'.o:l must be re.;;ized tc have 680-met.!• b:ty;; and correspondingly lar~a array blankets. 

The\;[() ,·onfifuraticm is the same size as the rdacn,·,· point <iesign hut docs not rl.'quire the dupli­

;:ate structure that cnablcs modularization of thc sat.:llitl-. T;!"lc 3.2.2-10 summarill·s thc LFO-GFO 
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Table 3.2.2-9 PlloloYoltaic Ref.-ce Cotdipration Nominal Mw Smlmmy Weicht in Metric Tons 

..,, .. , CR• 2110 GW LO.LI CR• 1 110 GW ll!INIMUMt30 YRS) 

' 
COMPONENT ORIENTATION •OTERll 

PARTI PARTI PART II PART II 
FINAL FINAL MIDTERM FINAL 

1.0 SOLAR ENERGY COLLECTION $Y$TEll 131.•1•1 CSl.3131 Mt.512l &lil.357) '56_184) 51.712 

1.1 PRIMARY STRUCTURE Z,413 14.910 ,_ UM .,., i3l5 

u SECONDARY STRUCTURE - - - - - -
u MECHANICAL $\'STEM$ 40 40 40 40 p p 

1.4 MAINTENANCE STATION 15 - - - - -
1.5 CONTROL ,.. ,.. ,.. :MO 150 118 

u INSTRUllllENTATIONI 4 4 4 4 4 4 
~!CATIONS 

1.7 SOLAR-cELL llLANKETS 25.74' 31.512 M.111 51.lt7 47.319 43.150 

u SOLAR CONCENTRATORS S.14t 2.911 3.21S - - -
u IOWER OISTRl8UTIOlll 2,.S10 3.180 3.532 1,Yt 2451 I Z3l9 

I 

2.0 MPTS 15.311 15.311 15,311 15.311 124.3141 25.212 

SU.TOTAL 51.111 74.W4 M.113 11.728 la.SM 75.994 

GROWTH 25.• 31.342 32.442 ..... 20.142 2Cl.CIO~ 
TOTAL 11.-1 112.Ga 91.325 107.&U 100.110 97.474 

[j> 21.6'1. GROWTH FRC:.t UNCERTAINTY ANALYSIS 

>RIOtNAt PAUi .. 
· lF POOR QU.AL1Tl1 
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Table 3.2.2-10 Satellite Wapt Delta GEO YL LEO Conskuction 

STRUCTURE llEJQIT - lEO (UNADJUSTED) 

ARRAY WEIGHT - LEO (UAACJUSTED) 

P<MER DISTRIBUTION - LEO {lltAOJUSTED) 

STRUCTURE WEIGHT - LEO (ADJUSTED, + SS) 

ARRAY WE!C"r - LEO (ADJUSTED, + S'!) 

POWER DIST~l8UTION - LEO (ADJUSTED, + 51) 

STRUCTURE WEIGlT - GEO 

ARRAY WEIGHT - GEO 

POWER DISTRIBUTION - GEO 

STRUCTURE WE I GlT LEO- TO-GEO 

ARRAY WEIGHT LEO-TO-GEO 

POIER DISTR. LEO-TO-GEO 

TOTAL - LESS GROITH 

GR<MTH AOJUS ll£MT 

TOTAL - INCL. GR<MTlt 

TOTAL BEAM LENGTH 

10'. 

82 

5.325,0CO 

43.750.000 

2,lJS.000 

5,655,COG 
45.938,000 

2,457.000 

4,530.100 
43,750,000 

Z,3!18,000 

-Z,188.000 

-58,100 

-3.371,000 

-899.000 

-4.270,000 kg 

GEO UO 

1.UKI 1.340 

REF. 
CONFIG. 



D 180-22876-2 

differences in the satellite mass statements. The GEO configuration is 4:!70 metric tons less in 

mass. These differences have been taken into account for the final cost comparisons :tnd cost 

figures. 

3.2.3 Thermal Engine SPS's 

3.2.3.1 Summary 

Of the thermal engine systems studies. the potassium Rankine is the lightest ·1ear-tenn kchnology 

SPS option. Our study results show it to be lighter than st~am Rankine. i1elium Brayton or 

thermionic SPS systems. In the area of solar concentrators. we had previously anticipated approxi­

mately 3W degradation in the 30 year life of the SPS. More recent dat;; has howe\·er. mdicated 

that little or no degradation should be expected. Therefore. none has been assumed. An investiga­

tion of potential materials for thermal engine SPS usage has indicated that some of the best materi­

als are in short supply. However. suitable options exist and thes•: have oeen Sl!lected. We have 

selected a turbine sizing of 32 megawatts. At this size. 576 turbinc5 are required for a I 0 GW out­

put SPS. This turbine size is approximately that of the SST engine partially developed by General 

Electric for the American SST program. and is appropriate to the national fabrication capability. 

By the use of relatively small heat pipes it has been possible to configure a radiator system which is 

sufficiently immune to meteroid penetration. At the end c.f this study phase we indicate that the 

mass of the thermal .:.11gine SPS is approximately 80.000 metric tor.'> I without growth I and that the 

average cost for one SPS at a rate of four per year is approximately 18 billion dollars or 1.800 dol­

lars per kilowatt produced on the ground. 

3.2.3.2 Recap of Options 

The steam Rankine SPS would be an extremely heavy option. This is primarily because the maxi­

m11m turbine inlet temperature is in the neighborhood of l .000 to 1.100 degrees F arenheit and the 

heat rejection temperature is near the condensation point of water. Consequently. the Carnot effi­

ciency is low and the realizable efficiency is even lower. Tht>rmi0nk system~ :ff~ ::!~c ~·;;ry h..:;;;:y. 

This is because thermionic diodes and the interelectrode busbars required to connect them are 

heavy and the radiator system re:iuired for heat rejection from the them1ionic diodes is also quite 

heavy. The Brayton SPS i.e. a helium closed cycle cyst<'m. is a near competit.1r to t!1e po~·1ssium 

Rankine system. However. it is or.Jy competitive in mass with very high turbine inlet temperatures. 

in the vicinity of l .600 K (~.S00°F). This turbine inlet temperature is only achievable with ..:er:.imic 

materials such as silicon carbide. This material is now in development but is not considered to be 

appropriate for baseline SPS use. We have emphasized the potassium Rankine SPS in Part II of this 

study and details of the results :ire concluded in the remainder of this sedion. 
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3.2.3.3 Reference Design Description 

A p!.m view of the themrnl engine SPS is shown in Figure 3.2.3-1. This satellite has two 5 (;W out­

put rectennas located on the north-south axis of the satellite. The satellite is divided into 16 moJ­

ules each of which has 3o turbogenerators. for a total of 576 per SPS. fhe satdlite tlies in a 
perpendicular-to""\!diptic plane orientation at all times. 

Cycle 

The working lluid in the potassium Rankine loop is potassium v~por in a portion of the loop and 

liquid potassium in the n:mainder. Figure 3.2.2-2 shows the qcle schematic. Liquid potassium is 

introduced into the heat absorbe1 tubes of the boiler located within the high temperature cavity 

absorber. Boiling produces potassium vapor which passes through the tu1 bine and does the work of 

fuming the generator whkh produ'-·es the useful power required for the SPS microwave transmitter 

and the power required to drive the electromagnetic pump. Potassium vapor leaving th~ turbine is 

rnoled by the expansion in the turbine. It is introd.iced into the radiator system where it Hows 

through the vapor manifold into pota~sium throughpipes which are cooled by sodium heat pipe~. 

(" ondensation occurs in the through pipes so that liquid potassium is collected in thl· radiator outlet 

manifold and !lows to the electroma!:J1etic pump. 

The General Electric Corporation. our subcontractor for Rankine turbines. produced the dJta 

shown in Table 3.2.J-l. We have used a turbine efficiency of sor; This was demonstrated in tests 

in the late l 960's at the Lewis Research Centl'r. The 80(} figure is probably quite conservative for 

large potassium turbines. In the area of er,)sion •. :ontrol three promising methods were dt>mon­

strakd in the Lewis tt.'sts. A total of nearly 800.000 hours of testing was accumulatt.'d relativt' to 

potassium systems. Note that this indudes a total of more than I0.000 hours <'f rnnning te~ts on 

turbine~ and more than I 0.000 hours of dectrnmagnetic feed pump testing. 

Materials 

The abundance da a given in Table 3.2.3-2 were drawn from Department of Interior publications 

for I 973. Th~· first of thL ~l.'neral ruL:s shown stat 'S that sincl.' ''1lar powl.'r satdlites will not he 

available in largt' quantities until after the year 2000. it is appropriate that we sekct materials suffi­

ciently abundant in that time period. Our baseline SPS quantity for this study was 112 units. prob­

ably sufficient for l/.S. ek,·trical nl.'eds in the early part uf the ~I st century. Howen~r. morl.· unit· 

may ultimatdy he requirl.'d for the Unit~,! States: up to lUOO units or more for the world. TI1ere­

fore. it is probably appropriate that we do not use ;1 material such that l l 2 satellites would ~1se over 

5'.:; of any world mall.'rial source. Rule J trnds to minimiLe the imp::ct of SPS incorporation and 

the rn111:omitant industriali1.ation n:quirl'd. Turbine whel'ls :ind blades for potassium Rankin tur­

bines :ire b:1scli1wd :1s using molybdenum. a wrought material. Silicon carbide could also be used. 

howevi:r. this m.11L·rial is in its wry early de\'dopm~nt stage and it's probably too advanced to baSl'­

linc. Turbine housing materials must be ductile and wddabk. Tantalum alloys wou1d be ideal. 

howev~r world rcsou~1:cs arl' not adl'quate. ·n1al.'forc. we haw Sl.'b.:tl'd niobium. a~so calll'd colum-
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biurn, for the baseline material. Cesium would b'! an ideal Rankine cycle working fluid. It would 

result in the turbines having fewer stages and a smaller disc diameter. However. the supplies of 

cesium are clearly not adequate for large scale SPS usage. Pot<?ssium. an abundant material. has 

been selected. 

e • GROUND OUTPUT: MINIMUM ~ 

: OF 10 GW (TWO ANTENNAS) - • POTASSIUM RANKlr~E 
TURBINES 1576/SPSI 

• 16MODULES 

• "'P.E.P." ORlfNTATION 

• CONCENTRATOR AREA: 119 km2 

• SYSTEM MASS 

Figure 3.2.l-1 Reference Rankine SPS Design 

ELECTROMAGNETIC PUMP 

ltOUID POTASSIUM 

CONCENTRATED 
SOLAR ENERGY _ 

{~' 

r
~,;. 

I ~
t... ... ,... 
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h I i'· I' 

!: ! I'.! 1!: :! 
I' f '•,l I ·I 

~:!,',.;::1. 
IJ' ; ;;I,.,:; 
I : : ,: ,;.,_;; 

I, ... ~ 

.,.J TEMP 
-"' ,~· ~ MAX 
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TUBES 

TURBINE 

POTASSIUM __J 
VAPOR 

Fig11~ 3.2.3-2 Rankine Cycle Schematic 
8S . 
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Table 3.2.3·1 Data Bue Draws Heavily on ~..uated T~:hnoJoay (General Electric Data) 

~·- TURBINE EFFICIENCY: 80%; LeRc TESTS 

EROSION CONTROL: THREE METHODS OEMONSTRA TEO 

POTASSIUM HARDWARE: 
~ >-

Pota111ua (800.000 hour• te1•in1) 

Ailtescarc:h C! JPL KASA·Lew1a 01L'°L P6tW 

teatin& boura accumulated 

Corro11on teat ayat ... : 
1o111n1 1300 25 500 --- -- 62 aoo 12 000 
All-liquid ---- ------ --·- -- ------ ------

Coaponel\t tHt a71teu, bollinl 5900 19 600 ---- 1000 2 aoo 4 900 
Sizulated powerplant 171t ... ---- ------ '1000 --- 10 200 ------
lloihra 7200 40 100 1000 10\IO 15 800 16 90') 
T .. rbi::e1 3050 10 100 ---- --- 5 000 -----
Boiler feed pu:ipa: 

!lee trcmagnetic 7200 )4 600 3600 1000 26 900 4 900 
Turbine driven ---- ------ ----- ---. 5 coo -----

Other pu111pa 5900 18 600' 3600 1600 6 100 1 300 
Cc::ide111~n 7200 

!~J~I :~:: 
1600 75 aoo 16 900 

Sula ;:30 --- ----- ------
!earing teat• 3000 --- 4 500 

____ .. __ 

•include• te1tin1 boura of Aarojet Nuc:leonic1, All~aon, loc:ketdyne. United Nucl&&'" 

blnclu4e1 teatis:I& boura of !rook.haven, Aatojet M\lcleQn1ca. Waatin&bouae .Latl'OIUKl .. r. 

Table 3.l.3-2 Material A•ailability 

Other• 

-----
156 000 

300 ----
300 
100 

3 300 ------
S7 600 

300 ----
1 6ii0 

e GENERAL RULES: 1) MATERIAL TO BE PREDICTED TO BE .. SUFFICIEN fl V ABUNDANT" ltJ 2020. 
2) SPS TO NOT USE o·. ER 5% OF WORLD RESOURCES OF ANY MATERIAL 
3) CURRENT WORLD PRODUCTION RATE ADEQUATE FOR ONE SPS/VEAR 

e TURBINE WHEE UBL ACE MATERIAL INEED"' 6000 MT/SPS) 

!WROUGHT MATERIAL) 

Ceaiua 
(>23,000 
hou:-a 

tea ting) 
(b) 

3500 ---
24CY.> ----

"6000. ---
5600 ------
5600 
-----

MATERIAL 

MOLYBDENUM (1 ZM) 

SILICON CAl'IBIDE 

STATE OF ART 

DEVELOPED 

EARLY TEST 

WORLD RESOURCES !MT! 

29,000,000 

PRODUC'.ION RATE 1MT!YRJ 

91,000 

VERY ABUNDANT 

e TliRBINE HOUSING MATERIAL/BOILER TUBES (NEED 4000 TO 7000 MT/SPS) 

(WELDABLE DUCTILE MATEP.IAL) 

MATERIAL STATE OF AR: 

TANTALLUM (T111) OEVELOPF.D 

NIOBIUM (C10Jj DEVELOPED 

SILICON CARBIDE EARLY TES"1 

e RANKINE CYCLE WORKING FLUID 

MATERIAL STATE OF ART 

CESIUM DEVELOPED 

POTASSIUM DEVELOPED 

•MT• METRIC TuN/SPS 

WORLD RESOUilCES IMTI 

100,000 

17,000,000 

VERY ABUNDANT 

WORLD RESOUl'lCES (MT! 

100,000 

> 1f,9 

86 

VERY SMALL 

PRODUCTIC \I RATE(MT/YR) 

PERHAPS 1,000 

ABOU~ :ZC,000 

VERY SMALL 

PRODUCTIO~J r.lATE (MT/YR) 

10,000,000 
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Concentrator 

The solar concentrator is maJe up of a strudural systt!m supporting a large number of plasli1.· film 

ret1edor facets and is a segment of a sphere. The relkckJ light is concentr.1ti:d into lh1.· fo1.\1l poinr 

assembly whkh rnounh to the con1.·t•ntrator by four cavity support arms. These ann.; art• made lll' 

of graphik epoxy tube st•ction-> f''inHng a 20 meter beam. The thruskr syskn1:- requi11.·d fo1 ~df 
powe1 transport to geosynduu: orbit in tlw LEO constni.:tion option ;ir1.· 101.·ated ;it th1.· 3 puinh 

shown in Figure 3.2.3-3. 

The concentrator stni1.·tur1.· which supports tllL· rt.'llel·tor i'.iceh :~~ 111aJe up of a large 11\1mber tit 

tetrahedral elements which are ir1 turn 1.·omposcd of a number of tapert'd graphitt' 1.·poxy t11bl.'s. 

jointed as shown in Figure 3.2.1-4 nw graphite t'poxy tubt'S 1.·an b1.· nesh·d to provitk a high d1.·11-

sity payload for transl'ortation. 

Figun: 3.2.3-.' is a photo of a ''Toothpi1.·k Moder· of J porl1un of chc •·.ir11.·1.·ntra!P1 fr.1m1.'. lt '' ,,·,·n 

that this stmdur1.· i-. 1.·omposcd of rcpt'titl\e t.:trah1.·dr1.)lh ..\ t'llf\t'J 'urf.i.:e· rs r1.·quirc,l. Tnb i' 

formed hy having tht' lmwr mcmht:rs of any tetraht'drun i..i~!!n than the uppt'r mt'mfln, ,if tht· 

adjact'nt tctr;ih,·dron 'o tllJt a bidir1.·L1il1nal t"ur.·atur1.· 1-. prnJ 11,·,·J 

1 he rt''~:~tor Li-:t.'l' shown in Figun: _~.~.~-hart' he·' ;1g<'n' ot 'hin Jlun:1n11l·d l\..1pt.111 I he 1'.tJ'l<'l1 

1-. J m1c1omctcr-; thick. !ti'> tcn,1oncd h~ 3 rigid end l11t'llll'1.'T'\. J"ilkd nlll\\;1rd h~ hndk-.. Thi' tc·n­

sioning syst.·m t";wsc" th·: three 1.·dgc :nernb1.•r, h> be coplanar. 'o :i.·t ~· tl.rt r,'tl,·,·11.11 1' pr,1,lut",'c;. 

Tht• rod;a arm J!Hl ,pring t"ani-.t:r '~ ,t,·rn~ which J'llll outward 1111 th· l'ridk ;ire' :.wunkd ll1 th,· 

t"~•n1.entrator frail!:: . .\ ··,,·allop" at the thrt·l· lrl.'t' e·dgcs of th1.· 1;1 ·t'[ ,,111trn1, w·1nkl!ng ;1t tlh· l.i..c·t 

cd!!<.:S. 

rht' thrt'1. hndl,·, llf tl'.1.' l\'lkd1>r fal't l Jrl.' atr;1L/1cd to th,· n1,·L·1 i: 11,, \,lllch PlPli!l, l" f}J,· !ll1d­

point of the' ,·,mce·ntratcr !•1hc .-ln'l'tural di:m1.•nh. a:- 'lwwn in hgur,· 3.~ .. <- -. I he·'! rill!!'· ,·,111-

t ·;i11.'d in t"ar11,1,·rs. prm idi.: the pull th.11,·au,e•,11'1.' roe kcr ,um to kll'llll1 th· 11L1,r1,· film \1>k 

tlwn tl1Jt tlw Lil'l'l I'• mounte•d dirt'l'lly to th1.· c'11!ll'l'lllrator ,upport ,1:-u,:.tr.? .111d do1.·, !l<l[ m,·lu,k 

'I'. ndial ann and iluh ') ~tem u~cd m 1';1rt l ul th,, ,tlld). 

The pL.istit" film 111.1tl.'rial i-. alumi11i1<.·d K:ipton. DuPont Co,·pur;1tiPn. tlh· 1~1.111ut.1Llu1,·r ,,f l\.apt1)n. 

bd1c-.·s that ;J th1~·kn1.·-... 1f .> lllll'f\ll:ll'le'r' is pru1.1u•ihk hy nc.1r~\· ,t,1111Ltrd 11ill 11h·tl11 1,J, .111d \\ill 

Jemonstrak thb int~·'!' in !alt' I 'I'"'. ilJLt fn1m proic'd AB! L h;r' -.IHn\ n .1 r•>l,·1111.tl .kgr.id.!Ci1)n 

.ir rdll'ctor film spc,·ular p1.·rfPrm.11i-·1.· ot appn1\i111;1!t'l) 30'; due 11.i the· r :d1.;t11111 c1i.·punlc'rt'<l. ftr,t 

in ·1 sdf-p<HWr tra;,,kr fro:ll low orbit tu high c:' '.!.and th,·n 30 y1.·.1rs 11! np1.·1.1!11>11 in )!t'l"·Yll•h1-.1-

nou~c orbit rl.,,h r·; !or· 1<"-i for :hr solar 'ail prog1.1m ;ii 11!,· J,·1 Pr,11'~1:,1011 L1b,11.1t"r> li.1\1.' ,ndi­

t'a!t'd. !l\l\\c'\l'f. th.,r ;!.i,. t!·:gradation mndc will prohabi> 11PI 1ll-.:llr. ;ind lh;1! the• dq.'r.td.1tH1n ;'re'­

;;iously SCt'll is an artifat"t ,)f ~;,,. !t''t mdhod ihdf. \\c ,·on~niu,·r .ly do t.1>! 1111,·,-.1 1 r · l1.1li"ll 

dl'grada!,on. \h· do a.1ti1.·ip;1ll' appn1xim.it1.•ly ~.2:=:'. dqrL1datiPn du,· 1n 111ctt'<iro1,: 1111p,·:~ 111 30 

y,·ars of rt•tkdo; film opn;1tion. Our :»t1~1.·ti\ 1\ t'~t1matc i~ .'10 fnr .1 rl'lkdor c\llll' .rngk of .2~ 

dqm:1.·s. fhi~ is rdati\cly t"onseT•alivt• 'int".: e'\l'll highn I\'lh·di\iti1.·~ .11,· 1'r11h;rhly ;1,·hi,•\,1hk 
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[!> LOCATION OF OABIT TRANSFER SYSTEM FOR SELF POWER 
(LOAD CONDITION IS tater" 1 ORBIT TRANSFER! 

Fwgme 3.2.J.3 Modules Conmt of Concentrator 4: Focal Point Assemblies 

--

....... 
fOHMlDOF 
TAPfR£0T'* 
SECTIONS 

17.S....,... ----fl/'°"'' r-WALL THICKNESS cu- f0.G08'1 

/ 
TAPERED GRAPHITE _; 
IEPOJ(Y TUBE 
($Hlft'£0 IN NEST£0 
STACKJ 

/ 

figure 3.2.3-4 Concc11tntor Frame Element 
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CTOOTHPtCK MOOEU 

REFLECTOR FACETS 

\ 

REPRESENTS 35M LON$ 
TAPERED GRAPHITEiEPOXY 
TUBE 

EDGE MEMBER # 

BRIDLES__} 

LOWER LEVEL MEMBER 

f"'llUR 3.2.J.5 Facet Support SttuctuR 

\ 

f 
I 
I 

II 
l ) 

19.81m • 

' I . I 
I 

_J 
39.62m 

I ! EDGE 
MEMSER 

'-- PLASTIC FILM, 

I 
BRIDL£$.......I 

3.0 ,.m THICK. 
ALUMINIZEO FAR SIDE 

Fiptt l.2.3-6 Reflector Facet IOOO M2 of Reflecting Atta 
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Figure 3.2.3-7 Reflector Facet Mounting 
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Focal Point Ammbly 
l::ach of the 16 modules of the thennal engine SPS is equipped with the as.'i('Ul ·ly shown in figure 

3.~.J..8 at its focal poinr. Reflc.:red sunlilht from ··he retlector facets enters t 1e CP<' at its arerture 

and by retle.:tions re;k·hes the .:avily aM<lrber whkh .:ontains the roiler tabc:s for the thcnnal 

engine. The CPC" is mad\" up of a fram{'work supporting a sinc;le layer of molybdenum foil A 

rellectivity of .8 is eslimareJ for this fu1i with the use of a rhenium reflective .:oatin~. Th,· walls 

of the ca\ity absorber are .. ·omposed ot a frameYr'Ork system supporting 5 layers of m\l)ylldenum 

multifoil. Selection of 1!1e number of layers was based on a mass optimization trac:k. Hea\·y ~·a\·ity 

walls leak relalivdy little energy t\l spa1.·e and therefore 1-equin: somewhat smaller .:oncentrators. 

Thin walls are !ighrer hut require Iara« ~far (:On1..·entrators. Five ha}ers <tre approxima1dy opti­

mum. The rurvo~ of the CP<' is h.l allow a n:lati,· .. ly large n:tlector facet tma~ to fit within the 

aperture; also the large ;aperture of rhe CP<' ;KcO!'lmodalt'S satellite pt'inting errNs and sottlt' distor­

tion in the framework in the solar concl.'ntrator. 

The aperture door assemhl; snown in figure ."l.1 .. ;.Q allows a ,·anatio:l in turbine output power 

whik maintaining a fon..;tJnt onentation with resJll·.:-t to the sun. The J,,,,r 1s .:tmirosed ,,f nwlyh­

dc-num foil pands m''tmted on cabks Jriwn by pulle}· asx-mhhes attadll·J to the ..-a,·ity sur1•ort 

ann fr;une. Till· Joors .u-e shown m the open position. -fhl· rht•mum rt•ik,·tiw • .-0~1ting on fhl.' 1.lo,m: 

is US('d to m:.int;<in a lo\\' h'nlJ'l'f'Jture for the door rands when thc-y an: fully d0St..'J and 1.·xrx,~·J 10 

the full output of the solar .. ·on .. ·1.•ntrator assembly. 

The primary eqt11ptr.i:nt of th1.· fo,;al point as...;cmhly is sh,1wn in Fit?u~ 3.~.3-10. The .. ·anty 

absorber asSl'mMy anJ CPC are slipported by a n·rti.:al skd tubin!! framework sys1t·m. A fr,· 

work member on .:a.:h s1Jl" ,lf th" ca\·1ty supports the turhog1.·nt'rator as.~mlilil."s. l S turbogl'nl.'r.1-

tors are momlt1.•J on l'J1.:h siJ;:- of thl' ,·;-\·ity. One r:!diator as...,l.'mMy is phwideJ p1.·r turl'''~~·n1.·r.1ll'r 

:md extends Jin.·.:tly outw;.m.t. eithl"r \r• 1.:ft or right. from th1.• turb,,gcnc-rator. l11c radiator JS.."'-"lll· 

My whid1 Cl'lllls the!' !-!t'lll'fJhlr is nwunll·d a'1o\l' tht• ca\'ily. 

Sysll'lll llo\\ anJ stak rl1int d Ila an; sh,1wn lll Figurl.' 3 . .:: .3· 11. li.1l11d l'\l(JS-"llllll from lht' t'kdro· 

magncti,· rump l'11tt·N the- boiler tubc-s which an.· lo.:att•d within th.: high h·mp.:ratun· ... J,ity as..'il.'lll­

hly. \' apor from the }lo1!c-r ,·nkrs tlw Jouhk t•mkJ turl•int' anJ is t•\haustl"d into J singk tJpl'nng 

radiator vapor llu,·t Pertinent stall· point rar:mwkrs for \·,1rious pt1mts ar,ll11hl tlw tltl\\ 1,1,1r ;1rl' 

given al the bottom of the figure. Nok that while lhe \'Jpllf Juct is rel~\ti11dy brg.c \n J\amc!ct. the 

11rcssurl'S arc quill' low. 

Whik then· Jf\.' ,·crtain ;1JvaniJgl"s hl fi',·in·ulatil1n typt' b,1ik·rs ''pcraling undn grant~ dlrldilit•ns. 

uro gravity .. ·ondilions favor the USc.' of on .. ·t-.throu)?h boiling .111J dt'liwry of dry. ·~1gh1ly sup,•r­

hl"att•J \':\por. 

Tht• .:ondt•nsatiun m· h4uid 111 lht• turbitk' during I.'\ lra .. ·11,•11 ,1f hl.'.11 from tht• '"ll'''r rs" sp1.·~·1;1l .-.is,· 
imol\'ini: nt•t•d for liqu1ll t•\tr;;.:tion ,k,·1,·cs h1 dllltrol drt1pkt ,.n,sion ,1.11nagt• 
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(+) 

• CPC GEGIETRIC COllCBflMYICIN 
RATIOIS1• 

• CfC LIGHT ACCEPl'AICE 
ANGl.f•31JO. 

• CAVITY WALLS.ARE 
I LAYERS OF MOL Y8DElllUll 
llU\. TIFOIL 

• ALL BOILER n.ES lllOWIT 
ON CAVITY WTERIOR WALLS 

• CPC WALLS ARE 
llOL Y80ENUll FOIL 
WITH RHENIUM 
•TEIUOR COATING. 

