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Dl80-2S461-S 

AGENDA 

The SPS System Definition Study Phase II F1nal Briefing (Contract NAS9-15636} was presented 

at JSC on October 23, 1979. Also included in this briefing book are presentations by General Electric 

and Brown & Root, given at JSC on October 18, 1979. 
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AGENDA 

--------------------------------------------------------------•a11wa----SPS-3103 

EXEC UT I VE SUMMARY G. Woodcock 1:15 Hr 

S PS RESEARCH & DEVELOPMENT G. Woodcock :45 Min. 

CONSTRUCTION OPS & BASE R. McCaff rey 1:00 Hr 

OPERATIONS CONTROL R. Crisman. :30 Min. 

TRANSPORTATION E. Davis :45 Min. 

SOLID STATE SPS E. Nalos :40 Mi11 

TECHNOLOGY CONTRACT E. Nalos :30 Min. 
STATUS 

3 
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STUGY CONTRACT TEAM ORGANIZATION 

The Study Contract Team includes Boeing as prime contractor and Brown & Root. General 

Electric, Grll"Jl'lan, Arthur D. Little, and TRW as subcontractors. Principal task areas for the 

subcontractors are shown and the study team leaders for each contractor are indicated. 

4 
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Study Contract Team Organization 
(Phase I Tasks Shown) 

SPS-2200 

BOEING 

-
G. R. WOODCOCK 

GENERAL 
ELECTRIC GRUMMAN A. D. LITTLE 

A. ANDRYCZYK R. McCAFFREY P.CHAPMAN 

• SPS AVAILABILITY • SPACE CONSTRUCTION• INDUSTRIAL 
OPERATIONS COMPLEX 

• SPS-POWER • GEO BASE 
GRID COMPATIBILITY DEFINITION 

·5 

I 

BROWN It ROOT 

D. H~:":VEY 

•OFFSHORE 
LAUNCH 
COMPLEX 

TRW 

A.CRISMAN 

• MISSION CONTROL 
CONCEPTS 

•CONTROL 
IMPLEMENTATION 
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EXECUTIVE SUMMARY TOPICS 

The Executive Summary covered the topics indicated. The majority of the briefing was 

keyed to study accomplishments and organized according to the study task work breakdown structure. 

The main part of the Executive Summary was preceded by a brief summary of SPS background. 
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EXECUTIVE SUMMARY TOPICS 

_________ ...._ _____________________ 6DEINC ----

SPS-3077 

o BACKGROUND 

o STUDY ACCOMPLISHMENTS 

o SPS ISSUES TODAY 

o RECOMMENDATIONS 

7 
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EARLY SPS CONCEPTS 

Illustrated here are two early SPS concepts. The first is from the original publication by 

Peter Glaser in 1968. Tt.e second is from the results of a pioneering study conducted by Arthur D. 

Littl~. Grunman, Raytheon, and Spectrolab Lab in 1971-1972. The latter configuration includes many 

features found in current configurations, including concentrating solar arrays, a microwave trans· 

mitter employing magnetron tubes, and a large space frame truss structure. 

8 





Dl80-2S461-S 

CONFIGURATION CONCEPTS CIRCA 1972-1974 

lllustrated on the facing page are early configuratton concepts for solar Brayton and photo-voltaic SPSs from 

Boeing IR&O studies. These configurations assumed that ten thousand megawatts could be transmitted from a 

single microwave transmitter and did not consider the effects of gravity gradients on configuration design. 

10 
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Configuration Co11cepts Circa 1972-4 

SPS-2818 

.,... lllCA4.. 
"-",-~"--......0.::;.._;;'...6G.-"""--"-~~~-'--..-.~ t

...--&A' .,. 

........ ICM.A• ..c. .... "' ""''~ • llQl!rt•·••· ......, ...... , • .,. • 

• .,._.,._aa,,,._..•~ 
• P'ORfllll·t ......... , • ..... , •• ,.. 

SOLAll-SHAYTON POWER SYSTEM CONCEPT BRAYTON-PHOTOVOLTAIC COMPARISON 

"THEREFORE, WHILE RECOGNIZING THAT SOLAR CELLS MAY ULTIMATELY 
PROVE TO BE THE BEST SOLUTION, WE EXAMINED THE ALTERNATIVE OF A 
SOLAR CONCENTRATOR ANO HEAT ENGINE." 

11 
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COMPARISON OF POWER SATELLITE OPTION SIZES 

This illustrat1on is representative of some of the comparative work that was conducted under 

a 1975 study for MSFC. As a result of these comparisons, the nuclear and thermionic options were 

recorrrnended for de-emphasis. At this point, Rankine energy conversion had not been investigated. 

12 



Con1parison of Po\ver Satellite Option Sizes 

-----------------------------------------------------------------------------llllllN&------SPS .t1l:n 

SILICON 
PHOTOVOLTAIC 

(33.53 kM) 

(20.83 Mi) 

I 
t 

Ga.As 
PHOTOVOl. TAIC 

(25.31 kM) 
(15.72 Mi) 

THERMIONIC 

NUCLEAR (ROTATING 
PARTICLE BE01 

24.9 kM 
(15.47 Mi) 

i 
t 

' 
' 2.45 kM 

(1.62 Mi) 

BRAYTON 

18.20 kM 
(i 1.31 Md 

I 

ALL ARE TO SAME SCALE, END·OF·LIFE CONFIGURATION) 
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SPS SYSTEM DEFINITION STlil>Y DESIGN EVOLUTIONS 

D.:sign e'folul ions of the prim:ipal types of SPS systems and spal.'.c support syst.:ms ;m: shown: 

Th'"· photovoltaic SPS began with the JSC truss confi~urar in al a g•:c mctril.'. concc:ntration nilio of 1. This 1:011figuration was sized 
r"1>r h\·ginning-of·lifr output capability. The configuration was r'"·si.l'-'d to allow nrnintcn;mc..: of oulpul l.'.apahilily throu11houl the 
1 ! "rl} ·}'-"Jr 1..ksign lifr s)"Sl\."lll. hy pen ml i'"· Jrra)" .1dd 111011. At Ill\' '"·11111pk lion of P'-'rl I of th.: sllld}'. a total of I 0 phoW'folraic 
11pt1urh h;id b'-''-'11 ddint•J :i~ shown. ·111cS4: indud.:d ,,fi..:011 a111! k(>1lh11m ar~nidc energy i.:011wr,i1111 al ..:oni.:cntroilion ralms 1 and I 
.ind v;mous po\\ er main kna11..:'"' mclhoJs. The lo\\ ~·,1 '"·o:.t silil.'on S'.>' :.tell\ w;is sckl.'kll for cont i11t1a11..:e into par~ 1. ·nus system 
,·rnplvr\.'J no i.:011':\."lllrJlion and Ll!>l!d in situ annealing of the ,o!;ir l.'dl-, for pow1:r mai11lcn;r111.'c. I he cunfigur:" 1011 was further 
,I. rineJ during p:Jrl ~. The sy!>tern oulpul, with th'-' optimum r'"·i.:knn.1 ,j;,., was reduced lo 1>.J C i\V a~ ;1 rcsulf vf final definition~ 
, 1 I th.: d°fo:i.:n1.·y ..:hain. 

I Ii.: llh·nno.il cngin'"· o.inaly)I.''> beg.Jn with the 10 GW Brayton sy .. 11.·111 Jdi1wll 1111Jer an eOJrlicr 1.·11111r;il.'I. l:oirly in th..: wbjcl.'l study, 
.111 .111alrsis of ;iliailablc dala on plaslic film reneclor J\.'gr;rdalio11 in th1.· \f10!1.'e e11'firo11111e11I ~uggc\led Iha! a JO'A d..:gro.1<falion might 
• 1, .:ur. Con~qu\.'ntly. the 1.·onccntrators were enlargeJ to compcmalc. '1111.· confiaiuration wa' nexl di\ idc.I into I u modules with 
1 r• ll•!!h-shJp..:d concen tra to1~ as shown under "construct ionized Bray Ion." During part I R;m kine mtd The nu ionic systems W4!re 

.rho ~·\;1luatcd. Initial c\'aluations indicatc:d the Rankine system to he morc massive tla;in th1.• Ur:iy1011 '>Y~lem. llowcvcr, a cycle 
11.·111p1.·ratur1.· ralio optimiz;ition rcsultec.J in a lower ovt:rall mass. Addilional dcsia:n changes intrmluccd at thi' Jloint cli111inah:d 
,11.·'"·rahl\.' fo..:\.'IS from lh1.• conc1.•ntralor by nying the syslcm always eX:ll.'11)' f;.11.:i11g the sun. 

·1.iwJrJ 1he end of the study, nc:w infonnation bc:cam..: availabl..: on plasric lilm n:ncc.:tors indh.:alillll that J..:gradation impact would 
il•ll o..:cur and the final system configuration was, therefore, rcsiiell to rcfl1.:i.:t nondegradation f the l.'.oncentrutor. 

I h1.· principal evolution in space transportation sysi..:ms w:is in the launch vchidc. The study hegan with the :?30 ton payload 
h··J'wY lift launch 'fehicle at a projected cost for transportation ro orbit of S33 per kilogram. Packaaing indiculed thut higher puy· 
lo.HI densities could muke possible a reusable shroud. Staizin); oplimilation studies led to u 400 ton h..:avy lift luuni.:h vehicli: that 
\\\.'rtl 1hrough the evolution shown. Also, a two-stiJgC wingcJ vehicle option, ba~eJ on carlicr JSC studics. was addc:LI. 

S1•1.!1'"·s of chc:mical orbiter transfer vehides included space based and Earth launchc:J option::>. Tl11.: orhit transfer option tak..:n 
1ri1111 th\.' Furure Space: Tr~nsportation System Analysts study was found to be least cost and was retained. lnvesti8lJlion of the: 
111.·;111., of moving the SPS hardware itself from low earth orbit to geosynchronous orbit continued to incJicate a sig11ifo:un1 cost 
ad\antage to the self·power concept. 

The c'folution of construction concepts began with equipm..:nl con~cpts. Tite inilial construction base concept was for the conccn· 
IJJlion ratio:? satellite and included littk detail other Chan O'ferall sit:>? anu shapl!. ·mis construction base concl'Pl evl)lvcd to thl! 
1llu\tration shown at thi: lower right hand corner of the ch:irt. Most of the ~lructure is shown blocked in with structural detail 
11111}' on one small portion of thl! construl·rion basc. This l·onstruction base includes c:1pahilitics to constru ~t ~11ellile modules and 
tr;111~mith:r antennas. Analogous construction ba~ concepts were developed for the thermal engine system also. but ar.:' not shown 
on th is ch arr. 
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SPS System Definition Study 
Design Evolutions ____________ ..,. ______________ .._ ________ ,.... ____________________________________________________ ~..,6'~,IVI; -------
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D 180-25461-5 
HIGHLIGHTS OF SPS SYSTEM DEFINITION TO MARCH, 1978 

This major systems study was conducted for the Johnson Space Center under contract number NA~ 91.5196. The 

study recommended silicon as the reference configuration with gallium arsenide as the alternate. Thin-film 

systems were also investigated but the technology base was insufficient to provide a realistic comparative 

assessment. A significant effort compared Rankine to Brayton cycle thermal engines. Jn-depth evaluation of the 

likely temperature limits for 30-year lifetime thermal systems drovf" cycle peak temperatures down to the range 

where potassium Rankine was .a valid competitor. The construction and transportation systems aspecti of the 

thermal engine versus photovoltaic were examined ln detail with particular attention to thlf construction base 

design, its complexlty, and the packaging problems attendant to thermal engine radiator systems. These analyses 

Jed to a conclusion that if projected photovoltaic costs could be achieved these systems Wl"uld be l'oughly ten per 

cent less costly. Thermal engine~ do, however, provide a hedge against the posslblllty that costs wllJ not come 

down as projected. 

The study also developed a Klystron reference power transmitter, including de~aiJed error analyses and efficiency 

ch.lin calculations. Emphasis on the Klystron was aimed at developing efficient design detail information in order 

to enable evaluation relative to the amplltron or magnitron. Such a head-to-head Klystron amplitron evaluation 

hiis, however, to our knowledge, never been made. 

A trade-off was made of winged versus baUistic heavy-lift launch vehicles. The cost estimates came out 

essentially equal. Although the winged vehicle is somewhat more expensive it can operate with smaller fleet size 

because turnaround time is reduced. Accordingly, the winged system was selected on the basis that it presents 

less developmental risks. 

The performance advantages of electric propulsion for orbit-to-orbit transfer became apparent during the study. 

The electric propulsion system was embodied in a self power orbit transfer concept to be described later in this 

briefing. 

This study also investigated construction operations in depth and began to look at maintenance and SPS 

compatibility with power grids. 16 
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Higl1ligl1ts of SPS Systen1 
Definition to March, 1978 ____________________ _.. ________________________________________________ lllllND----

SPS-7R06 

• RECOMMENDED SILICON AS REFERENCE, GALLIUM ARSENIDE AS ALTERNATE 
- SILICON LOWEST RISK, COST DIFFERENCES WITHIN UNCERTAINTY BAND 

• RECOMMENDED RANKINE OVER BRAYTON 
- THERMAL CYCLES PRESENTED CONSTRUCTION & TRANSPORTATION PROBLEMS WHEN 

EXAMINED IN DETAIL 
- THERMAL CYCLES PROVIDE A HEDGE AGAINST PHOTOVOLTAICS COST PROBLEMS 

• DEVELOPED KLYSTRON REFERENCE POWER TRANSMITTER 
- DETAILED ERROR ANALYSIS CONFIRMED POTENTIAL FOR EFFICIENT POWER TRANSFER 

• SELECTED WINGED OVER BALLISTIC HLLV 
- ESTIMATED $33/Kg TO LEO 

• SELECTED ELECTRIC SELF.POWER ORBIT TRANSFER OVER L02~LH2 OTV 
- INOEPtNDENT ELECTRIC OTV WAS NOT INVESTIGATED 

• DEVELOPED END-TO-END SPACE CONSTRUCTION APPROACH AND 
FACILITY CONCEPT 

- CONSTRUCTION SIMPLICITY A FACTOR IN SELECTING CONCENTRATION RATION• 1 

• BEGAN TO ANALYZE SPS MAINTENANCE AND POWER GRID COMPATIBILITY 
- SELECTED LEVEL-LOADED MAINTENANCE OVER CONCENTRATING ON EQUINOX PERIODS 

17 
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DOE/NASA REFERENCE SYSTEM REPORT, OCTOt!ER 1978 

During the summer of 1978, followi.ig the study just discussed f-.nd the study by RockweJJ International for the 

l.larshall Space Flight Center), NASA developed a reference system description published in October 1978. This 

system description drew data from the Boeing Study, the Rockwell Study, and NASA-Johnson and Marshall Space 

Center inhouse studies. Principal features of the reference system are described on the facing page. These 

decisions were made in parallel with the beginning of the current Boeing study for NASA Johnson Space Center. As 

these decisions became clear the present study adopted the ground rules wherever possible, examined alternatives 

in certain cases and is now in consonance with the reference system description in terms of our baseline system 

des er iption. 

18 
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DOE/NASA Reference System 
Report Oct. 1978 

------------------..... --------------------------------------------1a11Na-----SPS-7807 

I 

• DATA DRAWN FROM NASA t.t CONTRACTOR STUDIES 

• 5,000 MEGAWATT SPS, ONE TRANSMITTER 
- S•L•CON AND GALL\UM ARSENIDE SOLAR CELL OPTIONS 

• KL VSTRON TRANSMITrER 
- MAGNETRON 6 SOLID STATE RECOGNIZED AS POTENTIAL OPTIONS 

• GEO CONSTRUCTION WITH INDEPENDENT ELECTRIC OTV 

• TWO-STAGE VERTICAL TAKE.OFF, HORIZONTAL LANDING ROCKET HLLV 

19 
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FIVE PHASES OF SPS 

As a preamble to discussion of study accomplishments. it is noted that an overall SPS 
program approach and plan has been developed. including five phases. These program pha~es are 
occasionally referenced in the briefing material to follow. 

20 
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FIVE PHASES OF SPS 

IDEINC 
5p5.3raii1 

PHASE OBJECTIVE 

Research 0 Evaluate and Select SPS Technologies 

0 Resolve Technical, Environ mental and 
Socio-economic Issues 

Engineering Verification 0 Demonstrate Conversion of S PS 
Technologies !nto Practical Engineer;ng 
Hardware 

Demonstration 0 Demonstrate End-to-End Operational 
Suitability of S PS as a Base load Electric 
Power Source 

Investment 0 Create the Industrial Base to Produce SPS 
Generating Capacity at 10,000 Megawatts/Yr. 

Commercial Production 0 I nstal I and Maintain 300, 000 Megawatts of 
S PS Generation Capacity over 30-Year Period. 

21 
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PRINCIPAL ACCOMPLISHMENTS 

The following table (three pages total} summarizes the study accomplishments. These 
form the outline for the majority of the executive su11111ary, in which the principal results are 
presented. 

22 
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PR INCi PAL ACCOMPLISHMENTS 

-------------------1--------------------------------------------IDEIN&-:;)PS 3078 

TASK 

BASELINE CRITIQUE 
& UPDATE 

CONSTRUCTION & 
MA I NTENANCE 

JNDUSTRIAL 
COMPLEX 

PHASE I 

. Developed in-depth· critique of 
baseline 

. Corrected design deficiencies 

. Selected EOTV for orbit-to
orbit transportation 

. Evaluated construction options 
and selected end-bui Ider 
(Grumman) 
De'V'eloped low-cost Rectenna 
Construction Designs & 
Approach (GE) . 

• Identified Production Capacity 
I SS ues (AD L) 

23 

PHASE l I 

• Defined solid-state SPS 
option 

• RP.-ana lyzed reference 
system with mass & cost 
estimate to WBS Level 5 

• Updated system description 

• Defined Construction Base 
in more detail (Grumman) 

• Updated & extended 
maintenance analysis 

• Scoped Industrial Complex 
Needs (ADU 

• Developed Industrial 
Complex Cost Estimates 
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PRlNCIPAL ACCOMPLISHMENTS - Cont. 

•11.EIND 
SPS-3079 

TASK PHASE I PHASE 11 

LAUNCH • Evaluated Equatorial Launch • Defined KSC Launch Site 
COMPLEX Require men ts 

• Developed Concept for 
Sea-Based Launch Site 
(Brown & Root) 

OPERATIONS . Analyzed Depressed HLLV . Developed Operations 
Trajectories Analyses for al' operational 

elements 

• Developed I ntegratecl Ops 
Management Approach ffRW) 

. Developed further 
depressed trajectori&s. 

SPS/GROUND . Updated Recten na Description . Updated S PS Reliability/ 
NET\NQRK (GE) Availability (GE) 
I NTEGRATIQN • Updated Rectenna/Network • Assessed S PS LOLP, 

Interconnect (GE) Control, and Reserve 
Margin Suitability (GE) 

24 
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PRINCIPAL ACCOMPLISHMENTS - Cont. 
__________________ _._ __________________________________________ IDllN~-----

SPS-3080 

TASK 

TECH. ADVANCEMENT 
& DEVELOPMENT 

COSTS & SCHEDULES 

PHASE I 

• Identified Development and 
Demonstration Options 

• Developed First Cut Research 
Schedule 

25 

PHASE 11 

• Developed Detailed Ground 
& Flight Research Plans 

• Developed 4-Phase 
Overall Program Approach 

• Developed End-to-End 
Program Plan 

• Developed Oetai led 
Research Schedule Using 
Automated Network Analysis 

• Updated Cost Analysis 
& Costed to Leve I 5 

. Developed Complete 
Non-Recurring Cost 
Es ti mate 
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CRITIQUE SUMMARY 

The study began with a critique of the then-current reference design. The critique was 
conducted by an independent panel of technical experts. Roughly 100 critique item~ were developed, 
most of an incidental nature. A numbP.;· of significant items were identified anC: are summarized 
on the following two-page table. 

In addition to these i ctrr.s, there were certain ones of an en vi ronmenta l na tu14 e. The.se 
were previously kr.own and were included in the DOE environmental impact assessment activities. 
As they are outside the scope of the present systems definition study, they are not included 
here. 

26 
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CRITIQUE SUMMARY 

__________________ ..... __________ ,,_, ________________________________ IOllN&--~-

srs.3oe2 

CRITIQUE ITEM 

SPS Large Unit Size 

Space Debris from Construction 
Operations 

Long-Tt!rm Life of SPS Materials 

Lack of Definition of Flight Control 
and Computing Systems 

Plasma/H' Jh Voltage Interaction 
Potential 

Solar Array Performance, Degradation, 
and Annealing 

27 

RESOLUTION 

Examined by GE; not a problem in SPS 
time frame 

Debris sources not Identified; secondary 
or incidenta. sources should be worked 
in Engineering Verification 

Research Phase Emphasis 

Definition improved in present study 

Research Phase Emphasis 

Initial degradation and annealing tests 
confirm genera I approach; much emphasis 
required during research program. 
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CRITIQUE SUMMARY - Cont. 

------------------.... -------------------------------------------101,.No--~ SPS-3!J!3 

CRITIQUE ITEM 

Power Distribution Faults 

SPS EMl/RFI 

Power Transmitter Structure 

Power Processor Life 

MPTS Performance 

28 

RESOLUTION 

Multiple·~bus system selected to reduce 
fault currents 

. Satellites flying through beam foun1 
to be minor problem. 

• Selected fiber optics for on-board 
data and phase distribution • 

. Much emphasis required during 
research program. 

Design simplified 

Design changed 

• Continued analysis supports 
ach ievabi lity 

. Much emphasis required during 
research program 



DIS0..25461-5 

CUMULATIVE COST COMPARISON 

Cost trends w1tti time for the three orbit transfer/construction locations options are shown 
here. 

The three concepts compared were: 

(1) LEO/SPM: Construction of the SPS in low Earth orbit and use of self-power to move SPS 
modules to GEO. 

(2) LEG/SPM/EOTV: The same with use of EOTV's to retum self-power propulsion equipment 
to LEO for reuse. 

(3) GEO/EOTV: r~nstruction at GEO with use of EOTV's for all cargo orbit transfer. 

Although a front-end cost advantage was seen for LEO/SPM, the overall trade was too close 
to call; the DOE/NASA baseline (GEO/FOTV) was retained. 

29 
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Cumulative Cost Comparison 5Pse3S;:,/ I 
---------__.~---------------------- IDl,NC -· SI'S 2412 
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2.5 GW SOLID STATE SPS CONFl:JRATION 

A solid-state reference configuration was created 1n Phase II. This configuration 1s 

similar to the reference configuration with the following major differences. 

o The power delivered to the grid is 2500 me9awatts rather than 
5000 megawatts. 

o The array size is 8 x 11 bays rather than 8 x 16 bays. 

o The array voltage is 5.5 KV rather than 44 KV. 

o The transmitter aperture is 1.4 km rather than 1.0 km. 

o The transmitter employs gallium arsenide FET's rather than klystrons. 

This system is presented in more detail under the heading "SOLID STATE SPS" later 
in this briefing book. 

31 
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2. 5 GW SOLID STATE SPS CONFIGURATION 
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SOLID-STATE MASS SUMMARY 

The solid-state mass estimate is presented here. 

The mass is about 70% of the klystron reference system although the power is only 50%. 

This arises because of the comparatively low distribution voltage, which leads to high distribution 

losses (thus proportionately more solar array) and a heavy dist~ibution conductor system. 

Future work is e~pected to reduce this penalty. 
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SOLID-STATE SPS MASS SUMMARY 

--------....,--------------------IDllN& -···· SPS-3r!!'1 

1. 1 S PS 

1. 1. 1 ENERGY CONVERSION 
1. 1. 1. 1 STRUCTURE . 
1. 1. l. 2 CONCENTRATORS 
1. 1. 1. 3 SOLAR BLANKETS 
1.1.1.4 POWER DISTRIBUTION 
1. 1. 1. 5 THERMAL CONTROL 
1. 1. 1. 6 MA I NT EN AN CE 

1.1. 2 POWER TRANSMISSION 
1. 1. 2. 1 STRUCTURE 
1.1. 2. 2 TRANSMITTER SUBARRAYS 
1.1.2.3 POWER DISTR. & COND. 
1.1.2.4 PHASE DISTR. 
1. 1. 2. 5 MA I NTENANCE 
l l 2. 6 ANTENNA MECH PO INTI NG 

1. 1. 3 INFO MGMT & CONTROL 

1.1.4 ATTITUDE CONTROL & 
STATIONKEEPING 

1.1. 5 COMMUN I CATIONS 

L 1. 6 INTERFACE 
1. 1. 7 GROWTH & CONTI NG. (22%) 

~,204 

22,087 
2,851 
(Q) 

14,409 
4,400 
(Q) 

427 

' 6, 365 
460 

4,480 
1,262 

25 

34 

20 
118 

145 

146 

0.2 
113 

6,148 

Detailed estimate 
Not required 
Scaled from reference 
Detailed estimate 
A !located to subsystems 
Scaled from reference 

scaled from reference 
o.etailed estimate 
Scaled from l l. l4 
Scaled from reference 
Docking ports only 
Scaled by Ma~>s x Area 

Scaled from reference 

Scaled from reference 

Same as reference 

Est. based on simplification 
Sane °lo as reference 
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2.5 GW SOLID STATE SATELLITE SYSTEM 
RECURRING COSTS 

The solid-state cost estimate su11111ary 1s presented here. The cost per kilowatt is 
about 35% greater than for the reference system. As with mass, this arises mainly because 
of the low distribution voltage. 
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2.5 GW SOLID STATE SATELLITE SYSTEM 
RECURRING COSTS . 

SPS-3071 

ITEM 

SATELLITE 
LESS IMPLICIT AMORTIZATION 

CONSTRUCTION AND SUPPORT 

SPACE TRANSPORTATION 

GROUND TRANSPORT Ji ION 

RECTENNA 

Ml SS ION CONTROL 

MGMT AND INTEGRATION 

MASS GROWTH ( 17% Net Hardware) 

TOTAL DIRECT OUTLAY 

36 

COST ($M) 

3,722 
327 

3,395 

664 

2, 154 

20 

1,290 

10 

385 

577 

8,505 
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SPS COST TRENDS 

This cost trend chart was developed early in Phase II to compare .;olid-state "sandwich 11 

configurations to the klystron reference systems. "Sandwich" configurations employ solar cell~ 
and microwave amplifiers in a sandwich (back-to-back) configuration. Sunlight is concentrated 
on the array by pla~tic film reflectors. Sandwich configurations are thermally limited to low 
powers. The sandwich configuration appears to trend very similarly to the antenna baseline con
figurations. The sandwich appears to trend below the baseline only when advanced technologies 
such as very high efficiency solar cells or selective reflectors are employed. These kinds of 
technologies, however, would also improve the cost perfonnance of the reference systems. 

The antenna-mounted solid-state system is also spotted on the chart. It falls slightly 
above the trend line. Further work on the power distribution problem is expected to move it 
down to, or slightly below, the trend line. Note that this chart uses 1977 dollars whereas other 
data in this briefing are in 1979 dollars. 
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SPS Cost Trends 
______________ ....;, ________ .... ______________________________________________________ ~6'11~,1Vli7-------

0 
z 

SPS-2695 

10.000 

~ 8,000 
0 
w 
...J 
w 

ffi 6,000 
a.. 
~ 
U'> 
0 
0 

~ 4,000 
<( 
~ 

x 
0 
a: 
a.. 
Cl.. 
<( 

2,000 

0 

SOLAR CELL MOUNTED <}= 
{NO TAPER) 

APPROX 
LIMIT 
WITHOUT 
SEL. REFL. 

--"'. ANTENNA MOUNTED 
-Y (10 dB TAPER) 

SOLID STATE DC- ~ 
RF CONVERTER LIMIT 

1 

~ 
. 300-soo0 c 

THERMIONIC DC·RF CONVERTER LIMIT 

1 2 3 4 5 

DC OUTPUT TO GRID GIGAWATTS 

38 

-10 

-.e 0 
< z z 
w 
t; 

-4 w 
a: 

-2 



0180-25461-S 

5-GIGAWATT RECTENNA CONSTRUCTION CONCEPT 

As a part of the study, General Ele:tric analyzed rectenna construction with the objective 
of defining a mechanizaticn and structural concept that could reduce rectenna costs from the 
earlier estimates. A pictorial sullJTlary of the construction concept is illustrated here. The basic 
support structure is ste~l reinforced concrete. This support structure is emplaced by construction 
equij:l.nent employing advanced technology location systems to allow precise location of the footings. 
Support and re<.tenna panels are manufactured at the site in portable factory buildings and moved 
for installation as illustrated. 
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Five GW Rectenna Construction Concept 
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MAIN BUS MAINTENANCE ACCESS SYSTEM 

The 1977 study examined maintenance of the klystrons on the power transmitter and did some comparisons of various 

means of flying and operating missions. During that study it was assumed that repair of cofTlponents of the 

geosync..ironous base would require the same size crew as the remove/replace operations at the satellites. During the 

present study further analysis was conducted on the maintenance systems in 9rder to establish how maintenance 

access for all system components could be accomplished and to estimate actual crew counts both for remove/replace 

operations and for equipment repair operations at the geosynchronous base. Illustrated or. this figure is a 

representa\!ve access concept for ~aining access to power buses and switch gear. Additional definition of installation 

specifics was r•~quired in ord"r to accomolish the maintenance analysis. Illustrated is the multiple bus power 

distribution system and a flying cherrypicker which is a part of the maintenance system. 
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Main Bus Maii1tenance Access System 
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MAINTENANCE Ar-'AL YSJS SUMMARY 

The fdcing page surnrnarizes the results of the maintenance and indicates the estimated cost of maintenance to be 

approximately 0.3 cent per kilowatt hour. This cost is categorized in utility language as operations and maintenance 

cost. 
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MAINTENANCE COST SUMMARY: 40 SPS 
________________ _.. _______________________________________ •Ol,N&~-

SPS 30913 

ITEM 

HLLV 

PLV 

EOTV 

POTV 

NUMBER 

80 Flights 

38 II 

5 " 
36 II 

TOTAL TRANSPORTATION OPS 

MA I NTENANCE 650 
CREW 

SPARES 

MISS ION CONTROL 

COST ($M79) 

936 

460 

2·26 

88 

1710 

1785 

800 

20 

REMARKS 

Assumes 10 support people 
on ground per space worker 

TOTAL ANNUAL COST 4315 23rd year of production program 

4315 .. x 106 
O&M COST • • 0.27,/KWH 

5 x 106 KWH x 8766 HR/Y x 0. 9 Plant Factor x 40 SPS's 
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INDUST~IAL INFRASTRUCTURE SUMMARY 
SPS HARDWARE PRODUCTION 

The ground-based industrial infrastructure required for SPS production was scoped by 

Arthur D. Little. Investment cost estimates are rough order-of-magnitude. Most of these 

investments would be absorbed by the private sector. 
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INDUSTRIAL INFRASTRUCTURE SUMMARY 
SPS HARDWARE PRODUCTION 

lllDllNG 
SPS-3099 

SPS INVESTMENT 
CURRENT CAPACITY COST 

ITEM CAPACITY. REQUIRED ($M79) REMARKS 

So!ar Array %1 MW/YR 18,000 MW/YR 5000 Photovoltaics consume 
only about 5" of current 
semiconductor si Ii con 
production 

Ion Thrusters Nil 5000 to 10000 None Can be absorbed by 
units per year existirYJ infrastructure 

Klystrons 7000/yr 200,000/YR 1500 Present magnetron 
production is~ 2 GW/YR 

Rectenna NIA 2 rectennasl yr 250 Materials consumption 
small compared to existing 
productive capacity 

Graphite Fibers 150 T/Yr ~ 10,000 T/YR 549 About twice projected 
U. S. capacity in 1993 • 

. 
Other 1625 Mostly electronics 

TOTAL 8924 
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PROPELLANT PRODUCTION REQUIREMENTS 
SPS CONSTRUCT IOI~ AT 10 ,000 MEGAWATTS/YR 

Propellant production requirements to sustain SPS production at lOtOOO megawatts per year 

are sunrnarized. Plant capital cost and energy requ1rements were derived by a Boeing Conmercial 

Airplane Company study of synthetic fuels for commercial aircraft. 

The energy investment in propellants is small. If the electricity requirement 1s met by 

coal-fired generation, the total coal consumption approximately doubles. Stated another way, 

25,000 tons/day of coal for one year can generatet if used directly, about 2t000 megawatt-years 

of electricity. Used to produce SPS rocket propellantt the same quantity of coal contributes 

the transportation energy requirement to generate 300,000 megawatt-years of electricity. 
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PROPELLANT PRODUCTION REQUIREMENTS 
SPS CONSTRUCTION AT 10,000 MEGAWATTS/YR 

Sf'S.3086 

METRIC TONS/YR 
[}:> PLANT 

TOTA~ CAPITAL 

HLLV POTV EOTV PLV TONS/DAY COST $M79 

l.Oz 2,671,000 3,722 1, 060 57, 700 9' 000 []::::::>. 650 

LCH4 
642,6GO -o- -0- 18, 700 2,200 [!::> 615 

LH2 123, 704 745 353 3,036 420 [!::::.> 500 

ARGON -0- -0- 14, 400 -o- 47 [!:::::> -0-

CT> Capacity required at start of program: includes 20°lo margin 
!}::::::>- 1979 U.S. capacity is about 30, 000 tons/day 

!}::::::>-About O. 2% of U.S. Natural Gas Consumption in 1977 

[!> Today's c.apacity is 100 T/Day 

[!::::::>- Byproduct of L02 Plant 

llllllN.O 

From Coal [&-
and Air 

[;:::::> 12, 250 T /O coal + 1000 megawatts electric power. Coal use is O. 1"lo of u. s. '71 
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LAUNCH SITE SELECTION 

The launch site analysis task was motivated by the premise that selection of a low-latitude 
site would offer signifidant cost advantages with respect to operations from the Kennedy Space 
Center, where earth-to-low-orbit space transportation arrives at a 300 inclination orbit. With 
a 30° inclination orbit for staging or construction operations, a 300 plane change is required to 
reach a geosynchronous equatorial orbit. It was presumed that this plane change would incur 
significant perfonnance penalties relative to a zero-degree or low-inclination low earth orbit. 
Howev~r, with electric propulsion this perfonnance difference in tenns of cost is minimal. There
fore, the principal motivation for leaving KSC for a remote site will stem from the eventuality of 
SPS operat1ons outgrowing KSC. Our estimates to date indicate that KSC can h.:.indle approximately 
10 gigawatts per year of SPS construction. It should be recognized that a significant delta V 
advantage of equatorial launch exists for chemical orbit transfer to GEO. 

Remote site options include land-based sites such as the mouth of the Amazon in Brazil 
and ocean-based sites employing large flating structures such as the western Pacific low latitude 
sites identified by Jim Akkerman in studies at the Johnson Space Center. Large uncertainties were 
identified ~n the Part I study as to the cost of large floating structures. The two orders of 
magnitude range is indicated on the facing page. 
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Launcl1 Site Selection 

------------------------..._------------------------------------------------------•DEIN&------SPS-2334 

e PERFORMANCE ADVANTAGE FOR LOW LATITUDE 

IS SMALL (<10%) FOR ELECTRIC PROPULSIOl"J 

e PRINCIPAL MOTIVATION FOR REMOTE SITE WILL 

OCCUR IF SPSOPERATIONSOUTGROW KSC 

e KSC APPEARS SUITED FOR ABOUT 10GW/YEAR 

e OCEAN SITE POTENTIALLY ATTRACTIVE DEPENDING 

ON COST OF LARGE FLOATING STRUCTURES 

• AIRCRAFT CARRIERS - $50 000/M2 

• ORYOOCKS & BARGES - $5 000/M2 

• CONCRETE FLOATS< $500/M2 
(HOUSE BOA TS) 
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BROWN & ROOT OFFSHORE LAUNCH DESIGN CONCEPTS 

In Phase II Brown & Root de~eloped these concepts for support of an offshore launch facility. 

The facility would include launch and recovery facilities, the latter requiring a 91 x 4572 m 

(300' x 15,000') runway which dominates support structure cost~. The facility would be located 

off the west coast of South America, roughly 325 km north of the Galapagos Islands. At that 

location. weather and sea states are unusually mild (the "doldrums"). 
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BROWN & ROOT OFFSHORE LAUNCH DESIGN CONCEPTS 

JACKET SUPPORTED 
PLATFORM 

r··-1 

MOORED SEMISUBMERSIBLE 
SUPPORT MODULE 

SUPPORT CONCEPTS 

52 



DJ80-2S461-S 

SIGNIFICANT RESULTS OF THE OSC STUDY 

Pr1nc1pal conclusions of the Brown & Root study are stated. Since the offshore approach 

would allow most of the launch and recovery equipment to be installed on the support structure 

sections as they are built in a shipyard (rather than cons+ructed at a remote site), the savings 

in equipment installation and checkout and site preparation could n~re than offset the cost 

of offsl10re structures. 

53 



D18~25461-S 

SIGNIFICANT RESULTS OF THE OSC STUOY 

-------------------'--------------------------------------------101,N&--~ SP.>-.1097 

. 
0 TECHNICALLY FEASIBLE 

• SIX YEARS FROM CONCEPTUAL DESIGN TO COMPLETION 

0 TOTAL INSTALLED COST e·sTIMATES 

1. MOOREO, SEMI-SUBMERSIBLE - -$3,005,000,000 

2. STATIONARY, PILE-SUrPORTED -$3,917 ,000,000 

e RUN\VAY IS Sl()NIFICANT COST DRIVER 

e CONCEPT HAS REAL BENEFITS 

• PROBABLY LEAST COST WAY TO PROV l DE A LARGE 
EQUATORIAL LAUNCH COMPLEX 
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TYPICAL SYSTEM DEFINITION AT LEVtL 5 

(WBS 1.1.2.2.5, SUBARRAY CONTROL CIRCUIT$) 

As a part of the system definition update, thP. level of definition was carried to WBS 

Level 5 on the satellite ,with details at Level 6 in most areas. The facing page illustrates 

a typical definition item. The mass of each box and cable was estimated and the mass of 

this element on each satellite was estimated by multiplying by the number of each item per 

sate 11 i te. 
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TYPICAL SYSTEM DEFINITION AT LEVEL 5 

(\i\IBS 1.1.2.2.5, SUBARRAY CONTRO~ t:IRCUl'fS) 
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LARGE PHASrO ARRA< SIMULATION OF GRATING LOBES: 
EFFECT OF SUBARRAY SIZE 

The phase control system was modified from the earlier definition by providing an uplink 

receiver and phase conjugator for each klystron rather than for each subarray. "fwo benefit:; result: 

o The beam efficiency is improved by about 1%, with attendant value of the 

order of $100 million, exceeding the cost of the order of $50 million. 

o The grating lobes are reduced in number and 1ntens1ty. The strongest 

grating lobes are reduced from roughly 40 m1crowatts/r.rn2 to less than 

2 rn1crowatts/cm2. 
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U\f~GE Plu\SED ARP/\Y SlM.ILAfiOil or- GPJ\THlG LOBES: 
EFFECT OF SUD\ll8'~Y S ~ZF. 

0 GAUSSIAN ILLUMINATION FUNCTION 9,54DB TAP~R 
0 ARRAY DIA. = l KM @ SYNCHRONOUS ORBIT, F = 2.45 GHz 
0 GRATING LOBE 3oa BEAMWIDTH = s.s KM (6 = ,0086°> 
0 SYSTEMATlC TILT = 2 ARC MIN, -----· . . -------·- ··------·----........ . 

• x-cut 
T y-cut 

,.._ -- ....... -------

• x cut • y cut 
70 '------1------·' .... -·-·--&..-----1.----_...-__ __.. 2 t 000 4 t 000 6 1 000 

DISTANCE FROM RECTENNA CENTER, KM 
~~ 

7220 SUBARRAYS lOM x lOM 

10Ql44 RF MODULES 
M:N. SIZE l.74M X 1.74M 
MAX. SiZE 5.2M X 5.2M 
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ALTERNATIVE CONSTRUCTION CONCEPTS 

During Phase I. Grunrnan and Boeing jointly traded off a number of construction approaches, 

the most important of which are illustrated here. The four-bay end-builder was selected as a 

result of this tradeoff. 
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Alternative Construction Concepts 
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YOKE/ROTARY JOINT ASSEMBLY 

During Phase 11, Gru1T111an conduct a definition effort ori the geosynchronou~ orbit (main) con

struction base. Add"itional definition of the LEO (staging and electric orbit transfer vet.icle 

construction) base was provided by Boeing. An example of GEO base definition is shown in this 

illustration of the final stages of yoke/rotary joint construction. 

In the first view opposite, the yoke is shown completed and p~sitioned ready to receive the 

antenna. The construction facility was positioned to the left to complet~ fabrication of the 

remaining yoke sections. 

In the second view, the antenna and yoke have been mated and the yoke, supported entirely 

by th~ indexer supports has been separated from the ~onstructfon facility. The facility is now 

free to begin fabrication of the rotary joint. 
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YOKE/ROTARY JOINT ASSEMBLY 

• 

• COMPLETE ROTARY JOINT 

• · FAB & INSTALL YOKE/ROT. JOINT STRUTS 

• INSTALL BUS 
O•UW:lollA._ ,,. 
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REFERENCE HLLV LAUNCH TRAJECTORY 

One of the environmental issues raised with respect to SPS operations is the possibility of 
influences on the uppP.r atmosphere from launch operations. This figure shows the relationship of 
the current baseline trajectory to the key regions of the upper atmosphere. 

Some forecasts of ionosphere depletion due to SPS launches assumed the HLLV trajectory would 
be like the Skylab trajectory shown. which thrusted directly into the inosphere F-layer. The 
reference HLLV trajectory does not enter the F-layer under mainstage thrust; only the circulari
zatio11 and de-orbit bums occur at that altitude. 
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Reference H LL V Launcl1 Trajectory 
and Skylab Launch 
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SPS HEAVY LIFT LAUNCH VEHICLE TRAJECTORY 

AND EXHAUST PRODUCTS DATA 

This depressed trajectory was developed during Phase I. 
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/07&7/L?!l~@ SPS Heavy Lif + L.Jauncl1 .Vel1icle Trajectory 
SPS a11d Exl1aust Products Data 



DJ80-2S461-S 

HLLV SUPPRESSED #6 

During Phase II, concern was expressed that the depressed trajectory developed during Phase I 
may not be depressed enough. It was desired to determine if a trajectory could be found that would 
stay below 75 km. 

We found that injecting the orbiter at a slight positive (e.g., 2°) path angle has a signifi
cant beneficial effect on a highly depressed trajectory: {1) it minimizes post-injection drag 
losses; (2) it suppresses the pre-injection optimal path; (3) it forces an angle of attack on 
the ot~iter similar to that for entry so that special thermal protection should not be required. 

The selected 75-km-or-less trajectory is shown. 
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HLLV SUPPRESSED #6 
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LAUNCH TRAJECTORY SUPPRESSION RESULiS 

A number of ascent trajectories were simulated using various strategies to minimize trajPctory 
altitude. Results are surrmarized on tr.e facing pagP.. It was found th~t the best trajectories had 
a peak a~cent al~itude of abQut 110 kilometers. TrajP.ctories could be suppressed to keep the path 
below 100 kilometers with a slight performa11::e penalty. Supp1·ession to 75 km incurs about a 10% 

pena 1 t-.y. 

The suppressed trajectories were not fully opt~mized and no credit was t~ken for the reduced 
flyback range. Ultimate penalties will be slightly less than ·indicated here. 
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Launch Trajectory Suppression Results 

----------------------.._---------------------------------------------------aDllN&-----~ SPS-2539 
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INTEGRATED SPS PROGRAM OPERATIONS 

An integrated or;erations description was developed, including all operations required to effect 
SPS construction, operation, and maintenance. 
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INTEGRATED SPS PROGRAM OPERATIONS 
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SPS PROGRAM OPERATIONS RELATIVE DEPTH OF ANALYSIS 

Illustrated here is a judgemental comparison of relative depth of analysis acllieved on the 

operational elements. 
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SPS PROGRAM OPERATIONS RELATIVE DEPTH OF ANALYSIS 

P5 /~ _____ ......;;;.__ __ _._ ______________________ l/lllllND --

SPS.J089 OPERATIONS 

• Industrial Complex Ops 
• Surface Transp Ops 
• Rectenna Const. Ops 
• Recten na/Uti lity Grid Ops 
•Launch Site Ops 
• LEO Base Ops 

• EOTV Const 
. Logistics 
• Base Ops 

• LEO-to-GEO Cargo Transp Ops 
•GEO Base Ops 

• SPS Const 
• Logistics 
• Base Ops 
• SPS Refurb Ops 

•Space Vehicle Maint Ops 
• S PS Maint Ops 
• Personnel Transp Ops 

RELATIVE.DEPTH OF ANALYSIS 

-

(Reference) 
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AVAILABLE SPS POWER TO UTILITY GRID 

CHART SHOWS AVAILABLE SPS POWER TO UTILITY GRID CONSIDERING RANDOM ERRORS, FAILURE HODES, SC11f.J>ULED 

MAINTEJANCE AND ECLIPSE, INCLUDING SHUT DOWN AltD START UP TIMES. TOTAL SYSTDf DOWN ·rmE IS 

207.8 HOUR PER YF.AR (2.37%). 
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AVAILABLE SPS POWER TO UTILITY GRID 
CONSIDERING RANDOM ERRORS AND FAILURE 

MODES. SCHEDULED MAINTENANCE, ECLIPSE AND 
START UP/SHUT DOWN TIME LOSSES 

HOURS PER VEAR 

Eipace division 

, 763 438.3 17 .88 
7889 8138 3608 2880 878.8 176.3 8.77 0.877 

3 

-----~ I I 
RATED POWER - ....,~e%OFTIM£ 

~ 
~ 
~ BOl)f. RATED POWER -- '-91 .8% OF TIME 

\1 

4.6 

4 

,.·.·;.1LABLE POWER AT UTILITY GRID 
11~HAFACE IPoUTI GIGAWATTS 

I \ 
I 

2 

CONSIDERING RANDOM ERRORS, 
FAILUE MODES, SCHEDULED 
MAINTENANCE, ECLIPSE AND 
ST ART UP/SHUT DOWN TIME 
LOSSES 

10 
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SCHEDULED NO 
POWER FOR 

J SCHEDULED 

208 HR/VEAR 
.... 14 ~NO POWER FOR 

WITH ECLIPSE 188 HR/YEAR 

AND ASSOCIATED WITHOUT ECLIPSE 

SHUT DOWN/START 
UP LOSSES 

30 8088 80 90 H 88 99 89.9 99.18 

PERCENT OF PROBABILITY IPI 
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GRID CONNECTION APPROACH 

This description of thf rectenna-to-power grid connection approach was developed by General 
Electric's Electric Utility Systems Engineering Division. The equipment needed to interface an 
SPS to a utility grid is all 5tandard utility engineering state-of-the-art. 
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GRID CO~iJECTION APPROACH 

-------------SP·~-3-100 __________ ...,j._ __________________________________ ----------------------------~ll~#AI'~-------
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I 500KV 
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UTILITY SYSTEM CONTROL STRUCTURE 

General Electric's EUSEO Division also examined the operational suitability of SPS for base
load operations and how SPS would be controlled. They found that: 1) The large unit size (2500 
to 5000 megawatts) is not a problem for the expected level of utility interconnection and power 
pool size in the year 2000 and beyond. 2) SPS can load-follow if necessary. A number of ways 
of varying SP5 output were found. 3) Since SPS's do not have rotating inertia, they cannot 
contribute to frequency control in the same way that rotating generators do. This does not appear 
to be a problem unless SPS's are more than about 20% of a power pool's capacity. In 'i•Jch a situation 
it would be necessary to develop a technique for synthesizing frequency control capability. 
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UTILITY SYSTEM CONTROL STRUCTURE 

TO OTHER r-------• POOL CENTERS 

' POWER POOL 
OPERATING CENTER 

• • j • - -----~~--------~ 
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I 
I 
I 
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I 
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' ' . 
, - CENTERS 

COMPANY 
DISPATCHING 

CENTER 
4 q 

t----· 
I -. , , } 

TO OTHER 
PLANTS 

SATELLITE 
CONTROL CENTER 

· GENERATING ~--..TO OTHER 
~LANT PLANTS 

j • j. 

I ' 
, 

GENERATING UNITS 

... • CONTROL SIGNALS 

---. DATA LINKS (VOICE OR 
TELETYPE) 
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UTILITY SYSTEM RESERVE LEVELS VS. SPS PENETRATION 

A sensitivity study was conducted on the effect of SPS's on utility reserve margin requirements. 
The "mid-term" curve assumes reliability of the SPS as estimated in the maintenance task. The 
other curves represent progressively worse reliability. Case 4 includes 30% probability of u.1planned 
outage of 1500 megawatts and 3% probability of unplanned complete outage. 

Pl<...nned outages such as eclipse period do not affect re!:;erve margin requirements. 

It was concluded that SPS is not likely to have a major effect on reserve margin requirements. 
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UTILITY SYSTEM RESERVE LEVELS VS. SPS PENETRATION . 
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FIVE PHASES or SPS 

The five phases are re~eated here as a reminder. 
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FIVE PHASES OF S PS 

~-------------'---r-.--------------------------,_.----------•DllNG-----·' ' .... ~ 1 

PHASE 

Research 

f:ngineerin~ Verificafi2..Q 

Demonstration 

Investment 

Commerclal Prodt:i:tion 

OBJECTIVE 

o Eva I uate and Select S PS Terti 11ologies 

o Resolve Technical, Environmer:tai and 
Socio·econrmic Issues 

0 Demonstrate Conversion of S PS 
Technologies into Practical Engineering 
Hardware 

0 Demonstrate End-to-End Operational 
S uitabl lity of S PS as a Base load Electric 
Power Source 

0 Create the Industrial Base to Produce SPS 
Generating Capacity at 10, 000 Megawatts/Yr. 

0 I nstal I and Maintain 300, 000 Megawatts of 
S PS Generation C~paclty over 30-Year Period. 
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ENGINEERING VERIFICATION PROGRAM >~HEDULE 

Development, test, and operations plans and requ1rernents were prepared for P.ach phc-5e, 
including test hardware, experiment programs, and support systems. Major f11ght projects were 
identified. 

Illustrated here 1s the schedule for the Engineering Verification Phase. 
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VERIFICATION 
TEST ~ 

ARTICLE 

IEVTAI 

u LDL IC/D 

START MOTV ENGINE 
v 

I 

Dl80-2S461-S 

ENGINEF.RING VERIFICATION PROGRAM SCHEDULE 

VEA RS 
RI A7 RI E3 E4 

I 7 I I 10 
I I 

,. AR RAV o~s 

STRUC DES 

ARRAY 'RODUCE 

~HIP 

l'AB AT LDL 

~EOUIP•CIO 
DESIGN. OUAL EVTA XMTA I ~EITI 

E5 ,, 

FAB FLT HOWE MID·AL TITUDE TESTS 

Ee 

n 
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llllllNO 

E7 02 

1S I 

~ 

-''• t-11 •TEST XMTR AT LDL 
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I 
LAUNCH ...... 

ACTIVATE 

-I OTHER LDL SPS TESTS 

I I 
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TO SUPPORT 
LEO IAll IUILDUP 

v 

40 SHVTILE { LDL EVTA • 
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ENGINEERING VERIFICATION Tf.ST ARTICLE CON(EPT 

This Engineering Verification Test Article concept was based on the following major require-

o Test a solar array similar to that planned for SPS at LEO, intermediate 
altitudes and GEO. 

o Fabricate and test a space stru:ture large enough to demonstrate controllability 
and dynamic pred. ·tability by analysis. 

o Test Power transmission elements at GEO. 

o Test electric propulsion elements at LEO, GEO, and intermediate altitudes to 
ascertain plasma and magnetosphere interactions. 