~-'-

• OC ACCEP1'S LARGER 
IMAGE FROll FACETS: 

-ALLOWS FEWER. 
LARGER FACETS 

-ACIC£PTS fOINTING 
EMOR1a DISlOR11Cm. 

F.,..e 3.2.3-8 Cnity wl C.., a 1111 r.abolic Concentrator (CPC} 

"PRINCIPLE" 

Figure 3.2.3-9 

(+) DOOR MATERIAL IS MOLYBDENUM 
FOIL WITH RHENIUM REFLECTIVE COAT 

CPC Aperture .. Door .. ,..._i COIWCt Cffity Tempeature 

Despite Varying Power Output 
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BOILER 
VAPOR 
DUCT 

Fllllft'l.2.3-10 

A 

Dll0-22176-2 

LOCATION FOR SELF.f!OWER 
ORBIT TRANSFER SYSTEM 

r.AOIATOR: 11 PER 
SIDE CONE PER 
runeo.aENERATORI 

1-~"tt\-H""::i6'7'----- COf.tPOlNlD 
PARABOLIC 
cor .. cENTRA TOR 

Focal Point Awnably 

RAOIA'l"OR VAPOR DUCT "m"n:1 
--:::::::~~>----~--L._--~---~--

'-e::==~ li----~ 
\' :I -....;;; ----~11·1 

REP~OVED C<>NDENSA TEI! ,I 

D 

c---1i ',\ 
1) ;j 

,,...----ii" 

BOILER LIQUID DUCT 

ORIFICE (MATCHES 
THl.OUGHPl?E FLOWI 

"\.. THROUGHPIPE (335/RADIATORI 
"--THROUGHPIPE ISOLATION VALVE 

'--RADIATOR LIQUID DUCT 

LOCATION 
PRESSURE FLOW RATE TEMPERATURE DUCT DIA 
kPa PSI kg/s lbm/s K Of M FT 

A 37.9 5.50 74.67 164.6 932 1218 1.60 5.25 
B 16.8 2.43 74.67 164.6 932 1218 0.28 l'.92 c 37.9 5.50 9.23 20.l 928 1210 0.10 0.33 
D 676 98.0 83.90 185.0 929 1212 0.145 o ... s 
E 531 77.0 83.90 185.0 1242 1n6 0.55 1.80 

Figure 3.2.3-11 System Flow Sehematic (Not to Scalf\ 
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In the condenser. liquid is swept along the inside length of the tubes by the much higher velocity of 

the ,-apor. lbe tube might he tapered aiong its length to maintain high \·apor vdo1.:ity. but this is 

not ne"-cssary. S. Sawochka. near the l 965 time period. conduded exsxriments on l•pward flow 

condensation of potassium in verti.:al. constant diameh:r tubes: the perfonnance of these '-·ondenser 

tubes was not adversely affected by a I .. G .. fon:e acting to restrid sweeping of 1;quid condensate 

by the high velocity vapor. 

Possible themtal fatigue aacking in .:ondensers under ~-phase flow has been .:onsidered. In air­

cooled metal ,-apnr condensers for land baSl'd applications. the poor air-side heat tran,.frr C<X'ffi­

.:ients i.:ontrolled heat transfrr: thus the :dtemate presence of either a liquid or a vapor phaS(.' at a 

giwn point on the 1.:ondenser tended to ouse themtal tlu...-tuations and po~ible thl·m·1al fatigue. 

Titis possibility oci.:urred sini.:e the hot side hl.'at transfer film codficients varied apprl.'i.:i;ibl~: in thl.' 

pres.:ni.:e of a liquid or a ··apor phase. In the SPS a hiJ?h he:it transfer film ... ·ol.'ffkient on the ... ·old 

side of the condL"nser tube will control the mt·tal temperature and prevent such abrupt themnl 

tlm:tuations. 

During prior Rankin.: q \.'ii: spai.:i: power system studies. the problems of 2-phase !lo\\' ''·ere re\.·og­

•1 i1ed an<l plausihk solutions arlll rl·asonahll.' approacht's t\.) thes1..• solutions \Wr1..· pwposed. 

Turbogenerators 

Ekctromagn1..·t11..· cf:Ml pumps have hel.'n used extensivdy in tht' pumping of liquid mi:uls. Thl.'J. 

ha\ l' the ad\antagl's ol abs.:n .. ·e of SI.' ab and bl.'arings. opl.'rating rdiability and n:du1..·1:d maint\.·n.mn· 

requirem\.'nts. 

For the R;mkine 1.:ycll.' spai.:l' powa program. a light weight 19_~ kg (4~5 lhsl 1.'k1..·trom:ignt:tk 1->oikr 

feed pump. capable of opaating at a liquid metal fl•mpcraturi..· up to I 0331\. 1I400°F I. was dl.'signl.'d. 

built and h'st...-d for I 0.000 huurs. It pun:pt:J S 11 K I I 000°1-- I pot:issium at !low r~1tt:s up to 1.4 7 

Kg .. se.: (3.2 ~ Ihm 'se .. · I at ;1 d\.·n·lop\.·J h~ad of I <,54 kPa I 240 psil. a NPSH of ·•R kP;1 17 psi) and an 

dfo:ient of lti.5',. Th ... · rump fratur ... ·d at T-111 alh'Y hdi.:al pump dlKt and a high k•mperature 

stator with a S 11 K (I 000°Fl maximum operating temperall;r ... -: th1..• stator materials 1..·onsisll.'J of 

Miper1..·o 27 m~1gn\.'ti1..· laminations. qq· ~ allanina -.lot insulators. type "S .. glass tape inti:rwimling 

insulation ;ind nickel-dad ,jlwr condu1.1' irs jninl.'d hy brazing in the end turns. Pump windings were 

.:ooll.'d hy liquid NaK al "'00-75hK tS00-9001,F). 

largl.' si11..• annular line;1r t~M pumps arl.' lltHkr dt'velopml.'nt for the liquid 1111.'1;11 fast hrt•1..•d...-r r1..·a..:tor. 

:\ 14.500 (;PM I hS I Kg:sc...-: 1502 lbm s1..·d pump h;1s hl.'l.'11 built :md is awaitin!! tl.'st: pumps of 

larga 'iitl.'s h;1w het'n 1.·onsidert•d in th1..· ran)!e of 30.000: 70.000: S0.000 anJ I J0.000 c;PM ( 141 O. 

3435. 3759 and <ii IO 1'!,!:sci.:: JIOS: 7573: S2XQ and U.-170 lhm,st•1.·). \\\·i!,!ht and i.:os1 t'stim;•tt'S 

for ...-omnK·r.:ial land hast•d wrsions of tlwst• pumps have hct'll initiatl.'d. While tht'Sl' pumps wac 

tksi)!rwJ for handling sodium at ahout S5S"F. thl.'ir dewlopnll'nt indkaks pump s...·;1k-up t'XPl'ri­

cnl'I.' wdl abo- 1..' that of thl.' 1.·arlier higlwr h'mpl'rahm· hllilcr fel·d pumps for Rankinl.' ~r:ii.:1.• rmn·r 

systems. 
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Since the design technology for EM pumps is well-developed and relatively large pumps have been 

built, the design and production of pumps of the required siu and operating characteristics for the 

SPS should be a straightforward engineering problem. The use of higher pump rnltages and 

improved high temperature electrical insulation, magnetic and conductor materials will be required 

utilizing experience gained in the dt.>sign and test of the J033K (14000F) boiler feed EM pump. 

Pumping at low NPSH has bet.>n demonstrated and avoidance of cavitation in these pumps can be 

drcumvented by (I) subcooling of the condensed potassium to minimize possibility of cavitation 

(only very low energy losses aw involved).(:!) minimizing condensate return line pressure losses and 

(3) reliance upon the dynamic pressure head of the high velocity condensing potassium \·apor to 

help support the minimum NPSH required to prewnt cavitation. 

l11e conceptual design of the 31. 7 MWe. five state. double flow alkali metal \'apor turbine shown in 

figure 3.:!.3-1 :! is based on technology developed for smaller s..·ale spa'-·e power turbines. 

turbines. 

It fratures hydrodynamic lubricated liquid metal pivoted p:id journal and thrust bearings. In addi­

tion. the turbine shaft leading to the gener.ttor would feature an essentially zero leakage pot4-.sium 

seal of a type on which experimental testing has been accomplished; in smaller scale seal tests owr 

I 00 hours in duration. it was estimated that the leakage of potassium would 11ot t~ of <'ngineering 

significance in over I G.!){)() hour.; operation. 

Liquid extraction devices. as shown in detail on oiher pages. '-·an he in.:Mporah.'d in the design using 

vane trailing edge droplet extraction or trailing edge turbine rotor droplet extra1..'tll)n. 

The selection of the suggested modular size provides a nominal point in the design produdi\m and 

tt•st of the alkali metal vapor turbines needed for Rankine .:yde solar power satdlitc:s. 

Ead1 potassium Rankin turbine turns a genaator su.:h as shown in Figun: 3.~.3-13. These genera· 

tors produce either 41.000 or 3Q,OOO volts dirc.:t 1.:urrl.'nt as required hy the mi1..-row;1n• transmittas. 

Th1.· gcnerators arc oil .:ookd using coolant passagl.'s through both th1..· rotor and stator. r\ltlhlugh 

they are quite efficient the g1.·nerators must dissip;1te waste heat at sud1 a rail' that their own surfa1..T 

area is not suffi..:il'nt for this dissipation; exlt•mal radiators are used. A high \Opper temperaturt' is 

ad\antageous to reduce th1.· ar1.·a and mass of thes1.· radiators. 

Th" complete turbo~:encrator assembly is pallcti1ed for shipm1.·nt ;1s shown in Figure 3.~.3-1..+. 

These palkts mount one turbine. one generator and electroma!=nelh: pump. and assodall'd ;n1\1l­

iarks. The stru.:ture of this pallet is designed to allow laund1ing of the unit preass1.·111bbl: .11 k:l'I 

a 5 g ai:eeleration capability is require1.I. 
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• GENERAL 
ELECTRIC 

•r o;.,,. -· -,,.. 
" ,' 

' 

\ 
" 

Figure 3.2.3-12 Alkali Metal Vapor Turbine 
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• OUTPUT 3U3 MW 
• ROTOR SPEED 7600 RPM 
• COOLANT OIL CDC-ZOO> 
• EFFICIENCY a.. 

11.G~~ t.1> ypv:~ 
0~G~Qu~·-
ot . 

•VOLTAGES: EITHER 41CIOOOR 39000VDC,NOMINAL. 
•COPPER TEMP: 478K (4QOOF) 
• DUTY CYCLE: CONTINUOUS 
• SPECIFIC MASS: 0.14 kl/kW 

PRIMARY DATA BASE: AIRESEARCH MFG. CO. OF CA. STUDY FOR AIR FORCE, CONTRACT F3361!>75-C-2071 

Fipse 3.2.3-13 Gemnton 

TURBINE OUTLETS 
(1.6mDIA) 

1 OUTPUT PLENA 

I SUPPORT FRAME 

GENERATOR OUTPUT 
TERMINALS 

GENERATOR 

I 

PUMP OUTLET TO BOILER 

Figure 3.2.3-14 Turbogenentor Pallet 
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Radiators 

Shown in Figure 3.2.2· l 5 is a segment of the radiator for one generator. A vapor duct is at the top 

and the liq1d return duct is at the bottom. The heat pipe panels with their throughpipes pass 

between the ducts. Also shown are the triple layers of meteoroid bumper installed on the ducting. 

At fht' Iowa left is a detail of thl.' through pipes and the wraparound sodium heat pipt.•s. These 

sodium heat pipes are spaced apart such that their centerlines are 1.6 diameters from ead1 other. 

This spacing is an optimum compromise between greater spacing. whkh would improve heat radia­

tion. and r-:duced spacing which would reduce manifold mass by requiring fewer throughpipes. On 

the right is a aoss section through two adjacent radiator systems showing how the "apor dw:ts share 

common meteoroid protection systems for a reduction in bumper mass. 

Antenna Mount 

The additional. s.:asonal axis and dog-1.:g stn1cture required for PEP operations is shown in Figun: 

J.2.J-16. Slip-rings n.:ed not \.e useJ at tht' st.•asonal axis pivot. Flat cables which are wound during 

one year of operation and unwound during an annual shutdown period are instead proposed. 

A breakdown is given in Table 3.2.J·J of the rJdiator mass elements per engine and for the entire 

SPS. Note rhat the heat pi~1es and tht.· potassium for lht.• fill of the radiator systems dl'tninates this 

mass statement. The heat pip.: sheet thkknes;; is driven by meteoroid protection requirt>ments and 

allows approximately 10'; of the heat pipes to be penetrated and thereby made inoperable in 30 

years of geosynchronous operation. Because the heat pipes wrap the through pipes they provide 

significant th~oughpipe protection. however. approximately Yi of the throughpipcs t.·an he 

expected to be r.oled in 30 years of operation. The radiator is conscqut'ntly owrsided by I J 

percent. 

Performance and \tass 

Tabk 3. 2.3--t is a br,·akJown of th1.· ~yslt'm pow1.·r requirements aboard the SPS. Th.: g1.·nl·rators 

Tl'quirt' 16.43 (~\\". Additional utilizations within the system bring the busb.;i total to 17.913 GW. 

The power distribution losses are those associated with resistance dfrcts within thl.' distribution 

bushars. The pumping power is that required to operate the electromagnetic potas.sium pumps. 

The attitudt> control power is a maximum v;ilue and corn.·sponds to the timc period when maximum 

thrust i!> required to maintain thl' pcrpcndicular·to-t·cliptic planl orientation. Thi.' total output can 

be produced by 570 of th.: generators. 576 generators are installed allowing approximatdy a Ir;~ 

margin. It is anticipakd that the mi1.:rowave transmiCkrs will degrade in output and n'quin•d po~wr 

input by approximately ~'.;.in the course of a year, consequently in one year about J'; of the turho­

generator ),yskms could be automatically shut down by malfunction dct.:ction systems without 

impacting tht' power output of the microwave transrnitter. 

Sysll..·ms efficiencies an~ summarilt>d in Table 3.2.3-5. TI1e 17.913 GW n:quircd for busbar power as 

indicated by tht' previous tahk is the bt>ginn;ng point for this system effidency chain. The genera­

tors have an dficil·ncy of98.4'; .. TI1is requires that thl' turbines have a shaft output of 18.204 GW. 
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\ 
e RADIATOR 1$ 311 STAINLESS STEEL ' 

STEEL METEOR 
BUMPER ITIUPLEI 

\ \ ' I ~ 
. ! \ i \ 

VAPOR DUCT, 
RAOIA TOR "N" 

FREEZING l'OINTS: 

:'r~u., 
'Vo1t Oo 

POTASSIUM 33U IMl°FI 
SODIUM 371K !2CJIOFI 

POTASSIUMo 
0 

tHROUGHl'IP£ 

VAPOR DUCT-

. : : 

LIOUtD 
DUCT, 

RADIATOR 
"N'' 
Cl'"~ 

VAPOR DUCT 
RADIATOR "'N+2• 

figure 3.2.3-IS Primary Radiator System 

"5-11• /---

/

. I 
· NOTE: TRANSMITTER C. G. REMAINS ~ , 

IN CONST ANT POSITION 23.410 .. -
RELATIVE TO THE SI'S 

I \ 
\ 

SECTION 
THROUGli 
RADIATOR 

TRANSMITTER 

\~\·'_ I ' 1\1 
\\ 1\! 

\\~ \ /'~~~~ .•.. 
\)_ 

I '· 
-1\-~:~1:- -->"~--- .. ---\~\-/' L.~. -~ I 1 ~ _ _, 

DIURNAL ~ \- • ~- - , 

TURNTABLE \ I \ I '-----~ 
CWITH SLIPRINGSI \ \ / _,;.. \ ~ >---· 

SE,<SONAL 
TURNTABLE 
IW•TH WINO/UNWIND 
CABLES) 

'DOGLEG" STRUCTURE/ ' - · - ~ _ -~/ 
J ·-,,__ I ~~, 
I - "'-

Figure 3.2.3-16 Antenna Joint for "P.E.P." SPS 
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Table 3.l.J.3 ~Mm& 

MANIFOLD!:· 

VAPOR DUCT 

LIQUID DUCT 

METEOROID PROTECTION 

THROUGttPIPES 

THROUGHPIPES 1335/ENGINE) 

ISOLATION VALVES 

HEAT PIPES 

SH::'.LL 

WICK 

SODIUM 

POTASSIUM 

TOTAL 

Table 3.2.~ Power Budget 

~1111 

1a6 kW 
TRANSMITTERS 16.430 

POWER DISTRIBUTION 0.898 

PUMPING 0.282 

ATTITUDE CONT, MAX 0.300 

MISC. 0.003 

BUS8AR 17.913 

670 GENERATORS AT 31.426 MW1 EACH 

(678 INSTALLED) 

PER ENGINE PER SPS 

Ka 1o6 KG 

3895 2.24 

(12401 (0.711 

(216) {.12) 

(2439) (1.40) 

1500 0.86 

17901 (.46) 

(7101 (.411 

13.299 7.66 

(10,838) 16.24) 

(1729) 10.99) 

1732) (0.43) 

8046 4.63 

26,740 ~S.39 

T8ble 3.2.3-S System Efficiency Ch.m 

IPS-1511 

BUSBAR :GENERATOR OUTPUT) 
!GEN. EFFICIENCY• 0.984) 

TURBINE SHAFT OUTPllT 
(CYCLE EFFICIENCv' • 0 •1'91 

POWER ADDED TO POTASSIUM 

SOLAR ENERGY INTO CAVITY 

!REFLECTION LOSS. 5%) 
(LOSS TH80UGH INSULATION) 
IRE RADIATION THROUGH APERTURE) 
!MISC, IE., MANIFOLO HEAT LOSS) 

INTO SECOND STAGE CONCENTRATOR 
(CPC REFLECTIVITY • 0.865) 

IMPINGING UPON PLASTIC FILM 
(FILM ENO-OF-LIFE REFLECTIVITY. o.an1 

100 

18.204 

96.317 

112.397 

(5.610) 
(0.500) 
(8.836) 
(1.124) 

129.939 

148.07iJ 
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output of 18.204 GW. Since t.'le turbines and the rest of the systun have an overall cycle effi~ 

cimcy of0.189 a power level of96.317 GW must be added to the potassium flew within the boilt:cs 

of the cavity absorber. A breakdown of the loues associated with the cavity absorber is also given. 

for example. 5% of the! enel'I)' entering the cavil)" is reftectd ~ack out again. This is ba!llt"d on tests 

of .. bencb nodef' absorbers for round solar po'"'er ,rograms. The five layers of insulation making 

up the cavity walls allow a heat loss cf approximate!}' I /2 G\V. The hot walls of the cavil} reradiate 

eneqy back out through the aperture. Some of this passes directly to ~ace and some of it is 

reflected to space from the solar cor. .. -entrator. Other losses. ~uch as heat I~' through the walls of 

the manifolds conne..--tang the boilers to the turbines. amount to approximately I.I \JW. The CPC 

also has losses due to energy absorbed rather than reflected by its walls. The end of life reflectivity 

of the plastic film facets is 0.877. This is the reflectivity after~ reduction of 2.25'i due to meteor· 

oid scouring. in 30 years of operation. 

The PEP orientation has i>«'l sele<:ted primarily because rtlo\·ing facets are not rcquirc.-d. However. 

other benefits accrue as summarized in Table 3.2.~. 

The disaavantages of the additional. seasonal antenna axis are somewhat offset by two advantages 

rda•ive to microwave power transmission. The first of these is that rectennas can be.- swikhed with­

out pobrization Joss ewn if the antennas are at different longitudes without moving the satdlik 

alo111 the ~ochronous path. Additionally. the seas~nal antenna axis ,:an~ used to provide 

antenna ti!t to compensate for Farnd.1y rotation caused by the.- ionosphere. 

Table 3 . .:?.3-7 is a breakdown of th.: Part II final mass. Prominent elements in this ma:.s arc =he 

transmitters. t~e turbines. the radiah>r systc.-ms. the structure • primarily the facer surport stmctur~· l. 

and the pota»ium mventory for the syste;-m. The t!lrbine mass was estimall•d by (;encr.al Electric 

and represents a value.- which is probably correct to within + ~()'< and -40'.'r. 

~nnal EnJline Conclusions 

It Wl:.i uerermined that the potassium Rankine C}de them1al engine is the Jighll'st of the potenrial 

:ippro.K-hes investigated. A: the beginning of this study the solar concc.-ntrJtor.. involwd stcerahle 

f;l\:ets with individual power suprlies. sensors and servomechanisms. Thc.-se haw be'"·n diminatt'd by 

usin! a rerpendicular-to·ediptic orientation and a concentrator dish of the requisite .. -mvature. 

Instead of electmme\.hanical pumps. composed of an clectm.: drive motor and a pump with the 

requisite seal between them (which could be subject to leakagd. we now utilize electromagnetic 

pumps. Although so1 •• cwhat hea\·y. t'1e low pumping powl'r assodated with potassium Rankine 

makes these rr1.>tentially low·failur~-rate pumps practical. Although ct'rtain makrials such as silicon 

carbide and tantalum may offer ad,·;rnt'1ges for them1al engine SPS they arc either too advanced or 

insufficiently abundant to allow them to b1.: basdined. 01e materials selech:J are in 1.·ommon USC 

and resourct> data indicates th.it there is enough to allow a 'iignificant them1al engine program to ht· 

accomplished. The perpcmlicular·t~clipti:: plane orientation is critical in allowing the fixed 

retlC\:tor facets. TI1is requin·~ somewhat more thruster powa. but is a propl·r oncntation for the.-
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Table 3.2.U ""Pat II I I -c.Ediplit ...... OrimtatiDD 

DISAOV ANT AGES 

• HIGHER PROt-ElLANT CONSUMPTION 
(UNLESS CONFIGURATION IS 
11'4RTlAll Y SYMMETRIC, :JSES 
MAGNETIC TOROUEING OR SOLAR 
PR~RE EFFECTst 

• BEST PERFORMANCE REQUIRES 
TIGHTER ATTITUOe CONTROL 
LIMITS (E.G.. 0.1°, NOT 0.5°) 

• REOOIRES ADDITI~ (SEASONAL) 
AXIS ON ANTENNA 

• 300 IM PEAK POWER REQUIRED 
TO OPERATE THRUSTERS 

--

ADVANTAGES 

• FACETS NEED NOT FOLLOW SEASONAL SUN llOTION 

e ELIMtNA TES COSINE EFFECT ON SIZtNG 

• FACETS NEED NOT BE SPACED #ART TO Al.LOii 
MOTION 

• LOWER METEOROID -· • .1x ON RA01A TORS 

• ADDITIONAL ANTENNA /.XIS PERMITS TRANS­
MISSION TO VARIOUS RECTENNA LONGITUDES 
WITHOUT POLARIZATION LOSS (FROM GIVEN 
ORBIT LONGITUDE) 

• ADOITIONAl ANTENNA AXIS PER!lllTS 
COMPENSATION FOR DIURNAL IONOSPHERIC 
FARADAY POLARIZATION ROTATION 

• RADIATOR IS ALWAYS EDGE ON TO THE SUN 

e CONSTANT THERMAL ENVIRONMENT FROM 
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thennal er.gine SPS. The turbines themselves. at their size of approximatdy 32 megawatts. use 

foqinp which can be produced by existing U.S. industry. Little new ind\IStrialUation is therefore 

requiml for the therma• engine SfS. The nation·s current production capabil;ty is probably~ 

quate to produce one SPS per year. 

l.2.4 Space Comtruction and Traasportation Opentions 

The l•near dimensions of an SPS are some three orders of m.;ignitude larger than the linear dimen· 

sions of the payloaJ bay of any mausible launch vehicle that might be USt'"d to drliver SPS hardware 

to-orbit. The mass of an SPS is at least two ~rders of magnitude greater than the lift car ability of 

any plausible laun.;:ft system. These fig-..1res dearly indicate that '\Ollle sort of construction openation 

in orbit will be required. The question of where \i.e., in what orbit) this should takt> place was sum· 

,-narized earlier. This section descriM the evolution of d~ concepts for spai.~ 1:onstruction S)"S· 

tems and a lll()fe detaikd comparison of the et.tuipm..-nt and oper-Jtions needed for conslrul.'tion of 

photovoltaic srs·~ .._,compared to thennal engines anJ for LEO consuuction compared to GEO 

construct~n. 

3.2 4. • lnt~.aled Operations 

Production of SPS's will require a logistii.-s .md operations network stretching from raw mat..-rials on 

Earth to finished produi.:ts in space. The op..-ration of the l:arth-based network appears to pose no 

unusual problems.• but the sp.t\.'e 'lperations are much more complex anJ on a mu,·h larger ~ale 

than anything yet adtil.'\·eJ. ·111is description of integrated ~rations i.:oni.:..-pts will provide a 

framework for further tei.:hnii.:al discussion. 

The operation" ,·::>itc,•pts for low Earth tlfbil (LEO) ,-onstruction and g,·osynduonous orbit (GEOt 

l.'oostrui.:tion ar~ similar with important Jifferen,·es. The LEO ,·ool.'l'pt is :.flown in Figure 3.~.4·1. 

The figure illm:lrall.'s th\.' photovollai.: option. tPhoh.wolrai..:· anJ thcnnal ,·ngjnc: .. -,mslruction are 

compared in Section .~-~ . .i-5. l Srai.:c operation:. aew~ anJ all har-iwarc and i.:onsumaMes required 

i'"l spa..-e an: Jeliwred to k•w Earth orhit by laun .. ·h ,·chides. "Ille: i:rew whick was assumed to 1'I.' an 

improved space shuttll.' with the solid nx·ket boosters replaced by a reusable liquid prnpellant 

booster. The i.:argo vet· :c1.• is a new two-sta~c ,·ehide '-"apahle of delivering approximately 400 tons 

of paylo .. d per t1ight. Crew llights (}('!.'.'Ur weekly and about .~ .. -Jrgo fli~hts arc rcquirl'J e\·l'ry ~ days. 

to exh spai.:c: opt>rations '-"omrlex. (One operat;ons .. ·omplex was somewhat arbitrarily sized to con· 

stmd an SPS in tlDI.' year. Constml.'tion of more than one SPS per year .. ·ould t'mploy multiple com· 

plexes or pos...,ibly larger ones. l 

The largest ekment of the LEO constmdion "·ompll•x is the construdion hase. nominaily hx·ated in 

a 4 78 l..m dri.:ular orhit at 31 \l in.:linatmn. ·111is fadlity houses a l.'l'CW of 4SO with overtlow quar­

ters for tr.msients. '.g .. those awaiting transportation to some other loi:ation. The primary funi.:tion 

*The hardwotre throughput to ... ·onstrui.:t ont• SPS per year is ahoul 15 tons pl'r hour. llw haniware 
thmughput of fhe ll.S. aull' industry is roughly 100 times )!rcafl'r. 
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of the f :iv"ility is construction of SPS power generation n:odules and antennas. It also serves as a 

staging base for orbit transfer vehicles used to cany ciews and crew supplies to the GEO facility. A 

crew OTV flight to the GEO facility nonnally occurs once every thret months. 

Satelllte modules are equipped with electric propulsion systems and flight control systems for the 

solar1>0wered trip to GEO. figure 3.2.4-2 shows a typi:;al module arrangement as configured for 

the transfer. Thruster inst:illations are located at the module comers for maximum control author­

ity. Propellant tanks are located near the module centroid to minimize gravity gradients. Although 

the propulsion system is primarily solar-electric, some chemical (l02/LH2) thrust capability is also 

provided so that control authority can be maintained while flying through the Earth's shadow. 

Because ot the comparatively low chemical specific impulse (400 seconds versus 7500 seconds for 

the electric thrusters) and 1/3 of ti'Je on board propellant is L02 and LH2. The remaining 2/3 is 
argon for the electric thrusters. 