The estimated mass for this test article is 40 metric tons. 
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EN(;INEEl<ING VERIFICATION TEST ARTICLE CONCEPT 

5 _....-"Ii 

~1 
s~C~ I 

_________ ..._. ___ ---·--------------- •DllNG --
SPS.3031 

Attitude Contro! 4 pl. 
\ 

\ 
\ 

Electrlc Thruster Test Installation 
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SPS DEMONSTRATION CONFIGURATION 

The principal flight project for the demonstration phase is this pilot-plant-~ized S~:. 
It would demonstrate space construction of large structures and power transmitter, EOTV operat' or, 
and ~ower transmisrivn from GEO to Earth. The power derived from the rectenna will be 100 to 

200 megawatts depending on the rectenna area se1ected. 
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SPS DEMONSTRATION CONFIGURATION 

---------------==~------.L.------------------------------------------------------616'11/VD SPS.3094 

SPS DEMONSTRATOR 
• 300 MEGAWATTS RF POWER 

•USES DUAL EOTV FOR ELECTRIC 
PllWER & ORBIT TRANSFER 

• 9280 TONS INCLUDING TRAPISFER PROPELLANT ---
'""" ·~~-~ 

•- IJ>tl4 m --
·----....... -

·--~ --~6~ 

---- 3020m ~ 
----.__ 1518 m 

-........ 

\ U2 m 
EL£CTRIC THRUSTERS 

----
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SPS TOTAL PROGRAM THRU #1 

Cost estimates were made for each element of the program and time-phased to develop a fund
ing o~ojection. All elements identified were included, e.g., manned OTV, although many of the 
items may have application to other missions. 

Items 2 throu1:1h 6 co111prise the engineering verification program. Items 7 through 15 com
,Jrise th"' demonstration program. Items 16 through 24 represent tne investment necessary to achieve 
a producti or. rate of 2 SPS 's per year. 

In the production phase, the total annual funding will be on the order of 25 billions per 
year. 

The sumo,: all program element costs shown here including #1 SPS is 117.4 billions of 1979 

dollars. 
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SPS TOTAL PROGRAM THRU #1 
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REASONS FOR INCREASED NON-RECURRING COST 
(VALLUES IN BILLIONS) 

At the conclus1on of the 1977 s0 s Systems Definition Study, the estimate of total non
revurring costs was 84 billions (1977 dollars). Tnis tabulation sunrnarizes the principal 
differences in the estimates. 

The most important increase elements are inflation and elements added to the program 
to reduce risk. ·i.e .• the ear11e!" program had no demonstration phase. 
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REASONS FOR INCREASED NON-RECURRING COST 
(VALUES IN BILLIONS) 

----------.a---------------------60E,lti'C --
1977 FIGURE 84 
INFLATION 13 -97 

ADDED ITEMS ( 25. 7) 

LEO Development Lab 2. 7 
Manned OTV 1.4 
Shuttle Booster & 6. 7 

Shuttle HLLV 
S PS Demonstrator 8. 1 
EOTV Fleet 6.8 

NEGLECTED ITEMS '2. 7) 

Personnel Module 1. 0 
Propellant Production 1. 7 

Faci Ii ties 
SMALLER Fl RST S PS -14 

TOTAL , · 11 ... J. t.: 

INCREASE 6 Mainly HLLV & Construction Bases 
117.4 
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SPS HARDWARE MASS & COST SUMMARY 

We now turn to thP. main results of the reference system update. Tabulated here are the 
mass and cost elements for the satellite. 
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I 

SPS HAFDWARE MASS & COST SUMMARY 

---·------....__------------------- llD.EllVC --

SPS TOTAL 

ENERGY CONVERSION · 
STRUCTURE 
SOLAR :BLANKETS 
POWER DISTRIBUTION 
MAINTENA~1 CE PROVIS IONS 

POWER TRANSMISSION 
STRUCTURE 
SUBARRAYS 
POWER PROC. & DI STR. 
PHASE DISTR. 
MAINTENANCE PROVIS IONS 
ANTENNA MECH PO I NT I NG 

INFO MGMT & CONTROL 
COMPUTERS 
CABLING 

AITITUDE CONTROL & STA. l:P. 
HARDWARE 
PROPELLANT 

COMMUl~ I CATIONS 
INTERFACE 
GROWTH ALLOWANCE ~22%) 

MASS 
50,984 

27,665.9_ 
4,654 

21, 144. 9 
1,246 

621 
13,628. 9 

324.3 
10, 389. 1 
2,538. 7 

12. 3 
230.2 
134.3 
95.6 
4.5 

91. 1 
212.1 
142. 1 
70 

96 

0. 18 
235.6 

9, 14b 

COST $/KG 
4,945,9 

2,859.6 
448.2 96 

1,987.8 94 
149. 9 120 
273.7 440 

1768. 7 
~5.6 79 

889 86 
3~4.1 128 
12.5 1016 

503.9 2189 
13.6 101 
48.0 -30.7 6d22 
17.3 190 

160 -160 1126 

8 44,000 ____;._ 

lOL 6 431 
Carried at Next Level 
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SPS RECURRING COST SUMMARY 
(1979 DOLLARS) 

Average SPS recurring costs are summarized. The cost estimating method for satellite hard
ware implicitly includes amortization of factories and equipment, so an appropriate amount has 
been subtracted here, since these investments were identified as a discrete non-recurring cost/ 

Determination of the cost of an SPS to a utility requires specific definition of financial 
and management scenarios. A representative figure may be reached by adding back in the implicit 
amortization and adding 15% for financial costs such as interest during construction; the result 
is $14.8 billion or just under $3000/KWe in 1979 dollars. 
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SPS RECURRING COST SUMMARY 

(1979 Doi lars) 

----------------......i~----·----------------------------------IDEINC---
SPS HARDWARE AS COSTED 

LESS IMPLICIT AMORTIZAT.ION 
OF INVESTMENT 

SPACE TRANSPORTATION 

CONSTRUCTION OPERATIONS 

GROUND TRANSPORTATION 

RECTENNA 

MI SS ION CONTROL 

PROGRAM MANAGEMENT & 
INTEGRATION 

COST ALLOWANCE FOR MASS 
GROWTH 

4946 

473 
4473 

3120 

961 

35 

2578 

10 

495 

700 

TOTAL DIRECT OUTLAY 12,432 

98 

(Half of 10. 61% per annum on 
8924 M for factories and 
production equipment) 

Based on SPS mass with growth' 

Includes 10 support people on 
the ground per space worker as 
well as construction base spares 

Equivalent to 14, OCO direct people 

17% of net S PS hardware cost 
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ANNUAL REVENUE REQUIREMENTS IN 1978 DOLLARS 

SPS's are projected to have cons1derably higher capital costs than coal or nuclear alterTiative, 
but no fuel costs. The comparison shown here was developed on an IR&D comparative assessment. It 
is based on escalation of capital and fuel costs to expected values in the year 2000 and beyond, 
but expressed in 1978 dollars. 

Shown are the estimated annual revenue requirements for coal and SPS plants based on conven
tional electric utility accounting. The difference in installed capacity reflects on expected 
difference in plant factor. The SPS, a largely passive and highly redundant system, is projected to 
provide a plant factor of about 0.92; the equivalent coal plant capacity was based on a historical 
coal plant factor of 0.72. 
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Annual Revenue Requirements in 1978 Dollars 

8400 MW COAL PLANT 
(CAPITALIZED AT $10.43) 

•FUEL PRICE ESCALATING AT 6%/YEAR IN 1978, DROPS LINEARLY TO 2"/VEAR 
BY 2020, STAYS AT 2%/VEAR THROUGH 2040 

.. POST AMORTIZATION CAPITAL RELATED 

6000MWSPS 
($18.88) 

06M 

2010 2020 2030 2040 

(EARNING, DEBT SERVICE, TAXES AND INSURANCE ON 10% OF CAPITAL INVESTMENTt 
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SPS RECURRING COST ESTIMATE HISTORY 

The history of SPS cost estimates is shown here. Recent changes include a slight reduction 
in transportation costs and an increase in satellite costs, the latter due mostly to accounting 
of maintenance provisions as a part of satellite capital costs (formerly they were amortized in 
O&M costs). 
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SPS R.ecurring Cost Estimate History 

·-------------------------------------------------------------------------11111;vo------SPS-2823 
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PHOTOVOLTAIC SPS i·iASS HISTORY 

The history of SPS mass estimates since 1975 is traced here. Early fluctuations were due to 
changes in solar blanket definition, use of concentrators, and inadequate definition of the power 
transmitter. The present reference design was adopted in late 1977. Th~ most recent mass estimate 
shows a slight increase due primarily to two items: 

1) Change from plated plastic-matrix graphite composite 
wavegtAides to metal-matrix composites. 

2) Better definition of maintenance provisions on the satellite. 
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Pl1otovoltaic SPS Mass Historv 
• 
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AMORTIZATION OF NONRECURRING COST 

It is important to consider the economic significant of the SPS nonrecurring cost. A variety 
of economic judgements can be made, the most pessimistic being that the SPS production units should 
amortize the total nonrecurring cost, as illustrated here. In this constant (1979) dollar analysis, 
the most applicable discount rate is the real (without inflation) interest rate generally experienced, 
typically 3 to 5%. In the expected market range, amortization of nonrecurring cost does not have a 
major impact on SPS attractiveness. (The world market has been estimated as high as 2000 SPS's). 

One can argue that the nonrecurring cost need not be amortized at all, on the ground that the 
expected U.S. market of 100 SPS's would return a trillion dollars in taxes over the book like (30 
years) of the systems. 

105 



D18~25461-5 

AMORTIZATION OF NONRECURRING COST 

----------~----.....11.....--------------------------------------••llN•----SPS-3086 
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SPS MAJOR TECHNICAL ISSUES 

The SPS systems studies have developed reference and alternate system designs in considerable 
detail and resolved many technical issues. Many more issue5 remain. A judgemental list of the most 
important is given here. Although additional systems study can shed light on two of the issues 
noted, the list is becoming dominated by issues that will require a ground-based exploratory 
development program for resolution. 
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SPS MAJOR TECHNICAL ISSUES 

------------------....... -------------------------------------------IDllN&-----
ISSUE 

o HLLV Size and Trajectory Selection 

o Array Degradation & Annealing 

o EOTV Performance & Degradation 

o Phase Control & Ionosphere Effects 

o Technology Selections 
(e.g., si Ii con vs GaAs) 

o Cost Confidence 

108 

MEANS OF RESOLUTION 

o Analysis of Shuttle-derived and 
Shuttle-evolved HLLV's; additional 
trajectory & atmosphere effects analysis 

o Irradiation & Annealing Research 
(GBED) 

o Anal~is of integrated effects 

o GBED and satellite experiments 

o GBED 

o GBED & Engineering Verification 
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CONCLUSIONS 

A great many conclusions could be stated as results of the systems definition study. Those 
1nost important to future SPS study and research are stated here. 
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CONCLUSIONS 

----- ..;, __ --11...------------------- lllllND -

o REFERENCE SYSTEM DEFINITION ADEQUATE BASIS FOR GBED 

o LOW LEVEL DEFINITION HAD LITTLE IMPACT ON MASS AND 
RECURRING COST ESTIMATES 

o SOLID STATE IS ATTRACTIVE ALTERNATIVE 

o LASER TRANSMISSION AND ALTERNATIVE ORBIT TRANSFER 
OPTIONS MERIT STUDY 

o SMALLER HLLV WOULD REDUCE NON-RECURRING COST 

o S PS IS ECON OM I CALLY ATTRACT I VE AS BASELOAD ELECTRIC 
POWER SOURCE--EVEN WITHOUT TECHNOLOGY IMPROVEMENTS 
BEYOND REFERENCE DESIGN 
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SPS RESEARCH, ENGINEERING VERIFICATION, 
DEMONSTRATION, AND INVESTMENT 

This section describes results of the 1nve~tigat1on of SPS re~Parch, development, and 
demonstration program requirements. 
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----~S~PS-~31~02._. ______ _.. __________________________________________ •0llND ____ _ 

SPS 
RESEARCH, 

ENGINEERING VERIFICATION, 

DEMONSTRATION, 

AND 

INVESTMENT 
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FIVE PHASES OF SPS 

One of the most important results was the def1n1t1on of the candidate five-phase program as 
noted on this chart, rept~ted from the executive sunmary. 
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FIVE PHASES OF SPS 

lllllAIO 
SPS JG81 

PHASE OBJECTIVE 
Research 0 Evaluate and Select SPS Technologies 

0 Resolve Technical, Environmental and 
Socio-economic Issues 

Eng i nee ring Verification 0 Demonstrate Convers Ion of S PS 
Technologies Into Practical Engineering 
Hardware 

Demonstration 0 Demonstrate· End-to-End Operational 
S uitabl lity of S PS as a Base load Electric 
Power Source 

Investment 0 Create the Industrial Base to Produce SP$ 
Generating Capacity at 10, 000 Megawatts/Yr.· 

Commerciat Production 0 I nstal I and Maintain 300, 000 Megawatts of 
S PS Generation Capacity over 30-Year Period. 
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RESEARCH PLANNING PROCESS 

The principal steps in developing the research plan are tabulated on the facing page. 
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Researcl1 Planning Process 
__________________ .._ __________________________________________ lllllAIO ____ _ 

SPS-2812 

• IDENTIFY RESEARCH ISSUES& OBJECTIVES 

• DEFINE RESEARCH TASKS 

• REVIEW WITH JSC 

• UPDATE 

• DEFINE TASK INTERRELATIONSHIPS 

• PERFORM NETWORK ANALYSIS 

• GENERATE SCHEDULE (NO FUNDING CONSTRAINTS) 

• ASSIGN RESOURCES (MANPOWER) BY SKILL 

• CONDUCT COST ANAL VSIS 

• PERFORM COST-CONTROLLED SCHEDULING 
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TECHNICAL AREAS 

The research plan is divided into the ten technical areas tabulated on the 'lldng page. Jn addition, the research 

plan includes certain systems study and flight research activities. 
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·Tecl111ical Areas 
_________ _.. ______________________ llDllND --

SPS·2813 

• SOLAR ARRAYS 

• THERMAL ENGINES & SYSTEMS 

• POWER TRANSMISSION 

• STRUCTURES 

• MATERIALS 

• FLIGHT l!t SYSTEM CONTROL 

• SPACE CONSTRUCTION 

• SPACE TRANSPORTATION 

• POWER DISTRIBUTION & PROCESSING 

• SPACE ENVIRONMENT EFFECTS 

118 



0180.7.5461-S 

NETWORK EXAMPLE 

The data from the research planning worksheets were input to an automated network analysis. One of the useful 

outpuu of thls analysis was a plot of the event logic network for each research area. A segment of a network 

is illustrated here. 
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Example Task Network (Solar Arrays) 

-------------'---------------------------- •DEIND ----
SPS-2992 

l0103026 

)0102000 

~, 
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SEGMENT OF SCHEDULE 

Schedules as iliustrated were developed for each of the technical areas. 
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Segment of Schedule . 
............................................................................................................. __ .......................................... 6111.ITIAl'I,; --------
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SOLAlt POYER SATELLITE 
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••IE Cl ...... ETIOll ZSJULar 
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···-·-------------------·--------------····-·····----------------------·------------------------·---.-------------------· 
ACT!VITY D E $ C R I P T I 0 N 
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SOLAR ARRAY TECHNOLOGY: START " lillOOGGO I I I I I I I I I I I I 
SILICON ARRAYS: START " 1010101)0 I I I I I I I I I I I I I 
D!VClOP BASIC CELL DESI&• & PROCESS UICllllllCllUUllCJIUIUUUUlllUllHlllU 

lClOlOU I I I I I I I I I I I I I I 
CONDUCT RADIATION EFFECTS AND ANNULllll TESTS ......................... 

lHOl02A I . I I I I I I I I I I I I 
DEVELOP ENCAPSULATION TE:HNIQUES ........... ,, ......................... 

1l1010l8 I I I I I I I I I I t I I I 
-•OilJJON & ANNEAL TEST ILASSCD PANELS ............... 

10UJ048 I I I I I I I l I 1 I I I I 
J!SJ ' f V&lUATE CELL/BLKf PROD PROCESSES ........... u ............. 

U101058 I I I I I I I I I I I I I I 
T:: ST L £VALUATE SA"P~E P~ODUCTION PANELS 

10l:Jl06't I I I I I I I I r I I I 
GlLLIU" ARSENIDE: START " 1010201!11 I I I I I I I I I 1 t I I I 
r::sr C(Ll FAA ' SU8STRlT:: TECHNIQUES ••••••••••••••••x•••••••••••••••••••••••• 

1011:201!1 I I I 1 I 1 I I I I I I I 
R•Dl~flu~ 'ANNEAL TEST ;AAS CCLLS ••••••••••••••••••••••••• 

ll102C2" I I I I I I I I I I I I I 
r::sr ' ::v&LUllE ENCAPSUL•TION TECH~IQUES ···················••••1••··········· J.~1020l8 I I I I I l I I I I I I 1 I 
-•OllTION & ANNEAL TESJ SA"PLE PANELS lllUUXU)UXU 

131020411 I I I I I I I I I I t I I 
T~ST t EVAl.UAJ[ CELLIHLKf PROO PROCCSS!:S .... ,. ................... 

l'HC2'.l~i; I I 1 l I l 1 I I I I I I 
r::sr \ !:VAL ... "TE SAMPLE P~OOUCTION PANELS 

l'llO:!H't I I I I I I l l l I 1 
T~Sf i O[~ONSTR&Tt GALLIU" RECOVERY •••••••••••••••••••• 

1011201A 
. I I I I I I I I I • 
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TOT A.! .. RESEARCH PROGRAM NOMINAL COSTS 

The nominal (resource-constrained schedule) total program costs are exhibited here, showing completion in 1987 

and a total cost over the period slightly less than 440 millioo dollars. 
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Total Re..;earch Program: Nominal Costs 
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FLICHT RESEARCH NOMINAL COST 

Cc.:rtain of the elements of the research program required flight tests to acquire the necessary data. The total 

co:.ts for flight program were roughly 190 million 1979 dollars. 
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Flight Research: Nominal Costs 
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Pl.ASMA EFFECTS SORTIE 

A preliminary experimental investigation of pJasma effects can be conducted in low earth orbit even though the 

environment there is significantly different than that at CEO. Further, the effects being investigated are important 

to the operation of electric orbit transfer vehicJes in Jow earth orbit. 
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Plasma Effects So rte 

RESEARCH OBJECTIVES 

• BREAKCOWN, ARC· TH RU, & 
PLASMA CURRENTS FOR HV 
SOlAR ARRAYS SN LEO 

• HV ARRAY-THRUSTER INTERACTIONS 

• THRUSTER PLASMA EFFECTS ON 
IONOSPHERE & MAGNETOSPHERE 

HY TEST PANEL 
ANO PROBES 

ELECTRIC THRUSTER 
.......... _ANO DRIFT COLLECTION 

PANELS 

PEP 

TIMING 1984-1985 
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RESEARCH PROGRAM DECISION SCHEDULE 

From the detailed research program schedule, the principal technology decisions were scheduled 
to provide a key as to when elem~nts of the engineering verification program could begin. 
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Research Progran1 Decision Schedule 
-----------$1'$.--

3

_

038 
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REPRESENTATIVE ENGINEERING VERIFICATION ACTIVITIES 

The engineering verification program plan was developed employing an 1ssue-or1ented task 
analysis as was done for the research program. This and the following six charts sunmar1ze the 
ground and flight test elements of the engineering verification program. 
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1- l 

I - :: 

1-J 

1-4 

ISSUE 

Solar array ; costt quaHty 

Solar array packaging and 
development 

HV solar array operation and 
degradation at GEO; annealing 

S.:>lar array design criteria 

- - I Fluid and thermal systems 

o Heat rejection, -
reflectivity 

o F Juid containment 

o Degradation 

• r\rray to power 113-1 in addition. 

Dl80-2546l·S 

REPRESENTATIVE E.NCINEERINC VERlflCATION ACTIVITIES 

TASK 

Develop and operate pilot 
production line 

Develop packaging and deployment 
systems; flight test 1-MW array* 

o Test array paneJs at GEO 

o Return samples to LEO and 
anneal 

Analyze results and prepare 
criteria and specifica.tions 

o Lab test prototype hardware 
elements 

o Flight test same 
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DURATION 
(YR) 

6 

.5 
(2 flight) 

.5 

2 

2 

4 

3 

F ACILlTIES REQUIRED 

Production equipment (to be 
developed) and floor space = 
1000 M2 

LEO Development Lab; Shuttle 

Shuttle; manned OTV 

Manned OTV and LEO Develop
ment Lab 

None 

Existing 

Shuttle, LEO Development Lab, 
Manned OTV 
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(continued) 

REPRESENTATIVE ENGINEERING VERlflCATION ACTIVITIES 

DURATION 
ISSUE TASK (YR) FACILITIES REQUIRED 

3-1 Microwave equipment performance 0 Design and build proto-flight 4 Existing 
and Hfe at GEO test hardware 

0 Flight test at GEO 4 0 LEO Development Lab (test) 
article assy) 

0 Manned OTV (Transport to GEO 
and support) 

J-2 Microwav~/Jaser equipment 0 Adopt proto- flight designs 2 None/Existing 
cost in production from 113-1 to production 

0 Amplifies 

0 Phase control circuitry 

0 Phase distribution systems 

0 Develop and operate pilot ' Equipment to be developed and 
production Jines floor space (1000 - 2000 M2) 

3-3 Specifications and design Analyze results of 3-1 and 3-2 and 2 None 
criteria prepare specs and criteria 
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4-1 

4-2 

N 

~ 5-1 

5-2 

5-1 

)-2 

5-3 

Dl80-2S46l-S 

TABLE I (continued} 

REPRESENTATIVE ENGINEERING VERIACA TION ACTIVITIES 

DURATION 
ISSUE TASK (YR) FACILITIES REQUIRED 

Predictability of large space 0 Design test large space 1 None 
structures dynamics structure(= JOO x 1000 M) 

0 Conduct dynamics a:1alysis None 

0 Fabin space and test 3 Shuttle and LEO Development Lab 

Structural systems' product:on Develop and test structural 3 Equipment to be developed and = 
cost elements pilot production Jive 200 M2 floor space 

Materials degradation in Test materials in GEO environment Shuttle, LEO Development Lab 
actual environment and manned OTV 

Materials production economics DevelC1p and test pHot production 4 Equipment. to be developed and 
lives fOf' -::ost-critical materials floor space = 2000 M2 

ControJJabiJity of large Analyze results of 4-1 and develop 2 None 
structures control hardware 

Electric thruster/plasma/ 0 Build and test experiment 4 (design 
magnetic interactions and system at LEO and GEO and dev.) Space shuttle, LEO Development Lab 
control infJuences (combine with 1-2, 3-1, 

and 4-J) 1 (fHght Manned OT" 
test) 

0 Analyze control influences 2 None 

Software/hardware QC, QA, Analyze software/hardware and 2 None 
redundancy and product~on cost select most economic overall approach 
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7-1 

7-2 

7-3 

8-1 

8-2 

Dl80-2S461-5 

(continued) 

REPRESENT A. TIVE ENGINEERING VERIACA. TION ACTIVITIES 

ISSUE 

Crew and equipment productivity 

Construction problems 

Actual construction costs 

Space transportation costs 

Electric thruster clustering 
and plasma drift currents 

TASK 

0 Examine an<.I test equipment 
and procedural options during 
1-2, 3-1, 4-1, and 6-2. 
Note that this wilJ increase 
cost of those programs as 
nece~:iry to try different 
things 

0 Analyze results and develop 
appropriate criteria 

Review problems encountered 
during 7-1 and modify SPS 
design to ameJiorate 

Perform cost analysis based 
on 7 - 1 and 7 -2 

Analyze shuttle experience and 
project to HLLV hardware designs 
and operational env~ronments 

Conduct cluster te~t at LEO 
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DURATION 
(YR) FACILITIES REQUIRED 

Per re- Same as related tasks 
lated 
tasks 

2 None 

2 None 

1 None 

2 None 

4 (D~sign Shuttle and LEO Development Lab 
ar.d dev.) 
1 (Test) 



8-3 

&-4 

9-: 

'J-2 

IS~UE 

Booster engine costs 

Crew provisions arid cabin 
desigr.s for large rl'Jmbers 
of passenger.s 

rc.wer proceS$0( and circuit 
b!"~aker performance, mass, 
life, and cost 

Space environment effects 
on cable insulation mat-
erials 

0180-25461-S 

(continued} 

REPRESENTATIVE ENGINEERING VERIFICATION ACTIVITIES 

TASK 

Breadboard booster engine 

0 De.'.iign and buiJd mockup~ 

0 Conduct simulations 

o Analyze results and develop 
design criteria 

0 Design and test proto-
flight power processors 
and circuit breakers 

0 Estimate costs in produc-
tion environment 

f) Conduct thermal/V AC/UV 
charr.ber tests 

0 Conduct tests at GEO in 
conjunction with ,_J 

DURATION 
(YR) 

4 

2 

3 

J 

2 

5 

FACILITIES REQUIRED 

Engine test facility simHar to 
old F -1 stands 

Simulation Jab (ground-based) 

Electric power Jab 

Thermal-VAC combined environmE:nt 
Jab 

Shuttle, manned, OTV 



ISSUE 

9-3 Pla5ma and breakdown 
design criteria 

10-1 Electric Thruster plasma 
effects of m"gnetosphere 

10-2 Solar array degradation 
during transler 

j 0-3 ShuttJe/OTV/HLLV effect on 
upper atmosphere and iono-
sphP.re 

10-4 Environment-r~Jaterf design 
criteria 

Dl80-2S461-S 

(continued) 

Ra:PRESENT A TIVE ENGINEERING VERIACA TION ACTIVITIES 

TASK 

0 Conduct Jab tests of con-
ductors, insulators, 
and standoff 

0 Conduct LEO/GEO tests of 
proto-fJight hardware 
with 1-2, 3-1, etc. 

0 Conduct thruster tests at 
selected altitudes 

0 Conduct array tests at 
selected altitudes 

0 Observe and analyze effects 
of shuttle and OTV burns 
and extend by analysis to 
HLLV levels 

Analyze space environment results 
a:-1d develop criteria 

1-.., 
.1 ' 

DURATION 
(YR) r ACILITIES REQUIRED 

4 Combined environm..!nts 

4 Shuttle, LEO Development Lab, 
and Manned OTV 

1 Shuttle and manned OTV 

1 Shuttle and manned OTV 

2 None (no special flights 
requireci) 

Level of None 
effort 
during 
this phase 



0 I 80.2S'ft.1-S 

(continued) 

REPRESfNTATJVE ENGINEERING VEIUACATJON ACTIVITIES 

ISSUE 

11 -1 Jntegrated estimate ot produc
tioo SPS design and cost 

11-2 Final plans and specs for 
demonstration system 

TASK 

Analyze all resuJ ts, update and 
maintain design and cost data 

0 

0 

0 

Phase A .Jemonstration 

Phase B/C demonstrator 
and support systems 

Conduct SR&:T as required 
to support design decisions 

1.38 

DURATION 
(YR) FACIJ.ITIE5 REQUIRED 

Level of None 
effort dur-
ing this 
phase 

1 None 

3 Office Space 

3 Off ice and lab space 
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ENGINEERING l/ERJFICATIOU TEST ARTICLE CONCEPT 

Many of the flight test. needs described in the previous table were ent>od1ec.! in this engineering 

verification test article. 
. -

Highlights: 

(1) A 1-megawatt solar array will allow testing of array deployment, tens1o~1ng, 

operat1on. and plasma interactions. Using 5 x 5 cm cells, 1t could generate 

about 1500 V. Switching to higher voltages may be desirable for plasma 

effects tests in higher orbits. The power 1s sufficient to drive several 

SPS-size klystrons or electric thr·usters. 

(2) Struct~re large enough to confinn dynamics and control predfctab111ty 

based on ~nalytical models. 

(3} SPS-type (subscale} subarrays w1th SPS-type klystrons, contrcl c1rcu1ts, and 

f~ed and radiating waveguides. 

(4) Cluster of several 100-cm argon electric thrusters for thruster 

plasma-solar array and magnetosphere 1nteract1on tests. 
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ENGINEERING VERIFICATION TEST ARTICLE CONCEPT 

------------------J---------------------------·------·--------.lllNG---SPS 3033 

Attitude Control 4 pl. 

Electric Thruster Test Installation 
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ENGINEERING VERIFICATION TEST ARTICLE 
ROM MASS ESTIMATE 

This mass estimate was prepared, scaled from mass data for SPS elements. The total mass 
repr~sents about two shuttle flights. The structure employs tri-beams tike the l~-meter beams 
presently under developme11t. Power distribution and processing estimates a.lisume full power processing 
for the ~lystron test units and the electric propulsion test unit~ and that these processing systems 
a re independent. 

TI1e electric propulsion test unit is not reli9d upon for attitude control--a separate 
storable-propellant system is provided. The el~ctric propulsion system will provide roughtly 16 
newtons of thrust at 7500 sec Isp, enough to accelerate the EVTA at 4 x 10·4 m/sec. The electric 
propulsion system is not to be used for orbit transfer--a chemical orbit transfer vehicle w111 
deliver the system to GEO after LEO and intermediate-altitude tests. 
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ENGINEERING VERIFICATION TEST ARTICLE 
ROM MASS ESTIMATE 

________ _._. ___________________ •OllND--

EVTA TOTAL 

ENERGY CONVERSION 
STRUCTURE . 
ARRAY 
?OWER DISTRIBUTION & SWITCHGEAR 

POWER TRANSMISSION 
STRUCTURE 
SUBARRAYS 
POWER DISTR. & PROCESSING 
PHASE DI STR I BUT ION 
MECHANICAL POINTING 

INFO. MGMT. & CONTROL 

ATil1'UDE CONTROL & STATION KEEPING 
ELECTRIC PROPULSION TEST UNIT 
ATTITUDE CONTROL UNITS (STORABLE) 

COMMUNICATIONS 

INTERFACE 
MECHANICAL 
ELECTRICAL 

GROWTH ALLOWANCE (20°1o) 
142 

40 (Metric Tons) --
17 

7. 2 

0.4 -
7 

0.2 
2 

6.6 

10 
6 
1 

1. 4 
1. 5 
4 
0. 1 
0.2 

5 
2 

1 
1 
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ENGINEERING VERIFICATION PROGRAM SCHEDULE 

The engineering verification test program, and developmental activ1ties to support it, are 
scheduled herP. Promiment support systems are: 

o A manned development laboratory in low Earth orbit with a crew of 8. 

o A manned OTV for manned access to GEO to support GEO EVTA tests, and, 
operating in an unmanned mode, to deliver the EVTA to GEO after its 
construction and preliminary tests at LEO. 

o A new shuttle booster to support the MOTV. This element could be 
postponed, but will reduce recurring cost of MOTV operations if developed 
as scheduled here. 

Scheduling of the beginning of design and development of the EVTA was keyed to research 
program decisions (Note: research program years $1, $1, etc.). Scheduling of support systems 
development was then keyP.d to required availability. 
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ENGINEERING VERIFICATION PROGRAM SCHEDULE 

YEARS •OllNl/J 

112 '" 
2 3 

LEO DEV. LAa 

R4 Al 

4 I 

ENGINEERING 
\IEfU,.CATION 
TEST • 
ARTICLE 
(EVTAI 

-
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Ptt f'7 RI u E4 El El 

I 1 I • ,0 t1 t2 
I I 
AAAAV DES 
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rr;G ::::T LDL 
I I =EQU"•CIO 

DESIGN. OUAL EVTA XMTR I ~EITI 
FAB FLT HOWE M~:LTITUDE TUTS 

FAI _,!!NAL ASSY AT GEO 
IUIAfUlAYI 
ATLDL- EVTA TESTS AT GEO 

EJ 02 

" 14 

- fAI 6 TEST XMT" AT LDL 
.__ TflANSl'OftT TO 010 

MOTV IC/O 

LAUNCH -ACTIVATE -, OTHER LOL SPS TEm 

I I I MOTV LAUNCH 
EVTAILDL - MOTV SUftPOflT 

LDL AVAILMLI 
TO SUflPO"T 
LEO IAll IUILDW 

v 

I 401HUTI'LI { LDL EVTA ,, 

~~LE ~~:::!' ~ •1 ,~ w I w I w' I 
:::RIHLLV ICID YEARS . V V ~ V V V V V V V V '1 '1 V V V '1 V V CREW ftOTARUUP 

v ... SHUTTLE BOOSTER I 

I 

I 

I LAUN~H f "" L,_ __ __._ ______ ...;.... _______ .:._. __ -J... __ __...._ __ _..._ __ __,, __________________ _ 
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DEMONSTRATION ISSUES 

The present SPS program concept presumes that the development phase of SPS would be followed by a demonstration 

phase with the objective of demonstrating operational suitability of SPS for commercial use. Demonstration concepts 

for SPS have been studied over the past several years. A number of flight vehicle configurations have been developed. 

The facing tabulati0'1 synopsizes some of the principal issues that have surfaced and provides a present Judgment 

as to the objectives of a demonstration system. 
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Demonstratio11 Issues 

------------------------... ------------------------------------------------------.-1111/Va-----SPS-2937 

e PREVIOUS STUDIES HAVE POSTULATED DEMONSTRATION SPS'S 
FROM 15 TO 10,000 MEGAWATTS 

e SUCCESSFUL COMPLETION OF THE RESEARCH ANO DEVELOPMENT 
PHASES OF SPS SHOULD PROVIDE UNPRECEDENTED TECHNICAL 
AND COST CONFIDENCE 

e IFAUTILITYOCllPANV PCCJJIRESNJ EXPENSIVE POM:RPLANTlliAT FAILS 
AND CNl¥JT BE REAOIL Y RESTORED TO SERVICE, lHE FINAl'CtAL 
ca&CIJENCES ARE SEVERE. 

e THE DEMONSTRATION SYSTEM SHOULD DEMONSTRATE 
OPERATIONAL SUITABILITY OF SPS: GRID COMPATIBILITY, 
AVAILABILITY, AND REPAIRABILITY. ENHANCEMENT OF 
COST AND TECHNICAL CONFIDENCE WILL ALSO RESULT. 
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PAST AND FUTIJRE ELECTRIC POWER ALTERNATIVES USE PILOT PLANTS 

The history of development of new electrical generation technology shows a consistent pattern of graduating from 

test facilities to pilot plants to commercial demonstrators. Several examples are tabulated on the facing page. 
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Past and Future Electric Power Alternatives 
Use ''Pilot" Plants 

----------------------_._---------------------------------------------------IDllN&------SPS-1859 

. PAST: 

FUTURE: 

(1976 DATA) 

PROGRESSION TO THE COMMERCIAL '-IGHT WATER REACTOR 

• EXPERIMENTAL REACTORS, 

• DEMO REACTOR, 

• PROTOTYPE PLANT, 

GROUND SOLAR POWER (TOWER "iOP TYPE) 

• TEST FACILITY 

• Pl LOT PLANT 

• COMMERCIAL DEMONSTRATOR 

BREEDER REACTOR (LIQUID MElAL FAST BREEDER) 

• FAST FLUX TEST FACILITY 

• CLINCH RIVER BREEDER 

• PROTOTYPE COMMERCIAL BREEDER 

FUSION (MAGNETIC) 

• EXPERIMENTAL POWER REACTOR 1 (2C>-60 MW•) 

•EXPERIMENTAL POWER REACTOR 2(;>100 MW•) 

• DEMONSTRATION REACTOR (> 500 MV'le) 
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SHIPPINGPORT. PA 
OYSTER CREEK, NJ 

(6 MWt) ALBUQUERQUE, NM 

(10 MW•) BARSTOW, CA 
(100 MW•) 
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DEMONSTRATOR CONSIDERATIONS 

The increasing definition of SPS hardware elements by the ongoing system definition studies has led to the considera

tions listed on the facing page. Of particular importance is the minimum power density achievable with the reference 

system design. It seems appropriate for demonstrator system to consider a uniform antenna iJJumination since 

the relatively higher sidelobes of the uniform illumination will stHJ be considerably Jess in intensity than the side 

lobes of the operating SPS. It is also clear that a large transmit aperture is needed in order to provide a beam diameter 

at the ground commensurate with a reasonable of rectenna size. 
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Demonstrator Considerations 

------------------------... ------------------------------------------------------~··1~0------· SPS-2931 

e LARGE ANTENNA APERTURES ARE REQUIRED TO 
ACHIEVE REASONABLE BEAM FOOTPRINT 

e WITH RE~ERENCE SPS KLYSTRONS AND SUBARRAY SIZE 
650 W/M IS MINIMUM POWER DENSITY. (1 KLYSTRON 

PER SUBARRAY) 

e SOLID-STATE OPTIONS LESS CLEAR, BUT COMPARABLE 

e DESIRE~ 1 MW/CM2 TO DRIVE RECTENNA 

e LEADS TO 300-600 MEGAWATTS RF POWER AS 
MINIMUM; ROUGHLY SIZE OF REFERENCE EOTV 
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DEMONSTRATOR PROVISIONAL REQUIRF..Mf.NTS 

Based on the preceding considerations a set of provisional requirements for an SPS demonstrator have been developed. 

First, it m:.ist operate at geosynchronous orbit. This is important because the ionizing radiation and plasma environment 

in geosynchronous orbit is significantly different from that at low earth orbit. Also, a geosynchronous location is 

essential in order to provide continuous operation with a ground receiving station. 

Secondly, meaningful power must be prc.vided to a utility grid in order to demonstrate operational suitability for 

baseload service. 

A conclusive demonstration of reliable control of the power beam and its sldelobes is important to '\final demonstra

tion of environmental acceptability as we!l as showing suitability for continuous service. 

The SPS demonstrator should show the capability of an SPS to deliver a high plant factor in the range of 0.8 to 0.9 

or better. Achievement of a high plant factor is critical t~ the economic acceptability of a high capital cost, low 

fuel cost, renewab~e energy system. 

It i-; dear that reFable and repeatab:~ startup and shutdown is important. In the process of demonstrating this 

and the ,ither objectives, SPS hardware rd operations can be qualified for commercial service. 

Finally, in order to demonstrate the ability of an SPS to provide a high plant factor 0·1,~r a Ion~ period of time, main

tainability and repairability of the SP::; should be included in the demonstration program. 
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Demonstrator Provisional Require111ents 
------SP-~-~-33 ______ ._ ____________________________________________________ 1/11111.ND ____ _ 

e OPERATE AT GEO 

e PROVIDE MEANINGFUL POWER TO A UTILITY 'JRID 
(TENS TO HUNDREOS OF MEGAWArTS) . 

e DEMONSTRATE RELIABLE CONTROL OF POWER BEAM AND 
ITS SIDELOBES 

e DEMONSTRATE PLANT FACTOR CAPABILaTY 

e OE~.10NSTRATE RELIABLE, REPEATABLE STARTUP AND SHUTDOWN 

e QUALIFY SPS HARDWARE AND OPERATIONS 

e DEMONSTRATE MAINTAINABILITY AND REPAIRABILITY 
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SPS DEMONSTRATION CONFIGURATION 

The demonstrator design shown here takes ddvantage of ~ize commonality with the EOTV, which also 
must be developed at about this point in the program to support buildup of the GEO construction base 
and to provi1e time for EOTV fleet buildup. It is essentially two EOTV's coupled together, providing 
power for an 800-m transmitter. The transmitter illumination is constant, with one SPS klystron 
per 10.4 x 10.4 m subar~~~'· 4,650 subarrays fill the aperture. The power beam maximum intensity 
is about 1 mw/cm2, with maximum sid~lobes of 2 microwatts/cm2. A rectenna Somt!What smaller than the 
reference design can deliver 100 to 150 megawatts of electric power to a power grid. 
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SPS DEMONSTRATION CONFIGURATION 

----------=---..::::~----.....11....---------------------------------------------------- .. ,,,,,,,.,, sPs.3094 

-~ 
-1040:n---
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SPS DEMONSTRATOR 
• 300 MEGAWATTS Rf POWER 

•USES DUAL EOTV FOR ELECTRIC 
POWER & ORB IT TRANSFER 

• 9280 TONS INCLUDING TRANSFER PROPELLANT 

r----
\ S3Z m 
El£CTRIC THRUSTERS 
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srs DEt{)NSTRATOR ~1ASS ESTIMATE 

The mass estimate here was factored from SPS and EOTV estimates. Full power processing 
is assumed, but reconfi guratfon of the EOTV array might al low testing of di re ct power to the 
klystrons from the array. The propellant load includes sufficie~t propellant for orbit transfer. 

This vehicle would deliver as payload (not included 1n the mass statemerrt) one or two 
8-meter habitats and test and checkout equ1prn~nt to support demonstrator test operations at GEO. 
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SPS DEMONSTRATOR MASS ESTIMATE 

•DllNC 

MASS REMARKS 
TOTAL 9,281 

ENERGY CONVERSION 1, 993 
Structure 293 2 EOTV + 20% 
Array l, 560 2 EOTV 
Distribution 126 2 EOTV + 50% 
Storage 14 

ELECTRIC PRO PULS I ON 992 2 EOTV -
AUXILIARY SYSTEMS 15 2 EOTV -
TRANSMITTER 3,271 6CJ'/o of S PS 

Other 226 60"/o of SPS 
Prim. Structure 98 64% of SPS 
Sec. Structure 109 64"/o of S PS 
Subetrrays 1,998 One klystron per subarray/4650 

subarrays 
Power Processing 840 Fu 11 processing @ 2 Kg/KWe 

INFO MGMT & CONTROL 32 1/3 SPS -INTERFACE 142 60"/o of S PS -GROWTH 1,289 20% of above 
PROPELLANT t.547 20% of above, this includes 

transfer propellant 
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SPS DEMONSTRATION AND COMMERCIALIZATION SCHEDULE 

The estimated schedule for the demonstration and investment plans, and 1n1tial parts of the 
corrmercialization phase is shown here. 
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SPS OEMONSTRATION AND COMMERCIALIZATION SCHEDULE 

----SP$30ll--
7
--_.__ ___________________ IDllNG --

TOTAL YR~, .... 13 , 1_4_ ...... , _ ...... 1s.__. ..... 1.___1 ...... 6 _....__ ____ 11 _____ 1 __ s ____ 19 ____ 2 __ 0 __... 
COMMERCIAL PHASE YRS-+ 1 2 3 4 5 

.,, S DV • HLLV 
................ Demo Phase :·:·:·~!!!·~:·· 

E:?%] Commercial Phase 
................. TRANSFER DEMO SAT ·!•!•'•!·:·:·:·:· 

CONST EOTV FLEET~~~~ 

CONST. SMALL:::::::::::::::: ~~2lCONSTGEO BASE 
GEO BASE 

CONST lST 5 GW SAT.~~ 

CONST 2ND 5 GW SAT.~ 

3RD SAT.~ 

SDV = Shuttle Derivative HLLV 4th Sat. k2a 
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ACCOMPLISHMENTS AND DECISIONS 

l.ic preceding schedules were merged into a total program schedule. Shown here are accomplishment 
milestones superimposed on a development and corrmitment schedule. Two important findings are 
revealed on this chart: 

(1) Budget considerations of long-lead items for the engineering verification 
~hase must begin in the second year of the research program to support 
an SPS-by-2000 timetable. 

(2) Developmental decision requirements will provide a basis for yearly 
review of SPS program status through the critical first ten years of the 
program. 
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ACCOMPLISHMENTS ANO DECISIONS 
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SPS PROGRAM NON-RECURRING COST 

The candidate integrated SPS program plan described on previous pages provided a basis for 

and end-to-end nonrecur;·ing cost estimate. This page and the fol lowing eight pages present the 

estimate and rationale. 

161 



SPS-3058 

ITEM 

Research 

GBED 

Flight 
Research 

Dl80..2S461-S 

SPS PROGRAM NON-RECURRING COST 

DESCRIPTION 

Ground-Based Exploratory 
Development 

Microwave Propagation and 
Phase Control Experiment 
Satellite + Shuttle Sorties 

COST 
($M79} 

430 

240 

190 

Engineering Verification 9145 

421 S PS-Related 

EVTA 
Hardware 

Subsystems Devel. & Test 

Engineering Verification Test 
Article: I-Megawatt Array 
Plus Microwave and Electric 
Propulsion Experiments 

162 

240 

RATIONALE 

Detailed Estimate 
Reported in Planning 
Document 

(Same) 

Sub-A I location of S PS 
DDT&E 

Sub-Allocation of SPS 
Hardware Cost 
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S PS PROGRAM NON-RECURRING COST - Cont. 

IOllNG 
sPs.3059 

COST 
ITEM DESCR:PTION ($M79) RATIONALE 

Engineering Verification 

LEO Development 8-Man Test & Space Support 2700 JS C Es ti mate 
Labs Facility 

Manned OTV All-Prolpulsive or aero- 1430 800 for OTV from OTV 
braking OTV with 2- studies. 500 guess for 
to 4-man capability manned module DDT&E 

plus one unit at 80 + 50 

Shuttle Flights LEO Dev. Lab & MOTV 1000 40 flights total 
Support plus EVTA Launch 

Shuttle Liquid Flyback Booster 3284 DDT&E plus one extra 
Booster for Shuttle flight unit. Provides 

shuttle payload increase 
to support MOTV. 

Program Mgmt Integration, Coordination, 70 200 people for 5 years 
& Integration and Management support 

to tie program elements 
together. 163 
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SPS PROGP..".M NON-RECURRING COST - Cont. 

SPS-3060 

ITEM DES CR I PT ION 

Demonstration Program 

Demonstrator Development of the 
DDT&E Demonstrator Subsystems 

and Integrated Configuration 

Pi lot Production 
Facilities 

Demonstrator 

Shuttle DDT&E 
& Fleet 

Pi lot Lines for Arrays, 
Klystrons, Power Pro
processors, etc. 

Hardware for Demonstrator 

2 Boosters, 2 Orbiters, 
25 El's, Development of 
Pod-Type HLLV 

164 

COST 
($M79) 

26349 -

3134 

460 

2922 

3403 

RATIONALE 

Sub-allocation of SPS 
DDT&E 

Sub-a I location of S PS 
Investment 

Sub-allocation of S PS 
Hardware Cost 

Boosters: 310; 
Orbiters: 1265; ff's: 115; 
Tooling: 173; GSE:50; 
HLLV DDT&E 1490 
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SPS PROGRAM NON-RECURRING COST - Cont. 
__________________ _,_ ________________________________________ ._IDllN&---

SPS-3061 

ITEM DESCRIPTION 

Demonstration Program 

Construction Leo Base: 8-meter Habitat 
DDT&E & .. ull Work Support 

Facility GEO Base: Habitat 
Delta for Shielding & l.OO!a 
WSF 

Construction 
Base Cost 

Space 
Operations 

LEO Base: 4 Habitats 
& Full WSF 
(;EO Base: 1 1-iabita-. & 
10% WSF 

4 Years Operations: 
Construct Bases & 
Demonstrator 

165 

COST 
($M79) 

3586 

342) 

3200 

RATIONALE 

Based on 8-meter habitat 
DDT&E 1135 & Unit 136, 
scaled from 17-metcr 
habitat 

Scaled from 17-meter 
habitat 

130 HLLV flights @ 12:1560 
24 PLV flights @ 15:360 
Crew salaries & resupply 
based on 100 crew • 116 of 
operationa I S PS: 1280 
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SPS PROGl1AM NON-RECURRING COST - Conl 
sPs .- Yb 

__________ ....;, ______ ..._ __________________________________________ IOllNO-----

SPS-3082 

ITEM DESCRIPTION 

Demonstration Program 

POTV Personnel OTV with 
DDT&E Passenger Module 
Plus 0ne 
extra J1. it 

EOTV 
DDT&E 

Demonstrator 
Rectenna 

Program Mgmt 
& Integration 

Electric OTV Development 
Only (supports Demo 
Artir.le) 

8 x 11 km 

166 

COST 
($M79) 

1986 

2041 

2021 

175 

RATIONALE 

rrom DDT&E estimate 
with MOlV credits: 

Engine - 355 
Avionics- 55 
ECLS - 30 

From DDT&E estimate with' 
543 credit for commonality 
with Demo Article (no 
flight test unit) 

Scaled from operational 
rectenna + $250 M DDT&E 

500 people for 5 years 
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ITEM 

I nvestrnent 

HLLV 
Development 

S PS DDT&E 

HLLV Fleet 

EOTV Fleet 

Construction 
DDT&E 

DIB0.25461·5 

S PS PROGRAM NON-REOJ RR ING COST - Cont. 

COST 
•DllND-·· 

DESCRIPTION ($M79) RATIONALE 
66363 

2-S tage Fully Reusable 12100 From O DT &E es ti mate with 
booster engine credit 800 

Upgrading Demo Subsystems 2473 Sub-allocation of SPS 
& Integration of Configuration DDT&E 

6 Boosters, 7 Orbiters, 6983 From detailed estimate 
Tooling and GSE 

2J Vehicles 6858. From detailed estimate 

Delta DDT&E to Upgrade 4900 New 17-meter habitat 
Bases to Operation a I & work module plus 
Capability GEO Base work support 

faci Ii ties 
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SPS PROGRAM NON-RECURRING COST - Cont. 

-----___ .....,..__ _________________ --IDllN& - -

SP'.;-3005 

ITEM 

First S PS 

S PS Hardware 

Space 
Transportation 

Ground 
Transportation 

Packaging 
Equipment 

First Year Fu II 
Base Ops 

Rectenna 

DESCRIPTION 

Flight Hardware Ready 
to Ship 

All Space Transport, 
Hardware + Crew 

Factory to Launch 

Launch Packaging 

Crew Salaries & Spares 
& Support 

9 x 13 km 

168 

COST 
($M79) 

15090 

4473 

4192 

35 

200 

1922 

2578 

RATIONALE 

Detailed es ti mate less 
amortization 

Delta flights due to 1-year 
construction time 

EOTV l. 3 POTV 12 
HLLV 54 PLV 29 

AOL estimate 

5'o of S PS Hardware 
Packaging is Reusable 

Detailed es ti mate 

GE estimate in 79$ 
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SPS PROGRAM NON-RECURRING COST - Cont. 

IOllND 
SPS-3066 

COST 
ITEM DESCRIPTION ($M79) RATIONALE 

First SPS 

Mission Ops 20 TRW Estimate 

Sustaining Development Support to 495 3500 people 2 years 
DDT&E Prototype 

Program Mgmt 495 3500 people 2 years 
& Integration 

Cost Growth 680 17% on S PS Hardware 

TOTAL THROUGH fll SPS 117377 
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SPS TOTAL PROGRAM THRU #1 

Cost est1mates were made for each element of the program and time-phased to develop a fund
ing projecticin. All elements 1dent1f1ed were included, e.g., manned OTV, although many of the 
it~ms may have application to other m15sions. 

Items 2 through 6 comprise the eng1neer1ng ver1f1cat1on program. Items 7 through 15 com
prise the demonstration program. Items 16 thro~gh 24 represent the investment necessary to achieve 
a production rate of 2 SPS's per year. 

In the product1on phase, the total annual funding will be on the order of 25 b11l1ons P·~r 

year. 

The sum of all program element costs shown here including #1 SPS 1s 117.4 b1111ons of 1979 
dollars. 
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SPS TOTAL PROGRAM THRU #1 
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SPS ACQUISITION FUNDING 

Presented here is an estimate of the funding schedule required for a prodll":tion (recurring) 

SPS. 

172 



Dl80.2S461-S 

SPS ACQUISITION FUNDING 
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SOLAR POWER SATELLITE SYSTEM 
DEFINITION STUDY 
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SPS SYSTEM DEFINITION STUDY FOR BOEING/JSC 

Different methods for constructing the 5000 MW reference satellite in GEO were investigated during Phase l by a joint 
Boeing/Grumman team. Alternate end builder construction concepts were developed by Grumman for direct comparison 
with a single-deck construction platform concept. These construction options are shown on the facinlJ page. 

Ground rules for preliminary analysis of the platform type and end builder construction concepts were to use a common 
antenna construction facility, and to constrain SPS final assembly and checkout to one satellite every six months. All options 
were evaluated in terms of cost, performance, complexity, risk, etc. The 8 bay wide end builder exhibited the highest unit 
cost and was not able to fully utilize its production capability. The comparison of the multi-pass end builder and the single
deck platform concepts was nearly even. The 4 bay end builder was selected, however, for additional definition work in 
Phase 2 because of its greater production rate growth capability. 
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SPS SYSTEM DEFINITION STUDY FOR BOEING/.JSC 

PHASE 1: ALTERNATE GEO 
CONSTRUCTION 
CONCEPTS 

2 BAY 

-------vs 

10714080 

SINGLE DECK 
BASELINE 

8 BAY 

4 BAY 

END 
BUILDERS 

I 
I 
I 
I 
I 
I 
I 

___ _, 
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GRUMMAN SPS SYSTEM DEFINITION STUDY SCHEDULE 

Gmmman 's Phi\Se 2 effort for Boeing is focused on further defining the operations and systems elements of 
the 4 Bay End Builder. The major operations tasks include the analysis and definition of GEO Base Operations, 
SPS Construction Operations and intra-base cargo handling and distribution operations. Analysis of these func
tional areas helped to establish system feasibility and provide a basis for subsequent design updating. It also 
served as a tool for identifying technology issues which require further study and/or near-term technical develop
ment. 
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GRUMMAN SPS SYSTEM DEFINITION STUDY - SCHEDULE 

1622.0llW 

MILESTOltES 

ATP PHASE 11 2 
BOEIHG BRIEFING TO NASA 
PHASE 1 I 2 FINAL REPORT~ 

TASKS 
1. ALUMINUM SOLAR ARRAY STRUCTURl: 

2. AL TEANATE SPACE CONSTRUCTION 
METHODS 

3. corJSTRUCTION BASE OPS I DEFN. 
• UPDATE CREW MODULE DEFN 
e UPDATE GEO BASE SYS CONFIG 
• Dt:FINE GEO BASE BUILDUP 
• DEFINE SPS CONSTR. OPERATIONS 
• DEFINE BASE OPERATIONS 
• DEFINE CARGO HANDLING I DISTRIB DPS 
• DEVEL INTEG GEO "'I ~:-: OPS PLAN 

4. TECH ADV DEVEL I FAt 1:c0-8P CONST 
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4 BAY END BUILDER CONSTRUC'!"ION BASE-· urDATE 

'i'he CEO hase structure supports the em9rging catellite during all pha.cies of constl"'lJction. The SPS energy 
cvnversion system is assembltd during two successive passes by the L-shaptid framework shown. The 
width of this fra.mework ( 3.44 km) encompasses a 5-bay segment of the et1ergy conversion struct• Jre to provic ~ 
a one bay overlap fer lateral and lonlftudinal inde:..:ing operations. The 700 rn high open truss is sufficient to 
hoi..se bean: fahricatfon stations, solar blanket inJtaliation equipment, bus ir~:;,clllation mechanisms, crew 
ft:cil ·es, docking, storage, intra-bai:e transport, etc. The other li:g of the facility (913 m long) 9uides and sup· 
por1- nd sa~allite until cJl systeMs are mated and checked out. The antenna assembly platform, wh~ch is 
locat~d a-. the rnr of the base, is arrangf!c1 to facilitate the conr.truction ard at~.c·.r.i'.lnt of the 1mtenna and 
rotary jo.:.nt interface. This open tru88 platfonn (2. 74 km x 1.65 km) also ciupp"rt£ tt.e an!enna/y.Jke assembly 
1\uring the fina: lateral index and mating oi.ieration11 with the assemb!ed 8 x 16 bay energy c.onversit:ln system. 
Tl1e framework provided fc.i1· the rotal)· joint facility, yoke assembly facility and antenna assembly facility is 
;dficierit to houSt: ::he construction equipment and machines as needed. 
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4 BAY END BUILDER CONSTRUCTION BASE - UPDATE 

ROTARY JOINT /YOKE ASSEMBLY 
FACILITY 

SOLAR COLLECTOR 
ASSt::MBL Y FACILIT f 
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4 BAY END BUILDBR CONSTRUCTION OPERATION 

Construction of the 5000 MW reference satellite takes place in GEO. Comiequently, the personn,.l neede'i to activate 
t.h~ 4 Bay End Builder Constructi1.1.1 Base must travel first by m1,an 1 of ·~e Shuttle to LEO and finally by means of an orbital 
transfer vehicle (OTV) which operates from the LEO base. 

Tre 4 bay end builder assemhles the SPS satellite in two succeS11ive pasaes as shown by the construction sequence illus· 
i:rated on the facing page. During th~ first pass, the GEO construction base builds a 4 hay wide strip by 16 bays long. Con· 
structfon of the satellite antenna is performed in parallel. When one-half of the satellite enerqy conversion s1stem has been 
assembled, the base is indexe.:l to the side and then back along the ed']e of the satellite. The base is realigned with the end 
frame of the satellite to start the second construc•.ion pass. The rem.tining 4 bay wide strip is attached directly to the assem· 
bled satellite systems as th"' base moves toward the other r.nd. Large electric orbital transfer vehicles (EOTV) will deliver 
SPS materialc; and components throughout i.he assembly process. GEO base crews will also be rotated u needed. The satellite 
antenna is completed in parallel with the construction of the 8 x 16 bay enerqy conversion JYSte.'ll. At the end of the second 
pac;s, the base is indexed sideward to mat.e the anteMa with the centerline of the enerqy conversion system. Following the 
satellite final test and checkout, the base will bt: separated from the satellite and transferred to the next SPS GEO construe· 
tion location. 
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SPS CONSTRUCTION BASE - PHASE I CONCLUSIONS 

• 2 BAY & 4 BAY END BUil.DEAS PROVIDE HIGHER PRODUCTION CAPABILITY 
FOR EQUIVALENT COST AS SINGLE DECK 

• 8 BAY WIDE BASE NOT COST EFFECTIVE FOR 6 MONTH CONSTRUCTION 
C'ICLE 

• COUPLING SOLAR ARRAY DEPLOYMENT WITH LONGITUDINAL BEAM 
FABRICATION FACILITATES FASTER CONSTRUCTION 

• SYNCHRONIZED OPERATION OF MULTIPLE BEAM aUILDERS CAN BE 
IMPLEMENTED WITH S-O·A FEEDBACK CONTROL TECHNIQUES 

• ALUMINUM SOLAR ARRAY STRUCTURE FEASIBLE 

1622·025W 
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SPS GEO CONS1' RIJCTION BASE - PHASE 2 CONCLUSIONS 

1622·060W 

• GEO CONSTRUCTION OPERATIONS FEASIBLE CONSIDERING 
- SATELLITE ASSEMRL Y STEPS 

- CREW OPERATIONS SUPPORT 

- MAJOR BASE SUBSYSTEMS 

- INTRA-BASE LOGISTICS 

- GEO BASE BUILD UP 

• ADD ON SPS MAINTENANCE SUPPORT FACILITIES FEASIBLE 
ON GEO CONSTRUCTION RASE 
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SPS GEO CONSTRUCTION BASE - RECOMMENDATIONS 
FOR FURTHER EFFORT 

• CONTINUE SPS CONSTRUCTION TECHNOLOGY ANALYSIS 
- RE-EXAMINE ANTENNA CONSTR CONCEPT (KLYSTRON & SOLID STATE) 
- INVESTIGATE ALUMINUM STRUCTURE FOR SOLID STATE ANTENNA 

- UPDATE & ADC' SUBS'·-; INSTALLATION METHODS AS DESIGN MATURES 

DEVELOP COMPARATIVE CONSTRUCTION METHODS FOR EVALUATING ALTERNATE 
SPS CONCEPTS (e.g. LASERS) 

• FURTHER EXPAND GEO BASE SYSTEM MASS & COST DATA 
- UPDATE STRUCT, CONSTR EQUIP, CARGO HDLG SYS, & SUBASSY FACTORY DEFIN 
- DEFiNE BASE MAINT, TEST & CIO, AND C & C FACILITY CONCEPTS 

- DEFINE GEO RADIATION SHIELDING METHODS 

- RE-EXAMINE BASE FLIGHT CONTROL & ELECTRICAL POWER SUBSYSTEMS 

INVESTIGATE TRANSPORTATION PAYLOAD CONSTRAINTS ON CREW MODULE & 
CONSTR EQUIP DES 

• FURTHE~ DEFINE GEO BASE BUILD UP CONCEPT 

• FOCUS SPS EARLY TECHNOLOGY DEVELOPMENT ON PARALLEL CONSTR ISSUES 
-- STRUCTURAL FAB & ASSY 

- CONSTRUCTION SUPT OPERATIONS 

- SUBSYS ASSEMBLY METHODS 

!622-059W 
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SPS STRUCTURAL FAB & ASSY - EARLY TECHNOLOGY 
DEVMT OBJECTIVES 

7.5 m BEAM BUILDER 
SUBSTATION 

• DESIGN & DEVELOP TECHNOLOGY FOR 
SPS BEAM BUILDER SUBSTATIONS 

- ENERGY CONVERSION 

-ANTENNA 

·- INTERFACE 

• DEVELOP SUBSCALE PROTOTYPE BEAM BUILDERS TO DEMO 

- AUTO FAB DIME~SIONAL CTL 81 PRODUCIBILITY (Al 81 COMP MATLS) 

- CONTINUOUS AUTO FAS WITH OPEN 81 CLOSED CAP MEMBERS 

- CONTINUOUS CAP FAS WITH AUTO FAS BATTENS 

- SEGMENTED BEAM FAB WITH END FITTINGS 

- CONTINUOUS BEAM FAB WITH ATTACHMENT FRAMES 

- MULTI BEAM FAB SYNCHRONIZATION 

- AUTO BEAM FAB WITH MAINT. RAILS 

- AUTO BEAM FAB WITH DATA BUS/CABLES 

-· AUTO BEAM FAB WITH ACQUISITION BUS 

• INVESTIGATE ALTERNATE STRUCTURAL JOINTS 

• CONDUCT GANO SIMULATIONS & FLT EXPMTS USING SPS 
STRUCTURAL ASSY METHODS 
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SPS CONSTRUCTION SUPPORT OPERATIONS - EARLY 
TECHNOLOGY DE.VMT OBJECTIVES 

r DEtlGN & DEVEL TECH FOR SPS BEAM HANDLING, SUBSYS ASSY & MOVEMENT OF LSS 

• DEV .:Lor PROTOTYPE HDWR TO COMPARE EVA, CLOSED CHERRY PICKER & REMOTE 
CRANE TURRET METHODS FOR ASSEMBLING SUB SCALE BEAMS 

• DEVEL SIMULATION TECHNIQUES & PROTOTYPE HDWR TO DEMO 
SU~SCALE SPS CONSTRUCTION METHODS & SUPPORTING OPERATIONS 
- 7.5 m & 12.7 m BEAM HANDLING & JOINING 

- SOLAR ARRAY BLANKET INSTALLATION SUPT 

-- POWER BUS INSTALLATION SUPT 
- ANTENNA SUBARRAV INSTALLATION SUPT 

- OTHER SUBSVS ASSV OPERATIONS 
~= .. j! c:!!:===;;;;:;:::~=::!!:> c!!::==;;;;;;;;;;;;r=:o==- -·CARGO HANDLING & DELIVERY 

,,,. - BASE SUBSYS/EQUIP SERVICING 

- HANDLING & MATING LARGE SYSTEM ELEMENTS 

-...-, 
l622-057W 
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SPS SUBSYSTEM ASSEMBLY METHODS - EARLY 
TECHNOLOGY DEVMT OBJECTIVES 

• DES!GN & DEVELOP TECHNOLOGY FOR DEPLOYMENT & INSTALLATION OF SPS SUBSYS 

• DEVELOP PROTOTYPE HDWR TO DEMO SUBSCALE TECHNIQUES FOR PACKAGING & 
INSTALLATION OF LARGE SUBSYSTEM ELEMENTS 

- SOLAR ARRAY BLANKET DISPENSERS 

- POWER BUS DISPENSERS 

- ATTITUDE THRUSTERS & PROPELLANT STORAGE FIXTURES 

- ANTENNA SUBARRAY INSTALLERS 

- ANTENNA ROTARY/GIMBALLED INTERFACE FIXTURES 

DATA BUS DISPENSERS 

- OTHER SUBSYSTEM INSTALLATIONS 

1622·058W 
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SPS GEO BASE OPERATIONS REQUIREMENTS & ISSUES 

The SPS GEO construction base is used to build and commission ~wo 5 GW reference satellites per year for 
30 years. The GEO base is also requir~d to sup'lort the maintenance activities on operational Solar Power Satellites 
and to service supporting elements of the SPS space transport<'.tion system (i.e., OTVs and EOTVs). The crew jobs 
and organizations for constructing and maintaining the SPS in GEO art3 defined in the Phase I Final Report 
Reference System DescTiption (Volume III, 0180-25037-3) and the Phase II Se~ond Monthly Report (April 1979), 
respectively. The GEO construction facility includes many functions related to the operation of construction 
equipment, OJ;eration of base systems, and the support of crew operations. As the SPS reference system matures, 
fill aspects of GEO baSP. operations must be examined to verify system feasibility and identify areas Peeding fur~her 
development. Several tP.chnology issues related to GEO base operations are listed on the facing page. While most 
of these issues are beyond the scope of the study, they include further analysis of required base functions, degree 
of automation, related crew functions and type of ,..,,·ganization needed. Control of the diverse base functions is 
addrr:;<;ed below but it requires further study to size and cost preliminary command and control systems. Other 
areas which require further study include: the impact of frequent crew rotation and related training requirements 
to maintain high productivity; crew habitability requirements for zero gravity versus artificial gravity plus related 
heal'"'1, safety and rescue operational requirements for SPS construction; and operational lim.tations for IVA and 
'SV A with reC?~ired tJrotection from ionizing radiation and other GEO environmental effects. In addition, base 
attitude control and required operational interfaces need further study. 
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SPS GEO BASE OPERAi IONS REQUIREMENTS & ISSUES 

'1079-0580 

• CONSTRUCT TWO 5GW SA.TELLITES PER YEAR FOR 30 YEARS 

• SUPPORT OPERATIONAL SATELLITE MA~NTENANCE 

• SERVICE FLIGHT TRANSPORTATION VEHICLES 

•GEO BASE PHASE 1 CREW JOB£ & ORGANIZATION (D180-25037-3) 

• SPS MAINTENANCE ORGANIZATION (APR 79 MPR NO.~!) 

•GEO BASE OPERATIONS ISSUES 
- CREW FUNCTIONS & OP.GANIZATION 

- COMMAND & CONTROL CONCEPT 

- CREW ROTATION & TRAINING POLICY 

- CREW HABITABILITY & HEAL TH 

- CRL:W SAFETY & RESCUE 

- RADIATION PROTECTION & OTHER ENVIROMENTAL CONSTRAINTS 

- BASE ATTITUDE CONTROL 

- O~ERATIONALINTERFACES 

193 
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GEO BASE OPERATIONAL FUNCTIONS 

The GEO Base performs three main functions: 

• Construct solar power satellites (SPS) 

•Service and maintain operational SPS 

•Service flight logistic vehicles. 

Dl80-2S4t.1-S 

In order to accomplish these functions a number of others are imposed. The base must be capable of docking 
transportation vehicles, unloading them and then transporting supplies and personnel via a railroad system to work 
areas. Space workers require habitats that furiction in a manner similar to hotels, as well as pressurized enclosures 
that consist of control centers, cherry pickers and transportation vehicles. The construction and base equipment must 
be maintained and personnel health services must be provided. Because SPS construction will continue for many years, 
requirements uist for a continuing sui;ply of new space workors. Therefore, training facilities must be provided. All 
of these functions are to be integrated into the Command and Control Organization. 
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GEO BASE OPERATIONAL FUNCTIONS 

CONSTRUCT SOLAR POWER SATELLITES 

1622-024W 

SUPPORT OPERATIONAL SPS MAINTENANCE 
SERVICE FLIGHT TRANSPORTATION VEHICLES 

CONTROL EXTERNAL LOGISTIC VEHICLES 
DIRECT BASE TRANSPORTATION 
MANEUVER BASE 

CONTROL BASE SUBSYSTEMS 
ASSURE CONSTRUCTION & MAINTENANCE QUALITY 
OPERATE HABITATS 

ASSURE CREW HEAL TH & SAFETY 
MAINTAIN BASE EQUIPMENT 

PROVIDE COMMUNICATIONS& DATA 
TRAIN CREW 
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SPS GEO BASE OPERATIONAL INTERFACES 

The illustration shows the GEO Base external operational interfaces. Earth mission control coordinates all aspects 
of SPS construction and operation. This includes all the ground and orbital elements. Construction progress, material 
and personnel needs are reported daily to earth mission control. 

The GEO Base receives construction material via Electric Orbit Transfer Vehicles (EOTV). These vehicles are 
loaded at the LEO base, rendezvous with the GEO Base, and stationkeep while Cargo Tugs transfer material pallets. 
EOTV terminal rendezvous is coordinated by the GEO base. Cargo Tugs require docking stations, cargo handling 
equipment and distribution/warehouses. Service & maintenance crews traJ'lsfer to the EOTV to ;>erform solar array 
annealing ope1·ations. 

Personnel and life support supplies are also shipped from the LEO Base utilizing Personnel Orbit Transfer 
Vehicles (POTV). These vehicles dock to the GEO Base, then crew transportation modules are attached for personnel 
unloading. Unloading equipment removes life support supplies and the POTV is serviced for return to LEO Base. 

The GEO Base also prepares Orbit Transfer Vehicles (OTV) for the trip to service operational SPS. The GEO Base 
control center directs OTV departures and when the OTV's return, terminil.l control & docking are also coordinated by 
the GEO base. Base loading and unloading equipment, plus the necessary transportation/warehousing facilities, 
are required. 
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SPS GEO BASE OPERATIONAL INTERFACES 
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GEO BASE OPERATIONS CONTROL 

The Base Central Control is where the Base Director, Construction Manager, Base Operation Manager and Base 
Sllpport Manager are located. They direct and control all related GEO base operations and are supported by staff per
scnnel who assist in planning, scheduling and monitoring base functions. Certain functions such as orbital control of 
the base, control of external and internal traffic, communications, data and base subsystems are handled directly 
from the Central Control Center. Other operational functions receive directions from the Central Control Center, but 
the interface for these functions (construction, habitat, base maintenance, SPS maintenance and flight transportation 
maintenance) could be performed at other locations. 

The medical center is required for personnel well-being and is available should accidents or sickness occur. It is 
shown reporting directly to the Base Central Control and illustrated in broken lines as it is not primary for daily 
operations. 

Training functions are also not required for day-to-day operations but are necessary for the base long term con
tinuous operation. 
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GEO BASE OPERATIONS CONTROL 

BASE CENTRAL CONTROL 

• DIRECT, CONTROL & MONITOR OPERATIONS 

• FLIGHT TRANSPORTATION • BASE MANEUVERS e BASE TRANSPORTATION 

& WAREHOUSING • BASE SUBSYSTEMS • COMMUNICATIONS & DATA 

• QUALITY CONTROL e PERSONNEL HEAL TH & SAFETY 

• ENERGY CONVERSION • 8 CENTERS 
• 'VllCROWAVE POWER 
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GEO BASE CREW OPERATIONS 

A new vocation, that of space worker, will be open to men and women of the U.S., and to a lesser extent, 
other natiol'lalities in the near future. In some respects it will be similar to the life of a sailor, travelling for ap
proximately three (3) months then home for ;_ibout t.he same length of time. This type of employment could 
continue for years, with upward advancement in the organization expected, paralleling terrestrial enterprizes. 

Current projections are in excess of 450 people involved in the construction and maintenance of the Solar 
Power Satellite (SPS). This imposes the requirement for a comprehensive training program that includes a 
spectrum of construction and support activities. Training facilities will be needed early in the SPS program. 
A continuing need for SPS training facilities equipment and instructors is expected as the demand for space 
workers increases with time. Training schedules must meet the needs of crew rotation requirements. Although 
most training can be accomplished in terrestrial simulators, verification of space adaptation to perform tasks is 
required in an orbital facility. A training facility in low earth orbit may be a practical solution because a staging 
depot will likely exist and minimizes travel distance for instructors and supporting personnel. A close-in facility 
makes sense if students were to be exposed to the space environment prior to completion of training. 
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GEO BASE CREW OPERATIONS 

• BASE CREW - 450 TO 1600 (30 YR) 

• 2 SHIFT WORK SCHED LE 

• NOM INAL 10 HR/ DAY - 6 OAYSIW F.K 

• 90 DAY TOUR OF LUTY 

• COMPREHENSIVE GROUND TRAINING 

• LEO SPACE ACCUMATION & 
TRAINING VERIFICATION 

2 I 
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NUMBER OF BASE PERSONNEL 

Personnel requirements established by Boeing for operational SPS maintenance and flight transportation 
vehicles maintenance are added to the GEO Base construction crew. When 20 to 60 satellites are being main
tained the total personnelcomplement varies from 827 to 1593 people. The maximum number of personnel 
on one shift has been totaled at 648. There are times when the personnel on duty could be considerably less, 
i.e., during the construction crew's time off. 
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NUMBER OF BASE PERSONNEL 

TOTAL ONE SHIFT 
DISCIPLINE CREW CREW 

SPS CONSTRUCTION (417) (199) 

BASE MANAGEMENT 17 17 

CONSTRUCTION 262 131 

BASE SUPPORT & OPERATIONS 120 45 

OPERATIONS SAFETY 18 6 

FLIGHT TRANSPORTATION MAINT (27) (14) 

EOTV SUPPORT 8 4 

OTV SERVICING 19 10 

SUBTOTAL 444 213 

SPS MAINTENANCE (20 TO 60 SATELLITES) (383 TO 1149} (145 TO 435) 

REPAIR EQUIPMENT 260 TO 780 130 TO 390 

MOBILE MAINTENANCE 83 TO 249 NA 

CREW SUPPORT 40 TO 120 15 TO 45 

TOTALS 827 TO 1593 358 TO 648 

l622-0l 2W 
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SPS GEO RADIATION SOURCES 

This illustratio:l shows the magnetosphere and the radiation sources to which SPS S'fStems and the assembly 
and maintenance crew will be subjected. 

• The major sources of radiation at GEO orbit are the geomagnetically trapped electrons and protons, galactic 
cosmic rays and. solar flare event particles. 

• The trapped radiation particles undergo large temporal fluctuations (diurnal and during magnetic storm 
activity). 

• Types of ionizing radiation important to SPS operations: 

- Electrons and secondaiy radiation: bremsstrahlung (with variation of factor of two due to parking 
longitude location) 

- Protons (flux from solar flare protons dominates) and secondary radiation protons, neutrons 

- Heavy ions (HZE), secondary radiation: protons, neutrons and lighter nuclei. 

• Other sources 

- Onboard nuclear powered payloads and equipment 

- X-Ray equipment 

- Possible nuclear weapon detonations. 

204 



SPS GEO RADIATION SOURCES 

GEO Al ilTUOE 
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RADIATION EXPOSURE LIMITS & CONSTRAINTS (REMS) 

This chart lists the current astronaut radiation exposure limits as defined by the National Academy of 
Science/Radiobiological Advisory PaneVCommittee on Space Medicine in 1970. These astronaut radiation 
exposure limits are based upon a 5-year career and are presently included in the STS Payload Safety Guidelines 
Handbook. These limits are, of course, intended to cover all forms of ionizing radiation (natural and induced). 
Comparable radiation exposure limits are also shown for industrial workers, as defined by the Department of Labor 
OSHA regulations. The low OSHA limits are also contrasted with the maximum radiauo.r limit allowed for each 
Apollo mission. 

It is interesting to note that the average skL"l dose experienced by the Apollo astronauts was very low (about 1 
rem), since no solar event occurred. Nevertheless the ma.-cimum limit for Apollo was established for a program of 
national importance that included less than one hundred volunteer astronauts. The OSHP. standards, of course, 
apply to millions of indus!rial workers. The SPS construction base is presently estimated to have approximately 
800 workers on bc.i .. rd, which equates to a 10,000 man work force over a 30-year period. Hence, allowable SPS 
radiation limits may have to be established with respect to societal considerations. 
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RADIATION EXPOSURE LIMITS & CONSTRAll\JTS (REMS) 

1 YR AVG 
DAILY RATE 

30-DAY 
MAXIMUM 

QUARTERLY 
MAXIMUM 

10794140 

YEARLY 
MAXIMUM 

CAREER 

INDUSTRIAL APOLLO 
ASTRONAUT• WORKER•• MAX LIMIT 

SKIN EYES BONE MARROW BFO & EVES er-o & SKIN 
(0.1mm) (3mm) (5cm) 

-
.6 .3 .2 

75 37 25 
66 & 520 ... 

PER MISSION 

105 52 35 3 

225 112 75 5 

1200 (5 yr) 600 400 235 (0 66) 

• SPACE TRANSPORTATION SYSTEM PAYLOAD SAFETY GUIDELINES HDBK 
NASA/JSC · JSC 11123, JULY 1976 

•• FEDERAL REGULATIONS· LABOR PART 1910 OSHA· 1JULY1978 

•••APOLLO MISSIONS 7 TO 17 O~~LY HAD - 1 REM AVG SKIN CREW DOSE· 
SINCE NO MAJOR SOLAR PARTICLE EVENTS OCCURRED 
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SHIELDING THICKNESS FOR GEO TRAPPED ELECTRONS PLUS BREMSSTRAHLUNG 

The average REMs that a crew member will ex~rience each day in geosynchronous orbit is plotted as a 
function of equivalent aluminum cabin wall thickness, a.s shown on the facing page. In order to rtduce thf' skin 
dose to 1.11 REMs per day for the maximum quarterly exposure limit (i.e., 105 REMs less 5 REMs for O'I'V 
LEO/GEO transit) at lea.st 10 mm of aluminum should be pro'lided. Aluminum is not a very effective shield for 
this level of radiation due to Bremsstrahlung (secondary radiation) effects. However, by addi ... J a thin inner layer 
of tantalum, the cabin radiation level can be lowered to provide a margin for other unscheduled radiation 
conditions (e.g., x-ray inspection, etc.). The UJe of oompound wall desiqn techniques is an effective way of coping 
with Brerrustrahlung which provides increued radiation protection for minimum shield thiclr.nesa and weight. 
Practical shielding desiqn.s that can reduce the daily d0te rate to OSHA levels 19quire further study and remain as 
a technology issue. 
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SHIELDING THICKNESS FOR GEO TRAPPED ELECTRONS 
PLUS BREMSSTRAHLUNG (270° EAST' LONGITUDE) 
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SOLAR FLARE RADIATION PROTECTION REQUIREMENTS 

The GEO base solar flare radiation protection system must be able to provide timely wamini;i of a high energy 
solar event, so that the crew can safely reach a radiation shelter to ride f>Ut the st.::irm. The characteristics of a 
typical solar event are shown on the facing page, together with related data on the severity and duration of prior 
solar events. Minimum aluminum shielding thickness requirements are provided. 

Once a solar flare is observed, a 20 to 30 minute delay occurs in particle propagation before an increase in the 
background energy level is detected. From the onset of increased radiation, the maximum flux level may be 
attained within 15 minutes to a few hours according to T. Wilson et al (N.Af>A TND 8290, 1976). However, 
recent communicaticn with G. Heckman at the Boulder NOAA, Space Environment Laboratory indicates that 
maximum flux rise time occurs less rapidly, from 2 to 100 hours. The cort'esponding time delay for the firirt 
particle to arrive is about 1/3 to 1/2 of the time to reach peak intensity. The peak intensity, in turn, may last only 
intermittently or for a few hours and the subsequent dec"·Y period may be over in a matter of hours or days. Data 
from the 20th solar cycle shows that the highest enerqy event recorded 111;ted for five days and that a f"'w lower 
energy events lasted l 0 days. Hence, the radiation storm sheher must be able to support the crew life :. ... pport 
functions for several days. 

In the upper right part of the chart, the frequency of solar events is plotted as a function of the severity of 
the event (proton:;/cm2). Smoothed historical data Are shown for the two most ff'!Cent solar cycles. Cyde 21 is 
now underway and resembles cycle 19 rather than cycle 20. The lower righthand part of the fiqure shows the cabin 
wall thickness necessary to protect against this range of event sizes. A typical ca\Jin wall thickness needed for 
shielding trapped electrons in GEO is also shown at 2.6 to 4 qm/cm2 (i.e. 1.0 to 1.5 cm of aluminum). A 4 qm/cm2 
shield gives protection for any event up to 1 x 109 p/cm2 flux, however, a minimum thickness of 10 gm/cm2 1.S 

needed for a major solar event (Aug 1972) provided the crew is also equipped with personal shielding for the eyes 
and testes dw-ing peak exposure. Development of a real time solar flare alert system with flux forecast is needed. 
If the alert system can be triogered at predetermined enerqy levels below the nominal wall l'adiation protection 
level, then a built-in margin for e1Tor in forecastinq accuracy could be achieved. 
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SOLAR FLARE RADIATION PROTECTION REQUIREMENTS 

SOLAR EVENT CHARACTERISTICS 
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SPS GEO BASE RADIATION DESIGN CONSIDERATIONS 

The allowable crew dose for the SPS GEO construction base remains to be established. Total accumulated 
dose limits are required for the entire mission profile, that is, time in LEO, LEO/GEO transit and the GEO base. 
How much marqin should be provided for unscheduled exposure and whether the astronaut allowed radiation levels 
are applicable to SPS are areas for further study. 

Protection against trapped electron flux in geosynchronous orbit must be factored in all aspects of GEO base 
operations and design, which include IVA assignments in remote work stations, free fliers, crew bases and crew 
habitation modules. We propose a multilayered cabin wall of 2.6 gm/cm2 alurninim equivalent for the crew module 
as shown in the figure. The other IV A crew stations could be uesigned with lighter shielding provided that the total 
allowable dose is not exceeded. In addition, if EVA operations are needed they should be conducted near local 
midnight to minimize normal belt radiation exposure. However, EV A should be avoided during large scale fluctua· 
tions due to geomagnetic disturbances. The present SPS suit must be upgraded to provide added protection for 
GEO EVA (i.e., between 1.5 and 4 mm equivalent aluminum.) 

Protection against solar flares requires an adequate flare alert warning system that will allow all GEO base 
workers on remote IV A or EV A assignments to retreat to the nearest storm shelter. Means for protecting af""ar.ded 
workers at these remote locations need to be considered together with the systems required to implement their 
rescue. The storm shelter is provided with 20 gm/cm2 of multilayered aluminum equivalent thickness. Additional 
shielding benefits can be attained by placing internal equipment arrangements against the outer wall. 

Protection_ ag~st hi~_!nergy ~!_~~ io~ (HZ~) reqlli!es further study. Although the dose from these HZE 
particles is small it is important because of possible biological effects. 
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SPS GEO BASE RADIATION DESIGN CONSIDERATIONS 

• ALLOWABLE CREW DOSE - 60% ASTRONAUT LEV!:L? 

• PROTECTION AGAINST -MUL Tl-LAYERED CABIN 
TRAPPED ELECTRON FLUX WALL (2.6g/cm2 AL EQUIV) 

• PROTECTION AGAINST 
SOLAR FLARES 

REMOTE WORK srATION 

ALERT 

FREE FLYERS 

CREW BUS 

FLUX FORECAST 

EVA 

• HZE BIOLOGICAL EFFECTS/PROTECTION? 
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BASE/SATELLITE CONSTRUCTION ATTITUDE REQUIREMENTS 

Only two of the nine requirements opposite appear to be significant when selecting the most desirable orbital attitude 
for the GEO Base. These are sun angle and EOTV unloading location. Both are discussed on subsequent charts. 

The propulsion system penalty for attitude control in GEO is small and structural loading due to mass offset during 
construction appears 1ower than baseline design limits. Since maneuver capability is required for the base, SPS operational 
attitude and orbitkeeping do not affect construction attitude. Base stability for docking presents no problem since the GEO 
orbital rate is low. Location of communication antennas does not constrain attitude, as they can easily be located on the base 
open structure once other attitude requirements are imposed. 
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BASE SATELLITE CONSTRUCTION ATTITUDE REQUIREMENTS 

1079-0520 

• BASE ATTITUDE CONTROL (GRAVITY & SOLAR PRESS TORQUE) 

V • SUN ANGLE - CONSTRUCTION LIGHTING 
- SPSSOLAR ARRAY DEPLOYMENT 
- BASE SOLAR ARRAY 

• SPS OPERATIONAL ATTITUDE 

• BASE MANEUVERS TO NEXT CONSTRUCTION SITE 

• BASE STABILITY FOR DOCKING 
V• EOTV UNLOADING LOCATION 

• COMMUNICATION ANTENNA LOCATION 

e STRUCTURAL LOADING 

e ORBITKEEPING 
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CANDIDATE GEO BASE SPS CONSTRUCTION ATTITUDES 

If the SPS solar arrays are deployed in sunlight, high voltage is generated as the solar arrays are exposed to 
sunlight. Shorting C'ables could be used to terminate the solar array output, however, the method of handling 
these and the safety issues involved require study. Another approach to solving the problem is to orient the 
active side of the solar array from the sun. This issue also affects maintenance on an operational SPS. 

Two GEO base construction attitudes can provide the off-sun attitude during construction ar.d then revert 
to on-sun attitude for final checkout and separation. The SPS solar arrays can be positioned with it's longitudinal 
axis perpendicular to the orbit plane (POP), as the operational SPS, or be positionerl in an earth pointed mode. 
Both attitudes minimize light impingement during construction and rely on longitudinal roll maneuvers to 
acquire on-sun conditions. Other variations of the two attitudes shown opposite do not appear to offer any 
advantage. 
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CANDIDATE GEO BASE/SPS CONSTRUCTION ATTITUDES 

1622·055W 

SPS ARRAYS - LONG. AXIS POP ($\ 
(SPS OPS. REF) I;/ 

24 HR ORBIT 

• CONSTANT ILLUMINATIOl'J & HEATING 
• VARYING GRAVITY GRADIENT LOADS 
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SUN ILLUMINATION ON BASE/SPS 

The direction of sun illumination affects crew visibility durinG daily operations and placement of solar arrays on the 
Base. 

The crew should not face the sun during construction or docking operations. Over-the-shoulder illumination is bellt. 
Construction operations require at least 1.5 MW of electrk:tl power. Fixed solar arrays are less complicated than gimbal 
type. 

The left-hand illustration opposite shows the Base/SPS inertially reference to sun. simplifying the selected location of 
fixed solar arrays, docking approach and construction illumination constraints. The right-hand illustration shows a more 
complex illumination situation as the sunlight direction varies on the gravity-reference Base/SPS. These factors are pertinent 
to the selection of the GEO Base construction attitude. 
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F.OTV CARGO UNLOADING CONSIDERATIONS 

The F.01V location as it stationkeeps with the Base affects the flight path of Cargo Tugs (CT) as they unl.oad the EOTV, 
the distance the CTs mwt travel to docking ports, and EOTV st;.tionkeeping propulsion req11irement!. lf the EOTV is not b 
the same orbital path as the GCB then propulsion requirements are increased. Ideally, the EOTV should be loc3ted alongside 
of the dock ports at minimum distance consistent wi.tl1 safety requirements. Attitude requirements of \:he Ease and EOTV 
and orbital mechanics may dictat,e a changing re~ationship between these two vehicles in GEO orbit and separation distances 
greater than l km (baseline). 

'.fhe baselinti operational attitude for the SPS is a candidate for construction operations. The illustration opposite shows 
this anitude with the EOTV stationkeeping during a 24 hour period. Both spacecraft are in the same orbital pilth with their 
solar arrays perpendiculdr to the sun. Note that the change in relative attitudes of the two vehicles during an orbit makes it 
appear that the EOTV is circling the Base/SPS. If this is the operating condition, then the two vehicles are SE.pitrated by 
approximatel:i 4 k::n al times and the CT flight paths are cont:nually changing - an obvious impact on CT proµulsion and 
control requirements. One solution is to maneuver between the two VJ.hides only when they are in the most favorable geo
m9tric location. 

If the J3ase is l'larth gravity stabilized as shown, then tha relati"lle ,ocation of the Base .md the EOTV remains fixed. The 
EOTV, hc;~v?"rer, rotates 360° every 24 h('lurs with respect to the Base. Hence, CT flight paths will also be col"<:itrained 
to the most favorable geometric arrangement. 
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EOT\/ CARGO UNLOADlr"G CONSIDERATIONS 
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GEO BASE FLIGHT CONTROL REQUIREMENTS & ENVIRONMENTAL DISTURBANCES 

T'ne facing page lists the basic requirements used to analyze the GEO base flight control system. The POP 
mode was emphasized for the SPS off-sun solar array construction requirements, since previouc; SPS feasibility 
studies show low propellant requirements for all GEO flight attitudes The POP attit~de permits base solar arrays 
to be fixed on the structure and also allows construction operations to be conducted under constant lighting and 
solar heating conditions. 

The lllGjor environmental disturbances considered in this analysis for attitude control and station keeping 
f Wlctions ue also listed. 
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GEO BASE FLIGHT CONTROL REQUIREMENTS 
& ENVIRONMENTAL DISTURBANCES 

REQUIREMENTS 

• CONSTRUCT SPS ARRAYS OFF-SUN (POP) 

• FINAL SPS C/0 IN POP ATTITUDE (ON-SUN) 

• MAINTAIN SPS/BASE AT DESIRED ORBITAL POSITION WITHIN:!:. 1° 

• SEPARATE SPS/BASE AT DESIRED GEO LONGITUDE (I.E. 90°W TO 150°W) 

• TRANSFER BASE TO NEXT ORBITAL CONSTRUCTION SITE( ..... 10°) 

• PROVIDE BASE ONLY THRUSTER CONTROL 

ENVIRONMENTAL DISTURBANCES 

• ATTITUDE CONTROL FORCES 

- GRAVITY GRADIENT 
- SOLAR PRESSURE 

• STATIONKEEPING FORCES 

- SUN & MOON GRAVITATIONAL INFLUENCE 
- SOLAR PRESSURE 
- ELLIPTICITY OF EARTH EQUATORIAL PLANE 
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SPS CONSTRUCTJON PHASES 

Seven significant phases of the 6 month GEO base/SPS construction operation are shown on the facing page. 
Each configuration represents a significant increase in maS> and/or a ~ignificant shift in center of pressure and 
center of gravity. The selected body axis system is also identified cm the first configuration. 
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GEO BASE FLIGHT CONTROL THRUSTERS 

The GEO Base flight control system uses six electric ion propulsion modules, which are common with the 
EOTV attitude .:ontrol system, to maintain the emerging satellite in an off-sun POP orientation. These modules 
are located at the outer comers of the antenna platform (level C), solar-collector facility legs (level B) and the 
top decks (level J). Each module consists of a gimbal, yoke, thruster panel, propellant tanks, and thermal con· 
trol. The gimballed modules are inhibited from firing either toward the base or any part of the construct'!d 
satellite. Chemical propulsion is also provided on each module to control the satellite/base attitude during 
occultation periods, during the on-sun roll maneuver, and subsequent operations for satellite test and checkout. 
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GEO BASE FLIGHT CONTROL THRUSTERS 

MISSION 
PHASE 

A 

B 

c 
0 
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GEO BASE FLIGHT CONTROL PROPELLANT REQUIREMENTS & AREAS FOR FUTURE STUDY 

The propellant 1.:-quirements for operating the GEO base in the SPS off sun POP flight mode are summarized 
on the facing page. Almost lOOMT of propellant i'> required each year for GEO base attitude control, station 
keeping, and base transfer functions. 

Recommended areas for future study are also listed. 
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GEO BASE FLIGHT CONTROL PROPELLANT 
REQUIREMENTS & AREAS FOR FUTURE STUDY 

6 MO. CONSTRUCT CYCLE REOMT MASS (KG) 

ATTITUDE CONTROL 37030 

STATION KEEPING 6850 
•SUN & MOON PLANE CHANGE (2300) 
• SOLAR PRESSURE (3800) 
• EARTH ELLIPTICITY (1750) 

BASE TRANSFER 1000 

CONTINGENCY ( 10%) 4488 

TOTAL 49370 KG 

RECOMMENDATIONS FOR FUTURE STUDY 

• ANALYZE & COMPARE CHEMICAL VS ELECTRIC PROPULSION SYSTEMS 

• EVALUATE ATTITUDE STEERING TECHNIQUES & ALTERNATE FLIGHT ATTITUDES 

• EXAMINE ATTITUDE CONTROL EFFECTS DUE TO BASE/SPS STRUCTURAL 
FLEXIBI LITV & MOMENTUM TRANSFER INTERACTIONS 

1622-00SW 229 



0 180-15 61 -S 



1079-0030 

D180-2S461·S 

INTRODUCTION 

-------
GEO BASE 

OPERATIONS 

SATELLITE 
CONSTRUCTION 

OPERATIONS 

231 

INTRA BASE 
LOGISTICS 

GEO BASE 
DEFINITION 



0180-25461-S 

SPS PHASE 2 CONSTRUCTION REQUIREMENTS AND ISSUES 

The 5000 MW reference solar power satellite is to be constructed entirely in GEO and is to be fully assembled 
in 6 monthf:. The reference satellite has a single antenna located at one end of a large photovoltaic enerqy conver
sion system as shown on the facing page. The 8 x 16 bay energy conversivn system features a hexahedral braced 
structure, longitudinal solar array blanket installatior. and multiple power buses. The satellite construction 
approach includes the 2 pass longitudinal buildup of the energy conversion system and the 16 row lateral buildup 
of the power transmission antenna as defined in Boeing's Phase I final report (Volume III, 0180-25037-3). The 
GE'O construction oryeration is to rely upon normal IV A assembly methods. A broad range of technology issues ' 
(many of which are beyond the scope of this study) must be addressed to cover all aspects of the SPS construction 
process. As the reference system matures, the satellite construction approach must be reexamined for the energy 
conversion, power transmission and interface systems. !n addition the structural assembly methods should be well 
understood to the level of beam fabrication, handling and joining. Techniques for installing the major subsystems 
(i.e., solar arrays, buses and subarrays) must be further developed and the requirements for construction equip
ments need further refinement. In additioP, the structural dynamic, thermodynamic and control interactions be
tween the base and the satellite should be investigated and defined. Other areas to be examined include methods 
for berthing or mating of laige system elements, techniques for in-process inspection and repair, and concepts for 
implementing satellite final test and checkout. 
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SPS PHASE 2 CONSTRUCTION REQUIREMENTS & ISSUES 

• ASSEMBLE BASELINE 5 GW SATELLITE IN 6 MONTHS 

MAIN BUS 

/ 
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SA JUMPER 
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• 4 BAY END BUILDER (PH-1, REF S/S DESC 0180-25037-3) 

- 2 PASS LONG. ENERGY CONV ASSY 

- 11 ROW LATERAL AllJTENNA ASSY 

• IVA ASSEMBLY METHODS· EVA EMERGENCY LIMITED 

• SPS CONSTRUCTION ISSUES 

- SATELLITE CONSTRUCTION APPROACH 

- STRUCTURAL ASSEMBLY METHODS 

- SUBSYSTEM INSTALLATION TECHNIQUES 

- CONSTRUCTION EQUIPMENT REOMTS 

- SATELLITE SUPPORT 8r BASE INTERA:TIONS 

- HANDL\NG 8t MATING LARGE SYSTEM ELEMENTS 
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4 BAY END BUILDER 1'1MEL!NE 

.SPS assembly operations commence with the ccnstructim1 of the energy conver ·. ·n system, as shown on the 
facing page. A4™''11hl'{ of the enercry conversion system is t]med for simultaneous completion and mating with the 
interface system :,. 1d power transmission system. The 5GW m~inolithic satellite is constructed and checked out in 
GEO in six months. 

The 4 bay end builcier uses two passes to construct the 8 x 16 bay energy conversion system; each pass pro
vides a 4 x 16 bay module which contains the appropriate subsystems (i.e., ~ucture, solar blanket; power distribu
tion and control, attitude concrol, etc.). The main nower bus is installed during the first pa~ in parallel with the 
fabrication of continuous lonqi!.t.dinal beams. The second construction pass is somewhat shortsr since one side d 
the structure is already built, and therefore less vertical and diagonal support beams are required. 

The interface system is constructed separately and then joined to the power transmission system. The satel 
lite is fully assembled, when these system.<; are mated with the energy conversion system. 
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4 BAY END BUILDER TIMELINE 

0 20 40 80 80 100 120 14<1 160 180 DAYS 

~SSEMBLE ENERGY CONVERSION SYS. ( 74 (LONG. INDEX 0 .6 MPMI JI 71 , ---i 
l~·!!.u~~aIN~x:!_iMP~IC~: _ !!;3:: :1 

RE INDEX BASE 8 a 
ASSEMBLE INTERFACE SYS (YOKEi 

ASSEMBLE POWER TRANSMISSION SYS.[~ 

MATE ASSEMBLED SYSTEMS 

FINAL TEST 8t C.O. 

1622·0l8W 

1.5 

140 

235 

l ) i-, r.l 
L..J ~ i:·---11--20-] 
L- - .• '-· _ ___,_ 

IOC 167.1 180.6 DAYS 

'"'?"'" 



U I k0.2S46 I .:'i 

SATELLITE CONSTRUCTION OPERATIONS ANALYSIS 

SPS construc•ion operations are andlyzed from the top down, hy defining the required steps at each level of 
the construction sequence. A.s sh0wn in the facing page, construction of the n '~rence satellite systems includes 
parallel assembly of energy conversion, power transmission and interface elements. When these system elements 
C1Ie fully asseMbled, they will be mated and integrated to form the complete solar powP.r satellite. The construe· 
tion process ends with final test and checkou~ of SPS system.'!. 

A further breakdown of the assembly operations for the energy oonversion systems is shown by the abbrevi· 
at~d flow in the lower half of the chart. This assembly acti·1ity includes the fabrication and uaembly of the struc· 
tuie for the first construction pass (3.1.1) and the parallel installation and in~ction of required subsystems (e.g. 
solar array blankats, power distribution, etc.). When the first half of the satellite energy conversion system has 
been :onstructed, the base will be indexed back along the side of the satellite structure to a position adjacent to 
the first frame (3.1.7). The second construction pass beqins from that point and includes the fabrication and 
assembly of the remaining structure together with the parallel installation of other subsystems. 
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END BUILDER STRUCTURAL ASSEMBLY SEQUENCE 

The end builder construction system is tailored to the structural cross section of the satellite and uses ten (10) 
dedicnted semi-fixed beam machines to automatically fabricate continuous longitudinal mnmbers. Lateral and 
diagonal members of the structural assembly are fabricated by three (3) mobile beam machines. The assembly 
sequence as illustrated begins with Step 1, the assembly of the first frame and its attachment to the longitudinal 
members. The structural members of the frame are fabricated by three mobile beam machines that travel from 
one position to the next. The upper lateral beam is f abrir.ated and then positioned for assembly. As this member 
is being joined, the mobile beam machines fabricate the other members of the frame needed to complete the 
cwembly. Step 2 indexes the frame for one bay length by fabricating the continuous longitudinal beams from 
the dedicated beam machines. In s.~p 3, the next frame is built as in Step 1. During these three steps, power 
busses and solar array blankets are installed in parallel. The solar array blankets are deployed in the direction of 
build, are attached to the upper lateral beams and ar"l fed out of cannisters as the structure indexes. Longitudinal 
busses are installed "on the fly" as the structure is indexed; lateral busses are installed before a bay is indexed. 
In Step 4 the bay structure diagonal beams are fabricated and assembled to complete the bay. 'This bay is then 
indexed, as in Step 2, and the entiie sequer.ce repeated until the enef9Y conversion structure is built. 
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ENERGY CONVERSION SYSTEM ASSEMBLY OPERATIONS TIMELINE - UPDATE 

As a result of the Phase II analysis, the 4 Bay End Builder construction operations timeline has been updated 
to include the preliminary fabrication of longitudinal beams re1uired to allow the assembly of the first end frame. 
The beam fabrication operations have also been updated to include the installatiol'l of beam end fittings and re
lated space frames on the continuous longitudinal beams. Mor~over, the assembly of the attitude control thrusters 
and its Pffect on the fabrication of the continuous longitudinal beams for the first structural row has also been 
co!'lsidered, as shown on the facing page. The impact of this update has only added two days to the construction 
of the energy conversion system. 
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ENERGY CONVERSION SYSTEM ASSEMBLY TIMELINE-UPDATE 
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ENERGY CONVERSION STRUCTURE FABRICATION & ASSEMBLY FLOW 

A further breakdown of the SPS structure fabrication and assembly operations is shown on the facing p~ge. 
This functional flow defines the beam fabrication requirements leading to the assembly of the first 4 bay wide end 
frame for the energy conversion structure. It also defines the beam fabrication requirements which permit the 
assembjy of structural bays (16 rows) for the first construction pass. The major functional blocks, such as 3.1.l.3-
fabricate lateral end beams, are defined to the level of detail illustrated by the flow in the lower half of the chart. 
Times are estimated for each of the functions which comprise the fabrication of segmented lateral beam for subse
quent attachment to the continuous longitudinal beams. The attachment of beam end fittings is defined for both 
ends of the beam as it emerges from an automatic beam machine. The need for an indexing beam holder iB also 
identified as a prerequisite to the attachment of the second end fitting. 
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ENERGY CONVERSION STRUCTURE ASSEMBLY EQUIPMENT & SEQUENCE - lST BAY 

This illustration identifies the assembly equipment and construction sequence required to assemble the struc
tural bays of the energy conversion module. The firs! bay C>f the four-bay pass is shown requiring the use of longi
tudinal beam machines (semi-fixed), three (3) mobile beam machines and four (4) cherrypickers. The operating 
paths of the mobile beam machine and cherrypickers are also defined along with the fabricating sequence of each 
of the mobile beam machines. This sequence is then repeated for bays 2, 3 and 4. 
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ENERGY CONVERSION STRUCTURE - ASSEMBLY 
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STRUCTURAL JOINT DESIGN COMPATIBLE WITH END BUILDING CONSTRUCTION 

A ">pace frame is used in the assembly of the multi-member structural joints of the energy conversion 
struc:ure. As shown the frame replaces one set of battens of the longitudinal Learn and does not interrupt the 
continuous chords (caps) of the beam. Pickup points are provided on the periphery of the frame, enhancing access 
required for the attachment of the lateral, vertical ar>.1 diagonal bracing beams. These pickup points are located 
so that the end load in each attaching beam is alignec.. Nith the centroid of the continuous longitudinal beam. 
These frames are also compatibk with beam machine fabrication and could be space fabricated. or ground fabri
cated in segments and space assembled. The frame segments are baded into beam machine supply canisters and 
t.~e frame assembly becomes an integral operation of the beam machine. 

Although the space frame seems attractive at this time, further study is required to determine the effects of 
introducing torsion in the continuous beam which will result from the eccentricities or misalignment of the attach
ing beams. Additionally, designs of hybrid noc. •1 spider-type fittings for the joints sho1tld be pursued. 
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STRUCTURAL JOINT DESIGN COMPATIBLE WITH CONTINUOUS 
LONGITUDINAL BEAM CONSTRUCTION 
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7.5 m BEAM BUILDER SUBSTATIONS 

The 7. 5 m synchronized substation includes a beam machine equipped with frame-making features as 
shown. Frame segment supply canisters are mounted at each b~am face at cross member attaching stations. 
Since cu~nt maintenance track concepts call for supports at each cross member, track attachment will 
occur after the completed cross members emerge from the beam machine. This requirement dictates the 
location of the track forming module as shown. 