Th~ GEO base controls module rendezvous and berthing. rotates the antennas into the operating 

position. deplQys the remainder of the solar cells and anneals the sclar cells used for orbit transfer 

to restore their perfonnance after their exposure to van Allen belt radiation during the transfer. 

The GEO base is marned by a crew of 60. 

In thi: case of GEO construction. most of the crew and the large base are located at GEO. All con­

struction is carried out at this base. The integrated operations concept is shown in Figure 3.2.4-3. 

The base in low Earth orbit perfonns no construction task'i: it is a transportation .~raging base that 

facilitates transfer of propellants and payloads from the Earth latm·:h vehicles to orbit transfer vehi­

cles The staging base receives abut three flights from Earth each day. On the awrage. slightly 

more than two of each three flights will deliver hydrogen and oxygen propellants for the orbit trans­

fer vehicles (OTV's) with the third flight bringing SPS hardware. or occasionally crew supplies or 

other support materiel. The staging base will also effect transfer of 1..·ri:ws from the shuttle crew 

vehicle to :: crew orbit transfer vehicle and provide sufficient transient or eme1gcncy crew quarter­

ing for crew operations. A11 orbit transfer flight must be dispatched to GEO e\·ery day. deliwring 

SPS hardware. or (once every month) an exchange crew for the GEO base. Such in-space refurbish­

ment ofOTV's as is necessary and practical will be carried out at the staging base. Parking space for 

the OTV fleet is also provided by the staging base. (A ~round-based versus space-based OTV trade 

study was conducted and showed the space-based OlV to have about a 15':-S perfonnance and cost 

advantage.) 

The GEO construction base is very similar to the LEO base. differing primarily in that ( 1) since the 

power generation portion of the SPS is built as a monolith rather than as modules. the 2 x 4-bay 

construction base must index the satellite in two directions to build an 8 x 32-bay satellite: (2) pro­

cedures for installing the completed antennas are different. The antenna portion of the facility 

must be able to <;eparate and free-tly to the free end of the satellite then half con;::'lete. to install the 

first antenna. It then returns to the main facility: the second antenna and the rcwer generation 
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section are completed concurrently and the f ree-tlight mode is not required to instail the second 

antenn~ (Many alternatives to the free-flight mooe were examined. but all involved operational 

complexities or problems judged to be more cbjeccionable.) 

The GEO construction option does not require dectric-propeJled low thrust orbit trdnsfers. The 

electr..: propulsion installations on the SPS for operational flight control are a little more than 5;:;. 
of the thrust level of those required for orbit transfer (125-150 newtons per installation vs. about 

2000 newtons) but otherwise involv" very similar hardware. As discussed under control require­

ments in Section 3.2.2.1. reliance on chemical propulsion for operational flight control would 

impose sev-:re propel!ant resupply reqi.;irements. 

3.2.4.2 Historical Synopsti 

The initial studies of the SPS concept in the early I 970's gave primary emphasis to the issues that 

seemed most awesome to the investigators at that time: 

(I) The feasibility of a wirekss energy transmission system requiring unprecedented antenna size. 

precision. directivity. and effkiency: 

(:!) The design of a lightw.:ight structure of unprecedented size: 

(3) The tr.msportation of unprecedented mas~s of total payload into space at what had to be a 

much lower cost per unit mass than predicted for any system thl.'n under actiVt: study or 

devel.Jpment. 

By J 973. favorabie resolution of these issues began to seem possible and the construction problem 

began fo receive much-deserved atkntion. Three options wae quil·kly identified: dcploy:asscmhle: 

fabricate. ll1ere was a na~ural desire to minimize the workload in space. so initial attention was 

focussed on deployables. 

Figure 3.2.4-4 shows an '-'arly construction concept with a tubular truss stmctural clement being 

deployed from its folded configuration. Calculation showed that the package density for folded 

strw:ture of this nature was incredibly low. so low that mixing with high density components still 

presented a very difficult payload volume problem to the launch vt:hicle designer. In fact. any 

plausible tubular truss clement. even if stacked like cordwood. presented a serious density problem. 

This led to a line of thoaght (pioneered by Grumw.an Aerospace) that developed concepts of fabri­

cating strncture in space from prePJrcd flat stock. The latter could be rolled for shipment to attain 

high densities. Current l'oncepts of SPS constmction in space have developed around this and simi­

lar methods for producing the SPS stmdurc. 
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3.2.4.3 Conshuction of Structure 

Once the density issue had surfaced and been characterized, the emergence of concepts for on-orbit 

structure fabricators ( .. beam machines'') was inevitable. The essential purpose of the beam machine 

is to make something with acceptable structurnl characteristics for SPS use out of son~ething with 

acceptable packaging density for launch from Earth. Two approaches hav: evolved, the "assembler" 

machine and the "fabricator" machi:le. Figure 3.2.4-5 illustrates an .. assembler .. concept and 

Figure 3.2.4-6 illustrates a fabricator. The assembler makes structure from prefabricated 

nested p;:rts and the fabricator makes structure by forming flat stock into suitable sections and 

assembling the beam from these sections. The former device uses mechanical joints: the latter uses 

bonded joint'i. A qualitati"'e comparison of the resulting types of structure was presented earlier in 

Section 3.2.2.2. Considerable discussion has taken place over which approach is best. No dear cut 

advantage was found for either. A selection may require an operational suitability comparison of 

prototype machines. 

Beam machines of either varii;:ty are predicted to produce 20-meter triangular-section beams at one 

to fifteen meters per minute. A rate anywhere in this range is acceptable and will allow relatively 

ft.•w machines to make enough structure for an entire SPS in one year. An important result of this 

study was how these and other kinds of machines could be effectively employed in an integrated 

construction system to build SPS's. 

3.2.4.4 Construction Facilities 

Earlier construction base concepts. such as the one illustrat1 d above in Figure 3.~.44, included a 

minimum of facilities and equipment. At that time no comprchcnsivt> analySt's of construction 

operations had h~en conducted. This study inveslt'd considerable effort in such analyses (see Vol­

ume 3 of the Part I report and Volume 5 of the Part 11 report). Out of these grew an awareness of 

the need of facilities. The constmction operation must carry out several operations: 

(I) Receiw payloads from Earth. unpack and sort them. and route the hardware to the right loca­

tions in a timely manner so that constru..-:tion operations can proceed without logistics delays. 

Some warehousing is required to smoothly interface transportation and construction 

operations. 

(:!) Build the SPS energy conversion. antenna and interfacing structures. 

(3) Install all equipment: s'11ar arrays. power conductors. processing and switch gear. instrumenta­

tion, an~cnna subarrays. flight control systems and support systems. 

(4) Perfonn checkouts. 

(5) Route reusable payload packaging hardware to transportation operations stations for return to 

Earth by returning launi;h vehicles. 
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A representative dimension of an SPS hardware element, e.g .• a beam section or photovoltaic p-.uel 

width, is 20 meters (66 feet). The zero-g environment greatly facilitates handling of these large ele­

ments; nonetheless, machinery and equipment of an appropriate scale is essential. Building the 

energy conversion portion of the photovoltaic SPS requires fabrication of structure, installation of 

solar arrays, installation of switchgear and power condu:tors, aad installation of instru1&1entation. 

controls. propulsion and presumably many other items of secondary equipment not yet identified 

in the SPS desi&ns An analogous set of tasks has been identified for the thennaJ engine option: 

constauction tasks are pictorially summarized in Figures 3.2.4-7 and 3.2.4-8. 

One could imagine using the satellite structure itself, as it is built, supporting this construction 

equipment (early construction concepts, in fact, did). Structural and other design impacts on the 

SPS would presumably result. Also. serious questions are raiseo as to how the equipment is to be 
moved, serviced, supplied with power or controlled. and how personnel and SPS hardware are to 

be moved from receiving stations or crew quarters to work stations. The construction facility 

al?ows resolution of all these issues. It provides for conduct of major construction steps in par.1Uel 

with a minimum of interdependence and interference. It provides support for the SPS whik it is 

being worked on. It allows the various construction machines to operate independently so thac a 

problem or breakdown at one machine need not interfere with the operation of others. Spare 

(backup) machines can be made available as necessary. The construction facility can be sized to 

provide enough parallel work areas to achieve the desired production rate, (one SPS per year in the 

subject studies). Equipped with crew habitats and work stations. transportation handling and bus­

ing systems. and an onboard crew and cargo lo~istics network. the facility becomes an integrated 

construction base. 

LEO Bases 
The construction base for the photovoltaic satellite consists of two connecting facilities with one 

used to build the energy conversion modules and the other to build the antenna, as she .vn in Figure 

3.~.4-9. The module construction facility is an open-endt>d structure which allows thl.' four-bay­

wide module to be constructed with only longitudinal indexing. There an~ two sets of internal 

working bays. The aft bays are used for structural assembly using beam machim's and joint assem­

bly machines attached to both the upper and lower surfaces of the facility. Solar array and power 

distribution are primarily instalkd from equipment attached to the upper facilit~· surface in the for­

ward bays. The satellite module is supported by movable towers locatcJ on the lower surface of t!~e 

facility. These towers are also used to index the module as it is betng fabricated. 

The antenna facility is configured to enclose four antenna bay.; in width and four rows of bays in 

length. The minimum plan-view shape of the facility is obtained through U!>e of a 60 degree paral­

lelogram. This shape results because the basic unit of the primary structure is triangular in shape. 

The lower surface of the facility is used to support beam machines. joint assembly machines and a 

deployment platfonn that is used to deploy the secondary structures and antenna suba!'rays. 

111 



e FABRICATf: 
2 .VJTENN.\ AND 

YOKEASSYS 
e ATIACH TO r.~OOULE 

4 Q 8 (UNDERSIDE) 

484m 

f 

11'$-1411 

2720m 

DIS0.22876-2 

• CONSTRUCT I SATELLITE 
MODULES WITH THE 
INDICATED CHARACTERtSITCS 

Figure 3.2.4.7 LEO &Me Construction Tasks 

CONSTRUCT°"\_ 
LEGS \ 

CONSTRUCT YO!<E/OFFSET 

THRUSTERS AND 
PROPELLANT 
TANKS 

e CONSTRUCT 16 MODULES 

CONSTRUCT 
REFLECTOR 
STRUCTURE 

DEPLOY 
FACETS 

Figure 3.2.4-8 LEO Base Construction Tasks Thermal Engine Satellite 

112 



i---
.&KM 

~-l_ 

ANTENNA 
POSIT:ONING 
PLATFORM 

0180-22876-2 

ORIGINAi: PAGE I& 
or POOR QUAUTY 

~ 
FABRICATION 
DIRECTION 

BEAM MACHINE~ 
SUBARRAY 
DEPLOYMENT ~ ~ .-4 
PLATFORM . ~7 \.I 

/1 I' '• /' --;a i ,,,\/,\'\ I 
BUS DEPLOYMENT .{ ( ~ v , \:'. : 

MACHINE • - .... _.,, 
l 

B-B 

Figure 3.2.4-9. LEO Construction Base Photovoltaic Satellite 

113 



0180-22876-2 

The thermal engine satellite 1..-onstruction base shown in Figure 3.~.4-10 has been dt'Sig'.1ed to 

surround the thennal cngint.' satellite module. As a result of tht• 3-dimt•nsional n<iture of tht• ther­

mal engine concentrator. thl.' base l'Xhibits somt• r.ither Ian"' dimt.'nsions. Thi.' construction opera­

tions are perfonned in thn:l' sl.'parak kwls or arl.'as oft. •· base. ·me anknna ccnstrudioo facilities 

and thol>e provisious llt'n'ssary to ~.-ons1ruct the antenn;1 yoke arc at the lower lc\el. lmn11:<liatdy 

above this area is the rdlel.tor construction factl'Ty which indudes couiµml.'nt neci:ssary to 

construct h.:lector strudurr and install retll.'c~ing facds. Ikployml'nt of the construckd rdledors 

is accomplished using indl'xing devices movir.g down two side rail"- Th·'·" ,..,;1 .. -.r.• also used to sup­

port beam machines us>!d to constfllct the four supporting legs hetwt><.·:~ thl.' reflector ~urface and 

the focal point. At the upper level of the ronstrui:tion base is l0t.'<:h'd tht' focal point facto;-y which 

has the task of constructing the se..:ond stage conc-:ntrator. .:.ivity. installing the thennal engines. 

constructing radiators and thl' spine whkh serves as tht' power distribution system. A fourth area. 

only used in the construction of two modules. is the assembly platfom1 used to fom1 the antenna 

structure support ;.ioint for the anll'nna. 

Because the satdlites must be transferred from LEO to GEO in morluks in ordrr to haw adequak 

attitude ontrol authority. and because the solar ~:eUs not needt.'d for transfer powt.'r (in the photo· 

voltaic case) should be retained ir. their shipping boxes for added radiation shielding. sev.:ral tasks 

remain to be accomplished at geosynchronous orbit when the moeulcs arrive. 1111.'St' are summa­

rizt:d for the photovoltaic system in figure 3.2.4-1 I. Analogous tasks exist for the thennal t•ngirk'. 

except that since it is not ;.1s sensitive to radiation. all t•1em1al cnginc equ:pment is deployed at Ll:O 

prior to initiating the tran'>fer. In eithl.'r .:as...-. thl.' crew size for thl.' GEO has·· is ;1pproximatd" 60. 

GEO Bao;es for GEO Construction 

The c;i.:o co1.stn:ction hasl.' has also hcl·n sizt•d tc construct a s~llellitl.' in Olll' year and nHlSl.'qtKntly 

j.; of· me overall sizc as the LEO 1.:onstni..:tion has\.'. Till' photovoltai1· <.;l·.O ~ia ... c and ils ... up-

port .~o base an: illustr~1kd in figur~· 3.2.4-12. 

lndexir1g the satellite rnnstruction fai:ility in two directions rather than one is rl.'quircu. Ti1 s has 

been judged to be more cost effective than having a full width facility and additional construl·tion 

equipment with the equipment iuk h;ilf cf the time. The m:1ss difft-rence for tht• (~FO construction 

base. compared to the base for LFO construction. primarily ret1..-cts the additional mas~ required for 

crew shielding protectio11 against solar flares. Other signifkart differencl.'s in the (;f::O ,., nstruction 

base are the outriggers on the sak'ilite facility to allow lakral direction indexing in add it ion to the 

movement of the antenna facility from one end of the satcllitl' to the other. 

The !.taging derot located in LEO in this l'onstruction option is sized I ,,uppor1 the construction of 

one satellite pl.'r yrar. and a.:1.:onhngly requires one SPS comporwnt 01 ;ight per da-,·. h;1st·d on ,1 

five day a Wl.'ek laund1 and flight scheduk. As st11.:h. the depot must provide accom111.1d:11;ons for 

three h1unch vehicle payloads: the SPS components and two propl'll;.1nt tanhrs ust•d to r1:furl thc 
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nrbit transfer vchides. Since the orbit transfor vehicle propellant loading requires 'Slightly more pn> 

pcllant than can ~ provided b)· two rankers. a sh)c~ tank is also rrovidcd at the staginl! derot and 

is refueled every fourth OTV Oight. Other docking .iccommodations are provided for a dedicated 

OTV used for GEO crew rotation/resuppl'· on a OO\.'t" rer month basis. Tt ts operation also requires 

dockin& for supply modules and crew transfor \-ehkks. The orcrational crew size for the staging 

depot is 7S. They can be a.:commodateJ in ont• moduk similar to the crew moduk"S usc.-J in the 

GEO con.~truction base. A transient crew qU3rters module is also provided to a.:commodate the lbO 

penonncl rotated with each crew llitml to the Gl:O base. A maintenance moduk is induJed al this 

base lOr reraar work on the transportation S)'Stcms and ba~ cquipml..'nt. 

3.l.4.S Construction Equipmmt 

The major construction equipment items associall'd with the rhoto\oltak satcllit,· :1re illustrated in 

Figure J.:.+ 13 and Fi#un: .. L:!.4-14. ;lion!! with kc)· charactcristi'---s such as quantity. mass and 

dimensions. The beam machine shown is confi,urcd to allow two ~am ma.:hines to fr~m1 all thC' 

main stnicturc:. Accordin~). ii has both tr • .mslation and rotatk'tlal .:araNlity. The dimensions and 

mass indicat"...J are for the 5e8f1h."nted ix-am approa,·h althl'llgh machines fabri'-·atin~ rhennally 

fonneJ continuous '-'hord stru.:llm.· t·oulJ he attadtell h) the ~me framt· ~mJ u~d in a simih;-r 

manner. 

Cr.inc 'manipulator sph.·ms •m.· prim.nil} u~d to fom1 the structural tx·am .ioints. Although thl..' si1e 

shown is most common. ~wral ~50 meter umh are also requir.·J 111 thl' .. ·,\nsrrn.:tion oi tllL' antenna 

y"ke as wdl as se\t•ral :o rnl'ta -.·ralh.'!'.. 1'wo-man .. ·ontrol l.'aNns \\ilh manirulato~ an· locakd at 

the end or tht." crane which is it...:lf attached to a mo\·in!! platrt.mn. 

The principal Jift~rt·n..:e bctween the soiar array dl..'rl,,yment madtine lksaitx·d herl· and thtlS\' illus­

trated in pre\·ious Jc.xuments is that the ~.mtry itsdf is ,,,cat...·ll aprn1\imatd} 50 metef" hdow the 

fadhty he:uns sin\.'t.' thar is th .. · l\l..-:.thon of the upper surfac\' of th'-· s;trdlitc. 

The most si~niikanr uniqu\' piece of equipnh·nt US\'d for anfl•nna '-'onstnh.:tion is tht' suharray 

installer shown in Fi~urc J. ~ 4-14. Lnn~~h\1om manipulators ar,• u"'·J lo siring tlw J'(l\\er kaJs 

from the rower pro.:es-.(1rs through the anknna stru-.·ttm· fl1 th\' sullarrays. 

C'onstrnetion equipm .. ·nt n:quin.•ments were ;1lso d .. ·tl·rmi1wJ for llw tlwrm.il l'll!!in .. • opti''" ;mJ arc.• 

described in Volurtll' V of this l\."port. \kc;m'\\.' of th .. • !!fl'at··r '-·omplt. .. ,ity of tilt.' thennal engine. 

about twice as many kin&• of equipment are neet.kd. 
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Fll'lft'.' l.2.4-13 Major Cunsrruction E.quipmenl Photcwolbic Satellite 

•DELIVER ASSEMBLED SUBARRAYS TO GEO 
•TEST SUBAARAYS 
•TRANSFER TO INSTALLATION PLATFORM 

SUBARRAY 
DEPLOY ER 

DEPLOYMENT 
PLATFORM 

• INSTAllSUBARRAYS 
CONE PER 20 MINUTES! 

•STRUCTURALLY ATTACH 
ANOALIGfJ 

• HOOK-UP WIRING 

Fipre J.2.4-14 Antenna Subamy lnstallltion Construction Operations 

118 



3.::.•.6 Representatiff Coauruction Sequence 

The photovoltaic LEO construction sequence is presented here. Sequea'h..--es for all four options (LEO 

and GEO. photovoltaic and thennal engine} were developed and are presented in Volume V of this 

report. 

The module construction sequence for the structure. solar array and power bl!S'-"S begins with build­

ing the first end frame of the structure. This completed end frame is indexed forward one structural 

bay length. Machines can th' n fonn the rem;ainJer of the structure in each of the bays. The fi1'St 

row of four ba)'S is then indexed forward !o allow construction of the fifth structural bay in rarallel 

with installation of solar ar-ays in bay I through 4. This sequence is shown in Figure 3.~.4-15. 

Sobr array instal!ation and CO'\sfmction of structure oc.-curs simultaneously across the width of the 

module. although neither operation depends on the other. At the c0mpletion of the 16 bays t fo1.1r 

~s of bays in length i the power buses and propellant tanks are installed. Construction of the 

structure and ins.t<i1latk\n of solar arrays of the remaining four bay lengths of the 111odule are done 

in a similar ma"\ll'~r to that previously described. Thruster modules for the self-power system an.· 

attached to each of the four \..-Omers of the module. 

Construction of the antenna takes place in par:lllel with module construdion. The first antenna is 

completed durmg construction of the fourth moduk; the ~..:ond antenna is .:ompkt'-'d with thl' 

eighth modu1e. 

J\s st:own in Figure 3.~.4-16 the yoke for the antenna is .:onstru..:ted in the moJuk .:onstm..:tion 

l.K'ility because of its brg.e dimensions. This reGuires the yoke to be made between the third and 

;c.mrth mooule and between the sewnth and eighth moJuks. Following yoke .:onstm..:tion. it is 

moved to the side of the module facility. At that time either the fourth or the eighth module will 

be constructed. During the construction of theSt' nu.lduks. the antenna is c1Jmpkkd so that it can 

then be attached to the yoke. After fo·e bays of eirher thl' fourth or eighth rnoduk haw bet•n .:om· 

ple!ed. the antenna/yoke combination can then be attached to th<.' modli.!e in its required location. 

Constmction of two more rows of !iays rushes thl' anlt'nna outsidt• the facility what• it then can be 

hinged under the module for its transfer to GEO. 

The first operation to occur once the moduks reach GEO is that of tht• bi.·rthing tor Jocking) of the 

modules. In the case of the pt;otovoltaic satdlite. the .noduks are l"terthl.'d along a single edge as 

indic:lted in Figure 3. 2.4-17. TI1e ma.ior equirment used to pcrfonn tht'S\.' hathing opl·rations are 

shown. The concept employs the use of four docking systl.'ms with each involving :1 crane and tnree 

control cal"tles. Variations in the applil.'d tension to the .:ahks allows thl.' modules to h1· pulk·d in. 

provide stopping control and provides attit11dl.' 1.:ontrol capability. Also requin:d in this "·on..:ept is 

an attitude control "Ystcm involving thrnsters which arl.' not shown. 
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Fagun- 3.2.4-16 Antenna/Yoke/Module A.saembly PhotovolUic Satellite 

120 



SATEUITE 
lllODla.E CN• 

SATEU.ITE 
lllODUU (11+1) 

F'tgllff 3.2.4-17 GEO Berthing Concept PhotOYoltaic Satellite 

121 

• MODULE MASS 
-atT02411KG 



0180-22876-2 

In its shipment position the antenna is attached below the module with a single hinge line. Once 

GEO is reached. the antenna is rotated into position followed by the final strn~tural and electrical 

connections. as indicated by Figure 3.1.4-J 8. 

The overall integrakd constru..:tion and tram.portation timdini: for this "'-'t}ui:n~e is giwn in figure 

3.1.4-! 9. Detailed supporting timeliues are presented in Volume V of this report. 

3.2.4.1 SPS Options Construction Comparison 

The difference in crew size and distribution of crew is compared in Figure 3.~.4-:?0 for the two 

satellite concepts. The photovoltaic satellite requires approximately 300 fewer crew, with all this 

difference occurring in the low F.arth orbit construction base. The reason for the larger crew 

requirements for the thermal engine satellite is the more complex construction oper.itil'ns. This con­

tributes to the construction indirecl ~rsonnel and support peasonnel manloadings. 

There are no significant differences in crew size between LEO and GEO construction. The differ­

ence is in the location of the majority of crew reflecting in differences in transportation 

requirements. 

Figure 3.2.4-2 l presents ROM mass estimates for the construction bases as well as crew rotation/ 

resupply comparing the 1-ihotovoltaic and thennal engine options. In the ~ase of the LEO construc­

tion bases, the photovoltaic satellite base is lighter bv approximately 3 million kilograms. The 

major contributors to the greater mass of the thennal engine construction ba5': are the large founda­

tion (structure) along with three extra crew modules for the 300 additional people and. as previ­

ously described. additional construction equipment. The GEO final assembly bases are approxi­

mately equal. Differences in the :mnual crew rotation resupply requirements reflects the 300 differ­

en1.:e in crew size. Base mass differences between LEO and GEO construction are not significilnt 

although the lo.:ations result in significant differences for transp,n1alion. 

The comparison of the unit cost oi the first set of constmction bases in Figure 3.2.4-22 indicates 

over a 4 billior, dollar savings for the photovoltaic satellite. These \'<tlues include a QC)'/; learning 

fact.-,r applied to each major end item. ff ransportation costs are not included.> The princip;.il dif­

ference in the facility cost is the tlm~c extra aew modules and the large difforence in construction 

equipment quantity. The differences in construction base cost and crew size were one of the signif­

icant factors in the detennination that the phctovoltaic syskm represents the preferred SPS 

concept. 
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3.2.4.8 Transportation Systems Background 

Some of the earliest studies of SPS's assumed that the space shuttle would be the primary means of 

transportation to low Earth orbit. These early itudies were more or less concurrent with studies of 

two-staged fully reusable shuttles then predicted to deliver payloads to orbit (on a shuttle traffic 

model) at about S.220/kg ($100/lb). Costs to GEO wc:.tld have fallen in the $660-5880/kg ($300-

$400/Jb) range. At th~ high transportation costs (take $800/kg as representative) SPS"s could have 

no more mass than 1.25 kg/kwe to bring the transportation cost even as low as SlOOO/kwe· This is 

just about the figure quoted for SPS's by the early studies; it was necessary to invoke advanced 

kchnology or optimistic design assumptions to offer any ho(>(' of achieving mas..;es this low. 

This was. in effect, placing all of the burden of technology advance on the SPS. assuming that the 

space shuttle. designed for a very different job. would be the best space transportation a\ailable to 

an SPS progran:. 

In 1974. during the early phases of the Future Space Transportation Systems Analysis Study spon­

son:d by JSC'. etimates were made that with a more plausible SPS technology. tran.,~1ortation c1)';ts 

would need to be as low as $45/kg (S.20/lb) to make SPS's economically feasibk. It was also recog­

nized that an SFS traffi..: modd would repr~·sent at kast JOO timl.'s the annual payload to low Earth 

orbit extant in the then current bO flights/year shuttle traffic model. An investigation of design 

trends by D. Gregory {1uickly ind~..:ated that vehicles aimed at such a market would be larger. fully 

reusable. would emphasize payload delivery with little or no return capability. and would :10t have 

too mu..:h difficulty attaining the S45/kg target. 

Subsequently. the Heavy lift launch Vehicles study. sponsored by JS(' and later managed by 

MSFC confimted theSt'. results. prcdkting $33/kg ($15/lb) for the whide dl·pkk·J in Figure 3.:'.A­

.:!3. Subsequent mon.· detailed operations analyses. under a continuation of the same study. c:on­

firmcd this figure. During this time ( c:irc:a 1976) it was believed that SPS pa~ loads woul,I hl· wry 

low in dt.•nsity, as low as .:!O kg/m3. Accordingly. the whide illustrated had a largt• cxpendahk 

shroud. The shroud. whic:h had tP he replac:ed for each flight. l'Otltributed $3.8 million to the .:ost 

of each flight 

As payload packaging and pac:kaging density analyses evolved during the current study. an awragt' 

payload density of 75 kg/m3 appe.ned achievahk through mixing of diffrn:nt payload types. This 

inc:reasc was largely Jue to the increase in stnictural dt•nsity afforded by beam machines. 
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3.2.4.9 Transportation Requirements Summary 

As a part of the current study, a significant effort was made to understand and document SPS trans­

portation requirements. The results were presented in Volume IV of the Part I report. A synopsis of 

those requirements most important to vehicle design and selection follows: 

Catgo Launch Vehicles (He11vy Lift Launch Vehicles, HLLV'sl 

These .ehicles have the primary functior of delivering heavy cargo to low Earth orbit. Most of this 

cargo will be SPS hardware a'ld orbit tra'lsfer propellant. Low cost per unit payloaJ mass delivered 

to low Earth orbit is an overriding requirement. The following general vt>hicle requirements were 

identified: 

• Recurring co~t should be minimized. Accordingly, the vehiclei. should be com pk i:ely reusable, 

with a design life of at least 300 flights, capable of fast recycle after use, employ low-cost pro­

pellants and minimize propellant energy consumption. 

• A large payload volume capability should be provided. A payload density of 75 kg/m 3 is 

needed to allow mass-limited launch operations. 

• Large payload mass is desirabk. Vehicles in the range 100 to 400 (metric) tons payload cipa­

bility were studied. The high end of this range is desirable for a mature program; the smaller 

vehicles mky be adequate in a :tevelopmental or early commercial phase. 

• Vehicles and their launch facilities should be capable of SU$taining high laund1 rates. reaching 

about 10 nights per day after several years' operations :md should allow salvo launches of two 

to five vehicles at roughly 1-m .. ;ute intervals. 

• The upper stage of the vehicle !or the entire vehicle, if a single-stage system) should be c:ipable 

of flying to an opc:ation base in low earth orbit to deliver its payload. Payloads will he palle­

tized. A change of the launch vehick from payload configuration to tanker ccmfiguration 

si10•1ld he p•Jssible at the launc!1 site withou\ major disruption of launch prncessing operations. 

e The design rcforencc launch site is KSC'. The design reference orbit is 478 km altitude at 31° 

inclination. 

• The vehicle should be designed for minimum enviror.mentat impact. This i::tcludes ( 1 l selection 

of propellants, engin.: cycles anJ flight profiles that minimize atmosphere polluth:m and (2) 

remote launch and recovery operations to the degree necessary to control noise. 

• ht the event of an abort. recoYery of the vehicle is given priority over recovery ,,f the payload. 
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• - De-wllides .... haw a mum payload captbility of roughly 16; of deivery capability to 
. -

ltkM !or ...... or aaptl taatas and payload pallet$. 

'm II I Ill da V 1•'clls• 
Tile penonad launcb Yebide -.s assumed t..-. be an uprated shuttle with the payload bay convert'~ 

to be capaNe of~ 7S passc.m.. A liquid booster was assumed to replace die solids to 
ft'4uce cost per fliglll and~ pollution. 

Odlil Trmsfer Ye!lid!s 
Orbit transfer ftbides (OT\Ps) serw to tnnsfer crews and cargo between low earth orbit and gee>­

~omit. Orbit transfer vebk.ie requirements are summarized as follows: 

• tow COSl is paranlOURt. Accordingly. the orbit transfer vehicle should use liquid oxygen and 

liquid hydrogen as propellants, should be completely reusable. sho-..ld be stag00 to improve 

efficiak.-y. slo.ould permit fast turnaround. and should be capable of at least 50 reuses. 

• Spac~-basing is d~·sirabk. The vehk~ s.'lould be designed for efficient on-orbit propdlanr trans­

fe.- from t.mker . Sel' .t..'t'S SU\.-h ~ propellant transfer pumping may be protid~ by an opera­

liolb hr~. 

• Mission duration capability should ~ a minimum of 7 days. 

• It sh."lUld be a desitn pJ3I to eliminate aU ftuids requirements eit~-ept LO:! and Litz. in onicr to 

simrlify ~t ..ervicing. 

• The OTV should be matched to the cargo laun..:h vehicle in the sense of havin!! the capability 

to deliver an entire orgo payload to ~EO without repaddn~ at the LEO basL·. No cargo return 

payload is n..~uired for this mission .:asc. 

• For crew rot3tion missions. a crew module will bt- prcvidnl as a payload for tne OTV. Round 

trip capability is required for this payload. 

e The OTV shall be desipk'd for crew s.:1fety. llw OTV flight profile shall avoid. l'\·cn as. a tr:ms­

ient condition. state vct.."tors that do not represent a stable earth orbit from which a n-scuc c::n 

be a<X.-omplis~. 

Electric Propuhion Orbit Tramfer S~f'll'I 

The study indicated that minimum SPS ~ystcm cost could ~ realiZCll if SPS moduks an- con­

structed in low earth orbit and transfc:Ted to GEO under their own power using electric propulsion. 

Elcdrk propulsion hardw;m· must be [ttcd to t!lc modules for this purpose. (~·ncrnl rct1uircmcnts 

arc as follows: 
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• Low cost is paramount. Therefore the electric propulsion hardware should be effacient (to 

minimize power C011511111Plion aad n:sultaat design scar on the SPS modules). It may be desir­

able to avoid the necessity for return of the electric propulsion hardware to low earth orbit for 
~ 

n:u-e. Tllerefoie. this banlware mould be desiped for lnw production cost and minimum con-

sumption of critical materials. 

• fbe propellant should be plentiful and non-polluting. e.g. argon. 

• The thrusting system should be capable of lalge gimbal angles as required by flight control. 

• The system sh...U provide power processing as necessary to minimize total cost. including 

design/mass scars !lll the SPS modules. 

• The system sLll provide chemical tbrust capability (total impulse and thrust level TBOt as 

necessary to control SPS module attitude when module power is not available. Up to 90 min­

utes chemical thrust operation shall be possible without module power. 

• The system lsp shall be selected for minimum overail SPS cost. Oependinl! on SPS characteris­

tics. lsp's in the range :?500 sec to 7500 sec may be desired. 

• The system shall be capable of at least 5000 hour.. operation without ent1 .inl! the wearout 

regime of failures. 

• The system shall rrovide its own services. e.g. thermal cor.trol. drawing only unpnx~ 

power antf possibly control signals from the SPS module. 
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3.2.4.10 Paylold Pacbainl 
Payk>ad packaging considerations affect both construction and transportation operations. The 

pactagina analysis for the photovoltaic satellite reflects the structure fabrication approach (beam 

machines) and the first defmition of the antenna. Packaging density and the number of units are 

presented in Figure 3.2.4-24 for the ....,r components. The component prnenting the greatest 

problem is the antenna subarrays with a median packaging density of only 28 kilograms per cubic 

meter. The payload shroud requirement had previousl)' been set at 75 kilograms per cubic meter. 

Analysis has shown that since actual payloads have irregular shapes. the dfective density of the pay­

load within the shroud will be less than the average of individual componellt densities. 

An estimate for the mixing of the various components for delivery to LEO is iflusrrated in Fi~re 

3.2.4-25. The number of flights indicated are for the mix of components and arl' not meant to be 

indicative of t'le actual launch sequence. The dominating item was the antenna su~arrays included 

in 246 out of ~.i; total flights (of identifiable hardware). Fortunatell. the high den~ity solar arrays 

can be used to otTset the lower density subarrays during most of their launches. Unlikl' the Part I 

analysis where only about 25 to~ of the payload silroud was used tantenna undefinco\. a more 

~'Ompletc understalkling of the antenna and desire to deliver subarr.i)-s fully assembled has r..·Stdted 

in using the entire vO:um~ of the payload shroud in order to achieve a mass-limiled launch con:h­

tion. The compor.ent density for the ('hot0\·1.,!tak satellite reaches avc~e density of approu · 

mately q5 kilogr.ims P<" cubic meter is indicateJ_ The reli:rence ~3 meter by 17 5 mctt"r payload 

envelope wilh a volume utilization factor of 0. 7 •\!quires a component density of q3 kilograms per 

cubic meter in order to re;Jch a mass limited condition. 

The thennal engine satellite component density is approxlmateiy t>o kilograms per cubk meter 

primarily due to the low density of radiators. reflecting facets and antenna subarrays. Should the 

antenna subarrays be divided into a waveguide/structure section and klystron tube section. the 

density would go up to 76 kilograms per cubic meter. This. however. requires as..-.embly of the sub­

arrays in orbit which is deemed undesirable. Consequently. the them1al engine con.:ept presents a 

difl"kult .:ase for a.:hieving mass limited launch conditions. 

The number of flights shown in Fi!-'lare J . .:..J-~o for the photovoltait..· satdlitc retlect mass limited 

launch conditions. The thennal en~n'-· case is shown for both an expcnJahk shrot11.I lall?e enough 

to read1 a mass limited condition anJ a reus:thk shroud (•ption. launch cost for these options arc 

com1,art·d in thc third set of bars in the ligurc. f ''r the thermal cn~inc system. th\.· '-'X Pt'n1.iahl!.· 

shroud shows approximately a 300 million dollar savings rer satdlit..· as 1..·ompan.·d with a n•usahk 

sh;"Oud Ju1: to the low cost ( ~ million dollars\ for the c'\pcndahlc sh Mud \\h ... ·n t1f'!.!l' qu;mtitks ar1..· 

pr~ured. It should be noted that the them1al engim.• s;itdlite will :tlso utiliu n·usahk shrouds for 

the deh\'ery of crew and supplies and lklin·ry of constn11.:tion requirements. 
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The most important condusions from the packaging and payload density studies were: 

• Payload volume requirements are a major design consideration for the transportation system. 

espcciaDy Earth la-ancb vehciles. A payload bay computed density greater than 75 tg/ml is 

likely to result in volwne limited launches with attendant cost penalties. Payload physical siz.es 

are lalJe. Penalties associated with smaller payload bays have not been adequately assessed, but 

diameters of at least IS m appear to be high)y desirable. 

• Achiewment of adequate payload packaging densities requires mixing of component types for 

most launches. This means that (I) a payload unpaclcing area and crew will be required at the 

construction base; (2) some warehousing wiD be required at the construction base; (3) antenna 

and energy conversion elements of the SPS construction activity must be served by the same 

logistics network. 

• When payload packaging is taken into account. transportation costs favor the photovoltaic SPS 

over the thermal engine option. 

3.2.4.11 Transportation Vehicles and Systems 

Two primary launch system options were characterized, a ballistic two-stage heavy lift vehicle and a 

winged two-stage heavy lift vehicle. The differences in performance between these tw~ options were 

well within the uncertainty of performance estimation. 

Figure 3.'.!.4-:!7 compares the HLLV options. The principal issue between the two syst~ms is sea 

landing versus land landing. The sea landing mode requires restart of some of the rocket engines (or 

start of special landing engines) for the powered letdown into the water and the hardware is ex.posed 

to the sea saltwater environment. There is also some uncertainty associated with landing loads to be 

experienced upon water contact. The winged land landing vehicle avoids these issues. Because of the 

sonic boom profiles for ascent and reentry of the vehicles, and because the winged booster requires 

down range land landing. the winged system introduces significant launch :and recovery siting issues. 

No suitable down range land landing sites are available for KSC launch. Potentially usarle sites.. with 

regions of significant sonic boom overpressure being under government control. exist in the south­

western United States. These sites are further north than KSC .md introduce additional performance 

penalties associated with the plane change required to achieve a zero-inclination geosynchronous 

orbit. Other alternative sites have not been identified. 

Both vehicles described have a liftoff mass of about l 0.000 metric tons (more than 3 times the 

Saturn V lunar rocket). and a payload slightly less than 400 tons to the reference 478 km. 3 t0 orbit. 

The winged vehicle does not meet currently-recognized payload bay volume requirements. Both 

vehicles have a calculated cost per flight in tile $8 million range at high launch rates. Cost per flight 

calculations are described in more detail in Section 3.2.6.3.3. Detailed vehicle descriptions are 

provided in Volume V of the Part I Final Report. 
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The shuttle, with the addition of suitable crew accommodations in the s,1ayload bay and a new 

liquid propellant booster to reduce cost and atmosphere pollution. has been selected throughout the 

SPS studies as the bash: crew launch and recovery vehicle. This modified M"luttle ~·apable of carrying 

50 to 75 people to orbit and bat:k is shown in Figure 3.:!.4-::?8. 
111"$YI 
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Crew /Carso Orbit Transfer Systems 

Transportation operations may be required to support construction operations either at low Earth 

orbit (LEO) or geosynchronous orbit (GEO), depending on which construction location is finally 

selected. In either case an orbit transfer vehicle system is needed to carry crews. crew resupply 

logistics and priority cargo to geosynchronous orbit. Earlier studies has investigated a variety of orbit 

transfer vehicle options and selected the configuration illustrated in Figure 3.:?.4-.:?9 as represent..., 

tn·e of a coste0ptimal system. It is a space-based oxygen-hydrogen reusable :?-stage rocket system 

refueled bv Wtker.- brought to LEO by the heavy lift launch system. This vehide setves to deliver 

crews an<! cargo to GEO from the LEO base. Up to 160 crew can be carried from LEO to GF.O and 

returned by this vehicle. with a large crew module as payload. 

Both stages have identical propellant capacity. The first stage provides approximately :?/3 of the 

delta V requirement for boost out of low earth orbit at which point 'it is separated for return to the 

low earth orbit as well as providing the remainder of the other delta V requirements to place the 

payload at GEO. and the required delta V to return the stage to the LEO staging depot for reuse. 

Subsystems for each stage are identical in design. The primary difference is the use of four engines 

in the first stage compared to two in the second due to thrust-to-weight requirements of appr.:>xi­

mately 0.15. The second stage requires additional auxiliary propulsion due to its maneuvering 

requirements in tl~e docking of the payload to the construction base at GEO. The OTV shown has 

been sized to deliver a payload taken directly from the laun.:h whicle (400 000 kg). As a re~lt. the 

OTV startburn mass is approximately 890 000 k~ with the vehicle ha' ing an overall length of 56 

meters. Main engines use a staged-combustion cycle at about 14 MPa (1000 psi) chamber pressure 

and deliver an tsp of 4 70 seconds with an area ratio of 400. Auxiliary propulsion uses a thennaUy­

expelled pressur.?-fed O:?H:? system with a chamber pressure of abo.it 700 kpa ( 100 psi) and a 

delivered lsp of about 400 seconds. 

During Part I of this study. the natural question arose ... why not make the tanker into an orbit 

transfer vehicle and operate Earth-based?". This was investigated. and it was found that the space­

based vehicle had about l S~t !letter performance, yielding lower .:osts. There are two primary 

reasons: 1) the space-based vehicle need not be structurally designed to withstand iaunch loads with 

full propellant tanks; 2) the inert mass of engines and other subsystems needed to make the tanker 

into a vehicle need not be hauled back and forth from Earth to LEO. Concurrent with this SPS 

study. an orbital propellant depot study by General Dynamics has identified practical means of pro­

pellant transfer with minimal losses. The space-based system was selected as ti.~ preferred option. 

If the SPS is constructed in low Earth orbit in a modular fashion. the electric generating capability of 

the modules may be used to drive electric propulsion systems to effect the orbit transfer. Each 

module is equipped with electric propulsion install3tions. propellant tanks and the other subsystems 

necessary to convert it into a powered spacecraft. A joint cost optimization of lsp and trip time 

resulted in selection of a 180-day transfer at 7500 seconds electrical ISP. The cost of invested capital 

has a significant inlluenn~ on the optimization as illustrated in Figure 3.~.4-JO. This occurs because 
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the transfer time causes a delay in the SPS entering service. Consequently. interest costs on invest· 

ment in the SPS accumulate during the tr.msfer: these costs trade against the reduction in thrust 

level (and therefore installed propulsion hardware cost) that ~1.:urs with acceptance of longer trip 

times. 

The effective lsp of the orbit transfer system. after accounting for losses for attitude control thrust· 

ing and the use of chemical propulsion during transits of the Earth's shadow. is about 3000 seconds. 

This high effective specific impulse provides a major reduction in total freight ddivecy to low Earth 

orbit. The L02/LH 2 orbit transfer vehicle requires about 2. 1 kg of propellant per kg of payload 

delivered to GEO. The high-specific-impulse option requires arout 0.25 kg of propellant per kg of 

payload delh\!red. The net effect is a SQC,l reduction in the required ,umber of heavy lift launches 

from Earth. There are a number of negati\·e factors associated with the high spedfic impulse "self· 

powered" mode. but taken in the aggregate they exhibit consider.ibly less ..:ost than the saving" in 

Earth liiunches. 

The arrangement of a photovoltaic SPS module as J powered spacecraft is shown in Figure 3. ~ .4-31. 

One-quarter of the solar blankets arc u~d for the transfer: the rt•mainder arc deployed frcm their 

shipping boxes after the moJule rea..:hes geos\·n..:hronous ort it. The blankets used for propulsion 

power will be degrad1.·J by van Allen bdt radiation absorbed iuring the traP.st~r. They will be 

annealed during thl." linal d1e..:kout and preparation pro.:css. The antrnn•i'- are also t-uilt at LEO. 

and are transporteJ by two of the eight modules. 

J.2.4.12 LEO/GEO Operations Comparison S11mmary 

There is little differen..:e it: orbital i:rew size between the two 1.:onstru..:til.m lo..:ation ..:oneepts, 

although the distribution of personnd is eonsiderahly different <!S shown in fi~ure 3.~ A-3~. 

St:iging depot and final assemhly mannin)! requircm..-nts w1.:n.· also found to he nearly the saml'. 

Sever.ii key environmental fadors should be .:onsiJ1.·n:J when .:omparing the two .:onstrudion 

location options. 

One of th>: main differences between the two ..:onstrui:tion loc:ition options is the large amount of 

solar tlare shielding which mu"t be provided for all -.·re\\ modules located at GEO. Steady-state 

radiation would make EVA at GEO ..-onsiJerably worse than at LHl although only a bare minimum 

of suit E\' A is anticipated in either caS\:. 

Occultations of lhe eonstruetion base at LEO oenir I::. timl's a Jay. whik a basl' at GEO is only 

occulted 88 times pl'r year. The prin,·ipal effeds l)f u .. ·_.ultatilm arc on tlw dedri..:al po\Wr supply 

and thennal aspcets t'f the stmeturc. The GEO option rl·quirl.'s less power. less array power is 

needed to recharge thl' ni..:kd-hyJr,)gcn hattaies us1·d for oe..:ultation periods. The P•'"' .ilty fo1 the 

larger power system is rdat1vdy small with low mass. ;~'"" 1.:ost solar arrays. Although a l>EO ba~ b 
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mo1e continuously illuminated. the constmdion base itself oroducl..'s shadows. Consequently, both 

constmction locations rl'quire a large amount of po\h'r for lighting purpo~~s. USt' of graphite1 

epoxy structure in 1'oth the satellite as well as the constnKtion haSt' stru~·nm• should minimi1e the 

impact of them1al efft:ds. 

Most conso.:-udi(ln concepts will orient the construction base so it is passively stable for attitude 

contrcl and minimize gr.ivity gradient torque. Although the LEO .:onst: i.Al.'tion '-'aSt' required con­

siderably more orbit keeping/ atti:ude control propellant per day. it still results in less than one 

Hl.l V laund1 per year for this propellant makeup. 

Orbiting debris from man-made spa~·t• systems has resulted in some 1.:on.:em rl'garding ·:ollisions 

during LEO constmction. (The tlux of obJe,:ts is much greakr at LEO than at GFO. l T w~ analysis 

..;unducted has indicated the potential l.'ollision problem is greater \llith wmtructit~n in LEO. how· 

ever. simple avoidancl.' maneuvers l.'an rl.'duce :ht' prol-ahility of bdng hit to 11.·;tr z1.•ro. 

The \.ollision analysis was done for an l.'nvirnnment predi ... :tt·J for the yl'ar :ooo in.:luding an addition 

of 500 objects per year sim·e 1975. Results of this analysis indkatt·d that the LEO ..-onstrudion 

approach could haw forty additional '-·ollisions if no prl'\l·ntiw adion is t:;h•n. Howl.'vl.'r. 

resl'heJuled orbit altitude '-·orrl.'ctions l.'an essentially diminatt• the pwhkm of collision with little or 

no additional penalty. as 1llustrakd in Figure -~·~.4-.~3. Thrust moJulJtion or knninatitm during 

orbit tr:msfrr l·:m abo b,· used to prl'\.l'llt '-·ollisions. 1111.·rl' should hl· no Jiffa,·n.:l' bl.'l\h'•'ll thl· two 

construl.'tion llK:1titms r1.·garding the num'1l'r of i.·ollisions. Tht• LFO '-·onstrudion appwad1 1.loes 

require slightly differ1.·nt op ... ·1 :1tions. induding the 11s1.· of 1.khri" tr.1'-·king anJ \\ arning s~ sk·ms. 

The design impai.·t on the satellite for the .. :ase of LEO cnnstrudion and sdf-power has hel.'n 

desl.'riberJ earlier in the description of the photovoltak satdlik. :\summary of tlw Kl'Y ikms ;s 

rrl·scntl'd in Tahk 3.~.4-1. St)br array owrsi1in!! t'i' ~ p1.·r.- ... ·nt ha" b1.·,·11 irk·luJ,·d ll• '''ll11'1.'n,;1h' 

for the inability to l.'ompktdy ann1.•al out all tlw dJmag1.' IP th ... · \.·dis 1.·;n1s1.·d b~ radiatitlfl ol.'.:urnng 

Ju ring transfrr ar.d for th,· mismai...h in \l)lt;tgl' and ,·11rr1.·nt ,,utpu t b1.•t\\ 1.'1.'n tl11.· dam;1g1.·d ;1nd 

und:im.igcd i.·dls. 

Thi.' structurai impa1.·t indudl.'s both that of modularity and owrsizing. Modubrity in.:ludes 

additional wrti1.·al n11.·111bers us1.·d around th1.• perirnl'tl.'f Pf th1.· s;tkllit..· 11101.luk .rnJ lat.·ral h:ams ;!! 

tltt.' end of thl' nwdu!~s as wdl as tht· pt•naliics for tlw transti.·r of tlw 15 mi!lilm kg antl'nna sup-

11ortcJ unJt.>mcath the moduk. <.It sh1.-'uld b..: note1.I that all m01.luk strudml' h.1s l"ll'en sized ti.' that 

dktated tiy thl.' moduks used to t ransfrr till' anknna.) 

Th1.· powa distrihutwn pl'n:ilty is rdated to th1.· additional kngth llf bus .. -.1us1.·d b~ th1.· tnasi1ing .. ,f 

the array. Th1.· total mass Pt'nalty for a LE0-1.·nnstn11:t1.'d sat...•llik b appnn;imatdy 4 . .:: milli\ltl kg 
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tor the selected self110wer tnnsportation system. It ~d be noted that the array oversizing and 

power distribution penalty depend on the particular performance characteristics selected for the 

srlf~ syste.n. 

Transportation requirements associated with the payloads of each construction location concept are 

shown in f igul'f' 3.2.4-34; no OlV propellant mass is included. 

Tile diff err.ce an satellite mass reflects the structural mass penalty of the additional vertical and 

lat~121 membe"S and loads caused by transfer of the antenn~ OversWn& and power distribution 

penalties are all a function of orbi · transfer cllaracteristics and consequently are chargeable to the 

orbit tm.sfer system itself. 

Differences in crew and supply requirements delivered to LEO primarily refk.ct additional orbit 

keeping/attitude control propelant requirements. The key difference. however, is in the mass which 

must be delivered to GEO. 

Facility transportation requirements reflect the initial placement task as well as. in the case of the 

GEO bases {both options). that mass that nust be moved to the longitude location whe-re the next 

satellite is to be constructed. The prim:ipal difference in the two main construction bases is that the 

six 4.."fCW modules in the GEO concept each have approximately 11 S 000 kg of additional mass for 

solar flare shelters. 

A reosr signif ICallt factor in the comparison is the difference i:1 the number of launches required to 

support each construction location option. The number of flights indicated in Figure 3.:!.4-35 are 

only those relating to the delivery of satellite componenli and orbit transfer provisions for the 

satellite and are !"or the case of constnKting four satelJites per )' .~ar. As would be expect;..'d from the 

transportation requirements presenkJ earlier. the LEO constructiOI: optio'l requires only half as 

many Earth launches as the GEO construction option. 

Total transportation cost for the three major system elements is presented in Figure 3.:!.4-36. Cost 

is related to that ~iated with one satellite. but reflect rates associateJ with four satellites per 

year. The Earth-LEO bar increments reRect the cost of getting payloads to LEO. Accerdingly. the 

LEo-GEO increment relates to cost of refueling orbit transfer vehicles ar:d their unit ..:ost. In the 

case of satellite delivery, the intere~! im:rement relate5 to the ;;elf-power tril" time of 180 days and 

the additional interest accrued. (Note: Revenue is not lost. only delay;·d 180 days-the same 

revenue period still t>xists.) 

The dominatinf .. ctor in this comparison is ttiat satellite transportation witil LEO construction us;ng 

self-power pr\lVides a S:? billion (33% savings) over the GEO construction approach. Crew rot;ition, 

rest·t>p;y tretnsportation cost arc also S 150 million (36'f) lower for the LEO construction concept 

along wili1 a S:!OO million savings for the initial placement of the construction ba-;es. 
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3.2.S Uncertai:•ty Analyses 

One of the important oL'_tectives of the study was reduction of uncertainty in mass and cost for the 

SPS systems. Assessment ... ~ the attainment of tl!is objective required a fonnalized uncertainty 

analysis. 

Perfonnance (efficiency in the case of Sl"E~ and mass are the primary technical measures of uncer­

tainty. C:ost uncertainty tends to follow: th~re are additional cost uncertainty fact\)l'S not directly 

associated with perf onnance or mass. 

History records a dismal tt-ord of mass and cost growti. in aU manner of projects. Curiously. some 

of the worst cost over. uns h.n-e occurred on relatively muno.;11e projects such as construction of 

domed stadiums. \One wonders what the cost overrun was on th~ Roman Colosseum.) Enough 

examples of ..-.ass growth ha\-e been collected for aerospace progra."lls to allow some statistical 

measures t•.1 be taken. Figure 3.2.5-1 presents a statistical prediction o~ mass growth for various 

classes~. systc-ns in aerospace systems. Included in the .. new concepts" .~tatistics are systems such 

as the '-,onoorde SST and the Apollo lunar spacecraft. the latter are also ind•Jded in the manned 

spac-:craft statistics. The SPS should presumably be classed as a new concept: it can be seen that 

history would suggest a probable :?5Sf mass growth with appl'C\..iable risk that much greater growth 

Wf'uld occur. 

Three potential types of contributors to mass gro•"th w~rr- identified: 

• Program uncertainties. i.e .. the likelihood that program requirements mi~t change. 

• Conc~pt uncertainties. the likelihooJ that the design concert \\·ill change. 

• Design un~rtainties. the actual uncertainty in specific system design parameters or m mass 

estimates for given items. 

It has been a general belief that mass growth results primarily from the first two of these contri'"'utors 

rather than the third. The fonner. however, cannct be adequately treated by a t~chnical uncertainty 

analyses, e.g .• if we knew why a program requirement would change in the future. we would cilange 

it now. The uncertainty analysis perfonncd under this study considered only design uncertainties. 

It is pertin..: nt to discuss at this point a design phenomenon often called i11temal escalation. Airplane 

designs are notorious for internal eS\.·alation. which goes somethin, like this: A subsystem mass 

growth item increases the aircraft ma$S. wing area must be added to compensate. further increasing 

mass. more fuel is needed to maintain range~ more wing to carry the fuel. and so forth. These effects 

are positive feedbacks that amplify the dfect of any elemental mass change. ~tanned spacecraft 

have internal escalation comparable to aircraft. The SPS has little of it. 
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The uncertainty analysis mdhodology employed was newly develor<d for the study and included 

the principal steps indicated in Figure 3.:?.5-:?. The basis for the uncertainty analyses was itemized 

estimates in the uncertainties of component r<rformance. masses and cost. A typical c.>xamrle 

would be the uncertainty in solar cell efficiency and degradation. This is an example of the case 

where correlation exists betweeen the two factors: i.e .• more efficient cells tend to exr<riem:e some­

what greater degradation because the greater etficienL-y tends to be associated with greater thk..irness 

and experimental data indkate thicker cells degrade more. In developing the statistks in size. mass 

and cost. these kinds of correlations were taken into account through use of a bivariate normal dis­

tribution probability modei. 