The 7.5 m mobile substation uses a bedJll machine provided with end fitting attachment features. A 
column mounted en~ J.tting support fixture with movable gripping fingers can rotate to place fitting3 on 
either end of a beam. The column swings down as required to clear the emerging beam or pick up an end 
fitting from the supply canister. Thtt grip is rupable of er.tending to sec:ure and withdraw a fitting from the 
supply canister. An automatic arm attaches the end fittings to the beam on either end as required. An ac
cessory platform is equipped with holding devices which index the completed beam and position it for installa
tion of the end fitting after it has emerged from the beam machine. The entire platform with beam machine 
and accessories is capable of 36()° swiveling and ca., be rotated perpendicuk.r to the carriage to provide any 
required orientation. 
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ENERGY CONVERSION SYSTEM SOLAR ARRAY INSTALLATION FLOVv 

The facing page illustrates the generic sequence used for the assembly of th,. solar arr y blanket string~ fer the 
energy conversion system of the SPS. The as.ciemLly flow includes the preparation of the S•Jiar anay blan"-et i.r'
stallation equipment (Block 3.1.2.1), the installation and deployment of the solar .... rray blankets (Blocks 3.'. ".2 
through 3.1.2.5), and the connection of the solar array blanket strings to the acquisition bus (Block 3.1.? b). 1"" 
final operation is to secure the solar array installation equipment in preparation for index operat1vr.~ ~Rh_·!-: 
3.1.2.7). 

In performing the solar array blaru.et installation operations, 2 cherry pickers and an unmaMed supply cart 
operate together as an installation team. Two installation teams operating simultaneously install the 44 solll 
array blankets in each of the 4 bays of any row of the energy conversion system structure. Each team installs 22 
blankets in its own zC\ne of responsibility, which consists of one-half of the 660m bay width. 
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ENERGY CONVERSION SYSTEM SOLAR ARRAY 
INSTALLATION FLOW 
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SOLAR ARRAY INSTALLATION REQUIREMENTS 

SPS solar array bknkets are installed in strings which requires 8 blankets to be connected in series between the 
first and fifth upper lateral beams, or every 4 bilys. Inter bay jumpers connect 4 blankets in series which in turn is 
connected to a parallel 4 blanket string through a turn around jumper bus. Opposite ends of these 4 bay folded 
strings are attached to positive and negative acquisition buses located at the 5th, 9th, 13th and 17th frames as shown 
on the facing page. Accordion folded solar array blankets, 14.9m wide by 660m deployed, are installed on the 12.7m 
lateral beams. Fourty·four blankets are installed within each bay of the satellite and each bla11,.;et is preloaded • "' 
61.SN. 
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SOLAR ARRAY INSTALLATION REQUIREMENTS 
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COUPLED FRAME ASSEMBLY /SOLAR ARRAY DEPLOYMENT 

The installation of sclar arrays occurs at tht> Si\me work station in the base as the assembly of in-plane struc
tural frame elements, to obtain maximum tim~·line benefits from plrallel activities. 

Subsequent to the installation of a 12.7 m solar array support beam, the cherry picker removes an SA box 
from the supply crib shown and fastens it to the pro··imal anchor. The distal-end of the blanket 1s then connected 
to the beam. When the frame ha:> been indexed one bay away, the blankets are fully deployed and the box is re· 
moved from its anchor support fittings and fastened to the next 12.7 m support beam to complete the cycle. 
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COUPLED FRAME ASSEMBLY/SOLAR ARRAY DEPLOYMENT 
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SOLAR ARRAY HANDLING & DEPLOYMENT 

A pair of track mounted, mobile cherrypickers pe1form C1.ll solar array handling and deployment fur.ctions in 
the concept shown. Working in unison, the two cherrypickers move the solar array dispensor box from a supply 
cart to the base mounted anchors, and secure the box in place. The cherrypickers then move the solar array blanket 
distal end down to the 12. 7m beam and secure it to the beam. 

In the dispensor box, pa11el segments are held in folded pairs by thin tape~ from one end of the box to the 
other. The tapes, with a calibrated breaking strength, help reduce panel spillage. HCJwever, as construction pro· 
ceeds, tension loads in the deployed portion of the panel increases until th4': load reaches the breaking point of 
the tape and a folded pair of panel segments is released, relieving the load. This repeated cycle causes periodic 
variations in panel tension. If planned or emergency factors require construction shutdown, braking loads may 
be sufficient to cau.'.I? spillage of the stowed panel even with restraining tape. Future studies should investigate 
alternative dispensing concepts, for example, reel or drum mounted panel~ which could be controlled using 
established methods of braking etc. 

The present 12. 7m bteral beam design was sized for an earlier solar array deployment concept which was 
not coupled to the fabrication of continuous longitudinal beams. Each beam was allowed to rotate about its 
nodal end fitting to relieve: :.i.~1r blanket preload bending. The rotating beam concept is not compatible with the 
end builder coupled solar array/structure deployment operations since it makes solar array blanket tensioning 
very difficult. It is also Hot compatible with the installation of solar array maintenance track, particularly 
with respect to the lateral erid members and the numerous track cross-over connections. It is recommended that 
further study be devoted to alternate beam design concepts with different end fixities. 
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SPS ASS~MBL Y OPERA TIO NS 

The facing page rendering depicts the construction activities at levels F, G, and Hof the energy conversion 
construction facility. These levels are utilized in the construction of the upper surface of the energy conversion 
module. Shown nestled in the facility structure is the 7 .5 m longitudinal beam machine (semi-fixed), and operating 
from a horizontally mounted track system are two mobile beam machines. One beam machine is shown fabricating 
the 7.5 m bracing beam and the other the 12.7 m lateral (solar array support) beams. Located overhead on the 
facility overhang and opE:rating from a track system, cherrypickers are used to maneuver and attach the completed 
beams. The complex operations of these two cherrypickers in the maneuvering, handing-off and installation of 
beam lengths of approximately 600 to l 000 meters requires further study. 

Solar array blanket deployment and installation is coupled with the end builder structural assembly sequence. 
Shown are the blanket installers operating from a track system mounted on the facility overhang. The solar array 
blankets are deployed fron. canisters mounted on the overhang. Replacement canisters are shown being mo" Jd 
into place and installed at their deployment station by a mobile flatbed cherrypicker. 
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ENERGY CONVERSION SYSTEM POWER DISTRIBUTION NETWORK ASf iv1BL Y FLOW 

The power distribution network of the energy conversion system inc1 ~.::>the cables, switch gear and power 
buses necessary to transmit electrical energy from the acquisition buses (located on the lateral beams at energy con
version system frames 1, 5, 9 & 13) to the rotary joint. The generic sequence of operations for the assembly of the 
power distribution network is shown on the facing page. 

Th~ assembly of the power distribution network begins with tlae preparatio'l of the installation equipment in 
Block 3.1.3.l. The two phase coupled assembly approach used for the end builcie; concept requires t.1at the 
acquisition & feeder buses and the switch gear be installed on the structure in Blocks 3.1.3.2 through 3.1.3 4 and be 
electrically connected to the solar array strings, while the lateral and diagonal structural beam segments are being 
fabricated and installed (Block 3.1.1.7). Conversely, the main bus is installed in Block 3.1.3.5, while the longitudinal 
beams are being fabricated (Block 3.1.1.5). The final ,Jperation is the preparation of the installation equipment for 
the indexing operations in Block 3.1.3.6. 
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ENERGY CONVERSION SYSTEM POWER DISTRIBUTION 
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POWER DISTRIBUTION SYSTEM INSTALLATION REQTJIREMENTS 

The power distribution system installation requirements are comprised of the main and feeder buses and their 
interface with the power collection system '.:ogether with the associated maintenance track system. 

The main and feede: buses are supported next to the satellite vertical beams beneath any intersecting diagonal 
or cross bracing structure. Support of the bus arrays is achieved using cables tensioned to compensate for thermal 
variations and provide preload to maintain the natural frequency l)f the bus array above that of the satellite. 

The acquisition and jumper buses are attached to opposite sides of the beam just below the cap members. 
The switch gear assemblies are supported or. platforms attached to the lower cap member and braced with addi· 
tional members from the upper cap miembers. Connections are made from the acquisition bus to the switch gear. 
Installation of the switch gear assemblies takes place after the beam is c •• mpleted. 

The maintenance conc.Jpt shown provides a separate maintenance track beam underneath the solar arrays 
which parallels the main and feeder bus locations. This track provides a working base for bus maintenance equip
ment to travel upon. The requirement for a dedicated maintenance track can also be satisfied by expanding upon 
the updated beam builder substation concept which installs s.;>lar array maintenance track during the beam fabri
cation process. 
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MAIN BUS INSTALLATIOU SEQUENCE 

The main bus w3tallation sequence shown on the next two paqes depicts the primary steps in the main bWt in· 
stallation procedu."e which occurs during the fint construction pass. These steps are eSJBntially the nme for the 
feeder bus inatallation with the exceptic.n of the "hand-off" requirement. The sequence shown repeats for 4 bay 
lengths. At the end of every fourth bay, the main bus installi.ttiC'n is interrupted and the feeder bus installation is 
accomplished. Main bus installation is then resumed for another 4 bays. The supply of main and f ~der bus strips 
must be progummed to supply the correct selection of A and B power bus strips of the appropriate lize and type. 
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MAIN BUS INSTALLATION SEQUENCE 
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MAIN BUS INSTALLATION SEQUENCE (CONTINUED) 
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MOBILE POWER BUS DISPF.NSING S'f A'TION 

The power bus dispensing st.ation dispenses both main and feeder buses and install'> the bus support cables. 
Individual bus strips are supplied by specific supply cannisters mounted at thP. back of the dispensing unit. The 
support cables are supplied by drum.c; mounted on the top anCI bottom of the dispensing unit. The entire dis
pensing module pivots to dispense either feeder or main bus as required. The dispensing unit i.c; supported on a 
base which travels on the main carriage. The main carriage moves tho entire assembly from one end of the con
struction base to the other during feeder bus dispensing. 

Aided by a dedicated, mobile cherrypicker, the bus dispensing station installs and preloads the support 
cables on the bus array as part of the dispensing operation. The support strongbacks and intermediate stiffeners 
are installed while the bus array is still secured by the dispensor. The dispensing station provides the correct mix 
cf bus array elements to meet main and feeder bus requirements in the correct sequence in the construction pro
cess. The dispensing station can cut and splice bus material as required. 

DurL"lg main bus disper.sin9 operations, the c!.ispensing station is positioned at one end of the construction 
base. 
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12.7m BEAM BUILDER/ACQUISITION BUS SUB-STATION 

The 12.'lrn beam builder concept shown ha.i multiple functions in addition to the basic lieam fabrication: 
• The entire sub-station platform can b1:: oriented to direct the fabricated beam as required. 
• Mairatenance tracks are installed on the beam top and one side during beam fabrication. 
• An end fitting fixture can take pre-fabbed end fittings from a supply cannister and install them on 

either end of the beam with the aid of the end fitting installer. 
• J\Cqui.sition and jumper buses are installed during beam fabrication as needed. 
• Catenary attach fittings and S/ A interbay jumpers are installed durinq beam fabrication. 
• A support platfol"l?l equipped w.ith indexers holdJI the beam to maintain alignment during fabrication 

and end fitting installation and aids in positioning the completed beam. 
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12.7 m BEAM BUILDER/ACQUISITION BUS SUBSTATION 