Also providing input data to the uncertainty analyses was a conventional mass property analyses for 

the systems with estimated um.-ertainti;?s in such factors as strudural crippling criteria. solar ceU 

thicknrss and turbomachinery unit masses. Additional uncertainties were developed in system costs. 

sudt as uncertainty in solar cell cost per unit area and uncertainties in machinery costs. These uncer· 

tainties were coupled with the cost analyses discussed later to prepare the cost statistics.. Size 

statistks and ma~ statistics were combined to develop a joint mass/size uncertainty estimate and 

1113$ statistics and cost statistics were ccmbined to generate combined cost/mass uncertainties. The 

bivariate normal distribution model was used to statistically combine the uncertainties. with recog­

nition of correlations between component un'"'ertainties \\'"here significant correlations were deter­

mined to exist_ 

It is a ne'"-essary and important consequence of the bivariate nonnal distribution model that the most 

probable value for a design par.ameter is the mean of the estimated extremes. The normal distribu­

tion moJd is believed to he the most appropriate for this type of uncertainty analysis law of large 

numbers and ail that -and the assump~ions inherent in it were largely responsible for the nature of 

the results. 

The signiikath:e ,lf the .. -crHral mean 1:hara..-teristi .. ·s is e,·ident 1n Table .l.~.5-1. and dfi..-ienq siu 

worksheet for the photovoltai.: syskm. Note the signifa:ant difference between the mosi probable 
' ' size t I~.; km-• and the nominal siu t I 08 km - ). Because ~f this central-mean modeling charJcter-

istic. the uncatainty analysi~ ;n addition to estimating uncertainties. produced thl· unexpected 

result of predicting m:is..; grr ·th cqui,aknt to that llrcdicted by historical correlations. It had been 

~=!i~wd that mass growth wal> the result of unpredictable ,-ariabks. e.g. changes in pr()!!ram require­

ments. The outcome of this uncertainty analysis suggests that growth is more predictable than 

fom1erly belicwd and in fact results !:trgely from the natural tendency to set point design param­

eters on the optimis:ic side cf the actual uncertainty range. 

The un1.·ertainty analyses for tht' photovoltai.: resulted in the relative efficien1.·y tm1.·l·rtainty contri­

butions illustrated in Figure 3.~ .5-3. Also shown are the statistical combinations of all energy con­

versi,'ln efl\.·1.:ts and all powa transmis.sion dkcts. The energy .. ·onwrsion efk•:t is slightly less than 

the power transmission effect h1:.:ause ~ significant correlation hetween solar cell dfidency and 

radi:ttion degradation rcduc1.·:. the ._·omhirwu cff.._·...i of th ... ·se two parameters 1.·onsi•krahly hdow 
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Figure 3.2.S-2 Uncertainty Analysis Methodology 
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Table 3.2.S·l Photovoltaic End-To·End Efflclency Worklheet 

tPS0 1319 

ITEM NOMINAL MINIMUM MAXIMUM 

Su.11mer Sohtice Fa::tar .9675 ,9675 .9675 
Co;ino lo,~ (POP) .919 .919 .919 
Solar Cell Efficiency .173 . 148 .18 
Ra,Jlatlon Oo;ircc:!otion .97 .90 1.0 
Temperature o.~.;ircc:!ation .954 ,954 .954 

Cc"er UV De9rodaticn .956 .956 1.0 
Cell-tc·-Cell Mhmatch .99 .99 .99 
Pc.,el Lo;t Area .961 .961 .961 
Strin~ 12R .998 .995 .999 
Bus I R .934 .91 .961 

Rotary Joint 1.0 1.0 1.0 
A.1tonn.:i PoNor Dbtr .97 .95 .9a 
DC·P.F Con,,,llrsian .85 .eo .tl6 
Wcve;uide 12 .985 .985 .985 
Ideal Bca"n .965 .965 .99 - .. 
lntor•Subarroy Errors .956 .88 .97 
lntra·Suborrcy Erron ,9S1 .97 .99 
Atmo1phere Ab;or;>. ,98 .9S .98 
lnterr.ept Efficiency .95 .90 .98 
Ractenno RF•DC .848 .79 .92 
Grid Interfacing .97 .96 .98 

Produ:ts/Sum1 .0679 .0383 .09.) 
Sizes (Km2) 108.8 193 77.8 

3 0 Mal(• '9Xp (•2,822• Jx,042) • ,0675 slzo • 109,5 
30 Min •exp (•2,822 - 3ic.042) • .0524 size• 141.0 

LOG MIN LOG MAX 

-.0330 -.0330 
-.0845 •.0845 

-1.9105 -1.7147 
-.1393 0 
.... 0471 -.0471 

-.0450 0 
-.01005 -.01005 
-.0398 -.0398 
-.00501 -.001 
-.0943 -.0393 

0 0 
-.0513 -.02:>2 
-.223 -.1so0 
-.0151 -.0151 
-.0356 -.0100 

-. 1278 -.0305 
-.0304 -.010 
-.02:>2 -.0202 
-.1054 -.0202 
-.2357 -.0834 
-.0408 -.0202 

OGMEAN a Correlation• 

-.0330 0 
-.O!l45 0 

-1.8126 .0326 } -0.6 - .06963 .0232 (·.0009076) 0,0471 0 
-.0225 .0::>750 
-.01005 0 
-.0398 0 
-.00301 .0:>067 
-.0670 ,0091 

0 0 
-.0357 .0052 
-. 1870 .0121 
-.0151 0 
-.0228 ,0043 -~ 

-.0791 .0162 -0.3 
-.0203 .0034 (-. 0:>©366) 
-.0202 0 
•,062S ' .0142 - J-o.s -. 1596 .0254 
-.0305 .0034 (-. 0000361) 

-2.822 Sums Q"' 
.C0306 

n •• 0595 size. 124.0 
Corrolatlon prod sum• -.00131 

NotO•y.0:>306•.0'J131 • .042 

Cl -! 
f 
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R
8~ 
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and radiation degradation reduces the combined effect of these two parameters considerably below 

what a simple root sum square would indicate. The uncertainty in power transmission lir.k effa•iency 

is a principal driver on overaU system mass and c-0st uncertainty because it influences more of the 

system than does solar blanket perf onnance. 

Figure 3.2.54 compares the statistically-derived result for th¢ photovoltaic SPS with the worst-on­

worst and best-on-best results defined by combining all the most optimistic .:omponent uncertain­

ties and all the most pessimistic component perfonnances. As increased detail is developed in thi~ 

kind of analysis. the worst-on-worst and best-on-best extremes will continue to become further 

apart, while the statistical uncertainties will tend to change little and will approach a representation 

C\f true uncertainties. Significantly. the reference point design was outside the projected 3 sigma 

range for msss and size. This resulted primarily because the efficiency chain assigned to the refer­

ence design was more optimistic than the most probable efficiency chain defined by the statistical 

analyses. 

Figure 3.2.5-5 presents an uncertainty estimate for the thermal engine comparable to the pt~vious 

one for the photovoltaic system. Because the technology of the thermal engine system is somewhat 

more mature, it would be expected to project somewhat less mass growth and that turned out to 

be the case. An additional factor in the reduced mass growth projection is that a significant part of 

the size escalation is associated with the size of the concentrator which is a low-mass comronent of 

the thennal engine system. 

With costs induded in the uncertainty analyses, it is necessary to discriminate between the I SPS per 

year case and the 4 SPS per year case. For the 4 SPS per year case, an estimate was made that about 

Wif of the predicted mass growth could be removed by product improvement. This is believed to be 

a reasonable assumption since most of the mass growth resulted from increaf>ed size (reduced 

efficiency) stemming from component efficiency variznces. Proouct improvement efforts can 

improve co.nponent efficiencies without changes in the overall system design. As was true for the 

size and mass estimates. the reference design trended towards the optimistic side of the median of the 

cost uncertainties as shown in Figure 3.2.5-6. Consequently, one sees first a cost escalation at the 

reference design point and then a further cost growth associated with the mass growth projection. 

Note the very high correlation between cost and mass uncertainties. This corresponds to the histori­

cal indications that cost growth is frequently associated with mass growth. and especially with the 

compensation for (or removal of) mass growth in a system when performance requiremenl!i Jictate 

that mass growth be limited to predetennined values. 
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3.2.6 SPS Costs 

3.2.6.1 (;eneral 

One of the significant areas of emphasis of current SPS studies has been system .. usts, esped~lly 

recurring (production) costs of SPS units to utilities. The present estimates of capital cost range 

from $1700 to $2700 per installed kilowatt (of useful ground output) for a mod-est-technology SPS 

system using silicon solar cells or potassium vapor Rankine heat engines (the latter, of course, 

employing solar concentrators). Since the installed kilowatts are baseload power rather than peaking 

or intermediate. the comparison with ground solar costs is pntentially quite favorable. 

These cost estimates may seem surprising. Since it is hardly obvious that putting a power plant in 

space will do anything to reduce cost. some amplification is in order. Otherwise the critical reader 

may well be justified in considering the estimates as frivoious. 

Cost ultimately derives from tlte cost of materials, of energy, and of value added during production 

and installation. The SPS scores well on the first itnd the last of these. and on energy investment, 

scores a little better than typkal nuclear systems. 

Constructed and operated in space where design loads are virtually absent. a typical I 0.000 megawat 

SPS larger in area than Manhattan Island will ttave a total mass of l 00,000 metric tc..ns, about the 

displacement ma.ss of a large aircraft carrier. Over 6<Yk of the mass, be it a thennal engine or solar 

cell SPS, will be energy collection aod conversion equipment with the balance being supporting 

structure, power transmitters. flight controls. and so forth. The energy conversion equipment pro-

. ; Jes several times as much output per unit area as a ground solar unit due to the continuous 

availability in space of sun!ight of higher intensity. 

Our SPS designs have employcJ very little iil the way of exotic materials and are. except for their 

large size, relatively simple. The re;;eiving antennas arc also simple designs using ordinary materials 

(mostly concrete). With the receiving antennas included. the total materials required per kilowatt 

for an SPS are very similar to those for a converitional Earth-based plant: much less than for an 

Earth-based solar plant. 

Energy 
Lifetime ~nc!'gy investment to produce, install and operate an SPS is kss than for most energy 

alternatives e·.1en if the latent energy in fuel for the alternatives 1s not counted. The energy cost of 

rocket propellant for space transportation has been calculated to be from 2000 to 4000 kw th per 

kw e installed: therefore, tt:f' payback time for rocket propellani is less than six months: less than 

two months if energy grade is included in the cakulation. 
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Value Added 
SPS systems an\! their receiving antennas are primarily made of simple. highly repetitive elements: 

billions of solar cells (or hundreds of thermal engine turbomachincs); hundreds of thousands ot 

standardized structural parts; tens of thousands oi RF power tubes and associated cin:uitry: hun­

dreds of standardized electrical switchgear units and power processors; billions of recdver dipok 

elements on the grou.1d receiving antenna. All of these re1 .:titivc ekments are well suited to highly 

automated mass production. This mass producibi:ity is one of the keys to making SPS's at acct>pt­

able cost. Further, assembly of the SPS strudure in space provides the unique opportunit~ to ~r­

form the assembly. even of this very large area structure. in a semi-automat:d pr'lduction line man­

ner. This is true because the lack of gravity and wind loads allows moving the SPS with rcsp1:ct to 

the assembly facility with relative ease. 

3.2.6.2 Cost Analysis Approach 

In view of the mass production Pl'kntials. we adopted a dual costing approach: ror those items 

needed at production raks typical of aerospace products. we have used aerosp:.Ke cost e'tinnting 

practices. For those items needed at mas .. ; prodt11 .. ·tion rates. wi: haw used mass production L·ost esI!­

mating. The rclatilmships are illustrated in Figures 3.~.6-1 and 3.2.6-2. AerospaLe co~t experience 

follows a "learning" or impro\<ement curve. (Most of the improvement comes from learning how t0 

n.ake the production plan work. Mechanics learn qui..:kly.) Typi.:al experienct.' is an 85'; cur:!.': unit 

#2N will cost 85'k of unit #N. 7'27 jdliner production experience shows that th:· type of projection 

is good well beyond t:1c I OOOth unit. Aerospace estimates arc based on historical correlations of 

manhours. element physical characteristics. and compkxity. They are made at th.: subsysti:m or 

subassep1bly level. Despite a contr:iry reputati<:'n. the basic estimating proL·edures arc accurate. 

Aerospace cost varia11~·es can gene1ally be traced !O pridng and procure .i1rnt practices. and most 

sig.'lificantly to requirements and design changes. rather than to inability to cstimah' cost. 

A 111ass production proL·ess is facility an<l equipment intensive rather than labN intL'nsivL·. It dtx·s 

not follow an aerospace-type imnrowment L·urw. Historical correlations indkatc ;. :abnr ir.knsive­

ness relationship as shown in Figurr 3.: .n-'2. A mass production process reaches its labor rnst pla­

te~rn during the procl'SS 'hakcdown period :irHt then improw' no further unks~ the pnKess is 

changed. 

The overall mature industry 1..ost analysis methodology dcwloped for the study is shown in Figure 

3.1.h-3. It begins with mass estimates :md systl•m Jcscriptions for tne reference systems. The system 

descripti.~ns allow selection of C(lst estimating relationships. These :!re used to 1.·xercisl' the Boeing 

paramctnc cost model to generate an aerosp: :: cost estimate for DlJT&E and first unit -:ost. The 

aerospace first unit (Osis arc lhcn run through a mature i;1lh•stry analysis that applil'S produdion 
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ntc fact0t'l 4':\."0rdin, to the l'fOdudion rate required for ea'h system elemenl. The totaled mahU\' 

industry estimates are then adjusted for interest durin, \.'OnStruction and for cost powth \."'tll'ttS· 

ponding to mass powth as pttdkted by the un\-erlainty ~nalyscs. Thest" pro~idc lhe final rroJuc· 

tio!l ·1nit costs for l SPS p:r year 4 SPS•a p:r year. 

The mature industry -.-ostinJ approk-h was dn·eloped by Dr. Joe C1.1u~r based <ln infonnalion 

~doptd durin1 lR&D analyses of desien-t°'-'OSt. expcriem.-ed .. x11Sls for oommcr1..'ial aircraft and 

OIMr systems. and statistical 1..-orttbtions for finandal and rn.iduction f~ttlri for a \\·\Jc ,-;a~ty of 

"'-om~h.ial industoo. It v.-u jud,ed to be doirabk to spot-chedt the mature industry rmlktions. 

A total of five s~'t checks were mikk as indkarcJ in T Jble 3.~.n·I. These mduJ\"d sobr Nant.:~·ts. 

lfaPhjte 1.."0lftposite structures. klystrons. potassium vapor turbines. and clectro:naptCtk liquid 

potassium lttd pumps. In all cases. :he m:Uutt industry pmjection was ~II wilhin tht" uncertainties 

that would be expected for the kind of rost estimates bcir.g made. ~ on tb..-se o lmpks. we 
believe the mature industry ~thodo~y to bt.' an ap1•rol'rillt" cost c:-stimating pro.:cdur"• for SPS 

S)'Stftftl. 

J.?.6.l Spedf°IC' Cost Rf'SUlls 

~ SPS cost estimates 3tt ,"Olk~t~ ;a,.,,.,r-~!nr. \t\ the followin1 hittll·lc.•\0d •ork 1'r·:al~town 

SlfUCtutt: 

Solar Power Satellite 

MultipkJC'ommon Use l:'.quipmc:nt. e~ •• structux 

Enel'J)' Colle,tion Syst\"m 

Energy Can\"c'.'Non System 

Ekctric Po•-cr Pb.lrillution S)~tcm 

Power Transmission System 

Gn.lUlld Re"'t'iving Stati,1n 

l.3.'ld 

Rc1.."('i~;ng Equipment 

Pow.:r Colkction & Pr01..~ns 

Constru,hon C'l'Sts 

Sr~"'-' 1-li~t Orerations 

Transportation 

Constru,tion 
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Primary emphasis in the cum:nt study effort has been dire1:h:d to production ano in~tallation costs. 

Future efforts will investigatr mainterance costs: the wrv preliminary estimates that have been 

maJ1.· i11dkate that mainten.m.:e 1.'0St contribution t1.l de\'.tri.: ptl\\·cr 1.· .'.>St will be ..-om para Ne to that 

for 1.'00V\"ntional ground f'O""-er l'lants. 

Volur~ VI of this reftOrt rrescnts cost estimating ddails :md i:akul:itions. 

l.l.6.3.1 Sobr Power Satellile 

In the mul!tpk\·ommon use.- equipmc.-nt. the main stm.:ture is the.- pri11'.·iral cosr driwr. fhis stmc­

tun~ as a graphite tubular tmss. with individual tubular demc.-nts roughly O.~ m..-ters in Jiamet\'r and 

0.5 ;run in wall thkkn1.'S-". Th~ indi\·iJu:il dements ar·· arrangcJ in trian1wL1r truss ix-ams whkh are 

in tum arranged in the owrall SPS plan:ir truss structure. The mass oft~ entire stmcture is aro!tt 

ox I0° kg. Mature industry com:lations pr.:dided about S(l().L.g for this hardware (reaJy to shit' h.) 

sra1."e). Subsequl"nt manufacturing analyses for automatC"d pn.'l\.luction of these !>lnKtur.aJ ckrnents. 

induJing joints and fittin15. estimated S-4 7 to SS 7 rer kg. 

Solar cells and bi.mkets are the \."OSt Jriwr for the photO\'ollai.: SPS energy conn~rsion system tat 

concentration r.ttio I. there is no energy 1:olk.:tion systc.·m t. Solar .:di costs wen: analy l'ed in three 

ways: C I l Mature industry proje ... ·tior: C ~) Review of manufactur.:r's rm.~l.'tions: t 3 l l:n1.'f!.!Y cost 

check and re\;"·w 1.'f rroduction methods. Results an: summarized in Tahk .~.~-6-~. 

Current terr~trial nr.ty c~ts are at about SI 0 - S 1 ~ ~r wan. ahout a f;11.:tor of ;1bout 50 a how t i1e 

proje\.'tions. C'urre•1t annual rr,.Ju.:tion is about 0. 7 MWc. The" proJu.:tion r;itc .:orrdatior• dcscrilx-J 

abon• predicts Hk 'watt at 5000 MW e rer y·ear. Thl>se rat"· proje.:tions must ix- used wirh caution. ::s 

they will t1.•nJ 10 pn:dict 1.'0sts below material and c.-ncq:y costs at high rak-s. 

Therefore. a hasi.: 1.·nergy .:ost analysis was m.tdc: 

Solar .:dis arc vc·)· en.:rgy intensive. Prl'sented in Figure .•.2.1• · .m: rerr .. -scntah\e energy costs in 

kil,lwatt hours pt r kilogram of cells. Th"· en"·rgy payb:1d1. for Sl'l~ir 1.Yl'.• as a funi:tion of this cnerg~ 

cost is also shn· .• n on two si:aks •SPS and ground applii:ationsl. Pricin:,: the cner~y at .to mills per 

kilowatt hl,:!r. the actt•al cost of th1.· t•nergy is shown on the.· oubilk s1.·ak. 

Tht• main rt>ason tod:1~ ·s 1:el1s arc so intc.•nsrh' is ttut ~ idd~ •tr"· h'ry l'O<'L \fo"t ,,f lh"· "1li1.·1,n. Ill 

whicn 3 g.reat Jl·al of cner~~ is inwstcll. ~·nds ur ;JS W;htC (saw l..af ... ;Jilli trimmin~). Continmlll .. 

pro .. ·csses .:an prolialily n·ad1 J yidd rang.l' of <'O', h' !\'J .• m.1l..11tg. th,· pay had;. \1:ry ;\ttf;i..:hh·. 

F111.·rg.y n1"t is •l hasi.: factor in lhl' .:ost ,,f '''lar .:dk Iii....· makri.tl' C1"-t 111 l'111ld111)! h;mh' .tr,•. If tlw 

t'lll'r!-'Y 1.·ost is lidow 10 1.'l'llh 1watt om· llll!!ht "'"' fl':tSl'llahly ._·onfoknt lhal cdls in th.: ~O Cl'llh \\alt 

rall}!l'. maJc hy lll JUhlll\;111.'d production pro._.·s,. \hlUl.I h"' p1i-.,1hk. rJ1~· 1kh·lnpllll'lll of..,1ll.1r ,·,·II 

ltd 
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Table l.2.6-2 Solar Cell/Blank~t Costs 

(I) J. Gauger's Mature Industry Corrdation 

8.; to 17.t/Watt = 13.60 to :?8.90/M:? ({'ells Onlyt 

= :!:!.00 to S37.iM:? «Amy Panelsl 

(2) M:mufacturers Estimates 

(3) Production Rate 

10¢ to :?5i'Wau (CdhOnlyl 

"" 17.00 ro 42.SOiM:? ({'dis Onlv) .. 
= S.:!5.00 to SSO/M- tArr.ty Panels) 

Today SI0.000/M:? for 50 kw 

Then(l7.,.'6/50r!'2 = J>Ol7x I0.000(70~<-curve) 
= S 17 .00/M:? 

Energy Cost= sn.iM:? for S341M:! (t: t SPS/YR 

"' (4) Denman·s Estimate - S40/M• (Median) 

Average of these values is SJS'M:? (tf I SPS/YR: u~ S:?StM:! for 4 SPS!YR 
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production technology is a con1petition between the existing technology and potential new aech­

nologies (figure J.:?.6-5). Although the existing technology of !!rowing singk crystal boules and 

sawing them into wafers seems ill-suited to low cost production. an analOt?Y to the internal combus­

tion engine may exist. Although the IC engine seems ill-suited to propelling an automobik. the 

.. more logical .. technologies ha\-e never caught up. Similarly. improvements in sawing techniques 

(Such as 0.1 MM sawsa .:urrently being introduced. and automation of the proct.-ss may keep the 

Czochralski process competitive for longer than is often supposed. 

Because of the uncertainty and controversy regarding solar blanket cost pro~ctions. the sensiti\ity 

of the photovoltaic system to solar blanket cost is important. Shown in r igure 3.~.6-6 are the srudy 

median projections for one SPS per year an<l four SPSs per year compared to the Department of 

Energy 1985 goal and Department of Energy ,"IOSt-l94X> pro~ctions. Influence on SPS total system 

cost is shown for each case. Also shown are the comparative thennal engine system costs which 

indicate at what point an increase in solar blanket cost would motivate a change to t!le them1<ll 

engine system. This chan~ occurs long ~fore an Lnacreptable ..:ost kwl is reached. 

If solar c.-ells excee4 ~~;wau b~· \·ery much (an upper !imit is probably 3°'/watO. foe .:ost a.lvan­

ta~ of thermal engine ene1¥Y conn~rsion become com~llin!,!. SPS thennal cnginc.-s were .:osted 

based on similar equipment prc.-sently in production. such as aircraft jet ~ngines. Turhomachine cost 

estimates were provided by Gener.ii Ekctri.:. The thennal l'ngine s:,·,-tem indudt'" additional hard­

ware in the conc.-en:rator. thermal ca,·ity absork-r. and waste heat radiators. Tht' cost data ba~ for 

this type of hardware is comparatiwly strong. 

Considerable engineering effort was im·"-"Stcd in rower Jistribution analysis since large amounts of 

power are to be handled and rower distribu~ion mass\:-ost/effo:ien.:e opllmization is imp•.lrtant. 

Power distribution system elements were found to be well within the stak of tht' art and the cost 

not very si~ificant. 

The dominating cost driwr in the powt'r tr.msmission system was found lo be the." 70 KW Rf kly­

strons. of which nearly ~00.000 are needed. A detailed manufacturing c."O<°! <stlm.'te was dcvdoped 

by Varian under subcontract. con tinning a mature industry .:orrelation :stimate cf about S3000 per 

tube. Va1ian"s results are a function of production rate as shown in figure 3.2.n-7. 111~· !'!;:. ;1,·a' 

size of this klystron is about 0.2 m diameter by I m length. 

3.2.6.3.2 Ground Receiving Station 

Surprisingly. the ~round receiving station has been subject to larger variances in l ~ist rro.icdion th:m 

the flight hardware. 
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Until recently, receiving antenna (rectenna) costs had received comparatively little attention. 

Because it was a ground systc:m. it was taken for gr.mted that it would not exhibit a very significant 

cost. Ho•-ever, the receiving antenna covers a lot of ground area, 50 to 100 km.!, and therefore is 

more important than was thought. 

The most detailed study of the rectenna h.tS been by the Raytheon C'c~apany. They have devel­

o~d a design for the basic dipole-diode-filter element that is wen suikd for automated manufactur­

ing and have evolved a semi-automated rectenna construction procedcre ~ illustrated in Figure 

3.2.~8. Raytheon's current cost estimates are approximately St .!.00 pt r square meter. A more 

probable median estimate was also constructed at S2 I .00 per square meter of ground area. If the 

receiving antenna is made large enough to fill the entire main beam. rectenna costs are a major cost 

contributor to system costs as shown in the rectenn:t cost comparison chart. Figure 3 . .!.~9. 

The outer part of the beam. however. is very low in intensity. The energy in this part of the beam 

costs more to collect than it is worth. Accordingly. a rectenna size optimization is possible. as illus­

trated in Figure 3 . .!.6-10. The final estimate for the optimal rectenna is summarized in Table 3 . .!.6-3. 

3.2.6.J.3 Space Flight Operations 

As a principal issue regarding SPS co~.s. space flight oper.ttions costs have received particularly care­

ful attention. 

Transportation Cost 

For the most part, aerospace estimating techniques have been used for transportation cost as the 

production rate for vchides is not large enough for mass produl:'tion rnsls to be applicable. Costs 

are accrued in three primary and roughly equal categories: •nnortization of fled investment plus 

expendable hardware costs; operations direct and indirect labor l:'Osts: and propellant (i.e .. energy) 

costs. 

Minimization of tlcet investment requires the dcve1opmt'nt of completely reusable launch vehicles. 

This must be traded against the development investment re<'•1ired to at.:hievc the reusability. In ear­

lier programs. the traffic projections have never justifii:d the development expense. The space shut­

tle. for example. provides an approximately optim;zed level of reuS1bility for its projected traffic 

levd. The large traffic pro,iectians for a commercialized SPS. however. thorougl1ly justify a com­

pleldy reusable .~pace freighter. This is not so much new technology as it is a new markt:t. (Engi­

neering development of the SPS can be aci:omplished using the Shuttle. The new vehicle is needed 

for commercialization.) 

Operations dired and indirect labor costs for SPS transportation were estin1dkd based on detailed 

manpower requirements analyses for all tasl\ c:itegorics: these in turn were deri\'~d from Space Shut­

tle operations plans. Diffcrcm.:e factors <i:'lpropriate to differences in \·chicle Msign. size and launch 

rate were applied. 
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Table 3.2.().J Rectenna Nominal Cost Estimate @I I SPS/Yr 

BEAM DIAMETER 

RECTENNA INTERCEPT DIAMETER 

RECTENNA GROUND AREA 

RECTENNA PANEL AREA 

TOT AL CONTROLLED AREA 

13 KM 

9.36 KM , 
105 KM-· 

68.8 KM: 

(LAND AQUIS) 204 KM:!= 50.400 ACRJ=~ 

ITEM ESTIMATING FACTOR NUMBER COST/MILLIONS 

Mutt/Common 

Land S5,000/ Acre Acquis & Prep 50.400 Acres 252 
S10/M2 

., 
Prim Structure 68.8 KM- 688 
Control SI ,000/Subunit 500 Subunits 0.5 

Commun 50 

Energy Coll/Conv 

Support Str/ ., 
Gnd Plane $3/M2 68.8 KM.;. 206 

Dipole/Diode/ 
0.08 Ea@ 70 (M2/Element 0.983x 1010 Filter Units 787 

Power Distr. Sys. 

Busses Sat el Ii le Value 7 

Processors S50/KWe 4.65 x t0<1 KWe 233 
2.223 

= 4.446 for 2 Redl'nnas 
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Energy rnsts can be accurately cakulated from propellant quantities decer· , ,1 by !light perfonn­

ance analyses. As noted earlier, the energy cost is WOO to 4000 kwth per SPS kwe installeo 

Thennal energy from synthetic fuels has been estimated to be as exrensiw as 2¢/kwhth : .,ut the 

tum of the century. (OPEC oil is presently about half of that.) At U.lkwhth the wo.. <! ~nergy 

cost is $8u/kwe. 