96M 

OPERATOR CABIN 

INTERBAY JvMPER--------
SUPftl Y 

VIEWA·A 

ACQUISITION 
BUS SUPPLY 
CANNISTER 

'~BUS MAI NT Al NANCE 
TRACK SUPPLY 
CANNISTERS 

~~~~~~~~~~~121M~~~~~~~~~~~~~~~_.,. 

CATENARY ATTACH Al 
POIN11NG 

"OPTICS 

CORNER CAP 
& TRACK BRKT. 
SUPPLY 13 PL.) 
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SPS ATTITUDE CONTROL SYSTEM ASSEMBLY FLOW 

The attitude control thrus :ers are assembled and installed in parallel wi. ~ the fabrication and assembly of the 
first and last structural row of t.~1e energy conversion systerr. as shown on the facing page. Th~ sequence of as
sembly operations, shown at ~he bottom of the page are identical for the installation of all four thrusters. 
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SPS ATTITUDE CONTROL SYSTEM ASSEMBLY FLOW 
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SPS ATTITUDE CONTROL SUPPORT REQUIREMENTS 

The attitude control system includes all operational elements and software required to establish attitude control 
of the operational SPS satellite upon release from the GEO construction base and to maintain proper attitude and 
orbit station ke&ping during the operational life of the satellite. As shown on the facing page, this includes an ion 
thruster (with a chemical propulsion backup system for control during equinoctal occultation or unexpected loss 
of electric power) at each comer of the satellite. 

Each thruster is mounted on a SOOm outrigger that is positioned as an extension of a 12.7m lateral beam of the 
energy conversion system structure. The outriqger is supported by a 686m short brace from the lower continuous 
longitudinal beam and an 824m long brace located in the plane of the upper surface of the structure. 
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SPS ATTITUDE CONTROL SUPPORT REQUIREMENTS 

- FL YING CHERRY PICKER 
DOCKING PLATFORM 
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ATTITUDE CONTROL THRUSTER ASSEMBLY - INSTALLATION 

The braces, which support the attit•..!de control thruster assembly, are all fabricated by the 7.Sm upper mobile 
beam machine. As shown on the facing page, fabrication begins with the beam machin~ facing to the rear of the 
construction base and fabricating the 500m outrigger. Upon completion of fabrication, the outrigger is attached to 
the end frame hinge. Subsequent fabrication of 350m of the continaous longitudinal beams will cause the outrigger 
to be indexed forward the same distance. After fabrication of the 686m short brace and its attachment to the end 
frame hinge and to the outrigger, the thruster assembly is installed on the rear lSOm of the outrigger. After attach
ing the end fitting, protruding from the mobile beam machine, to the end of the outrigger, fabricating 85% of the 
long brace will cause the outrigger and short brace to swing outward, away from the structure. Completion of the 
672.7m of the longitudinal beam fabrication and the long brace fabrication will complete the outward swing of the 
outrigger. The final step is to detach the long brace from the beam machine and attach it to the longitudinal beam. 
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ATTITUDE CONTROL THRUSTER ASSEMBLY - INSTALLATION 

• FAB & GUIDE 500M 
OUTRIGGER BEAM 

• FAB LONG BRACE (PARTIAL-85%) 
& DEPLOY HJNGED B;:::AMS 

1622-002W 

• An .'CH OUTRIGGER BEAM 
TO Eh "l FRAME HINGE FTG. 

• FAB LOl~G'L BEAMS - 350M 

• STOP LONG'L BEAM FAB 

• FAB & HINGE 686M 
SHORT BRACE 

• JOINED HINGED BEAMS 
INSTALL THRUSTER 
ASSEMBLY 

• COMPLETE LONG'L BEAM FAB {672.7M) 

• f'.:OMPLETE LONG BRACE BEAM & 
ATTACH TO NEXT FRAME 
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INTERFACE ASSEMBLY & SYSTEMS MATING FLOW 

SPS constr..Acticn .:;"erations are analyzed front the top d'lwn, by defining the C.)nstruction sequence at each 
!tival of operation. At the top level, con!'~rnction of the 5-0W reference satellite i'lcludes parallel assembly of the 
energy conversion, power tranSl'Tlission and interface systems, followed by m;:;tinq of the assembled systems and 
foe final test and checkout of the complete solar power sat1tllite. A furthl!r breakdown of tt.e assembly .>pi:rations 
for the interface 3ystom and the matinq operations for the assembled sy~': oms is shown on the facing page. 

The assembly of tho interface (Block :::J.3) includes the oar.all(') fabrication and assembly CJf the yoke and 
.'ta"Y jomt in Blocks 3.3.1 and 3.3.2 and their subsequent inteqration by th-. Block 3.3.3 operi\tkms. The com· 
,.et~d mterf ace system is then matf'd to the power transmission system in Bl 1rk 3.4.1 and to the enerQ'Y conversion 

system in Blocks 3.4.2 throuqh 3.4.4, which include the fabrication and as:Jemblv of the yokiJ support structure 
and the :oncurrent lateral indexing operations. 
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INTERFACE ASSEMBL V & SYSTEMS MATING FLOW 
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YOKE/ROTA.RY JOINT ASSEMBLY 

The antenna support yoke assembly sequt:nce is shown on the next two facing pages. The llaJlle construction 
facility USl')d for the rotary joint i.s used to fabricate and position the support yoke. The entire yoke ii fabricated at 
the final i.rutal.led level using tall indexers to support the completed sections during the fabrk:~ lion proc818. The yoke 
structure is fabricated using 7. Sm beam builder su lrstationa mounted on the face of the con.st -uctior. facility. The 
structure is composed cf individual beam elements. The beam handling is accomplished using c.herry picbrs on the 
face of the construction facility and on the antenna construction levels as required. 

In the first view opposite, the indexer supports are •hown moving the completod portion of the yoke along 
diagonal l"acks u the first diagonal leg nears completion. The construction facility ii indexed to the left and supports 
the yoke end where fabrication is in prO<Jl'ess. 

The 1econd view shows the support indexers moving laterally aa the co111truction facility moves to the right to 
position the completed. yoitc wctions in their final location and abricatlon of the main croc m-tmber proceeds. Our· 
ing this phue of fabrication, thP. main cross member ii IU.pported on tl1e co111truction facilit}. 
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YOKE/ROTARY JOINT ASEl\1BLY 

SOLAR COLLECTOR 
FAClLITY 

, 
' /;' ~ . ,-· . ~ 

• START ANTENNA FAB 

• FAB YOKE IN PARALLEL 

SOLAR COLLECTOR 

/ YOKE/ROT. JOINT FACILITY 

MOBILE BEAM BUILDER SUBSTATION 

INDEXER 
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YOKE/ROTARY JOINT ASSEMBLY (CONTD) 

The final stages of yoke/rotary joint construction are shown on the facing page. 
In the first view opposite, the yoke is shown completed and positioned ready to receive the antenna. The 

construction facility was positioned to the left tei complete fabrication of the remaining yoke sections. 
In the second view tne antenna and yoke have been mated and the yoke, supported entirely by the indexer 

supports has been separated from the construction facility. The facility is now free to begin fabric'ltion of the 
rotary joint. 
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YOKE/ROT ARY JOINT ASSEMBLY - CONTINUED 

ROT ARV JOINT 

o 1~0MPLETE YOKE FAB 

• FAB ROTARY JOINT 

• MATE ANTENNA& YOKE · ~,~-1;,.~~r.A.~ 

• COMPLETE ROTARY JOINT 

• FAB & INSTALL YOKE/ROT. JOINT STRUTS 

• INST ALL EsUS 
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FINAL SYSTEM MATING 

With the completion of both the antenna/yoke/rotary joint assembly and solar collector assembly the final mating 
of antenna and collector must be made. To accomplish this mating the following operations have been established. 
First the base is indexed to the solar collector antenna support strut pick-ups as shown in facing page illustraticm. 
Next the antenna assembly (antennci, yoke, rotary joint) is indexed to align with the collector, and the yoke facility 
is positioned. Two (2) mobile 7 .Sm beam builder sub-stations mounted on the yoke facility initiate the fdoric.1tion 
of the ou.-board support struts (5). These stations align the beam fabrication with the collector-pick up point areas 
where cherry pickers mounted on the collector fccility wait to capture and attach the fabricated struts to the col· 
lee;tor attach fittings. The yoke facility mobile cherry pic.:ker perform this same operation in attaching the strut end 
to the , '.)tary joilu pick-up fitting. This procedure is repeated until all fi1e outboard struts are installed. Next the 
base ii re-indexecl and the yoke facility is repositioned to fabricate and install the four center line strut:>. Afti1r the 
struts have been installed the solar collector power buses are routed along and attached to these struts and final l')OW· 

er bus h'.)()k·up is made between antenna and collector. With the power bus installation completed the base and 
yoke facility a~e ai:i1in relocated to aliqn with the five ( 5) remaining strut pickups and the operation.s are repeated 
for the fabrication and installation of these antenna support struts. The remaining operations are those for final 
satellite checkout. 
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FINAL SYSTEMS MATING 

• POSITION YOKE FACILI rY TO 
FAB & INST ALL SUPPORT STRUTS 
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• RE-INDEX BASE & REPOSITION 
YOKE FACILITY TO FAB & INSTALL 
REMAINGING (9) SUPT. STRUTS 

• INSTALL PWR BUS 

• P.REP FINAL C/O 
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GEO BASE LOGISTIC SUPPORT REQUIREMENTS 

The GEO Base, in addition to building the SPS, must fulfill strenuous logistic support requirements. 
Every thirteen days an EOTV will arrive with large Cargo Pallew. A dedicated area must be available at the 

GEO Base to transfer this material on board in a quick and effi-;ient manner. At the same time, empty pallets have 
to be removed from the base. fu soon as the Cargo Pallets are landed, they have to be moved to an unloading/sorting 
area and processed through the subassembly factory. To accomplish this, an efficient transport system must be avail
able. Level J, the top deck of the base, provides 6.1 Km of main line track and 5.1 Km of connecting spur lines. 

The base has to rotate the 82? -ma'l crew at planned intervals. All these people have to be housed comfortably 
md transported to their assigned work stations each day. Each time a new crew is brought up, resupplies must 
also be provided. 

The other function of the base is to serve as a home base for service of all outlying SPS stations. Defective 
material on the SPSs must be replaced, brought back to the base and reconditioned. The refurbished material is 
stored until needed as replacement parts on the next visit to the SPS stations. 
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GEO BASE LOGISTIC SUPPORT REQUIREMENTS 

• EOTV CARGO DELIVERY 
4000 MT UP & 200 MT DOWN/FLIGHT - EVERY 13 DAYS 

OPERATE & SERVICE 2 CARGO TRANSFER TUGS 

DOCK & UNLOAD 10 TO 20 CARGO PALLETS 

PROVIDE PALLET TRANSPORTERS 

• POTV GEO CREW ROTATION 

ROTATE UP TO 7S.80PEOPLE/FLIGHT@1S.DAY INTERVALS 

MAINTAIN TRANSIENT CREW QUARTERS 

DOCK 4POTVs & PROVIDE INTRA-BASE CREW BUSES 

• SPS OPERATIONAL MAINTENANCE SUPPORT (PER 20 SATELLITES) 

LOAD/UNLOAD SPS COMPONENT RACKS@ 4%-DAY INTERVALS 

MAINTAIN RECONDITIONED & DEFECTIVE COMPONENT STORAGE 

DOCK & SERVICE SPS MAINT FLEET (4 OTVs & 4 PAYLOADS) 

MAINTAIN KTM/COMPONENT REFURB FACILITIES 

PROVIDE CREW HABITATS 
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CARGO HANDLING & DISTRIBUTIC>N FLOW 

EOTV cargo is transferred to the GEO base by a dedicated cargo tug. A tug lifts a cargo or KTM pallet from 
the EOTV and flies it over to the base cargo docking area, as shown on the facing page. Construction materials, 
base supplies, OTV supplies and SPS maintenance parts are unloade:l onto waiting railroad flat cars adjacent to the 
docking area. The loaded flat cars are moved onto mainline track to one of five (5) cargo staging areas. When 
rer:uirec!, the flat car, loaded with constructkm materials, is moved out of the staging area onto either forward or 
aft facing vertical elevators. The aft elevators move down to the interface and antenna construction level, 
whereas the forward elevators move down to energy convers.'on assembly substations. Other supplies would be 
moved directly to the appropriate area on leveJ J. 

The docked cargo pallets are moved (on its docking pad) to the unloadihl} area which is capable of storing 20 
pallets. Mobile 40 meter MRWS cranes are located between each row of parked pallets; they are unloaded in the 
area onto the empty cargo pallets, are moved back to the docking area where a tug docks to the top of the p11llet. 
The tug lifts the emi:. ty pallet off the railroad docking pad and flies it back to the parked EOTV. 
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GEO BASE CARGO HANDLING & DISTRIBUTION FLOW 
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LEVEL J CARGO DOCKING/UNLOADING/SORTING CEN'rER 

The cargo brought from LEO via the EOTV is delivered to the area for storage and processing. KTM :.,allets 
and cargo pallets are flown from the EOTV by cargo tugs. Special railed fiatcars with docking mechanism are 
located in the docking center. A four-man contrd center (not visible on sketch) is located between the six dock· 
ing pads. Two are configured to dock KTM pallets, two for cargo pallets, one for a spare tug and the last one is a 
spare docking pad. After the KTM pallets are docked, they are unloaded with the 75 meter crane onto waiting 
railroad flat cars. From here they are moved to one of the three (3) staging areas for eventual delivery to antenna 
levels 'K' & 'L'. The cargo pallets remain on the docking pad and are railed to the unloading area. Five (5) rows 
(4 deep) provide storage for twenty (20) cargo pallets. Forty (40) meter MRWS cranes located between the rows 
of stored cargo pallets are used to unloaJ the pallets onto waiting flatcars. These flatcars are moved either to one 
of the five (5) staging areas or to the sub-assembly factory. The loaded flatr::ars in the staging areas are eventually 
moved onto the vertical lift elevators for delivery to the lower construction l~!tls. 

The empty cargo pallets are moved bac:k to the docking area. An unused tu.; docks to the cargo pallet and 
lifts it off level J base for return to the EOTV station keeping 4 to 5 Km away. 
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LEVEL "J" - CARGO DOCKING/UNLOADING/SORTING CENTER 
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'".:ARGO UNLOADING & SOR TING OPERATION 

The facing page illustration depicts more detail presentation of the unloading and sorting activitiy described 
on the previous page. 
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CARGO UNLOADING & SORTING OPERATION 

KTM PALLET EMPTY PALLET CARGO TUGS CARGO PALLETS 

TUG DOCKING RING 

SPARE CARGO TUG 
ON DOCKING PAO 

DOCKING PAD/FLAT CAR RAILROAD 
OAUfAMA"" ,. 
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CARGO ST AGING & DISTRIBUTION SYSTEM 

All material delivered from LEO is delivered to tl ~cargo dl)cKing :i.rea. From there it is moved in its pallet to 
the unloading area. Waiting MRWS cranes unload thf cargo onto waiting flatcar transporters. Those pieces of hard
ware requiring build up are moved into the subasc;emoly factory. The sorted hardware and subassembled hardware are 
then moved to appropriate staging areas (5) and Jtored temporarily until required in the lower level factory levels. 
The loaded flatcars are moved out onto one of the vertical lift elevators ( 16 shown) and lowered to designated factory 
level. The sketches on the right show a loaded flatcar being delivered to Level "H". In this example, the railroad tracks 
are 180° to the Level "J" tracks. For this reason, the vertical lift elevator is mounted on a large rotary bearing. The 
whole loaded flatcar and elevator rotates 180° to put this unit into proper position with the Level "H" tracks. The 
loaded flatcar can now be moved onto the properly indexed tracks and proceed to designated area at this factory 
level. The same concept applies to the other lower levels of the factory. 
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CARGO STAGING & DISTRIBUTION SYSTEM 

SORTED CARGO IN 
STAGING AREA FOR MAINLINE 
DELIVERY TO LOWER TRACK J2 
LEVELS ~ 

ELEVATORS TO LOWER LEVELS 
FOR SOLAR COLLECTOR ASSY 
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GEO BASE PERSONNEL DISTRIBUTION AND TRANSFER CONCEPTS 

The accompanying sketch illustrates the distribution of persoMel during a typical work shift. Approximately 
five ( 5) people are located in cherry pickers at Level "D'' working on the Solar Collector. Another eleven ( 11) 
people are located in various assembly devices at Level "G", working on the collector assembly and energy conver
sion assemblies. Thirty (30) people are working on the antenna and are far away from the central home base. The 
remainder of the people are located throughout Level "J". Five hundred (500) people are located in the eight (8) 
Habitats. They are either off duty or working within these Habitats. Seventy-three (73) people are working in 
the Control Center; all face ts of the GEO Base and SPS are controlled from this area. The Refurbishment Modules 
house one hundred forty-three ( 143) people. 

Personnel can move about the GEO Base in three different modes of transportation. Quick and direct move· 
ment can be accomplished using a MRWS type of free flyer. This vehicle can carry two people and limited hardware 
to almost any location on the Base or Satellite. The crew can work at the site while in shirt sleeve attire inside the 
MRWS. Some work tasks will require that the crew get into close areas that are inaccessible by other means. In 
this mode the crew member will don a GEO EMU and MMU and traverse short distancf"s to the work site. 

For movement of personnel, a railed bus is used. The flatcar Bus Transporter operates on the 12.5 meter 
track system, providing movement of people and supplies. One Transporter shown is sized to move large numbers 
of people fro.n the POTV to the Habitats while the other is sized to move a small amount to the various work sta· 
tions each day. 

The Bus Transporters can reach the berthing ports on all modules while movinq on spur tracks between main
line Jl and J2 tracks. 
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GEO BASE PERSONNEL DISTRIBUTION & TRANSFER CONCEPTS 

LEVEL 'J' 

LEVEL 'J' ACTIVITY 

IJlo4 HABITATS & CONTROL CENTER 
•WORK AREAS 
l REFURBISHMENT MODULES 

LEVEL 'K' & 'L' ACTIVITY 
• ANTENNA FACILITY 

LEVEL 'G' ACTIVITY 
• ENERGY CONVER. ASSY 

LEVEL 'D' ACTIVITY 
• COLLECTOR ASSY 
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GEO BASE SYSTEM REQUIREMENTS 

Top level requirements that established the design and operations of the SPS are shown opposite. These are 
extracted from Phase 1 of the study and guide the definition of all other requirements. 
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GEO BASE SYSTEM REQUIREMENTS 

• CONSTRUCT ONE 5 GW SPS WITHIN 6 MONTHS ±5% 
e ENERGY CONVERSION & MICROWAVE POWER 

CONSTRUCTION FACILITIES CONTIGUOUS 

• CONSTRUCTION APPROACH: 

ENERGY CONVERSION - TWO PASS LONGITUDINAL BUILDUP 

MICROWAVE POWER ELEVEN ROW LATERAL BUILDUP 

• DESIGN LIFE: 30 +YEARS 

• DOCKING & OFFLOADING SYSTEM FOR POTV, CARGO TUG & OTV 

• OPERATIONAL AREAS FOR: COMMAND & CONTROL MODULES, CARGO 
WAREHOUSING, SUBASSEMBLY FACTORIES, CREW & WORK MODULES, 
BASE MAINTENANCE, OTV MAINTENANCE, EOTV MAINTENANCE, 
OPERATIONAL SPS MAINTENANCE & TRA;NING 

• BASE LOGISTIC VEHICLES & TRACK NETWORK 

• CONSTRUCTION ACCURACY & QUALITY 

• BASE ATTITUDE CONTROL, STATIONKEEPING, LONGITUDINAL TRANSFER 
CAPABILITY 

• BASE ELECTRICAL POWER, COMMUNICATION & DATA MANAGEMENT 
CAPABILITIES 
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4 BAY END BUILDER GEO BASE FEATURES 

The GEO base is staffed with 444 people to assP.mble and checkout one SGW reference satellite every six 
months. The construction base operates on two 10 hour shifts per day for six days each week. The 4 bay wide 
construction base uses two passes to build the 8 x 16 bay energy conversion system; each pass provides a 4 x 16 
bay module which contains the appropriate subsystems. Assembly of the energy converdon system is timed for 
simultaneous completion ..nd mating with the power transmission system. 

When SPS operational maintenance support is included, the GEO base crew complement will be increased 
to perform satellite component refurbishment and related crew support services. The number of personnel re
quired for SPS maintenance and repair varies with the size of the operational fleet and the maintenance schedule 
adopted. It is presently planned that scheduled maintenance will be performed on each satellite twice a year, 
during the fall and spring seasons. 

The cost and mass o~· the base construction facilities and the add-on maintenance support facilities is shown 
on the facing page. 
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4-BAY F.ND ~UILDER GEO BASE FEATURES 

ANTENNA FACILITY 

\ • TWO 5GW SPS ASSEMBLED & C/0 PER VEAR 
SOLAR COLLECTOR FACILITY 

• BASE CONSTRUCTION FACILITIES 
- UNIT COST ( 1979 $) $ 8.48 B 
- MASS 6390 MT 
- TOTAL CREW 444 

• ADD-ON MAINT. SUPT. FACILITIES 

- COST DEL T.\ $ 3.21 to $9.63 B 
- ADD'L MASS 1326 TO 3979 MT 
- ADD'L CREW 383 TO 1149 

1622.02e .v 304 



0180-25461 ·5 

GEO BASE LEVEL 'J' FACILITIES ARRANGEMENT 

The center of base activity occurs at the top deck, level 'J'. The material and personnel are brought to this 
level from the LEO base and the SPS service crew, with their materials, depart from here. In addition, numerous 
vertically moving transportation devices interface with supplies and personnel here for delivery to the lower levels. 

Starting from the left, the following areas of activity are defined: 
• Staging Area - This area is located over the vertical columns of the factory. The sorted and s1.ib·assem;;led 

hardwares are stored here until required in the lower construction areas. The loaded flatcars are moved onto 
vertical lift elevators and then travel down to the appropriate lower construction level work site. The staging 
area is duplicated in five locations, as noted. 

• Cargo Docking/Unloading/Sorting Center - The KTM modules and Cargo Pallets are landed here and unloaded 
onto railroad flatcars for delivery to their next station 

• Subassemb!t.Factory -· The hardware in the Cargo Pallets is delivered to this area for subassembly work 
prior to its movement to the lower levels for installation 

• Crew Quarters/Operatioru; Center - This center includes the base habitats and areas for habitat growth. 
- Satellite Service Habitat Growth Area - This area has been reserved for growth when 40 satellites are 

being serviced. This area will be identical in configuration as the habitat area used for servicing 20 
satellite-:. 

- Base Const~c..ion Habitats & Satellite Service Habitats - ThlS area contains two fun..:tional complexes. 
One area consists of four ( 4) habitats, one ( 1) interim h!bitat Zlnd one ( 1) control center. The other area 
co"ltains four ( 4) habitats and one ( l) interim habitat. The first complex 1S used to house and control 
the base construction personnel and the other for .:latallite service ptirsonnel. 

• SPS Maintenance Support Facilities - This complex includes satellite refurbishment factories and component 
storage 
- Reconditioned Component Storage - Those components which have been reconditioned and repaired in 

the KTM & Miscellaneous Component Refurbishment Factories are stored here until needed 
- KTM Refurbishment Factory -- All defective klystrorlB from the outlying SPS stations are brought into 

this module for refurbishment 
- Miscellaneous Component Refurbishment Factory -- Th:U: module has facilities within it for refurbishment 

of electrical, electronic and mechanical devices. Component9 are disassembled and assembled, as well as 
tested, in this area 

-- Defect!••e Component Storage -- Those components which have to be reconditioned and repaire..t are 
stored here. When room and scheduling permits, they are transported from here to the Refurbishment 
Factories 

• OTV /POTV Docking/Service Area - Sufficient docking pads are located here for the landing of POTVs and 
OTVs. Quantities of propellant for refuelinq the OTVs are also stored here. 
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GEO BASE LEVEL 'J' FACILITY ARRANGEMENT 

CARGO DOCKING /UNLOADING/SORTING CENTER 

SUB-ASSEMBLY FACTORY 

"""jF'" 
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Dl80-2S461-S 

OTV DOCKING & SPS MAINTENANCE SUPPORT 

The OTV docking/seivice area has been located at the end of the base because of the high level of flight activ
ity. Numerous flights to and from level 'J' dictate that its location be in one corner of the complex so its opera
tion will not affect normal mr-.~ement for base construction. Sixteen (16) spur line railroad tracks are placed be
tween the mainline 'J'l ancl ·J'2 tracks to enhance traffic flow. 

A docking pad is ,..rcivided for the flying cherry picker, a 40 meter MRWS crane located on an adjacent track 
services this unit. Two (2) docking pads are provided for the POTV's arriving from the LEO Base. Each POTV is 
sized to deliver 84 people with four ( 4) space lab modules attached. These vehicles are serviced with a 80 meter 
crane, a 40 meter MRWS crane and bus transporter. A four (4) man control center is located between the complex 
of landing pads. 

The other half of this complex contains five more docking pads, two (2) for SPS OTV's, two (2) for KIT"\1 
pallets and one ( 1) for spare. The gps t:TV's contain a crew module for eighty (80) people, a two (2) man c1Jn· 
trol transfer vehicle and eight (8) long spacelab modules filled with supplies for the thirty (30) day mission to 
service the operational satellites. The KTM vehicles are sized to retum defective klystron assemblies to the re· 
furbishment module. Reworked assemblies are loaded onto thi11 vel-icle with the one of the railed cranes in the 
area. A second control center is located between this grouping of landing pad. Three (3) propellrnt storage tanks 
are provided at the comer of the Level 'J' complex. 

The SPS Maintenance Support Facility is adjacent to the OTV docking area and the Crew Quarters/Operations 
Center. The defective material brought back from the operational satellites is off loaded onto railroad flat cars 
and transported over to the defective component storage area. When scheduled, this material is moved into the 
KTM and component refurbishment modules where they are reconditioned. The reworked hardware is placed in 
the reconditioned component stowage area, for eventual return to the OTV docking area. 
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OTV DOCKING & SPS MAINTENANCE SUPPORT 

KTM CTV 

FLYING CHERRY PICKER 

' 
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OTV DOCKING/SERVICE AREA 

SPS MAINTENANCE SUPPORT FACILITY 
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Dl80-25461-S 

CREW QUARTERS/OPERATIONS CENTER 

This area contains all the pressurized modules for crew living and control of the base complex. Six large 
modules are grouped together in a geometric pattern and interconnected with tunnels. Four of these modules 
are used for habitats for four hundred (400) persons. Two modules (identical in size) are situated between these 
habitats, one is used t\S a base operations control center and the other is used as an interim habitat for one hundred 
(100) transients. Berthing points (:50) are located on these modules for attachment of spacelab modules such as 
airlock, resupply, waste disposal, expendables, passenger delivery, and vehicle transfer. Since these modules are all 
inter connected, transfer between modules can be accomph~hed in shirt sleeve attire. This grouping is used to 
house the personnel that are required to work and control the operations of the base construction complex. 

Adjacent to this aforementioned complex, but not connected to, is another qrouping of large modules. These 
five modules are used to house up to four hundred (400) people and one hundred ( 100) transients required to 
maintain and service twenty (20) satellites. Again, the modules are inter connected with tunnels and also have 
berthing ports for attachment of twenty-seven (27) spacelab modules. 

An additional area has been established for the installation of five (5) more large modules. They are configured 
the same as the five (5) previously mentioned. This complex is added at some future date when forty (4C) satellites 
are being serviced. When sixty (60) satellites are serviced the first group of habitats used for base construction can 
be used to house the additional personnel. 

The habitat complexes are all bordered with spur line railroad tracks. In this manner operation buses with 
supplies and people can be interchanged with the 40 meter MRWS crane on the bus transporter. 
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CREW QUARTERS & OPERATION CENTER 
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DIS0.25461-S 

CREW MODULE GENERAL REQUIREMENTS 

Some of the more important requirements used to design the crew module are listed here. The first four requirements 
establish the size and interfaces of the crew modules. Interior accommodations obviously must be designed for zero g oper
ation. However, to prevent crew disorientation, they should all be designed to a common reference. One·g was selected, as 
this facilitates ground operations and is satisfactory for space activities. Crew mix was based on the Navy projection for 
support ships. 
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CREW MODULE GENERAL REQUIREMENTS 

• SIZE (17m DIA X23m LONG) COMPATIBLE WITH HLLV 

• ACCOMMODATIONS FOR 100 PEOPLE 

• DESIGN LIFE: 30 +YEARS 

• BERTHING/DOCKING/AIR LOCK COMPATIBLE 
WITH CREW BUS & LOGISTICS & MODULE 

• STRUCTURAL ATTACHMENT TO BASE 

e DESIGN FOR ZERO G OPERATIONS 

e INTERIOR LAYOUT ONE G 

• CREW 75% MALE, 25% FEMALE 

• METEOROID & SOLAR STORM RADIATION PROTECTION 
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GEO CONSTRUCTION BASE - 100 MAN HABIT A 1' UPDATE 

This illustration depicts a domed end cylinder housing 100 crew members with dedicated work st2''..ions. 
The pressure shell diameter is 16.5 m and the external diameter is 17.0 m. A nominal 0.25 m has been tentatively 
allotted for thermal insulation, radiation protection and radiator wraparound functions. The pressure vessel is 
23.0 m long. Seven decks have been provided, each having a 2.2 m floor to ceiling height. The structure between 
each deck is 0.3 m thick, providing volume for installation of wiring, ducting, lighting, insulation, etc. Docks 2 
and 6 have two (2) berthing ports located 90°_to each other, while Deck 4 has only one (1) port. These berthing 
rings are configured tot 'late with berthing ports on Spacelab-type modules. The attached Spacelab modi.:les 
provide the services and re-supplies to keep the modules operational. Larger diameter berthing or docking rings 
are located at each dome end for mating with the base structure, another module or the transportation delivery 
vehicles (HLLV or EOTV). Each deck contains 16 to 18 viewing windows around its periphery. 

One possible arrangement for accommodating the SPS GEO Base 400-man construction crew is shown by the 
crew habitat complex on the following pages. Adjacent modules are interconnected with flexible tunnels mated 
to the b&rthing hatches on Decks 2, 4 & 6. In this manner, there are at least six ways in and out of each module 
(total of 6 tunnels). Deck 2 has a short Spacelab-type module affixed to it for use as a 4-6 man airlock. Another 
short Spacelab is provided for use as a transfer vessel from the large volume habitat to the smaller volume closed 
cherry picker, bus, free flyer or crane. Deck 4 has one berthing ring for attachment of a long Spacelab module. 
This module can provide a 90 day food supply for 100 persons. Deck 6 has two berthing rings for attachment of 
two short Spacelabs. One module contains tankage to re-supply the expendables, while the aecond module is con
figured to accept waste material which ii compacted into 26-inch cubes. The four large berthing rings on the 
bottom mate with facilities on the space base. The four large berthing rings at the top of the dome end can be used 
for enwrgency docking of HLLV, PLV or OTV s, if needed. 

Decks 1, ~and 7 have been allotted for the living quarters for 100 crew members, both male and female. 
Deck 1 is configt•red to house the management-ty1=-e personnel in 16 various sized one and two men staterooms for 
a total of 24 people. A large waste management compartment and personal hygiene compartment are provided to 
handle the occupants on this deck. Deck 3 has four staterooms and 18 crew quarters to house 36 persous. It also 
contains a W/M and personal hygiene compartment. Deck 7 has 24 crew quarters, a W/M and personal hygiene 
compartment to accommodate 40 people. The density factor of each deck is varied according to job title on board 
the space base. Providing for more than 100 people in this size module is not recommended. 
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GEO CONSTRUCTION BASE -100 MAN HABITAT- UPDATE 

EMERGENCY DOCKING 

~:.l:~r 
23m 

'n:'~i 

,... 17m •I 
CREW MODULE 

BERTHING PORTS (5) 
TUNNEL CONNECT PORTS (S\ 
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DECK 1 
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DECK3 
CREW QUARTERS 

DECK7 
CREW QUARTERS 
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HABITAT AREAS: 

A. ONE-PERSON STATEROOM 

B. TWO-PERSON STATEROOM 

c. ONE.PERSON CREW QUARTER 

D. TWO-PERSON CREW QUARTER 

E. WASTE MANAGEMl£NT 

F. PERSONAL HYGIENE 

G. CENTRAL PASSAGEWAY 
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J. INTERDECK ACCESS 

K. CABIN WINDOWS 
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Dl80-2S461-S 

GEO CONSTRUCTION BASE - 100 MAN HABITAT - UPDATE (CONT'D) 

Deck 2 contains a control center. A total of 25 .44 square meters of displays and controls has been provided 
to monitor space base and module parameters. The controls need not be duplicated in each of the four modules, 
but should be overlapped. In the event of a module shutdown, control of the base should still be possii,le by virtue 
of the instrumentation remaining in the other three modules. A large room is provided for all facets of EVA 
hardware. 

Deck 4 has been arranged to accommodate dining facilities for 56 people at one setting. The food serving 
center contains combination hot air/convection/resistance ovens for heating food, and is the area where the 
food is dispensed to the diners, cafeteria style. The return rack is the area where used dishes and food are placed. 
Compactors and dishwashers are located here. Up to 100 people can also be accommodated in Deck 4, when used 
as a radiation shelter. 

Deck 5 is recreational/physical fitness/services area. The central area is 6 m in diameter and serves as a 
lounge area. From this lounge, access can be obtained to the snack bar, barber shop, post office, chapel, theatre, 
library, gym and recreation area, and sick bay/dentist areas. 

Deck 6 contains tanks for storage of expendables and three large rooms for subsystem equipment and hard
ware. The fourth quadrant contains storage for waste bales and an area for agricultural study. 

Each deck is accessible to the adjacent deck via three (3) 1.5 m diameter openings. In genera'. the decks have 
a 1.5 m wide central asile passagew~v and a torus aisleway 1.0 m wide. 
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GEO CONSTRUCTION BASE - 100 MAN HABITA,. -
UPDATE (CONl.'D) 

DECK2 DECK4 
CONTROL CENTER/SUBSYSTEMS GALLEY/DINING AREA/STORM SHELTER 

DECK5 
RECREAT!ON/PHYSICAL 

FITNESS/SERVICES 
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100 .\1AN HABITAT - TYPICAL INTERIORS 

The Phase 2 crew module design effort consisted of a superficial investigation of com!)artment3l partitioning 
of the habitat using estimated volumetric data for the equipments and its arrargement. The habitat galley 
arrangement and sizing was the only detail design effort afforded in the habitat preliminary design. Here the 
weight and volume of the food and its storage arrangement was looked at in some detail, since the galley provides 
crew dining and 100 man storm shelter accommodations. 

The opposite page photos are of some typical interiors which were established in an earlier Grumman study 
and may be used as examples of what a future SPS habit:at interior might resemble. 
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ENVIRONMENTAL CONTROL/LIFE SUPPORT SUBSYSTEM - 100 MAN HABITAT 

The ECLS subsystem baselined for the SPS modules is a regenerable system with closed water and oxygen 
loops designed to require a minimum of expendibles. The atmosphere revitalization section controls cabin humid· 
ity, removes C02 , generates 0 2 from water and removes trace contaminants from the atmosphere. Two water 
reclamation systems are included to purify wash water and distill c\13an water from urine. The thermal control 
section removes waste heat from the cabin and electronics and then rejects it to space. 

It should be noted that the system described is for a typical 100 10an module using regenerable type systems. 
No attempt was made to perform detail trades of various ccncepts to perform a specific function because this ef· 
fort is more appropriately done in a later design phase and not in a systems study. The concepts shown, therefore, 
are not necessarily optimum but are typical and form a baseline to determine realistic weig:H and cosu.. 
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ENVIRONMENTAL CONTROL/LIFE SUPPORT -
100 MAN HABITAT 

. 
ATMOSPHERE REVITALIZATION 

MASS CHARACTERISTICS 

02 TO MODULE 

•• 
ECLS ELEMFNTS MASS RATIONALF 

ATMOS REVITAL I 9.8 DETAIL EST 

TRACE WATER MGT 2.6 DETAIL EST I 
CONTAMINANT 
CONTROL 

I 

WASTEMGT 4.3 I DETAIL EST 
THERMAL CTL 6.1 PART EST & GUESS 

~ATER 
j. TOTAL MASS 22.8 MT 

ELECTROLYSIS 
HUMIDITY - -AIR FROM - 02 ..... 
CONTROL ""MODULE 

GENERATOR I .vi MAKE UP 
-i(f ...:1::: WATER FROM 

i. H2 URINE CONSUMABLES W 10% CONTINGENCY 

PROCESSING • 90 DAY AESUPPL Y 6.9MT 

SABA TIER 

dJ ELECTRO· REACTOR 
CHEMICAL C02 

.., DEPOLARIZED 
CONCENTRATOR REDUCTION I 

•- l • . 
f AIR~ 

H2 + C02 OVBO 
DUMP (OR STORAGE) 

-028.H2MAKEUP (3.4) 

} PREL EST - H20 MAKE UP (0.4) 
- REPLACMT. PARTS (3.1) 

• 6 WEEK EMER. SUPPLY 13.8 

- 02GAS (3.4) \METABOLIC 

- H20 (10.41 I REQ 

IN OUT CH4 ··C02 
lo ... 
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DIS0..25461-S 

CREW MODULE AND WORK MODULE MASS ESTIMATES 

This table presents a summcuy of the current Grumman weight estimate for the crew module. It shows weights for 
crew modules in both low earth orbit and geosynchronous orbit. 

The structural weight has been estimated based on an aluminum structure of cylindrical shape 16.5 min diameter and 
17.8 m long, capable of supporting 14.7 psi internal pressure. Numerous decks divide the cylinder. Two large access/egress 
ports are located on eitner end, and 12 berthing ports are located around the circumference. Partitions and eql~ipment 
mounting weights have also been estimated. 

No shielding is required for LEO. A "storm shelter" approach has been used for GEO. A 7.2 m cylindrical band around 
the module protects one deck from solar storms. The storm shelter p1·ovides 20 grama/cm2 shield thickness protection. 

Environmental control subsystem weights are based ou 100% redundant systems capable of sustaining 100 men. 
In addition, a weight growth/contingency factor of 33% has been maintained. All other subsystem weights remain 
the same as those listed in Boeings Phase 1 SPS study Final Report, Volume III Reference System Description 
17180-25037-3. 

The lower part of the facing page summarizes the weight of four similar size work modules. The weight for 
these modules has been adjusted from Boeing's earli1n report 0180-24071-1 to reflect Grummans estimates for 
habitat structure and ECLS. 
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CREW MODULE & WORK MODULE MASS ESTIMATES 

HABIT AT SUBSYSTEM MASS (MT) LEO .G.5.2 BASIS 

STRUCTURE 69.7 69.7 PREL EST 

ENVIRON PROTECTION (20 g/cm2) 0 68.3 PREL EST 

ELECTRICAL POWER SUPPLY 5.0 5.0 D180-25037·3 

ENVIRON CONTROL/LIFE SUPPORT 22.8 22.8 PREL EST 

CREW ACCOMMODATIONS 11.0 11.0 

COMMUNICATIONS/DATA HANDLING 6.0 6.0 0180-25037-3 
GUIDANCE & CONTROL 0 0 

PROP/REACTION CONTROL 0 0 
SPECIAL EQUIPMENT 0 0 

SUBTOTAL 114.5 182.8 

GROWTH/CONTINGENCY (33%) 37.8 60.3 
TOTAL ORV 152.3 243.1 

WORK MODULE STRUCTURE & ECLS UPDATED FROM 0180-24071·1 

- OPERATION CTR 173 MT - MISC SUPT 112 MT 
- BASE MAINTENANCE 128 MT - SPS MAINTENANCE 117 MT 
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0180-25461-5 

BASE ELECTRICAL POWER DEFINITION 

The GEO Base electrical power requirements are mainly derived from the previous Boeing study which defined 
SPS LEO construction methods (Report 0180-24071-1). Power requirements for crew modules have been revised 
to reflect more operative modules (15 vs 10) and also adjusted commensurate with the updated ECLS weight esti· 
mate. The 14400KW requirement for ion propulsion assumes that no more than four thruster panels would be 
fired simultaneously. 

The base electrical power system provides l SOOKW for operative crew modules, construction equipment and 
external lighting. This system also provides 14,400KW to operate the low thrust ion propulsion flight control sys
tem. Fixed body mounted solar array blankets, which are similar to those on the satellite, are used for electrical 
power generation. To accommodate SPS off·sun/on·sun construction attitudes, base solar arrays are located 
underneath the antenna construction platform and also on the top and outer side of the antenna assembly facility. 
It also has a nickel hydrogen battery energy storage system, which is used for brief periods during equinoctial 
occultation. 

323 



DI !s0-25461-S 

BASE ELECTRICAL POWER DEFINITION 

POWER REQMTS KW BASIS 

UPDATE 
15 CREW MODULES 1030 15 vs 10 

ION PROP FLIGHT CTL 14400 4 THRUSTERS 

CHEM PROP FLIGHT CTL 5 

} CONSTRUCTION EQUIP 150 0180-24071-1 

EXTERNAL LIGHTING 320 

TOTAL 15905 TO 1505 KW (W 8i W/0 ION) 

SUBSVS ELEMENT MASS 

SOLAR ARRAYS 102.2 

NiHz BATTERIES 34.6 

POWER CONDITIONING 4 

POWER DISTRIBUTION 53.6 

TOTAL 194.4 MT 

1622-0l5W 
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Dl80..2S461-S 

GEO BASE MASS & COST BREAKDOWN 

MASS, COST - 1979 $M DATA 
WBS ELEMENT MT DELTA DEV. PROD BASE 

1.2.1.1 WORK SUPPORT FACILITIES 4762 > 767 3212 

.1 STRUCTURE 2927 107 ** 337 ¢1 

.2 CONSTRUCTION EQUIP 460 660 1800 ¢1 ADJ 

.3 CARGO HDLG/DISTRIBUTION 399 ND 430 ¢1 ADJ 

.4 SUBASSEMBLY FACTORIES 38 323 ¢1 

.5 TEST/CHECKOUT FACILITIES ND• ND 

.6 TRANSPORT VEH. MAINTENANCE ND ND 

.7 SPS MAINT. SUPT FACILITIES ND ND 

.8 BASE SUBSYSTEMS 938 322 l/>2 

.9 BASE FACILITEIS & EQUIP. MAINT. NO ' ND 
.10 COMMAND & CONTROL SYS ND ND ND 

1.2.1.2 CREW SUPPORT FACILITIES (CONSTR) 1628 > 2271 ~ 
.1 CREW QUARTERS 1215 2271 ... 1923 ¢2 
.2 WORK MODULES 413 ND 631 l/>1 ADJ 

WRAPAROUND COSTS (47%) 1428 2710 
PROJ MAT. SE & I, SYS TEST - -
INST ASSY & C/0, GSE & SPARES 

1.2.1 GEO CONSTRUCTION BASE FACILITIES 6390 >4466 8476 

• NO - NOT DETERMINED 
•• EXCLUDES MINI FACILITY TO BUILD BASE 
••• INCLUDES NEW 8 STORY MANUFACTURING PLANT 

.. ._. .......... ,,,. 
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GEO BASE RESUPPLY REQUIREMENTS (W/10% CONTINGENCY) 

MASS-MT 
CONSTR OPS SPS MAINTOPS 

RESUPPLY ITEM·------- 444CREW 383 TO 1149 CREW BASIS 

CREW SUPPLIES 418 361TO1081 OET EST & PRIOR STUDIES 
(FOOD, HOUSEKPG, 

ETC) 
CREW MODULE SUPPLIES 190 151 TO 454 EST ECLS & GUESS ETC 

(02, N2, H20, ECLS 
PARTS ETC) 

WORK MODULE SUPPLIES 126 108 TO 323 SCALED TO HAS. UNITS 

WORK FACILITY SUP- 398 (ND) (NO) 
PLIES -

CONSTR EQUIP PARTS 37 - - GUESS 2%/0TR 
CARGO HOLG/OIST 32 - - GUESS 2%/QTR 
PARTS 
CREW BUS (02, N2) 7 - - SHUTTLE LEAKAGE 
SUB ASSY FACTORY 3 - - GUESS 2%/QTR 
PARTS 
REMOTE WORK STA 145 NO ND MRWS EST 
(02 N2 & PARTS) 
BASE SUBSYS PARTS 75 - - GUESS 2%/QTR 
FLT CTL PROPELLANTS 99 - - ESTIMATE 
BASE MAINT & TEST ND* - - -
PARTS 
TRANSPORT VEH NO - - -
MAINTPARTS 
SPS MAINT SUPT - ND ND -
PARTS 

TOTAL 1125MT 620 TO 2478 MT 

• NO - NOT DETERMINED 
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Dl80-2546t-S 

FACILITY CONCEPT FOR BUILDING THE SPS GEO BASE 

The facility (Mini Base) illustrated uses the end builder construction system which is tailored to t..l-ie lOOm 
cross-SP.Ction of the GEO base structural members. Four (4) dedicated semi-fixP.rl 7.5m beam m:: +,ines fabricate 
the longitudinal members and (2) 7.Sm mobile beam machines fabricate the lateral, vertic~l .::-:.a :liayonal members 
of the structural ~mbly. The facility proviaes a track system for mobile indexers, winchE:s and crane cherry 
pickers. The mobile winches (2), indexers and turntable tracks allow the facility to index ~tself about any and all 
sides of the structure it has fabricated. The 120m crane cherry picker is used to assemble those structural join.ts 
which are beyond the reach of the mobile cherry pickers. 
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FACILITY CONCEPT FOR BUILDING GEO BASE 

MOBILE CHERRY 
PICKER (4) 
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FACILITY FOR BULDING SPS GEO BP.SE 

A general arrangement for the facility (mini base) is Ghown on the opposite page. This arrangement consists 
of a 150 m wide X 250 m high tower mounted from a 400 m X 350 m platform. 50 m square structural beams are 
used to construct the facility; these beams are assembled from 7.Sm triangular elements. 

The tower houses (4) fixed beam mae;nines which are arrange<! to prc-vide the longitudinal members of the 100 
meter square structure to be fabricated. Two (2) mCJbile beam machines and four (4) cherry pickers used for as
sembly of the structure ride a track system on the tower. Crew habitats and a cargo port are located on the upper 
level of the tower. 

The platform • '"ovides support for the attitude control system, a track system for the mobile winches, in
dexers and crane cherry picker. 

This mini base is assembled in LEO and transferred to GEO for SPS base buildup. 
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GEO B. SE BUILD UP S:t:QUENCE 

The O):posite page illustrate5 a construction scenario for the structural assembly of the SPS GEO base. As 
shown, two faciliti".!s dl"e used for this aSS6mbly. Construction starts with the assembly of the solar collector 
factory. Fadlity #J fatricates and passes off the 700 m long stru-::tural member to facility #2. Facility #2 
attaches to this mem~r via its indexer tr -::k system and starts the fabrication of the upper horizontal beam 
while facility #l re-indei~:.:; and initiates the fabrication of the lower horizontal beam. At the appropria•e 
structural intersectio'l, facility #2 re-indexes to fabricate the vertic.U member of the grid and facilitf #1 inter
rupts fabrication of the lower beam to make the attachment of the wrtical and lower beams. Once the joint is 
completed, facH;'Y #1 continues its fabrication of the lower member. When fabrication oi this lower member is 
completed, facility #1 starts the construction of the lower horizontal structural grid of the collector factory as 
facility #2 completes the over hang area of the vertical struC'+ure. 

After completk n of the collector factory the base antenna facility is constructed. When approximately 
threa quarters of the antenna platform is assembled facility #2 is anchored to the platform and as shown is used 
as the structure for tl>e antenna assembly factory of the base. Facility #1 completes the platform ~onstruction 
and th.en is indexed over to the vertical wall of the collector factory and m tum is used as the structure for the 
GEO base yoke/rota"Y joint factory. 
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STUDY OBJECTIVES 

The study objectives shown are t.o be accomplished for the SPS program for that period in the program 
at which t~enty SPS'~ and the1r corresponding rectennas have been completed and are 1n operati~n. In 
andition, additional 5PS's and rectennas are being completed and going into operation at the rate of 
two per year. 
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STUDY OBJECTIVES 

•DEVELOP AN INTEGRATED OPERATIONS CONCEPT THAT WILL INSURE THAT 
THE SPS SYSTEM SATISFIES ALL REQUIREMENTS IN A TIMELY FASHION, AND 
IS CAP~BLE OF REACTING TO PROP 1.EMS IN REAL TIME WHEN NECESSARY 

•THIS CONCEPT TO ENCOMPASS THE ENTIRE SYSTEM FROM INDUSTRIAL 
COMPLEX TO AND INCLUDING THE RECTENNA/GRID INTERFACE 
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INTEGRATED OPERATIONS CONCEPTS 

In the Phase I study a mission conmand and control concept was developed for control of the space 
elements of the SPS system. In Phase II the concept has been expanded to include the entire system. 

The approach selected to develnp the concept was to define, at a su11111ary levei, the tasks which must be 

perfonned to assure proper execution of the program. To accomplish this the program was divld!d into 
major segments (using the WBS as a starting point) and the tasks for each segment were defined. Related 
tasks were then regrouped resulting fn the definition of different major segments. After several 
iterations the concept shown was developed. This concept consists of twelve "local operations" which 
will be responsible for the performance of an assigned group of tasks to the required standards ar.d on 
time. As indicated one of these local operatio11s is responsible for col!'ITl4nd and control of the operational 
SPS's and another is responsible for conmand and control of the operational rectennas. 

The activities of these twelve local operations arP. coordinated and integrated by a single central organi
zation "Integrated Operations". The principal functions of this organization are to define program 
requirements, to prepare and maintain the master program plans and schedules, to coordinate the actfv1t1es 
of the 12 local operations and to continuously monitor program perfonnance. 
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INTEGRATED OPERATIONS CONCEPT 
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TYPICAL LOCAL OPERATION DETAILED TASK ANALYSIS 

To the extent possible within the time available the co0111and and control tasks associated with each 
task of the local operations were identified. Based on these detailed analyses the tasks which are of 
sufficient importance to be monitored by Integrated Operations were detennined and su0111arized. This 
figure is a typical page from such a local operation task analysis. 

In addition to identifying the tasks, the interfaces with other local operations and Integrated Operations 
were also identified as shown in the last column. 
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TYPICAL LOCAL OPERATION 
DETAILED TASK ANALYSIS 

LOCATION/OPERATION: LEO BASE OPERATIONS (CONTINUED) 

-·· 
tOCAL LOCAL OTHER OPERATION COMMAND AND CONTROL TASK OPERATION OPERATION TASK ACTIVITY INTERFACE 

CARGO INTRA-BASF - MONITOR STATUS OF ALL CARGO TRANSPORTERS x 

I 
TRANSPORTATION (20-30 UNITS). (AVAILABILITY, LOCATION, 
OPERI\ TION.S DESTINATION, ETC) 

- CONTROL MOVEMENT OF All CARGO TRANS- x 
PORTERS (ACTIVATE, DEACTIVATE, CONTROL 
MOVEMENT, SWl'TCHING, ETC) 

- COORDINATE tARGO TRANSPORTER MAINTE- x 
NANCE REQUIREMENTS WITH BASE EQUIPMENT 
MAINTENANCE CROUP 

CARGO SORTING - RECEIVE CARGO MANIFEST LAUNCH AND 
AND STORAGE RECOVERY SITE 
OPERATIONS - RECEIVE CARGO STORAGE LOCATION ROADMAP LAUNCH AND .. RECOVERY SITE 

- RECORD STORAGE LOCATIONS OF EACH x 
COMPONENT 

- RECEIVE CARGO DISTRIBUTION INSTRUCTIONS SPACE CONSTRUCTION 
- RECORD REMOVAL OF COMPONENTS FROM x 

STORAGE 
- CHECK INVENTORY CONTROL RECORDS x 

CARGO DISTRIBU- - RECEIVE USER EQUIPMENT COMPONENT SPACE CONSTRUCTION 
TION OPERATIONS DELIVERY REQUIREMENTS 

- INTEGRATE CARGO DELIVERY REQUESTS x 
- ISSUE CARGO DISTRIBUTION INSTRUCTIONS TO x 

WAREHOUSE 
- MONITOR CARGO DELIVERY OPERATIONS x 

INCLUDING MACHINE LOADING 
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G':NERAL TASKS PERFORMED BY INTEGRATED OPERATIONS 

Most of the tasks perfonned by Integrated Operations with respect to the functi~ns of each local 
operation are very similar for all local operations. These general tasks are presented in the next 
three charts. In order to estimate the magnitude of the Integrated Operations, however, it was 
necessary to define the number of tasks which each local operation performs that is of sufficient 
importance to be monitored by Integrated Operations. These tasks are surrmarized on the six charts 
tollowing the next three. 

Integrated Operations is the official program source of requirements and is responsible for the 
documentation and allocation of the requirements for other elements of the program. 

Integrated (, >erations h also responsible for preparing and maintaining the master progr·am plans and 
schedules and for mcnitoring the program for proper compliance. In order to do this a system for 
obtaining perfonnance feedback from the local operations is necessary. 
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GENERAL TASK 

IDENTIFY, DEFINE AND 
ALLOCATE OVERALL 
PROGRAM 
REQUIREMENTS 

PREPARE MASTER 
PROGRAM PLANS AND 
SCHEDULES. MONITOR 
PROGRAM PE~FOR
ANCE AGAINST THESE 

0180-25461 -S 

GENERAL TASKS PERFORMED BY 
INTEGRATED OPERATIONS 

DESCRIPTION 

- BASED ON STUDY AND TEST RESUl.TS IN COMBINATION WITH NATIONAL 
NEEDS, IDENTIFY OVERALL PROGRAM REQUIREMENTS 

- ANALYZE REQUIREMENTS AND ALLOCATE TO LOCAL OPERATIONS 

- PREPARE PROGRAM LEVEL DOCUMENTATION (SYSTEM SPECIFICATIONS, 