Total transportation cost estimates are shown in Figure 3.2.6-11, in terms of l·ost per flight. for the 

winged launch vehicle. These figures represent about $20/kg to low Earth 0rbit: $4~ to S80/kg to 

geosynchro:1ous ori>it, or $450 to $800 per kwe for SPS installation (propell!int costs used in the 

figure include amortization of propellant proJuction and handli11g facilities I. Two modes of trans­

port frorr, low orbit to geosynchronous orbit were evalualed. Solar-electtic self-propulsion yields 

the lower of the two figures: the higher figure is associat~d with the use of wnvcntion:·I ro1:kcts all 

the way to geosynchronous ortit. 

Cost per flight analyses used the work breakdr ·Wll structure shown ir. Table 3.2.6-4. This structure 

is patterned after the shuttle user charge cost analyses but indudes two principal differences: 

<I) Because the large traffic model will wear out many vehicles. the production of . .1ick~ and their 

spares is amortized in the cost per flight: I 2) Production rates· .:quired will demand . •eral ship<;ets 

of tooling. The tooling n:quired to achieve the required r· .. es is also amortiLed agains! cost per 

tlig1 ... 

Sinct Vt: hide produdion is the most impdctant component of spa..:e tran:-.portation ~'.osts. it is 

important to compare the estimates to other similar systems. Shown in Figure 3.2.6-12 ar.- costs 111 

tem1s of dollars per pound for :-.cvcral :icrospan: vehicles including comrner;;ial aira;1ft :·nJ laun.:h 

vehicles, as well as the c Jculakd cost~ for thi: second ;tagc and first stage of the winged lau::eh 

vehi<.:1e systems. i\ll costs here arc expressed as the :1\.:ragc costs over JOO units with lea1.1ing curws 

applied as appropriate. nie ,:oinmercial aircraft are similar in complexity to the I;: .. _h vehicles. 

but a signifi..:antly 'n'alh:r fradion of the overall investment is in propulsion. "01c S-1 C Saturn 

booster stage is co1.:parabk in .:ompkx1ly to the first ·;tage of the wing-wing' chick. Shuttle costs 

are seen to he somewtiat higher than would be expected from the cost estimates hl.'rl.'. 

The main co<t difference bdween the snuttk orbiter and the SPS vehicks is that shuttle production 

uses protut:rT «1oling. Historical data shows manufaduring with prototype tooling to he l 12 times 

as e•:pcthive ·is \1.ith prududion tooling. However. even if shuttle unit costs Wl'TC used. thl.' cost of 

payload transportation would hi.' incrcas,•d less than $2/lb. 

Manpower cost estimates for condt11.:ting llw SPS transportation operatiom were madt' 0n a detailed 

task/t;meline/lwadrnunt hasis induding all i1;dirl.'d and direct tasks. Tht' cstimalt'S arc summari7.l'd 

in Figure 3.2.b-13. They were derivt•d from analogies and extensions of the l.'.ost c~timating base 

used to derive spal.'.e shuttle user dtargcs. In this illustration they are comp;··"·' with the marpower 

requirements and fleet sizes for majcr domestic airlines. The lcwl of over~ . ,ipnations is Sl'C11 not 
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to be beyond the experience of commen:ial aerospace vehicle operators today and the fleet size 

active at any ~ time is very smatl by comparison to commercial airline operations. The vehicles. 

of ccurse, are larger. but even if the left-hand bar is scaled according to vehicle size. the comparison 

of manpower and fleet size between the SPS operations and commercial airlines indicates the man­

power aU~alions for SPS transportation to be quite generous. 

Propellant costs are energy costs and. therefore, are of considerable significance in SPS transporta­

tion costs. At the left side of Figure 3.~.6-14 are shown the propellant mass a'ld cost distributions 

for the SPS vehicles. On the right hand side, the SPS propellant cost estimates used are compared 

with more recent data arrived from Boeing and JSC studies of large-;cale propellant cost production. 

Significantly. the propellant cosl estimates ust-d were higher than the m~re recent estimates. except 

in the case of RP-I, where the cost was \:Ommensurate with production of RP-I from oil. In the 

timeframe considell'd. it may be nL-cessary to use synthetic hyJrocarbons produced from coal. This 

might increase the RP-I cost signifaC":mtly. but the RP-I cost contribution to overall propellants was 

relatively small and this low estimate is more than compensated by the higher estimates for the 

other two propeUants. Further. if sYnthetic pwpellants are employed. a synthetic hydrocarbon 

Slk:h as methane or propane can re pn>Uuced at !ower cost th~n a ~n•helic hea\}' hydrocarbon. 

such as RP- I. 

Th-: cost Per flight for the hea"'Y lift 12· ·1ch vehide is dependent upon annu~ launch rate. being 

lower at high launch rates. Actual cost fo; the SPS systems used the parametric cost per tlight data 

shown in Figure 3.:!.6-15. Values ran~·d from about 13 million ddlars per flight for the one SPS 

per year case with LEO constmction to about 7% million dollars per flight for the four SPS per year 

case with GEO construction. 

Construction 

Constn.ction costs haw two primary parts: (.'OSt of supportir.g the aew in space and amortization 

of the "'nstruction fadlities in spa'-,'· C'i!w SUf:'ort co5-ts h;m~ been estim~kd based on the use of a 

modified shuttle for crew transportation. Tnis is coa~!"Va\in: in that a more advanced n·hide might 

profitably be used. and in that the S!atin~ c2pacity was wry ccnsen·atively estimated at 75 people 

(an airline interior in the shuttle caQ?o bay would easily se:it over 100 peopk )_ Construction f 1cility 

and constr:actior equipment must also be amorti~ed inlo SPS costs. 

3.2.6.4 Cost Results Summary 

The c~!s described are summ-riLed i~ Tallie J.::;.b-5 and sho~~;n in bar chart fashion in figure J.'.;.~­

J.:!.:!-16. ~ rn;ting details are presented in Volume VI <1f this report. 
1:1e bar chart shows results for eight combinat•:,ns of enagy conn.·~ion \) ~klil. p1.wh;,:tivr. rate. 

ana ··onstruction location. The silicon photovoltaic syst\.'m has a mode.;t cost advantag.: m·cr rhe 

thennal engine and low Earth orbit .:onstruction has a signifi.:anl cost 2d\anta~e owr ge\>Syn('hro­

nous constmdion. "Pie most important cost c::angc o.:curs with thl' pr3duction rate increase frow 

I SPS per year early in thl' program. to 4 SPS's pc; year in a i~!orc matur1o: opcr;.;tion. Prin,·ir ~• \.'OSI 
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Table 3.2.6-S Cost Summaiy 

Silicon Photovoltaic 

l SPS/vr 4 SPS/vr 

LEO GEO 

7442 7190 

4446 4446 

1109 1126 

6445 9780 

1864 1388 
3450 4034 

24.756 27.964 

LEO 

SPACE 
TRANS­
PORT A· 
TION 

CON­
STRUC­
T10N 

GROUND 
RECEIY· 
ER 

GEO 

LEO 

5581 
4000 

1109 

4188 

1154 
938 

16,976 

LEO 

SILICON PHOTOWL TAIC 

GEO 

5318 
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1126 

6522 

851 
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18.971 

GEO 

Rankine Thennal Elll!ine 

I SPS/vr 4 SPS/vr 
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7987 7987 5284 5284 
4446 4446 4000 4000 

1716 1768 1716 1768 
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t- 1 SPSIYR --f 
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reductions with system maturity occur in SPS hardware production, space tr&nsportation, and 

projected product improvement. The lowest capital cos< is achieved with the silicon photovoltaic 

system at 4 SPS's per year with LEO construction. The figure is approximately SI, 700 per kilowatt 

electl k including interest during construction and projected growth. Still lower figures might be 

projected for advanced systems, such as thin film gallium arse!'lide. 

Achievement uf the projected silicon photovoltaic costs is (.;rifically dependent on the development 

of a satisfactory mass production technology for single crystal silicon solar <..-ells and blankets. This 

mass production technology m;ay require continuous growth processe.~. but as discussed earlier. 

recent indkations of improvements in the technology presently used for .'Olar cell manufacture. 

indicate that automation of this kchnology may provide greater cost redu<..•ion than commonly 

SUpPQSed. 

The construction time of twc years is quite different th3n the typical terrestrial fig:1re of 8-1 :! years. 

This is be~use buil<iing an SPS ~ ;1 production line operation. Detailed timelines support a period 

slightly less than t\\o years from beginning to fill the pipdine ,, •th SPS parts to beginning of power 

tr.msmission from ~ace. 

The entire process of acquisition of an SPS by a t:· J.ity would probably take longer. The pro..-ess of 

acquisition vr' land for the recei\ing site wnu;d involve basically the same steps as ar~ required for 

any other kind oi I'<''' :."r plant and would t>ndoubtedly take just as long. But ~<;entiaily all ihe co:t­

struction costs are associated wilh the SPS hardware and space tlight operations: this major invest­

ment need not begin until about t\•·o years befor. the plant is to~ on the. 

l.2.6.S Cost of f:iectric Power 

Th.: bottom line for an SI'S system is its l'apability to produce power at an accep:.atiie cost. Tih· 

result shown in Fig~ire 3.:!.6-17 reprt.•Sl'nts the fin.II result of the co~tir.g and U:\Certainty analyses. 

Unartainties for bustY•~ p,"lwer costs indude 1;1c uncertainties in unit costs as w·ell as uncertainti<:s 

in the appropriate 1.·apital charge factor :o be applied and the p!ant fa.:tor at whkh the SPS can 

oper.He. 1 ;·ital dlarge fa.:tors from I :-1 S pen.:ent were considered and the lllant factor un1.·cr­

tainty was takl.'n as 70'i-QO';.. at one SPS p1..·r year a1:d g5,....,...95r; for four SPS\ per year. Thi.'~ 

uncertaintie~ were statistically combined with the ..:ost uncertainties derived ·. tile cost unccrtainry 

analyses. 

A study of energy and power costs i:ond11ctcd on IR&D pro·.-ided the proje..:tio11 of inneases in ele1.·­

trical power costs illustrated as the kfH•md hand of Figure J. ~.6-f 8. R::sults fr')ffl t:;i~ st11'1; are 

ploUed as the right-hand band. Thi' imJi\.·ates that even with a relatively ,·igoro•1s or~r.im to 

develor solar pvwer satdlitt.·s. by the time production ins:Jllations could begin. tlF SPS\ would be 

competiti\·e with altemali\·e energy sources. 
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3.2.6.6 Nonrecurring Costs 

An estimate was made of the nonrecurring costs required to construct the first SPS. In order to 

accomplish this estimak. it was necessary to invoke certain programmatk assumptions. These do 

not represent condusions or recommendations as to how an SPS program should be conducted. 

There are of course many possible program options; no systematic analysis and comparison has been 

conducted. The assumptions for nonrecurring cost were: 

o After a technology verification program. invol\ing ground and flight programs but no new 

space vehides. development of the I 0.000 megawatt SPS. and its ass<l\:iated S}'Stems begins. 

o The production capacity initially developed is sized for a product:on rak of one SPS per year. 

Figure 3.2.6-19 shows an ~timate through the first photovoltaic SPS for LEO constrttction. 

(Figures for GEO would be slightly higher.) The cost for the initial SPS was derived by deleting 

that part of costs for I SPS/year associated with amortization of facilities and vehicles to avoid 

double bookkeeping. and applying a 1.5 prototype factor to the balance. The themtal engine total 

was also estimated and is about $8 billion higher. primarily due to the more expensive cor.struction 

bases. 

Note that the cost of SPS development as such is a small portion of the total. Most of the costs are 

associated with establishing the I 0.000 megawatts per year production capability and with develop­

ment of the associated space flight operations systems. The number I SPS itself is also a large cost 

item. 
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TOTAL • 83.8 BILLION 

FIJure 3.2.6-19. Total Costs Through #'l SPS Photovf•llaic System 
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4.0 TECHNOLOGY VERIFICATION NEEDS 

Establishment of firm designs. performance levels, cost expectations, development requirements, 

and environmental acceptability, depends on the achievable charaderistics of several critical tech­

nologies. Although overall success of SPS development is possible over a range of performance ot 

these technologies, establishment of specific attainable performance level~ is important to establish­

ment of de-,igns and system specifications. Accordingly. technology verification can presently be 

regarded as a key schedule constraint for potential availability of SPS-derived energy. Because of 

this importance of technology verification. detailed recommendations have been developed: 

4.1 GROUND-BASED (NON-FLIGHT) TECHNOLOGY VERIFICATIONS 

General areas include energy conversion, materials, structures, electrical systems, RF systems, flight 

control, space transportati.>n, space construction oper.itions. and space environment effects. 

Energy Conversion 

If sufficientJy low costs can be achieved. S('~ar cells are preferred for energy conversion. Recom­

mended solar blanket technology efforts inclu.~e automated cell production by conventional and 

novel means. automated blanket assembly. development of prototype blanket element designs, rad­

iation effects investigations and solar cell annealing, high voltage array operation. and advanced 

solar blanket (e.g.. ~Ilium arsenide) development. 

These technology development-; will confirm solar cell and blanket design parameters. performance 

and production methods and increase confidence in costs, providing a sufficient knowledge base to 

allow preparation of solar blanket hardware design specifications appropriate to an SPS program. 

Recommended funding in the first yea1 is 2.5 million with aggregate over a five year program of 

16 million. 

Until near-tenn low cost production of photovoltaic solar blankets is assured. it is prudent to carry 

a backup technology program for the thermal engine energy conwro;ion option. Recommcr .. kd 

efforts include engine design studies and critical component testing. automated space welding/ 

brazing techniques. solar concentrator rnodel testing. meteoroid penetration testing. zero-g heat 

transfer inve~tigations. and lightweight generat01 technology development. Most c·f these techno­

logy areas are applkable to SPS design and development even if tht'm1al engine SPS's are never 

built. 

These activities will establish design parameters. subsystem performance. and provide a sufficient 

k;1owlcdgc base to allow preparation of thermal engine and other design specifications appropriate 

to an SPS program. Recommended funding in the first year i' 2.5 mil!!~:~ a:~d t!~.: ::~~::)!ate over 

five years is 16 million. Given early success in the photovoltaicscffort. the thcnnal engine tcchno­

lo!!)' effort could be reduced in scope. 
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Materia's 

Materials testing and dewlopment are rl'commenJed in the ;m:.is of pt1stks ;mJ .:omposiks. lili.· anJ 

properties in the space environment. bonding and fastt•ning h.·chniqucs for sp:tl't' l·onstrudion. 

moderate-to-high tl'mpl'rJtUl\.'s composih.'s. thennal control anll othl.'r l·oatings. ;md sr~·dal-puf!lOSl' 

alloy develc:-pment. 

These technology items are required fo!' sdel·tion of matai;1ls. sc-tting of allowahk strl'SSl'S aml 

other design conditions. and lh:tailing of sp;tl'C assl'mbly prffi'l'~:S\.'s. a1lpropriate lo ;1d1il·n-n11 .. ·n1 of 

SPS designs suitahle for 30 to 100 years· op1.•rating lifo. R1.\.'0lllllll'lllkd funding in lhl' lirst Y'-'ar is 

1.5 mill ion and the aggrcgat.: over fi\·e y1.·an; is I 0 million. 

Structures 

Fabrication and tests of repreSl.'ntativt.' strudurJI dl'ml'llls and join in!:! Jevil-l's should lw co1Hllldl·;I 

to establish confo..lence in prediction mdhoJs for strudural strength and dynamics for lhl'M' thin 

gage lightweight structural ekmcnts. Ti.'Sls and an:1lySl'S are also lll'l'lf...•J to improw pn:dictions of 

strui:tur.d thermal response and precision in the operating environment. Achiewment of Vl'rY -;mall 

structural responses to thermal fluctuations can grt•atly simplify SPS design. l'SPl'l·i~1lly in th"· pmwr 

trJnsmitter. Recommemklt .. unding in the first year is 0.75 million: tlw aggrcg;ik (lH'r fiw years is 

8. 75 million. 

Electrical Systems 

Electrical systems tt.'chnolo~'Y ih.·ms indmk fast switchgl'ar a11d compo1wnts for RF :11nplirkr arc 

suppressic·1. high dficiency lightweight powl'r proCl'S."ors {aoout IS'; of tlw SPS onhoanl powl·r 

requires pron.·ssingl . .:onductors. high-templ'ralUrl' Sl'minmdul"tors. high-powl·r slip rings and light­

weight electric power storage. These activities ar"' 11l'Cdl·d to sekct and establish dl·drical pown 

distributinns and procl·ssing 1.ksign param.:h·rs and lo pnmit preparation of lksign spl·cilil·ations. 

Rel'ommended funding in the first year is I.~ million. the agg1l·gatc on·r five years is 12 million. 

RF Systems 

The powt'r tranw·:-;sion system is at tht• h"art of the SP'i syste111. Its pl'rformatKl' and opl·ratin!' 

d1aractcristks arc critical to cstahlishnwnt of thl' OH'rall systt'lll dt•sign paranh'll'fs as well as l'OSI 

estimates. Tht• design of the power transmitkr rcquin .. •s integration of inkractin;! struclural. ckl'­

trit'al. RF. tht•nnal t'ontrol. and !light control parallll'tt•rs. Although thnc is umsiJ,·r;1hl · lk.,ign 

tkx ihility in the RF system in knn., of altering design paranwtl'rs to adapt to .:om ponl'nl I subsys­

tem pcrfonna1Kl' lcv...·I. SllCl'l'S~ful opl'ral1011 of a lksign. once the paramekrs arl' sd. is dt'Pt'lllknt 

on achieving spccifil'd component/suhsysll'm pcrfonna1Kl's. Thcrl'fnrl'. h'dinolngy n·rifiL·ation in 

thi:. arc;1 is p;irlin1larly important. 

Spe.:ilk item-. indude tkveloptnl'llt of laboratory prolotypc RF amplifiL·r tuhL·s. phast· control dr­

.:uitry .. md antl·nna ... uharray hanlware. h.-ading to" prototypt· inh'gratcd suharray. 'uppknhnll'd hy 
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ionosphere heating tests, radio frequency interference testing and design standards development, 

exploratory development of high efficiency, high temperature solid state amplifiers, and develop­

ment of receiving antenna elements. The recommended verification program will provide the know­

ledge base for subsystem/component specifications and for selecting system design parameters. 

Recommended funding in the first year is 6 million dollars; the aggregate over five years is 37 

million. 

Flight Control Systems 

A development effort on theorv, algorithms, and software is needed to add confidence to the tech­

niques appropriate to control of the large, flexible SPS spacecraft. A sinail effort on sensors is also 

appropriate. Recommended funding in the first year is 0.5 millicn, with an aggregate of 4 million 

over the five-year period. 

Space Transportation 

Achieving projected low costs for space transportation is important to ccunomic attractiveness of 

SPS power. Studies have verified, to the extent possible by study, these low costs. Key technology 

verification needs include zero-g propellant transfer. a new booster engine. high-power electric pro­

pulsion, fully reusable (e.g., watercooled) launch vehicle heat shields, oxygen/hydrogen-fueled auxil­

iary propulsion, and on-orbit servicing of vehicles. (The recommended work on the last item invol­

ves design studies for checkout. maintenance. and hardware changeout equipment and techniques.) 

The booster engine will be the schedule limiter for the advanced launch vehicle system. Upper 

stages can use the Space Shuttle Main Engine. The recommended technology effort will support the 

initiation of development of the low-cost transportation system. Recommended tirst-year funding 

is 4 million with a five-year total of 36 miH!nn. 

Space Construction 

Construction of sps·s will involve the operation of a final assembly factory in space. Critical tech­

nologies include automated fabrication of space structures. closed life-support systems. means of 

in ~;tu stmcturc intcgrit~· verification. docking and berthing of large spa..:e systems. development of 

construction operator accommodations and provisions. and construction base on board logistics sys­

tems. These activities will provi1k technology verification support development of construction 

b:;;:·s ;md their cqupi,;cnt inventory. Reco1i11Hc11Jt:J fin.i-year fun<lir.~ is 3 miiiion and the five-year 

aggregate is 2 2.5 million. 

Space Environment 

A modes: study and analysis effort to improve knowk<lge and predictahility of space l.'nvironment 

effeds is needed. Included are meteoroid. plasma and fields. and cncrgctic radiation. Rl.'comme11-

ded first-year funding is 2 million for a five-year total of 11 million. 
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Totals 

The total ground based technology verification program is summarized in Table <+-1. The first-year 

total is about .:!5 million with a five-year total of t 70 million. Table 4-2 presents a more detailed 

description of the specific recommended technology items Priorities indicated have the following 

meanings: 

(1) Very important to an SPS program decision. 

(.:!) Could probably bt' a..:n•nnnodatt·d within a development effort. but precursor technology 

program would significantly reduce risk. 

(3) These technology ikms would support development of advanced SPS's with improv~d perfor­

lll;!nce and n:duced cost. Their kwragc is great enough to merit early h:chnology eflorts. 

4.2 FLIGHT TEST TECHNOLOGY VERIFICA TJON 

The re.:ommendcJ !light program is prcsl'ntcd below. It includes an interferometer spacecraft 

experiment. shutth.· ).Ort it.• flights. and:• solar pOWl'f technology Jemon-;trator in the power range 

250 kw to I 000 kw. Cl"'"!mcted and temkJ in low l:arth orbit by tllL' space shuttle. Costs for this 

program an.> kss well Jdinl'd: l'stimatl.'J tot;1ls arc 50 to 100 million for the inkrforonh.'k'r spacc­

crafl. 6 i 5 million for shuttle s0rties Jnd ~.I billion for the solar power demonstrator induding 

design. Jc,dopment. laund1l'S. constmc:ion. and the complek experiment program. 

Fabrication Tes ts 

Objective lkmo1~strah: in the ~p.i..:1.· l.'nvironmt'nt all 1.·ritilal fabril'ation pro1.·csses to be used in the 

space constn11.:tion of SPS's: 

Specific Tests 

• Structun: ( h1.::u11) fobri1.·ator" 

• \kdianical fast1.·ning 

• Fu"ion wdd ing and br.11ing 

• L ltra.,«nic \\·clding ol nm1posit...·s 

e B· 111ding 

Implementation Shuttk sortit' llights. 

Environment 

Objective lmrruvl' definiti'1n of spa,·e 1.'11virn11111l'lllal fact. ·rs imp0··ta111 to SPS (Ollstructinn. op1.·ra­

tion. and lifr. 

Specific T:.-sts 

• \kt.ik pia-;fa·'· and compositcs out:,· .ing and properties changl'S undl.'r r~pr1.·s1.·ntatih' SPS 

,_·ondiiion,. 
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Table 4-t SPS S Year Technology Development Plan• 

YlARS 
TECHltOlOGY AREA 2 3 • 5 

o SOLA.'t CELLS 2.5 3.6 3.85 3.7 2.6 
o THERMAL ENGlN[S I Th•· IAL SYSTEMS 2.5 3.5 us 3.5 2.5 
o MICRCMAVE POWER TRAr;S"liSSION SYSTEM 6.0 7.~ 8.75 8.5 6.5 
o SPACE STRUCTURES 0.75 2.0 2.2 2.0 1.8 
o MATERtf,LS 1.5 z . .;, 2.5 2.0 2.0 
o FllGHT CONTROL SYSTE~:S 0.5 0.8 l.O 0.9 o.e 
c CONSTRUCTION SYSTEHS 3.0 4.0 4.5 s.s 5.5 
o TRANSPORTATION SYSTfMS 4.5 1 5 8.75 7.5 7.5 
o POWER DISTRIBUTION ANO CONTROLS l.S t.D 2.5 3.!i 2.5 
o SP.'.CE EtlVIRCXMEtHAL FACTORS 2.0 2.6 2.45 2.2 u 

TOTALS 24.75 35.50 40.25 39.~ 33.7 

•Does not 1riclude a~y required space testing 

FU111!1ng 1n mtll1ons of dollars 

Table 4-2 Recommended Technology Studies 

~ HP OR WICE 

SOlAP r~ll5 

o Continuous Gr~•l~ 
Processing (1<urk 
With ERDA P.-ogram) 

Solar Cell costs art a significant SPS test driv~r C~ll eff1rtency 

o Autuhited il i an•et 
Assent>ly 

o Prototype l!l<nkct De•. 

o Radiation Ef1c.:s l 
Anneal1n~ 

o High Voltag~ ~rrJyS 
with Voltage Sw··hii.~ 
& Re911ldtion 

o Thin- rnm GaA~ 'el i ~ 

has t~.e gre,test ('f;ect on 5?5 s zc of any ,dentH1ed ~urJ'oeter. 

~!'">size (approx. 100 souare ~, 'cmeters) requires l.1r9e q,Jntity 
of c·ell blar'·et. Automation reqJircd to •thieve iow cost and higt, 
production. 

~-\a'.~rials tomn;t1tili~y in s:ia:e cr.viron:-cnt must be identifiQd. 
Radiat1on ~~gradation ~nd annealing must be q"P~t:f1eJ. 

RJdiat1on Effi;ts are t~e large>! i~"ntified P~2tovoltaic SP~ 
performance dLJrddJUon pJrar:.et 1~'r. ~nnealing cffers me·r1od of 
r~covery from radiation de9radJtion. 

Hlyn voltaqe array design data I~ lact•nq Voltage r•J.lation at the 
a~ray level sinplifies power ;i.-occss1ng requirements. 

Tht use of GJAS sa1.1~ cells offers the ootent'al for sicn'fiontlv 
~ducln•J S?S ;izc .i1.J 11'.:tss. Gall1um r~serv~. ~re finit;. Thin-f·~m 
li11s reduce Gtlll1um J~agc 

TOTAL 
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Tal*4-2 Cwoi 
t'!!t~ 

• 
lite ~;o...,....,t of t~I ~·- .tu. lD JUr • hfe ;s reqaim. 
~WI -i'J'•: t"C4ucti00< h st0la9lf .tfectd -, pc.a c.rde ~-t#'e. 

o MCIO.!tell or ~-•· Urge ,.._..,.'°' of fh11d ti9"1t .)<lints •re rtqUfref. lu~tM .-1~ -'*" 
Aut-tf'd ''~ <wlMn w1ll ~tl.r incrNse COllStnoctum rate,.. drcr-.Ke ..-iul CCllKt<Ct* 
fer So:.ce uu ffl"S-? n!ll>i•..-n 

o lii·lol- Predoocti• 
Of liBl 'il)ft 

o l".;.~ron>id i"t'<>rtr•ti• 
... ~ti., 

MT£1lAl.S 

o Pl.sties ; Co=oos•tfl 
life I ;~ties 111 
Spice £•i,._t 

o lollclift9 I f.s tening 
Processes for S.-ace 
Vie 

o Hlgll T~Uure 
C~!tes 

o T~..oa 1 (O<lt rd I 
Othff U» ~; ngs 

o Ofl ign Al 10M,.bies and 
Pr..c:t;ces for Si>Ke 
Structures 

o Stnictural lle5ponse 
I Precision U:\der 
Oper,.ting E11v·ron-­
ll!l'lts 

T/£ sPS r"utvrs require ~ qWtlltities of tiiiNt pipes. Prml~ siail•r 
to Pfl 5FS nl•r cen oil"oo:NetiOft. 

.& C1'l~ in cente<!tr•tor eH1d~y of ?: •ff'«ts V'S sir~ !ly l:. 
Cont!!!tntor t~t ~ls will ;;~tdie pttf~e d!U sca1•1e 
t8 95 sh•. 

T/E sPS cor.Ui• l•r~ irNS of ;ir.-ssvrizM p-::;i"'! far whicll to!~1d 
petietrati°" prctectioa is ~ired. !«tiaiq.oes for -•t!lt '"1•i•iati• 
of meteoroid ~tr•tiO<o l"rvtectiOI" ......,ire t~ti39_ 

S:icttssflil ~i~t of • ccr.tc ~t e-d!•"9"" t~lev -le! •llOf 
rafst~ gas cycito ~at11"5 to 1 Miil. -lti., I• f'eclllcM uss _. 
ta::~l!d efficir.>ey. 
Asses~t of ~ d!st"'11in; fcr.:es '1!1v1ti~ fros a Mriet.r of hut 
tr-fer *•i.:es ~Jtit>; ORI"• rnge of flftt lr•11$fr. ~tior.s is 
reqvired. 

Dne1apment of M9h11 effic?mt. Hgltboeifllt. fl!"e"•ton req.ires te 
lli•imitt 9"tt•ter alld r•4inuM cool iag S)'Stdl _,_ 

qo1nfo• ~UiO!I effects on ~.,;,,..f;; .. rPO«tors aftd c0111Pn1a 
st~t .. res i~t Sl'S size &at NSS. Effects Oil JO ,_ life mnt be 
~erUfll!d. 

typical bondi119 aftd fastttiittg pnx:esses ts reovired for appliutt­
r1119ing froa basic strvct11rai el-ts to t!li• ~t al.ai­
cono..ctors 

The ~!5 anunna l"tQ'".aires a" e..t.._1,. stale flat sriKe ower a Mriet.r 
of thenul c<m<:iticms 1nc1..dirHj vadeus Si.ill •"91es ~ecliptic~~-

~ c~ltibH ity of !.,e..,,...1 CQf'!troi· s11rlac~ with a -s;ace olas111/ 
cllaMJ1"9 e<>•irc~r.t ;s net .__,,_ ApolicatiOl>S un;ie f,,. Sftttt 
cOftdlictors to !'l~t pipes. 

Present ~· cycle thc,.,,..1 e119iM teq)eratu...s are H11ited by uailale 
•Heys. lk;9"t ~UCtiOll CH be e-ffected b.r tncrening PNt cycle 
t~at11re. 

Currt'nt tcc'>l'0'1h><iY .-.. -st be aivancN to prowide capabillty for •Nl~h 
of clastic-;;l.1>t1c >tresses 1n a c~lf'• st~s field !or thin ~~ 
-.et.ls af!d c~ites. 8uilding llloct el-t tt>ellnol09 is reqv1ttd. 

C...tid.lte .i<'inittg and fasteninq techniques H!JliUble to SPS c~truction 
must be '2evt:lo;:-~ and analyzl'd for strengllt. electrical c?nd-.actance lft4/ 
or o tller propert it'> . 

Correi.tion is required for a.,.1,sis •nd test results of sPS structure 
to the eper•ting c:nvi~t including loads. ecliptic response. sim 
•ngle "'1riation. etc. 

TOTA&. 

186 

SJ.Oft l 

!!>.SW 

Sil.SM 

Sl.19' 2 

5').1'! 

SO.SR ) 

$1.15" l 

SD.2511 l 

SJ.151' 

SD.Jll 

SU• 

S0.1" l 

l 

SlM 

SO.ZS.Ill 

SO.SR 

Sl.75R 



e fest MtdlllW' 
IC.'' I ts 

• ~fficieoot. 
lltlltwlt!K ...... 
Pncessors' c. .... ts 

• llifllT-.era~ 
c ... 1 ts 

• .._ • .-- Ueclric 
I -er Storate 

IF S'fS1l"5 

e PretotJpe IC)Jltf'911 

•. Urtctenq. •ise. 
&~1 P«f­
..ce 

•· llNt-PiM cool i., 

camtN'AL PAGE lb 
OP POOR QVAUIY 

T.wt 4-2 Ccnti111d 

07stnm - •tfatntt• _, f•il- '"9t«tM f'9111ire ..., fast -·"* ftllr .... u ... ~ ...., .. Wies. 

a.,r.-.a11 15'1 of •11 9'S ~ reqaires P1'9CftSi.g: Pnicesars 
~ • mjor SPS -eitflt itta. Efficieet llnlCeuGn wHl redllCe,..... ,_.,..t._ ..a Nlfi•w ..ss. 

1111• fll• st11et allldc~ eottlrize coadcter ans ht tile~ 
~..-. Dltl u.e -a ~lopieg for iMU11lUi011 t«Uiqmes • 
...._. c..u.t • .., respGftW to indloceil 10ilts. 

lldi..-S ,.,. 9'S ....... prkft5°" ·~ _, l•t'ge - te tCllMf'ltllf°e 
lleits of sihct111 st!MCOllllactors. ~1"""9t of galli• .n~1dt sed-
011161cblrs .. 111 .11., for Iii~ ~•tllr'e ~ti• wttll • c-­
c.991u.t ""'•tor size recs.cu ... 

tiip csnat tnnsfer •t 11191 wolt19r ,.._ind ICf'OSs ...U"Y Joi•t. 
lnlslt/Shp ri., coia1 .. u- '""ired. llesitn for lO 1ar hfe. 

s~ of la~ .-ttttes of ~ ts "'""'"" for pertels of 
ecai111tnl1111 • •tnteMnce. l""ro""""'t I• s;ttttfk wf!ftt a:ld 
Clla"91"1dtsdl•""' <yclt' lfff.' -ld r"'d-..cr ~~ ... -:.-:.. 

lt1ystrM efftci~ is dirf!Ct11 pm;oort;.,...1 to sPS si::r. l¥9f _.111tittt'S 
nqutred per SI'S. lC*J \He rcoq.1rrd to •in11ri:re •i•t-lllCf.'. lr.tf'9ra1 
coolt119 st..,Hft~ l'l'lS tilft'Ml C0111trol. 

•.. ' 
Sl1I l 

Sl.ZSll l 

Sl.ZSll l 

SIUSll 

:. PrMllcU• tedl.wlogr 

• A19H trons • s-
• ~e C.O•troJ ftrthoft 

& Ci~uitry incl. 
tests 

O £1Wi~t•1 £ff«:U 

•• ·~ 11Hti119 
•. lfl 

• s.Mrn1 "-.-..re 
..... ft91'idn·~1ft'-

111Cft & 1 OSSft 
l. 0wer•11 Ptte1Si0fl 
c. fWr. Tecflnlques 

• "i·l-.. 1ti-Eff'7 
·•ts tor ar Allp. 

, 
• •' .- f1ements 

(S- ~~ 11:1,stron eowe) 

T1'f.' tot•1 llM\r coatro1 system will ~ ~1n Ind ~isti~•ted. Pllasl' 
COlltrol •ffects llOUI ~ ••tf.'flftl •ta-ring tnd PnlP•<;nion p•ttern. 

'rntnt 1 hri ts on Rf power clefts it, is t-ued on tftf.'orettu 1 io~ 
llNti119 li•Hs. Rfi ~cts on glob.11 c-1c•t1ons ·~ .... 1g.Hi011 
SJStf.'nS •nd r•dio Hlf'OftOll!f ut not well defined. Thcsf.' inter.ction• 
-.st w assessed. 

llaff911ide efficif.'ftCies dir«tly •ff«t sPS stn. Tol.-n11ees are f':•t,,_1, 
$11111 In order to "'-leve good p•Uff"RS. ....,.f.ctur•ng tcdlllil!U"S -t 
w 4cwtloPc~ for ci~r Hrtll or SP«• fariettion of Htcn... St1»·arrqs. 

Tr-tstorized RF-DC convertf.'rS offer an ntrKtlff •itf.'f"NTe to ll,strons 
111111 ,..11t..a particu1•rly w1U1 rf.'911"11 to se.-.icf.' life st111;e utllode 
ermtOlll is 1110t • prllblet11 •iii\ solid State dt'vices. 

The rKt- fs a •jor SPS cost elellll!flt. RectallN el-ts 
(diodes. f!lters. '!fipv;es. ct:.! !!!!USt i.. •ss produced n low cost .ittl• 
ret.tat119 perlo .... 111Ce cllincteristfcs of pnHnt l•b lwnt4,... 

lUTAL 

187 

S1" 

S1 .5" 

Sift 

S0.15" 

$0.lft 

17.45'1 

l 

2 



l!fUftllllUH S,d 

R.Rilll allllCl. mn:ns 
O llteofy. Alpithm. 

a Softlioare 

• s.s.rs 

lUlllSPOllTA TIOl! 

• Pnipen .. t lr•~f~ 

• S,.Ce £..gi ne 
(bf\ti"S p~IS 
ts iifequUe) 

• (Jcctric Pn;p,,h 1:wt 

llll'llSt~ 
Procnsan 
nt. Cont..01 

• AdffftCed 1!8t Shields 

0 lutON tl!d 
Fabriuticn of 
St rvc tu re 

• Closed life 
Sv?Port Systems 

• Structvre Integrity 
YertfiUliOfl 

D LI rge S,J\ tt111 
Oocling 

o Constrvctfon ()per•tor 
Provisions (Ca~. 
Controls, Ois~lays, 
LSS) 

ftllW qwstiO"S wttil-re-g.lrd to WTS ~f-.ce c.n be~ vsiR9 
,. taUrf~tet" siw:ecr•ft. Sow it- •re i__..,ttic eff~ts. 
pllHt antrot •tmosotieric !Nrt_...tieti, •- steert119. •lld 
~ic•I teler.-ces. 

lttit* COl'ltrol of the SPS will reqvire filtffiag the mtioes clVSed 
by tile flecdbility of ~'ie l!liia spacecraft. The initi•I tools. for 
h1cor;iontinq ' realistic floillle ll!Offl into tne fl igllt cOflU.I system 
-t bt develGPH • 

Hip KCvracy, 1099 life s-ors •re requi"11 for •ttitude refenftee •f 
11..,e.fleiiillle SPKecr1ft. Ant- pointing ~i~ts i~e 
e.t.-ly acorate correlltion of SP> ....s re<:'- locatiOftS. 

SI'S l-Geo orl>i t tr..,der Scil"91t"< he1f·~ COTY. or l>Ol'l) 
r('qoli~ prooelhnt tr4nsfer frO<t HlU to ort.•: tr~f...- w:-h1cln. 
Prc>el b"t tn~ frr effects •Ad tccnni~ for l•r<Jt' -sole Ollt'r•tions 
- t be ;Wt~HW'd. 

It1 orRr to .,.,uiei:e 11.ayJN<J and cini1tize r«urri119 ccsts. aO..ftCn are 
required i" •re~ of wec1fi.: •-he 1"l!ro~t. ~icjlt ~..cti0tt. 
• s~ice 'ife. ;,.,,.,. ,1CrahOt1 costs .ire _,Jor 5''$ utelhte cost ddttr. 

Signific•nt P•,load ~ ~fo..,.,.!'Ce b~flts accnoe L~r1>'4'lh .,..e of t!>is 
technology f,.r av,ihatuln in i.£lHiEO omit traASfer •Ad SFS sutioa lttPift9. 

lhe dnei~t cf re-'.-sable s~ce trtns?Mtation systt""I will !".-q"irt' the 
.se of li<jltwei9"'t h€4t shield> capable of ,...ltiple fliq'tlS in oroer to 
lcwer recurrln~ ccsts. 

for sirtgle--st.<i~tll-crlnt a"lf t'lr UP~ sta91! of •IU-st.i?e tr•Ml>OrtatiOft 
••ct~. prweila11t resid-..a! •iiow.ance 1s direct11 related to paylOMt. 

l:ie ..se of only twc cons..r-'1ble ;i"®ella'lts will $ll'Ollfy o~iul c;>~itions. 
The use of mnopr»ellar.ts for N'S •<Id\ •nothe!' i>roi>ell•nt plus 1 Prt'SSuri­
zi !IS lllrd L•. 
Thor deve10ll""'"t of o;:>erat10.,.. sceNrios lllUSt be e-sutilisht'd for or11H•1 
based i•unch como I e..es. Ct•ect-out. • inten111ee. engine ch•n9'N'Ut 
techniques, etc. <USt be MUl>lishe4. 

TOTAL 

the 1.-e• cf tlle s>s is at>Pro•if'atf'ly ir,-0 sc,_,are lil°""'ters. 
Constrvction requires au!O"'.it,.j fabdo:.ion of •11 el.....ents to the 
fv1"cst e•t<r.t pos;i!;;e. !<Nuction of transp0rtation coo;t req11ires 
tnt payloac de"" i H~ r•cttd t!lose acllienble with pre-f.abricated 
Or' de:>lcyable strvctwru. 

Closed cycle life sucport syst- will rcd11te the q111ntity of 
consut1111bles ~•e"is~4'.nt tncre~y reduci119 constr>JCticn costs. The 
use cf expcndab:cs rather tl\an re9cnerable $)'Stl!!IOS for lonq dur•tion 
•hsions reswlt in Mgn loghttcs costs. · 

ConceQts O".;;St be ~vel('l){'d to wri fy or "9roof test" l•rge sc•le 
ilght we1ght Stl"".ictural ele11ents or '1111ildin9 blocks" used in SPS 
systea structural de>lgn. 

A concc;>t for SPS construction P~oSes IQ)1ular construction of the 
SPS with docting and attach111e11t of hrge .adules. l'lo.tule- r.r.t ~ 
•iM?uvem into position and •tt•cl\ed. The ccmcept •llows seialler 
cons true t ion base>. 

One le. cient of construction tecllniqats wielt ~te cperators wi 11 
infl11Cncr SPS ces1cn. RL"l>:lte QllCrator controls, displays, and life 
su;;port sys tCftl' .... ~ t be des; gnl!':l for llOth Nnufac t .. ri 119 •nd quality 
usurance. 

o On-Base Tr•nsportatiOfl Large scale construction base operations rPquire tlle lllOYt'l"ent cf large 
q..antities of co"H'"'•C~ion matcri1ls, equlp~nt, and personnel between 
w•rft>OU'>ing and hotels and ..erk •rcas on the construction base •• 

188 TOTAL 

S0.4" l . ... 
S0.?511 

S2" l 

(e11isti., l 
lff"OY.ta) 

S2" 
SIM 
SC.15" 

SO.Sit l 

50.ZSM l 

Sl:5" l 

SO.SM 

S1 .15" 

S2'!'! 

z 

SO.SM 

S0.5" 2 

S1M 2 

S0.51'1 2 



o P1~ (ffccts 

o ~teorehl 
[nvi..-t 
flodel . ..,, .. _.t 

o 'Mini• 
E•i-t 
Defi•itioa. 
Effecu. & 
SltieHing 

Dll0-22176-2 
ORIGINAL PAGE I& 
OF fOOR QUAUTYi 

sPS so1u· cell arT•f'· then1111 control surfKes. PGter dlstrtbutlan 
SJ'S~. Pd ot!ler teleeienu cOftt.tin • large ~of dfe1Ktric 
•t~•ls i• tilt! s;Ncte teMi,._t_ 1llf!t'e is e··•c1et1ce of Hftf'Se 
tatterKti- of tllftte .. terials .. 1a. ttle stNCe/plu .. -i..-t. 

1llf! sin of tJto SPS -.tes it vulnterlble to •t_..id dimlge. ~ 
meteoroid model ~ "'"ro,,_t to !letter predict 111rteoro!:I c:!~<Jt!. 
usess protection requfr-ts. ~ det"9ine prefet"f!llti11 ori~Utions 
1,,.il.tlle to •i•i•ize coi1isiOR p~ility . 

SPS snte- elemettts ne sus~tale to rediat.cm 4-9e- Solar cells 
Hd reflecting lllel6111nes suffer loss of perfc,...ftCte ""'8 e~ to 
111diatiet1. llffiltiOft effects on Ptt'S-1 Mvte been i11Ynti~tH. 
sPS apentior .. l &NI construction racittion envi~t require better 
defiaitiOft in order !Mt proper protectiOR un be prowidff to set1Sithe 
itaa..a~:. 

189 

SO.Sit 

SO.Z511 

i: -! -~ 

z 



lmplemenution--Shuttk sorties and ~osynchronous ' lng dur-.stion exposun.· faciJit)' ( LDFI·"). The 

latter could be placed at GEO by an IUS and samples later rellieved by a manned GEO sortie when 

the latter capability is developed. 

• Sp:k.-e plasma and radiation environments emphasis on better definition of low to moder-,tte 

energy radiation environments and plasma effeds. 

Implementation- Me-.1stuements aboard suitable spacecrati. Existing proitr-.ims such as SCATHA 

an.J ISEE can provide much of the need~ infonnation. 

• RF/microwaw propagation-S~1al-power-l~el simulalion of power transminer beam steering 

and phase control owr actual geosynchronous r.mge. 

lmplementation-Shuttk/IUS-laun.:hl.'J geosynchronous mkrowa,·e intaferometer spa'-'\:aaft. The 

spacl.'craft concept is shown in Figun~ 4-1. Rf tr.msponders on the boom tips would simulate th,.. 

la~ aperture of the power transmitter. The tr.1nsponders would be synchronized and pha~ con­

trolled by methods being tested for power transmitter application. Ground measurements of rhe 

interfrrence patterns produced by the interforometer transponders would determinl' the perfor­

man'--e of the phase control techniqu1..>s. 

SPS Power Generation and Power Transmission 

Objedive~Demonstrate critkaJ technology applications and operation in the spa\.-e environment. 

Speciftc Tests 

• Po\\er gener.ition operate l<!rge solar arr.tys at moderJte to high voltage. 

• Power tr.msm1ssion - l.iferate prototype klystron modules in space conditions. Test open and 

d~d envelope tubes. !\frasurl.' and assess RF arcing problems in evacuated wawguid"•s um.kr 

various temperature and outgassing conditions. 

• Electric propulsion -tot high power I::::;: 100 kw) thrusters. Me-.1sure thruster plasma: solar array 

inter.ictions. 

• Space-based solar cdl annl.'aling tests. 

Implementation~-

Initial" Shuttle sortie !lights. 

Final ~Large Power Module: Up to IOOO kw of solar-eicctric power at LEO. 

<Them1al environment tests may require operation of up to nine 70 kw klystron modules requiring 

about kw e·) Array voltage switchable up to 3000 volts ... Test bench·· configuration to allow con­

duct of various power generation. power i;ansmission and propulsion tests. 

Annealing tests could be preceded hy elcctrk-propelled LPM sorti: into lower van Allen belts with 

return f\1 ~:\0-500 km oroit for h'Sts. 
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LPM test program primarily automated with support by periodic shuttk• sortie flights. 

The total ground and flight program is summarized in Figure 4-~. 
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S.O DISCUSSION OF SPS PLANNING ISSUES 

This section presents a discussion of the SPS planning issues that were appended to the NASA State­

ment of Work for the SPS System Defmition Study. 

A. Subprogram Area: Systems Definition 

SPS Objective-Define the candidate Solar Power Satellite (SPS) systems which are capable of 

supplying a significant portion of the future United States electrical energy requirements at costs 

equal to or less than alternative nondepleting sources. 

( 1) What is the mass, acquisition cost, operating cost, and reliability of a SPS network built 

utilizing the technology available now, in 1980, 1985, and 1990, respectively? 

Answer 
This study emphasized the definition of SPS systems utilizing base technology generally avail­

able now to 1980. Several areas of technology verification and refi!lement were identified as 

discussed in Section 4 of this volume. Also discussed in Section 3.2.6 of this volume are the 

masses, acquisition cost, operating cost. and availability estimates. The principal technology 

advancements expected to become available in the next 10 years that would significantly influ­

ence SPS mass and cost are those in advanced photovoltaics, such as thin film galiium arsenide. 

An advanced high efficiency, thin-film photovoltaic technology could reduce system cost by 

10 to 15%. It should be noted that the greatest cost leverages appear to be in the development 

of production and operations technologies appropriate to large scale installation of SPS's. It 

is believed that these technologies will mature as a result of the development and deployment 

of SPS systems. 

(2) What is the confidence level of each of the technology forecast utilized in answering the 

first question? What are the impacts upon basic feasibility and costs of over or under 

estimation of the figures of merit of each parameter of the technology forecasts? Which 

of those forecasts may be in error without significant impact? 

Answer 
Confidence levels were addresed by the uncertainty analyses. Relative significances of the 

uncertainties and elemental technologies were discussed as a part of the uncertainty analyses 

discussion in Section 3.2.S of this volume. Power transmission system link efficiency, space 

operations cost, and receiving antenna costs, appear to have the greatest leverage on overall 

system cost and feasibility. Sensitivity of the SPS's to solar cell cost was less than suspected. 

This sensitivity is discussed iQ Section 3 .1.3. 
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(3) What is the expected change in each candidate SPS concepts' mass and cost characteris­

tics as a multiple-decade program matures~ C'an ongoing research and development be 

applied to improve the characteristics of the later satellites and their ground compiex·? 

What is the extent of improvement given a R&D activity parallel to operational deploy­

ment constrained only by talent and facilities·~ What fraction of this unconstrained R&D 

effort appears to be cost effective~ In what areas should the effort be concentrated'! 

Answer 

Expected changes in the candidate SPS concepts. mass and cost characteristics during the early 

to middle parts of an SPS program were discussed under the cost analyses section of this vol­

ume. The nature of the SPS system is such that continuing research and dz-velopment will be 

highly effective in accomplishirg product improvement and cost reduction. Detailed analyses 

of parallel product impro,~·ment programs were not conducted. Again. the major leverages 

appear to be in power transmission link efficiency. space operations costs. and receiving 

antenna costs. 

(4) Are there natural limits to growth of an SPS network"? What present or planned activities 

of terrestrial society might he adversely impacted by placement of such a network? How 

may these impacts be amdiorated? 

Answer 

Limits to the growth of an SPS network appear to be sufficiently far removed to be of little 

practical interest at this time. Numbers of sate Hites greater than l ,000 would certainly be fea­

sible. Sociologkal i111pact analyses were beyond the scope of this study.~ 

(5) What are the alternatiw paths which might be pursued in establishing an SPS network? 

What are the details of thl' tedrnology advancl.'ment phase. prl.'rcquisik to commitment 

to large scale expaiml'ntal satellites'? When must major decisions be rl.'ached in order to 

begin commercial power generation 11000 MW or more) by 1988'? by 1992? by 1996'? 

What are the issues to be resolved in order for each major decision to be reached'? What 

arc the criteria for proceeding'! for stopping'! 

Answer 

Alternative paths were not investigated. The technology verification phase was specifically 

characterized and is described in Section 4 of this document. The minimum length of a pro­

gram reaching commercial power gcnt'ration appears to be 1 ~ to 15 years. Dewlopmcnt of the 

basic space operations technology could occur in about the length of time required to accom­

plish the manned lunar landing. that is. roughly 8 years. However. once this technology is 

operational. about 4 years would be required to establish the construction base in space and 

construct the first SPS. Thi.' technology wrification plan addressed the tedmil:al issues to he 

resolved; other issues such as environmt•ntal and sociological imp<Kt were outside the scope of 

this study. 
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f6) What management, ownership and responsibility structul't' is suitable for each phase of an 

SPS program'? What involvement is appropriate of non-government groups in the conduct 

of each phase? Are there issues which require intergovernmental activity? 

Answer 

This question was not investigated. 

(7) What are the favor.1ble and adverse impacts to society which may be consequent to a 

technology advancement phase of an SPS program? Of a pilot plant or demonstrator unit? 

Of a small network'? Of the limiting case (or very large) network? How may these 

impacts be handled to maximize benefits, minimize penallies and permit progress to 

continue? 

Answer 

This question was not investigated. 

8. Subpr08f3m Area: Microwave Energy Technology 

SPS Objective-To transmit 5 x 106 kw over a distance of 3.6 x 104 km by means of a pilot-signal 

steered phased array antenna at an overall DC-DC efficiency of 65-70%. 

(I) What performance characteristics of key components including DC-RF converter noise 

and efficiency and rectenna efficiency were assumed in the system studies? Are these 

attainable? What technology is needed to meet system requirements? 

Answer 

Pc:formance characteristics of the component~ are discussed in brief in Section 3.~.1 of this 

volume and in detail in Volume 4. Detailed study of the critical performance charac:tcristics 

indicated little doubt that these characteristics could be obtained by the technology verifica­

tion program discussed in Section 4 of this volume. 

(~) Can an adaptive phase control system that electronically positions the microwave beam to 

within one arc-second be realized? What technology is required? 

Answer 

Several approaches to adaptive phase control have been identified by the various studies. Two 

of these are discussed in some detail in volume 4. Study results indicate that the desired per­

formance can be achieved by appropriate application of existing base technology. The per­

formance requirements, however. are demanding and a kchnology verification effort is needed 

to confirm predictions and techniques. 
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(3) What candidate antenna wave{!mde and structural materials were assumed in the syst.:m 

studies? Can these materials satisfy the mechanicai and thermal constraints. including 

thennaJ cyding? What technology is needed to meet the requirements? 

Answer 

Gr.tphite composites were assumed because they can satisfy the constraints and requirements. 

The graphite composite waveguides would be metal plated on the inside to reduce losses. This 

infonnation is discussed in more detail in Volume 4. 

(4) What are the mechanical tolerances that can be maintained in the fohrication of I 0-:?0 

meter long, thin-walled waveguides? 

Answer 

Mechanical tolerances arc discussed in detail in Volume 4 with an analysis of the errors result­

ing from the various mechanical tolerances. lnese errors were included in thr link efficiency 

analyses. 

(5) What anknna structur.il configur.itions and subarray segmenting techniques will satisfy 

the requirement of maintaining me.:hanical alignment to several mm over the one km 

diameter array? 

Answer 

Structural configurations for the antenna are discussed in Volume 4. These appl·ar to be ade­

quate to meet the mechanical alignment needs. Mechanical alignment to sewral millimeters is 

not literally reyuired since ekdronk phase control can compensate for largl'-Scak 111ed1anical 

error. The pri1Kir:1l tolerance and pri:cision requirements are at tht' subarray level. Thi: radi­

ating face of the subarray for example. must be tlat to within a few millimeters and it is highly 

desirable to haw an overall antl.'nna configur::tion that is relatively unaffedt'd by thamal 

changl'~. 

16) What are the cffrcts of the interaction of GEO plasma. ionosphere pla~ma and the Earth's 

atmosphcrl' on a 5 to IO gigawatt power beam and the pilot steering be•un'? 

Answer 

This question was not invcstigakd. An experimental program is needed to define these inter­

actions. Such experimental programs arc discussed under the technology verification section 

of this volume. 
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C. Subprogram Area: Environmental Effects 

SPS Objective-Assure acceptable impacts on the ground, in the atmosphere. and i11 space, when 

steadily delivering 500-2000 GW of electric power to the ground by microwave b1!ams that originate 

from 100-200 satellite power stations located in geosynchronous orbit. 

(I) What types of vehicles and propellants did the system studies assum'.! for launch to low 

Earth orbit, operations there. transfer from LEO to GEO. and stationkeeping. attitude 

control. and operations in GEO? What types of emissions are produced by these vehides 

using these propellants? For a system of 100-200 power satellites, each delivering 5· I 0 

GW of power on the ground, what total mass of exhaust pollutants and chemical reaction 

products per year are produced on the ground. in tht! atmosphere. and in space during (a) 

buildup of the system, and (b) steady operation? 

Answer 

Transportation system characteristics. propellants. types of emissions. and quantities of 

emissions are discussed in Volume 5 of Part I of this study and Volume 5 of Part~. 

(1) What microwave frequency was assumed in the system studies for power transmission to 

the ground? What analyses and experiments are needed to assess potential interference 

(Rf() with other users of the radio frequency spectrum? 

Answer 
The microwave frequency is 2.45 gigahertz. Analyst's and experiments required arc discussed 

in the tecnnology vt>rification section of this document. 

(3) What power density levels and distributions in the microwave beam did tht> system studies 

assume (a) at the transmitting anten:1a. and (b) at the recknna on the grounJ'? What are 

the power densities during beam passage through the ionosphere? What analyses and 

experiments are needed to assess the dTccts on the ionospht>re of I. I 00, and 200 such 

microwave beams'? That analyses and experiments are needed to estimate the microwave 

field on the ground near to and far from the rcctenna due to taper of the main beam and 

due to the siddobes. for a system of l 00-WO satellite power stations and total ground 

power leveis of 500.2000 GW'! How can the impact on man be assessed due to (a) acute 

exposure to the main beam and (b) chronic exposure to low intensity mkrowah' fields? 