PROGRAM REQUIREMENTS DOCUMENTS, PROGRAM DIRECTIVES) 

- ALLOCATE RESPONSIBILITIES FOR PREPARATION OF LOWER TIER 
DOCUMENTATION AMONG LOCAL OPERATIONS 

- REVIEW ANO APPROVE LOWER TIER DOCUMENTATION AS 
NECESSARY 

- PREPARE, COORDINATE AND IMPLEMENT MASTER PLANS AND SCHED
ULES OF PROGRAM ACTIVITIES WHICH WILL ASSURE A PROGRAM THAT 
MEETS ALL REQUIREMENTS IN A TIMELY FASHION 

- OBTAIN DETAILED PLANS AND SCHEDULES THAT COMPLY \\'"TH 
MASTERS FROM EACH LOCAL OPERATION 

- SET UP SYSTEM FOR FEEDBACK OF PLAN AND SCHEDULE PERFOR
MANCE FROM EACH LOCAL OPERATION 

- SET UP SYSTEM FOR MONITORING PLAN AND SCHEDULE PERFOR
MANCE W~iCH WILL FLAG PROBLEMS 

- RESOLVE PROGRAMMATIC PROBLEMS AND/OR PROBl.EMS WHICH 
INVOLVE INTERFACING LOCAL OPERATIONS 

- ASSURE COORDINATION AMONG OPERATIONS 
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GENERAL TASKS PERFORMED BY INTERGRATEO OPERATIONS (CONTINUED) 

Integrated Operations is responsible for monitoring the technical perfonnance of the program using the 
methods shown as well as others, such as personal contac~s, to insure that all technical requirements 
imposed on the program are satisfied. 

It is also the central logistics agency for the entire program. All 12 local operations have logistics 
requirements which must be coordinated and integrated in the interest of program efficiency. This 
function is assigned to Integrated Operc1tions which has the overall coordination/integration functions 
for the !)rogram. 
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TRW GENERAL TASKS PERFORMED BY 
INTEGRATED OPERATIONS (CONT) 

GENERAL TASK 

ASSURE SATISFACTORY 
TECHNICAL 
PERFORMANCE 

PROVIDE LOGISTICS 
FOR PROGRAM 

DE:SCAIPTION 

- MONITOR TECHNICAL PERFORMANCE AT PROGRAM LEVEL 

- REVI. .'STUDIES, ANALYSES, TEST RESULTS, ORBITAL 
PERFORMANCE 

- CONDUCT PERIODIC TECHNICAL REVIEWS 

- RESOLVE TECHNICAL CONCERNS 

- APPLY ADDITIONAL TECHNICAL RESOURCES 

- REALLOCATE REQUIREMENTS AMONG PROGRAM ELEMENTS 

- F\t:.VIEW AND MODIFY REQUIREMENTS 

- OBTAIN LOGISTICS REQUIREMENTS FROM LOCAL OPERATIONS WHICH 
THEY MUST HAVE TO COMPLY WITH PROm.AM REQUIREMENTS 

- PREPARE, COORDINATE AND IMPLEMENT MASTER LOGISTICS PLAN 
AND SCHEDULE 

- OBTAIN COMPLYING DETAILED PLANS AND SCHEDULES FROM EACH 
LOCAL OPERATION 

- SET UP LOGISTICS STATUS REPORTING SYS'fEM FOR LOCAL 
OPERATIONS 

- MONITOR LOGISTICS STATUS VS PLANS AND SCHEDULES 

- MATERIALS, EQUIPMENT, PROPELLANT FLOW 

- INVENTORIES 

- SPARES 

- USE RATES 

- RESOLVE PROGRAM LEVEL PROBLEMS AND/OR PROBLEMS WHICH 
INVOLVE INTERFACING LOCAL OPERATIONS 
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GENERAL TASKS PERFORMED BY INTERGRATED OPERATIONS (CONTINUED) 

As the number of operational SPS's and rectennas increase, the schedules for removing and returning 
satellites to service {due to satellite maintenance, rectenna maintenance, eclipses, electrical load 
level variations, etc.) will become increasingly complicated as will coordination with the grids 
involved. Although the SPS Operations and Maintenance will provide information on the satellites and 
Rectenna/Grid Operations will coordinate with the grids, Integrated Operations will evaluat·~ the 
overall system conditions and develop the master power-generation plan and schedule. 
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GENERAL TASK 

PREPARE AND MAIN
TAIN MASTER POWER
GENERATION PLAN 
AND SCHEDULE 

D18().25461-5 

GEN-:RAL TASKS PERFORMED BY 
INT-EGRATED OPERATIONS (CONT) 

DESCRIPTION 

- PREPARE MASTER PLAN AND SCHEOUtE FOR SATELLITE-RECTENNA/ 
GRID COMBINATIONS AND OPERATIONS. PLAN MUST CONSIDER 

- RECTl::NNA/GRID POWER LOADING SCHEDULES 

- ECLIPSE SEASONS 

- RECTENNA MAINTENANCE SCHEDULES 

··SATELLITE MAINTENANCE SCHEDULES 

- CONT~NGENCIES .___, _______________ ..._ ____________________ , ____________________________ __ 
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LOCAL OPERATION TASKS MONITORED BY !NTEGRATS:D QPt~ATION~ 

The next six charts show the functions performed by each local operation which are of sufficient 
imp0rtance to be monitored by Integratnd Operations. 

The Industrial Complex Operation is responsible for the provision of all materials, equipment and 
propellants required by the SPS program. This inclucies all activit.ies fr'''" operation of' wells or 
mines. if necessary, through processing and fabrication to packaging for use on orbit. 

Surface Transportation Operations is responsible for transportation of the packaged products from the 
Industrial Complex to the launch and Recovery Site. It is res:ons1b1e for operating any SPS-ded1cated 
transportation equipment which may be required due to the location of the Launch and Recovery Site. 
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INTEGRATED OPERA'rlONS 

·-·-: 
·------------------------------------------------------------------------LOCAL OPERATION 

INDUSTRIAL COMPLEX 

SURFACE TRANSPORTATION 

TASKS MONITORED BY INTEGRATF.D OPERATIONS 

- PLANNING AND SCHEDULING TO HAVE CORRECT PARTS AND 
EQUIPMENT FABRICATEO IN TIME FOR TRANSPORTATION TO 
SPACE ON SCHEDULE 

- ACQUISITION OF FACILITIES, MATER!ALS, PROPELLANTS, 
PERSONNEL, EQUIPMENT 

- FABRICATION AND/OR PROCESSING 

- PACKAGING FOR SHlt'MENT AND DIRECT USE ON ORBIT 

- PLANNING AND SCHEDULING FOR TIMELY MOVEMENT OF 
CARGO, PROPELLANTS, PERSONNEL FROM INDUSTRIAL 
COMPLEX TO LAUNCH AND RECOVERY SITE 

- PLANNING AND SCHEDULING OF INTEP.-COMPLEX 
MOVEMENTS 

- ASSURE AVAILABILITY OF TR~NSPORTATION MEANS 

- TRANSPORTATION OF CARGO, PROPELLANTS, PERSONNEL 
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LOCAL OPERATION TASKS MONITORED BY INTEGRATED OPERATIONS (CONTINUED) 

The Launch and Recovery Site activities will require large and extensive space vehicle and space 
passenger support facilities due to the numbers of vehicles, the number of flights and the number of 
space passengers involved. It is responsible for all activities from receipt of cargo, propellants 
and personnel through launch, recovery and hands-on maintenance/refurbishment of space vehiceles. 

The re~ponsibilfties of LEO Base Operations are principally transfer of cargo and personnel between 
space ~ehicles and construction of EOTV's. The base will ut111ze a ground support group which w111 
perform routine funttions for the base such as planning and scheduling, inventory control, etc., using 
daily inputs from the base. These functions will be performed on the ground to reduce the number of 
personnel required in spnce. This support group is located in Integrated Operations as wf 11 be shown 
later. 
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LOCAL OPERATION 

LAUNCH ANO RECOVERY 
SITE 

-·--------
LEO BASE 

INTEGRATED OPERATIONS (CONT) 

TASKS MONITORED BY INTEGRATED OPERATl~~S 

- OPERATE ANO MAINTAIN SITE 

- PLANNING ANO SCHEDULING OF SITE OPERATIONS 

- HLLV ANO HLLV PAYLOAD FLIGHT PROCESSING 

- PLV AND PLV PASSENGER FLIGHT PROCESSING 

- PLV, HLLV LAUNCH 

- PLV, HLLV LANDING COMMAND ANO CoNTROL (BOOSTERS AND ORBITERS, 

- PLV, HLLV TRANSPORTATION AND REFURBISHMENT 

- OPERATE AND MAINTAIN BASE 

- CONSTRUCT EOTV'1 

- COORDINATE CONSTRUCTION PERSONNEL, MATERIAL, EQUIPMENT 
REQUIREMENTS 

- PROVIDE RENDEZVOUS/DOCKING, LAUNCH CAPABILITY, AND SUPPORT FOR 
SPACE TRANSPORTATION VEHICLES 

- OPERATE CREW HABtTA'TS AND ASSURE CREW HEAL TH AND SAFETY 

- PROVIDE IN-SPACE MAINTENANCE FOR SPACE TRANSPORTATION VEHICLES 

- UNLOAD, PROVIDE INTRA-BASE TRANSPORTATION, STORE OR RELOAD CARGO 
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LOCAL OPERATION TASKS MONITORED BY INTEGRATED OPERATIONS (CONTINUED) 

GEO Base Operations includes all the functions associated with construction ~f the SPS's, servicing 
of the Space Transportation vehicles involved. as well as operation and maintenance of the base 
itself. Although many of the functions must be done at the base, many of the bookkkeep1ng functions 
associated with such tasks will be performed on the ground utilizing daily inputs from the base for 
updating, as in the case of th! LEO Base. 

The number of spac~ transportation vehicles involved, as well as the similarity among many of them, 
suggests that a single operator, Spare Transportation and Maintenance should b~ responsible for 
operation of the vehicles and for the crews which operate them. It appears that a certain amount of 
cross-training and use of the same personn~l on different vehicles will be possible if the 8ctivities 
are properly integrated. Since this operation wf 11 be in real time co111nun1r.ation with all opera•ing 
vehicles it will be able to collect performance and anomaly data in real time. For this reason the 
vehicle maintenance function is assigned to the same operation. 
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INTEGRATED OPERATIONS (CONT) 

.. OCAL OPE RATION 

GEO BASE 

SPACE TRANSPORTATION 
AND MAINTENANCE 

TASKS MONITORED BY INTEGRATED OPERATIONS 

- OPERATE ANO MAINTAIN BASE 

- CONSTP.UCT SPS's 

- COOriOINATE CONSTRUCTION PERSONNEL, MATERIAL, EQUIPMENT 
REQUIREMENTS 

- COOHDINATE BA.~E/SPS SEPARATION SCHEDULE 

- SUPPORT OPERATIONAL SPS MAINTENANCE 

- PROVIDE RENDEZVOUS/DOCKING, LAUNCH CAPABILITY FO~ SPACE TRANS-
PORTATION VEHICLES 

- SERVICE SPACE TRANSPORTATION VEHICLES 

- OPERATE CREW HABITATS AND ASSURE CREW HEAL TH AND SAFETY 

- PLAN, SCHEDULE, PROVIDE SPACE TRANSPORTATION FOR SYSTEM 

- OPERATE ALL SPACE TRANSPORTATION VEHICLES 

- MONITOR AND CONTROL SPACE TRANSPORTATION VEHICLES IN REAL TIME 

- DEFINE FLIGHT CREW REQUIREMENTS, ASSIST IN TRAINING AND MAKE 
ASSIGNMENTS 

- DEFINE GROUND (MISSION) CONTROL CREW REQUIREMENTS, TRAIN AND 
MAKE ASSIGNMENTS 

- DEFINE ANO IMPLEMENT SPACE TRANSPORTATION VEHICLE MAINTENANCI: 
PROGRAM 
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LOCAL OPERATION TASKS MONITORED BY INTEGRATED OPERATIONS (CONTl1"UEO) ----· . 

Although the actual construction of the SPS's and EOTV's will tnke plar.e at the orbital bases, it 1s 
desirable to keep the number of personnel required at the base~ to a minimum by perfonning as many 
support functions as possible on the ground, as discussed previously. The magnitude of the construction 
task dictates that thf s ground operation should be assigned to a separate local operation Space 
Construction (Ground Operations), and not made a part of Integrated Operations as in the ca~e of the 
ground support groups for LEO and GEO base operations. 

SPS Operations and Maintenance is the organization that will operate the unmanned satellites from 
the ground in real time, using telemetered information. Although use of extensive on-board data 
processing is planned as well as are automated techniques on the ground, the amount of equipment and 
number or' satellites involved indicate that extensive human participation will be required. As in the 
case of tt._ Space Transportation vehicles, since the detailed configuration status for each satellite, 
as well as its required operating schedule, will be known continuously by this operation, 1t has also 
been made responsible for SPS maintenance. 
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LOCAL OPERATIONS 

SPACE CONSTRUCTION 
(GROUND OPERATIONSt 

SPS OPERATIONS AND 
MAINTENANCE 

INTEGRATED OPERATIONS (CONT) 

TASKS MONITORED BY INTEGRATED OPERATIONS 

- PREPARE AND DIRECT IMPLEMENTATION OF PLANS AND SCHEDULES FOR 
CONSTRUCTION OF SPS's AT GEO 

- DEFINE, PROCURE AND COORDINATE TRANSPORTATION OF SPS CONSTRUC
TION MATERIALS AND EQUlrMENT 

- DEFINE REQUIREMENTS AND COORDINATE ACQUISITION AND TRAINING OF 
SPS CONSTRUCTION PERSONNEL 

- PREPARE AND DIRECT IMPLEMENTATION OF PLANS AND SCHEDULES FOR 
CONSTRUCTION OF EOTV's AT LEO 

- DEFINE, PROCURE AND COORDINATE TRANSPORTATION OF EOTV CONSTRUC
TION MATERIALS AND EQUIPMENT 

- DEFINE REQUIREMENTS AND COORDINATE ACQUISITION AND TRAINING OF 
EOTV CONSTRUCTION PERSONNEL 

- OPERATE ALL OPERATIONAL SPS's FROM GROUND, UTILIZING TELEMETERED 
INFORMATION 

- TAKE APPROPRIATS: REAL TIME ACTION IN EVENT OF ANOMALOUS OR 
DEGRADED PERFORMANCE 

- DEFINE REQUIREMENTS, PREPARE AND IMPLEMENT PLANS AND SCHEDULES 
FOR OBTAINING AND TRAINING OPERATIONS PERSONNEL 

- DEFINE, SCHEDULE AND DIRECT SPS MAINTENANCE 

- DEFINE, ACQUIRE AND COORDINATE TRANSPORTATION OF MAINfENANCE 
MATERIALS AND EQUIPMENT 

- DEFINE REQUIREMENTS AND COORDINATE ACQUISITION AND TRAINING OF 
MAINTENANCE PERSONNEL 
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LOCAL OPERATION TASKS MONITORED BY INTEGRATED OPERATIONS (CONTINUED) 

The Rectenna/Grid Operation is responsible for the construction, operation and maintenance of the 
rectennas. It is also responsible for coordinating the interface with the operational SPS's and the 
utility grids. Interface items to be coordinated include satellite temporarily out of service, 
rectennas temporari1y out of service, grid load levels etc. 

The large number of space vehiclP.s involved in the SPS system as wrll as the amount of activity at 
geo5ynchronous orbit over the U.S., a location which is already qu.te populous, dictates the necessity 
for a Space Traffic Control Operation dedicated to the SPS system. In addition to the functions shown, 
this operation will serve as a single interface with any other existing space traffic control systems 
in inform them of SPS system activities as well as to receive information on non-SPS activities. 
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LOCAL OPERATION 

RECTENNA/GRID 

SPACE TRAFFIC CONTROL 

INTEGRATED OPERATIONS (CONT) 

TASKS MONITORED BY INTEORATED OPERATIONS 

- CONSTRUCT RECTENNAS INCLUDING GRID INTERFACES 

- OPERATE RECTENNAS 

- COORDINATE RECTENNAIGRID - SPS OPERATING SCHEDULES TO INSURE 
ADEQUATE POWER IS PROVIDED TO GRID DURING SPS MAINTENANCE, 
ECLIPSE, ETC 

- PLAN, SCHEDULE, PERFORM RECTENNA MAINTENANCE 

- MAINTAIN POSITION AND VELOCITY DATA ON ALL SPSSPACE EQUIPMENT 

- DEFINE LAUNCH TIMES/TRAJECTORIES FOR ALL SPACE TRANSPORTATION 
VEHICLES 

- DEFINE AND COORDINATE STATION KEEPING REQ, REMENTS FOR ORBITAL 
BASES AND SPS's 

- DETERMINE AND IMPLEMENT ACTIONS REQUIRED T\J AVOID COLLISIONS 
BETWEEN SPS SPACE EQltlPMENT AN') OTHER SATELLITES, METEORITES, 
SPACE DEBRIS 
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L<XA\. OPERATION TASKS MONITORED BY INTEGRATED OPERATIONS (CONTINUED) 

The large numbers of personnel who will be required to live and work in space and the amount of 
similar training required by each, suggests that a central operation, Crew Systems, should define 
integrate and coordinat~ requirements. acquisition and training of personnel. This operation would be 
responsible for accomplishing the common training for all personnel living and working in space and 
would coordinate with other operations for the training on tasks peculiar to each person's assignment. 
It ;s an~icipated that a significant amount of cross-training will be possible, such that one person can 
perfonn it• different assignments either for a r.omplete tour of duty or for emergency periods. 

The overall corrmunications system fur SPS has not yet been defined, however, the extensive nature of 
the SPS system and its activities indicate that the communications requirements will also be extensive. 
It is anticipated that a separate operation will be required to perform the functio~s involved. 
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TRW LOCAL OPERATION TASKS MONITORED BY 
INTEGRATED OPERATIONS (CONT) 

LOCAL OPERATION 

CREW SYSTEMS 

SPS COMMUNICATIONS 

TASKS MONITORED BV INTEGRATED OPERATIONS 

- DEFINE/COORDINATE NUMBERS AND TYPES OF PERSONNEL REQUIRED FOR 
ALL IN-SPACE ACTIVITIES 

- PREPARE AND IMPLEMENT PLANS AND SCHEDULES FOR OBTAINING 
NECESSARY PERSONNEL 

- DEFINE AND IMPLEMENT PERSONNEL TRAINING PROGRAM INCLUDING 
CROSS-TRA:NING 

- DEFINE AND IMPLEMENT CREW REQUIREMENTS FOR LIVING AND WORKING 
IN SPACE 

- DEFINE AND IMPLEMENT SPACE PERSONNEL FLIGHT PREPARATION ANO 
REHABILITATION PROGRAM 

- PROVIDE REQUIRED COMMUNICATION AMONG SPS SYSTEM ELEMENTS 

- OPERATE AND MAINTAIN SPS-DEOICATED COMMUNICATIONS EQUIPMENT 

- DEFINE REQUIREMENTS, PREPARE, IMPLEMENT PLANS AND SCHRDULE FOR 
OBTAIN1NG AND TRAINING NECESSARY PERSONNEL 
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INTEGRATED OPERATIONS ORGANIZATION 

As shown previously, the major functions of Integrated Operations are to define program requirements, to 
prepare and maintain the master program plans and schedules (including logistics), to coordinate the activities 
of the 12 local operations implementing these, and to continuously monitor performance. 

Since the activities of each local operation involve widely different s~iils and disciplines, it is necessary 
to have within Integrated Operations a specific group of people to interface with each local operation. These 
grolpS will act as representatives of the local operation within Integrated Operations, performing the general 
Int1!grated Operations functions with respect to the local operation and insuring that the needs and requirements 
of the local operation are adequately considered during Integrated Operations decision-making. 

As indicated in the figure, in addition to the twelve groups interfacing with local operations there are three 
additional 11 staff11 groups: 

a) A technical staff with the technical skills and disciplines which are not provided by the twelve 
interfacing groups. Typical of thc•se disciplines are SPS design expertise, rectenna design expertise 
and space transportation vehicle design expertise. This staff, together with the technical personnel 
of the interfacing groups, provide the top level technical knowledge necessary to resolve technical 
problems and make progranmatic decisions. This staff will also be the technical pool to which 
operations personnel can turn in the event of real-time problems with space vehicles during flight. 

b) A central planning and scheduling staff which will perform the mechanics of preparing and maintaining 
m~ster program plans and schedules. 

c} A program logistics staff which will coordinate all logistic requirements of the program to assure 
an efficient, coordinated logistics system . 

.;58 



D 180-25461-5 

TRW 
INTEGRATED OPERATIONS ORGANIZATION 

J l -. 
•DUIT•IAL ~.ut1111f1 cel9\ll 

~...J 

IU•FACI CltlW 

tliCll•CA&. 
ITAff 

I 
UUICllAll 

•CllVIAr •t• 

•ACI 

•TH RATH 
lflHTIOll 

I 
~ 

Tl'fll UTAT ... IYIT- Tu.allTAnlll 

359 

....... J ICMIDUlU 

"'Dl'Mll 
LOlllTICI 

l I I 
LEO Ill r;"ACI 
IAll - CHlnlUCT• 

•Atl l .. 11muN111• 
TllAlfl< I 

..... ,_ 
DNIATIMI 

. t 



Dl80·2S461·S 

!'" '.l:E TRAtJSPORTATION 

This sect·ion will present a brief description of thP major transportation system elem~nts 

incl:.:i:ling HLLV, P_V, EOTV and POTV. The utilization of th1.~se systems in terms of a transporta

t~0n scenario will be discussed in addition to the cost associ?ted with transportation in 

pe1~L ming the SPS program. 

360 



DJS0.25461-5 

SPACE TRANSPORTATION 

__________________ .._ _________________________________________ •OllNO-----

SPS-3104 

TOPICS 

a SYSTEM DESCRIPTION5 

o TRANSPORTATION SCENARIO 

o COST 
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TWO-STAGE WINGED SPS LAUNCH VlHICLE 

The reference launch vehicle used to transport the majority of cargo to the LEO base 1s a 
two-stage winged fully reusable system referred to as Heavy Lift Launch Vehicle (HLLV). The 
booster employs (16) L02/LCH4 engines (thrust = 10 million ~each) while the orbiter uses (14) 
SSME engines. 

A GLOW of 10,978 MT results for a gross payload of 424 MT. The net payload value is that 
associated with actual components, propellant, etc. The difference between the two values is 
40 MT for payload containers and rack to support the various containers and 24 MT to support 
the payload rack within the orbiter cargo bay. 

It shoulrl also be noted that the gross payload value relates to the reference trajectory 
which has a b1:rnout at approximately 120 km. Should environmental factors require suppression 
of the trajectory so burnout occurs at 7~ km, a gross payload of 360 MT would result. Such 
action has not been required as yet. 
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Two·~Stage Winged SPS Launch Vehicle 
(Fully Reusable Cargo Carrier) 

__________ ...._ _______________________ llllllN# -·-·· 

SPS-1953 

18.Sm 
(60.7 ft) 

PAYLOAD BAY 

ORBITER 
.,_ __ 80.6m 

(264 ft) ·I· 

79..9m 
'(282 ft) 

1 
CH4'02 ENGINES (18) 

BOOSTER 73.8 m 
(242ft---~ 

363 

GLOW 
PAYLOAD 

Gross 
Net 

MT -10978 

424 
360 
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SHUTTLE DERIVED PERSONNEL LAUNCH VEHICLE 

Orbital crew5 are delivered to the LEO base using a Shuttle derived Personnel Launch 

~ehicle (PLV}. The vehicle consists of a winged liquid propellant fly-back booster that employs 

four o2;cH4 engines c;·imilor to the HLLV booster, a resized, smaller version of the space shuttle 

external tank and the space shuttle orbiter. The paylc.•ild capab111ty to the LEO ba~e 1n a 

477 km/31 degree orbit 1s approximately 89 MT. 
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SHUTTLE DERIVED PLV 
______________ -., ______ ..._ _____________________________________________________ •1111wli-----

VEHICLE CHARACTERISTICS: 

GLOW 2,714,750 kg 

BLOW 1,959, 140 kg 

Wp1 1,699,820 kg 

OLOW (ET) 666,880 kg 

Wp2 551,720 kg 

PAYLOAD 88,730kg 

·, , 
., I 

--·"---·-- :•-- --· . \ 
I I . ' , ' 

37.93m 

Moel i fi ed ET 

-

STAGE 
1 

2 

... 

. I. 

ENGINE CHARACTERISTICS 

E NO. TYPE 
60 4 HIGH Pc L02/LCH4 

77.5 3 SSME 

," : I '\ ,' : 
I I I \ ,' ) 

,' ; • '•: I 
'--:----:--!t--~ .. _....__...._ 
' ' .·. ' ' I I ~ ' . .. . 

55.89 m 

Flyback Booster 
365 

lgp (SLNAC) 
318.5/352 

363.2/455.2 

THRUST (VAC) 
2.15x106 LBF 
9.564x106 N 
.470x106 LBF 
2.091JC106 N 



Dl80-2S461·S 

CARGO ORBIT TRANSFER VEHICLE 

(ELECTRIC ORBIT TRANSFER VEHICLE) 

The reference orbit transfer vehicle used to transport the majority of cargo between LEO and 

GEO employs electr1c propulsion and is referred to as dn electric vrb1t transfer veh1cle--EOTV. This 

vehicle has a large planar solar array (blanket design s1m1lai' to the SPS satellite) generating 300 MW 

and 1000 x 1500 m in s1ze. Power 1s processed us1ng solid state systems prior to utilization by the 

electric thrusters. The thrusters have a b~am current of 80 ampsJoperate at an Isp of 8000 sec and 

use argon propellant. Isp as well as up trip time of l~O days was detennfne to be the cost optimum 

for these two parameters. The down trip t·im~ is 39 days. P;iyload capability fs 4000 MT up and 

200 MT down. 
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CARGO ORB IT TRANSFER VEHICLE 
(ELECTRIC ORBIT TRANSFER VEHICLE - EOTV) 

,.t.VLOADAND 
PROPELLANT 

THRUSTER MODUt.EI (4) 

SYSTEM CHARACTERISTICS 
• Initial Power = 300 MW 
• Array = 1000 m x 1500 m 
• Elec. Th rust = 3345 N 
• Empty Mass • 1462 MT 
•Argon Prop • 469 MT 
• L02ILH2 = 46 MT 

367 

PERFORMANCE 
~ Payload 

Up • 4000 MT 
Down • 200 MT 

• Trip Time 
Up - 130 Days 
Down • 39 Days 

• 15 • 8000 sec 
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PERSONNEL ORBIT TRANSFER SYSTEM 

A L02/LH2 OTV has st~veral applications in the SPS program. One of these 1s that of crew 

rotation/resupply as shown on the facing page. In this capacity, a crew of 80 passengers and suppl1es 

of food and crew acco!l1llodations are transferred between the LEO and GEO bases. The OTV concept now 

consists of a single stage system that requires refueling at GEO in order to make the return trip 

to LEO. The concept employed previously has a two-stage round trip vehicle. Delivery of the POTV 

down propellant to the GEO base by the high performance EOTV i~esults 1n approximately a 175 MT 

propellant saving for each POTV flight as compared with the previous two-stage system. 

368 



Dl80-2S461-S 

PERSONNEL' ORBIT TRANSFER SYSTEM 

CREW ROTATION/RESUPPLY ------SPS--3-074 ________ .._ ________________________________________ ._•DllND ____ _ 

43m 
1· r·- 20m ---

' I " I I I I '\ I 
rJ \ I I 

L'-"2 H : LH2 
\ I I \ I 

" / " I 

POTV 

STAGE CHARACTERISTICS 

• Dry • 14· MT 
• Up Prop = 200 MT 
• Down Prop • 185 MT 
• Up Payload • 90 MT 
• Down Payload • 80 MT 
• Refuel at • GEO Base 

23m 
Cmax) 

CREW Supply Module (2)-

Sm -

'Orbital Personnel 
Module . 
(80 passengers) 

PAYLOAD CHARACTERISTICS 

• Passengers • 80 
• Flight Crew • 6 
• OPM •59.6 MT 
• Supplies 13. 7 MT (6600 Man Days) 
• Supply Modules 12. 3 MT 
• Priority Cargo 3. 5 MT 
• Struct Frame I. 5 MT 
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SATELLITE MAINTENANCE SORTIE TRANSPORTATION 

The other application for the L02/LH2 OTV is that associated with satellite maintenance. In 

this application, the OTV is based at the GEO base and is used to transport both satellite supplies 

(propellant and new parts) and mobile crew modules that house the repair crews while at the 

satellite(s). The reference mission characteristics for the supply mission are shown with the 

resulting propellant requirement being 77 MT and considerably less than the stage capacity. 

Mission characteristics associated with transfer of the mobile crew module are given and result in 

a propellant requirement of only 32 MT. The significant difference in propellant requirements for 

the three applications suggests that future work in the L02/LH2 OTV could focus on how to obtain 

a better matchup in requirements or maybe the use of several sizes of OTV's. 
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SATELLITE MAINTENANCE SORTIE TRANSPORTATION 

SPS-3009 r. -a...-~ TYPICAL KLYSTRON TUllE 
MODULE 'ALLrT C20 Pf:R FIXTURE I 

ICTM 
PALLET 

I 
OTV I__. .. I"'' •• "j f"! •·m-·-··· 1~"":111 

~- ~!-!~· ·-·# ~.-~ .. ~: 
lL.J1L .. lU .. lli . · 

ICTM PAL.Ln PUrnMI 

TRANIPORTI INOU91 IC'TV'I 
TO llllYICI te IATIM.l\'"a 

SUPPLY OTV MISSION 

• SUPPLIES TO 10 SATELLITES/SORTIE 

Maneuver 
Base to 1st 
Between ea. 
Return to Base 

Lonyitude 
f:hange (Deg) 

5 
2 

25 

Time 
(Days 

5 
1 
5 

• OTV PROP. REQMT = 77 MT 
(CAPAC ITV = 200 MT) 

Payload 
(MT) 

2050 
1850 (avg) 

1720 
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\DOCKING 
PIXTURI 
CIAlNDI 

CREW OTV MISSION 

•TRANSPORT MOBILE CREW MODULE 
to 20 SATELLITES IN 90 DAYS 

• MODULE MASS • 287 MT 
• OTV PROP REQMT - 32 MT 
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SPACE TRANSPORTATION SCENARIO 

OVERVIEW 

The space transportation scenario provides the data that defines how each transportation 

eleme· tis used in performing the SPS program. The overall goal, specific objectives and key 

g•Jidelines are indicated. 
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SPACE TRANSPORTATION SCENARIO 
OVERVIEW 

---------------------------------------------------------6DEIN&--- · SPS-3106 

o OVERALL GOAL 

PROVIDE TRACEAB '. J ITV 

o SPECIFIC OBJECTIVES 
. 

o IDENTIFY P!\YLOADS FC~ EACH SYSTEM 
o IDENTIFY TRANS PORTA Tl C~ SCHEDULE 
o I DENT I FY FLIGHT RATE AND TOTAL QUANTITY 
o PROVIDE VISIBILITY BETWEEN TRANSPORTATION 

FOR SATELLITE CONSTRUCTION AND MAINTENANCE 

o KEY GU ICELINES 

0 CONs·,,r::T TWO 5 GW SA.TE. ... '91TES PER YFAR 
o CONSTRUCT A TOTAL OF 60 SATELLITES 

CUM@ YEAR 5 2 
YEAR 13 - 20 
YEAR 23 - 40 
YEAR 33 - 60 

o MAINTAIN EACH SATELLITE TWO TIMES PER YEAR 
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SPS DEMONSTRATIG.~ AND CCIMMERCIALilATION S\:HEDULE 

The data included ~r the tran~portation scenario unly involves the activity associated with 

t •· <0rrrnercialization phase. The schedule shown also indicates the key act1v1t1es of the demonstration 

pnase so that or.e knows what system clements are c.availclble for the commercial phase. 

The ~onrnercialization schedule begins with the construction of the EOTV fleet and GEO construct1on 

base. One year is allowed to construct the first 5 Gwe satellite which comes on line ~years into the 

commercial phase. Ea~h subsequent satellite 1s cc1;structed 1n 6 months. J'i.s indicated earlier, a total 

of 60 sa ellites are constructed over a 33 year time period. 
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SPS DEMONSTRATION AND COMMERCIALIZATION ~CHEDUL£ 

----SPS-'.i.i7 ___ _._ ____________________ lllll,ND --

l:JlAl YRS I -+ 13 .1_ 14 I 15 I 16 17 
2 

18 
3 

19 

• SDV 
CO.V1MERCIAL PHASE YRS-+ l 

•HLLV 
4 

£.-$t$:$~i~ CONST LEO BASE 

~~JCONST DEMO SAT ~Commercial Phase 

~::=::: .. ::2: TRANSFER DEMO SAT 

fu~b&.® DEMO FINAL ASS Y & C/O 

~~$WM TEST DCMO SAT 

CONST EOTV FLEET~~~ 

CONST. SMALL@:~:::$;;~ ~~~~~CONST GEO BASE 
GEO BASE 

CONST l~T 5 GW SAT.~~ 

20 
5 

CONST 2ND 5 GW SAT~ 

3ROSAT.~ 

SDV • Shuttle Derivative HLLV 4tn Sat.~ 
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CREW IN ORB IT 

Paylocds to be transported include crews and cargo. The crew requirements 1n orbit as a function 

of time 1s shown. The LEO base crew nonnally is 200 1 thC! GEO base constrt!ct1.)n 440 for the con

:;truction of two satell1tes 1;er vear while the satellite ,ndintenance crew varies w1th the number of 

Sdtellites in orbit. The indicated maintenance increases at a rate of 40 people per year which is 

a time averaged value based on a detail maintenance analysis associated with 20 satellites in orbit 

and requiring 38G people. The total crew in orb1t when 20 satellites are installed is 1000. 40 

satellites (Yr 23) involve l~no and 60 satellites (Yr 33) 1800. 
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CREW IN ORBIT 
__________ __.:;.._ ____ _._ _________________________________________ •••1•• 

SPS.30S8 

1400 
OTHER CREW REQUIREMENTS 

LEO GEO Mai nt 
1200 YR 23 zro- 440 7flJ 

YR 33 200 440 llflJ 

1000 

1--co SATELLITE MAINTENANCE CREW 
~ 800 

TOTAL CREW IN ORBIT 

z 

~ 600 
u 

. .r-- -- ..,_ r- -----, 
- -- .... - _, - - ... - - - - - .... - .... ..J \.. -

400 

GEO BASE CREW 
(CONSTRUCTION) 

200 
r __ 23s __ 1 __ JQ!J _________ yL _ L~~~~~~ __ fl~- ___ .,__ 

LEO BASE CREW 
(DEPOT OPERATIONS AND EOTV CONST.) 

Q ...._l _._2 _l. ~4"' I 5 6 7 8 9 
1 

lQ I 11 I 12 I 13 l 14 I 15 I 16 l 17 I 18 I 19 I 20 
COMMERCIAL PHASE (YEARS) 
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PAYLOAD CHARACTERISTICS 

The cargo payloads to be transported are shown. It should be noted that the payload mass 
const tute 3ne time expenditures or annual rP.quirements. Total annual requirements are discussed 
later. The majority of the items are self-explanatory but several require some explanation for 
mo re c 1 a ri ty . 

Crew f.:ir:i"lity supplies relate to the spares, atmospheric gases and water expendables associated 
wi :h al 1 the 1'.:-ge crew mod•Jles (crew quarters, operations module and maintenance ml')dule}. Work 
facility s11pplies cover the same items as listed for the crew modules but in thi£- case they are 
associated with small manned systems such as the cherrxpickers ( MRWS ~crew buses, etc. in 
addition to base ty~e spares and expendables such as flight contra~ propellant. 

In the case of the GEO ba~ ! work facility supplies, the value includes an allocation of 500 MT 
for flight control prope·11ant based on using LO,/LH? propellant and a bdse/satellite gravity 9radient 
attitude. This propulsion and attitude approacn is-different from that which is described in the 
GEO base discussion where i:>lectric propulsion and a POP attitude are indicated as the reference. 
The L02/LH2 and gravity gra•Jient approach has been used for transportation analysis since it is 
worst .. ase in terms of mass but also because lijhen £.afety and operational factors are considered 
this approach may be the n;ost practical. 

In the area of SPS maintenance, the supplies include spares (new part:.) as well as flight 
control propellant. Crew and work facilities is the mass requiret' for each 20 satellites which 
covers three crew modules and one maintenance module at the GEO base and one mobile crew module 
that goes out to the satellite. 

Cargo tug propellant relates to that required to move payloads between the LEO base and EOTV. 
Crew supplies include food and crew acco11111odat1on items constituting 0.9 MT/manyear including 
packaging. The supply module contribution is 0.8 MT/manyear. 
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PAYLOAD CHARACTERISTICS 
(All Weights in Metric Tons) 

' w -SPS 0 ... 
Satellite ( U 50, 984 
Allowance for Breakage (~) 1,020 
Total per Satellite 52,004 

LEO BASE 
Base 1,603 
Crew Facilities Supplies/Yr 313 
Work Facilities Supplies/Yr n 

GEO BASE 
Base 40) 
Crew Facilities Supplies/Yr 568 
Work Facilities Supplies/Yr 683 

EOTV 
_,, Vehicle 1,462 ' -i Propellant/Flight 515 °' r-_,, 

M 
M 

i Refurbishment/Flight 40 -Q 

POTV - CREW ROTATION/SUPPLY 
Stage 14 
Pro~~ llant/Flight (Up/On) 2001185 
Refurbish mentlrlight 0.1 
Personnel Module 53 

S PS MA I NTENANCE 
SPS Supplies/Satellite/Yr (to GEO Base) 236 
Crew & Work Faci1ities/20 Satellites 1154 
Crew & Work Supplies/Yr/20 Sate!!;tes 206 
POTV Maintenance Sortie Pro~Sc:temte/Yr 25 
Maint~nance Sortie Satellite uppiies/Yr 410 

CA.RGO TUG 
Vehicles 24 
Propellant/Refurb/EOTV Flight 37 

CREW SUPPUES/MAN YEAR 1. 7 
(Incl. supply module contribution) 
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SPACE TRANSPORTATION TRACEABILITY 

As ird1cated ~ar1ier, a key goal 1n the scenar1o analysts is to show traceability of the 

transportation elements, the payloads and whether they relate to construction or maintenance. 

The traceabi11ty approach to be used is illustrated. Each transportation element consists of 

payloads and fleet characteristics. The payload portion identifies all payloads to be trans

ported by that element. When used in conjunction with the payload mass characteristics 

identified earlier, the total mass can be detemiined thus allowing fleet characteristics sue~ 

as number of tlights and vehicle quantities to be detemiined. It will also be noted that the 

POTV, EOTV and HLLV are interrelated while the PLV is completely independent. An example of 

employing this traceability technique will be presented in the following charts using the EOTV. 
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SPACE TRANSPORTATION TRACEABILITY 

HLLV 

PAYLOADS - - FLEET 

Vehicles 
Prop 
Spares 
Flights 

r----L---., 
l LEO BASE : D:> ._ ___ ---~ 

PLV 

PAYLOADS - - - FLEET 

CREW 
PM 

POTV 

Vehicles 
Prop. 
Spares 
Flights 

, .-'-~ET I- -- - - - ~P_A_YL_O_A_DS_ r-- ---, 
LFAfl~TIE~J SUPPLIES FLEET - - PAYLOAD 

~Vehir' s 
~Prop 
~Spares 
L Flights 

j Satellite 
Lsreakage 

GEO BASE 

Facilities 
Supplies 

o::> Crew 
Base 
Cargo Tug Prop 

Vehicles 
Prop. 
Spares 
Flights 

SATELLITE 
MAINTENANCE 
PROVISIONS 

POTV (CONST) 

. Prop-On 
Sate I lite Components 

Pers. Module/Crew F 
Crew ·Supply Module 
Priority Cargo 
r10B I LE CRE\i MODULE 
SAT, MAINT, PROVISIONS 

CARGO TUG 

Prop 

Faci Ii ties 
Supplies 
POTV Prop 
PM J8t 

CT:::> Transported by Shuttle Derivative HLLV 
C?:::> Transported to LEO by PLV 
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EOTV PAYLOADS TO GEO CONSTRUCTION 

As can be seen or. the tr~ceability charts, the payloads to be transported to GEO by the EOTV 
are those associated with satellite maintenance and those categories relating to satellite con
struct;Jn. The facing chart deals with the construction payloads although a similar chart has been 
prepared for tne maintenance payloads. 

In this f0nnat, the quantity of satellites completed and the payload mass are identified 
by year for thP. first 13 years of the commercial program and for the 23rd and 33rd years. Up through 
the first ~3 years is sufficient to see the impact of construction the second fleet of EOTV's and 
the main~enar~e of 20 satellites in orbit. The 23rd and 33rd year values have also been identified 
.-; lee they correspond to 40 and 60 :atellies respectively being in orbit so the impact of the add1-
tiona1 .:iaintenancP activity can be assessed. 

The total payload per year to be transported by the EOTV and eventually transported by the 
HLLV is indicated. The HLLV value is lower by the amount equal to the POTV down propellant. This 
POTV down r ·opellant is not included since it is being "book kept" or charged against the POTV 
contribution to HLLV payloads (see Traceability Chart). 
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EOTV PAYLOADS TO GEO FOR CONSTRUCT I ON 

- •llllNO -·- ~·· . 
' SPS-3108 [)::> TOTAL PAYLOAD 

YEAR SAT SPS GEO GEO BASE TUG POTV 
QTY BASE SUPPLIES PROP PROP EOTV HLLV 

l 2400 127 48 140 3315 2575 
2 2400 455 63 1480 4398 2918 

3 26002 796 296 2590 29684 27094 

4 2 78006 1251 851 4070 84178 80108 
&:: 4 104008 1251 1147 4070 110476 106406 -
6 6 104008 1251 1151 4070 110480 106410 
1 8 104008 1251 1161 4070 110490 106420 
8 10 104008 1251 1170 4070 110499 106-':9 
9 12 104008 1251 1180 4070 110509 106439 

10 14 104008 1251 1195 4070 110524 106454 
11 16 104008 1251 1199 4070 110528 106458 
12 18 104008 1251 1210 4070 110539 106468 
13 20 104008 1251 1224 4070 110553 106481 

23 40 104008 1251 1300 4070 110629 106559 

33 60 104008 1251 1406 4070 110735 106665 

~. )·.Not incl. in EOTV contribution to HLLV P/L since all POTV prop. 1s charged to POTV fleet. 

ALL MASS IN METRIC TONS 
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EOTV FLEET 

Once the total payloads to be transported are established. the EOTV fleet characteristics can 

be detennin~d as shown. Using a net delivery capability of 3600 MT per EOTV flight the number of 

flights is established. (Fractions of flights are indicated although in reality the fraction would 

be eliminated by using more prnpellant per flight for a fixed trip time.) The vehicles required 

are based on a 23S day turnaround (flight+ refurb) for two successive flights of a given EOTV. 

This results in 1.5 flights per year per EOTV and with the total flights, the number of vehicles can 

be determined. 

The number of vehicles constructed is also indicated with construction of a new fleet of 

vehicles based on a 7 year (10 flight) design life. From the quantity of vehicles, the vehicle mass 

can be deterrr:rne'1 based on a dry mass of 1462 MT/vehicle. Propellant and spares are 515 MT and 

40 MT per flight (note: totals are based on fractions of flights). Fleet mass is the sum of the 

vehicle mass ar.d propellant and spares mass. 

It will also be noted that for most parameters, visibility is provided regarding contribu

tions to construction or maintenance of satellites. 
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EOTV FLEE.I 

I FLIGHTS VEH VEH NEW \EH VEH. MASS PROP & SPARES FLEET MA.SS 
YR CONST MAINT REOG AVAIL. CONST MA INT CONST MA INT C~NST MA INT CONST MAHH 

1 0.9 - 4 6 6 - 8772 - 508 - 9280 -. 
2 1.2 - 4 12 6 - 8772 - 678 - 9450 -
3 8.2 - 8.3 I 18 6 - 8772 - 4633 - 13405 -

l 
4 23.4 0.4 18.3 I 21 3 - 4386 - 13221 226 17607 226 

i 

5 30.7 o.s 23.1 i 24 2 1 2924 1462 17345 282 21731 1744 

30.7 
I 

24 17345 396 17345 39G 6 0.7 28.3 I - - - -
7 30.7 1.1 23.5 24 - - - - 17345 622 17345 6"" <-L 

8 30. 7 1.2 23.6 24 - - - - I 17345 678 17345 678 

9 30.7 1.5 23.8 24 - - - - 17345 847 17345 847 

10 30. 7 1.8 24.0 24 8 - 11696 - 17345 1017 29041 1017 
11 30.7 2.0 24.1 24 8 - 11696 - 17345 1130 29041 1130 
12 30.7 2.2 24.2 25 7 .2 10234 2924 17345 1243 27579 4167' 
13 30.7 2.6 24.5 25 - - - - 17345 1469 17345 1469 

23 30. 7 4.9 26 26 Ct> - - 17345 2769 17345 2769 

33 3C.7 7.6 27.7 28 ()> - - \7345 4294 17345 4294 

Q:::> These years m1ss the time period when new EOTV's are constructed. 

ALL MASS IN METRIC TONS 
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HLLV PAYLOADS TO LEO 

Jl.ll payloads to be transported to LEO by the HLLV are inaicated. Again, in the full 

description of the scenario in the System Description document, analysis sheets are provided for 

each payload and/or fleet. 
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HLLV PAYLOADS TO LEO 

f LEO 
•DllNG 

Sl\T. EQT\' FLEET EvTV PAYLOADS POTV FLEET POTV PAYLOAD YEAR BASE QTY. SUPPLIES CONST t'-1AINT CONST. MA INT CONST MAI NT CONST MAINT 

1 555 9280 2575 1554 123 
2 785 9450 2918 3080 238 
3 785 13405 27094 5390 476 
4 2 725 17607 226 80108 916 8470 770 748 69 
5 4 725 18807 1744 106406 838 8484 834 794 115 

6 6 725 17345 396 106410 1310 8470 1640 748 136 
7 8 725 17345 622 ~06420 2107 8484 2460 794 204 
8 10 725 17345 678 106429 2292 8470 3280 748 272 
9 12 725 17345 847 106439 2764 8484 4114 794 386 

10 14 785 29041 1017 1106454 3561 8470 4920 748 408 
11 16 7£5 I 29041 1130 106458 3746 8484 5754 794 476 
12 18 785 27579 4167 106468 4218 8470 6569 748 544 
l? 20 72c; 17345 1469 106481 5245 8484 7374 794 658 

23 40 125 17345 2769 106559 10133 8470 14824 748 1224 

~".' 
' ..... 60 7£.5 L '5 4294 106665 15357 4570 23780 748 1972 

I 
' ---- --------------------------------------------------------------------~----------------------· ----------------

ALL f1ASS IN METRIC TONS 
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POTV FLIGHTS 

The results of the space transportation scenario analysis in tenns of number of flights for 

the transportation elements are presented in the next four charts. Annual flights for the POTV are 

shown as a function of several key years and the associated number of satellites in orbit requiring 

maintenance. Again, distinction between maintenance and construction flights is indicated. Each 

flight includes transportation of 80 people. 
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EOTV FLIGHTS 

The annual number of EOTV flights are indicated for key years of the program. It may be 

noted that th~ number of EOTV flights does not increase as rapidly with larger numbers of satellites 

as the POTV since the cargo payloads do not increase as rapidly as crew requirements, and in addition, 

the cargo capability of the EOTV is so large, a significant impact in EOTV flights does not occur. 
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HLLV FLIGPTS 

The annual rumber of HLLV flights are indicat~d for key years of the program. It may be 

noted, that even for the time period of 60 satellites 1n orb1t, an average of only 1.5 launches 

per day is required. 
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PLV FLIGHTS 

The annual number of PLV flights are indicated for key years of the program. As in the 

case of the POTV, the number of flights for the PLV is also quite sensitive to the increase in main

tendnce activity. A passenger lodd of 80 is assumed with the indicated number of flights rounded 

off. 
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TRANSPORTATION VEHICLE QUANTITIES 

The results of the space transportation scenario in terms of the total number of vehicles 
required for the program are indicated. Quantities are actually equivalent units and include 
initial requirements to satisfy basic turnaround as well as that required for wearout, refurb, 
and replenishment. The HLLV value relates to total vehicle meaning 94 boosters and 94 orbiters. 
The initial quantity of HLLV's is to satisfy an average of 400 flights per year with 4 day turn
around. The HLLV, PLV booster and orbiter values are based on 300 flight design life for air 
frames and unlimited engine life. The ET is expendable each flight with the initial quantity 
relating to the time period to complete construction of the initial EOTV fleet and GEO base. 

The initial quantity of EOTV's relates to satisfying requirements associated with con
structing two 5 GW satellites per year plus a spare, while the total quantity is based on 10 
flight design life. The POTV quantity is based on 50 flight design life. 
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TRANSPORTATION NONRECURRING COST 

DDT&E and initial investment cost are presented. The $21 billion DDT&E cost was detennined 
by using detail mass statements of each element and the Boeing Parametric Cost Model (PCM). The PLV 
cost relates to obtaining the flyback booster and ET modifications. The SDHLLV contribution to 
DDT&E relates to that cost associated with obtaining a payload cannister and engine capsule to 
replace the orbiter of the PLV. 

The $23 billion initial investment includes flight hardware cost based on the initial 
number of vehicles required as previously discussed, and their average cost and also the cost of 
facilities for launch, recovery and propellant production. In this case, the large fleet and 
expensive average cost of the EOTV make it the largest contributor. 
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COST PER FLIGHT 

The cost per flight for each transportation element and the major contributors are presented. 
Costs are also expressed ~~r unit of mass which makes for interesting com~arisons. The flight 
hardware for all elements is the largest contributor, and for launch vehicles and POTV, is based 
on the total number of units required and learning of 85% on airframes and 90% on engines. EOTV 
power conditioning components have quantities that merit 70% learning, thrusters and solar cells 
use mature industry costing (2 times material cost) and the remainder of components use 85% learning. 
Unlike previous values fer the EOTV and POTV the current values do not include the launch costs 
associated with refueling the vehicles. (Note: total transportation cost is covered for this by 
the number of HLLV launches which include propellant launches.) One observation from this data is 
that the high cost per kg of the PLV is due to the expendable ET and brings about the consideration 
of not using this •ehicle in the :onmercial phase of the program and use the HLLV for this task. 
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COST PER FLIGHT 

COSTS ARE IN MILLIONS OF 1979 DOLLARS 
HLLV 

($29/KG> 

FLT HOWE 
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TOT AL• 45. 2 M 
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TRANSPORTATION RECURRING COST 

The total transportat1or. recurring cost f s presented for several key year'S of the program. 

These costs are obtained by multiplying the cost per flight values by the null'Eer o~ flights for a 

given year. The range of annual costs are $6.4 b1111on near the beg1nn1ng of the pr'llgram and $8.8 

billion when 60 satellites ar·e present with the HLLV cost being the most dominating in all cases. 
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TRANSPORTATION RECURRING COST 

CONSTRUCTION AND MAINTENANCE 

Recurring transportation cost 1s presented in terms of 1ts division between c?nstruct1on 

and maintenance activ1ti-:s. In the beginning, very little maintenance expen!i~ 1s incurred, 

however, by the t1me 40 satellites are 1n orbit approximately 25% of the transportation cost is 

related to maintenance. In sunmary, approximately $0.8 b1111on additional cost is incurred for 

each 20 satellites 1n orbit. 
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FUTURE TRANSPORTATION SYSTEM WORK 

Should money become availab~e for future work, the indicated areas are suggested for consid
eration. In all cases, the work would fnvolve system level analysis rath2r than detail design analysis. 
In the area of HLLV, d smaller payload capability such as 100-200 MT should be cor.sfdered wftl'i the 
potential advantage being lower DDT&E cost and a vehicle not so physically imposing or oversized 
for other space applications should SPS not proceed. Other assessment factors wo~ld include impact 
on cost per flight, launch complex operations due to significantly more flights per year and the 
impact on satellite design due to smaller phy• teal envelope of the payload bay. 

The investigation related to the PLV would be that of eliminating this from the transportation 
fleet during the cormiercial phase of the program due to its extremely high delivery cost per kg. 
Instead, the orbital crews would be launched in the HLLV--either in personnel modules like in the 
PLV or have the crew compartment of several HLLV orbiters enlarged to acconmodate the crew. 

Introduction of the EOTV relatively late in the SPS studies has resulted in one analys~s 
pass completely through the system but no iteration. It is suggested that additional work be per
fonned in the area of solar cell performance as influenced by thennal effects and ratiation and the 
resulting impact on vehicle design 11fe and ultimately fleet size. In addition, another examination 
should be made on the overall configuration for its impact on constructab111ty and flight control. 

Converting the POTV to a single stage system refueled at GEO late in th~ current study also 
has prevented iteration of the mission and design analysis. The task suggested fs to try and adjust 
the requirements of the various missions of the stage to detennine if a more optimum stag~ or multiple 
sf ze stages are best. 
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o PLV 

ASSESS IMPACT OF SMALLER PAYLOAD CAPABILITY 

CONSIDER ELIMINATION DURING COMMERCIAL 
PHASE--LAUNCH CREW IN HLLV 

o EOTV 

ASSESS PERFORMANCE AND LIFE CHARACTERISTICS 

o POTV 

ASSESS SIZING FOR MATCH-UP BETWEEN CREW 
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MAINTENANCE SORTIES 
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WHY SOLID STATE? 

The principal motivator for the solid state system is the much greater projected relic.bility than is expected for vacuum 

tube devices. The device mean-time-between-failure may be as much as two orders of magnitude better than vacuum 

tube devices. Further, lower mass per unit area is expected, and research and development activities may be con

ducted with small hardware items that can be quickly modified, tested, improved and retested. 

However, there are certain problems associated with the solid state system. They are low-temperature, low-voltage, 

and low-power devices. The efficiency is somewhat uncertain, the cost of high performance devices is toda/ high, 

and the complexity of the solid state transmitter appears to be greater. 

Presently on-going system study efforts are attempting to trade off these advantages versus disadvantages to arrive 

at practical approaches for employing solid state transmitters, and more importantly, to arrive at the most relevant 

research objectives and approaches. 
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Why Solid-State? 
__________________ _._ ___________________________________________ .. ,, .. -----

SPS-2831 

• RELIABILITY 

• LOWER MASS/AREA 

• DEVELOPMENT ON SMALL HARDWARE rrEMS 

BUT 

• TEMPERATURE LIMITS 

• LOW VOLTAGE, LOW POWER 

• EFFICIEN~Y? 

• COST?? 

• COMPLEXITY?? 
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SOLID STATE DEVICE LIFETIME 

Solid state devices are attractive for SPS because they may have extremely long opP.rating 
lifetimes if their operating temperatures are kept low. 

This curve shown is the best existing dynamic MTF vs junction temperature curve for GaAs 
FETS. The devices tested were small signal GaAs FETS, which, while structur~lly similar to 
power GaAS FETS,are not operated at similar electric field intensities. 

Currently DOD' s Rome Air Development Center has sponsored several power GaAs FET rel1ab111 ty 
studies. These will be complete in about a year and should provide the required data. 
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Solid State Device Lifetime 

------------.:...-------'-------------------------------------------------------11a111V~------S~2l18 

.. 
u.. 
al .... 
:: 
w 
u -> w 
Q 

10 

• SMALL SIGNAL GaAs FET 
• RF POWER ON DURING TEST 
e LOG NORMAL FAILURE DISTRIBUTION 

o•1 

1o3'----·---------~--------------------100 120 140 160 180 200 260 

JUNCTION TEMPERATURE, •c 
REFERENCE: LUNDGREN AND LADD, PROCEEDINGS OF 

IEEE 1978 RELIABILITY PHYSICS ~YMPOSIUM 
412 



0180-25461-S 

SOLID STATE DEVICE MATURE INDUSTRY COSTING 

With a 70% production rate improvement curve (i.e., units produced at the rate of 2n per year cost 

70% as much as units produced at the rate of n per year), cost pe!" unit power for GaAs FETS is about 

the same as the projected cost per unit power for klystrons. 
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SPS ~F DESIGN OPTIONS 

Integration of the transmitting aperture with the solar array represents one of the 

fundamental decisions to be 1nade in an SPS design. The bas1c choices are: 1) to construct 

a sei;.1rate transmitting antenna .rnd buss power to ft from the so1ar array. or 2) to have local 

DC-RF converters on the solar array. Note that in (2) the basic two-vector geometry of a 

solar power satellite requires at least one Fff or solar mirror. 

In t~~ interests of conservatism and to allow the ability to make fair comparisons of 

solid state and the NASA/DOE reference SPS designs.an antenna mountea .~proach was chosen 

for the solid state reference satellite. 
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SPS RF Design Options 

" 

RFCONVERTER [:::::{> ANTENNA 
MOUNTED 

SPS DESIGN 

KLYSTRON 
SOLID OR 

CFA STATE 

PC-WER OUTPUT 6GW 2GW 
TO GRID 

SPACE ANTENNA 1km 1.&km 
DIAMETER 

hECTENNAflAMETER 10km 8.7km 
0 23mw/cm 

ANTENNA 10dbTAPER 10 db TAPER 
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(CONCENTRATION RA'TIO • 3) 

OPTICAL 
REFLECTOR 

SOLID STATE 

0.7GW 

2.7km 

3.8 km 

UNIFORM 

RF REFLECTOR 

SOLID STATE 

0.2 ow per km2 
SOLAR CELLS 

HIGH POWER 
WAVEGUIDE 

NOT DETERMINED 
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DC-RF CONVERTER FEATURES 

The three principal DC to Rf converter systems that have been considered for SPS application 

are the klystron, ti;e crossed-field amplif·ier and the solid state transhtor. Klystrons have 

received most of the emphasis in past systems definition studies. Current emphasis is being 

directed to solid state systems becduse of their potential long operating lifetimes. 
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DC-RF Converter Features 

KLYSTRON 

50-70 KW 

40 Kv 
>80% 

>10 YEARS 

1<>6 

300-600oc 

THERMIONIC 
.. 4~b -

CROSSED FIELD 
AMPLIFIER 

INJECTION 
AMPLITRON LOCKED 

MAGNETRON 

6KW 

<20Kv 
>86% 

>10 YEARS 

106 

300.&00oc 

COLD OR THERMIONIC 
<10~b 

41~ 

SOLID STATE 
TRANSISTOR 

FET 

1-C WATTS 
l0·20 v 
75" 

>>100YEARS 

>109 

100.130°C 

NONE 
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SOLID S7ATE TRANSMITTING ANTENNA UUANTlZATION 

The ten-step baseline SPS Gaussian taper was adapted to the solid state transmitting antenna. 
Each step uses power modules with differ£nt ~evice RF power outputs. As shown, there are five 
different types of RF power modules. In the 5.5 kw/m2 center of the transmitting array the 
cavity radiator design is used whereas 2/5 of the way to the periphery the lower power/area 
allows the use of considerably less massive simple dipole radiator modules. 

Note the prodigious number of FETs required-~2.4 billion per 10 GW SPS~derived grid 
capacity. 
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SOLID STATE TRANSMITTING ANTENNA QUANTIZATION 

Sf>S.307!> 

(P/A)RF I (M/P)RF 
l/lllllNO 

OUTSIDE STEP NUMBER OF ffJDULE t«>DULE STEP MODULE HO. FETS 
STEP RADIUS AP.EA SUBARRAYS TYPE POWER MASS (M) ? ( W) (Kwm-2 (kg 1cm-l) (T) (m) (m .. ) 

1 124.8 48,970 456 High Power 
4-FET, Cav1 ty 

28.7 s.so .742 200 37.82 

Radiator 
(4.06 kgm-2) 

2 249.6 146,830 1,360 It 24.0 4.45 .917 600 112.80 

3 322.4 130,820 1,208 Reduced Power 19.2 3.56 1.006 468 100.20 
4-FET Cav1 ty 
Rad1ator 
(l.58 kgm-2) 

4 384.8 138,640 1,280 " 16.0 2.97 1.207 496 108.17 
5 457.6 192,680 1,784 2-FET Cavf ty 12.8 2.37 1.289 590 73.99 

Radiator 
(3.06 kgm•2) 

6 520.0 191,680 1,776 2 FET 01poie 
(1.47 kgm'" ) 

12.8 1.78 .826 582 55.24 

7 561.6 141,390 1,312 " 9.6 1.33 1.101 208 40.81 
8 582.4 74,795 696 " 8.5 1.18 1.244 110 21.65 
9 644.8 238,950 2,208 1 FET Dipole 

(1.47 kg m·2) 
6.4 .89 1.652 J51 34.34 

10 707.2 264,880 2,448 " 4.3 .59 2.476 389 38.07 
TOTALS 14,528 3,694 621.09 
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COMBINER MODULE CONCEPT FEATURES 

Using our present SPS ma/imum ionospheric power/area of 23 rrM/cm2, the choice of the 
type of power module to be used at the center of an SPS transmitting array determines the maximum 
link power. The features that led to the choice of the solid state cavity combiner-radiator 
module used in the central region of the transmitting array are outlined. 

421 



01~25461-5 

COMBINER MODULE CONCEPT FEATURES 

-----------------------------------------------------------------•llllN•-----

• ADAPTABLE TO ANTENNA-MOUNTED SYSTEM 

• THERMALLY EFFICIENT 

- GOOD HEAT PATHS 

- RADIATE FROM BOTH SIDES 

• EFFICIENT COMBINING OF LOW-POWER (.-6-\"IATT) DEVICES 

- ATTAINS ADEQUATE POWER DENSITY 

• HIGH GAIN, PHASE-STABILIZED 
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SOLID STATE COMBINER RADIATOR MODULE 

The main features of the combiner radiator module are illustrated on this chart. The antenna circuit itself is capaci

tively coupled to the radiator patch through a ceramic dielectric. The radiator patch functions as a double slot, 

emitting linearly polarized RF radiation. The antenna circuit is driven by a pair of push-pull power amplifiers employ

ing 5 watt gallium arsenide FET transistors in each of the four final output stages. DC supply connections are routed 

through the center of the antenna along the zero potential line. Output from the radiator is compare<.! to the input 

'."-.F drive signal by a phase comparator circuit and the phase of the RF drive to the amplifiers is adjusted accordingly 

to maintain phase control of each individual radiator. This compensates for through phase variations in the power 

amplifiers and antenna circuitry. The antenna is covered by a resonant cavity which provides filtering at the ampli-

f .er outputs. The entire assembly is mounted to an aluminum baseplate and ground plane. 
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Solid State Combiner-Radiator Module 

SPS-2838 

I $ . $ 

~~ ~ POWER AMPLIFIERS --.c:;;; ____ ...1..-____ .. ~ 

CAVITY---



D1S0.2S461-S 

INTEGRATION OF MODULES INTO ANTENNA PANEL 

The modules would be integrated int<' an antenna panel as Hlustrated here. The dimensions give an idea of the size of 

these modules. Each module r;h,jates about 30 watts of Jinearly polarized RF power. Experiments have indicated 

that this module design provides a very low loss means of combining the output of 4 solid state power amplifiers. The 

module also includes phase correction feedback to phase stabilize the amplifiers and a fault detection system to 

substitute a load resistor for any amplifier that open circuits. 
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64 MODULE PANEL LAYOUT 

Illustrated on the facing page is the layout of a basic panel including 64 solid-state combiner modules. A fiber optic 

phase-feed goes into the center of this panel where a pre-amplifier converts the fiber-optic phase signal to a 

microwave signal which is then distributed by the phase distribution network shown. This network at this level is 

presently conceived as open-loop. Further analysis and experiment will be necessary to as<::ertain to what degree 

open loop phase-feed can be employed with solid-state systems. 
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SUBARRAY ASSEMBLY 

A mechanic~' subarray includes 324 of the panels illustrated on the previous charts. The subarray will include four 

phase control receivers, one for each '··by-' meter subsection of the subarray. These phase control receivers will 

generate the loc.:al pha:;e signal. This signal is distributed to the panel level by fiber-optic distribution links and 

within the panels by a microstrip phase-feed as illustrated on an earlier chart. 
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SOLID STATE DIPOLE RADIATOR MODULE 

For the lower power/area periphery of the transmitting array, this dipole radiator module 
de.c;ign allows a 62% reduction in mass/area. Note that these modules are also somewhat larger 
(.~_>. x .8 >. instead of.~>. x .6>. ). 
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SOLID STATE DIPOLE RADIATOR MODULE 
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DIPOLE RADIATOR MODULE MASS STATEMENT 

A mass est·imate for the dipole radiator module ~es1gn is shown. Note that 78 percgnt 
of the module rnass is 10 mil stamped aluminum. 
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DI POLE RADIATOR MODULE MASS STATEMENT 

lllllND 
SPS-3090 

MASS PER MODULE• MA5S/AREA 
ITEM (g) (kg m-2) 

10 Mil AL GROUND PLANE 4.93 .686 

CERAMIC SHIELD . 7 .097 

DI POLE AND SUPPORT: 10 mil Al 3. 75 .522 

DIELECTRIC PLUG .7 .097 

CHIPS, METALLIZATIONS, BENDING, ETC. .5 .070 

TOTAL ll08 1.472 

• .6 ). x .8). 
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THE ANTENNA SUBARRAY AND SUPPORT STRUCTURE INTERFACE 

The support structure for the subarrays is comprised of simple linear truss members supported to the primary struc

ture at four support points for each bay. This linear truss structure can be fabricated by beam machines or prefabri

cated and nested for shipment. This structuraJ design approach provides a much simpJer secondary structure than 

the earlier reference as well as improved access for maintenance equipment. 
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ANTENNA ARRAY ANGULAR ADJUSTMENT CONCEPT 

Since large aperture antennas are needed for the solid state option, an investigation of alternative rotary joint 

assemblies was conducted. The concept shown here employs linear motor drives of the telescoping members, with 

electronic feedback, to establish the tilt angle for the transmitter necessary to accommodate the range of latitudes 

for the power beam. The electrical rotary joint would be similar to that shown on an earlier chart in the reference 

system description. 
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Antenna Array Angular A~justment Concept 
2.S GW Solid-State SPS 

SPS-2955 

ADJUST ABLE ANGLE 
REQUIRED FOR 
SPECIFIC LATITUDE v POINTING 

'\, ' 

;>--·.,\ 
'· ~_,.,__ 

_..,.-
DETAIL SCHEMAT!~.- .. / . 
OF ROTARY JOINT, 
(BUS BARS & SLIP 
RING NOT SHOWN) 

FIXED MEMBER TO 
ANTENNA ARRAY 
STRUCTURE (TYP 4, 

~z~p;.~~~~~~~~2 TELESCOPING 
MEMBER FOR 
ANGULAR 

PERSPECTIVE 
SKETCH OF SPS 
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SOLID STATE POWER SUPPLY OPTIONS 

This chart illustrates the power supply options considered for the 2.5 GW solid state 
satellite design. 

Solid state devices suitable for microwave power amplification operate at voltages on the order 
of 15 volts. Distribution voltages suitable for S~3 application range from 2,000 to 40,000 volts. 
If it were necessary to process all this power down to a voltage of 15 volts, the cost and effi
ciency of power processing combined w1th the 12R losses and conductor mass for such operations might 
be prohibitive. Therefore, an approach to elimination of power processing is highly desirable 
and constitutes the first option identified, Qirect !!igh Y,oltage DC (DHV DC). An aspect of this 
approach is series-parallel connection of the microwave power amplifiers (as regards DC power 
supply} similar to that used for solar cells in generation of the DC power. Aggregate sets of 
microwave power generators can then be supplied at comparatively high distr1but1on voltages. This 
option raises concerns regarding stability, matching, and balance of the power supply and control 
network. However, while nontrivial to analyze, these problems all appear to be tractable. 

The minimum risk option is use of DC/DC convert~rs but this will result in significantly 
greater SPS mass and cost. 

AC power distribution may provide a means of minimizing distribution losses and reducing 
solar array voltage. Mass and cost penalties will be similar to those for full DC/DC processing. 
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s~ Solid State Power Supply Options 
P5~~· 

......... ._ ...... _. ........................................................................... ._ ........... DllND ........ ._ 

e DIRECT HIGH VOLTAGE DC 

REQUIRESSUBARRAVS IN SERIES 

CONNECTION TOPOLOGY A PROBLEM 

HIGH E-FIEi.OS NEAR ADJACENT SU( qRAVS 

MAY CAUSE ARCS, WILL SUSTAIN THEM 

e DC-DC CONVERSiON ON MPTS 

PERFORMANCE PENALTIES 
DC-DC CONVERTERS ::; 1kg/kw 
POWER LOSSES IN CONVERTERS 

SERIES/PARALLEL CONNECTIONS WITHIN 
SUBARRAYS STtLL REQUIRED 

• AC POWER DISTRIBUTION 

CONVERT 
DC/AC ON SOLAR ARRAY 
AC/DC AT SUBARRAY 

REQUIRES SIP TO SOME EXTENT ON SUBARRAY 

SOLAR 
ARRAY 

SOLAR 
ARRAY 

SOLAR 
ARRAY 

DC/AC.,__ __ _, 

I' 
I I 

I 

11 
11 

DC/DC 

AC/DC 

AC/DC 

--------------------------------------~----------.-------------------------440 
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POWER BUSS SIZING 

Parametric analyses of passively-cooled flat plate power busses in space underneath 

the SPS solar array yields the result that the bus temperature is a function of the 

parameter rw-lr-~. where I is the bus current and W and T are the plate width and 

thickness, respectively. 
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POWER BUS SIZING 

W ·Plate Width in cm 
t ·Plate Thickness in cm 
I ·Current in Amperes 

ASSUMPTIONS 
Aluminum Plate 
£. 0.9 
Solar Panel Temp. = 321°K 

O~~~~~'~~--L-'~~~'~~-~~~-'-~---'l.--~__..~~_,..._~~~~--''---0 5Ci 100 150 200 250 300 350 400 450 500 

I /WVf .- AMPS/CM 312 
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AC POWfR DISTRIBUTION SYSTEM FREQUENCY OPTIMIZATION 

The mass of a 5.6 mEgawatt power distribution system as a function of frequency 

is show11. The least mass system occurs at 20 kiloHertz. 

443 



0180-25-461-5 

AC POWER DISTRIBUTION SYSTEM fRfQUENCY OPTIMIZATION 

20 

10'--~~~--~~--~--~--~~~~--~~~~--~~....._~-----~~~ 

1 2 3 4 5 10 20 30 40 50 
CHOPPING FREQUENCY IN Kl LOHERTZ 
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AC POWER DISTRIBUTION SUMMARY 

System element masses and losses are shown for an AC power di'itribution !:ystem 

for the 2.5 gigawatt solid state SPS. The sw1tch1ng freqt1ency of 10 kHz. altho;Jgh not 

mass optimal. is nearly so and allows the use of 1-ITITI thick aluminum po~er busses with 

minimal skin effects. 
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AC POWER DISTRIBUTION SUMMARY 
2. 5 GW SATELLITE, FREQUENCY • 10 KHz, Tc • 100°c 
Operating Voltages Array 11 KV, Main Bus 100 KV 

S VS TEM ELEMENT MASS (MT) 12R LOS~ {MW) 

Non P-Max Power Loss Penalty 
Acquisition Buses 19. 7 46.0 
DC/AC Converters 4, 146. 5 135.2 
Main Buses 257. 2 115.0 
Switchgear 203.3 
AC/DC Converters 5, 175. 9 164.4 

TOTAL 9,802.6 406.6 

Array Power • 4, 7flJ. 6 MW 
Sys tern Ef fi clen cy • 90. 3% 
system Losses • 9. 7'/o 
Array Area • 28. 53 km2 
Array Mass • 12, 119. O 

Mass (Array + Pwr Dist) • 21, 921. 6 MT 
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DC POWER DISTRIBUTION - 44 KV 

Mass and loss estimates for the DC/DC power supply option for the 2.5 GW 

solid state SPS are given here. 
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DC POWER DISTRIBUTION .. 44 KV 
2. 5 GW SATELLITE. 100% POWER PROCESS ING 

Tc :: ioooc, DELIVERED POWfR • 4, 300 MW to DC/RF CONVERTERS 

SYS 1 iM ELEMENT 

Non-P-Max Power Loss Penalty 
Acquisition Buses 
Main Buses 
Switchgear 
DCIDC Converters 

TOTAL 

Array Power (MW) 
Array Area (l(M2) 
Array Mass (MT) 
System Efficiency 

Mass (Array + Pwr. Dist) (MT) 

MASS IN 
METRIC TONS 

19. 8 
401.0 
85. 7 

7,239.6 

7, 746. 1 

• 4, 852. 8 
• 29. 09 
• 12,356.0 
• 88. fRo 

• 20, 102. 1 
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24.2 
11. 3 

264. 1 

253. 2 

552.8 
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ARRAY MISMATCH LOSSES 

When solar array stri~gs are connected in parallel along a constant-width ~us with 

significant voltaqe drQp along the bus, a power loss occurs due to operdtion of cells 

away from their mcix·imum power point. This may be compensated by using vnriable length 

s~rings to match to local bus voltage. For the present solid state SPS def1n1t1on this 

was not done. The assessed loss as a function of bus conductor operating temperature 

is shown. Thir, loss is negligible for the Klystron reference SPS design. 
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ARRAY MISMATCH LOSSES 

2. 5 GW SOLID STATE SPS CONFIGURATION 
CELL STRING VOLTAGE • 5, 500 V 

25 50 75 100 
CONDUCTOR OPERATING TEMPERATURE IN oc 
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POWER DISTRIBUTION SYSTEM ANALYSIS FOR 2.5 GW SPS 

Masses of the power distribution options as a function of conductor temperature 

are compared here. The direct 5500 volt DC option has the least mass and is also the 

simplest system. It was selected for the solid state reference SPS. 

451 



,.... 26 
c./') 

>- c./') 
(/'\ :z 
zo 
§~ 24 
~co 0::: 
-tu e: :E 
c./') LI.. 22 -o 0 
0::: V') 
~o 

3:~ 
0 c./') 
a.. ::l 
+o 

::t:: 
c./') ..... 
c./') 

< 
:E 
>-
< 
0::: 
0:: 
< 

18 

25 

D180·2S46l·S 

POWER DISTRIBUTION SYSTEM ANALYSIS FOR 2. 5 GW SPS 

5, 500 v Power 
Distribution System 
Design Curve 
(No Power Processing) 

AC Power 
_..,A Distribution System 

.___ Desigh Point, We • 7. 2 M 

-- - __ ..,a ........____ 
44 KV Power 
Distribution System 
Design Point, We • 17. 3M 

Minimum Mass System 
Conductor Width, We • 255 M 

50 75 100 

CONDUCTOR OPERATING TEMPERATURE -
0c 
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2.5 GW SOLID STATE SPS CONFIGURATION 

The selected configuration for the solid state SPS is illustrated here. It is 

similar in layout to the 5-GW Klystron reference system described by the DOE/NASA reference 

system report. There are, however, significant differences. First, the transmitting 

antenna consists of 10.4 x 10.1 meter subarrays made up of solid state RF amplifier 

modules. Secondly, pentahedral truss structure is used throughout the satellite. Finally, 

the yoke-type mechanical interface has been replaced by a direct actuator interface 

using linear electric motors. 
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SOLID STATE SPS EFFICIENCY AND SIZING 

The power losses and sizing of the 2.5 GW solid state SPS design are sunvnarf zed here. 

Note that the two major loss terms are the main bus 12R losses and the DC-RF conversion 

losses. These both contribute to the lower end-to-end efficiency of this system. 
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SOLID .3TATE SPS EFFICIENCY & SIZING 

lllllNll 
SPS-30l7 

ITEM EFFICIENCY MEGAWATTS 

Array Mismatch 
Array Mismatch .965 6050 Ideal Array Output 
Main Bus t2R . 729 5838 
Antenna Distr .97 4256 Total Antenna Input 
DC-RF Conversion .8 4128 
Waveguide 12R NIA 3303 Total RF Radiated Power 
lueal Beam • 965 3303 
I nter-S ubarray Losses . 976 3187 
I ntra-S ubarray Losses NIA 3110 
Atmosphere Loss .98 3110 
Intercept • 95 3048 
Rectenna RF-DC .89 2896 Incident on Rectenna 
Grid Interface .9- 2577 

.413 2500 Net to Gr.id 

TOTAL ARRAY OUTPUT 6050 MW 
TOTAL SOLAR ARRAY ARE' ~ 33. 8 km2 
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ARRA\ ., IZ ING 

The array sizing procedure for the solid-stat~ SPS is the same as that used for 

~ne Klystron t~ference system. 
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_________ ..a._xm ______ _. _________________________________________ 6llN•-----

ARRAY SIZING 
Solar Input: 

Solar Cell Conversion 
Eff i cl 3n cy (0. 173) 
B Ian ket Factors tD. 9453) 
Thermal Degradation (0. 954) 
Orientation Loss m. 919) 
Aphelion Intensity (Q. 9675) 
Nonannealable Radiation 

Degradation (C. 97) 
Regulation, Auxiliary Power 

and Annealing m. 983) 

EOL BLANKET OUTPUT: 

4~8 

1,353 W/m2 
234.1 

221. 3 
211.1 
194.0 
187. 7 
182. l 

179 

179 W/m2 



D 180..2546 t ·5 

SOLID STATE TRANSMITTING ANTENNA COSTS 

The costing methodology for the solid state transmitting antenna is shown. An 

80% learning curve was used where applicable. Largely dl':! to the 1 ower bulk of the 

solid state panels and their high component production rates, the solid state trans· 

mitting array appears to have a lower 11 RF system" cost per unit power than the 

Klystron reference system. 
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SOLID STATE TRANSMITIING ANTENNA COSTS 

____________ __;;;._ ____ __. _________________________________________________ •llllNll-.----

SPS-3076 

ITEM 

MODULE MASS 

MODULE POWER 

HOOKUP 

TOTAL MODULE ASSOCIATED COSTS 

SUBARRAY, STRUCTURE 

MASTER REFERENCE RECEIVER(J} 
SLAVE REPEATERS (800) 
LEVEL 1 CABLES (112) 
LEVEL 2 CABLES (760) 
LEVEL 3 CABLES (58,112) 
PCR's (58,-112) 
QUADRANT - PANEL CABLES (81 x 58,112) 
PCV's (58,112) 

I 

PANEL PHASE SLAVE REPEATER ( 81 x 58,112) 
PANEL CKT BREAKER (Bl x 58,112) 

TOTAL NON-MODULE COSTS 

COST ESTIMATING 
RC:LATION 

$70 kg·l 

$ .1 w·l 

$ .15 FET·l 

$65 kg- 1 

5QOK ea. 
25K ea. 
9.2K ea. 
5.0K ea. 
$800 ea. 
$560. ea. 
$45 ea. 
$350 ea. 
$15 ea. 
$10 t!ll. 

TOTAL SOLID STATE TRANSMITTING ANTENNA "RF SYSTEM" COSTS 

460 

COST (SM) 

258.6 

330.3 

93.2 

682.1 

47.2 

1.5 
20.0 

1.1 

3.8 
46.S 
32.5 
21. 2 

20.3 
7.6 
4.7 

206.4 

888.5 
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SOLID STATE SPS MASS AND COST SUMMARY 

Masses, costs, and estimating bases for the solid state SPS design are su!TITlar1zed 

here. Total mass and cost per unit power are 40% higher than for the Klystron reference 

system. This is primarily due to the lower DC bussing and DC-RF efficiencies. 
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SOLi D STATE SPS MASS & COST SUMMARY 

SPS-3070 MASS (MT) ESTIMATING BAS IS 
•OllNO 
(COST ($M) 

1. 1 SPS 3;;, 204 4,541 -1. 1. 1 ENERGY CONVERSION 22,087 2,350 
1.1.1.1 STRUCTURE 2,851 Detailed Es ti mate 275 
1. t 1. 2 CONCENTRATORS (0) Not Required (0} 
1. 1. 1. 3 SOLAR BLANKETS 14,409 Scaled from Reference 1,355 
1. 1. 1. 4 POWER DISTRIB. 4,400 Detailed Estl mate 530 
1. 1. 1. 5 THERMAL CONTROL (Q) Allocated to Subsystems (0) 

1. 1. l. 6 MAINTENANCE 427 Scaled from Reference 190 
1. 1. 2 POWER TRANSMISSION 6, 36?., l, 134. 5 
1. 1. 2. 1 STRUCTURE 460 Scaled from Reference 38 
1. 1. 2. 2 TRANSMITIER 4,480 Detailed Estl mate 888.5 

SUBARRAYS 
1. 1. 2. 3 POWER DISTR. & COND. 1,262 Scaled from 1. 1. 1. 4 124 
1. 1. 2. 4 PHASE DISTR. 25 Scaled froin Reference 51 
L 1. 2. 5 MAINTENANCE 20 Docking Ports Only 20 
1. 1. 2. 6 ANTENNA MECH. POINTING 118 Scaled by Mass x Area 13 
l. 1. 3 INFO MGMT & CONTROL 145 Scaled from Ref. 73 
1. 1. 4 ATI. CONT. & STA. KP. i46 Scaled From Ref ITO 
l. 1. 5 COMMUNICATIONS 0.2 Same as Ref. 8 
1. 1. 6 INTERFACE 113 Est. Based on Simpllflcatlon 46.3 

6,348 -1. 1. 7 GROVVTH & CONTI NGY. Same % as Reference 819 
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2.5 GW SATELLITE SYSTEM RFCURRING COST 

Recurring costs for the solid state SPS are snown. The efficiency factors 

which drive the solid state SPS mass are the prime contributors to the r-elat1·1ely 

higher unit cost of this satellite system. 
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SATELLITE 

DIS0.2S46J-S 

2.5 GW SOLID STATE SATELLITE SYSTEM 
RECURRING COSTS 

LESS IMPLICIT AMORTIZATION 

CONSTRUCTION AND SUPPORT 

SPACE TRANSPORTATION 

.. GROUND TRANS PORTAi' ION 

RECTENNA 

MISS ION CONTROL 

MGMT AND INTEGRATION 

MASS GROWTH 07% Net Hardware) 

TOTAL 0 I RECT OUTLAY 

464 

11111.ND 

COST ($M) 

3,722 
327 --3,395 

664 

2, 154 

20 

1,290 

10 

385 

577 

8,505 
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SPS COST TRENIJS 

We have empirically observed that cost projection$ for various ~PS designs tend to 

fall on broad trend lines that are primarily power dependent. The solid state SPS design 

is very close to this trend line and projected improvements should bring it down to or 

slightly below the line. These projected improvements are mainly aimed at increasing 

power distribution effici!ncy. 
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SPS Cost Trends 
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SOLID STATE RECOMMENDATIONS 

Several items of further work are recommended here; these would improve understanding 

of the solid state SPS concept and improve its cost and mass characteristics. 

The first item is to examine more sophisticated beam shaping to utilize the receiving 

aperture more efficiently and to remove the solid state maximum power constraint. These 

techniques would investigate combined phase and amplitude tapers to "square up" and spread 

the power beam. 

Secondly, two engineering improvements are recommended: (1) - to detennine if 

higher DC distribution voltages can be used, and (2) - to develop an intermediate-mass 

RF amplifier module for unit power levels intennediate between the 4-way combiner leve1 

and the low-mass dipole level. 

A noise and hannonics investigation of high-efficiency RF amplifiers coupled to 

representative radiators is important. Thi~ should include laboratory as well as analytical 

work. 

Lastly, increasing the level of design detail for the solid ~tate SPS and development 

of a system description/cost document is seen as important as a basis for future research 

and analysis. 
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SOLi D-STATE RECOMMENDATIONS 
________ _.... ___________________ •llllNO--

sPS-3072 

0 EXAMINE BEAM TAILORING 

• Square Up Beam 
• Open Power Constraint 

0 TRY FOR HIGHER DISTRIBUTION VOLTAGE 

0 INVESTIGATE "INTERMEDIATE" POWER MODULE OF 
LOWER MASS/POWER 

0 CONDUCT NOISE & HARMONICS ANALYSIS 

0 INCREASE DESIGN DETAIL 

u PROVIDE SYSTEM DESCRIPTION/COST DOCUMENT 
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PILOT LINK ANALYSIS 

The primary objective of this pilot beam link study was the specification of the pilot beam 
receiving antenna. Although many factors were taken into account, the ultimate consideration 
.1as tCJ maximize overall system efficiency. 

The system efficiency is degraded to the extent of: required pilot transmitter power, 
receiving antenna blockage of the spacetenna, and pilot transmitting antenna blockage of the 
rectenna. These factors were related {through the effective radiated power) to the pilot receiver 
noise, the pilot spectral density, and the transmitter spectral density. 
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PILOT LINK ANALYSIS 
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PILOT \.INK ANl\L'lSIS FLOW CHART 

Th: relat1onsh1ps between the variou!: parameters of the pilot link study are shown iri this 
diagram. 
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PILOT LINK ANALYSIS FLOW CHART 
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CANDIDATE PILOT BEAM RECEIVING A~TENNAS 

Two candi<.latP pilot beam rece1ving antP.nnas are the microstrip slot antenna and the cross 
polarized dipole. The m1crostrip slot antenna acts <.s a dielectricallv loaded waveguide which 
slips through a slot. cut tram the waveguide walls. Its polarization is the same as that of t.he 
radiating slots. The cross polarized dipole is fed by rigid coax which slips through a hole 
cut from the waveguide walls. It s1ts )./4 above the slot array. The fact that tt is cross 
polarized to the radiating slots should result in reduced pickup of transmitter noise. 

473 



DI 80-2546 J -5 
CANDIDATE PILOT BEAM RECEIVING ANTENNAS 
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SCATTERED POWER ERROR DUE TO WAVEGUIDE TOLERANCE 

BP.cause of waveguide mechcin1cal tolerances, the inside waveguide centerline will genera11y 
not coincide with the outside centerline. Consequently, placement of waveguide slots according tC\ 
waveguide outs1d~ d1mens1ons 1s liable to be incorrect. 

Incorrect slot placement w111 result in a slot conductance which differ~ from the desired 
value. For a given placement ~rr 1·, the error in slot conductance 1s greater for narrower (lower 
WR number) waveguide. 

A particular fractional ~rror in slot conductance w111 result in a proportionate fractional 
scattered (loss) power. 
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~CATTERED POWER fRROR DUE TO WAVEGUIDE TOLERANCE 
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SEQU~NCE FOR PILOT-HOLE SLOT POSITIONING 

By the pilr ":-hole slot pos1tion1ng technique, slots a· .. e placed according to internal microwave 

fields w!11ch are probed through 1/811 p11ot holes. 
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lJ\80-25461-S 

SEQUENCE FOR PILOT-HOLE SLOT POSITIONING 

B. 

I ,._ 

dx L, 
2 

c. 

l 

A. PILOT HOLES ARE POSITIO~ED ACCORDING TO WAVEGUIDE OUTSIDE DIMENSIONS, 
B. ~FTER FltLD PROBING~ CORRECTIONS TO PILOT-HOLr POSITION ARE MARKED 

ON THE WAVEGUIDE. 
C, RADIATING SLOTS ARE MIL.LED AT THE CORRECTED POSITIONS. 
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COMPARISON OF SCATTERED POWER DUE TO PILOT HOLE AND 
MECHANICAL SLOT PLACEMENT TECHNIQUES 

Pilot hole s~ot placement offers accuracy superior to that charactel'istic of mechanical 
placemer.t. The advantage of this technique diminishes, however, as waveguide size increases. 
Note that precision machi~ing has a minimal payoff. 
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COMPARISON OF SCATTERED POWER DUE TO PILOT HOLE AND 

MECHANICAL SLOT PLACEMENT TECHNIQUES 

Pilot Hole Mechanical 
Placement i Placement 

Waveguide Standard Prec1 si on i Standard 

WR 284 0.1 0.1 0.78 

WR 340 0.1 0.1 0.33 

WR 430 0.1 0.1 0.17fi 

(1) Assuming worse case placement error df.x = 0 007. 
All values are 1n dB. 
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MODULE I2R LOSSES VS STICK WIDTH 

12R losses were evaluated for various module aspects ratios (stick length/feedguide length). 
For each aspect ratio, the waveguide width was varied. 

From this study the following have been concluded: 

"I 

o I~R losses are not sensitive to module aspect ratio. 

o 12R losses are not very sensitive to waveguide size. 

o Stick standing wave considerations dictate end feeding preferable. 
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MODULE I2R LOSSES VS. STICK WIDTH 
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DETERMINATION OF COUPLING SLOT ORIENTATION 

The coupling of a feedguide to a simu1 ated radiatir.J stick has been measured for several 
coupling slot angles. For a 10 stick array, the coupling to a single stick should be about 
-10 dB. This magnitude is provided by a coupling slot angle of about a0

. 
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DETERMINATION OF COUPLING SIOT ORIENTATION 
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IMAGE PLANE SIMULATION OF RADIATING SLOT COUPLING 

Mutual coupli11g between slots will alter considerably the slot impedance, and hence the 
requisite slot placement. The exact quantitative relationship between slot conductance and 
mutual coupling is not presently known. Nevertheless, experimental data indicate the effect 
to be significant. 

Neighboring slots are approximated by images of the rea1 slot in the reflecting plane. 
Slot conductance is derived from the loaded cavity Q. For an uncoupled slot, the measured 
conductance is in good agreement with the theory. The considerable change in conductance with 
thP. image planes in place is indicative of the potential magnitude of mutual coupling effects 
in the SPS array. 

485 



0180-25461-5 

IMAGE PLANE SIMULATION OF RADIATING SLOT MUTUAL COUPLING 

IMAGE PLANES ARE SPACED SO 
THAT THE VIRTUAL. SLOT IMAGES 
OF THE RADIATING SLOT 
APPEAR Al. THE POSITIONS 
OF THE CORRESPONDING SLOTS 
IN THE REAL ARRAY, 

1 • _l 1 
Q QC - <rio slot 

2,.. 
9slot • Q -slot 

-co 
"CJ -
~ 
cc ...... 

A~ 
Q.. 

:s 
0 
..J ...... 
co 
0:: 
...... 
~ 
0 
c.. 
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ESTIMATE OF MUTUAL COUPLING IN SPS SLOTTEC WAVEGUIDE ARRAY 

Slot admittance has been calculated, as a function of the number of neighboring slots, 
for a single slot in a slot array. The calculation is an adaptation, using Babinets principle 
of an existing analysis of a dipole over a ground plane, in an infinite array of similar dipoles. 
The results vary for different array configurations, but, in each case, coupling to slots 
beyond t~e fifth neighbor appears to be m~n1mally important. 
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ESTIMATE OF MUTUAL COUPLING IN SPS SLOTTED WAVEGUIDE ARRAY 
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ITERATIVE DESIGN pqocEDURF tOR RADIATING STICK PARAMETERS 

This chart provides experimental data on three waveguide sticks (1-3) manufactured with 
slightly different slot offsets and slot lengths. The goal of th1s effort is to empirically 
arrive at a configuration resonant at 2850 MHz and matched with 16-18 s"fots including the effect 
of mutual coupling due to adjacent sticks. 

The next planned iteration, stick number 4, is expected to have the desired resonant 
frequency of 2860 MHz. 
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ITERATIVE DESIGN PROCEDURE FOR RADIATING STICK PARAMETERS 

NO. OF SLOTSl 
STICK FOR BEST MATCH SLOT3 SLOT COMMENT 

NUMBER 
WITH2 OFFSET LENGTH 

SINGLE STICK NEIGBOR 

1 22 20 .1811 2.04 11 RESONANCE @ 2800 MHz 
SLOT TOO LONG 

RESONANCE @ 2880 MHz 
2 16 14 .2011 

l.94" SLOT TOO SHORT 
TOO MUCH CONDUCTANCE PER SLOT 

3 18 16 .1a; 11 1.9811 

RESONANCE AT 287SMHz 

4 18 18 .18011 

2.00 11 EXPECT 2860 MHz4 

1. SLIDING SHORT MEASUREMENT: VSWR AT RESONANCE<. 1.1 
2. NON-DUPLICATE STICKS ARE USED TO APPROXIMATE MUTUAL COUPLING EFFECT 
3. AFFECTS PRIMARILY SLOT CONDUCTANCE 
4. DESIRED FREQUENCf FOR FEED GUiDE TO BE IDENTICAL TO RADIATING STICK GUIDE (WR240) 
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DIAGONALLY FED SLOTTED ARRAY 

In this design, a potential reference system refinement, both the coupling slots and the 
radii:tting slots are spaced by .>. g, rather than by .>. g/2 as in the baseline design. 

The relative advantages of this design are several: 

o Gaps wi 11 exist between the sticks gi vilig more flexibility in the design 
and placement of receiving antennas. 

o Larger, hence lower loss, waveguide can be used. 

o Sensitivity of conductance to systematic slot placement errors is 
reduced because slots all lie on the same sipe of the stick center. 

o Although not apparent in the figure, a corporate feedguide is obviated. 

o Total coupling of feedguide to sticks can be readily adjusted merely by 
transverse displacement of the coupling guide relative to the sticks. 
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£GI NEERING 

DIAGONALLY FED SLOTTED ARRAY 
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TASKS: 

0180-15461-5 

SPS FIBER OPTIC LINK ASSESSMENT CONTRACT NAS 9-15636A 

• Analyze existing optical fibers for applicability for use in the 
test with emphasis on phase change effects, attenuation and bandwidth. 

t Analyze suitable optical emitters ai1d detectors to determine feas1-
bi 1 ity of operation and usage at 980 MHz. 

• Select and purchase candidate optical fibers and an emitter and detector 
for testing. 

. 
• Test candidate fibers at 60 MHz for phase sensitivity to temperature. 

• Ot::si9n and construct imµcdance matching system for matching the 
opticnl emitter and detector to Boeing laboratory equipment. 

• Assemble and test a two way opto-electronic link "t 930 MHz 
consisting of two selected emitters and detector units and a jacket 
material 2·fiber cable of min1mjm length of 200 meters. 
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SPS TEST LINK COMPONENT STATUS 

The design approach chosen utilizes a GaAlAs single mode injection laser diode, a fused 
silica graded fiber and d siliccn avalanche photodiode. The features of each element and the 
alternatives considered are outlined in the opposite figure. 
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,,r,r::' 
~NGINEER11\lG 

SPS TEST LINK COMPONENT STATUS 

~HNOLOGY 

DEVICE UNDER 
CONSIDERATION TYPE FEATURES 

-· 

GAALAs MULTI-MODE 1) L0\1 COST 
INJECTION LASER DIODE 2) HIGH POWER 

EMITTER 
GAALAs SINGLE-MODE 1) HIGH POWER 4) LOW DISTORTION 
INJECTION LASER DIODE 2) HIGH COUPLING EFF. 5) NARROW SPECTRAL WIDTH 

3) LOW THRESHOLD 6) HIGH RELIABILITY 

SILICON AVALANCHE 1) GAIN-BW PRODUCT = 80 GHz 
DETECTOR PHOTO DIODE 2) HIGH RCVR S/N 

3) LOH COST 

RESONANT CAVITY 1) STABLE 
2) HIGH Q 

DEVICE COUPLING 
NETWORKS STRIPLINE NETWORK 1) LOW COST 

2) EASY TO MANUFACTURE 
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SPS FIBER OPTIC TEST LINK ANALYSIS 

Link margins for the proposed components, with a 1 km long fiber, are estimated in the 
opposite chart. For a depth of modulation of .3, an optical signal power of 1.3 x io-6 watts 
is expectPd at the detector. 
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£GINEERING 
SPS FIBER OPTIC TEST LINK ANALYSIS 

a.::r .i..l'ECHNOLOGY-..4.---------------------------
LASER 

I J;RIVER 

LENGTH = 1 Km 
ATTEN. = 8 dB/Km 

PT CONNEtrOR ~ CONNtCTOR p 

~~,__L __ g--..c--.--1/===i ~ 
rIBER FIBER 

INJECTION PIGTAIL PIGTAIL AVALANCHE 
LASER DIODE PHOTO DIODE 

ASSUME: Pr = 1 Mw = 0 DBM 
EMITTER COUPLING LOSS = 10 DB 
CONNECTOR LOSSES = 2 x 1 DB = 2 DB 
FIBER LOSS = 8 nB/KM x 1 KM = 8 nB 
DETECTOR COUPLING = 2 nB 

TOTAL LOSS 
= 22 oB 

Ps = o nBM - 22 DB = - 22 oBM = 6.3 µWATT 

ASSUME: MODULATION DEPTH OF ILD = 0.3 
RESPONSIVITY OF PHOTODIODE = 10 AMPS/WATT 
RCVR NEP = 0.5 NWATT 

RCVR 
PREAMP 

NOISE FIGURE 
= 8 dB 

R = 50 in 
GAIN = 26 dB 

THEN: OPTICAL RMS SIGNAL POWER AT DETECTOR= 0.3 x 0,707 x 6.3/"WhTT ~ 1.34f"WATT 
OPTICAL POWER MARGIN= L 34faWATT =2.68 x 103 (~35 nB) 

0. 5 NWATT 497 

VECTOR 
VOLT~ 

.JSE Llf 
= 1 KHz 
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FIBER ASSESSMENT RESULTS 

A number of graded index fibers were investigated for applicability to the test 11nk at 980 MHz. 
The properties of seven fibers investigated for th1s application are given, and the four types 
recorrmended for further testing are identified. 
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Fl BER ASSESSMENT RESULTS 
~GINEERING 

.,,- 1111.l!FIND 
..M"ECHNOLOGY ............................................. ._ ............................................ Acm~'*m'AO .. COllll.iiiii~ .... . 

. 

FIBER CORNING CORNING TIMES IiT NIPPON 
MANUFACTURER ~II RE & E/0 PROO. SHEET GLASS 

CABLE 

PRODUCT # 5101 5100 GAl0-90 T-223 GI-60.1\ 

MINIMUrt 
BANDWIDTH 1 GHz-Km 1 GHz-Km 300 t1Hz-km 400 MHz-Km 200 MHz-Km 

MAX 111W1 
ATTE:WATIOrl 5 db/Km 5 db/Km 10 db/Km 5 db/km 10 db/Km 
@ 820 nm 

MAilUFACT. CVD- cvo- CVD- CVD- DOUBLE 
TECHNIQUE IVPO OVPO OVPO IVPO CRUCIBLE 

DOPMHS Ge,B,P Ge,B 0 Ge,0,P B,Ge ?? 
---1. 

tlUMERICAL 
. 16 (1) APEr.TURE . 21 . 21 .21 .21 

DIAMETERS( 2) 
(Mi CROilS) 63,125,138 63,125,138 90,125,200 55,125,500 60,150,900 

BUFFER LACQUER LACQUER FLUORO- RT'/, RTV, 
COATmG OR ACRYL. OR ACRYL. CARBOr~ II YT REL NYLOtl 

AVAILABLE ? YES YES YES YES YES 
----- ----- ... - ---·-··· - ·---

CHO Sm F:_l~-TESTS * * * 
rJOTES: (1) 

(2) 

(d 1 km. A11 others measured on short lengths. 

Core, cladding, coating 
499 

VAL TEC GALILEO 

~i.:i05 6000A-l 
. 

600 MHz-km 400 MHz-Km 

5 db/Km 6 db/Km 

CVD· CVD· 
I IVPO IVPO 

Ge,B,P Ge,B,P 

.21 .21 

63, 125 ,225 63,125,230 

~ILICONE, U'J RES IN 
UV RESIN 

YES YES 
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CONTRACT EXTENSION - COMPONENT STATUS 

The components required f~r the contract extension have all been ordered and should arrive 
on time for contract execution. 
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CONTRACT EXTFNSION - COMPONENT STATUS 

• JACKETED 2-FIBER CABLE SIECOR 722 SHIPMENT DATE OCT 29 
250 MElER., $1J.Li0/METEH 

o NEC INJECTION LASER DIODE TYPE 3205P SHIPMENT NOV26 
THERMOELECTRIC COOLER NEEDCD FOR TllRESHOLD STABILIZATION 

• IMPROVED PHOTODIODE DETECTOR WITH LIGHTPIPE ORDERED RCA-C 30908E 
. <SELECTED FOR OUR APPLICATION) 
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STATUS OF 980 MHz MEASUREME~TS 

The one way link measurements are in progress, while the assembly of the two way link test unit 
is under way. 
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E..GINEERING 
.,.,... HllllNll IECHNOLOGV.._ _____________________ .... "iiii'-ili~iiii(IOll/1.iiiiiii'A/llY-

STATUS OF 980 MHz MEASUREMENTS 

1 ONE WAY LINK 

1 LABORATORY CIRCUIT ASSEMBLED 

1 SAMPLE MEASUREMENT TO CONFIRM MODULATION FEASIBILTY IN PROGRESS 

t TWO WAY LINK 

1 COMPONENTS ON ORDER 

1 PACKAGING FOR FINAL UNIT 500/o COMPLETE 
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INITIAL 980 MHz LINK TESTS 

The initial results, with direct modulation of the injection laser, are shown ·in the 

attached figure. For a high output of 0.26 RMatt, the detector output through a 300 meter 

fiber was 19 µwatts. 
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£GINEERING 

INITIAL 980 MHz LINK TESTS 

~HNOLOGY.-....... -----------------~---------.-.-----
EMITTER MODULE: A. 

1THRESH 
:: 60 ma 47 t-4 -i I0p{DC) 

IoP = 67 ma DC VRMS ~f-y 
p~ T 

VMOO = 0. 7 V Rt1S o~ 

PO = 262 Watts 

DETECTOR MODULE: ,~, 
VB I AS 185 Volts 315 Volts 100 K 

GAUi 
VB I AS 1•22db VO 71 MV RMS 283 MV RMS VO ~ 

PD 19.1 \~att 19 .1 Watt p ~ Jr D 

FIBER: CORN !HG I VPO 

Length = 303 Meters 

At ten = 3.9 db/km @ 900 nm 
BW • 870 MHz-km 
N.A = 0.218 
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SPS SOLID STATE ANTENNA POWER COMBINER CONTRACT NAS 9-15636B 

• Specify, purchase and bench test four sol fd state power amplifiers for 
adequate r1-i1r,e arid ar11plitude response to verify suitability for power 
combiner 111odu le te~ t. 

• . Incorporate fo1Jr power amplifiers into a four-feed combiner module. 
Refine the four combining antenna design in terms of substrate 
size, cavity size, slot width, slot spacing and slot feed mechonism 
to properly match the amplifiers to the module. The designed minimum 
con1bined p01'ler output will he one-half watt. 

• Demonstrate via dntenna range m0asurement the efficiency of the rower 
combining antenna uti 1 izing a O - rno0 feed system. Oer1ionstrilte via 
antenna range measurement the efficiency of the power combining antenna 
driven by the four solid-state amplifiers. Range of accuracies of approx-
imately .!. . 5 dU wi 11 be applied. · 
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POWER COMBINING MICROSTRIP ANTENNA 

The main elements of the combiner radiator mod1Jle are outlined showing the radiating 
element, the dielectric subtrate and the baseline cavity. 
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POWER COMBINlNG ANTEN ~A TEST HARDWARE BLOCK DIAGRAM 

The three main elements of the antenna power combiner test setup are outlined: 

(1) The precision antenna feed network 

{2) The four power amplifiers (125-mw silicon bipolars) 

{3) The microstrip combiner-radiator antenna un1t. 
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POWER COMB IN ING ANTENNA TEST HARDWARE BLOCK DIAGRAM 

POWER 
AMPLIFIER 

180° 

-----·------. 

MICROSTRIPI 
ANTENNA _ ___j 

POWER 
AMPLIFIER 

POWER 
AMPLIFIER 

00 

ANTENNA fEED 
r~ETWORK 

INPUT @ 2.45 GHz 
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180° 
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r I TD STATE ANTENNA MODULE FEED NETWORK 

Three precision 4-way power splitt2rs were designed and constructed on stripline 

to feed the four sol~d state power amplifiErs driving the microstrip antenna/combiner 

module. 
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STRIPLINE ANTENNA FEED NETWORK SPECIFICATIONS 

Measured values of phase balance, loss balance, insertion loss. and 1solat1on 

for the threP. stripl ine antenna feed networks all exceed design goals. 
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STRIPLINE ANTENNA FEED NETWORK SPECIFICATIONS 

o ALL THREE UN ITS COMPLETED AND TES TED - - - EXCELL ENT PERFORMANCE 

o TWO REQUIRED FOR TESTS, ONE 5 PARE 

0 MEASURED RESULTS: 

SERIAL # PHASE BALANCE LOSS BALANCE INSERTION LOSS ISOLATION & RETURN LOSS 

001 !. . 73° !. . 03 db . 154 db >25 db 

002 !. . 39° !. . 03 db .189 db >25 db 

003 +. 81° +.015db • 172 db >25 db -

GOAL <+lo <!. . 05 db <.2 db >20 db -
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POWER AMPLIFIER STATUS 

Specifications for the four custom-built and matched power ampl1f1ers to be 

used in the solid state combiner/antenna tests are shown. All spec1f1cat1ons were 

adequately met. 

SIS 
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PO~·ER f.PPLIFIER STATUS 

e fu FOUR Al'-J>LJFIERS HAVE BEEN SHIPPED Cl0-J2-79), 

e FULL P~R PHASE & GAIN fw'fASUREt-ENTS TO BE PERFORf'£D BY Bof JNG, 

• PARAMETER SPECIFICATION kHIEVEO (FRQ'tl N0TES TAKEN 
BY TELEP~E) 

FREQUENCY 2.45GHz 2.45GHz 
GA.IN 6 DB MIN. 7.8 oB 
VShR IN: 2.5:1 2.5:1 

OUT: 1.5:1 1.6:1 
CAIN Ml\TCH :t .5 oB NIL 

PHASE t-'ATCH ± 50 NIL 

PHASE CONTROL ADJUSMNT :!: lD° ± 20 
INFINITE VSWR DEPONSTRATE AT FULL POWER OK 
POWER OUTPUT .lJ8 WAIT MIN. ) 1/8 WATT 
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SOLAR 

POWER 

SATELLITE 

GENERAL. ELECTRIC 
SPAC• DIVISION 
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SUMMA nY OF SPS SYSTEM DEFINITION STUDY 
PART 4 ACCOMPLISHMENTS 

In Part 4-Phase 1 General Electric performed a study of the mlcrowRvc phase control system layout consisting of 
four layers called: SECTOR, GROUP, UNJT & SUBA nnA Y. Next a microwave power transmission fn.llure mo<le 
analysis and microwave power transmission maintenance requirements analysis was performed. It was found thnt 
the SPS system Is more reliable than present power generation systems. A rectenna construction and power 
distribution analysis was used to develoi; the cost of the ground system at about $2 Billion. 

Part 4 - Phase 2 of the study, which we are presenting today. General Electric has developed a Satelllte-Rectenna
Uttlity Grid Integration and Operations Analysis as well as Technology Advancements of the Phase Control System 
and the Rectenna. 
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SUMMARY OF SPS SYSTEM DEFINITION STUDY 
PART 4 ACCOMPU SHMENTS 

• PHASE CONTROL SYSTEM LAYOUT 

• MICROWAVE POWER TRANSMISSION FAILURE MODE ANALYSIS 

• MICROWAVE POWER TRANSMISSION MAINTENANCE REQUIREMENTS 

• RECTENNA POWER CONDITIONING 

• RECTENNA CONSTRUCTION ANALYSIS 

space division 

e SATELLITE-RECTENNA-UTILITY GRID INTEGRATION AND OPERATION ANALYSIS 

• TECHNOLOGY ADVANCEMENT REQUIREMENTS OF PHASE CONTROL AND RECTENNA 
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SPACE ANTENNA DC POWER DISTRIBUTION AND RF 
HEFERENCE PHASE DISTRIBUTION SYSTEM .SUMMARY 

The following is a summary of the study performed on the Si:nce Antenna Phase control system nnd dlAtrlhutlon. 

This work is more fully described In Pa rt 4 - Phnse 1 presentntlon held ln March 1979 nt JSC. 
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• GENERAL 

SPACE ANTENNA DC POWER DI STRI BUT ION 
ANO RF REFERENCE PHASE 

DJ STRI BUTJON SYSTEM apace division 
ELECTRIC 

• 

• 

• 

• 

• 

• 

SUMMARY 

DC DISTRIBl!rlON lS USING 228 MAIN SECTOR LINES AND AN AVERAGE OF 446 
KLYSTRON LINES ATTACHED TO EACH SECTOR LINE. 

DC TO DC CONVERTERS MUST BE REDUNDANT f!'OR ACCEP1"ABLE DC POWER 
AVAILABILITY. 

FOUR LAYER REFERENCE PHASE DISTRIBUTION NETWORK IS USED WITH 2.0, 19 ANO 
19 BRANCHES AT THE CONSECUTIVE NODES (SECTOR, GROUP, SUBARRAY, KLYSTRON). 
THE POWER DIVISION AT THE LAST (KLYSTRON} LEVEL IS DETERMINED BY THE 
NUMBER OF KLYSTRONS PER SUBARRAY. 

THE PHASE DISTRIBUTION ANO CONJUGATION PROCESS IS COMPLETELY SEPARATED • 

TRIPLE REDUNDANCY IS USED IN THE FIRST AND DOUBLE REDUNDANCY IN THE 
SECOND LAYER OF THE PHASE DISTRIBUTION TREE. 

:THE ELECTRONIC CIRCUIT CONCEPT IS AS PER RECOMMENDATIONS OF THE LINCON 
REPORT. 
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LOCATION OF REFERENCED PHASE REPEATER STATIONS OF SECl'ORS AND GROUPS 

The figure shows the layout of the reference phase distribution network and the location of the 
phase repeater stations. ·rhe phase distribution network is a four layer tree. The first, second and 
third layers have 20 1 19 and 19 way power dividers respectively at the nodes of the network. The 
first layer is called sector, the second group, the third unit, the fourth subarray. The power 
dividers at the fourth layer correspond to the number of klystrons carried by the subarray. 
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LOCATION OF REFERENCED PHASE REPEATER 
STATIONS OF SECTORS AND GROUPS 

UCIOR A 

523 

space division 



0180-25461-S 

UJ~GllJ\!IIC/lL LAYU.!T OF A T'!PICAL K1'YSTRON MODULE IH THE OUTER RI:-IG OF THE SPACE AN1'J•;ut'A 

The figure shows the conceptual layout of all the componen\:3 which are related to a "klystron" 
module of the space antenna. The example shown is for a subarray, at the edge of the antenna, which 
carry a total of four klystrons. 
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MECHANICAL LAYOUT OF A TYPICAL 
KL VSTAON MODULE.JN THE OUTER RING 

OF THE SPACE ANTENNA 
space division 
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FAILURE MODES AND EFFECTS ANALYSIS 

The failure modes and their effects was analyzed for th~ power tranemission system between the 
~levation flexible joint on the spacecraft to the utility interface on the ground. The auimnary presentA 
some of the most important results. 
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• FAILURE MODES AND EFFECTS ANALYSIS 
SUMMARY GENERAL 

apace dlvlalon 
ELECTRIC 

• 

• 

• 

• 

• 

• 

• 
• 

• 

WITH CONVERTER REDUNDANCY THE SPACE ANTENNA OC SYSTt::M HAS A MEAN 
AVAILABILITY OF APPROXIMATELY 99.5%, 

THE PHASE CONTROL SYSTEM MEAN AVAILABILITY IS 99"· THIS CAN BE IMPROVED IF 
THE FOURTH LAYE.~ IS DUPLICATED, BUT THE COST PENALTY IS VERY LARGE. ANOTHER 
POTENTIAL IMPROVEMENT IN AVAILABILITY (AND COST) MAY BE POSSIBLE BY OMITTING 
THE FOURTH LA YER AL TOGETHER. 

THE MEAN AVAILABILITY OF THE KLYSTRON ANO ITS DRIVER IS 97.45" WITH 20 YEAR 
LIFET~ME TUBE AND HALF YEARLY MAINTENANCE. POWER LOSS CAN BE Cl.IT BY NEARLY 
A FACTOR OF TWO IF' QUARTER YEARL. Y MAINTE"'ANCE IS IMPLEMENTED. 

COMBINED EFFECTS OF RANDOM ERRORS IN THE APERTURE OISTRIBllT'ION AND !..OSSES 
IN THE PROPAGATION MEDIA ARE COMPARABLE TO THAT OF THE KLYSTRONS. 

MEAN AVAILABILITY ASSOCIATED WITH DIODE FAILURES IS APPROXIMATELY 99.45", 
ASSUMING NO DIODE OR PANEL RELATED MAINTENANCE. 

THE RESUL TAN'T DC POWER COLLECTION SYSTEM CAN HAVE A MEAN AVAILABILITY OF 
98.4%. 

THE RESULTANT AC POWER COLLECTION SYSTEM MEAN AVAILABILITY IS 99,7" • 

RESULTANT SYSTEM EQUIPMENT AVAILABILITY BETWEEN ELEVATION FLEXIBLE JOlNTS 
AND UTILITY GRID IS APPROXIMATELY 90%, POWER AVAIL.ABIL.ITY IS HIGHER THAN 86%. 

NUMBE~ Jf' POTENTIAL AREAS WERE DETECTED WHERE AVAIL.ABIL.lTV IMPROVEMENT 
CAN SE IMPLEMENTED IN COST EFFECTIVE MANNER. 
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SUMMARY OF EQUIPMENT MID PO't/ER AVAILABILITY CALCULATI003 

Th<? table s1unnmrlzes tht'! equipment avo.i1nbility and AC power to utilit,Y grid nvnUability on the :iccount 
of the analy~~d pnrt of the SPS system. Input interface i~ at the output of a flexible OC c~ble on epace nn
t~nna, output interface is nt input to utility grid. All offcctn which cause statistical variation or avnil
:ibility (failures, errors, propnp,at.icm) are included. Some of the major al!ISwnptions: 

• Space antenna IJC to DC converter is redundant. 

9 Pha~e control uaes four layer tree, down to klystron level, 
only first nnd second layer~ are redundant. 

• rtonredumJant, 20 year l:lfet.ime klystrons are used. (This 1s 
a factor of ten better than state-of-the-art). 

• 

• 
• 

• 

• 
• 

Random phase and amplitude errors ot spnce antenna are the same as 
cslculated in Part III Study. 

Elev~tinn angle toward satellite is 55° • 

Diode failure rate is .02 per million hrs. Diode is not refurbished 
for 30 years. {Failure rate is a factor of two better than atate-ot
the-'lrt). 

Crit.icnl components in AC power col) eetion system o.1·e redundant, rest 
nra covered by on-site apAres. 

Space antenna is refurbished within 81~ hrs biyP.l\rly periods • 

Ho power Hecovery is assumed when n failure occurs ! n t'pl\co antenna 
nperture se17T1ent r<?lnt~d to items (!} , ~ or {2> in tnble. 

Not~ that wlth pow<?r recovery methods the eQWer availability (85.e5% mean value) can be improved to t.h• 
equipment availability (90.1.ZC mean value). 



• GENERAL 
ELECTRIC 

A. 

•• 

c. 

U180·lS46' ·S 

SUMMARY OF EQUIPMENT AND POWER AVAILABILITY 
CAL CU LAT IONS 

- --
epace division 

f% 10 66 80 90 99 99.9 99.99 

Hro/Yur 7889 2980 17Sl.2 076.6 87.66 8,,66 .R766 

Space hntenn.! 97. 75 93.20 91.56 89.59 84.12 78.62 71.28 
---

l DC Dhtrlbutlon 100,00 99.50 99.22 98.95 98.00 97.00 95.95 

2 Phase ConLrol 99.84 98.92 98,44 97,83 96.10 94.40 91. 30 

3 Klyatron 98,90 97.50 97,02 96,'5 95.48 94.Sa 93.60 

4 landoa Pb&H U,40 98,SO H,20 97.82 96. 80 95.75 94.80 

5 lando• Nip. 99.60 91.60 98.40 98.00 96,6S 94.90 91.70 

Propagation t9.0S 98.54 98,28 97.84 96. 24 94.17 91. 77 
- ........... 

6 Attenu1U:in 99 .o.s 98,U 98.40 98,10 96.90 95.20 93.lS 

7 Faraday lloUtion 100.00 99.92 99,98 99. 74 99.32 H.92 98 • .52 

acctenn• 98.38 98.13 97.61 97.03 9.5.06 92,96 87.65 

8 DC po-1er Collec- 99.38 9a.45 91. l!i 97. 81 97.00 96.JI 95.80 
Uon 

9 AC Power Collec- 100.00 99.68 99.45 99. 20 u.oo 96,45 91.50 
tlon 

Total Power Trani-
•hlion Syatent 96.22 90.12 87.78 84.99 76.96 68.88 n.n 
E9ui2mcnt AvoilabS-
.u.u 
Power Avotlubilitl 
at i'owur Cr iJ 
lnterfnc~ Rnl~Livu 95.00 as.as 83.19 79. 4 J 69.20 .59.65 47.01 
tc.> •;qui p1•c11t ~1 thoc.>L 
F111lurc 
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BLOCK DIAGRAM OF A TYPICAL LOW VOLTAGE RECTENNA GROUP 
(GROUP 1, RING. 1) 

The figure shows the block diagram Crom diodes to "groups" of the rectenna for r.roup 1 of Ring 1. 
(Example shows a group cloBe to the center of the rectenna.) 
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0180-25461-S 

BLOCK DIAGRAM OF A TYPICAL 
LOW VOLTAGE RECTANNA GROUP 

(GROUP 1, RING 1) 

...... 

.... ., ... ,..,,, 

••J'H' -· ................ .....__..._. ... -... 
- .-+-._+---.-I ...... 
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----------·--m--· 

apace div•sion 
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RECTF.NNA POWER CONDITIONING 

The rPctenna power conditioning network from input aperture plane to utility grid interface waff 
developed conceptually including detailed geometry and conductor sizeq, The sumrMry displays Rome 
of the most important results. 
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RECTENNA POWER CONDITIONING 

SUMMARY apace division 

• MECHANICAL ANO ELECTRICAL LAYO\JT OF A TYPICAL RECTENNA WAS DEVELOPED FOR 
A TEXAS SITE. 

• THE FOLLOWING COMPONENTS ARE DISTINGUISHED: DIPOLE, ARRAY, PANEL, UNIT,, btfOUP. 

• A LOW VOLTAGE AND A LOW CURRENT DESIGN WAS CONCEIVED, THE LOW VOLTAGE, USING 
MAX. 3 KV (NOMINAL) WAS SELECfED AS THE BASELINE. 

•.FOUR DIFFERENT TYPES OF PANELS AND SEVEN DIFFERENTLY WIRES UNITS ARE 
NECF.SSARY TO FORM THE OVERALL NETWORK. 

• ALL PANEL DIMENSIONS ARE IDENTICAL (3M X 3.33 M) AND THE NS DIMENSIONS OF ALL 
UNITS ARE EQUAL (117.18 M). 

• MOST OF THE LOSS 15 IN THE PANEL WIRING, MOST OF THE WEIGHT IN THE UNIT LINES. 
USING ALUMINUM CONDUCTORS T01'AL NETWORK LOSS IS t.39%AND TOTAL NETWORK 
WEIGHT IS 225,490 METRIC TONS. 

o HIGH VOLTAGE DESIGN CAN CONSIDERABLY REDUCE THE NECESSARY WEIGHT OF CON
DUCTORS, BUT IT INCREASES THE WEIGHT OF INSULATORS. 

o LOSS IN THE AC SYSTEM IS APPROXIMATELY 1.5%. 
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MAINTENANCE REQUIREMENTS SUMMARY 

This la a summary of the microwave system space and ground segment maintenance requirements. 

This work is more fully described in Part 4 - Phase 1 presentation held in March 1979 at JSC. 
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MA I NTENANCE REQUIREMENTS 

SUMMARY apace division 

• SPACE ANTENNA MAINTENANCE t-tOURS FOR 2 MAN CREWS, PER BIYEARLY CYCLES 

• 

• 

DC DISTRIBUTION 

RF REFERENCE PHASE D!STRlBUTION 

KLYSTRONS 

TOTAL CREW HOURS PER REPAIR CYCLE 

TOTAL MAN HOURS PER REPAIR CYCLE 

TOTAL MAN HOURS PER YEAR 

RECTENNA DC PER YEAR 

RECTENNA AC PER VEAR 

281.Z 

680.5 

2544 

3506.3 

7012. 7 

14025.4 

5762.5 

69457 

• THE MANPOWER REQUIREMENT IS EQUIVALENT TO APPROXIMATELY SEVEN MAN 
YEARS PER VEAR IN SPACE (ON THE AVERAGE) AND 64 MAN YEARS PER VEAR ON 
THE GROUND FOR 5 GW SPS SYSTEM. 
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CHARACTERISTICS OF AVAILABLE POWER VARIATION IN THE !:>PS SYSTDf 