How can long term ecological effects be assessed? 

Answer 
Power density level at the transmitkr was no greater than 23 kw/m 2 because of thennal limita­

tions. At the receiving antenna 011 the ground the peak beam intensity was limited to 23 mw/ 

cm2. Ionosphere densities arc essentially the same as the ground levd densities. Limited 
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infor111:1tion on ionosphl'rl· l.'ffl.'ds of these hl·ams can hl· ohtaim•d by ground based ionosphen.' 

heating ll'sts. Analysis of farfidd mi.:rowaw intl'nsitil's for multiple satdlill' systl'ms were not 

investigated. Thesl' fidds can he r·redil'tt:d by analysis and further investigation is needed. 

Environmental impads were outside the scope of this study. 

(4) If the n:\.'h:nna is 85-90 pen:l'nt '-'fficient. I 0-15 pcn.:ent of the energy in the beam may be 

n:leased as waste ht'at. What analyses and experiments are needed to assl'SS potential heat 

island effl'cts. flora ;uul fauna imp;icts. and potential land utilization? 

Answt.>r 

Heat rekase from the n:ceiving antenna was not investigated by this study. (A heat release 

analysis was pl'rformed by JSC and dfrcts werl' estimatl'd to hc negligihk.) 

D. Subprogram Area· Spact> Structurt.>s 

SPS Objective-Very large area. minimum Wl'ight. controllable structures configured for construc­

tion in spa,·e. 

11) Wha! camlidall' ~tructural mall'rials are candidates for thl' system studies'! Can thl'se 

matl'rials satisfy thl' lifrtin11.· rl'quireml'nts and ml'chanical and thl'm1al l·onstraints. 

in.:luding thermal cycling'! 

AnswN 

l'he primary strudural 1~1at.:ri;1l assuml'd was graphite ,:omposik hecausc of its indicated abil­

ity to satisfy llll'chani,·al and th1:rmal 1.·onstraints induding thamal l'yding. Additional 

inforn1ation un th1..· lifdinh' of this mataial in thl' spa1.'l' l'll\"ironml'nt is needed. This c111 he 

ohraincd by appropriate tcchnnlogy wrifo:ation activitil's as recommend1.·d in Sl'ction 4 of t11is 

\·o!Ullll'. 

12 I What structural l'<lnliguratiuns \\ill ~atisfy the conllicting rl'4t1irl·mcnts of minimil'.ing 

\h·irht whik ma\illlil'.inl! rigidity'! 

Answer 

Tubular tru-.;s strudurl's can med thl'sc rt·quircml'nts. Varioils n~cans of producing tubular 

truss strudur1:s han· bcen investigakd ;rnd ai1pear fcasihlc. 

13 l What is lhl' feasibility an,! cost-t~fll:ctivenl.'ss of manufacturing structural modules in 

spal'l''? 
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De packagiq Jensity of these Slnlelures is so • IS to make lllC\.'eSSary either asfelDbly oi die 

struduttS from n.!Sk-d dclrents. or prodoction of lhese structurn by stna-ture fabricathlrl 

dcYices .. -ommonly '-*d ""bream ma.ilines... Either ~ appears to he feasible and .. -osi 

effn-tiw. 

C4) Wh;at thennal -."Olllrol problans ar•: ~t ~a SPS stnn:1ures'! How an thcnnal ... -ontrol 

he provided! 

~ 

The bcsl •hefmal \"OOtrol approa..il is lo utilize a structur.d material 1"2t is insensitive to 

thennal ,-fl;:ngn_ 

c St What is tl:c optimum b3bnce between emh and sr .:cc 3SSCPlbly operations? 

~ 

A compktc an;alysis of this q~ion was not ~- The answer aprcars to he that earth 

USieftlbly is prderred •~ the extent it cm he accommodated while still oper.ating the space 

tr.ansportalion system in ;,: 1:1ass limited mode. The~ of volume-limired laulk."hes is ~ grear 

that ~-e assembly opcratk.'M arc probably preferable. This p13'.-n a -.-onsider.able premium 

on laqie ~'Olume r;ayload bays ~'-'r buoch o-<bides_ 

CM What stnk:lur.al confaguration-._ .. -unsislcnl with m .. x-h.anical and thermal rcquin.-ments. arc 

adaptable ro aut:xn2ted usembly in sp3i.-e? 

_\nswtt 

A number of ~lnk:tura! .. -onfap1rations wer .. • inv.:stipted and all were adartable to automated 

assembly in since. Eirhcr continuously·fom.cJ b.!ams or asscmf\led beams made of nestable 

clements are feasible. 

E. Subprognm Area: Power C om'enion (Including p;lwer proc.: .. -ssing & distrif\ut ion t 

SPS Objtttive-Mulri-tri~wall power conversion systems. , onfir;ured for aS!iemMy in Sf'3\:'e and 

designed for 30-year life. with a very low ma~ per unir area a1:J a cost of sevcr.d hundred dollars 

per kilowall. 

(I 1 Whal perfom1anct.• characteristics of key power conversior. ct.'11lponc:nts and su"'syslems 

were assumed in th.! system studies? Arc these \."haractcrisri,·s aHainable? Whal tech-

11o1~~ is l'l!q•1ircd? 
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Almwn 
Pcrfonnaoce dt:1r.Kt1..·r~tk.-s of !h...- fioWC'r 1..-unversiun o..'Olhponents ar.: d&-usx.>d in this volume. 

in Volm1h.· J :md in \'olumt> '1. llh."SI..· dt:ar.k'.leristk.-s were ddennined lo hi.." ;altainahle by the 

kdtnology v..-riti.:<atio 1 rr<~r •• m d...'S&.·rib..-J in S«1icn 4 of this volume. 

( ! t What un.•r.Jll fll..'rf(mna!k' ... dtar.1dcrislics of c;1ndidat1..• power conwr.iion syskms h°"'e 

hn·n aS!>lmu."l..t in th..- SJ":. s~;stc."m studies~ Whal h.xhnolugy is on-ckd lo achicvl.." Slk:h 

OhT.dl r•:rform.;nn.•"' 

Answ~r 

Oh·r.all r...-rii.)nnan.:1..· d1arJ'-·h.·rislics ar...· similarly J...-s..Tih...-d. 

0. Whkh of rh .. · GHkliJat1..• J'OW\'f .. ·om't."Nion i.ysf('IUS j, rnosf ;aUr.acfi\'l" for lhis arrfk.4lion 

from th,· vt..·wroints of p...-rfonnall\."c. 1-..·asiflility. n.i~hility ;anJ co..t? 

Th1..· rowt.•r dlnh'f">l•>ll ') sr~-.n lhal l'fl-SC:lltly ..._.l•ms loll\." 111051 aUrJdi\C is stllp\" ,·rystal silk.-on 

J'hOfoHJltaic as Jj'-'-11'-"'-"J In tlHS \OfUUlC. 

C4 l \\'hat :m: lh\" .1,...,i1t11 lrad..."\•tls r...-•1uir...-J to a ... ·..:0111n1tldak ! i~ vollat,.•,:/rlasma inh.~r.k·lions 

and 1..·k,:tricil i:ha(!!mg of bfl!I.· 'lrudun."S in p_'<JSyn ... -hrom~s orhit? 

Answer 

-n1is tllh.'Sli011 ~;JS llt>f sp.yjfj, .tll)o .tlklr..-s_._.-d. ·~·~n llfOl'\.~-dUf\.'S to at."t:OIUnlOdak Ck"t.•frit:al 

dlar}!ing arJ'!t-'ar h• ~· a\aibflk and hasi.:ally "'onsist of makilll! 111...- l'nlirc sysf\'m suffici\°nlly 

,~on •.. Krih· (tl .J\oiJ .... , ....... .,..,.j,,· d1ar~"I.· ,lifkr\"nli;d huilJups. 

Ans-. er 

n ..... answer was gih'll umkr 4t11.·stion 5 of th ... • rr1..•\ious suhrro)!ram ;1r-.. ·a. 

Ans-wc.-r 

An dc.:trit.-011 totary joint employing slip ring technology is wdl within th ... stall· of th..- art. 

rhc slip rinl! dl.."Sl)!ll is Ji~ll'st.'d in Volume-' •>f this report. 

( 71 ff ow l·an fhl· pmwr turn-on. lurn·off rransic.>nls flcsr flc handkJ in fht· swir.-hing. drcuit 

pro1n·tion and \ nllal!l' fl')!Ubtion areas·~ 

200 



A:uaer 
Systems ~ designed lo handle rhese transients by incorporating switch tear and circuit 

bleaters in the power coUe..."tion system and in the power processing and regulation system on 

the tnnSlllitting anter.nas. 

(8) What are acceptable techniques for power collection. repdation. switching and protecri<-n 

which satisfy the rectcnna/load interface requirements! 

Amwr 

The designs devdoped for pov.·er \.'Ollcction. regulation. switching. and protn-tion satisfy the 

ttctenna and ;oad interfal."'C requiremenb as presendy understood. lltese are discussed in 

Volume 3. 

SI'S Ollj«tiwr-ta) Slationkeep and mechanically point a I-km diameter microwa"-e transmitting 

antenna to with~n ±I minute of an: in geosynchronous orbit. c b) Stationkeep and mechanically 

point a very large solar array to within ± 1 degree of arc in geosynchronous orbit. (c) Stationkeep 

and attitude control the structures during assembly. and control them during orbit transfer. 

(I) What ty~ of "·ontrol devices ~e.g.. ion thrusters) did the system studi"-s investigate? 

What performam.-e levels were assumed for the devices? Should alternate types of devices 

and performall\:e levels be evaluated? Are the assumed or alternate de\'ices available? Is 

technology advancement required? Are the technology requirementi> affected by: 

(a) the structure characteristics (rigidity or flexibility. integral modular construction. 

inert:a. vibrational modes)? 

(b) thermal deformations of the structure during steady state and during the transients 

arising from short period orbits in LEO and recurrent eclipses in GEO? 

( c) steady. pulsed. or commanded operational modes? 

(d) the 30-year lifetime requirement of the satellite"! 

(e) the need to minimize pollutant emission? 

(0 the need to minimize system weight? 

(g) other factors? 

Answer 

The prindpal control device investigated was ion thrusters for the overall SPS configuration. 

The accumulated momenta appeared to be too large for practical momentum ex"·hangc 

devices. Magrtetic torquing is com:eivab!e but might be unreliable in the variable magnetic..: 

environment at geosynchronous orbit. Momentum exchange devices appear to be entirely 

pr.1ctical for aiming the antenna and can be unloaded by applying torque to the antenna from 

the SPS. The momentum unfoading then is accomplished by the ion thrusters on the SPS 

201 



Dll0-22876-2 

itself. The principal area of technology advance required is scaling up of existing ion thrusters 

to larger size and de\·eloping the high powe!" processors. Control system analyses indicated 

that simple \.-Ontrol lt'\."hniques and software are adequate. that the structural dynamk..-s can be 

n ;1int:iined at a high l'nough frequent:y so that they do not intermix with control responses. Ion 

tha..aster ISP'~ were sek.:ted in order • .:> minimize weight. Bec.tuse of the long system lifetime. 

;. is expe(.°'ted that mai~tenance of the attitude control system will be required. An additional 

factor is the nttd to establish .:ontrol anthority and \."Orrect the satellite attitu<te in an instance 

where control h<b ~.-n temporarily lost .ind the satellite is not sun-facing. Under su.:h a circum­

stance. a badmp chemical thrust system is nttded and was included in the system definition. 

definition. 

( 2) What types of data sensing. data proc~ng. and device actuation and \.ontrol systems did 

the satellite system studies postulate? What perfom1an'--e levds were assumed? Should 

alternate data sensing. pr<:k.~ssin~. actuation. and device control systems. and performance 

lewis he inws1igatt'd·~ Are the assum'--d or alternate systems available? Is technology 

advam:ement required'? Are the technology requirements affected by: 

ta) requircmi:nts on n:,.ponS(: tinlf..-s and accuracies? 

th) automatt.'d response rcquiremenr 

tct S<nsor and del·troni .. : intl·rfac\. with the antenna phase front control system·~ 

t d l other fa.:tors·? 

Answer 

Analysis of data sensing was .. :onfined primarily to measurement lists. The nature of the lists 

does nol indicak any s.:rious proMcm in llh.'\.'ting the requirements by the data pro..:essing 

capabilities prcSt'.ntly under dc\·dopmcnt. 

t3} What r\.'quin·n11..·nts exist on satellite tra.:king and data acquisilion·? \\'hat tcdrnolog.­

ad,·arn:em\.·nts are nt>eded"? 

Answer 

Satcllih.· orhil mainlenanl"t' should h.: hased on ddennination of the satellite ~·phcmcris by lhe 

interaction of tht' satdlitt" and its ground station in order to minimize rl·quirt·mcnt!' on 

separate I racking ndworks. No unusual dala acquisition needs wae identifit-d eXl'<"Pt for thl.' 

potential total pron·s,ing load rcquirc:nl.'nls resulting from many satcllilcs hdng in place. 

Again. most l)f this r.:quin.·rncnt should hi.' handled between each satdlile and its ground sta­

ti.Jn to minimi.r.c need for separate ndworks. 

(4) What requirements for mat\•rials and stmcturc technology are implied? 

Answer 

No specific rcquircml'nts Wl.'rt• iJl'ntitit•d (lt:wr than thOSl' idt•ntifil.'d tiy other investigations. 
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G. Subproaam Ala: Transportation 

ft Ol.jective-Transportation of all goods and persunnel necessary to construct and emplace an 

operational space power station network at the least possible total program cost. Preliminary analy­

ses PKlicate that transportation costs in the SSO to $20/K.g range may be achieved. The former tar­

get cost is needed if the SPS ll13SS is near the upper bounds of the preliminary estimates while the 

latter cost may be acc..-eptable for the lighter weight SPS concepts. 

(I) HLLV 
(a) What are the expected RDT&E and TFU costs of candidate HLLV configurations 

ranging in size from I SO to I 000 metric tons of payload per launch? 

(b) What are the expected recovery and refurbishment costs of the vehicle stages ( l or 

2) comprising each cnadi<*ate Hll V concept? Compamon of winged and ballistic 

recel'ery. water and bmd touchdown. and fly back or ground traverse of stages. 

(c) What are the anticipated personnel staff sizes required for each concept to perfonn 

pre-launch and launch ground operations. mission planning. flight control and sup­

port Cincluding sustaining engineering)? How do these manpower levels vary with 

launch rates consistent with the placement of 100 x 103 to .:?500 x 1<>3 metric tons 

per year into LEO? 

(d) What are the facility acquisition and operational costs to 'illpport the flux rate of (c)? 

(e) \\'hat are the propellant requirements of the candidate HLLV's to fulfdl (c). includ­

ing those fluids consumed at the launch site but not launched? What is the energy 

budget to produce these fluids in the quantities required? What are the environ­

mental impact~ of thdr expenditure in the biosphere. indudir.g pre-launch. launch 

and entry/recoveryisen icing mission phases? 

(0 What requirements are placed upon the national material resource/refiningiground 

transportation structure to acquire and operate the fleet of HLLV's for the SPS 

program? C'an material conservation/substitution programs reduce dependence upon 

scarce or imported resources? 

(g) What new/innovative technology may be developed.for use in the 199~.:?0.:?5 inter­

val (may be several stages. time phased) to enhance the cost-effectiveness or decrease 

any adverse effects of the launch activity of (c)? 

(h) What are the consequent costs per flight and costs/kg of payload of the candidate 

concepts as a function of size and launch rate? What confidence is present in these 

estimates? What graceful fallback positions are available for each area capable of 

jeopardizing either prog- ~m technical success or cost targets? 

Answer 
All of these questions are addressed in Volume S of Part l and Part ::! of the study. respec­

tively, with the exception of item (g). New technology was not specifically addressed. but one 

area of significant contribution would be an advancl!d space shuttle for personnel 

transportation. 
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( 2) OTV -- lndependendy-powered 

(a) \foat are the expected RDT&.E and TFIJ (Theoretical First Unit) costs of candidate 

independent cargo OTV's r.mging in size from 250 to I 000 metric tons of payload 

delivered tn GEO from LEO? 

(b) To \\'hat e;.tent can retlight f·ret'lration be accomplished in LEO? What are the 

fadlity/manpO\wr/material requirements necessary to achieve retlighf! 

(c) How many reflights m;i}' be a.:complishtd with each candidate OTV'! What changes 

in reflight costs and mission-completion reliability accn.e as the vehicle approaches 

end-of-life? What is to be the disposition of units whi,:h have completed their serv­

kc life? 

(d) What are the sizes of tht• staffs required in LEO and on Earth to support the cargo 

OTV operations (see k). How do these manpower kvels and costs vary with annual 

payload to GEO over the range of 40 x I o3 to 150 x I o3 metric tons per year? 

How do the LEO facility requirements change O\'er this same range·~ 

te) What opt.>r.ttional issues emerge consequent to the orbital transfer operations over 

the range of :!d. allow·~ Launch windows. ~.-ommunkation rendezvous and d0t:king 

requirements. abort. safety. mission planning and control. LF.O mvcntory m.mage­

mcnt all require C<.lllsider-Jtion anJ devdopment of the as..'iOCiated costs. 

(I) What technil:al isSUl'S emerge for propellant handling and conservation in LEO? Is 

new tt'chnology rt'quired or advantageous"! What losses may be anticipated of the 

fluids ddivt'rt'd to LEO'! 

(g) What requirem"·nts arc placed upon the national mataiaJ rcsource/refining.fground 

trJnsportation stru.:turt· to a1.·qui:e and operate the: lkl't of 11 l.l v·s frlr the SPS pro· 

grJm'.' l ·an makriaJ 1.·onSt'n·ation/substitution programs reduce dependence upo'1 

~.:ar.:e tlf imported resources"? 

IM \\bat new/inno\"ative kdrnology may he developed for USt' in the IQ<>Q-2025 inter-

\ :ii I may be ~n.·ral stagt•s. ti ml' plwS\."d I to enhance the l'Ost-dkctiwncss or decrease 

any advc~ l'ffe.:ts ~~r the launch acti,·ity of ( I lh· t 

( i I What are the prcSt.·ntly-expe.:teJ p1..·rfomianl'c\·ost/refurhishment parameters of 

candidalt' d1..•ctrkal propulsion thrusters. po,.,.·er nmditioners. and powa sources"? 

(' onfidcnl.'c·? 

Answer 

This question is addressed hy Volumes 4 and 5 of Part I of the stlllly anJ Volume 5 of 

Part'.'.!. 

(3) OTV Dependent llpon SPS Power 

(a) What requirements does the OTV impose upon the SPS tor rower producing mod­

ules thaeoO to pl'nnit utilization of the availahk electrical powa for tlw LEO-GEO 

transit'! Powl'r conditioning. distribution. storage. l·ontrol. attitude ~ontrol. stml't· 

mal response and other rl.'quiremcnts must he addressed. 
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(b) What are the developments and unit costs associated with thrusters. dedkakd power 

conditioners. propellant supply and avionic syskms if the units are to be: 

( I ) Expended 

(2) Remain with the SPS and serve as the attitude/orbit mainknance subsyskm 

(3) Re"--overed to LEO for reuse 

(d What is na:essary to perform the mission from LEO. considering earth occultation·~ 

Departure time, date. inclination altitude and thru!'ter system thrust decay power­

off all interact. 

(d) Same series of staff level/facility questions as other vehicles. 

(e) Same series of propellant/environmental impact question as others. 

Answer 

This question is addressed oy Volume 5 of Part I and Part ~ of the study. Staff kvds 

were not spccifkally addressed. The space construction facility in low Earth orbit 

indudes capability to install the thrusting system. 

(4) Personnel Laun"·h Vehicle 

(a) What can be done to configure the space shuttle orbiter as a personnd launch vehi­

cle? How many passengers·~ How soon can t!le shuttle system mature sufficiently to 

pennit this use? At what cost? Is a dedicated orbita or mission-bit approa.:h 

preferred·~ 

(b) What new con.:epts cSSTO. new shuttle boosters. etc.> compete with the shuttle for 

this rok? What are the cost trad"'-offs vs. level of activity and time'' 

(d What are the inter-project interfaces with the space evaluation fadlity (space station) 

and the Pl V? lnter-proje.:t is.'iues indudc safety. rescues. rendezvous docking. t'lc. 

Answer 

Item (a)- The space shuttle orbiter in a personnel laun.:h vehicle configuration was dis­

cus~d in Volume 5 of Part I of the study. ,\ pas!'engl'r "·apacity of 7 5 was assumed. It is 

indicated that a dedicated orbiter wo.ild be the preferred approadt. lkms c b) and Cd 

under Question 4 were not spccifi.:ally addressed. St·vcral other stud ks havt· addrl·s~·d 

new concepts that may compete with the shuttle in this role. 

(5) Personnel OTV 

Ca) What arc the candidate configurations. their technical chara.:tcristics and program­

matic factors? Can the personnel compartment he the same unit as the personnel 

compartment of the PL V? 

(bl What are the abort and mission safety considerations'! 

Answer 

Item (a) is addressed in Volume 5 of Part! of the study; Item (bl is addressed in Vel· me 

4 of Part I of the study. 
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ff. Subprogram Area: Operations 

SPSObj«tive-Achieve the construdion in orbit. placcmt>nt and :Jetivalion. and maintain the pro­

ductive capability for JO year; or more. of an oper.1tional spal·e power station network in a manner 

that assures reliabk power availability to the grou11J network at minimum ccst to th;.- power 

consumer. 

I) \\11at are the cons;mction/assembly/activation/maintl'nam:e tasks to he considered for 

LEO and GEO performance·~ 
( !l What are the required input of man-hours to 11'-'rfom1 these tasks·~ IV A.! H' A.! Ground 

support'~ 

3) What facilitks an- 11.'Qllircd at the constmdion site to perfom1 the tasks·~ 

4) What tools/equipmcnt,lconsumahles are required? 

( 5) What is the potcntia: for malfunction/accident Juring construction'! Rc:"·overy/work 

around/salvage·? 

( b) What costs are involved in ~. 3. and 4? 

7) What is tht' potential for m.;.11.1.1facturing SPS components anJ subas.."-'mhlies in orbit more 

produrti\·dy than on Earth? Crystals. thin film. solid state electronic devices. structural 

anJ rdlc:"·tor l'lc:nlt.'nts. etc:! 

8) What arc: the staffing requin•ments in orbit and on Earth .ur representatiw SPS constmc­

tion,'operations S\.'l.'nario for: 

I al L.EO ,·onstruction'? 

\b\ GEO constmction·~ 

( t.' I L.EO construllion of nwduks asSl·m'1kd\kployed al GFO'! 

•)) Wh;il are tlw opt.-rJtional .. :onsidt'rations of the IJrge manm:d ortiital adi\itil•s'? 

\a I Pt.•rs1,nnd SllJ'1'•1rt in orbit 

I 11) Pl·r:-onnd :-uppt1rt on f ;irth 

kl Comm11ni.:;1tions and J:it:t handling 

CJI Natur:1l and indun·J l.'mironnll·nts and prot\"l'tion 

(d lndtKl.'d 1.'fkcts upon thl' SPS umkr construction dut· ((1 opcrations in or'1it'! llp,111 

the bmsphl'rl··? 

( n Mission ~111J c.:an .. 'l.'T .. :onstraints upon pl.'rsonnd Jul' to radiation and othl'T factors 

typil·al .. :art.'l'T progrt·ssion (l·.g .. what lo do with fih· ycar llll'll r' 
1gl Training/simulation/catifil'ation/annu;tl d1l·ck for pcrsonnd 

(h) Costs c>f all of thi: abow 

t 10) What provisions must hi: madl· for rt•n.•ipl ;md ,tishursemi:nt of supplil'S. t.'XJll'tHlahks. 

tools. l'k. Whal fadlity and staff implications arl' inhcrcnt to till' h1rgl.'·sc1k logistics 

tasks'! 

( 11) What provisions an· tll'ct.•ssary for mobility of pcrsonnd. l'Qt1ipllll'l1t. ;1nd conslrul·tion 

c:knwnts'? An· tlwsi: provisions consistent with the work sdll·duk'day-night 1:ydt• 1SPS 

vulneral'lility (lo rocket l'\hausts. torqlll'S. l'lr. )'? 
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t l :!) What will be the data tr.iffic in orbit 101.:al and r1.•motc- how handkd'? 

( 13) What are the key elements of the orbital operations prol'ess of th1.• mature SPS which 

must be devdoped/demonstrateJ/rdineJ by Eartl'·orbital prel'ursor proji:rts'? Uow do 

the shuttk. extended duration (up to 180 Jays) span·lah. spal'e station. pilot plant •on­

tribute to help meet these needs'? What funding is nccdt'J to support the:;1.• brth-orhital 

prernrsor projeds'? 

( 14) What ground operations are as.~iatcJ with the re1.·t1:nna'? What opcratior.s are neeJ1:d at 

the intcrfal'e with thl.' uSt•r'? 

Answer 

Most of the qui:sticns under operJti1.ms are addressi:d hy Volume J of Part I of th1.· study and 

Volume S of Part:!. The following wi:re specifically not aJdressi:J: Qu1.·stion 5. Qu,·stion ~. 

Question 9.e. Question 9.f. Question 9.g. Additio1ul work is rc1.·on1111endi:d 1.lll Qu1.·stions 10 

and 11. Question I:! was not addrl.'sscd. Question I J is addrcsscd undc-r th1.· ll'd111olo~·y n:r­

ification program discussed in S1.•l'tion 4 of this v1.11t1m1.'. Question 14 w;is not :uldr1.·ssc-d. 

I. Subprogram Area: Orbital Technology Verification 

SPS Objective-To as.,urc- dc-pendahlo..·. long-lived opi:ration in the spa\.'c- c-mironnh.'nt. at 'iabk 

energy 1.:osts to th1.• usa. 

P1.•rtinent questions derin: from thi: ne1.·d to op1.·rak in th1.· sp:K1.' 1.·miromn1.·nt. '' hid1 has d1ar:1d.-r­

isti1.·s that indude the following: 

(al Gravity fields of low magnitmks. signifo.::mt gradii:nts 

(ti) Low ahsolutl.' pn.•ssurt'. low sink tl.'mperaturt' 

(d Radiation (partides. photons. ioni1ing. non-ionizing) 

(di Low density pt1sma 

h') Mt'tcoroids 

(t) Perturtiing I n.:i:s and torques Un addition to thl· gra\ity l'ffrctsl on Lirth orbiting bodi,·s 

(gl Pl.'riodil: on:ult~ttion of sl:n hy Earth. wht'n vil.'w1.·d hy an Earth orbiting body 

(I) That art' tht' impads of 1hc~1.· (and otlwr rl'l,·,·ant) propatit-s l,f tilt' spa,·l' 1.•miw1111i.·n1 nn 

SPS lksign in the nine SPS suhprogram ari:as·.• Whi •. :h of lhl'St' l'ffrl·ts ,·.m b1.· \l'rifi,·d 

only in sp:Ke :md not on till' ground'! 

(2) What tl.'drnology alh·am:cnwnts :m· nl'l'lkd rdatiw to tht' dl1.·1.·ts thal ,·an bl· 'aifi1.·d 1lnly 

in sp:Ke? 

(.H What is till' impa1.:1 of tht' (spal·1.•-wrifiahld ,·ffrds on till' "·o~ls of ~ystl'lll lk\t·lopm1.·11 t 

and opaations'! 

Answer 
Thl' orbital ti:d111ology wrifil'ation program is indu1.kd in th1.· tcd1nohlg~ \'l'rifi,·atiPn pr,)­

grams lkSl'rihed Ulldl'f Sl'l°tion 4 of this \'Olllllll'. 
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