THE TABLE SHOWS 12 RECOGNIZED SOURCES FOR DYHAMIC POWER VARIATION IN ntE SPS SYST'El1. AMONG THE 

LISTED SOURCES NO. 1 AND NO. 2 CAUSES SCHEDULED DOWN TIMES OF 1.36% AND 1% RESPECTIVELY. THE 

REMAINING EFFECTS ARE SMALL AlJD ESSENTIALLY RANDOM. TOTAL ENERGY LOSS IS LESS THAN 2. 7% PER YF.AR 

IF SHUT DOWN AND START UP TIMES ASSOCHTED WITH ECLIPSES ARE ALSO CONSIDERED. ONLY SOURCE NO. 1 

AND NO. 2 CAN CAUSE TOTAL LOSS OF POWER. 
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NO. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

o. 

10. 

11. 

--
12 

rib. ~ 
GENERAL 
ELECTRIC 

SOURCE OF 
l'OWER 

V:.RIAl ION 

SPACECRAFT 
MAINTENANCE 

ECLIPSE 

--------ECLIPSE WI rH 
SHUTDOWN 
ANO STARTU~ 

WINO STORM 

EARTHQUAKE 

FIRE IN REC-
TENNA SYSTEM 

METEORITE HIT 
OF SPACECRAFT 
EQUIPMENT 

RECTENNA 
EQUIPMENT 
FAILURE 

PRECIPITA-
TION 

POINTING 
ERROR 

IONOSPHERE 

GROUND CON· 
TROL EQUIP· 
MENT FAILURE 

AIRCRAFT 
SHADOW 

TOTAL 

Ul 80-25461-5 

CHARACTERISTICS OF AVAILABLE 
POWER VARIATION IN SPS SYSTEM 

RANGE FREQUENCY OF AV. DURATION OF 

" OCCURENCE OUTAGE PER OC· 
PER YEAR CURRENCE MIN/VEAR 

0.100 2 2 x 3600 

0-100 62 ~--.9 TOTAL 
7 .AX PER/ 

- -- - -------- - - -~f!~!~C~ - -
6270 

75100 0.01 6260 

90-1% 0.01 11KJO 

80.100 fi.01 840 

90-100 0.01 1200 

91.5- 1 50 
100 

93.3- 50 1 
100 

94.8· 5000 0.6 
100 

98.5·100 20 1n 

95- 5 3 
100 

'l9.99- 20 20M 
100 1 M MAX/ 

OCCURENCE 

WITHOUT SHUTDOWN/STARTUP: 331HR13.77%1 
WITH SHUTDOWN: /STARTUP: 362 HA (4.12%1 

TOTAL OUTAGE 
HR.NEAR 

120 

66.26 

--------
87.8 

87.8 

30 

14 

20 

0.833 

0.833 

0.833 

3.32 

0.25 

0.3 

537 

MAX.POWER 
REDUCTION 

GW 

6 

6 

-------

1.76 

0.5 

1 

0.5 

0.425 

0.335 

0.29 

0.15 

0.25 

0.0005 

10:?1l.8 12.36%1 
1188.5 f2.71"1 

AV.YEARLY 
ENERGY LOSS 

GWHR. 

800 

281.3 

-------
439 

109.6 

15 

14 

10 

0.35 

0.28 

0.24 

0.24 

0.06 

0.0015 

space division 

TIME TO MAX SCHEDULED 
POWER LOSS YES NO 

IMIN x 

1 MIN x 

--- ---- -------
1Mlh x 

6MIN x 
10SEC x 

30MIN x 

100MS x 

100MS x 

1M x 
15 

15 x -
0.35 x 

1 5 x_J 
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VARIOUS METHODS TO REDUCE POWER INTO RECTENUA 

THE TABLE SHOWS 7 METHODS TO CONTROL THE POWER INPUT nrro THE RECETEN11A. REDUCTION OF POWER TO ZERO 

WILL REQUIRE MAXIMUM .45 SZC. THE VARIOUS METHODS HAVE DIFFERE?IT NOISE EHVIRONMENTAL EFFECTS. 
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• GENERAL 
ElfCTRIC 

METHOD 

1. REDUCE KLY-
STRON BEAM 
VOLTAGE 

2. INTRODUC~ 

QUADRATIC 
PHASE ERROR 
TO ANTENNA 
APERTURE 

3. RANDOMIZE 
ANTENNA 
PHASES 

4. TILT OF 
ANTENr~A 

PHASE ~ 

5 . TILT OF 
. 4NTENNA 

6. DlaCONNECT 
KLYSTRON 
RINGS 

7. TILT SOLAR 
ARRAY ANDS 

0180-25461-S 

VARIOUS METHODS TO REDUCE 
POWER INPUT TO RECTENNA 

EFFECT ON RP.NGE TIME WHERE THE 
LIFETIME OF POWER DELAY ON OFF POWER GOES 

SMALL 100-80 300MS x THERMAL 
RADIATION ON 
SPACECRAFT 

N01-.JE 100-50 300MS x INCREASES 
POWER 
AROUND 
RECTENNA. 
(-14KM) 

NONE 100-0 450MS x INTO 1000 KM 
DIA. FOOT-
PRINT 

NONE 100-0 1 SEC. x OFF F.ARTH 

MODERATE 100-0 216 s x OFF EARTH 

100-0 3S x AROUND 
RECTENNA 

LIFE OF I 100-0 111 MIN. x TO UNIVERSE 
SLIP RING 
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space r.li'liRion 

I 

ENERGY 
REQUIREMENT 

1.JONE 

NONE 

NONE 

NONE 

MODERATE 

NONE 

I 
LARGE 
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AVAILABLE SPS POWER TO UTILITY GRID 

CHART SHOWS AVAILABLE SPS POWER TO UTILITY GRID CONSIDERING RAND'lM ERRORS, FAILURE HODES, SCHEDULED 

MAINTENANCE AND I::CLIPSE, INCLUDING SHUT DOWN MID START UP TIMES. TOTAL SYSTEM DOWN 'TIHE IS 

207.8 HOUR PER YEAR (2.37%). 
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AVAILABLE SPS POWER TO UT;LITY GRID 
CONSIDERING RANDOM ERRORS AND FAILURE 

MODES, SCHEDULED MAINTENANCE, ECLIPSE .ANO 
START UP/SHUT DOWN TIME LOStES 

HOURS PER YEAR 

~pAca divlaion 

1753 438.3 87.11 
7889 1138 3608 2980 871.1 175.~ 8.77 0.877 

--........ 
~ I I 

RATED POWER - _,. i-... ~1% OF IME 

~ 
~ 

4.6 

4 

3 

' % 80% RATEJ POWER - ........ ~ .. . 1-.. OF TIME 

-
\1 

AVAILABLE POWER AT UTILITY GRID 
INTERFACE IPouT> GIGAWATT& 

\ 
I 

SCHEDULED NO 
I SCHEDULED POWER FOR _., 14 "NO POWER FOR 208 HR/YEAR 

118 HR/YEAR WITH ECLIPSE 
WITHOUT ECLIPSE AND ASSOCIATED 

2 

SHUT DOWN/START 
UP LOSSES 

CONSIDERING RANDOM ERRORS, 
FAILUE MODES, SCHEDULED 
MAINTENANCE, ECLIPSE AND 
START UP/SHUT DOWN TIME 
LOSSU 

10 30 eoee 10 so 11 11 at ••.• 89.99 

PERCENT OF PROBAllUTY (Pl 
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TECHNOLOGY DEVELOPMENT TASKS FOR SPACE ANTENNA 

AflD ASSOCIATED MICROWAVE TRANSMISSION SYST&f 

THE SUMMARY TABLE L~STS THE HOST IMPORTANT ARF.AS OF CONCERN IN THE SPACE SEGMENT OF THE MICROWAVE 

TRANSMISSION SYSTEM, E:XCLUDING THE RECEIVER-CONJUGATOR-TRANSMITTER SYSTEM, WHICH IS COVERED 

ELSEWHERE. THE KEY QUESTIONS FOR THESE COMPONEHTS OR SUBSYSTEMS ARE RELATED TO DEVELOPMENT RlSK, 

ACCURAC.Y, LOSS, WEIGHT, AVAILABILITY AND LIFETIME. 
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• TECHNOLOGY DEVELOPMENT TASKS FOR 
SPACE ANTENNA AND ASSOCIATED 

MICROWAVE TRANSMISSION SYSTEM GENERAL 
ELECTRIC 

DURATION 
NO. DESCRIPTION (WORK DAYS) 

1 LINE SOURCES (W.G. STICK) AND 1250 
ASSOCIATED W.G. POWER DIVIDER 
CIRCUIT ELEMENTS 

2 RF DlXPLEXER 1000 

3 IF OIPLEXEA 760 

4 . HASE DISTRIBUTION CABLE 860 

5 MONITOR/CONTROL NETWORK 600 

6 PHASE COMPUTING PHASE CONTROL SYSTEM 700 

7 PILOT TRANSMIT STATIO~~ 400 
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space diviaian 

NON·RESOURCE COST 
(EXCLUDING FLIGHT EXP) 

(KS) 

600 

260 

260 

170 

500 

400 

200 
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TFf!INOLOGY J'.!EVELOPMENT TASKS FOR RECTEHN/, 

THE SUMMARY TABLE LISTS THE MOST IMPORTANT AREAS OF CONCERN IN THE GROUND SF.GHENT OF TUE MICROWAVE 

TRANSMISSION SYSTF.l1. THE KEY QUESTIONS FOR THESE C<J1PONENTS OR SUBSYSTf.MS ARE REl.ATED TO RF/DC 

CONVERSION EFFICIENCY, FABRICABILIT'l, COST, WEATHER EFFECTS, ENVIRONMENTAL IMPACT, DYNAMIC LOAD 

HAHDLING. 

544 



• GENERAL 
ELECTRIC 

0180-25461·5 

TECHNOLOGY DEVELOPMENT TASKS 
FOR RECTENNA apace division 

DURATION NOr~-RESOURCE COST 
NO. DESCRIPTION (WORK DAYS) (K$) 

1 RECTENNA ELEMENTS FOR 4 DIFFERENT 700 850 
EFFECTIVE RECEIVE AREA VALIJES 

2 CONTROL OF EDGE OF PANEL 360 260 
DIFFRACTION METHODS 

3 LOAD HANDLING TECHNOLOGY, 100 80 
TRANSIENTS, THERMALNOL TAGE 
HANDLING 

4 SHORT TERM POWER STORAGE 100 80 
TECHNOLOGY 

6 MODELING AND CONTROLLING 400 320 
RERAOIATION IN THE FREQUENCY 
SPECTRUM 

6 CONTROL ANO MONITOR TECHNOLOGY 160 80 

7 WEATHER PROTECTION TECHNOLOGY 260 140 

8 PANEL FABRICATION AND 200 100 (WITHOUT PILOT FAS.I 
INSTALLATION TECHNOLOGY 
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'H"" or• nood1dl I •ffJct1nr.y, ro111tdllly, I u•lna ~i.nu hul 1t"4ll01 SC>ll 1001 
KCN .. n1 p<Ner -.ieJaM, proott ct loo r•r•, .,,., tr•ft•• _-2!!.!9Yill ____ ---..-----·----- ---------·--· 
dhlder/c.-1ner I c~•t. ""' ''"d uterlll •II ••Ul\MO. 1. ou;a•, hb arMI -ri1Tlcii029-- f.T:2 ···4-.1.1 
ry~'" ero nocuuryl develoi-aont. In :orlou ttol •II necHoor• ISO ~ 010)0~019 J. 1:0. S 4. J. l 
What •h<trlr.ol, wlrh llheluro, -· ,,,... · SSIOO 1.2.0.S 2.1:) \ 
Mcl.anlc•I. therMI Hpllllero. C..U'd 010)04~1' 1.1:0.s 10.s .. 1' 
ch•cacerht Ice ere I' tnfluenc~ practical i.•:l 
ar.~lo1bl1l Und.,ldrh, lrequ1oc·1 ).S:2 
Whet ... tt• ........ phi\, ultlute Jlo, of J.4:2 
lobrtcatlon, paco• SP$'o, llletloe. C...14 ·-- ___ _ ,JJ.!. _______ ----·--· _ 
111n1 , .. .-bly tnlluet>ce P~ d .. 110. ~f .. , - .. : •• --r;;-
probl"•' epoc• ..,vlro-n&. HO Ult 
What tolernc:n au )10)0..019 
necte••t7 and aehtev· --~·-
a~hl 

le lh•r• a 1001 tara 
•&l"I prob! .. ? 
111\at he~uenc7 ~alld, 
P""" hand I Ina 11•1•
•t .ltlD ••1ata'l 
llh•t IMuoU lol 
fac-.JlUtea •r• 
needed for ,rodut. t Ion 
lilMr rar•• •• • 
.,.hl•·1eblaf 

---------·. 1.....------------------- ------~- ---·· --··--·--· 

o.,,1llon\ .,. '""' '" nor9lll17·1t"-rl"hd 
...,,. d•t'• 1ppro1. 2!1«> prr c1lrnd•r 1•1r. 

( >) L•t nohlton: SS • 1tart-to·1t1rt 
fS • flnl1h-lo·1t1rt 

(S) Tul .......,.,,,.. code: M U « DG t: 

AA dt1ltn•l11 Pt"09r .. ph•11: 
(C dHltllltH tlAIJtft; •-•·, \ltl• ... 

sohr u\h 
DD dt1lfft1lu tn\ f 

,..,.,_,,\ourct co1\1 arr ror ~•lrrlill •nd 
f'1•,tpr.-nl nol lnc11Ard In rnourcu 
111 .... ,. 

(4) At1lkln:t1 art dtflntd In re1ourc11 
Hbr1ry. 
Y•lurs Ire llt•dcoun~ for t•ch t7p1, 546 

01 • tro.,.,d·butd rt11ercll9 
02 • rtlt•rth rlllht ltlll. 

91 dest9n•'H ltthnlu .,,., 
1.9., 10\1r 1rr111 

( d1\l9fl•lt\ prlorltJ, 0·9 w'.t~ 
.' hlput. 
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SF-S Rf.SEARCH PLANNING OETAllED \JJ?.KSHEET 
-------~-------- - - ---,.-----~--------

SUB 
PROGRAM SUBJECT 

row•r ., d. pl•••r 
t f"an-l••iOft 

KEY QUESTIONS 

"°'"' .... ,. t,,. •• ,. 
nH<l•<lf Whet 
teo l •t ton i• 
pr•ctteelf Sep•r•t• 
or ctM90n recet"• 
epertur•l 
Whu hllndvldth 11 
<!Hi .. blef 
l1ov It l•p•c u 
v•t&ht, loee, 
holetlon, n•bll Up, 
•a•nc. ,_,.,atur• 
u,.11 
"""Nop c•vftlHf 
1"iat tppeef llMr• 
• •t•\d • .,. dlplner 
be locetedl What 
.. ,.,,.a, '•brk•
t.lon, •1 ·1,...nt • 
-tho<!•! lnetalla• 
tlon, urtfl • etlon 
-tho•hf 

, (I I Our•tlons •~ 9l•rn tR nort11alt1-schedvlrd ...,.t d•J'• 1ppro•. lSO pfr c1trnd1r 1r1r. 

(Z) llon-rrsovrct coi\1 ire for ••trrl1ls •fld 
f1ul~nl nol tm:lu<!fd In rrsovrcrs 
t lbr1ry. 

IMPLICATIONS 
APPL IC 
ABILITY 

Ac:hleubl• tr•n•l••lon All IPS'a. 
.rt1rtonc7, r•ll•bllllp, 
'rodurrton rer•, wt1ttt, 
CO•t • 

T AV. ANO 
£1WORK NO. 

I. c... 
l• 

tinu• •Y•t• 
v•l elu<llH, 
llJ!!,.019 __ 0_1_ 

•II" lab •ncl 
•l • ft\Jlll>er or 
••• typH. 

C.UP. .. TIOK KOK· l\ESOUllCE 
(\YORK DAYSI COST 

-
)00 SOii 

-· -·-
500 200• •t•y nt•d ••t•rf•l 

donlopa..,t. l•pecu 
reul .. r d .. lan, aroimol 
pl~ot pmter. lnt•rf•C'• 
vii h ..,b•rr•). 

I. ..... 
u 
bl 
01 0:!9:fo_OJ.,! ____ ----------- -

(J) let t1Cl1tta11: SS • 1t1rl·to-1l1rt (S) 
fS • rlnt\h·tO·lllrt 

C•> RtsourcH •rt dtrtnrd In "sotirc11 
1lbr1ry. 547 
'•lut\ ll"f llfadtollflt for ••ch t111r. 

Tut ""°"""'"' codr: AA II CC '"' t: 
AA dnl,...tn ,,,,.,,.,. 11hesr: 

01 • f POund-bastd rtsr1rc•0 
02 • rtSHrth "'thl lH ts. 

II dt\ltn•trs trchnlc1 1rr1, . ....... 

-

·-·-

TASr.S FED 
AHO LACS 

IUSOL' AC!: .. 

2.1 

OlllOJOH 'f."i --- .. --

·- ---·-- -- -

____ ...._ __ ·--~- -

CC dfosl9n1trs sufllJ•cl• •·• • ''''' 
sohr crlls 

1'0 drsltn•lrs t11l f 
[ dtSl9f11lts priority, 0' w11; 

t hl9hnt. 



[ ---·--g-· --- -SUB 
r-ROGRAll. SUB 

--- ·--
l'CNl!l IF d 
tr•n"•i•elr;:in 

JECT KEY QUESTIONS 
--·---- >-

.;h••< f'o""' aeny If? 
l.11at l • opl \llO• 

(I) 

fr~qlJency plnn7 
Wl ... t t• •~p•r•t Son 
buwc11tn to11tt1? 
Jh•t lreq1.u~ncy b•nd? 
lfh•l 11 opt tau• Jo11 1 

lo lat Jon. •~:chf 
\lt1ilt Jo tht- el f<'l.f, c.,f 
U••p•rnrurt!? Wher~ 
ahoolJ be loc:•t•dl? 
I/hat la dlpl .... 
con tr tbut Ion to 
ph.t11• dt•tr1butln1 

·~•t•• error•? Wtuu 
S1 Ofl:httJ• l•pl .. •nr:a-
r:fon confJguratlon? 

Our•tlon\ •rt 9lw1n In nor1111ll1-1,hedwltd 
vork dAy\, ,ppr111. l!iO per t1l1nd1r yr1r. 

Jllon-~~OUf(t (0\\\ &rt ror aettrllll ln4 
11ulpr.~nt not lnclU'fed In resourcti 
Jlbruy. 

Ol&0-2S46 I ·S 

SPS RESEARCH PLANNING DETAILED WORKSHEET 

. 
APPL IC TASY. ANO DURATION NON-RE!.OURCF. 

IMPLICA"CION!'. ABILITY NETWORK NO. (WORK DAYSI CO!'.T 

-----·-
.__ _______ 

-
rr .. qvency plan, .odul•~ All SPS '• I. (,;ont.tnu• 1y1r. ... 
t Son t•ch(lique, puver th·•t u•• l1tvel a111cl1u. 2SO SOJ 
le ... e-1 a, er cur• In ph••• •h:rovav• IJl 110)019 
dhlTlbullon ayat•. J>OJ•f -f.- I;i-i&n·:-M .;r--- -·--·----- ----

tr•nutlaaJon and tnl di-
pl•x,.ra. 

__ .fil_<!l~EH. 

(l) l19 rM>t1tt1111: SS • 1t1rt-lo-st•rl (5) 
fS • flntsh·tD·1t1rt 

(4) .,,ou~e• 1r1 def ("'4 t~ r110Jrte1 
1 lbrtry. 54M 
Y1tue1 ire he•dcouftl for e•<h tJ~. 

~ 2oor: 

------

Tuk n~rtng code: M H CC DO I 

AA deslgn1t11 '"°'',. ph111: 
01 • 'round·b•s•d ~•••re~; 
OZ • rt\e&rth flight lrsts. 

18 dul91utt\ trc;hnlut aru. 
1.9 •• so11r 1rr11s 

TASKS FED RE SOU 
AND LAGS 

RC£!· 

I 

1 · 

l 
i1 
' 

I· 
l 

J 
CC ci.111111tn 1ubJrct; •·•·· '"""" uhr nils 
llO dr1t9netrs te\l f 
( dr1lt)1'1te1 •rlorltt. O-• ~Ith 

t hl41tut. 



(I) 

(Z) 

SUB 
PROGRAM SUBJECT KEY QUESTIONS 

Power Phatt What type? 
tl'•n-•••1011 dtatributto1 What i• opthNM loH-

~able. velghl tradeoU polnt1 
T .. per•ture effect 1 
A.ling? Dtfferentlel 
expanlion betvffn 
center and outer 
conductor? 
19 redundancy needet!? 
What (allure llOdee 
edet? 
How to inetall 1 
How to check? 
h acceptable type 
av•tleble or needo 
nev develop19nt 1 

Durations ar• tf••n •~ 110r11111117-schedu1ed 
...,,\ d17s, approa. 1'50 per c•1endlr 7ear. 

llon-~sourtt CO\ls •rt for ~•ltrl11s and 
•·1ul~nl not lnchl'ftd In ruourns 
1 lbr1ry. 

' 

D180·2546i-5 

SPS RFSEARCH PLAl~NING DETAILED WORKSHEET 

APPLIC TASK. AND DURATION NON ·RESOURCE 
IMPLICATIONS ABILITY NETWORK NO, (WORK DAYS) COST 

Effect• phHe d le tr Jbv- All sn•. 1. ContinJe 1y1tH 
250 1011:. ti.on ti'•• layout 1 that have level nudlH. 

redundancy, raliabt•tty, ·•lcrovave 
l~v•l• in network, power 2. J•pJHtnt 11 ... Ja• 
ph••• erl'ora. tr•n•i••tOf!. tlon !or epplic4• 400 150K 

(l) 

(4) 

bh en·1Lro•ental 
---~ .. •---

l8f not1lt01t: SS • sl1rt-to-st1rt CS) 
fS • f\ntsh·to-start 

Rt,ourcts ,,. def tned tn resources 
ltbrary. 549 
Y•1ues .,. h••dcounl for each lype, 

I 

Tut n11Mberf119 code: M Ill CC no l 
AA desl9n•tts pf"09r1111 phase: 

0~ • 9round·bl\td rtStArth 0 
O? • rnurch ft 11'hl lHh. 

811 dtsl9n1tn t•chnlu 1ru. 
• ... 1aP •r• •v• 

--- --
TASKS FED 
AND UICS 

R£!'-fll•RC£" 

--·· 

-

----

CC dtsltn•tt\ •"')Pct; •.• • '''" 
sohr uns 

DO dt1l9n1t•• l••t f 
( drsl9n1tt\ priority, 0·9 with 

9 hlqtt.st. 



r----·---,------sua 
f'ROCRMI SUBJECT 

Po'-'('' H•mt tor 
transrnl&!!ilot conr.rol 

oetwork. 

llQTCS 

KE'r QUESTIONS 

Whlch ore ti.• by 
ch~racter1•l1L~ to 
aonhor '! How 
frequently? Ul"'1t 
eccuracy7 How •uch 
on-board proceetilng7 
Hov auch around 
proc•aJOlng1 Wh.H 
control •traregy 
should be ad~pt~J? 
What 1• data 'VIO\\'"""' 1 
What te:le:aetry 1y•tem 
•l.onld bill! uaed? 
(frequtncy. bandwidth, 
modulat ton, power.) 

(I) Our•llon\ •r' 9lwtn ln no~11y·SLhedultd 
work d•y\, 1pproa. 1SO per c1lend1r re1r. 

(1) llon-ruourct co1U ire for 111aterhh ind 
t1uiptcPnl nOl lncluoltd In r!!\OurCl'S 
JlbrHy. 

Dl80-2S461-S 

SPS RESEARCH PLANNING DETAILED WORKSHEET 
-

APPLIC TASK ANO DURATION HON-RESOURCE TASKS F£0 
IMPLICATIONS ABILITY NETWORK NO. (WORK DAYS) COST AND LAGS 

RESOURCES 

D eter-•Jne• requfred All SPS'a. 
ele9'1et ry cap•c lty. Syat- •lealan. 500 500lt 
nfluancca 9vallablllty, 

po wer tran••l•s1on 
rr l<'lenc,v, 11afntenance 
equtrr1r1crnta 1 Illa 1 n t enance 

pr ocedurto•, 

---
j 

(J) lit 11ot1U01t: SS - s\lrt-to-start (5) Tesl llU!llberl119 code: M II CC 00 ( CC ll«~t91talH t .... Jtct; •.f. • \llt,,.,. 

n- finish-to-start AA de1l9natt1 progr"' phase: 
solar ctl 11 

llO dtsl9n1les ta\l I 
(4) RfSourcu ,,.. dertntd In rHourcu 01 • 9round-b11ed res,•rch• ( dtsl9nalt\ prlorltJ, 0-9 with 

library. 
02 • ruurch flh,1ht tHts. t hl9hnt. 

Values •~ ht1dcoU!\l for tach lypt. 550 Ill dtsl9nalts ttchnlca1 1re1, 
e.9., •ol1r 1rrays 
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I 

I 

'(1) 

SUB 
PROGRAM SUBJECT KEY QUESTIONS 

Power Pha1e '" It f•utbl•T ffov tt 
trsn,..l•slon C:Ollput tnA cai111par•• to b•••11ne7 

pha•e l" 1t11 •p•K adf'riu.ate? 
control Where le accuracy ... 
8J8tN •P••d-co•t tradeof fr 

apt l•U9l1' \lhat b band-
width requtre111ent? 
llh•t lw rell•btlity? 
l11p•ct on .. tntenanc.e, 
coat, povcr, con•Ullpt Ion, 
v"1ght 1 
What 1• optt•IPll 
1rchltecture? 
Vhat new technologie• 
are nerded? 

l>\,r•t'on' lrt 9lw1n In non1111ty-sch•dultd 
work da11. •PP"'•· 250 ptr nhnd1r JHr. 

Non-r-Piourct co1l1 Ir\! for ••ltrl11s tnd 
•1ulpc'.fnl not lncluit.d In resourcps 
Hbrary. 

0180-25461-S 

SPS RESEARCH PLANNING TAILED WORKSHEET 

APPLIC SK ANO DURATION NON-RESOURCE 
IMPLICATIONS ABILITY TWORI( NO. (WORK DAYS) COST 

Co.t .. accuracy, develop- lt.ll SPS'•• 1. An•ly"f! •nd 
••nt requtrent~nt, .atn ... optt.he ~hue soo 1001( 
t•• .. nre, vetght. c""'puttn1 

avatett. 
2. s1 .. ul.,t• 

oper•tlon hy 200 IOOIC 
• .,.,.uur llOdel. 

(J) l19 110t1tl0ft: SS - st1rl·lo-st1rl (S) 
rs - r1nt1h-to-st1,.t 

(4) R•sourcp1 1r1 ciertrM!d In rtsources 
Hbmy. 551 
Yllurs Ir@ llfaclcount ror" Heh l}'Pt. 

Tesl l\UlblT\ng code: AA .. ct "° ( 
AA du 'tnatts '"'9"• phau: 

01 • 9f'OVIHl-b1,fd restlrch; 
Ol • rt'Hlrch "'1"l trsU. 

II ~''9fl•lts ltthnlca '"'• 
f.9 •• 'otlT lrrAys 

-- ------
TASKS FED 
AND LACS 

RESOURCES 

·-·--

-- -----

·-

tt dPtt9"•t•t 1utlJ•cl; •·•·• 1lllr..., 
IOf., CPlll 

DO dtll'JflllPI ,,,, , 
l dp1l9n•t•1 priority. 0-t with 

t "'•hut. 



(I) 

( 1) 

--·-

8 SU 
PROG RAM 

Powet 
crane• l&•ton 

I 

-------

SUBJECT 

Pilot 
t rane•i [ 
•tat ton. 

-

KEY QUESTIONS 

--------
lie"' •any anr ~nna 
loc•t lona 1 What lo 
opt IN•Jll antenna at te-
tran!l'mlt power trade-
oct "!' Hov •any 
tran•ittere? 
What phaee and 
utip1Jtude control? 
What modulatJoni 
Barv!w1dth7 
Control-.onttor 
requlreaent•? 
llhAt ta optJ•ua 
lac at loaf RediJndancy? 

n .. r•llon\ or• th•n In n<>r,...l\y-uh••lul•d 
~ork J•y\, •PP~•. 1!.0 p•r c~lrndar y•ar. 

"on-rP\ourc' co\tl Ir' for ~•\,rials l<>d 
~-i·•lvent not lnclu<1ed In rr\O\lfCP\ 
I ltHHy. 

D 180-25461-S 

SPS RE' ARCH PLANNING OETAIL£0 WORKSHEET 
·-

APPLIC TASK ANO DURATION NLN-RESOURCE 
IMPLICA TIOtlS ABILITY NETl'tORK NO, (WORK DAYSI COST 

Select ion •;•'I ef feet t-11 retrr- I. Dev•lop •J~t~• 
phas~ cunf rol eyat~• d 1rect1 "'~ d•etr,n. 400 
de91Bn· 

200IC 
SPS'•. 2. Develop 

Afr f'c t • •ch J evable ffDf'c ff teat lona. 
acrur.1cy. rt11k, develop-
~ent co!lt. 

(l) 

(4) 

-

\at notation: \S - \t1rt·to-\tart (5) 
fS • flnlsh-to-1t1rl 

Resources trt defined In resources 
llbn'l. 
hluu ire headcount for uth type. 552 

Tok ""°'"''"' co.le: M Ill cc nn l 
AA de,l9n1t11 provr .. ph111: 

01 • 9round-b1,1d re\11rch; 
Dl • re\11rch flight test\. 

18 dtsl9n1t11 t1chnlc1l 1re1, 
1.9., sol1r 1rr111 

TASKS FED 
ANO LACS 

-- ---

RESOURCC5 

-

I 
I 

J 
CC .. ,lwnll•\ •.,.J•ct; •·• , '''''""' 

\Ohr nth 
DD de1l9fttl11 t•'' f 
( desl9n1l11 prlarlt1, 0-! with 

!I hl9hnt. 



SUB 
PROGRAM SUBJECT KEY QUESTIONS 

Pov•r Re.:tenna - -ny type of 
tr•n-J•elon element• rectenna eJ,.ent• 

1m hov •any type 
or rectifier element• 
1muld be uoed? 
tf ona type of 
nctlfte< 11 optl-
le 4 dUferent 
rectenna el~ent 
adequate? What I• 

I 
opt 1 ... receive area 
atze for each "!le11ent 
ll'nat ii optl-
phy1lcal configc~•-

I tlon el•ctrtrilly, 
I -chenlcally co•t 

and fabrlcabcllty 
point of •tev? 
'!hat l• 1chleY1ble 
IF to DC CClllY ... •i-
efflcie.w.y for 
opt- <IH!cna •• • 
functl- of power 
}Hal, tnc .. 1111 a111le, 
t111P11rature ra .. •. 
-:her effect• •nd 
aaatna? Vhet le 

I ullablllty of 
optt- el-t1 

f!Ol~~ 

(I) Dur1llon' arf 9lwen 111 110rN1'7-sched11lfd 
work days, 1ppro1. 2Y..• p!r ca1fndar 1nr. 

(l) llon-,.sourcf CCKlS lrf ror ~8tfrl1ls lfld 
f1ul~nl net tnc111'tfd ~n rfsourc'' 
1 lbru7. 

0180-25461-S 

SPS RESEARCH i LANN ING OETA ILED WORKSHEET 

APPL IC TASK AND DYRATION NON-RESOURCE 
IMPLICATIONS ABILITY NETWORK NO. (WORK DAYSI COST 

Reic: t enna • i ee , cot1p l n It 1, All 5PS'1 1. Conu.uct theoret t-
co11t, product ton •ch•dule. -ploying cd Uudy vhlch h 200 lSOK 
i• dt!'tertained by el ... nt. 1111tcrov•ve 1ddr.,.oin1 all th 
Rrctenna efflctency/co1t power key Que•t Ion•. 
ratio 1• 1ffected In • tr•n-l1lllion. 2. lrHdboard at 
-Jor vay and SPS produced leawt 4 dlfferPnt 500 5~ 
energy pe:t' co"t r•t:eive =tr•A 
lignlficantly by r•ctenna eliP.J"ent 
eleioent de•lgn. •• they Are ne~ded 
F•b•l••tlon •ethoda for ov~-•11 r•<"-
are tnflu<l!nced by ,.1 ..... nt t•nna layout. 
dealgn tn • .. Jor vay. Y•rlfy th•oret I-
Senalt1Y1ty to veother cal prediction,. 
will be •fleeted. on rl•tattnt•. 
Rectanne generated r-f 
nolH _, be Influenced ). Con1truct typlc•l 
by circuit •tlached to Tft'tenna panel• 
•I-nu. of Heh of the 

' beeic typee. 
Utilise theoe 
90dulee to ••rify 
fabrlcetlon con-
cepu. Conduct llP 
tuu on ••ch 
pa~el typee to 
Hrtfy efficiency, 
reredtatton, etc. 
char.cterlet Ice. 

I 

t 

I 

L•t notatlllft: SS - st1rl-to-st1rt fS) 
rs • finish-to-start 

Tull nuoobtrfnt cod': M 88 c:: 00 l 

AA desl9nat•s pl'09r .. phl!t: 

llHOVrcH •re deflnfd In ruourcH 3 
library. SS 
Y1lufs •~ hfadcount for tech lypt. 

(4) 
01 • 9rollftd-~1std rtst11ch~ 
OZ• rtsurch flight tt·.ts. 

1111 '1!!sl9"•l!' lfd1nlul 1n1. 

-

TASKS FED RCSC'L'RCb 
ANO LAGS 

' --- --
010)10029 5510 I. I :11. 5 l. ~ 11 • .r. 
01110101• 1. J :0.' ' 

1.4:1 I _J.!_:O~~- --·---------
01110102' I. I: I I 

1.): I ' 
1.4:2 I 1.1 :1•. ~ 
J. I: I I 

J.2: I 

l 1.•:1 
3.5 I 
4.1 I 
•.2 I 
4.7 o.• 

tc ~tltnalt• ,..,Jtct: •·•·· '''''""' 
~otar ulls 

ID deslgnetts tesl r 
[ dt1tgn1lts prlorltp, 0-9 -tth 

9 hl9hnt. 



(7) 

t-P_R_~_i_:_A_M_t-_s_u~e~J-m I "_Y_Q_u_E-STIONS 

Power "•ctenn.a Hov ••,c:h dUfr1ct1on 
tran9\. laaion piinel 

•dae 
d 1 r fr •C' t Jon 

•round the •.!I• of 
·t•nna pari•l• 

influanc11 th• op•.·•t ton 
of .. he rectenne7 Kai 
the pan•l eta• a1,~1. 
f&c•nt influence? What 
11 th• •lltct on 
•Cflclency, llhtl•• 

o( dJodtoT Can 1J10 
eCf•ct1 cofltroUM •o 
that overall effJchncy 
I• l•provedT 

0180-25461-5 

SPS RESEARCH PIANN ING DEJA ILEO WORKSHEET 

IMPLICATIONS 
APPLIC 
ABILITY 

!ASK AND 
NETWORK NO. 

OUHATION 
(W ORK DAYSI ___ ._ ________ ----------~--. 

nl(tucc Ion t((ocu 
ret ·el'n• eff &chncy. 
lt• .'>ntr'll u)' effect 
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EUSED TASKS IN PHASE II . 

• Sotell1te/Rectenna/Ut111tY System Operating Chorocterlsttcs 
- Start-up and Shutdown 
- Da11Y Operation 
- Emergency conditions 
- Necessary Design Modlflcatlons 

• SPS/Ut111tY System Rel1ab111ty/Ava1lab111tY 
- SPS Forced Outage Model 
- SPS Planned Outage Model 
- Impacts of SPS Avo1lab111tY on Ut111tY System Rel1ob111tY 
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SUMMARY OF MID-TEHM REVIEW Mc!:TING 

SPS OPERATING CHARACTERISTICS 

• 50% Excursion 1n Output Over .3 Seconds 

• 100% Excursion In Output Over 1.0 Seconds 

compares Very Favorably With Conventional Generating Units. These 
Characteristics Are Indicative of Technical Capability. No Environmental 
Impacts Are Considered. 
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• • SUMMARY OF MID-TERM REVIEH MEETING 

SPS Forced Outage Rate Impacts on Uti 11 ty System Reserve Mon1ln 
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SUMMARY OF MID-TERM REVIEW MEETING 

SPS Scheduled Maintenance 

• SPS Maintenance During Eclipse Period in September.could 
Increase Utility Reserve Levels 

• For Moderate SPS Penetration LevelsJ 1.e.J 15-20% of Total 
Generation CapabilitYJ No Impact Was Found on Reserve 
Levels 
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INTEGRATION OF SPS WITH UTILITY SYSTEMS 

New Work Performed After Mid-Term: 

• SPS/Rectenna Inverter Control Methods 

• Startup~ Shutdown~ Emergency Operations 

• Ut111tY System/SPS Control Considerations 

• Parametric Investigation of Reliobil1tY Impacts 

• Maintenance Scheduling 

• Areas of Concern and Need For Further Work 
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CONDITIONS AND ASSUMPTIONS 

It is expected that the Rectenna system will function at optimum efficiency wtth a fixed 
load impedance which does not vary with load level. This impedance will be a function 
of rectenna design. 

It is assumed that the SPS system will operate at maximum available power level unless the 
utility system is not able to accept the power. In that case the power will be controlled 
at the space station under remote control. 

The synchronous condensers provlde stable s-ine wave voltage, short circuit capability and 
AC voltage regulation as required by the DC/AC ~onverters. They will also supply reactive 
current required by converter or the AC system. 

Filters on the AC bus will absvrb harmonic currents generated by the DC/AC conversion 
process. 
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CONDITIONS AND ASSUMPTIONS 

• Rectennos ReQulre Constant Load ImDedance 

• Primary Power Control at Space Statton 

• Synchronous Cu11densers Cv:itrol AC System Voltage 

• Filters Absorb Converter Harmonic Currents 
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J\SSlJUF.:D C:.11ARAC:TERISTIC CLr'VF.S or. R.ECTENNJ\ SYSTFJ-1 Pl1WER OUT 
VS. LOAD IMPEDANCE FOR SEVERAL C\lNSTJ\NT LE\' ELS OF RADIATION 
-· --- ·-------------·---- ----·-------·-------

TilC anticipAtcd concept1...nl ch:naci.:eristic c.11rves for l'"ectenna AystP!TI p~er output 
vs. thf' rectenna load imr,edance is shown in Lids f!~ure. ThC'se characteriRticR :.re 
1ssume,J, but thP.re is no difficulty in programming the inverters to follow the nct1111.l 
E:< tc'nnn chan1cteriPtics to allow maximum efficiency. 
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ASSUMED CHARACTERISTIC CURVES Of RECTENNA SYSTEM 
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Recte~na voltage and current are senRed, valtAge ie divided by curr~nts to give impedance 
and th.is value of ·i:npl!danct:? ia comi,ared to a referenc~. 'Che error becomes the cCJntrol 
si~nal to the regulator which determines the firing Hngle of the line-commutated, currPnt
fed thyristor converter. Tilis will result in extrar.tion of maximum available power from 
the rec tenna system. 

Power level of the gystem is dPtermined by the klystrons in the space station, in response 
to signals from the central control station, which receives its directions from the Utilfty 
Central Dispatch Facility. 

Tile P.xcitation systems of the syt.~hronous condensers are set up to regulate the voltage 
of the utility AC bus. Tilis is accomplished by generation or absorption of reactivt! power 
as requi.red. 
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STEADY STATE OPERATION 

• Load Irrpedance Control Loop 

• Remote Control of Power Level Through Klystrons 

• AC System Voltage Control by Synchronous Condensers 
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SATELLITE/RECTE~~A/UTILITY CONTROL SCHEME 

This schematic indicates the necessary control functions for the reccenna inverters, and 
indicates the SPS and utility system control interface. 
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START-UP 

The following is the sequence for a normal stArtup of the system. 

1. Start synchronous condensers and synchronize them to the AC buses. 
2. Close converter AC breakers. 
3. Clos~ converter DC breakers. 
4. Set klystron,..; to a start level such as lOr. power. Rec~enna modules 1tre in c1·owbnr 

state und all power is reflected. 
S. Upon signal from the central control station and under control of an Automatic 

sequence the converter modules are started in sequence. Momentarily the conve-rter 
voltage is a reverse polarity !f this is needed to remove the rectenna from the 
crowbar state. The ;rntomatic converter control brinp,s effective l()ad impedAnce to 
its optimum value. 

6. kate of energization of modules wlll be determined by ability of the utility systems 
to absorb power increase. When all modules ha ,,e been energi ?.ed to the 10% pow~r 
level, sJ.gnal is given to the klystrons to go to predetcrmlned level at predet1?rmined 
rate. Converter modules will follow automatically. 
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CLll~lCID 
• • 

START-UP 

• Start Synchronous Condensers 

• Close Breakers 

• Set Klystrons to Start Level 

• Sequential Energization of Converter Modules . 

• Power Increased to Predetermined Level by Klystron Control 
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NORMAL SllllTDOWN ·----------

Normal shutdown will be esseut '.ally the inverse of the startup sequence. 

1. Red11ce output: of klystrons under direction of central r.ontrol station. Rntc of 
Jee.cease will be determined by requirements of the utility and will depend upon 
ability of other gene~ation in the system to take up the load. 

2. Whe;: minimum power level ie Teached the converter modules will be de-energized 
accordin~ to a predetermined automatic sequence. It is expected that de-energi
zation ~ill be ~ccomplished by opening of the DC circuit breaker accompanied by 
auto:natic ,.rowbar of the associated rectennas. 

J. Shut 0ff e .. citation signals to c0!werter and open AC breakers. 

4 Wh~~ all converter modules are de-energi?.ed, reduce klystron output to ~Pro by 
remote control from central control station. 
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NORMAL SHUTDmlN 

• Reduce Klystron Power to Start Level 

• Sequentially De-energize Converter Modules 

• Shut Off Converter Control - Open Breakers 

• De-energize Klystrons 
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f ~CTENNA/UTILITY INTERFACE DURING SYSTEM DISTURBANCES 

The various d~.sturbances and faults conceived to be affecting the operation of the 
rectenna is shown in tH s chart and will be discussed further in the following. 
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CLB~ICIJ • • 
RECTENNA/UTILITY INTERFACE DURING SYSTEM DISTURBANCFS 

Disturbances May be Divided Into Different Categories as Follows: 

1. AC Transmission System Fault 

2. Rectenna/Converter/AC Coble Fault 

3. Klystron System Fault 

4. Semi-Annual Series of Eclipse 
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AC TRANSMISSION SYSTEM FAULTS 

Tiiese faults consist of voltage ceductions on one or more phases of the AC system which 
may be up to 1007. reduction. They are temporary in nature, being cleared by AC breakers. 
Usual fault duration is 5 cycles or less, unless pr:f.mary circuit breaker fails and fault 
is cleared by back-up protection. ln this case fault may persist for 20 cycles. 

'!'he AC system fault will often cause a converter to become a short circuit as a result of 
a commutation failure. In this case the asso~iated DC breaker must be opened automatically 
and the rectennas feeding it will automatically crowbar. 

An automatic restart sequence will reclose the DC breaker and re-energize the conve1ter 
control whtch will take the rect.ennas out of crowbar state and return the modula to its 
operating point. It is important tl.at this reclosure occur promptly when the AC system 
fault is finished in order to limit the disturbance to the AC S!'Btems. 

Such automatic restart is presently utilized in HVDC p01o1er transmission systems. 
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AC TRANSMISSION SYSTEM FAULTS 

• 5 to 2J Cycles Duration - Reclosable 

• Converters AutomattcallY Trip Off 

• Automatic Reclosure or.d Restart 
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~ECTENNA-CONVERTER-AC CABLE FAULT 

These faults compris~ a group which direc.tly affect a converter module and which are 
permanent in nature. 

It is recommended that a system be provided to initiate converter module shutdown when 
its associated rectenna systems has lost voltage below some minimum expected value. It 
may be a r~sult of a fault and should be treated as such. Of course nothing can be done 
ahout such a situation without shutdown of the complet~ RF system. 

The converter will be protected by a diff ~rential relay system which will detect current 
flow in any but the normal path. This will cause the DC breaker to open followed by the 
AC side breaker. There will be no automatic restart for such faults. 

The AC power from converter modules will be fed to substation by underground cable where 
voltage will be stepped up for further transmissjon by overhead line. "ni@ cables, if 
faulted, ~ill be permanent faults with no reclosure. 

All of these faults will reduce tot.al SPS net output but will cause no widespread dis
turbances other than re-radiation of power from rect£nnas whose crowbar has activated. 
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RECTENNA-CONVERTER-AC CABLE FAULT 

• Permanent Faults 

• Likely No Repair Until Satellite Power Shutdown 

• These Faults Will Couse Degradation of SPS Output 
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SPACE ANTENNA SYSTEM FAULT 

Any fault or malfunction of the space antennn systems will not be detected by the rectenna
converter system. The only result will be the tracking of the automatic impedance mRtching 
sysL~• as available power decreases. If the power should decrease below some level such aR 
5 or 107., an automatically initiated normal shutdown might be desirable. 

Restart from such a condition would be a normal start-up as previously described. 

SElil-ANNUAL ECLIPSE 

If the power system Cllil cope with the rate of power change resulting from the eclipRe, 
the automatic systems can be left to themselves. If not, the power should be reduced 
gradually in advance of the eclipse by s:i.gnal from the Central Control Station to the 
space station. Likewise, when the eclipse is past, power level is returned to normal 
using the normal start-up sequence and ramp rates. The performance of the SPS system 
under eclipse conditions will be very much a function of the particular AC system ~on
f iguration. 
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SPACE ANTENNA SYSTEM FAULTS AND ECLIPSE 

• The Rectenna-Converter System Will Follow the Power Levels 
Coming In 

• Restart Will Follow NorRDl Startup SeQuence 
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GRAPHICAL REPRESENTATION OF ALTERNATING CURRENT QUANTITIES 

In the analysis of a-c electrica1 systems, the angular relationships or phase angleR among 
the voltages and currents are required. 11le use of phasors for graphical representation 
assists in understanding and analysis. 

Consider the simple a-c circuit in (A), with the relationship between the two volt:igcs :tnd 
the current expressed in the phasor equation below. If i 1 • 'E

2 
(magnitude equal and coin-

..., 
cident in phase) no current will flow (IL • 0) and the equation is satisfied. 

still coincident in phase, as shown in (B)), a current If ll
1

1>1E21(magnitudes different but 

I
1 

will flow through the reactance XL. 

across the reactance XL cEcE2) by 90°. 

-The phase angle of IL will lag the voltage drop 

Note that with current and voltage in quadrature, 

no real power flows, only reactive power br VARS. 

To transfer real power (Watts) across the reactance requires an angular difference between 
the voltages E'1 and E'2 as shown in (C). Now the current" 1

1 
has a component in phase with 

the voltage and there is real power flow. 
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SPS/UTILITY SYSTEM INTERFACE SIMPLIFIED ANALYSIS 

The proposed interface between the SPS ground system and an electric utility may be 
represented by the .iJmple one-line diagram of (A). Power is transmitted across a trans
mission line to the system which is tepresenteJ by an :1.nfinite bus. The synchronous 
condenser is operated with a field regulator to control the voltage on its bus and 
therefore the flow of reactive power, Q, (.Vars) in the system. 

For a particular real power flow, determined by the inverter firing angle control, the 
relationships among the voltages and currents is illustra.ted by the phasor diagram of 
(B). 'Ibis is a graphical presentation of the phasor equations above. 
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EFFECT OF SPS POWER 1JUTPUT VARIATIONS 

If the energy capture by the rectenna lncr~a·1~s, the inverter will be controlled to 
transfer greater power to the utility system over the transmission tie. 

An increase in the a-c current from the inverter, IA, causes changes in the map,nitucles 

and angular relationships of currents and voltages {except where constrained). Thi1: i~ 

shown in the new phasor diagram, here superirnposed on the prior diagram. 

(Magnitude and phase of an infinite bus are r1xed; synchronous condenser bus voltagr i~ 
unchanged in magnitude.) 

Note that there is no change in mechanical p•>wer levels involved here. No finite rntnt ing 
masses to accelerate or decelerate. The cha•1ge is solely an electromagnetic transiPnt 
measured in milliseconds. 
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EFFECT OF SPS POWER-OUTPUT VARIATIONS 
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AUTOMATIC GENERATION CONTROL (AGC) 

Automatic Generation Control (AGC) with the Economlc Dispatch function is used to augment 
the system operator's capabilities to assure s;itisfactory opet·atlon of the pl:'wer system. 

AGC acts to regulate the power output of the electric generators within the control arcn 
in response to system frequency and tie-line power flows so as to maintain the scheduled 
system frequency, and the established net power interchanges within prescribed limits. 

The economic dispatch function acts through the AGC function to adjust the output levels 
of individual gener~ting units to achieve maximum economy of system operation, taking into 
account the cost of. unit operation, transmission system losses, and current operating 
constraints. 
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AUTOMATIC GENERATION CONTROL CAGC> 
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ILLUSTRATION OF AGC ACTION 

Tite action of AGC is illustrated by simulation in a hypothetical utility control area of 
4 G'W generation capacity. 1.25 GW in group A which is controlled by the AGC; 2. 75 GW in 
group B with no AGC. 

At time equals zero, load is increased by 50 MW (or 50 MW of generation is lost). Tite 
lin~ flow from adjacent area 2 into area 1 increases to almost 50 MW. System frequency 
dips due to a generalion deficiency and governor action on both groups of generators 
resulting in an increase in power output, which together with the tie flow, suppltes the 
load demand. 

AGC action (on unit group A only) raises its output over a 5 minute period to restcre th~ 
tie flow to zero, and the system frequency to 60 Hz. Note that •J'1it group B, not under 
AGC, returns to its original output level with the restoration of bystem frequency. 

If group B was a solar power satellite, its output would be totally unaffected by this 
sequence of events. Titis ~Juld result in an initial tie-line flow of 50 MW, hence in
creased regulating duty on the units in group A. 
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In actuality, generating plants do not opernte into isolated loads or infinite buses. As 
part of a utility system, they become an int~gral part of that syRlem, nnd are affected 
by conditions on the system and the constraints imposed by the Rystem. 

Generating plants in a utility network are operated under the direction of ~ company dis
patcher who in most instances is provided direction from a power pool centt.:-. 

Telemetering of power flows and voltages provides system dispatchers and pool operators 
a current picture of conditions on the network. AA lands and power flows chnnr,e, JZl'tH"rrilinr. 
levels are changed to maintain system frequency, load p,enerating units within ratinp,R nml 
according to most favorable economic considerations, and limit line flowA to meet ratin~ 
or stability considerations. 

111e Solar Power Satellite, representing a significant block of generation in any operating 
utility or power pool, would be under the direction of such operations, as indicated on 
the diagram. 
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UTILITY SYSTEM CONTROL STRUCTURE 
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DISTINCTIVE CHARACTERISTICS OF THE SOLAR POWER 
SATELLITE SYSTEM AS A GENERATION SOURCE 

~-------~----------~----~--~-

• • 
CLD fi1 ICflJ 
• • 

• Contribution to System Frequency Regulation ls Probably Not 
Feasible 

• Load Following Capability Exists But Will Only Be Used in 
Extreme Low Load Situations 

• Output Is a Function of Incident Energy at the Rectenna 
(Self-dispatching) 

• Semi-Annual Eclipse Periods Require Loading of Other Generation 
And May Couse a Higher Than Average Exposure to SPS Forced 
Outages 
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The table showR the parametric study performed after the mid-term review. TI1e assumptions 
for creating a 5 state probability model from the overnll SPS AvnilAbility profile waA 
made more conservative ae the probability of losing all 5000 MW was increased, as well nA 
the selected data points were moved to conservative values. 
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SPS RELIABILITY MODEL 

Case # MW Out 5000 1500 700 200 0 
P< MW Out) 

Mid-Term 0 .01 .33 .56 .1 

case 1 0 .30 .40 .20 .1 

Cose 2 .01 .29 .40 .20 .1 

Case 3 .02 .28 .40 .20 .1 

Cose 4 .03 .27 .40 .20 .1 
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UTILITY SYSTEM RESERVE LEVELS vs. srs PENETRATION 

Ry using the 5-state prohabi!ity models shown in the previous table, the gr.iphR Rhown in this 
slide were developed. It may !'leem too liberal to use the mechanicAl avnilnh1lity d.1tn dc>vPle>('r•d 
earlier to form the only basis for the reliability investigation. The el'lrlier curve ls m.irkc•f 
Mid-Term, and it can be seen that as a higher and higher probability of full ( 5000 MW) outa~C' 
is asstaned, the SPS will go from improving to deteriorating utility system reliability. A f in:i i 
assessment of proper model selection for an srs/utility system reliabili.ty investiy.ation c.imwl 
be done within the current study framework. 
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UTILITY SYSTEM RESERVE LEVELS VS. SPS PENETRATION 
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NATIOi1AL ELECTRIC RELIABILITY COUNCIL 

The forecast from NERC shown in the mid-term review was unfortunately in ~rror. The table 
on this slide shews the updated forecast as well as the best ''Guesstimate" b:v the study 
team as to year 2020. For a feel for the distribution of SPS power on a MW weighted basis 
we used 20% SPS penetration ~nd show the results in the right hand column. Due to geo
graphical considerations, this distribution might well be distorted, but does give an 
indication of the importance of distributed SPS maintenance schedules. 
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NATIONAL ELECTRIC RELIABILITY COUNCIL 

Forecast of Bulk Power System Capabilities 

1998 Forecast 2020 "Guesstimate" # of Sotell 1 tes 
GW GW a 20% Penetration 

Northeast CNPCC) <W> 83 130 5 

Southeast (SERC) <W> 258 550 22 
Southwest CSPP> 138 380 16 

East Central CECAR> ( W> 194 365 14 
Mid Atlantic <MAAC) 69 100 4 

Mid America <MAIN) 94 210 8 

Mid Continent <MARCA> 55 125 5 

Texas CERCOT) 87 200 8 

Western CWSCC) 222 440 18 

TOTAL 1200 2500 100 
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MON111LY LOAD VARIATIONS 

To further shed some light on the issues of maintenance scheduling from a utility point of 
view, two different NERC Regiona are shown on this graph. The data plotted i~ the ratio of 
monthly peak load to yearly peak load. It is obvious that ECAR with maybe 14 SPS would lmve a 
tougheT time scheduling maintena'l'\Ce (and ma~' be i.n need of maintenance reserve generation) nR 

compared to ERCOT with significantly greater monthly load variations. 
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AREAS OF CONCERN AND NEED FOR FURTHER WORK 

• Power Output Control Methods and Their Impact on Utility Operations 

• Protection of Rectenna Receiving Element<s> <Crowbar> 

• Siting Feasibility Including Bulk Transmission System Consideration 
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FEASIBILITY STUDY OF AN 

OFFSHORE SPACE CENTER 

SUBCONTRACT TO BOEING 

PRESENTATION TO 

NASA JSC 

HOUSTON, TEXAS 

OCTOBER 18, 1979 
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MOORED SEMISUAMERSIBLE 
SUPPORT MODULE 

SUPPORT CONCEPTS 
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SIGNIFICANT RE SUL TS OF THE OSC STUDY 

e TECHNICALLY FEASIBLE 

e SIX YEARS FROM CONCEPTUAL. DESIGN TO COMPLETION 

e TOTAL INSTALLED COST ESTIMATES 

1. MOORED, SEMI-SUBMERSIBLE -$3,005,000,000 

2. STATIONARY, PILE-SUPPORTED -$3,917,000,000 

e RUNWAY IS SIGNIFICANT COST DRIVER 

e CONCEPT HAS REAL BENEFITS 
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THE EQUATORIAL-BASED OSC CONCEPT HAS REAL BENIFITS 

e 20'6 MORE PAYLOAD TO ECLIPTIC PLANE 

e 1'6 MORE INITIAL ROTATIONAL SPEED OF EARTH 

e CENTRAL LOCATION FOR TRANSPORTATION 

e ISOLATED FROM PEOPLE, ENVIRONMENTAL EFFECTS 

e INDEPENDENCE OF FOREIGN CONTROL 

e ACCEPTABLE SITE(S) DO EXIST 

e MILD CLIMATE WITH EXCELLENT WEATHER AND ORBITAL 

WINDOWS 
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OSC FEATUfB 

t{), FEATUI£ QLWITllY 
APPfVXI~TE 

SUlfACE Aff.A 

1. RL»IAY 1 Dl' x 15 .. llXl' 

2. INIXJSTRIAL Nf.A (INCLWING 1 llOO' x ~, 
r-4AINTENANCE, CHECKOUT AND (X Bl' HIGH) 
REPAIR AND ClsSERVATI~ TCMER) 

3. l.CW)JNG /lPfA (WITH ~ES) 1 300' x llOO' 

4. l.Att«:H PLATFO~ 2 + SPARE 5D' x 500' 

5. FlEL FACILllY 1 + SPARE 100' x 100' 

6. HYIRllN PIWICTIOO 1 +SPARE 2CD' x 2CD' 

7. LIQUID OXYaN PfIDJCTirn 1 + SPARE 200' x 200' 
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C& FEATUf£S (Wff lrtJBJ) 

t{), FEATIJRE tlWITilY 
PPFroXIr\~TE 

Slff P£E NfA 

8. AIRFURT TOOIML COOID.. 1 200' x ID' 
AND CffAATICJi CINTER (x 7 STORIES) 

9. AlJER STATifJI,, ~ ~o 1 200' x Dl' 
fEPAIR FACILllY,, AND (X 3 STORIES) 
BA.)£ ff\Imew«:E 

10. LIVING FACILITIES 1 LQJ' x LOO' 
(X 12 STORIES) 

ll. rm<s 2 200' x Jal)' 

12. LAlKH SITE 2 Im< 
(200' x JD') 

13. 11.XJ TAM<EPJBARC£ 4 ---
(F~ CRYOGENIC WoRJ<) 

616 



0180-25461-S 

~OOff] Sfl1I - SlBERS IBLE OSC Cl1:IT ESTU~TE 

msr WEIOO 
FACILilY aET <MS> 

ru. FEATURE ESTIMlE FN:TOR OODM"IlY FINAL 
rmr <EA> TOTAL 

1. Rll'4AY 143'2.4 - 1 $ 1432.4 $ 14>1.4 

2. INllJSTRIAL AffA ( INCLLDING 315.1 - 1 315.1 315.1 
~INTENANCE, CHEcKour, AND 
REPAIR) 

3. llW)lt~ NfA (WITH CRANES) 105.0 - 1 105.0 IDS •. O 

4. ~ PLATFOll1 143.2 1.8 3 143.2 429.6 

5. FlEL. FACILITY 3.2 - 2 3.2 6.4 

6. HYDf«fN PfmJ:TIOO l2.7 1.8 2 2'2.9 45.8 

7. LIQUID OXYGEN PRJilJCTIOO 12.7 1.8 2 2'2.9 45.8 
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~mRED Sf!U - SUBt'ERSIBl£ nsc CffiT ESTI~TE (OJITINUED) 

··-
Ff£ILI1Y CCfil CM$) 

CffiT WEIGHT 
QlWITITY FltW.. 00. FEATUJE ESTIM\TE FACTOR 

COST (fA) Tar~ 

8. AIRPORT Tffi'1INAL COORCl 51.9 - 1 $ 51.9 $ ~.9 
AND CPEFATIOO CENfER 

9. R:WER STATIOO, s.rf AND 28.6 1.8 1 51.5 51.5 
ffllAIR FACILilY, AND 

BA.)E ~4AINltNJ\NCE 

10. LIVINi FACILITIES 203.7 ... 1 203.7 203.7 

ll. Jl(KS 76.4 - 2 76.4 152.8 

12. l.PJJNGt SITE 19.1 - 2 19.1 38.2 

13. TUG TANl£VBAJ« 3'2.0 - 4 32.0 128.0 

TOTAL sENI - S1..B1m1Bl£ SLJProRTED osc <INCLUDING MXlRING> $3,005. 
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ffiC - SEMI - Sl.PlfR51BLE PllfTRWS 

RlDIAY 

• \£1 GIT ESTIW\TE TRUSSES 
PRESS~E VESSELS 
FLAT PLATE STR~ES 

• f£RRRmcE 01ECK LOAD CAPACITY 
STATIC STABILITY 

• aET ESTHAATE IECKS@ $2(Xl)/L,T • 
COL~S@ $LIOl)/L.T. 
PONTOONS Q $LO))/L.T. 
fo'OORING eoo1Pft'ENT a S300AID/srAr1~ 
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VIEW 'A' YIEW 't' ~ 

MOORING 
LINES 

FIGURE 4.1 RUNWAY, FLOTJ•.llON, MOORING-SEMISUBMERSIBLE CONCEPT 
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imT 1fVFJ rHfNT l£llml1XiY 

ffiC - SEM! - SWtfR.51Blf PlATfQfft) 

LAlWt PLAIBR1 

• M:I GIT ESTI~\'\ TE 

• CCET ESTI~~TE DECKS@ $20l)/L,T. 
COL.lJINS Q SlaD/L,T, 
PONTCXlNS @ $l((O/L,T. 
t-OORING EQUIMNT @ $JXlJ.,ClXJ/STATIOO 
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L 
A 

FLAN 

VIEW A-A 

LAUNCH PLATFORM 
(VEHICLE ERECTED FOR LAUNCH) 



• COSf ESTIMl\TE 

Dl80·2S461·S 

CDS! IN! CftfNf ffJlQWXiY 

OOC - SEMI - Sl.BrmIBlE PlATFOR$ 

HEAYJLY LOAIEl PLAlFOfltE • 

PIJTF0"'1 CDST = CRLN"AY f.osr) CX) ( ~r~ ) 

= <-W-> ( ~ ~ ~ ) = 1.8 

* HvnRooeN PLATFORM 
OxvGEN PLATFORM 
PMR STATICJ4 
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WiT IN! OOfNI ff]l)rnoot 

ffiC - SEMI - swtffi51Blf F1ATFOftE 

• CCfil EST lf'ATE 

OTHER MTEOltE * 

~no RLft.IAv Cosrs To AAf.As 

* I NDIBTRIAL flJEA 
LOAD I t«l AffA 
FlEL FACILllY 
A I lfffiT TEP1'11 tW. 
LIVING FACILITIES 
IOO<S 
lJlJIDt SITE 
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• 

• 

DRIIJ..SHP 

0180.25461·5 

AOOITIOOAL S'ISIDl Clfil CDf(lfNIS 

OSC - SEMI - SlMR$IBl£ ~ 

rmRif{] PILE IrETAUATIOO 

~1EILI1ATUJ~, SLCOO,CXXJ 
IEt-reILIZATION, $1,(XJJ,ClX) 
DAv ~TE, $50,COO~v 

MOIOR PILES Qlw.rr1rv, ft.pp, 450 
INSTALLATI~ ~TE, 1 PER DAY 
WEATiiER AND EooIMHT FACTOR,, 1 
Cosr, 450 x 2 x 50,cm • S45Am,axl 

TOTAL $47,,(lX),(OO 

625 



• f£001f£r'Efl'S 

• amJENT % INOEA)E 

• a:rrom INCl9SE 

Dl80·2S461-S 

ADDITicrw. SVSTEM cmr romms 
ffiC - SE111 - SWffPSI Bl E PLAifQR1.5 

ITTSfQE tmJLAR PlJ(IFOR1 INIEGRATIOO 

PLATFORM Dlr-£NSl()45 ExCEED BUILDING 
WABILITIES (Af>PROXIP'ATELV 300' X D)') 

Psslf>'ED s 25% STm.rruRf ~T 
~y 

INDUSTRIAL ~ 

l.oADING MEA 
l.Al.KH PLATFORM 

LIVING FACILITIES 

IklcKS 

$693 > 700,0CO 

<>26 



e SHlHFIC.PNCE 

• CXET OW« 

• CXET IICIEASE 

0180-25461·5 

ADDITIOOAI. SfSID1 CCET c:crmBfiS 
OSC - SEMI - SLIBJfR51BLE MJFQffS 

STfl'HWIDIZfl) aJraHS ANP TEOJNIQI ES 

PB>UCED HANDLING 
Re!uED PRootrr VARIATION 
REoua.o f&«>RK 
INCREASED f'ROOLCTIVITY 

INCREASING REoucrla-4 T~OU<HlUT f>RoGRAM 
AVERAGE /JppRQXIft\(\TELY 15% 

C3AilSAXllAlXl> < .15) = S49J.,750.,COO 
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STROCTURE 

DI 80-2546 l .5 

DSC - SEMI - SwrfRSIBLE Pl.ATFOIH) 

ffVISED..sllmRY COOT ESTimTE 

rmRIMl PILE IN.STl'1.1ATIOO 

ffFSOORE f1IlJLAR PLATRF1'1 INTEGAATIOO 

ST~IZED ClJRJDTS AND lEOtHQlES 

TOTAL 

628 
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!MOU" lllAL AlllA 
I lllCUIOUtl lllAlllUllANCI, 

CHICllOUT AND .,&Ill I 

GeSlllVAYION 0 

.. 
a 

YOWEii -·....,_.L.---....---------'---l 

Dl80.lS461·S 

! c.-:::~.-- ..... 
ACILIYY, ANO IAH lllMllTlllANCI 

LIVllll _J 
·-"~ Ill 

A PLAN A 

VIEW A-A 
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INDUSTRIAL COMPLEX, POWER, 
AND LIVING FACILITIES 

VIEW B-B 
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MUOLIN[ 

Dl80-2S46l·S 

------ --- --- ---- ----- ---1 

" .. ,, 
u 

~ \ : : ,, ,, 
Ll t: 

,, ,: 
H " 
~ ~ " tJ ,, 

' ., ., ., 
u 

.._RUNWAY 

--- •·Pill 
Pl.A TfORM 

•' •' •' u 

RUNWAY, PLATFORM STRUCTURE- PILE SUPPORTED CONCEPT 
630 
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TYPICAL PLATFORM COST SUMMARY 

t'AT'L FPB TOTAL COST 
CIMl(JflITS rmT C.OST ($/fOO) 

($/HJn ($/fOO) f'011NAL IWIJE 

If CK 550 2450 nn 2500 - 4COJ 

JJ\CKET ~ 1500 200J lirn - 2300 

Plllf'IJ 500- 500+ ID1J 1CXD 
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lYPICAL Pl.ATFOff1 rosr SIJT'W« 

PERrBIT PERCENT 
IID1 a= a= 

TOTAL TOTAL 

-
tY\JERll1J.. 

IEO<S 4.6 
JACKET 9.7 
PILIMJ 8.0 

22.3 
FABRICATIOO 

IIOO 20.5 
JACKET 3'2.3 

-
PILING 10.3 

63.1 
INSTAU.AIIOO 
If CK) 3.8 
JACl<ff 2.4 
PILl~IJ 8.4 

14.6 
el.AlFO~ 100.0 
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JACKET WEIGHT 
(SHORT TONS) 

14000 

12000 

10000 

8000 

6000 

I 
I 

I I 
I 

NORTH DRILLING PLATFORM / 
18 CONDUCTORS 

SPECULATIVE DESIGN: a/ 
7000 TON DECi< LOAD I 
4!51

.ll 13!5' TOP OF I I 
JACKET 

----1!_;-
I 

!1500 ~--------1'--'----'--.V 

4000 

2000 

0 

GULF OF MEXICO 
12 LEGGED PLATFORMS 
36 -48 CONDUCTORS 
10000 TON DECK LOAD 
90' 1 13!5' TOP OF JACKET 

\ 

GULF OF MEXICO 
8 LEGGED PLATFORMS 
18 -24 CONDUCTORS 
!5000 TON DECK 1..0AD 
4!5' 1t 13!5' TOP OF JACKET 

1000 

EFFECT OF VARIATION IN 
OPERATIONAL REQUIREMENT 

ON JACKET TONNAGE 
633 



300 

:E 200 
::!! 
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en 
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0 

100 

0180-25461-S 

TENSION LEG PLA~ 

600 600 
I I 

IOOO 1600 2000 2500 100 

WATER DEPTH (FT.) 

* DESIGN, FABRICATION ANO INSTALLATION COST, EXCLUDING TOP SIDE EQUIPMENT AND FACILITIES. 

- ORDER Of MAGNITUDE COST COMPARISON FOR 
DEEPWATER STRUCTURES IN THE GULF OF MEXICO 
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STATIOOAR't' PH£ SUPPORTED OSC CffiT ESTI~ATE 

I 
NlffiER PER FEATURE FACILITY rosr (M$) 

00. FfATIJfl: 
QUllNTilY JAO<ETS BRIIXJES FABRICATIOO INSTJU..LATI Cl~ TOTAL 

1. Rl..tMAY 1 LO qo $11(() $ fOO $ 2Cll) 

2. INDIBTRIN.. MF.A (INCLUDING 1 8 1 2ro l20 lffi 

~INTENANCE.,, l.HECKOUT.,, AND 

REPAIR) 

3. U:WHNG AAfA <wrrn CRANEs) 
I 

1 2 0 70 1) 100 

4. LAUNCH PlAlFOFt1* 3 0 0 LIOO 29 429 

5. FlfL FACILllY 2 1 0 70 l) 100 

6. HYiIDJEN PfffiJCTI rn 2 1 0 ff) 20 8J 

7. LIQUID OXYGEN PfUDOCf 100 2 1 0 00 20 00 

* SEMI - SlE(v[R)IBLE 
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STATIO'Ll\RY PILE SlffiJRTED ffiC COST ESTIM\TE <COOINlfD) 

tDBER PfR FfAlU!l: FACILilY 0051 (M$) 
f{), FEATU1£ 

llJANTllY JAO<ETS BRIIXI:S FMRICATIOO I~TAllATIOO TOTAL 

8. AI RFURT Tm~If\l\L, aJffiQ 1 1 1 $ 35 $ 15 $ 50 
AND CJ>EAATIOO CEHTER 

9. FGER STATICXt. SKF AND 1 1 0 45 15 ffi 
llPAIR FACILITY, Am 

BPSE MINIDMI 

10. LIVIffl FACILITIES 1 1 1 55 15 70 

ll. OOCKS 2 3 2 220 100 ;2() 

12. LArnOi SITE L 1 0 70 l) 100 

13. TU1 TfflmvHARGE 4 0 0 1U8 20 J28 

TOTAL STATirnARY PILE SlPPORllil OSC $2873 tl.044 $3317 
I 
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OSC FEAllJIE Uff>ARI~ 

r . 
PILED SEMI PREf8m) 

rt' FEATUf£ QULWTITY fmT am cmcEPT 

1. RJJtlAY 1 $2CXX) $143'2.4 PIL.flJ 

2. INDLSTRIAL Al£A (INCLUDING 1 400 315.1 PILED 
K\J ITTENANCE.. UtECKOOT AND 
REPAIR AND CSsERVATION TCMER) 

3. LOOlU{] Alf.A (wrrn CJwEs) .1 100 105.u PILED 

4. lJIJ.Joo-1 Pl.ATRR1 2 + SPARE 429 429.6 SEMI 

5. Flfl FAC I LllY 1 + SPARE 100 6.4 sen 

6. HYDfDffN PROilJCTIOO 1 + SPARE 8) 45.8 SEMI 

7. LI~.JID OXYGEN PROilCT I~ 1 + SPARE 8:) 45.8 SEMI 
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PILED ~I l PJHEJffD 
t{}, FEAlURE a.wITITY CIST Obi ClHIPT 

8. AI ProRT lm'1ItW..,, mm«. 1 $ ~ $ ~.9 STUDY 
tm Cf£P.Jff I CW CENTER 

9. RlER ST.l\Tl(J~, ~AND 1 ro 51.5 Sf.Ml 
JUAIR fACILllY, NID 

WE rAINTEJMI 

10. LIVI~ FACILITIES 1 70 2)3.7 PILED 

11. 1m<s 2 320 152.8 PILED 

J2. l.JU(H SllE 2 100 38.2 STU11t' 

13. 11.JGT~ 4 128 l28.0 Tffi/BAlr£ 
<FOR CRvOGEN 1 r WMK) 
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ADDITIONAL WORK NEEDS TO BE DONE 

e OTHER CONCEPTS AND COMBINATIONS 

e OPTIMIZATION OF OSC FACILITIES AND SUPPORTS 

e DEVELOPMENT OF LIFE CYCLE COSTS 

e IMPACT OF THE OSC ON THE NASA SPACE PROGRAM 

e SITING STUDY 


